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16 Abstract: Geochemical and isotopic data from the Paleoproterozoic greenstone belt of Mako (Eastern Senegal) provide
17 evidence for the existence of two tholeiitic and one calc-alkaline series. Tholeiitic series are composed of ultramafic and
18 mafic rocks. Tholeiites 1 are characterized by flat Light Rare Earth Elements (LREE) and Middle Rare Earth Elements
19  (MREE) patterns and by initial isotopic compositions of 8’Sr/%Sr (2.1 Ga) from 0.70083 to 0.70368 and eNd (2.1 Ga)
20  from +1.55 to +5.90 (except sample 1L49). Tholeiites 2 are characterized by a more enriched LREE and MREE pattern,
21 and by initial isotopic compositions 87Sr/%6Sr (2.1 Ga) from 0.7009 to 0.70263 and €Nd (2.1 Ga) from +2.14 to +7.35. In
22 addition tholeiites 2 show a slightly negative Nb anomaly, while the tholeiites 1 have no Nb anomaly. Calc-alkaline rocks
23 are characterized by more enriched LREE and MREE patterns and more depleted Heavy Rare Earth Elements (HREE),
24 indicating more pronounced general LREE/HREE fractionation; they have a more pronounced negative Nb and Ti
25  anomalies and initial isotopic signatures of 8Sr/%Sr (2.1 Ga) from 0.7009 to 0.70618 and eNd (2.1 Ga) from +3.12 to
26 +6.40. Comparison of geochemical and isotopic data of the three magmatic series with those of other Paleoproterozoic
27 domains of the West African Craton and juvenile volcanic rocks leads us to propose an evolutive model for the Mako
28 series comprising an initial emplacement of an oceanic plateau, in which the first tholeiitic series was generated, followed
29 by a subduction process that triggers the contamination of the mantle plume source and the generation of the second
30 tholeiitic series at the earliest stages of the arc built; and ending with the maturation of an island arc and the calc-alkaline
31  series emplacement, which has a chemical signature indicating that the source region was likely a metasomatized mantle
32 probably mixed with some plume mantle source.

33 Keywords: Paleoproterozoic; West African Craton; Geochemistry; Sr/Nd isotopes; Oceanic plateau; Island arc.

34 1 Introduction

35 The greenstone belts, a volcanic-dominated submarine supracrustal assemblage found in all the Archean and

36 Paleoproterozoic cratons, are characterized by two types of volcanic suites: 1) a komatiite-tholeiitic basaltic suite, and 2)
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37  atholeiitic to calc-alkaline basalt-felsic bimodal suite, which can be associated with granitoid rocks (Condie, 1994). The
38  difference in their geochemical affinities implies that these suites have different sources for the primary magma and are
39  associated with different tectonic settings. A consensus has been reached for the petrogenetic model for the calc-alkaline
40 series, which are interpreted to be formed in an arc context, associated with a subduction tectonic setting (e.g., Feybesse
41 and Milési, 1994; Ama-Salah et al. 1996; Polat and Kerrich, 2002; Hollings and Kerrich, 2004; Grenholm et al., 2019;
42 Hayman et al., 2023). On the other hand, the context of formation and evolution of the tholeiitic series is still under
43 discussion and several geodynamic settings are still proposed. According to Furnes et al. (2015), the Precambrian tholeiitic
44 series (basalts, gabbros and ultramafic rocks) can be grouped into two major series: i) subduction-related ophiolites
45 (representing up to 85 % of the greenstone sequences in the world), which are generated in back arc to forearc tectonic
46  environments, and ii) subduction-unrelated greenstone sequences, which have different origins, including tectonic settings
47  from the oceanic basin evolution, through continental rifting, seafloor spreading, to plume magmatism. The great variety
48  of geodynamic contexts considered for the interpretation of the series must be due to the coexistence of series formed in
49 different geodynamic contexts and associated by collages (e.g., the Archean greenstone belt from Greenland, Polat et al.,
50  1998). Similar petrogenetic models can be drawn for the Paleoproterozoic formations of the WAC, where two generations
51  of volcanism, tholeiitic and calc-alkaline have been described (Abouchami et al., 1990; Boher et al., 1992; Sylvester et
52 Attoh, 1992; Ama Salah et al., 1996; Baratoux et al., 2011 and references therein). The tholeiitic series are essentially
53  composed of basalts and gabbros and, in some area, of rare and small slices of ultramafic (UM) rocks (see references in
54 Labou et al., 2020). Ultramafic rocks are interpreted as cumulates of the tholeiitic series (Ouedraogo, 1985; Dia, 1988;
55 Ngom, 1995; Ngom et al., 1998, 2010; Pouclet et al., 2006; Sangaré, 2008; Cissokho, 2010; Dabo et al., 2017; Labou et
56 al., 2020), or genetically related to the calc-alkaline series (Béziat et al., 2000) or as the testimony of an ophiolitic supra-
57 subduction environment (Attoh et al., 2006; Dabo et al., 2017; Dampare et al., 2019).

58 For the crustal growth of the tholeiitic series in the WAC, several models have been proposed: i) an intracontinental rift
59 setting (Ratomaharo et al., 1988 in Burkina Faso; Alric, 1990 in Ivory Coast; Leube et al., 1990 in Ghana); ii) an oceanic
60  plateau environment (Abouchami et al., 1990; Boher et al, 1992, Lompo, 2009 for the whole WAC; Pouclet et al., 1996,
61 2006, in Ivory Coast; Cissokho, 2010; Ngom et al., 2010 in Senegal; Agra et al., 2023 in Ghana); iii) a mid-ocean rift
62 (MORB) (Zonou, 1987 in Burkina Faso; Ngom, 1995; Ngom et al., 2007; Theveniaut et al., 2010 in Senegal); iv) an intra-
63 oceanic volcanic arc (Ama Salah et al., 1996 in Niger; Dia, 1988; Dia et al., 1997; Diallo, 2001; Pawlig et al., 2006 in
64 Senegal; Béziat et al, 2000 in Burkina Faso; Sangaré, 2008 in Mali; Baratoux et al., 2011 in Burkina Faso) or v) in a back-
65 arc context (Sylvester and Attoh, 1992; Attoh et al., 2006; Dampare et al., 2008, 2009 in Ghana). In addition, Attoh et al.
66 (2006) and Dampare et al. (2019) in Ashanti, Ghana and Bassot (1966) and Dabo et al. (2017) in Mako, Senegal, have

67 proposed an ophiolitic supra-subduction zone as tectonic setting for the volcanic rock formation.

68  The aim of this study is to revisit the tectonomagmatic evolution for a typical Paleoproterozoic greenstone belt in the
69 WAC, taking as the study-case the Mako greenstone belt, located in eastern Senegal. We present new petrographic,
70 mineralogical, and geochemical data, for the ultramafic and mafic suites of the Mako belt including whole-rock and “in-
71 situ” mineral analyses, including major, trace elements and isotopic determinations from whole-rock analysis. The data

72 are discussed: 1) to define the geochemical characteristics of the different volcanic suites recognized in the belt; 2) to
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73 evaluate the tectonic setting and mantle source for these rocks; 3) to discuss an evolutive model for the Mako greenstone
74 beltin relation to those proposed for other Paleoproterozoic greenstone belts in the WAC.

