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The Batié granitic massif in western Cameroon is NE–SW elongated, follows the regional
foliation, and is parallel to the Kekem–Fotouni shear zone, which is the southwestern
extension of the Tcholliré–Banyo Fault (TBF). This massif comprises two petrographic
units: biotite granite and amphibole granite. Major, trace, REE, Sr–Nd isotopic, and new
U–Pb data are used to constrain their nature and origin. The results indicate that they
are high-K alkali-calcic with shoshonite affinity. The amphibole granite is metaluminous,
whereas biotite granite is weakly peraluminous. Both granites are high-temperature
I-type granites and crystallized under oxidizing conditions. Initial (87Sr/86Sr)620 Ma ratios
(0.7062–0.7080) and εNd620 Ma (−12.6 to −8.9) indicate that the parental magmas
were produced by partial melting of thick Paleoproterozoic crust and were mixed
with felsic magma from the upper continental crust. Their Nd TDM typically varies
from 1.68 to 1.96 Ga. The massif was mostly emplaced between 630 and 547 Ma
during the transitional period between the crustal thickening (630–610 Ma) and the
development of the shear zones, which began with sinistral movements (610–580 Ma)
and continued with dextral movements (585–540 Ma). Plutonism continued during the
dextral movements. The Batié granite is geochemically and isotopically similar to other
post-collisional pan-African granitic massifs located along the TBF.

Keywords: Batié massif, Pan-African, Paleoproterozoic crust, collision, high-K granite

INTRODUCTION

The Pan-African domain of Western Central Cameroon shows many plutonic massifs emplaced
following the extensive remobilization and granitization during the collision between the São
Francisco–Congo and West African cratons and the Saharan metacraton at 640–580 Ma (Liégeois
et al., 1998; Abdelsalam et al., 2002; Ngako et al., 2008). The Pan-African geological history of this
domain indicates that there have been several magmatic episodes of rock formation from various
sources (crustal or mantle) in different tectonic settings (pre- to post-collision). Plutonic rocks were
emplaced into shear zones and are either foliated or unfoliated. Deformation usually occurred either
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during or immediately after the consolidation of the magma.
The elongated NE–SW Batié plutonic massif outcrops at the
southern edge of the Kekem–Fotouni shear zone, which is the
southwestern extension of the Tcholliré–Banyo Fault (TBF).
Along this shear zone and on either side, several granitic massifs
were studied. They are mainly I- or S-type, which are high-K calc-
alkaline granites emplaced between 680 and 580 Ma (Nzolang
et al., 2003; Tagne-Kamga, 2003; Toteu et al., 2004; Tchameni
et al., 2006; Djouka-Fonkwé et al., 2008; Kwékam et al., 2010,
2013, 2020).

In this study, we focus on the Batié magmatic complex, along
with a large number of similar Pan-African granitoids, emplaced
along the TBF that separates the Central from the Northern
domain. The field associations, combined with geochemical,
zircon U–Pb, and whole-rock Sr–Nd isotopic studies, provide
important constraints on the source nature and mechanism for
the formation of this pluton, which in turn might have great
significance in understanding the Neoproterozoic Pan-African
belt in West Cameroon. Our results show that the partial melting
of materials of mixed origin at the continental crust during
the Pan-African orogeny would be a plausible process in the
formation of Batié granite.

GEOLOGICAL SETTING

The convergence between the São Francisco–Congo and West
African craton and the Saharan metacraton during the late
Neoproterozoic gave rise to the Pan-African Central African
Fold Belt (CAFB) (Abdelsalam et al., 2002). The edges of the
cratons were brittle and remobilized by the various metamorphic
episodes and deep faults that segmented the continental
lithosphere into blocks delineated by post- to late-collisional
shear zones. Liégeois et al. (2013) distinguish metacratonized and
non-metacratonized domains (Figure 1).

Three main successive tectonic events, associated with
the Pan-African collisional and post-collisional evolution,
are defined in Cameroon (Ngako et al., 2008): (i) crustal
thickening (630–610 Ma) marked by refolded thrust tectonics
and widespread stretching lineation, (ii) left lateral wrench
movements (610–580 Ma), and (iii) right lateral wrench
movements mainly presented in the Central Cameroon shear
zone (CCSZ) and dated at 585–540 Ma (Toteu et al., 2004).
This evolution ends with the development of the molassic
basins and the emplacement of alkaline granitoids at 545
Ma in the context of distension (Toteu et al., 2004; Dawaï
et al., 2013; Bouyo-Houketchang et al., 2016). Many regional
syntheses distinguish three tectonic domains in the CAFB: West
Cameroon, Central Cameroon, and South Cameroon. The West
Cameroon domain, defined as an active margin, is characterized
by a calc-alkaline magmatism from 800 to 600 Ma (Toteu
et al., 2001). It is marked by elongated granitic massifs aligned
in the NE–SW direction parallel to the regional schistosity
(Tetsopgang et al., 2008; Fozing et al., 2014; Njanko et al.,
2017; Kwékam et al., 2020). The Central Cameroon domain
is an intermediate continental domain and consists of Pan-
African granitoids intruding gneissic basement. This domain

