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Abstract— The dolerites of the Leéré region were emplaced within Pan-
African faults reactivated during the formation of the Cretaceous
basin, between the Neocomian and the Eocene. They exhibit varied
textures, including intergranular, ophitic, and subophitic. Based on
mineralogical composition, two groups are distinguished: one
primarily composed of andesine, labradorite, clinopyroxene,
orthopyroxene, and titanomagnetite, and the other mainly of andesine,
labradorite, clinopyroxene, amphibole, and biotite. The dolerites of the
Leéré basin are classified as basalt and trachybasalt. Contamination by
the continental crust during their emplacement is minimal. Their
varied chemical compositions correlate with their geographical
positions. Dolerites with tholeiitic or transitional compositions are
located in the Proterozoic basement, while initial rifting tholeiites are
found only in the Cretaceous basin. Alkaline dolerites are rare in both
the Proterozoic basement and the Cretaceous basin. This distinction in
chemical composition and geographical location is evident in analyses
of the Mayo Oulo-Léré basin available in the literature. Mantle
sources, located at various depths, have compositions between those
of OIB and E-MORB. The magmas that originated the dolerites of the
Léré basin come from different sources at different depths. Alkaline
basalts originate from the garnet zone, continental tholeiites from the
spinel zone, and other dolerites from the garnet-spinel transition zone.
The degrees of partial melting are approximately 2-3% for magmas
producing the alkaline and transitional basalts, and 5—10% for those
producing the tholeiites.. Continental tholeiites and transitional
basalts have a mixed asthenospheric-lithospheric source. Initial rifting
tholeiites and alkaline dolerites have an asthenospheric mantle source
attributed to crustal thinning in the Léré basin. The IRT dolerites
signature is consistent with the Cretaceous Mayo-Oulo Léré basin
belonging to the West African and Central Rift System.

Keywords— Chad, Cretaceous Léré basin, dolerites, Proterozoic
basement.

|. INTRODUCTION

In southwestern Chad, the Léré region exposes a
Neoproterozoic basement intersected by the Cretaceous Léré
basin. The Léré basin is the extension into Chad of the
Cameroonian Mayo Oulo basin. The Mayo Oulo-Léré basin,
along with the Babouri-Figuil and Hama-Koussou Cretaceous
basins, are small basins located to the northeast of the Yola-
Guéra basin, which forms the eastern termination of the Benue
Trough (Fig. 1).

Other small Cretaceous basins, including Koum, Vina,
Babouan, Djérem, and Mberé, are known in Cameroon, south
of the Yola-Guéra Basin. In Chad, the small Cretaceous basins

of Pala and Lamé constitute the western termination of the
Bongor and Doba basins masked by Quaternary cover (Fig. 1).
The Benue Trough and the small Cretaceous basins of
Cameroon and Chad are part of the larger West and Central
African Rift System (WCARS), which extends from the Benue
to Sudan (Fig. 1). The formation of WCARS is linked to the
separation of the Southern Atlantic Ocean [1-3].

Dykes of magmatic rocks, predominantly doleritic, intersect
the Mayo Oulo-Léré, Babouri-Figuil, and Hama-Koussou
basins, as well as the Proterozoic basement, along a major
fracture system trending approximately N-S, NE-SW, and E-
W. These dolerites are attributed to magmatism with varied
chemical affinities, both tholeiitic and alkaline [4—10].

The magmatism of the Léré Basin has been much less
studied than that of the Cameroonian basins. This study
provides new geochemical data (major and trace elements) on
the Léré dolerites and aims to characterize their nature,
petrogenetic processes, origin, and geotectonic context.

Il. GEOLOGICAL SETTING

The Léré region is part of the Chadian Mayo-Kebbi Massif.
This region has been the subject of numerous studies [5, 11—
17]. The Mayo-Kebbi Massif consists of a basement of
Proterozoic metamorphic and magmatic rocks overlain with
Cretaceous and more recent formations. The basement region is
part of the Pan-African Central African Fold Belt [18] resulting
from the collision, around 600 Ma, between the Congo and
West African cratons [19-20]. In the studied area (Fig. 2), the
Neoproterozoic basement consists of the epi to mesozonal
metamorphic belt of Zalbi and granitoid batholiths. The Zalbi
metamorphic belt, trending SSW-NNE, comprises from bottom
to top meta- ultrabasites, meta-basalts, meta-gabbros, and
meta-pyroxenites interbedded with chlorite schist, followed by
meta-epiclastites, quartz-rich sericite schists, silty and sandy
claystones, and finally black shales overlain by a stack of
spilitic flows [16]. The Zalbi belt is affected by an isoclinal
folding striking NNE-SSW with axial planes dipping to the
west and the development of schistosity [5]. The Zalbi trough
is intruded by calc-alkaline gabbro and diorites dated by Pb/Pb
to 737 Ma [15] related to an active margin setting [16].
Regionally, a second intrusion phase of tonalites is dated by
Pb/Pb from 664 to 638 Ma [15]. The previous formations are
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intruded by post-orogenic calc-alkaline granitoids dated by
Pb/Pb at 570 Ma [15]. The Léré region is interpreted as a
volcanic arc formed by the eastward subduction of an oceanic
domain [20, 21]. According to this interpretation, the Zalbi
tectonic belt represents the suture zone of the former Pan-
African ocean.

