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Abstract

The Kapsiki Plateau represents the northernmost extension of the Cameroon Volcanic Line (CVL) in West Africa. Unlike other regions of the
CVL, this area is characterised by a higher prevalence of felsic and intermediate rocks compared to basaltic ones. Detailed investigations into the
petrogenetic evolution of these rocks are currently limited. For this reason, Cenozoic alkaline basaltic lavas from the Kapsiki Plateau (Moukoulvi)
were studied to enhance comprehension of their crystallisation process, genetic evolution of the magma, and insights into its petrogenesis and
source mineralogy. The examined lavas are comparable to the mafic lavas that span the whole range of the CVL and demonstrate major and trace
element characteristics similar to those seen in ocean island basalts (OIB). The major and trace element compositions suggest fractional crys-
tallisation mainly including olivine, clinopyroxene, and Fe-Ti oxide with evidence of crustal contamination. The multi-element diagrams reveal
consistency with those reported from other CVL volcanoes, displaying depletion of heavy rare earth elements (HREE) and enrichment of light rare
elements (LREE), indicating an enriched source and the existence of garnet. The studied lavas have high large ion lithophile element (LILE)
contents (Sr = 812-1065 ppm, Ba = 394-467 ppm) relative to high field strength elements (HFSE) (St/Zr = 3.97-4.94; average OIB = ~1 Ba/
La =9.42-11.72; average OIB = 9.4). They also have Zr/Sm ratios (26.93-29.88) that are similar to the average OIB (Zr/Sm = 28). Moreover, the
studied lavas exhibit elevated levels of incompatible trace elements (e.g., Rb, Pr, U, and Th), as well as higher Ta/Yb and Th/Yb ratios compared
to normal OIB values, associated with a notable fluctuation in Nb/Ta and Zr/Hf ratios. The correlations between Th, La, U, and SiO,, coupled with
the trend of the samples on Nb/Y vs. Rb/Y diagrams, indicate the influence of crustal contamination on the lavas' composition. The source of these
lavas was a heterogeneous source with less than 4 % garnet that underwent partial melting of less than 2 %. The presence of a Pb depletion (Ce/
Pb > 30) also implies that these magmas belong to the high p (HIMU)-OIB type, attributed to lithospheric mantle metasomatism. The formation of
these magmas involved partial melting of a mantle source evolving chemically and mineralogically over time with a HIMU composition at very
low temperatures. Hydrous minerals, such as phlogopite or amphibole, may indicate modal metasomatism, supported by high Rb/Sr ratios or K,O
high levels. Sr/Zr ratios (3.97-4.94) above OIB values (0.8—-1.5) suggest Sr and Ba-rich fluid influence. Elevated Zr/Sm ratios (>28) and variations
in Nb/Ta and Zi/Hf ratios point to metasomatic fluids or melts altering the mantle's composition. Therefore, the Moukoulvi lavas, like many CVL
alkaline lavas, likely erupted from a metasomatized mantle source that was enriched in incompatible trace elements (Rb, Ba, Ce, Nb, and Zr). This
enrichment is reflected in the elevated concentrations of these incompatible trace elements, as well as the relative enrichment in HFSE. The
absence of temperature anomalies in the upper mantle beneath the CVL suggests that the magmatism originates from the lithospheric mantle
source rather than a mantle plume.
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1. Introduction

Volcanological research in Africa is notoriously underde-
veloped, and apart from the major active stratovolcanoes along
the East African Rift System (Rolet et al., 1991; Wheeler and
Karson 1994; Barrat et al., 2000; Zeigler and Cloetingh
2004; Chorowicz 2005; Furman et al., 2007; Biggs et al.,
2011; Hutchison et al., 2016; Rooney et al., 2020; Albino
and Biggs 2021) or the CVL (Suh et al., 2003; Lapi et al.,
2006; Yokoma et al., 2007; Njome et al., 2008; Tsafack
et al., 2009; Tchouankoue et al., 2012; Njome and de Wit
2014; Asaah et al., 2015a, 2015b, 2020, 2021; Geiger et al.,
2016; Okomo Atouba et al., 2016; Yamgouot et al., 2016,
2018; Ziem a Bidias et al., 2018; Ngwa et al., 2019; Gountié
Dedzo et al., 2019, 2020, 2022; Sababa et al., 2021; Njombie
Wagsong et al., 2021), the larger part of these volcanic areas
that have been active since the Paleogene remains largely un-
known to this day. One of these areas is the northernmost
segment of the CVL, which has received little attention due to
its remoteness and insecure political situation. However, this
area holds the potential to provide important new information
about how the northern part of the CVL has developed.

The CVL, a series of alkaline volcanoes that have been
active from the Paleogene to the present, is a significant
magmato-tectonic province on the African plate (Fitton, 1987;
Déruelle et al., 2007; Nkouathio et al., 2008; Njonfang et al.,
2011; Njome and de Wit, 2014). This volcanic chain is more
than 1700 km long (Njome and de Wit, 2014) and 100 km wide
(Tchoua, 1974) and can be subdivided into an oceanic and a
continental segment. The oceanic part (ca. 700 km long) con-
sists of the volcanic islands of Bioko, Principe, Sao Tome, and
Annobon in the Gulf of Guinea, with two guyots located be-
tween Bioko and Principe and between Principe and Sao Tome
(Burke, 2001; Njome and de Wit, 2014; Lenhardt and
Oppenheimer, 2014) (Fig. 1). The continental sector of the
CVL (ca. 1000 km long) (Njome and de Wit, 2014; Lenhardt
and Oppenheimer, 2014) is characterised by more than 60
anorogenic plutonic complexes, monogenetic volcanoes of
variable sizes and shapes, large polygenetic stratovolcanoes,
and even calderas (Kagou et al., 2010; Marzoli et al., 2015;
Gountié Dedzo et al., 2019).

The Kapsiki Plateau represents the CVL's northernmost
part, which is in Cameroon's administrative Far North Region.
Due to a lack of comprehensive research, its petrogenetic
evolution remains largely unknown. The Kapsiki Plateau rises
to an average altitude of 800 m. It has an area of ca. 150 km?
and is host to a variety of different volcanic complexes
(Nformida-Ndah et al., 2022). The Kapsiki Plateau's volcanic
activity is distinct from other CVL’ volcanoes by the relative
abundance of felsic and intermediate over basaltic rocks

(Ngounouno et al., 2000; Tamen et al., 2015; Gounti¢ Dedzo
et al., 2019; Tchouhla et al., 2023). The prominent volcanic
plugs of the area are aligned in three directions (N30°E,
N65°E, and N165°E) that line up with the CVL, the Adamawa
Shear Zone, and the Benue Trough (Fig. 1b), i.e., the three
major regional trends well-known in the Precambrian basement
(Regnoult, 1986). Considering both the regional lineaments
and the ages of volcanism (35-27 Ma) (Vincent and Armstrong,
1973; Dunlop, 1983; Ngounouno et al., 2000, 2008), it is
proposed that the volcanic activity on the Kapsiki Plateau
resulted from a singular resurfacing phase in the Neogene,
driven by the north-eastward displacement of the African plate
(Ngounouno et al., 2000; 2008; Tamen et al., 2015).

