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A B S T R A C T

Environmental thresholds of oxygen and nutrients have played a pivotal role in shaping the timing and nature of major biological transitions throughout Earth’s 
history. Limited marine phosphate availability is thought to have constrained the tempo and trajectory of early eukaryotic evolution. A sustained global rise in marine 
P and trace metal nutrient availability, reaching near-modern levels, coincided with the Neoproterozoic Oxidation Event (NOE) and the emergence and radiation of 
Ediacaran and Cambrian animal lineages. Here, we present new geochemical evidence from the 2.1-billion-year-old (Ga) Francevillian Basin that reveals a striking 
exception to this timeline. Our data indicate that Paleoproterozoic seawater in the Francevillian Basin episodically reached nutrient and oxygen levels comparable to, 
and in the case of phosphate and zinc, potentially exceeded concentrations associated with the seawater in which the Cambrian biota of Burgess Shale emerged. The 
data suggest that permissible key chemical conditions for complex life existed in the Francevillian sea long before the Ediacaran–Cambrian nutrient surge. The 
coincidence of this anomalous Paleoproterozoic nutrient-rich window with the earliest known marine experimentation at macrobiological complexity, represented by 
the much-debated 2.1 Ga Francevillian macrobiota, challenges established timelines of biological innovation and environmental prerequisites.

1. Introduction

A series of irreversible transitions are often linked to a progressive 
increase in biological complexity, diversification and resilience 
throughout Earth’s history. These milestones are closely tied to the onset 
of global-scale stable plate tectonics (Korenaga, 2013), continental 
growth (Lee et al., 2016) and episodic Snowball Earth glaciations 
(Hoffman et al., 2017), which together transformed Earth’s surface and 
modulated Proterozoic seawater nutrient content (Alcott et al., 2022; 
Chi Fru et al., 2024, 2023; Reinhard et al., 2017; Stüeken et al., 2016). 
These conditions boosted cyanobacterial activity, enabling permanent 
oxygenation of the atmosphere during the Great Oxidation Event (GOE) 
~ 2.45–2.2 billion years ago (Ga) and the ~ 0.8–0.540 Ga Neo
proterozoic Oxidation Event (NOE), and to the eventual emergence of 
eukaryotes and complex multicellular life (Brocks et al., 2017; Lyons 
et al., 2014, 2024; Poulton et al., 2021; Sumner, 2024).

Among the key biological innovations following the GOE is the 
emergence of the very much debated 2.1 Ga Francevillian Biota in 
Gabon (El Albani et al., 2010; Ikouanga et al., 2024), one of Earth’s 
earliest known and morphologically diverse assemblages of macrofossils 

displaying complex properties associated with more advanced eukary
otic life forms (Chi Fru et al., 2024; El Albani et al., 2014, 2019, 2023; El 
Khoury et al., 2025c, 2025b; Ikouanga et al., 2023; Ossa Ossa et al., 
2023). This discovery is both exceptional and problematic within the 
Paleoproterozoic context, a period of change characterized by wide
spread seawater anoxia and nutrient-poor oceans inhospitable to the 
energetic demands of a complex oxygen-respiring lifestyle. It challenges 
the prevailing view that eukaryotes first emerged ~ 1.8–1.6 Ga and that 
large morphologically and architecturally complex multicellular forms 
only evolved following a global supply of nutrients to the oceans by the 
melting Neoproterozoic Snowball Earth glaciations, ~720–635 million 
years ago (Ma) (Brocks et al., 2017; Chi Fru et al., 2023; Reinhard et al., 
2017). These conditions are thought to have initiated sustained wide
spread oxygenation of the Neoproterozoic ocean–atmosphere system, 
priming the stage for the emergence of the ~635-541 Ma Ediacaran 
biota (Narbonne, 2005) and the ~ 541–485 Ma Cambrian explosion of 
the major groups of modern animals (Marshall, 2006).

Similar to the Francevillian Basin, the Ediacaran-Cambrian biota 
rose on the heels of significant environmental change, including fluc
tuations in sea levels and ocean chemistry (Babcock et al., 2015; Pruss 
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and Gill, 2024), coupled to a greenhouse stable state, increases in 
seawater phosphorus content (Chi Fru et al., 2024; Reinhard et al., 
2017) and a rise in atmospheric oxygen levels (Canfield et al., 2007; 
Lyons et al., 2014; Och and Shields-Zhou, 2012; Poulton et al., 2021). 
These changes suggest a causal relationship linked to a change to more 
permissive environmental conditions, higher nutrient and oxidant 
availability to satisfy the metabolic needs of larger and more complex 
organisms (Jiang et al., 2022). For example, complex multicellular life 
requires a stable redox regime with persistent oxygenation, nutrient-rich 
conditions, particularly increased P and N availability and access to 
essential trace elements. Currently, it is thought that these conditions 
first coalesced during the Neoproterozoic, ~1.0–0.541 Ga. Here we test 
the emerging suggestion that unique localized threshold conditions for 
complex multicellular life may have been met much earlier in the 
Francevillian Basin, ~2.1 Ga.

Unlike the global-scale terminal Neoproterozoic biotic transition, the 
Francevillian biota represents a localized episode of diversification in a 
restricted intra-cratonic basin isolated from the global ocean. This 
spatial isolation, combined with geochemical evidence for freshwater- 
influenced conditions rather than a fully marine environment (El 
Khoury et al., 2025a), limits direct stratigraphic correlations with other 
past marine records, posing challenges for testing evolutionary hy
potheses relevant to the Francevillian window. However, the marked 
temporal and biological gap between the well-preserved fossil-rich 
Paleoproterozoic Francevillian and the Cambrian Burgess Shales pro
vides a unique opportunity to constrain the environmental threshold 
controls on early complex life and assess whether conditions in the 
Francevillian Basin could have supported and sustained significant 
biodiversification. To explore this idea, we conducted a detailed 
comparative geochemical analysis of the Francevillian black shales to 
reconstruct seawater nutrient and oxygen dynamics and then compared 
observations with data from the Burgess Shale as a lower threshold 
baseline, the latter preserving exquisite details of soft-bodied oxygen- 
respiring ancestors of modern animal lineages (Anderson et al., 2021; 
Ma et al., 2015; Morris, 1989; Orr et al., 1998). Our findings suggest 
that, like the Cambrian seas, the Francevillian marine environment met 
key environmental nutrient thresholds and redox conditions to support a 
multicellular lifestyle, making it Earth’s earliest cradle of complex life.

