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Constraining the timing of eukaryogenesis and the divergence of eukaryotic clades is a major challenge
in evolutionary biology. Here, we present trace metal concentration and zinc isotope data for c. 2.1
billion-year-old Francevillian Group pyritized structures, previously described as putative remnants of
the first colonial multicellular organisms, and their host black shales. Relative to the host rocks, pyritized
structures are strongly enriched in zinc, cobalt and nickel, by at least one order of magnitude, with
markedly lighter zinc isotope compositions. A metabolic demand for high concentrations of aqueous zinc,
cobalt, and nickel combined with preferential uptake of lighter zinc isotopes may indicate metalloenzyme
utilization by eukaryotes in marine habitats c. 2.1 billion years ago. Once confirmed, this would provide a
critical calibration point for eukaryogenesis, suggesting that this major evolutionary innovation may have
happened contemporaneously with elevated atmospheric oxygen levels during the latter part of the Great

Oxidation Event, some 400 million years earlier than is currently widely accepted.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The evolution and early diversification of eukaryotes were
defining moments in the history of life on Earth. However, de-
spite considerable advances in phylogenetic and molecular clock
estimates, a dearth of paleobiological signatures in the Precam-
brian sedimentary record, including fossils and molecular biomark-
ers, has strongly hampered attempts to track eukaryogenesis and
the subsequent divergence of eukaryotic kingdoms. Purported eu-
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karyotic affinity of pre-1.6 Gyr old fossils remains uncertain (e.g.,
Betts et al., 2018; Javaux, 2019). Moreover, while a precise age
of Bangiomorpha pubescens suggests that the first unambiguous
crown group of eukaryotes is as old as c. 1.05 Gyr (Gibson et
al,, 2018), more recent molecular clock models propose earlier
estimates, sometime during the Mesoproterozoic (Porter, 2020).
Furthermore, while fossil records suggest that eukaryotes did not
diverge into their main lineages until c. 800 Ma ago (Butterfield,
2015; Javaux, 2019; Knoll, 2014), molecular clocks, in contrast,
argue for much earlier diversification in the Meso- to early Neopro-
terozoic (Strassert et al., 2021). However, an estimate for eukaryote
diversification based on fossils broadly coincides with the oldest
preserved eukaryote-derived organic biomarkers (steranes) in the

0012-821X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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sedimentary record, which are constrained in age between c. 800
and 700 Ma (Brocks et al.,, 2017; Love et al., 2009; Summons et al.,
1988; Zumberge et al., 2020).

Molecular clock models use the rate of mutations to estimate
the timing and duration of divergence between species on a phy-
logenetic tree. The main approach in commonly used models, such
as MULTIDIVTIME and Markov Chain Monte Carlo Tree (MCMC-
TREE), consists of fixing one or more calibration/divergence points-
nodes-based on fossil or geological records (e.g., organic and inor-
ganic geochemistry) to estimate the timing of all other divergence
points on the tree (e.g., Inoue et al., 2010 and references therein).
Therefore, the accuracy of these estimates depends highly on the
robustness of these calibration points. By contrast, the lack of un-
equivocal paleobiological signature for eukaryotes in older sedi-
mentary rocks has led to considerable uncertainty in phylogenetic
and molecular clock estimates for the emergence of the last eu-
karyote common ancestor (LECA), as well as uncertainty in terms
of the time between the emergence of the LECA and the divergence
of the main eukaryotic supergroups (Betts et al., 2018; Burki et al.,
2020; Eme et al., 2014; Gold et al., 2017; Knoll, 2014; Parfrey et
al,, 2011; Porter, 2020; Strassert et al., 2021). For example, relaxed
molecular clock methods, based on taxon-rich multigene data com-
bined with diverse fossil evidence, estimate the emergence of LECA
between c. 2.4 and 1.6 Gyrs ago (Betts et al., 2018; Parfrey et al.,
2011; Porter, 2020; Strassert et al., 2021), which is broadly consis-
tent with undisputed fossil evidence for eukaryotes at c. 1.6 Gyrs
ago, respectively (Pang et al., 2013). Based on this approach, the
divergence of the main eukaryote lineages is estimated to have
occurred before 1 Gyrs ago (Parfrey et al, 2011; Strassert et al.,
2021), which is considerably earlier than the most widely accepted
fossil evidence (Javaux, 2019; Knoll, 2014; Love et al., 2009; Sum-
mons et al., 1988; Zumberge et al., 2020). By contrast, a molecular
clock approach based on sterol biosynthesis, which is a character-
istic eukaryote sterane biomarker, potentially links the emergence
of the LECA to the Great Oxidation Event (GOE), c. 2.43 to 2.1 Gyrs
ago (Gold et al., 2017). Although there is still large uncertainty on
these estimates, placing the LECA between c. 3.1 and 1.7 Gyrs ago
(Gold et al., 2017), a link between LECA and the GOE also over-
laps with the Bayesian molecular clock approach under a scenario
of serial endosymbiosis used by Strassert et al. (2021).

Many factors may explain the discrepancy in age estimates for
eukaryogenesis, including the precise taxa and gene selected, the
assumed phylogeny of eukaryotes, molecular clock methods, and
the models used (Eme et al., 2014). However, the paucity of reli-
able calibration points due to the fragmentary nature of the fossil
record has an overarching influence on this uncertainty (Eme et
al,, 2014; Gold et al., 2017; Parfrey et al., 2011). To address this
issue, we focus on c. 2.1 Gyr old Francevillian Group pyritized
structures previously described as fossils of a macroscopic popu-
lation of probable colonial organisms (EI Albani et al., 2010), and
their host sediments. These putative multicellular organisms ap-
pear to have thrived in oxygenated marginal marine conditions (El
Albani et al., 2010). However, although a eukaryote origin has been
considered for these Francevillian Group putative fossils (El Albani
et al, 2010), their biogenicity has been questioned (e.g., Ander-
son et al., 2016). Furthermore, if representing biological remnants,
their affinity within the three main domains of life - archea, bacte-
ria, and eukarya - is also uncertain (e.g., Nelson and Smith, 2019).
Here, we utilize zinc concentrations [Zn] and isotopic compositions
(5%6Zn; representing the %6Zn/%4Zn ratio of the sample relative to
the JMC-3-0749L reference standard), coupled with other metal
concentrations (e.g., Co, Ni, Mn and Ag), to provide new insight
into the biogenicity and biological affinity of these enigmatic Pa-
leoproterozoic pyritic structures, which are henceforth termed as
‘fossilized structures’ to avoid implying a macro-faunal heritage.
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2. Geological setting

