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Abstract 16 

 The only known case of natural fission reactors is hosted by high-grade uranium (U) 17 

deposits at Oklo-Okelobondo and Bangombé in sandstones of the ~2.1 Ga Francevillian Group, 18 

Gabon. However, the geochemical influence of the depositional environment on this unique 19 

natural nuclear phenomenon has not been clearly established. Localized, unusually high 20 

vanadium (V) enrichments are thought to have prevented such natural nuclear fission reactors 21 

from occurring in other Francevillian U deposits (e.g., Mounana, Boyindzi, and 22 

Mikouloungou). However, while U-bearing detrital monazite derived from Archean rocks 23 

surrounding the Francevillian basin is viewed as the main source of U, the source of V remains 24 

poorly constrained. Here, we combine petrographic and whole-rock geochemical data for the 25 

Francevillian Group sedimentary rocks, coupled with previously documented geochemical data 26 

for the Archean basement. These data suggest that, although ultramafic to mafic igneous rocks 27 

of the Mesoarchean Bélinga Group, and to some extent Archean granitoids, were likely 28 

important sources of V to the Francevillian U deposits, they were not the only source of the 29 
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abnormally high V concentrations in the U deposits that did not produce natural nuclear 30 

reactors. Instead, hydrocarbon migration from V-rich black shales of the Upper Francevillian 31 

Group, deposited during widespread and protracted deoxygenation of the Paleoproterozoic 32 

ocean at the end of the Lomagundi Carbon Isotope Excursion (LE) at ~2.11-2.06 Ga, resulted 33 

in a redox front that precipitated the U deposits. These migrated V-rich hydrocarbons likely 34 

account for the high V concentrations, which ultimately prevented natural fission reactions 35 

from occurring in these U deposits. Similarities with other pyrobitumen-bearing 36 

Paleoproterozoic U deposits worldwide suggest that organic-rich source rocks, which 37 

deposited in open-marine settings under widespread hyper-euxinic conditions in the aftermath 38 

of the LE, played a key role in preventing the Oklo natural nuclear reactor phenomenon from 39 

reaching a larger extent. 40 

 41 

Keywords: Uranium deposits, natural nuclear reactors, Oklo, Francevillian, vanadium, 42 

deoxygenated ocean 43 

 44 

1. Introduction 45 

 Five economically significant, redox-controlled, sandstone-hosted U deposits have 46 

been identified in the ~2.1 Ga Paleoproterozoic Francevillian Group: the Mounana, Boyindzi, 47 

Oklo-Okelobondo, Mikouloungou and Bangombé deposits (e.g., Bonhomme et al., 1982; Bros 48 

et al., 1992; Horie et al., 2005; Gauthier-Lafaye and Weber, 1989, 2003; Guauthier-Lafaye, 49 

1986, 2006). The dominant U-bearing minerals in these U deposits mostly comprise authigenic 50 

uraninite and coffinite (Cuney, 2010; Gauthier-Lafaye, 2006; Guauthier-Lafaye, 1986; 51 

Gauthier-Lafaye and Weber, 1989). Detrital minerals, such as monazite derived from 52 

weathering of Mesoarchean granitoids surrounding the basin, are generally assumed to be the 53 
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main source of U in the Francevillian Group (Cuney and Mathieu, 2000; Gauthier-Lafaye, 54 

1986; Gauthier-Lafaye and Weber, 1989, 2003; Mathieu et al., 2000, 2001; Ossa Ossa et al., 55 

2020). Hydrothermal alteration (by oxidized fluids) of these U-bearing minerals in sandstone 56 

and conglomerate units of the lower Francevillian Group, and possibly in granitoids of the 57 

Mesoarchean basement, mobilized a significant amount of U along regional faults (Mathieu et 58 

al., 2000, 2001; Ossa Ossa et al., 2014). The formation of high-grade U ores occurred when 59 

these oxidized U-bearing fluids mixed with reduced fluids migrated from black shales of the 60 

upper Francevillian Group (Cuney, 2010; Cuney and Mathieu, 2000; Gauthier-Lafaye, 1986, 61 

2006; Gauthier-Lafaye and Weber, 1989; Mathieu et al., 2000, 2001; Ossa Ossa et al., 2014).  62 

A key characteristic of the Francevillian U deposits is the presence of natural nuclear 63 

reactors in the Oklo-Okelobondo and Bangombé deposits. Fission reaction of 235U occurred 64 

spontaneously in these natural reactors at ~1950 Ga (Gauthier-Lafaye, 2002, 2006; Gauthier-65 

Lafaye et al., 1996; Naudet, 1991; Neuilly et al., 1972). For natural nuclear reactors to occur, 66 

three critical conditions, established for pressurized water reactors (PWR), must be met (e.g., 67 

Naudet, 1991), including: (1) a high U concentration, (2) the presence of water or organic 68 

carbon to slow down fast neutrons produced by fission reactions, and (3) a 235U/238U ratio 69 

higher than 0.03 (Bentridi et al., 2011; Naudet, 1991). Francevillian U deposits are 70 

characterized by high UO2 contents of up to 15%, and U precipitation took place in porous 71 

sandstones where primary and secondary pores were filled by migrated, reduced waters and 72 

hydrocarbons in association with the ~2.2-2.0 Ga Eburnean Orogeny, when the Congo and São 73 

Francisco cratons collided forming the core of the Nuna/Columbia supercontinent (Bankole et 74 

al., 2020; Ossa Ossa et al., 2020). Natural nuclear reactors occurred later when Earth’s 75 

decreasing 235U/238U ratio was approximately 0.0368, just above the threshold ratio required 76 

for fission reactions (e.g., Bentridi et al., 2011; Gauthier-Lafaye, 2002, 2006; Naudet, 1991).  77 
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Similar to PWR nuclear plants, these conditions allowed natural fission reactions to be 78 

sustained in the lower Francevillian Group sedimentary strata (Bentridi et al., 2011; Gauthier-79 

Lafaye, 2002, 2006; Naudet, 1991). However, it is still unclear why natural nuclear reactors 80 

occurred only in association with the U deposits at Oklo-Okelobondo and Bangombé, with no 81 

such phenomenon documented in other U deposits at Mounana, Bouyindzi and Mikouloungou, 82 

although the three critical conditions described above were met at all these locations (Gauthier-83 

Lafaye, 2002, 2006; Gauthier-Lafaye et al., 1996; Gauthier-Lafaye and Weber, 1989; Naudet, 84 

1991). The same applies to U deposits of broadly similar age formed in other locations around 85 

the world, such as the Onega basin in Russia, where metasomatically modified U deposits are 86 

stratigraphically restricted to the boundary between organic-rich sediments of the Zaonega 87 

Formation and oxidized carbonates and red beds of the Tulomozero Formation (e.g., Cuney, 88 

2010; Boitsov, 1995; Boitsov and Nikolsky, 1997).  89 

Besides the three critical conditions described above, the concentration of ‘neutron 90 

poisons’, with their capability to absorb fast neutrons, may prevent fast neutrons from 91 

exponentially accelerating the fission rate. In natural environments, rare earth elements (REEs), 92 

boron (B) and vanadium (V) represent the most important ‘neutron poisons’. Studies of the 93 

Francevillian U deposits have shown that the REE and B contents are similar and low in all 94 

deposits (Gauthier-Lafaye, 2002, 2006; Gauthier-Lafaye and Weber, 2003; Naudet, 1991). By 95 

contrast, the V contents are very high, up to 1.5 wt.%, in the Mounana, Boyindzi and 96 

Mikouloungou U deposits, where natural nuclear reactors did not occur (Gauthier-Lafaye, 97 

2002, 2006; Gauthier-Lafaye et al., 1996; Gauthier-Lafaye and Weber, 2003; Naudet, 1991; 98 

Weber, 1968). On the other hand, V contents are much lower in the Oklo-Okelobondo and 99 

Bangombé U deposits that are associated with natural nuclear reactors (Gauthier-Lafaye, 2002, 100 

2006; Gauthier-Lafaye and Weber, 2003; Naudet, 1991). Vanadium thus appears to have 101 
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played a first-order control on the extent of natural fission reactions in the U deposits of the 102 

Francevillian basin (Naudet, 1991). 103 

 This study aims to provide new insight into the potential sources of V that restricted the 104 

natural nuclear reactor phenomenon to the Oklo-Okelobondo and Bangombé U deposits. In 105 

addition, we investigate implications for Paleoproterozoic environmental conditions during this 106 

unique phenomenon. 107 

 108 

2. Geological setting of Francevillian U deposits 109 

The Francevillian basin covers an area of about 44,000 km2 in southeastern Gabon, and 110 

is subdivided into four sub-basins, including Booué (Plateau des Abeilles), Lastoursville, 111 

Franceville and Okondja (Fig. 1A). The lithostratigraphy is characterized by five sedimentary 112 

formations, from Francevillian A (FA) at the bottom, to FE at the top (Fig. 1B), with deposition 113 

occurring during the Lomagundi carbon isotope excursion (Bonhomme et al., 1982; Bouton et 114 

al., 2009; Bros et al., 1992; Gauthier-Lafaye and Weber, 1989, 2003; Horie et al., 2005; Ossa 115 

Ossa et al., 2013, 2018; Préat et al., 2011; Thiéblemont et al., 2009; Weber, 1968). The 116 

Lomagundi carbon isotope excursion (LE; ~2.22-2.06 Ga) is Earth’s most pronounced and 117 

long-lived carbon isotope excursion, representing a period of high organic carbon burial and 118 

enhanced O2 production in the atmosphere-ocean system (Karhu and Holland, 1996; Bekker, 119 

2014) that was the tipping point for permanent atmospheric oxygenation (Poulton et al., 2021). 120 