2. Geological setting

The Francevillian basin formed during the Paleoproterozoic, ~2.1 
Ga (Ikouanga et al., 2024), is located in the Republic of Gabon in 
western equatorial Africa. This basin consists of several lithostrati
graphic formations, designated as Francevillian (F) FA to FE, which rest 
unconformably on Archean basement rocks (Weber, 1968). The studied 
rocks come from the Moulendé quarry and are suitable for our study 
because they have been subject to only minimal tectonic deformation 
and show no evidence of metamorphic alteration (Bankole et al., 2015; 
Gauthier-Lafaye et al., 1996; Ikouanga et al., 2023; Ngombi-Pemba 
et al., 2014). The FA Formation primarily comprises fluviatile and 
deltaic sandstones but also contains mudstone (Bankole et al., 2020). At 
its top, it contains uranium enrichments and the notable Oklo natural 
nuclear reactors (Gauthier-Lafaye and Weber, 1989). The FB Formation 
is composed mainly of marine sediments deposited below storm wave 
base and is further subdivided lithologically into the FB1 and FB2 
members, further divided into the FB1a-c and FB2a-c units, respectively. 
In this scheme, the FB1a-b units consist of interlayered shales, sand
stones, and conglomerates that transition into predominantly shales at 
the top, while the FB1c unit consists primarily of shales, with a thin iron 
formation overlain by black shales and a manganese-rich interval. The 
FB2a unit includes sandstone beds deposited during sea level fall 
(Reynaud et al., 2018). This unit is sharply overlain by the FB2b unit, 
characterized by finely laminated black shales interbedded with thin 
siltstone layers deposited by waning storm surges. This unit contains 
remarkable specimens that are completely to partially pyritized and 

non-pyritized macrofossils found abundantly in the black shales (El 
Albani et al., 2019, 2014, 2010). The fossil abundance decreases to
wards the top of the section, where silty and sandy beds are more 
common. In the fossiliferous quarry, the FB2b black shales are 5 m thick 
and were deposited in a quiet, low-energy marine environment from a 
fully oxygenated water column (Canfield et al., 2013). The FC Formation 
is dominated by dolomites and stromatolitic cherts, indicative of 
shallow-water depositional conditions. Stromatolites are found on 
topographic highs at its base (Bertrand-Sarfati and Potin, 1994). Finally, 
the FD Formation corresponds to black shales deposited during a 
transgressive phase, while the FE Formation has been predominantly 
eroded across the basin. For complete geological background including 
maps, stratigraphic schemes and detailed profiles of the quarry, kindly 
refer to Aubineau et al., (2018); Canfield et al., (2013); Reynaud et al., 
(2018).

The Walcott Quarry Burgess Shale, located in the Canadian Rocky 
Mountains of British Columbia, is part of the Middle Cambrian Stephen 
Formation (~508 Ma). It lies at the base of the Yoho Group and is 
overlain by carbonate rocks of the Eldon Formation (Collins et al., 
1983). It was originally deposited on the western margin of Laurentia 
along a passive continental margin, which was then deformed by the 
Laramide Orogeny, forming the present mountainous setting (Liu et al., 
2010). It is a succession composed of calcareous, silt-bearing mudstones 
interbedded with limestones (Fletcher and Collins, 1998). The Burgess 
Shale was deposited on the slope of an ancient underwater escarpment 
known as the Cathedral Escarpment, a steep drop-off from a carbonate 
reef platform into a deep basin (Stewart et al., 1993). Rapid cyclic 
mudflows buried organisms quickly (Collom et al., 2009), leading to 
exceptional preservation of diverse soft-bodied organisms all lying 
within the shale basin adjacent to the Cathedral and Eldon escarpments, 
making this site one of the most important Lagerstätte on Earth (Morris, 
1989). These fossils deposited under oxic conditions despite the pres
ence of localized anoxic environments along the base of the Cathedral 
Escarpment (Powell et al., 2003). For more detailed geological and 
stratigraphical background, kindly refer to Anderson et al., (2024); 
Bottjer, (2002); Caron et al., (2014); Caron and Jackson, (2008).

3. Materials and methods

Thirty-five representative bulk sediments were sampled (15 from 
sediments collected adjacent to fossil specimens in the Walcott Burgess 
Shales and 20 from the Francevillian FB2b black shales). Because of 
restricted access to the Walcott quarry itself, the acquisition of such 
reference material is consequently rare. Therefore, the analyses are 
based on well-curated reference material collected from the original 
fossil-bearing layers and housed at the Natural History Museum, Vienna. 
The samples were powdered with an agate mortar. Mineralogical 
composition of bulk and clay fraction was investigated by X-Ray 
diffraction (XRD) using a Bruker D8 ADVANCE diffractometer at the 
University of Poitiers, France (voltage 40 kV, probe current 40 mA, time 
per step 1 s, step 0.2) for an angular range of 2–65◦ 2θ and 2–35◦ 2θ for 
bulk and clay fraction, respectively. The dispersion of the powder in 
deionized water with an Elma S60 ultrasonic agitation device without 
any chemical pretreatment allowed the recovery of < 2 μm clay fraction 
by sedimentation (Moore and Reynolds, 1997). Oriented preparations of 
the < 2 μm size fraction were prepared by drying a ~ 1 mL suspension on 
glass slides at room temperature. The oriented mounts were examined 
after successive air-dried (AD) and ethylene glycol (EG) saturation. 
X’Pert Highscore software was used for background stripping, indexing 
of XRD peaks and mineral identification by comparing with Interna
tional Centre for Diffraction Data (ICDD) files.

