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Abstract

The investigation of volcano-sedimentary rocks situated to the west of the Cretaceous Babouri-Figuil basin involved a com-
prehensive characterization encompassing petrography, mineralogy, and geochemistry. The sedimentary formations were
classified into four distinct facies: coarse sandstones, medium sandstones, fine sandstones, and schistose marls. Addition-
ally, post-sedimentary lava flows composed of andesitic basalts were identified. Petrographic analysis revealed quartz as the
predominant constituent in the sedimentary rocks. The volcanic rocks exhibited two distinct textures: a microlitic porphyritic
texture, featuring oxides, plagioclase phenocrysts, and clinopyroxenes, and a doleritic porphyritic texture, wherein the rock
volume comprised 10—-15% automorphic plagioclase phenocrysts (1 to 3.6 mm), 20% clinopyroxenes (1.5 mm), 2-7% oxide
crystals (less than 1 mm), 2% olivines, and approximately 1% amphibole phenocrysts (> 1 mm). The identified mineral phases
were categorized into two groups: primary minerals (calcite, feldspar, quartz, muscovite) and secondary minerals (kaolinite,
illite, smectite), along with titanium oxides, anatase, hydrated sodium silicates, and analcime. Geochemical analysis of the
basalts indicated their classification as oceanic tholeiites, suggesting a composition of andesitic basalts emplaced within
an orogenic setting. The Mayo Mbota sediments were categorized as intermediate to acidic rocks associated with active
continental margins, deposited in an arid to semi-arid environment. These sediments were derived from the accumulation
of alteration products of felsic rocks.
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Introduction processes, including plutonism, metamorphism, sedimenta-
tion, and volcanism, have significantly impacted the North-
South axis of the Western sector of the Babouri-Figuil basin.

The central part of the basin, particularly in the local-

The Babouri-Figuil basin, situated in Cameroon, is an intrac-
ontinental basin. The establishment of the South Atlantic

Ocean, initiated by the dislocation of Gondwana in the Val-
anginian (Sibuet and Mascle 1978), led to the subsidence
of the Benue Gap. The Cretaceous Babouri-Figuil basin,
an extension of the Yola branch (Fig. 1(b)), emerged as
one of several small basins during this period. Geological
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ity of Babouri, experienced multiple episodes (3) of lava
flows, forming a distinctive block structure. Subsequent
extensive and centripetal alteration occurred in onion skins
(Balla 2017). These lava flows have both calcined and meta-
morphosed various sedimentary deposits, notably schistose
marls, as they traversed them. The sedimentary series can
reach a thickness of up to 1500 m (Schwoerer 1965). The
basin drains westward through tributaries of the Mayo Oulo
(Fig. 1(c)), with the main seasonal tributary being the Mayo
Mbota.

The Mayo Mbota region exhibits basaltic flows interstrati-
fied within clayey sediments, constituting a geological activ-
ity with poorly understood characteristics. This activity may
result in contamination between different rock types dur-
ing emplacement or the transfer of elements. The objective

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-024-11916-5&domain=pdf

124 Page2of 15

Arab J Geosci (2024) 17:124

Y 13°44'2" 13°47'49" 13°51'36" 13°55'23" 13°59'10" /N\
T t M\
N Kﬂ J\S ( o \
~ \ M A
o & /’%\:J \&S @g R . ‘Aé /, {f g/
) = \ \g { B \“, )
i R S :
= \\(’“\l 8 ’_/ 9 »Q 9 5
pd X alHdnm
. A N g :
g P f R, — d/\\}?’;\e‘_@\ N &y g
o .8 a 1 s E °
W& n 7
Py “&‘2 3 N Y a
\ & .
" B B \ 7 N i "
N (j \v\/ﬁm N a2 g -
) &N oA KAy N oL O R S
3 (B2 M sty A Y - 0y
9 Q Ry iy (( 9 S 3
@ K X \ o
%‘&:\\,J‘ X, T ,”‘”‘\}‘ . 1 A /
: PN 9 itee
2 i 2 WS |
: o v / 3«@‘ o
g A o = AU by
a 1) : a
fae RS { \,
13°442" 13°47'49" 13°51'36" 13°55"23" 13°59'10”
Legend

* Locality = Secondary watercourse — Contour

== Main road — Stream 0 2 4 6 km

= Main watercourse [_JBasin limit [ T — ]

Fig.1 (a) Map of Africa. (b) Location map of the sedimentary basins
of northern Cameroon (modified after Maurin and Guiraud 1990). 1,
terminal continental; 2, Barremo-Aptian basins; 3, Albo-Aptian to

of this study is to conduct a comprehensive petrographi-
cal, mineralogical, and geochemical characterization of the
oceanic tholeiites and schistose marls in the Mayo Mbota
region of the Babouri-Figuil basin.

