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Abstract The Mbengwi recent magmatic formations consist
of volcanics and syenites belonging to the same magmatic
episode. Lavas form a bimodal basanite-rhyolite alkaline se-
ries with a gap between 50 and 62 wt.% SiO,. Mafic lavas
(basanite-hawaiite) are sodic while felsic rocks (trachyte-
rhyolite-syenites) are sodi-potassic, slightly metaluminous to
peralkaline. The geochemical and isotopic characteristics
(0.7031 <(¥"St/*°Sr)initia<0.7043; 1.03<engi<5.17) of these
rocks are similar to those of other rocks from the CVL. The
main differentiation process is fractional crystallization with
two trends of fractionation. Their Rb/Sr isochron age of
28.2 Ma, almost similar to 27.40+0.6 MaK/Ar age obtained
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in a trachyte from neighboring Bamenda Mountains system,
precludes any local age migration of an hypothetic hotspot.
Mafic lavas have OIB features displaying an isotopic signa-
ture similar to that of HIMU mantle source different from
FOZO known as source of most parental magmas along the
CVL.

Introduction

The Cameroon volcanic line (CVL) is a tectono-magmatic
structure characterized by an alignment of oceanic and conti-
nental volcanoes extending on more than 1,600 km. The line
strikes almost SW-NE forming a swell and basin structure, the
six oceanic islands and four continental central volcanoes
representing swell (Burke, 2001) (Fig. 1b). The central volca-
noes include the still active Mount Cameroon, the
Manengouba, Bambouto-Bamenda and Oku Mountains. Few
of these massifs have been studied. The available petrological
and geochemical data show that rocks generally range from
basalts, basanites, and hawaiites to trachytes, rhyolites and/or
phonolites in a given massif defining a bimodal series, except
at the continent-ocean boundary where Bioko and Mount
Cameroon are mainly basaltic. However a few massifs includ-
ing Manengouba Mountains (Kagou Dongmo et al. 2001) and
the Bamenda-Bambouto display a complete range from basic
to felsic rocks, characterized by a great abundance of mafic
and felsic lavas and relatively rare occurrence of intermediate
terms (mugearites and benmoreites) (Marzoli et al. 1999,
2000; Kamgang et al. 2007, 2008). Geochronological data
reveal that the oldest volcanic ages (K-Ar) so far obtained
(51.8+1.2 Ma and 46.7+1.1 Ma) are respectively in the
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transitional lavas and in an olivine basalt from the Bamoun
Plateau (Moundi et al. 2007). According to these data, the
magmatic activity along the CVL can be divided into three
periods: 1) the first (73—40 Ma) which is well expressed on the
anorogenic complexes and of the Bamoun plateau; ii) the
second (40 Ma—30 Ma), represented by the volcanoes of the
northern Cameroon (Benue trough, Kapsiki plateau, and Golda
Zuelva), and iii) the last (Upper Eocene to Recent) character-
ized by the appearance of magmatism in the oceanic sector
with an episodical synchronous volcanicity. A local SW
younging age has been suggested in the West Cameroon high-
lands from Mount Oku (31 Ma) to Bambouto (14 Ma) (Marzoli
et al. 2000). Kagou Dongmo et al. (2010) has even obtained in
the Bambouto Mountains a younger age of 0.48+0.01 Ma
(K-Ar) in basalts. The K-Ar age range (27.40—12.7 Ma) re-
cently obtained in the felsic lavas of Bamenda mountains
(Kamgang et al. 2010) seem not to be in accordance with this
hypothesis.

In order to contribute to this debate, the detail study
of recent magmatic rocks of Mbengwi area, located NW
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to the Bamenda Mountains, has been undertaken. This
study led us to the discovery of a syenitic intrusion
associated with the lavas, both representing the last mag-
matic event having affected the Mbengwi Pan-African
granitoids. Their petrological and geochemical and isoto-
pic data are presented in this paper. The aim is to
constrain their petrogenesis and to compare the results
with those of the neighboring Bamenda Mountains in
particular and the whole CVL in general.

Regional geological setting

The Mbengwi area geographically bounded by the lat-
itudes 6°06' and 5°58'North and the longitudes 9°57’
and 10°06'East (Fig. 1c) is located within the Western
Cameroon highlands (Bambouto, Bamenda and Oku
Mountains).

The neighboring Bamenda Mountains situated between
5°40'N and 6°10'N and 10°00'E and 10°30'E is the fourth
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Fig. 1 (continued)
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more important volcano (in volume) of the CVL. It appears
as the NE prolongation of Mounts Bambouto with which
there is no clear limit. The massif culminates at 2,621 m
(Bambili Lake borders) and lay on a Pan-African granitic
basement (Toteu et al. 2001; Nzolang et al. 2003). Mafic
lavas include basanites, basalts, and hawaiites whereas in-
termediate and felsic lavas comprise few benmoreites and
mugearites and abundant trachytes, rhyolites and pyroclastic
flow deposits (Gountié Dedzo et al. 2011). Mafic and inter-
mediate rocks are alkaline and felsic ones are mainly metal-
uminous to peralkaline. K-Ar dating (Kamgang et al. 2010)
shows that felsic lavas are older than mafic lavas (27.40—
18.98 Ma and 17.4 Ma to the present).

The Bambouto Mountains and Oku massif volcanoes
are also dominated by felsic lavas relative to mafic
ones. Like in the Bamenda Mountains, felsic lavas are
older (Marzoli et al. 1999, 2000) and include abundant

trachytes, less abundant rhyolites and subordinate ben-
moreites whereas mafic lavas are made up of basanites
and basalts with minor hawaiites and mugearites. Mafic
lavas are generally alkaline and felsic rocks alkaline to
peralkaline; but a few lavas with transitional affinities
have been published (Marzoli et al. 2000). As in the
other massifs of the CVL, fractional crystallization
sometimes associated with crustal contamination of a
mantle derived melt is the main differentiation process
of the Western Cameroon highlands (Marzoli et al.
1999, 2000; Kamgang et al. 2010).

