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Abstract

This study explores the magmatic and eruptive processes of the Manengouba
maars, located along the Cameroon Volcanic Line (CVL). Petrographic analyses
of the samples reveal a diverse mineralogical composition with clinopyroxenes
(20% - 35%), plagioclases (19% - 35%), olivines (5% - 15%), and sanidines (up to
15%). Positive Europium (Eu) anomalies observed suggest crystallization under
reducing conditions. X-ray diffraction analyses show a significant presence of
smectite (25.99% to 76.05%), kaolinite, and other clay minerals, indicating ex-
tensive hydrothermal alteration. Geochemical diagrams reveal clear trends of
magmatic fractionation, with an increase in Zr (up to 200 ppm) with increasing
SiO; (45% to 60%) and a decrease in MgO (from 10% to less than 5%) accompa-
nied by an increase in Nb (from 10 to 50 ppm). These trends suggest magmatic
differentiation prior to the eruption. Explosive interactions between ascending
magma and groundwater led to phreatomagmatic explosions, forming complex
diatremic structures. The presence of mantle xenoliths and host rock fragments
indicates significant assimilation of the host rocks during magma ascent, modi-
fying its chemical composition. The results allow proposing a diatreme growth
model, highlighting the importance of phreatomagmatic interactions and mag-
matic fractionation processes. Compared to other volcanic regions, the geology
of Manengouba shows significant similarities with other volcanoes along the
CVL and with maars and diatremes studied elsewhere in the world. In conclu-
sion, this study enriches our understanding of volcanic and magmatic processes
in the Manengouba region, providing crucial insights into eruptive dynamics and
associated geochemical and mineralogical conditions.
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1. Introduction

The recognition of pyroclastic deposits, due to their nature, mode of establish-
ment, and tectonic activity, requires petrographic, mineralogical, and geochemi-
cal characterization. In the case of monogenetic volcanoes, from a geochemical
and volcanological perspective, a high degree of magmatic evolution is observed
compared to polygenetic volcanoes (Brenna et al., 2010). Polygenetic eruptions
are characterized by a long period of episodic activity. Generally, they occur re-
peatedly from the same emission site or the same magma chamber (Kereszturi et
al., 2013). The presence of different types of rocks, structures, and stratifications
in a maar volcano suggests that its emergence occurred over sometimes prolonged
periods, often with significant phases of inactivity between volcanic phases
(Kereszturi et al., 2013).

Recently, it has become possible to determine the geochemical evolution
within pyroclastic deposits while highlighting the compositions and chemical
variations in a monogenetic volcano; for example, in the Barombi-Bo maar
(Kumba, southwest Cameroon) by Chako Tchamabé et al. (2014) and Kelud vol-
cano, Indonesia by Indriyanto et al. (2023). The presence of lithic rock fragments
and heavy minerals (olivine, epidote, and rutile) is an excellent indicator of source
rocks (Boggs, 2009). The chemistry of the minerals and the mineralogical compo-
sition constituting the pyroclastics are good indicators for understanding their
provenance, the alteration of the parent rock, and the tectonic framework of the
source area.

In basaltic maar-diatreme volcanoes, vertical migration or mobility of explo-
sion sites occurs when an active vertical hydrological fault is occupied by a dyke
feeding a developing volcano, leading to thermo-hydraulic explosions. Vertical or
lateral mobility of explosion sites in the root zone controls the growth of the con-
duit and the distribution of facies within the conduit (Branney & Kokelaar, 2002;
Kurszlaukis & Fulop, 2013; Pedrazzi et al., 2013).

Stratigraphic and granulometric studies of the Manengouba maars lead us to
think that they have the configuration of polycyclic maars, where each eruptive
style occurred from the same diatreme, thus involving lateral or vertical migra-
tion of eruptive vents. This work aims to study (1) the composition of the de-
posits of the Manengouba maars (MM, MF, and MDS). However, since polycy-
clic activity can be associated with variations in chemical composition, this work
also aims to determine whether the magmas that produced these Manengouba
maars come from different sources with different compositions or if all eruptive

cycles were supported by a single magma chamber, and finally, to understand their
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feeding system.

The Manengouba region (Figure 1), located along the Cameroon Volcanic
Line (CVL), is a major area of interest for studying volcanic processes due to its
diverse magmatic activity (Kagou Dongmo et al., 2001, 2010; Pouclet et al., 2014;
Zangmo Tefogoum et al., 2021). The CVL extends over approximately 1600 km,
traversing Cameroon and extending into the Atlantic to Bioko Island. This region
is characterized by a series of complex volcanoes, including maar-diatremes,
which are formed by explosive eruptions when magma comes into contact with
groundwater, creating pipe-shaped structures called diatremes (Fitton & Dunlop,
1985; Ngounouno et al., 2001). This study aims to analyze the mineralogical com-
position of pyroclastic deposits and volcanic rocks from the Manengouba maars
to understand the processes of fractional crystallization and alteration. Further-
more, it seeks to assess how deep magmatic sources influence the composition
and evolution of the diatremes. Finally, the study uses geochemical and petro-
graphic data to model volcanic processes and propose a growth model for the di-

atremes in this region.
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Figure 1. Location map of the Manengouba maars. The two small figures are Cameroon administrative map generated from
ArcGIS while the biggest figure is from Google Earth.

Fitton & Dunlop (1985) explored the geochemistry of basalts along the CVL,

highlighting the heterogeneity of mantle sources and geochemical variations
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along this volcanic line. Ngounouno et al. (2001) analyzed eruptive processes and
volcanic products in the Manengouba region, providing a solid basis for studying
magma-water interactions and maar formation processes.

To achieve the objectives of this study, we formulated the following research
questions: What are the dominant minerals in the pyroclastic deposits, and how
does their distribution vary with depth? What specific geochemical anomalies are
observed in trace elements (notably REE), and how can they be explained by mag-
matic processes? How do interactions between magma and groundwater influence
the structure and composition of the diatremes?

To answer these questions, we used a combination of field methods, petro-
graphic analyses, and advanced geochemical techniques (Chako Tchamabé et
al., 2023). Samples were collected at different depths and sites around the Manen-
gouba maars, and detailed analyses were conducted to determine their miner-
alogical and chemical composition. Sampling sites were selected based on their
geological representativeness and accessibility. Petrographic analyses were per-
formed using optical and electron microscopy to study the textures and compo-
sitions of minerals. Geochemical analyses used mass spectrometry (ICP-MS)
and X-ray fluorescence (XRF) to determine major and trace element concentra-

tions.

2. Geological Context

2.1. The Cameroon Volcanic Line

The Cameroon Volcanic Line (CVL) is a major geological structure extending ap-
proximately 1600 km from the Gulf of Guinea to Lake Chad. This volcanic line
traverses Cameroon and includes several active and extinct volcanoes, such as
Mount Cameroon, Mount Manengouba, and Mount Oku, as well as volcanic is-
lands like Bioko and Annobén. The CVL is a spectacular manifestation of in-
traplate magmatic activity, resulting from the upwelling of mantle plumes through
the continental lithosphere (Fitton & Dunlop, 1985).

2.2. Tectonic Context

The CVL is situated at the intersection of several tectonic plates, including the
African plate and the Cameroon microplate. This region is influenced by complex
tectonic forces, including continental rifting associated with the opening of the
South Atlantic and the movements of the surrounding tectonic plates. The com-
pressional and tensional forces in this area contribute to the formation of fractures
and faults, which facilitate magma’s ascent to the surface (Ngounouno et al.,
2001).

