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Abstract Metavolcanic rocks are well-exposed in the

Kribi area within the Nyong Group, Congo craton, but their

origin, age, and tectonic significance are poorly known.

Here we report integrated field mapping and petrography,

geochemistry, and LA-ICP-MS zircon U-Pb ages of these

metavolcanic rocks to constrain their petrogenesis and

geodynamic implications. The studied rocks consist of

mafic granulite, garnet-amphibole gneiss, and garnet-bi-

otite gneiss, and occur interbanded with sharp contact and

intruded by syenite dyke. These metavolcanic rocks are

classified as MORB-like tholeiitic to calc-alkaline basalts,

basaltic andesite, and rhyodacite rocks with within-plate

setting geochemical signatures. The metabasite rocks

(basalt to basaltic andesite protolith) are likely the equiv-

alent of a spinel peridotite product representing * 2–5 %

partial melting of metasomatized mantle source, while the

metarhyodacite rocks are derived from the fractional

crystallization of the same parental magma. Zircon U-Pb

data revealed that the rhyodacite rocks initially formed at

2671 ± 51 Ma and underwent later metamorphism at

2065 ± 55 Ma. The Neoarchean protolith age is compa-

rable to the ca. 2628 Ma tholeiitic magmatism and ca.

2666 Ma high-K granites, suggesting bimodal Neoarchean

magmatic event within the Ntem Complex, while the

metamorphic ages fall within the ca. 2100–2000 Ma high-

grade tectono-metamorphic event attributed to Eburnean/

Trans-Amazonian orogeny. At the regional scale,

metavolcanic rocks with similar origins and ages are doc-

umented in the São Francisco Craton in Brazil, suggesting

comparable geodynamic evolution on both sides of the

south Atlantic during the Paleoproterozoic.

Keywords Metavolcanic rocks � MORB � Within plate

volcanic zone � Mantle source � Fractional crystallization �
Congo craton � Cameroon

1 Introduction

Precambrian geodynamic processes aim at understanding

the evolution throughout the time of the Earth’s interior

and surface. Many workers Taylor and McLennan 1985;

Hoffmann et al. 2010; Gerya 2014 and references therein)

have proposed diverse models for the Precambrian geo-

dynamic processes such as plate tectonics, orogeny, sub-

duction, collision, craton formation, and stability. Based on

geochemical, petrological, and geochronological data, it

becomes possible to constraint the main geodynamic pro-

cesses which controlled the formation and preservation of

Precambrian cratons (Hoffmann et al. 2010; Beuchert et al.

2010; Currie and Van Wijk 2016). For instance, Precam-

brian volcanic rocks which constitute the earliest mani-

festation of ancient igneous activity are considered to be

extremely important for the understanding of mantle-crust

& Sylvestre Ganno

sganno2000@gmail.com

1 Department of Earth Sciences, University of Yaoundé I,
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evolution Polat et al. 2000, 2002; Zhang et al. 2012b). Lack

of preserved ancient volcanic rocks represent a funda-

mental barrier in improving the comprehension of how the

Earth evolved, thus the scarcity of consensus and the per-

sistence of intriguing and controversial issues regarding the

Precambrian geodynamic processes Taylor and McLennan

1985; Hoffmann et al. 2010; Gerya 2014 and references

therein).

In Southern Cameroon, Precambrian metavolcanic rocks

are reported within the Congo Craton (CC) represented by

the Ntem Complex, which is characterized by a conspic-

uous presence of greenstones belt (Loose and Schenk 2018;

Bouyo Houketchang et al. 2019; Fuanya et al. 2019;

Moudioh et al. 2020; Nga Essomba et al. 2020; Kwamou

et al. 2021). This belt trends E–W and extends over 500 km

from Mbalam to the East to Kribi town to the West

(Maurizot et al. 1986; Suh et al. 2008; Ganno et al. 2018).

The Ntem Complex encompasses the Neoarchean-Paleo-

proterozoic Nyong Group to the west and the Archean

Ntem Group to the east (Maurizot et al. 1986; Lerouge

et al. 2006; Owona et al. 2021; Soh Tamehe et al. 2021).

Pioneers studies (e.g. Maurizot et al. 1986; Feybesse et al.

1986, 1998) have revealed that the Nyong Group (Fig. 1)

represents reactivated portion of the Archaean Congo cra-

ton throughout Eburnean/Trans-Amazonian and Pan-Afri-

can/Braziliano orogenies, while other authors (e.g. Toteu

et al. 1994; Penaye et al. 2004; Lerouge et al. 2006;

Kankeu et al. 2018; Bouyo Houketchang et al. 2019; Nga

Essomba et al. 2020) have propounded that the Nyong

Group represents a Paleoproterozoic suture zone coeval to

a nappe tectonic event between the Congo and São Fran-

cisco cratons. Furthermore, preserved fragments of this

orogeny were reported in both NE Brazil and West Africa

(Ledru et al. 1989; Barbosa and Barbosa 2017). The Nyong

Group consists of metamorphosed volcano-sedimentary

rocks intruded by plutonic bodies. Previous geochrono-

logical studies of this group have revealed the Paleopro-

terozoic magmatic-metamorphic events, suggesting that the

Nyong Group represents a reworked segment of the

Archean Ntem Complex formed during the Eburnean/

Trans-Amazonian orogeny (Nedelec et al. 1993; Toteu

et al. 1994; Penaye et al. 2004; Lerouge et al. 2006; Ndema

Mbongue et al. 2014; Owona et al. 2020a, 2021a). More-

over, recent studies (e.g. Loose and Schenk 2018; Bouyo

Houketchang et al. 2019; Nga Essomba Tsoungui et al.

2020, and references therein) have revealed the occurrence

of 2.09 Ga eclogites and serpentinites in this group, sug-

gesting that the modern plate tectonic model has played a

key role in the collision between the Congo and São

Francisco craton.

The Kribi area is located to the western edge of the

Nyong Group (Fig. 1), which comprises well-exposed

metavolcanic rocks cropping out along the beach (Atlantic

coast). The occurrence of these metavolcanic rocks is

essential to determine the source and evolution of mafic

magma in the Ntem Complex, thus improving the under-

standing of the formation and evolution of the Congo

Craton. Furthermore, the location of the Kribi area within

the CC could represent an important asset for the recon-

struction of Gondwana since Congo – São Francisco cra-

tons were likely linked by Mid-Ediacaran times.

In this contribution, we performed whole-rock geo-

chemical and LA-ICP-MS U-Pb zircon analyses of these

metavolcanic rocks in order (1) to constrain their sources

and petrogenesis, (2) to determine their crystallization and

metamorphic ages, and (3) to better understand Early

Fig. 1 Geological map of

Southwestern Cameroon

highlighting the Ntem Complex

with the location of the studied

area (red square) in the Nyong

Group (adapted after Maurizot

et al. 1986). The inset map

shows the position of the Ntem

Complex relative to the Congo

Craton and other cratons in

Africa
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Precambrian geodynamic processes in the CC in this region

and the whole Nyong group.

2 Geological setting

2.1 Regional geology

The Kribi area (Figs. 1 and 2) belongs to the Ntem Com-

plex which represents the northwestern extension of the

Congo Craton in the southern part of Cameroon (Maurizot

et al. 1986; Nédélec et al. 1990; Pouclet et al. 2007). This

complex is made up of two main lithological groups,

namely the Nyong and Ntem Groups. The Nyong group

comprises of tonalite–trondhjemite–granodiorite (TTG),

dolerites, alkaline syenites, greenstone belts (epidosites,

serpentinites), orthopyroxene–garnet gneisses (charnock-

ites), garnet–amphibole–pyroxenites, biotite hornblende

gneisses, banded iron formations (BIFs) and various

monzonitic and magnetite bearing rocks (Lerouge et al.

2006; Ganno et al. 2015, 2017; Chombong et al. 2017; Nga

Essomba et al. 2020). In the vicinity of the Kribi area,

Neoproterozoic syenitic plutons occur in the ‘Mont des

éléphants’, Eboundja, and Rocher du Loup areas Toteu

et al. 1994; Lerouge et al. 2006; Nsifa et al. 2013).

