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SUPPLEMENTARY DATA 

Figure S1. Examples of measured XANES spectra, including inorganic As mineral 
standards, samples and LCF spectra fits. A: XANES mineral standards for As 
sulfides, arsenate, and arsenite. These are commonly encountered in sedimentary 
environments arsenate = As2O5 and As2O3 = arsenite (both which bind the iron (III) 
oxide sink), FeAsS = arsenopyrite, FeAs2 = Löllingite, As4S4 = pararealgar, As2S3 = 
orpiment, Cu2AsS4 = enargite (a copper sulfate mineral) (Cullen and Reimer, 1989; 
Smedley and Kinniburgh, 2002; O’Day, 2004). B: Example of the XANES spectrum 
for a 2.45 Ga sample from South Africa. C: XANES spectrum for a 1.98 Ga sample 
from the Zaonega formation. D-F: XANES spectra examples from 2.48 Ga (D), 2.32 
Ga (E), and 2.08 Ga (F), respectively. In panels B-F the measured data are marked 
by red circles and the LCF fits (performed with the Athena software) are plotted in 
blue lines.  Arsenate mineral phases were detected in 48.4% of the samples 
compared to only 3.2% for arsenite. Of the As-S minerals, As associated with 
löllingite was identified in 42% of the samples, followed by pararealgar-like phases 
(22.6%), arsenopyrite (12.9%), orpiment-like mineral phases (3.2%) and 0% for 
enargite.  
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Figure S2. X-Ray Fluorescence (XRF) spectra for selected shale examples, 
progressing from the oldest to the youngest analyzed sediment. In the oldest 
samples (A-C) arsenic is below the detection limit < 1 ppm: its X-ray fluorescence 
peak cannot be separated from the scattered Compton background. 
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Figure S3. (A) Compiled data showing relationship between As and Fe2O3 (n=95) in 
Francevillian samples. Vertical and horizontal shading represent range of values 
corresponding to 2.15-2.12 Ga (red circles) and 2.08 Ga (black circles), respectively. 
The age model cuts up through the stratigraphy of the Francevillian Series, from the 
FB1a, FB1c, FB2a, FB2b, FBc and FD formations (see Canfield et al., 2013). (B) 
Pyritized (n=7) and non-pyritized (n=5) shales in thin pyritized shale lenses located 
within the predominantly non-pyritized shale deposits. (C) As enrichment factors for 
pyritized and non-pyritized shales relative to the upper continental crust (UCC) 
(McLennan,  2001), calculated as (As/Al)sample/(As/Al)UCC (Tian and Luo, 2017). 
Bars in B and C are a single standard deviation from the mean. See details under 
supplementary discussion on arsenic cycling in Franceville. The high enrichment of 
As in the pyritized vs. non-pyritized shales suggests that care should be taken when 
individual pyrite crystals are used to infer seawater As content and provides support 
for data normalization to total shale Fe content. 
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Figure S4. Relationship between Mo and As for shales in the FB, FC and FD 
formations of the Francevillian Series (n=95) deposited 2.15-2.08 Ga. A: 
Relationship between Mo and As in total dataset. B: Relationship between Mo and 
As deposited from sulfide-rich waters of the FD formation. C: Relationship between 
Mo and As deposited from the non-sulfidic waters of the FB and FC formations. See 
Figure 5S and Canfield et al. (2013) for a description of the stratigraphy and redox 
depositional reconstruction for the Franceville basin. Mo is used as a proxy for 
sulfidic waters (e.g., Canfield et al., 2013; Reinhard et al., 2013; Vorlicek et al., 2018). 
For further details, see supplementary discussion concerning arsenic cycling in the 
Francevillian series. 
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Figure S5. The stratigraphic distribution of As, Mo and Fe oxides in the Franceville 
Series. See Canfield et al. (2013) for a detailed stratigraphic description. Moving up 
section from the FB1a formation, conditions transition with changing sea levels from 
fully oxygenated, to mainly ferruginous/manganous in FB1c-FB1a, then to fully 
oxygenated in FB2a-FB2b, before transitioning to deeper sulfide-rich waters (euxinic) 
in the overlying, youngest FD formation (Canfield et al., 2013). Expand page size to 
see details. 
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Figure S6. Average As(V) content in the FB1 and FD formation black shales 
compared to the GOE Timeball Hill formation black shales. Bars represent one 
standard deviation from the mean.  
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SUPPLEMENTARY INTRODUCTION		
Arsenic mineralogy, sources and sinks		
Of an estimated 320 As minerals known to date, only 10 are common in rocks, 
sediments, and soils (Henke, 2009; Foster, 2003). A bulk of these arsenic 
minerals exists as inorganic elemental As, arsenate, arsenic sulfides (As-S), and 
arsenides (e.g., NiAs2, (Co,Fe)As2, (Co,Ni)As3, Cu6As, Cu3As,	 (Fe,Ni,Co)As2, 
(Os,Ru)As2, (Fe,Ni)As); with arsenite and arsenate minerals being the most 
abundant in nature (Cullen and Reimer, 1989; Maher and Butler, 1989; Smedley 
and Kinniburgh, 2002; Garelick et al., 2008; Henke, 2009). Typically, arsenate 
makes up 60% of all arsenic minerals in modern environments, As-S and 
sulfosalts make up 20%, followed by arsenides, elemental As, arsenite, and As in 
silicates and oxides, making up the remaining 20%, respectively (Garelick et al., 
2008). As with most metalloids, the toxicity of As is linked to these various 
oxidation states.	
	
	
Arsenic in rocks		
Oxidative weathering, reductive dissolution of iron oxides, reactive dissolution of 
glass, alkaline desorption, and the dissolution of minerals containing competitive 
anions via desorptive anion exchange are all believed to be the primary pathways 
by which As is released from volcanic rocks into the hydrosphere (Smedley and 
Kinniburgh, 2002; Casentini et al., 2010; Banning et al., 2012; Savoie, 2013; de 
Sena Ferreira, 2016). In particular, the weathering of silicic volcanic rocks (e.g., 
felsic rocks) that are abundant in the upper continental crust, leads to arsenic 
mobilization (Webster et al., 2003; Price et al., 2013). For example, hydrothermal 
fluids associated with continental felsic magmas contain elevated levels of As 
(Yang and Scott, 1996; Fleet and Mumin, 1997; Muntean et al., 2011; Price et al., 
2013). Most of the mineral-bound As in these volcanic rocks is associated with 
chalcopyrite, pyrite, arsenopyrite (FeAsS), pyrrhotite, marcasite, orpiment 
(As2S3), realgar (or pararealgar; As4 S4), galena, sphalerite, arsenian pyrite 
(Fe(As,S)2) and various rock-forming arsenides, and to some degree silicate 
minerals like quartz, pyroxene and feldspars (Smedley and Kinniburgh, 2002; 
Garelick et al., 2008; Henke, 2009).	
	
