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A B S T R A C T

We present a comprehensive review of available geochemical, geochronological and isotopic data on granitoids
from the Paleoproterozoic Birimian terrane of Ghana, aimed at providing an in-depth understanding of the
geodynamic evolution of southeastern West African Craton. The focus is on plutonic magmatism, crustal recy-
cling and tectonic setting of the granitoids. The granitoids are mainly TTG suites, calc-alkaline granites, diorites,
monzonites, two-mica granites and leucogranites. They are characterized by enrichments in LILE and LREE
relative to HREE and HFSE. Their variable positive and negative Eu and Sr anomalies and depletions in Nb-Ta
and Ti suggest the presence of residual minerals like hornblende and Fe-Ti oxides (e.g., rutile and ilmenite).
The plutons probably formed by partial melting of hydrous basaltic/mafic crust metasomatized by slab-derived
melts at different depths. The εHf (− 14.5 to +7.6) and εNd (− 5.3 to +3.5) values and Nd model ages (2.21–2.53
Ga) indicate their crystallization from juvenile magmas derived from a depleted mantle with significant recycling
of older crustal material. The older (≥2200 Ma) and younger (<2100 Ma) ages recorded in both belt- and basin-
type granitoids indicate that magmatism in both types was contemporaneous. Nonetheless, the basins recorded
younger peak emplacement ages compared to adjacent belts. The presence of inherited older zircon grains
(Archean zircon cores?), is widespread in southeastern WAC. The granitoids formed in a continental arc setting
via subduction–accretion processes. Furthermore, the magmatic time-span is more prolonged in southern Ghana,
with the sedimentary basins recording the longest intervals of magma emplacement. The sub-chondritic εHf data
and Hf model ages strongly suggest the existence of Neoarchean to Mesoarchean crustal material in eastern
Ghana during the Birimian crust formation. We propose that the subduction-accretion processes during the
Paleoproterozoic Eburnean orogeny in the WAC contributed to the formation of the Columbia supercontinent in
the Late Paleoproterozoic-Mesoproterozoic.

1. Introduction

Granitoids are the most common and essential constituents of the
continental crust as these are often associated with or host important
economic mineralization (Taylor and McLennan, 2009; Sial et al., 2011;
Rudnick and Gao, 2014; Janoušek andMoyen, 2019). They represent the
final products of crust-mantle differentiation through partial melting
and fractional crystallization along mature arcs and convergent plate
margins (e.g., Grove et al., 2003; Chappell, 2004; Jagoutz and Klein,

2018; Sawyer et al., 2011; Wu et al., 2017; Zheng and Gao, 2021). The
sources of granitoids exhibit considerable variability, ranging from
predominantly crustal- to mantle-derived materials (Pearce, 1996). The
compositions of granitoids in continental provinces are primarily
determined based on the nature of the source material, residual and
peritectic minerals of the melts, and the passage of travel of the melt
(Zheng and Gao, 2021). Granitoid plutons, which are highly composi-
tionally diverse, form essential constituents of the continental crust and
orogenic zones (Altherr et al., 2000; Eleftheriadis and Koroneos, 2003).
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Many studies have been carried out in an attempt to elucidate the
origin of granitoids (e.g., Soesoo, 2000; Chappell and White, 2001;
Brown, 2013; Moyen et al., 2017; Bonin et al., 2020; Tang et al., 2021;
Zheng and Gao, 2021; Zhong et al., 2023). Nevertheless, their classifi-
cations and petrogenetic mechanisms remain topics of continuous
debate. So far, the two proposed mechanisms are; partial melting of
crustal lithologies (e.g., Chappell and White, 1974; White and Chappell,
1983; Chappell, 1984; Chappell et al., 1988; Arndt, 2013; Aidoo et al.,
2020; Aidoo et al., 2021; Tang et al., 2021), and fractional crystalliza-
tion via melting of the mantle (e.g., Clemens and Wall, 1984; Chappell
et al., 1987; Collins, 1996; Soesoo, 2000; Rapp et al., 2000; Macpherson
et al., 2006). The controversies surrounding the origin and petrogenesis
of granitoids stem from the fact that some granitoids within
accretionary-collisional zones exhibit juvenile isotopic signatures,
resembling typical characteristics of mantle-derived rocks. This phe-
nomenon has given rise to the hypothesis that collisional zones are
important sites for the net growth of the continental crust (Mo et al.,
2008; Niu et al., 2013; Chen et al., 2015; Moyen et al., 2017; Moyen,
2020; Xiao et al., 2020). The Paleoproterozoic Birimian granitoids are,
therefore, no exemption from these controversies.

The study of Precambrian terranes is very crucial to aid our under-
standing of the tectonic evolution of the Earth since these terranes mark
the transition from an early-Earth to a state of modern-day cratonic
preservation with stiff roots composed of feasible buoyant mantle ma-
terial (Kearey et al., 2009; Roverato et al., 2019). The Paleoproterozoic
Birimian terrane of the West African Craton (WAC) (Fig. 1) represents a
good example of Precambrian terranes that bridges a significant gap in
crustal evolution and mantle activity for a period considered to be
associated with global magmatic quiescence on other well-studied
continents (Abouchami et al., 1990; Condie et al., 2009). The Birimian
of the WAC also represents a suitable target to explore the unresolved
issues regarding rates of early crustal growth and accretion during the
transitional Archean-Proterozoic period (Abouchami et al., 1990;
Drummond and Defant, 1990).

The combination of geochemical data, zircon U-Pb dating and
radiogenic isotopes systematics of granitoids can provide reliable in-
formation about their petrogenesis, magma source characteristics, the
tectonic regime where granitoids were developed, and their role in
crustal growth in both space and time (e.g., Anum et al., 2015; Kemp
et al., 2007; Gong et al., 2019; Spencer et al., 2019). For example, the
combined application of U-Pb ages and Lu-Hf isotope systematics in
igneous zircon allows to investigate crust production, recycling and
preservation events, mapping juvenile vs recycled crustal fragments,
and characterizing magma sources (Champion and Sheraton, 1997;
Amelin et al., 1999, 2000; Rino et al., 2004; Condie et al., 2005; Haw-
kesworth and Kemp, 2006; Czarnota et al., 2010; Laurent and Zeh,
2015). Thus, combined U-Pb and Lu-Hf isotopic studies help to inves-
tigate the applicability of plate tectonic models through the Earth his-
tory, especially if they are coupled to petrogenetic information about the
zircon-hosting rocks (Laurent and Zeh, 2015). Geochemical data,
including major and trace element compositions and radiogenic iso-
topes, help distinguish among different petrogenetic processes, source
materials (crustal material, mantle-derived magma, or a combination of
both) and tectonic settings in which granitoids form (e.g., Whalen et al.,
1987; Pearce, 1996; Moyen, 2009; Collins et al., 2019). Similarly, oxy-
gen isotope systematics of granitoids has also provided a window to
unravel geotectonic processes, provided evidence of juvenile crust
recycling, and aided in understanding the evolution of the continental
crust (e.g., Bruand et al., 2019). Thus, granitoids contain useful infor-
mation that often addresses highly debatable issues on global plate
tectonic regimes in the early Paleoproterozoic period (Gong et al.,
2019).

The Paleoproterozoic Birimian terrane of the WAC has received
considerable attention in research studies due to its critical implications
for both precious and base metals (e.g., Lompo, 2009; Nyame, 2013;
Sakyi et al., 2014; Grenholm et al., 2019). The Birimian terrane contains
various generations of granitoids that formed during the Eburnean
orogeny at ca. 2.2-2.05 Ga (e.g., Hirdes et al., 1992; Baratoux et al.,

Fig. 1. Simplified geological map of (a) the entire West African Craton and (b) the southern part of the craton showing the Kénéma-Man Archean and the Paleo-
proterozoic Baoulé-Mossi domains (after Robertson and Peters, 2016).
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2011; de Kock et al., 2011; Sakyi et al., 2014; Anum et al., 2015;
Grenholm et al., 2019; Amponsah et al., 2023). Recent studies have
highlighted the juvenile nature of the Birimian terrane in Ghana and also
identified significant levels of ancient lithospheric recycled materials (e.
g., Doumbia et al., 1998; Hirdes and Davis, 2002; Gasquet et al., 2003;
Dampare et al., 2008; Baratoux et al., 2011; Sakyi et al., 2014;
Amponsah et al., 2023). However, the geodynamic evolution, tectonic
regime and origin of granitoids during the Eburnean Orogeny are
debated (Feng et al., 2018). Although it is widely accepted that the
Birimian granitoids formed through subduction-accretion process (e.g.,
Sakyi et al., 2014; Anum et al., 2015; McFarlane et al., 2019a,b), the
nature of this subduction zone (continental-arc versus oceanic-arc) re-
mains enigmatic. This contribution presents a review of existing litera-
ture on Birimian granitoids of southeastern WAC with emphasis on
Ghana, highlighting their origin and possible interaction between ju-
venile magma sources and crustal components and the possibility of
Archean crustal reworking during the magmatic events that resulted in
the formation of the granitoids. The review is aimed at putting further
constraints on our understanding of the tectonic setting and evolution of
the Birimian terrane and the WAC.

2. Geological setting

2.1. Paleoproterozoic Birimian rocks of the West African craton

The Precambrian West African Craton (WAC) consists of two
Archean nuclei juxtaposed against multiple Paleoproterozoic domains
made up of greenstone belts, sedimentary basins, regional tonalite-
trondhjemite-granodiorite (TTG) granitoid plutons and large-scale
shear zones, overlain by Neoproterozoic and younger sedimentary ba-
sins (e.g., Egal et al., 2002; Pouclet et al., 2006; Baratoux et al., 2011;
Jessell and Liégeois, 2015). These Archean-Paleoproterozoic domains
form the Reguibat shield in the north and Leo-Man shield in the south of
the WAC, separated by the Neoproterozoic-Palaeozoic Taoudeni basin
and outlined by the Neoproterozoic and Cenozoic Pan-African and
Hercynian mobile belts (Fig. 1a) (Abouchami et al., 1990; Villeneuve
and Cornee, 1994; Egal et al., 2002; Deynoux et al., 2006; Pouclet et al.,
2006; Ennih and Liégeois, 2008; Petersson et al., 2018). Within the
Taoudeni basin occurs the Paleoproterozoic Kedougou-Kéniéba Inlier
(KKI) in Senegal and Kayes Inlier (KI) in Mali, suggesting that the
Taoudeni basin overlies the Birimian terrane (e.g., Boher et al., 1992;
Ennih and Liégeois, 2008; Baratoux et al., 2011). The southern Leo-Man
shield of the WAC is divided into a western Archean crustal block called
the Kénéma-Man shield characterized by Liberian (ca. ~2.75 Ga), Leo-
nian (ca. ~2.95 Ga) and pre-Leonian (ca. ~3.1 Ga) orogenic events
(Wright et al., 1985), and a central-eastern domain
(Baoulé-Mossi/Birimian of Paleoproterozoic age) characterized by the
Eburnean (ca. ~2.2-2.0 Ga) orogeny (e.g. Feybesse et al., 2006; Vidal
et al., 2009; Hein, 2010; de Kock et al., 2011). The Archean and Pale-
oproterozoic domains have been affected by three main tectono-
magmatic and metamorphic events, namely; the Leonian event at
~3200–3000 Ma, the Liberian event at ~2900–2700 Ma, and the
Eburnean orogeny at ~2250–2060 Ma (e.g., Baratoux et al., 2011;
Tshibubudze et al., 2013; Sakyi et al., 2014; Anum et al., 2015; Koua-
melan et al., 2015; Block et al., 2016a).