Geological context

The Pan-African chain in Cameroon is part of the Central
African Orogenic Belt, constituting a mega-chain oriented in
an east-west direction, spanning over 5000 km in length and
3000 km in width. Bounded to the west by the Pan-African
Trans-Saharan Range and to the south by the Congo Cra-
ton, it extends northeast into Brazil as the Neoproterozoic
Sergipano Range, collectively forming the Pan-African-Bra-
zilian Range (Almeida et al. 1981; Davison and Reginaldo
1989; Castaing et al. 1993; Brito de Neves et al. 2001).

The significant characteristics of the North Equatorial
Pan-African Range in Cameroon have been elucidated in
various works by Nzenti et al. (1992, 1994, 1998), Ngno-
tué et al. (2000), Toteu et al. (2004), and Tanko Njiosseu
et al. (2005). In Cameroon, the North Equatorial Pan-Afri-
can Range comprises three distinct geodynamic domains
(Fig. 2): (1) a southern domain, (2) a central domain, and
(3) a northern domain, which will be described herein.

@ Springer

Cenomanian-Turonian basins; 4, volcanism; C, map of the Babouri-
Figuil basin (satellite image)

The North Cameroon domain extends from the south of
Poli to the northern tip of Cameroon. It is characterized by
a polyphase and polycyclic evolution (Toteu et al. 1987;
Nzenti et al. 1992; Ngako 1999), marked by three phases
of deformation staggered from D1 to D3. The first phase,
D1, early and tangential (800-700 Ma, U/Pb age on zircon,
Toteu et al. 1990), is associated with structures often oblit-
erated by subsequent phases D2 and D3. The Neoprotero-
zoic age metamorphism linked to this D1 phase exhibits
amphibolite facies assemblages (650 °C, 67 Kb, Nzenti
et al. 1992) represented by Crd + Grt + Sill + Qtz + Kfs +
P1 and Hbl + Grt + P1 + Qtz.

The second phase, D2, is synchronous with intense mag-
matism (Njel 1988; Nzenti et al. 1992) and granitization (D2
syntectonic calc-alkaline granitoids dated at 580 Ma, U/Pb
age on zircon, Toteu et al. 1987). D2 is associated with N-S
or NW-SE sinistral rifts, thrusting, and E-W to WSW-ENE
echelon antiforms and synforms. Amphibolite (700 °C, 5-7
Kb) and greenschist (550 °C, 5 Kb) facies metamorphism
are related to this phase, exhibiting mineralogical assem-
blages such as Qtz + P1 + Hbl 4+ Bt + Spn + Ilm + Epi and
Qtz + Pl + Bt + Spn + Ms + Grt (amphibolite facies), as
well as Qtz + Alb + Ch + Ms + Cc and Qtz + P1 + Ms + Bt
+ Grt + St (greenschist facies).

The third deformation phase, D3, is brittle and gives rise
to numerous E-W dextral rifts and E-W and N-S trending
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folds. Syn-D3 granitoids, dated at 545 Ma (U/Pb age on
zircon, Toteu et al. 1987), have also been observed.

Materials and methods

The sedimentological investigation of this section of the
basin was conducted in a north-south direction to elucidate
the spatio-temporal relationships among the layers. This
approach resulted in the construction of a lithological log.
A total of 15 samples were collected: 5 samples of volcanic
rock and 10 samples of sedimentary rock, intended for thin
section, geochemical, and mineralogical analyses. Sample
preparation was carried out at the Geochemical Mapping and
Metallogeny Laboratory of the University of Ngaoundere.
Subsequently, mineralogical analyses were performed at
the Geoscience Laboratories in Ontario, Canada (Geo Labs),
utilizing Co-DRX at 40 KV and 45 Ma on the samples.

1 O"6'0"E 1 5”6’0"E
Geochemical analyses were conducted at Bureau Veritas
Commodities Laboratory, Vancouver, Canada, using ICP-
AES (for major elements) and ICP-MS (for trace elements)
after fusion with LiBO,. The sample processing involved the
use of a jaw crusher with steel plates, followed by pulveriza-
tion in a ball mill. The fraction below 100 pm was utilized
for analysis.

X-ray diffraction (XRD-100) was employed for min-
eralogical analysis, involving the pulverization of sample
powders with an agate mortar and pestle, and smear mounts
were prepared on low background silicon discs for analysis.
The Co radiation at 40 kV and 45 mA was utilized for the
analysis, employing the X'Pert HighScore software. This
software operates on the principle that the distances between
successive atomic planes (d) are specific to each mineral,
producing a refraction signal at an angle 20 represented as
a peak relative to the flat surface of the mineral. The angle
allows the calculation of the corresponding value (d) through
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Bragg’s law, based on which the standard conversion tables
of the U.S. Geological Survey were defined: nA = 2d sin 0,
with n as the diffraction order, A as the wavelength of the
radiation used in 13;, d as the lattice space, and 0 as the angle
of incidence.