Oxidative dissolution of sulfide-bearing phases in these silicic volcanic rocks 
constitute one of the most potent pathways for the release of large quantities of 
As from volcanic rocks into aquatic ecosystems (see Sena Ferreira, 2016). The 
weathered As, in turn, either forms sedimentary As minerals through the 
incorporation of As into clays, carbonate minerals, or zeolites, or it is transported 
by rivers to the oceans where it is subsequently sequestered by various oxides, 
As-S minerals, or other mineral phases (Smedley and Kinniburgh, 2002; Garelick 
et al., 2008; Savoie, 2013; de Sena Ferreira, 2016). Accordingly – and as 
explained in detail below – the bulk of this As in sediments is either adsorbed 
onto the surface of Fe(III)(oxyhydr)oxides or substituted in sulfide and As-S 
minerals, depending on sulfide concentrations and the ambient seawater and pH 
conditions (Cullen and Reimer, 1989; Maher and Butler, 1989; Smedley and 
Kinniburgh, 2002; Garelick et al., 2008).



	

	

Arsenate and arsenite minerals		
Arsenate (+5) and arsenite (+3) are the most common oxidation states 
associated with As-bearing minerals in oxygen-rich and oxygen-poor/sulfide-poor 
environments, respectively. The polymorphs, arsenolite and claudelite (with the 
chemical formula, As2O3) are the two most abundant arsenite minerals in nature 
(Henke et al., 2009). They can form following the weathering of As-S, arsenides, 
and elemental As minerals (Nordstrom and Archer, 2003). The moderately water-
soluble arsenolite and claudelite dissolve in water to form arsenious acid 
(H3AsO3) and various ions, depending on pH.	
	
Arsenate is a weathering product of igneous and metamorphic rocks, elemental 
As, As-S, and various arsenides (e.g., Westerveldite (FeAs), Sperrylite (PtAs2) 
skutterudite-(Co,Ni)As3, Chloanthite-(Ni,Co)As3-x (where x=0.5-1.0), nickline 
(NiAs), and löllingite (FeAs2), amongst others (Henke, 2009)). For example, the 
oxidation of chloanthine produces annabergite (Ni,Co)3(AsO4)2.8H2 O and/or 
erythine (Co3(AsO4)2.8H2O) – see below for a brief discussion on how the 
oxidation of As-S leads to the accumulation of arsenate in the environment. 
Depending on pH, arsenate exists in solution as H3AsO4 0, H2AsO4

-, HAsO4
2 -, 

or AsO4 3- (Smedley and Kinniburgh, 2002; Henke, 2009). Together with the 
various arsenite species, these arsenate ions are the most abundant forms of As 
in natural waters at pH 4-10 (Cullen and Reimer, 1989; O’Day, 2006). Under 
these conditions, they readily bind to Fe(III)(oxyhydr)oxides to different degrees, 
and are subsequently removed from solution (Smedley and Kinniburgh, 2002; 
O’Day, 2006; Chi Fru et al., 2016a; Hemmingsson et al., 2018). It is, therefore, 
conceivable that during the Precambrian when banded iron formations (BIFs) 
were forming over large temporal and spatial scales, that the concentration of As 
in seawater was recorded by preferential uptake onto Fe(III)(oxyhydr)oxide 
surfaces. This is supported by a strong, positive linear relationship between As 
removal and Fe(III)(oxyhydr)oxide precipitation (Feely et al., 1991; Chi Fru et al., 
2015).	
	
Due to the chemical and physical similarity between arsenate and phosphate, 
arsenate can form calcium arsenate minerals (Ca5(AsO4)3(OH)) similar to apatite 
(Ca5(PO4)3(F,Cl,OH)). Concentrations of up to 1000 ppm As have been reported 
in substituted apatite minerals (Smedley and Kinniburgh, 2002; Garelick et al., 
2008). These calcium arsenate minerals may be weathered from terrestrial 
environments in a similar manner to the oxidative weathering of apatite, which is 
a dominant pathway for the supply of phosphate to the oceans (e.g., Compton et 
al., 2000; Guidry and Mackenzie, 2000). Conversely, apatite becomes a potential 
As sink in sedimentary environments where it is formed, and phosphate is 
substituted with arsenate (Garelick et al., 2008). However, apatite is not a major 
mineral in our sample set, and in our study it was unlikely to have been a 
significant As sink.	



	

	

Arsenic sulfides 
Since the chemistry of As closely follows that of S, As may be substituted for S in 
a number of sulfide minerals (Arehart et al., 1993; Smedley and Kinniburgh, 
2002; O’Day, 2004; O’Day’s et al., 2006; Blanchard, 2007; Couture et al., 2013; 
Vaughan and Corkhill, 2017). Arsenic concentrations in sulfide minerals, such as 
galena, sphalerite, chalcopyrite, marcasite, pyrite, etc, can exceed 10 wt.% 
(Smedley and Kinniburgh, 2002; Garelick et al., 2008). The formation of these 
As-S minerals is promoted by conditions where pH <5.5 and Eh<0, and sulfide-
rich conditions where As-S sulfides are stable at As concentrations >10-6.5 mol L-

1. Solid As-S phases diminish at As concentrations <10- 5.3 mol L-1 (Garelick et 
al., 2008). Typically, As bearing minerals in volcanic rocks and hydrothermal ore 
deposits form under reducing conditions and occur mostly as As-S and arsenide 
minerals (Henke, 2009). As discussed above, upon exposure to oxidative 
weathering, these minerals rapidly weather and transform into arsenite (As(III)) 
and arsenate (As(V)) minerals (Smedley and Kinniburgh, 2002; Henke, 2009). 
Similarly, sulfide minerals tend to form in reducing sedimentary environments 
where sufficient sulfate concentrations are present, which support sulfate-
reducing microbial communities and, in turn, the generation of sulfide mineral 
phases. These sulfide minerals incorporate and preserve As in their crystal 
structures (Smedley and Kinniburgh, 2002).	
	