The Paleoproterozoic Birimian rocks of the West African Craton
(WAC) crop out extensively in Ghana, Cote d’Ivoire, Mali, Niger, Bur-
kina Faso and, to a limited extent, Senegal, Guinea, and Mauritania
(Fig. 1b). These rocks occupy nearly two-thirds of the WAC and record
an extensive episode of continental crust formation in the early part of
the Proterozoic (Attoh and Ekwueme, 1997). The Birimian terrane in the
southeastern portion of the WAC is referred to as the Baoulé-Mossi
domain (Fig. 1b) and comprises ~2.25–1.98 Ga greenstone (volcanic)
belts separated by sedimentary basins. All were intruded by granitoids,
which were subjected to greenschist to amphibolite facies and granulite
facies metamorphism, especially at pluton contacts (e.g., Milési et al.,

1989; Boher et al., 1992; Ama-Salah et al., 1996; Hirdes et al., 1996;
Peucat et al., 2005; Feybesse et al., 2006; de Kock et al., 2009; Baratoux
et al., 2011).

The Paleoproterozoic Birimian rocks in Ghana are exposed in a third
of the country (Fig. 2). The terrane is characterized by successions of
sub-parallel, linear greenstone belts, namely; Kibi-Winneba, Ashanti,
Sefwi, Bui, Bole-Nangodi (all of which trend NE-SW) and the N-S
trending Lawra Belt, separated by metasedimentary basins (Suhum,
Cape Coast, Kumasi, Sunyani, and Maluwe basin) at roughly regular
intervals (e.g., Leube et al., 1990; Sylvester and Attoh, 1992; Hirdes
et al., 1996; Sakyi et al., 2014, 2020a; Block et al., 2016b; Senyah et al.,
2016; Kazapoe et al., 2022, 2023), and intruded by several suites of
syn-to late-stage Eburnean granitoids (Fig. 2) (e.g., Leube et al., 1990;
Hirdes et al., 1992; Feybesse et al., 2006; Thiéblemont et al., 2004; Sakyi
et al., 2014; Amponsah et al., 2023).

Between 2.14 and 2.10 Ga, during the Eburnean orogeny, the early
Palaeoproterozoic crust that had formed between 2.20 and 2.14 Ga
underwent reworking (Sakyi et al., 2014; Anum et al., 2015; Block et al.,
2016b; Block et al., 2015; Block et al., 2016a; Amponsah et al., 2023).
Granitoid intrusions and the development of greenstone belts were two
features of the Older Eburnean phase (EoEburnean, 2.3–2.14 Ga). The

Fig. 2. Simplified geological map of Ghana showing the Paleoproterozoic Bir-
imian belts and basins (after Petersson et al., 2016).
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West African Craton stabilized as a result of the major volcanic and
plutonic activity that was linked to this period. During this time, the
formation of shear zones at the regional scale, metamorphism, and
crustal thickening dominated the tectonic processes (Oberthür et al.,
1998; Loh et al., 1999; Perrouty et al., 2012; Sakyi et al., 2014). The
Younger Eburnean phase (2.14–2.0 Ga) involved further deformation,
metamorphism, and magmatism. This phase was marked by more
intense folding, faulting, and the emplacement of late-stage granitic
intrusions. The Younger Eburnean represents the final stages of crato-
nization in West Africa, leading to the stabilization of the crust and the
formation of major mineral deposits, including gold (Amponsah et al.,
2015; Amponsah et al., 2023).

The greenstone belts comprise tholeiitic basalts and pillow lavas
superimposed by calc-alkaline andesites, dacites, rhyolites and tuffs
interbedded with volcaniclastics sedimentary rocks (Abouchami et al.,
1990; Leube et al., 1990; Boher et al., 1992; Milési et al., 1992; Sylvester
and Attoh, 1992; Agra et al., 2023). Subsequent, local small ultramafic
bodies intruded the volcanic rocks (e.g., Dampare et al., 2008). The
metasedimentary basins contain greywackes, shales and siltstones,
phyllites, cherts, argillites, volcaniclastics and chemical sedimentary
rocks (Leube et al., 1990; Sakyi et al., 2018, 2019, 2020a), which, during
isoclinal folding, obtained a phyllitic texture. Some studies have pro-
posed that volcanic rocks of the Birimian greenstone belts and the
metasedimentary rocks were formed contemporaneously as lateral
facies equivalents during the Eburnean event (e.g., Leube et al., 1990;
Feybesse et al., 2006). Other studies postulated that eruption of the
Birimian volcanic belts, emplacement of the older granitoid rocks, and
an earlier episode of metamorphism, uplift, and erosion occurred during
Eburnean 1 orogeny between ca. 2240 and 2150 Ma, whereas the
deposition of the Birimian sedimentary rocks and Tarkwaian Group
occurred between ca. 2130–2116 Ma (e.g., Allibone et al., 2002a,b).

Unconformably overlying the Birimian terrane are the Tarkwaian
sedimentary sequences, which contain clasts of rocks representative of
the Birimian sequences. The Tarkwaian is considered a molasse deposit
of non-marine origin, derived from rapid erosion of Birimian crust. The
unit was deposited proximally in an elongate, intra-montane basin.
Zircon studies by various researchers (e.g., Leube et al., 1990; Eisenlohr
and Hirdes, 1992; Davis et al., 1994; Pigois et al., 2003; Feybesse et al.,
2006) obtained ages ranging between 2.14 Ga and 2.10 Ga, representing
the crystallization of magmatic rocks in the source region. Evolution of
the Maluwe basin and overlying molasses of the Banda Group in the Bui
belt (de Kock et al., 2012) was due to the northward convergence and
thrusting of theMaluwe basin onto, and forming an orogenic continental
arc along the southern edge of the Bole-Navrongo terrane. Associated
deformation and magmatism (Tanina Suite: 2126-2120 Ma) illustrate
the creation of a short-lived orogenic event. Petersson et al. (2016)
re-evaluated the results of the above researchers and concluded that the
Tarkwa Group contains detrital zircons of Eoeburnean ages (>2145Ma),
a huge detrital zircon population with ages of the Tanina Suite
(2126-2120 Ma) and even younger ages (<2097 Ma) which determine
the deposition thereof to be after 2097 Ma. This implies that the molasse
sequences are not all related to a singular orogenic event. Thus, the
creation of the Tanina magmatic arc marks the onset of the Eburnean
tectonogenesis that led to the contraction of the post-Eoeburnean sedi-
mentary depositories.

2.2. Birimian granitoids of Ghana

The tonalite-trondjhemite-granodiorite (TTG) granitoid plutons
associated with the Birimian terrane of Ghana historically, irrespective
of age, were grouped into four, namely: Cape Coast, Winneba, Bongo,
and Dixcove type granitoids (Pohl, 1998 and references therein). The
Cape Coast-type granitoids are a foliated, biotite (±muscovite)-bearing
rocks, chiefly consisting of biotite-granodiorites and granites. This
groups is interpreted as pre- or syntectonic with peraluminous charac-
teristics and largely intrudes the sedimentary basins (e.g. Leube et al.,

1990; Eisenlohr and Hirdes, 1992; Hirdes et al., 1992; Taylor et al.,
1992). The Dixcove-type, again, usually intrudes the greenstone belts,
and are comprised predominantly of massive hornblende-bearing
tonalites and post-tectonic granodiorites with metaluminous affinities
(Leube et al., 1990; Hirdes et al., 1992; Taylor et al., 1992). The Win-
neba and the Bongo/Banso granitoids occur as isolated intrusions (e.g.
Leube et al., 1990; Petersson et al., 2016). The Bongo-type granitoid,
referred to as Lambo River alkali granite (de Kock et al., 2011, 2012), is
a post-orogenic intrusion that cuts across the Tarkwaian strata located in
northern Ghana. These granitoids are marked by distinct pinkish
coloration due to the presence of potassium-rich feldspars (e.g., Leube
et al., 1990; Abitty et al., 2016; Sakyi et al., 2020a). The Winneba-type
are granodioritic to granitic in composition. Its distribution is limited to
a small area close to Winneba in southeastern Ghana, where its
whole-rock Sm-Nd and zircon Hf isotopic model ages of 2.6 Ga suggest
Archean crust involvement (Taylor et al., 1992; Petersson et al., 2016).
Syn-to post-orogenic magmatism invaded the volcano-sedimentary
rocks of Ghana during the entire period of the Eburnean orogeny
(Allibone et al., 2002a; Baratoux et al., 2011). Since it was a multistage
event, de Kock et al. (2011, 2012) grouped the igneous rocks, irre-
spective of their composition, according to their age and place in the
geological evolution. In these studies, however the igneous rocks were
grouped according to region, irrespective of age or composition.

3. Results

3.1. Whole-rock geochemistry

Geochemical studies conducted on the Paleoproterozic Birimian
plutonic suites in Ghana so far have produced similar results. The whole
rock major and trace elements data for the Birimian granitoids of Ghana
are presented in Supplementary Table S1. The data covers a total of 211
samples from all the basins and belts, except the Bui belt. Granitoids
from the greenstone belts have intermediate to high SiO2 contents in the
range of 55.20–81.89 wt% (average = 68.63 wt%), low to high alkali
contents with K2O values of 0.83–5.58 wt% (average = 3.07 wt%) and
Na2O values of 2.93–5.97 wt% (average = 4.29 wt%). Their total alkalis
(K2O + Na2O) vary from 4.44 to 9.55 wt% (average = 7.36 wt%) with
Na2O/K2O ratios of 0.65–5.80. They are characterized by low to inter-
mediate contents of Fe2O3 (0.27–8.04 wt%; average = 3.34 wt%), CaO
(0.44–7.20 wt%; average = 2.77 wt%), and MgO (0.03–6.50 wt%;
average = 1.39 wt%), and low P2O5 (0.01–0.74 wt%), TiO2 (0.02–1.08
wt%), and MnO (0.01–0.14 wt%). Al2O3 content varies from 10.94 to
17.30 wt% (average = 14.62 wt%) (e.g., Dampare et al., 2005; Gren-
holm, 2011; Sakyi et al., 2014; Anum et al., 2015; Abitty et al., 2016;
Block et al., 2016b; McFarlane et al., 2019b; Sakyi et al., 2020a).