The Francevillian Group is a c. 2.1 Gyr old Paleoproterozoic
sedimentary succession in southeast Gabon that only experienced
burial diagenesis, with maximum temperatures less than 120°C
(EI Albani et al., 2010; Ossa Ossa et al., 2013, 2022). It is devel-
oped in the c. 44,000 km? Francevillian basin, which is subdi-
vided into 4 sub-basins, named the Boué (Plateau des Abeilles),
Lastoursville, Franceville, and Okindja sub-basins (Fig. 1). The
Francevillian Group is subdivided into five lithostratigraphic forma-
tions, from the Francevillian A (FA) at the bottom to Francevillian
E (FE) at the top (El Albani et al., 2010; Gauthier-Lafaye and We-
ber, 2003; Ossa Ossa et al., 2013, 2018). The FA Formation consists
of conglomerate, sandstone, and shale, recording the evolution of
depositional environments from fluvial in its lower part to a tide-
influenced fluvio-deltaic setting in the upper part (Gauthier-Lafaye
and Weber, 2003). In the FB Formation, interbedded black shale,
siltstone, sandstone, and carbonate indicate marine environments
that fluctuated between intertidal and outer-shelf settings (El Al-
bani et al., 2010; Gauthier-Lafaye and Weber, 2003; Ossa Ossa et
al., 2013, 2018, 2022). The FC Formation is marked by the devel-
opment of an extensive marine carbonate platform on an open
shelf (Gauthier-Lafaye and Weber, 2003; Ossa Ossa et al., 2018).
The FD to FE formations are characterized by marine black shales,
with intercalations of sandstones, containing a significant contribu-
tion from submarine volcanic and subaerial volcaniclastic material
(Gauthier-Lafaye and Weber, 2003).

The FB and lower part of the FC formations were deposited in
an oxygenated, intertidal to outer shelf environment connected to
the open ocean, and these formations record the c. 2.22-2.06 Gyr
old Lomagundi Event (LE) (EI Albani et al., 2010; Ossa Ossa et
al., 2013, 2018, 2022). The LE is Earth’s most pronounced and
long-lived positive carbon isotope excursion, and is generally in-
terpreted to reflect high primary productivity and organic carbon
burial in the marine environment (Karhu and Holland, 1996). Al-
though it has recently been suggested that the Lomagundi carbon
isotope excursion was restricted to shallow-marine settings, with
deep-marine environments being much less isotopically fraction-
ated (Prave et al.,, 2021), a wide range of combined geochemical
and sedimentological evidence challenges this interpretation and
links the LE with oxygen build-up in the atmosphere-hydrosphere
system during the later part of the GOE (e.g., Bekker et al., 2021;
Karhu and Holland, 1996; Ossa Ossa et al., 2013, 2022). The unique
feature of the FB Formation is that black shales host pyritized and
non-pyritized macroscopic fossilized structures, which are possi-
ble remnants of marine organisms (El Albani et al., 2010, 2014,
2019). The symmetrical organization of the fossilized structures
and the reproducibility of such complex morphologies, which were
argued to be a unique trait for a biogenic origin, led previous stud-
ies to propose that these Francevillian Group macroscopic struc-
tures were fossilized multicellular organisms (El Albani et al., 2010,
2014). In contrast to the lower Francevillian stratigraphic units, the
upper part of the FC Formation and the FD Formation were de-
posited under predominantly anoxic water column conditions and
record the end of the LE (Ossa Ossa et al., 2018, 2022).

Our sample set spans the upper FA to lower FC formations
(Fig. 1). The fossilized structures studied here are diverse in size
and morphology (Figs. 2, S1). They were collected in two geo-
graphical locations ~12 km apart (Fig. 1). Most of these fossilized
structures are pyritized as subrounded and subhedral pyrite grains
together with an intra- and inter-granular carbonaceous matrix
(Fig. S2; El Albani et al., 2010). The morphology of these speci-
mens (Figs. 2, S1, S2), named here as Eyo, Ekang, Endama, Engong,
and AKki, has been described previously and was interpreted to re-
flect putative large multicellular colonies with coordinated growth
(EI Albani et al., 2010, 2014, 2019). In particular, the Eyo speci-
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Fig. 1. A: Simplified geological map of the Francevillian basin showing sample locations. B: Lithostratigraphic profile and geochemical data for the Francevillian Group,
including black shales (black-filled circles) and carbonates (orange-filled circles) from the upper FA to lower FC formations. Dashed line in Zn/Ti plot represents the average
value for the upper continental crust (UCC) (Rudnick and Gao, 2014); the isotopic range of the main oceanic inputs in the §%6Zn plot is from Little et al. (2014). Error bars on
5567n values represent individual 2SE obtained during measurements (see Table S2). Empty circles in the §%6Zn plot represent estimates for authigenic Zn isotope composition
of shale (black empty circles) and seawater carbonates (blue empty circles) following Little et al. (2016). Due to uncertainty related to lithogenic Zn concentrations, this
method to estimate authigenic component induces larger errors for shales (see Table S2) and therefore error bars are not shown for individual samples here to avoid
cluttering. Since bulk carbonate §%6Zn values corrected for lithogenic component yielded very small errors (Table S2), the overlapping high Zn isotope values for carbonates

and shales are considered as conservative authigenic §%6Zn values with a minimal error.

men (Figs. 2 and S1) has an elongated, sinuous shape and is tightly
folded (El Albani et al., 2014); specimens Ekang, Endama, and Aki
(Figs. 2, S1, S2) are similar to previously described lobate forms
showing a sheet-like structure and radial fabric (El Albani et al,,
2010, 2014), whereas Engong specimens (Fig. 2) have a weakly
pyritized to non-pyritized discoidal shape with a flange-like outer
part (El Albani et al., 2014). Sulfur isotope ratios show that pyri-
tization of these fossilized structures, along with growth of diage-
netic pyrite unrelated to these structures (such as concretions and
disseminated grains) at the same stratigraphic level, occurred via
microbial sulfate reduction during early diagenesis (El Albani et al.,
2010, 2014, 2019; Ossa Ossa et al., 2018).

3. Results

Metal concentrations and Zn isotope compositions were inves-
tigated for the Francevillian Group fossilized structures, includ-
ing pyritized and non-pyritized types, and their host rocks, black
shales and carbonates (Figs. 1B, 3, 4, 5, S1-S3; Tables S1-S3). Micro-
bial mat structures, diagenetic pyrite concretions unrelated to fos-
silized structures, thin pyrite beds formed at the water-sediment
interface, and diagenetic carbonate concretions were also analyzed
(Figs. 3, 4, 5, S4, Tables S1-S3). Geochemical and morphological
features of these microbial mat structures were used to argue that
their biomass was photosynthetically produced by cyanobacteria
(Aubineau et al., 2018). In addition, for further geochemical com-
parison, c. 3.0 and 2.85 Gyr old continental and marine Archean
diagenetic pyrites and their host black shales, as well as c. 183
million year (Myr) old Jurassic (Toarcian) diagenetic pyrite suns
and their host black shales, were also analyzed (Figs. 5, S5, Ta-
bles S2). Pyrite suns are concretions that grew fast as discs and

flower petals through radial crack propagation in stiff mud dur-
ing compaction. They are a common diagenetic feature that could
be mistaken for pyritized fossils in bituminous shales (Seilacher,
2001). Analytical methods are detailed in the Supplementary In-
formation.