Paleoproterozoic (2066 ± 4 Ma) granodiorites were

reported at the Bonguen area, some 60 km North of Kribi

(Lerouge et al. 2006). Kwamou et al. (2021) have recently

documented 2050 Ma metavolcanic rocks (amphibolites)

occurring as layers and/or discontinuous pods associated

with BIFs at the Mewongo area located some 40 km to the

Southeast of Kribi. The protolith of these amphibolites has

a MORB composition, formed in an island arc geotectonic

setting, and belongs to tholeiitic magma series generated

from the partial melting of upper mantle at the shallow

depth in spinel peridotite stability field. Studies focusing on

eclogites and serpentinized peridotites (Loose and Schenk

2018; Bouyo Houketchang et al. 2019; Nga Essomba et al.

2020) reported not only a subduction-related environment

within the Nyong Group but also that the subduction

played during Paleoproterozoic as revealed by the

SHRIMP zircon U-Pb eclogite facies metamorphism age of

2093 ± 45 Ma (Loose and Schenk 2018).

Recent geochronological studies of detrital zircons from

BIFs constrained the maximum depositional age of the

Nyong Group at 2422 ± 50 Ma (Soh Tamehe et al. 2021)

or 2466 ± 62 Ma (Djoukouo Soh et al. 2021), while

Owona et al. (2021a, b) bracketed the deposition of the

Nyong Group between 2.4 and 2.2 Ga. High-grade meta-

morphism is widespread within the Nyong Group, coeval

with tectonic emplacement of plutonic rocks (Toteu et al.

1994; Lerouge et al. 2006; Owona et al. 2020b), whereas

the aforementioned Archaean to Paleoproterozoic

metasedimentary and metaigneous rocks have also recor-

ded Neoproterozoic imprints at ca. 600 Ma (Penaye et al.

1993; Toteu et al. 1994, 2006; Chombong et al. 2017;

Nzepang Tankwa et al. 2021; Owona et al. 2021a), inter-

preted as the Pan-African disturbance event.

2.2 Local geology

Very few studies have been done in the Kribi area (e.g.

Lerouge et al. 2006; Nsifa et al. 2013; Kankeu et al. 2018;

Owona et al. 2021a). From the available literature, this part

of the Atlantic coast in Cameroon comprises various ortho-

and paragneisses, intruded by Pan-African metasyenite

(Fig. 2). Outcrops of quartzite, BIF, and charnockite are

also exposed in this part of Cameroon (Toteu et al. 1994;

Lerouge et al. 2006; Teutsong et al. 2020). Recent works

by Owona et al. (2021a, b) have documented high-grade

metasedimentary rocks in the Kribi area. The LA-ICP-MS

U-Pb zircon dating of these metasedimentary rocks

revealed predominantly igneous zircon populations at

* 2.7 and 2.4 Ga, overprinted by * 2.0 and 0.65 Ga

metamorphic events. Structurally, the Kribi area has

experienced three phases of deformation. The early planar

fabric (S1) was overprinted during D2 folding under rela-

tively high-T conditions, and subsequent D3 wrenching
Fig. 2 Geological map of Kribi area (adapted from Kankeu et al.

2018)
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(Kankeu et al. 2018). The NNE-SSW trending Kribi-

Campo shear zone (KCSZ) affected both older basement

rocks and Pan-African high-grade metasediments.

3 Analytical methods

3.1 Petrography and whole-rock geochemistry

Fresh representative samples including seven mafic gran-

ulites, five garnet-amphibole gneiss, and five garnet-biotite

gneiss were collected from different outcrops in the study

area. Twenty-five polished thin sections were performed at

Geotech Lab, Vancouver (Canada) on representative sam-

ples, and the microscopic studies were carried out at the

Department of Earth Sciences, University of Yaoundé I

(Cameroon). After careful petrographic examination, sev-

enteen samples were selected for major, trace, and rare

earth elements at Bureau Veritas Commodities Limited at

Vancouver (Canada) using the inductively coupled plasma

mass spectrometry (ICP-MS) method. The samples were

pulverized to obtain a homogeneous sample out of which

0.2 g of rock powder was fused with 0.9 g LiBO2 at

1000 �C, and then dissolved with 100 mm3 of HNO3 at

4 %. Analytical uncertainties vary from 0.1 to 0.04 % for

major elements, 0.1 to 0.5 % for trace elements; and 0.01 to

0.5 ppm for rare earth elements (REE). Analytical accuracy

for REE is estimated at 5 % for concentrations [ 10 ppm

and 1 % when lower. Loss on ignition (LOI) was deter-

mined by weight difference after ignition at 1000 �C.

Different standards were used and data quality assurance

was established by applying these standards as unknown

between samples.

3.2 Zircon U-Pb dating

LA-ICP-MS Zircon U-Pb geochronology was performed

on one garnet gneiss (metarhyodacite rocks) sample (KR3).

Zircon grains were extracted by heavy liquid and magnetic

separation at the Langfang Rock Detection Technology

Services Ltd in Hebei (China), before being handpicked

under a binocular microscope for mounting in epoxy resin.

To identify their internal structure and to choose potential

target sites for the U-Pb analyses, cathodoluminescence

(CL) images were obtained using a scanning electron

microscope at the Institute of Geology and Geophysics,

Chinese Academy of Sciences in Beijing. Measurements of

U, Th, and Pb isotopes were conducted using an ESI NWR

193 nm laser ablation system and an AnalytikJena PQMS

Elite ICP-MS instrument. GJ-1 and Plešovice were treated

as quality control for geochronology. Operational and

analytical methods are detailed by Hou et al. (2009).

Measured compositions were corrected for common Pb

using non-radiogenic 204Pb. As corrections were suffi-

ciently small to be insensitive to the choice of common Pb

composition, an average of present-day crustal composition

(Stacey and Kramers 1975) was used for common Pb,

assuming that it is largely related to surface contamination

introduced during sample preparation. Uncertainties relat-

ing to individual analysis in the data tables are reported at a

1d level and mean ages for pooled U/Pb (and Pb/Pb)

analyses are quoted at a 95 % confidence interval. Data

reduction was conducted using the Isoplot/Ex v. 3.75

program (Ludwig 2003).

4 Results

4.1 Petrography

4.1.1 Mafic granulite

The mafic granulite is interbanded with garnet-amphibole

gneiss and garnet-biotite gneiss, both of which are intruded

by syenite dyke (Fig. 3a, b). In the hand specimen, the rock

is dark grey in color and fine- to medium-grained, with a

gneissose structure (Fig. 4a); whereas under the micro-

scope, it displays a granoblastic heterogranular texture

(Fig. 4b). Mineral assemblage consists of orthopyrox-

ene ? clinopyroxene ? garnet ? quartz ? plagioclase,

consistent with granulite facies metamorphism. Garnet (30

vol%) is the most abundant mineral phase and appears as

irregular subhedral to anhedral porphyroblasts, often

exhibiting coronitic microstructure (Fig. 4b). Pyroxene is

Fig. 3 a Field occurrence of metavolcanic rocks at the Kribi area. b
Outcrop view of mafic garnet-biotite gneiss intruded by syenite dyke
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subhedral to anhedral with a grain size up to 0.5 mm and

occurs as clinopyroxene and orthopyroxene (10 vol%) in

contact with fine- to coarse-grained quartz and garnet.

Plagioclase (15 vol%) occurs as subhedral crystals (1 to

2 mm) and is generally associated with quartz and alkali-

feldspar around garnet. Quartz (10 vol%) occurs as sub-

hedral crystals filling spaces between pyroxene. Some

quartz grains display wavy and undulose extinctions.

4.1.2 Garnet-amphibole gneiss

Garnet-amphibole gneiss is a fine-grained rock (Fig. 4c),

with a granoblastic texture consisting of garnet, amphibole,

plagioclase, alkali feldspar, quartz, and biotite (Fig. 4d).

Garnet (25 vol%) appears as medium-grained (0.2 to

0.8 mm) and rounded crystals on hand specimen while in

thin section, garnet displays anhedral porphyroblasts

commonly associated with plagioclase (15 vol%).