Arsenopyrite, the most abundant As-S mineral in the environment, can contain As 
with varying oxidation states. As(V) is the major end product in oxygen-rich 
environments and As(III) in oxygen-poor environments. Arsenate may react with 
Fe(II) to form amorphous Fe(III) minerals, such as scorodite (FeAsO4 .2H2O) 
(Nesbitt et al., 1995; Schafuss et al., 2000; Williams, 2001; Craw et al., 2003), 
while some As(III) and As(V) bind to precipitating Fe(III)(oxyhydr)oxides and are 
rapidly removed from solution (Smedley and Kinniburgh, 2002).	
	
Since As-S and arsenide minerals are ubiquitous in volcanic rocks comprising the 
upper continental crust, they would have played a key role in the supply of As to 
the ancient oceans during the initial rise of atmospheric oxygen (termed the Great 
Oxidation Event, GOE) at around 2.4 billion years ago. It has been proposed that 
during the GOE, a largely untapped sulfide reservoir would have been weathered 
as the result of increasing atmospheric oxygenation and that this would have led 
to the mobilization of acid soluble elements, such as Cr, in a manner akin to 
modern acid mine drainage (Konhauser et al., 2011). The sulfate formed was 
transported via rivers and groundwater to the oceans where sulfate-reducing 
microorganisms subsequently produced dissolved sulfide in marginal marine 
settings (Poulton and Canfield, 2012; Reinhard et al., 2013). Sulfide minerals 
precipitating from these early near-continental margin oceans, from which our 
samples originate, would have bound As to form various As-S minerals, such as 
orpiment, realgar, and arsenopyrite. These minerals were then buried in the 
sediment pile beneath the sulfide-rich water column. Up to 200-5000 mg/kg of As 
is recorded in most pyrites, with even greater amounts existing as nanoparticles 
in association with arsenopyrite minerals (Welch et al., 2000; Reich and Becker, 
2006; Henke, 2009). In this study, we use XANES to identify and quantify the	
	
	
	
	

10



	

	

abundance of a variety of key As-S minerals known to precipitate from sulfide-
rich waters.	
	
Arsenate and arsenite may both adsorb to Fe(III)(oxyhydr)oxides, while arsenate 
also commonly substitutes for phosphate and sulfate in various minerals. Typical 
arsenate-rich minerals (e.g., jarosite) commonly precipitate in sediments affected 
by acid rock drainage. This certainly may have been the case following the rise of 
atmospheric oxygen and the acid rock drainage suggested to have occurred 
immediately following the onset of the GOE (Konhauser et al., 2011). Indeed, 
despite never having been originally considered by the latter authors, it is likely 
that this process also generated a significant flux of arsenate to the oceans.	
	
	
Organoarsenicals		
These are not minerals per se, but instead they tend to occur in biological 
materials. Although organoarsenicals have been detected in waters, soils, 
sediments, and rocks, they are not as abundant in the geologic record as 
inorganic arsenates, arsenites, and As-S minerals. The sparring abundance of 
organoarsenicals in the geological record is probably due to the recycling of 
organic compounds to inorganic As phases during settling through the water 
column and sediment diagenesis (Cullen and Reimer, 1989, Maher and Butler, 
1989; Francesconi and Kuehnelt, 2002; Smedley and Kinniburg, 2002; Henke et 
al., 2009). Most notably, organic As species are only stable in very low Eh 
environments (Gupta and Chen, 1978; Garelick et al., 2008). Organic arsenicals 
are, therefore, not a primary focus of this study, but are noted as important 
strategies that may have enabled life to cope in early arsenic-rich oceans (Chen 
et al., 2017).	
	
	
Redox arsenic cycling		
The redox potential of the As(V)/As(III) couple, which falls between the range of NO3 
-/NO2

- and Fe2+/Fe3+, results in the oxidation of As(III) to As(V) in nature by O2, 
nitrate, and Mn oxides, through both biotic and abiotic processes (for details, see 
Oremland, et al., 2002a, 2002b; Toumassat et al., 2002; Budinoff et al., 2008; Kulp et 
al., 2008; Bhandar et al., 2012; Samantha et al., 2016; McCann et al., 2017; Zhang 
et al., 2017 and references therein). Particularly,	 the appearance of red beds in the 
Paleoproterozoic (Stanworth et al., 1984; Schröder et al., 2011; Bankole et al., 2016) is 
evidence that the Fe2+/Fe3+ redox threshold was crossed, confirming the requisite 
conditions for the oxidation of As(III) to As(V) were met.	
	
The redox behavior of As in the environment is such that in anoxic sulfide-poor 
environments, dissolved As(III) can be oxidized by anoxygenic photosynthesizing 
bacteria to form As(V) (Oremland and Stolz, 2002; O’Day et al., 2004; O’Day, 
2004; Budinoff et al., 2008; Kulp et al., 2008; McCann et al., 2017; Zhang et al., 
2017). Under oxidizing conditions, As(III) and various arsenides that occur in 
volcanic rocks, are oxidized by O2 and MnO2 to As(V) (see for example, 
Oremland, et al., 2002a, 2002b; Toumassat et al., 2002; Samantha et al., 2016 
and references therein). In sulfide-rich environments,



	

	

As-S minerals form, removing As from solution (O’Day et al., 2004; O’Day, 2004; 
Godelitsas et al., 2015). In the presence of oxygen, As(V) forms through the 
oxidation of As-S minerals (e.g., Corkhill and Vaughan, 2009). While abiotic 
photochemical oxidation of As(III) has been reported (e.g., Brockbank et al., 
1998; Bhandar et al., 2012), this was likely not a prominent driver of As oxidation 
in the Precambrian oceans (discussed in more details below). Finally, arsenate 
(V) reduction is mostly a biological process that requires organic carbon as an 
electron donor for the reduction of As(V) to As(III) under anoxic settings 
(Oremland and Stolz, 2002; Silver and Phung, 2005).	
	