75 2 Geological setting

76 2.1 West African Craton

77 The West African Craton (WAC) comprises mainly three separated domains (Bessoles, 1977) (Fig. 1): (i) the northern
78 Reguibat Shield constituted by Archean (3.0 - 2.7 Ga) and Palaeoproterozoic series (2.3 - 1.9 Ga); (ii) the southern Leo-
79 Man Shield consisting of the Archean formations of the Kenema-Man domain and the Paleoproterozoic formations of the
80 Baoule-Mossi domain; (iii) the Kedougou and Kayes inliers only represented by Paleoproterozoic terrains. The
81 Paleoproterozoic formations named Birimian (Kitson, 1928; Junner, 1954) correspond to narrow linear to arcuate volcanic
82  greenstone belts and wider sedimentary units, which accreted around 2.0 Ga (Bonhomme, 1962) during the Eburnean
83 orogeny. This orogeny is characterized by the emplacement of huge volumes of granitoids (Doumbia et al., 1998; Gasquet
84  etal,2003; Diohetal., 2006; de Kock et al., 2011; Parra-Avila et al., 2017). The Birimian greenstone belts are constituted
85 by two major series (Abouchami et al., 1990; Boher et al., 1992; Sylvester and Attoh, 1992): (i) a tholeiitic series
86 comprising basalts, gabbros and rare UM bodies (dunites, harzburgites, Iherzolites, wehrlites; Bassot, 1966; Dia, 1988;
87 Ngom, 1995; Ngom et al., 1998; Loh et al., 1999; Béziat et al., 2000; Castaing et al., 2003; Attoh et al., 2006; Pouclet et
88 al., 2006; Sangaré, 2008; Cissokho, 2010; Ngom et al., 2010; Dabo et al., 2017; Dampare et al., 2019; Labou et al., 2020);
89 (ii) a calc-alkaline series comprising an ultramafic to differenciated suite (dunites, wehrlites, gabbros, basalts, andesites,
90  dacites, rhyolites; Béziat et al., 2000; Labou et al., 2020) cross-cutting the tholeitic formations and the metasedimentary
91 formations. Greenstone belts and sedimentary basins were subjected to a widespread greenschist-facies metamorphism
92 (Bessoles, 1977) although high pressure-low temperature (HP-LT) metamorphism has been also reported (Debat et al.,
93 2003; Pitra et al., 2010; Ganne et al., 2012, 2014; Block et al., 2015, 2016; Koffi et al., 2023).
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95 Figure 1: Geological map of the WAC (modified from Milesi et al., 2004 and Thieblemont et al., 2016) showing the sector

96 where greenstone belts have been studied. Zone 1: Liptako belt in Niger (Abouchami et al., 1990; Ama Salah et al., 1996); Zone

97 2: Boromo and Hounde belts in Burkina Faso (Zonou, 1987; Abouchami et al., 1990; Béziat et al., 2000; Baratoux et al., 2011);

98 Zone 3: Dixcove and Ashanti belts in Ghana (Leube et al., 1990; Sylvester et Attoh, 1992; Attoh et al., 2006; Dampare et al.,

99 2008, 2009, 2019); Zone 4: Katiola-Marabadiassa and Haute Comoe belts in Ivory Coast (Abouchami et al., 1990; Alric, 1990;
100 Pouclet et al., 1996, 2006); Zone 5: Kadiolo belt in Mali (Sangaré, 2008); and Zone 6: Mako belt in Eastern Senegal (Bassot,
101 1966; Dia, 1988; Abouchami et al., 1990; Dioh, 1995; Ngom, 1995; Dia et al., 1997; Ngom et al., 1998; Diallo, 2001; Pawlig et
102 al., 2006; Ngom et al., 2007, 2010; Labou, 2019; Labou et al., 2020).

103 2.2 Kedougou-Kenieba Inlier

104  The Paleoproterozoic Kedougou-Kenieba Inlier (KKI) located on either side of the Faleme River (Senegal Mali border)
105 is bounded on its western part by the Variscan Mauritanides and unconformably overlain by flat-lying Neoproterozoic
106 sediments of the Taoudeni basin (Bassot, 1966; Bessoles, 1977) (Fig. 2). Birimian formations of the KKI are divided into
107  two groups trending NNE-SSW: the western Mako greenstone belt and the eastern Diale-Dalema group (Bassot, 1966).

108  The western greenstone belt of Mako which has been the subject of numerous studies (see references in Pawlig et al.,
109  2006; Gueye et al., 2007; Theveniaut et al., 2010; Labou et al., 2020) is constituted by the classical sequence of
110  Paleoproterozoic greenstone belts with: i) a tholeiitic series displaying massive and pillowed basalts, gabbro bodies and
111 slices of UM rocks; basalts are interlayered with volcanoclastic sediments, immature detrital sediments and locally
112 limestones (Bassot, 1966; Debat et al, 1984; Ngom, 1985; Diallo, 1994); ii) a differentiated calc-alkaline series comprising

4
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113 bodies and veins of gabbros, basalts, andesites, dacites, rhyolites cross-cutting the tholeiitic rocks and the plutons of
114  granitoids, the amphibole-bearing granitoid of Badon-Kakadian, Tinkoto, Mamakono and Soukouta, the clinopyroxene
115  and orthopyroxene granitoids of Sansankhoto and the biotite-bearing granite of Kenieba (Bassot, 1966; Debat et al., 1984;
116 Dioh et al., 2006; Gueye et al., 2008).

117 The Diale-Dalema series has been recently subdivided into three entities (Lawrence et al., 2013; Lambert-Smith et al.,
118  2016; Masurel et al., 2017): i) the western Diale-Dalema series consisting of volcanoclastic, siliciclastic and carbonate
119 rocks intruded by the Saraya biotite-bearing batholith (Bassot, 1966); ii) the Faleme Volcanic Belt cropping out to the
120  east of the Diale-Dalema series consisting of volcanic calc-alkaline sequence intruded by the Balangouma and Boboti
121 clinopyroxene granitoids (Ndiaye et al., 1997); iii) the Kofi series consisting of detrital sedimentary and carbonate rocks
122 intruded by the Gamaye pluton. The Faleme volcanic belt and the Kofi series are separated by a NS trending regional
123 sinistral brittle-ductile shear zone: the Senegal-Mali shear zone (SMSZ; Bassot and Dommanget, 1986; Lambert-Smith
124 et al., 2016; Allibone et al., 2020; Diallo et al., 2020).

125 The boundary between the Mako greenstone belt and the Diale-Dalema series corresponds to a regional shear zone system,
126 20-30 km wide striking NNE-SSW called the “Main Transcurrent Zone” by Ledru et al. (1989, 1991) and followed by
127 Pawlig et al. (2006), Gueye et al. (2007, 2008), Theveniaut et al. (2010), Lambert-Smith et al. (2016) and Dabo et al.
128 (2017) and conjugate shear-zones, which are oriented NNW-SSE (Theveniaut et al., 2010). During the Eburnean orogeny
129  the KKI has encompassed polycyclic deformation phases (Debat et al., 1984; Bassot et Dommanget, 1986; Ledru et al.,
130 1989; Milesi et al., 1989; Ledru et al., 1991; Pons et al., 1992; Ngom, 1995; Diene et al., 2015; Lambert-Smith et al.,
131 2016; Dabo et al., 2017; Diatta et al., 2017; Masurel et al., 2017; Allibone et al., 2020; Diallo et al., 2020; Kone et al.,
132 2020), widespread low grade metamorphism, except in the surrounding of the granitic plutons where metamorphism
133 reached amphibolite facies conditions (Bassot, 1966; Ngom, 1985; Ndiaye et al., 1997; Gueye et al., 2008; Ganne et al.,
134 2014; Masurel et al., 2017; Kone et al., 2020), and intrusions of granitoid plutons (Bassot, 1966; Dioh et al., 2006; Gueye
135  etal, 2008).
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137 Figure 2: Geological map of the Kedougou-Kenieba Inlier (modified from Dioh et al., 2006).
138 2.3 The Mako greenstone belt
139  The characteristics of the Mako greenstone belt have been mainly studied in the SW part of the Mako sector (Fig. 3). This
140  area belonging to the «Main Transcurrent Zone» (MTZ2), is the only site where tholeiitic rocks, spatially associated with
141 ultramafic rocks, and calc-alkaline rocks have been recognized. Along the MTZ, the volcanic series are steeply dipping
142 and strongly deformed with development of a schistosity defined by the greenschist facies paragenesis (especially
143 tremolite in the mafic rocks and white micas in the felsic rocks and metasediments). At the boundaries of the slices of
144 UM occurrences, the schistosity becomes mylonitic.
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145 The tholeiitic series consists of a thick sequence of locally pillowed basalts interlayered with immature detrital sediments
146  and volcanic sediments, gabbro and UM rocks. Recent studies of the UM rocks based on chemical and isotopic data
147 (Labou et al., 2020) have revealed the existence of two different tholeiitic series, named tholeiitic series 1 consisting of a
148  set of Iherzolites and harzburgites and tholeiitic series 2 consisting of wehrlites (Fig. 3). The calc-alkaline series is
149  composed by: i) a differentiated sequence of gabbro, basalt, andesite, dacite, rhyolite occurring as dikes cross-cutting the
150 tholeiitic rocks; ii) amphibole-bearing granitoids (southwestern part of the Badon-Kakadian batholith, Tinkoto, Makana,
151 Niemenike, Soukouta rounded plutons). Niemenike and Soukouta plutons are surrounded by a microgranitic aureole
152 (Bassot, 1966; Debat et al., 1984; Dioh et al., 2006).
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154 Figure 3: (a) Interpretative geological map of the Mako village area (modified from Theveniaut et al., 2010). 1 represents the
155 western Mako UM massif, 2 and 3 the southeastern Mako UM massifs, 4 the Lame UM massif, 5 and 6 the Koulountou UM
156 massifs and 7 the Sofia UM massif; (b) Geological section (AB) between the villages of Mako and Lame showing the geometric
157 relationships between the different facies.
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158 3 Analytical techniques