Similarly, granitoids from the sedimentary basins have SiO2 contents
varying from 51.50 to 81.79 wt% (average = 67.73 wt%). They also
display low to high K2O contents of 0.51–5.97 wt% (average = 2.29 wt
%) and Na2O contents of 1.99–5.66 wt% (average= 4.30 wt%). The rest
of the major oxides are low to high contents of MgO (0.08–13.65 wt%;
average = 1.77 wt%), and Fe2O3 (0.57–16.03 wt%; average = 3.79 wt
%), and low concentrations of P2O5 (0.01–0.89 wt%), TiO2 (0.04–2.83
wt%), and MnO (0.00–0.24 wt%). Their Al2O3 contents are in the range
of 9.38–18.40 wt% (average = 15.13 wt%). Their total alkalis (K2O +

Na2O) vary from 3.89 to 9.06 wt% (average = 6.60 wt%) with Na2O/
K2O ratios of 0.45–7.06 (e.g., Dampare et al., 2005; Grenholm, 2011;
Sakyi et al., 2014; Anum et al., 2015; Abitty et al., 2016; Block et al.,
2016b; McFarlane et al., 2019b; Sakyi et al., 2020a). Based on the major
element Harker diagrams (Figs. 3 and 4), the granitoids generally
display negative linear trends. Notably the plots of SiO2 vs. Fe2O3, MgO,
CaO, Al2O3, P2O5, and TiO2, show negative linear correlations (Figs. 3
and 4). In contrast, the SiO2 vs. Na2O and SiO2 vs. K2O plots exhibit
diffuse patterns in the belt-type granitoids (Fig. 3) and slightly positive
correlations are displayed in the SiO2 vs. Na2O and SiO2 vs. K2O plots for
the basin-type granitoids (Fig. 4). The granitoids are mostly
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metaluminous to slightly peraluminous (Fig. 5a), and plot mainly in the
fields of granite, granodiorite, tonalite, monzonite, trondhjemite, and
diorite. The granitoids of the Ashanti belt are more restricted to the
fields of tonalite and granodiorite (Figs. 5b and 6b). They plot mainly in
the calc-alkaline series (Fig. 6a), except those from the Suhum basin and
Bole-Nangodi belt that also have shoshonitic affinity (Fig. 5c).

The granitoids are enriched in LILE and LREE relative to HREE and
HFSE, and display negative Nb-Ta anomalies, pronounced negative Ti
and P anomalies, enriched Zr–Hf, and variable positive and negative Eu
and Sr anomalies (Figs. 7–10). There are generally positive anomalies of
Rb, Ba, U, and Pb in all the samples, except the data for Ashanti belt,
Sefwi belt, Sunyani basin and Cape Coast basin in which Pb was not
analysed. The Eu anomalies (Eu/Eu*) range from 0.13 to 1.70 for the
belt-type granitoids and 0.28–2.25 for the basin-type granitoids (Figs. 7
and 8). On the chondrite-normalized REE diagrams (Figs. 9 and 10),
they show strongly fractionated REE patterns, with LREE-enrichment

(La/Yb)N of 0.94–252.97 and 3.49–111.98 for belt-type and basin-type
granitoids, respectively, whilst recording HREE-fractionation (Gd/
Yb)N of 0.69–14.11 and 1.14–11.25 98 for belt-type and basin-type
granitoids, respectively.

3.2. U-Pb data, Lu-Hf and Sm-Nd isotope systematics

In recent years, coupled U-Pb ages and Lu-Hf isotope systematics was
used to better understand the source and petrogenesis of magmas that
formed the Paleoproterozoic Birimian rocks of southeastern WAC. A
summary of U-Pb and related ages for Birimian granitoids in Ghana are
presented in Table 1, and details are listed in Supplementary Table S2.
The ages are displayed on the geological map of the Birimian in Ghana
(Fig. 11). Also presented is a summary of εHf data in Table 3, with details
in Supplementary Table S3. εHf data range from − 14.5 to +7.6. Addi-
tionally, other Birimian granitoids ages are listed in Table 2. Ages of

Fig. 3. Variation in major elements with SiO2 for the belt-type Birimian granitoids of Ghana. Data sources are: Dampare et al. (2005); Grenholm (2011); Sakyi et al.
(2014); Anum et al. (2015); Abitty et al. (2016); Block et al. (2016b); Sakyi et al. (2020a).
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plutonic suites of the Proterozoic Birimian terranes of Ghana span the
range of ca. 2232-2058 Ma (for zircon grains) and ca. 2222-1907 Ma for
other minerals (monazite, titanite, rutile, galena, muscovite, biotite and
amphibole) (Table 1). A plot of εHf vs. ages of Birimian granitoids is
shown in Fig. 12. These age brackets and εHf data significantly overlap
each other. Exceptions are the K-Ar ages of biotite/muscovite obtained
by Chalokwu et al. (1997) that extend to much younger value of ca.
1907 Ma.

3.3. Age relationship between belts and basins

The age data is presented in histograms (Fig. 13), showing the fre-
quency of occurrence of the ages. The histograms reveal that the ages are
dominated by those in the age bracket of ca. 2100–2200 Ma. The peak
ages are; 2063 Ma (Cape Coast basin), 2087 Ma (Sunyani basin), and

2129–2161 Ma for the rest of the domains. The data does not clearly
distinguish between the relative ages of belt- and basin-type granitoids.
For example, older crystallization ages ≥2200 Ma have been reported in
both the greenstone belts and sedimentary basins as follows; ca. 2228 -
2211 Ma (Lawra and Bole-Nangodi belts; Sakyi et al., 2014; Block et al.,
2016b; Nunoo et al., 2022), ca. 2219 - 2200 Ma (Kibi-Winneba belt;
Feybesse et al., 2006; Petersson et al., 2018), ca. 2222 Ma (Sefwi belt;
Feybesse et al., 2006), and ca. 2232 - 2224 Ma (Suhum basin; Grenholm,
2011, Petersson et al., 2016; Amponsah et al., 2023) (Table 1, Supple-
mentary Table S2). Likewise, younger crystallization ages <2100 Ma
have also been reported in both belt- and basin-type granitoids. These
include; ca. 2092–2058 Ma (Ashanti belt; Oberthür et al., 1998; Par-
ra-Avila et al., 2018), ca. 2090 Ma (Kibi-Winneba belt; Grenholm,
2011), ca. 2019–1907 Ma (Cape Coast basin, Chalokwu et al., 1997), ca.
2092–2073 Ma (Sunyani basin; Hirdes et al., 1992; Petersson et al.,

Fig. 4. Variation in major elements with SiO2 for the basin-type Birimian granitoids of Ghana. Data sources are: Grenholm (2011); Losiak et al. (2013); Block et al.
(2016b); (Kwayisi et al.,)(unpublished).
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2016, McFarlane, 2018), ca. 2085 Ma (Suhum basin; Amponsah et al.,
2023), and ca. 2092 Ma (Kumasi basin; Losiak et al., 2013) (Table 1,
Supplementary Table S2). This finding is at variance with the two
schools of thought regarding the relative ages of the basin- and belt-type
granitoids as follows: (i) the belt-type granitoids are older than the
basin-type granitoids and the belt-type granitoids are approximately
coeval and comagmatic with volcanic rocks of the Birimian Supergroup,

while the basin plutons were intruded toward the end of Eburnean and
postdate the Tarkwaian sedimentation (e.g., Hirdes et al., 1992), (ii) the
basin-type granitoids are syn-orogenic foliated batholiths occurring in
the central portions of Birimian sedimentary basins, whereas the
belt-type granitoids are mostly late-orogenic unfoliated intrusions in
greenstone belts (Leube et al., 1990). Some authors have invoked
gravity-driven vertical movements of dense greenstone belts and
buoyant granitoid domains, based on monotonous metamorphism,
increasing only in granitoid contact aureoles, and interpreted as dome
and basin geometry (Pons et al., 1995; Vidal et al., 2009). This model
describes the exhumation of migmatitic rocks, interpreted as the product
of buoyancy-driven ascent in a rheologically weak, hot orogenic crust,
following homogeneous and distributed crustal thickening and exten-
sive granitoid emplacement (e.g. Caby et al., 2000; Ganne et al., 2014;
Pouclet et al., 1996; Vidal et al., 2009; Ganne et al., 2014).

The available age data strongly suggest that the evolution of both
belt- and basin-type granitoids were contemporaneous. That notwith-
standing, the peak ages indicate that, largely the basins recorded lower
magmatic peak ages than the adjacent belts (Fig. 13).

The Birimian granitoids of Ghana have not received much attention
in the application of Sm-Nd isotope systematics. Limited data available
recorded εNd(t) values ranging from +2.7 to +3.5 for the Kumasi basin
granitoids, +2.3 for a localised mafic dike (Losiak et al., 2013) and − 0.8
to +1.37 for the Bole-Nangodi belt (Table 4) (Sakyi et al., 2020a). Sakyi
et al. (2020a) also reported Nd (TDM1) and Nd (TDM2) model ages of
2.53-2.34 Ga and 2.39-2.21 Ga respectively, for the Bole-Nangodi belt
(Table 4), however, the TDM2 ages appear to be very consistent and
generally close to the 2.1 Ga formation age of the Birimian crust.
Similarly, Nd model ages of 2.29-2.17 Ga have been reported for various
Birimian plutonic suites, except the ~2.60 Ga age reported for Winneba
granitoids (Table 2; Taylor et al., 1992).

4. Discussion

4.1. Petrogenesis

Recent studies of the Paleoproterozoic Birimian granitoids in Ghana
have revealed varying source materials and petrogenetic processes. The
main components of the crust in the Paleoproterozoic WAC region of
Ghana comprise tonalite-trondhjemite-granodiorite (TTG) suites, low-K
to high-K calc-alkaline granites, LILE-enriched diorites, high-K quartz
monzonites, two-mica granites, and muscovite leucogranites (e.g.,
Grenholm, 2011; Block et al., 2016b; McFarlane et al., 2019a, 2019b;
Sakyi et al., 2020a; Amponsah et al., 2023).

Their derivation from partial melting of metabasaltic to meta-
tonalitic source, with a possible contribution from metagreywacke was
proposed by Dampare et al. (2005), whereas the reworking of older
felsic crustal rocks and melting of LILE-enriched mantle sources is fav-
oured by Block et al. (2016b). Block et al. (2016b) further explain that, a
juvenile mafic proto-crust was extracted from the depleted mantle in an
oceanic environment remote from any pre-existing continental nucleus,
and was reworked in several primitive magmatic arcs or in an accreted
oceanic plateau.

Based on the above assumptions, the granitoids (e.g., the TTGs) have
been suggested to have formed by partial melting of hydrous basaltic
crust/low-K mafic crust metasomatized chiefly by slab-derived melts at
differential depths (e.g., Grenholm, 2011; Anum et al., 2015; Block
et al., 2016b; McFarlane et al., 2019b; Sakyi et al., 2020a; Kwayisi et al.,
unpublished) at pressures where garnet and amphibole were the stable
phases (Sakyi et al., 2020a). The formation of the K-rich granitoids is
ascribed to the partial melting of the TTGs triggered by
subduction-related metasomatism (Losiak et al., 2013; Sakyi et al.,
2020a).