Fig. 1. (a) Distribution of cratons and Mesozoic rifts in Africa. 1: Cratons. 2:
Mesozoic rifts. WCARS: West and Central African rifts system. Inset:
Location of Fig. b. (b) Geological sketch map of the Benue Trough. 1:

Quaternary sediments. 2: Cretaceous to Tertiary sediments. 3: Crystalline
basement. 4: Jurassic ring complexes. 5: Cenozoic to recent magmatism of the
Cameroon Line. Nb: Niger branch. Yb: Yola branch. Gb: Gongola branch.
Cretaceous basins of Northern Cameroon and Chad: 1, Babouri-Figuil; 2,
Mayo Oulo (Cameroon)-Léré (Chad); 3, Hama-Koussou; 4, Koum; 5, Pala; 6,
Lamé; 7, Vina; 8, Babouan; 9, Djérem; 10, Mberé. Inset: location of Fig. 2.

The Mayo Oulo-Léré Basin is an asymmetrical synclinal
system trending N110°E, extending over 50 km with a
maximum width of 10 km. The thickness of the deposits is
about 2.5 km [22]. The asymmetry of the structure is due to
major normal faults along the southern edge of the basin, which
formed during its progressive infilling [23, 24]. The basin
comprises conglomerates and coarse sandstones at the base,
overlain by a thick series of alternating sandstones, marlstones,
shales, and carbonates [25, 26]. Near the base of the series,
pillow basalts are interbedded within the shales [27]. The
sediments were deposited in a fluviolacustrine environment
[22] under varied climatic conditions, fluctuating from more
humid at the bottom to more arid at the top [28]. In the Mayo
Oulo Basin, fossils found in the middle part of the series
indicate a Barremian sedimentation [27]. Sedimentation is older
for the lower levels [27] and more precisely towards the
Valanginian—Hauterivian transition [29]. In the upper levels of
the series, the presence of Monoporate pollen
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(Monoporopollenites annulatus) is indicative of a Tertiary age
(Eocene or younger) [22].
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Fig. 2. Geological sketch map of the studied area, modified after [5, 16]. 1:
Zalbi series (undifferentiated meta-mafic rocks, meta-sediments, and spilites).
2: Meta-gabbros and diorites intruding the Zalbi series. 3: Amphibolites. 4:
Pan-African post-orogenic granitoids. 5: Cretaceous sedimentary rocks. 6:
Dolerites. 7: Alluvium. 8: Fault. 9: Reverse fault. 10: Strike-slip motion. The
analysed samples are referenced.

Most of the deformation observed in the Mayo Oulo-Léré
basin, as in the Babouri-Figuil and Hama Koussou basins, are
synsedimentary. The post-sedimentary deformations, such as
reverse faults, bed-to-bed sliding, and strike-slip faults [23] are
minor and indicate an N-S shortening direction. This tectonic
event is related to the late Cretaceous tectonic phase as defined
in the Benue Trough [30] and also to the late Eocene
compression [31, 32].

The Léré region is intruded by dolerite dykes following
several directions: NO° to NI15°E, N40°E to N65°E, and
NI100°E to N160°E. These dykes vary in thickness from a few
meters to about fifty meters and in length from hundreds of
meters to several tens of kilometers. These dykes are related to
the rejuvenation of Precambrian faults [4, 23]. The dykes that
intersect the Cretaceous basins develop a local contact
metamorphism [29]. Structural field data indicate that the
doleritic dykes are older than the regional compressive event of
the Late Eocene [31, 32].

There is no radiometric dating of the basic magmatism in
the Mayo Oulo-Léré basin. However, in northern Cameroon
and southwestern Chad, basaltic dykes have K-Ar ages ranging
between 43 and 87 Ma [33]. In Chad, near the Léré Basin, a
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dolerite sill drilled in the Bongor Basin has been dated at 52-56
Ma, and basaltic sills of 97-101 Ma have been found west of
Doba, in the Doseo Basin [34]. These ages are compatible with
the functioning of the Mayo Oulo-Léré basin from the
Neocomian to the Eocene.

The dykes that crosscut the Proterozoic basement might be,
in part, older, as pre-Mesozoic basic intrusions are known
further South in Cameroon, in the Garoua region [35] and
further East in Chad, in the Doba basin [36] and the Guéra
massif [37].

I1l. SAMPLES AND ANALYTICAL METHODS

Forty-five samples of basic dykes from the Léré region were
collected during field works conducted in Mayo Kebbi West.
Thin sections and mineral analyses were performed at Orléans
University (France) using a CAMECA Microbeam apparatus.
The following technical parameters were used: accelerating
voltage of 15 kV, beam current of 10 to 20 nA, and a counting
time of 10 seconds. Standards used were a combination of
natural and synthetic minerals.

Rocks analyses were conducted at the CRPG (Petrographic
and Geochemical Research Center) in Nancy, France. Major
and trace element concentrations were measured using ICP-
OES and ICP-MS, respectively. The samples were ground to 70
pm, and approximately 300 mg of powder was prepared by
alkaline fusion with LiBO, at 1000°C and dissolved in IN
HNO:s. Calibration and quality control were conducted using
international geostandards [38].