159 45 samples including 11 basalts, 29 gabbros, 4 andesites and 1 dacite hand-specimens were selected in the Mako sector
160  for petrological and geochemical analyses on whole-rock samples. Additionally, minerals such as pyroxene and
161 amphibole were analyzed to determine their major element contents using a Cameca SX Five electron microprobe
162 (Raimond Castaing microcharacterization center in Toulouse; Toulouse Il - Paul Sabatier University) with an
163 acceleration voltage of 15 kV, currents of 10 or 20 nA depending on the resistance of the minerals to the electron beam
164  and acquisition times of 10 seconds on the peak and 5 seconds on either side of the peak for the continuous background.

165  The standards used for the measurement of concentration are natural or synthetic minerals as well as pure metals.

166  The whole-rock samples, were crushed and powdered in an agate mortar, and then the concentrations for major elements
167 were determined by X-ray fluorescence spectrometry (XRF) at the Central Analytical Facilities, Stellenbosch University
168 (South Africa) and ALS (Spain); while trace element analyses, rare earth elements (REE), high field strength elements
169 (HFSE: Th, U, Nb, Y, Zr, Hf) and Cr, Ni, V, Pb, Sn, Sh, W, Mo, Li, Cs, Rb, Ba and Sr were performed at the Geosciences
170 Environnement Toulouse (GET) laboratory (Observatoire Midi-Pyrénées (OMP), University Toulouse 111 Paul Sabatier
171 (France). Samples were dissolved in acid on a hot plate, in a class 10,000 clean lab following the protocol described by
172 Yokoyama et al. (1999) modified by Rospabé et al. (2018). Trace element concentrations of rocks were obtained by HR-
173 ICP-MS (high Resolution- Inductively Coupled Plasma- Mass Spectrometer) ELEMENT XR (Thermo Scientific TM).
174  Three geostandards (PMS, BCR-2, BHVO,) and two blanks (acid blank 2.5 % HNOs, chemistry blank) were used to

175  check data reliability, correct the measurements for instrumental drift, and recalculate concentrations.

176 Rb/Sr and Sm/Nd isotopic measurements were performed at the Geosciences Environnement Toulouse (GET) laboratory
177 in Toulouse, France, using a Finnigan "MAT 261" and Thermo Scientific Triton Plus TIMS at Observatoire Midi
178 Pyrénées, Toulouse. After purification of Srand Nd in the clean lab according to the protocol written by Pin et al. (1994),
179  these two elements were deposited on rhenium and tungsten filaments respectively using a micro-syringe. Isotopic
180  standards NBS 987 for Sr and La Jolla for Nd gave, during the measurements of this study, 0.710274 + 40 and 0.511842
181  + 20 respectively. Typical procedure blanks are 150 ng for Sr and 24 ng for Nd.

182 Main petrogeochemical characteristics (Table S1), major and trace concentrations (Table S2), Rb/Sr and Sm/Nd isotopic
183  data (Table S3) of the various rock types from Mako and the main geochemical characteristics of the various types of UM
184  rocks, gabbro and basalt from the WAC (Table S4) are provided in the Supplementary materials.

185 4 Petrography and geochemistry of minerals and whole rock analyses

186  An exhaustive sampling of rocks has been carried out from the two major recognized magmatic series, i.e., 1) an
187 ultramafic to mafic tholeiitic series, mainly composed of UM rocks, gabbro, and basalt, and 2) a mafic to differentiated
188 calc-alkaline series, composed of gabbro, basalt, andesite and dacite, which are located in the Mako sector within the
189 MTZ (Ledru et al., 1989, 1991). The rocks of these two series with their sample numbers are located on an outcrop map

190 (Fig. 4) and their GPS positions are listed in Table S2. A previous study (Labou et al., 2020) on the ultramafic rocks
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191 showed the existence of two tholeiitic series (named as tholeiitic 1 and tholeiitic 2; Table S1). Major and trace
192 concentrations of mafic to differentiated rocks are available in the Table S2.
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194 Figure 4: Outcrop map of the Mako area showing the location of the various rock types with sample numbers. The purple

195 circles represent the tholeiitic series and the yellow circles the calc-alkaline series.

196 4.1 Petrography and geochemistry of the tholeiitic 1 series

197  Tholeiitic basalts 1 are recognized in the field as pillow lavas (c.f., samples IL4, IL25, IL40, IL48 and IL59; Fig. 5a),
198  where pillows can reach up to 1.2 m in size. They show a microlitic and porphyric microlitic textures with a primary
199 paragenesis composed of clinopyroxene (augite Wozs.41, Ensz.s8, FS12-21; Morimoto et al., 1988) and plagioclase. The
200  secondary paragenesis comprises magnesio-hornblende (Si = 7.4 — 6.6 p.f.u.; Xumg = 0.8 — 0.6; Leake et al., 2003),
201  accompanied by fibers of actinolite and albite. The tholeiitic basalts 1 display contents of SiO; varying from 47.8 to 53
202 wt. %, Al,O3 from 11.4 to 15.8 wt. %, Fe,O3 from 11.8 to 18.1 wt. %, CaO from 5 to 11.3 wt. % (depending on the modal
203  abundance of the plagioclase), and Xwmg values varying from 0.3 to 0.6, depending on the alteration levels of the rock.
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204  Tholeiitic gabbros 1 are homogeneous (c.f., samples 1L22, 1L26, I1L27, IL30, IL37, 1L41, 1L43, 1L46, I1L47, IL9, IL52,
205 IL53, 1L54, IL62, IL66, IL67 and ILM9) and sometimes they are found as small bodies in tectonic contact with the
206  surrounding pillowed basalts (IL41; Fig. 5b) or as enclaves in the calc-alkaline basalts (IL53, 1L54), dacite (IL5) and
207 granodiorite (IL7). Tholeiitic gabbros 1 show different textures, such as isogranular, porphyroid and pegmatitic, among
208  others. The primary paragenesis consists of plagioclase, clinopyroxene with a composition from augite (W034.44, Enss.s4,
209 FSg.24) to diopside (Wo0as-48, Enss.a1, FS13.16), magnesio-hornblende (Si=7.5-7.4 p.f.u.; Xmg = 0.8 —0.7), chromite, apatite,
210 ilmenite. The well-developed secondary paragenesis comprises fibers of actinolite, albite, epidote, chlorite, titanite,
211 sericite, calcite, quartz and rutile. The tholeiitic gabbros 1 display contents of SiO, from 47 to 51 wt. % and Al,O3 from
212 7 to 18 wt. %. Xwmg values shows high variations (from 0.4 to 0.7) linked to the evolution of MgO contents from 4.4 to
213 13.3 wt. %. The high MgO (13 to 16 wt. %) and Cr,O3 (from 0.3 to 0.6 wt. %) contents and the relatively low Al,O3 (4
214 to 7 wt. %) and Na2O (0.1 to 1.3 wt. %) contents of some gabbros (IL66 and 126B) would be related to local accumulation

215  of olivine or chromite; however, fresh olivine has not be recognized in the petrographic characterization.