	
SUPPLEMENTARY DISCUSSION		
Seawater arsenic to iron content and arsenic speciation		
We used reference As minerals for XANES analysis to identify various As 
species associated with well-known As phases formed under different redox 
conditions in the samples. The data indicate that As is present in the samples 
mainly as As(V) and as various As-S minerals phases, but rarely (in one sample) 
as As(III) and As-S; enargite was not detected (Fig. S1 and Table S1). The iron 
formation (IF) record constrains the relationship between As and the Fe in 
oxyhydroxide sinks (As/Fe ratios), as well as oxidative weathering (As/Ti ratios) 
across the sampled interval, indicating a homogenous behavior between Fe and 
As in both records. By contrast, the shale sample set provides comprehensive 
information on the As(V) and As sulfide distribution in the sample set, which 
would not have been the case for the sulfide-poor IF record.	
	
Both the shale and IF records display a marked drop towards lower values at the 
Archean Proterozoic boundary, followed by a constriction towards the maximum, 
in the Paleoproterozoic, coinciding with the rise of atmospheric oxygen. This 
suggests that the As content in the water column and sediments, with respect to 
Fe, were behaving in a similar and co-dependent manner before and after the 
Archean-Paleoproterozoic transition. Moreover, the data further show that until 
2.0 Ga, the As/Fe molar ratio was mostly constant, with a bulk of the data 
remaining in the range recorded during the Neoarchean (Fig. 1A). This suggests 
that dilution or excessive enrichment of sedimentary As, resulting from rapid 
fluctuations in sedimentary Fe content, was negligible across the Archean-
Proterozoic boundary. The consistency of the As(V) and As-S content recorded 
at 2.0 Ga with the GOE levels, despite a spike in the As/Fe molar ratio at this 
time relative to the immediate GOE, further suggests that rapid changes in the Fe 
reservoir did not compromise As speciations, the sedimentary archive, and 
content of the recorded seawater As species.	
	
Hydrothermal fluids would have contributed significant amounts of arsenic to the 
ocean during the Precambrian when hydrothermal activity could have been up to 
3 times higher than at present (e.g., Martin et al., 2008). But according to Figure 
1B, sedimentary arsenic content increases dramatically following the GOE 
transition by several orders of magnitude. Given that it is thought that 
hydrothermal activity was declining from the Archean through the Proterozoic eon 
(See for example Chi Fru et al., 2016b), a predominantly hydrothermal source for 
the observed rise in marine arsenic content across the Archean-Proterozoic 
boundary cannot explain the sudden rise in sedimentary arsenic content we see 
following the GOE transition, if it is true that hydrothermal activity decreased from 
the Archean through the Proterozoic eon to the much lower Phanerozoic activity. 
Moreover, the arsenic speciation data are from near continental margin setting 
deposits, some of which have been argued to have experienced limited 
hydrothermal influence (Canfield et al., 2013; Ngombi-Pemba et al., 2014), with a 



	

	

main source for sediments supply being the continents. We show in our Figure 
2A that oxidative weathering of the continents became a more important source 
of arsenic to marine waters following the rise of atmospheric oxygen. Today, 
more than 80% arsenic supply to seawater originates from continental 
weathering, rather than hydrothermal activity. Hence what the data show is that 
despite this transition from mainly hydrothermal supply of As to the ocean to 
increasing continental sourcing, the iron reservoir was not affected enough to 
skew the sequestration of As by iron; Fe(III)(oxyhydr)oxides in the case of BIFs 
and Fe sulfides in the shale record.	
	
	
As/Fe and As/Ti ratios in the GOE and NOE IFs 
During the Neoproterozoic Sturtian glaciations, IFs were formed by the 
submarine hydrothermal sourcing of iron under restricted conditions (Hoffman et 
al., 1998). The oceans would have been effectively isolated from a terrestrial 
sediment supply and the atmosphere, thereby enabling the ocean stratification 
and anoxic conditions required for the deposition of the Neoproterozoic IFs 
(Hoffman et al., 1998). Importantly, the IFs associated with the Sturtian Snowball 
Earth were deposited before the terminal rise in atmospheric oxygen to near 
modern-day levels during the late Neoproterozoic. At this time, oxidative 
weathering may have been muted relative to conditions during the deposition of 
Paleoproterozoic IFs that were deposited in the lead up, and coincident with the 
GOE, when oxygen may have approached present atmospheric levels (see 
Lyons et al., 2014 for a review). After the GOE, atmospheric oxygen levels 
declined to relatively low levels during the mid-Proterozoic. This explains the 
muted NOE As/Ti ratios recorded for the Neoproterozoic Sturtian IFs and 
possibly their accompanying As/Fe ratios.	
	
According to Chi Fru et al. (2015), although oxidative weathering enabled the 
increased supply of As to the oceans from land across the GOE boundary, the 
effectiveness of this oxidative supply of As was hampered by continental ice 
coverage. Therefore, the rise in As/Ti ratios in IFs deposited at the onset of the 
GOE can be considered as indicative of the onset of As-induced oxidative 
weathering, while the muted As/Fe ratios indicate that the amount of As reaching 
the ocean did not increase substantially relative to the Fe reservoir.	
	
	
Arsenic cycling in Franceville		
In Francevillian samples, As was below the detection limit in several samples with 
elevated Fe2O3 but present at, or above, detectable levels in numerous samples 
with extremely low Fe2O3 content. This weak correlation between As and Fe2O3 
content (Fig. S3A) was observed regardless of whether the shale sample was 
pyrite-rich (2.08 Ga) or pyrite-poor (2.15-2.12 Ga). Importantly, the poor 
correlation between Fe2O3 and bulk As content cannot be ascribed to 
diagenesis, because the post-depositional reduction of Fe(III) would have 
resulted in a linear loss of both Fe and As to sediment pore waters.	
	