Wavelength dispersive X-ray fluorescence spectrometry
(WD-XRF) was employed for major element determination.
This analytical procedure was complemented by the use of
the ICP-AES methodology (model IAT-100). Calibration
maintenance, review of calibration robustness, and verifi-
cation of lower detection limits (LLDs) were conducted to
ensure the high quality of routine analyses. The determina-
tion of trace elements using the Perkin Elmer Elan 9000
method achieved increased precision and accuracy above
10% for most elements. The laboratory monitors the per-
formance of each method through inter-laboratory and in-
house reference material analysis control charts, and the
overall accuracy of analytical methods is assessed from the
reproducibility of analyses of reference materials reviewed
as quality assurance monitors during the analytical process.

Results
Lithology and sedimentology

Volcanic activity has been observed in the vicinity of the
Mayo Mbota River, where three distinct volcanic episodes
have been identified along the river course. The sedimen-
tary lithology within this segment of the basin displays a
vertical sequence as follows, from the base to the summit: a
robust layer of ferruginized, non-calcitic, and highly com-
pact coarse sandstone, succeeded by a fine, ferruginous,
and exceptionally hard sandstone. Subsequently, there is
coarse sandstone featuring N-W trending diaclases, followed
by a substantial layer of medium-pink sandstone, a layer
of fine sandstone, and another layer of coarse ferruginous
sandstone.

Continuing upwards, the lithological sequence comprises
a substantial layer of shale marl, followed by a siltstone
layer and another layer of shale marl. This is succeeded by
a medium sandstone layer, a layer of fine sandstone, and
another layer of shale marl. Further up, there is a layer of
coarse sandstone exhibiting ripple marks, indicative of the
basin’s northward feeding, overhung by fine sandstone,
medium sandstone, and fine. The sequence concludes with
layers of shale marlstone, medium sandstone, shale marl-
stone, a volcanic intrusion, shale marlstone, medium sand-
stone, another volcanic intrusion, shale marlstone, and a
final volcanic intrusion.

The litho-stratigraphic synthesis of this basin segment is
visually represented in Fig. 3, illustrating eight depositional
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Fig.3 Synthetic litho-stratigraphic log of the Mayo Mbota outcrop

parasequences that collectively depict a monotonic sedimen-
tation pattern.

Petrographic study
Petrography of sedimentary rocks

The analysis of thin slides from sandstone rocks in the west-
ern part of the Babouri-Figuil basin indicates that quartz is
the predominant mineral in both coarse and fine sandstones.
Quartz grains occasionally exhibit cracks (Fig. 4C) and a
crumpled appearance. Feldspars present a cloudy appear-
ance, suggesting significant chemical alteration. Mottled
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Fig.4 A-C Polarizing
microscopic aspects of thin
sections of sandstone rocks in
the western part of the basin.

A Altered feldspars in coarse
sandstone with abundant oxides
in a ferruginous cement. B
Large plagioclase pebbles in

a fine sandstone on quartz
minerals that show tangential
contacts. C Coarse sandstone
with muscovite flakes and much
iron cement. D Thin sheet of
unmetamorphosed marl show-
ing quartz microcrystals. E Thin

sheet of metamorphosed marl

plagioclases are observable in the fine sandstone (Fig. 4B).
Amphiboles appear greenish in unpolarized light (LPNA)
and show slight color variation in polarized light analysis
(LPA). Mica flakes are dispersed among the quartz grains
(Fig. 4C). These features are overlaid by a siliceous clay
matrix mixed with iron oxides (Fig. 4A, C).

The petrographic examination of Mayo Mbota sedi-
ments in the Babouri-Figuil basin reveals diverse contacts
between grains, ranging from tangential (Fig. 4A, C) and
frank contacts to concavo-convex and longitudinal contacts.
The concavo-convex contacts (Fig. 4B) exhibit hollows on
their surfaces corresponding to impressions of neighboring
particles, indicative of extensive mechanical compaction.

Schistose marls exhibit three aspects: weakly meta-
morphosed to metamorphosed or not metamorphosed,

depending on the heat introduced by basaltic flows. Unmeta-
morphosed marls are greenish with a brown matrix and very
small quartz crystals (Fig. 4D). Weakly metamorphosed and
fully metamorphosed marlstones are respectively grey, dark,
and black with a black matrix (Fig. 4E). They all display
a pisolitic to oolitic texture. The matrix reveals (1) quartz
crystals with an increasingly cloudy appearance in the meta-
morphosed marlstones and (2) agglomerations of oolites,
geological concretions of small, regular, spherical mineral
structures similar to fish eggs.