The Mbengwi area is marked by the abundance of
Pan-African basement rocks relative to Tertiary magmat-
ic rocks. The Pan-African basement rocks consist main-
ly of heterogeneous and syntectonic granitoids enclosing
locally xenoliths of gneisses and/or amphibolites. The
basement in which the recent magmatic rocks here
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studied are emplaced includes monzogabbro, monzonite,
granodiorite, granite.

Analytical methods

Eighteen representative samples of both plutonic and volca-
nic rocks have been analyzed at the Ecole des Mines of
Saint Etienne (France) for major elements, at ALS Minerals
laboratory of Sevilla (Spain) for trace elements in felsic
rocks and at the department Geosciences Environment
Toulouse (GET-OMP-University of Toulouse 3, France)
for trace elements (lavas) and for Nd and Sr isotopes.
Major elements and trace elements analyses have been made
by ICP-OES (Inductively Coupled Plasma—Optical
Emission Spectrometry) and ICP-MS (Mass Spectrometry)
methods respectively. International geostandards have been
used and details of the methods are available in Weis and
Frey (1991), Benoit et al. (1996), Aries et al. (2000), Ore
Research and Exploration (2004). The Standard deviation
for trace elements analysis was typically below 2 wt.%,
0.92 wt.% for SiO,, 326.6 ppm for TiO,, 0.45 wt.% for
Al,03, 0.09 wt.% for Fe,O5, 75.55 ppm for MnO,
0.14 wt.% for MgO, 0.26 wt.% for CaO, 0.19 wt.% for
Na,O, 753.10 ppm for K,O and 249.50 ppm for P,Os.
The detection limits for trace elements range from
0.01 ppm (REE) to 20 ppm (Zr). Mineral compositions have
been analyzed with a CAMECA SX 50, at the service of
microanalysis and microscopy of the GET. The analytical
conditions were 15 kV for the acceleration tension and the
beam size was 2x2 um under 10 or 20 A, according to
resistance of mineral to the electronic beam. Acquisition
times were 10s for the peak, and 5 s on both sides of the
peak, for an analyzed volume of 5 um?®. K« lines were used.

Isotopic measurements of Sr and Nd were eluted after
HF/HNO; digestion using Eichrom Sr-Spec, Thru-Spec
and Ln-Spec resins. The measurements were performed
on a Finnigan 261 multicollector thermal-ionization mass
spectrometer. Sr isotopic ratios are corrected for mass
fractionation with normalization to *¢Sr/**Sr=0.1194.
Replicate analyses of the NBS 987 standard yielded an
average °'Sr/*°Sr value of 0.710255+0.00002. Nd isotopic
data are corrected for mass fractionation by normalization
to ratio '**Nd/"**Nd=0.7219. Replicate analyses of the La
Jolla Nd standard yielded an average '**Nd/'**Nd value of
0.511850+0.00001.

Nomenclature and petrography
The late magmatic rocks of Mbengwi consist of mafic

and felsic rocks. In the (Na,O+K,0O) vs SiO, wt.%
diagram of Le Bas et al. (1986) (Fig. 2), mafic lavas
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fall in the field of basanite, basalt, hawaiite and mugear-
ite, while felsic rocks correspond to trachytes, rhyolites
and syenites. Some samples of basanite (E30) and
hawaiites (E7-1) display centimetric serpentinized man-
tle xenocrysts of olivine (Fogy.go) probably resulting
from the disaggregation of peridotite, but their modal
amount is not enough to affect significantly the whole
rock chemistry. In general, mafic lavas have microlitic
aphyric or porphyritic textures (Fig. 3). Plagioclase,
olivine, pyroxene and opaque minerals are the main
phenocrysts phases. The groundmass is cryptocrystalline
and consists of olivine microcrystals; plagioclase micro-
lites showing in some samples a preferential orientation,
opaque minerals, and accessory apatite. Secondary min-
erals include carbonates.

Trachytes are dark green, sometimes brecciated with
fragments of trachytic lavas and of granitic basement.
They are porphyritic and their groundmass consists
mainly of finely crystallized alkali feldspar (= 60 %),
clinopyroxene (=10 %) and opaque minerals (=15 %).
The phenocrysts are mainly alkali feldspar (8-10 %),
clinopyroxene (1-3 %), opaque minerals (5-7 %) and
most of them except the opaque minerals are crowned.
Opaque mineral microcrystals are rounded or angular,
and are included in clinopyroxene crystals, or associated
with carbonates around which they form a crown, while
phenocrysts, up to 1 mm long, are generally corroded or
reabsorbed by the groundmass and include plagioclase,
olivine or zircon in some samples.

Rhyolites are ashy to greenish grey. Quartz (1 mm) and
alkali feldspar phenocrysts sometimes form aggregates.

16
05

14 + Phonali .-/
P E e Alkaline
= Fohrinhonoliae.
T.: 12 + ephriphonc l:w_ 28 Rhyolite
£ ET / y .E
2,10 ’ . 5 Trachyte
2] L Phonotephri \
= ; Foidite ; ' . Benmoreite', .,
* S | ] ) A - ™\
=} oMu it N
2 .-

\Subarf.ﬁufint

4F a7
A L~
St unesl >
2+ ,/ Basal ‘ Andesitid  Andesite, Dacite
Picro - | basalt

R L R A e X
34 38 42 46 50 54 58 62 66 70 74 78
SO, (Wt.%)