Microtextural analyses using scanning electron microscope
(SEM), electron probe microanalyzer (EPMA), and laser-ablation
inductively coupled mass-spectrometry (LA-ICP-MS) techniques
confirmed that fossilized structures and other Francevillian Group
sulfides are dominantly composed of pyrite, with sulfur concen-
trations between 43 and 55 wt.%, and Fe concentrations between
45 and 47 wt.% (Fig. 3, Table S1). Sphalerite ((Zn,Fe)S) and galena
(PbS) mineral phases are rare and occur in the rock matrix as
disseminated grains or inclusions in diagenetic pyrite concretions
unrelated to fossilized structures (Fig. 3). Zinc EPMA compositional
maps of fossilized structures show c. 10 to 100 pm-sized sub-
rounded and subhedral pyrite grains with thin Zn-enriched rims,
whereas Co, also associated with these pyrite grains, shows no ap-
parent distribution pattern (Fig. 3).

Bulk analyses of 20 to 50 mg of powders obtained from micro-
drilled pyritized and non-pyritized Francevillian Group fossilized
structures show [Zn] between 142 and 835 pg/g, [Co] between 345
and 1255 pg/g, and [Ni] between 451 and 2925 ng/g, whereas the
same amount of powder from the host shales yields lower [Zn] be-
tween 67 and 126 pg/g, [Co] between 0.75 and 184 ng/g, and [Ni]
between 6 and 305 pg/g (Table S2). While both host rocks and fos-
silized structures have, on average, Zn, Co, and Ni concentrations
above those of the upper continental crust (UCC) (67, 17.3, and
47 nglg, respectively; Rudnick and Gao, 2014), concentrations in
the fossilized structures are several times higher than those of the
host rocks. Metal concentrations always appear to be correlated
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Fig. 2. Francevillian fossilized structures. Photo images of representative specimens of the Francevillian Group fossilized structures and/or their imprints, including Eyo,
Ekang, Endama, and Engong, as well as the host sediments showing their respective [Zn] and §56Zn values. Fossilized structures are characterized by higher [Zn] and lower
856Zn values compared to their host sediments. Morphology of similar fossilized structures has previously been described in detail (El Albani et al., 2010, 2014, 2019). Scale
bar is 2 cm and white stars point to analyzed portions of the samples for Zn concentration and isotope composition.

with the size of the structure, with the largest fossilized structures
yielding the highest enrichments (Fig. 2). These Zn, Co, and Ni con-
centrations in pyritized and non-pyritized structures are also much
higher than those in the Francevillian Group microbial mat struc-
tures as well as all the other comparative material investigated
(Figs. 4, 5A, 5B; Tables S1, S2). Similarly, elevated concentrations
are also evident in comparison to average concentrations of Zn
(67 ng/g, between 2 and 395 png/g), Co (145 pg/g, between 15 and
640 ng/g), and Ni (977 pg/g, between 105 and 2160 pg/g) in Pa-
leoproterozoic pyrite from other localities (Large et al., 2014). In
situ analyses of pyritized fossilized structures show even higher
Zn, Co, and Ni concentrations of up to 1445, 2900, and 4156 ng/g,
respectively, compared to diagenetic pyrite concretions unrelated
to fossilized structures with Zn < 50 pg/g, Co < 200 ng/g, and Ni
< 700 pg/g (Fig. 4, Table S1). Manganese and Ag concentrations
in fossilized forms, up to 1143 and 36 pg/g, respectively, are also
higher than those in diagenetic pyrite concretions unrelated to fos-
silized structures (214 and 3 ng/g, respectively; Fig. 4, Table S1).
The §56Zn values of the Francevillian Group shales and ma-
rine carbonates range between 0.227 and 0.959%o, with a mean
of 0.413%. (Fig. 1; Table S2), which is generally slightly higher
than the average detrital input value of ~0.33%. (Little et al.,

2014). Microbial mat structures, diagenetic pyrite concretions un-
related to fossilized structures, thin early diagenetic pyrite beds,
and diagenetic carbonate concretions of the Francevillian Group
have similar §%6Zn values to host rocks, shale and marine car-
bonate (Fig. 5; Table S2). Correction to authigenic composition by
subtracting the estimated detrital contribution (Little et al., 2016)
yields only marginally higher §%6Zn values (Fig. 1; Table S2). By
contrast, the Zn isotopic composition (8%6Zn) of pyritized and non-
pyritized fossilized structures ranges between -0.152 and 0.162 %,
which is isotopically lighter than that of the host sediments, micro-
bial mat structures, and early diagenetic pyrite beds and concre-
tions, with an offset (866Zn of fossilized structures - §56Zn of host
sediments) between -0.221 and -0.526%0 with respect to bulk
sediment values (which is only slightly increased for estimated au-
thigenic values; Table S2, Figs. 2 and 5). The §%6Zn values tend to
be more negative for the larger specimens, regardless of the degree
of pyritization, resulting in a negative correlation between Zn con-
centrations and §%6Zn values in fossilized structures (Figs. 2, 5A,
5B). Archean, Phanerozoic, and modern diagenetic pyrite concre-
tions unrelated to fossils are isotopically unfractionated from their
host sedimentary rocks (Table S2).
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Fig. 3. The upper panel of the figure shows reflected light and backscattered electron (BSE) images of the specimen Ekang and related electron microprobe elemental maps of
Zn, S, Fe, and Co. The white empty square on the reflected light microscope image shows the area from which the data (BSE and elemental maps) are derived. In BSE image,
grey sub-rounded to subhedral pyrite (FeS;) grains are surrounded by thin, light-grey rims that are Zn-enriched. These thin rims are depleted in S (thin grey margins), but
not in Fe, which indicates that the Zn enrichment is not linked to pyrite or sphalerite ((Zn,Fe)S). The texture of these rims (e.g., preservation between grain contacts) shows
that they were already in place before the growth of pyrite. Distribution of Co is controlled by the growth of pyrite and does not show a similar pattern to Zn, which further
supports the notion that distribution of Zn in the fossilized structures is not determined by pyritization. The lower panel of the figure shows BSE images of a diagenetic
pyrite concretion not associated with fossilized structures and host shale. The concretion is characterized by homogeneous pyrite and shows no internal Zn organization, but
contains inclusions of galena (PbS) and sphalerite. The host shale also shows disseminated sphalerite. Both fossilized structure and concretion are from the same host black

shale.

4. Discussion

4.1. Origin of Zn enrichments and low §%6Zn values in the Francevillian
Group fossilized structures

Zinc concentrations in the Francevillian Group fossilized struc-
tures are at least one order of magnitude higher than in their host
rocks and other materials studied here. These fossilized structure-
related Zn fractions are also characterized by significantly lower
8%67Zn values with respect to those of the respective host rocks and
microbial mat structures. Several processes in the marine realm
can cause Zn enrichment and its isotopic fractionation, including
hydrothermal processes, precipitation of a zinc sulfide (ZnS) phase,

non-quantitative incorporation of Zn into pyrite, Zn chelation by
organic or inorganic compounds, fast pyrite crystal growth, and
biological uptake (Fujii et al., 2011; John et al,, 2007, 2008; Kob-
berich and Vance, 2019; Vance et al., 2016; Viers et al., 2007;
Weiss et al., 2005; Wilkinson et al., 2005; Zhang et al., 2019). A
detailed assessment of these processes is thus required to eval-
uate the origin of Zn enrichments and low §%6Zn values in the
Francevillian Group fossilized structures, thus helping to resolve
whether the geochemical and isotopic signatures reflect primary
Zn uptake by the Paleoproterozoic biota, or abiotic Zn processing
in seawater or during diagenesis.