The FA Formation is characterized by conglomerate, sandstone and shale deposited in fluvial 121 

settings in its lower part, and tidally influenced fluvio-deltaic environments in the upper part 122 

(Gauthier-Lafaye, 1986; Gauthier-Lafaye and Weber, 1989, 2003; Ossa Ossa, 2010; Ossa Ossa 123 

et al., 2014; Weber, 1968). Fluctuations between inner and outer shelf marine environments 124 

characterized deposition of interbedded black shale, siltstone, sandstone and carbonate in the 125 
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FB Formation. A peritidal-sabkha carbonate platform with stromatolitic buildups and open-126 

shelf shale deposits characterized the FC Formation (Gauthier-Lafaye and Weber, 1989, 2003; 127 

Ossa Ossa et al., 2018; Préat et al., 2011; Weber, 1968). For the FD and FE formations, marine 128 

black shales interbedded with sandstones dominate, with episodes of pronounced submarine 129 

and subaerial volcanism (Gauthier-Lafaye and Weber, 1989, 2003; Préat et al., 2011; Weber, 130 

1968). 131 

All U ore deposits in the Francevillian basin are hosted by the FA Formation sandstones 132 

(Gauthier-Lafaye, 1986; Gauthier-Lafaye and Weber, 1989, 2003; Mathieu et al., 2000) (Figs. 133 

1B, 2). Three main types of circulating fluids are considered to have caused U mineralization 134 

in FA sandstones (Gauthier-Lafaye, 1986; Gauthier-Lafaye and Weber, 1989, 2003; Mathieu 135 

et al., 2000; Openshaw et al., 1978) (Fig. 2). These include oxidized and low-salinity meteoric 136 

fluids that descended into the basin along regional faults. These fluids experienced heating in 137 

the Archean basement to temperatures averaging 240 ± 30°C (Ossa Ossa et al., 2014) before 138 

ascending to the overlying FA Formation with significant amounts of dissolved U. Highly 139 

saline diagenetic brines in the FA Formation sandstone and conglomerate further drove 140 

leaching of U-bearing detrital minerals at temperatures up to ~150°C (Mathieu et al., 2000; 141 

Openshaw et al., 1978). These saline diagenetic brines mixed with ascending hot and low-142 

salinity fluids to form oxidized fluids with high dissolved U contents (Mathieu et al., 2000; 143 

Openshaw et al., 1978). The currently accepted view infers that organic-rich fluids and 144 

hydrocarbons were generated from black shales of the FB Formation and migrated to sandstone 145 

reservoirs within the FA Formation, where structural traps were formed during foreland basin 146 

development (Fig. 2; Lecomte et al., 2020; Mathieu et al., 2000; Gauthier-Lafaye and Weber, 147 

1989, 2003; Openshaw et al., 1978; Weber et al., 2016). Finally, mixing of U-rich, oxidized 148 

and mineralizing fluids and hydrocarbons in structural traps caused U precipitation and 149 
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formation of high-grade U-ore deposits (Fig. 2; Gauthier-Lafaye, 1986; Gauthier-Lafaye and 150 

Weber, 1989; Mathieu et al., 2000; Openshaw et al., 1978).  151 

 152 

3. Analytical methods 153 

3.1. Petrography 154 

 Petrographic analysis was performed on polished thin sections using an OLYMPUS 155 

BX51 polarizing optical microscope equipped with an OLYMPUS DP72 camera. Carbon-156 

coated polished thin sections were analyzed using a TESCAN VEGA 3 scanning electron 157 

microscope (SEM) at Spectrum, University of Johannesburg. The SEM is equipped with an 158 

electron back-scattering detector and an energy dispersive spectrometer (EDS). The operating 159 

conditions were 20 kV accelerating voltage for both imaging and elemental analysis. The goal 160 

of the petrographic analysis was to characterize detrital mineral assemblages, their alteration 161 

products, and distribution of U and V in these minerals in the FA Formation structural traps 162 

where natural nuclear reactors are present and absent (Fig. 3). Since a more comprehensive 163 

regional characterization of mineral phases in the Francevillian Group 164 

sandstones/conglomerates and black shales has already been presented in earlier publications 165 

(e.g., Ossa Ossa, 2010; Ossa Ossa et al., 2013, 2014, 2020), only the most representative 166 

characteristics are discussed here. Further detailed petrographic descriptions of the FA 167 

Formation sandstones and conglomerates can be found in published literature (e.g., Bankole et 168 

al., 2015, 2016; Gauthier-Lafaye, 1986; Gauthier-Lafaye and Weber, 1989; Jensen and Ewing, 169 

2001; Mathieu et al., 2001; Mossman et al., 1993). 170 

 171 

3.2. Major and trace element analyses 172 
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Analysis of powdered shale samples for major element concentrations (Table 1) was 173 

carried out on fusion beads, using a PANalytical MagiX Pro PW2540 spectrometer at the 174 

University of Johannesburg and a wavelength dispersive Bruker AXS Pioneer S4 (Rh-tube at 175 

4 kW) spectrometer at the University of Tuebingen. Accuracy was checked with certified 176 

reference materials and was better than 1% (1SD). Elemental concentrations are reported in 177 

wt.% with a detection limit of 0.004 wt.%. Al, Fe, Mn and S concentrations for some samples 178 

in Table 1 were previously presented in Ossa Ossa et al. (2018), while other data are new 179 

measurements produced in this study (see reference to samples analyzed in Ossa Ossa et al. 180 

(2018) in Table 1). 181 

Trace element concentrations (Table 1) were measured at the Isotope Geochemistry 182 

Laboratory, University of Tuebingen according to the analytical procedure described in detail 183 

in previous studies (Albut et al., 2018; Babechuk et al., 2010, 2015). All V, Cr, U, Mo and Ni 184 

concentrations presented in Table 1 are newly acquired data from this study. Around 30 mg of 185 

ashed, powdered samples (heated to 600°C for 12 h) were dissolved using a mix of 186 

concentrated and distilled HF (2 mL) and HNO3 (0.3 mL) in screw-top 15 mL Savillex© PFA 187 

beakers at 120°C for 4 days. After evaporation at 80°C, samples were taken up in 1.5 mL 6 M 188 

HCl and re-dissolved in closed beakers at 130°C for 1 day. The samples were evaporated to 189 

dryness at 90°C and reacted twice with 0.3 mL aliquots of concentrated HNO3, with 190 

evaporation at 90°C between addition of these aliquots, to remove excess F and Cl. An aliquot 191 

of 5 M HNO3 (1 mL) was added to the sample residues and heated at 80°C for ~1 h to re-192 

dissolve the samples. Analyses were performed with an iCap-Qc ICP-MS coupled to an ESI 193 

SC-2 DX auto-sampler with an ESI Fast uptake system equipped with a 4 mL sample loop. For 194 

analysis, solution samples in 1 mL 5 M HNO3 were diluted twice; first in MQ water (dilution 195 

factor 1000) and second in an internal standard solution made of 0.3 M HNO3 (dilution factor 196 

10,000), containing a spike mixture of 6Li (~3 ppb), In (~1 ppb), Re (~1 ppb) and Bi (~1 ppb). 197 
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Analytical accuracy, estimated relative to 1 RSD from the mean, varied between 3 and 15%, 198 

and was monitored by repeated measurements of reference materials OU-6, QS-1, W-2a and 199 

AGV-2. 200 

 201 

4. Results 202 

4.1. Petrographic description of the FA Formation samples 203 

Petrographic investigation shows that mineral assemblages in the Francevillian Group 204 

sandstones and conglomerates are indistinguishable between areas with and without natural 205 

nuclear reactors. All the FA Formation structural traps show an abundance of heavy detrital 206 

minerals mainly represented by monazite (Mnz), zircon (Zrn), chloritized Fe-rich silicate 207 

grains, and partially altered rutile and titanomagnetite (Figs. 3A, 3B, 3C, 3D). At U-mineralized 208 

sites, U-rich phases (e.g., zircon, galena, huttonite, Fe-chlorite, oxides) commonly contain a 209 

significant amount of REEs and metalloids, such as arsenic (As) and tantalum (Ta) (Figs. 3E1, 210 

E3, E4, 3F1, F3, F4). U-bearing, monazite-group minerals enriched in REEs have been 211 

previously described in detail from these sites (Cuney and Mathieu, 2000; Mathieu et al., 2001; 212 

Ossa Ossa, 2010; Ossa Ossa et al., 2014, 2020). Vanadium, in the form of oxide minerals, is 213 

associated with Ba, Pb, U and Ti, and is also found in clay minerals (Fe-chlorite) (Figs. 3C, 214 

3D, 3E, 3F). Vanadium is present in all the FA Formation structural traps, but is more highly 215 

enriched in mineralized areas without natural nuclear reactors, as illustrated by authigenic Fe-216 

chlorite (Figs. 3E2, 3F2). 217 

 218 

4.2. Variations in V and U concentrations throughout the Francevillian Group 219 
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 In the FA Formation, with the exception of U-mineralized structural traps, 220 

concentrations of V (4-56 µg/g) and U (0.7-2.5 µg/g), along with other redox-sensitive 221 

elements, are not particularly high relative to average upper continental crust (UCC; Fig. 4; 222 

Table 1; i.e., VUCC = ~97 µg/g and UUCC = ~2.7 µg/g). The same applies to the FB Formation. 223 

Although Mo concentrations (0.2-16.7 µg/g), in association with the manganese-rich 224 

stratigraphic interval in the Upper FB1 Member, are slightly above average UCC value (MoUCC 225 