216  Plotting silica contents as a function of the immobile elements Zr and Ti (Winchester and Floyd, 1977), these mafic rocks
217 (basalts and gabbros) are classified as basalt and andesite (Fig. 6a) of tholeiitic affinity (Th/Nb vs. Zr/Y diagram; Ross
218  and Bédard, 2009). Tholeiitic basalts 1 (XREE = 175 — 1,058 ppm) are 9 to 89 times LREE enriched and 10 to 40 times
219 HREE enriched, compared to chondrite composition (Fig. 7a). LREE (Lan/Ndn = 0.9 — 1.1) and MREE (Smn/Gdn = 0.9
220  —1.1) patterns are flat and HREE pattern weakly depleted (Dyn/Lun = 1.3 - 1.7). Eu displays negative anomalies (Eu/Eu*
221 where Eu* = (Gd x Sm)¥2= 0.7 — 0.9) which are increasingly pronounced in the most REE-rich patterns except for the
222 sample IL59, which is the most REE-poor and the least affected by alteration (presence of unaltered clinopyroxene). On
223 an extended trace elements normalized diagram (Fig. 7b), tholeiitic basalts 1 show irregular pattern with a marked
224  negative Zr anomaly, and tholeiitic gabbros 1 (with ZREE values = 128 — 448 ppm) display moderately enriched in LREE,
225  from 8 to 34 times chondrites and depleted in HREE from 6 to 16 times chondrites. The tholeiitic gabbros 1 also display

226 a marked negative Zr anomaly and positive Pb and Sr anomalies (Fig. 7b).

227 Tholeiitic ultramafic rocks 1 occur as kilometric slices tectonically emplaced within the basalts, gabbros and
228 metasediments (slices 2 and 4 of Lame, slice 6 of Koulountou and slice 7 of Sofia; Fig. 3). Their characteristics have been
229 detailed in Labou et al. (2020). They principally consist of Iherzolite with minor harzburgite (Table S1). Lherzolites
230  present a heteradcumulate texture (Fig. 5¢). Cumulate minerals are ~ 3 % chromite and ~ 50 % olivine, whereas
231 intercumulus minerals are 35 — 40 % clinopyroxene, 10 % orthopyroxene, and 2 % amphibole. The Iherzolites display
232 SiO; contents varying from 38.7 to 44.6 wt. %. They are moderately depleted in REE (XREE = 35 — 113 ppm) with
233 convex patterns and negative Eu anomaly (Eu/Eu* = 0.8 — 1) (Fig. 7a). The harzburgite sample displays lower contents
234 of REE (EREE = 70), with a less convex REE pattern and no Eu anomaly.

235 As aresult, it appears that the different components of the tholeiitic series 1 (lherzolite, harzburgite, gabbro, basalt) show
236  several features indicating that these rocks belong to the same series, particularly, the similarity of their flat REE patterns

237  with continuous enrichment (2 to 89 times the chondrites in LREE) from UM to mafic rocks.
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238 4.2 Petrography and geochemistry of the tholeiitic 2 series

239  Tholeiitic basalts 2 occur as pillows (IL57) similarly to basalts 1, or sometimes massive lavas (IL13) with microlitic and
240  porphyritic microlitic textures. They display a primary paragenesis of albitized plagioclase, magnesio-hornblende (Si =
241 7.4 - 6.6 p.f.u; Xmg = 0.8 — 0.6) and altered clinopyroxene found as ghosts under actinolite lamellae. Basalts 2 display
242 SiO; contents from 47 to 50 wt. %, Al,O3 from 12.3 to 15.6 wt. %, and Fe;O3 ~ 13 wt. %. Xug values are ~ 0.5. One
243 sample (IL57) is highly altered with high content in SiO, (57.7 wt. %) and low content in MgO (1.7 wt. %).

244  Tholeiitic gabbros 2 are generally homogeneous in their mineralogic composition (samples 1L19, 1L20, IL33, 1L31, IL36,
245 IL11, IL16, IL50), and they are found sometimes layered (sample IL61 in NW to Segueko Peul village) or as a dyke
246 (1L49) intersecting the tholeiitic basalts 1 (1L48) (Fig. 59). The layered gabbro (IL61) shows an alternation of centimetric
247 layers, amphibole-rich black layers and plagioclase-rich clear layers punctuated by a few spots of dark minerals (Fig. 5d).
248 Tholeiitic gabbros 2 generally display isogranular, granophyric, pegmatitic textures but sometimes they show texture in
249 rosette where the prismatic clinopyroxene crystals (2 mm long and 0.4 mm wide) define a « bird’s feet » arrangement.
250  Tholeiitic gabbros 2 contain a primary paragenesis with plagioclase (Anss), augite (W034-39, Ensz.ss, FS15.22) and secondary
251 magnesio-hornblende (Xmg = 0.7 — 0.6). They display SiO> contents varying from 47 to 52 wt. %, Al.O3 from 6.1 to 18.4
252 wt. %, MgO from 6.1 to 18.4 wt. %, Fe,O3 from 9.1 to 16 wt. %, and Xwug values from 0.3 to 0.8. The variations in the
253  Al:Oscontents and Xwug data are related to the variations of the plagioclase and the clinopyroxene modal composition.

254 Like the mafic rocks of tholeiitic 1 series, basalts and gabbros from tholeiitic 2 series are classified as basalt and andesite
255  with a tholeiitic affinity (Figs. 6a, b). Tholeiitic basalts 2 (XREE = 298 — 1294 ppm) display REE patterns indicating a
256 slight and regular LREE enrichment (36 to 134 times chondrites), a slight HREE depletion (9 to 42 times chondrites), and
257 negative Eu anomalies (Eu/Eu* = 0.7 — 0.9) (Fig. 7c). On an extended trace element normalized diagram tholeiitic basalts
258 2 show negative Th, Nb, Pb, Sr, Zr and Ti anomalies (Fig. 7d). Tholeiitic gabbros 2 (XREE = 139 — 944 ppm) are 14 to
259 120 times chondrites LREE enriched with very steep spectra (Lan/Ybn = 2.1 — 3.6). These patterns illustrate a progressive
260  depletion of the whole of REE, LREE (Lan/Ndy = 1.2 — 1.5), MREE (Smn/Gdn = 1 — 1.2) and HREE (Dyn/Lun = 1.4 —
261 1.7). Europium anomalies are slight (Eu/Eu* = 0.8 — 0.9) (Fig. 7c). On an extended trace element normalized diagram
262 (Fig. 7d), tholeiitic gabbros 2 display negative Th, Nb, Zr and Ti anomalies and variable Pb, Sr anomalies. The strong
263 positive Sr anomalies occur in plagioclase-rich gabbros (1L11, IL16, 1L20 and 1L36) where Al,O3 contents are up to 12.4
264  to 14.2 wt. %, whereas negative Sr anomalies occur in clinopyroxene-rich and plagioclase-poor gabbros (IL31 and IL50)
265 with Al,Os3 contents ranging between 6.1 and 7 wt. %.

266  Tholeiitic ultramafic rocks 2 (see details in Labou et al., 2020 and main petrogeochemical characteristics summarized in
267 the Table S1) are classified as wehrlites occurring as two types of massifs: i) monolithic massifs cropping out to the west
268 of the villages of Mako (slice 1; samples 1L18, 1L32) and Koulountou (slice 5; sample 116); and ii) elliptical bodies in
269 tectonic contact with the Iherzolites cropping out at Lame (slice 3; samples ILL3, 77) (Fig. 3). Webhrlites present a
270 heteradcumulate texture with 3 — 4.5 % chromite, 64 — 73 % olivine, 22 — 26 % clinopyroxene, 3% amphibole and
271 phlogopite (1 %) (Fig. 5e). They display a variation of SiO; between 38.3 and 41.5 wt. % and high Xyg values (0.8) with
272 MgO contents up to 35 wt. %. Wehrlites have enriched REE and trace element contents (Y REE = 45 — 119 ppm). They

273  are homogeneously fractionated (Lan/Ybn = 2 — 2.5, Fig. 7c) and characterized by weak negative Eu anomalies (Eu/Eu*

11



https://doi.org/10.5194/egusphere-2025-814
Preprint. Discussion started: 11 April 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

274 =0.9). In an extended normalized trace element diagram (Fig. 7d), wehrlites show Nb, Sr and in lesser extent negative
275 Ti anomalies.

276  Asaresult, the components of the tholeiitic series 2 (wehrlite, gabbro, basalt) show several characteristics, i.e., parallelism
277  of the slight enriched-LREE patterns with a continuous LREE enrichment from the wehrlites to the gabbros and basalts,
278 (4 to 134 times the chondrites in LREE, Fig. 7c), and the same slight negative Th, Nb, Zr and Ti anomalies, indicating
279 that these rocks belong to the same specific magmatic series.