2.3. Geology of the Manengouba Region

Mount Manengouba (MM) is a volcanic complex located in the center of the Cam-
eroon Volcanic Line (CVL). It covers a total area of ~500 km2 and is set on gran-

ito-gneissic basement rocks overlain by Lower Oligocene (30 Ma) (Tchoua, 1974)
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basaltic flows featuring the onset of the anorogenic magmatic activity in the area.
It is composed of two nested calderas, formed by explosive volcanic eruptions
(Figure 2). The Manengouba region has a long history of volcanic activity, with
eruptions recorded since the Holocene. The erection of the MM was sequenced
into either three (Kagou Dongmo et al., 2001) or four successive phases (Pouclet
et al., 2014) ranging from the Pleistocene to the Present (1.94 - 0.11 Ma). Accord-
ing to Pouclet et al. (2014), the first phase (1.55 - 0.94 Ma) mainly built the Manen-
gouba shield volcano, whose current boundaries are those of the Elengoum vol-
cano. The second phase (0.94 - 0.89 Ma) resulted in the construction of the stra-
tovolcano of Eboga. The third phase (0.89 - 0.70 Ma) was essentially characterized
by tectonic activities, namely the collapse of the upper part yielding the Elengoum
and Eboga nested calderas on the one hand, and the extrusions of the syn- to post-
caldera felsic domes and needles on the other. The fourth and vanishing phase
(0.45 - 0.11 Ma) was marked by effusive and fissural explosive eruptions both in-
side and outside the calderas. The explosive dynamisms were successively or con-
comitantly strombolian and phreatomagmatic and generated 70 strombolian
cones and 3 maars, of which 19 cones and 2 maars are in the interior of the caldera
of Eboga. The overall past eruptions have produced a variety of flows and pyro-
clastic deposits, including volcanic ash, lapilli, and volcanic bombs. The diatremes
of Manengouba are carrot-shaped structures filled with volcanic breccia and frag-

ments of country rocks.
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Figure 2. MNT of Mount Manengouba and its surroundings.
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The MM volcanics form a complete and an incomplete alkali-sodic volcanic
series. The complete series ranges from basanites to quartz-trachytes and is dis-
tributed over the whole volcano, while the incomplete one extends from basanites
to trachy-andesites and is reduced to late fissure activity confined to the flanks
(Figure 3). These two series evolved by fractional crystallization and crustal as-
similation (Kagou Dongmo et al., 2001; Pouclet et al., 2014). Pouclet et al. (2014)
estimated that the magma sources were likely located in the transition zone be-
tween garnet- and spinel lherzolites (37 - 39 km for the incomplete series and 42
- 44 km for the other series), and the complete series resulted from a lower melting
rate (3% - 6%) of a richer garnet source (3% - 7%). Geochemical analyses of the
Manengouba volcanics reveal significant heterogeneity in mantle sources: Sr, Nd,
and Pb isotope data portray a three-component mixed mantle source, including a
depleted asthenospheric swell component, a lithosphere-contaminated radiogenic
component, and a pre-rifting enriched component (Pouclet et al., 2014). Indeed,
basalts from this region show enrichments in trace elements such as niobium (Nb)
and zirconium (Zr). Isotopic studies also suggest interactions between magma and
the continental lithosphere, modifying the chemical composition of the magmas

before their eruption (Fitton & Dunlop, 1985).
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Figure 3. Geological map of pyroclastic deposits of Manengouba maars (from (Pouclet et al., 2014)).
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3. Methodology
3.1. Sample Collection

For this study, seven samples of pyroclastic products from the Manengouba maars
were selected for petrographic, mineralogical, and geochemical characterization
(Table 1). Four samples were collected from the Djeu-Seh maar (MDS: P2N3a,
P2N3b, P2N4, P2N5), two from the Femme maar (MF: P9, P22), and one from
the Homme maar (MH: P23). The samples were collected using a machete and a
hand trowel from the internal and external walls of the different maars. Samples
taken from the external walls were located approximately 25 meters from each
maar. During collection, the top 1.5 cm layer was removed to avoid contamina-
tion. Then, 400 grams of pyroclastic material were collected, packed in plastic
bags, and transported to the Geosciences Laboratory at the University of Yaoundé
I for air drying for three days at 25°C - 26.5°C.

For further analysis, 250 grams of each sample were ground using an agate mor-
tar and pestle into a fine powder (<63 pm) for mineralogical and geochemical

analyses.

Table 1. Maar sampling points.

Maars Stratigraphic units Geographic coordinates Altitudes
P9 N502’15.7’ - E9049’41.2° 1925 m

ME P22 N502’14.2” - E9049°33.,8” 1942 m
MH P23 N0501°11.4 - E9049°45.4” 1948 m
MDS P2N3a N503’08” and E9053°8,7” 1450 m
P2N3b N503’8,2” and E9053°7,2” 1462 m

P2N4 N503’05” and 9053°06” 1470 m

P2N5 N503°03” - E9053°05” 1597 m

3.2. Petrography and Mineralogy

A Burker diffractometer operating with a Co target (45 mA and 40 kV) with a
wavelength of 1.5418 A was used to determine the mineralogical composition of
the pyroclastic samples by X-ray diffraction. The mineralogical composition of
the pyroclastics was obtained using the X’Pert High Score Plus software. Thin sec-
tions were prepared at the Geological and Mining Research Institute (IRGM) in
Yaoundé-Cameroon, and microscopic observations were performed using a bin-
ocular microscope (plane polarized light) hosted at the Soil Analysis and Environ-
mental Chemistry Research Unit (SAERU) of the Department of Earth Sciences,
University of Dschang (Cameroon). Thin sections were prepared from three py-

roclastic samples, including two pumices and one lapilli block.

3.3. Modeling Volcanic Processes

Petrographic and geochemical data were integrated into numerical models to sim-
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ulate the volcanic and magmatic processes responsible for the formation of the
diatremes and maars of Manengouba. Thermodynamic modeling software was
used to simulate the pressure, temperature, and chemical composition conditions
during magma crystallization. Dynamic models were developed to understand the
interactions between magma and groundwater, as well as the migration of fluids
and gases within the diatremes. Differential thermal analysis (DTA for Differen-
tial thermal analysis) is used to identify the phase transition temperatures of sam-
ple. In this work this method was employed to identify invariant reactions in the
Cu-FeO and Cu-Cr-O systems, in addition to defining the eutectic point of the
first system. The basis of the measurement is based on the idea that with each
phase change of a material, an energy variation in associated with it. This energy
conversion is measured in ATD system by heating and cooling an inert substance
(reference) and the sample to be analyzed. Thermocouples are used to determine
a temperature difference between the two crucibles that occurs during a phase
transition. These process, exothermic or endothermic, result in negative or posi-
tive peaks respectively in the measured signal. Conversely, if no phase transfor-
mation occurs, crucibles heat in the same manner and signal is generated. During
the combining DTA with thermogravimétric analysis, it is also possible to deter-
mine the mass variation of the sample during the measurement. Specifically, re-
garding oxides, oxidation or reduction or removal of oxygen, therefore induce

measurable changes in mass.

3.4. Geochemistry

Seven samples of juvenile products were selected for bulk rock major, trace, and
rare earth element compositions. Major elements were analyzed using an analyti-
cal microscope (XGT-2700) at the Institute of Inorganic Chemistry, Christian-
Albrechts-Universitdt zu Kiel, Germany, while trace and rare earth element con-
tents were determined by inductively coupled plasma mass spectrometry (ICP-
MS) at ACTIVATION LABORATORIES LTD in Ontario, Canada. The prepara-
tion of solutions for each sample followed the method described by Makishima &
Nakamura (1997).