IV. RESULTS
4.1 Field occurrence

The dolerite dyke outcrop in three directions: N110°E, near
NE-SW (N40°E to N75°E), and near N-S (NO°, N10°E,
N165°E). They are sub-vertical and appear as continuous
outcrops or aligned dark green boulders with a thin brown
patina.

A dyke trending NI110°E crosscuts the Cretaceous
sediments of the Léré Basin on its northern edge. This
subvertical dyke is several kilometers long and ranges from one
to a hundred meters in thickness. It is associated with sills
interlayered in the sandstone sediments of the basin. This
NI110°E dyke extends westward into Cameroon along the
northern edge of the Mayo Oulo Basin. Its total length is
approximately 20 km. Two small dykes approximately N110°E,
one south of Pobamé and the other south of Léré Lake, crosscut
the Proterozoic basement.

The dykes near N-S and NE-SW, ranging from one to ten
meters in thickness and one to three kilometers in length,
crosscut the Proterozoic basement. The N-S dykes exhibit
vacuoles resulting from plagioclase dissolution and a mineral
fabric following their direction.

At Dissing, a circular intrusion, about forty meters in
diameter, outcrops in the Cretaceous basin near its northern
edge. The core, likely more mafic, has undergone intense
alteration, leaving a hollow in the massif, which outcrops as a
circular shape more or less masked by sandy deposits.

4.2 Petrography
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In hand specimens, feldspars are easily visible to the naked
eye as automorphic phenocrysts (2-10 mm) and numerous
whitish microcrystals (<2 mm) that stand out in a dark green
matrix of oxides, pyroxenes, and amphiboles. Based on their
mineralogical composition, under the polarized microscope, the
dolerites are divided into two groups: orthopyroxene and
clinopyroxene dolerites (D2P) and clinopyroxene-only
dolerites (D1P).

The D2P dolerites are found in the N110°E dyke on the
northern edge of the Léré Cretaceous basin. These dolerites
display sub-ophitic to ophitic textures. They contain
plagioclases, clinopyroxenes, orthopyroxenes, opaque
minerals, and occasionally rare alkali feldspar phenocrysts. The
mesostase  consists  of  plagioclase  microlites and
titanomagnetite. Accessory minerals include epidote and
chlorite. The plagioclase appears as large laths and interstitial
microlites. These plagioclases (An 35-62%) are either andesine
or labradorite. Occasionally, some interstitial alkali feldspars
are present. Orthopyroxenes in the form of large intergranular
crystals are hypersthene (Mg%: 61-66; Ca%: 3—4; Fet + Mn%:
29-34). Clinopyroxenes appear as large prismatic crystals
between the plagioclase laths, identified as calcium-rich augites
(Mg%: 35-43; Ca%: 38-42; Fet + Mn%: 23-34). The opaque
minerals are generally titanomagnetite (TiO.=20.4%),
occurring as millimeter-sized automorphic to subautomorphic
crystals between the plagioclase laths or included in the
pyroxenes. The D2P dolerites sometimes contain quartz
Xenocrysts.

The D1P dolerites include the dykes that crosscut the Pan-
African basement and the Dissing pluton that intrudes the
Cretaceous basin. The dykes that intersect the Pan-African
basement exhibit various textures, including intergranular,
ophitic, and sub-ophitic. They contain plagioclases,
clinopyroxenes, amphiboles, black micas, opaque minerals, and
occasionally rare alkali feldspars. The mesostase is composed
of plagioclase microlites and titanomagnetite. Accessory
minerals include epidote, chlorite, and occasionally titanite and
sulfides. Plagioclase in laths and microlites are andesine and
labradorite (An-37-64). Sometimes, interstitial alkali feldspars
are present. Clinopyroxenes, in large automorphic crystals,
have varied compositions. They include diopside (Ca%: 46-47;
Mg%: 36-40; Fet+Mn%: 14-17), hedenbergite (Ca%: 4647,
Mg%: 25-27, Fet+Mn%: 26-28), and calcium-rich augite
(Ca%: 31-43; Mg%: 36-37, Fet+Mn%: 20-33). Diopside
appears more frequently in the NO°E dykes, while augite and
hedenbergite are found mainly in the N45°E to N100°E dykes.
The amphiboles are actinolite or magnesiohornblende. Black
micas, often abundant in the NO°E dykes, are either biotite
(XFe=0.54) or phlogopite (XFe=0.34). Titanomagnetites, in
millimeter-sized microphenocrysts, crystallize between the
plagioclase laths and pyroxene crystals. In the most altered
facies, opaque minerals resulting from the destabilization of
pyroxenes and millimeter-sized carbonate ocelli (2 to 3% by
volume) are observed. The D1P dolerites often contain quartz
and alkali feldspar xenocrysts, as well as xenoliths of granitoid
from the Pan-African basement.

The Dissing pluton consists of dolerite with intersertal to
sub-ophitic texture. The abundant plagioclases, in laths and
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microlites, are accompanied by alkali feldspars. Clinopyroxene
phenocrysts are augites, and the millimeter-sized amphiboles
are hornblendes. Biotite, titanomagnetite, and sometimes
apatite are also present. The feldspars are often altered to
chlorite, epidote, or calcite.

4.3 Geochemistry

Geochemical compositions of Léré dolerites are reported in
Table 1.