Geochemical analyses on the 35 samples were undertaken at the 
Service d’Analyse des Roches et Minéraux (SARM), Centre de 
Recherches Pétrographiques et Géochimiques (CRPG) in Nancy, France. 
Approximately 1 g of powdered sample was fused with lithium 
metaborate (LiBO2) and dissolved in dilute nitric acid (HNO3). Major 
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and trace elements data were obtained using Inductively Coupled 
Plasma Atomic Emission Spectrometry (ICP-AES) while rare earth ele
ments (REE) were obtained using Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) following the techniques described in Carignan 
et al. (2001). Information about the method of calculation of Ce and Eu 

anomalies, enrichment factors, and chemical index of alteration and 
weathering can be found in the supplementary file (Supplementary 
Material). TOC analyses were performed using the Rock-Eval 6 Turbo 
device at Sorbonne University, operating in an adapted method for 
sedimentary rocks (Bulk Rock/Basic (Behar et al., 2001). Pearson 

Fig. 1. Mineralogical composition of the Franceville and Walcott Quarry deposits. a, Bulk XRD mineralogy and b, Clay fraction analyses of the two deposits showing 
a broadly similar mineralogical and major clay composition.
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correlations and t-test analyses were carried out using PAST statistical 
software.

4. Results and discussion

Mineralogical Comparisons Between Francevillian FB2b and Burgess 
Shale

Comparative bulk mineralogical study of the Francevillian FB2b unit 
and the Walcott Burgess Shale deposits suggests major elemental, 
mineralogical and sedimentological similarities. Both are primarily 
composed of quartz, illite/muscovite and chlorite with occasional oc
currences of carbonate minerals (dolomite, calcite, ankerite) and pyrite 
(Fig. 1a). The Burgess Shales contain traces of rutile and K-feldspars, 
whereas these minerals are absent in the Gabonese unit. The presence of 
rutile and feldspar in the Burgess Shale and absence in Franceville is 
consistent with reconstructed weaker and stronger chemical weathering 
of their source rocks, respectively (Fig. 2a-b). In fact, while feldspars are 

readily altered during chemical weathering, their preservation generally 
indicates limited weathering intensity (Fedo, 1995; Nesbitt and Young, 
1982; Taylor and McLennan, 1985). Clay mineralogical analysis con
firms the dominance of illite and/or mica and chlorite in both deposits 
(Fig. 1b), with higher abundance and crystallinity of illite/mica in 
Burgess. While the Burgess shales lack swelling clays, the FB2b Fran
cevillian Formation contains smectite-rich randomly ordered mixed 
layers due to incomplete illitization reaction because of potassium 
deficiency, particularly K-feldspars (Aubineau et al., 2019; Ngombi- 
Pemba et al., 2014). Kaolinite is absent in both deposits (Anderson 
et al., 2021; Ngombi-Pemba et al., 2014).

Provenance and Post-depositional Overprinting of Geochemical 
Signatures

La-Th-Sc and Th/Co vs La/Sc diagrams indicate a felsic source, 
clustering in the intermediate TTG field for both localities (Fig. 2c-d), 
consistent with previous studies for Franceville (Bankole et al., 2020). 
TOC values for the Francevillian FB2b unit yield values ranging from 

Fig. 2. Chemical weathering and provenance. a, Chemical index of alteration (CIA) and b, chemical index of weathering (CIW) suggest a higher intensity of 
weathering for the Francevillian deposits compared to Burgess Shales. c, La-Th-Sc plot and d, Th/Co vs La/Sc plots suggest a felsic TTG source for both deposits.
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0.17-3.19 wt%, with a mean of 1.05 wt% (Table S1). Organic carbon 
values for the Burgess Shale yield similar values as presented in Powell 
(2009), ranging from 0.14 to 2.42 wt%. Exceptional soft-tissue preser
vation in the Burgess Shale and, to some extent, in Franceville, implies 
fine-grained clay minerals and carbon films were not recrystallized 
beyond recognition. Illite crystallinity and mineral assemblages indicate 
very low-grade metamorphic temperatures for Burgess Shale, much 
lower than would obliterate sedimentary textures (Fig. 1). Moreover, the 
Francevillian FB2b deposit is known for its exquisite preservation and 
lack of metamorphic overprinting (El Khoury et al., 2025b; Ikouanga 
et al., 2023; Ngombi-Pemba et al., 2014). Thus, both successions are 
considered low-grade metamorphosed, preserving primary sedimentary 
fabrics and fossil outlines. In geochemical terms, this implies that trace 
and rare earth element (REE) patterns can still be considered reliable for 
paleoenvironmental interpretation (Lawrence et al., 2006).

Paleoclimatic Depositional Conditions
Chemical weathering on the continents is assumed to be primarily 

constrained by variations in atmospheric temperature and humidity; 
thus, the intensity of chemical weathering in sediments can aid in 
paleoclimate reconstruction (Sun et al., 2022; Wang et al., 2020). In arid 
and polar climates, chemical weathering intensity is commonly weak 
due to cold temperatures and limited precipitation, while physical or 
mechanical erosion, for example, is more prevalent, resulting in no real 
change in the chemical composition of the parent rock (Nesbitt and 
Zipser, 2003). On another hand, in warmer and wetter environmental 
conditions, chemical reactions happen between the parent rock and a 
solvent, which results in selective removal of mobile cations, and 
therefore the production of a chemical composition of rocks different 
from the parent rock. This phenomenon is characterized by high CIA and 

CIW values. CIA values of Burgess and Franceville sediments (average 
76.25 and 79.55, respectively), also supported by CIW values (74.37 and 
81.89, respectively) indicate intermediate to high chemical alteration, 
characteristic of a temperate climate for samples from the Walcott 
Quarry, while those of Gabon suggest a warmer environment (Fig. 2a-b) 
(Fedo, 1995; Harnois, 1988). As we show subsequently, this high 
chemical weathering likely released significant amounts of nutrients 
from felsic source rocks, enriching seawater and supporting vigorous 
primary productivity.