	
The lag in the rise of As observed in shales at 2.15-2.12 Ga, when the Fe2O3 
sink parallels that of the 2.08 Ga As-rich shales (Fig. S3A), hints that either the 
supply of dissolved As(V) from land was naturally low at 2.15-2.12 Ga or that 
some intrinsic property, e.g., seawater sulfide levels (Fig. S4-S5), controlled 
quantitative As(V) precipitation out of seawater. For example, Figure S4A-C 
shows a positive relationship between Mo–a sulfidic water column proxy–and As 



	

	

for 95 samples aged 2.15-2.08 Ga, where an up to 68% (R2=0.6839) total 
covariation is seen between As and Mo (Fig. S4A) in the total sample set, 54% 
(R2=0.5496) for shales formed from sulfidic waters (Fig. S4B) and a weak ~32% 
(R2=0.31596) covariation for shales formed from non-sulfidic samples (Fig. S4C). 
As expected, the sulfide-rich waters of the FD formation that were overlain by 
oxic waters show the strongest relationship between Mo and As, indicating that 
as in modern environments, sulfide played a strong influence on the removal of 
As from seawater (e.g., Cullen and Reimer, 1989; Smedley and Kinniburgh, 
2002; O’Day et al., 2004; O’Day, 2006; Godelitsas et al., 2015). Nonetheless, a 
stratigraphic reconstruction shows limited variability in Fe2O3 distribution up the 
Franceville Series, between 2.15 to 2.08 Ga. These distributions, together with 
the more positive correlation between Fe2O3 and As in the redox stratified FD 
formation of the Franceville Series at 2.08 Ga (Fig. S3A), indicate a likely change 
in As supply dynamics from the continent to the oceans. Our observed increase 
in water column sulfide content and the muted rapid fluctuations in the iron oxide 
sink, suggests that continental-weathering dynamics and redox change, 
promoted the enrichment of As in the sediments at 2.08 Ga. If this were not the 
case, a dynamic spike in As would be expected when conditions became 
ferruginous and manganous in the underlying FB1a-FB1c formation (Canfield et 
al., 2013; Fig. S5).	
	
It is also possible that As(V) was microbially reduced with organic matter to 
As(III), but we have no evidence that can support this possibility. However, 
elevated organic matter and As(V) accumulation at 2.08 Ga comes after a period 
of rapid sedimentation and reduced organic matter burial at 2.1 Ga (Canfield et 
al., 2013; Reynaud et al. 2017).	
	
Biological retention of As in the fully oxygenated FB2 formation seawater would 
have considerably decreased total sediment As, As(III), and As(V) content, as 
reflected by individual low sediment contents at this time. Importantly, 
hydrothermal activity apparently had a negligible influence on seawater 
properties in the Paleoproterozoic Francevillian Ocean (Ngombi-Pemba et al., 
2014), indicating that the bulk of dissolved As would have been supplied to the 
oceans via riverine input; a process which supplies up to 82.4% of As to the 
modern ocean (Henke, 2009). This would have brought As(V) from the 
hinterlands into direct contact with the epicontinental marine phytoplankton 
community that ventilated the Francevillian sea margin, a	 paleo-environment 
proposed to have hosted the first purported O2-respiring colonial organisms (El 
Albani et al., 2010, 2014).	



	

	

	
Locally, the ~2.1 Ga oxic FB1 and 2.08 Ga sulfidic FD deposits (Fig. S5), record 
average As(V) levels that are 1.4 times less than the sulfidic GOE Timeball Hill 
black shales that formed at 2.32 Ga in a stratified marginal ocean similar to the 
FD formation (Fig. S6). This may imply smaller quantities of As(V) were reaching 
the 2.2-2.08 Ga sediments relative to those formed at 2.32 Ga. Similarly, average 
sedimentary As(V) archives from the 2.2-2.08 Ga Francevillian samples are 
comparable to the 2.32 Ga average, hinting that surface ocean As cycling by 
phytoplankton activity may have been stable, but more intense at 2.32 Ga—as 
indicated by a smaller standard deviation from the mean values (Fig. S6)—
compared to ~120-237 million years later in the Francevillian basin.	
	
	
Post-depositional As cycling across the Archean-Proterozoic boundary 
Regardless of whether As-S enrichment during and after the GOE was diagenetic 
or of seawater origin, either scenario can occur only if sulfate concentrations and 
bacterial sulfide production were elevated, relative to the preceding time period. 
Intuitively, seawater sulfate concentrations are expected to have fluctuated 
proportionately with atmospheric O2 content (Poulton and Canfield, 2011; 
Planavsky et al., 2012; Scott et al., 2014), and as such, As concentrations in 
chemical sediments should scale with the rise in O2 and corresponding increase 
in seawater sulfate. Lower levels of As(V) in Archean shales, when the 
environment was more reducing than the Paleoproterozoic and hence more 
favorable for anaerobic bacterial As(III) oxidation, argues against diagenetic 
anaerobic oxidation being the major source of elevated As(V) during the GOE. 
This would hold true unless anaerobic bacterial As(III) oxidation evolved during 
the GOE, an assertion that runs contradictory to previous predictions (Oremland 
and Stolz, 2003; Sforna et al., 2014). Similarly, no known post-depositional 
transformation (diagenetic or metamorphic) is known that can explain the 
enrichment of As(V) in the sediments, other than the rise and enrichment of 
As(III) oxidants in the anoxic sediments that would have allowed biological 
transformation of As(III) to As(V) (Oremland and Stolz, 2002). In all scenarios, 
post-depositional formation of As(V) would only occur if, for example, marine 
nitrate content, whose concentration is tightly controlled by oxygen availability 
(Zerkle et al., 2017), increased to enable for example anaerobic microbial 
transformation of As(III) to As(V) in the sediments. In summary, all the data point 
to both the enrichment of As-S and As(V) across the GOE to the rise of 
atmospheric oxygen. Finally, modern evidence suggest that following the removal 
of arsenic from seawater, at most 25% can be lost due to diagenetic burial 
processes. However, this loss is not expected to compromise the original 
temporal and spatial trend (e.g., Feely et al. 1991; Chi Fru et al. 2015).	
	
Photochemical As oxidation across the Archean-Proterozoic boundary The 
photochemical oxidation of As(III) to As(V) by UV light requires molecular O2 
(Emett and Khoe, 2001; Hug et al., 2001, 2003; Dutta et al., 2005; Neppolian et 
al., 2008; Bhandari et al., 2012), although some degree of anoxic photo-oxidation 
has been experimentally observed (Brockbank et al., 1998). Accordingly, the 
magnitude of a potential photochemical contribution to seawater As inventories 
remains unclear. However, conceptually the photochemical oxidation of As(III) is 
unlikely to be a significant source of sediment bound As(V), otherwise a strong 
spike should be recorded during the Archean when the ocean surface was 
subjected to unattenuated fluxes of UV irradiation (Walker, 1977; Kasting and 
Donahue, 1980).	