Most of the geochemical studies that have contributed to un-
derstanding the petrological complexity of the CVL have focused
on the oceanic and central continental regions (Sato et al., 1990;
Ubangoh et al., 1998; Marzoli et al., 1999; Rankenburg et al.,
2004, 2005; Yokoyama et al., 2007; Kamguia et al., 2008;
Tchouankoue et al., 2012; Asaah et al, 2015a, b; Chako
Tchamabé et al., 2015; Okomo Atouba et al., 2016; Ziem a
Bidias et al., 2018; Njombie Wagsong et al., 2021). Neverthe-
less, some previous petrological and geochemical studies have
been conducted in this northernmost part of the CVL in the
southern (Ngounouno et al., 2000; 2008; Tamen et al., 2015;
Nformida-Ndah et al., 2022), south-eastern (Gountié Dedzo et al.,
2019), and eastern (Tchouhla et al., 2023) regions of the Kapsiki
Plateau, as well as the Biu and Jos plateaus (Rankenburg et al.,
2005). Despite these efforts, the northern part of the Kapsiki
Plateau remains insufficiently examined. Investigating this area
will enhance our comprehension of the genesis of the volcanic
formations in the CVL northernmost region, shedding light on the
diverse mechanisms (displacement of the African plate, plate-wide
swells, hotspots, and hotlines, edge convection and lithospheric
instability) that shaped this significant geological structure.

This research marks the inaugural presentation of extensive
petrographic and geochemical data derived from the basaltic
lavas of Moukoulvi, situated in the north of the Kapsiki Plateau
(Fig. 1c). Notably, no earlier geochemical analysis has ever
been performed on these volcanic rocks, which are among the
oldest in the CVL (Vincent and Armstrong, 1973; Dunlop,
1983). The main goal of this study is to enhance our
comprehension of the crystallisation process and genetic evo-
Iution of the magma, along with a discussion of their impli-
cations for the mantle source from which they originated.

2. Geological setting
Located near the equator on the western edge of Africa, the

CVL is the only intraplate alkaline to transitional volcanic
province that includes both continental and oceanic sectors
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Fig. 1. a) Location map of the Cameroon Volcanic Line (CVL), indicating the main geologic features in Africa; b) The main volcanic centres and alkaline complexes
of the CVL with the location of the Central African Shear Zone (CASZ); c¢) Simplified geological map of the Kapsiki Plateau and vicinity; volcanic outcrops are from
Ngounouno et al. (2000), Tamen et al. (2015), Gounti¢ Dedzo et al. (2019) and Tchouhla et al. (2023).
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(Njome and de Wit, 2014). The Paleogene to Holocene vol-
canoes that make up the CVL's continental section form a Y-
shaped lineament with two branches (Fitton, 1987; Njome and
de Wit, 2014): one that extends east to the Adamawa
(Ngaoundere) Plateau of NE Cameroon, and one that heads
north into Nigeria, terminating at the Biu Plateau. Only a few
volcanoes, such as Mts. Cameroon and Etinde, exhibit unim-
odal compositions. Other volcanoes or volcanic areas, such as
the Kapsiki and Ngaoundere plateaus and Mts. Oku, Bamenda,
Bambouto, and Manengouba, are bimodal (Tchouhla et al.,
2023). They are composed of mafic volcanic products
(basanites, basalts) and more differentiated rocks (trachytes,
phonolites, rhyolites, and ignimbrites), ranging in age from
51.8 Ma (Bamoun Plateau) to the present (Mt. Cameroon)
(Ngounouno et al., 2000; Moundi et al., 2007; Njome and de
Wit, 2014; Ngounouno Yamgouot et al., 2018; Gountie
Dedzo et al., 2019, 2020, 2022; Asaah et al., 2020; Nemzoue
et al., 2020; Tchop et al., 2020; Ngwa et al., 2021).

The Kapsiki Plateau consists of three main geological units:
igneous and metamorphic rocks associated with the Cameroon
Pan-African chain (Toteu et al., 2001), volcanic to sub-volcanic
complexes linked to the CVL (Ngounouno et al., 2000; 2008;
Déruelle et al., 2007; Tamen et al., 2015; Gountie Dedzo et al.,
2019; Tchouhla et al., 2023), as well as quaternary deposits
from Lake Chad and the surrounding area (Adjia et al., 2013;
Tsozué et al., 2017). The Kapsiki Plateau spans the
Cameroon—Nigeria border and rises above a Pan-African
basement of granitoids and orthogneisses that is part of the
northern unit of the Cameroonian Pan-African domain. The
youngest Nd and Hf TDM ages in this region, according to
Bute et al. (2019), are Paleoproterozoic (1.3-2.1 Ga), which is
distinct from Pan-African rocks with Archean heritage found in
other Pan-African regions like the Adamawa-Yade domain
(Ganwa et al., 2016). It is believed that the Mohorovicic
discontinuity lies between 24 and 33 km below the surface of
the Kapsiki Plateau (Poudjom Djomani et al., 1995; Tokam
et al., 2010).

A small number of basaltic lava flows connected to trachyte
and rhyolite plugs define the volcanic activity in the Kapsiki
Plateau (Ngounouno et al., 2000). The alkaline nature of these
formations has been confirmed through the analysis of olivine
basalts, trachytes, trachytic breccias, and peralkaline rhyolites
(Vincent and Armstrong, 1973; Gouhier and Rollet, 1978;
Fitton, 1987; Ngounouno et al., 2000; Gountié Dedzo et al.,
2019; Tchouhla et al., 2023). The diverse sources of these
formations were highlighted, including the mantle and/or the
oceanic crust (Nformida-Ndah et al., 2022). Beneath the
Kapsiki Plateau, the predominant geological composition of
the basement consists of migmatites and anatectites belonging
to the Precambrian Mokolo Group (Ngounouno et al., 2000;
2008; Tamen et al., 2015; Tchouhla et al., 2023). These rocks
are intruded by granites generated during the Pan-African
orogeny (Dumort and Peronne, 1966; Toteu et al., 1987) and
are covered locally by Lower Cretaceous continental sedi-
ments (less than 20 m thick sandstones, red muds, and con-
glomerates) (Ngounouno et al., 2000; Gountié Dedzo et al.,
2019; Tchouhla et al., 2023). According to Ngounouno
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(1993) and Moreau et al. (1987), numerous faults that under-
went reactivation during the Cenozoic era notably impacted
earlier basaltic lava flows situated to the south of the Kapsiki
Plateau. The dating of three basaltic lava samples from Kila
using K—Ar revealed relatively consistent ages: 27.4 + 0.5 Ma
(Vincent and Armstrong, 1973), 30.41 + 0.69 Ma, and
33.21 + 1.33 Ma (Dunlop, 1983). Similarly, two trachytes
from Gouria and Omtémalé exhibited congruent ages within
acceptable error margins: 29.6 + 0.6 Ma (Vincent and
Armstrong, 1973) and 35.31 + 2.39 Ma (Dunlop, 1983).
Additionally, seven rhyolites, including one from the Mchirgui
spine, yielded Rb + Sr ages ranging between 29 and
32 + 0.5 Ma (Dunlop, 1983).