REE Comparisons Between Francevillian FB2b and Burgess Shale
Burgess shales show higher REE enrichment compared to the Fran

cevillian shales (Table S2). PAAS-normalized REE + Y spectra (Lentz, 
2003) display a flat pattern with a slight light REE (LREE) (La-Sm) 
enrichment and general Heavy REE (HREE) (Er-Lu) depletion in both 
deposits (Fig. 3 a-b). Eu anomalies (Eu/Eu*) range from 1.04 to 2.66 for 
the Burgess Shale and 0.77–1.28 for the FB2b unit (Table S2). While 
strong positive Eu anomaly often supports high-temperature hydro
thermal fluxes to the water column (Planavsky et al., 2010), the Fe/Ti 
versus Al/(Al + Fe + Mn) hydrothermal proxy (Boström, 1970) indicates 
stronger detrital rather than active hydrothermal enrichment (Fig. 3c), 
consistent with previous observations (Aubineau et al., 2020; El Khoury 
et al., 2025c). Despite the observed Eu anomaly, the fossil-bearing FB2b 
unit examined in this study does not display geochemical signatures 
indicative of contemporaneous submarine volcanic or hydrothermal 
activity. Rather, submarine volcanic activity is most pronounced during 
deposition of the stratigraphically underlying unit (Chi Fru et al., 2024). 
For example, Fe/Ti versus Al/(Al + Fe + Mn) ratios for FB2b samples do 
not cluster within the active hydrothermal field (Fig. 3c), whereas 
samples from the underlying unit do (Chi Fru et al., 2024). The relatively 

Fig. 3. Geochemistry of the studied samples. PAAS-normalized REE + Y patterns of a, Burgess Shales and b, Francevillian black shales. PAAS values are from (Lentz, 
2003). c, Binary plot of Fe/Ti vs Al/(Al + Fe + Mn) after (Pecoits et al., 2009).
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high Al/(Al + Fe + Mn) ratios and low Fe/Ti values observed in FB2b are 
instead consistent with a dominant detrital sedimentary input. These 
characteristics are most parsimoniously explained by recycling of ma
terial related to the underlying hydrothermally influenced succession, 
during which Fe and Mn were preferentially depleted, coupled to 
enrichment of Al and retention of primary Eu anomalies. This inter
pretation is further supported by an up-section increase in the chemical 
weathering, suggesting enhanced weathering of source materials during 
FB2b deposition (Chi Fru et al., 2024; El Khoury et al., 2025c). The 
Burgess Shale samples similarly do not plot within the active hydro
thermal field, instead clustering in the detrital field, with their Fe/Ti and 
Al/(Al + Fe + Mn) ratios being broadly comparable to those observed in 
the Francevillian FB2b subunit. Together with the presence of a weak Eu 
anomaly, the above observations suggest broadly analogous deposi
tional processes during the accumulation of the Burgess Shale, with only 
subtle geochemical differences (Fig. 3).

Geochemical Classification from Major Oxides
Log(Fe2O3/K2O) vs log(SiO2/Al2O3) ratios (Herron, 1988) classify 

most of the samples as shale (Fig. 4) by differentiating them based on 
their major oxide composition. The clustering of samples within the 
shale field indicates fine-grained sediments dominated by low-Fe 
aluminosilicate clays and mica, consistent with our mineralogical data 
(Fig. 1) and previous analysis (Anderson et al., 2021; Aubineau et al., 
2019; Ngombi-Pemba et al., 2014). The Fe2O3/K2O ratio captures the 
relative input of iron oxides vs potassium-bearing minerals such as 
feldspars and micas, which are sensitive to mineralogical, provenance 
and diagenetic alteration, and the SiO2/Al2O3 ratio the relative abun
dance of quartz to aluminosilicate minerals, interpreted as a proxy for 
weathering intensity and sediment maturity. The low SiO2/Al2O3 indi
cate minimal reworking and deposition in a proximal, low-energy 
depositional setting fed predominantly by felsic to intermediate source 
rocks (Fig. 4).

Element Correlation Patterns and Mineral Associations
The major elements in the Franceville sediments, normalized to Post 

Archean Australian Shale (PAAS) (Lentz, 2003), show a slight enrich
ment in SiO2 and P2O5 (EF > 1), while being depleted (EF < 1) in the 
Burgess Shale (Fig. 5; Table S3). Both sites are depleted in Fe2O3, Na2O 
and TiO2. The Francevillian sediments are remarkably enriched in MnO 
and MgO compared to the Burgess Shale, which is slightly more enriched 
in CaO and K2O, potentially indicating a higher carbonate, mica and 
feldspars content. Overall, the Francevillian basin is enriched in all 
major elements analyzed, except CaO, K2O and TiO2, which show slight 

relative enrichment in the Burgess Shale (Fig. 5), in agreement with the 
presence of carbonates, feldspars and rutile in the latter (Fig. 1).

SiO2 is not positively correlated to any major element in the Fran
ceville samples, suggesting decoupling between quartz and the clay-rich 
fraction. This pattern is consistent with selective chemical weathering of 
the source rocks, whereby labile silicate minerals were preferentially 
altered to clay minerals, while chemically resistant quartz was preserved 
as a detrital or residual phase that behaves independently of the bulk 
clay mineral matrix (Tables S4, S5; Figs. S1, S2) (Nesbitt and Young, 
1982; Taylor and McLennan, 1985). On the other hand, a positive cor
relation with Al2O3 and TiO2 in the Burgess Shale suggests that SiO2 is 
not present solely as detrital quartz but may be partially associated with 
fine-grained heavy minerals or clay-sized accessory phases (Tables S4, 
S5; Figs. S1, S2). This observation is consistent with greater enrichment 
of TiO2 in the Burgess Shale compared to Franceville, while a positive 
correlation of Al2O3 with Na2O and K2O supports association with clay 
minerals. The lack of correlation between MnO and major elements in 
the Francevillian unit is consistent with authigenic chemical precipita
tion of manganese oxides and carbonates from seawater in Franceville 
(Mayika et al., 2020). This is also consistent with the MgO and CaO 
being positively correlated, pointing to the presence of dolomite and 
carbonates. P2O5 correlates with Al2O3 and TiO2 in the FB2b 

Fig. 4. Rock classification of samples using Herron’s diagram. Most of the samples cluster in the shale domain.

