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ARTICLE INFO ABSTRACT

Keywords: We present new geochemical and geochronological data for Mesoarchean to Neoarchean plutons of the Chaillu
Congo Craton inlier of the Congo Craton that demonstrate an evolution of magma sources in relation with crustal growth. Four
Mesoarchean distinct plutonic suites were newly identified: (1) sodic low medium/high-pressure tonalite-trondhjemite-
ST;](ilkitOi ds granodiorite, (2) Mg-K-rich monzogranite to monzodiorite (sanukitoids), (3) K-rich monzogranite-syenogranite,
potassic granites (4) K-rich granodiorite-monzogranite with medium/high-pressure TTG-like signatures. The TTGs are metal-
U-Pb age uminous to slightly peraluminous, silica-rich magmatic rocks (SiOy > 67.5 wt%) with high contents of NaO (3.5

< NapO < 6.2 wt%), and low contents of ferromagnesian oxides, and KO contents (K;0 < 2.6 wt%). The
sanukitoids (s.1.) are metaluminous to slightly peraluminous, with a large range of silica contents (53 < SiOy <
69 wt%), high Mg# (42-74) and potassic with variable K20 contents (1.2 < K20 < 5.0 wt%). The high-K granites
are slightly peraluminous, with high silica contents (SiO2 > 67.7 wt%), low amounts of ferromagnesian oxides,
and a clear potassic signature, with K5O contents (2.5 < K20 < 4.7 wt%), and K20/Na50 ratios higher than 0.55.
The zircon U-Pb dating results indicate that: i) TTGs emplaced between 3012 + 16 Ma and 2840 + 9 Ma; ii)
sanukitoids between 2853 + 14 Ma and 2832 + 9 Ma; and iii) are K-rich biotite granites between 2893 + 11 Ma
and 2847 + 16 Ma. Two main well-defined periods are identified: i) one of TTG-type magmatism between 3.02
and 2.92 Ga; and ii) one of sanukitoid-TTG-biotite granite-type association between 2.91 and 2.82 Ga. Such
temporal evolution from TTG-domination through coexisting sanukitoids (s.l.) - TTGs - biotite granites during
the late-Archean in the Congo Craton resembles other Archean cratons, such as the Dharwar, North China,
Karelian, Superior Province, Pilbara, Kaapvaal, Sao Francisco and Amazonian.

1. Introduction

The Late Meso- to Neoarchean (ca. 3.00 to 2.50 Ga) records funda-
mental and systematic changes in the petrogenesis and composition of
intermediate to felsic granitoids that occur diachronously in individual
cratons worldwide (Laurent et al., 2014). Mesoarchean TTG suites were
accompanied and replaced progressively by high-K granodiorite and
biotite-rich granite, syn- to post-tectonic A-type granitoids, and high-Mg
sanukitoids (Bleeker, 2003; Moyen et al., 2003; Jayananda et al., 2006;
Laurent et al., 2014; Farina et al., 2015; Dall’Agnol et al., 2017). The
latter are high-Mg dioritic to granodioritic rocks (Martin et al., 2009)
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with an affinity to TTGs with whom they share some features (e.g.,
Shirey and Hanson, 1984; Smithies and Champion, 2000; Heilimo et al.,
2010; Dey et al., 2014, 2016; Jayananda et al.,2018).

The important secular change in plutonism was concomitant to the
onset of modern-style plate tectonics allowing crustal recycling in sub-
duction and continental collision settings (Sylvester, 1994; Keller and
Schoene, 2012; Laurent et al., 2014; Moyen and Laurent, 2018). Bédard
et al. (2013) suggested alternatively peri-continental subcretion-
imbrication being more efficient for transport of crustal material into
the shallow mantle. In modern convergent margins, relative dense
oceanic lithosphere is commonly the active agent dragging the
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underriding plate into the mantle. In contrast, during the late Archean,
the lower plate composed of a buoyant stagnant-lid oceanic lithosphere
behaving passively during subcretion and finally being overridden by
advancing continents (Bédard et al., 2013).

The Archean Congo-Kasai craton underlies a large part of central
Africa extending from the Democratic Republic of the Congo (DRC)
through Congo-Brazzaville (=Republic of the Congo) and Gabon to
southern Cameroun (Toteu et al., 1987; Nédélec et al., 1990). The NW
part of the craton is exposed in Congo-Brazzaville and Gabon. As in other
cratons worldwide, two main magmatic phases, Mesoarchean TTG suites
and Neoarchean alkaline to calc-alkaline potassic granitoids were
described in Gabon (Prian et al., 1991; Bouton et al., 2009; Thieblemont
et al., 2009).

Similar granitoids were recognised by the French Geological Survel
(Bureau de Recherches Géologiques et Minieres: BRGM) in Congo-
Brazzaville through regional mapping at 1:200,000 scale from 2013 to
2016 covering the entire Archean basement in this country (Chevillard
etal., 2017a, 2017b, 2017c; Fullgraf et al., 2017; Gloaguen et al., 2017a,
2017b; Issautier et al., 2017; Paquet et al., 2017). Here, we present the
whole-rock geochemistry and geochronology of rocks from the Chaillu
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inlier in order to elucidate their petrogenesis and timing of emplace-
ment, thus contributing to the reconstruction of the geodynamic evo-
lution of the Congo Craton during the Archean.

2. Geological setting

The Precambrian basement of central Africa (SW Cameroon, Equa-
torial Guinea, Gabon, Congo-Brazzaville, and DRC) consists of the
Archean Congo-Kasai craton overlain by Paleoproterozoic sediments
deposited in Eburnean (2.2-2.0 Ga) foreland basins and Neoproterozoic
sediments of the Niari basin (Caen-Vachette et al., 1988; Prian and
Johan, 1989; Chevallier et al., 2002; Thomas et al., 2001; Thiéblemont
et al., 2009). Towards the west, the Precambrian rocks were overprinted
progressively by both Eburnean and Pan-African deformation and
metamorphism (Caen-Vachette et al., 1988; Kessi, 1992; Thiéblemont
et al., 2009).

Archean rocks at the NW margin of the Congo Craton are exposed in
several inliers which are locally known as Chaillu, Ivindo, and Kelle-
Mbomo blocks (Kessi, 1992; Gatsé Ebotehouna et al., 2021; Loemba
et al., 2023). They comprise essentially three rock associations: (1)
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Fig. 1. Simplified geologic map of the NW part of the Congo-Kasai craton overlain by Paleoproterozoic foreland basins of the Eburnean orogeny and Neoproterozoic

sediments of the Niari Basin (modified Thiéblemont et al., 2017).
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Mesoarchean (2.93-2.87 Ga) grey tonalite-trondhjemite-granodiorite
(TTG) orthogneisses; (2) greenstone belt slivers of mafic to ultramafic
rocks with associated banded iron formations (BIF) classified as Belinga
Group; and (3) Neoarchean (2.80-2.55 Ga) pink calc-alkaline to alkaline
K-rich granitoids (Prian et al., 1991; Bouton et al., 2009; Thiéblemont
et al., 2009). Neoarchean metamorphism (2.75 Ga) reached greenschist
to amphibolite facies in the Belinga Group whereas the partly migmatitic
orthogneisses record upper amphibolite to granulite facies conditions
(Thiéblemont et al., 2009). Zircons from the metasedimentary rocks of
the Belinga Group provided reliable and consistent ages between 2.92
and 2.87 Ga (Thiéblemont et al., 2009). They constitute maximum ages
(inheritance) for the establishment of the Belinga Group. It can be
concluded that the Belinga Group in the Chaillu inlier was deposited
after 2.87 Ga and before 2.75 Ga.

The study area covers the southern half of the Chaillu inlier where
basement rocks are commonly concealed below a thick horizon of
regolith and weathered saprolith (Fig. 1). Rare outcrops are mostly
limited to streams and rivers whereas BIF horizons and associated
greenstones underlie elongated ridges standing out from the surround-
ing landscape.

Large areas of the Chaillu inlier are underlain by meso- to melano-
cratic grey orthogneisses of tonalitic to trondhjemitic composition; the
igneous origin of these rocks is demonstrated by numerous amphibolite
xenoliths of an older basement. The relatively homogeneous gneisses
display commonly penetrative plane-parallel foliations defined by grain-
flattening and oriented biotite. Local anatexis is recorded by interca-
lated, up to centimetre-wide, streaks and layers of granitic leucosomes,
transposed into the regional gneissic fabric and consisting of K-feldspar,
quartz, plagioclase and rare biotite. A second generation of weakly to
undeformed, non-migmatitic tonalite and trondhjemite plutons has been
emplaced into these gneisses after a first phase of regional meta-
morphism and deformation. The fine- to coarse-grained rocks comprise
major amounts of plagioclase and quartz as major components, minor K-
feldspar, biotite and amphibole as well as accessory apatite, epidote,
zircon, and Fe-Ti oxides (Fig. 2).