= 1.1 µg/g), V (11-101 µg/g) and U (0.8-3.5 µg/g) concentrations are similar to, or below, 226 

average UCC values (Fig. 4; Table 1). By contrast, concentrations of these elements are much 227 

higher in the FC and FD formations, i.e., V (75-588 µg/g), U (1.9-11 µg/g), Mo (0.2-27 µg/g), 228 

compared to the rest of the Francevillian Group (besides U-mineralized structural traps), and 229 

well above average UCC (Fig. 4; Table 1). 230 

 231 

5. Discussion 232 

5.1. Identification of potential sources for V addition to the Francevillian sediments 233 

In modern marine and terrestrial environments, continental runoff following physical 234 

and chemical weathering represents the main input for V and other redox-sensitive trace metals 235 

(e.g., U, Mo, Cr), with much smaller contributions from submarine volcanism and aerosols 236 

(Algeo and Maynard, 2008; Breit and Wanty, 1991; Huang et al., 2015; Schlesinger et al., 237 

2017). However, it has been proposed that due to the large seawater dissolved V reservoir, 238 

accumulations of V in sediments are much more pronounced in marine settings compared to 239 

terrestrial environments, regardless of whether the sediment provenance is characterized by V-240 

rich lithologies such as mafic and ultramafic rocks (Breit and Wanty, 1991). 241 

Redox processes, adsorption onto mineral phases, and organic complexation are 242 

regarded as the most important output channels for dissolved V from seawater (Breit and 243 
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Wanty, 1991; Huang et al., 2015; Schlesinger et al., 2017). Vanadium has three main oxidation 244 

states: V (vanadate, poorly reactive), IV (vanadyl, highly reactive), and III (e.g., V(OH)3, 245 

highly reactive). Vanadate is soluble under oxic seawater conditions and is reduced to insoluble 246 

vanadyl or V(III) under suboxic to anoxic conditions. Therefore, vanadium drawdown 247 

efficiency and sedimentary enrichment is much higher for sediments deposited under reducing 248 

compared to oxidizing conditions (Algeo and Maynard, 2008; Bennet and Canfield, 2020; Breit 249 

and Wanty, 1991; Huang et al., 2015; Lewan, 1984; Schlesinger et al., 2017; Scott et al., 2017). 250 

Vanadium forms weak complexes with inorganic components under oxidizing 251 

conditions, whereas organic complexes are likely to be reoxidized either in the water column 252 

or in sediments under oxic water-column conditions. Consequently, V is not strongly enriched 253 

in sediments deposited beneath an oxic water column. By contrast, under anoxic or suboxic 254 

conditions, reducing compounds such as H2S have a high capacity to reduce vanadate to 255 

vanadyl and possibly V(III) (Sadiq, 1988), while organic components prone to complexation 256 

with reduced V forms are more stable under such conditions. This results in enhanced 257 

drawdown efficiency and ultimately V enrichment in sediments deposited under anoxic or 258 

suboxic conditions. The sequestration of V(III) can also be enhanced by incorporation into clay 259 

minerals at the seafloor or in sediments. In view of this, anoxic and euxinic water column 260 

conditions are viewed as favorable environmental conditions for V enrichment during 261 

deposition of black shales (Algeo and Maynard, 2008; Bennet and Canfield, 2020; Breit and 262 

Wanty, 1991; Huang et al., 2015; Lewan, 1984; Schlesinger et al., 2017; Scott et al., 2017). 263 

In the Francevillian basin, U-ore deposits formed by mixing of U-rich, oxidized fluids 264 

(that passed through the FA Formation and probably the underlying Archean basement) and 265 

reduced fluids (hydrocarbons migrated from the Francevillian FB Formation black shales) in 266 

the FA Formation sandstones (see Section 2 above). Therefore, V enrichment and its 267 

association with the Francevillian U-ore deposits could have been caused by either (1) 268 
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alteration of V-bearing minerals in the FA Formation sandstones and conglomerates (detrital 269 

input) and the Archean basement (e.g., igneous rocks), or (2) migration of V-rich hydrocarbons 270 

from the Francevillian FB Formation black shales deposited under reducing conditions. 271 

 272 

5.1.1. Detrital and igneous source for V enrichment? 273 

With the exception of U-mineralized structural traps and the contact between the 274 

Archean basement and the Francevillian Group, where large volumes of basinal fluids 275 

circulated (Mathieu et al., 2000, Ossa Ossa, 2010), V concentrations, in both the FA Formation 276 

and the underlying Archean granitoids, are below average upper continental crust value of 97 277 

µg/g (Table 1; Figs. 4, 5). Detrital input during deposition of the FA Formation was the main 278 

source for U, REEs (Cuney and Mathieu, 2000; Gauthier-Lafaye and Weber, 1989; Mathieu et 279 

al., 2000, 2001; Ossa Ossa, 2010; Ossa Ossa et al., 2014, 2020) and potentially V. It seems 280 

plausible that the provenance in different compartments of the basin could have influenced V 281 

supply to the Francevillian basin U-ore deposits and thus the occurrence of natural nuclear 282 

reactors.  283 

It has previously been shown that weathering of Archean rocks of the North and South 284 

Gabon massifs sourced siliciclastic sediments to the Francevillian basin, with Mesoarchean 285 

granitoids being the dominant source for U-bearing detrital minerals (Ossa Ossa et al., 2020). 286 

Vanadium is enriched in mafic and ultramafic rocks compared to felsic rocks (e.g., Cawthorn 287 

et al., 2005; Fischer and Ohl, 1970; Kerr et al., 2013). Therefore, mafic and ultramafic rocks 288 

of the Bélinga Group, developed in greenstone belts of the North and South Gabon massifs, 289 

could have been potential V sources to the Francevillian basin. This is consistent with higher 290 

V enrichments (V/Al > V/AlUCC of ~12) found in these metaigneous rocks compared to other 291 

units of the Archean basement, such as granitoids (V/Al < V/AlUCC of ~12; Fig. 5). However, 292 
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the occurrence of abundant Fe-rich detrital minerals such as titanomagnetite, rutile and 293 

chloritized Fe-rich silicate grains in the FA Formation sandstone and conglomerate (Figs. 3A, 294 

3B; Bankole et al., 2016; Gauthier-Lafaye and Weber, 1989; Ossa Ossa, 2010; Ossa Ossa et 295 

al., 2014), without any clear paleogeographic pattern, suggests that detrital input 296 

homogeneously supplied V to the Francevillian basin. 297 

Intense alteration processes that affected these V-bearing detrital minerals in the FA 298 

Formation (Fig. 3; Ossa Ossa, 2010; Ossa Ossa et al., 2014) suggest that V was mobilized, 299 

together with U, by circulating oxidized fluids that led to the formation of the uranium-ore 300 

deposits. The western edge of the basin hosts both strongly V-enriched U-ore deposits of 301 

Mounana and Boyindzi without natural nuclear reactors, and the less V-enriched, but still above 302 

average UCC, U deposits of Oklo-Okelobondo and Bangombé with natural nuclear reactors 303 

(Naudet, 1991). However, these two types of U-ore deposits were generated by migration of 304 

the same oxidized fluids that had much higher concentrations of U than V. It is thus unlikely 305 

that alteration of V-bearing detrital minerals sourced from the Archean Bélinga Group and 306 

granitoids, or leaching of the underlying Archean basement by circulating fluids, was 307 

responsible for the difference in V enrichment observed between these U deposits. 308 

 309 

5.1.2. Authigenic V enrichment in the Francevillian basin? 310 

In the Francevillian basin black shales, pronounced V enrichment (V/Al ranges between 311 

12 and 77) relative to the average UCC (V/AlUCC = 12) is observed in the FC and FD 312 

formations. By contrast, no obvious V enrichment is recorded in the FB Formation (V/Al < 313 

V/AlUCC), except for a minor increase corresponding to the Mn-rich Upper FB1 Member (V/Al 314 

ranges between 4 and 18, but with the medium value < V/AlUCC; Fig. 4). Considering that V 315 

enrichment in black shales is mainly controlled by the concentration of H2S, organic 316 
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complexation, and incorporation into clay minerals under suboxic to anoxic, and particularly 317 

sulfidic, conditions in either seawater or sediment pore-waters (Algeo and Maynard, 2008; 318 

Breit and Wanty, 1991; Huang et al., 2015; Lewan, 1984; Schlesinger et al., 2017; Scott et al., 319 

2017), these redox conditions must have developed during deposition of the FC and FD 320 

formations and, to some extent, the Upper FB1 Member. 321 

Deposition of the FB Formation predominantly occurred under oxidized water-column 322 

conditions (Canfield et al., 2013; Ossa Ossa et al., 2018). However, a two-step deoxygenation 323 

resulted in build-up of dissolved H2S in the water column during deposition of the Upper FB1 324 

Member and the FC and FD formations (Ossa Ossa et al., 2018). Specifically, highly negative 325 

δ34S values and lower than 0.22 FeHR/FeT (highly reactive iron / total iron contents) ratios 326 

recorded by the FB Formation black shales have been interpreted as representing deposition 327 

beneath a well-oxygenated seawater column with a relatively high sulfate concentration 328 

(Canfield et al., 2013; Ossa Ossa et al., 2018). The only exception is found in the Upper FB1 329 

Member, which has positive to near-to-zero δ34S values, FeHR/FeT ratios fluctuating from 330 

below 0.22 to above 0.38, and FePy (pyrite iron)/FeHR ratios both above and below 0.7 331 

(Canfield et al., 2013; Ossa Ossa et al., 2018), indicating episodically euxinic conditions in an 332 

otherwise predominantly oxic water column, with a depleted sulfate pool (Figs. 4, 7; Ossa Ossa 333 

et al., 2018). Oxic conditions during deposition of the Upper FB1 Member are also supported 334 

by Mn(II) oxidation and precipitation from the water column (Gauthier-Lafaye and Weber, 335 

2003; Ossa Ossa et al., 2018). Highly positive δ34S values, FeHR/FeT ratios higher than 0.38, 336 