Fig. 5. Major elements enrichment factor (EF) relative to PAAS in Burgess and 
Franceville samples.
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Francevillian unit, indicating a strong detrital contribution (Tables S4, 
S5; Figs. S1, S2). Correlation between MgO and MnO in the Burgess 
Shales points to a likely brine-related origin (Powell, 2009), while the 
absence of correlation between Al2O5 and TiO2 with P2O5 indicates 
negligible detrital influence. However, P/Ti and P/Al ratios suggest a 

stronger non-detrital P component is also present in Franceville 
compared to the Burgess Shale (Fig. 6 a-b). Overall, based on Fe/Al and 
Fe/Ti ratios, non-detrital Fe is more abundant in Franceville (Fig. 6 c-d).

Redox reconstruction
Fe/Al ratios indicate oxic conditions in both basins, corresponding 

Fig. 6. Selected bio-essential elements correlation with Al and Ti for Burgess and Franceville samples.
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with atmospheric oxygen levels above ~ 1% PAL, with slightly higher 
mean values in FB2b (0.34) compared to the Burgess Shale’s 0.29 
(Fig. 7a). U/Th ratios range from 0.09 to 0.17 in the Burgess Shale and 
0.07–0.15 in FB2b, also suggesting oxic conditions, potentially with >
1–10% PAL O2 (Fig. 7b). Ni/Co ratios are < 5 in the Burgess Shale, 
indicating oxic settings, whereas values of 5–7 in FB2b point to locally 
dysoxic conditions (Fig. 7c), consistent with independent findings for 
the Burgess Shale (Powell, 2009; Powell et al., 2003). Slightly negative 
Ce anomalies (Ce/Ce*) (Lawrence and Kamber, 2006) of ~ 0.92–0.94 in 
both units support broadly comparable O2 levels in the two depositional 
settings (Fig. 7d).

Increasing Fe/Al ratios, reflecting high Fe2+ mobility, are common in 
anoxic or O2-poor conditions (Lyons and Severmann, 2006; Clarkson 
et al., 2014; Raiswell et al., 2018). On the other hand, low Fe/Al ratios 
correlate with higher O2 content, where Fe is oxidized to Fe3+ and 
precipitated or lost from solution (Lyons and Severmann, 2006; Raiswell 
et al., 2018). Because Al, a detrital element, remains largely unaffected 
by redox conditions, it normalizes the level of dissolved Fe input.

In addition, some redox-sensitive elements (e.g., Mo, Ag, Zn, Ni, Co, 
Cr V, U and Pt) have all been noted to be significantly enriched in 
modern muds and ancient black shale deposits (Calvert and Pedersen, 
1993) and are used to unravel the paleo-redox conditions of depositional 
settings due to their distinct behaviors under different redox conditions 
(Tribovillard et al., 2006), thus allowing the identification of oxic, 
dysoxic, and anoxic depositional settings. Not all elements are equally 
reliable (Jones and Manning, 1994). Consequently, a series of metal 
ratios have been employed as redox proxy indicators, such as U/Th, V/ 
Cr and Ni/Co (Kimura and Watanabe, 2001). Vanadium correlates 
positively with Al and thus could not be used as a redox proxy due to 
strong detrital influence (Fig. S3b-c). However, U/Th and Ni/Co are 
adequate ratios to be used in this case. Thorium (Th) is immobile and 
insoluble under all redox conditions and therefore reflects detrital input, 
while Uranium (U) is soluble in oxidized seawater (as U6+) and pre
cipitates under reducing conditions as U4+ (Bennett and Canfield, 2020). 
Thus, when bottom waters are anoxic, U is removed from seawater and 
concentrated in sediments, raising the U/Th ratio. On the other hand, 
under oxic conditions, U remains in solution, and U/Th in sediments 
stays low, reflecting crustal background ratios of ~ 0.26–0.3 (Bennett 

and Canfield, 2020). U/Th ratio values range from 0.09 to 0.17 for 
Burgess Shales and 0.07–0.15 for Franceville, with a mean of 0.12 and 
0.08, respectively, suggesting broadly similar oxic conditions in both 
basins (Fig. 7b), with O2 likely > 1–10% PAL (Marynowski et al., 2012).

Ni and Co are both redox-sensitive transition metals. Under reducing 
conditions, Ni is more mobile and more readily incorporated into 
organic-rich anoxic-O2-poor sediments than Co. Under oxic-O2-rich 
conditions, Co is more stable, and both elements are less enriched in 
sediments (Jones and Manning, 1994). Therefore, higher Ni/Co ratios 
generally indicate reducing anoxic environments, while lower ratios 
suggest oxidizing conditions. Although Ni/Co values might vary be
tween the two depositional settings (Algeo and Liu, 2020; Jones and 
Manning, 1994), ratios > 5 correspond to strongly reducing-anoxic 
conditions marked by extremely low O2 content and ratios of 5–1 are 
interpreted to reflect suboxic to weakly oxic conditions. Our Ni/Co ratio 
values are < 5 for the Burgess Shale, indicating an oxic environment 
(Fig. 7c). The Ni/Co ratios are generally higher for the FB2b unit with 
values clustering mainly in the dysoxic zone of 5–7 with a mean of 5.69 
(Fig. 7c). We highlight that the Ni/Co proxy is empirical and context- 
dependent, with dissolved Ni and Co concentrations more strongly 
influenced by productivity and sedimentation rate that controls trace 
metal uptake by sediments (Algeo and Maynard, 2004; Liu and Algeo, 
2020).

