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25 Abstract 

 

26 Sedimentological evidence and detrital zircon provenance analysis show that the Amazonian 

27 Craton, Brazil, was subjected to large-scale subaerial erosion by ca. 2.7 Ga. To assess 

28 weathering conditions attending the emergence of the Amazonian Craton, we used the 

29 chemical composition of terrigenous sediments deposited in the Carajás Basin, southeast 

30 Amazonian Craton, between ca. 2.7 and 2.6 Ga. Results from 41 samples collected in two drill 

31 cores along 150 and 250 m-thick intervals show that emerged lands have been affected by 

32 strong chemical weathering conditions, similar in intensity to those occurring in the present- 

33 day inter-tropical belt. These intense chemical weathering conditions were likely due to the 

34 conjunction of warm temperatures (potentially as high as 22 ± 3°C), abundant precipitations 

35 (mean annual precipitations estimated at 1540 ± 150 mm) and high atmospheric CO2 content 

36 (pCO2 ≥ 10 times the present atmospheric level) that enhanced the chemical alteration of 

37 labile minerals. These intense weathering conditions contrast with those inferred in other 

38 cratons, which suggests that regionally contrasted climates existed during the Neoarchean. 

39 

40 Supplementary material: analytical results for whole-rock geochemistry (Appendix A), 

41 mineralogical analyses (Appendix B), and data compilation for Fig. 7. (Appendix C) are 

42 available at 

43 
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44 The recognition of Archean paleosols, raindrop imprints, fluviatile and lacustrine deposits, 

45 attests for the existence of subaerial exposures at that time (Eriksson et al. 2006; Awramik 

46 and Buchheim 2009; Som et al. 2012; Retallack 2018). However, Archean terrestrial 

47 environments probably occupied limited extents of continental crust, as various geochemical 

48 and geological evidences suggest that the surface of the early Earth was mainly submergent, 

49 pointing to low-freeboard conditions with largely drowned continental crust (Hargraves 1976; 

50 Buick et al. 1995; Arndt 1999; Kump and Barley 2007; Flament et al. 2008; Bindeman et al. 

51 2018; Liebmann et al. 2022). In contrast, a significant part of the present-day continental crust 

52 is above sea-level, implying that the surface of the Earth has transitioned from low- to high- 

53 freeboard conditions. This transition may have been a long-lasting process, and its timing 

54 remains poorly constrained. Geochemical proxies give estimates ranging from ca. 3.2 Ga 

55 (Satkoski et al. 2016, 2017) to ca. 2.4 Ga (Spencer et al. 2019; Lu et al. 2021), suggesting the 

56 low- to high-freeboard transition may have begun in the Archean. Geophysical models suggest 

57 global-scale emergence of continental surfaces between ca. 2.7 Ga (Flament et al. 2008; Rey 

58 and Coltice 2008; Korenaga et al. 2017) and ca. 0.6 Ga (Lee et al. 2018). The emergence of 

59 continents probably continued throughout the Phanerozoic (Scotese 2021), arguing for long- 

60 lasting and diachronous emergence of different cratons through time (Campbell and Davies 

61 2017). 

62 The low- to high-freeboard transition had various consequences for surface processes. 

63 High-freeboard conditions may have increased the albedo of the Earth, resulting in the cooling 

64 of the atmosphere (Bindeman et al. 2018). Chemical weathering of newly exposed crust 

65 buffered atmospheric CO2, also contributing to cool the Earth’s surface (Young 2019; Lipp et 

66 al. 2021). The exposure of large subaerial areas allowed for the establishment of a modern 
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67 style hydrological cycle (Korenaga et al. 2017) and the formation of significant drainage 

68 networks increased terrigenous fluxes to the oceans (Campbell and Davies 2017; Reimink et 

69 al. 2021). This may have enhanced the input of nutrients such as phosphorus to the oceans 

70 and contributed to modify the overall seawater composition (Hao et al. 2017, 2020; Albarede 

71 et al. 2020; Narduzzi et al. 2021), which in turn favoured biogenic productivity, organic carbon 

72 burial, oxygenation and subsequent CH4 withdrawal from the atmosphere (Pavlov et al. 2000; 

73 Mills et al. 2014; Bindeman et al. 2018). The low- to high-freeboard transition thus induced 

74 cascading events that may have represented a turning point for climatic, hydrological, 

75 sedimentary and biological processes, and could have been a major driver for the evolution of 

76 life (Hao et al. 2020). 

77 Critically, the magnitude of changes associated with the low- to high-freeboard 

78 transition depends on the intensity of the weathering of newly exposed crust. The 

79 composition of Archean terrigenous sediments generally points to strong chemical 

80 weathering conditions (Fedo et al. 1996; Sugitani et al. 1996; Lowe and Tice 2004; Hessler and 

81 Lowe 2006; Young 2013). However, the intensity of chemical weathering is modulated by 

82 tectonic and climatic conditions and is slowed down during cold or tectonically active periods 

83 that favour mechanical erosion over chemical weathering (Maynard et al. 1991; Gaillardet et 

84 al. 1999; Haugaard et al. 2023). Although the greater availability of subaerial crust may have 

85 amplified chemical weathering, the increasing albedo and the withdrawal of CO2 and CH4 from 

86 the atmosphere may have induced negative feedbacks, reducing weathering intensity by 

87 lowering surface temperatures and increasing the pH of precipitation. Assessing the 

88 magnitude of surface changes attending the low- to high-freeboard transition thus requires 
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89 evaluating the weathering conditions that prevailed on land during the emergence of 

90 significant continental areas. 