The samples exhibit a relatively heterogeneous chemical
composition, with the following ranges: SiO: (45.05-49.34
wt%), TiO2 (1.08-3.44 wt%), Al2Os (14.54—16.17 wt%), Fe20s
(11.05-16.91 wt%), MgO (4.01-6.79 wt%), Na.O+K-0 (3.61—
4.97 wt%), CaO (6.25-10.32 wt%), and P>0s (0.24-0.62 wt%).
The Mg# number (100Mg0/40.32)/((Mg0/40.32) +
(FeO/71.85)) evolves from 35.84 to 55.98.
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Fig. 3. Plot of Léré dolerites in Na,0O+K,0 vs K,0 / (K,0 + Na,0) diagram
from [40]. AFC: Assimilation and fractional crystallization. Na-alt, K-alt: Na
and K alteration.
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Fig. 4. Total Alkali-Silica diagram from [42] (wt% volatile-free recalculated

compositions). The dotted line represents the boundary between the tholeiitic

and alkaline fields after [43]. Symbols: pale blue, L8; dark blue, L1; red, MS;
magenta, L36; black, other dolerites.
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The sometimes high LOI values (1.14-5.4%) can indicate a
notable degree of alteration. However, in the diagram from [40]
(Fig. 3), Léré dolerites plot outside the field of Na-K alteration,
showing that the analysed samples are not significantly altered.
Moreover, the Y/Ho ratios (25.4-29.9), similar to those of
unaltered basalts (mean value 28) after [41], confirm the
absence of significant alteration in the Léré dolerites.

In the Total Alkali-Silica diagram from [42] (Fig. 4), four
samples (L153, L214, L67, M3) can be classified as
trachybasalts and eight as basalts. Most basalts plot above or
near the subalkaline-alkaline boundaries defined by [43], while
two samples (L36 and L40) clearly plot in the subalkaline
domain.

The petrographic study showed that the Léré dolerites are
more or less altered, with the formation of secondary minerals.
As a result, the concentrations of Na and K, which are very
mobile elements, may have been modified even in the absence
of significant alteration.
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Fig. 5. Plot of Léré dolerites in the diagram Zr/Ti vs Nb/Y from [44], except

samples L153, L67 and L40 for which trace elements are not available. The

dotted black lines limit the domain of the transitional basalts (TB) after [45].
Symbols as in Fig. 4.

For the samples with available trace element data, the Zr/Ti
vs. Nb/Y diagram [44] (Fig. 5), based on immobile elements,
shows that two samples (M8, L36) have a sub-alkaline basalt
composition, while the other dolerites exhibit an alkaline basalt
composition. According to [45], L8 and L1 are distinctly
alkaline (Y/Nb < 1), while the other alkaline samples are more
transitional (1<Y/Nb <2).

Except for M8, the subalkaline dolerites (L40 and L36)
contain normative quartz. In contrast, the alkaline dolerites (L8
and L1) contain normative nepheline, and the transitional
samples contain neither quartz nor nepheline (Table 1).

To differentiate subalkaline dolerites the FeO/MgO vs SiO2
diagram from [46] is preferred over the AFM diagram from
[43] due to the mobility of Na and K. In this diagram (not shown
here), the subalkaline samples (L40, L36) plot within the
tholeiitic field.
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TABLE 1. Major and trace element analyses of Léré dolerites. CIPW normative compositions and Mg#=molar ratio of [100*MgO / (MgO + FeO)] calculated
according to Fe,03/Fe0=0.15. Ew/Eu*=Euy/ (Smy x Gdx)"? where N indicates that the values are normalized to the C1 chondrite of [39]. Ba/Ba*=Bay/ (Rby x
Thy)"?, Nb/Nb*=Nby/ (Kx x Lax)""?, Ta/Ta*=Tax/ (Kx x Lax)"?, Ti/Ti*=Tin/ (Eux x Dyx)"?, and St/Sr*=Sry/ (Cex x Px)"?, where N indicates that the values are
normalized to the primordial mantle [39]. D1P: clinopyroxene dolerite. D2P: clinopyroxene and orthopyroxene dolerite. Trace element ratios quoted in the text are