is also highlighted by many shear zones along which outcrops
granitic massifs with associated amphibolite enclaves (Fozing
et al., 2019). Granitic massifs are generally elongated parallel
to the NE–SW shear zones and are emplaced in transpression
or transtension fault relay zones (pull-apart basins). This is
the case of the Lom granite (Ngako et al., 2003), the Bandja
granite (Nguiessi-Tchankam et al., 1997; Tcheumenak Kouémo
et al., 2014), and the Bangangté syenite (Tchouankoué et al.,
2016). Most of these massifs are calc-alkaline and strongly
potassic, which are I- or S-type with shoshonitic affinity
(Nzolang et al., 2003; Djouka-Fonkwé et al., 2008). The central
domain is separated from the western domain by the TBF.
The southern domain represents a syntectonic basin (Toteu
et al., 2006). It includes meta-sediments and pre- to syntectonic
intrusions metamorphosed in the granulite facies (Nzenti et al.,
1992) before exhumation and thrusting over the Congo craton
(Barbey et al., 1990).

The Kekem–Fotouni shear zone, which separates the Fomopéa
granite from the Bandja and Batié massifs, is marked by a
mylonite band affecting Paleoproterozoic gneisses (ca. 2.1 Ga;
Penaye et al., 1993) and the edges of the granitic massifs. In this
mylonite band, small plutons of gabbronorite (Kwékam et al.,
2013) and charnockite are also observed (Nguiessi-Tchankam
et al., 1997; Tcheumenak Kouémo et al., 2014). These formations,
as well as the granites from the remobilized gneisses, are largely
covered by the Tertiary transitional basalt of Mount Bangou and
the Cenozoic volcanic rocks of Mount Bambouto (Figure 2A).

FIELD GEOLOGY AND PETROGRAPHY

The Batié granitic complex is elongated NE–SW and parallel to
the other granitic massifs that outcrop along the Kekem–Fotouni
shear zone (Figure 2A). This syn-kinematic characteristic is
underlined within the massif by NNE–SSW elongated micro-
enclaves parallel to the preferential orientation of the feldspar
megacrystals and granitic dykes (pegmatite) with oblique internal
prismation, suggesting a sinistral NNE–SSW syn-magmatic
shear. The Batié granite massif intrudes an orthogneiss complex,
but the contact is entirely concealed by Tertiary volcanic
formations of Mount Bangou (Figure 2B). Its northwestern edge
is affected by the Kekem–Fotouni shear zone. Petrographically,
it primarily consists of biotite granite and amphibole granite.
The amphibole granite is exposed to the southeast and
northwest of the massif. The Batié granite is leucocratic
with an oriented porphyritic structure, which is characterized
by the abundance of K-feldspar megacrystals that range in
size from 5 to 8 cm length and from 2.5 to 5 cm width.
These crystals show mostly symmetrical Carlsbad’s twin and
preferentially NNE–SSW orientation. In addition to K-feldspar,
this granite consists of quartz, plagioclase, biotite, and/or
amphibole. Titanite, allanite, apatite, zircon, and magnetite are
identified as accessory minerals. Quartz (24–40%) is interstitial
and occurs in polycrystalline clusters frequently wedged between
the feldspar megacrystals. K-feldspar (15–38%) is orthoclase,
which is sometimes transformed into microcline at the edge or
entirely. It is euhedral to sub-euhedral and develops exsolutions
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FIGURE 1 | Geological sketch map of west-central Africa with cratonic areas and the Pan-African–Brasiliano provinces of the Pan-Gondwana belt in a Pangea
reconstruction; modified from Castaing et al. (1994) and Abdelsalam et al. (2002) after Liégeois et al. (2013).