Hydrothermal processes, both submarine during sediment de-
position and via late circulating fluids after deposition, are po-
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tential sources for light Zn isotope composition and may explain
the Zn geochemical signature found in the Francevillian Group fos-
silized structures (e.g., John et al., 2008; Wilkinson et al., 2005;
Zhang et al, 2019). However, converging observations provide
strong evidence against a hydrothermal origin for the light Zn iso-
topic composition of the fossilized structures. These include the
highly negative §34S values of the pyritized, fossilized structures
along with diagenetic pyrite concretions unrelated to fossilized
structures and their host rocks, as low as -30%o, which are typ-
ical for microbial sulfate reduction in the sediments and/or at the
water-sediment interface during early diagenesis (El Albani et al.,
2010, 2014; Ossa Ossa et al., 2013, 2018). Pre-compaction pyri-
tization in these black shales is also indicated by the imprints
left by the fossilized structures in the host rocks (Fig. 2). Fur-
thermore, sediment laminae wrapping around both the fossilized
structures and diagenetic pyrite concretions unrelated to fossilized
structures (e.g., specimen Aki in Figs. S1, S4D, and S4E), are con-
sistent with their pre-compaction and pre-lithification origin. It
also seems unlikely that submarine hydrothermal activity would
selectively affect both pyritized and non-pyritized Francevillian
Group fossilized structures, but not their host lithologies or lat-
erally and stratigraphically adjacent microbial mat structures and
fossil-unrelated early diagenetic pyrite concretions. Furthermore,
hydrothermal processes related to late circulating fluids can be
ruled out by the preservation of abundant mixed layer illite/smec-
tite clay minerals, together with a dominant illite phase with a
1Md polytype clay component (El Albani et al., 2010; Ossa Ossa et
al., 2013). This indicates a diagenetic clay mineral transformation -
smectite to illite conversion - through a solid-state transformation
in a closed system that was not affected by late-stage fluid-rock
interaction and/or high-temperature hydrothermal processes (Ossa
Ossa et al., 2013 and references therein). In view of these obser-
vations, it appears unlikely that Zn and other trace-metal enrich-
ments, together with lower §%6Zn values found in the Francevillian
Group fossilized structures, are linked to hydrothermal processes.
They rather reflect pristine geochemical signatures of the primary
structures that were fossilized in the Francevillian Group marine
sediments.

It has been demonstrated that precipitation of ZnS or non-
quantitative incorporation of Zn into pyrite can result in an en-
richment in light Zn isotopes in the precipitating phase (Fujii et
al,, 2011; Vance et al,, 2016). A proposed conceptual model for
the formation of pyrite-zinc sulfide framboids within organic-rich
sediment suggests that late ZnS rims precipitate around micro-
bially induced pyrite crystals during diagenesis (Hu et al., 2018).
This might potentially explain our observations regarding Zn dis-
tribution and isotopically light signals in the pyritized Francevil-
lian Group fossilized structures. While Zn-enriched zones were
observed in EPMA elemental maps, these zones are not marked
by lower Fe concentrations as would be expected for ZnS phases
(Fig. 3). Furthermore, in situ elemental analyses using EPMA and
LA-ICP-MS gave nearly constant Fe/S ratios of ~0.9 (Table S1),
which is characteristic of pyrite rather than sphalerite and ar-
gues against ZnS precipitation in association with fossilized struc-
tures. Disseminated sphalerite and galena inclusions were observed
within fossil-unrelated diagenetic pyrite concretions and host shale
(Fig. 3), but these yield lower Zn concentrations and higher §%6Zn
values relative to pyritized fossilized structures from the same
stratigraphic level. Precipitation of ZnS can thus be ruled out as a
potential explanation for the enrichment in light Zn isotopes in the
fossilized structures. By the same token, the possibility for late ZnS
overgrowth on microbially-induced pyrite crystals during diagene-
sis (Hu et al.,, 2018) can also be ruled as an explanation for the
~10-100 pm-sized subrounded and subhedral pyrite grains with
thin Zn-enriched rims revealed by Zn EPMA maps of fossilized
structures (Fig. 3). Microtextural evidence (i.e., preservation of the
continuous net of rims at the contact of pyrite crystals) clearly in-
dicates that the framework represented by these Zn-enriched rims
was already in place before the growth of pyrite and was deformed
by their growth (Fig. 3). Therefore, pyritization seems to have oc-
curred within an organic framework already enriched in Zn.

Fast growth of pyrite crystals in organic matter-rich sediments
might promote metal enrichments and kinetic Zn isotope fractiona-
tion and thus provides a further possible explanation for higher Zn
concentrations and lower §%6Zn values found in the Francevillian
Group fossilized structures. The same applies to non-quantitative
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Fig. 5. Cross-plots of Zn concentration vs. §56Zn isotopic composition for (A) pyritized Francevillian fossilized structures, microbial mats structures, and their respective host
sediments, and (B) diagenetic pyrite of various ages (Figs. 2, S1, S4, S5), including Paleoproterozoic (Francevillian Group, Gabon), Phanerozoic (lower Toarcian, Germany), and
modern (Richards Bay, South Africa). Pyritized Francevillian fossilized structures have much higher Zn concentrations and lower §56Zn values compared to both their host
sediments and diagenetic pyrite unrelated to fossilized structures. (C) Cross-plots of §66Zn values of pyritized Francevillian fossilized structures and microbial mat structures
(8%6Zn-biota) vs. §56Zn values of their respective host rocks (8%6Zn-host rock). (D) Bulk and authigenic Zn isotopic composition of the Francevillian basin fossilized structures,
microbial mat structures, and their respective host sediments. Data for the pyritized Francevillian basin fossilized structures is consistent with biological uptake of isotopically
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2SD obtained during measurements (bulk) and for an estimate of authigenic composition (authigenic), respectively (see Table S2).

incorporation of Zn into pyrite. However, not all of the Francevil-
lian Group fossilized structures studied here are pyritized. The dis-
coid, poorly to unpyritized Engong specimens (Fig. 2) also show
lighter Zn isotopic composition than their host black shales, sim-
ilar to the pyritized structures. As argued above, where fossilized
structures are pyritized, fast growth of pyrite crystals and/or non-
quantitative incorporation of Zn into pyrite are unlikely explana-
tions since they cannot explain why other fossil-unrelated pyrite
concretions, occurring laterally within a few centimeters from fos-
silized structures in the same sedimentary beds, do not record
trace-metal enrichments and lower §%6Zn values relative to the
host rocks. Furthermore, the Toarcian pyrite suns from the Posi-
donia Schist of the Swabian Alb in SW Germany, which indeed
formed by rapid pyritization in black shales (Seilacher, 2001), offer
an excellent analogue to test the effect of fast pyrite growth on Zn
geochemical behavior in organic-rich sediments. The data do not
show unusually high trace-metal enrichments in pyrite suns and
their 8%6Zn values overlap with those of their host black shales,
arguing against a significant control of fast pyrite growth over
trace-metal enrichment and Zn isotope fractionation. Therefore,
higher Zn concentrations and lower §56Zn values found in pyritized
and unpyritized Francevillian Group fossilized structures relative to
their host rocks and microbial mat structures strongly suggest that
the Zn signal recorded by these Paleoproterozoic fossilized struc-
tures is not linked to the precipitation of sulfide phases.