Amphibole (15 vol%) occurs as subhedral to anhedral

crystals with variable sizes (up to 0.5 mm) in association

with subhedral to anhedral alkali feldspar (Fig. 4d). Quartz

(15 vol%) shows undulose extinction and is usually asso-

ciated with alkali feldspar and plagioclase. The latter

occurs mainly as anhedral crystals of 1 to 2 mm in size.

Alkali-feldspar (10 vol%) occurs as subhedral to anhedral

crystals associated with quartz to form the rock matrix.

Zircon and rutile form the accessory minerals.

4.1.3 Garnet-biotite gneiss

Garnet-biotite gneiss is the main rock type in the Kribi area

and accounts for about 80 % of the exposures. It is a fine-

grained light grey rock displaying a gneissose structure

(Fig. 4d). In thin section, garnet-biotite gneiss exhibits

a
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Fig. 4 Photographs and

microphotographs of the Kribi

metavolcanic rocks. Hand

specimen of (a) mafic granulite,

c garnet-amphibole gneiss, and

e garnet-biotite gneiss.

Granoblastic heterogranular

texture (XPL) and mineral

composition of (b) mafic

granulite, d garnet-amphibole

gneiss, and f garnet-biotite

gneiss. Mineral abbreviations

are after Whitney and Evans

(2010). XPL: Crossed-Polarized

Light
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granoblastic texture consisting of quartz ? alkali

feldspar ? plagioclase ? garnet ? biotite (Fig. 4e). The

accessory phase includes zircon and magnetite. Quartz is

interstitial and usually associated with alkali feldspar and

plagioclase. Quartz (30 vol%) is the most abundant mineral

of the rock and shows anhedral crystals with variable sizes,

up to 0.6 mm. Alkali feldspar (25 vol%) occurs as subhe-

dral to anhedral crystals often exhibiting perthitic

microstructure (Fig. 4e). Plagioclase (15 vol%) occurs

mainly as anhedral crystals (0.35 mm), though quite a few

are developed into stout prismatic grains. Garnet (15 vol%)

appears as subhedral to anhedral crystals, some grains

contain quartz and biotite inclusions. Biotite (5 vol%)

generally appears as fine lamellae (0.1 to 0.2 mm) dis-

seminated within the rock matrix.

4.2 Geochemistry

Seventeen representative samples (7 mafic granulites, 5

garnet-amphibole gneiss, and 5 garnet-biotite gneiss) were

analyzed and their whole-rock major and trace element

compositions are listed in Tables 1 and 2.

4.2.1 Majors elements

The mafic granulite samples are characterized by low SiO2

(48.30 to 51.60 wt%) and Al2O3 (12.75 to 13.05 wt%)

contents compared to garnet-amphibole gneiss (SiO2

53.80–64.60 wt%; Al2O3 15.25–16.20 wt%). Mafic gran-

ulites have high MgO (5.21–6.22 wt%), CaO (9.00–10.35

wt%) and Fe2O3 (14.4–16.8 wt%) contents, while garnet-

amphibole gneiss present lower values (MgO 2.54–3.68

wt%; CaO 4.97–6.88 wt%; Fe2O3 6.2–13.45 wt%). In

contrast, the garnet-biotite gneiss samples are enriched in

SiO2 (66.10–70.70 wt%) and depleted in CaO (2.25–3.49

wt%) and MgO (0.30–0.60 wt%). Based on the SiO2 con-

centrations, the investigated samples comprise two main

groups, namely metabasite rocks (mafic granulite and

garnet-amphibole gneiss) and metafelsic rocks (garnet-bi-

otite gneiss). All the investigated samples display TiO2

contents ranging from 0.60 to 1.68 wt%. Their average

A/CNK, molar (Al2O3/CaO ? Na2O ? K2O), values are

0.57, 0.88 and 0.95, for mafic granulite, garnet-amphibole

gneiss and garnet-biotite gneiss, respectively. The mean

A/NK, molar (Al2O3/ Na2O ? K2O), values are slightly

high (2.47 for mafic granulite, 2.17 for garnet-amphibole

gneiss and 1.55 for garnet-biotite gneiss). The Mg# [Mg# =

100 9 molar (MgO/(MgO ? FeOt)] span from 9.18 to

15.49 (garnet-biotite gneiss), from 38.84 to 43.20 (garnet-

amphibole gneiss), and from 41.17 to 42.91 (mafic

granulite).

4.2.2 Trace and rare earth elements

The Kribi metamorphic rock samples display high field

strength element (HFSE) (e.g. Nb, Ta, Zr, and Hf) and

large-ion-lithophile elements (LILE) (e.g. Ba, Rb, Cs, K,

and Sr) concentrations which increase gradually from

metabasite to metafelsic rocks: mafic granulite (Nb =

4.30–5.40; Hf = 1.90–2.60; Ba = 122–146; Rb = 2.20–3),

garnet-amphibole gneiss (Nb = 5,50–14; Hf = 3.90–7.40;

Ba = 130–841; Rb = 2.20–14.60), garnet-biotite gneiss

(Nb = 9,40–15; Hf = 10.70–22, Ba = 2140–3710; Rb =

48.60–96.30). In the NMORB-normalized trace element

diagram (Fig. 5a, c, e), the mafic granulite show trace

element distribution patterns, with significant enrichment

in LILE (Rb, Ba, K) and light-rare-earth-elements (LREE:

Nd and Sm) relative to HFSE (Nb, Zr, Ti and Y) and heavy

rare-earth-elements (HREE: Dy, Yb and Lu). The multi-

element patterns of the garnet-amphibole gneiss show

positive anomalies in LILE (Ba and K) and LREE (La and

Nd) and negative anomalies in HFSE (Nb, P and Ti). The

garnet-biotite gneiss samples show peaks of Rb, Ba, K, and

Zr and troughs in Th, Nb, P, and Ti.

The mafic granulite samples have moderate REE con-

tents (
P

REE = 53.27–84.54 ppm) while the garnet-am-

phibole gneiss (
P

REE = 116.13–178.18 ppm) and the

garnet-biotite gneiss (
P

REE = 243.67–332.99 ppm) sam-

ples show higher values. On the chondrite-normalized REE

diagrams (Fig. 5b, d, f), the mafic granulite samples show

relatively flat REE patterns, with slight LREE enrichment

(LaN/YbN= 1.48–2.85; LaN/SmN=1.27–2.04; GdN/YbN=

1.08–1.32) and no Eu anomaly (Eu/Eu*=0.91–1.00). The

garnet-amphibole gneiss REE patterns are weakly to

strongly fractionated (LaN/YbN=3.87–15.62), marked by

slight LREE (LaN/SmN=2.08–4.39) enrichment relative to

HREE (GdN/YbN= 1.40–2.15), with significant negative Eu

anomalies (Eu/Eu*=0.56–0.82). Garnet-biotite gneiss

samples display moderately fractionated REE patterns

(LaN/YbN=9.57–11.09) with relative enrichment of LREE

(LaN/SmN=2.95–3.55) over HREE (GdN/YbN=1.83–2.11)

and weak positive Eu anomalies (Eu/Eu*=1.05–1.39).

Geochemical data of NE Brazil metavolcanic rocks

(Spreafico et al. 2019) were plotted for comparison.

Overall, the trace element distribution patterns of the mafic

granulite, garnet-amphibole gneiss, and garnet-biotite

gneiss are comparable to those of NE Brazil metabasalt,

meta-andesite, and metarhyodacite rocks, respectively

(Fig. 5).

4.3 Geochronology

The LA-ICP-MS U-Pb data of the zircon grains from the

garnet-biotite gneiss (KR3), are summarized in Table 3.

Twenty-eight zircon grains were analysed on which
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twenty-seven reliable U-Pb age analytical spots with

95–102 % concordance were obtained. Investigated zircon

grains were 50–200 lm long with crack-free crystal faces.