The tonalitic and trondhjemitic rocks were intruded by large vol-
umes of undeformed to moderately foliated, meso- to melanocratic,
medium- to coarse-grained orthogneisses. The relative proportions of
the main minerals K-feldspar, plagioclase, and quartz classify these rocks
as quartz-monzodiorite, quartz-monzonite, and monzogranite (Fig. 2).
Biotite and amphibole are minor components and the accessories Fe-Ti
oxides, apatite, titanite, and zircon relatively abundant.

trondhjemites

-monzodiorites

Monzogranites Qtz-monzonites Tonalites-

-syenigranites

Fig. 2. Representative petrographic features of granitoids identified in the
Chaillu inlier. (a) Strongly foliated tonalitic gneiss; (b-c) Photomicrograph of
tonalite MO1151; (d) Deformed qtz monzonite; (e-f) Photomicrograph of qtz-
monzonite MO1139; (g) Syenogranite MO1152: (h-i) Photomicrograph of sye-
nogranite MO1152.
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In the Chaillu massif, supracrustal rocks of the Belinga Group form
elongated and polyphasely-deformed slivers, up to several kilometers
long, or enclaves within magmatic rocks. Their spatial arrangement
shows that they probably formed a single major horizon. The main
outcrops of the Belinga Group are the greenstone belts of Mayoko and
Zanaga. The Belinga Group is composed of four main lithologies: i)
amphibolites; ii) banded iron formations; iii) pyroxenites; and iv)
micaschists and paragneisses.

In the field, the amphibolites forms a succession of discontinuous
enclaves, from a few hundred to several kilometers wide, in gneissic or
granitic host-rocks. The migmatitic gneisses associated to BIF horizons
are made of quartz, biotite, muscovite, garnet, tourmaline, and stauro-
lite, and suggest that peak metamorphic conditions reached amphibolite
to granulite facies. This metamorphic event is described as a char-
nockitic event at ca. 2.8-2.85 Ga (Mayaga-Mikolo, 1996; Thieblemont
et al., 2009). Locally, discontinuous, up to several meter thick layers of
ultramafic metapyroxenite and intercalated into mafic successions.
Hornblende and plagioclase are the predominant minerals in the fine- to
coarse-grained amphibolites, associated with biotite, and locally stau-
rolite and/or garnet. Locally, metric layers of pyroxenites occur within
amphibolites. In the Mayoko and Zanaga area, BIF consists of a milli-
metric to centimetric alternation of quartz-rich and iron oxide-rich
layers.

In the Mayoko area, BIFs occurs as pluri-kilometric layers of several
hundred of a meter thick. These layers correspond to the overturned
flanks of a pluri-kilometric synclinal. The center of the syncline is
composed of chlorite-schists, biotite-garnet paragneisses, and
amphibolites.

In the Zanaga area, BIFs occur as pluri-kilometric lenses of several
hundred of meters thick which correspond to ridge crests. The Zanaga
BIFs show structures resulting from complex folding, faulting, and
shearing. The predominant feature is an east steeply dipping N-S folia-
tion. On a macroscopic scale, BIFs are affected by two successive folding
stages. Outside of the BIF-rich zone, the Belinga Group is mainly
composed of amphibolites and amphibolitic gneisses.

All igneous phases described before were intruded by a younger
generation of plutons with up to several km-size, which are made of
weakly to undeformed pink-grey monzogranite, granodiorite, and
potassic granite.

Elongated bodies consist of coarse- to very coarse-grained rocks in
their core, which towards the margin become finer-grained. High pro-
portions of plagioclase (25-30 %) relative to K-feldspar (20-25 %; up to
several cm size) and quartz (20-25 %) classify the first group of these
late intrusions as monzogranite and granodiorite. Biotite (5-10 %) and
amphibole (5 %) are minor components and the accessory phases Fe-Ti
oxides, apatite, titanite, and zircon relatively abundant.

The second group consists of potassic granites that can be further
subdivided into grey-pink biotite-rich and pink K-feldspar-rich, biotite-
poor varieties (Fig. 2). Grey-pink, biotite-rich granites are homoge-
neous, with K-feldspars up to several cm-size set in an equigranular,
coarse-grained quartz-feldspar matrix. The relative proportions of K-
feldspar (20-25 %), quartz (25-30 %), plagioclase (15-25 %) classify
these rocks as monzogranite. Biotite is the only mafic mineral and a
major component (15-20 %); accessory minerals include zircon,
magnetite, and apatite, the latter being sometimes enriched. Pink K-
feldspar-rich granites display similar textures as the grey-pink variety.
The modal proportions of K-feldspar (30-35 %), quartz (25-30 %),
plagioclase (15-25 %) classify the rocks as monzogranite and syenog-
ranite. In contrast to the first variety, biotite forms a minor component
(<5%). The accessory minerals comprises again zircon, magnetite, and
apatite.
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3. Analytical methods
3.1. Whole-rock geochemistry

Whole-rock major and trace element compositions were determined
at the ALS Minerals, Dublin, Ireland. For major elements, 0.9 g of ignited
sample was added to 9.0 g of lithium borate flux (50 % Li;B407, 50 %
LiBO3), mixed well, and fused at 1050-1100 °C. A flat, molten glass disc
was prepared from the resulting melt, and analyzed by X-ray fluores-
cence spectrometry. For trace elements, 0.2 g of sample was added to
0.9 g of lithium metaborate flux, mixed well, and fused at 1000 °C. The
resulting melt was cooled and dissolved in 100 mL of 4 % nitric acid, and
the resulting solution was analyzed by ICP-MS.

3.2. U-pb zircon geochronology

Zircon was separated from fresh samples with rock grinding using a
steel crusher. Grains were separated from the resulting powders using a
heavy liquid, then using a magnetic separator. The selected grains were
obtained from random handpicking under a binocular microscope and
finally set in an epoxy resin puck and polished to expose their core. To
identify internal growth textures and morphologies, zircon grains were
imaged by scanning electron microscopy (SEM) to get cath-
odoluminescence and back-scattered electron images. The U-Pb age of
zircon was determined in situ at the BRGM laboratory, Orléans, France,
using LA-ICP-MS with a quadrupole ICP-MS X series II coupled to a Cetac
Excite 193 nm laser with Ablation spot at 35 um and energy pulses of 7
J-cm-2, and repetition rates of 8 Hz. The resulting ablated material was
mixed in a He and Ar gas mixture before being transferred into the
plasma source of the ICP-MS device. Analyses were standardized with
zircon 91,500 (Wiedenbeck et al., 1995) and controlled with the Ple-
sovice standard (338 £ 1 Ma, Slama et al., 2008). Data reduction was
done with GLITTER® software developed by Macquarie Research Ltd.,
and Concordia ages and diagrams were produced using the Isoplot/Ex
v.3 software package (Ludwig, 2003). For ages > 1 Ga, we reported the
207pb/206ph ages, and for ages < 1 Ga, we used the 2°°Pb/238U ages. The
analyses out of the [90-110 %] concordance interval, calculated with
100 x (297Pb/?5U age)/(>*’Pb/2%°Pb age) for ages > 1 Ga (Meinhold
etal., 2011) and 100 x (2°°Pb/?38y age)/ (**7pb/?35uy age) for ages < 1
Ga, were not taken into account (Faure and Mensing, 2005; Talavera
etal., 2012). The results are given in supplementary material (Table S5).

4. Geochemistry

The results of the whole rock analyses of one hundred and thirty-
eight samples are given in supplementary material (Tables S1 to S4).
They are subdivided into the four groups of magmatic rocks that have
been recognized in the field.

4.1. Tonalitic to trondhjemitic grey gneisses

In the Q” vs ANOR diagram of Streckeisen and Le Maitre (1979), the
TTG samples are classified as tonalite (65 %), tronhjemite (25 %),
granodiorite (15 %) and quartz-diorite (10 %) (Fig. 3).

SiO5 concentrations range between 60.1 and 75.6 wt% and most
oxides are negatively correlated with SiO,. Exceptions are KO and
NayO, which do not define clear trends. Most samples have high SiO»
(>67.5 wt%), NasO (3.65-6.17 wt% — mean of 4.76 wt%) and Al,O3
(12.95-19.56 wt% — mean of 15.63 wt%), whereas MgO (0.12-4.09 wt%
— mean of 1.19 wt%) and ferro-magnesian oxides are low (Fe,0%" +
MgO + MnO + TiO mean of 4.98 wt%).

