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ABSTRACT

Palaeoarchaean cherts preserve the most ancient direct traces of life, but this palaeobiological testament is rarely assimilated into ecosystem or biome models. Trace
and rare earth element plus yttrium (REE + Y) compositions reliably decode the palaeodepositional settings of these cherts, and thus constrain the environments
within which early microbial life flourished. Herein, we present systematic comparisons betw een bulk inductively coupled plasma mass spectrometry (ICP-MS)
of four fossiliferous cherts from the Barberton greenstone belt, South Africa (the 3.472 Ga Middle Marker horizon, 3.45 Ga Hooggenoeg H5c chert, 3.334 Ga
Footbridge Chert, and ~3.33 Ga Josefsdal Chert), and in situ laser ablation (LA) ICP-MS transects through microbial laminations therein. Normalised bulk ICP-MS
analyses generally exhibit fractionated REE + Y patterns typical of anoxic hydrogenous sedimentation, supporting previous assertions that the Palaeoarchaean
habitable realm was a hydrothermally influenced ocean. Suppressed La, Eu and Y anomalies, together with supra-chondritic Y/Ho ratios, however, indicate
restriction from the open ocean and influences from non-marine waters. In situ LA ICP-MS transects through fossiliferous layers yield flat, light REE-enriched REE +
Y patterns and chondritic Y/Ho ratios indicating major contributions from terrigenous, riverine fluids, i.e. continental weathering. Resurgences of marine chemistry
(increased Y/Ho ratios, La and Y anomalies) occur within microbial laminations themselves. Combined, these results evidence the presence of emergent, volcanic
landmasses in the Palaeoarchaean, and highlight the importance of epicontinental basins atop these landmasses as loci for microbial biomes up to 250 Ma
before large-scale terrestrial ecosystems. Increased riverine weathering of mafic-felsic continental ma-terial, together with periodic seawater recharge into these
basins, generated disequilibrium redox conditions under which microbial life flourished. Emergent landmasses may thus have catalysed the flourishing of wide-
spread productive photosynthetic biomes. Charting the relative dominance of biomes through time could illu-minate microbial evolutionary trajectories through
the lens of environmental reconstruction. Furthermore, we advocate the use of correlated bulk and in situ geochemical approaches in reconstructing ancient
environments, since signals relating to small-scale palaeoenvironmental fluctuation can evidently be masked by bulk rock chemistry.

1. Introduction their rare earth element plus yttrium (REE + Y) compositions (Bau and
Dulski, 1996; Kamber and Webb, 2001; Kato and Nakamura, 2003;

Quantitative and semi-quantitative geochemical tools capable of Bolhar et al., 2004; Kamber et al., 2004; Bolhar and Van Kranendonk,
constraining local- and regional-scale palaeoenvironments on the early 2007; Sugahara et al., 2010; Allwood et al., 2010; Gourcerol et al.,
Earth are of paramount importance in elucidating the co-evolution of 2015, 2016). Biogeochemical signatures w ithin cherts are well-pre-
the geosphere and biosphere. The palaeodepositional environments of served by virtue of the early and rapid ‘time capsule’ preservation af-

silicified Archaean metasediments (cherts) are reliably archived within forded by silicification, where post-diagenetic alteration is very minor



compared to carbonates, evaporites and volcaniclastics (Westall et al.,
2011, 2015; Hickman-Lewis et al., 2017). Indeed, silicification occurs
sufficiently ea rly an d ra pidly th at mi crofossils, mi crobial ma ts and
other organo-sedimentary fabrics can be preserved in volume during
life processes (e.g. Knoll and Barghoorn, 1977; Walsh, 1992; Tice and
Lowe, 2006a; Westall et al., 2011, 2015; Hickman-Lewis et al., 2017,
2018a; Greco et al., 2018). This suggests that the timescale of silicifi-
cation may be less than weeks to months, beginning within hours; in-
deed, experimental silicification of prokaryotes validates that the pro-
cess begins w ithin24 h (Bartley, 1996; Orange et al., 2009).
Precambrian sediments can thus archive their depositional regimes
over very short timescales, such that REE + Y compositions fluctuate
pre-dictably between microband/layer deposition (Bau and Dulski,
1996; Tice and Lowe, 2006b; Allwoodet al., 2010; Sugahara et al.,
2010; Gourcerol et al., 2015, 2016; Ledevin et al., 2019), and have
the po-tential to preserve geochemistry on timescales relevant to
microbial grow th. The MuQ-normalised REE + Y composition of
aqueous re-servoirs has been relatively constant since the Archaean.
For marine reservoirs, this typically includes positive La, Gd and Y
anomalies and an enrichment of heavy REE (HREE) over light REE
(LREE) (Bolhar et al.,, 2004, 2015; Shields and Webb, 2004).
Archaean marine pre-cipitates do not exhibit negative Ce anomalies
due to the prevailing anoxic conditions in the early oceans being
reducing with respect to the Ce**/Ce®* couple (Kamber et al., 2004;
Bolhar et al., 2015), but show pronounced Eu anomalies attributed to
hydrothermal signals advected throughout the water column
(Danielson et al., 1992; Hofmann and Harris, 2008). Characteristic
REE + Y patterns can therefore be in-ferred to represent similar
aqueous geochemical processes throughout geological time (Shields
and Webb, 2004).

Delineating the aqueous chemistries defining multiple fossiliferous
horizons throughout the Archaean would ameliorate our understanding
of the evolution of biogeochemistry in deep time. The task facing this
work is thus defining and applying an approach for the reconstruction
of microbial biomes on the Palaeoarchaean Earth using REE + Y
chemistry to characterise the palaeoenvironments inhabited by early
life at multiple resolutions (Fig. 1A).

1.1. Building a biome model of the Palaeoarchaean: Review and
perspectives

The Barberton greenstone belt, southern Africa, and the East
Pilbara terrane, Western Australia, are the oldest well-preserved
sedimentary successions within which are recognised convincing
traces of life as-sociated w ithdiscernible palaeoenvironments (e.g.
Wacey, 2009; Brasier et al., 2011; Hickman-Lewis et al., 2018b).
Many well-preserved biosignatures from these successions manifest
themselves as organo-sedimentary structures, including stromatolites,
biolaminites and mi-crobial mats. Although it is challenging to infer a
microbial ecosystem based solely on palaeontological evidence,
similarities between fossil and modern microbial mat morphologies
and their occurrence in rocks reflecting s hallow -w atet eposition s
uggest t hat a noxygenic photo-synthetic microbial communities
w eralready flourishing by 3.4-3.5 Ga (Walsh and Lowe, 1999;
Nisbet and Fowler, 1999; Tice and Lowe, 2006a; Allwood et al., 2009;
Westall et al., 2011, 2015; Noffke et al., 2013; Schopf et al., 2017;
Hickman-Lewis et al., 2016, 2018a,b, 2019; Greco et al., 2018).

Numerous environmental niches were colonised by around 3.5 Ga
(Brasier et al., 2011; Knoll et al., 2016) and presumably formed a
globally co-operative biosphere (Nisbet, 1995). Anoxygenic submarine
platforms w ereseemingly w idelycolonised (see references above),
how ever, there is similarly evidence for life in periodically or con-
tinually exposed terrestrial environments (Westall et al., 2011; Djokic
et al,, 2017; Homann et al., 2018) and possibly within the water
column (Walsh, 1992; Oehler et al., 2017; Sugitani, 2018). Ichnofossils
from the Archaean remain contentious despite resembling modern
bacterial al-teration textures, and there is therefore less constraint on
the subsurface

biosphere (Furnes et al., 2004, 2007). Our foci herein are the wide-
spread, presumably phototrophic microbial mats (preserved as biola-
minites; Fig. 2, S1-S2) which, having large areal distribution and oc-
curring at the geosphere-hydrosphere-atmosphere interface, were likely
the major drivers of biogeochemistry on the early Earth (Nisbet and
Fowler, 1999; Lenton and Daines, 2016).

To reconstruct this anoxygenic photosynthetic Archaean biome,
microbially influenced horizons from four cherts spanning approxi-
mately 150 Ma of the Palaeoarchaean of the Barberton greenstone belt
were analysed: the 3.472 Ga Middle Marker horizon, the ~3.45 Ga
Hooggenoeg chert H5c, the 3.334 Ga Footbridge Chert and the
~3.33 Ga Josefsdal Chert (Figs. 2 and 3). These cherts are sedimentary
horizons deposited by the precipitation of silica directly from silica-
supersaturated seawater (Tice and Lowe, 2006a,b; Ledevin et al., 2014),
from w ater-rock dissolution reactions, and/or from hydrothermal
venting and circulation (Danielson et al., 1992; Hofmann and Harris,
2008; Ledevin et al., 2014; Westall et al., 2015). Barberton cherts occur
immediately above zones of progressive silicification of the underlying
volcanic-volcaniclastic sequences (Hofmann and Bolhar, 2007;
Hofmann and Harris, 2008; Hofmann, 2011). These silicification zones
are interpreted as resulting from diffuse, low -temperature hydro-
thermal circulation of seawater in an oceanic plateau-like setting (Kato
and Nakamura, 2003; Bolhar et al., 2004; Hofmann and Harris, 2008).
Hydrothermal convection cells beneath chert horizons were initiated by
high regional heat flow and the cooling and dissolution of volcanic
rock, and imply that the overlying seaw ater-sediment interface was
warm-hot (Hofmann and Bolhar, 2007). Previous trace and rare earth
element studies into the settings represented by such fossiliferous cherts
in the Barberton region have, how ever, painted a relatively homo-
geneous, marine-dominated, picture throughout the Palaeoarchaean
and Mesoarchaean. The absence of a negative Ce anomaly denotes
anoxic conditions (cf. Bau and Dulski, 1996; Kamber and Webb, 2001),
w hereas some limited LREE enrichment, together w ith unsilicified
phases, illustrate variable detrital sources of mafic, dacitic and felsic
compositions contributing to the clastic component in cherts (Lowe,
1999; Kato and Nakamura, 2003; Hofmann et al., 2013; Ledevin et al.,
2014). The relative contributions of these sources have not yet been
determined, but their significance relative to hydrogenous precipitation
is assumed to be minor such that deposition is envisaged in environ-
ments dominated by the influence of the open ocean (e.g., Hofmann and
Wilson, 2007; Hofmann and Harris, 2008; Westall et al., 2015;
Hickman-Lewis et al., 2018a). Similar work on contemporaneous fos-
siliferous horizons from the East Pilbara terrane, including the 3.481 Ga
Dresser Formation and the 3.43 Ga Strelley Pool Formation, shows a
less complex scenario, with dominantly w ell-fractionated REE + Y
patterns indicating that these horizons formed under typical open ocean
Archaean hydrogenous sedimentation (Van Kranendonk et al., 2003;
Allwood et al., 2010), although Kato and Nakmura (2003) found evi-
dence for locally exposed granitoids in the Marble Bar greenstone belt.
These bulk geochemistries are assumed to be relevant to the environ-
ment of early life, however, the petrological context of the geochem-
istry w ith respect to fossiliferous horizons has received little in-
vestigation.

Widespread evidence for significant continental (terrigenous)
weathering inputs is hardly seen in fossiliferous cherts and carbonates
until the Mesoarchaean and Neoarchaean, the sole well-explored ex-
ample being that of the locally exposed granitoids of Marble Bar re-
ported by Kato and Nakamura (2003). Grassineau et al. (2002) found
that limestones in the 2.7 Ga Belingwe greenstone belt (Zimbabwe) had
LREE-rich REE + Y patterns controlled by locally sourced coastal ma-
terial. Kamber et al. (2004) measured stromatolitic carbonates from the
2.7 Ga Mushandike Limestone (Zimbabwe) with a negative REE + Y
slope in spite of positive La and Gd anomalies and a superchondritic Y/
Ho ratio, and similarly suggested deposition in a restricted epiconti-
nental sea with strong influence from local LREE-enriched continents.
Contemporaneous stromatolitic carbonates from the Fortescue Group
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Fig. 1. A) Analytical approach linking bulk ICP-MS and in situ LA ICP-MS measurements to their palaeoenvironmental context. Bulk ICP-MS analyses of hand samples,
with respect to stratigraphic and outcrop context, decode regional-scale environments. These findings can be linked to thin section petrography. In situ LA ICP-MS
spots (coloured points) and transect (a sequence of points) analyses within thin sections link the local environment and biome-scale geochemistry that accompanies
the flourishing of microbial ecosystems. Transects were taken across mat-bearing horizons as shown in the schematic, incorporating the cherts above, within and
below the mats as shown by the yellow, green and blue points. These analyses are reciprocatively linked to thin section petrography and can thus be placed within
local and regional palaeoenvironmental contexts. B) SEM micrograph showing transect of LA ICP-MS point analyses through a microbial mat. Spot analyses are 65 um
(white arrow) or 40 pm (yellow arrow) depending upon the size of the analysed region of interest. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

(Pilbara) exhibit flat REE + Y patterns, lack La and Gd anomalies, and
have supra-chondritic Y/Ho ratios, leading Bolhar and Van Kranendonk
(2007) to interpret their palaeodepositional setting as lagoonal-lacus-
trine and dominated by freshwater influx. Sugahara et al. (2010) and
Bolhar et al. (2015) studied 3.0-2.9 Ga horizons from the Pongola
Supergroup (southern Africa) and Mount Goldsworthy greenstone belt
(Western Australia), finding variable influence from continental
sources. Sugahara et al. (2010) noted MREE enrichment, chondritic to
supra-chondritic Y/Ho values and La anomalies in black cherts asso-
ciated with evaporites that they interpreted to have formed in water
masses influenced by continental run-off into the open ocean, with
negligible hydrothermal influence. Chemical and clastic sedimentary
rocks of the Pongola Supergroup also exhibit LREE and MREE enrich-
ment and show suppressed La, Gd, Y and Eu anomalies that suggest
deposition in a restricted basin w ith fluctuating, but generally re-
stricted, exchange with the open ocean (Bolhar et al., 2015). Other
stromatolitic carbonates and iron formations of the Mesoarchaean-
Neoarchaean show REE + Y patterns typical of marine deposition (e.g.,
Bau and Dulski, 1996; Kamber and Webb, 2001). Stiieken et al. (2015,

2017) studied the metabolic networks of Neoarchaean lacustrine sys-
tems, showing that these systems developed atop Late Archaean con-
tinents and, most recently, Homann et al. (2015, 2018) described the
w ell-preserved shoreface and terrestrial ecosystems in the 3.22 Ga
Moodies Group. The fact that both continentally influenced and marine-
dominated aqueous geochemistries and microbial consortia are found
in Mid-Late Archaean sediments indicates that microbial biomes had,
by this time, expanded into numerous tectonic settings with areally
extensive distinctions betw een oceanic and continentally dominated
ecosystems, likely as a result of the emerging continental crust around
this time (Cawood et al., 2018). Whether this was already the case in
the Early Archaean remains an unanswered question.