	

	

	
	
Implications for biological arsenic cycling and phosphate uptake 
Chemolithoautotrophs and the Oxyphotobacteria living in arsenate-replete 
ecosystems switch on a high affinity phosphate uptake transport system (Pst) 
when dissolved arsenate to phosphate ratios exceed a certain level, in order to 
discriminate arsenate from phosphate (e.g., Thiel, 1988; Dyhrman and Haley, 
2011; Elias et al., 2012). This is the result of the physicochemical similarity 
between arsenate and phosphate imposing an artificial phosphate limitation, 
leading to photosynthetic activity being inversely related to seawater arsenate 
content (see reviews by Cullen Reimer, 1989; Smedley and Kinniburgh, 2002).	
	
It has been proposed that the earliest life forms emerged around 
hydrothermal/geothermal ecosystems and that the Precambrian oceans were 
generally up to three times more hydrothermally active than the modern oceans 
(Martin et al., 2008; Mulkidjanian et al., 2012). Hydrothermal fluids, both marine 
and terrestrial, contain some of the highest natural concentrations of arsenic 
recorded in any aqueous systems on Earth (Price et al., 2013; Breuer and 
Pichler, 2013). Importantly, the distribution of arsenic detoxification across the 
entire tree of life, including some of the most primitive lineages, suggests that 
exposure to arsenic is primordial (Gihring et al., 2003; Jackson and Duguas, 
2003; Qin et al., 2006; Ye et al., 2012; Chi Fru et al., 2015; Chen et al., 2017; 
Tian and Luo, 2017; Hoffman et al., 2018). Life, therefore, likely had to develop 
mechanisms to deal with arsenic very early on in its history (Jackson and Dugus, 
2003; Chen et al., 2017). Indeed, the continuous expression of arsenic 
detoxification in modern organisms, and in recently evolved lineages, indicate 
that arsenic is still a threat for the organization of life in the biosphere.	
	
It appears that arsenic detoxification systems were imperative for the evolution and 
establishment of life as we know it in the biosphere. This is because protection or 
detoxification mechanisms against arsenic toxicity are widespread across all the 
three domains of life, from simple prokaryotes to advanced eukaryotes (e.g., 
Meharg, A.A., and Hartley-Whitaker, J., 2002; Ghosh et al., 1999; Chen et al., 2016; 
Hao et al., 2017). These organisms employ an assortment of energy-expensive 
detoxification mechanisms that cells would get rid of if they were not important for 
their ecological success and dominance. Some of these pathways have evolved by 
convergent evolution to carry out the same function (e.g., Qin et al., 2007) and have 
been transferred horizontally across distantly related lineages (e.g., Chen et al., 
2017), suggesting that the maintenance against the detrimental effects of arsenic 
across all the three domains of life is an ecological challenge that life had to 
surmount in order to establish ecological dominance.	
	
A valid question to ask then is what promoted the innovation of the various 
arsenic protection strategies and whether their invention played a major role in 
shaping the survival of life in the natural environment? Answers to this persisting 
puzzle requires a chronology of marine arsenic dynamics and speciation through 
Earth history in order to calibrate when such processes would have emerged in 
the ocean and when they would have been critical for the survival of extant life. 
For instance, there is new evidence that sedimentary arsenic content was much 
higher at the terminal end of Earth’s Snowball glaciations, coinciding with the 
emergence and radiation of the Ediacaran biota and that Precambrian and Early 
Phanerozoic marine arsenic content was generally higher than in the present 
ocean (Chi Fru et al., 2015; Tian et al., 2017). Our Figure 2 certainly supports the 
latter. Taken together, life would have had to handle this high arsenic loading 
through a natural selection process, the expression of which is what we observe 



	

	

as arsenic cycling gene expression in the modern marine biosphere. For 
example, bacterial communities have evolved remarkable arsenic detoxification 
pathways that they, in turn, use to kill and gain advantage over other 
microorganisms, as well as prevent being eaten by protists (Hao et al., 2017; 
Chen et al., 2018).	
	
It was recently demonstrated that the distribution of sulfide minerals and 
Fe(III)(oxyhydr)oxides in a hydrothermal setting controls the distribution of 
dissolved As, phosphate, As resistance genes, and As respiration and oxidizing 
genes (Chi Fru et al., 2018). Importantly, modern hydrothermal environments are 
believed to represent examples of the hostile environments in which Precambrian 
microbial life evolved and thrived, as mentioned above. In line with this idea, Chi 
Fru et al. (2018) found that sulfide depositing hydrothermal settings are enriched 
in phosphate. This appears to reduce microbial phosphate stress as indicated by 
a microbial population containing a genomic composition that is low in high 
affinity phosphate uptake. High affinity phosphate uptake genes are required by 
cells when environmental phosphate concentrations are low or when arsenate to 
phosphate ratios are high (Elias et al., 2012). In contrast, an elevated density of 
high affinity phosphate uptake gene abundance in Fe(III)(oxyhydr)oxides-
depositing settings suggests these types of environments are phosphate stressed 
(Chi Fru et al., 2018). Similarly, populations in the sulfide-rich settings exhibit a 
lower abundance of arsenic resistance and metabolic genes, relative to the 
Fe(III)(oxyhydr)oxide-rich settings. This discrepancy in genetic abundance of As 
cycling genes in the sulfide-rich habitats is related to rapid As removal by 
precipitating sulfide and As-S minerals with low solubility product constants.	
 