First, the geochemical sample powders were dried at 110°C and then calcined
at 1000°C. The loss on ignition (LOI) at 1000°C was calculated by the difference
in mass between the dried powder and the calcined powder (expressed as a weight
percentage of the dry sample). The major elements were analyzed on beads ob-
tained by high-temperature fusion of a mixture of 0.75 g of calcined pyroclastic
powder and 4.50 g of lithium tetraborate (Li2B40O7) used as a flux. The major
elements and their concentrations in each sample were determined by X-ray flu-

orescence generated by a rhodium anticathode.

4. Results
4.1. Petrography and Mineralogy

The minerals observed in the different types of rock and their proportion are re-
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ported in Table 2.

4.1.1. Petrography
+ Pyroclastic Rock

Whether in flow deposits or pyroclastic fallout, juvenile and lithic fragments
exhibit significant petrographic resemblance to the associated basaltic and tra-
chytic flows (i.e., flows from the first effusive phase). The petrography of the py-
roclastics from the Manengouba maars was carried out using lithic fragments of
pumice and lapilli blocks, juvenile fragments of bombs, basalts, mugearite, and
trachyte.

The macroscopic petrography of juvenile fragments of volcanic bombs en-
countered in the Djeu-Seh and the Homme maars generally reveals fusiform
shapes and sometimes ribboned breadcrusts. They are slightly vesicular, basal-
tic in nature, black in colour, and have an aphyric texture. The bombs are ba-
saltic and black. Microscopic observation of the bombs (Figure 4(a) and Figure
5(a)) reveals that they are made up of phenocrysts and groundmass microcrysts
of clinopyroxene, plagioclase, and opaque minerals. Augite phenocrysts repre-
sent 3 vol.% of the rock. They are the most abundant minerals in the rock. They
appear as subhedral to anhedral phenocrysts and microphenocrysts. Some au-
gite crystals show initial stages of alteration (uralitization) into opaque miner-
als. These augite crystals range from 0.8 to 4.4 mm along the long axis. Plagio-
clases represent 15 to 20 vol.% of the rock volume. They appear as subhedral
microcrystals with distinct contacts with opaque minerals. Opaque minerals
occur either (i) as subhedral microcrystals often included or developed at the
expense of augite, or (ii) in contact with plagioclases (Figure 5(a)). Their crys-
tallization seems to have been continuous since the initial stage of magma dif-
ferentiation until the eruption.

Pumices of the Homme maar are reddish, vesicular, and thus lightweight, dec-
imetre to centimetre across, and weakly weathered. Microscopically, they display
vacuolar microlitic porphyritic textures and are composed of pyroxene, olivine,
plagioclase, and opaque minerals. Augite and olivine are present both as pheno-
crysts (1 - 2 and 2 - 5 vol.% respectively), ranging in length from 0.4 to 1.12 mm,
and as microcrysts associated with plagioclase (3-8 vol.%) and opaque minerals.
Vitreous phases amount to =25 vol.%, while vesicles can attain 60 vol.%. The latter
have variable sizes and are distributed throughout the rocks (Figure 4(b) and Fig-
ure 5(b)).

Lithic fragments of lapilli blocks appear as enclaves within the ashes. Block sizes
range from centimetre to millimetre scale. The blocks are trachytic, light-grey in
colour, with a mineralogical composition of feldspars and pyroxene. Microscopic
observation of these lapilli blocks shows a trachytic texture composed of sanidine,
clinopyroxene, and opaque minerals. Sanidine crystals are subhedral to euhedral
and represent =50 vol.% of the rocks. Some of their phenocrysts are poikilitic

(opaque mineral inclusions) or display cracks filled by thin melts containing
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opaque mineral microcrystals (Figure 4(c) and Figure 5(c)). Phenocryst sizes
range between 0.92 and 2.32 mm along the long axis. Augite represents 3 vol.% of
the rock volume. They occur as poikilitic phenocrysts (0.56 - 1.12 mm in length)
and microcrystals. From the above, the crystallization order can be drawn as fol-
lows: opaque minerals-clinopyroxene-sanidine.

% Lava flows

Homme Maar

The effusive phase corresponds to basaltic lava with an aphyric microlithic tex-
ture, slightly vesicular. Some of its vesicles are filled by sub-solidus crystals. Mi-
croscopic observation reveals the following minerals: olivine, clinopyroxene, pla-
gioclases, and opaque minerals (Figure 5(d)). Olivine and augite appear as micro-
phenocrysts embedded in a matrix consisting of plagioclase and olivine microlites.
Olivine crystals vary widely in size (0.34 to 1.92 mm for longitudinal sections) and
represent =20 vol.% of the rocks. They exhibit numerous fractures and are not in
contact with other minerals. Augite (5 vol.%) occurs as subhedral to euhedral mi-
crophenocrysts. Crystal sizes range from 0.17 to 1.63 mm. Some augite and ilmen-
ite crystals are in contact, with straight borders. Labrador-oligoclase occurs as mi-
crolites dispersed in the rock without contact with other crystals. The mesostasis
is generally holocrystalline and microlitic, containing dominant plagioclase mi-
crolites. Microscopic observation shows the crystallization order as follows: oli-
vine, augite, ilmenite, and finally plagioclase.

Femme Maar

The first effusive phase is represented by greyish trachytic flows. In thin sec-
tions, they exhibit the characteristic trachytic texture and contain sanidine, au-
gite, plagioclase, and opaque minerals (Figure 4(d) and Figure 5(e)). Augite
phenocrysts are embedded in a matrix poor in volcanic glass, sanidine micro-
lites, and opaque minerals. Clinopyroxene crystals (15 vol.%) are subhedral to
anhedral and display a bimodal distribution, with subhedral phenocrysts aver-
aging between 0.8 and 1.12 mm along the long axis. They are rarely twinned
and are sometimes associated with opaque minerals. Microphenocrysts (0.32-
0.4 mm) are anhedral and associated with sanidine and ilmenite-titanomagnet-
ite crystals. Sanidine crystals (35 vol.%) also exhibit a bimodal distribution,
with euhedral to subhedral phenocrysts up to 1.8 mm along the long axis and
more abundant microcrystals averaging 0.01 mm. They show Carlsbad twins
and are associated with augite. Opaque minerals are subhedral to euhedral, oc-
curring as inclusions within augite.

The second effusive phase is represented by an alkaline basaltic flow with a mi-
crolitic porphyritic texture, composed of clinopyroxene and plagioclase phenocrysts
(Figure 4(e), Figure 4(f) and Figure 5(f)). Two bands with greenish trends, con-
sisting of fine olivine grains, are also observed. The basalts, exposed on the internal
walls of the Femme maar, are deep grey. Augite crystals (20 vol.%) are subhedral to
euhedral with a bimodal distribution. Subhedral phenocrysts have average sizes be-

tween 2.28 and 3.05 mm along the long axis and are often poikilitic, associated with
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opaque mineral crystals. Microphenocrysts are anhedral and associated with plagi-
oclase and opaque mineral crystals, with sizes ranging from 0.13 to 0.26 mm along
the long axis, also showing initial stages of alteration by opaque minerals. Labrador-
ite (50 vol.%) are the most abundant crystals in the rock, appearing as euhedral to
subhedral phenocrysts and microphenocrysts. They have an elongated rod shape
with sizes up to 4 mm along the long axis.

Djeu-Seh Maar

Trachytes represent pre-maar volcanics in the Djeu-Seh area, thus constituting
the walls of the Djeu-Seh maar. They are light grey in colour and exhibit a fluidal
microlitic porphyritic texture containing mainly sanidine, clinopyroxene, plagio-
clase, and opaque minerals. Sanidine and augite crystals occur as phenocrysts and
microphenocrysts embedded in a fine matrix containing all the rock mineral
phases and a small amount of volcanic glass. Sanidine (35 vol.%) appears as sub-
hedral to anhedral phenocrysts and microlites with sizes of 2.92 - 4 mm and ap-
proximately 0.12 mm, respectively. Augite (10 vol.%) occurs as subhedral pheno-
crysts with crystal sizes of about 2.8 mm along the long axis and often encloses
opaque mineral microcrysts. Titanomagnetite crystals are sub-rounded, with sizes
ranging from 0.02 to 0.12 mm (Figure 4(g) and Figure 5(j)).