Fig. 14a–d are discrimination diagrams to assess the source and
petrogenesis of the granitoids. The data show that the samples are silica-
rich (mainly >60 wt%), with high Sr/Y and (La/Yb)N values, and plot

Fig. 5. (a) Alumina saturation vs. alkalinity diagram (after Maniar and Piccoli,
1989); (b) TAS diagram (Middlemost, 1994); and (c) K2O vs. SiO2 diagram
(Peccerillo and Taylor, 1976) for the Birimian granitoids of Ghana. Data sources
as in Figs. 3 and 4.
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largely in the adakite field of the Sr/Y vs. Y (Fig. 14a) and (La/Yb)N vs.
YbN (Fig. 14b) diagrams. On the SiO2 vs. MgO plots, granitoids from the
Ashanti belt mainly display affinity for metabasaltic and eclogite melts
and adakites derived from thickened lower crust (Fig. 14c) whereas
majority of the granitoids plot mainly within modern adakites and
TTG>3.5 Ga, with other granitoids broadly distributed (Fig. 14d). High

Sr/Y and (La/Yb)N, and low HREE (e.g. Yb) are considered as a proxy for
dehydration partial melting of metabasalt in the stability field of garnet
(e.g., Martin, 1987; Drummond and Defant, 1990; Moyen, 2009). They
may, therefore, be classified as high silica adakites. In addition to high
Sr/Y, the high SiO2 and La/Yb values suggest that the granitoids were
formed in a thickened lower crust (Aidoo et al., 2021). The occurrence of

Fig. 6. Classification and discrimination diagrams for the Birimian plutonic rocks of Ghana. (a) AFM (A= K2O + Na2O), F= FeOtot, M = MgO) diagram (Irvine and
Baragar, 1971), showing a calc-alkaline affinity for the Birimian plutonic rocks; (b) Normative Ab-An-Or classification diagram (O’Connor, 1965). Data sources as in
Figs. 3 and 4.

Fig. 7. Primitive mantle-normalized multi-element diagrams for the belt-type granitoids (Normalizing values are from Palme and O’Neill, 2014; UCC values are from
Rudnick and Gao, 2003). Data sources as in Figs. 3 and 4.
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mafic enclaves with dioritic to gabbroic compositions in some of the
granitoids are interpreted to represent remnants of basic magma (Sakyi
et al., 2020a, 2020b), and may be indicative of magma mixing processes
(Sakyi et al., 2014, 2020a, 2020b; Anum et al., 2015).

Thermobarometric calculations revealed crystallization tempera-
tures and pressures of 650–685 ◦C and 4–7 kbar respectively (Kibi-
Winneba belt; Dampare et al., 2005), ~640–750 ◦C and ~2–6 kbar
respectively (Bole-Nangodi belt; Sakyi et al., 2020a) and ~632–712 ◦C
and 5.2–7.2 kbar respectively (Suhum basin; Kwayisi et al., unpub-
lished). These relatively low temperatures and pressures range suggest a
lower crustal source (Dampare et al., 2005; Losiak et al., 2013; Sakyi
et al., 2020a).

4.2. Reworking of older crustal material

Until recently, evidence for reworking of Archean basement during
Birimian magmatism in Ghana has been attributed to whole rock Nd
model ages of the Winneba pluton and sparse inherited zircon grains
from rocks in the Bole-Nangodi belt of northwestern Ghana (Petersson
et al., 2016). The Winneba-type granitoids were considered to be the
only rock suite in Ghana which showed evidence of a significant
magmatic contribution from reworked ancient crust in their genesis,
with an Archean sialic precursor (εNd= − 5.3 and Nd model age of ~2.6

Ga) (Leube et al., 1990; Taylor et al., 1992). Several lines of evidence
suggest that the main Paleoproterozoic crustal growth event, also known
as the Eburnean orogeny, in the WAC involved a significant juvenile
crust-forming process, with little to no involvement of Archean crustal
components (e.g., Abouchami et al., 1990; Liégeois et al., 1991; Boher
et al., 1992; Taylor et al., 1992; Pawlig et al., 2006). However, studies
have suggested that the magmas that generated the Birimian terrane
were likely derived from source(s) containing recycled materials. This is
based on evidence from the εHf, εNd, and model ages of granitoids,
metavolcanic, and metasedimentary rocks (e.g., Sakyi et al., 2018;
Amponsah et al., 2023). In this review, we focused on the granitoid
plutons.

Evolved crustal signatures are those with relatively low εHf values
while juvenile rocks input shows high εHf values close to that of
depleted mantle (e.g., Dhuime et al., 2012; Roberts, 2012; Gardiner
et al., 2016; Ustaömer et al., 2016; Azzouni-Sekkal et al., 2020; Matos
et al., 2023). Thus, granitoids displaying high values of εHf(t)
≫0 represent juvenile mantle input, either directly via mantle-derived
mafic melts or by remelting of a young mantle-derived mafic lower
crust (Kröner et al., 2013). On the other hand, εHf values ≪0 indicate
evidence of melting of old continental crust, whereas εHf(t) values
around zero indicate the mixing of old crust and depleted
mantle-derived material during their formation.

Fig. 8. Primitive mantle-normalized multi-element diagrams for the basin-type granitoids ((Normalizing values are from Palme and O’Neill, 2014; UCC values are
from Rudnick and Gao, 2003). Data sources as in Figs. 3 and 4.
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The compiled εHf values of − 14.5 to+7.6 (Table 3, S3; Fig. 12a) and
εNd values (Table 4, Fig. 15) strongly indicate that reworking of older
crustal material was a common phenomenon in the genesis of the
parental magmas of the granitoids. The positive εHf(t) values of up to
+7.6 indicate that the zircons crystallized from juvenile liquids derived
from a depleted mantle with little or no crustal contamination, whereas
the negative εHf(t) values, up to − 14.5 indicate minor to significant
involvement of older crustal material, possibly Archean.

Block et al. (2016b) explained that the supra-chondritic Hf isotope
compositions indicate that the granitoids were derived from the
reworking of juvenile crustal components. In contrast, granitic plutons
in the Ashanti belt probably formed via either juvenile addition from the
mantle or reworking of only slightly older crust (Oberthür et al., 1998).
Likewise, de Kock et al. (2011) attributed the presence of older cores and
grains in younger rocks in the Wa-Bole enclave to the continuous
reworking of the developing crust during successive magmatic episodes
with discordant cores in zircon suggesting the presence of Archean
material in the Paleoproterozoic source rocks in the study region.
Combined U-Pb ages of ca. 2229-2092 Ma and εHf data of − 10.9 to+6.3
suggest juvenile crustal addition with reworking of Archean crust
(Petersson et al., 2016). Likewise, the reworking of Archean crust
recorded in zircons from both northwestern and southeastern Ghana has
been explained by sub-chondritic εHf values of − 10.5 to +4.4 of the
zircons (Petersson et al., 2018). The minimum εHf value of − 10.5 (at

2139 Ma) suggests a Palaeoarchaean to late Mesoarchaean component
as the contributing older source (Petersson et al., 2018). This is further
affirmed by Amponsah et al. (2023), who explained that the model ages
(TDM2) of 2789-2456 Ma and εHf values of − 1.5 to+5.4 for granitoids in
the Suhum basin indicate the magmas were sourced from the early
Paleoproterozoic juvenile mantle with substantial Neoarchean crustal
component.

In the Bole-Nangodi belt of northern Ghana, the εNd values of − 0.86
to +1.37 with TDM1 ages of 2.34–2.53 Ga and TDM2 ages of 2.21–2.39 Ga
(Fig. 15) for the granitoids indicate their juvenile character, possibly a
depleted mantle source with minor contributions from a pre-Birimian
(or Archean?) crustal material in their source material(s) (Sakyi et al.,
2020a). The positive εNd(t) values between +2.8 and + 3.5 for Kumasi
basin granitoids and their proximity to the depleted mantle array
(Fig. 15) indicate short crustal residence times of the magma, meaning
that the granitoids were derived from a juvenile mantle protolith during
the Paleoproterozoic without significant admixture of an Archean
crustal component (Losiak et al., 2013). Similarly, the whole-rock Nd
isotope model age of ca. 2.6 Ga for the Winneba showed evidence for a
significant magmatic contribution from reworked ancient crust in their
genesis, with an Archean sialic precursor (Leube et al., 1990; Taylor
et al., 1992).

Available Hf and Nd data suggest that the identified Archean
signature extends beyond the Winneba pluton to the Suhum basin

Fig. 9. Chondrite-normalized REE diagrams for the belt-type granitoids (Chondrite values are from Palme and O’Neill, 2014). Data sources as in Figs. 3 and 4.
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(Petersson et al., 2016; Amponsah et al., 2023), Kibi-Winneba belt
(Petersson et al., 2016), the Nangodi belt (Sakyi et al., 2020a; Nunoo
et al., 2022), and on a very minor scale, the Ashanti belt (Parra-Avila
et al., 2018). Thus, reworking of Archean crust is not an isolated phe-
nomenon restricted to the Winneba pluton but widespread across the
Birimian terrane in Ghana and involved mainly Mesoarchean and Neo-
archean crust. Therefore, contrary to the rare inherited older ages re-
ported in the Sefwi belt (McFarlane, 2018), studies have shown that
inherited older zircon grains, interpreted to represent Archean zircon
cores, are a widespread feature in the Baoulé-Mossi domain of the WAC,
of which the Birimian granitoids of Ghana form a part (Petersson et al.,
2016; Parra-Avila et al., 2017; de Kock et al., 2011; Nunoo et al., 2022;
Amponsah et al., 2023). This phenomenon occurs, notwithstanding the
common belief that the Birimian terrane consists of predominantly ju-
venile crust.

Available data (Fig. 12b), show that the Birimian domains in western
and southwestern Ghana largely display radiogenic (juvenile) Hf sig-
natures, except the Ashanti belt which records negative εHf(t) values up
to − 5.3. The general lack of sub-chondritic εHf signatures in the basins
suggests that the basins receivedmore mantle-derived materials through
decompression melting, compared to the belts. This contrasts the sub-
chondritic signatures in the Bole-Nangodi belt, Kibi-Winneba belt and
the Suhum basin, which are dominated by high negative εHf(t) values, up
to − 14.5. In the Bole-Nangodi belt, the moderate to high negative εHf(t)

values (− 14.5 to − 2.3) are recorded in the northeastern end of the belt
(northeastern Ghana; Figs. 2 and 12b). This observation is also made in
the southeastern part of Ghana, where both the Kibi-Winneba belt and
Suhum basin record high negative εHf(t) values of up to − 10.5 and
− 10.9, respectively (Figs. 2 and 12b). These signatures provide a strong
indication that these domains may have close proximity to older crustal
materials. Aidoo et al. (2020, 2021) have proposed the existence of an
Archean crust along the eastern margin of theWAC and further provided
evidence to support the partial melting of Neoarchean lower crust in the
formation of the basement rocks of the Pan-African Dahomeyide Belt
that lies immediately to the east of the Suhum basin. This corroborates
earlier suggestions that isotopic signatures displayed by magmatic rocks
in southern Ghana require an Archean crustal source underlying the
southeastern part of the Baoule-Mossi domain (Taylor et al., 1992;
Petersson et al., 2018; McFarlane et al., 2019b). Therefore, the spatial
variation in εHf data indicating predominantly sub-chondritic values
towards the southeastern and northeastern part of Ghana, juxtaposed
with calculated Hf model ages, strongly give credence to the existence of
Neoarchean to Mesoarchean crustal material in eastern Ghana during
the Birimian crust formation.