The Ce anomaly (Ce/Ce*) (Lawrence and Kamber, 2006) quantifies 
the deviation of Ce from expected REE behavior due to its unique redox 
sensitivity. Cerium can exist in both + 3 and + 4 oxidation states. In 
oxidizing conditions, Ce4+ precipitates from seawater, resulting in a 
negative Ce anomaly (Ce/Ce* <1). In anoxic conditions, Ce remains in 
the soluble Ce3+ form, and the anomaly is absent or positive, with Ce/ 
Ce* equivalent to 1 or > 1. In our samples, Ce/Ce* values vary between 
0.89 and 0.94 for the BS, with a mean of 0.92 and between 0.92 and 
0.99, with a mean of 0.94 for the FB2b, indicating a slight negative Ce 
anomaly for both deposits (Fig. 7d; Table S2). The reliability of Ce/Ce* 
in shales depends on the balance between detrital (lithogenous) and 
authigenic (hydrogenous) REE inputs (Tostevin et al., 2016). In sedi
ments dominated by detrital REEs, Ce/Ce* values typically reflect the 
crustal signature (≈0.9–1.0) and provide little redox information 
(Lawrence and Kamber, 2006). To evaluate this, correlations between 

Fig. 7. Redox proxies showing redox depositional conditions. a, Fe/Al, b, U/Th, c, Ni/Co and d, Ce anomaly.
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ΣREE, Ce and Ce/Ce* with Al and Ti as detrital proxies were examined 
(Fig. S6). In both basins, ΣREE correlates moderately with Ti (R2 =

0.53–0.62) (Fig. S6a), suggesting that detrital phases modestly influ
enced total REE concentrations. A weak correlation with Al (R2 =

0.08–0.39) in both localities further indicates limited control by clay and 
heavy mineral phases, and an alignment with authigenic enrichment 
(Fig. S6b). While Ce shows some correlation with Ti and to a lesser 
extent with Al (Fig. S6c, d), Ce/Ce* displays much weaker relationships 
(Fig. S6e, f), indicating partial decoupling from detrital sources and 
suggesting that Ce anomaly is not primarily governed by lithogenic 
input but reflects redox-dependent Ce oxidation during deposition.

On the other hand, observations were cross-validated with previous 
Fe speciation analyses (Canfield et al., 2013), which align with and 
support the redox interpretation. For example, FeHR/FeT ratios in the 
FB2b unit yielded values < 0.38, showing deposition beneath an 
oxygenated water column (Canfield et al., 2013). Moreover, FePy/FeHR 
ratio indicated values < 0.3, pointing to negligible euxinic depositional 
conditions (Canfield et al., 2013). These observations were also sup
ported by the absence of U, Mo and V enrichments, indicating well- 
oxygenated bottom water conditions during deposition of the FB2b 
unit in Franceville (Canfield et al., 2013) and the shales of the Walcott 
Quarry (Powell et al., 2003). High organic matter content, together with 
rapid sedimentation, is reported in various instances in Franceville 
(Reynaud et al., 2018), with a high organic-carbon content in the FB2b 
black shales pointing to a highly productive shelf environment driven by 
cyanobacteria activity (Canfield et al., 2013).

These proxies provide further support for similar O2 levels in both 
depositional settings (Tostevin et al., 2016), considering the similar 
bottom water oxygenation thresholds recorded in Franceville as in the 
Burgess Shale deposited at a time when atmospheric oxygenation levels 
were much higher than Paleoproterozoic estimates (Lyons et al., 2014, 
2024).

Nutrient enrichment and biological implications
By ~ 2.1 Ga, the Congo Craton, to which the marginal Francevillian 

series was likely located at moderate latitudes within the emerging su
percontinent Nuna/Columbia landmass (Salminen et al., 2016), though 
the exact coordinates are a subject of ongoing paleomagnetic and 
geological refinement. On the other hand, deposition of the Burgess 
Shale occurred in a paleogeographic tropical to low-latitude margin 
setting with ancient Laurentia, in an offshore, relatively deep marine 
environment (Scotese, 2021). Despite these contrasting depositional 
settings and ages, redox proxies indicate that both the Francevillian 
FB2b and Burgess Shales accumulated beneath dominantly oxic waters 
(Fig. 7). This shared redox framework allows nutrient enrichments, 
major and trace-metal cycling to be interpreted assuming similar redox 
baseline conditions. Differences in nutrient concentrations are therefore 
attributed to basin-specific controls on nutrient supply, retention, and 
dilution, rather than to differences in oxygenation. Moreover, it is 
important to note that bulk sediment enrichment factors and elemental 
ratios provide indirect constrains on past nutrient availability and 
cannot be directly equated with dissolved seawater concentrations. 
Processes such as early diagenetic retention, sediment focusing, basin- 
scale recycling and post-depositional redistribution may locally 
amplify nutrient concentrations within sediments. Accordingly, the 
following interpretations remain framed in terms of enhanced nutrient 
retention and availability within the basin system, particularly at the 
sediment–water interface.