The basaltic flow from Moukoulvi is a succession of several
lobes overlying one another, between 13°39’ 00" and 13°39
30" eastern meridians and 10°40” 50" and 10°41’ 15" northern
parallels (Fig. 2a). These outcrops, separated by approximately
900 m, are among the more uncommon ones in the area
because this region is mainly composed of felsic lavas that
have received the least attention and will be the subject of a
future contribution.

3. Materials and methods

For this study in the northern part of the Kapsiki Plateau,
fifteen (15) rock samples from Moukoulvi were selected for
geochemical analysis. The studied samples generated from
several magmatic chambers overlapping one another (Fig. 2a),
underwent several detailed analyses. Petrographic thin sections
were made from ten of these samples. Subsequently, all the
samples were finely ground using a tungsten-carbide milling
pot at the University of Pretoria. This preparation was followed
by X-ray diffraction (XRD) and X-ray fluorescence (XRF)
analyses (Loubser and Verryn, 2008).

To conduct X-ray diffraction (XRD) analysis, the PAN-
alytical X'Pert Pro powder diffractometer was employed,
configured in a 8-8 arrangement with an X'Celerator detector.
The instrument featured variable divergence and fixed
receiving slits, utilising Fe-filtered Co-Ka radiation
(A = 1.789 A). Mineralogy determination involved selecting
the most fitting pattern from the ICSD database for the
measured diffraction pattern, facilitated by the X'Pert_High-
score Plus software. The relative phase amounts (wt.%) were
then estimated using the Rietveld method, employing the
X'Pert_Highscore Plus software.

For the XRF analyses, major elements, and selected trace el-
ements of all the samples were performed using a Thermo Fischer
ARL Perform ‘X Sequential XRF instrument with OXSAS
software. SARM 49 was used for quality control with an accuracy
better than 1 % for the major element oxides.

At the University of Witwatersrand (WITS), trace element
analysis was performed using the PerkinElmer DRC-e induc-
tively coupled plasma mass spectrometer (ICP-MS) and analysed
against certified primary solution standards. To ensure the reli-
ability of the data, all the samples were analysed in conjunction
with BCR-1, BHVO-1, and BIR-1 international reference mate-
rials (Vonopartis et al., 2020). The samples were prepared using
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Fig. 2. (a) Google map of study area presenting the sampling point. Field photos of basalt outcrop (b) with the corresponding hand sample (c). Field photos of

basanite outcrop (d) with the corresponding hand sample (e).

the CEM Mars microwave system for HF-HNOj; digestion, and
after drying, they were placed in solution with 2 % HNOj;. For
ICP-MS analysis, the samples were diluted 1000 times and
combined with internal Re, Rh, Bi, and In standards to provide
the needed mass range. Primary external calibration standards
were created in the range of 5-100 ppb. Every ICP-MS deter-
mination was accompanied by the control standards BCR-1,
BHVO-1, and BIR-1. All elements deviated less than 10 %
from the recommended values.

Using the PRIMELT software (Herzberg and Asimow,
2008), we were able to determine the ambient temperature

[T (°C) = 935 + 33MgO — 0.37MgO? + 54P — 2P] and
potential mantle temperature [Tp (°C) = 1463 + 12.74MgO
— 2924/MgO] of the Moukoulvi mantle source. The lavas
frequently have major and trace element compositions that
are similar to primitive mantle (Ni: 300—400 ppm; Cr:
300-500 ppm; Co: 50-70 ppm; Jung and Masberg, 1998).
To compute the T and Tp, we used the most basic sample
from (MKS: MgO = 13.69 wt%, Cr = 676 ppm,
Ni = 345 ppm, Co = 71 ppm). For this most primitive
sample, the computed T and Tp resulted in 1423.1C and
1545.7C, respectively.
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Fig. 3. Optical microphotographs of basanite and basalt in thin section. (a) Typical porphyritic texture of basanite showing olivine (Ol) phenocryst surrounded by
microlites of plagioclase. (b) Clinopyroxene (Cpx), Plagioclase (P1), Oxyde (Ox) and Ol microcysts. ¢): Euhedral olivine (Ol) crystals may be iddingsitized and/or
corroded. (d) Quartz xenocryst with reaction rim (Ri). (e) P1, Ol, Cpx, and Fe-Ti oxides surrounded by the groundmass. (f) Cpx with green core.

4. Results
4.1. Nomenclature and petrography

According to the silica versus (vs.) total alkali diagram
(TAS; Le Bas et al., 1986) (Fig. 4), combined with the Irvine
and Baragar (1971) alkaline-subalkaline dividing line, the
samples are mainly basanites and basalt with an alkaline
composition, similar to the majority of the rocks in the northern
part of CVL. The K,O vs. Na,O diagram (Middlemost, 1975)
(Fig. 4) shows that the alkaline samples belong to the Na-series
(Na,O/K,0 = 1.78-3.47).

The basanites and basalts from the Moukoulvi volcanoes
predominantly occur as decimetric to metric blocks at the
surface (Fig. 2b—d). The size of the rocks varies from the
bottom to the top, with larger blocks being covered by smaller
pieces. The rocks have a dark colour (mesocratic to melano-
cratic) with a compact structure and a microlithic porphyritic
texture. They contain large olivine and clinopyroxene pheno-
crysts with some rare plagioclase, as well as the basement

enclaves that are large enough to be identified without a
microscope.