Collectively, these data suggest that the emergence of large-scale deposition of 
As-S in the early oceans following the GOE, together with widespread deposition 
of Fe(III)(oxyhydr)oxides in association with IFs, would have dramatically affected 
the spatial assemblage of microbial communities as a function of their ability to 
resist As toxicity. Moreover, increasing aqueous arsenate/phosphate ratios may 
have caused phosphate biolimitation because of the chemical similarity existing 
between arsenate and phosphate. As a consequence, arsenate is taken up in the 
place of phosphate into the cell when arsenate to phosphate ratios are high 
(Rothstein, 1963; Elias et al., 2012). In the photic zone of modern oceans, 
increasing arsenate to phosphate ratios diminish primary productivity (e.g., Cullen 
and Reimer, 1989; Smedley and Kinniburgh, 2002; Dyhrman and Haley, 2011). 
Therefore, the global emergence of As-S and arsenate in the oceans following 
the rise of atmospheric oxygen would have had strong consequences for life, the 
true impact and ramifications which remain to be quantified. However, the current 
work sets a firm foundation on which such research would be based. 
 
SUPPLEMENTARY METHODS		
XANES analysis	
The samples analysed in this study were chosen based on previous studies 
where they have been used for constructing Precambrian seawater and 
atmospheric composition because of limited post-depositional modification 
(Bekker et al., 2010; Kendall et al., 2010; Canfield et al., 2013; Ngombi-Pemba et 
al., 2014; Chi Fru et al., 2015, 2016b). The XANES measurements were 
performed on homogenized powdered samples at the Nanoscopium beamline 
Synchrotron Soleil facility, France (Somogyi et al., 2015), using a Si(111) double 
crystal monochromator with an unfocused 2×2 mm2 X-ray beam. The As K-edge 
was scanned in the 11.862-11.8970 keV energy range, at 0.25 eV steps. Natural 



	

	

minerals of known As oxidation states, arsenopyrite (FeAsS), löllingite (FeAs2), 
realgar (As4S4), orpiment (As2S3), enargite	 (Cu3AsS4), fetiasite (Fe2+,Fe3+,Ti4+)3 
O2 As3+

2O5), and legrandite (Zn14(OH)(AsO4 )9·12H2O), were measured as As-
XANES model compounds. These minerals provide a good representation of As 
speciation and oxidation states predominant in nature. The XANES standards were 
measured regularly, at least once after 12 hours. The FeAsS, FeAs2, As4S4, As2S3, 
and As2O5 standards, chosen by principal component analysis (PCA) of the XANES 
data-set of the samples and target transformation of the standards were used for 
XANES data fitting with the Athena Software package. XANES measurements, in 
fluorescence yield mode registered full XRF spectra at each energy step by a 
KETEK Si drift diode detector (SDD) having a 50 mm2 active surface and allowed the 
detection of trace amounts of As. The PyMCA software (Solé et al., 2007) was used 
to subtract background from the XRF signal, resulting in XANES spectra recovered 
at ppm level As concentrations. The stability of the individual XANES spectra over 
~5 min measurement time confirmed the absence of photo-oxidation and photo-
reduction of As during measurements. The averaged XANES improved the 
spectral quality with better signal/noise ratio and was used for XANES data fitting 
with the ATHENA software. Quantitative information on the relative proportions of 
the modeled As oxidation states were obtained by linear combination fit (LCF) of 
the XANES sample spectra with known standards. Due to the similarity of the 
individual XANES spectra of the different As-S (FeAsS, FeAs2, As4S4, and As2 
S3), the accuracy of the estimated relative individual sulfide proportions in the 
samples is estimated to be c. 20-30%. However, due to the significant energy 
separation of their absorption edges and white lines, the total As-S pool can be 
unambiguously distinguished from As(III) and As(V) oxides and their relative 
proportions can be quantified with ~15 % error (usually associated to LCF 
procedure, Foster and Kimm, 2014), which was our goal. Whole-rock 
geochemical analyses of major and trace elements were performed on selected 
samples. 
 
IF analysis and literature data collection		

1. Bulk BIF solution analysis was performed at the European Institute for 
Marine Studies, Laboratoire Domaines Océaniques, Technopôle Brest-
Iroise, France. For total digests, ~50 mg was sequentially digested in a 
concentrated HF-HNO3 mixture, followed by aqua regia, and finally 6M 
HCl. Samples were then taken up with 2% HNO3 and analyzed for trace 
element concentrations on a Thermo Scientific Element2 High Resolution 
Inductively Coupled Plasma Mass Spectrometer. Indium was monitored as 
an internal standard. Multi-element solutions were used to calibrate the 
mass spectrometer and several geostandards (BHVO-2, IF-G, and GL-O) 
were put through the entire digestion treatment to monitor external 
reproducibility. Bulk digestion and laser ablation analyses performed at the 
University of Alberta was as previously described (Konhauser et al., 2009, 
2011; Robbins et al., 2013). Literature survey data were obtained from 
references listed as 2-27, below. 

2. Konhauser, K.O., Pecoits, E., Lalonde, S.V., Papineau, D., Nisbet, E.G., 
Barley, M.E., Arndt, N.T., Zahnle, K., and Kamber, B.S., 2009, Oceanic 
nickel depletion and a methanogen famine before the Great Oxidation 
Event: Astrobiology, v. 458(7239), p. 750–753. 

3. Konhauser, K.O., Lalonde, S.V., Planavsky, N.J., Pecoits, E., Lyons, T.W., 
Mojzsis, S.J., Rouxel, O.J., Barley, M.E., Rosière, C.A., Fralick, P.W., 



	

	

Kump, L.R., and Bekker, A., 2011, Aerobic bacterial pyrite oxidation and 
acid rock drainage during the Great Oxidation Event: Astrobiology, v. 
478(7369), p. 369–373. 

4. Noah Planavsky (Yale University), personal communication of previously 
unpublished data. 

5. Mloszewska, A.M., Pecoits, E., Cates, N.L., Mojzsis, S.J., O’Neil, J., 
Robbins, L.J., and Konhauser, K.O. 2012, The composition of Earth’s 
oldest iron formations: The Nuvvuagittuq Supracrustal Belt (Québec, 
Canada): Earth and Planetary Science Letters, v. 317-318, p. 331-342, 
doi: 10.1016/j.epsl.2011.11.020. 

6. Dymek, R., and Klein, C. 1988, Chemistry, petrology and origin of banded 
iron-formation lithologies from the 3800 Ma Isua supracrustal belt, West 
Greenland: Precambrian Research, v. 39(4), p. 247–302, doi: 
10.1016/0301-9268(88)90022-8. 