Each chert analysed in this study represents a habitable environ-
ment w ith unequivocal microbial communities, w hich can be re-
constructed with increasing specificity using bulk and laser ablation
(LA) inductively coupled plasma mass spectrometry (ICP-MS) (Fig. 1).
Multiple scales of analysis are critical in determining the precise nature
of the co-evolution of life and environments since the use of bulk
measurements alone can mask significant enrichments or depletions in
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Fig. 2. Petrographic detail of some of the studied samples, demonstrating the similarity of their organo-sedimentary textures. Further photomicrographs are pre-
sented in the Supplementary Material. A) Silicified sediments from the Middle Marker horizon characterised by a thick set of micro-tufted microbial mats (sample
07SA23). The mats are preserved poorly, and distended, at the left-hand side of the image, but show excellent preservation of micro-tufts at the right-hand side. B)
Massive, structureless black chert from the Middle Marker horizon, comprising matrix-supported carbonaceous particles (sample 07SA22). C) Laminated black and
white chert from Hooggenoeg Chert H5c, showing well-preserved mat laminations intercalated with near-pure silica layers (sample 03SA15). D) Massive, clotted
carbonaceous chert from Hooggenoeg Chert H5c (sample 03SA04). E) Exquisitely preserved microbial mat from the Footbridge Chert, overlain by granular car-
bonaceous sediment layers (03SA09). F) Weakly laminated, massive chert from the Footbridge Chert (sample 03SA09"). G) Deformed, finely laminated microbial
biofilms from the Josefsdal Chert (sample 12SA18). H) Weakly laminated clotted carbonaceous chert from the Josefsdal Chert (sample 99SA07).

trace element concentrations at finer scales (Robbins et al., 2019). highest resolution of analysis resolves aqueous chemistry on the
Herein, the following scales are considered: short timescales during w hich microbial ecosystems flourished
(Fig. 1).

e ‘regional’, combining sedimentological observations with bulk ICP-
MS data (spanning a scale of macroscopic observation from strati-
graphy to hand sample);

e ‘local’, combining bulk ICP-MS data and in situ LA ICP-MS data from
the stratigraphy immediately surrounding microbial horizons (from
hand sample to thin section); and

e ‘biome’, by conducting in situ LA ICP-MS transect analyses through
microbial layers (spanning a scale from thin section to only several
millimetres within, directly related to microbial activity). This

1.2. REE + Y geochemistry as an indicator of palaeoenvironment:
Interpretation and consideration

Trace and REE + Y compositions of cherts are determined by their
concentration both w ithin quartz (e.g., Kato and Nakamura, 2003;
Kamber et al., 2004) and carrier phases, such as Fe-Mn oxyhydroxide
particles, that have undergone variable silicification (e.g., Hofmann
et al., 2013; Ledevin et al., 2014; Gourcerol et al., 2015; Bolhar et al.,



Fig. 3. Field and outcrop photographs from sampling localities. A) Field photograph of the Middle Marker horizon (north of Tjakastad, Mpumalanga province, South
Africa) showing laminated cherts (white arrow) overlying basalt (orange arrow). B) Field photograph of the Josefsdal Chert (between Ekulindeni, Mpumalanga
province, South Africa, and Bulembu, Hhohho region, Eswatini), showing laminated green-grey cherts (white arrow). C) Outcrop photograph of rippled, laminated,
fine-grained silicified siltstone from the Middle Marker horizon, containing carbonaceous microbial laminations (sample 07SA23). D) Outcrop photograph of faintly-
laminated carbon-rich chemical chert from the Josefsdal Chert (sample 99SA07). E) Detail of laminated chert from the Middle Marker horizon. F) Detail of grey-green
laminated chert from the Josefsdal Chert. G) Outcrop photograph of black and white laminated chert from Hooggenoeg Formation Chert H5c (sample 03SA15). Lens
cap for scale. H) Outcrop photograph of black and white laminated chert from the Footbridge Chert (samples 03SA09 and 03SA09’). Hammer shaft for scale. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



2015). Although pervasive silicification may dilute REE + Y signatures,
characteristic normalised patterns endure (Shields and Webb, 2004;
Hofmann and Bolhar, 2007; Hofmann and Harris, 2008). Silica, either
nucleating by sorption onto detrital particles in the w atercolumn
(Ledevin et al., 2014) or precipitating out of cooling, rock-buffered fluid
resulting from the breakdow nof olivine, pyroxene, feldspar and vol-
canic glass in sub-seafloor silicification zo nes, forms a ra pidly crystal-
lising ooze that entraps and co-locates detrital particles and carbonac-
eous material. The three-dimensional preservation of microbial mats
(i.e., in volume) testifies to the fact that silicification began during mat
grow th (Hickman-Lewiset al., 2019). Thus, early and rapid silicifica-
tion means that the REE + Y compositions of microbial horizons in
ancient cherts reflect a s napshot o f t he a mbient e nvironments within
whichthese ecosystems developed, flourished and were preserved.

Terrigenous clastic material may dominate REE + Y signals, and is
often considered a ‘contamination’, how ever,w edo not advocate this
terminology since the terrigenous fraction is a natural, syn-depositional
sedimentary component of the biome and contributes to its elemental
budget. Bio-available trace elements and REEs governed the metabolic
landscape of the biome, and all co-occurring mineral phases con-
tributed to this elemental budget. In brief, terrigenous signals should be
considered important drivers of microbial-scale geochemistry, and not
contaminants to the environment or rock sample.

Further to this, post-depositional processes including diagenesis and
metamorphic events are comprehensively demonstrated to have negli-
gible effectsonR EE + Y c omposition ( e.g. B au a nd D ulski, 1996;
Bolhar et al., 2005; Gourcerol et al., 2016). This is sustained by the
observation that specific R EE + Y p atterns c¢ oincide w ithexpected
palaeodepositional conditions, e.g., deposition in a shallow-w ateroxic
or anoxic environments, after even upper greenschist facies meta-
morphism (Bau and Dulski, 1996). The REE + Y compositions of Ar-
chaean carbonaceous cherts may thus reflect t he c ombinatorial influ-
ences of:

1) precipitation from anoxic marine water (Bau and Dulski, 1996; Van
Kranendonk et al., 2003; Bolhar et al., 2004; Kamber and Webb,
2004);

2) hydrothermal fluids emanating from vent systems (Danielson et al.,
1992; Kato and Nakamura, 2003; Bolhar et al., 2005; Allwood et al.,
2010; Gourcerol et al., 2015);

3) additional non-marine influences, for instance lagoonal-lacustrine,
riverine and local pore w aters, some of w hich are enriched in
REE + Y due to their siliciclastic fraction (Hoyle et al., 1984;
Elderfield et al., 1990; Kato and Nakamura, 2003; Kamber et al.,
2004; Bolhar and Van Kranendonk, 2007);

4) chemical inheritance after replacement of the protolith (Hanor and
Duchac, 1990; Hofmann et al., 2013); and

5) complexation by organic molecules, such as carboxylate and phos-
phate groups in cell walls and extracellular polymeric substances
(Takahashi et al., 2005; Censi et al., 2013; Freslon et al., 2014). In

R E%eolo§}cal samples, normalisation to remove natural variations inw

+ Y and allow comparison with upper crustal reservoirs is per-
formed for Archaean rocks using Mud from Queensland (MuQ; cf.

Kamber et al., 2005), which represents a bimodal felsic and mafic input,

i.e. the expected terrigenous input from greenstone belts into Archaean

oceans. When MUQ-normalised, most Precambrian sedimentary de-

posits can be abstractly characterised by a REE + Y pattern of seawater
modulated by hydrothermal and other influences (Bau and Dulski,

1996; Allwood et al., 2010; Gourcerol et al., 2015), exhibiting:

i. enrichment in heavy rare earth elements (HREE) relative to light
rare earth elements (LREE), and therefore low (Pr/Yb)muq sig-
nifying marine influence;

ii. super-chondritic Y/Ho ratios (Y/Ho = 27) signifying marine in-
fluence;

iii. well-developed negative Ce anomalies if oxidation of Ce>* to Ce**
occurs in the water column;

iv. variably positive Eu anomalies reflecting hydrothermal contribu-

tions; herein, Eu anomalies will not be considered as signifying

hydrothermal activity unless they exceed 1.2, since such values can

also arise from enrichment within feldspars in tonalite-tronjhemite-

granodiorite suites (Kerrich et al., 2013);

. positive Y, La, Gd and Lu anomalies linked to marine input;

the flattening of normalised patterns via enrichment in LREEs re-

sulting signifying terrigenous, riverine influences (continental

runoff), w hich are rapidly altered to typical seaw ater patterns

during estuarine interaction with marine waters (Hoyle et al., 1984;

Elderfield et al., 1990; Bolhar and Van Kranendonk, 2007;

Sugahara et al., 2010); and

vii. MREE and especially HREE enrichment (Sm, Tm, Yb and Lu) re-

sulting from inner sphere complexes during adsorption onto mi-

crobial cellular material (Takahashi et al., 2005; Censi et al., 2013;

Freslon et al., 2014).

The concentration of REE + Y in sediments is a function of sourcew
geology but qualitatively similar sources can exhibit very different
REE + Y concentrations with similar anomaly characteristics, e.g., the
riverine-derived REE + Y chemistries in Elderfield et al. (1990) and
Freslon et al. (2014) show markedly different REE + Y concentrations,
how ever, the trend of the normalised pattern and its anomaly char-
acteristics are comparable. This is because, unlike concentrations,
anomalies (e.g., in La, Ce, Eu, Gd, Y and Lu) reflect complexation
phenomena unique to specific hydrospheric chemistry. When normal-
ised to their source rocks, marine deposits generally exhibit a non-
smooth abundance pattern w ith relatively low (Pr/Yb)yyo (Bau and
Dulski, 1996; Bau, 1999). The REE + Y patterns of Archaean and
modern sediments are similar (Bau and Dulski, 1996; Shields and Webb,
2004; Thurston et al., 2012), although the Archaean oceans carry the
signal of greater hydrothermal fluid influence (Danielson et al., 1992;
Klinkhammer et al., 1994; Wheat et al., 2002), accounted for by the
positive Eu anomaly in almost all previously reported hydrogenous
REE + Y patterns from Archaean sediments. Anoxic Archaean condi-
tions further negate the redox effects culminating in negative Ce
anomalies (De Carlo and Green, 2002; Kamber et al., 2004; Allwood
et al., 2010; Tostevin et al., 2016), although the magnitude of Ce/
Ce*muyq can be altered even by small-scale changes in pH and redox (De
Carlo and Green, 2002; Gourcerol et al., 2016), for example in re-
stricted settings (Gourcerol et al., 2016). Artefact Ce anomalies are,
how ever, unlikely in Archaean hydrogenous deposits due to the low
levels of free O, present in the atmosphere (Bolhar and Van
Kranendonk, 2007). Consequently, w hile a negative Ce anomaly in-
dicates that dissolved O, w as present in sufficient abundance to pro-
mote oxidation of Ce®**, the absence of a Ce anomaly may be equivocal.