Olivine occurs as phenocrysts and microcrystals, repre-
senting about 40 % of the volume of the rock. The larger
phenocrysts range from 0.4 X 0.7 mm to 0.3 X 0.5 mm. The
smaller phenocrysts are about 0.1 X 0.2 mm to 0.15 X 0.1 mm.
They have a limpid or light whitish colour in PPL (plane
polarised light) (Fig. 3b—d) and a blue or yellow colour in XPL
(cross polarised light) (Fig. 3a—c, f). We also noticed a few
irregular cracks intruded by oxide inclusions and pyroxene
microcrystals (Fig. 3a—c, d). Some of the crystals are corroded
and reabsorbed by the groundmass and exhibit vesicles formed
during the crystallisation (Fig. 3e). Some olivine presents ev-
idence for iddingsitization (Fig. 3a—c). Plagioclase occurs as
microcrystals that may form up to 25 % of the rock in the form
of small prisms and are elongated into sub-rounded shapes that
range from 0.3 X 0.1 mm to 0.2 X 0.03 mm long and 0.07 X
0.02 mm to 0.05 X 0.01 mm wide (Fig. 3b, ¢, d). Pyroxenes
have a proportion of about 15 % with automorphic to sub-
automorphic shapes, which range from 0.6 X 0.3 mm to
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Fig. 4. Total alkali vs. silica classification diagram (after Le Bas et al., 1986);
Inset: Na,O vs. K,O subdivision diagram of the alkaline series (Middlemost,
1975). The alkaline-subalkaline dividing line is from Irvine and Baragar
(1971). Literature data from the Kapsiki Plateau (Ngounouno et al., 2000;
Gountié Dedzo et al., 2019; Tchouhla et al., 2023) and other CVL data are also
displayed for comparison. Bamboutos (Kagou et al., 2010; Marzoli et al., 2015;
Merle et al., 2017); Ngaoundere (Nkouandou et al., 2008; Nkouandou and
Temdjim, 2011; Tiabou et al., 2019; Njombie Wagsong et al., 2021; Mebara
Onana et al., 2022); Mount Cameroon (Tsafack et al., 2009; Wandji et al.,
2009; Ngounouno Yamgouot et al., 2018); Mount Oku (Konfor et al., 2007;
Chenyi et al., 2017); Bamenda (Kamgang et al., 2013); Bamoun (Okomo
Atouba et al., 2016; Ziem a Bidias et al., 2018) Tombel graben (Nkouathio
et al.,, 2008) and Bafang (Tchuimegnie Ngongang et al., 2015; Ngongang
Tchikankou et al., 2020).

0.4 X 0.2 mm in length and a width of about 0.5 X 0.2 mm to
0.3 X 0.2 mm, exhibiting a white colour in PPL (Fig. 3b) and a
light grey colour in XPL (Fig. 3b—f). They may occur as in-
clusions in olivine and exhibit a two-directional cleavage only
in the basal section (Fig. 3a—c).

The groundmass consists of plagioclase, olivine, clinopyr-
oxene, and Fe-Ti oxides. Quartz xenocrysts with wavy
extinction jacketed by clinopyroxene coronas and alkali feld-
spar with disequilibrium textures occasionally occur in the
basanites (Fig. 3d). Some samples contain clinopyroxenes with
green cores (MK1, MKS5; Fig. 3f).

4.2. Whole rock geochemistry

The major element oxide (Wt%) and trace (ppm) elements
data for the fifteen representatives Moukoulvi samples are
presented in Table 1. The samples display relatively low LOI
values (1.33-2.14 %) and no obvious signs of alteration.
Hence, they were all considered for data analysis.

CaO remains nearly constant for the studied samples with
MgO >11wt%, revealing the absence of a correlation between
CaO and MgO, whereas the SiO, content shows strong nega-
tive correlations with MgO (Fig. 5). The Fe,O3 contents are
high (10.94-12.73 wt%) and correlate positively with
increasing MgO, in contrast to the other samples of the CVL
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(Fig. 5). Their Al,O3 contents (12.17-14.05 wt%) correlate
negatively with MgO (Fig. 5). The CaO/Al,O; ratios vary
within a relatively narrow range (0.65-0.91) and correlate
positively with MgO, as those in other lavas of the CVL
(Fig. 5). There is a positive correlation between CaO/Al,O3
and MgO as well as between Cr and MgO for the samples with
MgO < 12 wt%. The CaO/Al,Oj3 ratios remain nearly constant
for the samples with MgO > 12 wt%. The lavas also have
relatively high Na,O contents (2.2-3.3 wt%) with low P,Os
(0.71-0.83 wt%) and K,O varying from 0.75 to 1.65 wt%.

Ni concentrations range from 176 to 344 ppm, while the Cr
content varies from 282 to 680 ppm. Ni and Cr exhibit a
relatively strong positive correlation with MgO (Fig. 6), indi-
cating their compatibility. In contrast, Rb, Ba, Sr, Zr, Y, La,
and Ce show no clear correlation with MgO (Fig. 6). Sr and Rb
display a slight fluctuation with MgO and relate to mafic lavas
found in other volcanic centres of the Kapsiki Plateau.

The chondrite-normalised REE patterns (Fig. 7a) show
the fractionation of light rare earth elements (LREEs) in rela-
tion to heavy REE rare earth elements (HREEs) (Lan/
Yby = 19.55-22.86) highlighted by negative slopes and
characterized by enrichment in LREEs and depletion in
HREEs. The REE concentrations in the studied samples are
generally lower than those of the CVL and Kapsiki Plateau
lavas. There is no Ce anomaly in Moukoulvi samples compared
to generally positive Ce anomaly for Kapsiki Plateau lavas.
The samples plot above Normal Mid-Ocean Ridge Basalts (N-
MORB) and Enriched Mid-Ocean Ridge Basalts (E-MORB)
and are very close to that of Ocean Island Basalt (OIB). This
observation shows that the lavas in the study area are more
enriched in REEs than N-MORB and E-MORB.

In the primitive mantle-normalized patterns, the samples
are roughly comparable to those of OIB. However, the studied
lavas have LILE contents (Sr = 812-1065 ppm,
Ba = 394-467 ppm) that are relatively high compared to
average OIB (Sr = 660 ppm, Ba = 350 ppm; Sun and
McDonough, 1989). They are more enriched in LILE relative
to HFSE (St/Zr = 3.97-4.94, average OIB = ~1; Ba/
La = 9.42-11.72, average OIB = 9.4) and have Zr/Sm ratios
(26.93-29.88) that are similar to average OIB (Zr/Sm = 28)
(Sun and McDonough, 1989). The profiles of the samples are
more enriched in trace elements than those of N-MORB and E-
MORB. There is no depletion of Nb and Ta on the spider di-
agrams (Fig. 7b) and the samples have low U (1.48-1.81 ppm)
concentrations. Significantly low Cs/Rb (0.005-0.01) ratios are
direct consequence of low Cs contents. According to Hofmann
et al. (1986) and Sun and McDonough (1989), the Nb/U
(37.3-51.6) and Nb/Ta (19.04-20.08) ratios are both high and
fall within the OIB (Nb/Ta = 17 + 2) field.

5. Discussion
5.1. Crustal contamination
It is crucial to assess the potential impacts of crustal

contamination that might have impacted the ascending magmas
given the continental setting in which the alkaline mafic lavas



Table 1

Major (wt.%) and trace (ppm) element data for the Moukouvlvi lavas.