of plagioclase (lamellae and staining perthite). It encloses titanite,
biotite, apatite, and magnetite crystals. It is replaced by sericite.
Plagioclase (22–31%) occurs as euhedral to sub-euhedral crystals
(2 cm × 1 cm), which is classified as oligoclase (An26−17). It
often displays albite and Carlsbad’s twin and has normal zoning.
Alteration is frequent, especially from the core. Plagioclase in
the amphibole granite (northwestern edge) displays mechanical

twinning and kink-band deformation. Biotite (2–13%) occurs as
flakes with frayed ends and corroded by quartz and feldspars.
The biotite flakes form isolated crystals and discontinuous lines
surrounding the feldspar megacrystals. Biotite also contains
apatite, titanite, zircon, magnetite, and allanite. Some flakes are
altered to chlorite. Amphibole (0.7–4%) is a green hornblende
found only in the amphibole granite. It occurs in euhedral to
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FIGURE 2 | (A) Geological map of the study area [from West Cameroon geological map after Dumort (1968) modified by Kwékam et al. (2013)], showing the locality
of the Batié granite and its neighboring plutons. (B) Geological map of the Batié pluton.

sub-euhedral cross-sections with frequent h1 (100) twinning and
generally sub-euhedral longitudinal sections.

Secondary, epidote, chlorite, and sericite are present in
minor abundances.

ANALYTICAL METHODS

Mineral Analyses
The chemical composition of amphiboles, biotite, and feldspar is
determined on 10 thin polished slides using the Cameca SX50
automated electron microprobe at the Institute of Mineralogy
and Petrography of the Swiss Federal Institute of Technology in
Zurich. Natural and synthetic silicates were used as calibration
standards, and the raw data are automatically corrected for
deviation, dead time, and background noise using the ZAF
correction process (Pouchou and Pichoir, 1984). The conditions
of analysis are set at 15 kV and 20 nA with 200 s counting time
for one element.

Laser Ablation U–Th–Pb Analyses
Sample BT901 of the amphibole granite collected for U–Th–
Pb geochronology by laser ablation was crushed, and the zircon
crystals were separated by the heavy liquid and magnetic

separation method using conventional techniques (e.g., Bosch
et al., 1996). The non-magnetic zircon crystals were hand sorted
and mounted on double-sided adhesive tape and embedded in a
25 mm diameter epoxy support. The crystal supports were coated
with 2,500 mesh SiC paper and polished with 9, 3, and 1 µm
diamond suspensions.

The analytical method is described in detail by Kwékam
et al. (2020). The age calculation and quality control are based
on the drift and fractionation corrections by standard-sample
bracketing using GJ-1 zircon reference material (Jackson et al.,
2004). Deviations, splitting corrections, and data reductions
were performed using the Geozentrum Göttingen, Georg-August
Universität, Abteilung Geochemie’s UranOS software (Dunkl
et al., 2008). The quality and accuracy of the method was verified
by analyses of secondary reference materials: the Plešovice zircon
yielded a concordia age of 337.1 ± 1.0 Ma (Sláma et al., 2008)
and the 91500 zircon yielded a concordia age of 1,059.6 ± 3.8
Ma (reference age of 1,065.4 ± 0.3 Ma; Wiedenbeck et al., 1995).
The concordia curve was obtained using the Isoplot software
(Ludwig, 2012).

Whole-Rock Geochemical Analyses
The whole-rock geochemical analysis was performed by X-ray
fluorescence (XRF) and inductively coupled plasma mass
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spectrometry (ICP-MS) at the Institute for Mineralogy and
Petrography (IMP) of the Swiss Federal Institute of Technology
Zurich (ETH Zurich) and at the Geozentrum Göttingen, Georg-
August Universität, Abteilung Geochemie, Germany. Major and
some trace elements (Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Zr, and
Ba) are measured by XRF analysis on glass disks (see detail in
Kwékam et al., 2020).

Rb–Sr and Sm–Nd Isotopic Analyses
Hundred milligram of the samples was dissolved by an acid
mixture of HNO3 and HF at 180◦C. The separation of Sr and
REE was performed on columns filled with the cation exchange
resin AG 50W-X8 with 2.5 M HCl. Nd separation from the REE
was performed on a column filled with hexyl di-ethyl hydrogen
phosphate (HDEHP) coated Teflon with 0.18 M HCl. Sr, Nd, Rb,
and Sm isotopes were measured with a Finnigan TRITON mass
spectrometer at the Geowissenschaftliches Zentrum Göttingen,
Georg-August Universität, Abteilung Geochemie. Measurements
were performed in static and in the peak-jumping multicollector
mode for Sr and for Nd, respectively. Sr analyses were corrected
for mass fractionation by normalization to 88Sr/86Sr = 8.375209,
whereas Nd analyses were normalized to 146Nd/144Nd = 0.7219.
Repeated measurements of the standard NBS987 gave on average
a value of 0.710244, with a reproducibility of 0.000007 (2σ).
The Nd standard La Jolla was determined with an average of
0.511845± 0.000005 (see detail in Kwékam et al., 2020).