Fig. 2 Total alkali—silica (wt.%) diagram according to Le Bas et al.
(1986). The Mbengwi recent formations fall mainly in basanites, hawai-
ites, mugearites, trachytes and rhyolites fields. CS=domain of rocks
from the continental sector of Cameroon volcanic line (blue color);
OS=domain of lavas from the oceanic sector of Cameroon volcanic line
(pink color); ET=domain of undersaturated lavas from Mount Etinde.
The different domains are according to Déruelle et al. (2007)
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Fig. 3 Representative
photomicrographs for the main
recent magmatic rocks from
Mbengwi. (a) Felsitic texture in
a rhyolite F3; (b) brechitic
texture in a rhyolitic tuff E52
showing a zoned plagioclase;
(¢) microlitic aphyritic texture
in an hawaiite E50; (d)
microlitic aphyritic texture in
hawaiite E46 with plagioclase
microlites showing a
preferential orientation; (e)
porphyritic basanite with
olivine phenocrysts in a
microlitic groundmass made
up of sanidine olivine and
opaque minerals; (f)
equigranular texture in a
quartz syenite. Ap=apatite,
Amp=amphibole, Pl=
plagioclase, Ol=olivine,
Or=orthoclase

They have a fluidal structure marked by the orientation
of microlites and vacuoles parallel to glass trails. Their
groundmass is very finely crystallized, locally glassy
and represents almost 85 % of the rock. The phenocryst
phases comprise K-albite (6—-8 %), Na-sanidine (=4 %)
and quartz (2 %).

Syenites and felsic lavas outcrop in metric blocks at
the same place, meaning that they may be genetically
associated. They have a fine-to medium-grained texture
and are made up of amphibole (8—12 %), orthoclase
and/or microcline, (29 %), sanidine (20-37 %) plagio-
clase (20-31 %), clinopyroxene (= 4 %), opaque min-
erals (= 2 %) and occasionally either quartz (2 %) or
olivine (= 1.5 %), apatite (< 1 %), zircon (< 1 %) and
titanite (< 1 %). The presence or lack of quartz, fayalite
and pyroxene phenocrysts led us to distinguish two
different types of syenites: the fayalite-pyroxene syen-
ites, and the quartz-syenites. Microcline is secondary
and orthoclase is perthitic and almost always zoned.
Green hornblende is associated with pyroxene and lo-
cated within spaces between phenocrysts or included in
feldspar. Olivine and titanite are interstitial.

Mineral chemistry

Feldspars

Representative feldspars analyses from Mbengwi recent mag-
matic rocks are shown in Table 1. Plagioclase compositions
range from labradorite (Anss 16-69.32Ab20.28-42.91017 128 3.11)
to andesine (Ans3 73 45.31Abs1 01-61.12013 208 02) in basanites,
from labradorite (Ans 44-62.15Ab36.25-43.7007] 53-3.58) tO
oligoclase (Ansg gs_29.438Abe3.907-64.600T6 46-6.56) iN
hawaiites whereas in mugearites plagioclase is
labradorite (Ans;.36Ab46.95011 70) and Na-albite
(Ang 14-0.55Abe4.10-67.600132.23-35.33) in rhyolites and quartz-
syenites (Ang_o.09Abos 359923010 73_4.65) (Fig. 4).
Compositions are homogenous from the rim to the core
of minerals. Alkali feldspars are mostly present in
felsic rocks and scarce in mafic lavas. Their compositions
are K-albite (Ans g4Absg 3701358 09) in hawaiites,
K-albite (An;.03-13.94Abgs.28 70-990T16.96-18.76) and
Na-sanidine (An; ¢pAbgg.760137.60) in trachytes, K-
albite (Ang.14-10.57Abga.10-72.190115.88 35.33) and Na-
sanidine(Ang ¢4Abs7.340145 02) in rhyolites, K-albite
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Fig. 4 Compositions of feldspars in the Ab-Or-An diagram from
Smith and Brown (1988)

(Ang _10.00Abss 40-85.600T14.40-44.60), Na-sanidine
(Ang_o.83Abs1.41-50.680r39 49_48.49), sanidine
(Ano_ologAbzl_3948_6301'5128,78‘51), orthoclase and microcline
(AnOAbl3.65—l4.850r81.78—86.05) in Syenites. The ZOIliIlg of alkali
feldspars observed in syenites is marked by enrichment
in K,O and depletion in Na,O and CaO from the core
to the rim of crystals. These feldspars are all character-
ized by Si+Al'"V<4 and their contents in celsiane are
negligible (< 0.7 wt.%).

Clinopyroxenes

Ca-rich pyroxenes occur both in lavas and syenites. Their
composition (Table 2) shows a total absence of Cr,Os. Their
Mg# (100.Mg/(Mg+Fe")) varies considerably from 29.60 in
syenites to 85.00 in basanites. Al"Y/AIY! ratios display a large
range of variation from 0 in fayalite-pyroxene syenite to 35 in
hawaiites E7. According to the classification scheme of
Morimoto et al. (1988) (Fig. 5), clinopyroxenes have compo-
sition of diopside (Wo4s.10-51.40EN40.18-41.58F57.35-14.72) and
augite (Wo42.28 44.96En36.24 47.61F88.42 21.47) in basanites, and
of mainly diopside (Wo4e.52 54.24En34.17 43.76FS6.53-1931) in
hawaiites, augite (Wog4) 6744.19E2730 33.26F823.85 28.50) In tra-
chytes and augite (W0434543.92En16.75-21.60F$34.30-30.80) and
hedenbergite (Wo4s.40En»; 30Fs33.30) in pyroxene fayalite-
syenites. In almost all basanites samples and in some hawaiites
having mantle xenocrysts, there are clinopyroxene phenocrysts
with Wo contents >50 % which correspond to fassaites. This
fassaitic character of some pyroxene is a common feature of
pyroxenes from basaltic lavas from CVL which has already
been pointed out the neighboring Bamenda basanites
(Kamgang et al. 2008) and the Quaternary alkaline basalts of
the Noun Plain, and of Mount Bambouto (Wandji et al. 2000;

Kagou Dongmo et al. 2010). The Ti/Al ratio is in the range
(0.04-2.18) and most of the lavas, except basanite, have an
average close to 0.30 reflecting a relatively low equilibrium
pressure (Wass 1979). There is a negative correlation of Si and
Mn and Fe,, with Mg#, a positive one for Al and Ti and no
correlation for Ca.