Riverine waters have significant impacts on REE + Y patterns since
they are enriched in lanthanides relative to seawater (Elderfield et al.,
1990; Klinkhammer et al., 1994; Alibo and Nozaki, 1999; Tostevin
et al, 2016). This mathematically results in the suppression of
anomalies due to near-uniform increases of up to several orders of
magnitude in especially LREE and MREE concentrations. Freslon et al.
(2014) also suggested that the REE + Y patterns of organic-rich sedi-
ments could be primarily controlled by biogeochemical processes re-
lating to sedimentary organic matter and not by source composition.
REE + Y patterns for organic matter presented by Takahashi et al.
(2005) and Freslon et al. (2014) show strong MREE (Sm-Tb) and HREE
(Tm-Lu) enrichment that may signify this effect.

As a final note, we have elected not to consider Gd anomalies in our
discussion due to the low concentrations of Gd, Eu and Tb in the ana-
lytes studied, w hich may result in the inaccurate calculation of
anomalies (Alibo and Nozaki, 1999; Kamber et al., 2004; Gourcerol
et al., 2015, 2016).
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Table 1

Sample details indicating sedimentary and textural characteristics, modes of accumulation of carbonaceous materials, and the scales of analyses performed (bulk ICP-

MS or in situ laser ablation (LA) ICP-MS.

Sample number  Description Carbonaceous particles ~ Microbial mats ICP-MS LA ICP-MS
Middle Marker horizon 03SA01 Silicified sand-grade volcaniclastics X

04SA14 Laminated clastic black-white chert X X X

07SA21 Laminated black-white-grey chert with microbial fabrics X X X

07SA22 Massive clotted carbonaceous chert X X X

07SA23 Laminated black-white-grey chert with microbial fabrics X X X

07SA25 Massive clotted carbonaceous chert X X
Hooggenoeg Fm.H5c chert  01SA09 Black-white-grey chert X

01SA56 Silicified sand-grade volcaniclastics X

03SA04 Black-white—grey chert X X

03SA15 Laminated black-white-grey chert with microbial fabrics X X X

03SA16 Black-white-grey chert X X

07SA28 Black-white-grey silicified sediment X
Footbridge Chert 96SA02 Silicified sand-grade volcaniclastics X

03SA09 Laminated black-white-grey chert with microbial fabrics X X X

03SA09” Massive clotted carbonaceous chert X X

12SA49 Black-white-grey chert X X

12SA50 Black-white-grey chert X X
Josefsdal Chert 99SA07 Finely laminated clotted carbonaceous chert X

12SA01 Green-grey silicified volcaniclastics X

12SA06 Black-white-grey chert X

12SA10 Finely laminated black-white-grey chert X

12SA13 Laminated black-green chert X

12SA16 Laminated black-white-grey chert with microbial fabrics X X X

12SA18 Laminated black-white-grey chert with microbial fabrics X X X

12SA20 Massive black chert X

12SA22 Laminated black-white-grey chert with ferruginous layers X

12SA29 Massive black chert X

12SA32 Laminated black-white chert X X

12SA34 Laminated black-white chert X X

125A36 Laminated black-green chert with microbial fabrics X X X

12SA37 Laminated black-white chert X

14SA01 Massive black chert X X

14SA04 Black-white-grey chert with ferruginous zones X X

2. Materials and methods

Samples were collected during multiple fieldwork campaigns to the
Barberton greenstone belt betw een 1999 and 2014, and all may be
readily relocated by their co-ordinates in Global Positioning Systems
(G.P.S.). Table 1 summarises the studied samples by horizon and details
their principal characteristics. All samples are stored in the CNRS Or-
léans Lithothéque.

2.1. Geological setting and petrography of microbial mats

Optical photomicrographs were acquired using an Olympus BX-51
equipped with a CCD camera (CNRS CBM, Orléans). Stratigraphic and
petrographic descriptions of the context of the microbial horizons stu-
died herein are as follows.

2.1.1. Middle Marker H1 (~3.472 Ga)

Bulk I CP-MS The Middle Marker horizon is a thin chert unit
(Fig. 3A), at the base of the Hooggenoeg Formation, charting the de-
position of a shallow, wave- and current-influenced prograding volcanic
cone within a semi-restricted basin (Lanier and Lowe, 1982; Paris et al.,
1985; Hickman-Lewis et al., 2018a). Sediments vary betw een coarse-
grained volcaniclastic sandstones, laminated volcaniclastic sandstones
and siltstones and massive, clotted carbonaceous chert, with localised
carbonate (calcite-dolomite) sedimentation (Fig. 3C, E; Tankard et al.,
1982; Hickman-Lewis et al., 2018a). Previous bulk characterisation of
major and trace element geochemistry suggests inputs from mafic and
felsic volcaniclastic inputs (Hofmann et al., 2013; Hickman-Lewis et al.,
2018a). Five representative samples were studied in bulk: three black-
w hite—grey-green banded cherts (04SA14, 07SA21 and 07SA23) and
tw omassive cherts with a significant volcaniclastic component

(03SA01 and 07SA22).

LA ICP-MS: The Middle Marker horizon preserves an assemblage of
morphologically diverse microbial mats, preserved in laminated vol-
caniclastic sandstones and siltstones that deposited in the photic zone,
hence their interpretation as anoxygenic photosynthesisers (Hickman-
Lewis et al., 2018a, 2019). These multi-laminar, crinkly-wavy, micro-
tufted, carbonaceous laminations are common features mantling pri-
mary sedimentary structures. Using LA ICP-MS, a representative multi-
laminar, micro-tufted suite of mats (ca. 1 cm thick; sample 07SA23)
from laminated volcaniclastic sandstones (Fig. 2A) were studied. Three-
dimensional reconstructions of these mats show that they exhibit micro-
tufted topographies and trap and bind particles (Hickman-Lewis et al.,
2019). Two samples of massive carbonaceous black chert (07SA22 and
07SA25), were also studied in order to understand normal, local-scale
geochemical conditions between mat growth (Fig. 2B, S1).

2.1.2. Hooggenoeg chert H5c (ca. 3.47-3.45 Ga)

Bulk ICP-MS: The Hooggenoeg Chert H5 member is a unit of ultra-
mafic and mafic volcanics, overlain by silicified volcaniclastic sedi-
mentary rocks and laminated, black-grey carbonaceous chert with bo-
tryoidal stratiform veins (H5c; Fig. 2G) (Low e and Byerly, 1999;
Hofmann, 2011). Chert veins crosscutting silicified volcanic rocks im-
mediately below the chert horizons throughout the Hooggenoeg For-
mation are interpreted as the result of shallow hydrothermal convection
of seaw ater (Hofmann and Bolhar, 2007; Hofmann, 2011). Early sili-
cification in the laminated chert is indicated by a planar contact with
the overlying conglomerate (Hofmann and Bolhar, 2007). Two samples
each of black and w hite laminated cherts (01SA56 and 07S528) and
massive black cherts (01SA09 and 03SA16) were studied in bulk.

LA ICP-MS Biosignatures from Hooggenoeg chert H5c include fi-
lamentous microfossils and carbonaceous laminations (Walsh, 1992;



Walsh and Lowe, 1999; Hickman-Lewis et al., 2018b). The morpholo-
gical similarity of the latter to modern and fossil microbial mats, to-
gether with trapped and bound particles, and roll-up and anastomosing
structures providing evidence of in vivo plasticity, are convincing evi-
dence for their biogenetico. The microbial mats studied herein using LA
ICP-MS (from sample 03SA15) have flat-laminated morphologies
(Fig. 2C), similar to those described in Walsh (1992) and Walsh and
Lowe (1999). A further sample of adjacent massive carbonaceous black
chert (sample 03SA04; Fig. 2D, S2) was analysed to understand normal,
local-scale geochemical environments between mat growth.

2.1.3. Footbridge chert K3c (3.334 Ga)

Bulk ICP-MS: The Footbridge Chert is a sequence of laminated and
massive cherts (Fig. 3H) deposited in alternately shallow - (Westall
et al., 2001) and deep-w ater (i.e., below storm w ave base; Low e and
Byerly, 1999) conditions. Much of this chert is underlain by silicified
pillow basalt w ith cross-cutting and stratiform botryoidal veins that
continue upw ard through the laminated chert (Hofmann and Bolhar,
2007). Two laminated shallow-water cherts (12SA49 and 12SA50) and
one sample of silicified volcaniclastic green-grey chert (96SA02), re-
flecting the dominant mineralogies of this sequence, w ere studied in
bulk.

LA ICP-MS: Thin, carbonaceous laminations can be identified in the
shallow -w aterhorizons of some banded cherts, although these struc-
tures have never before been described. Their similarity to known mi-
crobial mats from the Archaean makes their biogenic interpretation
plausible and unsurprising. Within the studied samples of black and
w hite laminated chert (03SA09), carbonaceous laminations forming
layers of several hundred microns’ thickness drape over and anastomose
around large, rounded carbonaceous grains and over layers comprising
detrital deposits of volcaniclastic particles (Fig. 2E). These laminations
form ‘eyelet’ structures around enclosed particles bearing considerable
resemblance to alpha-type laminations from the Buck Reef Chert (Tice
and Low e, 2006a,b). Furthermore, roll-up and rip-up structures often
occur at the surfaces of laminations, denoting plasticity in vivo. Above
one of the studied mat horizons, a particularly well-preserved, frayed,
torn-up mat chip can be linked to the eroded surface morphology of the
underlying horizon (Fig. 2E, S3). A very high degree of volumetric
preservation is recorded within each microbial horizon, suggesting al-
most immediate seafloor silicification. A sequence of these ex-
ceptionally preserved mats are preserved in sample 03SA09; a transect
through two of these mats was conducted using LA ICP-MS. A sample of
massive chert from immediately below these horizons (03SA09") was
also studied to constrain normal, local-scale chemistries betw een mat
growth (Fig. 2F, S3C).

2.1.4. Josefsdal Chert ~ K3c (ca. 3.33 Ga)

ICP-MS: The Josefsdal Chert is an 8-30 m thick sequence of volca-
niclastic sandstones, carbonaceous and ferruginous chert with variable
hydrothermal influence, and biogenic sediments (Fig. 3B, D, F), all of
which deposited in a shallow basin atop basaltic pillow lavas (Westall
et al., 2015). The sequence includes localised chemical cherts that
precipitated as a silica-rich ooze (cf. Ledevin et al., 2014). The de-
positional basin appears to have been protected, indicated by a general
lack of large-scale sedimentary bedforms indicative of open sea condi-
tions and the parallel-laminated structure of most microbial mat hor-
izons. The samples studied herein include finely laminated chemical
chert strata (Fig. 2H, 3D, S4) and shallow -w ater,laminated, organic
carbon-bearing sediments from upper shoreface settings, including
mixed detrital and microbial carbonaceous material (Fig. 2G, S4), e.g.
carbonaceous laminations. Bulk analyses were conducted in a number
of black-grey-white banded cherts and massive cherts (see Table 1).

LA ICP-MS: Within the Josefsdal Chert, thin microbial biofilms occur
in both banded sedimentary and chemical cherts, and bear much
morphological similarity to those previously described in the
Hooggenoeg Formation, trapping and binding grains and mantling

large carbonaceous particles (Westall et al., 2011, 2015). Putative mi-
crofossils occur in the same horizons (Westall et al., 2001, 2015).
Previous high-resolution geochemical analyses of one such biofilm
suggest that it consisted of a consortium of phototrophic organisms and
sulphate-reducing bacteria (Westall et al., 2011). LA ICP-MS ‘biome’-
scale transect analyses were conducted across microbial horizons in two
banded cherts (12SA18 and 12SA36) and one massive chert (99SA07).

2.2. Geochemistry of microbial mats

2.2.1. Bulk ICP-OES and ICP-MS

Inductively coupled plasma optical emission spectrometry (ICP-
OES) and mass spectrometry (ICP-MS) analyses were conducted at the
Centre de Recherches Pétrographiques et Géochimiques (CRPG),
Nancy, France, using Thermo Fisher ICap 6500 and Agilent 7700X in-
struments. Analysed powders were sub-sampled from chips of the ori-
ginal hand samples demonstrably free of obvious alteration and sec-
ondary veining. We focussed on both characteristic chert matrices
without microbial mat fabrics - i.e., representative of these horizons in
bulk (‘regional’ scale) — and those w ith microbial horizons and their
immediate environs (‘local’ scale), thereby enabling direct comparison
with LA ICP-MS measurements (‘biome’ scale) (Fig. 1). Results of bulk
ICP-OES major element analyses are shown in Fig. 4. Results of bulk
ICP-MS analyses are show n as extended trace element diagrams in
Fig. 5, as REE + Y curves in Fig. 6, and as mixing line diagrams (see
Section 2.3.) in Fig. 7.

2.2.2. Insitu laser ablation ICP-MS

For laser ablation (LA) ICP-MS, thin sections of between 60 pm and
100 pum thickness w ere produced from complementary samples in
w hich regions of interest (ROIs) in chert w ere identified using high-
magnification optical microscopy. ROIs were selected to be clean and
free from phases that might contaminate the primary REE + Y sig-
nature (see Gourcerol et al., 2015), for example, diagenetic oxides and
sulphides, and also secondary features including veining, destructive
recrystallisation and oxidative weathering of weaknesses and fractures.
To assure the validity of our conclusions regarding the co-evolution of
life and its environment (‘local’ and ‘biome’ scale), REE + Y compo-
sitions must stem only from the interaction of primary inputs, such as
contemporaneous terrigenous material, with aqueous reservoirs. Due to
the rapidity of silicification outlined above, primary phases should be
considered important in defining the elemental budget and geochem-
istry of their horizon.