91 The emergence of large continental surfaces can be traced by the changing nature of 

92 sedimentation and provenance (Campbell and Davies 2017; Reimink et al. 2021). In this study, 

93 we review sedimentation changes and detrital zircon provenances in the Neoarchean Carajás 

94 Basin, one of the main sedimentary repositories of the southeast Amazonian Craton (Fig. 1a, 

95 b), to contribute to our understanding of the craton’s evolution. This work follows the 

96 footsteps of Prof. R. Fuck’s extensive investigations into South American geology (e.g., 

97 Almeida et al. 1981). Prof. R Fuck has also made enduring contributions to the study of crustal 

98 evolution in this craton (e.g., Scandolara et al. 2024). In this contribution, we link the crustal 

99 evolution of the southeast Amazonian Craton to its surface conditions by assessing the 

100 intensity of weathering in subaerially-exposed areas, using the chemical composition of 

101 terrigenous sediments derived from emerged lands and deposited in marine environments. 

102 While dedicated mineralogical investigation (notably the clay fraction) could provide 

103 information about weathering conditions, such approach can be hampered by mineralogical 

104 transformations that likely affected the sediments after their deposition. We instead consider 

105 here the stock of chemical elements brought into play during the successive processes of 

106 alteration, transport, deposition, diagenesis and metamorphism. Potential post-depositional 

107 modifications of the chemical composition of sedimentary rocks are addressed by identifying 

108 neoformed minerals and post-depositional elemental mobilities before interpreting chemical 

109 weathering indicators. 

110 
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111 Geological setting 

 

112 At ca. 2.75 Ga, the Parauapebas Large Igneous Province (PLIP) produced a 4 to 6 km-thick 

113 basaltic series that covered the eastern Amazonian Craton (Rossignol et al. 2022). Basalts of 

114 the PLIP are interbedded with, and overlain by the 2.75 – 2.72 Ga iron formations (IFs) and 

115 carbonates of the Carajás Formation (Fig. 2a, b; Tolbert et al. 1971; Klein and Ladeira 2002; 

116 Rego et al. 2021; Rossignol et al. 2023), suggesting the PLIP was mainly emplaced below sea- 

117 level. Paleomagnetic investigations performed in drill-core basalt samples of the PLIP indicate 

118 that the southeastern Amazonian Craton was likely located at a low latitude (3.4 ± 8.5°) at ca. 

119 2.76 – 2.74 Ga (Fig. 1c; Martins et al. 2021). 

120 Iron formations of the Carajás Formation correspond to different facies including 

121 jaspilitic and carbonate banded iron formations, granular iron formations and iron-rich flat 

122 pebbles conglomerates consisting of reworked iron formation flat pebbles embedded in an 

123 iron-rich matrix (Rossignol et al. 2023). Extreme europium anomalies in IFs and carbonates 

124 indicate that Fe was supplied by high-temperature hydrothermal fluids (Rego et al. 2021). 

125 Carbonates exhibit wavy to crinkly laminations and contain biogenic framboidal pyrite (Rego 

126 et al. 2021), suggesting shallow water, photic zone depositional environments (Ribeiro da Luz 

127 and Crowley 2012; Rego et al. 2021). Both iron formations and carbonates have very low 

128 lithophile element contents (Justo et al. 2020; Rego et al. 2021). For instance, Al contents in 

129 IFs range from 0.02 to 0.2 wt.%, while Ti, Zr, and Th concentrations are below 70, 21, and 0.25 

130 ppm, respectively, indicating that the sedimentary rocks of the Carajás Formation are almost 

131 detrital-free (Rego et al. 2021). Zircon age distribution in the Carajás Formation is unimodal 

132 (Fig. 3a) with zircon grains deriving from the waning volcanic activity of the PLIP (Rossignol et 

133 al. 2022). 
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134 The Carajás Formation is overlain by the 2.68 – 2.63 Ga Igarapé Bahia Group (Fig. 2a, 

135 b). At its base, the Igarapé Bahia Group comprises IFs layers up to 10 m-thick, and grades 

136 upward into detrital terrigenous sedimentary rocks including sandstones, siltstones, 

137 polymictic conglomerates and flat pebble conglomerates (Dreher et al. 2005, 2008; Melo et 

138 al. 2019; Rossignol et al. 2020, 2023). Sandstones and conglomerates comprise lithic 

139 fragments, including chert and polycrystalline quartz grains. Alkaline feldspar, when present, 

140 are strongly weathered. Secondary minerals consist of chlorite and pyrite (Rossignol et al. 

141 2020). These rocks were deposited in subaqueous environments ranging from shallow to deep 

142 water settings influenced by slope instability and gravity flow processes (Dreher et al. 2005; 

143 Rossignol et al. 2020, 2023). The Igarapé Bahia Group shows a polymodal detrital zircon age 

144 distribution (Fig. 3b). Peaks in age distribution match the age of the main magmatic events 

145 documented throughout the southeast Amazonian Craton (Rossignol et al. 2022). 

146 The Carajás Formation and Igarapé Bahia Group are characterized by very different 

147 sedimentary facies: the former consists of chemical sediments (detrital-free IFs and 

148 carbonates), while the latter mainly comprises terrigenous sediments (Fig. 2c). In the Carajás 

149 Formation, very low contents in lithophile elements, even in shallow water carbonates, 

150 indicate that it has been deposited away from any subaerial landmasses (Lindenmayer et al. 

151 2001; Klein and Ladeira 2002; Macambira and Schrank 2002; Justo et al. 2020). This is 

152 consistent with the low seawater phosphorus content recorded in IFs and carbonates from 

153 the Carajás Formation (Rego et al. 2023), as phosphorus is mainly sourced to seawater through 

154 continental weathering. In contrast, sedimentary rocks of the Igarapé Bahia Group are mainly 

155 made up of terrigenous sediments. The sedimentation thus evolved from a chemical- 

156 dominated system until ca. 2.72 Ga to a terrigenous-dominated system from ca. 2.68 Ga 
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157 onward. The progressive occurrence of terrigenous sediments around 2.7 Ga indicates active 

158 inland erosion at that time, showing that parts of the Amazonian Craton were exposed above 

159 the sea level. Furthermore, zircon age distributions of the Carajás Formation and Igarapé Bahia 

160 Group are markedly different (Fig. 3). The polymodal detrital zircon age distribution of the 

161 Igarapé Bahia Group indicates that continental surfaces exposing various lithologies were 

162 eroded in the hinterland and their products were deposited in the Carajás Basin, showing 

163 large-scale subaerial exposure of the southeast Amazonian Craton. Overall, the diversity of 

164 detrital zircon populations in the Igarapé Bahia Group suggests extended drainage network 

165 on the Amazonian Craton at 2.68 – 2.63 Ga. 