Rock type basanite basanite basanite basanite basanite basanite basanite basalt basalt basanite basanite basanite basanite basanite basanite
Sample ID MK1 MK2 MK3 MK4 MK5 MK6 MK?7 MK8 MK9 MK10 MK11 MK12 MK13 MK14 MK15
Lon E 13°39°21.9" 13°39°22.72" 13°39°22.9" 13°39°23.4" 13°39°20.6" 13°39°17.1" 13°39°15.9° 13°39°13.96" 13°39°15.6" 13°39°14.9" 13°39°18.3" 13°39°17.9” 13°39°12.9" 13°39°10.5" 13°39°10.5"
Lat N 10°41°13.5" 10°41°12.02" 10°41°11.31" 10°41°10.1" 10°41’8.4" 10°41°8.7" 10°41°1.2" 10°41°00.8" 10°41°00.5" 10°40°59.3" 10°41°00.1" 10°40°57.4" 10°40°’56.6’ 10°40°58.81" 10°41°00"
Sio2 4141 41.1 41.02 40.56 41.31 40.59 40.48 46.58 46.48 42.51 42.09 4231 41.92 43.31 42.26
Al203 12.72 12.26 12.6 12.17 12.3 12.19 12.24 14.05 14.01 13.82 13.75 13.84 13.51 13.78 13.78
Fe203 12.26 12.26 12.31 12.73 12.22 12.71 12.72 11.11 10.94 11.73 11.77 12.07 11.82 11.68 12.01
MgO 12.97 13.64 12.76 13.35 13.69 13.37 13.47 9.87 9.85 11.94 11.84 11.43 11.87 11.23 11.41
CaO 10.27 10.42 10.19 10.55 10.13 10.73 10.63 8.63 8.57 10.52 10.25 10.38 10.44 10.15 10.5
Na20 3.23 2.46 3.29 2.73 2.94 2.65 2.59 2.79 2.83 2.52 33 245 2.74 22 2.33
K20 0.99 1.07 1.02 1.04 0.92 0.8 0.75 1.65 1.65 1.26 1.02 1.27 1.13 1.23 1.27
TiO2 3.06 3.04 3.04 3.19 2.98 3.24 3.22 2.53 2.5 291 2.84 2.93 2.88 2.76 2.92
P205 0.81 0.76 0.8 0.81 0.75 0.81 0.81 0.73 0.71 0.8 0.83 0.79 0.82 0.78 0.79
MnO 0.19 0.19 0.18 0.19 0.19 0.19 0.2 0.17 0.16 0.17 0.18 0.2 0.17 0.17 0.2
LOI 1.35 2.08 2.14 1.97 1.97 2.06 2.29 1.33 1.76 1.18 1.56 1.69 2.04 2.12 1.87
Total 99.98 99.98 99.98 99.98 99.98 99.94 99.98 99.98 99.96 99.98 99.99 99.95 99.97 99.97 99.95
Mg# 67.7 68.8 67.3 67.5 68.9 67.6 67.7 63.8 64.1 66.9 66.6 65.2 66.6 65.6 65.3
Cs 0.53 0.50 0.52 0.52 0.56 0.52 0.49 0.75 0.77 0.35 0.49 0.38 0.59 0.56 0.45
Rb 59.10 91.64 60.31 51.37 66.61 48.38 3491 50.13 50.09 36.62 41.69 38.98 62.06 35.74 39.67
Ba 440.50 418.72 450.59 425.40 422.32 414.04 445.58 467.66 453.59 42474 429.86 397.70 424.62 394.53 397.65
Sr 913.50 860.48 891.61 927.17 851.43 897.04 869.03 812.44 820.53 1017.88 951.20 1065.58 986.07 934.10 1027.56
Pb 1.67 1.82 1.55 1.59 1.65 1.80 1.68 3.30 3.31 1.73 2.05 1.50 1.68 1.78 1.64
Th 5.30 4.92 5.42 4.95 5.20 472 4.83 5.94 5.90 5.19 5.71 5.07 5.44 5.06 5.05
U 1.65 1.52 1.70 1.57 1.59 1.48 1.51 1.82 1.65 1.63 1.76 1.57 1.68 1.55 1.56
Zr 222.83 208.82 221.87 216.77 209.08 212.98 214.10 203.72 206.56 206.64 220.97 207.53 215.43 201.99 207.90
Hf 4.70 4.50 4.83 4.68 4.55 4.71 4.64 4.62 4.57 442 4.62 4.49 4.59 4.50 4.46
Ta 428 3.95 4.27 3.95 4.01 3.77 3.96 3.58 3.52 4.12 432 4.01 4.22 3.82 4.06
Y 20.52 19.82 20.61 20.82 19.67 20.72 20.79 18.20 18.30 18.74 19.69 18.88 19.59 18.06 18.61
Nb 84.59 78.56 84.73 77.80 78.90 75.38 77.64 67.96 68.19 80.55 86.84 79.27 84.24 72.83 77.98
Sc 2491 25.10 24.02 25.33 24.09 25.19 24.81 19.24 19.33 22.94 22.94 2291 23.06 22.20 22.25
Cr 657.17 680.66 637.78 641.86 676.26 638.07 653.63 286.37 282.89 496.60 483.08 476.27 511.83 392.24 469.90
Ni 303.24 324.88 290.14 290.80 344.67 287.06 301.32 176.52 178.41 246.27 252.75 236.92 249.03 205.25 235.59
Co 68.70 74.22 65.31 64.97 71.71 72.71 73.21 58.98 56.01 69.76 62.62 59.98 61.19 58.28 58.19
A\ 274.58 279.15 276.65 292.19 276.10 298.08 291.67 230.01 227.34 276.03 266.49 278.88 268.88 263.90 275.17
Ga 20.88 19.45 20.53 19.92 19.65 19.85 19.77 20.73 20.53 20.28 21.02 20.45 20.53 19.87 20.32
Zn 114.27 103.12 101.30 103.01 96.74 103.39 103.16 96.73 97.12 102.55 102.29 98.64 100.12 96.62 98.65
Cu 91.38 83.33 67.00 79.99 80.47 79.20 81.37 57.32 57.36 93.23 71.34 77.81 72.10 68.79 69.48
La 43.84 41.22 44.54 42.08 41.50 41.75 41.57 39.88 39.59 43.50 45.62 41.98 44.38 40.26 42.20
Ce 83.08 78.25 85.43 80.91 79.64 80.41 81.54 76.31 75.66 82.44 86.20 79.39 83.36 77.38 80.01
Pr 9.71 9.16 9.94 9.53 9.24 9.50 9.36 8.81 8.63 9.39 9.83 9.11 9.61 8.81 9.13
Nd 40.07 37.92 40.19 39.98 38.10 39.66 39.21 35.96 35.13 38.18 39.52 37.16 38.77 36.32 3743
Sm 7.72 7.45 7.92 7.717 7.48 7.91 7.90 6.97 6.91 7.23 7.51 7.17 7.39 7.01 7.21
Eu 2.57 2.48 2.62 2.63 2.49 2.64 2.64 2.31 2.28 2.44 2.50 2.41 2.48 2.32 2.39
Gd 6.84 6.71 7.04 7.04 6.68 7.13 7.13 6.27 6.11 6.53 6.68 6.46 6.55 6.26 6.42
Tb 0.86 0.85 0.89 0.89 0.85 0.90 091 0.79 0.78 0.82 0.84 0.82 0.83 0.79 0.81
Dy 4.53 4.45 4.67 4.72 4.46 4.71 4.76 4.16 4.12 4.30 437 4.27 4.33 4.17 4.20
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of the Kapsiki Plateau erupted. For example, the Mokolo-
Kossehone mafic lavas (Tchouhla et al., 2023) of the Kapsiki
tRgE2 Plateau are a good example of the crustal contamination pro-

STeTS cesses linked to the differentiation of the magmas (AFC pro-
cess), which have already been noted in the other volcanic
massifs of the CVL (Halliday et al., 1988; Marzoli et al., 2000;

§ § § % 2 Rankenburg et al., 2005; Kamgang et al., 2007; 2013). One
method to monitor crustal contamination is by analysing major
and trace elements that could be influenced by the Pan-African

T309S granites, which have high SiO, content (Marzoli et al., 2000).