Amphiboles

Amphiboles (Table 3) are sodic-calcic and vary from kato-
phorite to Fe-richterite (Fig. 6) following the classification
scheme of Leake et al. (1997). They are characterized by a
large range in Mg# [100 Mg/(Mg+Fe*")] (0.40-28.20), low
TiO, (< 1.80 wt.%) and MnO (0.78-1.66 wt.%) contents.
Their SiO, and Al,O; contents range from 45.44 to
49.97 wt.% and from 0.40 to 2.22 wt.% respectively, while
the sum of alkali ranges from 2.90 to 7.8 wt.%. Richterite is
characterized by lower MgO (0.06-4.02 wt.%), and CaO
(2.37-7.09 wt.%) contents compared with katophorite
(3.81-5.02 wt.% and 6.52—7.48 wt.% respectively). In con-
trast Al,O; contents are higher in katophorite (1.91—
2.22 wt.%) than in richterite (0.40—1.87 wt.%).

Olivines

Olivines have a composition of forsterite in mafic lavas and
fayalite in syenites (Table 4). The crystals are generally chem-
ically homogeneous, but they can sometimes be slightly
zoned. The zoning is normal in basanites and marked by the
increase of forsterite content from the cores to rims of crystals
(e.g. Foyq to Foy¢ in E30), and inversely in hawaites (e.g. Fog;
to Fogs in E7). In lavas, Mg-number [100 Mg/(Mg+Fe?*)]
(60.59-89.11), CaO (0.09-0.59 wt.%), MnO (0.10—
0.96 wt.%) and NiO (< 0.36 wt.%) contents of olivine are
similar to those of other lavas from the CVL (Ngounouno et
al. 2001; Wandji et al. 2009; Kagou Dongmo et al. 2010)

In pyroxene fayalite syenites, fayalite (Fag; gg) is
enriched in MnO (3.93-4.98 wt.%) relative to forsterite
from mafic lavas. Their NiO (< 0.09 wt.%), CaO (0.33—
0.45 wt.%) and Cr,0O5 (< 0.07 wt.%) contents are rather
low. FeO, MnO and CaO, are negatively correlated to
the forsterite content while SiO, and TiO, positively
correlate.

Opaque minerals

Opaque minerals have compositions of ilmenite (occurring
only in quartz syenite) and spinels. According to the no-
menclature of Haggerty and Tompkins (1983), spinels cor-
respond to ulvospinel, magnetite and magnesioferrite (Fig. 7).
Their Ti0,>0.20 wt.% and Fe*'/Fe®>*<2 for almost all the
samples, preclude their mantle origin according to
Kamenetsky et al. (2001). They are characterized by Cr#
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Wo (Ca)

En (Mg) /

Fig. 5 En—Wo—Fe ternary diagram of pyroxenes (Morimoto et al.
1988) Di=Diopside; Pgt=Pigeonite; Aug=Augite; Wo=Wollastonite,
En=Enstatite; Fs=ferrosilite. Pyroxene having Wo content >50 wt%
are fassaite

Fs (Fe*')
50

(100Cr/(Cr+Al1))<38.63; Yres: (100 Fe*/(Fe®" + Cr+Al))
ranging from 13.92 to 96.18; Fe*™ (100 Fe*'/(Fe*" + Mg))
from 38.74 to 88.96. Finally their Mg# (Feqorar) ratios vary
from 11.03 to 61.26. Basanites contain the most magnesian
(Mg#=61.26), chromiferous (Cr#=35.98-38.63), aluminous
(A1,05=51.70-52.73 wt.%), and NiO-rich (0.17 wt.%)
spinels.

Carbonates

Carbonates include siderite, magnesite and rarely ankerite.
Their rhodochrosite contents are less than 5.3 wt.%.
According to the geothermometer of Davidson (1994) their
crystallization temperatures range from 730 °C for ankerite
to 525 °C for siderite and magnesite.

Whole rock geochemistry

Major and trace element compositions of 18 representa-
tive samples of the Mbengwi area are presented in
Table 5. These results were recomputed on an anhy-
drous base because the loss on ignition contents was
higher than the critical value of 2 wt.% in almost 30 %
of samples.

Major elements

The Mbengwi recent volcanic rocks form a bimodal alkaline
suite from basanites to rhyolites, with a compositional “Daly
gap” between mafic and felsic terms as observed for the
most of the CVL massifs. SiO, varies from 42.89 to

76.00 wt.% with a gap between 49.86 and 62.63 wt.%.
The sum of alkali (Na,O+K,O) varies from 3.47 to
11.73 wt.% and Na,O/K,O ratios from 1.01 to 5.53.
The mafic rocks are sodic (Na,O/K,O: 1.57-5.53) ex-
cept the basanite sample E30 (Na,O/K,0=1.6), and
have moderate MgO contents (4.2-11.2 wt.%). The fel-
sic lavas are essentially sodi-potassic (Na,O/K,0: 1.01-
1.25), slightly metaluminous to peralkaline. Rhyolites
and trachytes are commenditic. These features are sim-
ilar to those of some recent lavas from the continental
sector of CVL such as lavas from Mounts Bamenda
(Kamgang et al. 2007; 2008), Manengouba (Kagou
Dongmo et al. 2001) and the Noun (Wandji 1995) and
Tombel (Nkouathio 1997) plains and to those of
Hawaiian lavas (Macdonald and Katsura 1964).