166 Importantly, the Igarapé Bahia Group comprises a zircon population matching the age 

167 of the PLIP, indicating that mafic and ultramafic rocks were being eroded and weathered at 

168 that time. As chemical weathering of mafic and ultramafic rocks consumes more atmospheric 

169 CO2 than weathering of felsic rocks (Dessert et al. 2003; Fabre et al. 2011; Schaller et al. 2012; 

170 Lipp et al. 2021), subaerial PLIP weathering could therefore have induced, or reinforced, 

171 negative feedbacks on weathering intensity. 

172 In addition, age constraints from detrital zircon geochronology places the emergence 

173 of substantial landmasses of the southeast Amazonian Craton around 2.7 Ga, coeval to the 

174 worldwide emergence of major cratons (Flament et al. 2008, 2013; Rey and Coltice 2008; Pons 

175 et al. 2013; Viehmann et al. 2014; Campbell and Davies 2017; Johnson and Wing 2020). These 

176 global-scale emergence events were attributed to a rheological change of the lithosphere 

177 (Flament et al. 2008; Rey and Coltice 2008) or to the enhanced water storage capacity of the 

178 mantle due to its secular cooling (Dong et al. 2021). 

179 
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180 Methods 

 

181 The intensity of the chemical weathering that prevailed on subaerial exposures can be 

182 assessed through the composition of the terrigenous sedimentary rocks of the Igarapé Bahia 

183 Group. However mineral neoformation during diagenesis and low-grade metamorphism can 

184 affect the chemical composition of a sedimentary rock, so that detailed mineralogical analyses 

185 were performed before interpreting chemical weathering indicators. 

186 

 

187 Mineralogical investigations 

188 Mineralogical analyses were performed by X-Ray Diffraction (XRD) complemented by scanning 

189 electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS) to characterize 

190 specific mineral phases. For XRD analysis, mineralogical assemblages were determined on 

191 eight whole-rock samples manually powdered in an agate mortar and analysed on a Bruker 

192 D8 Endeavor diffractometer using the Cu Kα radiation and a LynxEye XE-T detector, operated 

193 at 40 kV and 25 mA intensity at the Biogeosciences Laboratory (GISMO analytical platform, 

194 Université de Bourgogne, France). Mineral identifications were based on COD 

195 (“Crystallography Open Database”) and BGMN databases. JEOL JSM 6400F Field Emission SEM 

196 equipped with an Oxford INCA Energy 300 X-ray Energy Dispersive Spectrometer (EDS) system 

197 for all chemical analyses at the ARCEN platform (Laboratory Institut Carnot de Bourgogne in 

198 Dijon, Université de Bourgogne, France). The thin sections were prepared for SEM analyses 

199 and were subsequently coated with ~10 nm of graphite using a High-Resolution Ion Beam 

200 Coater GATAN 681. The high-resolution images were taken both secondary and backscattered 

201 imaging modes. 

202 
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203 Chemical weathering indicators 

204 The Chemical Index of Alteration (CIA; Nesbitt and Young, 1982), which reflects the relative 

205 enrichment of aluminium relative to labile elements (Ca2+, Na+, K+), is classically used to 

206 evaluate the intensity of chemical weathering (Nesbitt and Young 1982; Fedo et al. 1995). CIA 

207 values are calculated as follows: 
 

𝐶𝐼𝐴 = ( 
𝐴𝑙2 

 

𝑂3 
𝐴𝑙2𝑂3 

+ 𝐶𝑎𝑂∗ + 𝑁𝑎2 

) × 100 

𝑂 + 𝐾2𝑂 

(1)	

208 where element oxides are in molar proportions and CaO* represents the silica-bound calcium, 

209 using the correction of McLennan (1993). Pristine magmatic rocks have CIA values ranging 

210 from 45 to 55, values up to 60 indicate incipient chemical weathering, while values ranging 

211 between 60 and 80 indicate an intermediate intensity of weathering and values over 80 argue 

212 for extreme chemical weathering (Fedo et al. 1995). Because the basement of the Carajás 

213 Basin comprises various magmatic rocks with high plagioclase contents (Martins et al., 2017), 

214 the intensity of chemical weathering can also be monitored with the Plagioclase Index of 

215 Alteration (PIA; Fedo et al. 1995): 
 

𝐴𝑙2𝑂3 − 𝐾2𝑂 (2)	
𝑃𝐼𝐴 = ( 

𝐴𝑙2 
𝑂3 

+ 𝐶𝑎𝑂∗ + 𝑁𝑎2 
) × 100 

𝑂 − 𝐾2𝑂 

216 Unweathered plagioclase has a PIA value of 50, and clays such as kaolinite have PIAs of 100. 

217 CIA and PIA values are sensitive to the presence of non-silicate minerals and to open-system 

218 diagenesis, which can further modify the chemical composition of sedimentary rocks inherited 

219 from detrital input (Gluyas and Coleman 1992; Wilkinson and Haszeldine 1996). In the studied 

220 samples, there is no correlation between the loss on ignition (LOI) and CaO content in the 

221 studied samples (determination coefficient of 0.07), which suggests that CaO does not derive 

222 from carbonate alteration. However, chamosite neoformation has been identified in most 
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223 samples, and the effects of such post-depositional modifications are further discussed in the 

224 discussion section. 