Organisms can mediate metal isotope fractionation through
preferential uptake during transport across the cell membrane,
yielding an enrichment in light Zn isotopes (John et al., 2007;
Samanta et al., 2018). This metabolic Zn handling is the most likely
process to explain the high Zn concentrations and low §%6Zn val-
ues of the Francevillian Group fossilized structures. The line of
evidence provided above thus suggests that both unpyritized and
pyritized Francevillian Group fossilized structures are likely fossils.
Therefore, their Zn geochemical signature, mainly controlled by the
way these life forms handled Zn, can help to further elucidate the
nature and origin of the organisms involved.

As a bio-essential micronutrient, Zn is a component in sev-
eral metalloenzymes that serve in key biological functions in both
eukaryotic and prokaryotic cells (Andreini et al., 2006; Costello
and Franklin, 1998; Dupont et al., 2010; Eide, 2003, 2006; John
et al., 2007; Outten and O’Halloran, 2001; Samanta et al., 2018;
Vallee and Falchuk, 1993; Viers et al.,, 2007; Weiss et al., 2005).
Cellular Zn demand strongly depends on cell size, organizational
complexity, functionalities, and metabolism, whereas Zn uptake
and its trafficking through the plasma membrane, as well as its
intracellular distribution, are driven by several families of trans-
porter proteins (Andreini et al., 2006; Costello and Franklin, 1998;
Dupont et al., 2010; Eide, 2003, 2006; John et al., 2007; Out-
ten and O’Halloran, 2001). The cellular trafficking of Zn is con-
trolled by a regulatory mechanism (known as Zn homeostasis),
which is determined by the total Zn quota required for optimal
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cell growth (Eide, 2003; Outten and O’Halloran, 2001; Vallee and
Falchuk, 1993). The exact mechanisms by which Zn is transported
through the cell and organelle membrane remain unclear. How-
ever, the current view is that transporter proteins use the gradient
of other jons (e.g., HCO3 ~ for uptake and HT or K* for efflux),
to facilitate diffusion of Zn through cytoplasmic loops spanning
the membrane (Eide, 2006). Transmembrane loops may also bind
Zn during this transport and favor its accumulation in the plasma
membrane (Costello and Franklin, 1998; Eide, 2006). Importantly,
the Francevillian Group fossilized structures have been previously
interpreted as colonial multicellular organisms with a likely “slime
mold” style of coordinated behavior and motility (El Albani et al.,
2010, 2019). Considering that cellular Zn homeostasis is driven
by transporter protein influxes and effluxes through transmem-
brane loops across cell walls (Eide, 2003, 2006; John et al., 2007),
we interpret the observed rimmed pyrite grains of the pyritized
Francevillian Group fossilized structures to represent replacement
of ancient cells of Paleoproterozoic living organisms, with the thin
Zn-enriched rims of the pyrite grains being fossilized cell walls.
Zinc was likely accumulated within the plasma membrane for ei-
ther protecting cells against toxicity related to high extracellular
Zn concentrations, or to ensure Zn availability for intracellular
processes under low external Zn conditions. Regardless of the ex-
act cause for such cell wall Zn accumulation, it appears that the
Francevillian Group fossilized structures are remnants of preserved
Paleoproterozoic biota, which had already acquired a complex Zn
regulatory system.

Alternatively, micro-organisms can also enrich Zn as adsorbed
extracellular coatings. This is different from the intracellular Zn
inventory, which is mainly acquired through biological uptake.
This kind of extracellular Zn enrichment might be the case for
the cyanobacterium Synechococcus sp. CCMP 2370 (Kébberich and
Vance, 2019). In this case, high Zn enrichment would reflect Zn
adsorption, which is potentially driven by iron oxides coating
cyanobacteria, rather than by biological uptake (cf. Kébberich and
Vance, 2019). Furthermore, Synechococcus sp. CCMP 2370 yielded
heavy Zn isotopic composition indistinguishable from that of the
initial media (Koébberich and Vance, 2019), which is more consis-
tent with adsorption rather than biological uptake. Extracellular Zn
enrichment on micro-organisms and/or as coatings on pyrite grains
has also been suggested for sulfate-reducing bacteria (Hu et al,,
2018). For the Francevillian Group fossilized structures, in situ ele-
mental analysis using EPMA and LA-ICP-MS revealed pyrite grains
within the fossilized network with Zn concentrations of up to
1445 ppm (for variation in Zn concentration versus molar Fe/S ra-
tios see Table S1) and without Zn-rich rims on pyrite grains and/or
fossilized bodies. This indicates that the high Zn enrichments did
not result from Zn coatings on cells or pyrite grains, but rather, Zn
likely accumulated within intracellular mass and cell membrane
through biological uptake. Therefore, Zn homeostasis was indeed
a biological process that these Paleoproterozoic organisms used in
order to maintain their intracellular Zn quota for achieving a better
gene expression for their potentially complex metabolism, growth,
and reproduction.

4.2. Eukaryotic vs. prokaryotic level of Zn enrichment and preferential
uptake of light Zn isotopes by the Francevillian Group biota

As discussed above, the enrichment in light Zn isotopes ob-
served in the Francevillian Group fossilized structures appears to
represent a primary signature related to the life cycle of Paleo-
proterozoic organisms. The level of Zn enrichment and associated
isotopic fractionation in the Francevillian Group fossilized struc-
tures, relative to the authigenic signature in host rocks, may help
to resolve their prokaryotic vs. eukaryotic affinity. In prokaryotic
cells, Zn homeostasis is largely dominated by uptake and efflux
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transporters (Brocklehurst et al., 1999; Patzer and Hantke, 1998),
whereas the storage of excess intracellular Zn is extremely limited
(Outten and O’Halloran, 2001). By contrast, three main families of
Zn transporters drive intracellular Zn homeostasis in eukaryotic
cells, including those involved in the uptake, efflux, and seques-
tration into cellular sites, such as the vacuole (Eide, 2003), indi-
cating that large intracellular Zn excess can be accumulated and
stored within eukaryotic cellular compartments (Nasir et al., 1999;
Ramsay and Gadd, 1997). Although both prokaryotic and eukary-
otic cells can concentrate Zn, the eukaryotic Zn demand, uptake
rate, and sequestration capability are much higher relative to those
for prokaryotes, while molecular and phylogenomic analyses show
that Zn-binding proteins are more abundant in eukaryotes relative
to bacteria and archaea (Andreini et al., 2006; Dupont et al., 2010).
Therefore, a higher eukaryotic Zn inventory differs from bacterial
and archaeal enzyme requirements due to the higher complexity
of the cell structure, a more sophisticated metabolism, and more
complex physiological processes (Andreini et al., 2006; Costello and
Franklin, 1998; Dupont et al., 2010; Eide, 2003, 2006; Nasir et al.,
1999; Ramsay and Gadd, 1997). The higher level of Zn enrichment
found in the Francevillian Group fossilized structures compared to
microbial mat structures and host rocks may thus reflect a typical
eukaryotic high uptake rate due to more complex and diverse Zn
handling by organisms of this biota.