Within samples hosting microbial mats, multiple transects of laser
ablation point analyses were taken through these horizons (Fig. 1B) in
order to capture fine-scale palaeoenvironmental fluctuations during the
short timescales of microbial colonisation (‘biome’ scale). In order to
specifically address the palaeodepositional setting of microbial mats,
w e pre-scanned the studied areas w ith high-resolution optical micro-
scopy in order to be certain to analyse exclusively chert domains within
mat layers, and not the organic matter itself, which usually occurs as a
readily identifiable interstital phase (e.g. De Gregorio and Sharp, 2006).
High rates of MREE and HREE scavenging by microbial and sedimen-
tary organic matter can dominate the REE + Y pattern (Takahashi
et al., 2005; Censi et al., 2013; Freslon et al., 2014). Avoiding carbo-
naceous materials ensures that laser ablation analyses sample ex-
clusively ambient aqueous reservoirs with minimal to zero organic in-
fluence.

Data w ere acquired using a XSeries II ICP-MS (Thermo Fischer
Scientific) coupled to a 213 nm Nd:YAG laser ablation system (New
Wave Research) housed at the Centro Interdipartimentale Grandi
Strumenti (CIGS), Universita di Modena e Reggio Emilia, Italy. Helium
was used as the carrier gas to transport ablated material from the LA
sample chamber to the mass spectrometer torch. Standard Reference
Materials NIST 610, NIST 612 and NIST 614 (National Institute of
Standards and Technology) were used to perform external calibration
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and mass spectrometer tuning, and were measured during each analysis
with equivalent spot size, frequency, duration and laser intensity as the
samples (Table 2). Instrumental performance was optimised daily using
NIST 612 as reference material in order to obtain maximum signal in-
tensity. Mass spectrometer parameters w ere tuned for the maximum
signals of *°La, 2*2Th and 2**U while ablating a line on NIST 612 with
the follow ing parameters: line w idth = 100 um, repetition
rate = 10 Hz, laser output = 100%.

To maximise the quality of analytical data, several laser parameters,
such as ablated area, beam intensity, frequency and ablation and blank
duration, were systematically varied in order to evaluate their effects
on signal quality. Several preliminary tests w ere performed on a re-
presentative sample (07SA23) in order to determine the parameters
used for analyses. During preliminary tests, it was also demonstrated
that pre-ablation was necessary to remove possible contaminants from
the sample surface before data acquisition. The signal acquired during
each analysis involved three steps: pre-ablation, blank acquisition and
ablation. Signals acquired during pre-ablation w ere not used for cal-
culation. After pre-ablation, the laser was turned off and a blank signal
(background) w as acquired. This step w as immediately follow ed by
sample ablation to obtain a time-dependent signal. The blank was used
to correct for the background: once appropriate time-resolved sections
w ere chosen for the blank and the sample, the average background
signal intensity w as subtracted from the average sample signal in-
tensities. A summary of the LA parameters used during the experi-
mental sessions is presented in Table 2.

Concentrations of the analytes of interest w ere obtained by com-
parison with the external calibration curve (NIST 610, 612 and 614).
Quantitative data were obtained for the following: “Li, °Be, >>Na, 2°Mg,
271, 28gi, 31p, 39k, 44Ca, 45sc, V7Ti, 51V, 52Cr, 55Mn, °Fe, %°Co, S°Ni,
63Cu, 67n, ©Ga, 75As, *°Rb, 3Sr, Y, %Zr, %*Nb, *Mo, 77Ag, 1%Ag,

lllcd, 115[]’1, 11881’1, IZBSb’ 133CS, 137Ba, 139]_.3, 140Ce, 141PI', 146Nd,
14751‘[1, 153EU, 157Gd, 159Tb, 163Dy, 165H0, 166Er, 169T1T1, 172Yb, 175LL1,

178Hf, 181Ta, 182y, 197 Ay, 295T1, 298pb, 2%2Th, 28U. At least three spots
were acquired in each region of interest (see Supplementary Tables).

The results of in situ laser ablation ICP-MS analyses are show n as
REE + Y curves in Fig. 8, plotted against mixing lines in Fig. 9, and
show nin terms of the changing chemistry through microbial mat
transect analyses in Fig. 10.

Elemental anomalies relative to neighbouring and near-neigh-
bouring elements in ICP-MS and LA ICP-MS plots were calculated ac-
cording to the methods presented in Lawrence and Kamber (2006) and
Lawrence et al. (2006) as follows:

La/La #yuq = Lamuq/(Primuq (Pivuq/Ndmug)?)
Ce/Ce #muq = Cemuq/(Pr smuq (Piviug/Ndmug)
Pr/Pr #yuq = Pivuq/(0.5Cepmuq + 0.5Ndwmuq)
Eu/Eu #yuq = Bumug/(Smigug X Thyug)'>

Y/ Yéamg = Yano/(0-5Enyuq X 0.5H0pu0)

2.3. Mixing line diagrams

The respective influences of high-temperature (> 250 °C) hydro-
thermal fluids and detrital inputs were assessed using calculated binary
mixing lines (Figs. 7, 9). End-members reflecting seaw ater, hydro-
thermal fluid and detrital terrigenous influence were selected, respec-
tively, as follows after Gourcerol et al. (2016):

® modern seawater from the North Pacific (Alibo and Nozaki, 1999);w
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® hydrothermal chert from a banded iron formation of the Abitibi
greenstone belt, Canada, (Thurston et al., 2012) characterised by a
very strong Eu anomaly (Eu/Eu*yyq = 30.01); and

® Mud from Queensland (MuQ), i.e., bimodal mafic-felsic terrigenous
input (Kamber et al., 2004).

Eu/Sm versus Sm/Yb mixing lines wereused to quantitatively de-
termine the influence of hydrothermal activity on each sample.
Seawater from the North Pacific (Alibo and Nozaki, 1999) was used as
the marine end-member. Gourcerol et al. (2016) determined that a
brecciated chert sample from Thurston et al. (2012) witha large Eu
anomaly (Eu*/Euyug = 30.01) provides an accurate model for Ar-
chaean hydrothermal effluent, since pre-Proterozoic hydrothermal
venting regions were characterised by fluid mixing with an inverse pH
gradient (alkali to acid) when compared to modern hydrothermal sys-
tems (Shibuya et al., 2010). Consequently, the Eu/Sm and Sm/Yb ra-
tios, which are respectively a quantitative measurement of the strength
of the Eu anomaly and a measure of the flatness of the REE + Y pattern,
may be used to quantify the influence of high-temperature (> 250 °C)

hydrothermal fluids, which are characterised by a flat REE + Y pattern
devoid of all except the Eu anomaly. Most Archaean samples plot either
on or above the mixing line calculated from the seaw ater and hydro-
thermal end-members since the Sm/YDb ratio is sensitive to high-pres-
sure residual metamorphic phases, Points plotting far from the mixing
line are not pristine and will not be considered in our discussion.
(Pr/Nd)muyg versus Y/Ho ratios, w hich are respectively measure-
ments of the flatness of the REE + Y pattern and the chondritic values
of the fluid, were used to qualitatively assess detrital terrigenous input
during chert deposition, since terrigenous input is characterised by flat
REE + Y patterns and chondritic Y/Ho ratios. A conservative mixing
line was calculated using seaw ater from the North Pacific (Alibo and
Nozaki, 1999) and the MuQ composite (Kamber et al., 2004) as end-
members. Note that the percentage values in these diagrams should be
considered as the relative influence of the end members rather than a
quantitative measure. Further detail on the rationale for the construc-
tion of these mixing lines is presented in Gourcerol et al. (2016).
Together, these tw o mixing plots indicate, using independent ele-
mental ratios, marine versus hydrothermal and marine versus terrestrial
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Table 2

Parameters used during laser ablation ICP-MS experiments.
Parameters Values
Pre-ablation:

40/65 (depending on the size of the
region of interest)

Spot size (um)

Frequency (Hz) 10
Duration (s) 5
Laser intensity (%) 25
Ablation:

Spot size (um) 40/65 (depending on the size of the

region of interest)

Frequency (Hz) 20
Duration (s) 30
Laser intensity (%) 100
Total acquisition time (s) 150
Laser warm up (s) 25
Wash out (s) 30
He f lowrate (mL/min) 600
Mass spectrometer dwell time per 30

analyte (ms)

(i.e., non-marine) inputs. In the case of a significant non-marine input,
one must consider the magnitude of the Eu anomaly in distinguishing
whether the input is hydrothermal or riverine.

3. Results
3.1. Evaluation of contamination and metamorphism

Since even small quantities of clastic- or mineral-related input can
affect the REE + Y signal of hydrogenous chert, we have followed the
rigorous approaches of Bolhar and Van Kranendonk (2007), Sugahara
et al. (2010) and Bolhar et al. (2015) to test that clastic or terrigenous
components can be considered a primary input, and not post-depositional
contamination, to the palaeoenvironment. For each formation, we tested
multiple parameters (La, Eu, Ce and Y anomalies and Y/Ho ratios)
against total REE + Y, Ti content, and against one another, as a proxy
for contamination of the signal by overprinting clastic input or other
hydrospheric and diagenetic influences. We found no systematic re-
lationships between any two such parameters (Figs. S5-S6), ergo ‘con-
tamination’ does not affect the REE + Y signals reported (cf. Sugahara
et al., 2010; Bolhar et al., 2015). Our REE + Y compositions are thus
unequivocally primary. Since similar values are obtained for various
parameters (e.g. anomalies) irrespective of the Ti content, fluid chem-
istry rather than clastic contamination is the dominant control on
REE + Y composition (Bolhar et al., 2015) (see also Figs. S8-S10).

Post-Archaean trace element mobilisation by either system re-
activation or metamorphism is not relevant to the final REE + Y sig-
nature since the units studied underwent only lower greenschist facies
(< 350 °C, 2-3 kbar) or zeolite facies (< 300 °C, < 2-3 kbar) meta-
morphism, which is insufficient to significantly alter REE + Y signals
and their interpretation (Bau and Dulski, 1996; Bau, 1999; Shields and
Webb, 2004). Specifically, for the Onverw acht Formation studied
herein, Xie et al. (1997), Tice et al. (2004) and Hickman-Lew is et al.
(2020) estimated metamorphic temperatures generally w ithin the
chlorite zone (285-400 °C), likely centred around 285-320 °C, using
chlorite and Raman geothermometry.

3.2. Bulk ICP-OES and ICP-MS

All studied cherts have low concentrations of major (Fig. 4) and
trace (Fig. 5) elements, with the exception of Si, which represents the
overw helming majority of the samples (the matrix). Specifics of in-
dividual sample compositions are detailed in the follow ing. All mea-
sured data are given in the Supplementary Tables.

3.2.1. Middle Marker horizon

Bulk ICP-OES of five samples from the Middle Marker horizon cherts
show that they vary between 80.9% and 94.8% SiO, and contain re-
latively high Al,O3, Fe;O3, MgO and K,O content; furthermore, one
sample (07SA23) has high (5.26 wt%) CaO content (Fig. 4A), which is
corroborated by XRD measurements estimating <9 wt% calcite (Fig.
S5G), although the Ca-Mg rich mineralogy also indicates dolomite. Cr
and Mn are present at high concentrations, whereas Cd, Ta, Pb, Th and U
are present in exceptionally low quantities (Fig. 5A, E).

In bulk sample (ICP-MS results), MuQ-normalised REE + Y char-
acteristics show an enrichment of HREEs over LREEs: La anomalies are
negative to negligible (La/La*y,q = 0.74-1.09), Ce anomalies are
weakly negative (Ce/Ce*\yo = 0.81-1.07; Fig. S7A), Eu anomalies are
w eakly positive (Eu/Eu*p,o = 0.98-1.46), and Y anomalies are gen-
erally negative (Y/Y*muqo = 0.58-1.07) (Fig. 6A and 7, Table 3). Pr-Ce
anomaly systematics indicate that the Ce/Ce*\.q is often a ‘true’
anomaly (Fig. S7; c¢f. Bau and Dulski, 1996). Y/Ho values are sub-
chondritic to super-chondritic, ranging between 17.7 and 29.3 (Table 3,
Fig. 7).

3.2.2. Hooggenoeg chert H5c

Four samples of Hooggenoeg chert were studied by bulk ICP-OES
and ICP-MS, which show two divergent chemical trends. 07SA28 and
01SA56 have relatively high concentrations of most major elements,
w hereas 01SA09 and 03SA16 contain considerably low er concentra-
tions (Fig. 4B). SiO, ranges betw een 85.4% and 95.4%, however,
07SA28 is notably poor in SiO, (47.8%), having instead particularly
high Al,03, MgO and K0, reflecting volcanogenic input and/or limited
silicification. 01SA56 is also rich in Al,O3, Fe,O3, MgO and TiO,. ICP-
MS bulk analyses show no clear trends in trace element composition
betw een samples. The average composition of the Hooggenoeg For-
mation samples show s that they have significantly higher concentra-
tions of many transition metals relative to the other cherts, including
Fe, Co, Ni, Cu and Zn, and are also rich in Sc, Ti, As, Sr, Y and Ba
(Fig. 5B, E).