4.3. Geotectonic setting

The geodynamic setting of the Birimian rocks has been investigated

Fig. 10. Chondrite-normalized REE diagrams for the basin-type granitoids (Chondrite values are from Palme and O’Neill, 2014). Data sources as in Figs. 3 and 4.
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by many researchers who hold different views. On the one hand the
Birimian juvenile crust was produced in subduction-related magmatism
in arc environments (e.g., Mortimer, 1992; Sylvester and Attoh, 1992;
Pohl and Carlson, 1993; Asiedu et al., 2004; Dampare et al., 2005, 2008;
Baratoux et al., 2011; Senyah et al., 2016). This hypothesis describes the

assemblage of oceanic island arcs during subduction processes. On the
other hand, the Birimian juvenile crust may have been generated from
plume-related magmatism (e.g., Abouchami et al., 1990; Boher et al.,
1992; Lompo, 2009). The mantle plume-related magmatism favours
rapid crustal growth, subsequent formation of extensive oceanic

Table 1
Summary of published ages of granitoids in the Paleoproterozoic Birimian terrane of Ghana.

Birimian Domain Rock Type Mineral
Analysed

Age (Ma) Method Reference

Lawra, Bole-Nangodi Belts Migmatitic gneiss, schist, granofels Monazite 2141 ± 6–2127
± 7

U-Pb Block et al. (2015)

Lawra, Bole-Nangodi Belts Paragneiss Monazite 2128 ± 8–2123
± 8

U-Pb Block et al.
(2016a)

Lawra, Bole-Nangodi Belts Gneiss, paragneiss Zircon 2160 ±

28–2111 ± 7
U-Pb Block et al.

(2016a)
Lawra, Bole-Nangodi Belts Granite, granodiorite, trondhjemite, granodiorite gneiss Zircon 2211 ± 6–2133

± 6
U-Pb Block et al.

(2016b)
Bole-Nangodi Belt; Mawule Basin Granite, granodiorite, gneissic granite, syenite, rhyodacite Zircon 2195 ± 4–2118

± 3
U-Pb de Kock et al.

(2011)
Ashanti Belt Granodiorite, aplite Zircon 2105±3–2086

± 4
Pb-Pb Oberthür et al.

(1998)
Ashanti Belt Granodiorite, aplite Titanite 2104 ± 2–2092

± 3
Pb-Pb Oberthür et al.

(1998)
Ashanti Belt Granitoid Monazite 2174 ± 2–2105

± 5
Pb-Pb Oberthür et al.

(1998)
Ashanti Belt Granitoid Rutile/galena 2123 ± 2–2106

± 2
Pb-Pb Oberthür et al.

(1998)
Suhum, Cape Coast, Sunyani
Basins

Biotite-hornblende tonalite, Biotite-hornblende granite, Biotite-
hornblende granodiorite, two-mica granite, two-mica granodiorite,
pegmatite

Zircon 2229 ± 4–2092
± 4

U-Pb Petersson et al.
(2016)

Kibi-Winneba, Bole-Nangodi,
Sefwi Belts/Mawule Basin (1
sample)

Biotite-hornblende granite, biotite granite, granite, two-mica
granodiorite, granitic gneiss

Zircon 2219 ± 6–2120
± 6

U-Pb Petersson et al.
(2018)

Bole-Nangodi Belt Tonalite, trondhjemite, granodiorite Zircon 2228 ±

22–2115 ± 4
U-Pb Nunoo et al.

(2022)
Sunyani Basin Gneiss, paragneiss Zircon 2073 ± 6–2073

± 2
U-Pb McFarlane (2018)

Sefwi Belt Trondhjemite, quartz diorite, quartz monzonite Zircon 2159 ± 8–2135
± 7

U-Pb McFarlane et al.
(2019b)

Suhum Basin Amphibole-bearing gneiss, biotite gneiss, migmatitic gneiss,
leucogranite, gabbro

Zircon 2224 ±

26–2085 ± 110
U-Pb Amponsah et al.

(2023)
Lawra Belt Hornblende granodiorite, gneissic biotite granite, two-mica granite,

biotite granite, Pyroxene-hornblende gneiss
Zircon 2213 ±

76–2131 ± 10
U-Pb Sakyi et al. (2014)

Kibi-Winneba Belt Hornblende granodiorite, biotite granodiorite, gneissic biotite granite Zircon 2193 ± 9–2127
± 7

U-Pb Anum et al. (2015)

Bole-Nangodi Belt Hornblende granite, two-mica granite, granodiorite, Zircon 2181 ±

94–2074 ± 49
U-Pb Sakyi et al. (In

Review)
Kumasi Basin Granite, muscovite granite, two-mica granite Zircon 2098 ± 6–2092

± 6
U-Pb Losiak et al. (2013)

Ashanti Belt Granite, granodiorite Zircon 2191 ± 6–2157
± 5

U-Pb Parra-Avila et al.
(2015)

Ashanti Belt Granite Zircon 2125 ±

20–2058 ± 22
U-Pb Parra-Avila et al.

(2018)
Kibi-Winneba, Ashanti, Sefwi Belts Biotite-hornblende tonalite, biotite granite, Zircon 2232 ± 5–2169

± 13
U-Pb Grenholm (2011)

Suhum, Sunyani, Cape Coast
Basins

Biotite-hornblende granodiorite, biotite-hornblende granite, two-
mica granodiorite,

Zircon 2180 ± 4–2090
± 60

U-Pb Grenholm (2011)

Sefwi, Kibi-Winneba Belts Granodiorite, monzonite, metadiorite, Zircon 2222 ±

32–2159 ± 4
Pb-Pb Feybesse et al.

(2006)
Suhum Basin Amphibolite, gabbro Amphibole 2095 ±

34–1978 ± 37
K-Ar Feybesse et al.

(2006)
Kibi-Winneba Belt Granite, pegmatite Biotite/

Muscovite
2019 ±

14–1907 ± 14
K-Ar Chalokwu et al.

(1997)
Ashanti, Sefwi Belts Granitoids Zircon 2179 ± 2–2172

± 2
Pb-Pb Hirdes et al. (1992)

Sunyani, Kumasi Basins Muscovite granite, biotite tonalite Zircon 2116 ± 2–2088
± 1

Pb-Pb Hirdes et al. (1992)

Kumasi Basin Granite, granodiorite, diorite Zircon 2136 ± 9–2090
± 44

U-Pb Adadey et al.
(2009)

Kibi-Winneba, Ashanti Belts Granite, pegmatite Zircon 2132 ± 4–2080
± 3

U-Pb Agyei-Duodu et al.
(2009)

Suhum, Cape Coast, Sunyani
Basins

Granodiorite, granite, granitic gneiss Zircon 2187 ± 1–2072
± 1

U-Pb Agyei-Duodu et al.
(2009)

Sefwi Belt Rhyolite Zircon 2189 ± 1 U-Pb Hirdes and Davis
(1998)
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plateaus and initiation of intra-oceanic subduction as the plateaus
collided with each other or with micro-continental fragments. Based on
the hypotheses, two models have been proposed to account for the
tectonic processes involved in the formation of the rocks: (i)

accretionary orogeny which supports the subduction-related magma-
tism (e.g., Boher et al., 1992; Davis et al., 1994; Feybesse and Milési,
1994; Hirdes et al., 1996; Ledru et al., 1994; Hirdes and Davis, 2002),
and (ii) the transcurrent tectonics models, supporting the plume

Fig. 11. Geological map of the Birimian terrane of Ghana (modified after Petersson et al., 2016) showing locations of dated granitoids compiled from the literature.
Data References: 1 - Block et al. (2015); 2 - Block et al. (2016a); 3 - Block et al. (2016b); 4 - de Kock et al. (2011); 5 - Oberthür et al. (1998); 6 - Petersson et al. (2016);
7 - Petersson et al. (2018); 8 - Nunoo et al. (2022); 9 - McFarlane (2018); 10 - McFarlane et al. (2019b); 11 - Amponsah et al. (2023); 12 - Sakyi et al. (2014); 13 -
Anum et al. (2015); 14 – Sakyi et al. (In Review); 15 - Losiak et al. (2013); 16 - Parra-Avila et al. (2015); 17 - Parra-Avila et al. (2018); 18 - Grenholm (2011); 19 -
Feybesse et al. (2006); 20 - Chalokwu et al. (1997); 21 - Hirdes et al. (1992); 22 - Adadey et al. (2009); 23 - Agyei-Duodu et al. (2009); 24 - Hirdes and Davis, 1998.
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magmatism (e.g., Bassot, 1987; Doumbia et al., 1998; Pouclet et al.,
1996). However, recent studies on the Paleoproterozoic rocks in the
Birimian terrane of the WAC have produced avenues for challenging
discussions concerning the various models for the geodynamic evolution
of these rocks. For example, studies have also shown that the juvenile
crust of southwest Ghana was generated in an intraoceanic arc setting,
associated with diverse and intense subduction-related magmatism until
subsequent terrane accretion and collision (McFarlane, 2018). Similarly,
the formation and accretion of the West African Craton reflect the
amalgamation of individual oceanic arc terranes, through episodic
collisional orogenesis (McFarlane et al., 2019a, 2019b), providing
further support for an accretionary tectonic evolution under an arc-type
setting that later evolved into a collisional-type setting. Parra-Avila et al.
(2018) hypothesized that the Baoulé-Mossi domain of the southern WAC
formed through accretion of the arc systems, subsequently evolving into
a collisional orogeny when the amalgamated arcs were indented by the
Archean Kénéma-Man domain (Parra-Avila et al., 2018). This hypothesis
is akin to that of Parra-Avila et al. (2017, 2019), that suggested the
evolution of the Paleoproterozoic portion of the southern WAC in a
compressional-type environment through the amalgamation of at least
two crustal blocks that indicate an evolution from magmatic accre-
tion/crustal growth to crustal reworking. These hypotheses from recent
studies generally favour the accretion of several oceanic arcs.