A/CNK (molar Al,03/[CaO + Nay0 + K50]) ratios between 0.77 and
1.14 define the metaluminous to slightly peraluminous character,
whereas the FeO'/[FeO' + MgO]) vs. SiO and MALI index diagram
demonstrate magnesian and calcic to calc-alkaline affinities of most
samples (Fig. 4).
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and Le Maitre, 1979) for classification, where Q’=100%*Q/(Q + Or + Ab + An)
and ANOR = 100*An/(Or + An).

Nap0/K20 ratios between 1.52 and 11.05 and high Al;O3 concen-
trations (12.95-18.5 wt%) classify the rocks as high-Al TTG suite
(Barker, 1979). The sodic character is characteristic for TTG suites
(Martin, 1994).

Trace elements display low concentrations of compatible transition
elements (Ni = 5-126 ppm, Cr = 10-130 ppm, and V = 9-134 ppm),
relatively low HFSE (Nb = 1-17.8 ppm, Ta = 0.1-5.9 ppm, Zr = 54-235
ppm, Y = 2-25 ppm, and Hf = 1.8-7.0 ppm), and variable LILE contents,
with low Rb (6-109 ppm) and moderately high Sr (133-1035 ppm) and
Ba (101-1195 ppm).

REE patterns show general LREE enrichment but variable HREE
depletion such that three subgroups with high (20-100; mean = 58;
Fig. 5), medium (11-58; mean = 24; Fig. 5), and low (5-19; mean = 10;
Fig. 5) (La/Yb), ratios can be distinguished, which correlate well with
decreasing Sr/Y ratios and increasing (Yb)y values (Fig. 6). However, all
subgroups display similar Eu/Eu* anomalies between 0.7 and 1.3.

High- and medium [La/Yb];, rocks tend to be more peraluminous
than those of lower [La/Yb], ratios. The high [La/Yb], subgroup in-
cludes most of the rocks classified as granodiorite and is the dominant
group for tonalite and trondhjemite; (Fe;05 + MgO 4+ MnO + TiOy)
values are lower than 6 wt% (mean of 3.8 wt%). The medium (La/Yb)y
subgroup comprises mostly tonalite, and few samples of trondhjemite
and quartz diorite; (Fe;0% + MgO + MnO + TiOy) values vary from 2.3
to 9.9 wt% (mean of 5.1 wt%). The low [La/Yb], subgroup includes
again mainly tonalite, whereas trondhjemite and quartz diorite are rare;
(Fe 0% + MgO + MnO + TiOy) values are higher than 5 wt% (mean of
7.3 wt%).
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4.2. Mesocratic to melanocratic gneisses

Major and trace elements discriminate two groups of mesocratic to
melanocratic gneisses.

The first group (G1) comprises gneisses with SiO, concentrations
from 53.5 to 68.9 wt%. In the Q” vs ANOR diagram the samples plot in
the qtz-monzodiorite, qtz-monzonite, and monzogranite fields (Fig. 3;
Streckeisen and Le Maitre, 1979).

Except for TiOy, K20, and NayO, the major elements are correlated
negatively with SiO,. In comparison with the TTG suite, the samples
display generally lower Al;O3 (13.00-18.30 wt% — mean of 15.52 wt%),
CaO (1.80-7.30 wt% — mean of 3.79 wt%), and NayO (3.23-7.03 wt% —
mean of 4.32 wt%), and higher MgO (0.66-4.26 wt% — mean of 2.24 wt
%) and K5O (1.53-5.00 wt% — mean of 3.14 wt%) contents.

Further classification diagrams indicate the ferroan to magnesian,
calc-alkaline to alkaline, metaluminous character of the rocks (Fig. 4).
A/CNK ratios range from 0.77 to 1.04 (mean = 0.91) and K;0/NayO
ratios from 0.3 to 1.5 (mean = 0.77). FeO'/(FeO' + MgO) ratios are
relatively low (normally < 0.84) and show a positive correlation with
silica (Fig. 4). The sum of ferro-magnesian oxides is high when
compared to the TTG suite (4.7-14.5 wt% — mean of 7.77 wt%).

Trace elements are marked by high Ba (478-3310 ppm; mean of
1218 ppm) and Sr (275-1350 ppm; mean of 578 ppm) concentrations,
and the samples have also high contents in transition elements such as V
(31-180 ppm; mean of 87 ppm), Ni (8-116 ppm; mean of 40 ppm) and
Cr (10-170 ppm; mean of 65 ppm). These rocks have low to moderate
contents in HFSE (Zr = 95-565 ppm, generally < 350 ppm; Hf =
2.6-12.1 ppm; Y = 7.7-45.7 ppm; Nb = 4-36 ppm; Ta = 0.1-18.5 ppm).
They show a wide range of [La/Yb], ratios (15-125; Figs. 5-6), but most
often higher than 30, with a discrete to moderate negative Eu anomaly
(Eu/Eu* between 0.64 and 0.95), and low to moderate Sr/Y ratios
(11-75; mean of 42).

The second group (G2) comprises gneisses with SiO5 concentrations
from 60.7 and 67.3 wt%. In the Q’ vs ANOR diagram the samples plot in
the granodiorite and tonalite (Fig. 3; Streckeisen and Le Maitre, 1979).

Except for TiOy, K50, and NayO, the major elements are correlated
negatively with SiO,. In comparison with the TTG suite, the samples
display generally lower Aly03 (14.90-16.30 wt% — mean of 15.50 wt%),
CaO (2.70-7.24 wt% — mean of 4.38 wt%), and Na5O (1.30-3.75 wt% —
mean of 3.21 wt%), and higher MgO (1.84-4.41 wt% — mean of 2.73 wt
%), Fex03 (4.95-8.23 wt% — mean of 6.83 wt%) and K0 (1.26-2.49 wt
% — mean of 2.12 wt%) contents.
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Fig. 5. Chondrite normalized diagram of the tonalitic to trondhjemitic grey
gneisses, sanukitoids, and potassic granitoids. Normalization from Sun and
McDonough, 1989.

Further classification diagrams indicate the magnesian, calcic to
calc-alkaline, metaluminous to slightly peraluminous character of the
rocks (Fig. 4). A/CNK ratios range from 0.86 to 1.13 (mean = 1.01) and
K20/Nay0 ratios from 0.7 to 2.7 (mean = 0.73). FeOY/(FeO' + MgO)
ratios are relatively low (normally < 0.75) and show a positive corre-
lation with silica (Fig. 4). The sum of ferro-magnesian oxides is high
when compared to the TTG suite (6.8-11.9 wt% — mean of 9.59 wt%).

Trace elements are marked by moderate Ba (273-684 ppm; mean of
541 ppm) and Sr (173-404 ppm; mean of 312 ppm) concentrations.
They have high contents in transition elements such as V (73-148 ppm;
mean of 105 ppm), Ni (34-116 ppm; mean of 68 ppm), and Cr (60-170
ppm; mean of 110 ppm). These granitoids are depleted in HFSE (Zr =
100-358 ppm, generally < 200 ppm; Hf = 2.7-9.7 ppm; Y = 3.1-17.8
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ppm; Nb = 2.0-7.1 ppm; Ta = 0.2-5.8 ppm). They are characterized by
low [La/Yb];, (5-71; mean of 21; Fig. 6) with flat HREE patterns, and low
to moderate Sr/Y ratios (11-46; mean of 25).

4.3. Potassic granites

Potassic granites comprises rocks with SiO5 concentrations from 68.8
to 76.1 wt%. In the Q’ vs ANOR diagram the samples plot in the mon-
zogranite, syenogranite and alkaline granite fields (Fig. 3; Streckeisen
and Le Maitre, 1979).

Except for TiOy and K50, the major elements are correlated nega-
tively with SiO,. In comparison with the TTG suite, the samples display
generally lower Al,O3 (13.05-15.15 wt% — mean of 14.24 wt%), CaO
(0.56-1.81 wt% — mean of 1.07 wt%), Na50 (1.97-4.30 wt% — mean of
3.52 wt%), FeyO3 (1.02-3.04 wt% — mean of 2.06 wt%), and MgO
(0.08-0.65 wt% — mean of 0.35 wt%), and higher K50 (4.26-7.86 wt% —
mean of 5.08 wt%) contents.

Further classification diagrams indicate the ferroan to magnesian,
calc-alkaline to alkali-calcic, slightly peraluminous to peraluminous
character of the rocks (Fig. 4). A/CNK ratios range from 1.02 to 1.20
(mean = 1.08) and K>0/Na,O ratios from 0.99 to 3.99 (mean = 1.52).
FeO"/(FeO"' + MgO) ratios are relatively low (normally < 0.90) and show
a positive correlation with silica (Fig. 4). The sum of ferro-magnesian
oxides is low when compared to the TTG suite (1.1-3.8 wt% — mean
of 2.4 wt%).