The foot of the north-eastern outer flank exhibits layered basaltic deposits (Fig-
ure 4(h)-(j) and Figure 5(h)-(k)). The bottom layers are thick and made up of
coarse and often agglomerated blocks, while the upper layers are thin and their
particles loose. Under thin section (sample MGZ14), these rocks are subaphyric
microlithic and composed of olivine, clinopyroxene, plagioclase, and opaque min-
erals. Olivine and augite crystals appear as phenocrysts in a matrix of volcanic glass
and microlites of plagioclase and ilmenite. Plagioclases (35 vol.%) appear as sub-
hedral microlites with distinct contacts with opaque minerals. Augite crystals (20
vol.%) are subhedral to anhedral, with some poikilitic crystals showing initial stages
of uralitization. Crystal sizes range from 0.8 to 4.4 mm along the long axis. Olivine
(5 vol.% and 0.6 to 1.86 mm) occurs as anhedral phenocrysts and micropheno-
crysts; phenocrysts are highly fractured and mostly deeply iddingsitized. Ilmenite
minerals appear as anhedral microcrystals and microlites, often included in clino-
pyroxenes and plagioclases.

Mugearite (MGZ17) outcrops as a prismatic flow with a few vacuoles. It is
deep-grey in color, microlitic porphyritic in texture, and made up of plagio-
clase, augite, basaltic hornblende, and titanomagnetite. Plagioclase (3 to 20
vol.%), augite (10 vol.%), and kaersutite (3 to 5 vol.%) occur as euhedral to
subhedral phenocrysts and microcrysts, while opaque minerals occur merely as
sub-rounded microcrysts. Plagioclase elongated crystals range in size between
0.08 and 1.28 mm. Basaltic hornblende crystals are often poikilitic and exhibit
a thick oxidized border: the oxidation sometimes invades almost the entire
crystal, leaving only a brown remnant core. Titanomagnetite is either primary
or secondary, the latter resulting from the alteration of brown hornblende (Fig-
ure 4(k) and Figure 5(1)).
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Table 2. Summary table of the different samples and their mineralogical

composition.
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Figure 5. Photomicrograph of thin sections of rock from the Manengouba maars.

4.1.2. Mineralogy by X-Ray Diffraction (XRD)

XRD analyses revealed varied mineralogical compositions in the pyroclastic de-
posits of the Manengouba Maars. Diffractograms (Figure 6) reveal the presence,
in addition to the primary minerals described in the petrography section, of
weathering minerals, often in significant quantities. XRD analyses revealed varied
mineralogical compositions in the pyroclastic deposits of the Manengouba maars.
Djeu-Seh Maar: The diffractograms of the samples show high proportions of
smectite (25.99% to 76.05%), moderate amounts of olivine (4.79% to 14.83%), po-
tassium feldspars (9.67% to 13.26%), and plagioclases (5.93% to 19.72%). Pyrox-
enes are present in low quantities (1.23% to 6.54%) along with hematite. Oxides
such as maghemite-magnetite and hydromagnesite are present in almost all sam-
ples, with proportions ranging from 2.01% to 10.83%. Male Maar: The results
show a high abundance of smectite (71.28% to 76.05%), moderate quantities of
olivine, pyroxene, and plagioclase, as well as traces of serpentine, potassium feld-
spars, and amphibole. Clay minerals such as kaolinite and smectite are also pre-
sent in significant amounts (50.62% to 76.05%). Female Maar: Smectite is abun-
dant (25.99%), with moderate amounts of olivine (9.63%), plagioclase (3.70%),

and oxides such as maghemite-magnetite.
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Figure 6. Diffractograms of the pyroclastic deposits of the Manengouba Maars.

Table 3 shows that the primary minerals are, in decreasing order: plagioclase
(5.93 - 19.72 vol.%), olivine (4.79 - 14.83 vol.%), alkali-feldspars (9.67 - 13.26
vol.%), magnetite (2.01 - 10.83 vol.%), and pyroxenes (1.23 - 6.54 vol.%). In a sim-
ilar order, the weathering minerals are as follows: smectites (25.99 - 76.05 vol.%),
kaolinite (5 - 10 vol.%), serpentine, and hydromagnesite (in traces). The distribu-
tion of pelites is not balanced between the different maars: the pyroclastites of the
two maars contain more smectites, but less kaolinite and serpentine than the

Djeu-Seh Maar.

Table 3. Mineral composition of altered pyroclastites from the Manengouba maars.

Pyroclastic of Pyroclasticof ~ Pyroclastic of
Djeu-Seh maar Femme maar Homme maar

Medium Fine Medium Fine Medium Medium  Medium

DOI: 10.4236/gep.2025.139009

Samples lapilli lapilli lapilli lapilli lapilli lapilli ash
Ref: code P2N3a P2N3b P2N4 P2N5 P9 P22 P23
Quartz +++ - - + - + -
Olivine + ++ ++ ++ - + -
pyroxene - + + ++ - ++ +
Kaolinite ++ ++ ++ + + - -
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Continued
K-feldspars ++ ++ ++ ++ + + -
Plagioclase - ++ - +++ - + -
Amphibole - - - + - + -
Serpentinite - - - + + + +
Ilmenite ++ - - + - - _
Smectite +++ A+ +++
Hydromagnesite - - - + - - _
Magnetite-maghemite - ++ ++ ++ + + ++

+++++ = Very abundant; ++++ = abundant; +++ = moderaly represented; ++ = Poorly
represented; + = trace; - = not identified.

4.2. Geochemistry

The geochemical analyses of the different samples are reported in Table 4.

4.2.1. Alterability

Pyroclastic rocks in general, and fine clasts in particular, are readily weathered,
modifying to some extent their composition. We evaluate the impact of weather-
ing on the pyroclasts of the Mount Manengouba maars, using the alteration box
(Figure 7 after (Large et al., 2001)), which combines the Chlorite-Carbonate-Pyrite
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Figure 7. Alteration diagram of the pyroclastic deposits of the Mount Manengouba maars.
The alteration box is from Large et al. (2001); the Chlorite-Carbonate-Pyrite Index is from
Lentz (1996, 1999) and the Alteration Index is from Ishikawa (1976).
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Index diagram (CCPI) (Lentz 1996, 1999) and the Ishikawa Alteration Index (IA,
Ishikawa et al., 1976). The pyroclastic deposits of the Djeu-Seh and the Femme
Maars exhibit high weathering indexes, with respectively: AI between 52.84 - 56.41
and 36.10 - 53.93, and CCPI from 95.83 - 96.45 and 76.44 - 98.11. On the contrary,
only a single sample from the Homme Maar shows a high alteration rate (P9: IA =
51.09 and CCPI = 96.45). The degree of weathering correlates negatively with the
contents of the major elements SiO,, Na,O, and K,O. This correlates with the ex-
tremely low proportions of certain major elements. However, the increase in alter-
ation indices in the pyroclastic rocks found in the various maars suggests that SiO,,
Na;0, and K,O have been leached. Additionally, these high Al values are consistent
with the findings of Large (2001), indicating that rocks with an AI between 50 and

100 have undergone hydrothermal alteration.