280 4.3 Petrography and geochemistry of the calc-alkaline series

281 Calc-alkaline rocks (except for granitoids) occur mainly in the Diale-Dalema basin (Bassot, 1987; Ndiaye et al., 1997,
282 Lawrence et al., 2013a, b; Lambert-Smith et al., 2016), and also crop out in the Mako area (Dia, 1988; Diallo, 1994; Dioh,
283 1995; Ngom, 1995; Moussolo, 2000; Pawlig et al., 2006; Dioh et al., 2009; Cissokho, 2010; Gozo et al., 2015; Gozo,
284  2017; Labou, 2019). They correspond to small bodies and veins of a differentiated series: gabbro, basalt, andesite, dacite,
285  and rhyolite that crosscut the tholeiitic formations (Fig. 6a). These rocks display a transitional to calc-alkaline signature
286  (Zr/Y vs. Th/Yb diagram; Fig. 6b).

287  Gabbros have a granoblastic texture (IL64 and IL68), more rarely pegmatitic (IL69 and IL125), and are composed of
288 plagioclase and clinopyroxene (augite, W03s.45, Enzg.50, FSs.29), and minor occurrences of amphibole and Fe-Ti oxides.
289 They have SiO,, TiO; and Al,O3 values ranging from 51.7 to 55.9 wt. %, 0.8 to 0.9 % wt. % and 14.8 to 15.1 wt. %,
290  respectively. They are REE enriched (XREE = 326 — 399 ppm), with concentrations from 51 to 69 times chondrites for
291 LREE (Lan/Smy = 2.4 — 2.7) and highly depleted from 7 to 1 times chondrites for HREE (Gdn/Ybn = 1.7 — 1.9). This
292 results in a strongly negative slope of the REE patterns (Lan/Ybn = 5.5 — 5.7) (Fig. 7e). Eu anomaly is weakly negative
293 (Eu/Eu* = 0.8 — 0.9). In an extended normalized trace element diagram (Fig. 7f), gabbros show negative Nb and Ti
294  anomalies.

295 Basalts have the same mineralogy as gabbros but are microlitic in texture (IL23). They nearly display the same major
296 elements composition except for SiO contents which reach 54.9 to 55.8 wt. %. These high SiO. contents are linked to
297  the occurrences of amygdale textures filled with quartz and albite (IL17). The basalts REE patterns are steeply sloping
298 (Lan/Ybn = 5.7 — 8.2) with a LREE enrichment (Lan/Smy = 2.4 — 2.9) from 70 to 109 times chondrites and a clear
299 depletion in HREE (Gdn/Yby = 1.8 — 2.1) from 10 to 11 times chondrites. They display weak negative Eu anomalies
300  (Eu/Eu*=0.8-0.9) and strong negative Nb, Sr and Ti anomalies (Figs. 7e, f).

301  Andesites display two types of texture and mineralogical composition: i) andesite showing a microlitic porphyry texture
302 with either plagioclase (1L34; Fig. 5f) or clinopyroxene phenocrysts (augite Wo033.41, ENaz-s3, FS1021) (ILN7); ii) andesite
303 with a microlitic texture (IL42) rich in magmatic amphibole (pargasite, tschermakite and magnesio-hornblende (Xwg =
304 0.9 _0.6). Andesites show SiO; values ranging from 49.7 to 58.2 wt. %, high CaO and Na;O contents ranging from 8.8 to
305 10.1 wt. % and 2.8 to 7.6 wt. %, respectively. These values are linked to secondary alterations: carbonatation (samples
306 1L42 and ILN7) and albitisation (sample IL 34). Andesites with ZREE = 544 — 703 ppm are LREE enriched (Lan/Smy =
307 2.2 —3.1) from 91 to 124 times chondrites and HREE depleted (Gdn/Ybn = 1.6 — 3) from 8 to 22 times chondrites. Eu
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308 anomalies are weakly negative (Eu/Eu* = 0.7 — 0.8) (Fig. 7e). On an extended trace element normalized diagrams,
309  andesites show negative Th, Nb, Pb, Srand Ti anomalies (Fig. 7).

310  Dacite sample (IL5) shows a porphyritic texture and is mainly composed of the Mg-hornblende type phenocrysts (Si =
311 6.9 -6.8 a.p.f.u; XMg = 0.7 — 0.6) and plagioclase phenocrysts exhibiting oscillatory zoning in a matrix of microlites of
312 amphibole, plagioclase, biotite, and quartz. The dacite with relatively low SiO; (62 wt. %) and Al,O3 (15 wt. %) contents
313 is, compared to the chondrites, 101 times enriched in LREE (Lan/Smy = 3.5), and 6 times depleted in HREE (Gdn/Ybn =
314 2.5). This results in a highly tilted pattern (Lan/Ybn = 14) with a weak negative Eu anomaly (Eu/Eu* = 0.8) (Fig. 7e). In
315  the extended pattern, the dacite shows enrichment in LILE, negative anomalies in Th, Nb, Ti and positive anomalies in
316 Pb and Sr (Fig. 7f). In summary, the rocks of the calc-alkaline series show common features of a high aluminous character,
317  such as depletion in Cr,0s, REE fractionation and negative Nb and Ti anomalies, suggesting that they belong to the same

318 specific magmatic series.
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Mylonitiz
tholeiitic ?a

319

320 Figure 5: (a) Badian tholeiitic basalt 1 (IL25) showing pillow lavas; (b) tectonic contact between tholeiitic pillow basalt 1 (1L40)
321 and tholeiitic gabbro 1 (IL41) in the Niemenike quarry; (c) photomicrograph in XPL of the granular lherzolite 1 of Koulountou
322 (IL9) showing poikilitic orthopyroxene (Opx) hosting small crystals of olivine (Ol) and clinopyroxene (Cpx); (d) tholeiitic
323 gabbro 2 layer of Segueko Peul (IL61) showing alternating light and dark layers; (e) photomicrograph in XPL of the wehrlite
324 2 of west Mako (1L32) showing intercumulus clinopyroxene (Cpx) and cumulus olivine completely altered in serpentine (SOL),
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calcite and Fe-oxides; (f) porphyritic calc-alkaline andesite of west of Mako village showing phenocrystals of plagioclase (1L34);
(9) a REE-enriched tholeiitic gabbro 2 dyke (1L49) intersecting a mylonitized REE-flat tholeiitic basalt 1 (I1L48) in Segueko

Peul; (h) Vein of calc-alkaline basalt (I1L23) cross-cutting pillowed tholeiitic basalt 1, Lame area.
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333 Figure 7: REE diagram normalized to NWA974 chondrites (Barrat et al., 2014) and multi-elements diagram normalized to the
334 Primitive Mantle (Sun and McDonough, 1989) for tholeiitic series 1 (a and b), tholeiitic series 2 (c and d) and calc-alkaline
335 series (e and f). For symbol abbreviations, see Fig. 6.
336 4.4 Ndand Sr isotopic signatures
337  Srand Nd isotopic measurements were performed on 28 samples from tholeiitic 1 series, 13 from tholeiitic 2 series and
338 8 from calc-alkaline series (Table S3). In addition, 14 ultramafic rock samples have already been studied in detail in
339 Labou et al. (2020).
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340 It is worth noting that the Rb/Sr and Sm/Nd data, reported in isochron diagram, are aligned along an isochron calculated
341  atabout 2.1 Ga (Fig. 8). The data presents some heterogeneities for the Rb/Sr and Sm/Nd systems, which may be due to
342  the greenschist metamorphism. Nevertheless, in absence of reliable geochronological dating on these rocks, the initial
343 875r/8Sr, “3Nd/“Nd, and eNd ratios were calculated for an age of 2.1 Ga considered to be the age of formation or
344  accretion of the Paleoproterozoic crust during the Eburnean orogeny (Abouchami et al., 1990; Boher et al., 1992; Dia et
345 al., 1997; Pawlig et al., 2006; Ngom et al., 2010; Labou et al., 2020). The tholeiitic series 1 samples (n = 19) are
346  characterized by initial 8’Sr/%¢Sr (2.1 Ga) from 0.70083 to 0.70368, and ***Nd/***Nd (2.1 Ga) from 0.50987 to 0.51019,
347  with eNd (2.1 Ga) between -1 to +5.3. The tholeiitic series 2 samples (n = 10) have initial 8Sr/%Sr (2.1 Ga) between
348  0.70139 and 0.70299, and *3Nd/***Nd (2.1 Ga) varying between 0.51002 and 0.51027, with ¢éNd (2.1 Ga) values from
349  +1.8and +6.9. Finally, the calc-alkaline series samples (n = 10) have initial 8’Sr/%Sr (2.1 Ga) ratios ranging from 0.69615
350  (certainly overcorrected) to 0.70655, those of *3Nd/**4Nd (2.1 Ga) ranging from 0.51002 to 0.51015, with eNd (2.1 Ga)

351  valuesranging from +2.1 to +4.5.