Trace elements are marked by variable but generally high Ba
(603-5450 ppm; mean of 1700 ppm) and Sr (99-591 ppm; mean of 331
ppm) concentrations, and low to moderate Rb (86-269 ppm; mean of
168 ppm) concentrations. The samples have also low contents in
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transition elements such as V (6-32 ppm; mean of 18 ppm), Ni (5-48
ppm; mean of 9 ppm) and Cr (10-80 ppm; mean of 20 ppm). These rocks
have low contents in HFSE (Zr = 33-433 ppm, generally < 300 ppm; Hf
=1.7-10.5 ppm; Y = 1.6-21.3 ppm; Nb = 0.8-12.7 ppm; Ta = 0.1-1.7
ppm). They show a wide range of [La/Yb], ratios (17-380; Fig. 5), but
most often higher than 40, with light negative Eu anomaly, and variable
Sr/Y ratios (14-262; mean of 57). Th contents allow us to define two
distinct groups, one group with Th contents between 8 and 16 ppm, and
another group with Th contents between 23 and 80 ppm. Th-rich
granites are characterized by higher contents in LREE (45 < [Lal, <
827; mean of 368), than Th-poor granites (57 < [Lal, < 337; mean of
188).

4.4. Pink-grey granitoids

Pink-grey granitoids comprises rocks with SiO5 concentrations from
67.7 to 72.6 wt%. In the Q’ vs ANOR diagram the samples plot in the
granodiorite and monzogranite fields (Fig. 3; Streckeisen and Le Maitre,
1979).

Except for TiO, and K50, the major elements are correlated nega-
tively with SiO». In comparison with the TTG suite, the samples display
generally lower Al;O3 (13.80-16.30 wt% — mean of 14.73 wt%), CaO
(1.40-2.56 wt% — mean of 2.06 wt%), NasO (3.52-4.75 wt% — mean of
4.11 wt%), FeyO3 (1.81-4.08 wt% — mean of 2.83 wt%), and MgO
(0.41-1.44 wt% — mean of 0.72 wt%), and higher K50 (2.54-4.68 wt% —
mean of 3.46 wt%) contents.

Further classification diagrams indicate the ferroan to magnesian,
calc-alkaline to alkali-calcic, metaluminous to peraluminous character
of the rocks (Fig. 4). A/CNK ratios range from 0.97 to 1.09 (mean =
1.03) and K,0/NayO ratios from 0.58 to 1.31 (mean = 0.86). FeOY/
(FeO! + MgO) ratios are relatively low (normally < 0.82) and show a
positive correlation with silica (Fig. 4). The sum of ferro-magnesian
oxides is low when compared to the TTG suite (2.4-5.1 wt% — mean
of 3.6 wt%).

Trace elements are marked by variable but generally high Ba
(601-2230 ppm; mean of 1453 ppm) and Sr (246-696 ppm; mean of
444 ppm) concentrations, and low to moderate Rb (65-165 ppm; mean
of 112 ppm) concentrations. The samples have also low contents in
transition elements such as V (18-51 ppm; mean of 32 ppm), Ni (6-28
ppm; mean of 11 ppm) and Cr (10-80 ppm; mean of 26 ppm). These
rocks have low contents in HFSE (Zr = 100-358 ppm, generally < 190
ppm; Hf = 2.7-9.7 ppm; Y = 3.1-14.7 ppm; Nb = 2.0-7.1 ppm; Ta =
0.1-5.8 ppm). They show a wide range of [La/Yb], ratios (24-214;
Fig. 5), but most often higher than 30, without negative Eu anomaly, and
variable Sr/Y ratios (22-142; mean of 79).

Different components are involved in the genesis of pink-grey
granitoids. They are typically intermediate in composition between
TTGs, sanukitoids and potassic granites.

5. Geochronology

All analyzed samples are presented here in the Wetherill diagrams
with lower and upper intercepts. Ages obtain for the most concordant
populations, consistently equivalent within error or close to those ob-
tained by the upper intercept, are interpreted as emplacement age. In
this way, the ages of the lower intercepts are interpreted as a continuous
diffusion process of radiogenic lead. The complete concordia diagrams
for all the studied samples are in the supplementary material.

5.1. Tonalitic to trondhjemitic grey gneisses

5.1.1. Low La/Yb TTG suite

Sample MO4193 contains one homogeneous population of pink to
brownish, mostly translucent long prismatic zircons with well-expressed
or slightly blunted pyramids. They are microfissured and often contain
inclusions. Some of them are composed of distinct inherited cores with
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rim overgrowths. Thirty analyses were made on 22 zircon grains.
Analysis n°7 shows important common lead contamination, and was not
further considered for age calculation. The remaining 29 data constrain
upper and lower discordia intercept ages of 2932 + 12 Ma and 594 +
250 Ma, respectively. Most ages scatter between 2900 and 2970 Ma. In
this interval, 5 analyses yielded a concordant age of 2943 + 6 Ma
(MSWD = 2.8, n = 5), which is interpreted as time of zircon crystalli-
zation during magmatic emplacement (Fig. 7A).

Zircons from sample ZA8182 are mostly smaller than 100 um, het-
erogeneous in shape and color, and translucent to red. 45 analyses were
performed in the cores and rims of 36 zircons yielded two age groups.
Age data from the cores record inherited ages of 2988 + 17 Ma (MSWD
=1.5; Fig. 7D) and 3100 + 28 Ma (MSWD = 0.49; Fig. 7E). Eleven out of
the remaining 38 data yield a concordant age of 2925 + 9 Ma (MSWD =
1.3; Fig. 7F).

5.1.2. Medium La/Yb TTG suite

Zircon grains from sample MO1151-1 vary in size from tens to
hundreds of um forming one homogeneous population of pink to beige-
pink, translucent, long prismatic crystals with commonly only few
microcracks. 7 analyses yielded a concordant age of 2938 + 10 Ma
(Fig. 7B) which is interpreted as time of zircon crystallization during
magmatic emplacement.

Zircons from sample MO2289 are mostly larger than 200 ym forming
one homogeneous population of blunt, pink to translucent long pris-
matic crystals. 30 analyses on 30 grains yield an upper intercept age of
2847 4+ 29 Ma (MSWD = 0.12). Out of these, the seven most concordant
data constrain the age of 2869 + 14 Ma (MSWD = 1.4, n = 7) (Fig. 7C).

Sample MO4163-2 contains many zircons forming a homogeneous
population of very long prismatic, mostly pink to beige-pink zircons
with blunt tips that often display microcracks and contain inclusions.
Smaller grains are mostly translucent whereas larger grains are some-
times rather opaque. 16 out of 30 analyses on 30 grains yielded a
concordant age of 3001 + 9 Ma (MSWD = 0.2, n = 16) (Fig. 7G).

Sample MO8068 contains a homogeneous population of translucent
pink zircons that are sometimes fractured and containing often in-
clusions. 30 analyses were made on 23 crystals. Analysis 19 from the rim
of a zircon plots above the Concordia and indicates a poorly defined age
of 2873 Ma being younger than the average calculated from the other
analyses. The significantly higher U concentration and U/Th ratio sug-
gests the interpretation of metamorphic overgrowth. The remaining
samples define upper and lower discordia intercept ages of 2968 + 11
Ma, respectively (MSWD = 0.82). The six most concordant analyses
yielded an age of 2987 + 8 Ma (MSWD = 0.15, n = 6 (Fig. 7H).

Zircons in sample ZA4265-1 vary in size from 30 pm to 300 um, are
mostly long prismatic with blunt tips, beige to smoky yellow—brown
color and often microfractured. 30 analyses on 30 grains yielded upper
intercept ages of 2977 + 31 Ma (MSWD = 0.24). The six most concor-
dant constrain the age of 3012 + 16 Ma (MSWD = 0.3, n = 6) (Fig. 7I).

5.1.3. High La/Yb TTG suite

Sample SB8197-2 contains very small long prismatic, colorless to
slightly pink zircons, which are mostly milky. 30 analyses were per-
formed on 26 grains. Out of these, 23 analyses yielded an upper Dis-
cordia age of 2864 + 39 Ma (MSW = 0.65). The three most concordant
analyses gave an age of 2892 + 18 Ma (MSWD = 0.93, n = 3; Fig. 7J).

Zircons from sample ZA6140-b vary from small pink translucent
crystals through larger, pinkish-beige more or less translucent ones to
large, relatively anhedral, opaque brown grains, which are sometimes
metamict. 105 analyses were performed on 78 zircon grains to identify
ages of possible inheritance. However, most of the analyses are highly
discordant yielded an upper intercept age of 2867 + 22 Ma. The five
most concordant data yielded an age of 2896 + 7 Ma (MSWD = 1.6, n =
5) (Fig. 7K).