225 To complement the classical CIA and PIA proxies, we also used the Robust Weathering 
 

226 Index (RWI; Cho and Ohta, 2022): 	

 

𝑒𝑟𝑤 

 
 

(3) 

 

 

227 

 
 

where: 

𝑅𝑊𝐼 = 
𝑒𝑚 + 𝑒𝑓 + 𝑒𝑟𝑤 

 

𝑟𝑤 = 0.152 × ln(𝑇𝑖𝑂2) + 0.198 × ln(𝐴𝑙2𝑂3) + 0.148 × ln(𝐹𝑒2𝑂3) − 0.152 

× ln(𝑀𝑔𝑂) − 0.503 × ln(𝑁𝑎2𝑂) + 0.156 × ln(𝐾2𝑂) − 0.506 

𝑚 = 0.051 × ln(𝑇𝑖𝑂2) − 0.120 × ln(𝐴𝑙2𝑂3) + 0.018 × ln(𝐹𝑒2𝑂3) + 0.33 

× ln(𝑀𝑔𝑂) + 0.193 × ln(𝑁𝑎2𝑂) − 0.392 × ln(𝐾2𝑂) + 0.33 

𝑓 = −0.204 × ln(𝑇𝑖𝑂2) − 0.166 × ln(𝐹𝑒2𝑂3) − 0.177 × ln(𝑀𝑔𝑂) + 0.311 

× ln(𝑁𝑎2𝑂) + 0.236 × ln(𝐾2𝑂) + 0.176 

(4)	
 

 

(5) 

 

 

(6) 

228 where coefficients in Eqs. (4), (5) and (6) are empirically derived and with element oxides in 

229 weight percent. The RW index uses the iron content, which is a mobile element under anoxic 

230 conditions such as those prevailing during the deposition of the Igarapé Bahia Group. The 

231 impact of Fe mobility on the use of RW index for Archean sedimentary rocks is further 

232 discussed in the discussion section. Pristine magmatic rocks have RWI values up to ca. 20, 

233 while values around 25 and 100 indicate low and extreme intensities of chemical weathering, 

234 respectively (Cho and Ohta 2022). 



13  

235 As chemical weathering intensity strongly depends on climate parameters such as 

236 temperature and humidity (Nesbitt and Young 1982, 1984; Goldberg and Humayun 2010), 

237 further assessment of surface conditions can be obtained using the linear relationship 
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238 between the CIA value of fine-grained sedimentary rocks and Land Surface Temperatures 
 

239 (LSTs) attending weathering (Deng et al. 2022): 

𝐶𝐼𝐴 − 59.23 
𝐿𝑆𝑇(°𝐶) = 

1.02 

 
 

(𝑟2 = 0.98) 
(7) 

240 with uncertainties on LST being of ca. ± 3°C (Deng et al. 2022). CIA values also depend on Mean 

241 Annual Precipitations (MAPs) that prevailed during weathering (Perri 2020): 

𝑀𝐴𝑃(𝑚𝑚) = 169 × 𝑒0.0271×𝐶𝐼𝐴 (𝑟2 = 0.72) (8) 

242 In order to provide qualitative constraints on surface conditions during weathering 

243 RWI values have also been scaled against present-day climates so that values ranging between 

244 20 and 30 are indicative of glacial climates, those between 25 and 65 rather denote temperate 

245 climates, and values above 75 are representative of tropical climates (Cho and Ohta 2022). 

246 Scaling of RWI values against climates and applicability of equations 7 and 8 in the context of 

247 the Neoarchean atmosphere, which was strongly different from the present-day one (Catling 

248 and Zahnle 2020), is further discussed in the discussion section. 

249 In addition to intensity, the redox regime under which weathering occurred (e.g., oxic 

250 or anoxic conditions) can be assessed through enrichments or depletions of redox sensitive 

251 elements (Tribovillard et al. 2006). Enrichment factors (EFs) were calculated for redox- 

252 sensitive trace metals uranium (U), vanadium (V), and molybdenum (Mo), as follows 

253 (Tribovillard et al. 2006): 
 

 

𝑋𝐸𝐹 = 
𝑋𝑠𝑎𝑚𝑝𝑙𝑒/𝑌𝑠𝑎𝑚𝑝𝑙𝑒 

𝑋𝑈𝐶𝐶 /𝑌𝑈𝐶𝐶 

(9)	

254 where X represents the element of interest, Y its respective detrital tracer and UCC the 

255 Archean upper continental crust (after Condie 1993, for U and V, and Rudnick and Gao 2003, 

256 for Mo). Titanium (Ti) was used as the detrital tracer for V and Mo, and thorium (Th) was used 
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257 for U (Cole et al. 2017). 
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258 A total of 41 samples have been collected for geochemical analyses in two drill cores 

259 intersecting the Serra Sul Formation (GT13 and GT16; Fig. 4; Araújo and Nogueira 2019), which 

260 is part of the Igarapé Bahia Group (Rossignol et al. 2022). Metamorphism in these drill cores 

261 does not exceed the greenschist facies (Araújo and Nogueira 2019; Rossignol et al. 2020). 

262 Collected samples encompass ca. 150 and 250 m-thick intervals in drill cores GT13 and GT16, 

263 respectively (Fig. 4). The samples have rather similar grain sizes, ranging from siltstone to fine 

264 sandstone, so that sorting bias on chemical differentiation is avoided (Nesbitt et al. 1996). 

265 Whole-rock major and trace analyses were performed after alkaline fusion by Inductively 

266 Coupled Plasma – Optical Emission Spectrometry and Inductively Coupled Plasma – Mass 

267 Spectrometry and Inductively Coupled Plasma – Mass Spectrometry at the SARM (CRPG-CNRS, 

268 Nancy, France), following the procedure of Carignan et al. (2001). Analytical data are provided 

269 in Appendix A. 

270 

 

271 Results and discussion 

 

 

272 Results 

273 Mineralogy. Coarse sandstones comprise mainly lithic fragments consisting of chert and 

274 polycrystalline quartz grains, as well as monocrystalline quartz grains (Fig. S1a; Appendix B). 