FePy/FeHR ratios predominantly above 0.7, and positive δ98Mo values above 0.8‰ in the FC 337 

and FD formation black shales have been linked to the development of widespread euxinic 338 

conditions in the Francevillian basin, and potentially the global ocean (Fig. 4; Canfield et al., 339 

2013; Ossa Ossa et al., 2018), with a depleted seawater sulfate reservoir at the end of the 340 

Lomagundi carbon isotope excursion (Ossa Ossa et al., 2018).  341 
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With vanadate being stable and poorly reactive under oxic conditions (Sadiq, 1988), 342 

along with the tendency for organic complexes to be reoxidized in an oxic water column and 343 

sediments, the lack of significant V enrichment in the FB Formation black shales might reflect 344 

deposition under a well-oxygenated water column. This would explain the low V 345 

concentrations with trivial authigenic V enrichments (V/Al < V/AlUCC) in the FB Formation 346 

black shales (Fig. 4). By contrast, significant V enrichments in the FC and FD formation black 347 

shales (V/Al up to 77) are consistent with the buildup of dissolved H2S in the water column 348 

under euxinic conditions. It has been proposed that V concentrations in black shales > 500 ppm 349 

reflect V enrichments associated with the development of hyper-euxinic conditions, where 350 

dissolved H2S concentrations approach or exceed ~10 mM (Scott et al., 2017). In modern 351 

suboxic and euxinic environments, authigenic V enrichments are as high as 300 ppm 352 

(Brumsack, 2006; Piper and Dean, 2002), reflecting removal of dissolved V from seawater as 353 

vanadyl (Breit and Wanty, 1991). However, H2S concentrations as high as 8 mM in the modern 354 

marine Framvaren Fjord environments are not accompanied by high V enrichments in 355 

sediments, with V concentrations at ~41 ppm (Skei et al., 1988). This suggests that H2S 356 

concentrations likely commonly have to be at least >8 mM in order to produce significant V 357 

enrichments (Scott et al., 2017). Furthermore, thermodynamic calculations predict that 358 

vanadate reduction to V(III) should bypass vanadyl formation if H2S concentrations exceed 359 

0.029 mM (Wanty and Goldhaber, 1992). V concentrations in some of the FC and FD 360 

formation black shales exceed 500 ppm and, similar to other trace metals (e.g., Mo, U, Cr), are 361 

much higher than in the FB Formation black shales and average upper continental crust (see 362 

Fig. 4 and Canfield et al., 2013). This suggests that dissolved seawater H2S concentrations 363 

during deposition of the FC and FD Formation black shales likely exceeded 8 mM, and in most 364 

cases dissolved V was reduced to V(III). 365 
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Seawater redox conditions at the end of the Lomagundi carbon isotope excursion in the 366 

Francevillian Basin (i.e., anoxic and hyper-euxinic), enhanced the drawdown efficiency of V 367 

resulting in significant enrichments in the FC and FD formation black shales. Importantly, a 368 

two-step deoxygenation has previously been proposed, with a decreased seawater sulfate 369 

reservoir during deposition of the Upper FB1c Unit. Even lower seawater sulfate concentrations 370 

then occurred during deposition of the FC and FD formations in the aftermath of the 371 

Lomagundi carbon isotope excursion (Ossa Ossa et al., 2018). Here, minor V enrichment in 372 

the Upper FB1c Unit and significant V enrichment in the FC and FD formations further support 373 

more pronounced reducing conditions and higher dissolved seawater H2S concentrations 374 

during deposition of the Upper Francevillian Group (straddling the end and aftermath of the 375 

Lomagundi carbon isotope excursion), compared with the major event of Mn precipitation in 376 

the Upper FB1c Unit (during the Lomagundi carbon isotope excursion). However, the record of 377 

the Lomagundi carbon isotope excursion and its end in the Francevillian Group was challenged 378 

in a recent study (Bakakas-Mayika et al., 2020). This work used sedimentological observations 379 

for the LST12 drill core (see Fig. 1) to argue that the Upper FC1 Member inferred to record the 380 

end of the Lomagundi carbon isotope excursion (see Fig. 2 in Ossa Ossa et al., 2018) 381 

corresponds to deep-water carbonate deposits (Unit V in Fig. 2 of Bakakas-Mayika et al., 382 

2020). Based on their reinterpretation of sedimentary structures, Bakakas-Mayika et al. (2020) 383 

concluded that the highly positive carbon isotope values recording in this drill core reflect a 384 

local signal of a shallow-marine evaporite environment, whereas contemporaneous, open-385 

marine deep-waters do not carry this signal. However, crinkly laminated dolostones with well-386 

preserved microbial mat structures in the Upper FC1 Member indicate deposition in a shallow-387 

marine environment (see Fig. 2 in Ossa Ossa et al., 2018). Furthermore, thin carbonate beds in 388 

deep-water black shales of the FB Formation also record positive δ13Ccarb values (El Albani et 389 

al., 2010; Ossa Ossa et al., 2013, 2018). These data demonstrate that deep-water settings in the 390 
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Francevillian Basin record the Lomagundi carbon isotope excursion (El Albani et al., 2010; 391 

Ossa Ossa et al., 2013, 2018), whereas unit V reflects its end, with associated deoxygenation 392 

of Paleoproterozoic oceans. The V-enrichment in the FC and FD formation black shales thus 393 

reflects deoxygenation of the Paleoproterozoic oceans at the end of the Lomagundi carbon 394 

isotope excursion, and this was a source of V for the Francevillian Basin U-ore deposits. By 395 

contrast, the V-poor FB Formation black shales, deposited under oxygenated marine conditions 396 

during the Lomagundi carbon isotope excursion, would not have provided V to these U-ore 397 

deposits. 398 

 399 

5.2. Hydrocarbon migration pathways and V redistribution in the FA Formation U-ore 400 

deposits 401 

Vanadium is a common component of hydrocarbon fluids, especially asphaltic oils 402 

(e.g., Fischer and Ohl, 1970). Hydrocarbon fluids were previously described to have migrated 403 

from the organic-rich FB Formation petroleum source rocks to the FA Formation sandstone 404 

reservoirs along faults (Fig. 2; Gauthier-Lafaye, 1986; Gauthier-Lafaye and Weber, 1989, 405 

2003; Mathieu et al., 2000; Ossa Ossa, 2010; Ossa Ossa et al., 2014; Weber et al., 2016). 406 

However, hydrocarbon generated from the V-poor FB Formation black shales cannot account 407 

for the high V enrichments recorded by the FA Formation U-ore deposits. More recently, it has 408 

been shown that the FC and FD Formation black shales also generated significant quantities of 409 

hydrocarbons in the Francevillian Basin (Ossa Ossa et al., 2018). Although rock-eval pyrolysis 410 

data for the Francevillian Group black shales indicate advanced post-depositional 411 

transformation and over-maturation of the organic matter (Fig. 6A), concentrations of V, Ni 412 

and S suggest that these petroleum source rocks are mainly characterized by type II oil-prone 413 

kerogen with a minor contribution from type III gas-prone kerogen (Fig. 6B). This is consistent 414 
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with the proposed scenario of oil generation from the Francevillian Group black shales and its 415 

migration to the FA Formation sandstone reservoirs at ca. 2.05 Ga during the ca. 2.2-2.0 Ga 416 

Eburnian Orogeny (e.g., Gauthier-Lafaye, 1989; Gauthier-Lafaye and Weber, 1989; Gauthier-417 

Lafaye et al., 1996; Weber et al., 2016). 418 

 Mobilization and accumulation of hydrocarbons in the Franceville sub-basin was 419 

controlled by faults and associated structural traps (Fig. 8). Uranium-ore deposits of Oklo-420 

Okelobondo and Bangombé are surrounded by the FB Formation mudstones, which served as 421 

a seal, and NW-SE and N-S trending faults related to the structural trap formation (Gauthier-422 

Lafaye and Weber, 1989) allowed hydrocarbon migration only from the FB Formation black 423 

shales (Fig. 8B). By contrast, the same NW-SE and N-S trending faults connected U deposits 424 

of Boyindzi, Mounana and Mikouloungou with both the FB Formation and the FC and FD 425 

formations, allowing hydrocarbon migration (Fig. 8B). This indicates that U-ore deposits 426 

lacking natural nuclear reactors in the Francevillian basin could have been directly or indirectly 427 

connected to an external source of V, represented by the FC and FD formation black shales 428 

through the regional fault system (Fig. 8A). High V concentrations in these U-ore deposits (up 429 

to 1.5 wt.%) likely correspond to authigenic V enrichment in the source rocks from which 430 

hydrocarbons migrated. Migration of V-rich hydrocarbons from the FC and FD formation black 431 

shales could have helped to prevent natural fission reactions in some of the Francevillian basin 432 

U-ore deposits, thus limiting the regional impact of the Oklo natural nuclear reactors. 433 

 434 

5.3. Implications for the extent of development of natural nuclear fission reactors 435 

Broadly coeval polymetallic V-rich sedimentary U-ore deposits, which formed in a 436 

similar geological setting to those of the Francevillian basin (e.g., Mounana, Boyindzi, 437 

Mikouloungou), are found in the Karelia Craton of the Fennoscandian Shield (Boitsov, 1995; 438 
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Boitsov and Nikolsky, 1997; Cuney, 2010; Molnár et al., 2017). For example, in the Onega 439 

basin, several high-grade U-ore deposits (UO2 up to 0.13 wt.%) with associated high V 440 

concentrations up to 4.22 wt.% (i.e., Srednyaya Padma, Verkhnyaya Padma, Tsarevskoe, 441 

Vesennee, Kosmozerskoe and Shul’ginovskoe), are also linked to the solidified petroleum 442 

(shungite) hosted in structural traps (Boitsov, 1995; Negrutsa and Polekhovsky, 1995). 443 

Importantly, all of these deposits are stratigraphically restricted to the contact of the Zaonega 444 

