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The Kekem shoshonitic gabbro-norite association is part of the high-K calc-alkaline (HKCA) post-colli-

sional magmatism, a major feature of the Pan-African Belt in Cameroon. LA-ICP-MS U–Pb zircon analyses

provide an age of 576 ± 4 Ma for the Kekem complex. This age is interpreted as dating the emplacement

of the massif during the waning stage of the Pan-African orogeny. The latter is related to dextral move-

ments along the Central Cameroon Shear Zone (CCSZ).

The REE patterns display enriched LREE (LaN/YbN = 14.2–23.5) while HREE present a nearly flat profile

(DyN/YbN = 1.3–1.7), and the La/Sm and Sm/Yb ratios led to propose that the Kekem gabbro-norites have

been derived from the partial melting of a garnet-spinel lherzolite mantle source. The negative Nb–Ta and

Ti anomalies and the positive Pb anomalies indicate that this mantle source was modified by contribution

of a subduction-related material. The low Ce/Pb (2.6–10.4) and Th/Yb ratios associated to high Ba/La

ratios, indicate that source enrichment could be related to slab derived fluids. As a whole, the Kekem geo-

chemical features suggest that primary gabbro-noritic magmas derived from a subduction-modified

mantle source (metasomatised lithospheric mantle). Moderately high86Sr/87Sr initial ratios (0.7068–

0.7082), low eNd (�5 to �9) and old Nd TDM model ages (1.6–1.8 Ga) are interpreted to result from con-

tamination of Neoproterozoic mantle by the Paleoproterozoic crust.

The ca. 576 Ma movements along the CCSZ are related to a Neoproterozoic metacratonization of the

northern margin of the Congo craton during the Pan-African orogeny. This metacratonization led to ver-

tical planar lithospheric delamination along lithospheric transcurrent faults, asthenospheric uprise and

partial melting of the Paleoproterozoic lithospheric mantle.

1. Introduction

The Kekem gabbro-norite is a small mafic pluton in West-Cam-
eroon. It results from the high-K calc-alkaline post-collisional mag-
matic activities along of Centre Cameroon Shear Zone (CCSZ). This
magmatism, dated at 630–540 Ma (Toteu et al., 2004, and refer-
ences therein) is a major feature of the central domain of the
Pan-African fold belt in Cameroon. Key issues relate to the amount
of remobilised crust in the source of the magmas, the age diversity

and also their actual location in the Central African mobile belt
(Fig. 1a). This belt is considered as resulting from the convergence
of the Congo and West-African cratons with the Saharan metacr-
aton during the amalgamation of the Gondwana supercontinent
(Abdelsalam et al., 2002).

On the northern margin of the Congo craton in West Cameroon,
the post-collisional Pan-African gabbro-norite intrusion of Kekem
is the only known mafic pluton. Country-rocks are gneisses and
migmatitic granites. This gabbro-norite intrusion has been previ-
ously interpreted as the product of subduction-related arc magma-
tism (Kwékam, 2005; Kwékam et al., 2007). However, proposed
geodynamical models for most Cameroonian magmatic rocks fit
all a collisional setting within the former active margin (Ngako,
1999; Ngako et al., 2008; Toteu et al., 2006) or a post-collisional
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setting within the former passive margin (metacratonization of the
northern boundary of the Congo craton; Kwékam et al., 2010). In
this paper, zircon U–Pb dating, whole-rock major and trace ele-

ments geochemistry, and Rb–Sr and Sm–Nd isotopic data have
been performed to determine more tightly the petrogenesis and
geodynamical setting of this mafic pluton.

Fig. 1. (a) Geological sketch map of west-central Africa and northern Brazil with cratonic masses 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). TBF: Tcholliré-Banyo fault, CCSZ: Central Cameroon shear zone, SF: Sanaga fault,

ASZ: Adamoua shear zone, Pa: Patos shear zone, Pe: Pernambuc shear zone. Dashed outline roughly marks the political boundary of Cameroon, (b) geological sketch map of

Cameroon showing from the major lithotectonic domains (After Toteu et al., 2001; Ngako et al., 2008). GGSZ: Godé-Gormaya shear zone, MNZ: Mayo Nolti shear zone, RISZ:

Rocher du Loup shear zone.
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2. Geological setting

In Cameroon, the Precambrian complex is divided into two
parts: (1) the Archaean (Ntem) – Palaeoproterozoic (Nyong) north-
ern margin of the Congo craton and (2) the Neoproterozoic Central
African fold belt (CAFB) including reworked older terranes. Toteu
et al. (2004) divided the CAFB into three domains (Fig. 1b): (1)
the southern or Yaoundé domain is made up of rocks deposited
in a passive margin environment at the northern edge of the Congo
craton; (2) the central or Adamawa-Yadé domain, located between
the Sanaga Fault (SF) and the Tcholliré-Banyo Fault (TBF) It in-
cludes the study area which is composed of syn- to post-kinematic
granitoids of mainly high-K calc-alkaline affinities; (3) the north-
ern domain, also called western Cameroon domain, which consists
of Neoproterozoic volcano-sedimentary schists and orthogneisses.
Three main successive tectonic events, associated to the Pan-Afri-
can collisional and post-collisional evolution, are defined in Camer-
oon: (1) crustal thickening (ca 630–610 Ma) marked by refolded
thrust tectonics and widespread stretching lineation; (2) left lat-
eral wrench movements (610–580 Ma), and (3) right lateral
wrench movements, mainly presented in the Central Cameroon
shear zone (CCSZ) and poorly dated at 585–540 Ma (Toteu et al.,
2004; Ngako et al., 2008; Kwékam et al., 2010; Njanko et al.,
2010). In Cameroon, the Pan-African belt was dextrally rotated
during the third event. Recent works in the Adamawa-Yadé do-
main have also reported the occurrence of sinistral shear sense
indicators associated to the same movement of direction as that re-
vealed by the dextral shear markers (Ngako et al., 2003; Njonfang
et al., 2006), suggesting a more complex kinematic evolution of the
CCSZ (Ngako et al., 2008).

The Kekem gabbro-norite massif is part of numerous post-colli-
sional plutons (Fig. 1b) which were emplaced within the central or
Adamawa-Yadé domain of CAFB but norites are very rare in these
plutons and their larger occurrence is in the Kekem pluton. In this
area, these plutons, extending in age from 630 to 540 Ma, display

an evolving composition from calc-alkaline/S-type granitoids
evolving to syn-tectonic calc-alkaline and S-type (630–610 Ma)
to calc-alkaline to sub-alkaline granitoids (600–570 Ma) and finally
to high-level alkaline towards 540 Ma in an extensional context
(Toteu et al., 2004).

The small sub-ovoid Kekem massif (13 � 5.5 km2) is oriented
N–S. It intruded a Palaeoproterozoic reworked basement on its
northern and north-eastern edge (2.1 Ga banded garnet-sillima-
nite-pyroxene gneisses, Fig. 2a; Penaye et al., 2004), and an un-
dated migmatitic granite to the south-east (Tagne-Kamga, 2003).
It outcrops at the intersection of N–S and NE–SW regional faults
and is overlain by Tertiary-Quaternary volcanic rocks of the Cam-
eroon Line on its western edge (Fig. 2b).

To the north of Kekem, in the Dschang area, the gneiss shows
N110 to N140�E foliation that is often wavy by NE–SW folding.
These gneisses were later affected by mylonitic NE–SW (N50�E)
dextral shear movements which are well evidenced at the south-
eastern edge of the Fomopéa complex and by a N–S sinistral fault
(Fig. 2a, Kwékam et al., 2010; Njanko et al., 2010). The contact be-
tween the gneissic country-rock and the Kekem massif can be ob-
served at the northern enter of the Bayon village, where some
blocks of norite display a slight mineral preferential orientation.
A NNE–SSW flow structure is observed in the migmatitic granite.
To the south of the Bayon village, this migmatitic granite is cross-
cut by the Kekem massif, which in turn is locally crosscut by peg-
matitic dykes, as a consequence of an intense hydrothermal
activity.

3. Petrography

The Kekem gabbro-norites outcrop only as heterogeneous
blocks in a coffee plantation and their observation is uneasy. Map-
ping of the two facies cannot be setup, however, following Kwé-
kam (2005), the norites are be considered predominant and the
gabbros mainly located at the border of the massif.