Zircons from sample ZA6195 are beige to brownish in color, long
prismatic, and larger than 100 um. 105 analyses were performed on 105
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Fig. 7. A. Wetherill diagram for sample MO4193, Concordia age obtain on 5 analyses giving an age of 2943 + 6 Ma. B. Wetherill diagram for sample MO1151-1,
Concordant age obtain from 7 analyses giving an age of 2938 + 10 Ma. C. Wetherill diagram for sample M02289, Concordant age obtain from 7 of the most
concordant analyses giving an age of 2869 + 14 Ma. D-E. Wetherill diagram for core analyses of sample ZA8182; two concordant ages can be calculated at 2988 +
17 Ma (D) and 3100 + 28 Ma (E). F. Wetherill diagram for Rim analyses of sample ZA8182; a concordant age can be calculated at 2925 + 9 Ma. G. Wetherill
diagram for sample MO4163-2, Concordant age obtain from 16 analyses giving an age at 3001 + 9 Ma. H. Wetherill diagram for sample MO8068, Concordant age
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obtains from 6 analyses giving an age at 2987 + 8 Ma. I. Wetherill diagram for sample ZA4265-1, Concordant age obtains from 6 analyses giving an age at 3012 +
16 Ma. J. Wetherill diagram for sample SB8197-2, Concordia age obtain from 3 analyses giving an age at 2892 + 18 Ma. K. Wetherill diagram for sample ZA6140B,
Concordia age obtain from 5 analyses giving an age at 2896 + 7 Ma. 1. Wetherill diagram for sample ZA6195, Concordia age obtain from 19 analyses giving an age at
2906 + 9 Ma. M. Wetherill diagram for sample ZA6137-b, Concordia age obtained from the 5 oldest analyses from core analyses giving an inherited age at 2947 +
13 Ma. N. Wetherill diagram for sample ZA6137-b, analyses carried out on the rim give a Concordia age of 2840 + 8 Ma. O. Wetherill diagram for sample SB8231-3,
Concordant age obtain from 11 rim analyses of sample SB8231-3 giving an age of 2832 + 9 Ma. P. Concordant age obtain from 3 core analyses of Sample SB8231-3
giving an inherited age at 2960 + 18 Ma. Q. Wetherill diagram for sample ZA6142, Concordia age obtain from 5 rim analyses of sample ZA6142 giving an age of 2853 + 14
Ma. R. Wetherill diagram for sample MO1152, Concordia age obtain for sample MO1152 based on the 4 most concordant analyses, giving an age at 2847 + 16 Ma. S.
Wetherill diagram for sample ZA4184, Concordia age obtain from 8 analyses of sample ZA4184 giving an age of 2893 + 11 Ma. T. Wetherill diagram for sample ZA4187,
Concordia age obtain from 5 analyses of sample ZA4187 giving an age of 2852 + 13 Ma
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Fig. 7. (continued).

grains. Five analyses show significant common lead concentrations and
were not further considered. The remaining data are again highly
discordant or even inverse yielded upper ages of 2919 + 11 Ma. The 19
most concordant data constrain the age at 2906 + 9 Ma (MSWD = 0.41,
n = 8 (Fig. 7L).

Zircons from sample ZA6137-b are often larger than 200 pm, long
prismatic, blunt, and pink to translucent. About 120 zircons were
extracted and 30 analyses were performed. The zircons display under
cathodoluminescence zonation characterized by very bright cores and
darker rims corresponding to two age groups. Analyses in the cores
yielded an upper discordia intercept age of 2952 + 49 Ma. From these
core analysis, 5 have yielded a concordant age of 2947 + 13 Ma (MSWD
= 0.46, n = 5; Fig. 7M) suggesting an assimilation of crustal host rock
into the magma and interpreted as inherited age. Other analysis from the
rim constrained a concordia age of 2840 + 8 Ma (MSW = 3.3, n = 12;
Fig. 7N) considered as timing of zircon crystallization during magmatic
emplacement.

5.2. Mesocratic to melanocratic gneisses

Zircons from sample SB8231-3 are mostly larger than > 200 pm,
short prismatic, blunt, and microfractured. They vary in colors from
light beige, pinkish red to dark brown. Thirty analyses from the cores
and rims of eleven zircon grains yielded significantly different concor-
dant ages of 2832 + 9 Ma (rim, Fig. 70) and 2960 + 18 Ma (core,
Fig. 7P), which are interpreted to record the timing of zircon crystalli-
zation during magmatic emplacement and assimilation of an older
crustal component.

Zircons from sample ZA6142 are generally less than 80 pm in size,

long prismatic, blunt, and beige to translucent. Thirty-one analyses
yielded an upper intercept age of 2899 + 27 Ma (MSWD = 1.7). The five
most concordant analyses define a concordant age of 2853 + 14 Ma
(MSWD = 1.8, n = 5; Fig. 7Q).

5.3. Potassic granites

Zircons of sample MO1152 are smaller than 100 um, long prismatic,
and mostly very metamict displaying white to dark orange and some-
times pink colors. Thirty analyses were performed yielded an upper
intercept age of 2849 + 58 Ma. The four most concordant analyses
constrain the age of 2847 + 16 Ma (MSWD = 0.007, n = 4, Fig. 7R).

Zircons from sample ZA4184 are mostly smaller than 50 um, anhe-
dral (rounded) to subhedral, and pink in color except for few orange or
colorless grains. Most of the crystals are metamict. Eight out of thirty
analyses yielded a concordia age of 2893 + 11 Ma (MSWD =2.1,n =38,
Fig. 78).

Zircons from sample ZA4187 are larger than 100 um, long prismatic
and slightly blunt. Pale beige to colorless, milky appearance reflects
strong metamictization. 16 out of 30 analyses yielded an upper intercept
age of 2865 + 44 Ma (MSWD = 0.41). The most concordant analyses
(red circle Fig. 7T) constrained an age of 2852 + 13 Ma (MSWD = 0.21,
n =>5).

6. Discussion
6.1. Petrogenesis of plutonic rocks

The igneous suites of the Chaillu inlier show typical characteristics of



O. Blein et al.

Meso to Neoarchean granitoids worldwide, such as the predominance of
Na-rich plutonic rocks, the presence of sanukitoids and potassic gran-
itoids, as well as general increase of K;O with decreasing age (e.g.,
Laurent et al., 2014). Petrography, geochemical composition and U-Pb
geochronology demonstrate systematic change in magma sources, the
depth of melting, and the amount of assimilated crust with time.
Petrography and geochemical composition reveals four major classes of
TTG, mesocratic orthogneiss, potassic granite and pink-grey granitoids.

6.1.1. Tonalitic to trondhjemitic grey gneisses

The binary geochemical diagrams of Figs. 6 and 8 discriminate
different TTG types and potassic magmas (Moyen, 2011). The increase
in the [La/Yb], ratio is attributed to residual garnet at greater depths
fractionating Y and HREE during anatexis from the LREE released into
the ascending magma. In contrast, plagioclase (Sr, Eu) is stable in higher
crustal levels leading to negative Eu anomalies when the magma origi-
nates there (Halla et al., 2009; Moyen, 2011).

The TTGs of the Chaillu inlier have been classified into three groups
(Figs. 6 and 8). The first group is marked by high Y (10-25 ppm), low Sr
(<400 ppm), low Sr/Y ratios (<45) and weakly fractionated HREE
profiles ([La/Ybl, < 20; [Gd/Er], < 2). The samples of this group show
affinity with low-pressure TTG suites (Moyen, 2011). The second group
is characterized by intermediate Y (5.5-14.5 ppm), variable Sr
(133-979 ppm), variable Sr/Y ratios (12-100), and weakly to clearly
fractionated HREE profiles (11 < [La/Yb], < 58; 1.8 < [Gd/Er], < 3.5).
They can be associated with medium-pressure TTG suites. The third
group combines samples with low Y (1.5-9.5 ppm), high Sr (>300 ppm),
high Sr/Y ratios (generally > 60), and fractionated HREE profiles (20 <
[La/Yb], < 120; [Gd/Er], > 2.2) with Er concentrations below 0.6 ppm.

1400
1200
1000

800 |

Sr(ppm)

600 |

400 |

200

H O
o 0--<
potassic granitoids—=

¥ress

55 60 65 70 75
Si0, (Wt.%)

sanukitoids

[GA/Ern

0

00 05 10 15 20 25 3.0 35 40 45 50
MgO (wt.%)
[] low La/Yb TTG grey gneiss
[C] medium La/Yb TTG grey gneiss
[7] high La/Yb TTG grey gneiss

Mesocratic to melanocratic gneiss
Group 1 Sanukitoids

Mesocratic to melanocratic gneiss
Group 2 Sanukitoid-like hybrid granitoid @ Pink-grey granitoid

Precambrian Research 409 (2024) 107435

They plot mostly in the fields of medium and high-pressure TTGs.