In bulk sample (ICP-MS results), MuQ-normalised REE + Y char-
acteristics show either typical seaw ater patterns of HREE > LREE
(07SA28 and 03SA16), similar to Middle Marker cherts, or flatter pat-
terns w ith MREE enrichment (01SA56 and 01SA09) (Fig. 6B). Eu
anomalies are positive (1.23-2.19) (Fig. 6B, 7, Table 3). Other
anomalies include w eakly positive La/La*yuq (0.89-1.22) and negli-
gible Ce/Ce* g (0.95-1.03, i.e. no ‘true’ anomaly; Fig. 7), and slightly
negative Y/Y*muo (0.91-0.99). Y/Ho ratios are sub-chondritic
(21.5-26.9; Table 3, Fig. 7).

3.2.3. Footbridge chert

Three representative bulk samples were chosen from the Footbridge
Chert: samples 12SA49 and 12SA50 - tw osilicified shallow-water
volcaniclastic sediments — contain higher Al,0; and Fe,O3 than most
other samples, but lower SiO, content (77.4-80.4%) (Fig. 4). 96SA02 -
a silicified volcanic rock representative of the regional environment (cf.
Low e and Byerly, 1999) — comprises 96.0% SiO», and has high con-
centrations of Ni, Cu, As, Sn and W (Fig. 5C).

In bulk sample (ICP-MS results), MuQ-normalised REE + Y char-
acteristics are quite different to most other samples (Fig. 6C). In sam-
ples 12SA49 and 12SA50, LREEs are strongly enriched relative to
HREEs, and the absolute concentrations of REE + Y are very high. In
the third sample, 96SA02, strong enrichment is present in MREEs. La/
La*yuo, Ce/Ce*muo and Y/Y*vuo are negligible (respectively,
0.93-1.09, 0.98-1.00 and 0.93-1.02), however, Eu/Eu*,q is positive
but not significant (1.13) in 96SA02 and 1.53-1.95 in the shallow-water
laminated sediments (Fig. 7A-B, Table 3). The three samples are char-
acterised by sub-chondritic Y/Ho values, which range from 23.6 to 25.8
(Table 3; Fig. 7).
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Fig. 8. Insitu LA ICP-MS results (solid lines) compared with bulk ICP-MS (dashed grey lines, as in Fig. 6) showing MuQ-normalised REE + Y composition. Bulk ICP-
MS results should be considered to represent prevailing local to regional palaeoenvironmental conditions, whereas in situ LA ICP-MS results indicate palaeoenvir-
onmental conditions specific to the short timescales of microbial colonisation (biome-scale palaeoenvironments from transect analyses). A-B) Middle Marker horizon;
C-D) Hooggenoeg Formation chert H5c; E-G) Footbridge Chert; H-J) Josefsdal Chert. All microbial horizons (red, green and purple lines) show elevated REE + Y
content, and significantly higher LREE concentrations. Transects taken through microbial horizons in all cherts (i.e., coloured lines in A, C, E-F, H-I) show flat
patterns often with negative Eu anomalies, suggesting elevated terrigenous influence and reduced hydrothermal influence. E-F show LA ICP-MS results from G as
dotted grey lines to emphasise the absence of the Eu anomaly in microbial horizons. G uses bulk results from the Footbridge Chert as dotted grey lines. Coloured lines
represent series of analyses in microbial horizons: red lines indicate analyses taken immediately below, green lines analyses within, and purple lines analyses
immediately above microbial horizons. Black lines represent non-microbial horizons. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2.4. Josefsdal chert

The selected samples of Josefsdal Chert include intermixed volca-
nogenic and chemical sedimentary rocks, interpreted as hydrothermally
influenced deposits, near-pure chert of proposed chemical precipitate
origin, and shallow-water, laminated, organic carbon-bearing silicified
volcanogenic sediments, in which microbial biofilms are preserved. All
Josefsdal Chert samples have high SiO, contents betw een 85.5% and
99.9%. As with the other horizons, no clear between-sample trends in
trace elements exist.

Bulk REE + Y compositions (ICP-MS results) are characteristic of
the mixing of marine and hydrothermal w aters, but are enriched in
LREE relative to other cherts (Fig. 6D): La/La*yy,o ranges from weakly
negative to strongly positive (0.68-2.90), Ce/Ce*\uq Spans a range
from very negative to w eakly positive (0.14-1.15), Eu/Eu*yyo is al-
ways positive (1.01-2.02), and Y/Y*\,q is weakly to strongly positive
(1.13-2.02) (Fig. 7, Table 3). Y/Ho ratios are weakly to strongly super-
chondritic (29.1-51.5) in all samples (Fig. 7).

3.2.5. Relative influences of geochemical reservoirs

Mixing line diagrams show that these bulk samples generally in-
dicate some contribution from hydrothermal activity: Eu/Sm versus Sm/
Yb plots show that Middle Marker horizon samples indicate only
0.5-2% hydrothermal contribution, those of the Hooggenoeg H5 chert
show 2-6% contribution, samples from the Footbridge Chert 3.5-5%,
and those of the Josefsdal Chert 0.5-5% (though most Josefsdal Chert
samples fall betw een 2 and 5%) (Fig. 7C). Y/Ho versus (Pr/Nd)muo
diagrams, though qualitative, and for comparative use only, suggest
that the influence of seaw ater w as greater in the Josefsdal Chert and
Middle Marker horizon than in the Hooggennoeg H5 chert and the
Footbridge Chert samples (Fig. 7D). La and Eu anomalies fall within the
regions of values delimited by previous analyses of fossiliferous sedi-
mentary cherts (e.g. Sugahara et al., 2010), although La anomalies in
our samples are generally lower. In these other cherts, increased terri-
genous contribution is signified by the closeness of points to the end-
member reflecting the chemical characteristics of the MuQ composite.

3.3. Insitu LA ICP-MS analyses

In Figs. 8-9, coloured curves and symbols refer to microbial hor-
izons, w hereas black curves and symbols refer to non-microbial hor-
izons. These results are superimposed upon both bulk ICP-MS analyses
and one another in the diagrams such that comparison betw een the
fossiliferous and non-fossiliferous horizons may be easily made. All
measured data are given in the Supplementary Tables.

3.3.1. Middle Marker horizon
Insitu LA-ICP-MS analyses w ere conducted in three samples from
the Middle Marker: tw o massive carbonaceous cherts (07SA22 and
07SA25) and one laminated, microbial mat-rich silicified volcaniclastic
sandstone (07SA23) (Fig. 2A-B, S1). A transect of point analyses was
taken through a thick microbial mat set w ithin 07SA23, and point
analyses were acquired at multiple ROIs within massive cherts, which
lack clear stratigraphy.
In 07SA23 (Fig. 8A, 10A, Table 4), La/La*yuq and Ce/Ce*yuq show a
slightly increased average within the mats. Eu anomalies are weakly

negative and similar throughout the transect: below (0.77-1.17), within
(0.83-1.37) and above (0.84-0.97) the mats. Finally, Y anomalies,
weakly positive throughout, are again higher within the mat-rich layer.
Y/Ho values are consistently chondritic to super-chondritic, ranging
betw een 25.7 and 34.2 below the mats, 29.2-46.8 w ithin, and
30.2-31.7 above, ergo, elevated w ithin the mat-rich laminations
(Fig. 10, S7, Table 4). For samples 07SA22 and 07SA25 (Fig. 8B,
Table 4), La, Y, and Ce anomalies are positive (La/La*yuo = 1.19 and
2.25, Y/Y*vuo = 1.04 and 1.23 and Ce/Ce*y,o = 1.07 and 1.40),
whereas Eu anomalies are generally slightly negative to negligible (0.70
and 1.12). Y/Ho ratios are chondritic to super-chondritic, lower than in
the silicified laminated chert, ranging from 25.3 to 34.5 (Fig. 10A, S8,
Table 4).

Eu/Sm versus Sm/Yb mixing line plots show that most points are
close to the seawater end-member. Sample 07SA23, a laminated sand-
stone-siltstone with w ell-developed microbial fabrics, indicates up to
1-2% hydrothermal contribution (Fig. 9A, coloured triangles). Massive
carbonaceous chert, by contrast, indicates negligible hydrothermal
contribution (Fig. 9A, black triangles). Terrigenous contribution is high
in all samples: 30-95% of the pure MuQ signature in laminated chert
(Fig. 9B, coloured triangles) and 70-100% in massive carbonaceous
chert (Fig. 9B, black triangles).

3.3.2. Hooggenoeg chert H5c

Two further samples of Hooggenoeg Chert H5c were studied by in
situ LA ICP-MS (Fig. 8C-D, Table 4): 03SA15, w hich includes thick
(~1 cm) sequences of silicified microbial mats, and 03SA04, silicified,
shallow-water, carbon-rich sediments. Transects were taken throughout
the mat sequences, w hereas for 03SA04, analyses w ere performed at
several ROIs throughout the sample (Fig. 2C-D, S2).

For 03SA15 (Fig. 8C, 10B, Table 4), La/La*\uo and Ce/Ce*yyq are
positive and broadly consistent throughout the transects, although La
anomalies show a slight increase in the mat-rich layer. Eu/Eu*yq is
w eakly negative and broadly consistent throughout. Finally, Y/Y*uu0
markedly increases in the mat-rich layer. Y/Ho ratios are slightly ele-
vated in the mat-bearing layer (Fig. 10B, S8; Table 4). In 03SA04
(Fig. 8D), La/La*yug = 1.43-2.98 (w ith three anomalous values of
16.01, 16.57 and 55.83), Ce/Ce*ppyq is 1.03-3.48 (with an anomalous
value of 5.35), Eu/Eu*muq anomalies are variable and Y/Y*uuo
anomalies are weakly positive. Y/Ho ranges from 25.9 to 40.8 with all
but one measurement yielding super-chondritic values (Fig. S7). In
03SA15, negligible hydrothermal contribution is suggested (Fig. 9C,
coloured squares) but 78-100% of the pure MuQ signature denotes a
significant terrigenous component (Fig. 9D, coloured squares), whereas
for 03SA04, there is up to 2% contribution from hydrothermal fluids
(Fig. 9C, black squares) and a terrigenous component of 50-90% of the
pure MuQ signature (Fig. 9D, black squares).

3.3.3. Footbridge chert

In situ LA ICP-MS was performed on two further samples of shallow-
w ater sediments from the Footbridge Chert. 03SA09 is a laminated
black and white chert with copious microbial mat laminations, two of
which were selected and analysed by transects (Fig. 2E, S3). 03SA09’ is
a massive chert sampled from directly below 03SA09; the chert is
nonetheless carbon-bearing, characterised by massive fabrics of clotted
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Fig. 9. In situ LA ICP-MS data plotted against mixing lines of hydrothermal fluid to seawater and seawater to MuQ-type terrigenous input, identical to those shown for
bulk samples in Fig. 7. A-B) Middle Marker horizon; C-D) Hooggenoeg Chert H5c; E-F) Footbridge Chert; G-H) Josefsdal Chert. A, C, E, G) Eu/Sm versus Sm/Yb
diagrams quantifying hydrothermal input. Points lying far above this mixing line (as with points of Sm/Yb > 5in A and G) have incorporated high-pressure residual
metamorphic phases, w hich overprint the original geochemical signatures. Coloured symbols represent series of analyses taken in microbial transects, unfilled
symbols represent analyses taken in non-microbial horizons. Most microbial horizons record minor hydrothermal influence (negligible to 2%), whereas non-mi-
crobial horizons show elevated hydrothermal influence (up to 8%), i.e., non-microbial horizons plot closer to the hydrothermal end-member on the Eu/Sm versus Sm/
Yb mixing line. B, D, F, H) Y/Ho versus Pr/Smy,q plotted on a qualitative, conservative mixing line betw een seaw ater and MuQ, an idealised terrigenous input.
Samples lying on or below this mixing line reflect the combined influenced of marine, terrigenous and hydrothermal fluid inputs, and samples which do not reach
100% terrigenous influence, i.e., 100% of the pure MuQ signal, may be considered “relatively less influenced” by terrigenous inputs (Gourcerol et al., 2016). Most
samples are clustered around 60-100% MuQ, providing compelling evidence for the deposition of fossiliferous cherts in palaeoenvironments strongly influenced by
terrigenous inputs (continental weathering). Red symbols indicate analyses taken below, green symbols analyses within, and blue symbols analyses above microbial
horizons. Unfilled symbols are analyses conducted in non-microbial horizons. Sample analysed are as follows: Middle Marker horizon, coloured symbols = 07SA23,
unfilled symbols = 07SA22, 07SA25; Hooggenoeg Chert H5c, coloured symbols = 03SA15, unfilled symbols = 03SA04; Footbridge Chert, coloured sym-
bols = 03SA09, unfilled symbols = 03SA09’; Josefsdal Chert, coloured symbols = 12SA18, 12SA36, unfilled symbols = 99SA07. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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of this article.)

and disseminated carbonaceous material (Fig. 2F), and analyses were
taken from ROIs throughout this sample. MuQ-normalised REE + Y
patterns for the mat-bearing sample 03SA09 are very flat, indicating
considerable terrigenous influence (Fig. 8E-F), whereas those of mas-
sive chert 03SA09’ bear hallmarks of typical marine patterns (Fig. 8G).