Petrography of volcanic rock

The volcanic prisms forming the eruptive episodes exhibit
a centrifugal alteration, visually represented by an onion
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skin structure (Fig. SA, B). The marlstones are entirely
altered below these volcanic flows. In the majority of
instances, the volcanic deposits display veins filled with
late calcite, which appears to be younger compared to
those observed in fine sandstones and coarse sandstone
layers, where they exhibit a sinister dip (Balla et al.
2022). It could be hypothesized that volcanism serves
as the source of the calcite present in the diaclase veins.
The basalts outcrop in centimetric balls between the
clayey sediments. They present two textures: a microlitic
texture (Fig. 6A, B) which shows, in addition to oxides,
elongated plagioclase phenocrysts, the largest of which is
rectangular in shape and is in the process of being altered
(Fig. 6B), and clinopyroxenes, a doleritic porphyritic tex-
ture (Fig. 6C, F) with 10-15% of the rock volume contain-
ing automorphic plagioclase phenocrysts (1-3.6 mm), 20
w.% clynopiroxenes (1.5 mm), 2-7 w.% oxide crystals
(smaller than 1 mm), 2% olivine, and amphibole phe-
nocrysts (> 1 mm) about 1% of the rock volume.

Mineralogy

Analysis of the diffractograms facilitated the identifica-
tion of nine mineral phases, which were categorized into
two groups (Fig. 7). The primary minerals, including
calcite, feldspar, quartz, and muscovite, were the most
abundantly represented. Secondary minerals, such as kao-
linite, illite, and smectite, were also observed. Addition-
ally, titanium oxides like anatase and hydrated sodium
silicates such as analcime were identified.

Geochemistry

The chemical compositions of representative samples of
basalts and marls are shown in the table below.

Geochemistry of basalts

The basalts exhibit intermediate silica contents ranging from
52.0 to 52.6 w.% and low alkali contents (Na,O + K,0 <
3.3 w.%) (Table 1). Based on the volcanic rock nomen-
clature proposed by Le Maitre (2002), the composition of
these basalts falls within the range from andesitic basalts
to Babouri basalts (Fig. 8). The MgO and Fe,O; concen-
trations are between 7.04 and 7.29 w.% and 11.4 and 12.3
w.%, respectively. The Mg number (Mg#) calculated using
these values ranges from 51.36 to 52.39 w.% (Table 1). The
basalts are characterized by TiO, contents between 1.92 and
2.07 w.% and low K,O and P,O5 contents. The concentra-
tions of MgO and Fe,0; categorize the basalts as tholei-
ites (Fig. 9A), specifically falling into the oceanic types on
the triangular diagram (TiO,-P,05-K,0) of Pearce (1975)
(Fig. 9B).

Transition elements Cr and V exhibit high contents
(250-300 ppm and 183-211 ppm). Alkaline (Rb 8.7-10.6
ppm) and alkaline earth elements (Ba 126.5-151 ppm and Sr
281-297 ppm) are relatively high (Table 2) compared to the
early mantle ratio of McDonough and Sun (1995). Elements
such as U, Y, Th, and Zr have concentrations between 0.26
and 0.3 ppm, 22.1 and 22.3 ppm, 0.97 and 1.01 ppm, and
115 and 126 ppm, respectively.

The normalized multi-element spectra of the tholeiitic
basalts exhibit a very shallow slope with weak positive
anomalies in Ba and Sr and negative anomalies in Th, U, P,
and Ti (Fig. 10). These spectra closely resemble those of the
tholeiites in the Mayo Oulo basin (Ngounouno et al. 2001).
The rare earth spectra show a negative slope from La to Lu
with almost no anomaly (Table 3), (Fig. 11).

The geodynamic context of the Baburi tholeiitic basalts
is discerned through triangular diagrams constructed from
immobile trace elements. In the triangular diagram (Y/15-
La/10-Nb/8) of Cabanis and Lecolle (1988), the Baburi
tholeiitic basalts are situated at the boundary of the late to
post-orogenic (compressive to distensive) intracontinental

Fig.5 Volcanic flows. A Meta-
morphosed marlstones below
the flows; B volcanic prism
showing onion skin alteration
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Fig.6 Thin basalt sheet with
porphyry microlitic and
doleritic texture. A Elongated
plagioclase and clinopyrox-

ene crystals; B rectangular
plagioclase crystals undergoing
alteration. C Association of
PI-Cpx-Ox. D Cracked Ol in net
contact with P1. E Olivine in
gross contact with P1. F Amphi-
bole in association with some
clinopyroxenes and plagioclases

domains and the non-orogenic (distensive) domains
(Fig. 12A). In the triangular diagram (Th-3Tb-2Ta) of Cab-
anis and Thiéblemont (1989), the Baburi tholeiitic basalts
are predominantly located in the anorogenic domain of ridge
tholeiites and intraplate alkaline basalts (Fig. 12B).