Euhedral zircons are rare as most grains are subhedral to

anhedral in shape. Very few zircons show simple evolved

prism shapes, but most crystals have either rounded or

multi-faceted shapes. The rounded grains usually exhibit

multiple crystal faces, similar to the so-called ‘soccerball

zircons’ (Schaltegger et al. 1999). On Cathodolumiscence

(CL) imaging, most zircon grains exhibit complex internal

structures, dominated by featureless domains and planar

growth banding (Fig. 6a). Oscillatory growth zonation is

mainly absent. A few grains display low-CL domains

surrounding a high-CL central part, which could be inter-

preted as a relict core with significant overgrowth. Zircon

recrystallization is also evidenced by homogeneous crystal

domains and distinct reaction fronts.

All analyzed spots have high Th/U ratios (0.13–0.72;

[0.1), suggesting that these zircons have a magmatic ori-

gin (Belousova et al. 2002; Wu and Zheng 2004), but their

internal structures suggest that they have been recrystal-

lized by metamorphic processes. On the U-Pb Concordia

diagram, the analyzed data indicate an upper intercept age
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Brazil metavolcanic rocks (Spreafico et al. 2019) are plotted for comparison

Acta Geochim (2022) 41(3):470–495 479

123



T
a

b
le

3
L

A
-I

C
P

-M
S

U
-P

b
an

al
y

ti
ca

l
d

at
a

o
f

zi
rc

o
n

fr
o

m
th

e
K

ri
b

i
m

et
ar

h
y

o
d

ac
it

e

S
p

o
ts

T
h

/U
Is

o
to

p
ic

ra
ti

o
s

A
p

p
ar

en
t

ag
es

2
0
7
P

b
/2

0
6
P

b
1

s
2
0
7
P

b
/2

3
5
U

1
s

2
0
6
P

b
/2

3
8
U

1
s

R
h

o
2
0
7
P

b
/2

0
6
P

b
1

s
2
0
7
P

b
/2

3
5
U

1
s

2
0
6
P

b
/2

3
8
U

1
s

co
n

c.
(%

)