In syenites, the SiO, Al,0; and MgO contents range
from 63.44 to 64.81 wt.%, 15.34 to 16.71 wt.% and
0.40 to 0.50 wt.% respectively. Syenites are rich in
alkali (Na,O+K,0=11.46-11.60 wt.%) and character-
ized by a low Mg# (7.5-11.5), and low Ni contents<
5 ppm. Their molar ratios K,O/Na,O (0.54-0.61),
[(Na,O+K,0)/Al,05: 0.95-1.03], and CaO/Al,03<1
are similar to those of the Nda Ali syenites from
CVL (Njonfang and Moreau 1996) and Kerguelen
Islands syenites (Giret 1983). The quartz-syenite sample
(FO) is peralkaline according to its peralkalinity index
[(Na,O+K,0)/Al,053>1], while fayalite syenites are
weakly metaluminous with (Na,O+K,0)/Al,O5 ratios
ranging between 0.95 and 0.97. The fayalite-pyroxene
syenites are earlier than quartz syenites. This assertion
is mineralogically attested both by early crystallized
mineral such as olivine in the fayalite-pyroxene syenite
and by the presence of late crystallized mineral such as
magmatic zircon in quartz-syenites. Otherwise the high-
est Zr contents of quartz-syenites (979 ppm) compared
to fayalite-pyroxene syenites (325 ppm) suggest that the
peralkaline quartz-syenite are more evolved, therefore
later than fayalite-pyroxene syenites.

The Mbengwi recent magmatic rocks have a differentiation
index (DI) ranging from 22.2 to 89.7 in lavas and 84.7 to 86.2
in syenites. All the rocks are apatite (0.09-4.40 wt.%) and
ilmenite (0.65 to 8.36 wt.%) normative.

Felsic rocks are diopside (4.53-5.13 wt.%) and hyper-
sthene (0.97-7.29 wt.%) normative, while mafic lavas
contain normative magnetite (2.13-2.62 wt.%) and neph-
eline (1.48-22.45 wt.%) despite the absence of modal
nepheline. Normative acmite (2.01-2.79 wt.%) is present
only in peralkaline rocks (quartz syenites and rhyolites)
and normative sodium metasilicate (< 0.97 wt.%) in
rhyolites.

In the Harker diagrams (Fig. 8a), there is a continuous
decrease in MgO, Fe,05, CaO, and TiO, with increasing of
the differentiation index (DI), while K,O and obviously
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Fig. 6 Amphibole in Mg/(Mg+Fe*") vs Si (a.p.f.u) diagram, follow-
ing the terminology of Leake et al. (1997)

Si0, increase from mafic to felsic rocks. In contrast, Al,O5
and MnO increase with DI in mafic lavas and decrease in
felsic rocks. Overall, the Mbengwi lavas display major
element variations similar to those from the Bamenda
(Kamgang et al. 2007; 2008; 2010), Bambouto and Oku
Mountains (Marzoli et al. 1999; 2000).

Trace elements

The amounts of Ni, Cu, Zn, Y, Ga, Pb and Sn vary consider-
ably from mafic to felsic rocks. Ni (0.2—-179.3 ppm with the
highest value in the basanite E30), Cu (< 52.3 ppm with
maximum in hawaiite E7-1), Sn (1.5-8.1 ppm with maximum
in rhyolite), Zn (63.4-460 ppm with maximum in syenite
BA83), Pb (1.6-14.ppm, with the highest content in syenite
BAS3), Y (21.4-97.9 ppm with the highest content in syenite
BAR83). The variation of incompatible trace elements is
marked by the increase of Zr, Rb, Nb and Th from
mafic to felsic rocks. The distribution of selected trace
elements relative to Th contents is shown in figure 8b.
The Rb contents are significantly higher in felsic rocks
than in the mafic lavas. Zr, Nb, Rb, Y, Yb, La and Ta show
a positive correlation with Th contents with a linear trend for
Nb and Zr, contrary to Sr and V. The Sr contents
decrease from mafic lavas (1241.6-790.7 ppm) to felsic
rocks (< 236 ppm).

Z1/Rb (5.25-16.87) and Ga/Rb (0.32—-1.04) ratios are
nearly identical to those of the lavas from Bamenda
Mountains (8.42—-15.33 and 0.36-0.68 respectively)
(Kamgang et al. 2007, 2008) and reflect an enrichment in
Ga and high field strength elements (HFSE) relative to
large-ion lithophile elements (LILE). The Zr/Nb ratios are
almost constant for the entire series and range between
3.5 and 6.6, while Ba/Ta ratios range between 1.6 and
645.4. The Chondrite-normalized multi-element dia-
grams (Fig. 9a-b) show an enrichment from Ba to Ta
(200-600 times the chondrite values) (McDonough and

Sun. 1995) with the highest peaks at Nb and Ta. All
spectra exhibit a negative Rb anomaly. This distribution
in trace elements is comparable with those of oceanic
island basalts (OIB).

The chondrite normalized rare earth elements patterns
of mafic and felsic rocks are homogeneous and almost
parallel (Fig. 10a—b). They show a strong enrichment in
light rare-earth elements (LREE) compared with heavy
rare-earth elements (HREE) (La/Yb)y (9.3-30). The val-
ues of Eu anomalies [Ew/Eu*=Eun/(Smy Gdy)'?] as
defined by Taylor and McLennan (1985) range from
1.13 to 0.96 in mafic rocks, and from 2.04 to 0.23 in
felsic rocks. The mafic lavas show an overall weak
negative Sm anomaly and a very slight positive Eu
anomaly. In felsic rocks, positive anomalies (2.04—
1.39) characterize metaluminous felsic rocks (trachytes
and fayalite-pyroxene syenites) whereas negative Eu
anomalies (0.66—0.23) mark peralkaline felsic rocks
(rhyolites and quartz-syenites).