However, the possibility to differentiate eukaryotic and prokary-
otic cells based on their Zn uptake rate and associated preferential
enrichment in light Zn isotopes has recently been challenged (Kob-
berich and Vance, 2019). According to this study, some eukary-
otes can yield similar Zn uptake rates (corresponding to cellular
Zn demand), and Zn/C and Zn/P ratios, as well as §%Zn values,
to prokaryotic phytoplankton, indicating that caution should be
exercised when comparing these two clades using their Zn sig-
nals. However, in this experimental work, the diatom Chaetoceros
sp., a eukaryote shown to yield similar Zn uptake rates to those
of prokaryotes (cyanobacteria), was cultured on urea. By contrast,
when grown on nitrate, Zn uptake rates for this eukaryote were
more than 5 times higher than those of any cyanobacteria (Kob-
berich and Vance, 2019). Nitrate and urea are known to be a
source of nitrogen for growth and biomass production in phy-
toplankton. Importantly, it has been shown that urea can have
a repressive effect on the growth and metabolism of Chaetoceros
sp. (Arzul et al, 1996). Since the amount of produced biomass
by Chaetoceros sp. in these growth experiments (Kobberich and
Vance, 2019) was neither determined nor estimated, it is difficult
to evaluate the effect of urea on the diatoms metabolism and Zn
uptake rate. Consequently, a low metal uptake rate (similar to that
of cyanobacteria) shown by the diatom Chaetoceros sp. growing on
urea (Koébberich and Vance, 2019) might be induced by imposed
experimental conditions, rather than an intrinsic eukaryote charac-
teristic.

Moreover, for both prokaryotic and eukaryotic phytoplanktonic
photosynthetic organisms, a significant part of intracellular Zn is
used in metalloenzymes that facilitate carbon fixation (e.g., via
carbonic anhydrase) and phosphorus acquisition (e.g., via alka-
line phosphatase) (Morel et al., 1994; Shaked et al., 2006). It can
thus be conceived that phytoplanktonic photosynthetic prokaryotes
and eukaryotes would yield indistinguishable Zn/C and Zn/P ra-
tios when their Zn requirement for intracellular Zn inventory is
only to sustain C and P acquisition. However, there is also a wide
range of complex Zn-dependent functionalities in eukaryotic cells,
not found in prokaryotes, that have been shown to require high
amounts of Zn. This is the case for the vacuole and other vesicular
components of eukaryotic cells, not found in prokaryotes, that can
take up, store and maintain high levels of intracellular Zn (Eide,
2003; Nasir et al., 1999; Ramsay and Gadd, 1997). The same ap-
plies to some intracellular organelles, such as mitochondria, which
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require large amounts of Zn to generate chemical energy to power
the cell (Costello et al., 2004). Therefore, comparing the cellular Zn
inventory between eukaryotes and prokaryotes, based only on their
estimated Zn/C and Zn/P ratios (Kébberich and Vance, 2019), when
other, complex eukaryotic Zn-dependent functionalities are not ex-
pressed, considerably underestimates the capacity for eukaryotic
cells to store and develop higher levels of Zn than prokaryotes.

In growth experiments (Koébberich and Vance, 2019), the
bioavailable Zn pool was significantly depleted and isotopically
fractionated by a strong organic ligand before it interacted with
organisms. Organic ligands preferentially bind isotopically heavy,
dissolved Zn, resulting in a small bioavailable Zn pool enriched
in light isotopes (Kébberich and Vance, 2019). Both prokaryotes
and eukaryotes growing in this small bioavailable Zn pool will
preferentially take up light Zn isotopes through high-affinity trans-
port, yielding indistinguishable §%6Zn values (Kébberich and Vance,
2019). Furthermore, a high level of intracellular Zn enrichment in
prokaryotes, relative to the environmentally bioavailable Zn con-
centrations, can only develop under Zn-starved conditions (Outten
and O’Halloran, 2001). This has been shown for the bacterium Es-
cherichia coli, which can yield an intracellular Zn content several
orders of magnitude higher than that of the extracellular dissolved
Zn pool, reaching millimolar levels in total intracellular Zn (Outten
and O’Halloran, 2001). By contrast, under Zn-replete conditions,
prokaryotic cells are likely to use low-affinity uptake and yield
intracellular Zn concentrations close to the ambient bioavailable
Zn content (Outten and O’Halloran, 2001). Importantly, high lev-
els of intracellular Zn are usually toxic and even lethal for most
prokaryotes (Perez and Chu, 2020). For example, experimental
work demonstrated that a Zn concentration of 50 mg/L is lethal to
cyanobacterium Synechococcus sp. (Perez and Chu, 2020). Eukary-
otic cells acquire Zn at concentrations several times higher than in
the bioavailable Zn pool (regardless of its size) (John et al., 2007),
since they have more complex physiological functionalities, not
found in prokaryotes, through which they can develop and store
high levels of intracellular Zn (Costello and Franklin, 1998; Costello
et al., 2004; Eide, 2003; Eisler, 2009; Nasir et al., 1999; Ramsay
and Gadd, 1997). Therefore, if an organism develops Zn concen-
trations several times higher than that of the environment under
Zn-unlimited conditions, that organism is likely to have an affinity
to eukaryotes since their complex physiologies and metabolisms
depend on readily available intracellular Zn.