K
R

3
-0

1
0

.1
4

0
.0

8
3

.4
8

3
.1

0
5

.0
2

0
.2

7
3

.6
2

0
.9

0
1

2
9

5
.1

0
6

7
.6

5
1

4
3

2
.2

7
3

8
.5

2
1

5
2

6
.3

7
4

9
.1

6
1

1
7

.8
6

K
R

3
-0

2
0

.4
1

0
.1

8
3

.5
4

1
2

.7
0

5
.1

0
0

.5
1

3
.6

7
0

.8
8

2
6

7
1

.3
2

5
8

.5
5

2
6

5
7

.9
9

4
7

.9
8

2
6

4
0

.5
2

7
9

.5
4

9
8

.8
5

K
R

3
-0

3
0

.6
6

0
.1

3
3

.8
7

6
.2

5
5

.5
7

0
.3

6
4

.0
1

0
.9

1
2

0
3

4
.0

2
6

8
.5

2
2

0
1

1
.2

5
4

8
.7

9
1

9
8

9
.1

5
6

8
.6

2
9

7
.7

9

K
R

3
-0

4
0

.4
6

0
.1

3
7

.3
5

6
.7

4
1

0
.4

4
0

.3
8

7
.4

1
0

.9
7

2
0

9
6

.1
9

1
2

9
.1

8
2

0
7

8
.4

3
9

2
.3

2
2

0
6

0
.5

6
1

3
0

.7
3

9
8

.3
0

K
R

3
-0

5
0

.5
3

0
.1

9
3

.8
9

1
2

.7
3

5
.5

7
0

.4
9

3
.9

9
0

.8
9

2
7

2
2

.7
2

6
4

.0
2

2
6

5
9

.7
4

5
2

.4
1

2
5

7
7

.7
1

8
4

.7
0

9
4

.6
7

K
R

3
-0

6
0

.3
5

0
.1

2
3

.5
5

5
.9

2
5

.2
8

0
.3

5
3

.9
1

0
.9

1
1

9
8

3
.8

8
6

3
.1

4
1

9
6

4
.7

5
4

5
.8

4
1

9
4

6
.6

4
6

5
.6

2
9

8
.1

2

K
R

3
-0

7
0

.7
2

0
.1

3
5

.7
1

5
.9

0
8

.1
6

0
.3

4
5

.8
2

0
.9

4
2

0
3

3
.9

6
1

0
1

.0
9

1
9

6
0

.6
6

7
0

.8
1

1
8

9
1

.9
9

9
5

.4
6

9
3

.0
2

K
R

3
-0

8
0

.5
0

0
.1

9
3

.4
7

1
3

.1
0

5
.1

2
0

.5
1

3
.7

7
0

.8
9

2
7

1
3

.4
0

5
7

.1
4

2
6

8
6

.5
3

4
8

.3
2

2
6

5
0

.9
6

8
1

.9
8

9
7

.7
0

K
R

3
-0

9
0

.5
0

0
.1

9
3

.3
9

1
3

.6
7

5
.4

1
0

.5
1

4
.2

2
0

.9
2

2
7

6
4

.7
9

5
5

.7
1

2
7

2
7

.0
3

5
1

.2
1

2
6

7
6

.3
4

9
2

.3
4

9
6

.8
0

K
R

3
-1

0
0

.4
1

0
.1

4
8

.3
0

7
.0

6
6

.7
1

0
.3

8
4

.8
7

0
.9

3
2

1
6

8
.9

4
1

3
7

.9
1

2
1

1
8

.5
6

5
8

.0
2

2
0

6
7

.0
5

8
5

.7
1

9
5

.3
0

K
R

3
-1

1
0

.4
4

0
.1

8
5

.6
2

1
1

.9
3

8
.0

4
0

.4
8

5
.7

5
0

.9
4

2
6

4
2

.5
7

9
3

.2
8

2
5

9
8

.8
1

7
5

.3
1

2
5

4
3

.0
4

1
2

0
.8

0
9

6
.2

3

K
R

3
-1

2
0

.4
5

0
.1

7
3

.9
5

1
0

.8
9

5
.6

1
0

.4
7

3
.9

8
0

.9
0

2
5

4
0

.1
4

6
6

.2
3

2
5

1
4

.2
0

5
2

.1
6

2
4

8
2

.1
9

8
2

.0
3

9
7

.7
2

K
R

3
-1

3
0

.4
4

0
.1

8
4

.7
6

1
1

.9
6

6
.7

5
0

.4
8

4
.7

9
0

.9
3

2
6

4
3

.2
5

7
9

.0
8

2
6

0
1

.4
3

6
3

.2
8

2
5

4
8

.0
7

1
0

0
.7

3
9

6
.4

0

K
R

3
-1

4
0

.4
9

0
.1

9
4

.1
2

1
3

.7
2

5
.8

6
0

.5
2

4
.1

7
0

.9
1

2
7

5
4

.1
1

6
7

.7
3

2
7

3
0

.8
0

5
5

.4
7

2
6

9
9

.3
9

9
1

.8
6

9
8

.0
1

K
R

3
-1

5
0

.4
6

0
.1

3
3

.6
8

6
.7

1
5

.2
4

0
.3

7
3

.7
4

0
.8

8
2

1
2

2
.5

6
6

4
.4

5
2

0
7

4
.5

7
4

6
.3

5
2

0
2

6
.5

8
6

4
.9

9
9

5
.4

8

K
R

3
-1

6
0

.4
5

0
.1

4
3

.3
3

7
.3

9
4

.7
7

0
.3

9
3

.4
2

0
.8

8
2

1
9

9
.7

5
5

7
.8

9
2

1
5

9
.9

1
4

2
.6

9
2

1
1

8
.2

4
6

1
.6

8
9

6
.2

9

K
R

3
-1

7
0

.4
4

0
.1

8
4

.4
6

1
2

.2
3

6
.3

4
0

.5
0

4
.5

1
0

.9
0

2
6

3
0

.9
6

7
4

.0
9

2
6

2
1

.8
5

5
9

.5
1

2
6

1
0

.0
6

9
6

.7
5

9
9

.2
1

K
R

3
-1

8
0

.4
1

0
.1

2
3

.8
9

5
.8

9
5

.6
0

0
.3

5
4

.0
3

0
.9

1
1

9
8

7
.3

8
6

9
.1

3
1

9
5

9
.3

5
4

8
.6

0
1

9
3

2
.9

2
6

7
.3

2
9

7
.2

6

K
R

3
-1

9
0

.5
1

0
.1

8
3

.4
0

1
2

.9
6

4
.9

1
0

.5
1

3
.5

4
0

.9
0

2
6

8
3

.2
3

5
6

.1
7

2
6

7
6

.7
9

4
6

.2
8

2
6

6
8

.2
8

7
7

.4
5

9
9

.4
4

K
R

3
-2

0
0

.4
5

0
.1

3
4

.2
4

6
.3

8
6

.0
3

0
.3

7
4

.2
9

0
.9

2
2

0
3

5
.1

9
7

4
.9

7
2

0
2

9
.8

5
5

2
.9

3
2

0
2

4
.6

0
7

4
.5

4
9

9
.4

8

K
R

3
-2

1
0

.4
3

0
.1

9
3

.8
5

1
3

.8
6

5
.4

7
0

.5
3

3
.8

9
0

.9
2

2
7

4
8

.8
8

6
3

.2
0

2
7

4
0

.1
7

5
1

.8
2

2
7

2
8

.3
7

8
6

.5
8

9
9

.2
5

K
R

3
-2

2
0

.4
6

0
.1

8
3

.6
1

1
1

.5
7

5
.1

4
0

.4
7

3
.6

6
0

.9
0

2
6

2
7

.8
2

5
9

.9
9

2
5

7
0

.4
2

4
8

.0
6

2
4

9
8

.2
7

7
5

.8
8

9
5

.0
7

K
R

3
-2

3
0

.4
6

0
.1

8
3

.4
2

1
2

.2
6

5
.0

4
0

.4
8

3
.6

9
0

.9
0

2
6

8
2

.9
9

5
6

.6
3

2
6

2
4

.2
8

4
7

.2
7

2
5

4
8

.8
6

7
7

.7
2

9
5

.0
0

K
R

3
-2

4
0

.4
1

0
.1

7
4

.0
9

1
2

.2
3

5
.8

6
0

.5
1

4
.2

0
0

.9
2

2
6

0
4

.5
4

6
8

.0
8

2
6

2
1

.9
6

5
5

.0
2

2
6

4
4

.5
7

9
1

.1
8

1
0

1
.5

4

K
R

3
-2

5
0

.5
0

0
.1

3
3

.9
7

6
.3

2
5

.7
5

0
.3

7
4

.1
6

0
.8

9
2

0
3

4
.8

2
7

0
.2

7
2

0
2

1
.4

6
5

0
.3

9
2

0
0

8
.4

1
7

1
.7

0
9

8
.7

0

K
R

3
-2

6
0

.4
6

0
.1

7
3

.7
9

1
1

.1
9

5
.4

7
0

.4
7

3
.9

3
0

.9
1

2
5

8
3

.4
1

6
3

.3
5

2
5

3
8

.7
7

5
0

.9
5

2
4

8
3

.3
0

8
1

.0
9

9
6

.1
2

K
R

3
-2

7
0

.4
8

0
.1

5
4

.3
6

9
.0

7
6

.2
1

0
.4

5
4

.4
2

0
.9

1
2

3
1

8
.1

5
7

4
.8

2
2

3
4

4
.6

8
5

6
.8

2
2

3
7

5
.2

8
8

7
.8

8
1

0
2

.4
6

K
R

3
-2

8
0

.4
3

0
.1

5
5

.2
5

8
.2

8
7

.4
5

0
.4

1
5

.2
8

0
.9

4
2

2
9

4
.3

2
9

0
.3

1
2

2
6

2
.5

2
6

7
.4

5
2

2
2

7
.5

1
9

9
.3

8
9

7
.0

9

480 Acta Geochim (2022) 41(3):470–495

123



of 2779 ± 73 Ma, and a lower intercept age of

1975 ± 95 Ma (MSWD = 0.53) (Fig. 6b). Then concor-

dant spots yield weighed mean Pb-Pb of 2067 ± 55 Ma

(95 % conf.) for the young cluster, and fifteen concordant

spots a weighted mean Pb-Pb of 2671 ± 51 Ma (96.5 %

conf.) for the old cluster.

5 Discussion

5.1 Protolith reconstruction

The mafic granulite and garnet-amphibole gneiss samples

with SiO2 contents of 48.30 to 64.6 wt% and moderate

Mg# (mean: 42.28 and 40.97, respectively) will be referred

to as metabasite rocks, while garnet-biotite gneiss samples

are metafelsic rocks due to their silica enrichment (SiO2-

[ 66 wt%) and low Mg# (mean: 12.91).

To constrain the nature of the protolith of the Kribi

metamorphic rocks, MnO versus TiO2 (Garrels and

Mackenzie 1971) diagram was used and all samples plot in

the igneous protolith field (Fig. 7a and b). On the Zr/TiO2

vs. Nb/Y (Winchester and Floyd 1977) discrimination

diagram (Fig. 7c), mafic granulite samples plot into the

basalt field whereas garnet-amphibole gneiss samples fall

in basaltic andesite field. NE Brazil metabasalts (Spreafico

et al. 2019) and the Nyong Group metabasite rocks Loose

and Schenk 2018; Moudioh et al. 2020; Kwamou et al.

2021) were plotted for comparison and showed similar

chemistry. All the studied samples pertain to the meta-

aluminous rocks due to their low A/CNK values \ 1 and

belong to the tholeiitic (mafic granulite), transitional to

calc-alkaline (garnet-amphibole gneiss), and calc-alkaline

(garnet-biotite gneiss) series (Fig. 7d).

5.2 Element mobility assessment

The Kribi area metavolcanic rocks have been affected by

post-igneous processes such as deformation, metamor-

phism, and alteration, which could have obliterated their

primary features (Polat et al. 2000). Therefore, it is

important to evaluate the element mobility before any

petrogenetic interpretation. Petrological characteristics

show that the investigated samples experienced retrograde

granulite facies metamorphism and thin sections observa-

tions exhibited mineral transformations such as pyroxene

into amphibole or amphibole into biotite. Geochemical

analyses show that all the samples have low loss on igni-

tion (LOI) values (\ 1 %) suggesting that they have not

been strongly altered, hydrated or carbonated. The absence
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of Ce anomalies (0.9 \ Ce/Ce*\1.1) in the studied

metavolcanic rocks indicates limited REE mobility (Polat

et al. 2002). They show coherent patterns in the chondrite-

normalized REE and NMORB-normalized trace element

diagrams (Fig. 5), suggesting that these elements were

largely preserved during subsequent alteration and meta-

morphism, and thus can be used to assess the characteris-

tics of their protoliths (Taylor et al. 1986; Middelburg et al.

1988). In addition, LIL (Ba and Nd) and HFS (Nb and Hf)

elements are plotted against Zr (Polat et al. 2002; Fig. 8),

because Zr in igneous rocks is generally considered the

most immobile during metamorphism and alteration,

except for the case of seafloor-hydrothermal alteration

(Wood et al. 1979; Gibson et al. 1983). Although Ba and

Nb show a weak correlation, suggesting some degree of

mobility of these elements, Hf, Nd, Sm, and RREE

(Fig. 8c–f) correlate well with Zr for the majority of the

investigated samples, which confirm the use of immobile

trace elements for protolith identification. The

aforementioned indicates that the most immobile trace

element compositions of the studied rocks could be used

for petrogenetic purposes.