352  Asa main result, it is not possible to distinguish the three series in terms of isotopic compositions, both for Sr and Nd.
353 The error propagation of the age correction, due to the uncertainty and variability of the father/daughter ratios, avoid any
354  clear distinction between the source of those series. Unlike previous work in the Mako belt (Ngom, 1995; Pawlig et al.,
355 2006) and unlike several provinces in the WAC where contamination by an Archaean component has been suggested
356 (Boher et al., 1992 in Guinea; Kouamélan et al., 1997a, 2018 in Ivory Coast and Dampare et al., 2019 in Ghana), the
357  positive eNd values (2.1 Ga) measured in our samples support the absence or the negligible effect of continental crust

358 contamination.

359 As far as initial Sr isotopic compositions are concerned, although they are above the depleted mantle of 2 Ga ago, they
360 appear to be very poorly radiogenic. Such signatures have been described in papers by Boher et al. (1992) and Abouchami
361 etal. (1990), but little discussed. Indeed, the Rb/Sr system is more sensitive to the effects of alteration and metamorphism,
362  and therefore more easily disturbed. The statistical consistency of our results, however, indicates that a slightly

363 contaminated depleted mantle type source should be taken into consideration.
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367 4.5 Relative timing of emplacement of the magmatic series
368 Two tholeiitic and one calc-alkaline series have been identified in the Mako greenstone belt, mainly based on their trace
369  element compositions. The two tholeiitic series can be discriminated by the Lan/Ybn vs Lan/Smy ratios (Fig. 9a), and this
370 result is consistent with the outcrop descriptions, in which we have recognized the two series geometrically separated; in
371 Segueko Peul sector we have identified a dyke of REE-enriched tholeiitic gabbro (1L49) crosscutting a REE-flat tholeiitic
372 basalt layer (1L48) (Fig. 5g). Geochemical and field evidence allows us to establish a relative chronological order, with a
373 tholeiitic series 1 composed of basalt-andesites, gabbros and lherzolites (harzburgites), which is characterized by a flat
374 REE pattern, and a tholeiitic series 2 composed of basalt-andesites, gabbros and wehrlites, characterized by a slightly
375 REE enriched pattern. The calc-alkaline series, mainly composed of gabbro-basalt to felsic volcanic rocks, would be the
376 last to set in place as it occurs as veins or bodies intersecting the tholeiitic series (Fig. 5h). It is the most enriched series
377 with the most marked negative Nb and Ti anomalies and differs from the two tholeiitic series by its highest Lan/Ybn and
378 Lan/Smy ratios.
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380 Figure 9: Lan/Ybn vs Lan/Smn diagram to discriminate the different magmatic series. (a) comparison with magmatic rocks
381 from Mako greenstone belt (Dia, 1988; Abouchami et al., 1990; Dioh, 1995; Diallo, 2001; Pawlig et al., 2006; Ngom et al., 2007,
382 2010; Labou et al., 2020) and (b) comparison with magmatic rocks from WAC (Zonou, 1987; Vidal and Alric, 1994; Ama Salah
383 et al., 1996; Pouclet et al., 1996; Loh et al., 1999; Béziat et al., 2000; Attoh et al., 2006; Sangaré, 2008; Dampare et al., 2008,
384 2009; Baratoux et al., 2011; Senyah et al., 2015; Augustin and Gaboury, 2017; Sakyi et al., 2017; Dampare et al., 2019; Mériaud
385 et al., 2020; Agra et al., 2023; Hayman et al., 2023) and from different current geotectonic sites [Pacific MORB (Bach et al.,
386 1995; Castillo, 2000); OPB Paleoproterozoic, Guiana Shield, Venezuela, 120 Ga (Velasquez et al., 2011); New Hebrides arc
387 tholeiitic (Peate et al., 1997) and Mariana arc calc-alkaline (Bloomer et al., 1987, 1989; Lin et al., 1989; Elliott et al., 1997)].
388 Abbreviations: M = Mafic; UM = Ultramafic; Th = Tholeiitic; C-A = Calc-alkaline.

389 5 Discussion

390 5.1 Comparison with previous work in the Mako belt and throughout the entire WAC

391 The two tholeiitic series here characterized can be compared with previously studied mafic series in the Mako greenstone
392 belt and other greenstone belts of the WAC, by plotting a Lan/Ybn vs Lan/Smy diagram (Fig. 9b). Results from previous
393  works can be summarized (Table S4) as follows: in some areas of the Mako greenstone belt, only one type of tholeiites
394 has been recognized. For example, in the north of the Kedougou Kenieba Inlier (Konkoto complex; Fig. 2), gabbros and
395 basalt show low Lan/Ybn and Lan/Smy ratios like the tholeiitic 1 series (Dioh, 1995) while in the Laminia-Sandikounda
396 area (Fig. 2), basalt shows slightly higher ratios like those of the tholeiitic 2 series (Dia, 1988). In the central (Sabodala
397 area) and southern (Mako area) parts of the Mako belt, the tholeiitic series has been described as heterogeneous showing
398 depleted and fractionated REE spectra without distinguishing two separated suites (Abouchami et al., 1990; Ngom, 1995;
399 Diallo, 2001; Pawlig et al., 2006; Ngom et al., 2007, 2010). The komatiitic basalts recognized by Ngom (1995) in the
400  Sabodala area show Lan/Yby and Lan/Sm ratios like those of tholeiitic series 2. The UM series, only being recognized
401 in the Mako area, have also been considered as homogeneous and belonging to a single entity (Ngom, 1995; Ngom et al.,
402 1998; 2010; Cissokho, 2010; Dabo et al., 2017). However, Labou et al. (2020), using the geochemical data of the rocks
403 and clinopyroxenes, defined two tholeiitic UM complexes: i) the first one constituted by a lherzolite + harzburgite
404  assemblage linked to the tholeiitic series 1; and ii) the second one represented by wehrlite linked to the tholeiitic series 2.

405 Throughout the WAC, several authors have recognized two mafic tholeiitic series characterized by contrasted REE
406 patterns: Ama Salah et al. (1996) in the Liptako area (Niger), Pouclet et al. (1996) in the Haute Comoe area (Ivory Coast),
407 Dampare et al. (2008, 2009) in the Ashanti belt (Ghana), and Baratoux et al. (2011) in the Boromo and Hounde belts
408 (Burkina Faso). On the other hand, only one type of tholeiite, like our tholeiites 1 has been observed in the Haute Comoe
409  areain Ivory Coast by Vidal and Alric (1994) and Hayman et al. (2023), in Ghana by Loh et al. (1999) and Agra et al.
410 (2023), in the Kadiolo belt in Mali by Sangaré (2008), in the Yaoure belt in Ivory Coast by Mériaud et al. (2020), and in
411 Mana gold district in Burkina Faso by Augustin and Gaboury (2017). In the WAC, tholeiitic UM rocks were considered
412 asbelonging to a single magmatic entity, with examples in Ashanti (Ghana; Loh et al., 1999; Attoh et al., 2006; Dampare
413 et al., 2019), Katiola-Marabadiassa (lvory Coast; Pouclet et al., 2006), Bouroum Yalogo (Burkina Faso; Ouédraogo,
414 1985), and in Kadiolo (Mali; Sangare, 2008); while in the Mako greenstone belt, Labou et al. (2020) distinguished two