Fig. 2. (a) Extract of West-Cameroon geological map from Dumort (1968) showing the locality of the Kekem plutonic and its neighbouring plutons and (b) Kekem norites

geological map.
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The gabbros, mostly fine to medium-grained, are composed of
clinopyroxene (diopside), phlogopite, plagioclase and oxides. Diop-
side crystals (6–10%) are euhedral and often surrounded by horn-
blende (actinote). Phlogopite (5–10%) is interstitial and partially
surrounds pyroxenes; large flakes of phlogopite are poikilitic and
sometimes display flexural deformation. They enclose zircon, pla-
gioclase and pyroxene crystals. Plagioclase (30–55%) displays clus-
ters of stubby crystals forming the framework of the rock. Some
idiomorphic crystals of plagioclase show normal zoning (Fig. 3e–
f). The plagioclase phenocrysts are sometimes broken (Fig. 3d).
Accessory minerals include ilmenite, magnetite, apatite and zircon.

The norites, mostly medium-grained, are mainly made up of
plagioclase (40–50%), orthopyroxene (enstatite, 20–30%), clinopy-
roxene (diopside, 20%), phlogopite (10–20%), and K-feldspar
(<5%); accessory minerals are ilmenite, Cr-rich magnetite, rutile,
apatite and zircon. Rare facies (e.g. sample Nk6) are rich in ortho-
pyroxene (40%) with usually lamellar structure (Fig. 3h). Sample
NK6 displays a particular cumulus microtexture in which plagio-
clase develops large crystals enclosing many small crystals. Ortho-
pyroxene crystals and needles of an unknown coloured mineral
occur in plagioclase crystals; comparable Fe–Ti oxide needles can
be observed in places (Fig. 3a). Inclusions in pyroxene are mainly
Cr-rich magnetite and rutile needles. Albite appears as exsolved
globular in plagioclase (Fig. 3a). This exsolution resulted in the for-
mation of secondary albite in the host plagioclase. Some orthopy-
roxene sections display titanomagnetite needles. Magmatic
reaction texture is often observed within plagioclase – orthopyrox-
ene – phlogopite association, such as a symplectite intergrowth of
orthopyroxene and phlogopite. Secondary oxides after phlogopite
and pyroxene are developed in some samples, and greenish phlog-
opite is replaced by chlorite.

In gabbro, clinopyroxene (augite particularly) seems crystallize
before plagioclase and phlogopite. In Norite, clinopyroxene and
plagioclase crystallized before orthopyroxene and phlogopite.
Clinopyroxene-orthopyroxene twin lamellae suggest the later crys-
tallization of orthopyroxene from clinopyroxene by exsolution and
small orthopyroxene sections occur in plagioclase interstices in
norites (Fig. 3f). These microtextures lead to suggest that norites
are probably derived from gabbros by partial transformation of
clinopyroxene to orthopyroxene. Large flakes of phlogopite devel-
op irregular contour in norite NK6 suggesting disequilibrium dur-
ing late P–T conditions (Fig. 3g).

4. Analytical techniques

4.1. Mineralogical analyses

Major element compositions of minerals were determined in
thin sections by EPMA on a CAMECA SX- 100 instrument equipped
with five wavelength-dispersive X-ray spectrometers (WDS) at the
Service Microsonde-Sud (Université Montpellier 2). The analyses
were done with 20 kV accelerating voltage, a focused (3 lm) beam
of 10 nA and counting times of 20–30 s. Concentrations are ob-
tained from raw intensities using the ‘‘X-PHI’’ quantification proce-
dure (Merlet, 1994). Natural minerals, synthetic oxides and pure
metals are used as standards.

4.2. Laser ablation U–Th–Pb analyses

The sample selected for laser ablation U–Th–Pb geochronology
was processed by crushing, heavy liquid and magnetic separation
following conventional techniques (e.g. Bosch et al., 1996). Zircons
from the non magnetic fractions were hand-picked and mounted
along with chips of the G91500 zircon standard (Wiedenbeck
et al., 1995) onto adhesive tape. The grains were then enclosed in

Fig. 3. Microscopic photos showing the micro texture: (a and b) NK6, Orthopy-

roxene-cummulated, in frame albite-exsolved, Cpx, clinopyroxene, Opx, orthopy-

roxene, Phl, phlogopite, Pl, plagioclase, Ox, oxide, nd, needle of rutile. This section

have more abundance of orthopyroxene, (c–e) Gabbro (NK9, NK11, NK2),

plagioclase is more abundant, phlogopite are rare, in NK2 (e), plagioclase displays

normal zoning and contents inclusions of Cpx; in NK11 (d), large crystal of

plagioclase is broken. (F–h) norites (NK1 and NK5), f section of NK1 showing

zoning in plagioclase and interstitial pyroxene and phlogopite, g, unstable flak of

phlogopite with abundant secondary oxide, h, exsolution lamellae clinopyroxene

in NK1.
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epoxy resin and polished to expose internal structures. Laser abla-
tion analyses were conducted using a Geolas platform housing a
193 nm CompEx 102 laser from LambdaPhysik, which was con-
nected to an Element XR ICP-MS from ThermoFinnigan at Géo-
sciences Montpellier (UMR5243-CNRS Montpellier, France).
Details of the analytical procedure are described in Bruguier
et al. (2009) and Bosch et al. (2011) and are only briefly summa-
rized below. Data were acquired in the peak-jumping mode with
the laser operating at an energy density of 12 J cm�2 and a fre-
quency of 3 Hz. The laser spot size was 26 lm. Measured isotopic
ratios were monitored with reference to the G91500 zircon stan-
dard. Pb/Pb ratios in the unknown zircons were mass-bias cor-
rected using a power law whose parameters were determined by
repetitive analysis of the reference material measured during the
whole analytical session. This mass bias factor was used to correct
the 207Pb/206Pb ratios measured on the unknown zircons and its
associated error was added in quadrature to the 207Pb/206Pb ratios
measured on each unknowns following the procedure described in
Horstwood et al. (2003). Inter-element fractionation for U and Pb is
more sensitive to analytical conditions and the Pb/U ratios of each
batch of five unknowns were calibrated against the bias factor cal-
culated using four standards bracketing the five unknowns. The
mean Pb/U ratio of the four measured standards was used to calcu-
late the inter-element fractionation and its error was then added in
quadrature to the individual error measured on each 206Pb/238U
unknown. Reproducibility of the standard Pb/U ratio was 0.6%
(RSD; n = 10) for the whole LA-ICP-MS session required to analyse
the sample and, repeated measurements of the G91500 zircon
standard gave an average value of 0.07529 ± 0.00017 correspond-
ing to a mass bias of 0.54%. Accurate common lead correction is dif-
ficult to achieve, mainly because of the isobaric interference of
204Hg on 204Pb. The contribution of 204Hg on 204Pb was estimated
by measuring the 202Hg and assuming a 204Hg/202Hg natural isoto-
pic composition of 0.2298. This allows monitoring the common
lead content of the analysed grain, but corrections often result in
spurious ages. Analyses yielding 204Pb were thus rejected and Ta-
ble 1 reports only analyses for which no 204Pb was detected.
Quoted ratios correspond to measured ratios corrected from back-
ground and mass discrimination (+elemental fractionation for the
206Pb/238U ratios). All ages have been calculated using the U and
Th decay constants recommended by Steiger and Jaeger (1977).
Analytical data were plotted and ages calculated using the Isoplo-
tEx program (Ludwig, 2000). Individual analyses in the data table 1
and in concordia plots are ±1r errors and uncertainties in ages are
quoted in the text at the 2r level.

4.3. Whole – rock geochemical analyses

Major elements analyses and trace elements of whole-rock
samples were performed by inductively coupled plasma-mass
spectrometry (ICP-MS) and X-ray fluorescence (XRF) at the Geo-
wissenschaftlisches Zentrun of Göttingen Georg-August Universi-
tät, Abteilung Geochemie, Germany. Major elements and some
trace elements (Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Zr, and Ba) were
determined by XRF analysis on glass pills prepared with a lithium
tetraborate flux. The analytical precision (2r) is less than 1% for
major elements (except for Fe, Na: 2% and LOI: �10%) and around
5% for trace elements. Additional trace elements were analysed by
ICP-MS. The analytical errors estimated according to rock stan-
dards JB3 and JA2 are about 15–20% for Nb and Ta, and <10% for
other trace elements.