275 Fine-grained sedimentary rocks comprise minute quartz grains embedded in a silty matrix (Fig. 

276 S1b). XRD analyses reveal that the matrix is predominantly composed of quartz, indicating that 

277 silicate minerals play a significant role in the bulk composition of the sample. In addition to 

278 quartz, other identified mineral phases include chamosite and pyrite (Fig. S1c, d and Fig. S2a, 

279 b; Appendix B). Chamosite, an iron-rich chlorite (Fe²⁺,Mg)₅Al(AlSi₃O₁₀)(OH)₈, is particularly 
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280 noteworthy as SEM observations reveal its occurrence as a neoformed mineral, likely formed 

281 during an early diagenetic process or after low-grade metamorphism (Fig. S1c). The fine- 

282 grained nature and morphology of the chamosite suggest it may have crystallized from pore 

283 fluids or as a product of the alteration of pre-existing minerals (Fig. S1c). 

284 

285 Geochemistry. The samples from the Igarapé Bahia Group have an average Al2O3 content of 

286 17.0 ± 1.8 (wt%, LOI-free basis, n = 41, 1SD), and CaO, Na2O and K2O contents of 0.2 ± 0.3, 0.1 

287 ± 0.2 and 3.4 ± 0.9 (wt%), respectively. This results in high CIA values, ranging from 73 to 90 

288 (average of 81; Fig. 4). There are no obvious variations of CIA values according to their 

289 stratigraphic position or drill cores. In a A-CN-K diagram, most samples plot along the A-K join, 

290 suggesting a high degree of weathering (Fig. 5). Two samples out of 41 display CIA values of 

291 73 and 76 and plot between the expected weathering trends of the magmatic rocks forming 

292 the basement of the southeast Amazonian Craton (Fig. 4). Datapoints plotting below 

293 theoretical weathering trends towards the K apex in the A-CN-K diagram could be indicative 

294 of K-metasomatism (Fig. 5), but the presence of illite or authigenic K-feldspar has not been 

295 evidenced by mineralogical investigations, suggesting K addition did not occurred during 

296 diagenesis or low-grade metamorphism. Except for two data points showing PIA values of 78 

297 and 86, all PIA values are higher than 98, indicating that plagioclase has been massively 

298 converted to clays (Fig. 4). 

299 Consistently with the CIA and PIA dataset, RWI values are also high, ranging between 

300 84 and 94 (average of 88), with two outliers at 43 and 53 (Fig. 6). These two outliers 

301 correspond to the same samples showing the low CIA and PIA values, which suggests that they 
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302 are not artifacts. With the exception of these two outliers, there is no identifiable trend with 

303 respect to stratigraphic position nor drill cores (Fig. 4). 

304 Compared to the Archean upper continental crust, U and V are neither enriched nor 

305 depleted, as shown by their average EF(U) and EF(V) of 1.12 ± 0.08 and 1.14 ± 0.09 (n = 41), 

306 respectively (Fig. 4). Molybdenum exhibits slightly more variable enrichments or depletions 

307 with depth, with an average EF(Mo) of 1.54 ± 0.66 (n = 41), which is not significantly different 

308 from that of the upper continental crust (Fig. 4). 

309 

 

310 Neoarchean surface conditions over the southeast Amazonian Craton 

311 In the Igarapé Bahia Group, the strong depletion of CaO and Na2O (0.2 ± 0.3 and 0.1 ± 0.2 wt%, 

312 respectively) compared to the average Archean crust (5.3 and 3.8 wt%, respectively; Lipp et 

313 al. 2021) attests for intense leaching of labile elements. This is consistent with the absence of 

314 plagioclase (Figs. S1 and S2) and the high PIA values recorded in these rocks, which contrasts 

315 sharply with the plagioclase-rich source rocks of the Igarapé Bahia sediments (Martins et al. 

316 2017). 

317 The reliability of chemical alteration indexes used to assess the degree of weathering 

318 of the parent rocks can be affected by various factors including provenance, open-system 

319 diagenesis and metamorphism. The impact of these factors on the investigated sedimentary 

320 rocks is examined hereafter. Provenance can bias estimates of weathering intensity because 

321 detrital particles deriving from terrigenous sedimentary rocks may have undergone several 

322 cycles of erosion, weathering and deposition (Xiao et al. 2010). In the present case, the 

323 contribution of recycled detrital particles deriving from the erosion of terrigenous 

324 sedimentary rocks is unlikely given that the rocks that were deposited on the southeast 
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325 Amazonian Craton before its emergence include chemical sediments (IFs, cherts, and 

326 carbonates) and volcanic rocks. The absence of detrital particles deriving from terrigenous 

327 sedimentary rocks is supported by petrographic analyses showing that detrital sedimentary 

328 rock fragments present in the Igarapé Bahia Group correspond to intraformational clasts 

329 (Rossignol et al. 2020). 

330 Another potential issue is open-system diagenesis and low-grade metamorphism. The 

331 neoformation of chamosite (CIA value of 100) during diagenesis and low-grade 

332 metamorphism (greenschist facies) may have increased CIA values and generated a spurious 

333 weathering-like trend (“chamosite neoformation trend” in Fig. 5). Further insight is provided 

334 by the F-M-RW diagram in which the field of chamositic clays is distinct from the weathering 

335 apex (Fig. 6). Importantly, the field of chamositic clays corresponds to RWI values lower than 

336 those of the Igarapé Bahia samples, suggesting that chamosite neoformation would have 

337 lowered the RWI values of these samples (Fig. 6). These observations suggest that both RWI 

338 and CIA values provide a conservative assessment of the weathering intensity. 

339 Despite potential post-depositional modifications, CIA and RWI values of the Igarapé 

340 Bahia Group are high, pointing to strong chemical weathering conditions in subaerial 

341 exposures of the southeast Amazonian Craton. This chemical weathering intensity is to be 

342 emphasized given the active tectonic context of the southeast Amazonian Craton during the 

343 Neoarchean (Marangoanha et al. 2019; Silva et al. 2020), which should have favoured 

344 mechanical erosion over chemical weathering (Maynard et al. 1991). 