4.2.2. Classification and Nomenclature

As recommended by the IUGS, volcanic rocks should be named using the total
alkali vs. silica diagram of Le Bas et al. (1986). Figure 8 shows, however, that most
of the studied rocks display Al above 50, indicating that they suffered a consistent
degree of hydrothermal alteration (Large et al., 2001). In such cases, alkalis and
silica are among the most leached-out elements. Immobile elements, since they
are less sensitive to hydrothermal alteration, therefore become the viable alterna-
tive for the nomenclature. In this light, we use the Zr/Ti vs. Nb/Y diagram after
Floyd and Winchester (1977) for the nomenclature of the volcanics of the Mount
Manengouba Maars (Figure 8). Pyroclasts from the three maars plot in the field

of alkaline basalts.
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Figure 8. Zr/Ti vs. Nb/Y classification diagram of the pyroclastites of Manengouba maars.
Field boundaries as defined by Floyd & Winchester (1977) and modified by Pearce (1996).
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4.2.3. Major Element Compositions

The magnesium number (Mg# = Mg/(Mg + Fe2+)), calculated on the basis of
Fe,0;/FeO of 0.15 for pyroclastites and the basalt MGZ11 and 0.65 for the re-
maining rocks, gives values in the range of 0.2 - 0.38 for intermediate and
evolved rocks and 0.35 - 0.54 for pyroclastites. Pyroclastites from the Homme
Maar are the most evolved (Mg# = 0.31 - 0.35), while a pyroclastite from Djeu-
Seh is the most basic (Mg# = 0.54) of our spatters. MgO varies between 0.54 and
10.49 wt.% over the data set and between 5.72 - 10.49 wt.% in pyroclastites.
Apart from two Djeu-Seh samples with the extreme values, most of these pyro-
clastites have contents clustering around 6 wt.%. FeOt also spans a wide range
of contents, i.e., 4.94 - 24.8 wt.%, with a gap between pyroclastites and the rest
of the set. Concerning pyroclastites, the FeOt contents range between 15.22 -
24.8 wt.%, with the highest values recorded at Djeu-Seh and the Homme Maar.
Al Os; exhibits a closer range of values with respect to MgO and FeOt, within the
bracket of 11.26 - 17.54 wt.%. Pyroclastite contents vary from 12.24 - 16.42 wt.%,
the bracketing values being recorded at Djeu-Seh. TiO, compositions vary from
0.57 - 4.69 wt.%, with pyroclastites displaying a short range (3.11 - 4.69 wt.%).
CaO compositions vary widely over our set of data (2.03 - 10.04 wt.%) as well as
in pyroclastites (4.71 - 10.04 wt.%), though the two maars or lakes display com-
parable values (4.71 - 5.11 wt.%).

Binaries of selected major elements vs. MgO (Figure 9) portray a gradual and
regular decrease in AL,O; from the pyroclastites of the Djeu-Seh maar to the
Homme maar, and in TiO,, FeOt, and P,Os from the pyroclastics of the Djeu-
Seh maar to the Femme maar. Conversely, there is an increase in K,O, Na,O,

and CaO from the pyroclastites of the Homme maar to the Djeu-Seh maar.

4.2.4. Trace Element Compositions

Trace element compositions are very dispersed. Cr contents vary widely over
the entire data set (5 - 138 ppm), but moderately in pyroclastic rocks (66 - 138
ppm) and are close in the two maars patterns (91 - 115 ppm). The other transi-
tion metals, Co and Ni, behave similarly: 0.5 - 52.6 and 1.7 - 185 ppm, respec-
tively, in the whole set, 34.5 - 52.6 and 80.1 - 157 ppm in pyroclastites, and 42.6
- 45.2 ppm and 112 - 155 ppm in the two maars scoriae. Cu shows a narrow
range of compositions in the pyroclastites (48.5 - 62.5 ppm). High field strength
elements (HFSE) have comparable values in the two maars fallouts: Zr (228 -
239 ppm), Hf (3.4 - 3.6 ppm), and Nb (57.5 - 60.2 ppm). However, these varia-
tions mirror those of the transition metals, both in the global data set and in the
pyroclastic rocks as a whole, with respectively: Zr (226 - 791 and 228 - 425 ppm),
Hf (3.4 - 17.9 ppm and 3.4 - 7.2 ppm), and Nb (56.3 - 123 ppm and 56.6 - 73.6
ppm). Large ion lithophile element (LILE) contents in the two maars patterns
show no particular trend compared to transition metals and HFSE, although
they also vary widely in the data set as well as in the three maars pyroclastites:
Ba (144 - 874 and 144 - 556 ppm), Rb (1.5 - 93.4 and 1.5 - 41 ppm), and Sr (81.7
- 872 ppm and 81.7 - 757 ppm).
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Figure 9. Binary Harker diagram of major elements versus MgO

Binaries of Zr vs. selected trace elements (Figure 10) portray grossly the behav-
iors described above, with the exception of U and Th whose representative points

of pyroclastites define a pattern reminiscent of an open bowl.
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Figure 10. Variation diagrams of selected trace elements versus Zr.

4.2.5. Rare Earth Element Compositions

Rare Earth Elements (REE) normalized diagrams of pyroclasts from the Manen-
gouba maars reveal that they are enriched with respect to chondrites (Figure
11(a)) and to the Primordial Mantle (Fig. not shown). The enrichment relative to
chondrites ranges between 11.8 for Lu and 321 for La. Indeed, Light Rare Earth
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Elements (LREE) are strongly enriched with respect to Heavy Rare Earth Elements
(HREE); La/YDb ratios range from 17.7 to 28.86. All the curves are sub-parallel,

with a weak Eu negative anomaly for a Njeu-Seh Mugearite.
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Figure 11. Normalization spectra of the rare Earth elements of the pyroclastites of the Manengouba maars in relation to the primitive
mantle and the chondrites according to McDonough & Sun, 1995.

Chondrite Multi-Elements (ME) normalized diagram (Figure 12) and PM ME
normalized diagram (not shown) show overall similar patterns, especially with
respect to the severe negative anomalies in Rb, Pb, and P. Differences appear,
however, in the behavior of Hf and Ti: pyroclasts from Njeu-Seh show slight neg-
ative anomalies in Hf, but not in Ti, whereas some of the two maars pyroclasts
display slight negative anomalies in Ti (Figure 12).
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Figure 12. Normalization spectra of the trace elements of the pyroclastites of the Manengouba maars in relation to the primitive

mantle and the chondrites according to McDonough & Sun (1995).

Table 4. Synthesis of geochemical characteristics of ptroclastic rocks of Manengouba maars (MH, MF and MDS).

Djeu-Seh Maar

Female maar

Male Maar

Rocks Mugearite Trachyte Pyrocl Pyrocl Basalt Trachyte Pyrocl Basalt
Sample codes MGZ12 MGZ3 P2N3A P2N3B P2N4 P2N5 P22 P9 MGZ11 MGZ4 P23 MGZ9
Major elements