4.4. Rb–Sr and Sm–Nd isotopic analyses

In the first step around 100 mg of the samples were digested by
an acid mixture of HNO3 and HF at a temperature of 180 �C. TheT
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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. The
isotopes of Sr and Nd were measured with a Finnigan TRITONmass
spectrometer at the Geowissenschaftlisches Zentrun of Göttingen
Georg-August Universität, Abteilung Geochemie. Measurements
were performed in static and in peak-jumping multicollector mode
for Sr and for Nd respectively. Sr analyses were corrected for mass
fractionation by normalization to 88Sr/86Sr = 8.375209, while the
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 (2r). The Nd stan-
dard La Jolla was determined with an average of
0.511845 ± 0.000005. The blanks were negligible, ranging, for Sr
from 100 to 200 pg and for Nd around 100 pg.

Four Sr and Nd compositions were also measured at Isotope
Geology laboratory, Royal Museum of Central Africa, Tervuren (Bel-
gium), on a VG Sector 54 TIMS. The external reproducibility on
NBS987 standard solution was 0.710255 ± 0.000015 during the
period of measurement. Sr compositions were corrected to a value
of 0.710250 for NBS987 and fractionation corrected by reference to
a 86Sr/88Sr value of 0.1194. The external reproducibility on La Jolla
standard solution was 0.511837 ± 0.000015. Nd compositions were
corrected to a value of 0.511858 for La Jolla standard and fraction-
ation corrected to 146Nd/144Nd = 0.7219.

5. Results

5.1. Zircon U–Pb dating of the intrusion

Zircons were extracted from a gabbro sample (NK13) and con-
sist of a uniform population of large (>100 lm) light brown grains,
with euhedral shapes and sharp angle terminations. Under binoc-
ular examination, the zircon grains show no evidence of complex
internal structures such as inclusions or inheritance. The morpho-
logical characteristics of the grains suggest a magmatic origin. All
analyzed grains have U concentrations broadly ranging from 100
to 400 ppm, in the range of typical gabbroic rocks (c. 50–
400 ppm after Schärer et al., 1986 and Pedersen and Dunning,
1997). Fifteen spot analyses were performed on fifteen grains or
fragments (Table 1). All data points are concordant at the 2r level
(Fig. 4) but are slightly located to the right of the concordia. The
mean of the 15 spots is discordant and the calculated age

(564 ± 2 Ma) is associated with a high MSWD of 20. A slight Pb loss
is then likely and it is justified calculating a discordia forced to 0.
This discordia, calculated on the 15 spots, gives an age of
576 ± 4 Ma (MSWD = 0.54; Fig. 4), corresponding to a 207Pb/206Pb
weighted mean age. This value is taken as our best age estimate
for emplacement and crystallization of the gabbro sample NK13.

This age (576 ± 4 Ma) indicates that the Kekem complex is a late
Pan-African intrusion that emplaced during the last Pan-African
tectonic phase characterized by right lateral wrench movements
and till now poorly dated between 585 and 540 Ma (Toteu et al.,
2004). This last phase occurred mainly along the CCSZ where is lo-
cated the Kekem complex.

5.2. Mineralogy

The pyroxenes are mainly diopside in the gabbros, and diopside
and enstatite in the norites (Fig. 5a). In the gabbros, the composi-
tions of diopside vary from Wo42En44Fs14 to Wo48En42Fs10 with
XMg ranging from 0.75 to 0.81 while in the norites it is slightly less
magnesian: Wo45–46En38–39Fs17–15 and XMg = 0.72–0.76 (Table 2).
In sample NK6, diopside is more magnesian (XMg = 0.83–0.84 and
Wo47–48En43–44Fs8–9) and richer in Ti.

Orthopyroxene (enstatite) composition is close to Wo0–3En60–

75Fs25–39 with XMg = 0.61–0.75. In NK6, orthopyroxene is also more
magnesian (XMg = 0.74–0.75 and Wo0–1En 72–75Fs25–27). The miner-
alogical composition of sample NK6 is consistent with its chemical
whole-rock composition (high MgO content). The orthopyroxene is
generally poor in Al (AlIV = 0.0–0.014 p.f.u).

Phlogopite (Fig. 5b) is less magnesian in gabbros (XMg = 0.63–
0.69) than in norites where XMg is equal to 0.67–0.69 (Table 3).
In sample Nk6, it is unsurprisingly more magnesian (XMg = 0.71–
0.84). This NK6 Opx-cummulated rock includes Ti-rich phlogopite
(Ti = 0.67–0.73) and Ti-poor phlogopite (Ti = 0.27–0.60). In the gab-
bro NK13 phlogopite is Ti-rich (Ti = 0.60–0.68).

Feldspars display a large variation of compositions (Fig. 5c).
They consist of plagioclase and alkali feldspar. Plagioclase ranges
from labrador to oligoclase. In gabbros, plagioclase is specifically
basic (An37–69Ab62–31) while oligoclase (An32–55Ab44–66) and alkali
feldspar (Or32–87Ab12–13An0.3–7) are common in norites (Table 4).
The composition of feldspars in norite NK6 is again specific:
An21–29Ab69–78 for plagioclase and Or32–36Ab60–14An11–1 for alkali
feldspar.

The pyroxene thermobarometer of Putirka (2008) using equa-
tions 32c and 32d, allowed us to estimate the crystallization condi-
tions of the different samples. In gabbro diopside displays low
pressure (2.0–2.9 kbar) and temperatures around 1146.0–
1174.5 �C with KD(Fe–Mg)Cxp-Liq between 0.26 and 0.29. In norite
sample NK1 diopside occurs from 1141.8 to 1169.4 �C and 4.6 to
6.8 kbar with KD(Fe–Mg)Cpx-Liq = (0.269–0.275), and orthopyroxene
displays 1120 �C and 4–5 kbar (Equations 29b and 28b after Put-

Fig. 4. U–Pb Concordia diagram for zircon analyses of the gabbro-norite NK13 of

Kekem.

Fig. 5a. Classification of pyroxenes of the gabbro-norites from Kekem (Wo = Ca/

(Fe2+ + Mn + Mg + Ca); En = Mg/(Fe2+ + Mn + Mg + Ca); Fs = (Fe2+ + Mn)/(Fe2+ + -

Mn + Mg + Ca)) after Morimoto et al. (1988).
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irka (2008)) with bad values of KD(Fe–Mg)Oxp-Liq (0.537–0.543).
These values of KD suggest that orthopyroxene is not on equilib-
rium with the liquid in the norite.

In NK6 sample, diopside displays a high pressure 16.8–23.5 kbar
and temperatures 1234.3–1278.8 �C with bad KD(Fe–Mg)Cpx-Liq

(0.316–0.327). Orthopyroxene gives the same range of pressure
14–17 kbar and temperatures 1378.7–1379.8 �C with KD(Fe–
Mg)Opx-Liq (0.891–0.958). In generally neither clinopyroxene nor
orthopyroxene is on equilibriumwith the liquid in the NK6 sample,
their KD is unsatisfactory.

In fact, whatever the used equation, orthopyroxene is in equilib-
rium neither with the liquid nor clinopyroxene in norite. The sam-
ple NK6 once more stands out from the two groups of rock. Its
highly probable that NK6 could be a cumulated rock because of
high KD(Fe–Mg) of their pyroxenes.

In other respects, in norites the test for equilibrium is not satis-
factory (KD

Cxp-Opx = 0.627–0.730) whereas the best test should be
1.09 ± 0.14. Whatever the used equation the temperatures for
clinopyroxene-orthopyroxene are low (800–942 �C) in norites but
the pressures are variable according to the equation used. Eq.
(38) gives 5.2–7.9 kbar while for Eq. (39), 3.2–4.2 kbar are
obtained.

These results are similar to those obtained from feldspar ther-
mometry of Fuhrman and Lindsley (1998) for Fig. 5c where feld-
spar from gabbro-norite of Kekem appears to crystallize at about
1100 �C. Basically, gabbros and norites did not crystallize in the
same conditions. If the gabbros seem to crystallize as magma, the
norites appear as a modified magma during the ascent.