For 03SA09 (Fig. 8E-F, 10C-D, Table 4), La/La*\,q anomalies in-
crease within one of the two studied mat-bearing horizons, but increase
in chert above the second. Ce/Ce*\yq also increases within one mat-
bearing horizon. Eu/Eu*\,q values are negative and consistent
throughout the transects. Finally, Y/Y*u.o anomalies also increase
w ithin one mat-bearing layer and Y/Ho ratios show a slight increase
within the mat-bearing layers (Fig. 10C-D). Eu/Sm versus Sm/Yb dia-
grams estimate a negligible to 1% hydrothermal component (Fig. 9E),
since almost all points plot to the left of the seawater end of the mixing
curve. The estimated terrigenous component is between 45% and 100%
of the pure MuQ signature (Fig. 9F). In 03SA09’ (Fig. 8G), remarkably
different characteristics in REE + Y patterns emerge. La/La*\,q ranges
from negative to strongly positive (0.41-6.13), Ce/Ce*\,q is negative
to positive (0.55-2.67), Eu/Eu*yy,q is w eakly to strongly positive
(1.21-2.87), and Y/Y*myq is weakly positive (0.83-1.47). Y/Ho values
range from 18.1 to 41.8 (Fig. S9). In contrast to the mat-bearing sample,
the quantitative estimate of hydrothermal input suggests a contribution
of up to 8% (Fig. 9E), but the terrigenous contribution is similar, be-
tween 50 and 100% of the pure MuQ signature (Fig. 9F).

3.3.4. Josefsdal chert
In situ LA ICP-MS was conducted on three further samples of

Josefsdal Chert. 12SA18 and 12SA36 are two shallow-water sediments
with well-developed microbial mat horizons, which were analysed, as
for other mat-bearing samples, by transects bounded by chert layers
(Fig. 1G, S4). The third sample, 99SA07, is a clotted carbonaceous chert
comprising irregularly shaped carbonaceous clots within a silica matrix.
Analyses w ere conducted at multiple ROIs throughout the sample
(Fig. 1H, S4).

Within 12SA18 (Fig. 8H, 10E, Table 2), La/La*\yq, Ce/Ce*yuq and
Eu/Eu*y,q increase upw ard through the transect. Y anomalies are
constant through the transect. Y/Ho ratios show a slight increase within
the mat-bearing layer. Within 12SA36 (Fig. 8I, Table 4), La anomalies
are 1.12-1.39 below, 1.34-1.92 within and 1.10-2.13 above the mat.
Ce anomalies are 0.92-1.03 below, 0.93-1.32 w ithin and 1.07-1.28
above the mat. Eu anomalies are 0.56-0.99 below, 0.58-1.29 within
and 0.84-1.52 above the mat. Y anomalies are 0.96-1.19 below,
0.95-1.57 within and 1.08-1.29 above the mat. Evidently, average La/
La*pmuq and Y/Y*\q increase within mat-bearing layers (Fig. 10E). Y/
Ho ratios also increases to superchondritic values w ithin the mat-
bearing layer (Table 4, Fig. 10E, S9). In 99SA07, Eu anomalies are
considerably elevated (Eu/Eu*y,o = 1.12-3.01; Fig. 8J) Eu/Sm versus
Sm/Yb plots for the mat-rich sediments (12SA18 and 12SA36) suggest
up to 1% hydrothermal contribution (Fig. 9G), and Y/Ho versus Pr/
Ndmuo diagrams indicate ~40-90% of the pure MuQ signature, i.e.
some strong terrigenous contributions (Fig. 9H). 99SA07, by contrast,
indicates up to 5% hydrothermal contribution (Fig. 9G) and terrigneous
influences corresponding to 31-100% of the pure MuQ signature
(Fig. 9H).



Table 3
Bulk ICP-MS bulk analyses.

A) Middle Marker 03SA01 07SA21 07SA22 07SA23
La/La* 0.7492 0.9337 0.9620 1.0949
Ce/Ce* 0.8081 1.0701 0.9057 0.9628
Y/Y* 0.5795 0.8460 0.9601 1.0735
Eu/Eu* 1.2978 1.4574 0.9758 1.3706
Y/Ho 17.747 22.006 24.821 29.287
Pr/Pr* 1.1104 0.9654 1.0073 1.0006
(Pr/Yb)muo 0.1210 0.5321 0.4712 0.1747
Hydrothermal 2% 2% 0.5% 2%
contribution
Detrital influence 100% 100% 100% 90%
B) Hooggenoeg Fm. 01SA09 01SA56 03SAl6 07SA28
Hb5c
La/La* 1.2244 0.8903 1.2210 1.1466
Ce/Ce* 1.0304 1.0304 0.9584 1.0033
Y/Y* 0.9754 0.9119 0.9909 0.9927
Eu/Eu* 1.6284 1.2886 2.1949 1.2325
Y/Ho 26.877 21.581 26.040 25.798
Pr/Pr* 0.9841 0.9841 1.0077 0.9713
(Pr/Yb)muo 1.6608 2.8868 0.1657 0.2495
Hydrothermal 4% 5% 6% 2%
contribution
Detrital influence 98% 100% 100% 100%
C) Footbridge Chert 96SA02 125A49 125A50
La/La* 0.9255 0.9390 1.0866
Ce/Ce* 0.9756 1.0022 1.0483
Y/Y* 1.0403 0.9757 0.9288
Eu/Eu* 1.1287 1.5265 1.9542
Y/Ho 25.785 23.942 23.628
Pr/Pr* 0.9979 0.9722 0.9713
(Pr/Yb)muo 1.9598 3.5197 2.1157
Hydrothermal contribution 3.5% 5% 5%
Detrital influence 100% 100% 100%
D) Josefsdal Chert 14SA01 12SA16 12SA29 12SA06 12SA22 12SA10 12SA13 12SA32 12SA20 14SA04 12SA34 12SA01 12SA37
La/La* 0.8810 0.5321 2.9026 0.6778 0.9460 1.0116 0.9875 1.2185 1.8489 1.0466 1.1045 0.9322 1.0786
Ce/Ce* 0.7655 0.4676 1.5181 0.6307 0.7148 0.1417 0.9310 0.9598 1.1521 0.3528 0.8493 0.9303 0.7369
Y/Y* 1.3007 1.1259 1.4478 1.3288 1.1827 1.2303 1.1879 1.1907 1.2771 1.1653 1.4026 1.3688 1.1904
Eu/Eu* 2.0143 1.2753 1.5298 1.1746 1.7304 1.3436 1.4671 1.5981 1.0142 1.3418 2.0245 1.2306 1.5316
Y/Ho 32.024 32.953 38.5685 36.385 31.828 32.901 30.308 33.188 35.146 33.397 36.330 34.946 32.185
Pr/Pr* 1.1357 1.4591 0.7996 1.2568 1.1512 2.0442 1.0364 1.0206 0.9187 01.465 1.0807 1.0807 1.1505
(Pr/Yb)muo 1.0732 0.7758 0.2439 1.2665 0.3238 2.4186 1.2312 0.5675 0.2092 2.0426 0.6817 1.1885 0.6547
Hydrothermal contribution 5% 2% 3% 0.5% 3.5% 2.5% 2.5% 3% 0.5% 2.5% 5% 2% 3%
Detrital influence 80% 78% 58% 67% 72% 78% 82% 77% 70% 76% 67% 71% 80%

3.3.5. ‘Biome’-scale analyses: A summary of transect results from in situ LA
ICP-MS

Transects were taken through chert domains within microbial mat
horizons (Fig. 10; Table 4) to assess fine-scale changes in REE + Y
composition during periods of microbial colonisation. These transect
results indicate: i) the specific fluid chemistries of the environment
encouraging the development of microbial ecosystems; and ii) whether
alternation betw een microbial horizons and the surrounding cherts
unveils cyclic palaeoenvironmental phenomena. As shown in Fig. 10,
the results are similar across several millimetres of microstratigraphy
within the four cherts studied:

® Y/Ho ratios increase from generally chondritic (~15-30) below the
mat-bearing horizons to superchondritic values within (~25-50),
before decreasing to chondritic values above the microbial mats;

e La and Y anomalies are generally more positive within mat-bearing
horizons;

e Ce anomalies usually increase within the mat bearing horizons;

e Eu anomalies are generally consistently negative throughout mi-
crobial horizons, in contrast to the bulk analyses.

4 . Discussion
4.1. Characterisation of Palaeoarchaean regional habitats

The biosphere contains a diversity of biomes, defined as the com-
munity of organisms w hose characteristics are common for the en-
vironments they dominate (i.e. a biospheric-geospheric entity), which
in turn contain a number of ecosystems. In this section, we parameterise
the palaeodepositional conditions in which the microbial communities
preserved in the four studied cherts developed.

With the exception of the Footbridge Chert, MuQ-normalised pat-
terns of bulk samples show HREE enrichment relative to LREE (Fig. 6),
reflecting the differential dissolution of REE + Y into marine water as a
function of ionic radii, surface and solution complexation stabilities,
and oxidation onto oxyhydroxide particle surfaces (Bau, 1999; Allwood
et al., 2010). The Footbridge Chert samples show negative slopes in
MuQ-normalised REE + Y plots. Kamber et al. (2004) previously re-
ported LREEs > HREEs in stromatolitic carbonate from the 2.8 Ga
Mushandike Limestone of Zimbabw e, inferring the erosion of local
sources (i.e., a strong continental input) and precipitation in a basin
completely restricted from the open ocean. The MREE enrichment seen



Table 4
In situ LA ICP-MS biome analyses.

A) Middle Marker 07SA23 (microbial mat) 07SA22 and

horizon 07SA25(clotted/
below within above clastic cherts)

La/La* 1.27-2.20 1.48-2.76 1.63-1.95 1.19-2.25

Ce/Ce* 0.95-1.32 1.09-1.56 1.17-1.27 1.07-1.40

Y/Y* 1.02-1.21 1.07-1.43 1.14-1.21 1.04-1.23

Eu/Eu* 0.77-1.17 0.83-1.37 0.84-0.97 0.70-1.12

Y/Ho 25.7-34.2 29.2-46.8 30.2-31.7 25.3-34.5

(Pr/Yb)mug 0.77 0.86

Hydrothermal Up to 2% Negligible

contribution

Detrital influence 30-95% 70-100%

B) Hooggenoeg Fm. 03SA15 (microbial mat) 03SA04

Hb5¢ (clastic chert)

below within above

La/La* 1.57-1.77 1.47-1.90 1.34-1.79 1.43-2.98

Ce/Ce* 1.21-1.35 1.13-1.36 1.08-1.34 1.03-3.48

Y/Y* 0.94-1.08 0.98-2.22 0.87-1.05 1.01-1.28

Eu/Eu* 0.73-0.89 0.66-1.00 0.72-0.92 0.59-1.14

Y/Ho 24.5-29.7 24.7-32.6 21.5-26.5 25.9-40.8

(Pr/Yb)muo 0.86 0.76

Hydrothermal Negligible Up to 2%

contribution
Detrital influence 80-100% 50-90%
C) Footbridge Chert 03SA09 (lower mat) 03SA09 (upper mat) 03SA09’ (clastic chert)
below within above below within above