RESULTS

Zircon U–Pb Dating
BT901 From AG
Twenty-one zircons extracted from the BT901 amphibole
granite sample have been treated, and data are reported in
Supplementary Table S1. Zircon crystals are usually in an
elongated pyramidal shape. The zircons are translucent and light
pink. Th/U is >0.1 and ranges from 0.2 to 1.6, which is the
feature of magmatic zircon. The U–Pb ages obtained on the
individual grains are Neoproterozoic (683–547 Ma), and we
can distinguish two families of zircons. The first is made up
of old zircons obtained from two grains (682 and 634 Ma),
and the second major group has ages ranging from 612 to
547 Ma. On the concordia diagram, data are scattered and
do not permit a reliable age to be determined (Figure 3A).
However, the “Zircon Age Extractor” method by Ludwig (2012)
gives an average age of 561 + 8/−5 Ma with 97.9% confidence
coefficient by a coherent group of 10 points (Figure 3B). This
age is comparable to the Neoproterozoic ages obtained on the
neighboring granitic massifs of the central domain of the Pan-
African orogeny from Central Africa in Cameroon (Li et al., 2017;
Kwékam et al., 2020).

Sample From BG
U–Pb ages on zircons from the biotite granite have already
been determined by Njiekak et al. (2008) in an extensive study
of the Bangwa and Foumbot areas. The old inherited (634–
628 Ma) and Neoproterozoic (602–503 Ma) ages were presented

on 10 zircon crystals. The authors had interpreted these data
as contamination by the gneissic host rocks for the former
(634–628 Ma) and emplacement age (602 Ma) and deformation
(mylonitization) age after emplacement of the Batié massif (575
Ma from Talla, 1995). Thus, data obtained for both granites (AG
and BG) seem to reflect the geological history of the region,
especially the CAFB. Considering the results and the ages of
similar massifs in the same region (e.g., Fomopéa granites; 621–
613 Ma; Kwékam et al., 2010), we propose the age of intrusion at
∼630 to∼602 Ma.

Whole-Rock Sr–Nd Isotopic
Compositions
Eleven Sr isotope analyses were performed (Supplementary
Table S2). Five BG samples and three AG samples
define an isochron at 627 ± 35 Ma with 87Sr/86Sr initial
ratio = 0.7065 ± 0.0014 and mean squares of weighted
deviates (MSWD = 4.2). Another isochron obtained by five
samples of BG indicates 627 ± 21 Ma with 87Sr/86Sr initial
ratio = 0.7062 ± 0.0012 and a really good MSWD = 2.0. The
isochron ages have significant uncertainty (Figures 3C,D) but
cover the range from the zircon U–Pb ages, as well as the ages
of the other massifs of the CAFB domain. Initial (87Sr/86Sr)620

Ma ratios (0.7019–0.7080) of analyzed samples are low and
vary only slightly.

Nd isotope data were obtained from four biotite granite
samples and one amphibole granite sample (Supplementary
Table S2). The εNd620 Ma (−8.9 to −12.6) isotope parameters
and the older model age TDM (1,685–1,963 Ma) suggest a crustal
component in the source.

Geochemical Compositions
The SiO2 contents range from 53 to 68 wt.% in the AG and
from 56.3 to 76 wt.% in the BG (Supplementary Table S1). Both
granites have high K2O contents of 4.1–8.1 wt.%. In the SiO2
vs. K2O diagram (Figure 4A), these granites plot mostly within
high-K calc-alkaline to shoshonite series fields. K2O contents
decrease in BG with increasing SiO2. They also classify as alkali-
calcic and alkalic granites (Figure 4B; Frost et al., 2001). AG
are mostly metaluminous (A/CNK = 0.78–1.02), whereas BG are
metaluminous to weakly peraluminous (A/CNK = 0.95–1.10);
therefore, these are typical I-type granitoids (Figure 4C; Chappell
and White, 1992). The FeO∗ (0.72–1) indicates that the rocks
of the Batié massif belong to the ferroan series (Figure 4D;
Frost et al., 2001). MgO, CaO, Al2O3, Fe2O3, P2O5, and TiO2
contents decrease with increasing SiO2 (Figure 5). However,
no significant correlations were noticed in the Na2O vs. SiO2
diagram (Figure 5). Normalized REE patterns of all samples are
generally parallel to each other and to the crust (Figure 6). The
LREE exhibit moderate to strong enrichment [(La/Yb)N = 19–
68] relative to the primitive mantle, whereas the HREE patterns
are almost flat [(Dy/Yb)N = 1.2–2.2]. BG have strong negative
europium anomalies (Eu/Eu∗ = 0.53–0.14), whereas AG have
weak europium anomalies (Eu/Eu∗ = 0.71). Primitive mantle-
normalized trace element diagram shows Th, U, K, and Zr
enrichment and Ba, Nb, Sr, P, and Ti depletion (Figure 6).
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FIGURE 3 | Zircon U–Pb results obtained on the amphibole granite sample BT901: (A) concordia plot, (B) the result of the algorithm “Zircon age extractor” of Isoplot
(Ludwig, 2012), (C) Sr–Rb isochrones for eight samples (AG and BG), and (D) Sr–Rb isochrones for five samples (BG only).