5.3. Geochemistry

5.3.1. Major elements

Gabbros and norites from the Kekem complex are rich in alkalis
but do not belong to the alkalic series. In the MALI (Modified Alka-
li-Lime Index; Frost et al., 2001) diagram, they belong to the alkali-
calcic series (Fig. 6a). This allows using the K2O vs. SiO2 diagram
showing that the Kekem complex plots in the shoshonitic field
(Fig. 6b). Moreover those rocks have low TiO2 contents (0.86–
1.95%). Norites are K-rich compared to gabbros (Fig. 6c). K2O/
Na2O ratios range from 0.47 to 1.07 in gabbros while they are
0.96 to 1.38 in norites (Table 5). SiO2 contents are 45.7–51.9% in
gabbros and 54.2–58.6% in norites.

At this silica content, it is better using MgO as differentiation in-
dex. MgO vs. major element oxides diagrams show considerable

Fig. 5b. Classification of micas of the gabbro-norites from Kekem.
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scatter but some rough correlations can be observed (Fig. 7a). SiO2

and Al2O3 increase, CaO and Fe2O3 (total iron) decrease, with
decreasing MgO. TiO2 increases in gabbros, and exhibit scattered
trend in norites, indicating relatively constant abundances. K2-

O + Na2O also increase with decreasing MgO.
Major element contents show that norites and gabbros do not

belong to the same line of descent: for a given MgO content, gab-
bros are rich in Fe2O3, TiO2, CaO, P2O5, Al2O3, Na2O and poorer in
SiO2 and K2O. This suggests different parental magmas or different
evolution processes, that of the norites being more evolved and
especially more potassic although norites have similar Mg# (atom-
ic ratios, 49–61, except NK6, see below) than the gabbros (42–59).
The norite sample NK6 has a high MgO content (nearly 14%) and
Mg# (77), pointing to a cumulate character. Its high K2O content
confirms its linkage with the norite trend. Sample NK13 with a
high MgO content (8.66%) but not cumulative in character, has
the composition which is the closest to the primitive magma. Let
us note that it is already enriched in K2O (2.33%).

CIPW norms show that the gabbroic rocks are silica-saturated
(no quartz and no significant nepheline), with high to moderate
olivine (8.5–21.5 vol.%), ilmenite, magnetite and apatite contents;
and relatively low diopside (3.2–4.4 vol.%), except NK13
(16.8 vol.%), which is moreover rich in hyperstene (11.3–
17.0 vol.%). By contrast, norites are silica-saturated/oversaturated
rocks (GK0 and NK3). They are normally enriched in alkali-feld-
spars and hypersthene. The cumulate NK6 is rich in hypersthene
(33.4 vol.%), in agreement with its cumulate character.

5.3.2. Trace elements

Trace elements that are compatible in clinopyroxene, such as Sc,
V and Co, decrease rapidly with MgO (Fig. 7b). Some transitional
elements (Ni, Co, Cr) are more abundant in norites than in gabbros.
Here also, two distinct lines of descent can be depicted for gabbros
and norites, gabbros being generally depleted relatively to norites.
Rb, Sr, Ba, elements incorporated by feldspars, do not display clear
trends and are all very abundant: Sr: 680–1300 ppm in norites,
1250–1500 ppm in gabbros, Ba: 1200–2300 ppm in norites,
1400–3100 ppm in gabbros, Rb: 83–160 ppm in norites, 45–
80 ppm in gabbros. This indicates a limited role of feldspars in
the differentiation, in agreement with the common high Al2O3

content.
REE patterns display either negative or positive europium

anomalies (Eu/Eu�
= 0.8–1.5). The REE patterns are LREE enriched

relative to HREE (LaN/YbN = 14.2–23.5) while HREE present a nearly
flat profile either in gabbros (DyN/YbN = 1.7–1.8) or in norites (DyN/
YbN = 1.3–1.6). Sample NK6 yields a negative Sr anomaly that may

Fig. 5c. Classification of feldspars of the gabbro-norites from Kekem, with

thermometry from Fuhrman and Lindsley (1998).
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be related to plagioclase fractionation. Samples NK1 (Norite sam-
ple Fig. 8c) and NK9 (Gabbro sample Fig. 8a) have positive Eu
and Sr anomalies, suggesting a slight accumulation of plagioclase.
Strong Ta–Nb and Ti negative anomalies are observed while Ba is
marking a positive anomaly (Fig. 8b–d), but Ti negative anomaly
is less pronounced in gabbroic samples. On the contrary, Hf–Zr
negative anomaly is more expressive in gabbro sample NK10 than
in norites. The multi-element patterns of both groups are enriched
in Sr, K, Rb, Ba, compared to MORB or to the lower crust although
the gabbroic samples and some norite samples (NK1, NK3, NK8)
are less enriched in K, Rb and Th (Fig. 8b–d). In Fig. 8e–f, the rocks
of the Kekem pluton display a trend indicating that they belong to
a same source, the least radiogenic sample NK6 being located close
to the upper continental crust pole (Fig. 8f).

5.4. Rb–Sr and Sm–Nd isotope compositions

Nine whole-rock Sr and Nd isotope analyses were carried out
and results are presented in Table 6. The Rb-Sr data define an erro-
chron, with a very high MSWD of 223. The fact that the calculated
age from this errochron (588 ± 120 Ma with a Sr initial ra-
tio = 0.70734 ± 0.00071) encompasses the zircon age, suggests that
the cause of the dispersion is either related to heterogeneous mag-
ma batches or to variable late magmatic interaction with the coun-
try-rocks. Individual 87Sr/86 Sr initial ratios calculated at 576 Ma

(U–Pb zircon age) vary from 0.7069 to 0.7082, with slightly higher
values in gabbros (0.7075–0.7082) than in norites (0.7068–0.7071,
with 0.7080 in NK6). Nd isotopes display negative eNd ranging from
�6 to �8.9 for the gabbros and from �5.2 to �7.6 for the norites
with Nd TDM ranging from 1577 to 1889 Ma. The gabbros and
the norites define two closed parallel trends, with NK6 norite with-
in the gabbro trend (Fig. 9a). These trend and 1.6–1.9 Ga TDMmod-
el ages are indicative either of a mixing between a juvenile
Neoproterozoic mantle source and a much older than 1.9 Ga litho-
spheric source (Archean) or of a mainly c. 2 Ga Paleoproterozoic
with some limited Neoproterozoic asthenospheric mantle input
bringing heat mantle input at the origin of the crustal melting.
Considering that the Archean lithosphere is only known much to
the South (Ntem Complex; Shang et al., 2007, 2010) and the slight
extent of the trends, we privilege the latter solution.

6. Discussion

6.1. Fractional crystallization and crustal contamination

The low Cr and Ni contents of the Kekem rocks indicate a rel-
atively evolved magma, consistent with their low MgO contents
(except NK6 and NK13 samples). The samples show a range in
MgO values that are coupled with significant variations in Sc, V,
Cr, Co, suggesting the possible influence of fractional crystalliza-
tion on their primitive magma composition. The normal zoning
displayed by plagioclase crystals is an additional argument for
fractional crystallization. Positive correlation between specific
trace element concentrations and MgO suggests that the parental
magma of the kekem gabbro-norite has undergone fractionation
of magnesian clinopyroxene (Sc) ±Cr-rich oxides (Cr and V). De-
creases of MgO with CaO, Sc and V indicate that clinopyroxene
fractionation has been important in both groups. Increases in
Al2O3 and Sr with decreasing MgO indicate fractionation of a min-
eral assemblage without abundant plagioclase. The slightly nega-
tive Eu anomalies on the REE patterns and negative Sr anomalies
on the primitive mantle-normalised patterns for sample NK6
could indicate early fractionation of plagioclase. In contrast, the
positive Eu and Sr anomalies displayed by samples NK1 and
NK9 indicate either cumulated plagioclase- or melt from cumu-
lated material. The gabbros and norites exhibit different evolu-
tionary trends, suggesting that they followed different paths of
fractional crystallization or accumulation or/and post-magmatic
alteration. Some fractionation of Fe–Ti oxides occurred in both
groups. In general, gabbros and norites do not appear to be re-
lated by the fractionation process. Each group defines its own lin-
ear correlation trend that can be linked, on the one hand, to slight
difference in their source (the most basic samples in each trend
are different) and, on the other hand, to their crystallization his-
tory, including thermodynamic conditions, as mirrored by their
distinct mineral compositions. The presence of clinopyroxene
(Diopside) in gabbro and the lack of clinopyroxene-orthopyroxene
equilibrium in norites suggest a thermodynamic change during
the emplacement history of the massif. In fact, the progressive
descent of MgO, FeO and CaO could reflect crystallization of Ti-
oxide and diopside in gabbro with less magnesian phlogopite.
Then following the precipitation of apatite and plagioclase min-
eral, the magma is depleted in CaO and Al2O3, and at in a second
step diopside, orthopyroxene and magnesian phlogopite crystal-
lized. This observation is confirmed by more magnesian charac-
teristic of norite (Mg# = 49–61) than gabbro (Mg# = 44–59).
This enrichment in MgO for norite samples could indicate the
contamination by gneissic country rocks. The more magnesian
sample NK6 locates close to the upper crust in different diagrams
(Figs. 8f and 10). The geodynamic context could also intervene,

Fig. 6. (a) MALI diagram from Frost et al. (2001). Plot of Na2O + K2O–CaO vs SiO2

showing the alkali-calcic feature of the Kekem rocks, (b) K2O vs Si2O diagram after

Peccerillo and Taylor (1976), shows the shoshonitic affinity of gabbro-norites from

Kekem and (c) K2O vs Na2O confirms the high-k feature of gabbro-norites from

Kekem.
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Table 5

Major and trace elements analyses.