La/La* 1.37-1.80 1.38-2.67 1.59-3.89 1.52-2.29 1.57-2.36 1.56-2.10 0.41-6.13

Ce/Ce* 0.99-1.14 1.08-1.47 1.09-1.75 1.04-1.28 1.05-1.37 1.07-1.28 0.55-2.67

Y/Y* 1.04-1.18 1.05-1.43 0.95-1.20 1.05-1.19 1.07-1.15 1.05-1.34 0.83-1.47

Eu/Eu* 0.73-0.78 0.64-1.02 0.73-0.97 0.73-1.14 0.63-1.03 0.65-1.07 1.21-2.87

Y/Ho 26.0-29.3 26.4-42.7 24.4-32.3 27.8-34.1 26.4-36.0 28.4-37.7 18.1-41.8

(Pr/Yb)muo 0.80 0.80 0.80

Hydrothermal contribution Negligible to 1% Up to 8%

Detrital influence 45-100% 50-100%

D) Josefsdal Chert 12SA18 (microbial mat) 12SA36 (microbial mat) 99SA07 (clotted chert)

below within above below within above

La/La* 1.45-1.83 1.35-1.88 1.51-2.28 1.12-1.39 1.34-1.92 1.10-2.13 1.03-3.28

Ce/Ce* 1.03-1.18 0.96-1.24 1.03-1.30 0.92-1.03 0.93-1.32 1.07-1.28 0.94-2.08

Y/Y* 1.03-1.25 1.03-1.36 1.09-1.35 0.92-1.19 0.95-1.57 1.08-1.29 0.74-1.32

Eu/Eu* 0.92-1.02 0.59-1.05 0.65-1.14 0.56-0.99 0.58-1.29 0.84-1.52 1.12-3.01

Y/Ho 27.9-34.1 27.8-43.2 29.2-38.5 21.2-30.4 29.2-46.7 29.0-37.6 19.1-42.2

(Pr/Yb)muo 0.81 0.93 0.76

Hydrothermal contribution Negligible to 1% Up to 5%

Detrital influence 40-90% 31-100%

in 96SA02 along with increased V, Cr, Ni, Cu, As, Sn and W content
(and therefore low Y/Ni and higher Cr/V; Fig. 11), suggests increased
volcanogenic influence, likely from a dominantly komatiitic precursor
(Hanor and Duchac, 1990; Nisbet and Fowler, 1999; Lowe and Byerly,
1999). We interpret these horizons of the Footbridge Chert as depos-
iting in a comparable highly restricted basin setting, subjected to
proximal subaerial volcanogenic input from komatiitic volcanism and
with very limited, if any, exchange with the open ocean. Furthermore,
in all other samples, despite their enrichment in HREE relative to LREE,
the La/La*pyuq, Ce/Ce*muq and Y/Y*yuo anomalies taken as diagnostic
of hydrogenous sedimentation are often suppressed or negligible in
bulk measurements. This is also consistent with deposition in semi-re-
stricted conditions (Bau, 1999; Bolhar et al., 2015; Gourcerol et al.,
2016), where inputs from continental weathering with high REE + Y
concentrations dilute anomaly magnitudes (see also Kato and
Nakamura, 2003). Notw ithstanding, HREE enrichment (low (Pr/
Yb)muo), together with w eakly positive La/La*yuo and Y/Y*pyg, in-
dicate some marine influence. Overall, bulk MuQ-normalised REE + Y
geochemistry indicates that all of these fossiliferous cherts show

evidence for deposition in semi-restricted basins with variable marine
influence resulting from periodic connection with the open ocean.
Eu/Eu*yyq in bulk ICP-MS measurements is almost always positive
(Figs. 6, 7B; Table 2). Customarily, positive Eu anomalies are ascribed
to hydrothermal fluids, which are otherwise devoid of LREE or HREE
enrichment and other anomalies (Danielson et al., 1992; Bau and
Dulski, 1996; Allwood et al., 2010; Gourcerol et al., 2015). The often
high REE + Y content of hydrothermal fluids relative to seawater
(Klinkhammer et al., 1994; Wheat et al., 2002; Van Kranendonk et al.,
2003; Tostevin et al., 2016) implies that hydrothermal inputs would, as
with basin restriction, mathematically reduce hydrogenous anomalies,
accounting for reduced La/La*pq, Ce/Ce*muo and Y/Y*p,o in Ar-
chaean seaw ater relative to modern seaw ater, to which hydrothermal
contributions are comparatively minor. The positive Eu/Eu*yyq in bulk
analyses (> 1.2 cf. Kerrich et al., 2013) therefore testifies to the re-
gional significance of hydrothermal influence in Archaean habitable
environments, which is likely a result of the advection of an Eu anomaly
throughout the Archaean w ater column (Danielson, 1992; Sugahara
et al., 2010; Allwood et al., 2010). Differences in Eu/Eu*y,q between
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Fig. 11. Bulk ICP-MS and in situ LA ICP-MS results of Cr/V versus Y/Ni qualifying the relative importance of ultramafic (komatiitic-basaltic), felsic and calc-alkaline,
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Formation samples, in situ LA ICP-MS results from non-microbial chert horizons (black symbols) also suggest ultramafic precursors whereas LA ICP-MS analyses
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the Middle Marker sediments (up to 1.46) and those of the Hooggenoeg,
Footbridge and Josefsdal cherts (up to 2.19, 1.95 and 2.02, respec-
tively) may indicate either the relative influence of hydrothermal fluid
or its temperature, i.e., a lesser quantity and/or low er temperature
hydrothermal fluids may have influenced the Middle Marker horizon,
and greater quantity and/or higher-temperature fluids the other studied
units.

Chondritic Y/Ho values together with positive Eu/Eu*y,o and low
La/La*\,q and Y/Y*uy,o in the Middle Marker horizon, Hooggenoeg
Chert H5c and Footbridge Chert (Fig. 7, S7) denote that precipitation on
the regional scale was strongly influenced by non-marine inputs; due to
the positive Eu/Eu*pmyq, this is seemingly most parsimoniously ex-
plained as fluids of hydrothermal origin (c¢f. Bolhar et al., 2005).
Nonetheless, the relative flatness of some patterns (i.e. high LREE
concentrations) denotes appreciable terrigenous input (Hoyle et al.,
1984; Elderfield et al., 1990; Bolhar and Van Kranendonk, 2007). As
indicated above, even though the Josefsdal Chert show s super-
chondritic Y/Ho ratios, i.e., marine input, the consistently high con-
centrations of LREE are also testament to strong terrigenous input. Of
the four studied cherts, w e suggest that all were influenced by terri-
genous contributes, but that the fossiliferous lithofacies of the Josefsdal
Chert w ere relatively most influenced by interaction w ith the open
ocean (Fig. 7C-D). This is sustained by the superchondritic Y/Ho ratios
in Josefsdal Chert samples, together w ith stronger La, Eu and Y
anomalies (Fig. 7A-B) that denote the influence of seaw ater with hy-
drothermal fluid signals advected throughout the water column. Pre-
vious trace and REE palaeoenvironmental reconstructions from Ar-
chaean cherts have found little evidence for such strong terrigenous
influence before the Mesoarchaean (3.0-2.9 Ga), the most ancient ex-
amples of similar environmental setting being those from the Pongola

Supergroup (Bolhar et al., 2015) and Mount Goldsw orthy greenstone
belt (Sugahara et al., 2010). Only Kato and Nakamura (2003) have
convincingly suggested exposed granitoid-like bodies, though the ex-
tent of these bodies is uncertain. Our findings are thus inconsistent with
the prevailing view of exposed Archaean landmasses as very minor
volcanic islands (see references in Section 1.1.) and suggest that sig-
nificant exposed continental landmasses featuring rivers with sig-
nificant reach had already developed during the Palaeoarchaean. The
initiation of continent building is proposed to have commenced during
the Palaeoarchaean (e.g. Cawood et al., 2018), and the less fractionated
REE + Y patterns reported herein support such early development of
subaerial landmasses.

Overall, the bulk REE + Y patterns (ICP-MS results) for all studied
units indicate a complex redox scenario: the regional environment
w ithin w hich w idespread, shallow -w ater,Palaeoarchaean microbial
mats flourished w as characterised by hydrogenous sedimentary de-
position w ith clear influence from non-marine sources, particularly
terrigenous inputs and hydrothermal fluids (Figs. 6-7). In the Pa-
laeoarchaean, terrigenous input would likely have mostly derived from
the weathering of volcanogenic landmasses of dominantly mafic com-
position (Fig. 11).

In terms of geomorphology, the regional-scale environments of de-
position of these four cherts were therefore semi-restricted water bodies
w ith variable marine influence at the margins of emergent volcanic
landmasses, a schematic of whichis presented in Fig. 12. These epi-
continental basins w ere subjected to inputs from seaw ater plus hydro-
thermal fluids, show n by their REE + Y patterns (Fig. 6) and their
position on Eu/Sm versus Sm/Yb mixing lines (Fig. 7C), but also to
strong influences from continental, volcanogenic, terrigenous material,
evident both from high trace and REE contents (Figs. 5-6) and their
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an important driver or factor in biogeochemical cycles on the early Earth. The balance of these biomes was presumably driven by a combination of volcanic, marine,
hydrothermal and riverine activity. Superscripts corresponding to each biome indicate example Archaean units: 1a) Fortescue Group (Bolhar and Van Kranendonk,
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Hooggenoeg Chert H5c, Footbridge Chert, Josefsdal Chert (this study); 3) Mount Goldsworthy-Mount Grant cherts (Suguhara et al., 2010; Sugitani, 2018), Kromberg
Formation horizons (Walsh, 1992; Oehler et al., 2017); 4) Kangaroo Caves (Rasmussen, 2000); 5) Buck Reef Chert (Walsh, 1992; Tice and Lowe, 2006a,b; Greco et al.,

2018), stratiform ‘Apex chert’ (Hickman-Lewis et al., 2016); 6) Sub-seafloor biome (Furnes et al., 2004, 2007).

position on (Pr/Nd)muq Vversus Y/Ho mixing lines (Fig. 7D). Previous
field and petrographic evidence, showing copious sedimentary evidence
for shallow -w aterdeposition in shoreface and tidal shelf settings has
indicated a coastal environmental setting for these cherts (Lanier and
Low e, 1982; Low e and Byerly, 1999; Hofmann, 2011; Westall et al.,
2015; Hickman-Lew is et al., 2018a), but the true significance of con-
tinental w eathering inputs to these microbial biomes has been pre-
viously unrecognised. Nonetheless, the co-occurrence of terrigenous
environments leading into semi-restricted epicontinental seas, even-
tually leading into the open oceans are consistent with geomorpholo-
gical aspects of the hydrological cycle. Our findings of suppressed La,
Eu and Y anomalies, together with the flat, LREE-enriched normalised
REE + Y patterns characterising all studied microbial horizons is
consistent only with REE + Y inheritance from continental outflow into
basins having variably restricted communication with the open ocean.
The chemistry of the source rocks may be estimated for these metase-
diments by separating the trace elements enriched in ultramafic, felsic
and intermediate calc-alkaline, and mixed volcanic sources (Fig. 11).
Plotting Y/Ni against Cr/V determined by bulk ICP-MS shows that all
bulk samples plot clearly within the ultramafic field (Fig. 11), i.e., the
predominant composition of the continental landmass in each case was
mafic-komatiitic.

In restricted environments such as these, pH may be estimated from
Ce/Ce*muo: When pH > 5, REE + Y patterns exhibit negative Ce/
Ce*muq, Whereasat pH < 5, a positive Ce/Ce*\yq is generated (see Bau,
1999; Gourcerol et al., 2016). Although most samples show no ‘true’ Ce/
Ce*mug (falling within Zone I of the Pr-Ce anomaly diagram of Bau and
Dulski, 1996; Fig. S7), negative Ce/Ce*\yq values in the Middle Marker
horizon suggest that the unit deposited in an environ-ment withpH = 5.
In the Josefsdal Chert, both alkaline and strongly acidic pH values are
indicated, i.e. the ambient pH fluctuated, perhaps due to the presence of
fluid cycling through volcanic glass before re-acting w ith overlying
acidic seaw ater(Hofmann and Harris, 2007; Shibuya et al., 2010). Ce
anomalies are insignificant in both the Hooggenoeg Chert H5c and the
Footbridge Chert, suggesting either that the pH w asaround 5, w hichis
consistent w ithsome estimates of

Archaean ocean pH (e.g. Pinti, 2005) or that the pH is indeterminable
from the studied samples.

4.2. Characterisation of biomes preserved in Barberton cherts

Through a comparison of i) bulk ICP-MS analyses, quantifying the
‘regional’ or ‘local’-scale redox landscape (Figs. 4-7, 11), and ii) in situ
LA ICP-MS analyses quantifying the fluid chemistry of individual mi-
crobial horizons (Figs. 8-11), one can distinguish differences between
the geochemistry of the microbial palaeoenvironment (the biome, this
section) and its wider redox landscape (the habitat; Section 4.1.). In this
section, w e discuss exclusively the characteristics of Palaeoarchaean
microbial biomes determined using transect LA ICP-MS analyses
through mat-bearing horizons (cf. schematic in Fig. 1).

In all studied samples, REE + Y patterns in microbial horizons are
notably flatter than the bulk signal (Fig. 8). Follow ing the rationale
above, this suggests that Palaeoarchaean photosynthetic biomass
flourished w here significant inputs from exposed continental land-
masses influenced the habitat. Such inputs have high concentrations of
LREE relative to hydrogenous deposition (Hoyle et al., 1984; Elderfield
et al., 1990; Kato and Nakamura, 2003; Bolhar and Van Kranendonk,
2007). Both the REE + Y patterns of LA ICP-MS data and plots of these
data onto Eu/Sm versus Sm/Yb and Y/Ho versus Pr/Ndy,q mixing lines
suggest that all biomes were influenced by seawater, terrigenous inputs
and, to a lesser extent, hydrothermal fluids (Figs. 8 and 9). The higher
absolute concentration of REE + Y, especially high LREE and the al-
most complete suppression of anomalies in the patterns (Fig. 8) is
consistent with dominantly riverine-derived aqueous chemistries. Y/Ho
versus Pr/Ndyyq diagrams show significant terrigenous contributions in
the four studied units (Fig. 9) compared to, for example, Precambrian
banded iron formations (Gourcerol et al., 2016) or microbial carbonates
(Van Kranendonk et al., 2003; Allw ood et al., 2010). Mostly sub-
chondritic and supra-chondritic Y/Ho ratios suggest limited seawater
influence. Eu/Sm versus Sm/Yb mixing line calculations quantitatively
estimate that, while microbial biomes themselves show low (negligible
to 2%) hydrothermal contribution, the local environment (habitat;
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Section 4.1.) was comparably more influenced (up to 8%). Therefore,
w idespread, presumably photosynthetic, microbial mats flourished
during periods of decreased hydrothermal input, correlating with de-
creased volcanism and increased local erosion and input of terrigenous
material. Indeed, all studied horizons are essentially volcanogenic
(Lanier and Lowe, 1982; Walsh, 1992; Lowe, 1999; Low e and Byerly
et al., 1999; Westall et al., 2015).