415 types of UM belonging to the two series. Finally, the compositional diversity of the Mako calc-alkaline series overlaps
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416  that of all the calc-alkaline rocks in the KKI (Diallo, 2001; Ngom et al., 2007) and the entire WAC (Ama Salah et al.,
417 1996 at Liptako, Niger; Béziat et al., 2000 at Loraboue, Burkina Faso; Dampare et al., 2008 at Ashanti, Ghana, Sangare,
418 2008 at Kadiolo, Mali, and Senyah et al., 2015 and Sakyi et al., 2017, Ghana).
419 The isotopic data was also used to compare with previous work carried out in Mako greenstone belt and throughout the
420  WAC. All data are reported in a eNd@1 ey vs a(Sm/Nd) factor (DePaolo and Wasserburg, 1976; DePaolo, 1988) (Fig.
421 10). This diagram shows that the samples of Mako greenstone belt, as well as all samples of Paleoproterozoic age from
422 the WAC (Abouchami et al., 1990; Alric, 1990; Boher et al., 1992; Ama Salah et al., 1996; Dia et al., 1997; Gasquet et
423  al., 2003; Pawlig et al., 2006; Dampare et al., 2009; Ngom et al., 2010; Dampare et al., 2019; Labou et al., 2020), plot
424 along a line named as the “Paleoproterozoic mantle correlation line” (Fig. 10), which can be distinguished from the
425 present-day mantle correlation line (defined, for example, by the East Pacific Rise (EPR), the Mariana and New Hebrides
426 arcs). The difference between the two mantle correlation lines is related to the isotopic evolution of the upper mantle,
427 which was less radiogenic during the Paleoproterozoic. Lastly, Figure 10 shows chemical composition from various
428 magmatic rocks in the entire WAC and the Guiana Shield Craton and highlights the differences of the three magmatic
429 series identified in the Mako greenstone belt.
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431 Figure 10: Diagram &Nd (t) vs a(Sm/Nd) showing the position at different locations of the three magmatic series on the
432 Paleoproterozoic mantle correlation line (Abouchami et al., 1990; Alric, 1990; Boher et al., 1992; Ama Salah et al., 1996;
433 Gasquet et al., 2003; Pawlig et al., 2006; Dampare et al., 2009; Ngom et al., 2010; Dampare et al., 2019; Labou et al., 2020) off
434 the current mantle correlation line on which align the rocks of the Pacific MORB (Cohen et al., 1980; Hofmann et al., 1983;
435 Byers et al., 1986; Macdougall et al., 1986; Hekinian et al., 1989; Natland, 1989; Prinzhofer et al., 1989; Ben othman et al.,
436 1990; Mahoney et al., 1993; Bach et al., 1995; Batiza et al., 1996; Nui et al., 1999; Regelous et al., 1999; Castillo et al., 2000),
437 New Hebrides arc (Peate et al., 1997) and Mariana arc (Meijer, 1976; Meijer et al., 1981; Hickey et al., 1982; Stern et al., 1984;
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438 White et al., 1984; Hawkins et al., 1985; Bloomer et al., 1987; Volpe et al., 1987; Woodhead, 1988; Bloomer et al., 1989; Lin et
439 al., 1989; Hawkins et al., 1990; Stern et al., 1990; Volpe et al., 1990; Hickey-Vargas, 1991; Stern et al., 1991; Alt et al., 1993;
440 Stolper et al., 1994; Gribble et al., 1996; Elliott et al., 1997; Pickett et al., 1997; Gribble et al., 1998; Hickey-Vargas, 1998; lkeda
441 etal., 1998; Newman et al., 2000). The composition of the Paleoproterozoic OPBs from the Guiana Shield, Venezuela (\VVelasquez
442 et al., 2011) has also been reported.

443 5.2 Tectonic setting and magmatic source

444  Three magmatic series have been discriminated in the Mako greenstone belt based on their REE (Figs. 7 and 9) and
445 isotopic signatures (Figs. 8 and 10). For the WAC greenstone belts, the tectonic setting is still a subject of research, and
446 several models have been proposed, including mid-ocean ridge, oceanic plateaux, or intra-oceanic arc setting (e.g.,
447 Grenholm et al., 2019 for an overview). To develop petrogenetic interpretations for Precambrian rocks, immobile
448  elements, such as HFSE and REE, are preferentially considered in the discrimination diagrams (Condie, 2003, 2005).
449 Indeed, Condie (2005) indicated that ratios using the HFSE and REE are the most relevant relationships for discussing
450  tectonic setting and mantle source composition, because these elements have similar incompatibilities in the mantle. In
451  the Lan/Smy vs Lan/Yby diagram (Fig. 9b), tholeiites from series 1 plot in the same field as the mid-ocean ridge basalt
452 (MORB) and oceanic plateau basalt (OPB), including both Paleoproterozoic series, e.g., Guiana Shield (\VVelasquez et al.,
453  2011); Burkina Faso (Zonou, 1987); Mako greenstone belt (Ngom et al., 2007; Pawlig et al., 2006); Ghana (Agra et al.,
454  2023) as well as Phanerozoic examples, e.g., Pacific oceanic rocks (Bach et al., 1995; Castillo, 2000). Regarding tholeiites
455  from series 2, they plot in a transitional field between OPB and arc related basalt (ARC) domains, which is a similar
456 behaviour to other Paleoproterozoic belts, e.g., Liptako in Niger (Ama Salah et al., 1996); Mako greenstone belt (Pawlig
457 et al., 2006); Boromo and Hounde in Burkina Faso (Baratoux et al., 2011) as well as the Phanerozoic examples, e.g., New
458 Hebrides in the Pacific Ocean (Peate et al., 1997). Finally, the calc-alkaline series are plotted in the same field as other
459 island-arc basalt (IAB), regardless of their age, e.g., in the WAC, Liptako in Niger (Ama Salah et al., 1996), Mako
460 greenstone belt (Diallo, 2001; Pawlig et al., 2006; Ngom et al., 2007), Loraboue in Burkina Faso (Béziat et al., 2000) as
461 well as Mariana Arc (Bloomer et al., 1987, 1989; Lin et al., 1989; Elliott et al., 1997) and the New Hebrides Arc (Peate
462 etal., 1997).

463 Regarding the tectonic setting discrimination, Tomlinson and Condie (2001) proposed that a negative Nb anomaly is the
464 most significant difference between the arc and oceanic plateau and/or mid-ocean ridge setting, being it only displayed
465 by the arc volcanic rocks. In our case, the calc-alkaline series show this clear anomaly, implying an arc setting for the
466  formation of these rocks. On the other hand, while tholeiitic rocks of the series 1 show no Nb anomaly, those from series
467 2 display a slight negative Nb anomaly. This implies that rocks of series 1 would have been emplaced in an OPB setting
468 or in a divergent domain like a MORB setting, whereas those of series 2 could be emplaced in a transitional environment
469 between MORB-OPB and an island arc setting. The Zr/Nb vs. Nb/Th, and Nb/Y vs. Zr/Y diagrams (Figs. 11a, b) proposed
470 by Condie (2005), are commonly used to distinguish between MORB and OPB tectonic settings in Paleoproterozoic
471  greenstone belts studies, such as Velasquez et al. (2011) in the Guiana Shield, as well as Agra et al. (2023) in the WAC.
472 Figure 11 shows that tholeiitic series of Mako greenstone belt do not plot in the MORB field, but in the OPB and OIB
473 domains (Fig. 11a). Additionally, both tholeiitic series are plotted above the AND line (Fig. 11b), indicating that their
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474 source can be associated with a mantle plume, and they were emplaced in an oceanic plateau setting. On the other hand,
475  the calc-alkaline series are plotted on both sides of the AND line (Fig. 11b).