5.3 Crustal contamination

Generally, primary magma reflects the conditions of partial

melting and the composition of the source area where they

derived (Klein and Langmuir 1987; Niu et al. 2002; Zhang

et al. 2006; Niu and O’Hara 2008). However, the primary

magma composition can be modified by variable crustal

contamination or shallow level processes (e.g. fractional

crystallization) during the magma intrusion and cooling

process. The mafic granulite samples show lower SiO2

(mean: 50.53), MgO (mean: 5.63), and higher Fe2O3

(mean: 15.24) contents than the garnet-amphibole gneiss

(mean SiO2: 60.2, MgO: 3.04; Fe2O3: 8.81), which might

be due to crustal contamination during the emplacement of

the garnet-amphibole gneiss protoliths. According to
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Taylor and McLennan (1985), positive Zr anomalies, high

Th/Nb ratios, and LREE-enrichment are features of crustal

contaminated mafic rocks. The low Th/Nb ratios in mafic

granulite (mean: 0.12) to very low (mean: 0.05) in garnet-

amphibole gneiss, LREE enrichment patterns in garnet-

amphibole gneiss, and slightly in mafic granulite, and the

small negative Zr anomaly of the studied metabasite rocks

suggest that these rocks were slightly affected by crustal

contamination. Furthermore, their average Nb/Ta, Lu/Yb,

Nb/La, and Rb/La ratios which are 9.80 and 31.75; 0.15

and 0.15, 0.59 and 0.34; 0.31 and 0.22 for mafic granulite

and garnet-amphibole gneiss respectively indicate the

influence of variable degrees of crustal components (Taylor

and McLennan 1985; Sun and McDonough 1989; Pearce

and Peate 1995; Condie 2005; Pearce 2008; Zhou et al.

2009; Dai et al. 2011). Therefore, it is suggested that the

studied metabasite rock samples have suffered some degree

of crustal contamination.

5.4 Petrogenesis

5.4.1 Genesis of metabasite rocks

The Mg# values (39–43) of the Kribi metabasite rocks are

less than those of primary magma (68–75, Wilson 1989),

indicating that they could derive from the crystal frac-

tionation of mafic minerals during magma genesis. Low

MgO combined to moderate to high Fe2O3 contents suggest

fractional crystallization of Mg-rich minerals (i.e., olivine,

orthopyroxene) which is typical of tholeiitic magmas

(Irvine and Baragar 2011). On the Fenner diagrams

(Fig. 9a, b, and c), MgO show positive correlations with
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CaO/Al2O3, Fe2O3, and TiO2. The CaO/Al2O3 decrease

with decreasing MgO suggesting the precipitation of

clinopyroxene and/or plagioclase (Fig. 9a). The depletion

of MgO with decreasing Fe2O3 and TiO2 abundances

(Fig. 9b, c) is the result of Fe-Ti oxide fractionation,

consistent with accessory minerals (e.g., magnetite and

titanite). Negative anomalies of Ti in multielement dia-

grams could also indicate fractionation of Ti-enriched

oxides. The studied metabasite rocks are marked by a lack

of Ti anomaly in the mafic granulite samples while the

garnet-amphibole gneiss shows a negative Ti anomaly

supporting Ti oxide fractionation (Fig. 5a, c). Plagioclase

fractionation in mafic granulite samples did not play a role

in the source of their protolith as they show a lack of Eu

anomalies (Eu/Eu*: 0.9–1) on chondrite normalized REE

diagrams. Conversely, biotite-amphibole gneiss show

negative Eu anomalies (Eu/Eu*: 0.56–0.82) and troughs in

Sr in multielement diagrams indicating plagioclase frac-

tionation (Fig. 5d). Similarly, mafic granulite samples in

contrast to garnet-amphibole gneiss show relatively flat

REE patterns, suggesting that only slight fractional

crystallisation may have operated during igneous differ-

entiation (Wilson 1989). On La/Sm vs. La diagram (Blein

et al. 2001; Fig. 9d), mafic granulite samples present a

positive trend, suggesting that partial melting could be the

main process that operated during the igneous differentia-

tion. The garnet-amphibole gneiss samples show relatively

scattered data indicating that both partial melting and

fractional crystallization processes may have operated.

Therefore it is suggested that the garnet-amphibole gneiss

protolith was derived from the crystal fractionation of

basaltic magma. In addition, the negligible changes in the

Nb/La and Nb/Ce ratios among the metabasite rock sam-

ples also fully support the derivation of the basaltic ande-

site from basalts. Many authors (e.g. Pearce and Cann

1973; Jung et al. 2006; Zhang et al. 2006, 2012a, b; Geng

et al. 2011; Xia et al. 2018) proposed the use of immobile

elements (e.g. incompatible trace elements and REE) to

constrain the magma source. Multielement and chondrite

normalized REE patterns of the mafic granulite are com-

parable to those of E-MORB produced from a depleted

mantle source (Fig. 5a and b). On the Nb vs. Zr diagram

4

6

8

10

12

14

16

18

0 2 4 6 8

F
e 2

O
3

MgO (wt%)

(a)

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8

l
A/

Oa
C

2
O

3

MgO (wt%)

(c)

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 2 4 6 8

T
iO

2

MgO (wt%)

(b)

1

2

3

4

5

6

7

8

0 20 40 60 80

L
a/

S
m

La

Mafic granulite

Garnet amphibole gneiss

Garnet biotite gneiss

Fractional crystallization

(d)

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite

Fig. 9 Binary plots of selected major elements and ratio against SiO2 and MgO (a, b, c). La/Sm vs. La binary plot of Blein et al. (2001) showing

partial melting and crystal fractionation orientation (d)
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(Fig. 10a), all the mafic granulite samples show very low

Nb and Zr contents and plots in the field of depleted mantle

source suggesting that the source is near the crust. In

contrast, the garnet-amphibole gneiss samples exhibit rel-

atively high Zr contents (mean = 221 ppm) and plot out of

the mantle source. As discussed above, the geochemical

compositions of the Kribi metabasite rocks revealed that

some degree of crustal contamination and fractional crys-

tallization influenced the differentiation of the source.

Therefore, it becomes difficult to constrain their mantle

source-derived primary magma composition. Zhang et al.

(2012b) proposed a binary diagram based on REE to esti-

mate the facies (garnet or spinel) and thus the depth of the

magma source. On the Nb vs. Zr diagram (Fig. 10a), all the

mafic granulite samples show very low Nb and Zr contents

and plots in the field of depleted mantle source In contrast,

the garnet-amphibole gneiss samples exhibit relatively high

Zr contents (mean = 221 ppm) and plot out of the mantle

source. Many authors (e.g. Zhang et al. 2006, Rooney

2010; Alvaro et al. 2014 and references therein) have of

REE ratio (e.g. Gd/Yb, Tb/Yb, La/Sm, Gd/Yb, Sm/Yb) to

constrain the source of mafic magma. According to Rooney

(2010), garnet-bearing source display (Gd/Yb)N[2 or (Tb/

Yb)N[ 1.8. The average (Gd/Yb)N ratio of the Kribi

metavolcanic rocks is 1.21, suggesting that garnet was not

involved in their source. This interpretation is consistent

with the (Gd/Yb)N vs. (La/Sm)N diagram in which most of

the studied samples plot in the spinel-bearing source field,

suggesting shallow melting depth (Fig. 10b). Samples

PGKR2 and KR7A of garnet-amphibole gneiss with (Gd/

Yb)N of 2.12 and 2.15, respectively plot in the field of the

garnet-bearing source. Furthermore, Sm/Yb vs. La/Sm

binary plot (Álvaro et al. 2014 was used to better investi-

gate the mantle source and depth of melting. In this dia-

gram (Fig. 10c), the metabasite rocks may have resulted

from ca. 2–15 % of partial melting of spinel lherzolite with

no garnet. Furthermore, except for sample KR7A with high

Dy/Yb ratios (2.36) and slightly fractionated HREE

patterns, the studied metabasite rocks show flat HREE

patterns and Dy/Yb ratios \ 2 (mean: 1.67 and 1.96 for

mafic granulite and garnet-amphibole gneiss respectively),

confirming that there was no residual garnet in the peri-

dotite mantle source (Jung et al. 2006). This finding sug-

gests that spinel lherzolite source has participated in the

genesis of the Kribi metabasite rocks, similar to that of the

Eseka serpentinized peridotite (Nga Essomba et al. 2020),

the Mewengo amphibolites (Kwamou et al. 2021) within

the Nyong Group, and the Anti-Atlas margin lava flows

within the West African Craton (Álvaro et al. 2014).

To ascertain the processes affecting mantle source

magma, Elliott (2003) argued that high Ba/Th and low La/

Sm ratios are indicative of a mantle source altered by

oceanic crustal fluids, and that low Ba/Th ratios are

attributed to the melting of sediments. Dilek et al. (2008)

suggested that high U/Th ratios are indicative of a mantle

source magma that has been influenced by aqueous fluids.