It would be difficult to differentiate eukaryotes and prokary-
otes if the Francevillian basin marine habitats were starved in Zn
and enriched in light Zn isotopes, because under these conditions
both clades would yield indistinguishable Zn signals (Kobberich
and Vance, 2019; Outten and O’Halloran, 2001). However, bulk and
in situ analyses of the Francevillian Group host black shales and
matrix show authigenic Zn enrichments (up to 126 ng/g) relative
to average upper continental crust (67 ng/g) (see Fig. 1B; Table S2).
This indicates that the Francevillian basin marine habitats did not
experience Zn starvation. Prokaryotes growing in Zn-replete ma-
rine habitats would not enrich Zn in their intracellular pool beyond
the order of Zn concentrations in the bioavailable Zn pool (cf. Out-
ten and O’Halloran, 2001). This is consistent with the Francevillian
Group microbial mats (produced by prokaryotes) yielding indistin-
guishable or even lower Zn concentrations with respect to those of
the host rocks or matrix (Table S2; Figs. 4 and 5). By contrast, lev-
els of Zn enrichment (up to 1445 pg/g) found in the Francevillian
Group fossilized structures are up to 16 times higher (Tables S1,
S2; Figs. 4 and 5). Because prokaryotes would not develop such Zn
enrichments in a Zn-unlimited pool, high levels of Zn enrichment
found in the Francevillian Group fossilized structures, compared to
host rocks and microbial mat structures, are best explained by eu-
karyotic Zn uptake under Zn-unlimited conditions.
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Furthermore, although the above discussed experiments (K&b-
berich and Vance, 2019) demonstrate that both eukaryotes and
prokaryotes can yield low §56Zn values when grown in an isotopi-
cally light Zn pool, there is no evidence from either natural envi-
ronments or experiments to argue that prokaryotes could signifi-
cantly fractionate Zn isotopes during uptake, whereas this process
has been observed for a wide range of photosynthetic eukaryotes
(John et al., 2007; Samanta et al., 2018; Viers et al., 2007; Weiss
et al.,, 2005). In the Francevillian basin, the authigenic Zn isotope
composition of the host rocks, as well as the Zn isotope com-
position of early diagenetic pyrite beds, marine carbonates, early
diagenetic pyrite (not associated with fossilized structures), and
carbonate concretions, clearly demonstrates that Zn was bioavail-
able in both sediment pore-water and the overlying water column
and was enriched in heavy Zn isotopes at the time it interacted
with organisms (see Supplementary Text for further discussion).
For the case of organic ligands preferentially binding isotopically
heavy Zn, both fossilized structures and microbial mat structures
should be isotopically light. This is not the case here since the
8%Zn values of the microbial mat structures are most consistent
with their prokaryotic origin (range between 0.366 and 0.585%),
as they are isotopically indistinguishable from host shales and
carbonates (range between 0.378 and 0.586%o; Fig. 5; Table S2).
Although Zn metalloenzymes can be expressed in bacteria, their
utilization by these mid-Paleoproterozoic microbial mats was not
associated with obvious Zn isotopic fractionation and cannot ex-
plain the low §%6Zn values observed in the Francevillian Group
fossilized structures. These observations together suggest that the
low §%7n values observed for the Francevillian Group fossilized
structures relative to the isotope composition of the bioavailable
Zn pool in their environment is also best explained by isotopic
fractionation during eukaryotic uptake. However, it is important to
emphasize here that studies of Zn isotope fractionation by eukary-
otes have been focused exclusively on modern photosynthetic eu-
karyotes. This leaves the uncertainty whether strong enrichment in
light Zn isotopes represents a distinct trait of the whole eukaryotic
domain and whether the Francevillian Group fossilized structures
represent photosynthetic or non-photosynthetic eukaryotes.

4.3. Further elemental evidence for eukaryotic affinity

Bulk analyses of the Francevillian Group host rocks, diagenetic
pyrite concretions, pyrite beds, and diagenetic carbonate concre-
tions show authigenic enrichments in Co and Ni relative to the
crustal average. This suggests that the Francevillian basin marine
habitats were also characterized by unlimited conditions in terms
of these metals, as has previously been shown for Mn (Gauthier-
Lafaye and Weber, 2003; Ossa Ossa et al., 2018). However, bulk and
in situ analyses show that the Francevillian Group fossilized struc-
tures are characterized by even higher levels of Co, Ni, Mn, and
Ag enrichment relative to the other materials investigated (Fig. 4;
Tables S1-S3). Metal enrichments found in both the pyritized and
non-pyritized fossilized structures studied here provide strong ev-
idence for primary signatures related to the Francevillian biota,
rather than the pyritization process in seawater or during diage-
nesis. The uptake of these metals by eukaryotes and prokaryotes,
which is mainly driven by differences in complexity and physio-
logical functionalities between the two clades, can help to shed
further light on the biological affinity of the Francevillian biota.
For example, cyanobacteria need Co to synthesize cobalamin co-
factors, but when limited by Co, the growth rate of Prochlorococcus
MIT 9215 has been shown to drastically decrease at high Zn and
Mn levels, compared to their low levels, indicating that Zn and Mn
are competing for the same transporters with Co (Hawco and Saito,
2018). This competitive inhibition shows that Co, Zn, and Mn are
unlikely to be enriched together by the same cyanobacteria in the
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Francevillian basin marine habitats. This, however, contrasts with
eukaryotic cells, which co-enrich Co and Zn through their vari-
ous complex physiological functionalities (Hawco and Saito, 2018).
Furthermore, the cyanobacterium Synechococcus only utilizes high-
efficiency uptake to yield intracellular levels of Ni and Co required
for synthesis of Ni(Il) and Co(Il) enzymes and coenzyme B, for its
growth if it is exposed to starved environmental conditions with
respect to these metals (Huertas et al., 2014). This means that Ni
and Co unlimited habitats, like in the Francevillian basin, would
not induce high levels of Ni and Co enrichment in cyanobacteria.
Consequently, it is unlikely that cyanobacteria in the Francevillian
basin would yield high Mn, Co, Ni, and Zn enrichments, which
is indeed supported by lower concentrations in the Francevillian
Group microbial mats compared to fossilized structures. By con-
trast, due to the complexity of eukaryotic cells, intracellular or-
ganelles, specific to eukaryotes, such as the vacuole, may act as
efficient detoxifiers to remediate and store intra- or extracellular
metal excess. This could ultimately co-enrich eukaryotic cells in
these metals and explain the high Co, Ni, Zn, and Mn concentra-
tions found in the Francevillian Group fossilized structures, which
further points to their possible eukaryotic affinity.

Although Ag analyses were not made on bulk host rocks and
microbial mat structures, LA-ICP-MS data show that Ag is enriched
in the Francevillian Group fossilized structures, with concentra-
tions >10 pg/g, compared to early diagenetic pyrite unrelated to
these structures, with concentrations <10 pg/g (Fig. 4; Table S1).
The same applies to other Paleoproterozoic pyrite with Ag con-
centrations averaging 3 ng/g (ranges between 1 and 7 pg/g; Large
et al, 2014). Considering that diagenetic pyrite is an authigenic
mineral phase prone to record environmental geochemical condi-
tions, Ag concentrations found in these pyrite phases likely reflect
the aqueous Ag concentration in seawater (for pyrite beds) and
sediment pore-waters (for concretions). Therefore, higher Ag con-
centrations in pyritized fossilized structures relative to diagenetic
pyrite unrelated to these structures suggest that organisms of the
Francevillian biota were able to enrich Ag from their depositional
environment. Silver uptake is well known for eukaryotes (Eisler,
2009; Malysheva et al., 2021; Qian et al., 2016; Wang et al., 2016),
which is not the case for prokaryotes (Atiyeh et al., 2007; Boxall
et al,, 2007; Dedman et al., 2020; Duong et al., 2016). At certain
levels, Ag can be toxic (causing respiratory and growth distur-
bance) for both eukaryotic and prokaryotic organisms (Dedman et
al., 2020; Duong et al., 2016; Kadukova, 2016; Malysheva et al.,
2021; Qian et al., 2016; Wang et al.,, 2016). However, Ag con-
centrations in sediments on the order of magnitude yielded by
the Francevillian Group fossilized structures are commonly found
not to be toxic to eukaryotic cells (Eisler, 2009; Malysheva et al.,
2021; Qian et al.,, 2016; Wang et al., 2016). Such eukaryotic cel-
lular Ag concentrations result from uptake of dissolved Ag or Ag
released from Ag nanoparticles (AgNPs), coupled with intracellu-
lar bio-transformation to sulfidized (e.g., 8-Ag>S and Ag-thiolates)
or non-crystalline phases that can be stored in cellular compart-
ments (Malysheva et al,, 2021; Wang et al.,, 2016). The Chiorella
vulgaris green algae can adapt to high Ag levels by detoxifying
Ag via induction of antioxidant enzymes (Wang et al., 2016). The
same applies to other algae such as Parachlorella Kassleri (Kadukova,
2016). By contrast, Ag is highly toxic to bacteria (Atiyeh et al.,
2007) and AgNPs have been extensively used in modern indus-
try for their strong antibacterial properties (Boxall et al., 2007).
For example, an Ag concentration of >10 pg/g has been shown
to be highly toxic for cyanobacterium Prochlorococcus (Dedman et
al., 2020) and at 1 ng/g for cyanobacterium Microcystis aeruginosa
(Duong et al., 2016), whereas green algae thrive under such in-
tracellular Ag concentrations (Qian et al., 2016). A wide range of
eukaryotes can perform intracellular biotransformation of Ag and
store it in cellular compartments to protect against Ag toxicity,
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which is unlikely to be the case for bacteria or prokaryotes. There-
fore, Ag enrichments found in the Francevillian Group fossilized
structures provide another line of evidence in support of their eu-
karyotic affinity.