The geochemical data derived from studies conducted on Birimian
granitoids in Ghana so far display similar characteristics and trends.
They exhibit volcanic arc granites (VAG) and syn-collisional (Syn-COLG)
granites signatures (Fig. 16a and b), and also show calc-alkaline signa-
tures, enrichment of LILE and LREE and depletion of HFSE and HREE,
with slight negative to positive Eu and Sr anomalies. Typically, the
granitoids display enrichment in Ba, Th, and Pb, and depletion in Nb-Ta,
T and P, and low Nb/Th ratios (Figs. 7–10). These distinctive
geochemical signatures are considered important indicators of arc-type
environments dominated by subduction processes (Arculus et al., 1999;
Hawkesworth and Kemp, 2006; Hofmann, 1997; Moyen and Martin,

Table 2
Whole-rock Rb-Sr and Pb-Pb isochron ages and Nd and Hf model ages for Bir-
imian granitoids in Ghana.

Rock Suite Rb-Sr
Age
(Ma)

Pb-Pb
Age
(Ma)

Nd Model
Age TDM
(Ga)

Hf
Model
Age

Reference

Upper West
granitoids

2086
± 40

2095 2.19 - 2.20
Ga

– Taylor et al.
(1992)

Kumasi
granitoids

2127
± 65

2114 2.17 Ga – “

Dixcove
granitoids

1891
± 314

2061 2.20 - 2.24
Ga

– “

Cape Coast
granitoids

2216
± 72

1973 2.24 - 2.29
Ga

– “

Winneba
granitoids

2024
± 159

2173 2.59 - 2.60
Ga

– “

Bole-
Nangodi
Belt

– – 2.21–2.53 Ga – Sakyi et al.
(2020a)

Sefwi Belt – – – 2.26 -
2.64 Ga

McFarlane
et al. (2019b)

Different
Locations

– – – 2.4 - 3.1
Ga

Parra-Avila
et al. (2018)

Bole-
Nangodi
Belt

– – – 2.35-
2.61 Ga

Block et al.
(2016b)

Suhum
Basin

– – – 2789 -
2456 Ma

Amponsah
et al. (2023)

Bole-
Nangodi
Belt

– – – 2250 -
2571 Ma

Nunoo et al.
(2022)

Different
Locations

– – – 3230 -
2780 Ma

Petersson
et al. (2018)

Different
Locations

– – – 2688 -
2175 Ma

Petersson
et al. (2016)

Table 3
Average εHf(t) and corresponding U-Pb data for Birimian granitoids of Ghana.

Sample Rock type Age
(Ma)

Avg.
(εHf)

±2σ
(mean)

Reference

BN 119 Granite 2133
± 6

+4.1 1.3 Block et al.
(2016b)

BN 132 Granite gneiss 2211
± 6

+4.7 1.4 Block et al.
(2016b)

BN 270 Granodiorite
gneiss

2181
± 5

+3.2 1.2 Block et al.
(2016b)

BN 241 Trondhjemite 2143
± 12

+4.7 1.5 Block et al.
(2016b)

BN 90 Granite 2135
± 6

+3.5 1.2 Block et al.
(2016b)

PK101 Biotite
hornblende
tonalite

2126
± 12

− 3.0 1.0 Petersson
et al. (2016)

PK102 Biotite
hornblende
granite

2174
± 6

+2.5 5.1 Petersson
et al. (2016)

PK103 Biotite
hornblende
granite

2139
± 5

− 2.0 1.1 Petersson
et al. (2016)

PK105 Biotite
hornblende
granodiorite

2229
± 4

+5.0 0.9 Petersson
et al. (2016)

ASGH003A Two-mica
granodiorite

2125
± 18

+3.2 1.2 Petersson
et al. (2016)

ASGH007A Hornblende
tonalite

2173
± 12

+3.2 1.0 Petersson
et al. (2016)

ASGH022A Mica granite 2093
± 2

+4.3 1.1 Petersson
et al. (2016)

ASGH022C Mica granite 2092
± 4

+4.2 0.9 Petersson
et al. (2016)

ASGH001A Granite 2129
± 16

− 6.8 1.4 Petersson
et al. (2018)

ASGH019A Biotite
hornblende
granite

2167
± 4

+3.2 1.1 Petersson
et al. (2018)

ASGH028A Biotite
hornblende
granite

2189
± 6

− 0.9 1.0 Petersson
et al. (2018)

ASGH028B Biotite
hornblende
granite

2189
± 6

− 0.2 1.0 Petersson
et al. (2018)

ASGH030A Biotite
hornblende
granite

2219
± 6

− 0.4 1.0 Petersson
et al. (2018)

ASGH032A Biotite
hornblende
granite

2129
± 14

+2.7 1.3 Petersson
et al. (2018)

ASGH034A Biotite
hornblende
granite

2137
± 5

− 2.2 1.0 Petersson
et al. (2018)

ASGH046A Two-mica
granodiorite

2120
± 6

+1.5 0.9 Petersson
et al. (2018)

ASGH046C Two-mica
granodiorite

2120
± 6

+0.9 1.2 Petersson
et al. (2018)

ASGH047A Granitic gneiss 2204
± 4

+0.9 1.0 Petersson
et al. (2018)

ASGH048A Biotite granite 2130
± 3

+1.5 1.1 Petersson
et al. (2018)

BOS10A Muscovite
granite

2092
± 6

+5.8 – Losiak et al.
(2013)

BOS10B Muscovite
granite

2092
± 6

+3.6 – Losiak et al.
(2013)

BOS11 Muscovite
granite

2092
± 6

+4.9 – Losiak et al.
(2013)

BOS14A Muscovite
granite

2095
± 6

+5.9 – Losiak et al.
(2013)

BOS15 Muscovite
granite

2097
± 6

+0.7 – Losiak et al.
(2013)

NG1 Granite 2125
± 20

+2.8 1.0 Parra-Avila
et al. (2018)

SG5 Granitic
intrusion

2058
± 22

+3.6 0.9 Parra-Avila
et al. (2018)

(continued on next page)
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2012; Rudnick and Gao, 2003; Zheng, 2019), but they also can be the
result of crustal contamination and/or intra-crustal melting (Parra-Avila
et al., 2019).

The LREE and LILE enrichment are common indicators of the influ-
ence of subduction-related fluids during melting process, whereas the
depletion of HREE and positive to negative anomalies displayed by Sr
and Eu are characteristics of an evolved magma source with varying
degrees of fractionation of plagioclase + hornblende + pyroxene (Sakyi
et al., 2014; Anum et al., 2015; Abitty et al., 2016) or indicating that
garnet was a stable phase in the source region (Grenholm, 2011). This is
because fluid-mobile elements such as LILE, Pb, LREE and Th are
insoluble in water but soluble in hydrous silicate melts (e.g., Kogiso
et al., 1997; Kessel et al., 2005), whereas fluid-immobile HFSE such as
Nb, Ta, Ti, Zr and Hf, and also HREE are usually viewed as immobile in
subduction zone fluids (e.g., Tatsumi et al., 1986; Brenan et al., 1994,
1995; Keppler, 1996). Zr-Hf is highly insoluble in hydrous fluids,
resulting in negative anomalies of Zr-Hf in typical arc volcanic rocks (Liu
et al., 2023). Therefore, the positive Zr-Hf was likely derived from
slab-derived melts rather than fluids, whereas the depletion in Nb, Ta,
and Ti indicates that hornblende and/or Fe–Ti oxides (e.g., rutile and
ilmenite) are residual minerals (Zhang et al., 2022).

Thus, mantle sources of magma relatively depleted in HFSE but
enriched in Pb, result in negative Nb-Ta anomalies but a positive Pb
anomaly in arc magmas. Thus, the Birimian granitoids are interpreted to
have formed in an arc setting (subduction zone), where the enrichment
of the LREE and LILE indicates the influence of subduction-related fluids
during the melting process in a volcanic arc region, whereas LREE
depleted curves indicate sources without fluid enrichment (Anum et al.,
2015). The negative to positive Eu and Sr anomalies indicate evolved
magma source with varying degrees of fractionation of plagioclase +

hornblende + pyroxene, and further suggests evolution of a juvenile
crust (Sakyi et al., 2014, 2020a). These features, coupled with their
calc-alkaline signatures with Ba, Th and Pb enrichment, positive Zr-Hf,
and pronounced Nb-Ta-P-Ti troughs exhibited by the granitoids are
typical characteristics of subduction-related magmas, with possible
interaction of slab-derived melts (Sakyi et al., 2014, 2020a; Anum et al.,
2015), and with minor crustal contamination/assimilation (Abitty et al.,
2016; McFarlane et al., 2019b). The shoshonitic affinity displayed by
granitoids from the Suhum basin and the Bole-Nangodi belt indicates
their emplacement in arc and post-collision settings following an
episode of crustal thickening (e.g., Laurent et al., 2014; Lu et al., 2015;
Eglinger et al., 2017; Luo et al., 2017).

Generally, the geochemical data are consistent with, and have firmly
established an arc tectonic setting arising from subduction-accretion
processes. The WAC is proposed to represent the ancient expression of
a subduction-collision system, with intermediate characteristics of late
Archean and Phanerozoic accretionary orogenic systems (e.g., Par-
ra-Avila et al., 2018; McFarlane et al., 2019b; Sakyi et al., 2020a).
However, existing studies on the Birimian plutons in southeastern WAC
hardly explains whether the arc environment is oceanic or continental.
Few studies have proposed an arc-back-arc basin development along an
extensive intraoceanic volcanic-arc system (e.g., de Kock et al., 2011,
2012; Anum et al., 2015; Abitty et al., 2016) and crustal anatexis during
an oceanic arc-arc collisional event (McFarlane et al., 2019b). In this
review, the geochemical data plot almost exclusively in fields defined by
continental arc (Fig. 16c–e), thus strongly establishing a continental arc
setting for the Birimian granitoids formed.