calculated.
Sample L153 L214 M10 L67 M3 M1 M5 L8 L1 M8 L40 L36
Rock type D1P D1P D1P D1P D1P D1P D1P D1P D1P D1P D2P D2P
SiO2 (Wt %) 4572 4558 4597 4554 4541 4620 4505 46.28 4833 4934 49.01 49.21
TiOo2 3.44 3.40 2.50 3.44 2.52 2.90 2.50 271 2.64 1.08 1.81 1.80
Al203 1495 1595 1556 1495 1537 1497 1503 1495 1454 16.17 1489 1478
Fe203 1611 16.14 13.83 1691 1398 1446 1426 1257 12.08 11.05 1110 11.15
MnO 0.18 0.18 0.23 0.20 0.21 0.21 0.28 0.18 0.16 0.31 0.15 0.13
MgO 4.48 4.01 5.82 4.46 4.55 5.16 6.64 4.68 6.79 5.24 6.28 6.25
CaO 721 6.25 8.06 7.16 6.81 8.02 8.19 9.60 913 1011 1032 10.25
Na20 2.86 3.59 293 2.79 3.62 2.90 2.76 3.48 3.61 3.37 247 244
K20 2.08 1.38 1.16 2.16 1.32 0.71 1.16 1.10 1.15 0.88 0.32 0.34
P205 0.57 0.55 0.48 0.62 0.50 0.50 0.37 0.35 0.54 0.25 0.25 0.24
LOI 2.36 291 241 2.36 5.40 3.80 3.39 3.88 1.14 1.60 3.23 3.25
Total 99.96 9994 99.07 99.96 99.80 99.97 99.73 99.89 100.10 99.45 99.92 99.84
Quartz 1.6 19
Orthose 12.8 8.5 7.2 13.2 8.4 44 7.2 6.9 6.9 5.4 2.0 2.1
Albite 25.2 31.8 26.0 24.4 329 25.9 24.6 27.1 29.5 29.4 21.9 21.6
Anorthite 22.7 24.4 27.1 226 234 27.2 26.5 231 20.5 27.3 29.9 29.7
Néphéline 2.2 0.9
Diopside 9.2 3.9 9.8 8.7 8.1 9.8 115 20.7 18.4 19.1 18.1 18.1
Hypersthene 4.7 4.6 75 4.1 04 18.6 3.4 2.8 20.4 20.5
Olivine 14.4 15.8 13.7 15.8 17.8 4.6 18.3 115 15.2 11.4
Magnétite 29 29 25 3.0 2.6 2.6 2.6 2.3 2.1 2.0 2.0 2.0
liménite 6.8 6.8 5.0 6.8 5.1 5.8 5.0 5.4 5.1 2.1 3.6 3.6
Apatite 1.3 1.3 11 14 1.2 1.2 0.9 0.8 1.2 0.6 0.6 0.5
TOTAL 100.0 1000 100.0 1000 100.0 1000 100.0 1000 100.0 100.0 100.0 100.0
mg# 38 36 49 37 42 45 51 46 56 52 56 56
Ba (ppm) 507 767 469 596 430 286 483 160 82
Cr 70 26 20 30 130 40 295 280 243
Cs 0.55 1.18 211 0.22 1.90 0.27 0.45 0.28 <0.02
Ga 2260 2450 2350 23.80 2190 2280 1832 16.60 19.83
Hf 4.70 7.14 6.20 6.90 4.90 3.60 4.32 1.80 2.30
Nb 2200 29.81 2550 31.30 2150 26.90 3548 4.50 8.47
Rb 2060 4173 2720 1490 2320 1890 1890 13.10 6.91
Sn 2.00 3.25 2.00 2.00 2.00 2.00 1.00 1.00 1.59
Sr 664 510 569 818 581 700 725 236 289
Ta 1.50 2.26 1.60 2.00 1.50 1.60 2.15 0.30 0.60
Th 1.92 2.73 2.96 2.85 1.97 1.96 2.78 111 0.81
Tl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
U 0.56 0.70 0.64 0.64 0.57 0.57 0.88 0.35 0.26
\ 255 258 187 286 274 340 219 275 197
W 1.00 0.73 1.00 1.00 1.00 <1 <1 1.00 0.29
Y 2500 36.26 2890 36.70 2460 20.10 2151 1870 17.92
Zr 190 299 250 280 190 140 182 60 89
La 2390 3959 29.00 36.80 24.80 16.10 2421 9.30 7.04
Ce 5420 90.09 6590 81.10 5550 3340 49.00 21.10 16.30
Pr 7.06 11.84 8.54 10.50 7.20 4.24 6.06 2.95 231
Nd 2950 49.65 3590 4340 2970 1840 26.39 13.20 10.50
Sm 6.54 9.77 8.06 9.31 6.59 4.67 6.22 351 3.32
Eu 2.20 3.00 2.38 2.66 2.04 1.69 2.22 1.14 1.27
Gd 6.55 9.16 7.72 9.08 6.34 5.20 6.10 3.84 3.77
Tb 0.90 1.29 1.06 1.29 0.90 0.73 0.89 0.55 0.60
Dy 5.08 7.16 6.02 7.25 5.17 421 4.75 3.40 3.17
Ho 0.95 1.27 1.12 1.35 0.97 0.78 0.84 0.70 0.60
Er 2.70 3.08 3.01 3.79 2.64 2.14 2.07 213 1.61
Tm 0.33 0.40 0.37 0.50 0.35 0.27 0.29 0.28 0.22
Yb 2.18 2.79 2.50 3.13 2.14 1.59 1.55 1.87 1.53
Lu 0.31 0.46 0.34 0.44 031 0.24 0.21 0.28 0.20
S REE 14240 22955 17192 210.60 14465 93.66 130.62 64.25 52.44
Ratios
LaN/YbN 7.86 10.18 8.32 8.43 8.31 7.26 11.19 3.57 3.30
Eu/Eu* 214 3.09 2.58 3.01 211 1.61 2.01 1.20 1.16
Y/Ho 2632 2855 2580 2719 2536 2577 2576 26.71 29.87
Y/Nb 1.14 1.22 1.13 1.17 1.14 0.75 0.61 4.16 212
Ba/Ba* 2.68 2.39 1.74 3.04 211 1.56 2.22 1.39 1.16
Nb/Nb* 0.84 0.65 0.83 1.24 0.81 1.29 1.37 0.32 1.13
Ta/Ta* 1.00 0.86 0.91 1.37 0.98 1.33 1.44 0.37 1.59
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TABLE 1 (continued)
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Sample L153 L214 M10 L67 M3 M1 M5 L8 L1 M8 L40 L36
Rock type D1P D1P D1P D1P D1P D1P D1P D1P D1P D1P D2P  D2P
Sr/Sr* 121 0.64 0.92 1.20 1.19 1.92 1.30 0.95 1.36
TilTi* 121 1.20 1.08 1.07 1.25 1.65 1.32 0.89 1.46
Nb/U 39.29 4259 39.84 4891 37.72 47.19 4054 12.86 32.58
Ba/Nb 23.05 2572 1839 19.04 20.00 10.63 13.62 3544 9.74
La/Nb 1.09 1.33 114 1.18 1.15 0.60 0.68 2.07 0.83
Th/Tb 2.13 2.12 2.79 2.21 2.19 2.68 3.12 2.02 1.35
Ta/Tb 1.67 1.75 151 1.55 1.67 2.19 2.42 0.55 1.00
La/Sm 3.65 4.05 3.60 3.95 3.76 3.45 3.90 2.65 2.12