Consequently, the Ba/Th vs. La/Sm and U/Th vs. Th plots

are widely used to gauge the influence of aqueous fluids

and the contribution of subduction zone materials on the

magma source (Fig. 10d and e). Three samples of garnet-

amphibole gneiss samples (PGKR2, PGKR4, and KR7A)

display very high Ba/Th ratios (2553, 793, and 3888,

respectively) suggesting the significant influence of ocea-

nic crust fluids, although they fall outside the scope of the

Ba/Th vs. La/Sm diagram (Fig. 10d). On the U/Th vs. Th

plot, both mafic granulite and garnet-amphibole gneiss

samples exhibit the trend of aqueous fluids (Fig. 10e). The

geochemical features also suggest that the amount of fluid

may be limited for mafic granulite and more important for

garnet-amphibole gneiss samples (Fig. 10e). Therefore, we

suggest that the primary magma of the Kribi metabasite

rocks derived from partial melting of metasomatized spinel

peridotite source which has been subjected to various

degrees of crystal fractionation and crustal contamination.

5.4.2 Genesis of metafelsic rocks

The magma of felsic rocks is commonly derived from three

main mechanisms including (1) fractional crystallization

process from basaltic or andesitic magma with or without

crustal assimilation (DePaolo 1981), (2) partial melting of

the crust, or (3) partial melting of the subducted oceanic

crust (Huppert and Sparks 1988; Annen et al. 2006). From

the field investigations, the Kribi metafelsic rocks (garnet-

biotite gneiss) are spatially associated with garnet-amphi-

bole gneiss and mafic granulite (Fig. 3), suggesting a

genetic relationship. These rocks display a good correlation

on binary plots with selected major elements against MgO

(Fig. 9a, b, and c), suggesting that they are probably linked

to each other through the fractional crystallization process.

However, the garnet-biotite gneiss samples display calc-

b Fig. 10 a Zr-Nb diagram (Geng et al. 2011); b (Gd/Yb)CN vs. (La/

Sm)CN plot indicating that the source of the studied metabasite rocks

mainly originated from shallow melting depth. c La/Sm vs. Sm/Yb

diagram (Alvaro et al. 2014) to determine the possible mantle source.

Melt curves are drawn for spinel–lherzolite, garnet–lherzolite, and a

50:50mixture of spinel– and garnet–lherzolite. Modal compositions of

spinel–lherzolite (olivine 53 %, Opx 27 %, Cpx 17 %, spinel 3 %)

and of garnet–lherzolite (olivine 60 %, Opx 20 %, Cpx 10 %, garnet

10 %) are after Kinzler (1997) and Walter (1998). Mineral/melt

partition coefficients for basaltic liquids are after the compilation of

Rollinson (1993). Primitive Mantle, N-MORB, E-MORB, and OIB

compositions are from Sun and McDounough (1989). e Ba/Th-La/Sm

diagram (Elliott 2003); and f U/Th-Th diagram (Dilek et al. 2008) for

the Kribi metabasite rocks
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alkaline affinity while the garnet-amphibole gneiss shows

transitional to calc-alkaline affinity, and mafic granulite

samples belong to tholeiitic series (Fig. 7d). Depletions in

P and Ti on their multielement diagram (Fig. 5e) are

attributed to fractionation of apatite and ilmenite (or rutile),

respectively during petrogenesis. However, this depletion

could also reflect the contribution of crustal contamination

processes. On La/Sm vs. La diagram (Blein et al. 2001;

Fig. 9d), in contrast to garnet-amphibole gneiss, the garnet-

biotite gneiss samples show a more pronounced fractional

crystallization trend indicating that only slight partial

melting may have operated during igneous differentiation.

Therefore, we suggest that the protolith of the metafelsic

and metamafic rocks derived from a common parental

magma, which was subjected to various degrees of partial

melting, fractional crystallization, and crustal contamina-

tion (DePaolo 1981; Huppert and Sparks 1988).

5.5 Tectonic significance

Mantle plume is an alternative process that can explain the

chemistry of the investigated metavolcanic rocks. Indeed,

geochemistry data provides a useful tool for assessing

which magmatic events are plume-related and for identi-

fying changes in plume character with time (Erst and

Buchan 2003). The arrival of mantle plumes from the deep

mantle can be convincingly recognized through large vol-

ume-short duration (\ 10 Ma) magmatic events, so-called

large igneous provinces, LIPs. Such rocks commonly dis-

play the chemistry of ocean island basalts (OIBs).

Uncontaminated plume-generated basaltic rocks should

have flat REE patterns or LREE-enriched patterns and lack

negative Nb, Ta, and Ti anomalies. The presence of high-

MgO magmas (picrites and komatiites) is considered

diagnostic of plumes. Such high-MgO magmas were not

reported so far in the Nyong Group, except for serpen-

tinized peridotite recently reported in the Eseka area (Nga

Essomba et al. 2020). The Kribi mafic granulite samples

display relatively flat NMORB-normalized REE patterns,

with slight LREE enrichment; similar to OIB. However,

these patterns show negative Nb, Ta, and Ti anomalies

which is inconsistent with OIB chemistry. In addition, the

REE patterns of garnet-amphibole gneiss and garnet-biotite

gneiss are not flat and show negative anomalies in HFSE

(Nb, P, and Ti), suggesting that the Kribi metavolcanic

rocks are not the by-product of mantle plume.

Dissimilarities in the geochemical characteristics of

volcanic rocks such as large ion lithophile (LILE), high

field strength (HFSE), as well as rare earth elements (REE)

from various tectonic settings have been an important tool

in determining tectonic settings (Pearce and Cann 1973;

Sun and McDonough 1989; Condie 2005). The Nb/Yb vs.

Th/Yb diagram (Pearce 2008) is a useful diagram to con-

strain the geodynamic settings of the protolith of the mafic

metavolcanic rocks. In the light of this diagram, the studied

rocks plot in the mantle array and are clustered between

N-MORB and E-MORB, similar to the NE Brazil

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite

Garnet-biotite gneiss

Garnet-amphibole gneiss

Mafic granulite
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Fig. 11 Tectonic setting discrimination diagrams of the Kribi

metavolcanic rocks. a Th/Yb vs. Nb/Yb diagram for mafic rocks

(Pearce 2008) Geochemical data of NE Brazil metavolcanic rocks

(Spreafico et al. 2019) are plotted for comparison. b, c Th/Ta vs. Yb

and Th/Yb vsTa/Yb, respectively (Schandl and Gorton 2002)
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metavolcanic rocks (Fig. 11a). In addition, a series of

tectonic discrimination diagrams (Fig. 11b–c), which are

appropriate for magmas of intermediate-felsic composition,

were used to confirm their paleotectonic environment

(Pearce 1982; Schandl and Gorton 2002). According to

Pearce (1982), within-plate lavas are Ti- and Zr-enriched

compared to the volcanic arc lavas. Therefore, this author

proposed the use of Ti vs. Zr plot for discrimination of

volcanic arc and within-plate settings. On the other hand,

Schandl and Gorton (2002) suggested the use of immobile

HFSE (e.g. Ta, Yb, Th, and Hf) to discriminate oceanic arc,

active continental margin, and within-plate volcanic zone

magmas. On the Yb vs. Th/Ta diagram, the investigated

metavolcanic rocks plot mainly in the within-plate volcanic

zones setting (Fig. 11b). This tectonic environment is also

suggested by the Th/Yb vs. Ta/Yb plot (Fig. 11c) in which

the mafic granulite and garnet-amphibole gneiss samples

are concentrated in the within-plate basalts field, while

garnet-biotite gneiss samples show the tendency of both

within-plate basalts (two samples) and within-plate vol-

canic zones (three samples) lavas. Therefore, the Kribi

metavolcanic rocks mostly bear the characteristics of

within-plate lavas, suggesting an extensional tectonic

environment.