The geochemistry of low La/Yb TTG suites is consistent with deri-
vation from plagioclase and garnet-amphibolite, without garnet in the
residue (Halla et al., 2009; Moyen, 2011), which constrains maximum
melting pressures to ca. 1.0 GPa (<30 km depth; Almeida et al., 2011;
Johnson et al., 2013; Nagel et al., 2012). In contrast, medium La/Yb TTG
melts originated in equilibrium with garnet-rich, plagioclase-poor
amphibolite and rutile-bearing eclogite with residual garnet, respec-
tively (Halla et al., 2009; Moyen, 2011). High La/Yb TTG melts result
from melting of hydrous mafic rocks at pressures of 1.4 to 1.8 GPa (ca.
45-60 km depth; Nagel et al., 2012). Recently, Ge et al., (2018,2022)
propose a new model involving water-flow melting of Archean oceanic
arcs at different depths to explain the origin of the different types of
TTG. In this model, low and medium-pressure Archean TTGs were
produced by water-flow melting of thick proto-arcs built on thick
oceanic crust, while high-pressure TTGs were formed by water-flow
melting of subducted arcs during intermittent subduction and arc ac-
cretion (Ge et al., 2018, 2022).

6.1.2. Mesocratic to melanocratic gneisses (sanukitoids)

G1 group orthogneisses of quartz-monzodiorite, monzonite, and
granite composition are LILE-rich (Ba + Sr > 1400 ppm, Ba > 500 ppm,
Sr > 450 ppm, and Th > 6 ppm) with depletion in HFSE (Nb, Ta, Ti, and
P). Relatively high Er contents (0.8-4.4 ppm) indicate the absence of
residual garnet in their source and therefore origin from shallower
depths. Their REE patterns are similar to those of medium La/Yb TTGs,
however Yb, Y and Er concentrations are higher. Their affinity to calc-
alkaline suites is reflected in increased K (1.5-5 wt%) and Nb (>5
ppm) contents and high Mg# (0.40-0.74). In general, mesocratic to
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Fig. 8. Binary geochemical diagrams with fields of the three TTG groups, a potassic group of Moyen (2011), and sanukitoids of Halla et al. (2009): high-pressure TTG
group (HP TTG); medium-pressure TTG group (MP TTG); low-pressure TTG group (LP TTG). (a) Sr vs. SiO,, (b) Sr/Y vs. Y, (¢) (Gd/Er), vs. MgO, (d) Ce/Sr vs Y.

10



O. Blein et al.

melanocratic gneisses with quartz-monzodioritic, monzonitic, and
granitic compositions have akin to sanukitoids.

In comparison with high-pressure TTGs, sanukitoids are enriched in
MgO (Fig. 8A), which may reflect the contribution of a mantle compo-
nent to dioritoid and granitoid petrogenesis. However, in a diagram
based on experimentally derived partial melts, sanukitoids straddle from
amphibolite (as a major component) to greywacke source rocks (Fig. 9)
suggesting involvement of crustal and/or mantle components in their

Na:0/K:0

Igneous,

Igneous, high-K mafic

low-K mafic
\ Igneous

intermediate

‘Altered’
mafic

Immature
sed.

Mature
Used.

\ \
Na,O
Fig. 9. A. Ternary a/cnk-na,0/K,O-FMSB ([FeO' + MgOlwe.oo*[St + Balwe.)
diagram (Laurent et al., 2014) where the compositions of the Chaillu granitoids
are compared to those of the main types of Arhcean granitoids (Laurent et al.,
2014) and Phanerozoic S-type granites (Laurent et al., 2017). B) Ternary NayO-
Ca0-K;0 diagram comparing the compositions of the Chaillu granitoids with
those of experimentals melts derived from a range of starting materials pro-
duced at conditions relevant for crustal melting, including low-K igneous mafic
rocks (Beard and Lofgren, 1991; Rapp and Watson, 1995; Wolf and Wyllie,
1994); “altered” (high-Na) igneous mafic rocks (Skjerlie and Johnston, 1996;
Zamora, 2000); high-K igneous mafic rocks (Alonso-Perez et al., 2009; Almeev
et al., 2013; Blatter et al., 2013; Sisson et al., 2005; Sisson and Grove, 1993);
igneous intermediate rocks (Bogaerts et al., 2006; Martel et al., 1999; Singh and
Johannes, 1996; Watkins et al., 2007); immature (greywacke) sediments
(Montel and Vielzeuf, 1997; Patino-Douce and Beard, 1996; Stevens, 1995;
Vielzeuf and Holloway, 1988) and mature (pelitic) sediments (Patino-Douce
and Johnston, 1991; Patino-Douce and Harris, 1998; Pickering and Johnston,

1998; Vielzeuf and Holloway, 1988).
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genesis (Smithies and Champion, 2000). Such chemical features reflect
interactions between mantle peridotite and a component rich in large-
ion lithophile and high-field-strength elements (LILE, HFSE; Laurent
et al., 2014). This component could be: i) a silicate melt, therefore the
sanukitoids are the result of interaction between mantle wedge meta-
somatized and crustally-derived magmas (TTG melt) at lower crust
(>1.2 GPa) conditions (Whalen et al., 2004; Halla et al., 2009; Heilimo
et al., 2010; Almeida et al., 2010; Laurent et al., 2014); or ii) derived
from sedimentary material, therefore the sanukitoids are the result of
mantle wedge-sediment interaction (Halla, 2005; Laurent et al., 2011;
Mikkola et al., 2011). The compositions of the quartz-monzodiorites to
granites show a wide range of values for Ba + Sr and ZLREEs. Few
samples are characterized by XLREEs lower than 250 ppm with Ba + Sr
values ranging from 1100 to 2100 ppm (Fig. 10). These samples share
similarities with sanukitoids produced by interaction between peridotite
and TTG. By contrast, others samples with XLREEs higher than 250 ppm
and high Ba + Sr values (1000 — 4000 ppm) share similarities with
sanukitoids produced by interaction between peridotite and sediments
(Fig. 10). We therefore conclude that these rocks derive from two
distinct interactions.

Orthogneisses with tonalitic and granodioritic composition (G2
group) show a small range in SiOy (60.7-67.3 wt%), with low MgO
(1.8-4.4 wt%), and moderate K;O (1.3-2.5 wt%) contents, and low
K20/Na0 (0.4-1.4) and (Gd/Er), (1.5-5.2) ratios, as well as high Mg#
(54-71) and (Ba + Sr) (735-1024 ppm) values (Fig. 8). The Yb and Y
concentrations are moderate and REE patterns moderately fractionated.

Orthogneiss of tonalitic to granodioritic composition (G2 group)
differs from the medium La/Yb TTG suites by higher MgO, Cr, and Ni
content, and less fractionated REE pattern, but shows high affinity with
the low La/Yb TTG suite. Compared to sanukitoids, the rocks have lower
(La/Yb), ratios and, at similar silica, lower NaO,, K5O, and Gd and
higher Fe,05, CaO, and MgO contents. This is taken as evidence of
mingling and/or mixing between contrasting magmas, such as sanuki-
toid and TTG and the classification as hybrid granitoids with sanukitoid
affinity.
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Fig. 10. ZLREE (La + Ce + Pr + Nd) vs. Ba + Sr concentrations of mesocratic to
melanocratic orthogneisses, compared with sanukitoids. Light gray field:
Sanukitoids derived from interaction between mantle peridotite and paragneiss.
Dark gray: Sanukitoids derived from interaction between mantle peridotite and
TTG melts (Laurent et al., 2011, 2014).
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6.1.3. Potassic granites

The geochemistry of potassic granites is defined by a narrow range in
Si0, (68.8-76.1 wt%), MgO (0.08-0.60 wt%), K50 (4.1-7.9 wt%) con-
tents and high K20/ NayO (1.0-4.0) and (Gd/Er), (1.6-6.6) ratios, and
the sum of (Ba + Sr) concentration generally above 1300 ppm (Fig. 8).

The granites display the highest fractionated REE patterns (Figs. 5-
6). They differ from TTG and sanukitoid by lower MgO, Cr, and Ni
contents. LREE contents are similar to sanukitoid, while HREE contents
are commonly between TTG and sanukitoids. Altogether, the rocks show
geochemical affinity with biotite granite (Moyen et al., 2003). All fea-
tures demonstrate the different petrogenesis related to anatexis of TTG
source rocks in the lower crust (>1.2 GPa) (Whalen et al., 2004; Almeida
et al., 2010; Laurent et al., 2014).