The Léré dolerites exhibit variable total REE contents:
52.44-64.25 ppm for tholeiitic dolerites, 93.66—130.62 ppm for
alkaline dolerites, and higher values for transitional dolerites
(142.40-229.57 ppm). The chondrite-normalized diagrams,
(Fig. 6), are characterized by variable fractionation of light rare
earth elements compared to heavy rare earth elements.
Fractionation is significant for transitional (La/Yb)x=7.86—
10.18) and alkaline dolerites (7.26—11.19) but lower for
tholeiitic dolerites (3.30-3.57). The transitional dolerites have
patterns similar to Ocean Island Basalts (OIB). The europium
anomalies, Eu/Eu*, of the tholeiitic dykes (1.16—1.2) are slight.
The alkaline and transitional dykes have higher europium
anomalies (1.6-2.0 and 2.1-3.1, respectively).

I —a—NI10 —— 67 —|— LB
—a— M3 —m— M3 —o— M5
—a— M1 —m—L36 L1

0IB e E-VIORE
i i i i

l i i
la Ce Pr Nd 5m Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 6. Chondrite normalized diagrams. Normalizing values, OIB, and E-
MORB after [39].

Multi-element diagrams normalized to the primitive mantle
(Fig. 7), indicate enrichment in incompatible elements and
depletion in compatible elements. The profiles exhibit a
positive Ba anomaly relative to adjacent large-ion lithophile
elements Rb and Th (Ba/Ba*=1.16-3.04). A trough in Th and U
is observed in most samples. The tholeiitic dolerites exhibit
different profiles, sample M8 displays a characteristic
continental tholeiite (CT) profile with a significant negative
Nb-Ta anomaly, whereas sample L36 shows a profile close to
Enriched Mid-Ocean Ridge Basalts (E-MORB) and
comparable to initial rifting tholeiites (IRT) [47].
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Fig. 7. Primitive mantle-normalized diagrams. Normalizing values, OIB, and
E-MORB after [39]. IRT after [47] and [48] for Ta, Nd, Eu, Dy, and Lu.

Alkali dolerites show significant enrichment in high field
strength elements such as Nb and Ta relative to light REE like
La and large ion lithophile elements like K (Nb/Nb*=1.29—
1.37, Ta/Ta*=1.33—1.44) resembling features observed in OIB
patterns (Nb/Nb*=1.32, Ta/Ta*=1.30) after [39]. In contrast,
transitional dolerites display marked depletion in Nb, (Nb/Nb*
=0.7-0.9) and relatively uncontrasted Ta levels compared to La
and K, (Ta/Ta* = 0.9-1.1).

V. DISCUSSION
5.1 Tectonic setting

The dolerite dykes are emplaced within the Precambrian
basement and the Cretaceous intracontinental basins, indicating
an intra-plate tectonic setting. In the K,O-TiO,-P,Os diagram
from [49] (not shown here), samples L36 and L40 plot within
the field of oceanic tholeiites and IRT, while M8 falls within the
continental tholeiite field. Similarly, in the TiO»-Nb/3-Th
diagram from [47] (not shown here), L36 plots within the plate-
margin tholeiitic basalts and IRT field, whereas M8 is located
within the within-plate tholeiitic basalts field.
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Fig. 8. Plot of Lér¢ dolerites in the La/10-Y/15-Nb/8 diagram from [50]. 1:
Orogenic domain. 2: Late to post-orogenic compressive to distensive domains.
3: Anorogenic distensive domains. VAT: Volcanic arc tholeiites. AT:
Transitional arc volcanism. BAB: Back arc volcanism. CT: Continental
tholeiites. IRT: Initial rifting tholeiites after [47]. Symbols as in Fig. 4

In the La/10-Y/15-Nb/8 diagram from [50] (Fig. 8), L8 and
L1 are located within the alkaline anorogenic extensional
domain, whereas M8 falls in the calc-alkaline orogenic domain
near the CT of [47], reflecting its Nb depletion. L36 is
positioned within the E-MORB domain, close to the IRT of
[47]. The transitional dolerites plot in the intermediate domain
between the orogenic and anorogenic fields, corresponding to
the domain of CT.
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Fig. 9. Plot of Léré dolerites in the (Tb/Ta)y vs (Th/Ta)y diagram from [51].
The ratios are normalized to the estimated values for the Primordial Mantle
after [52]. This diagram enables discrimination between: the N-MORB, the E-
MORB, the continental within-plate alkaline and transitional basalts
(CWPAB) + the OIB, the continental tholeiites (CT), part of the back-arc
basins basalts (BAB), and the subduction-related lavas including those from
Chilean type active margins (CAMB), Mariana-type intra-oceanic arcs
(OIAB) and intermediate arcs (IAB). Symbols as in Fig. 4.