Gabbros Norites

NK13 NK10 NK 11 NK 2 NK9 NK 8 GK 0 NK 5 NK7 NK 1 NK 4 NK 3 NK 6

SiO2 (%) 45.67 49.60 50.30 51.00 51.90 54.20 58.60 54.70 55.70 54.60 54.60 58.70 54.80

TiO2 1.95 1.74 1.70 1.56 1.55 1.13 0.86 1.31 1.23 1.05 1.24 0.94 0.89

Al2O3 12.88 18.00 19.00 18.90 19.00 14.90 15.60 15.80 15.40 17.60 17.20 16.70 10.00

Fe2O3 13.11 11.10 9.88 9.24 8.83 8.67 6.56 8.12 7.80 7.79 8.25 6.11 9.15

MnO 0.17 0.19 0.16 0.17 0.16 0.14 0.10 0.13 0.12 0.13 0.13 0.10 0.14

MgO 8.66 4.01 3.77 3.33 3.20 5.84 4.62 4.61 4.61 3.81 3.74 2.60 13.75

CaO 9.48 7.50 7.42 6.98 6.83 7.05 5.15 6.98 6.34 6.50 6.07 4.71 5.18

Na2O 2.17 3.86 4.08 3.98 3.99 2.95 3.39 3.11 3.18 3.56 3.74 3.68 2.15

K2O 2.33 1.85 1.91 2.93 2.72 3.68 3.24 4.01 4.26 3.81 3.81 4.70 2.96

P2O5 1.46 0.98 0.88 0.78 0.70 0.75 0.29 0.78 0.67 0.66 0.75 0.47 0.20

Total 97.87 98.82 99.10 98.87 98.89 99.30 98.40 99.54 99.31 99.51 99.53 98.71 99.21

K2O + Na2O 4.50 5.71 5.99 6.91 6.71 6.63 6.63 7.12 7.44 7.37 7.55 8.38 5.11

K2O/Na2O 1.07 0.48 0.47 0.74 0.68 1.25 0.96 1.29 1.34 1.07 1.02 1.28 1.38

Norm

Quartz 0.0 0.0 0.0 0.0 0.0 0.0 7.3 0.0 0.8 0.0 0.0 4.6 0.0

Orthoclase 14.2 11.2 11.5 17.7 16.4 22.1 19.6 24.0 25.5 22.8 22.8 28.3 17.8

Albite 18.6 33.4 35.1 32.9 34.4 25.3 29.3 26.6 27.3 30.5 32.0 31.7 18.5

Anorthite 19.2 26.9 28.4 25.5 26.4 16.8 18.2 17.5 15.4 21.0 19.1 15.4 9.0

Nepheline 0.2 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Diopside 16.8 4.4 3.2 4.3 3.3 11.7 5.1 10.6 10.2 6.3 5.7 4.6 12.7

Hypersthene 0.0 4.7 2.8 0.0 4.9 17.3 17.1 15.6 15.5 11.4 11.4 11.4 33.4

Olivine 21.5 12.0 12.0 12.5 8.5 1.5 0.0 0.0 0.0 3.2 3.4 0.0 4.8

Magnetite 2.3 2.0 1.7 1.6 1.6 1.5 1.2 1.4 1.4 1.4 1.4 1.1 1.6

Ilmenite 3.8 3.4 3.3 3.0 3.0 2.2 1.7 2.5 2.4 2.0 2.4 1.8 1.7

Corindon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Apatite 3.3 2.2 2.0 1.7 1.6 1.7 0.6 1.7 1.5 1.5 1.7 1.0 0.4

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

DI 33.0 44.6 46.6 51.4 50.8 47.4 56.2 50.6 53.6 53.3 54.8 64.6 36.3

Mg# 59.8 44.8 46.2 44.8 44.9 60.2 61.3 56.1 57.1 52.4 50.5 48.9 77.2

Nb (ppm) 8 14 14 11 9 10 14 10 13 9 11 14 9

Zr 89 163 94 130 105 173 181 176 219 103 197 275 132

Y 26 40 48 23 23 24 23 25 25 24 28 39 24

Sr 1246 1470 1476 1503 1602 1075 679 1200 978 1297 1123 970 286

Rb 78 45 51 66 83 94 137 99 122 83 94 156 94

Ba 2301 1615 1416 3072 2706 2361 1192 2831 2223 2337 2109 1854 990

Ga 22 26 26 25 24 19 22 20 20 21 22 22 17

Zn 180 154 136 122 125 99 80 88 88 90 100 89 84

Cu 30 14 17 8 6 38 32 33 27 27 17 9 9

Ni 90 3 2 3 4 74 116 31 44 19 25 14 345

Co 51 18 16 17 13 34 28 27 25 25 22 18 55

Cr 340 16 12 18 18 254 233 132 151 68 75 42 1321

V 351 146 137 131 122 182 116 190 167 165 172 119 100

Sc 26 19 19 18 19 23 16 22 19 16 17 14 20

La 58.9 80.9 86.7 63.3 52.7 52.6 50.6 51.0 57.6 32.5 53.3 64.0 33.6

Ce 110.0 131.9 117.8 107.5 85.9 84.1 80.6 89.3 100.5 55.6 88.3 101.6 53.0

Pr 14.2 17.8 17.3 13.4 10.9 11.0 9.5 11.2 12.4 6.9 11.1 12.8 7.0

Nd 61.3 75.8 71.7 56.2 46.9 46.7 37.5 46.6 50.8 27.4 46.8 52.4 26.9

Sm 12.1 14.0 15.4 10.2 9.1 9.5 7.3 8.9 9.7 5.9 9.5 10.2 5.8

Eu 2.8 3.4 4.0 3.0 4.0 3.4 2.0 2.3 2.2 2.7 3.2 2.5 1.6

Gd 9.5 11.6 14.1 8.2 8.1 8.3 6.4 7.0 7.5 5.3 8.3 9.9 5.1

Tb 1.1 1.5 1.7 1.0 0.9 1.0 0.8 0.9 0.9 0.7 1.0 1.4 0.7

Dy 5.5 7.8 8.0 5.2 3.9 4.2 3.4 4.4 5.0 3.0 4.4 8.2 3.1

Ho 1.0 1.4 1.4 0.9 0.7 0.8 0.7 0.8 0.9 0.6 0.8 1.6 0.6

Er 2.9 4.1 3.7 2.6 1.8 2.1 1.7 2.3 2.6 1.5 2.2 4.5 1.7

Tm 0.3 0.5 0.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.6 0.3

Yb 2.0 2.9 3.2 1.9 1.5 1.8 1.6 1.8 2.1 1.4 1.9 3.8 1.6

Lu 0.3 0.4 0.5 0.2 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.5 0.3

Hf nm 3.16 nm nm nm 3.90 3.20 4.91 5.46 nm nm 7.18 3.89

Ta 0.42 0.69 0.69 0.60 0.58 0.57 0.92 0.53 0.75 0.49 0.42 0.78 0.48

Pb 9.35 13.63 11.36 15.69 12.29 14.37 22.07 16.57 19.80 14.52 15.63 21.76 10.75

Th 3.29 2.04 2.05 1.86 3.06 4.60 7.38 3.18 6.71 1.48 2.56 11.32 6.59

U 0.65 0.44 0.64 0.40 0.83 1.04 2.31 0.68 1.15 0.56 0.78 2.25 1.35

Zr/Sm 7.34 11.65 6.11 12.71 11.59 18.26 24.92 19.79 22.68 17.57 20.84 27.04 22.90