Mineralogy
The amphiboles of the GA of the Batié massif give distinct
chemical compositions (Supplementary Table S3). The values
for Ca (1.67–1.96 a.p.f.u.) and Na (0.04–0.13 a.p.f.u.) in the B-site
and their (Ca + Na)B indicate that these amphiboles belong to
the calcium amphibole sub-group after Leake et al. (1997). In
addition, the values of SiIV (6.27–7.23) in site T and the sums of
(Na + K)A in site A (0.21–0.66), as well as their Mg/(Mg + Fe)
ratios of 0.44–0.79, indicate that the amphiboles of the AG of
the Batié massif are magnesio-hornblende, magnesio-hastingsite
hornblende, and edenite hornblende in accordance with the
classification by Leake et al. (1997). Some crystals of the deformed
AG have actinolite and hornblende affinities (Supplementary
Table S3).

Biotites are present in both granites (AG and BG) and have
fairly distinct chemical compositions (Supplementary Table S4).
The biotites in AG are more magnesian (MgO = 9.84–15.12%)
and depleted in Al2O3 (13.75–14.88%) and FeO (15.35–21.79%),
whereas the biotites in BG are richer in Al2O3 (15.96–16.63%)
and FeO (22.40–25.07%) and poor in MgO (5.82–7.55%). Their
Mg/(Mg + Fe2+

+Mn2+) ratios make it possible to distinguish
between the two groups of biotites (0.45–0.66 for AG and

0.29–0.36 for BG). Therefore, the biotites in BG are plotted at
the Fe-biotite pole, whereas the biotites in AG extend from the
transitional zone between Fe-biotite and Mg-biotite to the Mg-
biotite pole in triangular diagram (Figure 7A) after Foster (1960).
These characteristics of the biotites from the Batié massif are
similar to those of the biotites of the metaluminous calc-alkaline
granitoids (Figures 7B,C; Abdel-Rahman, 1994).

The composition of feldspar varies from labradorite
An58 to oligoclase An13. Plagioclases are generally oligoclase
(An26−23) in the AG; however, zoned crystals show a core of
labradorite–andesine (An58−48) composition. The plagioclases
in the deformed AG are predominantly albite–oligoclase
(An23−5). In the BG, the plagioclases are usually of oligoclase
(An27−17) composition.

DISCUSSION

Age
Data obtained for the Batié granite massif is used to reveal the
geological history of the CCSZ. The geochronological data (634–
503 Ma) by Njiekak et al. (2008) and this work (683–547 Ma)
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FIGURE 4 | Nature of Batié granites. (A) K2O vs. SiO2 diagram after Peccerillo and Taylor (1976), showing the high-K calc-alkaline to shoshonitic affinity of the Batié
granites; boundary lines (bands) are from Rickwood (1989). (B,D) MALI (K2O + Na2O–CaO vs. SiO2) and FeO* vs. SiO2 diagrams from Frost et al. (2001), showing
the alkali-calcic and ferroan character of the Batié granites. (C) [A/NK (Al2O3/Na2O + K2O) vs. A/CNK (Al2O3/CaO + N2O + K2O) molecular ratios] diagram after
Maniar and Piccoli (1989).

indicate that the emplacement of the massif lasted at least 100
Ma. The oldest ages (683–634 Ma) can be considered as those
of inherited zircons. Wherever a silicic magma is saturated in
water, zircon crystallization begins early in the magmatic period
and continues up to the end with the development of trace
elements rich in hydrozircon (Pupin, 1980). The large size of
the feldspar crystals, as well as the mineralogical assemblage of
the Batié granites, indicates that the magma was very rich in
water. This explains the age range of the zircons of these granites.
Considering the Rb/Sr data (627± 21 Ma) and the ages obtained
in the neighboring massifs (630–572 Ma for Fomopéa, 590–550
Ma for Bandja), the age of the Batié massif can be constrained
between 630 Ma and 547 Ma. U–Pb zircon results suggest that
the emplacement of the Batié granite began at the end of crustal
thickening and, together with the Fomopéa complex, represents
the first generation of high-K Pan-African calc-alkaline plutons
from western Cameroon. They are thus older than most of the
Pan-African plutons that are being emplaced at ca. 580 Ma during
the second tectonic period (Kwékam et al., 2010). The age interval
likely identifies distinctly the deformation phases that the massif
experienced. Indeed, the BT901 sample of amphibole granite
was collected in the mylonite band in the NW of the massif,
and the ages between 561 and 547 Ma may correspond to the
mylonitization phase as suggested by Nguiessi-Tchankam et al.
(1997), Njiekak et al. (2008), and Kwékam et al. (2013).