In the (Tb/Ta)n vs (Th/Ta)n diagram from [51] (Fig. 9), L8
and L1 plot in the continental within-plate alkaline basalts
domain, in agreement with their alkaline nature. M8 is located
in the continental tholeiites field. L36 plots at the boundary
between continental tholeiites and E-MORB (Th/Ta)n=0.5).
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The transitional dykes plot within the domain of continental
tholeiites.

5.2 Crustal contamination

During their emplacement, the chemical composition of
basic dykes is sometimes altered by the assimilation of crustal
fragments, particularly in large-scale veins where the magma
flow is turbulent rather than laminar [53].

Crustal contamination can be identified in the Rb/Y vs Nb/Y
diagram from [54]. In this diagram (Fig. 10), the vertical trend
of Léré dolerites is distinct from the Pan-African granitoid of
the Léré region basement and the upper continental crust. This
indicates the minimal importance of crustal contamination,
except for M8.

2

15

NB/Y

05

Rb/Y

Fig. 10. Plot of Léré dolerites in the Nb/Y vs Rb/Y diagram from [54]. FC:
Fractional crystallization. AFC: Assimilation fractional crystallization. G:
Pan-African granitoids of the Léré region basement after [5, 55]. UCC: Upper
continental crust after [59]. Symbols as in Fig. 4.

Incompatible trace element ratios such as Nb/U, Ba/Nb, and
La/Nb are also commonly used to distinguish uncontaminated
oceanic basaltic rocks (MORB/OIB) from basalts contaminated
by continental crust [56, 57]. The Nb/U ratio in oceanic basalts
is typically 47 + 10 [58], 10 for the lower continental crust, and
4.44 for the Upper Continental Crust [59]. Apart from M8, the
Nb/U ratios of the Léré dolerites (36.4—48.9) are similar to
those of mantle-derived oceanic basalts, suggesting
insignificant contamination effects for Nb/U. The low Nb/U
ratio (12.9) of sample M8 indicates contamination by the crust.
The Ba/Nb and La/Nb of the continental crust typically exhibits
high ratios, which vary among authors [59-62], but are
consistently higher than those of mantle-derived oceanic basalt,
which range from Ba/Nb (4.3-17.8) and La/Nb (0.66—1.19)
[56]. Except for M8, the observed Ba/Nb (8.7-25.7) and La/Nb
(0.6-1.3) ratios of the Léré dolerites are similar to those of
typical mantle-derived values. The high ratios in MS
(Ba/Nb=35.44, La/Nb=2.07) reflect crustal contamination. The
previous diagram (Fig. 10), and these ratios indicate that the
Léré dolerites underwent insignificant to low crustal
contamination, except for M8, which shows some crustal
contamination.

5.3 Fractional crystallization

The concentrations of Cr (20-295 ppm) in the dykes of Léré
with low MgO values (4.01-6.79%) and Mg# (36—56) are lower
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than those expected for primitive magma compositions with Cr
>300-500 ppm, MgO (10-15%), and Mg# (68-72) [63, 64].
Therefore, the Léré dykes have undergone some crystallization
processes before their emplacement at the surface.

The Léré dykes are all mafic (Si02<52%); consequently, no
chemical trend related to fractional crystallization processes can
be observed in our data. However, the tholeiitic dolerites were
not derived from transitional magmas by fractionation of
clinopyroxene, due to their low concentrations of large-ion
lithophile elements, Nb, Zr, and Y compared to those of
transitional dolerites.

5.4 Depth of melt segregation and degree of partial melting
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450 t Increase deep

of melting

400, [ |
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Fig. 11. Plot of Léré dolerites in the Gd/Yb vs La/Lu diagram from [65]. OIB
and N-MORB after [39]. Symbols as in Fig. 4.

The compositional variations between alkali and tholeiitic
dolerites may be due to different depths of magma segregation
in the mantle source and variable degrees of partial melting. In
the Gd/YD vs La/Lu diagram from [65] (Fig. 11), the tholeiitic
dolerites exhibit narrow ranges of La/Lu ratios and low values
of the Gd/Yb ratio, whereas the alkali transitional dolerites
show a range of La/Lu ratios extended and higher values of the
Gd/Yb ratio. Therefore, the tholeiitic dolerites derive from a
relatively shallow depth with a higher degree of partial melting
than the alkali and transitional dolerites.