Th/Ce 0.03 0.02 0.02 0.02 0.04 0.05 0.09 0.04 0.07 0.03 0.03 0.11 0.12

Th/U 5.06 4.61 3.19 4.66 3.67 4.42 3.20 4.70 5.81 2.66 3.27 5.02 4.87

Th/La 0.06 0.03 0.02 0.03 0.06 0.09 0.15 0.06 0.12 0.05 0.05 0.18 0.20

Ce/Pb 11.77 9.68 10.37 6.85 6.99 5.85 3.65 5.39 5.07 3.83 5.65 4.67 4.94

Nb/Ta 19.1 20.2 20.4 18.4 15.6 17.5 15.1 18.9 17.3 18.5 25.9 18.0 18.7

Ba/Nb 287.6 115.4 101.1 279.3 300.7 236.1 85.1 283.1 171.0 259.7 191.7 132.4 110.0

Zr/Nb 11.1 11.6 6.7 11.8 11.7 17.3 12.9 17.6 16.8 11.4 17.9 19.6 14.7

U/La 0.011 0.005 0.007 0.006 0.016 0.020 0.046 0.013 0.020 0.017 0.015 0.035 0.0

K2O/La 0.040 0.023 0.022 0.046 0.052 0.070 0.064 0.079 0.074 0.117 0.072 0.073 0.1
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because the late tectonic hydrothermal fluids can be a source of
contamination. The large fractures that accompanied emplace-
ment of the pluton can make the fluid circulation easier, and at
the same time, can change the dynamical conditions. The instabil-
ity of large flake of phlogopite associated to orthopyroxene can
explain this situation. Indeed, large variations in plagioclase com-
position, labrador in gabbro, andesine-oligoclase and albite in
norites with greenish magnesian phlogopite (alteration to chlo-
rite), is reminiscent of leaching of magmatic mineral. The small
pluton like Kekem gabbro-norite which emplaced in richness flu-
ids post-tectonic environment can be transformed easier by endo-
morphism. This endomorphism can alter gabbro to norite

(Raguin, 1976). Nonetheless, post-magmatic modifications do
not seem having affected the Rb–Sr isotopic system (see Section
5.4).

Crustal contamination can be important in the petrogenesis of
potassic magmas as they pass through continental crust, espe-
cially for plutons. Fractional crystallization associated with crus-
tal contamination (AFC) is an important process during magma
evolution (DePaolo, 1981) and may modify both elemental and
isotopic compositions. Crustal materials are rich in LILE, K2O
and Na2O and depleted in P2O5 and TiO2. Therefore, crustal con-
tamination will significantly increase K2O, Na2O and LILE. The
grabbros and norites exhibit covariation of TiO2 with MgO, sug-

Table 5 (continued)

Gabbros Norites

NK13 NK10 NK 11 NK 2 NK9 NK 8 GK 0 NK 5 NK7 NK 1 NK 4 NK 3 NK 6

Eu/Eu⁄ 0.78 0.81 0.84 1.00 1.42 1.18 0.89 0.90 0.80 1.50 1.10 0.76 0.89

LaN/SmN 3.04 3.63 3.54 3.88 3.65 3.48 4.37 3.59 3.74 3.47 3.53 3.95 3.66

LaN/YbN 20.00 18.77 18.60 22.83 23.83 19.73 21.30 19.36 18.75 15.96 18.67 11.59 14.40

DyN/YbN 1.81 1.73 1.66 1.81 1.69 1.52 1.38 1.59 1.57 1.40 1.47 1.42 1.28

nm = Not measured.

Fig. 7. Harker diagrams of some major element oxides (a) and trace elements (b).
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gesting that fractional crystallization was superimposed on crus-
tal contamination. High concentrations of K2O and constant con-
centration of Na2O in both rocks suggest moderate crustal
contamination. The Ce/Pb ratios, particularly in norite samples
(Fig. 10), confirm this assumption. Higher K2O and LILE contents
in norites could be linked to higher rate of crustal contamination
during differentiation but the common Sr and Nd isotopic signa-
ture (gabbros are even more radiogenic in Sr isotopes than nor-
ites) dismisses this possibility. Indeed, 87Sr/86Sr576Ma show
negative correlation with 1/Sr � 1000, SiO2, K2O and MgO in nor-
ites (Fig. 10). These are contrary to AFC process as proposed
DePaolo (1981). The cause may thus be a slightly more enriched
source or a lower degree of partial melting. If a crustal contam-
ination occurred, it was similar for both groups of rocks. In a
general way, minor crustal contamination might result in nega-
tive Nb–Ta anomalies but also in positive Zr–Hf anomalies due
to enrichment of those elements in crustal materials. The studied
samples exhibit negative Nb–Ta, negative Zr–Hf anomalies, sug-
gesting that crustal contamination was not important (Green,
2006). The relatively low Zr/Sm ratios (3–25) of those samples

reflect some residual mineral that retains Zr (such as zircon).
Such low Zr/Sm ratios cannot result from crustal contamination
because the upper crust has generally high Zr/Sm ratios (�32).
In addition, the absolute concentrations of incompatible ele-
ments (including Nb, Ta, Zr, Sm, etc.) are much higher than those
usually observed in crustal rocks (Taylor and McLennan, 1995).
Furthermore, the Ba (1192–3072 ppm) and Sr (970–1503 ppm)
are much higher than those of the continental crust
(Ba = 259 ppm; Sr = 348 ppm; Rudnick and Gao, 2004), implying
a strongly enriched source. Whereas, the low Th/Ce ratios
(0.02–0.07) and the absence of negative Eu anomalies (except
in NK6 (Th/Ce = 0.12), NK3 (Th/Ce = 0.11) and GK0 (Th/
Ce = 0.09) also suggest that crustal contamination did not play
a significant role in the generation of magmas. Indeed, continen-
tal crust has relatively high Th/Ce ratios (�0.15) and negative Eu
anomalies (Taylor and McLennan, 1995), while mantle-derived
magmas have low Th/Ce ratios (0.02–0.05, Sun and McDonough,
1989).

The enrichment in alkalies, LILE and more generally in incom-
patible elements must thus be related to the Kekemmagmamantle

Fig. 7. (continued)
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source. Geochemical and isotopic data constrains an additional
more magnesian and less radiogenic component, as shown by the
norite samples (more magnesian and less radiogenic than gabbro
samples; Fig. 10). This could be due to the heterogeneity of the
lithospheric mantle source or to some input from the Kekem mag-
nesian (Dumort, 1968) garnet sillimanite gneiss surrounding rocks
considered to be a northern extension of the Paleoproterozoic
Nyong Group (Penaye et al., 2004). This hypothesis is however at
variance with the fact that the AFC failed to explain properly the
evolution of the Kekem gabbro-norite pluton.

6.2. Constraints on magma source region

The broad geochemical similarities, as shown by the normalised
primitive mantle patterns or by the relative homogeneity of Sr and
Nd isotopic ratios of the Kekem rocks, suggests a common source
for the various facies of the Kekem pluton (Fig. 8f and 10).

The LREE enrichment relatively to HREE (LaN/YbN = 14.2–23.5)
and the flat pattern (DyN/YbN = 1.3–1.7) of the HREE lead to pro-
pose firstly a spinel lherzolite peridotite as a mantle source
(Mckenzie and O’Nions, 1991). The Th/U (2.7–5.8), Th/La (<0.2)

Fig. 8. REE normalised to primitive mantle diagram after McDonough et al. (1992): (a) Gabbros pattern, (b) Spider diagram of gabbro, (c) Norites pattern, (d) Spider diagram

of norites, MORB values of normalization are from Pearce (1983), values of average crust (AC) and MORB are from Kelemen et al. (2004) and (e) Gabbros and norites pattern

show that their belonging to one source and f attests this assumption.

Table 6

Sr and Nd isotopic data.