Geochemistry of the marls

The major elements present in the Babouri marls include
Si0,, Al,O3, Fe,03, and CaO, with ranges of 28.58-61.79
w.%, 7.87-16.8 w.%, 2.99-9.78 w.%, and 1.65-17.66 w.%,
respectively. Less abundant elements such as MgO, K,O,
Na,O, and TiO, and trace elements like MnO and P,0O;

are also identified (Table 1). The SiO,/Al,O; ratio in the
Babouri marls ranges from 3.12 to 4.12 w.% (Table 1).
Using the diagram defined by Suttner and Dutta (1986),
the sedimentary environment and chemical maturity of
the marls suggest deposition in an arid to semi-arid envi-
ronment with a moderate degree of chemical maturity
(Fig. 13).

The Chemical Alteration Index (CIA), which meas-
ures the degree of chemical alteration according to Young
and Nesbitt (1998), is calculated using the formula CIA =
[Al,04/(Al,O5 + K,0 + Na,O + CaO) * 100]. The CIA
values for the Babouri marls range from 17.21 to 64.31 w.%,
indicating a positive correlation between TiO, and Al,O5.

@ Springer
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Fig.7 Mineral phases of the
Mayo Mbota marls
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Table 1 Major elements (w.%) SIM3  S2M2  SIM4  S2MI S3M5  SIVoll  SIVol2  S2Vol3
of Mayo Mbota marl and basalt
and ratio of certain elements Si0, 4700 5250 5286 2850 6179  52.60 52.00 52.60
Al,O4 13.85 16.80 12.99 7.91 14.99 13.45 13.10 13.60
Fe,0; 6.89 9.78 4.20 5.56 2.99 12.30 11.90 11.40
CaO 7.11 1.65 10.21 17.66 5.04 8.73 8.60 8.67
MgO 2.86 5.16 1.94 9.43 2.53 7.29 7.12 7.04
Na,O 2.85 1.83 5.20 2.78 5.85 2.65 2.58 2.66
K,0 2.86 3.07 1.21 1.25 1.35 0.44 0.40 0.53
TiO, 1.12 0.90 0.44 0.36 0.62 2.07 2.02 1.92
MnO 0.10 0.08 0.14 0.15 0.07 0.16 0.15 0.14
P,04 0.21 0.17 0.14 0.10 0.17 0.21 0.23 0.20
LOI 13.50 9.35 10.50 25.80 4.50 1.76 1.89 2.27
sum 98.35 101.29 99.83 99.50 99.90 101.66 99.99 101.03
k,0/Na,O 1.00 1.67 0.23 0.45 0.23 0.17 0.16 0.20
Si0/ALO, 339 3.13 4.07 3.60 4.12 391 3.97 3.87
Na,0+K,0 5.71 4.90 6.41 4.03 7.20 3.09 2.98 3.19
Si0,/Al,04 3.39 3.12 4.06 3.60 4.12 391 3.97 3.88
CIA 40.07 64.31 31.37 17.21 43.34
Mg# 51.36 51.60 52.39
CIA (%) = [ALO;/(AL,0; 4+ CaO* + Na,0O + K,0)] x 100. Mg# = 100%*(Mg0O/40.32)/
((Mg0/40.32)+(FeOt/71.85)
Characterization of the source of the marls diagram defined by Floyd et al. (1990). Additionally, these
marls fall within the wacke field (Fig. 14B) according to
The origin of the Babouri marls is attributed to the accumu-  Herron (1988).
lation of alteration products derived from rocks with acid to Alkalis such as Rb exhibit values ranging from 20.4

intermediate characteristics (Fig. 14A), as indicated by the ~ to 104 ppm. Alkaline earth elements such as Ba and Sr
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Fig.8 Nomenclature of the 16 -
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have concentrations between 506 and 641 ppm and 250.8
and 1790 ppm, respectively. The trace element spectrum
(Fig. 15), normalized to the North American shale com-
posite (NASC) standard (Gromet et al. 1984), reveals vari-
ations in the concentrations (peak intensities) of elements,
with negative anomalies in Th, U, and Hf. Non-metamor-
phosed samples (S1M3, S1M4, and S3MS5) show a positive
Sr anomaly. The Th/U, Zr/Y, and Hf/Ta ratios have values
below 1 w.%.

The most abundant rare earth elements are Ce (30.8
ppm and 117.5 ppm), La (16.9 ppm and 56.1 ppm), and
Nd (13.4-52.1 ppm). The chondrite-normalized rare earth
concentration curves (Gromet et al. 1984) display a nega-
tively sloping curve from La to Lu with a negative anomaly
in Eu (Fig. 16). In interpreting the rare earth element dis-
tribution, the chondrite-normalized spectrum (Pourmand
et al. 2012) indicates a high concentration of light rare earth
elements (LREEs) and a depletion of heavy rare earth ele-
ments (HREESs). A nearly flat spectrum of heavy rare earths

ranging from gadolinium to lutetium is observed (Fig. 16).
In other words, heavy rare earths and light rare earths exhibit
differential mobility in a supergene environment. The high
rare earth fractionation with an increasing (La/Yb)N ratio
is directly proportional to the increase in alteration degree
(Ma et al. 2007; Yusoff et al. 2013).