SiO2 46.485 59.473 28.694 23.027 31.142 35.19 25211 30.246 35.637 50.447 21.933 48.787
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Continued
TiO2 2.084 0.573 3.692  3.629 4.693 3.301 3.107 3.935 1.96 2.15 4.351 1.547
ALO:; 15.482 17.544 13.795 12.24 16.783 12.617 13.887 16.422 11.277 17.173 14.211 14.317
FeOt 13.464 4.939 19.465 17.817 24.8 20.333 15.232 18.813 17.211 10.823 23.223 11.122
MnO 0.248 0.163 0.316 0.254 0.35 0.351 0.223 0.268 0.312 0.277 0.335 0.28
MgO 3.681 0.539 10.494 6.838 9.074 6.573 6.017 6.357 7.786  2.825 5.722 2.302
CaO 7.232 2.031 7.211  5.579 7.833 10.037 5.107 4.709 8.117 4.01 5.06 5.634
Na,O 6.081 8.412 1.073 0.703 0.881 5.873 1.24 0.866 11.295 5.234 0.506 9.004
K20 3.094 5.908 0.228 0.202 0.365 2.419 0.26 0.171 2213 1.54 0.051 5.078
P205 0.481 0.1 0.777 0.742 0.879 0.465 0.683 0.754 0.335 0.746 0.831 0.373
Cr203 0.032 0.003 0.046 0.039 0.058 0.029 0.033 0.042 0.027 0.004 0.049 0.003
Total 98.364 99.685 85.791 71.07 96.858 97.188 71 82.583 96.17 95.229 76.272 98.447
MgO+FeO3 17.145 5.478 29.959 24.655 33.874 26.906 21.249 25.17 24.997 13.648 28.945 13.424
Mg# 21.47 9.84 35.03 27.73 26.79 24.43 2832 2526 31.15 20.7 19.77 17.15
Na0+K:0 9.175 14.32 1.301 0.905 1.246 8.292 1.5 1.037 13.508 6.774 0.557 14.082
Trace Elements
Ba 571 836 202 168 144 556 451 433 511 874 467 914
Co 19.9 0.5 52.6 47.8 49 345 42,6 444 18.8 12.9 45.2 5.8
Cr 27 6 114 128 138 66 91 115 26 9 98 5
Cs 1.19 0.5 0.07 <0.05 0.18 0.39 041 <0.05 0.71 0.53 0.11 0.47
Cu 16.8 1.7 54.3 55.4 56.8 48.2 55.7 624 56.2 9.2 62.5 4
Ga 17.4 27.6 24.2 233 26.4 21 17.5 20.2 21.6 19.1 20.3 19.6
Li 12.7 25 4.8 3.2 6.4 11.7 7.3 4.2 5.6 11 6.4 14.9
Mo 1.73 1.06 0.31 <0.05 0.15 0.23 0.61 0.09 0.47 0.1 <0.05 0.32
Ni 38.9 <0.5 185 151 157 80.1 119 155 35 5.9 112 1.7
Rb 78.4 93.4 3.4 1.6 7.6 41.1 38.1 2.8 47 48.6 1.5 75.3
Sc 9 3 28 24 24 19 24 26 12 7 27 7
Se 0.1 <0.1 0.4 <0.1 <0.1 0.4 <0.1 <0.1 0.3 <0.1 0.2 <0.1
Sn <1 6 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sr 745 137 199 163 81.7 542 757 350 540 872 130 478
\% 89 1 135 72 135 60 83 54 56 30 48 15
0.5 0.3 <0.1 <0.1 <0.1 <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Y 22.1 32.1 34.6 33.1 382 242 27.7 30.6 25.2 27.6 32.7 30.7
Zn 91 122 101 89.1 111 132 102 110 97.8 121 114 110
Pb 5.5 12.6 3.8 3.8 4.7 33 2.1 2.9 34 6.1 3.1 7.2
Th 11.6 16.1 7.6 7.5 8.9 6.7 5 6.4 6.1 7.6 6.5 12.1
U 2.8 4.7 1.6 1.6 1.9 1.5 1.2 1.5 1.6 2.4 1.5 3.1
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Continued
HFSE
Zr 361 791 252 283 425 235 236 228 235 301 239 226
Hf 8.2 17.9 6 3.7 7.2 3.7 34 34 5.5 4.9 3.6 4.1
Nb 106.1 123.1 73.6 56.9 67 56.6 60.2 57.9 62.4 56.3 57.5 58.8
Ta 5.5 3.2 5.33 3.98 4.77 3.86 446 4.09 4.1 3.96 3.8 4.1
REE
La 60.6 72 68.8 65.9 76.2 439 443 53.6 42.4 68.6 56.2 72.4
Ce 121 155 126 120 131 87.7 93 108 86.6 135 108 151
Pr 14.3 18 17 16.6 18.9 11.3 11.7 14 10.4 16.7 15.1 17.9
Nd 46.8 55.5 58.7 58.2 66.4 39 42.7  49.7 34.8 54.7 55.3 56.9
Sm 7.1 9.8 12.4 12.1 12.1 9.3 10.4 10.9 7.8 10.2 9.9 11.3
Eu 2.7 2.2 3.65 3.64 3.78 2.9 299 3.38 2.62 3.43 3.76 3.37
Gd 7.2 9.2 11.1 10.6 12.2 8.6 8.5 9.9 7.1 8.9 10.1 9.9
Tb 0.9 1.4 1.5 1.5 1.7 1.1 1.2 1.3 1 1.2 1.5 1.3
Dy 53 8.4 8.1 8.2 9.5 6 6.6 7.5 6 6.5 8.2 7.6
Ho 0.9 1.4 1.4 1.4 1.7 1.1 1.1 1.3 1 1.1 1.4 1.2
Er 2.5 4.3 4 3.7 4.3 2.9 2.9 3.5 3 3.1 3.6 34
Tm 0.3 0.6 0.5 0.5 0.5 0.3 0.4 0.5 0.4 0.4 0.4 0.4
Yb 2.1 4.2 3.1 3.1 3.6 2.3 2.5 2.9 2.3 2.4 3.1 2.8
Lu 0.3 0.6 0.5 0.5 0.5 0.3 0.4 0.4 0.3 0.4 0.4 0.4
Th/Hf 1.41 0.90 1.27 2.03 1.24 1.81 1.47 1.88 1.11 1.55 1.81 2.95
La/Yb 28.86 17.14 22.19 2126 21.17 19.09 17.72 18.48 18.43 28.58 18.13 25.86
Ce/Pb 22.00 12.30 33.16 31.58 27.87 26.58 44.29 3724 2547 22.13 34.84 20.97
Nb/U 37.89 26.19 46.00 35.56 35.26 37.73 50.17 38.60 39.00 23.46 38.33 18.97
Nb/Zr 0.29 0.16 0.29 0.20 0.16 024 0.26 0.25 0.27 0.19 0.24 0.26
Nb/Ba 0.19 0.15 0.36 0.34 0.47  0.10 0.13 0.13 0.12 0.06 0.12 0.06
La/Nb 0.57 0.58 0.93 1.16 1.14 078 0.74 0.93 0.68 1.22 0.98 1.23
Ce/Yb 57.62 36.90 40.65 38.71 36.39 38.13 37.20 37.24 37.65 56.25 34.84 53.93
La/Ta 11.02 22.50 1291 16.56 1597 11.37 993 13.11 10.34 17.32 14.79 17.66
Zr/Nb 3.40 6.43 3.42 4.97 6.34 4.15 3.92 3.94 3.77 5.35 4.16 3.84
Ba/Y 25.84 26.04 5.84 5.08 3.77 2298 16.28 14.15 20.28 31.67 14.28 29.77
Zr/Hf 44.02 44.19 42.00 76.49 59.03 63.51 69.41 67.06 42.73 61.43 66.39 55.12
P205/TiO2 0.23 0.17 0.21 0.20 0.19 0.14 0.22 0.19 0.17 0.35 0.19 0.24

5. Discussion

5.1. Magma Compositions and Source Characteristics

Magma compositions of the studied rocks vary widely between maar products and
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the coexisting rocks on the one hand, and between the two maars and the Njeu-
Seh ejecta on the other hand. Considering the maar products solely, their Mg#
varies between 0.31 - 0.54, and Ni and Cr contents are far below 250 ppm and 500
ppm, respectively, indicating that they are at most primary, but not primitive.
They lack mantle xenoliths and xenocrysts, in contrast to most of the CVL maars
spatters, but the crystal sizes suggest average to high ascent rates and a lack of
storage in a magmatic chamber. The La/Ta ratios vary from 9.93 - 22.5 and 9.93 -
16.56 in the three maars pyroclasts. These La/Ta ratios are grossly indicative of an
asthenospheric origin, based on the 22 < La/Ta < 30 subdivisions of Coish & Sin-
ton (1992). According to these authors, La/Ta ratios lower than 22 are typical of
the asthenospheric mantle, while those between 22 - 30 characterize sub-conti-
nental lithospheric mantle, and values greater than 30 points to contaminated
sources. Ce/YD is also largely used to discriminate the depth and composition of
the mantle source of rocks (Fitton et al., 1988; Leat et al., 1988; Thompson & Mor-
rison, 1988; Coish & Sinton, 1992). The Manengouba Maars deposits show high
Ce/Yb ratios (34.84 - 40.65) with respect to the barrier value of 20 considered as
discriminative of asthenospheric spinel and garnet peridotites. The combination
of La/Ta and Ce/Yb ratios suggests that the magma batch of the three Mount
Manengouba Maars derived from an asthenospheric garnet peridotite and suf-

fered only little or no crustal wall rock contamination.