Whereas non-microbial horizons and all bulk samples plot within
the ultramafic region of the Y/Ni versus Cr/V plot, microbial horizons
plot dominantly w ithin the mixed sources region, denoting that the
influx of continental w eathered substrate seems to have been more
mineralogically diverse during periods of microbial colonisation
(Fig. 11). Such correlation between the flourishing of microbial life and
the evolved or fractionated nature of the substrate underlines the im-
portance of small emerged landmasses — of greater lithological and
mineralogical diversity than oceanic crust due to subaerial weathering —
as loci of well-developed microbial communities. We propose that this
is a consequence of both the wide range of bio-functional elements
provided by mixed igneous source rocks, and the disequilibrium con-
ditions present in basins characterised by the confluence of mixed fluid
inputs. An ever-evolving interplay betw een sedimentation, ocean
chemistry and microbiology thus led to w idespread epibenthic Pa-
laeoarchaean biomes occupying a delicate, complex biogeochemical
niche driven by fluid inputs (Fig. 9), substrates (Fig. 11) and physical
constraints resulting from volcanogenic sedimentation (Fig. 12). Such
complex geochemical conditions w ould certainly have resulted in a
diversity of metabolic pathways used by microbes in the biome. Within
tens to hundreds of metres of lateral continuity in the ecosystem, it is
likely that thermophilic organisms dependent upon hydrothermal heat
and nutrients and non-thermophiles w ithout such requirements, co-
existed. The microbial mats studied herein appear to represent the
latter group.

Although the LA ICP-MS patterns appear flat, they retain, particu-
larly within microbial horizons, the superchondritic Y/Ho ratios and
w eak anomaly characteristics of seaw ater, w hich are marginally
strengthened in layers of biomass relative to the surrounding non-mi-
crobial layers (compare green and grey boxes in Fig. 10). Although
oxyhydroxides, which are enriched within microbial layers, select Ho
over Y, the chondritic/sub-chondritic Y/Ho ratios expected in microbial
mats (Censi et al., 2013) are not observed in our mat transect analyses.
Furthermore, we can discount a control of the REE + Y signal by se-
dimentary organic matter (Takahashi et al., 2005; Freslon et al., 2014),
both since we analysed only chert (SiO5) within fossiliferous horizons,

and not the organic material itself, and since we do not observe the
MREE and HREE enrichments associated w ith scavenging by organic
matter. The small-scale anomaly and Y/Ho fluctuations observed
through the transects (Fig. 10) are thus primary and indicate that
periodic seawater recharge into the basin drove microbial colonisation
of nutrient-rich, mineralogically diverse substrates during periods of
fluid disequilibrium between hydrothermally influenced marine influx
and terrigenous outflow . These fluctuations underscore the semi-re-
stricted nature of the basins (Fig. 12).

The negative Eu/Eu*yo in transect analyses may partly result from
inner sphere MREE binding onto carboxylate and phosphate sites in
microbial cellular and extracellular material (Censi et al., 2013) of
autochthonous and allochthonous origins, for example relict biogenic
detritus, rip-up and roll-up mat fragments, EPS and other macro-
molecular carbon. This is, how ever, inconsistent with the lack of evi-
dence for any other interaction betw een organic materials and REE in
these samples. Gao and Wedepohl (1995) suggested that the negative
Eu/Eu*yyq in some Archaean rocks is explained by the denudation of
granitic-granitoid material in the source region. Kato and Nakamura
(2003) also linked the erosion of differentiated and evolved plutonic/
volcanic rocks, specifically granitoids, to negative Eu anomalies in
metasediments from the Marble Bar greenstone belt. If such granite-
granitoid chemistries interacted with the terrestrial hydrosphere during
periods of alkaline aqueous chemistry, they could conceivable con-
tribute to the negative Eu/Eu*y,q in REE + Y signals in the resulting
chemical precipitate. The question of negative Eu*/Euy,o nonetheless
remains open to discussion.

To summarise this section, our LA ICP-MS transect analyses de-
monstrate that exposed landmasses (continents) in the Palaeoarchaean
provided oases around or upon which well-developed microbial biomes
flourished (Fig. 12). These biomes w ere characterised by a complex
interplay of marine and riverine chemistries resulting in MuQ-normal-
ised REE + Y patterns with the characteristics shown in Fig. 13. Since
REE + Y patterns rapidly fractionate in estuarine settings (e.g.,
Elderfield et al., 1990; Bau, 1999), the endurance of the riverine pattern
observed in our results necessitates a significant degree of basin re-
striction and/or w ell-developed river systems. Anastomosing river
systems w ith long reaches are consistent w ith greenstone belt archi-
tecture (Krapez and Barley, 1987; Thurston, 2015) and w ith the
maintenance of riverine-type REE + Y chemistry in the sedimentary
record. Ecosystems within the epicontinental basin biome reconstructed
herein may have repeatedly proliferated as a function of diverse mi-
neralogies provided by mafic-felsic (continental) w eathering inputs



(Fig. 11) together with periodic basin recharge by seaw ater (elevated
Y/Ho and positive La/La*yuo and Y/Y*y0).

The fact that this river-influenced epicontinental signature is re-
currently identified in the four studied horizons, collectively spanning
150 Ma, which corresponds to much of the Palaeoarchaean fossil record
of South Africa, implies that emergent landmasses w ere relatively
common at this time. Evidence for the subaerial exposure of landmasses
(Kato and Nakamura, 2003; Westall et al., 2011; Sugahara et al., 2010;
Djokic et al., 2017; Homann et al., 2018) and the development of major
crustal bodies of importance to the process of continent-building
(Hickman, 2012; Kamber, 2015; Van Kranendonk et al., 2015; Dhuime
et al., 2015; Cawood et al., 2018) are increasingly reported from Early
Archaean sequences. Our findings substantiate that partially restricted
epicontinental basins — likely resulting from the changing nature of
global crust, and the rigidity of the resulting continental materials —
provided the ideal regional geomorphological and geochemical theatres
to sustain w idespread biomes of early life. The epicontinental basin
biome may have been as important to global biogeochemical cycling as
oceanic biomes, and may have served as an intermediate stage between
the earliest life at oceanic hydrothermal regions (Nisbet and Fowler,
1996, 1999) and the first conquest of land by approximately 3.2 Ga
(Homann et al., 2018). Denoting the fine-scale characteristics of the
hitherto unrecognised Palaeoarchaean epicontinental basin biome was
possible only through coupling bulk and in situ trace and REE sys-
tematics.

4.3. Biome reconstruction in the Archaean

The REE + Y patterns reported within these microbial horizons are
unique for the Palaeoarchaean (Fig. 8). Although most previous
REE + Y studies of carbonaceous cherts have suggested over-
whelmingly marine palaeodepositional environments for fossil-bearing
cherts (e.g. Kamber and Webb, 2001; Van Kranendonk et al., 2003;
Hofmann and Bolhar, 2007; Hofmann and Harris, 2008; Allwood et al.,
2010), we suggest that this might be an issue of analytical scale, evident
in that the bulk ICP-MS analyses herein produced similar results, dis-
tinct from in situ laser ablation analyses. Bulk analyses are not, how-
ever, applicable at microbially relevant resolutions.

Terrigenous, epicontinental sea-type biomes as described herein
had, prior to this study, been found only in units up to 3.0 Ga
(Grassineau et al., 2002; Kamber et al., 2004; Bolhar and Van
Kranendonk, 2007; Sugahara et al., 2010; Stiieken et al., 2017). Ter-
restrial palaeoenvironments in the Moodies Group (Homann et al.,
2018) and the Dresser Formation (Djokic et al., 2017) suggest that
exposed landmasses may also have permitted an Archaean biome ad-
jacent to the presumably more widespread epicontinental marine biome
described herein, but only in the case of the Moodies Group has the
regional significance of the biome been demonstrated. In the Pa-
laeoarchaean, the limited recognition of terrigenous signals likely re-
sults from the masking of diagnostic parameters (such as Y/Ho ratios
and the suppression of anomalies) by an overwhelmingly major marine
hydrogenous signature in whole rock analyses.

Nisbet (1995, 2000), Nisbet and Fowler (1999) and Nisbet and Sleep
(2001) presented the first palaeoecological hypotheses for the diverse
biomes of Archaean life. As justly noted therein, at the time, much of
our understanding of the distribution of life on the early Earth was
predicted or surmised (Nisbet, 2000), but an increasing awareness of the
range of biosignatures dating from the earliest geological record means
that this is no longer true. The distribution of early life was raised again
a decade later by Brasier et al. (2011), w ho noted that a lack of ap-
preciation of the diversity of early life may also result from a reduc-
tionist prejudice to focus only on a restricted range of environments.

Environmental evolution through the early stages of Earth history
follow s an anaerobic to aerobic evolutionary trajectory (Knoll et al.,
2016). This trajectory is presumably linked to the progressive opening
of ecological niches as the mineralogy of the Earth diversified. The

Palaeoarchaean marine realm w as doubtless characterised by a rich
diversity of microbial life, both in shallow-water coastal environments
and possibly within the water column (Nisbet, 2000; Nisbet and Sleep,
2001; Hickman-Lew is et al., 2018b; Sugitani, 2018). Chemosynthetic
biomes in the deposits around hydrothermal vent systems and in the
subseafloor are a further ecosystem which has yet to be fully appraised
in the Archaean (Rasmussen, 2000; Furnes et al., 2004, 2007; Westall
et al., 2015; McMahon and Ivarsson, 2019). Emergent and terrestrial
niches inhabited by radiotolerant, halotolerant microbial life were
seemingly a more minor biome, occurring sporadically throughout the
ancient rock record (Westall et al., 2011; Djokic et al., 2017; Homann
et al., 2018), although this could also be a function of palaeoenviron-
mental preservation potential. We here add a w ell-defined epiconti-
nental basin biome to this suite (Fig. 12), which is habitable by virtue of
the complex interactions of hydrogenous and terrigenous inputs within.
The geochemical signatures of the epicontinental basin biome that
elucidate its semi-restricted nature, summarised in Fig. 13, should be
eminently discernible elsewhere in the geological record when analysed
at similarly high microstratigraphic resolutions as herein.

Historical geobiology research is at a point of expansion: multiple
scales of geological and geochemical assessment may unveil, as de-
monstrated through our analytical approach, similarities betw een fos-
siliferous units in deep time. This may allow the construction of a
biogeographical model of the Archaean Eon which should yield biome-
level evolutionary trajectories co-evolving w ith the geosphere. Such
large-scale appraisals relevant to the co-evolution of Earth and Life,
rather than traditional approaches of estimating the Archaean biogeo-
chemical landscape on a microfossil-by-microfossil basis, provide a
multi-resolution correlative palaeoecological lens through w hich bio-
geochemistry on the Archaean Earth may be reconstructed.

5. Conclusions

This contribution permits tw o conclusions advancing our current
understanding of the biogeochemical landscape of the early Earth:

I) At high analytical resolutions, differences between the geochemical
environment of early life (the biome) and that of the wider region
(the habitat) are evident. Studies reporting exclusively shallow
w ater marine depositional conditions for Archaean microbial mat-
bearing cherts may have mistakenly made this conclusion as a result
of conducting only bulk analyses in w hich fine-scale, fluctuating
REE + Y signals are overwhelmed by signals reflecting the regional
depositional environment. Herein, studying four microbial horizons
spanning around 150 Ma, we have shown that complex fluid che-
mistries — driven by continental w eathering — correlate with well-
developed microbial mat ecosystems. This is consistent with modern
biological oceanography: 50-75% of primary productivity occurs in
disequilibrium interfaces close to riverine outputs into marine-
dominated water bodies (Jeandel and Oelkers, 2015). Future geo-
biological studies must focus on multi-scalar geochemistry in order
to identify the defining characteristics of the palaeo-biome.

Epicontinental basins fuelled by riverine w aters from continental
w eathering (perhaps fluxes of rainfall; ¢f. Arndt and Nisbet, 2012)
w ere regionally important biomes of the Palaeoarchaean. These
biomes, existing at the hydrosphere-geosphere-atmosphere inter-
face, were an anoxygenic “Matworld” (cf. Lenton and Daines, 2016)
and w ere likely important in the regulation of biogeochemistry
throughout deep time. Prior to globally distributed large continents,
systems of Archaean basins (c¢f. Nijman et al., 2017) teeming with
netw orks of anoxygenic microbial life extended across portions of
the early Earth. Biome diversity would have increased during the
Mesoarchaean-Neoarchaean, and again during the Great Oxygena-
tion Event. Trajectories of emerging metabolic networks within such
critical transitional periods may be observable through the re-
construction of biomes. This may be of particular interest for the
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period betw een 3.2 and 2.7 Ga, during w hich much continental
crust developed and available biological niches presumably di-
versified significantly.
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