Discussion

The interbedded arrangement of tholeiitic basaltic rocks
and marly sedimentary rocks suggests (1) a common age of
emplacement for these formations and (2) a basin emplace-
ment pattern that commenced with subsidence, followed by
sedimentary infilling and, subsequently, repeated volcanic
eruptions.

The contact between basaltic and sedimentary formations
led to varying degrees of metamorphism in the sedimen-
tary rocks. This diversity can be attributed to temperature
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Table 2 Trace elements (ppm) SIM3  S2M2  SIM4  S2Ml S3M5  SIVoll  SIVol2  S2Vol3

in sedimentary and volcanic

rocks of Mayo Mbota Ba 641.00 50600 55000 51700 35100 13150 126.50 151.00
Ce 117.50 102.50 30.80 62.50 38.40 23.20 22.50 21.20
Cr 70.00 90.00 27.36 27.36 44.00 280.00 300.00 250.00
Cs 222 1.75 0.40 0.60 0.50 0.10 0.02 0.14
Dy 7.69 6.85 2.76 5.17 5.15 5.03 4.83 4.60
Er 4.21 3.58 1.68 333 3.36 2.45 2.64 2.20
Eu 1.98 1.78 0.77 1.22 1.20 1.64 1.77 1.55
Ga 23.70 26.90 13.50 8.80 13.50 21.20 21.50 20.40
Gd 8.94 7.92 2.93 5.27 4.85 5.31 5.17 4.90
Hf 6.20 6.10 3.20 2.10 5.30 3.40 3.80 3.30
Ho 1.33 1.15 0.57 1.07 1.14 0.80 0.86 0.80
La 56.10 50.50 16.90 28.90 17.70 10.00 9.70 9.20
Lu 0.47 0.46 0.23 0.45 0.47 0.28 0.25 0.26
Nb 25.10 25.60 4.50 4.00 6.50 10.90 11.00 9.60
Nd 52.10 44.50 13.40 27.90 17.70 15.10 15.00 14.30
Pr 13.55 11.80 3.40 14.47 4.48 3.30 3.15 2.76
Rb 104.00 90.40 20.40 26.70 25.40 9.30 8.70 10.60
Sm 10.50 9.04 2.58 5.24 3.99 4.59 4.62 3.95
Sn 4.00 3.00 1.00 1.00 1.00 1.00 1.00 1.00
Sr 588.00 265.00 576.20 179.04 250.80 292.00 297.00 281.00
Ta 1.60 1.80 0.30 0.20 0.40 0.70 0.70 0.60
Tb 1.30 1.15 0.43 0.85 0.79 0.84 0.74 0.78
Th 15.75 11.95 2.10 8.40 3.20 1.01 0.99 0.97
Tm 0.57 0.48 0.24 0.50 0.41 0.25 0.28 0.25
U 1.60 2.02 0.30 0.50 0.30 0.30 0.26 0.26
\Y% 101.00 148.00 51.00 57.00 60.00 194.00 211.00 183.00
w 3.00 2.00 1.20 0.50 0.50 1.00 1.00 1.00
Y 39.00 33.50 15.10 30.10 29.40 22.10 22.30 21.20
Yb 3.60 3.20 1.46 3.07 2.96 1.85 1.77 1.71
Zr 214.00 204.00 125.10 85.00 198.10 124.00 126.00 115.00

Fig. 10 Multi-element spectrum 100

of Babouri basaltic flows —F Babouri

normalized to the early mantle —A- Mayo Oulo-Léré Ngounouno et al. 2001)

of McDonough and Sun (1995), _x Benue-Trough (coulon et al. 1996)

compared to those of Mayo
Oulo-Lere (Ngounouno et al.
2001) and Benue Trough (Cou-
lon et al. 1996)

Lava/Primitive mantle

1 4+ttt

Cs RbBaTh U NbTa K La Ce Pr P Nd Sr SmHf Zr Ti EuGdTb Dy Y Yb Lu
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Table 3 Rare carth elements in SIM3  S2M2  SIM4  S2MI  S3M5  SIVoll  SIVol2  S2Vol3