Rb Sr 87Rb/86Sr 87Sr/86Sr 2r Sri 576 Sm Nd 147Sm/144Nd 143Nd/144Nd 2r eNd0 eNd576 TDM (Ga)

Gabbros

NK9 83 1602 0.1500 0.709481 0.000005 0.708249 9.06 46.85 0.116977 0.511884 0.000004 �14.71 �8.85 1823

NK13 78 1246 0.1812 0.708981 0.000020 0.707493 12.00 63.00 0.115188 0.512021 0.000004 �12.04 �6.04 1577

NK10 45 1470 0.0886 0.708526 0.000010 0.707798 15.76 81.27 0.117271 0.511972 0.000012 �12.99 �7.15 1689

Norites

NK3 156 970 0.4655 0.710657 0.000009 0.706834 11.56 55.31 0.126395 0.512109 0.000010 �10.32 �5.15 1626

NK4 94 1123 0.2423 0.708910 0.000020 0.706921 9.45 46.83 0.122057 0.512068 0.000004 �11.12 �5.63 1617

NK5 99 1200 0.2388 0.709107 0.000009 0.707146 10.37 50.37 0.124501 0.511994 0.000012 �12.56 �7.26 1788

NK6 94 286 0.9519 0.715818 0.000008 0.708000 5.76 26.94 0.129382 0.511996 0.000003 �12.52 �7.58 1889

NK7 122 978 0.3611 0.710037 0.000009 0.707072 11.05 55.21 0.121034 0.511978 0.000009 �12.87 �7.31 1748

NK8 94 1075 0.2531 0.709175 0.000006 0.707097 9.47 46.72 0.122599 0.512033 0.000003 �11.80 �6.36 1685
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and Zr/Nb (11.1–19.6) ratios are close to typical mantle ratios (Tay-
lor and Mclennan, 1995; Rudnick et al., 1998).

The budget of the moderately incompatible elements (HREE,
HFSE and Ti) is largely controlled by partial melting processes
(Pearce and Peate, 1995). In particular, HFSE are used to constrain
the nature of the mantle sources which may have been depleted by
previous melt extraction in back-arc basins (Elliott et al., 1997) or
in arc setting (Grove et al., 2002). Experimental studies reveal that
Nb–Ta and Zr–Hf have significantly different partition coefficients
in the system Cpx/anhydrous silicate melt (Johnson and Schwab,

2004). In Cpx/melt system, Zr is generally more incompatible than
Hf by a factor of 1.5–2, whereas the DNb/DTa ratio is less than 1.
Therefore, Nb/Ta and Zr/Hf ratios can be significantly fractionated
and would be positively correlated during partial melting of the
upper mantle. This process would also be expected to yield positive
correlations of sub-chondritic Nb/Ta ratios with La/Yb, Th/Yb, Zr/Ti,
Ti/V and Y/Sc ratios, which would decrease with increasing deple-
tion of the mantle wedge (Pearce and Peate, 1995). However, the
Kekem gabbro-norites do not show such correlations (Fig. 11), sug-
gesting that their mantle source region was a rather primitive

Fig. 9. Sr–Nd isotopic composition of the Kekem complex (a) with representatives of the Archaean Ntem complex (Shang et al., 2004, 2007) and some Palaeoproterozoic high-

K granitoids of CCSZ (Ngondo: Tagne-Kamga, 2003, Bafoussam: Djouka-Fonkwé et al., 2008, Tibati, Njanko et al., 2006, Fomopéa: Kwékam et al., 2010) (b); BSE (Bulk Silicate

Earth).

Fig. 10. Plots of Sri (87Sr/86Sr)576Ma vs 1/Sr, Sri vs SiO2, Sri vs K2O, Sri vs MgO show that gabbros and norites are not controlled only by AFC, and Ce/Pb vs Ce and Nb/Th vs U/Th

show that both groups of rocks belong to same source.
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lithospheric mantle, which had not been depleted by previous melt
extraction (Pearce and Peate, 1995). The Nb/U (<30) and Nb/Th (<8)
ratios of Kekem gabbro-norites are closed to the primitive mantle
values. Therefore, the enrichment in LREE suggests a mantle en-
riched source rather than an evolved magma process implication.
Those gabbro-norites have Sm/Yb ratios higher than the spinel-
lherzolite melting curve, but lower than the garnet-lherzolite melt-
ing trend, such that all of the analyzed samples plot between the
two trajectories in side of E-MORB (Fig. 12). In the La/Sm versus
Sm/Yb diagram (Fig. 12c), most samples plot between the garnet-
spinel-lherzolite (50:50) and spinel < garnet lherzolite curves
(about 65–50gt:35–50sp), thus suggesting they derived from a
mantle reservoir, slightly deeper than the garnet-spinel lherzolite
level. This source region should be located in the spinel-lherzolite
and garnet-lherzolite transition zone corresponding to depths of
about 70–80 km (Frey et al., 1991; McKenzie et O’Nions, 1991).
This could explain the coexistence of two clinopyroxenes in gabbro
(high-Al Ti-Cpx and moderately enriched Al Ti-Cpx) that probably
implies decreasing of pressure from garnet-lherzolite zone to spi-
nel-lherzolite zone. The rapid decreasing of pressure from gabbro
to norite (from 8 kbar to 3 kbar) with low decreasing of tempera-
ture could be explained by short transfer time from the magma
chamber to the pluton emplacement or rapid exhumation. The ra-
pid exhumation can be one raison of coexistence of two clinopy-
roxene in gabbro and clinopyroxene-orthopyroxene in norites.

The Kekem gabbro-norites crystallized from melts produced by
low partial melting (Fig. 12c). This low degree of partial melting is
consistent with their high HFSE contents and high (La/Yb)N ratios.
Relatively high K2O/La (0.016–0.117) ratios but low U/La (0.004–
0.06) ratios in the Kekem gabbro-norites may be also compatible
with basaltic magma produced by decompression melting of an al-
ready metasomatized mantle source rather than by a flux-driven

melting process (Hochstaedter et al., 1996) (see Section 6.3 for
explanation).

This is in agreement with Sr and Nd isotope constraints that im-
ply an old source enriched in LREE and in LILE (Rb) for allowing the
acquisition of an enriched isotopic composition (high 87Sr/86Sr and
low eNd). This lead to the conclusion that the source of the Kekem
rocks is an already metasomatized mantle. Nd–Sr isotopes indicate
that this earlier enrichment occurred at least 1 Gyr before the Ke-
kem intrusion. NdTDM model ages correspond to the mean age of
the source of the magma (see Liégeois and Stern, 2010 for a de-
tailed discussion of TDM model ages). Their value (1.6–1.9 Ga) im-
ply the major participation of a Paleoproterozoic lithosphere with
a limited participation of the Neoproterozoic asthenosphere, play-
ing the role of heat supply. This major Paleoproterozoic lithospher-

Fig. 11. Plots of Nb/Ta vs Th/Yb (a) and Nb/Ta vs Zr/Hf for the gabbro-norites of

Kekem. Values of N-MORB, OIB and primitive mantle are from Sun and McDonough

(1989). Values for the upper and lower crust are from Wedepohl (1995). Nb/Ta

ratios are constant about 17, value of primitive mantle.

Fig. 12. REE variations in gabbro-norites of Kekem, (a) La vs La/Sm, (b) Sm/Yb vs Sm

and (c) Sm/Yb vs La/Sm. Mantle array defined by depleted MORB mantle (DM;

Mckenzie and O’Nions, 1991) and primitive mantle (PM, Sun and McDonough,

1989) compositions. Melting curves for spinel-lherzolite and garnet-lherzolite

sources with both DM and PM compositions after Aldanmaz et al. (2000); circled

dots on each melting curve correspond to degrees of partial melting for a given

mantle source. Also shown are N-MORB and E-MORB compositions of Sun and

McDonough (1989).
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ic source corresponds to the lithospheric mantle of the Congo
craton.