7. Bhattacharya, H.N., Chakraborty, I., Ghosh, K.K. 2007, Geochemistry of 
some banded iron-formations of the Archean supracrustals, Jharkhand-
Orissa region, India: Journal of Earth System Science, v. 116(3), p. 245-
259. 

8. Lascelles, D.F. 2006, The Mount Gibson banded iron formation-hosted 
magnetite deposit: two distinct processes for the origin of high-grade iron 
ore. Economic Geology, v. 101(3), p. 651-666, doi: 
10.2113/gsecongeo.101.3.651. 

9. Klein, C., and Ladeira, E.A. 2000, Geochemistry and petrology of some 
Proterozoic banded iron-formations of the Quadrilátero Ferrífero, Minas 
Gerais, Brazil: Economic Geology, v. 95(2), p. 405-428, doi: 
10.2113/gsecongeo.95.2.405.  

10. Gross, G.A. 2009, Iron Formation in Canada, Genesis and Geochemistry. 
Geological Survey of Canada, Open File 5987. 

11. Alibert, C., and McCulloch, M.T. 1993, Rare earth element and 
neodymium isotopic compositions of the banded iron formations and 
associated shales from Hamersley, western Australia: Geochimica et 
Cosmochimica Acta, v. 57(1), p. 187-204, doi: 10.1016/0016-
7037(93)90478-F.  

12. Beukes, N.J., and Klein, C. 1990, Geochemistry and sedimentology of a 
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Proterozoic Transvaal Supergroup, South Africa: Precambrian Research, 
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84(7), p. 1733-1774, doi:10.2113/gsecongeo.84.7.1733. 

14. Spier, C.A., de Oliveira, S.M.B., Sial, A.N., and Rios, F.J. 2007, 
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Formation, Quadrilátero Ferrífero, Minas Gerais, Brazil: Precambrian 
Research, v. 152(3-4), p. 170-206, doi: 10.1016/j.precamres.2006.10.003. 

15. Slack, J.F., Grenne, T., and Bekker, A. 2009, Seafloor-hydrothermal Si-
Fe-Mn exhalites in the Pecos greenstone belt, New Mexico, and the redox 
state of ca. 1720 Ma deep seawater: Geosphere, v. 5(3), p. 302-314, doi: 
10.1130/GES00220.1. 
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Table S1. X-ray absorption near edge spectroscopy (XANES) data and total As concentration determined by X-ray fluorescence (XRF), for shale 
samples from the Transvaal Supergroup in South Africa, the Francevillian series in Gabon and the Zaonega formation in Russia.  A 15% XANES 
detection limit implies that a given As species could only be decomposed from the XANES spectrum if it was >15% of the total As concentration.  

Sample Lithology Formation Location Depth  
(m) 

Age 
(Ga) 

Total As 
(ppm) 

Arsenate 
(%) 

Arsenite  
(%) 

 

Arsenic 
sulfides 

(%) 
12B Black shale Zaonega Fennoscandian 133.18 1.98 235 34 <15 60 
12B Black shale Zaonega Fennoscandian 212.9 1.98 45 <15 <15 100 
12B Black shale Zaonega Fennoscandian 251.98 1.98 47 46 <15 39 
B16 Black shale FD Franceville 6.5 2.083 210 <15 <15 86 
B9 Black shale FD Franceville 6.5 2.083 140 22 <15 77 

LEK Black shale FB Franceville 16.7 2.1 <1 <15 <15 <15 
SOC F1 Black shale FB Franceville 17.5 2.1 <1 <15 <15 <15 
SOC F2 Black shale FB Franceville 18.8 2.1 <1 <15 <15 <15 
SOC F3 Black shale FB Franceville 19.2 2.1 <1 <15 <15 <15 
SOC F4 Black shale FB Franceville 19.7 2.1 <1 <15 <15 <15 

KO 42028 Black shale FB Franceville 80.95 2.1 870 55 19 25 
KO 42028 Black shale FB Franceville 96.5 2.1 30 24 <15 73 
KO 42028 Black shale FB Franceville 110.2 2.1 70 20 <15 78 

TF1/72 Black shale Timeball Hill Transvaal 240 2.32 4 <15) <15 84 
TF1/72 Black shale Timeball Hill Transvaal 240 2.32 4 <15 <15 88 
TF1/72 Black shale Timeball Hill Transvaal 240 2.32 4 17 <15 78 
TF1/72 Black shale Timeball Hill Transvaal 360 2.32 60 42 <15 54 
TF1/72 Black shale Timeball Hill Transvaal 360 2.32 60 37 <15 65 
TF1/72 Black shale Timeball Hill Transvaal 360 2.32 60 31 <15 63 
TF1/72 Black shale Timeball Hill Transvaal 460 2.32 5 32 <15 69 
TF1/72 Siliceous shale Rooihoogte Transvaal 578 2.34 <1 <15 <15 <15 



TF1/72 Siliceous shale Rooihoogte Transvaal 580.2 2.34 <1 <15 <15 <15 
TF1/72 Black shale Eccles Transvaal 590 2.45 1.5 <15 <15 <15 
TF1/72 Black shale Eccles Transvaal 594.15 2.45 45 <15 <15 100 
TF1/72 Dolomitic shale Eccles Transvaal 1066.5 2.48 0.6 47 <15 52 
TF1/72 Dolomitic shale Eccles Transvaal 1066.5 2.48 0.6 45 <15 47 
TF1/72 Black shale Monte Cristo Transvaal 580 2.5 <1 <15 <15 <15 
TF1/72 Dolomitic shale Lyttleton Transvaal 1450 2.5 <1 <15 <15 <15 
TF1/72 Dolomitic shale Lyttleton Transvaal 2800 2.5 <1 <15 <15 <15 
TF1/72 Dolomitic shale Oak Tree Transvaal 2138.2 2.55 <1 <15 <15 <15 
TF1/72 Dolomitic shale Oak Tree Transvaal 2200 2.6 <1 <15 <15 <15 
TF1/72 Dolomitic shale Oak Tree Transvaal 2300 2.6 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2391.8 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2430.0 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2339.5 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2349.7 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2440 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2450 2.7 <1 <15 <15 <15 
TF1/72 Dolomitic shale Bothaville Transvaal 2452.5 2.714 <1 <15 <15 <15 
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