sedimentary and volcanic rocks

of Mayo Mbota La 56.10 50.50 16.90 28.90 17.70 10.00 9.70 9.20
Ce 117.50 102.50 30.80 62.50 38.40 23.20 22.50 21.20
Pr 13.55 11.80 3.40 14.47 4.48 3.30 3.15 2.76
Sm 10.50 9.04 2.58 5.24 3.99 4.59 4.62 3.95
Eu 1.98 1.78 0.77 1.22 1.20 1.64 1.77 1.55
Gd 8.94 7.92 2.93 5.27 4.85 5.31 5.17 4.90
Tb 1.30 1.15 0.43 0.85 0.79 0.84 0.74 0.78
Dy 7.69 6.85 2.76 5.17 5.15 5.03 4.83 4.60
Ho 1.33 1.15 0.57 1.07 1.14 0.80 0.86 0.80
Er 4.21 3.58 1.68 3.33 3.36 2.45 2.64 2.20
Tm 0.57 0.48 0.24 0.50 0.41 0.25 0.28 0.25
Yb 3.60 3.20 1.46 3.07 2,96 1.85 1.77 1.71
Lu 0.47 0.46 0.23 0.45 0,47 0.28 0.25 0.26
>REE 227.74 200.41 64.75 132.04 84.90 59.54 58.28 54.16
LREE 199.63 175.62 54.45 112.33 65.77 4273 41.74 38.66
HREE 28.11 24.79 10.30 19.71 19.13 16.81 16.54 15.50
LREE/HREE 7.10 7.08 5.28 5.69 3.43 2.54 2.52 2.49
(La/Yb)N 1.50 1.52 1.12 0.91 0.57 3.64 3.69 3.63

Fig. 11 Rare earth spectrum of 100 T Babour

Babouri basaltic flows normal-
ized to the early mantle of
McDonough and Sun (1995),
compared to those of Mayo
Oulo-Lere (Ngounouno et al.
2001) and Benue Trough (Cou-
lon et al. 1996)

10

Lava/Primitive mantle

—aA— Mayo Oulo-Lere (Ngounouno et al. 2001)

—»— Benue Trough (Coulon et al. 1996)

La Ce

variations in the basaltic lava flows. These flows are respon-
sible for both low metamorphism, resulting in a schistose
appearance in marls, and high metamorphism, causing cal-
cination in marls (Balla 2017) with a friable aspect found
in the Mayo Mbota. The interaction between basaltic flows
and schistose marls suggests possible lava contamination
through the assimilation of marls at the contact point.
Sedimentology in the Mayo Mbota consists of coarse
sandstones at the base, medium sandstones, fine sandstones,
and shistone marls. Mechano-chemical contacts in this basin
occur due to pressure dissolution (Bjorlykke et al. 1989),
with selective dissolution at contact points of particles under
significant stress. Pisolithic to oolitic textures in marls, rich
in quartz, suggest a granitic and gneissic source (Dickinson

Prr- Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1985). Mineralogically, marls are composed of calcite, feld-
spar, quartz, kaolinite, illite, smectite, analcime, anatase, and
muscovite.

The Babouri basalts exhibit microlitic porphyry and
dolerite textures with microlites and microphenocrysts of
plagioclase, clinopyroxene, olivine crystals, amphibole phe-
nocrysts, and oxide crystals—typical features of oceanic
tholeiites. The preferential orientation of crystals suggests
transportation in a still-fluid magma prior to solidification
(Mackenzie and Adams 1995).

These basalts have the composition of andesitic basalts
and are located in the domain of oceanic-type tholeiites. They
characterize a geodynamic context of rift opening linked to the
Atlantic Ocean, hence the parallelism of the spectra between

@ Springer
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A

3*Tb

B

Th " 2*Ta

Fig. 12 Geodynamic context of basalts: A emplacement domain
of the studied lavas according to Cabanis and Lecolle (1988). LCC,
lower continental crust; UCC, upper continental crust; 1, orogenic
domain (compressive); 2, late to post-orogenic intracontinental
domain (compressive to distensive); 3, non-orogenic domain (disten-

the lavas studied, which are compared with those of the Benue
rift in Nigeria (Coulon et al. 1996) and those of the Mayo Oulo
basin (Ngounouno et al. 2001). The negative Th and U anoma-
lies observed in the trace element spectra of these tholeiites
certainly reflect their contamination either by the continental
crust or by terrigenous sediments. This hypothesis could be
reflected in the approximation of these elements (Fig. 17).
The low values of the (La/Yb)N ratio of the Babouri tholei-
ites (= 3.6), like those of Benue Trough and Mayo Oulo, imply
a high partial melting rate of the source mantle. This would
explain the horizontal trends in the multi-element spectra.
These rocks would come from a mantle that is not completely

B Babouri marl

85
Increased chemical

. maturity
75 4 Semi-wet

65- Semi-arid

SiOs
3
3

551

45 B And

35

25 T T T T
0 5 10 15 20 25 30 35

Al203+K20+Na20

Fig. 13 SiO, vs. (Al,O; + K,0 + Na,O) diagram showing the depo-
sitional environment and chemical maturity level of the Babouri marl
sediments after Suttner and Dutta (1986)

@ Springer

sive). B Triangular diagram Th-Tbx3-Tax2 of Cabanis and Thiéblem-
ont (1989) highlighting the emplacement sites of Babouri’s lavas. 1,
orogenic arc domain; 2, continental tholeiites (CT) and basalts of the
back basins (BBA) domain; 3, anorogenic domain of ridge tholeiites
and intraplate alkaline basalts

depleted. This is justified by their position in the E-MORB
field of Wood’s diagram (Wood 1980) (Fig. 18).