Formation reduced, organic matter-rich sediments with oxidized carbonates and red beds of the 445 

Tulomozero Formation (Golubev and Novikov, 2005). In the Onega basin, mineralizing 446 

metasomatic events have been dated at ~1770, 1740 and 1640 Ma (Borozdin et al., 2014 and 447 

references therein), by which time the 235U/238U ratio was no longer high enough to allow 448 

natural fission reactions (e.g., Gauthier-Lafaye and Weber, 1989, 2003). 449 

However, similar to the Francevillian U-ore deposits, mineralization in the Onega basin 450 

is likely the consequence of multiple metasomatic events, and the age record of the oldest 451 

mineralization event might have been overprinted by younger fluid circulation. Borozdin et al. 452 

(2014) dated mineralizing metasomatic events between 1740 and 1640 Ma using the Rb-Sr 453 

isochron method on whole-rock samples and gangue mineral separates. Accurate determination 454 

of the mineralization age of U deposits generally requires the use of modern high-resolution in 455 

situ isotopic dating techniques, such as U-Pb SIMS or LA-ICP-MS on uraninite, that date 456 

micrometre-scale ore mineral zones unaffected by later metasomatic events (cf. Cuney and 457 

Kyser, 2008). The Rb-Sr isotope system used by Borozdin et al. (2014) is highly sensitive to 458 

re-equilibration with late metasomatic fluids. Moreover, such a method only dates the 459 

associated metasomatic minerals, and not the U mineralization itself. Hydrocarbon-bearing 460 

polymetallic U-ore deposits in the Peräpohja Belt of the Karelia Craton, Finland (Molnár et al., 461 

2017) formed at ca. 2.03-2.01 and 1.95-1.94 Ga, whereas later, metasomatic U-mineralizing 462 

events related to the Svecofennian Orogeny reset the U-Pb system at ca. 1.91-185, 1.85 and 463 
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1.80 Ga (Molnár et al., 2017). Although the latter case shows that the Karelian U-ore deposits 464 

formed as early as ca. 2.03-2.01 Ga, when 235U/238U ratios were high enough for natural fission 465 

reactions to occur (cf. Gauthier-Lafaye and Weber, 1989, 2003), a detailed and high-resolution 466 

geochronological study of U deposits from the Onega basin is needed to determine the exact 467 

age of the oldest U mineralization event. 468 

High V concentrations (up to 957 ppm), along with U and Mo concentrations up to 36 469 

and 180 ppm, respectively, occur in black shales of the Upper Zaonega Formation (Asael et 470 

al., 2018). These concentrations indicate significant V enrichment, which is achievable only 471 

under hyper-euxinic conditions with dissolved seawater H2S level likely exceeding ~8 mM (cf. 472 

Scott et al., 2017). Deposition of these black shales is also inferred to have occurred under 473 

deoxygenated seawater conditions at the end of the Lomagundi carbon isotope excursion (e.g., 474 

Canfield et al., 2013; Kump et al., 2011; Melezik et al., 2007; Scott et al., 2014). These marine 475 

redox conditions are further supported by Mo isotope data from these black shales, suggesting 476 

extensive development of strongly euxinic conditions in the mid-Paleoproterozoic ocean at the 477 

end of the Lomagundi carbon isotope excursion (Asael et al., 2018). 478 

However, an alternative view proposed that redox processes in the Francevillian and 479 

Onega basins reflect local rather than global processes in the mid-Paleoproterozoic oceans 480 

(e.g., Paiste et al., 2020a, 2020b; Melezhik et al., 1999). Based on trace metal enrichments (U, 481 

Mo, Re) and large U isotope fractionations found in black shales of the Zaonega Formation, a 482 

recent study proposed that the Paleoproterozoic ocean remained well-oxygenated after the end 483 

of the Lomagundi carbon isotope excursion (Mänd et al., 2020). Mänd et al. (2020) further 484 

argued that Mo isotope signature of the Zaonega Formation, previously interpreted to reflect 485 

widespread anoxic conditions in the Paleoproterozoic oceans in the aftermath of the GOE 486 

(Asael et al., 2018), can also be reconciled with well-oxygenated seawater conditions. These 487 

views are clearly inconsistent with the widespread aspect of V hyper-enrichment in the 488 
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Paleoproterozoic sediments in the aftermath of the Lomagundi carbon isotope excursion. We 489 

thus provide a different perspective below on: 1) the age of the Onega basin succession, 490 

specifically the Tulomozero and Zaonega formations; 2) the age of the sills within the Zaonega 491 

Formation and whether water-column methane was thermochemically released from organic-492 

rich shales or biologically produced in the basin; 3) redox structure within the basin during 493 

deposition of the Zaonega Formation; 4) tectonic setting of the basin and its isolation from the 494 

ocean; and 5) whether this basin records global or local geochemical signals.  495 

The extensively cited date of 1975.3 ± 2.8 Ma (U–Pb ID-TIMS analysis of single zircon 496 

grains), previously interpreted to correspond to syn-sedimentary volcanic eruption at the base 497 

of the Jatulian Group in the Onega basin (which records the Lomagundi carbon isotope 498 

excursion; Martin et al., 2015), has recently been linked to sill emplacement and is thus younger 499 

than the depositional age of the Tulomozero Formation (cf. Paiste et al., 2020b). All other ages 500 

compiled in Martin et al. (2015) are for sills and dykes in the Zaonega Formation, and thus 501 

only provide a minimum age for this unit. The only exception is the 1982 ± 4.5 Ma date for a 502 

tuff in the basal part of the Zaonega Formation (Martin et al., 2015). However, this date is 503 

based on only one zircon grain ID-TIMS U-Pb analysis, with all other (~30) grains being either 504 

discordant or Archean in age. On the another hand, ca. 2.05 Ga Re-Os dates were independently 505 

reported for the middle part of the Zaonega Formation by Hannah et al. (2008) and Bauer et al. 506 

(2020); these dates have not yet been presented in peer-review literature and should be used 507 

with caution. The same applies to U-Pb dating of zircon from volcanic tuffs of the Upper 508 

Francevillian Group that yielded dates of 2083 ± 6 Ma (SHRIMP; Horie et al., 2005) and 2072 509 

± 29 Ma (LA-ICP-MS; Bouton et al., 2009). It is thus clear that robust depositional age 510 

constraints are currently unavailable for the Francevillian and Onega basins. Considering 511 

uncertainty in depositional ages of the Zaonega Formation and the Francevillian Group, it 512 

seems premature to argue based solely on available geochronologic constraints whether these 513 
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successions are correlative or not. Nevertheless, both successions record the end of the carbon 514 

isotope excursion before ca. 2.05 Ga and, considering that presently available 515 

chemostratigraphic and geochronologic data indicate the end of a single, long-lasted C isotope 516 

excursion at this time interval, it is most parsimonious to infer that both the Upper Francevillian 517 

Group and the Zaonega Formation reflect the end of the Lomagundi carbon isotope excursion 518 

between ca. 2.11 and 2.06 Ga (cf. Karhu and Holland, 1996; Melezhik et al., 2015; Ossa Ossa 519 

et al., 2018). 520 

Syn-depositional emplacement of sills and dykes into unlithified sediments of the 521 

Zaonega Formation have been used as an argument for thermochemical methane generation in 522 

the Onega basin during deposition of the Zaonega Formation (e.g., Qu et al., 2012, 2018). The 523 

peperites on contacts of intrusions and sediments have not been fully documented in published 524 

literature (tar balls are not reported from the Zaonega Formation and yet are ubiquitous in the 525 

unconformably overlying Kondopoga Formation; e.g., Melezhik et al., 1999), and in any case, 526 

shallowly buried sediments can remian unlithified for millions of years until affected by 527 

regional metamorphism.  More relevant, despite extensive dating of dykes and sills in the 528 

Zaonega Formation (e.g., Martin et al., 2015), no 2.1-2.0 Ga dates, corresponding to the 529 

inferred age of the Zaonega Formation (see above), have thus far been reported. We thus infer 530 

that robust evidence for thermochemical methane generation in the Onega basin during 531 

deposition of the Zaonega Formation is lacking. Instead, organic-rich facies of the Zaonega 532 

Formation and their highly negative 13Corg values indicate biological methane production and 533 

recycling (methanogenesis and methanotrophy) in the Onega basin. Combined biological 534 

methane cycling in the Onega basin, high rates of organic carbon loading, enrichment in redox-535 

sensitive elements, and Fe and Mo isotope values indicate deposition of the Zaonega Formation 536 

in a redox-stratified basin (cf. Asael et al., 2018; Mänd et al., 2021). 537 
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The tectonic setting of the Onega basin and its connection to the global ocean, 538 

especially during deposition of the Zaonega Formation, is poorly constrained and widely 539 

debated (e.g., Melezhik et al., 1999, 2015; Melezhik and Hanski, 2012; Negrutsa, 1984; 540 