6.3. Source of enrichment

It has been shown that the enrichment in LILE and LREE in the
Kekem gabbro-norites resulted from an enrichment from an old
lithospheric source and not from a crustal contamination during
ascent. REE generally played a significant role in characterizing
and identifying the processes that create incompatible element
enrichment in mantle rock. Dawson (1984) defined two end prod-
ucts of mantle enrichment processes as patent and cryptic metaso-
matisms. Patent metasomatism, also known as modal
metasomatism, is characterized by LREE enrichment accompanied
by the presence of hydrous minerals whereas cryptic metasoma-
tism is characterized by a similar style of compositional enrich-
ment without the presence of hydrous minerals. The abundance
of apatite and hydrous minerals (such as phlogopite) in the studied
rocks can be linked to their large amounts of incompatible ele-
ments and fluids. The presence of phlogopite and apatite suggests
source enrichment in these incompatible and volatile elements by
metasomatism (Bonin, 2004). Furthermore, the low Nb/U ratios (5–
20) of the Kekem gabbro-norites also suggest metasomatized litho-
spheric mantle (Plank, 2005). The presence of negative Nb, Ta, Hf,
Zr and Ti anomalies in the MORB-normalised trace element pat-
terns (Fig. 8b–d) could be linked to subduction related magmas
(Fig. 13a). Moreover the high Ba/Nb ratios (85–301) lead to pro-
pose a subduction-related environment for the enrichment of the
source of the Kekem rocks. Indeed, the subduction geodynamic
model is recently proposed for the central African pan-African fold
belt by Ngako and Njonfang (2011). Some information can be ob-
tained about the source of these elements. Enrichment in Rb, Ba,
K (Fig. 8b–d), high K/Nb, La/Nb and low Ce/Pb ratios are consistent
with slab-derived enrichment fluids. Whereas, relative to mid-
ocean ridge basalt, subducting sediments are strongly enriched in
a number of elements of interest, including K, Rb, Sc, Ba, Sr, U,
Th, Pb, Sm, Nd, Lu, and Hf are moderately enriched (Morris and
Ryan, 2004). The low Ce/Pb ratios (3.8–11.8) of the Kekem rocks

are distinct from those of oceanic basalts (Hofmann et al., 1986),
which have high Ce/Pb (�25) ratios (Ben Othman et al., 1989).
The low Ce/Pb ratios of the Kekem rocks are due to Pb-enrichment.
Experimental data suggest that Ce/Pb ratios of the slab-derived flu-
ids could be as low as �0.1 or even lower (Brenan et al., 1995; Kep-
pler, 1996; Ayers, 1998). The relatively low Ce/Pb ratios of the
Kekem rocks suggest contribution of slab-derived fluids rather
than from subducted sediments or from melts resulting from these
sediments (Fig. 13). In addition, the Kekem gabbro-norites have
relatively high Rb/Y and low Nb/Zr ratios (Fig. 13c and d), features
that resemble magmas produced by interaction between slab-de-
rived fluids and sub-arc mantle peridotites (Green, 2006). Gabbros
display higher Nb/Zr ratio than norites; this would indicate that
the gabbros are more melt-related enriched than norites that
would be more enriched in fluids. This suggests that enrichment
in Th may be due to the fluids. Indeed, in the Nb/Yb vs Th/Yb dia-
gram, gabbros are mostly close to the mantle array while norites
evolve along subduction trend.

In summary, geochemical data indicate that the primary mag-
ma of the Kekem gabbro-norite pluton was derived from the par-
tial melting of a metasomatized lithospheric mantle (as
garnet + spinel lherzolite peridotite), whose metasomatism oc-
curred throught slab-derived hydrous fluids generated during a
previous subduction process.

Sr–Nd isotopes bring the additional information that this earlier
subduction process occurred at least 1 Gyr before the intrusion of
the Kekem pluton, during the Palaeoproterozoic or the Archaean,
following the asthenospheric material proportion involved in the
melting of the Kekem magma. The trends observed in the eNd vs
(87Sr/86Sr)i at 576 Ma diagram (Figs. 9 and 10) and the local geol-
ogy, that displays Palaeoproteroic relic Nyong series extension
(Penaye et al., 2004), would rather favour a Palaeoproterozoic sub-
duction period. If a mantle is modified during a subduction event
and does not convect afterwards into a hot part of the mantle
wedge, the subduction signature could remain indefinitely and re-
mains available to be tapped by upper mantle melting in other tec-
tonic settings (Liégeois et al., 1998; Morris and Ryan, 2004).

Fig. 13. (a) Nb/Yb vs. Th/Yb diagram shows the importance of subduction environment in the generation of gabbro-norite magma (SZ, subduction zone, CC, continental crust,

AFC, assimilation fractional crystallisation, FC, fractional crystallisation), (b) Ba/La vs. Th/Yb, (c) Nb vs. Th/Zr and (d) Rb/Y vs. Nb/Y diagrams after (Green, 2006), show the

influence of slab derived fluids during the generation of the gabbro-norite magma.
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6.4. Geodynamical implications

The habitus of the Kekem pluton and its age (576 ± 4 Ma) indi-
cate that it is a post-collisional event. Metasomatized lithospheric
mantle is known to be melted during the post-collisional period
(Liégeois et al., 1998). The partial melting of a mantle previously
enriched in LILE (especially K) induces a second enrichment in
these incompatible elements, leading to a K-rich magmatism (Rob-
erts and Clemens, 1993; Liégeois et al., 1998), which is the case of
the Kekem pluton.

The Kekem pluton is associated to others K-rich post-collisional
plutons in the mixing line between primitive mantle magma and
lower crust melt (Fig. 9b). All these plutons are located along the
CCSZ (see Fig. 1b for their emplacement). The genesis of these oth-
ers plutons can be linked to the successive melting of the sources
initiated by the rising isotherms during a syn- to post-collisional
setting which followed a subduction (Tagne-Kamga, 2003; Njanko
et al., 2006; Djouka-Fonkwé et al., 2008; Kwékam et al., 2010; Nga-
ko and Njonfang, 2011). Regionally, the Kekem complex intruded
during the D4 tectonic event that occurred in a transpressive envi-
ronment, evolving towards a transtensional environment. This tec-
tonic event is mainly materialised along the Central Cameroon
shear zone (CCSZ, Toteu et al., 2004; Ngako et al., 2008). In an intra-
continental setting, such movements along lithospheric-scale
shear zones are prone to induce lithospheric delamination, result-
ing in asthenosphere uprise leading to partial melting of the litho-
spheric mantle and even crust (Liégeois et al., 2003; Shang et al.,
2010; Fezaa et al., 2010). Low crustal contamination of Kekem gab-
bro-norites massif and alkali-calcic affinity are additional argu-
ments that support a lithosphere delamination model (Bonin,
2004). During a collision/post-collision event, this is particularly
true when the lower plate (former passive margin) is considered:
it is too cold and rigid to be completely remobilized but is submit-
ted to sufficiently intense stress to be tectonically dissected and in-
vaded by magmas, which correspond to a metacratonization
process (Ennih and Liégeois, 2008). This was the case of the studied
area that corresponds to the northern edge of the Congo craton
incorporated within the Pan-African orogen through continental
subduction (marked by the Yaoundé nappe thrusting), leading to
its metacratonization (Kwékam et al., 2010; Shang et al., 2010).
The Kekem complex represents one of the last events of this partial
reactivation of a craton boundary, here including the low degree
partial melting of its lithospheric mantle.

Tomographic data show that the Kekem complex (576 ± 4 Ma),
as the older Fomopéa pluton (622 ± 4 Ma), is located along the
northern boundary of the thick lithosphere of the Congo craton
(Kwékam et al., 2010). This reveals that the CCSZ marks the litho-
spheric boundary of the Congo craton, along which the Cameroon
volcanic Line also has occurred during the Cenozoic.

7. Conclusions

The Kekem shoshonitic gabbro-norite complex is dated here at
576 ± 4 Ma, which points to a post-collisional emplacement for the
HKCA magmatism in the central or Adamawa-yadé domain of the
Pan-African fold belt in Cameroon. Major elements and REE indi-
cate that the source of the gabbro-noritic magma of Kekem was lo-
cated close to the base of the garnet-spinel lherzolite peridotite
mantle at 70–80 km depth, within the lithospheric mantle. This
lithospheric mantle was metasomatized during an earlier subduc-
tion event that probably occurred during the Palaeoproterozoic.
The partial melting of this mantle source is related to large move-
ments along the Central Cameroon shear zone (CCSZ) which was
active during the period 620–540 Ma. Those movements led to
the metacratonization of the northern boundary of the Congo cra-

ton (Kwékam et al., 2010). The Palaeoproterozoic and maybe Ar-
chaean inherited mantle component in the post-collisional
Kekem gabbro-noritic magma confirms that the CCSZ corresponds
to the northern lithospheric boundary of the Congo craton.
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