4.4. The Francevillian Group organisms: evolutionary response to the
GOE?

Based on the high Zn, Co, Ni, and Mn demand of eukaryotes and
preferential uptake of light Zn isotopes, our dataset provides com-
pelling geochemical evidence to suggest both a biogenic and eu-
karyotic affinity for the c. 2.1 Gyr old Francevillian Group fossilized
structures. If correct, this would suggest that eukaryotes already
evolved during the latter part of the GOE. This is consistent with
earlier suggestions based on molecular clocks (Gold et al, 2017;
Strassert et al, 2021) that eukaryotes evolved at least 400 Myr
earlier than indicated by paleontological and biomarker records
(Fig. 6). Our findings suggest that complex life forms might have
rapidly adapted to the appearance of atmospheric oxygen with the
emergence of oxygen-dependent and energetically more efficient
eukaryotic metabolism, thus adding to the growing evidence that
environmental change, specifically oxygenation of Earth’s surface
environments, was a major driver of biological evolution.

5. Summary and conclusions

The high concentrations of Zn and associated negative Zn iso-
tope fractionations recorded by the Francevillian Group fossilized
structures, are an important, inorganic biogeochemical marker for
the biogenicity and potential affinity of these structures. Enrich-
ment in light Zn isotopes in fossilized structures, relative to their
host rocks, potentially provide a new proxy to track the emergence
and evolution of eukaryotes in deep time, especially when tradi-
tional morphological and organic geochemical tools do not allow
unequivocal identification of biological affinity. However, the use
of this inorganic, geochemical biomarker is not straightforward for
tracking early evolution of life. First, it is critical to thoroughly as-
sess whether abiotic processes such as hydrothermal activity and
chelation by inorganic or organic ligands could explain Zn enrich-
ments and associated negative Zn isotope fractionations in fos-
silized structures. Second, it is critical to constrain the geochemical
composition of the bioavailable Zn pool at the time when it inter-
acted with organisms in their habitats. Finally, fossilized structures
have to be Zn-enriched and negatively isotopically fractionated rel-
ative to their host rocks. It is therefore important to first address
the three points highlighted above before a meaningful interpreta-
tion of biological affinity of fossilized structures is attempted.

Enrichment in light Zn isotopes in fossilized structures could
reflect hydrothermal processes and high-affinity biological uptake
if the host rock is also characterized by light Zn isotope compo-
sitions. This is because hydrothermal fluids are a potential source
for light Zn isotopes, which would equally affect the host rocks
and fossilized structures. Furthermore, in the case of high-affinity
biological uptake, it is almost impossible to differentiate prokary-
otes from eukaryotes using their Zn geochemical signatures if they
grew under low Zn and/or heavy Zn isotope-depleted environmen-
tal conditions because they would similarly uptake from this Zn
pool with no fundamental difference in their Zn concentrations
and isotopic compositions. Another ambiguous scenario is when
fossilized structures are enriched in heavy Zn isotopes relative to
their host rocks. In both of the latter cases, it would be impossible
to differentiate the effect of Zn chelation/adsorption (by organic or
inorganic molecules) from biological uptake, as well as prokaryotic
vs. eukaryotic Zn handling.

Finally, in a scenario where fossilized structures are enriched
in Zn with light isotopic composition relative to their host rocks,
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Fig. 6. Timeline for the Proterozoic eukaryote record showing an inferred early evolution of eukaryotes by the latter part of the GOE at c. 2.1 Gyrs based on this study of the
Francevillian Group fossilized structures. Evidence for the early evolution of eukaryotes suggested by the Francevillian Group fossilized structures is at least c. 400 Myrs older
than the current undisputed paleontological and organic geochemistry evidence (Gibson et al., 2018; Love et al., 2009; Summons et al., 1988; Pang et al., 2013; Zumberge et
al., 2020) and more than 200 Myrs younger than the oldest estimate for the last eukaryote common ancestor (LECA) from molecular clock (Gold et al., 2017; Strassert et al.,
2021). Numbers in brackets refer to relevant references: 1 = Gold et al., 2017; 2 = Strassert et al., 2021; 3 = Betts et al., 2018; 4 = Parfrey et al., 2011; 5 = Porter, 2020;
6 = Bengtson et al.,, 2009; 7 = Pang et al,, 2013; 8 = Zhu et al., 2016; 9 = Knoll, 2014; 10 = Knoll et al., 2006; 11 = Gibson et al., 2018; 12 = Love et al., 2009; 13 =
Summons et al., 1988; 14 = Zumberge et al., 2020; 15 = Brocks et al., 2017. MC: molecular clock estimate.

such Zn enrichment appears to be typically controlled by biologi-
cal uptake. Furthermore, when the host rock is enriched in heavy
Zn isotopes with respect to fossilized structures, indicating a Zn-
replete bioavailable pool, and fossilized structures have high Zn
concentrations, several times higher than the host rocks, it is most
likely due to a high biological uptake rate of light Zn isotopes by
organisms. This particular scenario may point to their eukaryotic
rather than prokaryotic affinity. The Francevillian Group fossilized
structures are enriched in light Zn isotopes relative to their host
rocks, while their Zn concentrations are several times higher than
those of their host rocks. These combined geochemical signatures
point to a biogenic origin for the Francevillian Group fossilized
structures, while enrichment in light Zn isotopes, relative to the
bioavailable Zn pool, is consistent with their eukaryotic affinity.
Based on these arguments, the Francevillian Group fossilized struc-
tures are considered to have eukaryotic affinity. However, since
it is not known if negative Zn isotope fractionation is a signa-
ture of the whole eukaryotic domain, it is uncertain whether the
Francevillian Group fossilized structures represent photosynthetic
or non-photosynthetic eukaryotes.

Geochemical evidence presented here also cannot resolve the
exact type of eukaryotic organisms that inhabited the Francevillian
basin, i.e., colonies of multiple cells or individual, large complex
multicellular organisms. By the same token, it remains uncon-
strained when eukaryotes started to use Zn in metalloenzymes
or when Zn-dependent metabolisms became ecologically promi-
nent for the first time. The Zn biogeochemical proxy is however
consistent with biological handling of Zn by eukaryotes in marine
habitats by at least c. 2.1 Gyrs ago, during the latter part of the
GOE.
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