S—S =3 When plotted against SiO, the decrease in incompatible
element contents (Th, La, and U) (Fig. 8a) can, for instance,
can be attributed to contamination by crustal rocks. The sam-

§ % § E E ples should subsequently exhibit a correlation between their U,
Th, La, and SiO, concentrations (Nicholson et al., 1991), as
these elements are more abundant in the crust than in mantle

eSS magmas. Given that they are indicative of the crust's

S—-c =9 geochemical signature, they are enriched because of magma
interaction or absorption of continental crust components, ac-
cording to the correlations found. This interpretation is further

E & g = E supported by the Nb/Y vs. Rb/Y diagram (Fig. 8b), which
shows the samples represented as a comparatively flat trend in
the examined samples, such as the Precambrian basement

Nea9g samples. The relatively flat trend observed in the studied

S-S =c samples suggests a possible connection to assimilation frac-
tional crystallisation (AFC) processes as evidence by the
presence of the basement enclaves in the studied samples

0509 (Fig. 3).

S — O = O
5.2. Fractional crystallisation

A NN A —

22323 Like many other lavas from the Kapsiki Plateau, the basaltic
lavas from Moukoulvi display major and trace elements that
follow typical differentiation patterns. Their Ni (176-344 ppm)

[EYRF and Cr (282-680 ppm) contents are lower than what is expected

e-e~-< for pure mantle melt crystal fractionation of a primary magma
(Ni > 400 ppm, Cr > 1000 ppm; Frey et al., 1978) and instead

© = <o coincide with fractionation occurring during magma ascent.

Sxg*d Nickel is generally a sensitive indicator of olivine fractionation
or accumulation in basaltic magma because of its large partition
coefficient (Saadat et al., 2010). In addition, decreasing con-

V5L ag centrations of Cr and Ni related to decreasing MgO correspond

S—-s-=<° . to the fractionation of olivine and clinopyroxene. There is a clear

S positive correlation between CaO/Al,O; and MgO values of
ol 12 wt%, implying that clinopyroxene fractionation play a sig-
283%5(3Q nificant role during the early stages of magma evolution. Thus,
°cTe~e° T_ the positive correlation between CaO/Al O3, Cr, and MgO <
2 12 wt% suggests the fractional crystallisation of clinopyroxene
§ (Green, 1980). Therefore, the changing pattern at around 12 wt
E % § Vf § % % MgO reflects a change in fractionation from olivine alone to
= olivine + clinopyroxene. This suggests that clinopyroxene
i fractionation was limited, which is consistent with the scarcity of

2902 E clinopyroxene phenocrysts in the studied samples and elsewhere

S-S =9 % in the CVL (Njombie Wagsong et al., 2021).

ﬁ The negative correlations between Al,O5; and MgO (Fig. 5)
cLEas|B and the positive correlation between Sr and MgO (Fig. 6) for

TR the studied samples argue against plagioclase fractionation,
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which is consistent with the absence of plagioclase pheno-
crysts. Sr does not show a negative anomaly, indicating that it
behaved incompatibly within the magma. The absence of a
negative Eu anomaly further suggests that low-pressure
plagioclase fractionation was minimal or absent. The
decrease in TiO, and Fe,Ost with decreasing MgO indicates
fractionation of Fe-Ti oxides (Fig. 5).

As a result, the studied lavas’ major fractionation assem-
blage is olivine + clinopyroxene + Fe-Ti oxide. Thus, during
the process of magma crystallisation, minerals containing iron
and magnesium incorporate trace elements such as Sc, Cr, Ni,
and Co that are compatible with their structure (Wilson, 1992).
As the magma evolves, these ferro-magnesian minerals like
olivine, clinopyroxene, and ferrotitanium oxide separate out,
leading to a reduction in the concentration of these elements.

5.3. Mantle source and melting

The mafic rocks of the Moukoulvi area vary in both major
and trace element compositions (Figs. 5 and 6), which are
strongly correlated with their MgO content. Due to their
relatively higher enrichment in LREE compared to HREE, the
lavas undergo melting at depths corresponding to the stability
field of garnet. The elevated Sr levels (812-1065 ppm) and
comparatively lower Rb contents (34.9-268.9 ppm) closely
resemble those found in both the oceanic and continental
sectors of the CVL (Asaah et al., 2021). With their increased
LREE levels and relative enrichment in HFSE, the examined
samples have some geochemical similarities to sodic alkaline
continental magmas from the CVL. However, the measured
La/Nb > 0.5 is unusual for OIB, which typically have lower
La/Nb values. The incompatible element patterns of the
Moukoulvi lavas align with the OIB pattern (Fig. 7b), a
characteristic also observed in most volcanic centres of the
CVL. Consequently, the presence of melts from shallower
depths with residual spinel cannot be entirely dismissed for
the less enriched basalts, while an enriched mantle source is
deemed necessary for at least the basanites (Kamgang et al.,
2013; Merle et al., 2017; Gountié Dedzo et al., 2019). The
persistence of residual garnet leads to a depletion of HREE in
relation to LREE due to the strong retention of HREE in
garnet, as highlighted by the high partition coefficients of
these elements in the mineral (Green et al., 1989; Jenner et al.,
1994). This theory is further supported by the fact that similar
lavas can be found along the CVL at different places (Marzoli
et al.,, 2000; Temdjim et al., 2004; Bilong et al., 2011;
Tchouankoue et al., 2012; Asaah et al., 2015a; Tiabou et al.,
2018). These data suggest that the chemical anomalies are
related to the original mafic magmas' composition and,
consequently, the mantle source's composition (Kamgang
et al., 2013). The elevated Sr and Ba contents in Moukoulvi
lavas, along with their relatively low Zr contents (Fig. 7b),
position them as potential contributors to the genesis of high-
Sr mafic magmas.

While the MREE/HREE ratios show how much garnet is
still present in the source, the LREE/HREE ratios are very
sensitive to the melting (Yokoma et al., 2007). In the La/Sm
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plot (Fig. 9), the Moukoulvi lavas are positioned at higher Sm/
Yb and La/Sm ratios. The higher Sm/Yb and La/Sm levels
point to a deeper magma origin. According to Suh et al. (2003)
and Asaah et al. (2015a), variations in the composition of trace
elements also point to heterogeneities in the mantle sources.
We used the La/Sm vs. Sm/Yb plot (Fig. 9) to estimate the
source's mineralogy and partial melting extent. Since La and
Sm are incompatible trace elements with ratios that rarely
change during melting, the La/Sm ratio serves as an indicator
of the degree of partial melting (Asaah et al., 2021). The re-
action of Sm/YDb is affected by the mineralogy of the source
(garnet/spinel), since garnet preferentially fractionates Yb
(HREE) over Sm (LREE) (Asaah et al., 2021). According to
melt curves for garnet and spinel lherzolites, the estimated
amount of partial melting for Moukoulvi lavas suggests less
than 2 % partial melting from a source with less than 4 %
garnet (Fig. 9). These lavas match other CVL lavas (e.g., (Sm/
Yb)y and (Dy/Yb)y > 1) and exhibit steep patterns of HREE
depletion, indicating the presence of residual garnet in the
source (Asaah et al., 2020).