Magma Evolution Conditions
The mineralogical composition of the granites, as well as
the chemical composition of their ferromagnesian minerals, is
generally a function of the evolution conditions of the magma
(e.g., degree of oxidation and water content) (Wones, 1981;
Bonin, 1990; Ridolfi et al., 2010; Chen et al., 2016). The grain
size of the rock is also influenced by the evolution conditions
of the magmas (Marre, 1982). The large size of feldspars in
the Batié granite, some of which reach more than 5 cm,
and the presence of titanite, magnetite, and allanite suggest
an oxidizing and H2O-rich environment. The coexistence of
titanite and quartz also suggests high oxygen fugacity (Wones,
1989). For instance (Figure 8), amphibole crystallized from
oxidizing magmas would possess higher Fe3+/(Fe3+

+ Fe2+)
and lower Fe/(Fe + Mg) ratios than those from the reducing
ones (Wones, 1981). The amphiboles from AG are characterized
by high Fe3+/(Fe3+

+ Fe2+) ratios of 0.18–0.41 and relatively
low to moderate Fe/(Fe + Mg) ratios of 0.44–0.60 and 0.61–
0.79, suggesting crystallization under an oxidizing condition
(Wones, 1981; Clowe et al., 1988; Chen et al., 2016). On
the other hand, total rock K/Rb ratios are relatively low in
the biotite granite (49–315) and moderate in the amphibole
granite (140–311), indicating a highly evolved magma for the
biotite granite to moderately evolved magma for the amphibole
granite (Figure 8).
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FIGURE 5 | Harker diagrams of selected major and trace elements. P2O5 and TiO2 are used for evaluating the temperature of crystallization. In P2O5 vs. SiO2, the
evolution trend is similar to I-type granitoids (Chappell et al., 1998) and mixing melts line (Lee and Bachmann, 2014).

Various authors have shown that there is a linear relationship
between the total aluminum of the hornblende and its
crystallization pressure (Hollister et al., 1987; Johnson and
Rutherford, 1989). The pressures of the AG amphiboles were
calculated using the equations proposed by Schmidt (1992),
whereas the temperatures were calculated using the thermometry
by Blundy and Holland (1990). The AG yielded crystallization
temperatures and pressures ranging from 682 to 822◦C and from
1.12 to 6.8 kbar, respectively. The temperatures and pressures
calculated on the amphiboles are much more representative
of the final emplacement conditions. Temperatures obtained

using whole-rock P2O5 and TiO2 contents indicate values well
above 950◦C (Figure 5). These values, which are related to
those of apatite and titanite minerals, suggest that the magma
of the granites of the Batié massif started to crystallize at
temperatures above 950◦C and indicate that these granites are
high-temperature I-type granites (Chappell et al., 1998).

Petrogenesis
High-temperature granites are more prospective for
mineralization because they have a greater capacity to undergo
extended fractional crystallization and concentrate incompatible
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FIGURE 6 | Primitive mantle-normalized REE patterns (A,C) and primitive mantle-normalized spidergrams (B,D). Normalizing values are from Sun (1982) and
McDonough et al. (1992) (AG, amphibole granite; BG, biotite granite; UCC, upper continental crust; LCC, lower continental crust after Rudnick and Gao, 2003).

FIGURE 7 | Compositions of biotites from Batié granites in (A) triangular diagram after Foster (1960) and (B,C) after Abdel-Rahman (1994).

components, including progressive increase in the activity
of H2O (Chappell et al., 1998). Barium variation in Batié
granite illustrates that the compositional variation resulted from
fractional crystallization. The Ba contents in the AG increased
up to 2,000 ppm before decreasing. In the BG, Ba decreases

progressively and indicates biotite and K-feldspar crystallization.
Negative Eu, Nb, Ta, P, and Ti anomalies indicate crystallization
of minerals, such as plagioclase, hornblende, biotite, apatite,
allanite, and titanite, in the magma of the Batié granites. The
general decrease of certain elements, such as Fe2O3, MgO, CaO,
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FIGURE 8 | (A) AlIV values vs. Fe/(Fe + Mg) ratios of amphiboles from the
amphibole granites. Low, intermediate, and high oxygen fugacity (fO2) fields
are after Anderson and Smith (1995). (B) K/Rb vs. SiO2 diagram showing
moderately to strongly evolved character of Batié granites after Blevin (2004).