345 Using equations 7 and 8, CIA values obtained in the Igarapé Bahia Group translate to 

346 LSTs of 22 ± 3°C (1 standard deviation - SD, n = 41) and to MAPs of 1540 ± 150 mm (1SD, n = 

347 41), respectively. This is consistent with the very high RWI values, which further support humid 
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348 tropical climate conditions. The occurrence of cohesive chert rock fragments and 

349 polycrystalline quartz grains in the Igarapé Bahia Group (Fig. S1a) points to surface 

350 temperatures lower than 50°C (Sleep and Hessler 2006), in agreement with surface 

351 temperatures deduced from Eq. 7. At face value, chemical weathering indexes suggest that a 

352 warm and humid, tropical-like climate prevailed over the southeast Amazonian Craton soon 

353 after its emergence, that is about 2.68 Ga. Though plausible and in agreement with other 

354 estimates for air surface temperatures and precipitations at that time (see below), the 

355 estimates of Neoarchean Amazonian LSTs and MAPs presented here should be considered 

356 with caution as equations 7 and 8 have been derived from correlations with modern-day 

357 temperatures and precipitations under atmospheric conditions markedly different from the 

358 Neoarchean ones (Catling and Zahnle 2020). Specifically, the relatively high atmospheric pCO2 

359 at ca. 2.7 Ga, between 10 and 2500 times the present atmospheric level (PAL; Driese et al. 

360 2011; Kanzaki and Murakami 2015) may have increased the acidity of precipitation waters 

361 compared to their modern counterparts, which in turn may have enhanced the chemical 

362 alteration of labile minerals (Corcoran and Mueller 2002; Hessler and Lowe 2006). Equation 7 

363 was shown to provide meaningful results for pCO2 up to ca. 10 PAL (Frank et al. 2021; Li et al. 

364 2023) but remained unconstrainted for higher pCO2. This suggests that Eq. 7 can be applied 

365 to Neoarchean sedimentary rocks only if the atmospheric pCO2 was close to its lowest 

366 estimate; LSTs could be overestimated for higher atmospheric pCO2. Though a pCO2 of only 

367 10 PAL during the Neoarchean is plausible (Driese et al. 2011), the lower solar luminosity at 

368 that time would imply a higher atmospheric content of other greenhouse gases (notably CH4), 

369 and a much lower pO2 than in the modern atmosphere (Feulner 2012; Catling and Zahnle 

370 2020). These high pCH4 and low pO2 may have impacted the chemical weathering of redox 
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371 sensitive minerals, but are unlikely to have strongly modified the weathering condition of 

372 feldspars which is mainly controlled by the pH of the leaching solution, hence the CIA values 

373 (Nesbitt et al. 1997). To our knowledge, the relevance of Eq. 8 for atmospheric conditions 

374 different from present-day conditions is not known. Nevertheless, the high CIA and RWI values 

375 recorded by the Igarapé Bahia sedimentary rocks imply an active hydrological cycle (Bahlburg 

376 and Dobrzinski 2011), thus arguing for a humid climate. In addition to atmospheric conditions, 

377 the biological content of (paleo)sols and associated organic acids are key factors promoting 

378 weathering (Lenton et al. 2012). Despite the limited information available on Archean paleosol 

379 ecosystems (Retallack et al. 2016; Homann et al. 2018), the likely low production of organic 

380 acids at that time has been regarded as a major limitation factor for weathering, which could 

381 have balanced the effect of higher atmospheric pCO2 than today (Medaris and Driese 2024). 

382 Comparing Archean paleosols (n = 38) with their Phanerozoic equivalents, Medaris and Driese 

383 (2024) showed that weathering intensities may have been lower during the Archean than 

384 during the Phanerozoic. Hence, our results suggest intense chemical weathering during the 

385 deposition of the Igarapé Bahia Group, which compares with that of modern tropical humid 

386 climates. 

387 The absence of marked variations of CIA and RWI values in the two drill cores studied 

388 argue for protracted intense chemical weathering conditions during the deposition of the 

389 Igarapé Bahia Group (Fig. 4). Although our data do not allow to quantify the response time of 

390 the climate to the negative feedback on chemical weathering intensity associated with the 

391 low- to high-freeboard transition, the consistent high CIA and RWI values throughout the two 

392 drill cores argue for a rather long process. 
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393 Redox-sensitive elements show enrichment factors invariably very close to 1 for U and 

394 V, and close to 1 and lower than 3 for all but one sample for Mo (Fig. 4). Such low values 

395 cannot indicate a detectable enrichment (Algeo and Tribovillard 2009). In other words, these 

396 trace metals were accumulated in the Igarapé Bahia sedimentary rock as if they had 

397 exclusively been supplied by the land-derived fraction, with neither authigenic addition nor 

398 diagenesis subtraction. Nonetheless, linking redox-sensitive trace element contents to a given 

399 weathering regime (anoxic or oxic) for these Neoarchean sedimentary rocks is not 

400 straightforward because not only the subaerial oxidation state matters, but also other 

401 paleoenvironmental conditions that prevailed within the water column, including its oxidation 

402 state. These limitations restrain firm inference about the weathering regime from the present 

403 data. The conservative behaviour of redox-sensitive elements in the Igarapé Bahia Group is 

404 consistent with the absence of free O2 in the atmosphere deduced from sulphur isotope mass 

405 independent fractionation signal in these sedimentary rocks and cryptic oxygen cycling in the 

406 water column underlined by organic matter nitrogen isotopes (Pellerin et al. 2024). 