6.1.4. Pink-grey granitoids

The geochemistry of pink-grey granitoids is defined by a narrow
range in SiOy (67.7-72.6 wt%), MgO (0.41-1.44 wt%), K50 (2.5-4.7 wt
%) contents, moderate K,0/Na3O (0.6-1.3) and high (Gd/Er), (1.8-5.0)
ratios, and the sum of (Ba + Sr) concentrations above > 1500 ppm
(Fig. 8).
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These rocks display highly fractionated REE patterns, intermediate
between potassic granite and high La/Yb TTGs (Fig. 8). The major-
element composition indicates mixing of various sources resulting in a
hybrid magma (Fig. 9; Laurent et al., 2014). This could be magma
mixing of differentiated sanukitoid with a TTG (Almeida et al., 2010),
assimilation of crust into TTG melts from the lower mafic crust (Jaya-
nanda et al., 2006; Smithies and Champion, 2000), mixing of TTG
magma with enriched mantle (Prabhakar et al., 2009) or a complex
interplay of these different mechanisms (Champion and Sheraton,
1997).

Pink-grey granitoids of the Chaillu inlier share with the TTG suites
high Z(FeQ' + MgO + MnO + TiO,), REE and HFSE concentrations,
while the CaO/(NayO + K>0) and K5O/Na5O ratios, as well as Rb, Ba
concentrations, are similar to those of biotite- and two-mica granite.
This suggests interaction of felsic magma derived from the differentia-
tion of TTG with crustal melts (similar in composition to biotite- and
two-mica granites). The relative enrichment in Ba and Sr distinguishes
the transitional gneisses from TTG and sanukitoid.
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6.2. Geochronology of plutonic rocks

The results of the geochronological study of granitoids rocks from the
Chaillu massif are summarised in Fig. 11A. The relative probability di-
agram of all ages indicates four intervals of magmatic emplacement and,
combined with the geochemical classification of the rocks, documents
progressive change of magma composition with time (Fig. 11B, C).

Stage 1 from 3.02-2.98 Ga (+40 my) is recorded only in medium La/
YD tonalitic to trondhjemitic grey orthogneisses. Stage 2 from 2.96-2.92
Ga (440 my) consists of different types of tonalitic to trondhjemitic grey
gneisses joining the medium La/Yb TTG’s of stage 1. High to low La/Yb
ratios indicate source regions with or without residual garnet. Stage 3
from 2.91-2.88 Ga (£+30 my) is characterized by the emplacement of
tonalitic to trondhjemitic gneisses with high La/Yb ratios and potassic
granites. High La/YDb ratios indicate source regions with residual garnet,
and potassic granites melting of crustal component. Stage 4 from 2.88-
2.82 Ga (+60 my) is marked by great diversification of magma
comprising TTG, potassic granite, and sanukitoid. Three samples of this
event comprise zircons with inherited ages indicating crustal recycling
during this stage. In sample ZA8182, a low La/Yb TTG, inherited zircons
dated at 2.99 and 3.10 Ga. These inherited ages may come from hy-
drated metasasites having melted and produced TTG melts. These
metasasites could be linked to mantle upwelling (overturn upwelling
zone, OUZO) at this time. Stages 3 and 4 demonstrate that the late
Archean transition, characterized by coexisting TTGs, sanukitoids, and
potassic granites, took place during a period of less than 100 my, be-
tween 2.91 and 2.82 Ga.

The first two stages, before 2.92 Ga, are characterized by low and
medium La/Yb TTG granitoids. They have low K30/Nay0 ratios, low Ba
and Sr contents, fractionated light rare earths ([La/Sm], < 5.5), and
poorly fractionated heavy rare earths ([Gd/Yb], < 2.5; Fig. 11C-F).
These TTGs were generated intermittently between 3.02 and 2.98 Ga,
then between 2.95 and 2.92 Ga. The last two stages, after 2.91 Ga, are
characterized by the coexistence of TTGs, sanukitoids and potassic
granites. All these granitoids are characterized by strong fractionation of
LREE ([La/Sm], > 5.5), and HREE ([Gd/Yb], > 2.5; Fig. 11C-F).
Sanukitoids and potassic granites have high K;0/NayO ratios, and high
Ba and Sr contents (Fig. 11C-F). TTGs contemporary with sanukitoids
and potassic granites have slightly higher K,0/NayO ratios and Ba and
Sr contents than TTGs older than 2.92 Ga.

6.3. Comparison with other Mesoarchean granitoids worldwide

Extensive Mesoarchean granitoids worldwide younger than 3.0 Ga
can be subdivided into four groups: i) sodic granitoids (TTG); high-Mg
granitoids (sanukitoids); iii) high-K granitoids (biotite- and two-micas
granites); and iv) hybrid granitoids derived from interaction, between
magmas or sources, of the three other groups (Smithies and Champion,
2000; Moyen et al., 2003; Whalen et al., 2004; Heilimo et al., 2011;
Almeida et al., 2013; Laurent et al., 2014; Jiang et al., 2016; Santos and
Oliveira, 2016; Jayananda et al., 2018; Singh et al., 2019). The domi-
nant magma types are TTG suites, which consist of plagioclase-rich
plutonic rocks (tonalites, trondhjemites, and granodiorites) with a
sodic composition (K20/NaO < 1). They result from partial melting of
enriched hydrous mafic rocks under high pressures in the stability field
of garnet (Halla et al., 2009; Moyen, 2011; Moyen and Martin, 2012;
Martin et al., 2014). Sanukitoids are generally late to post-tectonic, calc-
alkaline to alkali-calcic, and metaluminous in character. In contrast to
other late Archean granitoids; they vary widely in SiO3, K20, K20/Naz0
ratios and are enriched in ferromagnesian oxides and CaO (Laurent
et al., 2014). Syn- to post-tectonic high-K granitoids include per-
aluminous biotite- and two-mica granites marked by high SiO and K;0
and low ferromagnesian oxides (Laurent et al., 2014).

Evolution from early TTG to late sanukitoid and high-K granitoid has
been recognized in several cratons but is diachronous (Almeida et al.,
2013; Romano et al., 2013; Laurent et al., 2014; Farina et al., 2015; Joshi
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et al., 2017; Singh et al., 2019). It ranges from 2.95 to 2.85 Ga in the
Pilbara, Amazonian, Sao Francisco, and Ukrainian cratons, from 2.75 to
2.62 Ga in the Karelian, Kaapvaal, Superior, and Slave cratons (Smithies
and Champion, 2000; Bibikova et al., 2008; Oliveira et al., 2009; Hei-
limo et al., 2011; Laurent et al., 2014; Teixeira et al., 2017), and from
2.60 to 2.50 Ga in the Dharwar and North China cratons (Laurent et al.,
2014). At global scale, the Chaillu Inlier can be thus correlated with the
Pilbara, Ukrainian, and especially the Amazonian and Sao Francisco
cratons with which it shares many similarities.

The Congo Craton is generally correlated with the Sao Francisco
craton due to: (1) the direct connection between the cratons when the
South Atlantic Ocean is closed, and (2) the similarities between their
Archean and Paleoproterozoic geodynamic evolutions. Several Archean
blocks have been identified in the northern and southern parts of the Sao
Francisco craton. In the northern part of the Sao Francisco craton, these
are the Gaviao, Guanambi-Correntina, Sobradinho, Jequié, Itabuna-
Salvador-Curaca and Serrinha blocks (Teixeira et al., 2017).

The Serrinha block shares common geological features with the
Ntem-Chaillu block, based on the compilation of geological data,
geochronology and metamorphic events. The main tectonic units of the
Serrinha block are: (1) the Uaua block composed of grey gneisses of TTG
affinity and age between ~ 3.20-3.10 Ga (Oliveira et al., 2010, 2011),
~2.95-2.90 Ga high-K and Mg granitoids of sanukitoid affinity (Oliveira
and Amaral, 2014), 2.83-2.82 Ga high-pressure mafic granulites (Oli-
veira et al.,, 2019); and (2) the Retirolandia-Jacurici complexes,
composed of migmatites and gray gneisses of TTG affinity, and ages
between 3.10 and 2.90 Ga (Oliveira et al., 2010; Baldim and Oliveira,
2016), which host several mafic-ultramafic complexes).