Isotopes

Ten new Rb/Sr and Sm/Nd isotopic ratio were obtained
both in felsic (trachyte, rhyolite, fayalite-pyroxene sye-
nite and quartz-syenite) and mafic rocks (basanite and
hawaiite). The ®’Sr/*°Sr isotopic ratios vary between
0.703175 (Hawaiite E7-1) and 0.727181 (rhyolite) while
"Nd/'**Nd ratios vary from 0.512691 (rhyolites and
fayalite syenite) to 0.512903 (hawaiite). *’Rb/*°Sr ratios
remain low (< 0.2) in mafic lavas whereas in felsic
rocks they are higher (0.5-63). The Sm/Nd ratios are
low (0.11-0.13). The Rb/Sr whole rock isochrone yields
an age of 28.2 Ma (Upper Eocene) for these magmatic
formations; this age is almost similar to the 27.40+
0.6 MaK/Ar age recently obtained in a trachyte from
Bamenda mountains (Kamgang et al. 2010).

Initial isotopic ratios range from 0.7017 to 0.7043 and
from 0.5127 to 0.5129 for (*’St/**Sr)i and (‘**Nd/'**Nd)i
respectively. The exceptionally high Sr isotopic ratio
(0.72718) measured for the sample F3 (rhyolite) is due both
to its high Rb content (138.97 ppm) and high Rb/Sr ratio.
The radiogenic Sr ratio [(*’Sr/**Sr);=070167] of the same
rhyolite is an artifact, certainly overcorrected; however this
sample belongs to the same magmatic history with other
lavas according to its ("**Nd/"**Nd)i (0.5126685).

Discussion
Differentiation processes

Geochemical criteria favor fractional crystallization as the
main process responsible of the range of composition and
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Fig. 7 Composition of opaque minerals after Haggerty and Tompkins
(1983)

lithology of the Mbengwi recent magmatic formations. This
evolution of the investigated rocks by fractional crystalliza-
tion is emphasized by: i) the enrichment in LREE expressed
by high Lan/Yby (8.7-22.6) ratios; ii) the parallelism
observed between the REE patterns; iii) the homogene-
ity of various ratios of some hygromagmatophile ele-
ments such as Zr/Nb (3.51-6.61), Th/Hf (0.68-1.52)
and La/Ta (8.4-16.23); iv) the distribution of some
incompatible elements such as Th, Rb, Zr Hf and La
defining positive evolution trends; vi) the decrease of
compatible trace elements (Cr, Ni) with the increase of
Rb and finally, vii) the constancy of La/Nb ratio with
the increase of MgO contents (not shown). The low
magnesium (MgO<5 wt.%), nickel (Ni<15.3 ppm) and
chromium (Cr<4 ppm) contents of most hawaiites sug-
gest a strong fractionation of olivine, clinopyroxene and
Fe-Ti-oxide in the genesis of the Mbengwi mafic lavas.
The strong negative Sr and Ti anomalies observed in
the Mbengwi felsic rocks indicate that the fractionation
of phases including plagioclase and Fe—Ti oxides were
involved in the differentiation processes. The decrease
of Ba contents while Zr contents increase points to the
role of fractionation of alkali feldspar for the felsic
rocks. The negative Eu anomaly of peralkaline quartz-
syenites would be related to the fractionation of alkali
feldspars; whereas the positive anomaly observed for
fayalite-pyroxene syenites and trachytes is to be linked
to the presence of plagioclase cumulative crystals before
the magma solidification (Hanson 1980). The wide
range of Ba and Sr in syenites within a fairly narrow
interval of MgO content also suggests an accumulation
of feldspar in the syenitic magma (Litvinovsky et al.
2002). The LREE enrichment could mean that these
alkaline rocks have evolved by fractional crystallization
at low pressure (Duchesne and Demaiffe 1978).

Using Rb vs. Sr diagram (Fig. 11) and Gd/YD vs. La/
Yb diagram (Fig. 12) for the Mbengwi less evolved

samples (basanites) together with calculated curves for
partial melting of lherzolites (Yokoyama et al. 2007)
that have different mineral assemblages but have a
chemically homogeneous composition (primitive mantle:
Sun and McDonough, 1989), we notice that the
Mbengwi rocks display two trends of fractional crystal-
lization and were generated from at least two different
melting sources.

In order to model the fractional crystallization, we
used Gd/Y ratio and Zr contents (Fig. 13). Fractional
crystallization was computed following Nonnotte et al.
(2011). Typically 35 % of removed solid is needed to
explain the chemical evolution from basanite (E30) to
trachyte (E56). However it is worth mentioning that
basanites display a large range of trace element signa-
tures. Each basanite is a product of partial melting.
Therefore, we have used the most primitive one (E30)
to perform the fractional crystallization modeling. The
trachyte and fayalite-pyroxene syenite samples fall on
the computed liquid line of descent. Almost all the
hawaiites samples seem to be obtained by fractional
crystallization of basanite ESS.

The use of incompatible trace element ratios such as
Rb/Nb, Nb/Y, Rb/Y, Th/La, Ce/Pb and La/Nb help us to
monitor the influence of Pan-African basement assimi-
lation on magma compositions. The low Rb/Nb (0.46—
0.78) value of the Mbengwi recent felsic rocks and their
positive slope on the Nb/Y vs. Rb/Y diagram (Fig. 14)
clearly evidence the fact that they have not being con-
taminated by the basement. In addition, the range of Th/
La (0.08-0.14), Ce/Pb (22.4-22.6) and La/Nb (0.83-
0.66) ratios of the Mbengwi felsic lavas are similar to
those of the uncontaminated less differentiated felsic
lavas (LDFL) of the Bamenda mountains (Kamgang
et al. 2010).

Petrogenesis of lavas and syenites

The similarity of isotopic signature of syenites and
lavas, far from those of the Pan-African basement,
and the parallel shape of their trace element patterns
show that the investigated recent magmatic formations
are genetically related, and belong to the same mag-
matic episode despite the observed compositional “Daly
gap”.