Ojakangas et al., 2001). However, regional lithostratigraphic correlations among presently 541 

structurally confined basins suggest that a passive continental margin with shallow-marine 542 

carbonate-evaporite-red bed deposits established over the Karelia Craton in the Upper Jatulian, 543 

with paleocurrents predominantly north-to-west pointing towards deep-water, open-marine 544 

settings (Ojakangas et al., 2001). These passive-margin, shallow-marine successions, recording 545 

the Lomagundi carbon isotope excursion (e.g., Karhu, 1993), are sharply overlain, with an 546 

erosional surface overlain by organic-rich dolostones, marls and shales (Galdobina, 1987) 547 

indicating craton-wide drawning of carbonate platform, likely in response to tectonic 548 

reorganization. The thickness of black shales decreases to the north-northwest, consistent with 549 

the sediment provenance to the south (cf. Melezhik et al., 2015). In contrast to the widely used 550 

model of ‘rift-bound lagoon’ in the regional literature for the Onega basin during deposition of 551 

the Zaonega Formation (Melezhik et al., 1999. 2015), we favor a deeper-water, marine setting 552 

during deposition of the Zaonega Formation (cf. Negrutsa, 1984; Ojakangas et al., 2001), with 553 

largely unrestricted exchange with the global ocean.  554 

Geochemical models for the Zaonega Formation, based largely on trace metal 555 

enrichments in the black shales (e.g., Mänd et al., 2020, 2021; Paiste et al., 2020a, 2020b), also 556 

converge on the view that the Onega basin was likely well-connected to the Paleoproterozoic 557 

ocean. In order to provide new insight into whether biogeochemical processes in the Onega 558 

and Francevillian basins reflect local processes in restricted marine settings or deposition in 559 

marine basins well-connected to the Paleoproterozoic ocean, V/Al vs. Mo/Al and V/Al vs. U/Al 560 

cross-plots (Fig. 9), based on variations observed in modern environments, may be used 561 

(Bennet and Canfield, 2020). An extensive study of open-marine and restricted modern 562 
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environments, with various redox conditions, has demonstrated that V/Al > 46 µmole/mole can 563 

only be reached in an open-marine setting with perennial anoxia (Bennet and Canfield, 2020). 564 

Data for the Upper Zaonega Formation and Upper Francevillian Group are dominated by V/Al 565 

> 46 µmole/mole (Fig. 9). Furthermore, the cross-plots show positive correlations between 566 

V/Al and Mo/Al, and between V/Al and U/Al (Fig. 9). The positive correlations also highlight 567 

a stratigraphic trend from oxic-to-suboxic, to ferruginous-to-euxinic water-column conditions 568 

from the FC to FD Formation in the Francevillian basin, and from the lower to upper part of 569 

the Upper Zaonega Formation in the Onega basin (Fig. 9). These trends indicate that V hyper-570 

enrichment developed gradually as a result of progressive deoxygenation during deposition of 571 

these two sedimentary successions, as previously proposed (Asael et al., 2018; Canfield et al., 572 

2013; Kump et al., 2011; Scott et al., 2014; Ossa Ossa et al., 2018) for marine basins well-573 

connected to the Paleoproterozoic oceans (cf., Algeo and Lyons, 2006; Bennet and Canfield, 574 

2020; Scott et al., 2017).  575 

In contrast to the recent suggestion (e.g., Mänd et al., 2020), largely based on extreme 576 

enrichments in redox-sensitive elements (Mo, U, Re) and U isotope fractionations, we infer 577 

that these stratigraphic trends reflect ocean deoxygenation in the aftermath of the Lomagundi 578 

carbon isotope excursion, rather than continuation of the oxygen overshoot. Importantly, the 579 

occurrence of at least six major U-V polymetallic deposits and multiple showings hosted in the 580 

basal Zaonega Formation of the eastern part of the Onega basin, which was previously studied 581 

to infer marine redox conditions, suggest that caution should be exercised in interpreting these 582 

data, since redox-front deposits are known to develop extreme degrees of enrichment in redox-583 

sensitive elements via multi-stage reduction-oxidation cycles, and extreme isotopic 584 

fractionation of redox-sensitive elements (e.g., U, Mo, Fe) could be generated under these 585 

conditions. The point is that although the stratigraphical level with extreme enrichments in 586 

redox-sensitive elements and U isotope fractionation is in the upper part of the Zaonega 587 
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Formation and stratigraphically far from U-V polymetallic deposits hosted at the base of the 588 

unit, tectonic and magmatic drivers for fluid circulation and hydrocarbon generation, as well 589 

as redox gradients between organic-rich and highly oxidized sediments, were in place to induce 590 

enrichments and isotopic fractionation in redox-sensitive elements and to trap metal-rich 591 

hydrocarbon-bearing fluids at the contact of lithologies with different porosity and 592 

permeability. 593 

Efficient V removal from seawater to sediments during expanded anoxia and euxinia 594 

in the mid-Paleoproterozoic ocean at the end, and in the aftermath, of the Lomagundi carbon 595 

isotope excursion, appears to have contributed to the formation of V-rich black shales, an 596 

important source for hydrocarbon generation in the Francevillian and Onega basins, and 597 

probably in other localities across the globe. Hydrocarbons generated from these V-rich black 598 

shales played a key role in preventing natural fission reactors from broader expression in ca. 599 

2.06-1.9 Ga high-grade U-ore deposits at a time when natural 235U/238U ratios were still above 600 

the critical threshold of 0.03, which is required for natural fission reactions. Because the 601 

Francevillian and Onega basins both record petroleum migration to structural and stratigraphic 602 

traps and high-grade U-ore mineralization, V enrichment in the petroleum-source rocks (black 603 

shales deposited during the mid-Paleoproterozoic ocean deoxygenation) and hydrocarbons 604 

derived from them helped prevent wider expression of natural nuclear reactors, at least on the 605 

scale of the Francevillian basin. 606 

 607 

6. Conclusions 608 

Vanadium enrichment in Francevillian U-ore deposits was derived from (1) altered V-609 

bearing minerals of the detrital fraction in the FA Formation sandstones and conglomerates 610 

and/or Archean mafic and ultramafic igneous rocks of the Archean basement underneath the 611 
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mid-Paleoproterozoic Francevillian basin, and (2) authigenic enrichment in the FC and FD 612 

formation black shales deposited under expanded euxinic conditions. Hydrocarbons migrated 613 

from these V-rich black shales into structural traps and established a redox front that 614 

maintained U precipitation in the upper part of the FA Formation, also providing an additional 615 

source of V to some of the Francevillian Group U-ore deposits. Hydrocarbon migration 616 

pathways along major faults suggest that U-ore deposits hosting natural nuclear reactors (Oklo-617 

Okelobondo and Bagombé) were formed at a redox front maintained by hydrocarbons 618 

generated from the FB Formation V-poor black shales. By contrast, those without natural 619 

nuclear reactors were controlled by hydrocarbons derived from both the FB V-poor black 620 

shales and the FC and FD formation V-rich black shales. 621 

The FB Formation petroleum-source rocks are V-poor since they were deposited in a 622 

well-oxygenated mid-Paleoproterozoic shallow-marine setting during the Lomagundi carbon 623 

isotope excursion. Enrichment in V in the FC and FD formation black shales reflects deposition 624 

in anoxic and hyper-euxinic marine environments during, and in the aftermath, of ocean 625 

deoxygenation at the end of the mid-Paleoproterozoic Lomagundi carbon isotope excursion. 626 

Hydrocarbon migration from the V-rich petroleum-source rocks along regional fault system 627 

led to high V concentrations in some U-ore deposits, preventing development of natural nuclear 628 

reactors. Potentially coeval, high-grade, U-V polymetallic mineralization hosted in the Onega 629 

basin in Karelia, Russia in association with black shales deposited at the end, and in the 630 

aftermath, of the Lomagundi carbon isotope excursion, further suggest that mid-631 

Paleoproterozoic ocean deoxygenation helped prevent natural nuclear reactors from reaching 632 

a wider expression. 633 
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FIGURE CAPTIONS: 930 

 931 

 932 

Fig. 1. Geological maps for the Francevillian basin and Franceville sub-basin (A) and 933 

lithostratigraphic column (B) for the Francevillian basin, showing sample locations 934 

(modified from Gauthier-Lafaye and Weber, 1989, 2003; Pambo et al., 2006; Weber, 935 

1968). 936 

 937 
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 938 

 939 

Fig. 2. Francevillian U-ore mineralization model showing different fluid migration paths 940 

(modified from Gauthier-Lafaye and Weber, 1989; Mathieu et al., 2000; Ossa Ossa, 941 

2010). 942 

 943 
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 944 

 945 

Fig. 3. Petrographic observations for the U-V-bearing sandstone from the FA Formation 946 

associated and not associated with natural nuclear reactors. (A) Photomicrograph of a 947 

sandstone sample close to the Bamgobé natural nuclear reactor showing abundant 948 
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heavy detrital minerals, including monazite, zircon and undetermined Fe-rich silicate. 949 

(B) Backscattered electron (BSE) image of a sandstone sample from the 950 

Mikouloungou U-ore deposit (bearing no natural nuclear reactor), confirming an 951 

abundance of heavy detrital minerals, including monazite, zircon and Fe-rich silicate. 952 

(C). BSE image of altered titanomagnetite partially replaced by V-rich Fe-chlorite. 953 

(D) BSE image of altered rutile partially replaced by illite. (E) BSE image from the 954 

U-mineralized zone of the Mikouloungou U-ore deposit (bearing no natural nuclear 955 

reactor), showing authigenic grains of vanadium oxides together with authigenic V-956 

rich Fe-chlorite. Elemental maps show enrichment of U (E1), V (E2), As (E3) and Ta 957 

(E4). (F) BSE image of altered zircon grain with inclusions of galena. Elemental 958 

maps show enrichment in U (F1), V (F2), Pb (F3) and Ta (F4). Zrn: zircon; Mnz: 959 

monazite; ill: illite; Fe-Chl: iron-rich chlorite; Titmag: titanomagnetite; Rut: rutile; 960 

Qtz: quartz; Ox: oxide; Hut: huttonite; Gal: galena. 961 

 962 
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 964 

 965 

Fig. 4: Lithostratigraphic profile and geochemical data for the Francevillian Group. FeHR/FeT data are from previous studies (Canfield et al., 966 

2013; Ossa Ossa et al., 2018). Oxic, anoxic and equivocal fields of the FeHR/FeT panel as well as euxinic and ferruginous fields of the 967 

FePy/FeHR panel are after Poulton and Canfield (2011). Dashed lines on V/Al, U/Al, Mo/Al and Cr/Al plots represent average values for 968 

the upper continental crust (UCC; Rudnick and Gao, 2014). 969 
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 971 