The Babouri marls were fed by the erosion products of
felsic rocks, indicated by the K,O versus Rb diagram (Floyd
et al. 1990). The various Th/U, Zr/Y, and Hf/Ta ratios greater
than 1 (Bhushan and Priyadarshi 2010) and the high Al,O5/
TiO, ratio (Fiffe and Pickerill 1993) support the hypothesis
of a terrigenous detrital input dominated by felsic rocks.
The Si0,/Al,O; ratios of the marls are moderate with val-
ues between 3.12 and 4.12%, indicating a low to moderate
degree of chemical maturity, according to the maturity limits
proposed by Asiedu et al. (2004), confirmed by the SiO,
versus Al,O; + K,O + Na,O diagram of Suttner and Dutta
(1986). The positive correlation of TiO, and Al,O; implies
an accumulation of immobile elements Nb and Ba which,
coupled with the lower CIA, indicates moderate chemical
alteration of terrigenous detrital materials (Young and Nes-
bitt 1998). The variable LREE/HREE and (La/Yb)N ratios
(Table 3) may suggest an effect of heterogeneous sorting of
heavy minerals with variable enrichment of dense and resist-
ant minerals (Kasanzu et al. 2008; Nyobe et al. 2018). The
variable LREE/HREE and (La/Yb)N ratios are related to the
variable nature of REE mineral carriers. In fact, low LREE/
HREE ratios lead to low (La/Yb)N ratios (Li et al. 2005).

Conclusion

The investigation conducted in the Mayo Mbota area
involved a thorough examination of identified outcrops,
resulting in the identification of four distinct lithological
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Fig. 14 The source of the marls: A fragmentation of K as a function of Rb (Floyd et al. 1990), B geochemical classification of samples accord-
ing to the log (Fe,05/K,0) versus log (Si0,/Al,05) diagram (Herron 1988)

100

10

Sample/NASC

0,1
Cs Rb Ba Th U Ta La Ce Nd Sr Sm Hf Zr Eu Tb Yb Lu

~@-51M3 -@-S3M5 -~@-SIM4 ~E-S2M2 —@-S52M1

Fig. 15 Multi-element spectra of Babouri marls normalized to the
NASC (Gromet et al. 1984)

facies: coarse sandstone, medium sandstone, fine sand-
stone, and shale marl. The volcanic flows were determined
to be post-sedimentary in nature. Petrographic analysis of
the sedimentary rocks revealed quartz as the predominant
element. On the other hand, volcanic rocks exhibited two
distinct textures: a microlitic porphyritic texture containing
oxides, plagioclase phenocrysts, and clinopyroxenes and a
doleritic porphyritic texture characterized by automorphic
phenocrysts of plagioclase, clinopyroxenes, oxide crystals,
olivines, and amphibole mineral phenocrysts.

The mineralogical composition of marls encom-
passed primary minerals like calcite, feldspar, quartz, and

1000

100

10

Sample/Chondrite

la C Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

—@-51M3 —-@-S3M5 -B-SIM4 -E-S2M2 —E—-S2M1

Fig. 16 Rare earth spectrum of Baburi’s marls normalized to chon-
drite

muscovite, alongside secondary minerals such as kaolinite,
illite, and smectite. Titanium oxides (anatase) and hydrated
sodium silicates (analcime) were also identified. Geochemi-
cal analyses indicated that the Babouri basalts fall within the
category of oceanic tholeiites, displaying an andesitic basalt
composition and being emplaced in an orogenic (distensive)
setting. The geochemistry of the Cretaceous sediments in
Mayo Mbota classified them as intermediate to acidic rocks
of active continental margins, deposited in an arid to semi-
arid environment. These sediments were formed through
the accumulation of alteration products derived from felsic
rocks, specifically granite and/or gneiss.
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unmetamorphosed marl

——-metamorphosed marl —{3—basalt Babouri

Fig. 17 Evidence of selective ]
metamorphism with elements

such as Th, U, and Sr 100

10 +

1 +

0,1 +

0,01 + +
Cs Rb

Th Ta

Fig. 18 Wood’s (1980) Hf/3-Th-Ta diagram for the Babouri lavas. A,
N-MORB; B, E-MORB; C, alkaline domain; D, Hf > 3.0 volcanic
arc basalts; and E, calc-alkaline basalt domain with Hf/Th > 3.0
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