407 

 

408 Comparison with weathering and climate conditions in other cratons 

 

409 While Archean ocean temperatures have been extensively debated (e.g., Hren et al. 2009; 

410 McGunnigle et al. 2022), constraints on air surface temperature and precipitation for the 

411 Archean in general, and the Neoarchean in particular, are scarce. Numerical climate modelling 

412 points to air surface temperatures at ca. 3.8 Ga ranging between ca. 8 and 30°C (Charnay et 

413 al. 2017), that would be in broad agreement with our estimate for the southeast Amazonian 

414 Craton during the Neoarchean. Other estimates for Archean LSTs derive from the study of 

415 paleosols and suggest rather temperate to cold conditions (e.g., LSTs of 9 to 10° and MAPs of 
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416 ca. 1150 to 1340 mm for 3.4 Ga paleosols from the Pilbara Craton; Retallack 2018). However, 

417 these values are derived from transfer functions based on modern relationships, which could 

418 be inadequate for reconstructing Archean paleoclimatic parameters, as discussed above. The 

419 reliability of weathering indexes obtained from sedimentary rocks can be empirically tested 

420 by comparing weathering indexes values to independent paleoclimate inferences (Fig. 7). For 

421 instance, ca. 2.9 to 2.2 Ga glaciogenic sedimentary rocks have RWI values ranging from 18 to 

422 48 (Fig. 7a) that would indicate deposition under glacial to temperate climates. Similarly, CIA 

423 values of 64 and 68 for 2.9 and 2.2 Ga glaciogenic sedimentary units translate to LSTs of 5 to 

424 9°C (Fig. 7b), in agreement with a deposition in a periglacial setting. However, some low CIA 

425 and RWI values correspond to sedimentary rocks that have been deposited under temperate 

426 to warm climates (Fig. 7a, b). This indicates that CIA and RWI indicators should be used with 

427 caution as low CIA and RWI values can lead to equivocal interpretations. This can be due to 

428 sorting bias on chemical differentiation (Nesbitt et al. 1996), or to post-depositional alteration 

429 that can modify CIA and RWI values. The fair correlation (r2 = 0.6) between RWI and CIA values 

430 (Fig. 7c) holds for both sedimentary rocks deposited before and after the rise of oxygen in the 

431 atmosphere by ca. 2.45 Ga (Fig. 7d). This suggests that calculating the RWI value taking into 

432 account iron, a redox sensitive element, does not compromise the use of this weathering 

433 index for Archean sedimentary rocks. This observation however needs to be confirmed from 

434 larger datasets, expanding beyond the Paleoproterozoic as investigated here. 

435 In the southeast Amazonian Craton, both CIA and RWI values plot amongst the highest 

436 values documented so far for the Archean (Fig. 7a, b). The strong chemical weathering 

437 intensity that prevailed between 2.7 and 2.6 Ga in the southeast Amazonian Craton compares 

438 with the one identified in nearly coeval fluviatile sediments deposited in the Superior Craton 
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439 (CIA = 55 and RWI = 19 on average; Haugaard et al., 2023, vs. CIA = 82 and RWI = 88 for the 

440 southeast Amazonian Craton). At about the same time (ca. 2.65 Ga), the Zimbabwe Craton 

441 was subjected to a slightly lower weathering intensity with respect to the southeast 

442 Amazonian Craton (CIA = 84, RWI = 47 on average; Hofmann et al. 2003). A rather similar 

443 weathering intensity may have occurred in the Slave Craton at ca. 2.6 Ga (CIA = 76, RWI = 48 

444 on average; Corcoran and Mueller 2002). These various degrees of chemical weathering can 

445 be related to sorting bias, post-depositional modifications, or to local tectonic settings and 

446 depositional environments (marine in the southeast Amazonian Craton vs. fluviatile in the 

447 Superior Craton; Haugaard et al., 2023). Another possibility is the existence of contrasted 

448 climates that would result in various weathering intensities in these different cratons. 

449 Regionally contrasted climates are supported by the overall decrease of CIA and RWI values 

450 with latitude for sedimentary units deposited during the Neoarchean (Fig. 7e). This 

451 preliminary observation should be considered with caution given uncertainties regarding the 

452 age of deposition of sedimentary units, their paleolatitude of deposition and the overall small 

453 number of Neoarchean sedimentary units for which relevant data (whole-rock geochemistry, 

454 age and paleolatitude) are available. Although further constraints would be necessary to 

455 strengthen this assumption, such a latitudinal climate zonation during the Neoarchean would 

456 be in agreement with the report of strongly 18O-depleted precipitation water suggesting 

457 negative LSTs at high latitudes (ca. 70°) on the Karelia Craton at ca. 2.67 Ga (Zakharov et al. 
 

458 2023). The lower paleolatitude of the southeast Amazonian Craton at that time (3.4 ± 8.5° at 

459 ca. 2.75 Ga; Martins et al. 2021) would be consistent with a warmer and more humid climate 

460 during the same period of time. If not related to one of the above-mentioned biases, 
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461 contrasted weathering intensities evidenced in the Amazonian and Superior cratons would 

462 argue for regionally contrasted climates during the Neoarchean. 

463 

 

464 Conclusions 

 

465 The emergence of the southeast Amazonian Craton was accompanied, and is shown by, a 

466 dramatic change in sedimentation which transitioned from a chemical- to a terrigenous- 

467 dominated sedimentary system. Beyond this major change in sedimentation style, the 

468 significance of subaerial exposures is testified by the presence of numerous detrital zircon 

469 grain populations in the terrigenous sediments deposited while the subaerial erosion of the 

470 craton initiated. The emergence of the southeast Amazonian Craton was roughly coeval with 

471 the emergence of other landmasses worldwide around 2.7 Ga. 

472 Subaerial exposures of the southeast Amazonian Craton were strongly weathered 

473 under an aggressive climate producing a chemical alteration that compares with modern 

474 tropical humid climates. Furthermore, these intense chemical weathering conditions 

475 persisted during a protracted period, as suggested by consistently high values of chemical 

476 weathering indexes throughout the terrigenous-dominated sedimentary series of the Igarapé 

477 Bahia Group. Such strong and protracted weathering may have contributed to withdraw 

478 atmospheric CO2, released nutrients into seawater and induced a chain of events that in turn 

479 acted as negative feedbacks on chemical weathering intensities. Contrasted weathering 

480 intensities observed coevally in other cratons may be suggestive of the establishment of such 

481 negative feedback on a global scale, an inference that should be tested by further 

482 investigations of chemical weathering intensities that existed on other Neoarchean emerged 

483 cratons. 
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935 Figures caption 

 

936 Fig. 1. Location of the Amazonian Craton and the Carajás Basin. (a) Amazonian Craton (Cordani 

937 et al. 2016). (b) Carajás Basin (Vasquez et al. 2008) and location of the studied drill-cores. 