TiO2, and Al2O3, with increasing SiO2 of the rocks can also
be interpreted as evidence of fractional crystallization and/or
magma mixing. However, the SiO2 contents in both granites (AG
and BG) exhibit linear correlations with P2O5 and Zr (Lee and
Bachmann, 2014), indicating that magma mixing occurred rather
than fractional crystallization. Mineralogical and geochemical
compositions of Batié granites are similar to those of K-rich and
K-feldspar porphyritic Calc-alkaline Granitoids (KCG) of mixed
origin (Barbarin, 1999). However, the correlation between the
initial ratios of Sr in the 87Sr/86Sr vs. SiO2 or 1/Sr∗103 diagrams
(Figures 9A,B) suggests a more complex process. Some samples
of the biotite granite are arranged on a horizontal line, indicating
fractional crystallization. On the other hand, the majority of
samples have a negative correlation in both diagrams. According
to Benito et al. (1999), this negative correlation is related to
metasomatism caused by fluids from sediments.

High-temperature I-type granites are usually formed by
the partial melting of mafic rocks in the deep crust or
perhaps from a subduction modified mantle (Chappell et al.,
1998). The diagram Al2O3 + Fe2O3 + MgO + TiO2 vs.
Al2O3/(Fe2O3 + MgO + TiO2) from Patiño Douce (1999)
indicates that the amphibole granite melt was from amphibolite
melts, whereas the biotite granite melt was from greywacke
melts (Figure 9C). These melts are formed in the lower
lithospheric crust. The isotopic data are not sufficient enough

to decide the origin of the magma of these granites. The initial
Sr ratios (0.7019–0.7080; Supplementary Table S2) suggest a
modified mantle source, whereas the εNdt values (−12.6 to
−8.9) support a crustal source, although the value (−8.9) of
the AG sample alone would indicate the possible mixing of
amphibolite magmas and crustal felsic source. Moreover, the
initial ratio 87Sr/86Sr = 0.7062± 0.0012 obtained by the isochron
is that of the continental crust (Figure 3D). The Nd model ages
(1,815–1,963 Ma for BG and 1,685 Ma for AG; Supplementary
Table S2) probably suggest the age of the protolith rock source
or mixing between juvenile mantle-derived material and melt
from old (Eburnian) crust. Indeed, alkali-calcic granites are
considered to be derived from hybrid sources, which are granites
of crustal + mantle origin (Pupin, 1980; Barbarin, 1999).
Furthermore, two samples of the amphibole granite are plotted
around the lower continental crust, whereas the other samples
(BG and AG) are around the upper continental crust in the
Th/Nb vs. La/Nb diagram (Figure 9D). According to Barbarin
(1999), KCG is derived from the mixing of mantle-derived
basaltic magmas and crustal melts with varying proportions.
Th/Nb ratios suggest the interaction between low continental
crust (LCC) and upper continental crust (UCC) (Figure 9D). The
crustal component is very important in the Batié granite than
the other calc-alkaline granites of the West Cameroon region
that are formed by magmatic mixing processes. The geological
environment of the region also supports this hypothesis. In the
Batié area, the continental basement is represented by Eburnian
garnet gneiss (ca. 2.1 Ga) and Archaean rocks of the Congo
craton. It is possible that one of these rocks participated in the
formation of the magma of the Batié granite. Furthermore, recent
work by Fozing et al. (2019) mentions amphibolite enclaves (with
Nd TDM = 1.7 Ga; see Kwékam et al., 2010) along the Kekem–
Fotouni shear zone in the Fomopéa complex. These amphibolites
may be representative of the type of basaltic magma from the
lower crust that mixed with felsic magma derived from the upper
crust. The most likely source for the granites of the Batié massif
would be a crustal source resulting from the partial melting of
heterogeneous materials from the deep basalt layer (amphibolite)
of the crust and the upper continental crust.