476  To discuss the mantle source, Figure 10 shows a strong correlation between eNd (2.1 Ga) and a(Sm/Nd) values of the
477 present-day mantle correlation line, reflecting the higher or lower fertility of the upper mantle. This enrichment may be
478 either inherited from the deep mantle (hot-spot like) of from a subduction input (arc-related mantle wedge) A similar
479 correlation is found in both average eNd and a(Sm/Nd) values for the whole WAC magmatic rocks, and this correlation
480 suggests that: (i) the tholeiites from series 1 are characterized by a slightly juvenile signature extracted from a depleted
481 mantle (a(Sm/Nd) between 1.02 and 1.2 and positive éNd), similar to the values presented by the OPBs from the Guiana
482 Shield, Venezuela (Velasquez et al., 2011); ii) tholeiites from series 2 have lower a(Sm/Nd) (0.82 _ 1.01) and variable
483  ¢Nd values, suggesting that these rocks could have originated from an enriched mantle component, which is characteristic
484  for volcanic rocks emplaced in a transitional setting between OPB and ARC tectonic settings; iii) calc-alkaline series have
485 the lowest a(Sm/Nd) and more heterogeneous eNd values, indicating obviously that they can be derived from a more

486 enriched source and formed in an island arc.
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488 Figure 11: Plot of the ratios: (a) Zr/Nb vs. Nb/Th, and (b) Nb/Y vs. Zr/Y for the Mako greenstone belt. ARC: arc related basalts;
489 N-MORB: Normal mid-ocean ridge basalt; OIB: oceanic island basalt. Hypothetical mantle sources: DM = shallow depleted
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490 mantle; EN = enriched component; PM = primitive mantle; REC = recycling component; UC = upper continental crust; DEP
491 = depleted plume component; HIMU = high (U/Pb) source; EM1 and EM2 = enriched mantle sources (modified after Condie,
492 2003, 2005).

493 5.3 Evolutive model for the Mako greenstone belt

494  According to the trace element and isotopic data from the Mako greenstone belt, we have defined three magmatic series,
495 including two different tholeiitic and one calc-alkaline series. Field relationships allow us to establish a relative
496  chronological order from a first tholeiitic series, then a second tholeiitic series, and finally a calc-alkaline series. Their
497  variability in composition suggests that these magmatic rocks were emplaced in different tectonic settings, and associated

498 with different mantle sources (e.g., Fig. 11).

499 Considering a uniformitarian view for the Precambrian tectonic processes (e.g., Windley et al., 2021), the following
500 evolutive model for the Mako greenstone belt can be proposed: i) phase-A started by the opening of an oceanic basin
501 during the early Paleoproterozoic, which can be supported by some occurrences of MORB in the entire WAC, including
502 the Mako greenstone belt (e.g., Zonou, 1987; Ngom et al., 2007; Theveniaut et al., 2010); ii) phase-B with the
503 emplacement of a mantle plume in an intra-oceanic plate, triggering the formation on an oceanic plateau. The geochemical
504  characteristics displayed by the tholeiitic series 1 witness the preservation of at least a part of the plume (e.g., Sproule et
505 al., 2002; Condie 2003, 2005). A mantle plume emplacement has been previously proposed (Abouchami et al., 1990;
506 Boher et al., 1992; Pawlig et al., 2006; Ngom et al., 2010; Augustin and Gaboury, 2017) for some Paleoproterozoic
507  greenstone belts in WAC, including a recent study in Ghana (Agra et al., 2023), as well as in the Guiana Shield (\Velasquez
508 et. al., 2011; Borges et al., 2021); iii) phase-C with the initiation of an intra-oceanic subduction at or near to the mid-
509  ocean ridge axis (e.g., Barth et al., 2008) and close to the oceanic plateau. During the earliest stages of subduction, the
510 mantle plume could be still active and its interaction with the subduction-modified lithospheric magma and/or fluids
511  derived from the slab could have generated a tholeiitic magma with chemical signatures like those found in the tholeiitic
512 series 2, which differ from tholeiitic series 1 mainly for its slight negative Nb anomaly. Thus, tholeiitic rocks of series 2
513  could be also contributed to the building of the oceanic plateau; however, these rocks formed during the initial stages of
514 island arc formation and have a slab-contaminated mantle source; iv) phase-D during the evolution of subduction
515 processes and the maturation of the island arc, the calc-alkaline series were emplaced, as previously proposed in the WAC
516  (e.g., Ama Salah et al., 1996; Béziat et al., 2000; Diallo, 2001; Ngom et al., 2007; Dioh et al., 2009). The subsequent
517 maturation of the island arc may lead to the formation of more evolved calc-alkaline rocks and the emplacement of
518  granitoid rocks (Vidal et al., 1996; Dia et al., 1997; Gueye et al., 2007; Parra-Avila et al., 2016).

519  The proposed evolution would have continued with a more-evolved subduction stage, where an oceanic lithosphere
520  subducted beneath a continental plate, generating calc-alkaline magmatism, characteristic of a continental arc setting (e.g.,
521 Parra-Avilaetal., 2019 and the references therein). Finally, the accretion of diverse Paleoproterozoic oceanic components,
522 including MORB, OPB, and ARC, occurred against the Kenema-Man Archean domain during the Eburnean orogenesis
523 (Kouamelan et al., 1997; Pitra et al., 2010; Eglinger et al., 2017; Koffi et al., 2022, 2023). This accretion is associated
524 with the emplacement of a new generation of granitoid plutons (~ 2.20 — 2.16 Ga; Vidal et al., 1996; Dia et al., 1997;
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525  Gueye et al., 2007). In the Kedougou Kenieba Inlier, the shear zones found along the contacts between the originally
526  deep-seated UM rocks and more superficial sedimentary and volcanic series suggest tectonic emplacement of UM bodies.

527 Studies on Birimian magmatism in the WAC at a regional scale include the work of Feybesse and Milési (1994), who
528 examined the broader paleogeographic and geodynamic context, followed by more recent research by Grenholm et al.
529 (2019), which proposes an evolutionary model for the Eburnean orogen within the Baoulé-Mossi domain. These authors
530  conclude that the Eburnean orogen evolution would have occurred in a paleogeographic setting comparable to modern
531 orogenic systems, with presence of accretionary and collisional domains, composed by several arcs and adjacent marginal
532 basins (e.g., the region around Southeast Asia and the western Pacific; Grenholm et al., 2019). For the Eburnean orogen,
533 itis interpreted as having gradually evolved into a continental environment due to a series of complex collisions between

534 continental arcs and blocks.

535 We agree with the general idea that the construction of the Eburnean orogen took place mainly in a context of island arc
536  followed by collision; however, our study deals with the stage prior to the "island arc" system, i.e., an oceanic plateau
537 emplacement. Even if previous work (e.g. Abouchami et al., 1990; Lompo, 2009; Ngom et al., 2010; Augustin and
538 Gaboury, 2017; Hayman et al., 2023) have considered that the contribution of oceanic plateau cannot be excluded for the
539 Birimian crust growth, these have not been included in crustal growth models, except for a recent contribution from Ghana
540  (Agra et al., 2023). In the Mako greenstone belt, we have shown that the tholeiitic rocks have isotopic signatures that
541 reveal no continental influence in their formation. Finally, we consider that the oceanic plateau recognized in the Mako
542  greenstone belt could also have contributed to Birimian crustal growth, during its accretion to the continental crust by

543 some collisional episodes.

544 6 Conclusion

545 The geochemical and isotopic data of the Paleoproterozoic mafic and UM series of the Mako greenstone belt has revealed
546  new evidence on the nature of the constituent formations and has led us to revisit the tectonic and geodynamic evolution
547  of the belt. Based on geochemical (mainly REE and HFSE) and isotopic data, it has been possible: i) to recognize the two
548 tholeiitic series (1 and 2) and one calc-alkaline series. The former consists of cumulative ultramafic rocks, basalts and
549  gabbros, displaying juvenile signatures with positive éNd values (2.1 Ga); ii) to evidence that these series have been
550  generated from different mantle sources into diverse geodynamic environments. Initially, an oceanic plateau emplaced in
551 an intra-oceanic plate, triggered the formation of tholeiites 1 from a mantle plume source. Then, the same mantle plume
552 became contaminated by subduction-modified lithospheric magmas and/or fluids derived from the slab, will be involved
553 in the formation of the tholeiites 2 at the earliest stages of the arc built. This evolution will end with the maturation of the
554 island arc, where the calc-alkaline series was emplaced; iii) to highlight, by comparison with data from other places of
555 the WAC, the heterogeneity of the Birimian crust on a regional scale, leading to the coexistence within the West African
556 Craton of series formed in different geodynamic contexts and finally geographically related by tectonic accretion process
557 (Polat et al., 1998; Grenholm et al., 2019).
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