The evolution of the Birimian volcanic belts and basins in south-
eastern WAC can be explained using the tectonic model proposed in

Table 3 (continued )

Sample Rock type Age
(Ma)

Avg.
(εHf)

±2σ
(mean)

Reference

SG6 Granitic
intrusion

2084
± 10

− 2.0 1.0 Parra-Avila
et al. (2018)

SB248 Foliated biotite
trondhjemite

2153
± 5

+5.9 1.0 McFarlane
et al. (2019b)

SB092 Hornblende
quartz diorite

2159
± 8

+3.8 1.2 McFarlane
et al. (2019b)

SB023 Quartz
monzonite

2135
± 7

+3.9 1.0 McFarlane
et al. (2019b)

CHG Granodiorite 2228
± 22

+4.1 0.3 Nunoo et al.
(2022)

BS12 Trondhjemite 2117
± 5

+2.0 0.9 Nunoo et al.
(2022)

MAN 5A Tonalite 2115
± 4

+2.9 0.9 Nunoo et al.
(2022)

SB-PAS 2A Amphibole-
bearing gneiss

2224
± 26

+0.5 – Amponsah
et al. (2023)

SB-PAS 3C Amphibole-
bearing gneiss

2169
± 24

− 1.4 – Amponsah
et al. (2023)

SB-PAS 4A Biotite gneiss 2175
± 30

− 0.1 – Amponsah
et al. (2023)

SB-PAS 5I Amphibole-
bearing gneiss

2168
± 100

− 0.4 – Amponsah
et al. (2023)

SB-PAS 9A Migmatitic
gneiss

2120
± 6

− 1.1 – Amponsah
et al. (2023)

SB-PAS
16B

Intrusive
leucogranite

2085
± 110

− 1.5 – Amponsah
et al. (2023)

SB-PAS
19A

Amphibole-
bearing gneiss

2157
± 19

+1.2 – Amponsah
et al. (2023)

SB-PAS
21B

Intrusive
leucogranite

2126
± 24

+5.4 – Amponsah
et al. (2023)

SB-PAS
21C

Amphibole-
bearing gneiss

2137
± 52

+0.2 – Amponsah
et al. (2023)

SB-PAS 24 Amphibole-
bearing gneiss

2173
± 6

+3.8 – Amponsah
et al. (2023)

SB-PAS 27 Migmatitic
gneiss

2181
± 19

+3.8 – Amponsah
et al. (2023)

# Amponsah et al. (2023) reported whole-rock data.

Fig. 12. εHf vs. crystallization ages of the granitoid plutons. Ages represent
interpreted igneous crystallization ages for individual samples. Data sources;
Losiak et al. (2013); Block et al. (2016b); Petersson et al. (2016, 2018); Par-
ra-Avila et al. (2018); McFarlane et al. (2019b); Nunoo et al. (2022); Amponsah
et al. (2023). Each data point represents a single zircon with an assigned U-Pb
age. Exceptions are Kumasi Basin_B (average values; Losiak et al., 2013) and
Suhum Basin_B (whole-rock data; Amponsah et al. (2023). CHUR data is from
Griffin et al. (2000) and Depleted Mantle data is from Bouvier et al. (2008)
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Fig. 13. Histograms of age data for belt- and basin-type Birimian granitoids, showing the frequencies of the ages. N represents the number of ages used. Data sources
as in Fig. 11.

Table 4
Sm-Nd isotope data for Birimian granitoids of Ghana.

Sample Rock type Sm(ppm) Nd(ppm) Sm/Nd 147Sm/144Nd 143Nd/144Nd εNd(t) TDM1 (Ga) TDM2 (Ga) References

BOS10A Muscovite granite 4.46 21.21 0.2103 0.1271 0.511818 ± 4 2.8 – – Losiak et al. (2013)
BOS10B Muscovite granite 2.86 17.24 0.1659 0.1001 0.511461 ± 4 3.1 – – Losiak et al. (2013)
BOS11 Muscovite granite 2.71 17.35 0.1562 0.0943 0.511362 ± 4 2.8 – – Losiak et al. (2013)
BOS13 Mafic dike 2.90 11.54 0.2513 0.1521 0.512139 ± 12 2.3 – – Losiak et al. (2013)
BOS14A Muscovite granite 2.54 16.94 0.1499 0.0905 0.51132 ± 4 3.0 – – Losiak et al. (2013)
BOS15 Muscovite granite 1.58 9.760 0.1619 0.0980 0.511452 ± 5 3.5 – – Losiak et al. (2013)
BOS16 Muscovite granite 2.92 16.53 0.1766 0.1067 0.511533 ± 4 2.7 – – Losiak et al. (2013)
BM01 Hornblende granite 21.68 122.2 0.1774 0.0932 0.51120 − 0.16 2.45 2.32 Sakyi et al. (2020a)
BN01 Two-mica granite 5.00 37.20 0.1344 0.0733 0.51090 − 0.65 2.43 2.31 Sakyi et al. (2020a)
RA01 Granite 7.25 61.77 0.1174 0.0711 0.51090 − 0.05 2.39 2.27 Sakyi et al. (2020a)
TG01G Granite 6.11 38.52 0.1586 0.0941 0.51120 − 0.40 2.47 2.33 Sakyi et al. (2020a)
ZK04 Two-mica granite 4.17 25.34 0.1646 0.1030 0.51130 − 0.86 2.53 2.39 Sakyi et al. (2020a)
RA08 Granitic gneiss 4.43 33.90 0.1307 0.0792 0.51100 − 0.28 2.42 2.30 Sakyi et al. (2020a)
BS02 Adamellite 22.42 128.1 0.1750 0.0948 0.51130 1.37 2.36 2.22 Sakyi et al. (2020a)
NB01B Granodiorite 3.22 17.87 0.1802 0.0951 0.51120 − 0.67 2.49 2.35 Sakyi et al. (2020a)
BN03B Granodiorite 10.00 64.29 0.1555 0.0808 0.51110 1.24 2.34 2.21 Sakyi et al. (2020a)
TG01E Granodiorite 5.40 31.18 0.1732 0.0893 0.51120 0.90 2.38 2.24 Sakyi et al. (2020a)

εNd(t) calculated at 2077 Ma (Losiak et al., 2013) and 2100 Ma (Sakyi et al., 2020a).
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Fig. 17. This model takes into consideration the εHf signatures (Fig. 12)
and peak ages (Fig. 13) recorded in the various belts and basins. The
eastward subduction initiated partial melting of the basaltic crust (and
lithospheric mantle) that interacted with the over-lying proposed
thickened Archean crust (Fig. 17a). This magmatism led to the genera-
tion of magma with sub-chondritic εHf signatures, that formed a vol-
canic belt, with the maximum peak age of 2161 Ma (Fig. 18).

Subsequently, the subduction was followed by slab rollback
(Fig. 17b) (e.g. Dilek and Flower, 2004). Slab rollback is considered to
be the main mechanism controlling the rheology of the overriding plate

(e.g. Schellart, 2008; Rey and Müller, 2010; Spakman and Hall, 2010;
Butterworth et al., 2012). The slab rollback was associated with slab
retreat and trench-ward magmatic migration (Kemp et al., 2009; Yumul
Jr. et al., 2020) from a thickened retro-arc into a thinned extension zone
where mantle derived magmas mixed with juvenile continental crust,
generating melts with juvenile Hf isotope signatures (e.g., Kemp et al.,
2009, Fig. 17b). Thus, the attenuation of the crust at the back-arc side
with the diminishing influence of subduction led to an extensional
phase, leading to the formation of several basins (Feybesse et al., 2006),
potentially explaining the sudden return to supra-chondritic εHf signa-
tures (Fig. 17b). In the thinned extensional zone, there was minimal
interaction of the juvenile magma with the Archean crust, resulting in
the general absence of sub-chondritic Hf signatures in most of the
basin-type granitoids (Fig. 12b). The process produced alternating vol-
canic belts and sedimentary basins, with the belts recording higher peak
ages relative to the basins (Fig. 17c).

These differences in the εHf values might reflect trench-ward mag-
matism characterized by little or no reworked Archean crust for the
basins while retro-arc magmatism to the east involved reworked
Archean crust for the belts. The subduction, slab rollback and exten-
sional phase might have occurred in a relatively short time, producing
the belts and basins with almost similar ages.

On the global scale, the Paleoproterozoic era (c.a. 2.5–1.6 Ga) wit-
nessed the main episode of crustal growth that was recorded on present-
day continents (Giustina et al., 2009). The Paleoproterozoic was marked
by a sequence of geotectonic events, ultimately leading to the formation
of orogenic belts and was characterized by large-scale collisional and
post-collisional magmatic activities evidenced in most of the ancient
cratons. It was also characterized by widespread mafic magmatism
across previously stabilized Archean crustal domains (e.g., Heaman,
1997; Isley and Abbott, 1999). This global event was related to the as-
sembly of the supercontinent Columbia in the Late
Paleoproterozoic-Mesoproterozoic (e.g., Rogers and Santosh, 2002;
Zhao et al., 2004; Meert, 2012), mainly at about c.a. 1.90–1.85 Ga
(Rogers and Santosh, 2009). Zhao et al. (2002) proposed that the

Fig. 14. Classification diagrams of (a) Sr/Y vs. Y and (b) (La/Yb)N vs. YbN (after Defant and Drummond, 1990) for the granitoid plutons and (c) MgO vs. SiO2
diagram for the Birimian granitoids. Fields of TTG-like rocks derived from subducted oceanic crust, thickened lower crust, delaminated lower crust, and meta-
basalts/eclogites at pressures of 1.0–4.0 GPa are after Qin et al. (2015). (d) MgO vs. SiO2 diagram showing the granitoids plotting in the TTG field (Hastie et al.,
2010). Data symbols as in Fig. 6.

Fig. 15. εNd plots for Birimian granitoids in Ghana. Data from Taylor et at.
(1992), Losiak et al. (2013), Sakyi et al. (2020a).
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assembly of the supercontinent Columbia (Nuna) was completed by
global-scale collisional events during the Paleoproterozoic (c.a. 2.1–1.8
Ga). Rogers and Santosh (2002) advocated that between c.a. 1.9 and 1.5
Ga, South America formed part of West Africa whilst the eastern part of
India was connected to the western part of North America, as part of
Columbia. We therefore speculate that the subduction-accretion pro-
cesses that prevailed in the Paleoproterozoic terrane of the WAC during
the c.a. 2.1–2.0 Ga Eburnean orogeny makes the WAC a building block
of the Columbia supercontinent.

4.4. Timing of emplacement

Several studies of the Birimian granitoids of Ghana have revealed
different time spans for the emplacements of the granitoids, though with
overlapping ages, in some cases (Table 1 and S2). Zircon U-Pb and Lu-Hf
data from the Sefwi belt indicate contemporaneous emplacement of
diorites and low-HREE TTGs between ca. 2159 and 2153 Ma whereas
the high-K quartz monzonites were emplaced at ca. 2135Ma (McFarlane
et al., 2019b). The emplacement of high-P TTGs, granites and
LILE-enriched diorites was probably due to lower crustal heating in
response to the delamination of the lower crust and lithospheric mantle
(Block et al., 2016b). Oberthür et al. (1998) published cyclic emplace-
ment over ~ 110 million years (ca. 2190-2080 Ma) for granitic plutons
in the Ashanti belt. Grenholm (2011) however, suggested the emplace-
ment ages for the belt-type granitoids between ca. 2232-2169Ma and for
the basin-type granitoids between ca. 2134-2098 Ma. In the Lawra belt
granitoid invasion spanned a period of ~81 Ma (ca. 2213-2130), though

the data do not show any systematic emplacement of the rock types as
their magmatic ages overlap (Sakyi et al., 2014). The Lawra and
Bole-Nangodi Belts are therefore interpreted as an undifferentiated
terrane that experienced an erratic emplacement of pulses of granitic
magma of different compositions (Sakyi et al., 2014, 2020a), which is
corroborated by de Kock et al. (2011) who showed that magmas can
form simultaneously but in different tectonic environments. And unless
its setting cannot be determined, it cannot be allocated to belt or basin
intrusions to formulate the stratigraphic succession. The Kibi-Winneba
belt in southeastern part of the Baoulé-Mossi domain also recorded
emplacement over a period spanning ~70 Ma (Anum et al., 2015).