Fig. 5. Cross-plot of V/Al ratios vs. V concentrations, highlighting Mesoarchean mafic to 972 

ultramafic igneous rocks of the Bélinga Group in the Archean basement and the FC and 973 

FD formation black shales of the Francevillian Group as a potential V source for the 974 

FA Formation U-ore deposits. Data are from this study and the literature (Bouton et al., 975 

2009; Thieblement et al., 2009). UCC dashed line represents the average value for the 976 

upper continental crust (Rudnick and Gao, 2014). 977 

 978 

 979 

Fig. 6. Petroleum-source rock data for the organic-rich, fine-grained Francevillian sedimentary 980 

rocks with (A) rock-eval pyrolysis data (after Dembicki, 2009 and reference therein), 981 

and (B) V/(Ni+V) vs. S (wt.%) cross-plot (after Lewan, 1984; Hatch and Levanthal, 982 

1992). 983 
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 984 

 985 

Fig. 7. V/(Ni+V) vs. V enrichment factor (VEF) cross-plot illustrating environmental redox 986 

conditions during deposition of the Francevillian Group, organic-rich petroleum-987 

source rocks (after Lewan, 1984; Hatch and Levanthal, 1992). Red dashed line 988 

represents the upper continental crust (Rudnick and Gao, 2014). 989 
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 991 

 992 

Fig. 8. Geological map of the Franceville sub-basin illustrating hydrocarbon (HC) migration 993 

pathways (A) and updated model for U-ore mineralization in the Franceville sub-994 

basin showing migration of hydrocarbons derived from the FB and FC-FD formation 995 

petroleum-source rocks along regional faults (B). Mineralization of V-poor, high-996 

grade U-ore deposits associated with natural nuclear reactors (Oklo-Okelobondo and 997 

Bangombé) involved hydrocarbons derived from the FB Formation V-poor 998 

petroleum-source rocks. Mineralization of V-rich, high-grade U-ore deposits bearing 999 

no natural nuclear reactors (Mounana, Boyindzi and Mikouloungou) involved 1000 

hydrocarbons derived from the FB Formation V-poor and FC-FD formations V-rich 1001 

petroleum-source rocks. 1002 
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 1004 

 1005 

 1006 

Fig. 9. V/Al vs U/Al and V/Al vs Mo/Al cross-plots (from Bennet and Canfield, 2020) 1007 

showing the Upper Francevillian Group and Upper Zaonega Formation black shales. 1008 

The data indicates increasing V, Mo and U enrichments upsection under anoxic, open-1009 

marine conditions. 1010 

  1011 
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Table 1: Selected major and trace element data for the Francevillian Group 

Formation 
Sample ID Litho Source Al Fe Mn S V Cr Ni U Mo V/Al Cr/Al U/Al Mo/Al V/(V+Ni) V EF U EF Cr EF Mo EF Ni EF 

   % % % % ppm ppm ppm ppm ppm           

FD 

Bambai 5 a BS Outcrop 7.7 1.1 0.0 0.3 588.0 193.7 29.7 10.8 24.7 76.7 25.3 1.4 3.2 1.0 6.44 4.25 2.24 23.87 0.67 

Bambai 5 b BS Outcrop 8.1 0.5 0.0 0.1 526.0 214.6 31.8 9.9 27.1 65.0 26.5 1.2 3.3 0.9 5.46 3.69 2.35 24.82 0.68 

Bambai 5 c BS Outcrop 8.1 0.6 0.0 0.1 460.0 193.2 33.0 10.5 25.4 57.1 24.0 1.3 3.2 0.9 4.79 3.93 2.12 23.34 0.71 

Bambai 5 d BS Outcrop 9.3 0.5 0.0 0.2 503.0 212.0 30.0 10.1 26.8 54.4 22.9 1.1 2.9 0.9 4.57 3.30 2.03 21.46 0.56 

FC 

LST12-24.7m BS 
Drill 

core 
4.4 2.1 0.3   79.0 83.3 157.3 2.3 0.2 18.0 18.9 0.5 0.0 0.3 1.51 1.58 1.68 0.34 6.20 

LST12-26.05m BS 
Drill 

core 
4.7 3.5 0.1  190.3 156.2 136.4 5.4 4.0 40.5 33.2 1.1 0.9 0.6 3.40 3.47 2.94 6.31 5.03 

LST12-31.3m BS 
Drill 

core 
2.7 7.7 2.8  179.5 107.3 76.5 5.7 4.8 66.5 39.7 2.1 1.8 0.7 5.59 6.37 3.52 13.17 4.91 

LST 12-32m BS 
Drill 

core 
7.7 2.7 7.5 1.4 282.0 342.0 98.0 5.6 4.3 36.7 44.6 0.7 0.6 0.7 3.09 2.20 3.95 4.15 2.21 

LST12-36.05m BS 
Drill 

core 
2.8 1.6 0.1 0.5 90.8 52.3 41.1 3.4 1.4 32.4 18.7 1.2 0.5 0.7 2.72 3.67 1.65 3.70 2.55 

LST12-57.05m BS 
Drill 

core 
6.4 1.9 0.1 0.5 75.7 55.4 84.3 7.9 0.9 11.8 8.7 1.2 0.1 0.5 0.99 3.73 0.77 1.04 2.28 

LST12-59.7m BS 
Drill 

core 
5.8 5.1 0.1 0.2 303.3 553.1 391.8 1.9 5.3 52.3 95.4 0.3 0.9 0.4 4.39 0.99 8.45 6.77 11.71 

FB2 

AFB9-18 BS Outcrop 9.9 2.4 0.1 1.1 66.9 54.8 53.2 1.2 0.8 6.8 5.5 0.1 0.1 0.6 0.57 0.37 0.49 0.57 0.93 

SOC-A2 BS Outcrop 13.9 1.8 0.6 0.2 66.3 57.7 54.5 1.5 0.3 4.8 4.1 0.1 0.0 0.5 0.40 0.33 0.37 0.16 0.68 

SOC-B BS Outcrop 13.4 1.8 0.3 0.1 59.2 55.5 79.1 1.4 1.0 4.4 4.1 0.1 0.1 0.4 0.37 0.32 0.37 0.55 1.02 

SOC-C BS Outcrop 9.5 2.1 0.2 0.0 58.1 54.3 54.5 1.4 0.2 6.1 5.7 0.1 0.0 0.5 0.51 0.44 0.51 0.16 0.99 

SOC-105 BS Outcrop 10.1 2.9 0.4  57.9 60.5 66.6 1.3 0.6 5.7 6.0 0.1 0.1 0.5 0.48 0.39 0.53 0.44 1.14 

SOC-112 BS Outcrop 10.0 3.6 0.4  56.4 64.7 61.0 1.4 0.3 5.6 6.5 0.1 0.0 0.5 0.47 0.42 0.57 0.22 1.06 

SOC-111 BS Outcrop 10.0 2.8 0.3  57.9 53.5 96.5 1.3 2.8 5.8 5.3 0.1 0.3 0.4 0.49 0.39 0.47 2.07 1.67 

AFB9-07 BS Outcrop 6.4 4.5 0.6 1.0 32.4 40.6 83.2 1.1 0.8 5.1 6.4 0.2 0.1 0.3 0.43 0.51 0.56 0.88 2.26 

AFB9-02 BS Outcrop 6.4 6.2 0.1 0.3 29.1 30.2 115.1 1.0 0.7 4.6 4.7 0.2 0.1 0.2 0.38 0.48 0.42 0.84 3.13 

AFB9-HG BS Outcrop 3.1 5.0 2.5 0.4 14.2 21.1 43.2 0.7 0.8 4.6 6.8 0.2 0.3 0.2 0.39 0.72 0.60 1.91 2.41 

AFB9-4 BS Outcrop 0.5 0.1 0.0 0.2 1.9 21.6 11.6 0.1 0.6 3.9 43.2 0.2 1.2 0.1 0.32 0.74 3.83 8.52 4.04 
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CT-004 BS Outcrop 8.3 0.8 0.1  76.2 64.4 29.8 1.7 3.3 9.2 7.7 0.2 0.4 0.7 0.77 0.62 0.69 2.94 0.62 

CT-001 BS Outcrop 9.2 0.7 0.1  87.7 70.5 34.6 1.6 2.9 9.5 7.6 0.2 0.3 0.7 0.80 0.52 0.68 2.33 0.65 

POUB. B BS Outcrop 7.7 1.2 0.0 0.1 55.4 64.0 55.3 3.0 0.1 7.2 8.3 0.4 0.0 0.5 0.60 1.18 0.74 0.10 1.25 

POUB. E BS Outcrop 12.8 1.4 0.0 0.0 50.9 54.5 49.8 5.2 0.2 4.0 4.3 0.4 0.0 0.5 0.33 1.23 0.38 0.12 0.67 

FB1 

B8-CM2 BS Outcrop 7.0 4.6 6.3 5.8 66.9 65.1 53.4 1.5 2.8 9.5 9.3 0.2 0.4 0.6 0.80 0.65 0.82 2.96 1.32 

B8-04 BS Outcrop 8.1 1.8 0.0 2.3 66.5 68.3 15.1 1.1 3.0 8.2 8.4 0.1 0.4 0.8 0.69 0.41 0.75 2.74 0.32 

SH2-B4-32m BS 
Drill 

core 
5.2 3.8 0.1  95.8 55.8 95.6 1.4 16.7 18.3 10.7 0.3 3.2 0.5 1.54 0.80 0.94 23.67 3.17 

BACOM-57m BS 
Drill 

core 
5.8 2.1 5.4  80.0 55.2 254.0 0.8 1.8 13.8 9.5 0.1 0.3 0.2 1.16 0.41 0.84 2.33 7.58 