Geodynamic Context
The strongly potassic alkali-calcic characteristic with a shoshonite
affinity and its high-temperature I-type granite feature show that
the rocks of the Batié massif are derived from magma formed
in an environment related to a subduction zone. Previous work
along the TBF (Nguiessi-Tchankam et al., 1997; Njonfang et al.,
2006; Kwékam et al., 2010, 2013; Fozing et al., 2019) suggested an
old plate boundary subducted during the assembling of blocks
to form Gondwana. Liégeois et al. (2013) also indicate that
this Pan-African structure represents the northern edge of the
Congo craton (Figure 1). However, the ages obtained on the
Batié granites make it possible to propose their emplacement
during the Pan-African orogeny, which is more precisely at
the end of crustal thickening (ca. 630–620 Ma) and continued
to the left lateral wrench movements (610–580 Ma) (Ngako
et al., 2008). This hypothesis is supported by the position of the
samples of the two granites (AG and BG) in the geotectonic
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FIGURE 9 | (A) Plots of (87Sr/86Sr)620 Ma vs. SiO2 and (B) (87Sr/86Sr)650 Ma vs. 1/Sr∗103 show that Batié granites are not only controlled by fractional crystallization
(FC). The oblique line indicates the metasomatism trend. (C) Compositional comparison between the Batié granites with those partial melts from metapelites,
metagreywackes, and amphibolites (after Patiño Douce, 1999). (D) Diagram Th/Nb vs. La/Nb showing mainly the crust contribution of Batié granite magmas [upper
continental crust (UCC) and lower continental crust (LCC) values are from Rudnick and Gao (2003), and Mid-Ocean ridge basalt (MORB) values are from Saunders
and Tarney (1984)]. (E) Discrimination diagrams for the tectonic interpretation of granitic rocks after Pearce et al. (1984) (syn-collisional granites, syn-COLG;
volcanic-arc granites, VAG; ocean-ridge granites, ORG; within-plate granites, WPG). (F) Sliding normalization diagram comparing the Batié pluton to the reference
syn-shear high-K calc-alkaline (HKCA) of the Yenchichi–Telabit series (Liégeois et al., 1998). The Batié pluton displays a strong potassic trend (NYTS, normalization
to Yenchichi–Telabit series).

diagram Rb vs. (Y + Nb) of Figure 9E, where they mainly
occupy the domains of syn-collision granites (syn-COLG) and
post-collision granites by Pearce et al. (1984). Similarly in the
diagram by Liégeois et al. (1998), the Batié rocks follow the
potassic trend in the syn-shear high-K calc-alkaline (HKCA)
domain (Figure 9F). At the end of its emplacement, the
Batié massif was affected by right lateral wrench movements
(ca. 585–540 Ma) marked at the northwestern edge by a
NE–SW mylonite band (see Supplementary Table S1 and
Figures 1, 2). The right lateral wrench movements are mainly
marked by the CCSZ (Ngako et al., 2008). The model for
the emplacement of the Batié massif is very close to that

proposed by Ferré et al. (1998) for the granites of eastern
Nigeria and Kwékam et al. (2010) for the Fomopéa pluton.
The geodynamic context of the magma emplacement, starting
with convergence and high-heat production, can last longer than
in frontal collision orogeny and continue by strike-slip shear
zones, which provide an ascent path. The origin of the Batié
massif could be associated with the Pan-African convergence
between the Congo craton and the Saharan metacraton that
initiated the metacratonization of the northern boundary of the
Congo craton. Post-collisional transpressive movements (Ngako
et al., 2003; Tagne-Kamga, 2003; Kwékam et al., 2013) along
the CCSZ induce linear lithospheric delamination, followed
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by the upwelling of mantle magmas, triggering the partial
melting of the old lower continental crust of the Congo craton’s
northern boundary. However, high-K alkali-calcic metaluminous
granites are associated with delamination of over thickened crust
(Frost et al., 2001).

CONCLUSION

The Pan-African post-collisional Batié granite at the southern
edge of the Kekem–Fotouni shear zone (TBF fragment) in
West Cameroon comprises biotite granite and amphibole
granite, which is emplaced between 630 and 547 Ma during
the transitional period between the crustal thickening (ca.
630–610 Ma) and the development of the shear zones first
(610–580 Ma) sinistral and then dextral movements (585–540
Ma) and exhumed in a transpressive dextral NE–SW strike-
slip tectonic setting. The presence of titanite, allanite, and
magnetite associated with quartz shows that these highly potassic
alkali-calcic granites are derived by partial melting of lower
amphibolite deep crust and crystallized in a highly oxidizing
H2O-rich environment. Indeed, the granites of Batié were
formed from highly evolved magma for the biotite granite to
moderately evolved magma for the amphibole granite. These
are high-temperature granites susceptible to mineralization. The
mainly low initial (87Sr/86Sr)620 Ma ratios (0.7062–0.7080) in
combination with εNd620 Ma (-12.6 to -8.9) suggest an abundant
proportion of crustal material, supporting the participation of the
old Paleoproterozoic crust in the formation of the Batié granite
magma as indicated by their Nd TDM ages (1.68–1.96 Ga). The
results of this work indicate that there were successive phases of
movement along the CCSZ, and that at each phase, it is associated
with one granite series.
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