Several criteria can be emphasized in order to dis-
cuss the origin of the Mbengwi recent magmatic rocks.
Although basaltic lavas are obviously originated from
the mantle (occurrence of Fogg g; olivine and some-
times mantle xenocrysts), the relative low Ni content
(179 ppm) of the least evolved lava shows that they
erupted from an already differentiated mafic magma.
The basalts derived from this magma through crystal
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Fig. 8 (a) Major-element (wt. %) vs DI distribution of lavas. (b) Trace element distribution (Th vs. Ba, Nb, Rb, Sr, Y, Ta, V, Zr, Yb and La) for the

Mbengwi recent magmatic rocks

fractionation of olivine, clinopyroxene, and Fe-Ti
oxides, as it is the case for the whole CVL. The
similarities of trace-eclement patterns and isotopic com-
positions observed between the Mbengwi basaltic lavas
and the other basalts from the continental and oceanic
sectors of the CVL (Fitton 1987, Ngounouno et al.
2000, 2003; Kamgang et al. 2008) and of Adamawa
(Nono et al. 1994; Marzoli et al. 2000) are strong
arguments in favor of a common mantle source.
Basaltic lavas and trachytes from Mbengwi are proba-
bly related to the same mantle-derived magma source
according to their similar Nb/Th and isotopic values.
The origin of peralkaline rhyolite magmas is still a
long-standing debate as to know whether silicic magmas
were formed by extended fractional crystallization of
mafic parents (Macdonald et al. 2008) or by crustal

anatexis. Given the generally phenocryst-poor nature of
the rhyolites, extraction from the parental trachytic
mushes must have been very efficient. The formation
of these peralkaline rhyolites from metaluminous tra-
chytes as described in the Bamenda Mountains may be
possible after two stages of fractional crystallization
accompanied by successive removal of respective quan-
tities of alkali feldspar, amphibole, magnetite, olivine,
clinopyroxene, and apatite (Kamgang et al. 2010). In
fact, these peralkaline rhyolites should be seen as the
final terms of successive fractional crystallization from
basaltic lavas via trachytes.

Several genetic models have been proposed to inter-
pret the formation of alkaline syenites, which mainly
include: (1) fractional crystallization of amphibole, apa-
tite, Fe—Ti oxides and later plagioclase from the parental
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Fig. 9 Chondrite-normalized

multi-element diagrams for 1000
mafic (a) and felsic rocks (b).
The OIB pattern is in red color,
data after Sun and McDonough
(1989) Chondrite data after
McDonough and Sun (1995).
The grey field represents the
composition of other similar
rocks from CVL such as
Bamenda (Kamgang et al.
2010), Mbépit (Wandji et al.
2008) Bambouto, Oku and
Ngaoundere (Marzoli et al.
2000) for felsic rocks and
Manengouba (Kagou Dongmo
et al. 2001), Tombel grabben
(Nkouathio et al. 2008), Mount
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mantle-derived magmas (Litvinovsky et al. 2002) or
fractional crystallization of precursor magmas, which
were derived from enriched mantle sources once meta-
somatised by subducting sediments (Wang et al. 2005);
(2) crustal assimilation and fractional crystallization
(AFC) in mantle-derived basaltic magmas (Mingram et
al. 2000) or (3) mixing of basaltic magma with crustal
melt in variable proportions (Mingram et al. 2000;
Vernikovsky et al. 2003). These two preceding process-
es produce hybrid magmas and the basic end-member
must be strongly alkaline and enriched in incompatible
trace elements. The hybrid melts are formed from an
undepleted mantle source. The resulting syenites have
metaluminous compositions, high potassium, high REE
and LILE concentrations, with ®’Sr/*°Sr and enq ratios
intermediate between crust and mantle.

As shown in Fig. 11 and confirmed by Fig. 13,
syenites are in the trend of fractional crystallization.
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The Rb-Sr trend (Fig. 11) of the studied felsic rocks
is not adequately reproduced by batch partial melting
but by fractional crystallization from trachyte. The first
hypothesis previously presented is the most likely for
the Mbengwi syenites ecither metaluminous fayalite-
pyroxene syenites or peralkaline quartz-syenites. As plu-
tonic equivalent of trachytes, syenites were probably
also formed by successive fractionation in depth from
the same basaltic parental magma.

Nature and characteristics of sources

The mantle origin of the Mbengwi recent magmatic
rocks is expressed both by low Sr isotopic ratios
(0.7035-0.7053) and positive eng values. The position
of all our syenites samples within the mantle A-type
field in the ternary Nb—Ce-Y discrimination diagram
(Eby, 1992) (not shown) also attests their mantle origin.
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Fig. 10 Chondrite-normalized a

REE diagrams; the red pattern 1000
is for OIB according to the data
after Sun and McDonough
(1989), Chondrite data after
McDonough and Sun (1995).
The grey field represents the
composition of other similar
rocks from CVL such as
Bamenda (Kamgang et al.
2010), Mbépit (Wandji et al.
2008) Bambouto, Fongo Tongo
and Ngaoundere (Marzoli et al.
2000; Nkouandou et al. 2008)
for felsic rocks and Bambouto,
Adamaoua plateau (Marzoli et
al. 1999), Manengouba (Kagou
Dongmo et al. 2001), Tombel
grabben (Nkouathio et al.
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Fig. 11 Illustration of fractional crystallization in Rb vs. Sr diagram (Xu
etal., 2007) for Mbengwi recent magmatic rocks showing that felsic rocks
have evolved following twodifferent trends of fractionnal cristallization
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The eng>0 and low initial ®’Sr/*°Sr of basaltic and
trachytic rocks are similar to those of the other alkaline
rocks from the CVL (0.7029-0.7039 after Déruelle et al.
2007) and suggest that they may result from a mixing
between the original lower mantle primitive source and
the depleted lithospheric mantle.