SPQ1-B3-57.9m BS 
Drill 

core 
6.6 1.8 0.0  27.6 55.4 46.4 1.0 0.6 4.2 8.4 0.2 0.1 0.4 0.35 0.46 0.74 0.72 1.22 

RW-106 BS Outcrop 10.5 5.2 0.1  74.4 68.4 71.0 2.2 0.2 7.1 6.5 0.2 0.0 0.5 0.59 0.63 0.58 0.14 1.17 

RW-105 BS Outcrop 9.3 8.9 0.1  100.6 103.8 47.4 2.3 2.5 10.8 11.2 0.2 0.3 0.7 0.91 0.75 0.99 2.00 0.89 

BACOM-132m BS 
Drill 

core 
2.0 0.5 0.7  11.3 17.7 13.0 0.2 0.7 5.8 9.0 0.1 0.3 0.5 0.48 0.35 0.80 2.57 1.15 

AFB1-03 BS Outcrop 11.8 1.0 0.0  86.2 72.7 63.0 3.5 0.6 7.3 6.2 0.3 0.0 0.6 0.62 0.89 0.55 0.36 0.93 

FBGM-09 BS Outcrop 3.9 1.2 0.0  28.3 39.9 48.7 1.8 0.8 7.3 10.2 0.5 0.2 0.4 0.61 1.42 0.91 1.44 2.17 

AFBGM-08 BS Outcrop 6.3 3.1 0.3  39.2 55.9 66.8 1.6 0.5 6.2 8.8 0.3 0.1 0.4 0.52 0.76 0.78 0.57 1.82 

AFBGM-01 BS Outcrop 0.8 1.1 0.2  5.1 6.9 8.5 0.2 0.4 6.1 8.3 0.2 0.5 0.4 0.52 0.73 0.74 3.43 1.79 

BA30B-193m BS 
Drill 

core 
11.3 1.8 0.0  79.8 90.6 116.0 2.9 0.4 7.0 8.0 0.3 0.0 0.4 0.59 0.77 0.71 0.28 1.77 

MG4 BS Outcrop 6.2 2.0 0.3 0.3 38.5 40.3 46.5 1.6 0.2 6.2 6.5 0.3 0.0 0.5 0.52 0.78 0.58 0.24 1.30 

FBGM-S-4 BS Outcrop 6.2 3.6 0.3 0.3 45.5 50.5 47.8 1.7 0.2 7.4 8.2 0.3 0.0 0.5 0.62 0.83 0.72 0.24 1.34 

HM-003 BS Outcrop 7.7 0.8 0.1  126.8 59.4 305.6 4.0 0.8 16.4 7.7 0.5 0.1 0.3 1.38 1.56 0.68 0.77 6.84 

OK110-37.25m BS 
Drill 

core 
7.9 4.1 0.3 1.7 75.2 118.6 64.2 1.7 0.4 9.5 15.0 0.2 0.1 0.5 0.80 0.65 1.33 0.37 1.41 

BA30B-97.2m BS 
Drill 

core 
7.0 2.1 0.1 0.5 51.3 72.3 59.6 1.5 2.5 7.4 10.4 0.2 0.4 0.5 0.62 0.65 0.92 2.66 1.48 

BA37-203.3m BS 
Drill 

core 
10.1 1.8 0.0 0.1 72.8 30.7 10.1 2.4 0.4 7.2 3.0 0.2 0.0 0.9 0.61 0.72 0.27 0.29 0.17 

BA30B-192.8m BS 
Drill 

core 
6.6 2.5 0.2  53.7 230.8 84.3 2.1 1.7 8.2 35.2 0.3 0.3 0.4 0.69 0.97 3.12 1.92 2.23 
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BA30B-256m BS 
Drill 

core 
12.2 1.8 0.0 0.1 72.1 74.4 45.7 1.7 0.4 5.9 6.1 0.1 0.0 0.6 0.49 0.42 0.54 0.24 0.65 

MAB-19.3m BS 
Drill 

core 
12.4 4.0 0.0 0.1 52.2 49.9 46.8 0.8 0.3 4.2 4.0 0.1 0.0 0.5 0.35 0.20 0.36 0.18 0.66 

MAB-76m BS 
Drill 

core 
11.7 2.9 0.0 0.1 91.9 100.3 73.4 2.3 1.8 7.9 8.6 0.2 0.2 0.6 0.66 0.59 0.76 1.14 1.09 

OK12B BS Outcrop 10.8 0.3 0.0 0.2 217.4 78.0 41.2 17.0 0.4 20.2 7.2 1.6 0.0 0.8 1.70 4.77 0.64 0.28 0.66 

FA 

BA37-221.1m* BS 
Drill 

core 
12.8 6.1 0.1 0.1 223.0 55.0 44.0 - - 17.5 4.3 -  - 0.8 1.47 - 0.38 - 0.60 

BA37-252.4m* BS 
Drill 

core 
15.6 1.8 0.0 0.1 208.0 145.0 32.0 - - 13.3 9.3 - - 0.9 1.12 - 0.82 - 0.36 

BA11-49m* BS 
Drill 

core 
12.9 4.1 0.0 0.0 176.0 69.0 39.0 - - 13.7 5.4 - - 0.8 1.15 - 0.47 - 0.53 

BA11-74m* BS 
Drill 

core 
13.9 4.4 0.0 0.0 143.0 60.0 55.0 - - 10.3 4.3 - - 0.7 0.87 - 0.38 - 0.69 

BA11-176.9m* BS 
Drill 

core 
15.7 3.2 0.0 0.1 303.0 64.0 45.0 - - 19.3 4.1 - - 0.9 1.62 - 0.36 - 0.50 

BA11-200.06m* BS 
Drill 

core 
14.9 5.3 0.0 0.0 247.0 75.0 71.0 - - 16.6 5.0 - - 0.8 1.39 - 0.45 - 0.83 

KA27-99.2m** BS 
Drill 

core 
15.9 4.4 0.0 0.1 437.1 67.6 42.5 4.9 0.2 27.5 4.3 0.3 0.0 0.9 2.31 0.93 0.38 0.09 0.46 

KA27-114.75m BS 
Drill 

core 
16.8 1.8 0.0 0.2 238.0 56.7 21.1 32.7 1.4 14.2 3.4 1.9 0.1 0.9 1.19 5.88 0.30 0.62 0.22 

KA27-137.4m** BS 
Drill 

core 
15.8 2.1 0.0 0.1 261.0 60.0 18.0 - - 16.5 3.8 - - 0.9 1.39 - 0.34 - 0.20 

GR23-211.5m** SST 
Drill 

core 
9.3 1.5 0.0 0.0 185.0 45.0 17.0 - - 20.0 4.9 - - 0.9 1.68 - 0.43 - 0.32 

OK 6* ST Outcrop 2.0 0.2 0.0 0.0 56.0 45.0 21.0 - - 27.5 22.1 - - 0.7 2.31 - 1.96 - 1.79 

BA30B-387.5m* SST 
Drill 

core 
9.9 2.2 0.0  117.4 110.2 24.9 2.5 0.9 11.9 11.2 0.3 0.1 0.8 1.00 0.76 0.99 0.68 0.44 

BA30B-422.23m* SST 
Drill 

core 
11.0 2.6 0.0 0.0 217.0 87.0 39.0 - - 19.8 7.9 - - 0.8 1.66 - 0.70 - 0.62 

Mik 5 ** BS Outcrop 11.8 1.0 0.0 0.1 144.0 42.0 35.0 - - 12.2 3.6 - - 0.8 1.03 - 0.32 - 0.52 

Mik 1** ST Outcrop 7.8 1.3 0.0 0.1 269.0 68.0 17.0 - - 34.5 8.7 - - 0.9 2.90 - 0.77 - 0.38 

Mik 1B** ST Outcrop 8.9 0.8 0.0 0.3 180.0 59.0 13.0 - - 20.2 6.6 - - 0.9 1.70 - 0.59 - 0.25 

BA30B-422m* GS 
Drill 

core 
11.8 3.3 0.0 0.0 53.4 33.8 32.2 1.5 0.5 4.5 2.9 0.1 0.0 0.6 0.38 0.38 0.25 0.29 0.47 

BA2-206m* SST 
Drill 

core 
2.9 1.1 0.1  4.9 22.9 20.9 0.7 0.0 1.7 8.0 0.2 - 0.2 0.14 0.72 0.71 0.0 1.26 
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GR23-207m** GS 
Drill 

core 
5.5 1.0 0.0 0.0 10.5 23.3 18.5 1.3 0.4 1.9 4.3 0.2 0.1 0.4 0.16 0.72 0.38 0.54 0.59 

BA2-946m* SST 
Drill 

core 
15.9 3.0 0.0 0.0 281.9 153.1 65.8 15.3 0.0 17.8 9.6 1.0 - 0.8 1.49 2.92 0.85 0.0 0.72 

GR23-629m** ST 
Drill 

core 
2.4 0.5 0.0   140.1 39.1 13.9 2.4 0.4 58.7 16.4 1.0 0.2 0.9 4.93 2.97 1.45 1.38 1.01 

EF: enrichment factor calculated as (elementsample/Alsample)/(elementUCC/AlUCC); UCC: upper continental crust concentration from Rudnick and Gao (2014), with AlUCC = 8.15 %; VUCC = 97 ppm; 

UUCC = 2.7 ppm; CrUCC = 92 ppm; MoUCC = 1.1 ppm; NiUCC = 47 ppm; -: not measured; *: samples from FA Formation areas with natural nuclear reactors; **: samples from FA Formation areas 

without natural nuclear reactors; Numbers next to drill core samples represent the depth of samples in meters (m); Litho = lithology; ST = sandstone; SST = siltstone; GS = green shale; BS = 

black shale. 

 