5.4. Geodynamic setting

Except for the magmatism in the East African rift, which is
generally alkaline (Furman et al., 2007), magmatism linked
with continental rifting is primarily thought to be tholeiitic
(Sebai et al., 1991; Harry et al., 1992). The tholeiites of the
CVL were most likely formed from an asthenospheric source
during a period of lithospheric thinning between the Santonian
and Eocene (Coulon et al., 1996). However, the alkaline rocks
of the CVL may have come from a deeper metasomatized
mantle source (Cantagrel et al., 1978; Dunlop and Fitton, 1979;
Dunlop, 1983; Halliday et al., 1990, 1998). According to
Sibuet and Mascle (1978), the CVL and the Adamawa fracture
zone represent a well-fitted continental prolongation of the
ascension fracture zone that occurred when the South Atlantic
Ocean opened (Ngounouno et al., 2000). Several geochemical
events associated with basaltic rocks are connected to the At-
lantic's opening (Tchouankoue et al., 2012). The fracture zones
of the Atlantic Ocean are the extension of Pan-African faults
that existed on both the African and South American continents
prior to the breakup of Gondwana (Cornacchia and Dars, 1983;
Ngounouno et al., 2000). For the CVL, this has been described
as a result of the interaction between an ascending plume
component and the lithosphere (Halliday et al., 1990; Coulon
et al., 1996). Beginning at around 70 Ma, Mesozoic to Early
Cenozoic magmatism was replaced by CVL magmatism,
which was succeeded by alkaline volcanism (Dunlop, 1983;
Halliday et al., 1998). According to Fitton (1980), the simi-
larities in “Y” form and size between the Benue Trough and the
CVL (Fig. 1b) indicate that they were related to the same hot
zone in the asthenosphere through which the African plate
migrated to establish the rift system (Coulon et al., 1996). As
evidenced by the Biu Plateau basalts (Coulon et al., 1996;
Rankenburg et al., 2005), the lava originating from the north-
western branch of the Y-shaped CVL (comprising alkaline
basalts, trachytes, and phonolites) was deposited in the
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Fig. 5. Major element oxide variation diagrams of the studied samples plotted against MgO (wt.%). All samples are plotted on an anhydrous basis.

northern extremity of the Benue Trough between 23 and 7
million years ago and from 3 million years ago to the present
(Grant, 1972; Guiraud, 1990). The basanites of the continental
section of the CVL have fairly comparable geochemical char-
acteristics and lack any obvious signs of contamination of the
crust (Fitton, 1987; Ngounouno et al., 2000; Konfor et al.,
2007; Tamen et al.,, 2007; Nkouathio et al., 2008;
Nkouandou et al., 2008; Tsafack et al., 2009; Wandji et al.,
2009; Kagou et al., 2010; Nkouandou and Temdjim, 2011;
Kamgang et al., 2013; Marzoli et al., 2015; Tchuimegnie
Ngongang et al., 2015; Okomo Atouba et al., 2016; Chenyi
et al., 2017; Merle et al., 2017; Tiabou et al., 2018; Ziem a
Bidias et al., 2018; Ngounouno Yamgouot et al., 2018;
Gountié Dedzo et al., 2019; Ngongang Tchikankou et al.,
2020; Njombie Wagsong et al., 2021; Mebara Onana et al.,
2022; Tchouhla et al., 2023). Nevertheless, the presence of
muscovite in thin sections (Fig. 3) demonstrates the chemical
evidence of interaction with weathering conditions or hydrous
mineral phases. It occurs in silica-rich basaltic varieties, espe-
cially in highly developed magmas linked to late-stage crys-
tallisation or crustal contamination, and is more likely to be
secondary, forming during alteration processes (Rollinson,
1993). The studied lavas, like most of the other CVL basan-
ites and basalts, exhibit a positive K anomaly with a negative
Ba anomaly on the multi-element normalised diagram
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(Fig. 7b). This can be explained by the occurrence of hydrous
mineral phases such as phlogopite and amphibole, which have
high K/Ba, K/Rb, and Ba/Rb ratios, highlighting the influence
of metasomatism (Gounti¢ Dedzo et al., 2019). Hydrous min-
erals could be present, suggesting the potential occurrence of
modal metasomatism, as inferred from the major and trace
element compositions. Elevated Rb/Sr ratios or high K,O
levels may cause the presence of hydrous phases, which are
residues of modal metasomatism and include phlogopite or
amphibole (Rooney et al., 2014). Phlogopite and amphibole
form by infiltration and metasomatization of peridotite by
volatile-rich fluids or melts from subduction or asthenospheric
sources (Foley, 1992). Their stability at mantle depths in-
fluences water distribution and transport, reducing the melting
temperature of neighbouring mantle rocks and causing partial
melting. This process, also described as intra-mantle meta-
somatism (Rooney et al., 2014; Rooney, 2017), is the cause of
the HIMU signature for the rocks of the East African Rift
System (Rooney et al., 2020; Albino and Biggs, 2021). As a
result, a small fraction of the asthenosphere melts, enriched in
highly incompatible trace elements, “fossilised” in the upper
non-convective mantle (Halliday et al., 1995; Asaah et al.,
2020). The Moukoulvi lavas exhibit significant concentra-
tions of incompatible trace elements (Rb, Pr, U, and Th) in
comparison to average OIBs, enriched mid-ocean ridge basalts
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Fig. 6. Trace element (ppm) variation diagrams of the studied samples plotted against MgO (wt.%). All samples are plotted on an anhydrous basis.