5.6 Possible equivalents of the investigated

metavolcanic rocks in other parts of the Ntem

Complex and São Francisco craton

5.6.1 Comparison with Ntem complex metavolcanic rocks

The occurrence of well-preserved metavolcanic rocks has

been reported in numerous areas within the Ntem Complex

and interpreted as remnants of the greenstone belts. The
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Nyong Group greenstone belt with NNE-SSW trend is

well-exposed along the Eséka-Lolodorf-Kribi road and

includes epidosites, amphibolites, mafic granulites, pyrox-

enites, serpentinites, and eclogites. All these metavolcanic

rocks are dominantly basaltic to basaltic-andesite in com-

position and belong to tholeiitic and calc-alkaline series

with MORB-like geotectonic settings Bouyo Houketchang

et al. 2019; Moudioh et al. 2020; Kwamou et al. 2021)

similar to the Kribi metabasite rocks. The protolith of the

Kribi metavolcanic rocks crystallized during Neoarchean at

2671 ± 51 Ma (96.5 % conf., n = 15) and metamorphosed

up to granulite facies at 2065 ± 55 Ma (95 % conf.,

n = 10). In the Nyong Group, Archean tholeiitic magma-

tism was reported at Lolordorf (Owona et al. 2020b) and

Boumnyebel (Nkoumbou et al. 2015) areas. This magma-

tism is mainly represented by amphibolite with basalt to

basaltic-andesite composition and MORB signature. The

protolith of the Lolordorf amphibolite crystallized at

2819 Ma and experienced metamorphism/recrystallization

during both Paleoproterozoic (2054 Ma) and Neoprotero-

zoic (730 Ma) times (Owona et al. 2020b). In the Boum-

nyebel area, Nkoumbou et al. (2015) documented

Mesoarchean (2776 Ma) age for the amphibolite. This age

is quite similar to the upper intercept age of 2779 Ma of the

Kribi metavolcanic rocks. On the other hand, tholeiitic

magmatism in the Ntem Group was constrained at

2628 Ma using the whole-rock Rb-Sr method (Tchameni

et al. 1995). In addition, previous studies have revealed that

Neoarchean magmatism is also responsible for the

emplacement of high-K granitoids (ca. 2722 Ma, ca.

2666 Ma) for Sangmelima and Ebolowa high-K granites,

respectively (Tchameni et al. 2000). The Neoarchean pro-

tolith age obtained in the present study suggests temporal

relationships between the Kribi metavolcanic rocks and

both tholeiitic and high-K magmatism, and thus bimodal

Neoarchean magmatism within the Ntem Complex.

2065 ± 55 Ma metamorphic ages reported in this work

falls within the ca. 2100–2000 Ma high-grade tectono-

metamorphic event widely documented in the Ntem

Complex and attributed to Eburnean/Trans-Amazonian

orogeny imprints Toteu et al. 1994; Lerouge et al. 2006;

Owona et al. 2020, 2021; Nzepang Tankwa et al. 2021, Soh

Tamehe et al. 2021).

5.6.2 Comparison with São Francisco craton

metavolcanic rocks

The São Francisco craton (SFC) together with its African

counterpart (Congo craton) constitute the São Francisco-

Congo Paleocontinent SFCP (Almeida et al. 1977; Heil-

bron et al. 2017). The Nyong Group, which is part of the

CC in Cameroon has been reworked during the Eburnean

orogeny coeval to widespread high-grade metamorphism at

ca. 2.05 Ga Toteu et al. 1994; Lerouge et al. 2006; Owona

et al. 2020, 2021; Nzepang Tankwa et al. 2021, Soh

Tamehe et al. 2021). Within the SFC, the Trans-Amazo-

nian orogeny and high-grade metamorphism were also

reported within the same period (Barbosa and Sabaté 2004;

Neves et al. 2006). This orogeny is generally interpreted as

resulting from the collision /assemblage between the SFC

and CC (Almeida et al. 1977; Neves et al. 2006; Heilbron

et al. 2017). The SFC is divided into two main parts. The

northern part comprising four crustal blocks (Jequié,

Gavião, Serrinha and Itabuna-Salvador-Curaça), and the

southern part consisting of greenstone belts and gneissic

complexes Barbosa and Sabaté 2004; Moreno et al. 2017;

De Paula Garcia et al. 2021 and references therein). Whole-

rock geochemical data of some metavolcanic rocks from

both northern and southern parts, including metabasalt,

meta-andesite, metarhyolite and metadacite rocks (Sprea-

fico et al. 2019; Leal et al. 2021; De Paula Garcia et al.

2021) were used for comparison (Table 4). On the Zr/TiO2

vs. Nb/Y (Winchester and Floyd 1977) discrimination

diagram, the metabasite (mafic granulite and garnet-am-

phibole gneiss) and metafelsic rocks (biotite-amphibole

gneiss) from this study likewise mafic and felsic rocks from

the SFC plot within the basalt, basalt-andesite, and rhyo-

dacite field respectively (Fig. 12a). In the Zr vs. Y diagram

of MacLean and Barrett (1993), the SFC and the CC

metavolcanic rocks display tholeiitic to calc-alkaline

affinity (Fig. 12b). The metabasalt samples from both SFC

and CC generally exhibit a tholeiitic affinity, except the

Rio Salitré Complex (RSC) metabasalt rocks within the

SFC which are transitional to calc-alkaline. On the (Gd/

Yb)CN vs. (La/Sm)CN diagram, all the metabasalt samples

fall in the spinel peridotite field, except the RSC metabasalt

samples which plot in the garnet peridotite zone indicating

the deeper depth of the mantle source (Fig. 12c). The Kribi

metabasite rocks mainly show MORB-like features. In

contrast, the SFC metabasalts generally present back-arc

characteristics, excluding a few samples which fall

between and below the mantle array, suggesting that

metamorphism/metasomatism has affected those samples

(Fig. 12d). The Kribi metarhyodacite rocks yielded average

Pb-Pb age of 2067 ± 55 Ma, consistent with the Eburnean/

Trans-Amazonian orogeny, suggesting a similar paleotec-

tonic scenario on both sides of the south Atlantic during

Paleoproterozoic times. However, further investigations

(tectonics, geochemical, and geochronology) are necessary

for a better comparison between these two Archean cra-

tonic blocks (SFC and CC) and to reconstruct their

assemblage at ca. 2.05 Ga.
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6 Conclusions

Integrated field investigations, whole-rock geochemistry,

and LA-ICP-MS zircon U-Pb data of the Kribi metavol-

canic rocks support the following conclusions:

(1) The Kribi metavolcanic rocks include mafic gran-

ulite, garnet-amphibole gneiss and garnet-biotite

gneiss. They occur interband with metasediments

and have experienced granulite facies metamor-

phism and polyphase deformation.

(2) They display basalt (mafic granulite), basaltic

andesite (garnet-amphibole gneiss) to rhyodacite

rocks (garnet biotite gneiss) compositions, low-to

medium-K subalkaline, and metaluminous.

(3) They show tholeiitic to calc-alkaline affinity,

MORB-like, and within-plate setting geochemical

signatures. These features are compatible with

oceanic volcanism in an extensional tectonic

environment.

(4) The metabasite rocks (basalt to basaltic andesite

protolith) are likely the equivalent of a spinel

peridotite product representing * 2–15 % partial

melting of metasomatized mantle source, while the

metarhyodacite rocks are derived from a common

parental magma, which was subjected to various

degrees of fractional crystallization.

(5) The rhyodacite rocks display a crystallization age of

2671 ± 51 Ma (Neoarchean) and were metamor-

phosed at 2065 ± 55 Ma (Paleoproterozoic). About

regional geochronology, the Neoarchean protolith

age is comparable to the ca. 2628 Ma tholeiitic

magmatism and ca. 2666 Ma high-K granites, sug-

gesting the occurrence of bimodal Neoarchean

magmatism within the Ntem Complex.

2065 ± 55 Ma metamorphic ages fall within the

ca. 2100–2000 Ma high-grade tectono-metamorphic

event attributed to Eburnean/Trans-Amazonian oro-

geny imprints.

(6) At the regional scale, metavolcanic rocks with

comparable geochemical and geochronological char-

acteristics are documented in the São Francisco

Craton (SFC) in Brazil, suggesting similar geody-

namic evolution on both sides of the south Atlantic

during the Paleoproterozoic.
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