938 Details on drill-core locations and repository: see Rossignol et al. (2020). (c) Estimated 

939 palaeolatitude of the Carajás Block at ca. 2.76 – 2.74 Ga from paleomagnetic data (Martins et 

940 al. 2021). 
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941 

942 Fig. 2. Evolution of the nature of sedimentation during the Neoarchean in the Carajás Basin. 

943 (a) Lithostratigraphy. (b) Age constraints. 1: Machado et al. (1991); 2, 3: Trendall et al. (1998); 

944 4: Rossignol et al. (2023); 5: Rossignol et al. (2020); 6: Perelló et al. (2023). (c) Relationship 

945 between changing nature of sedimentation and the emergence of the southeast Amazonian 

946 Craton. Triangles illustrate qualitatively the change of the nature of sedimentation. Thick 

947 dashed line: emergence of the southeast Amazonian Craton. 

948 

949 Fig. 3. Evolution of zircon age distributions in Neoarchean sedimentary units of the Carajás 

950 Basin. (a) Carajás Formation. (b) Igarapé Bahia Group. Grey bands denote depositional ages of 

951 sedimentary units. Thick dashed line: emergence of the southeast Amazonian Craton. 

952 Histogram bin width: 30 Ma; kernel density estimator bandwidth (blue line): 10; N: number of 

953 zircon grains included in age distributions. After Rossignol et al. (2022). 

954 

955 Fig. 4. Stratigraphy and indexes of chemical weathering intensities. Chemical weathering 

956 intensities are estimated from the Chemical Index of Alteration (CIA; Nesbitt and Young, 

957 1982), the Robust Weathering Index (RWI; Cho and Ohta, 2022) and the Plagioclase Index of 

958 Alteration (PIA; Fedo et al., 1995). EFs: enrichment factors for redox-sensitive U, V and Mo 

959 trace metals. 

960 

961 Fig. 5. A-CN-K diagram. A: Al2O3; CN: CaO*+Na2O; K: K2O in molecular proportions (Fedo et al. 

962 1995). Chemical weathering trends are predicted from kinetic and thermodynamic 

963 considerations (Nesbitt and Young 1984). Land Surface Temperature (LST) scale after Deng et 
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964 al. (2022). Mean Annual Precipitation (MAP) scale after Perri (2020). Compositions given for 

965 the Amazonian Craton basement correspond to the average Parauapebas basalts (mafic end- 

966 member; Martins et al. 2017) and to the average Serra do Rabo granites (felsic end-member; 

967 Sardinha et al. 2006). Archean Upper Continental Crust (UCC) is given for comparison (Condie 

968 1993). Pl: plagioclase; Kfs: K-feldspar; Kln: kaolinite; Chl: chlorite (including chamositic clays). 

969 See text for discussion. 

970 

971 Fig. 6. F-M-RW diagram. F: felsic apex; M: mafic apex; RW: robust weathering apex (Cho and 

972 Ohta 2022). Compositions given for the Amazonian Craton basement correspond to the 

973 average Parauapebas basalts (mafic end-member; Martins et al. 2017) and to the average 

974 Serra do Rabo granites (felsic end-member; Sardinha et al. 2006). Climate scale simplified after 

975 Cho and Ohta (2022). Ab: albite; An: anorthite; Kfs: K-feldspar; Kln: kaolinite; chamositic clays 

976 field after data from Mücke (2006) and Rivas-Sanchez et al. (2006). See text for discussion. 

977 

978 Fig. 7. Compilation of Paleoarchean to Paleoproterozoic data for chemical alteration indexes. 

979 (a) Time series data for Robust Weathering Index values. Climate scale simplified after Cho 

980 and Ohta (2022). (b) Time series data for Chemical Index of Alteration values. CIA-based Land 

981 Surface Temperature (LST) and Mean Annual Precipitation (MAP) after Deng et al. (2022) and 

982 Perri (2020), respectively. (c) Correlation between CIA and RWI values for low grade 

983 (greenschist facies) meta-sedimentary rocks. (d) Comparison of CIA-RWI correlations for low 

984 grade metamorphic rocks deposited before (older than 2.5 Ga) and after (younger than 2.4 

985 Ga) the rise of atmospheric oxygen around 2.45 Ga, which modified the behaviour of redox 

986 sensitive elements such as iron during weathering. (e) Relationships between weathering 
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987 indexes values and latitude during the Neoarchean (2.7 to 2.5 Ga). Present-day relationship 

988 between CIA and latitude after Deng et al. (2022). Geochemical data compilation: McLennan 

989 et al. 1983; Legault and Hattori 1994; Fedo et al. 1996; Hayashi et al. 1997; Young et al. 1998; 

990 Toulkeridis et al. 1999; Corcoran and Mueller 2002; Hofmann et al. 2003; Hessler and Lowe 

991 2006; Manikyamba and Kerrich 2006; Morris et al. 2007; Roddaz et al. 2007; Sekine et al. 2011; 

992 Bindeman et al. 2016; Warchola et al. 2018; Chen et al. 2019; Sindhuja et al. 2019; Li et al. 

993 2020; Van De Kamp and James 2022; Haugaard et al. 2023; Hofmann and Bindeman 2023; 

994 paleomagnetic constraints: Smirnov et al. 2013; Gumsley et al. 2017; Salminen et al. 2019; Liu 

995 et al. 2021; Martins et al. 2021; Luoto et al. 2023 – see Appendix C. n: number of rock samples; 

996 N: number of sedimentary units. 

997  

998 Supplementary material 

999 Appendix A. Analytical results for whole-rock geochemistry. 

1000 Appendix B. Mineralogical investigations. 

1001 Appendix C. Data compilation for Fig. 7. 
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