Phosphorus (P) is enriched in FB2b (EF mean = 1.12) but depleted in 
Burgess (EF mean = 0.58) (Fig. 8; Table S3), with statistically significant 
differences (t-value = 5.85, 95% CI = (137, 284), p value = 1.49 × 106, 
critical t-value (for p = 0.05) = 2.0). Phosphorus is indispensable for all 
life forms. Considered to have limited primary production over Earth’s 
history (Reinhard et al., 2017), P plays a crucial role in numerous bio
logical processes. It is the backbone of nucleic acids, a key component of 
cell membrane phospholipids, and is essential for the synthesis and 
function of adenosine triphosphate (ATP) (Chi Fru et al., 2024, 2023; 

Laakso et al., 2020; Reinhard et al., 2017). Redox proxies indicate that 
bottom-water conditions during deposition of both successions were 
dominantly oxic. In such environments, Fe (oxyhydr)oxides commonly 
scavenge phosphorus (Bruland and Lohan, 2006). However, the absence 
of a correlation between P and Fe in both formations (Fig. S3a) suggests 
that Fe-bound scavenging was not the dominant control on phosphorus 
availability. In the FB2b unit, P correlates with Al and Ti (Table S4; 
Fig. S1), indicating a strong detrital component. However, P/Al and P/Ti 
ratios reveal significant authigenic P enrichment in Franceville 
compared to the Burgess Shale (Fig. 6a-b), suggesting that P was likely 
far more bioavailable in the Francevillian seawater. The restricted na
ture of the Francevillian Basin, coupled with tectonic activity associated 
with the ~ 2.1 Ga collision of the Congo–São Francisco cratons, likely 
promoted submarine volcanic weathering of nutrient-rich substrates, 
enriching the basin waters (Chi Fru et al., 2024). Following this volcanic 
input, basin restriction and early diagenetic exchange at the sed
iment–water interface could have facilitated efficient retention and 
recycling of phosphorus under oxic conditions, in line with recent 
models of Proterozoic phosphorus cycling (Guilbaud, 2025). These 
processes would have sustained elevated concentrations of bioavailable 
phosphorus relative to open-marine environments (Reinhard et al., 
2017), supporting the interpretation of the Francevillian Basin as a 
localized Paleoproterozoic nutrient-rich oasis (Chi Fru et al., 2024). It 
has to be noted that the residence time of volcanically derived nutrients 
in a restricted intracratonic basin, and the duration over which such 
chemical modifications could persist in seawater remain difficult to 
constrain. However, limited water exchange and internal recycling may 
allow geochemical signatures introduced during earlier volcanic phases 
to be retained or reworked within the basin over extended intervals 
(Wang et al., 2024). Accordingly, the inferred linkage between earlier 
volcanic activity and nutrient enrichment in the FB2b unit is presented 
as a plausible basin-scale scenario consistent with stratigraphic and 
geochemical observations.

Toxic As, in the oxidized form of arsenate, disrupts phosphate uptake 
into cells, the synthesis of ATP and the functioning of membrane phos
pholipids (Chi Fru et al., 2019, 2018, 2016; Chraiki et al., 2023; Elias 
et al., 2012). Despite being less enriched in Franceville (mean of EF 1.44 
versus 2.57 in Burgess Shales) (Fig. 8), the Gabonese macroorganisms 
detoxified As by sequestering within their bodies, similar to some of the 
more complex Burgess Shale biota (El Khoury et al., 2025c). Arsenate 
detoxification would have been critical considering a surge of arsenate 
in oxygenated Proterozoic seawater (Chi Fru et al., 2019), where these 

Fig. 8. Selected trace elements enrichment factor (EF) relative to PAAS for 
Burgess Shale and Franceville Black shales.
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organisms thrived. Within this framework, evidence for microbial mats, 
microbial sulfate reduction, iron and manganese cycling, primary pro
duction, and arsenic cycling has been reported from both settings 
(Aubineau et al., 2020, 2019, 2018; Caron and Jackson, 2008; Chi Fru 
et al., 2024; El Khoury et al., 2025c, 2025b; Gaines et al., 2008). While 
these biologically mediated processes may have influenced nutrient 
uptake and recycling at local scales, their net effect on basin-scale 
nutrient availability remains difficult to quantify. Nonetheless, our 
geochemical proxies indicate that dissolved nutrients, particularly 
phosphorus, were sufficiently available to support substantial biological 
activity. Any biologically driven modulation of nutrient and trace- 
element availability would likely have operated at the scale of individ
ual communities or depositional environments (Falkowski et al., 2008) 
and remained secondary to basin-scale controls on nutrient supply, 
recycling efficiency, and long-term geochemical preservation.

Iron, a vital element involved in electron transport proteins (e.g., 
ferredoxin) (Arnon, 1965), the nitrogenase enzyme critical for nitrogen 
fixation, and other metabolic pathways essential for cell growth and 
respiration (Kustka et al., 2002), have mean EF values of 0.59 and 0.68 
for the Burgess and Franceville shales, respectively (Fig. 8). Iron asso
ciates mainly with MgO and MnO (Tables S4, S5; Figs. S1, S2). Molyb
denum, crucial for enzymes involved in nitrogen metabolism and 
cellular detoxification (Singh et al., 2017), is nearly absent in both 
sediments and shows no correlation with Al and Ti (EF mean = 0.36 and 
0.21 for Burgess and Franceville, respectively) (Fig. 8; Tables S4, S5, 
Figs. S1, S2).

In the Gabonese FB2b unit, none of the selected trace elements cor
relates with Al or Ti, suggesting low detrital inheritance (Table S6; 
Fig. S4). However, As, Co, Cu, Mo and Ni are positively intercorrelated, 
while Zn appears to have a distinct source, uncorrelated with these el
ements. Dissimilar from Franceville, Cu and Zn content in the Burgess 
Shale correlate with Al and Ti, indicating a predominantly detrital origin 
(Table S7; Fig. S5) and therefore of lesser bioavailability, in addition to 
Zn being significantly more enriched in Franceville (EF = 1.53) 
compared to the Burgess Shales (mean EF = 0.36) by a factor > 4 
(Fig. 8). Zinc is believed to be associated with organic matter and is 
strongly enriched in pyritized and non-pyritized macrofossils in the 
Francevillian biota (El Albani et al., 2023; Ossa Ossa et al., 2023). These 
elevated Zn concentrations and their associated negative Zn isotope 
signatures have been used to ascertain the eukaryotic origin of these 
enigmatic fossils (El Albani et al., 2023; Ossa Ossa et al., 2023). Being a 
bio-essential micronutrient, Zn is notable for its non-toxicity as Zn2+, 
redox stability and strong affinity for various biologically relevant li
gands (Weber et al., 2018), with eukaryotes having a much higher 
requirement compared to prokaryotes (El Albani et al., 2023). Cellular 
uptake is tightly regulated by proteins, enabling its diverse roles, 
ranging from enzymatic catalysis to structural functions in membranes, 
DNA and RNA function (Lim et al., 2005).