In the Suhum basin, the emplacement of protoliths of the amphibole-
bearing gneisses, migmatitic gneisses and biotite gneiss which form the
bulk of the studied rocks have an age bracket of ca. 2224-2137 Ma (~87
Ma) that corresponds to the timing of accretionary tectonism and
magmatism. This led to the development of the first segments of the
Paleoproterozoic Birimian continental crust (Amponsah et al., 2023).
However, the U-Pb age ca. 2120 Ma for a leucosome segregate from a
migmatitic gneiss could represent the very first approximate age of
migmatisation in the Suhum basin. Nonetheless, with the intrusion of
the leucogranite occurring around 2085 ± 110 Ma, the margin of error
shows that the latter could have been synchronous with any of the
amphibole-bearing gneiss, biotite gneiss and the migmatitic gneiss
(Amponsah et al., 2023).

Furthermore, the data suggest simultaneous episodic emplacement
of the granitoid bodies within a time-span of ~139 Ma in the Suhum
basin, representing one of the most extensive periods of Eburnean-

Fig. 16. (a) Nb vs. Y and (b) Rb vs. Yb + Ta tectonic discrimination diagrams (Pearce et al., 1984); (c) Th/Yb vs. Nb/Yb plot (modified after Pearce, 2008); (d) La/Yb
vs. Th/Yb diagram (after Condie, 1989); (e) TiO2-K2O-P2O5 tectonic discrimination diagram (Pearce et al., 1975). VAG – volcanic-arc granite, Syn-COLG –
syn-collision granite, WPG – within plate granite, ORG – ocean-ridge granite, Post-COLG – post-collision granite. Data sources as in Figs. 3 and 4.
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related magmatism and plutonism recorded in Ghana and elsewhere in
the southernWAC. The early-stage magmatism age of ca. 2224 Ma in the
Suhum basin (Amponsah et al., 2023), further confirms that the oldest
plutons with ages>2200 Ma are located mainly in the eastern margin of
the Baoulé-Mossi domain (i.e., Burkina Faso and Ghana) (Tshibubudze
et al., 2013, 2015; Sakyi et al., 2014; Block et al., 2016b; Petersson et al.,
2016, 2018; Parra-Avila et al., 2017; Nunoo et al., 2022). Available data
from northern Ghana indicate that the formation and emplacement of
the granitic plutons occurred over an interval of ca. 100 Ma (ca. 2.2-2.1
Ga; Block et al., 2016b) and ca. 107 Ma (ca. 2181-2074 Ma; Sakyi et al.,
unpublished).

A holistic interpretation of these magmatic and emplacement time-

spans with respect to the various greenstone belts and sedimentary ba-
sins defines two conspicuous trends (Fig. 18). The available data show
that: (i) the magmatic time-span is more prolong in southern Ghana (e.
g., Sefwi belt-216 Ma; Ashanti belt-107 Ma; Kibi-Winneba belt-147 Ma;
Cape Coast basin-280 Ma; Suhum basin-254 Ma), compared to the north
(e.g., Lawra belt-85 Ma; Bole-Nangodi belt-154 Ma; Mawule basin-69
Ma), (ii) the longest magma emplacement intervals are recorded in the
sedimentary basins (e.g., Cape Coast basin-280 Ma; Suhum basin-254
Ma), notably in the south. For the Cape Coast basin, even though a
limited data of only 10 geochronological ages are currently available, it
recorded the longest period of emplacement among all the belts and
basins. This review work cannot immediately ascribe any reason to this
observed trend. However, all the above-mentioned observations
strongly indicate that magmatism in the southeastern part of the WAC
might have taken place much earlier, with a prolonged period of
emplacement.

5. Conclusion and recommendation

5.1. Conclusion

The crust of the Paleoproterozoic WAC in Ghana is dominantly made
of tonalite- TTG suites, low-K to high-K calc-alkaline granites, LILE-
enriched diorites, high-K quartz monzonites, two-mica granites and
leucogranites. The granitoids are enriched in LILE and LREE relative to
HREE and HFSE, and display negative Nb-Ta anomalies, pronounced
negative Ti and P anomalies, and variable positive and negative Eu and
Sr anomalies. There are generally positive anomalies of Rb, Ba, U, and
Pb in all the samples, except the Ashanti and Sefwi belts, and the Cape
Coast and Sunyani basins that do not have Pb data. Based on the
available data, the plutons formed by partial melting of hydrous
basaltic/mafic crust metasomatized mainly by slab-derived melts at
differential depths of low temperatures and pressures. The εHf values of
− 14.5 to +7.6, εNd values of − 5.3 to +3.5 and Nd model ages of
2.21–2.53 Ga indicate crystallization from juvenile liquids derived from
a depleted mantle with significant involvement of older crustal material.
The data strongly indicate that reworking of older crustal material was a
common phenomenon in the genesis of the parental magma of the
granitoids. The granitoids formed in a continental arc setting arising
from subduction-accretion processes.

Older crystallization ages (≥2200 Ma) have been reported in the
following greenstone belts and sedimentary basins; Lawra, Bole-
Nangodi, Kibi-Winneba and Sefwi belts and the Suhum basin. Simi-
larly, younger crystallization ages <2100 Ma have been reported for

Fig. 17. Geodynamic tectonic model proposed for the evolution of the Birimian
arc system in southeastern West African Craton. (a) The eastward subduction
initiated partial melting of the basaltic crust (and lithospheric mantle) that
interacted with the over-lying proposed thickened Archean crust. This gener-
ated magma with sub-chondritic εHf signatures, that formed a volcanic belt; (b)
Subsequent slab rollback was accompanied by slab retreat and trench-ward
magmatic migration from a thickened retro-arc into a thinned extension zone
where mantle derived magmas mixed with juvenile continental crust, gener-
ating melts with juvenile Hf isotope signatures that erupted into the sedimen-
tary several basins; (c) The process produced alternating volcanic belts and
sedimentary basins, with the belts generally recording higher peak ages relative
to adjacent basins. Peak ages as in Fig. 13.

Fig. 18. Summarised graphical display of geochronological boundaries for the
geological evolution of belt- and basin-type Birimian granitoids in Ghana. Peak
ages in Fig. 13 are displayed. Data sources as in Fig. 11.
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granitoids from Ashanti and Kibi-Winneba belts, as well as the Cape
Coast, Sunyani, Suhum and Kumasi basins. These age ranges strongly
suggest that magma emplacement for both belt- and basin-type granit-
oids were contemporaneous. Themagmatic time-span is more prolong in
southern Ghana and the longest magma emplacement intervals are
recorded in the sedimentary basins, which also recorded lower peak
emplacement ages compared to the adjacent belts. Furthermore, the
geochronological data show that inherited older zircon grains, inter-
preted to represent Archean zircon cores, are a widespread feature in the
southeastern domain of the WAC.

The spatial variation in the εHf data and Hf model ages reveal pre-
dominantly sub-chondritic values towards the southeastern and north-
eastern parts of Ghana, and strongly suggest the existence of Neoarchean
to Mesoarchean crustal material in eastern Ghana during the Birimian
crust formation. We propose that the subduction-accretion processes
that prevailed in the Paleoproterozoic terrane of theWAC during the c.a.
2.1–2.0 Ga Eburnean orogeny made the WAC a contributor to the
buildup of the Columbia supercontinent in the Late Paleoproterozoic-
Mesoproterozoic.

5.2. Recommendation

The Birimian terrane of Ghana comprises six greenstone belts and
five sedimentary basins. However, the Bui belt lacks comparable data on
the granitoids. This suggests that little or no study has been conducted
on its plutonic bodies. It is therefore recommended that attention should
be given to this belt in future studies to generate the required data to
complement those of the remaining belts and basins to enable a holistic
and comprehensive discussion on the Birimian plutonic suites in Ghana.

Considering their relatively large sizes of the Lawra, Sefwi and Kibi-
Winneba belts, as well as the Cape Coast, Sunyani, Kumasi and Mawule
basins, these terranes have limited geochemical, geochronological, and
isotopic (Hf) data, and therefore may not be representative of the entire
respective belts and basins, to warrant a meaningful comprehensive
evaluation of past geologic activities. Future research should focus on
these domains.

Lastly, with the exception of the Kumasi basin and Bole-Nangodi
belt, the rest of the Birimian terrane in Ghana lack Nd isotope data on
the granitoids. Future research works should focus on Nd isotope sys-
tematics. Future studies on the plutonic rocks should also employ K-
isotope systematics since it is gaining widespread utilisation to investi-
gate fractionation during granitic magmatism. Also, mineral chemistry
is largely lacking in the database of Birimian granitoids in Ghana. Apart
from limited EPMA data for a few terranes, trace elements data of
common rock-forming minerals in granitoids is non-existing, and that is
also a missing link in an attempt to understand the geochemical and
geological evolution of the Birimian granitoids in southeastern part of
the WAC. This therefore requires consideration in studies yet to be
conducted. The implementation of the above-mentioned recommenda-
tions will help generate complete and robust database for studying the
geodynamic evolution of the Birimian.
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(Est Sénégal): Discussion de sa Signification Géodynamique dans le Cadre de
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events in the Paleoproterozoic Bolé-Nangodi belt terrane and adjacent Maluwe
basin, West African craton, in central-west Ghana. J. Afr. Earth Sci. 65, 1–24.
https://doi.org/10.1016/j.jafrearsci.2011.11.007.

de Kock, M.O., Evans, D.A.D., Beukes, N.J., 2009. Validating the Existence of Vaalbara in
the Neoarchean: Precambrian Res, vol. 174, pp. 145–154. https://doi.org/10.1016/
j.precamres.2009.07.002.

Defant, M.J., Drummond, M.S., 1990. Derivation of some modern arc magmas by melting
of young subducted lithosphere. Nature 347, 662–665. https://doi.org/10.1038/
347662a0.

Deynoux, M., Affato, P., Trompette, R., Villeneuve, M., 2006. Pan-African tectonic
evolution and glacial events registered in Neoproterozoic to Cambrian cratonic and
foreland basins of West Africa. J. Afr. Earth Sci. 46, 397–426. https://doi.org/
10.1016/j.jafrearsci.2006.08.005.

Dhuime, B., Hawkesworth, C.J., Cawood, P.A., Storey, C.D., 2012. A Change in the
geodynamics of continental growth 3 billion years ago. Science 335, 1334–1336.
https://doi.org/10.1126/science.1216066.

Dilek, Y., Flower, M.F.J., 2004. Arc-trench rollback and forearc accretion: 2. A model
template for ophiolites in Albania, Cyprus and Oman. Geol. Soc. Spec. Publ. 218,
43–68. https://doi.org/10.1144/gsl.sp.2003.218.01.04.

Doumbia, S., Pouclet, A., Kouamelan, A., Peucat, J.J., Vidal, M., Delor, C., 1998.
Petrogenesis of juvenile-type birimian (paleoproterozoic) granitoids in central côte-
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