The values of the isotopic ratios of mafic and trachytic
lavas very close to that of the chondritic uniform reservoir
(CHUR=0.7046) probably mean that these rocks result
from the melting of a very deep and enriched mantle mate-
rial. The low (Ce/Yb)y values (9.3—14.9) for the Mbengwi
magmas, when compared to those for other basalts of the
CVL such as Mt Cameroon basalts (Ce/Yb)y=15, Benue
Trough basalts (Ce/Yb)y=19 (Ngounouno et al. 2003), and
the LREE enrichment may reflect low to medium degrees of
mantle melting.
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Fig. 12 Illustration of partial meling in Gd/Yb-La/Yb diagram. The
Mbengwi lavas were plotted together with calculated curves for partial
melting of a primitive mantle source (green filled circle in the lower
left). Symbols are the same as other preceding figures. Two curves
labeled Grt 4 % and 8 % represent the abundance of garnet in the
source, corresponding to 20:80 and 40:60 proportions of Grt: Sp
lherzolite. Accumulated fractional melting is assumed and partition
coefficients reported in Halliday et al. (1995) are used in the
calculation

Melting conditions of the Mbengwi recent magmatic
rocks can be inferred from variations in the rare earth
elements: LREE/HREE ratios are sensitive to the extent
of melting, while MREE/HREE ratios are sensitive to
the amount of residual garnet in the source. The range
of (Tb/YDb)y ratios (2.05-2.93) in mafic lavas contain-
ing up to 6 wt.% MgO is higher than 1.7 and eviden-
ces the presence of garnet in the source as determined
by Wang et al. 2002 for Basin and Range basalts. The
Gd/Yb vs. La/Yb diagram (Fig. 12) reveals that, the
Mbengwi data require more than 8 % of residual garnet
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Fig. 14 Nb/Y versus Rb/Y after Cox and Hawkesworth (1985) and
Leeman and Hawkesworth (1986) showing basement samples relative
to the lava compositions. The grey field represents the composition of
the Bamenda basaltic lavas. Data for Bamenda Precambrian basement
are from Nzolang (2005)

in the source. Therefore, the variation of Gd/Yb ratios
in the Mbengwi samples is due not only to fractional
crystallization, but can also be explained by different
degrees of melting (5-8 %) of a homogeneous source
mantle.

Using the Nb/Y and Zr/Y ratios according to Condie
(2005) (Fig. 15a), alkaline rocks of Mbengwi plot above
the ANb line in the mantle plume field as defined by
Fitton et al. (1997). It is suggested that these basalts
have chemical features consistent with plume activity
outlined by their OIB characters. The isotopic dataset
illustrated by *7Sr/%°Sr vs. '**Nd/'**Nd diagram
(Fig. 15b) suggest that the high ***U/°Pb (HIMU)

Fig. 13 Fractional
crystallization modelling of the
Mbengwi recent magmatic
rocks using Gd/Y ration and. Zr
contents. Several fractional
crystallization trends were
obtained. Trends labeled A
correspond to fractional
crystallization from the less
evolved basanite (E30 to
trachyte); trend labeled C
correspond to fractional
crystallization from basanite
ESS5 to hawaiites

GdDy

Mo
B L J
. °
4.1-'50
I:o O BABS
f'l}lo

FC Model

@ Springer

T
TFO0

Q00 1100 1300 1500

Zr (ppm)



Mineralogy, geochemistry and petrogenesis of the recent magmatic formations 239

Fig. 15 (a) Plot of the a

Mbengwi recent magmatic 10
rocks relative to the mantle
compositional components
(filled star) and fields for basalts
from various tectonic settings as
defined by Weaver (1991) and
Condie (2005). DEP=deep
depleted mantle; PM=primitive
mantle; HIMU=high U/Pb
mantle source; EM1=enriched
mantle sources; REC=recycled
component; PM=primitive
mantle; DM=shallow depleted
mantle; OIB=oceanic island
basalt; OPB=oceanic plateau
basalt. (b) Plot of the Mbengwi -
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reservoir was involved in the genesis of the Mbengwi
alkaline series. The trachyte, as all the late alkaline
lavas is systematically located closer to the HIMU pole
than the other samples, which suggests an increasing
involvement with time of this pole in the genesis of
the magmas. Hawaiites are largely influenced by
recycled component (REC). The contribution of other
components like enriched mantle (EM2) and focal zone
(FOZO), if they exist would remain very weak. The
similarities between the Mbengwi mafic lavas and OIB
rare earth element and multi-elements patterns would
really suggest the passage of a hotspot under the CVL
lithosphere without however modifying its composition
as evoked in some previous studies along the CVL

0.7025

0.7035 0.7050 0.7055

(YSr/™Sr)i

0.7030 0.7040 0.7045

(Halliday et al. 1990; Lee et al. 1994) but the lack of
temporal migration of the magmatism precludes the
existence of such a hotspot.

Conclusion

The Mbengwi recent magmatic rocks (= 28.2 Ma) are made up
both of lavas and plutonites. Lavas form a bimodal alkaline
series from basanite to rhyolites with a gap between 50 and
62 wt.%. Mafic rocks are essentially sodic while felsic rocks
are sodic-potassic, slightly metaluminous to peralkaline. Trace
elements are characterized by enrichment in HFSE and LREE
compared with LILE and HREE respectively.
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Basanites were generated by at least two different degrees
of partial melting of the mantle. The main differentiation
process is fractional crystallization with two different trends:
the first includes basanite E30, trachyte and syenites, and the
second basanite ES5 and hawaiites. Basaltic and trachytic
rocks have chemical features consistent with plume activity
outlined by their OIB characters, and their isotopic ratios
(ena>0 and low initial #’Sr/**Sr). The Sr-Nd isotopic dataset
suggest that the HIMU reservoir was involved in the genesis
of the Mbengwi alkaline series.

These preliminary mineralogical and geochemical da-
ta for the Mbengwi recent magmatic formations provide
important informations on magmatic events, petrogenetic
processes and age of this area of the CVL. However,
additional petrological and U-Pb geochemical studies
are required for deep investigations and to further con-
firm preliminary conclusions.
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