5.2. Eruptive Dynamisms and Growth Models

The petrographic and geochemical data of samples from the Manengouba maars
reveal fractional crystallization processes and complex interactions between magma
and the surrounding rocks. The identified clinopyroxenes, plagioclases, olivines,
and sanidines indicate a crystallization sequence where mafic minerals crystallized
first, followed by felsic minerals. The presence of significant amounts of clinopy-
roxenes and plagioclases suggests crystallization at relatively high temperatures,
typical of basic to intermediate magmas (Fitton & Dunlop, 1985). Positive Euro-
pium (Eu) anomalies observed in the samples indicate significant plagioclase crys-
tallization under reducing conditions. These anomalies suggest that plagioclase
incorporated Eu**, enriching the residual magma in Eu. This observation is con-
sistent with intensive crystal fractionation, where plagioclase forms from the mag-
matic melt phase, altering the residual magma's chemical composition (Lorenz,
1986).

Recent studies on magmatic crystallization processes also show that interac-
tions between crystallizing minerals and magmatic fluids can influence Eu anom-
alies. Brenna et al. (2021) highlight the importance of magmatic fluid dynamics in
forming trace element anomalies and their distribution in volcanic rocks. Addi-
tionally, Ghasemi et al. (2019) demonstrated that pressure and temperature con-
ditions during crystallization can significantly affect the partitioning of trace ele-
ments, including europium.

Mafic minerals (clinopyroxenes, olivines) crystallized first, indicating early-
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stage high-temperature conditions. Felsic minerals (plagioclases, sanidines) crys-
tallize later, reflecting a decrease in temperature and the evolution of the magma.
Positive Eu anomalies in the samples suggest that plagioclase crystallized under
reducing conditions, incorporating Eu** and enriching the residual magma. This
process aligns with the crystal fractionation theory, where plagioclase significantly
impacts the residual melt’s composition. Magmatic fluid dynamics play a crucial
role in forming and distributing trace element anomalies, as shown by Brenna et
al. (2021). Interactions between crystallizing minerals and magmatic fluids can
lead to varied trace element distributions and anomalies. The partitioning of trace
elements, including Eu, is significantly affected by the crystallization conditions,
such as pressure and temperature (Németh et al., 2003). These conditions influ-
ence the crystallization sequence and the resulting geochemical signatures in the
rocks.

The combination of these factors provides a comprehensive understanding of
the magmatic evolution in the Manengouba maars. The identified mineral phases,
coupled with observed geochemical anomalies, highlight the intricate processes of
fractional crystallization and the impact of magmatic fluid dynamics on trace ele-
ment distribution. These insights are essential for interpreting the magmatic his-

tory and tectonic framework of the Manengouba region

5.2.1. Fractional Crystallization Processes and Their Impact on Mineral
Composition

Petrographic and geochemical data from the Manengouba maars reveal complex
fractional crystallization processes. The identified clinopyroxenes, plagioclases,
olivines, and sanidines indicate a crystallization sequence in which mafic minerals
crystallize first, followed by felsic minerals. Clinopyroxenes are present in varying
percentages (20% - 35%), while plagioclases account for 19% - 35% of the samples,
and olivines make up 5% - 15%. This crystallization sequence is typical of basic to
intermediate magmas, where high crystallization temperatures favor the initial
formation of mafic minerals (Fitton & Dunlop, 1985).

Positive Europium (Eu) anomalies observed in the samples suggest significant
plagioclase crystallization under reducing conditions. These anomalies indicate
that plagioclase incorporated Eu**, thereby enriching the residual magma in Eu.
This observation is consistent with intensive crystal fractionation, where plagio-
clase forms from the magmatic melt phase, altering the residual magma’s chemical

composition (Lorenz, 1986).

5.2.2. Role of Deep Magmatic Sources in Magma Evolution

Deep magmatic sources play a crucial role in the evolution of magmas in the
Manengouba region. Geochemical analyses show enrichments in trace elements
such as Nb (10 to 50 ppm) and Zr (up to 200 ppm), indicating contributions from
enriched mantle sources. Recent studies by Brenna et al. (2021) and Blundy et al.
(2010) emphasize the importance of interactions between magma and deep man-

tle sources in magmatic differentiation and the formation of trace element anom-
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alies. The high-temperature crystallization favors mafic mineral formation, typi-
cal of basic to intermediate magmas. Positive Eu anomalies indicate significant
plagioclase crystallization under reducing conditions. Incorporation of Eu** into
plagioclase enriches the residual magma in Eu, reflecting intensive crystal frac-
tionation processes. Enrichments in Nb and Zr suggest contributions from en-
riched mantle sources. Interactions with deep mantle sources are crucial for mag-
matic differentiation and trace element anomaly formation. Deep mantle sources
contribute to the enriched trace element profiles seen in the magmas. These inter-
actions are key to understanding the magmatic evolution and the formation of
specific geochemical signatures in the Manengouba maars region.

These insights into fractional crystallization processes and the role of deep mag-
matic sources provide a comprehensive understanding of the magmatic evolution
in the Manengouba maars. The identified mineral phases and geochemical anom-

alies highlight the intricate processes that shape the region's magmatic history.

5.3. Geochemical Correlations

The correlations between major elements and trace elements in the rocks from the
Manengouba maars reveal significant geochemical processes. Strong positive cor-
relations between SiO, and light rare earth elements (LREE) such as La (0.748),
Ce (0.750), and Nd (0.671) indicate an enrichment of LREE in SiO,-rich rocks.
This suggests advanced magmatic differentiation, where these elements are con-
centrated in residual liquids, typical of evolved magmas. For AL,Os, significant
correlations with Sr (0.540) and Zr (0.562) indicate that Sr is mainly incorporated
into plagioclase, reflecting significant crystallization of these minerals. The corre-
lations with Zr and Hf (0.511) suggest the presence of zircon and other accessory
minerals, indicating advanced magmatic differentiation.

Strong positive correlations between Fe,0; and compatible elements such as Co
(0.852), Ni (0.819), and Cr (0.735) indicate significant crystallization of mafic
minerals like pyroxenes and olivines, reflecting the ultramafic nature of the mag-
mas and early fractionation of these minerals. Similarly, the correlations between
MgO and Co (0.800), Ni (0.704), and Cr (0.679) confirm the crystallization of
mafic minerals, with a positive correlation between MgO and V (0.833) suggesting
significant incorporation of vanadium into spinels. Lastly, correlations between
Na,O and Rb (0.794) as well as K,O and Ba (0.770) indicate an association with
alkali feldspars, suggesting late-stage crystallization of these minerals in evolved
magmas. These observations show that alkali feldspars play a crucial role in the
late-stage crystallization of magmas, indicating complex differentiation and crys-
tallization processes in the rocks from the Manengouba maars.