Overall, EFs calculated relative to the PAAS standard suggest most 
bioessential metals are depleted in both successions, except for Ni and 
Zn being notably more enriched in the Fb2b unit (Fig. 8). Mo, the 
cofactor critical for the functioning of nitrogenase enzymes used for 
nitrogen fixation (Darnajoux et al., 2019; Stüeken et al., 2016), shows a 
wider range in Franceville compared to Burgess. Ni, an important 
cofactor in anaerobic methane cycling (Glass and Orphan, 2012) and 
some higher life forms (Harasim et al., 2015), is enriched by ~ 2 times in 
the Francevillian FB2b unit (EF = 1.31) relative to the Burgess Shales 
(EF = 0.67) (Fig. 8). Cu, a common cofactor in methane cycling (Chi Fru 
et al., 2011; Glass and Orphan, 2012), in electron transport enzymes, 
oxidative stress protection, iron metabolism and connective tissue for
mation (Olivares and Uauy, 1996), is averagely more enriched in 
Franceville (EF = 0.88) compared to Burgess Shale (EF = 0.47), but is 
overall depleted in both deposits relative to PAAS (Fig. 8). Similarly, Co, 
vital primarily as a component of vitamin cobalamin (B12), red blood 
cell formation, DNA synthesis and nitrogen fixation by supporting the 
activity of symbiotic nitrogen-fixing bacteria (Ma et al., 2021), is 

depleted in both Burgess and Franceville, with mean EF of 0.70 and 
0.66, respectively (Fig. 8). V, important for biological activity in algae 
and microbial nitrogen fixation (Darnajoux et al., 2019), but non- 
essential for life forms (Liting et al., 2025), is homogeneously depleted 
in both the Burgess and Francevillian successions, recording mean EFs of 
0.45 and 0.32, respectively (Fig. 8). Normalization of elemental con
centrations to detrital proxies (Al and Ti) indicates that P, Fe, Co, Cu, Ni, 
and Zn in the Francevillian FB2b unit are less influenced by detrital 
input, but more so in the Burgess Shale (Fig. 6). In contrast, As, Mo, and 
V show a roughly equal contribution from detrital and non-detrital 
sources in both basins (Fig. 6e-f). Notably, Zn, Ni, and Cu display 
stronger non-detrital enrichment in FB2b than in the Burgess Shale 
(Fig. 6e-f), suggesting that these trace metal nutrients were more 
bioavailable in Francevillian seawater. As already noted, a coupling 
between elevated bioavailable Zn in FB2b and the emergence of 
eukaryotic macrofossils in the Francevillian Basin was previously re
ported by two separate groups of researchers (El Albani et al., 2023; Ossa 
Ossa et al., 2023).

As supported by existing geochemical compilations (e.g., Guilbaud, 
2025; Lyons et al., 2014; Reinhard et al., 2017), elevated nutrient 
availability in the Paleoproterozoic was spatially and temporally het
erogeneous, with sustained enrichments above PAAS not expected to be 
widespread. In this context, the magnitude of some PAAS-normalized 
nutrient enrichments observed in the Francevillian FB2b unit 
(including P, Zn and Ni) appears uncommon for sedimentary successions 
of this age, particularly under dominantly oxic depositional conditions. 
For instance, bulk sedimentary P levels underlying the FB2b subunit are 
reported to have reached concentrations that are rarely observed in 
sedimentary successions prior to the Ediacaran, but become more 
common in Ediacaran strata and throughout the Phanerozoic (Chi Fru 
et al., 2024). Although the present comparison focuses primarily on the 
Burgess Shale as a well-characterized post-oxygenation benchmark, 
broader evaluation against additional Precambrian black shale succes
sions would further refine the assessment of how exceptional these en
richments were within the Paleoproterozoic record.

5. Conclusions

This comparative study of the Francevillian (Paleoproterozoic, ~2.1 
Ga) and the Burgess Shales (Cambrian, ~508 Ma) offers valuable in
sights into the nutrient availability and redox conditions that prevailed 
during two critical biologically innovative windows in Earth’s history. 
These formations, though separated by more than 1.5 billion years, both 
hosted exceptional biotas that are central to our understanding of early 
experimentation and eventual evolution of complex life, the former 
potentially representing some of the earliest multicellular macro
organisms, and the latter documenting the Cambrian explosion of 
metazoan diversity. Despite the vast temporal gap and differences in 
tectonic, depositional style, atmospheric and biological context, the 
geochemical results presented here reveal surprisingly convergent sig
natures in the provenance and enrichment levels of key bio-essential 
elements and redox-sensitive proxies. The data show that the France
villian Basin was a remarkable Paleoproterozoic exception. Intense 
chemical weathering and inherited volcanic activity led to unprece
dented seawater enrichment with P and Zn, both key nutrients for 
macrobiological evolution, along with elevated Ni, all at levels likely far 
above those present in the Burgess Shale ocean, celebrated for its animal 
biodiversity. Both basins record fully oxic bottom waters, indicating that 
these nutrient-rich conditions supported unusually high primary pro
ductivity that drove the deposition of the organic carbon–rich black 
shales that likely sustained the Francevillian macrobiota. Overall, the 
findings suggest that although Earth’s atmosphere and oceans changed 
profoundly between the Paleoproterozoic and Cambrian, a restricted 
nutrient-rich environment like the Francevillian Basin may have already 
met some of the critical chemical and environmental prerequisites for 
macrobiological complexity, well before the end-Snowball Earth surge 
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in the seawater nutrient content that fueled the global Ediacar
an–Cambrian rise of metazoans.
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