As shown in the (Tb/Yb)n vs. (La/Yb)n diagram after [66]
(Fig. 12), the tholeiitic dolerite M8 originates from a mantle
source within the stability field of the spinel zone at depths
shallower than 80 km [67]. The tholeiitic dolerite (L36), the
transitional dolerites, and the alkaline dolerite (L8) are derived
from the garnet-spinel transition zone. The Dissing alkaline
intrusion (L 1) originates from the garnet stability field at depths
greater than 80 km. The (Tb/YDb)x vs. Mg# diagram from [66]
and the Dy/Yb vs. La/Yb diagram from [71] (not shown here)
lead to the same conclusion.

The variable ratios of high to slightly incompatible elements
such as Th/Tb (1.35-3.12), Ta/Tb (0.55-2.42), La/Sm (2.12—
4.05) reflect varied degrees of melting [72] for the Léré
dolerites.
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Fig. 12. (Tb/Yb)N versus (La/YD)N plot of Léré dolerites, adapted from [66].
GSTZ: Garnet-Spinel Transition Zone. Normalizing values after [68].
Symbols as in Fig. 4
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Fig. 13. Sm/Yb vs. La/Yb variation of Léré dolerite. Garnet and spinel
lherzolites composition for modeling modified from [69, 70]. Symbols as in
Fig. 4.

To evaluate the melting conditions, we applied a non-modal
equilibrium melting model of garnet and spinel-bearing
lherzolitic mantle sources using the primitive mantle of [39] as
a starting point. In the Sm/Yb vs. La/Yb diagram (Fig. 13), the
alkaline pluton from Dissing can be generated with 2% partial
melting in the garnet lherzolite zone. The transitional dykes and
the alkali dolerite L8 can be formed with approximately 2-3%
partial melting near the spinel-garnet lherzolite transition zone
of mantle sources. The tholeiitic dolerite L36 could have
formed with about 10% partial melting near the spinel-garnet
lherzolite transition zone, while M8 with about 5% partial
melting in the spinel lherzolite zone.

5.5 Mantle sources

The sources of basic magmas can be identified using binary
diagrams of incompatible elements, as their ratios reflect those
of the mantle source and are not modified during differentiation.
In the Th/Yb vs. Nb/Yb diagram from [73] (Fig. 14), three
distinct sources are identified. The alkaline dolerite L1
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originates from an OIB-type mantle source. Except for M8, the
other dolerites come from an intermediate source between OIB
and E-MORB, with alkaline dolerite L8 closer to OIB and
tholeiitic dolerite L36 closer to E-MORB. The tholeiitic dolerite
MB8, originating from a source close to E-MORB, is affected by
crustal contamination.
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Fig. 14. Plot of Léré dolerites in the Th/Yb vs. Nb/Yb diagram from [73].
OIB, E-MORB, and N-MORB after [39]. Symbols as in Fig. 4.
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Fig. 15. Plot of Léré dolerites in the Nb/La vs. La/Yb diagram from [74].
Symbols as in Fig. 4.

The asthenospheric mantle is HFSE-enriched and HREE-
depleted compared to the lithospheric mantle [74]. Therefore,
high Nb/La ratios are characteristic of magmas derived from the
asthenospheric mantle, whereas lower Nb/La ratios indicate
derivation from the lithospheric mantle. In the diagram Nb/La
vs. La/Yb from [74] (Fig. 15), the dolerite M8 plots close to a
lithospheric source due to the Nb depletion of continental
tholeiites contaminated by the continental crust. The
transitional dolerites display low Nb/La ratios (<1), suggesting
a mixed asthenospheric-lithospheric mantle source. The
alkaline and IRT samples display high Nb/La ratios (>1),
indicating an asthenospheric source nature. The La/Ba vs La/Nb
diagram of [75, 76] (not shown here), which discriminates
between asthenospheric and lithospheric magma origins, leads
to the same conclusion.
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5.6 Regional implications

The dolerites of the Léré region display diverse chemical
compositions. The distinction between CT, IRT, transitional
dolerites, and alkaline dolerites provides a framework for
classifying dolerite analyses reported in the literature from the
Mayo-Oulo and Lér¢é basins [4, 7-10], attributed to tholeiitic or
alkaline magmatism. According to these studies, CT and
transitional dykes are restricted to the Proterozoic basement.
Alkaline dolerites are relatively rare, with two dykes located at
the eastern end of the Léré Basin and two other dykes
crosscutting the Proterozoic basement. Dolerites with IRT
signature are confined to the Cretaceous Mayo Oulo-Léré
Basin. The formation of IRT, associated with lithospheric
thinning during rifting, is consistent with the fact that the Mayo
Oulo-Léré Basin constitutes the eastern termination of the
Benue Trough, which is part of the West and Central African
Rift System.

VI. CONCLUSION

This study reveals that the Léré dolerites exhibit diverse
mineralogical and geochemical compositions. They consist of
either clinopyroxene-orthopyroxene dolerites with an IRT
composition or clinopyroxene-dolerites with CT, transitional,
or alkaline compositions. The magmas that formed these
dolerites originated from different depths and experienced
varying degrees of partial melting. The IRT are restricted to the
Cretaceous basin consistent with the basin's position within the
West and Central African Rift System.

As the precise age of the Léré dolerites remains poorly
constrained, this study emphasizes the need for radiometric
datings. Such analyses would specify the exact emplacement
age of the dykes associated with the Cretaceous basin and
clarify the age of those intruding the Proterozoic basement,
whose emplacement might be partly older.
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