Positive correlations indicate advanced magmatic differentiation, where in-
compatible elements are enriched in residual liquids. This is typical of evolved
magmas, where incompatible elements are retained in the magmatic liquid longer
during fractional crystallization. SiO,-rich rocks thus have higher concentrations

of LREE, suggesting advanced magmatic evolution. Strong positive correlations
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confirm that plagioclase is a significant mineral phase in the studied rocks. Sr is
compatible with plagioclase, suggesting significant crystallization of this mineral.
Positive correlations with Zr and Hf indicate the presence of accessory minerals
such as zircon, typical of evolved magmas. Correlations indicate significant crys-
tallization of mafic minerals, mainly pyroxenes and olivines. These minerals in-
corporate these trace elements, enriching the rocks in Fe,O; and MgO. This sug-
gests that magmatic fractionation processes in these rocks involve early separation
of mafic phases, enriching the residual magma in incompatible elements. Corre-
lations between certain trace elements (such as Zn and Mo) and major elements
may indicate interactions with hydrothermal fluids. For example, a moderate cor-
relation between Fe,O; and Zn suggests that zinc-bearing metallic minerals may
have formed or been altered by hydrothermal fluids. These interactions can also
contribute to the enrichment or depletion of certain elements in the volcanic rocks
studied.

The analyses of correlations between major and trace elements provide crucial
information on the magmatic and tectonic processes that led to the formation of
volcanic rocks in the Manengouba maars region. The enrichment in incompatible
elements and correlations with compatible elements suggest phases of fractional

crystallization and complex interactions between magmas and mineral phases.

5.4. Hydrothermal Alteration: Impact of Hydrothermal Fluids on
Mineral Composition

Signs of hydrothermal alteration observed in clinopyroxenes and olivines, notably
the transformation of olivine into serpentine, indicate post-crystallization inter-
action with hydrothermal fluids. These interactions modify the mineral composi-
tion of the rocks, affecting the physical properties of the pyroclastic deposits. X-
ray diffraction (XRD) analyses reveal a significant presence of smectite (25.99% -
76.05%) and kaolinite, indicating extensive hydrothermal alteration. Studies by
Gouy et al. (2023) show that hydrothermal alteration is often linked to local tec-
tonic activity, influencing the distribution and composition of clay minerals.
Hydrothermal alteration signs observed in clinopyroxenes and olivines, such as
the transformation of olivine into serpentine, suggest post-crystallization interac-
tion with hydrothermal fluids. These interactions can modify the mineral compo-
sition of the rocks and affect the physical properties of the pyroclastic deposits.
Opaque mineral inclusions, such as magnetite and ilmenite, suggest fluctuating
oxidation conditions during and after magma crystallization (White & Ross,
2011). X-ray diffraction (XRD) analyses show a significant presence of smectite,
kaolinite, and other clay minerals, indicating extensive hydrothermal alteration.
These clay minerals typically form under moderate temperature and pressure con-
ditions, characteristic of hydrothermal environments associated with active vol-
canic systems. Recent studies, such as those by Gouy et al. (2023), have shown that
hydrothermal alteration in volcanic environments can be closely related to local

tectonic activity, influencing the distribution and composition of clay minerals.
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Lerouge et al. (2023) have also highlighted the importance of hydrothermal fluid
circulation in modifying the isotopic and geochemical signatures of altered vol-
canic rocks.

Transformation of olivine into serpentine and alteration of clinopyroxenes in-
dicate interaction with hydrothermal fluids. These interactions modify the min-
eral composition and affect the physical properties of pyroclastic deposits. The
significant presence of smectite (25.99% to 76.05%) and kaolinite indicates exten-
sive hydrothermal alteration. These minerals form under moderate temperature
and pressure conditions typical of hydrothermal environments. Hydrothermal al-
teration is often linked to local tectonic activity, influencing the distribution and
composition of clay minerals (Gouy et al., 2023). Studies highlight the importance
of hydrothermal fluid circulation in altering the isotopic and geochemical signa-
tures of volcanic rocks (Lerouge et al., 2023). The presence of magnetite and il-
menite suggests fluctuating oxidation conditions during and after magma crystal-
lization. These conditions affect the mineralogical composition and the geochem-
ical signatures of the rocks.

These findings provide a comprehensive understanding of the impact of hydro-
thermal fluids on the mineral composition of the Manengouba maars. The exten-
sive hydrothermal alteration and its link to tectonic activity highlight the complex

interactions between magmatic processes and post-crystallization fluid dynamics.

5.5. Interactions between Magma and Country Rocks

Interactions between magma and country rocks play a crucial role in the evolution
of pyroclastic deposits. Opaque mineral inclusions such as magnetite and ilmenite
suggest fluctuating oxidation conditions during and after magma crystallization.
These interactions alter the chemical composition of the magmas, enriching them
in trace elements and rare earth elements (REE) (White & Ross, 2011). Studies by
Lerouge et al. (2023) emphasize the importance of hydrothermal fluid circulation
in modifying the isotopic and geochemical signatures of altered volcanic rocks.
The presence of these hydrothermal fluids and their interactions with both the
magma and the surrounding rocks lead to significant changes in mineral compo-
sition and trace element distribution.

Opaque mineral inclusions such as magnetite and ilmenite indicate varying ox-
idation conditions during and after crystallization. These conditions influence the
chemical composition of the magmas. Interactions between magma and country
rocks result in the enrichment of magmas in trace elements and REE. These chem-
ical changes are crucial for understanding the evolution of pyroclastic deposits.
Hydrothermal fluids play a significant role in modifying the isotopic and geo-
chemical signatures of volcanic rocks. These fluids interact with the magma and
surrounding rocks, leading to changes in mineral composition and trace element
distribution. The interaction between magma and country rocks affects the phys-
ical and chemical properties of pyroclastic deposits. Understanding these interac-

tions is essential for interpreting the magmatic and tectonic history of the region.
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These interactions highlight the complex processes involved in the evolution of
magmas and their impact on the surrounding geological environment. The en-
richment in trace elements and REE, along with the influence of hydrothermal
fluids, provides valuable insights into the magmatic processes and post-crystalli-

zation modifications in the Manengouba maars.

6. Conclusion

This in-depth study of the maars of Manengouba, located along the Cameroon
Volcanic Line (CVL), reveals a complex magmatic evolution marked by processes
of fractional crystallization, hydrothermal alteration, and dynamic interactions
between magma and country rocks. Petrographic data show a diverse mineralog-
ical composition with a crystallization sequence in which mafic minerals crystal-
lize first, followed by felsic minerals. The Europium (Eu) anomalies observed in
the samples suggest crystallization under reducing conditions, consistent with in-
tensive fractional crystallization.

Geochemical analyses reveal clear trends of magmatic fractionation, indicating
that the magmas underwent significant differentiation before eruption. Explosive
interactions between ascending magma and groundwater led to phreatomagmatic
explosions, forming complex diatreme structures. The presence of mantle xeno-
liths and fragments of country rock in the breccias indicates significant assimila-
tion of country rocks during magma ascent, altering their chemical composition.

Hydrothermal alteration, confirmed by XRD analyses, shows post-crystalliza-
tion transformation of minerals, indicating interactions with hydrothermal fluids.
These alterations have modified the mineralogical composition of the rocks, in-
fluencing the physical properties of the pyroclastic deposits.

The results of this study propose a detailed model of diatreme growth in the
Manengouba region, highlighting the importance of phreatomagmatic interac-
tions and magmatic fractionation processes. Compared to other volcanic regions,
the geology of Manengouba shows significant similarities with other volcanoes
along the CVL, as well as with maars and diatremes studied elsewhere in the

world.
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