In the Serrinha block, two distinct periods of magmatism may be
identified: i) a first event older than 2.95 Ga produced only TTGs; and ii)
a second magmatic event combines sanukitoids, potassic granites, and
TTGs between 2.95 and 2.85 Ga. These two distinct periods of mag-
matism, with the same temporality, have been observed in the Amazo-
nian craton. The Amazonian Craton has been subdivided into several
provinces with distinct geochronology, structural patterns, and geo-
dynamic settings. In the Carajas Province, the Rio Maria Domain (RMD)
is the oldest tectonic domain and consists of five major rock formations:
i) greenstone belts (3.00-2.90 Ga; Macambira and Lancelot, 1996; Souza
et al., 2001); ii) older TTGs (2.96-2.92 Ga; Almeida et al., 2011); iii)
sanukitoids (2.87 Ga; Oliveira et al., 2009); iv) younger TTGs (2.86 Ga;
Leite et al., 2004); and v) high-K calc-alkaline leucogranites (2.87-2.86
Ga; Althoff et al., 2000; Almeida et al., 2010, 2013). As in the Chaillu
Inlier, two distinct periods of intermediate to felsic magmatism have
been identified: i) the first event from 2.96 to 2.92 Ga produced TTGs
with variable La/Yb and Sr/Y ratios similar to the ones in the Chaillu
Inlier, and ii) the second magmatic event combines sanukitoids, potassic
granites, and medium to high La/Yb TTGs younger than 2.88 Ga. Ac-
cording to Silva et al., (2018,2022), this magmatism corresponds to two
geodynamic settings. The early stage from 2.96-2.92 Ga is associated
with low-angle subduction, slab-derived melts and pronounced meta-
somatism of the mantle wedge. The late stage from 2.88-2.86 Ga took
place in a transpressive collisional setting resulting in the production of
mantle- and crust-derived magmas.

The 2.95-2.85 Ga period is marked in several cratons by the coex-
istence of medium to high La/Yb TTGs, with sanukitoids and potassic
granites (Bleeker, 2003; Moyen et al., 2003; Jayananda et al., 2006;
Laurent et al., 2014; Farina et al., 2015; Dall’Agnol et al., 2017) and has
been interpreted as evidence for the onset of ‘modern style’ plate tec-
tonics (Laurent et al., 2014). The particular petrogenesis of sanukitoids
requires the interaction of supracrustal material (basalts, sediments)
with mantle peridotite (Laurent et al., 2014). This implies the burial of
supracrustal material by subduction-like processes. Due to higher
Archean mantle temperatures (Herzberg et al., 2010), subduction was
possibly intermittent and marked by the frequent rupture and dripping
of basaltic materials into the mantle (Sizova et al., 2010; Moyen and van
Hunen, 2012; Fischer and Gerya, 2016). According to Ge et al.,
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(2018,2022), these intermittent subductions, interrupted by slab
breakoff, allow water to be transported to the mantle depths. These
hydrated magmas would be underplated or intruded into the overlying
oceanic plate, and would enable the production of LP and MP TTGs at
their base. Slab breakoff also seems to be the phenomenon that best
explains the formation of sanukitoids (Whalen et al., 2004; Halla et al.,
2009; Almeida et al., 2011; Mikkola et al., 2011). However frequent slab
breakoff means that slab pull cannot be efficient and considered as the
main driving force for the Archean tectonics (Bédard, 2018; Sizova et al.,
2015). To explain Archean tectonics, Bédard et al. (2013) combined
vertical thickening and lateral accretion into a model where global-scale
mantle overturn events induce large-scale convective currents in the
mantle. These currents push on the deep mantle keel of the craton and
drive horizontal cratonic motion. This horizontal motion may induce
convergent margins characterized by terrane accretion, tectonic imbri-
cation, (‘subcretion’), and anatexis of unsubductable oceanic
lithosphere.

6.4. Mesoarchean history of the Chaillu inlier

In the northwestern Congo Craton, two distinct processes have been
suggested to generated the TTG magmatism: i) a subduction setting
(Tchameni et al., 2000; Pouclet et al., 2007; Shang et al., 2010; Akame
et al., 2020); or ii) rising mantle plumes inducing partial melting of
basaltic protoliths (Gatsé Ebotehouna et al., 2021; Li et al., 2016).

The 3.00-2.91 Ga TTGs represent an important event of felsic crust
formation, characterized by medium La/Yb TTGs from 3.00 to 2.97 Ga,
and by low and high La/Yb TTGs from 2.95 to 2.91 Ga. This implies that
a short period of time (~90 my) elapsed to transform mafic crust into
TTG-dominated felsic crust. During this period, TTGs evolved from
medium to high La/Yb TTGs. This suggests an increasing melting depths
from 30-45 km at 3.00-2.97 Ga to 45-60 km at 2.95-2.91 Ga (see sec-
tion 6.1.1). TTGs may have been formed in progressive response to
gradual thickening of a mafic crust.

Two geodynamic settings have been proposed for the subsequent
TTG magmatism: i) an “igneous” model with rising mantle plumes
causing partial melting of the basaltic protoliths (Bédard, 2006, 2018;
Gatsé Ebotehouna et al., 2021; Li et al., 2016; Smithies et al., 2009; van
Kranendonk et al., 2015) or ii) a “tectonic” model in a subduction
environment (Akame et al., 2020; Pouclet et al., 2007; Shang et al.,
2010; Tchameni et al., 2000) where vertical stacking of mafic crust
causes melting at its base (Hiess et al., 2009; Sizova et al., 2010; Nutman
et al., 2015). Whatever the model, when the crust exceeds 45 km in
thickness, its base becomes gravitationally unstable due to its increased
density relative to the underlying mantle (Johnson et al., 2013). This
instability leads to the detachment of the lower crust, which in turn leads
to the deep melting of basic materials and the production of high-La/Yb
TTGs (Bedard, 2006; Zegers and van Keken, 2001). Crustal delamination
may also explain local shallow melting contributed to low La/Yb TTGs.
This hypothesis of crustal delamination implies that the lower crust has a
basaltic composition. However, the base of the thick oceanic crust is
essentially composed of anhydrous ultramafic and mafic cumulates, and
such anhydrous compositions are unlikely to melt by dehydration to
produce TTGs (Arndt, 2013, 2023; Roman and Arndt, 2020). Ge et al.
(2023) found that Archean granitoids have magmatic fO5, HyO contents
and Hp0/Ce ratios that correlate positively with depth of magma for-
mation, implying the addition of large quantities of HyO to the lower
crust and mantle.

In summary, the new data confirm that Mesoarchean felsic crustal
growth in the Chaillu inlier occurred in two main periods (Fig. 12). Prior
2.92 Ga, melting at depths of 30-45 km generated low to medium
pressure TTGs. Mantle upwelling, or the overturn of an upwelling zone is
considered as the driving force behind the anatexis of lower to middle
mafic crust. After 2.91 Ga, the emplacement of large volumes of TTG,
sanukitoid, and potassic granite documents the interaction of mantle
peridotite with felsic melts and/or paragneiss. Tectonic imbrication
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Fig. 12. Geodynamic model (modified from Laurent et al., 2019). stage 1:
Between 3.00 and 2.91 Ga, the melting at shallow to deep depths induce the
formation of low to high pressure TTGs. These repeated melting are certainly
related to a mantle upwelling, an overturn upwelling zone. Stage 2: around
2.91 Ga, horizontal motion may induce convergent margins characterized by
terrane accretion, tectonic imbrication or ‘subcretion’ of unsubductable oceanic
lithosphere, this passive tectonic imbrication (subcretion) of proto-cratons
could be due to the pressure created by mantle convection currents on their
lithospheric keels. Stage 3: finally, this subcretion ends with the generation in a
short time, between 2.89 and 2.83 Ga, of large volumes of diversified magmas
(TTG, sanukitoid, and potassic granite) indicate interactions of peridotitic
mantle with felsic melts and/or sediments, and fusion of crustal material.
(Bédard et al., 2013).

(subcretion) of proto-cratons could be caused by mantle convection
along their lithospheric keels (Bédard et al., 2013).

7. Conclusions

New geological mapping data of this study define four suites of
Mesoarchean plutonic rocks: (i) tonalitic to trondhjemitic grey gneisses
(TTG); (ii) mesocratic to melanocratic gneisses (sanukitoids s.l.); (iii)
potassic granites; and (iv) pink-grey hybrid granitoids. The TTGs have
been subdivided in low, medium, and high La/Yb rocks implying their
origin from varying mantle depth. The mesocratic and melanocratic
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gneisses are subdivided into sanukitoids and hybrid granitoids with
sanukitoid affinity. Both groups are alkali-calcic to calc-alkaline, but
they can be distinguished on their FeO'/MgO ratios, Al,03, K20, and
some trace elements (Sr, Ba, Rb). The potassic granites are generated by
partial melting of older felsic crust, essentially TTGs. The pink-grey
granitoids are hybrid granitoids generated by the interaction between
the magmas of TTGs and potassic granites.

These Mesoarchean plutonic suites record a temporal evolution with
a tectono-magmatic two-stage model: i) a first stage (3.00-2.89 Ga) with
TTG magmatism related to crustal delamination; and ii) a second stage
with coexisting TTGs, sanukitoids, and biotite granites generated in a
convergent setting with tectonic imbrication (or subcretion?), meta-
somatism of peridotitic mantle and anatexis of lithosphere. Similar
evolution has been observed on other Archean cratonic domains
worldwide, between 3.0 and 2.5 Ga.
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