(E-MORB), primitive mantle (PM), and normal mid-ocean
ridge basalts (N-MORB) (Fig. 7b), indicating the presence of
an enrichment event. The Moukoulvi lavas have slightly higher
Ta/Yb and Th/Yb ratios than usual OIB values (Fig. 10a), as
well as higher Zr/Hf and Nb/Ta (Fig. 10a) showing that they
are roughly different from typical OIB magmas. OIBs have
limited Nb/U and Ta/U ranges because Nb, Ta, and U have the
same bulk partition coefficients (Asaah et al., 2020). This in-
dicates that Nb and Ta are not frequently separated from
neighbouring elements (U and La) by mantle melting

(Hofmann, 2003; Asaah et al., 2020). It is therefore possible
that other factors than partial melting contributed to the
enrichment of Nb and Ta compared to U and La in the lavas
(Willbold and Stracke, 2006). The Nb/Ta (19-20) and Zr/Hf
(44-47) ratios of the Moukoulvi lavas vary substantially
(Fig. 10b). The Nb/Ta ratios are super-chondritic compared to
the Zr/Hf ratios, which exhibit a wider variation. Meta-
somatism is typically associated with an enrichment in highly
incompatible elements such as Rb, Ba, Ce, Nb, and Zr, indi-
cating that the asthenosphere is not the only source of these

§ — This study a) § b)
A r —+—Kapsiki Plateau o A\ i
) - CVL = L
= ®
5 9 oiB £ o
g SF = N-MORB o °2F
< F > F
s f =R
3 f E [
g— L o L
T ol < ol
R g < F
o © o
N 2] o
la BT Pm Eu b Ho Tm Ly G Ba U Ta Ge Pr P Zr Eu Dy Yb
Ce Nd Sm Gd Dy Er Yb " Rb Th Nb La Pb St Nd Sm Ti Y Lu

Fig. 7. a) Rare earth elements of the studied samples normalised to chondrite of Anders and Grevesse (1989); b) Concentrations of trace elements normalised to the
primitive mantle and data for OIB, N-MORB, and E-MORB after Sun and McDonough (1989).
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ratio variations. The small negative Pb, Th, and Zr spikes in
Fig. 7b support the existence of a metasomatic effect.

5.5. Implications for the formation of the CVL

The geochemical variations in the mafic Moukoulvi lavas
contrast with those in other sectors of the CVL. The CVL
magmatism is thought to be caused by a combination of fac-
tors, such as the metasomatism-related composition of the
mantle source, potential participation of pyroxenite in the
melting process, the depth of partial melting within the stability
fields of spinel or garnet, and the characteristics and location of
the mantle source (Nkouandou et al., 2008; Ngongang
Tchikankou et al., 2020). This study includes details on
possible crustal recycling and/or mantle metasomatism that
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may have influenced mantle heterogeneity in this area of the
CVL, as well as other basaltic lavas of the Adamawa Plateau
(Nkouandou et al., 2015; Njombie Wagsong et al., 2018, 2021;
Temdjim et al., 2019). Numerous studies (Marzoli et al., 2000;
Kamgang et al., 2013; Tchuimegnie Ngongang et al., 2015;
Tiabou et al., 2019) suggest that the peridotite mantle is the
principal source of melts associated with OIB. These melts are
produced by the partial melting of peridotite under different
pressure and temperature conditions. The multi-element nor-
malised diagrams to Sun and McDonough (1989) of the
Moukoulvi lavas (Fig. 7b) are comparable to those reported
from other volcanoes along the CVL, with HREE depletion and
LREE enrichment, indicating the presence and enrichment of
garnet in the source. The CVL magmas traversed through a
Precambrian basement and have probably undergone
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Fig. 9. Melting results for Moukoulvi lavas modelled on a plot of (Sm/Yb)y vs.
(La/Sm)y. Trace element data for peridotites are from Lee et al. (1996), Tamen
et al. (2007), Sababa et al. (2015), Tedonkenfack et al. (2019), and Asaah
(2015, 2021).

contamination, similar to other intraplate continental alkaline
magmas. Therefore, the basement enclaves in the examined
samples and the presence of assimilation fractional crystal-
lisation provide evidence that the magmatism of the Moukoulvi
lavas is connected to the continental crust. HFSE ratios (Zr/Hf,
Nb/Ta, and U/Th) are similar, suggesting that the lavas came
from a reasonably homogeneous mantle source. Several
different mantle components may not be involved as much as
these constant ratios indicate. This level of partial melting for
Moukoulvi lavas is comparable to what is recorded in other
CVL volcanoes (Asaah, 2015; Asaah et al., 2015a, 2015b;
Gountié Dedzo et al., 2019; Kamgang et al., 2013; Yokoyama
et al.,, 2007; Njombie Wagsong et al., 2021; Tchouhla et al.,
2023). The consensus widely acknowledges that variations in
trace element ratios and HFSE within CVL lavas can be
elucidated by the influence of metasomatism on the source
(Asaah et al., 2020). In contrast to the most recent lavas, older
lavas from the CVL usually show less radiogenic Pb,
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suggesting non-uniform metasomatism throughout the line
(Asaah et al., 2021). The volcanic activity of the Kapsiki
Plateau has been estimated to be between 35 and 27 Ma
(Vincent and Armstrong, 1973; Dunlop, 1983), suggesting that
the melting source has not shifted in conjunction with the
African plate. The absence of temperature anomalies in the
upper mantle beneath the CVL has been repeatedly demon-
strated by geophysical investigations (Reusch et al., 2010,
2011; Adams et al., 2015). This eliminates the possibility of a
mantle plume in this region and reveals an anomalously con-
vecting upper mantle material upwelling from the 660 km
discontinuity, which may be a passive reaction to lithospheric
disintegration (Courtillot et al., 2003). Thus, the magma
erupted from the CVL as a result of the lithosphere breaking
due to the hot mantle material upwelling.

6. Conclusions

The Moukoulvi lavas are primarily basalts and basanites,
with an alkaline composition, similar to most of the mafic rocks
in the northern part of the CVL. The petrographic investigation
revealed a microlithic porphyritic texture mineral assemblage
dominated by olivine and clinopyroxene phenocrysts, together
with plagioclase microcrysts. The magmas experienced frac-
tionation of the major phenocryst phases, olivine and clino-
pyroxene, which were accompanied by iron and titanium
oxide, along with apatite. All the fractionated phases, except
for the apatite, were identified as components in thin sections.
The lack of correlations between Th, La, U, and SiO, indicates
the absence of interaction with the continental crust, which is
further supported by the trend of the samples plotted on the Nb/
Y vs. Rb/Y diagram (Fig. 8). The occurrence of olivine and
clinopyroxene phenocrysts also indicates that magma is
ascending quickly, reducing the possibility of crustal contam-
ination. The mantle source of the Moukoulvi lavas is inferred
to be enriched, with evidence of partial melting occurring
at depths corresponding to the stability field of garnet.
The Moukoulvi lavas have traits in line with OIB patterns as
well as evidence of metasomatism and mantle heterogeneity.

o5

_—
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1 30 35 40 45
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50

Fig. 10. a) Ta/Yb vs. Th/Yb diagram with the Moukoulvi lavas plotting on the typical OIB mantle array; b) Zr/Hf vs. Nb/Ta showing variable enrichment in HFSE.
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According to the high values in LREE and relative enrichment
in HFSE, the lavas, resembling most sodic alkaline continental
magmas in the CVL, likely originate from a diverse mantle
source. The lack of anomalies in temperature in the upper
mantle under the CVL implies that the magmatism originates
from the lithospheric mantle source instead of a mantle plume.
The presence of a Pb depletion (Ce/Pb > 30) also implies that
these magmas belong to the HIMU-OIB type, attributed to
lithospheric mantle metasomatism.
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