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Abstract
Nutrient dynamics in the Archean-Paleoproterozoic oceans strongly influenced primary productivity 

and the rise of atmospheric O2. Reconstructing the cycling of key nutrients such as dissolved 
inorganic phosphate (DIP) at this time is important for our understanding of the timing, rate and 

extent of atmospheric oxygenation at this time. Banded iron formations (BIF) can be used as 
proxies for global DIP content in Precambrian marine waters. Estimating Precambrian DIP requires 

understanding of the mechanisms by which Fe(III)(oxyhydr)oxides scavenge DIP which has come 
mainly from experimental studies using NaCl solutions that mimick Precambrian marine conditions 

with for example, elevated Si and Fe(II) concentrations. The two DIP binding modes suggested for 
Early Proterozoic marine waters are 1) Adsorption - surface attachment on pre-formed Fe(III)

(oxyhydr)oxides, and 2) Coprecipitation - incorporation of P into actively growing Fe(III)
(oxyhydr)oxides. It has been suggested that the elevated Si concentrations suggested for 

Precambrian seawater, strongly inhibit adsorption of DIP in Fe(III)(oxyhydr)oxides. However recent 
coprecipitation experiments show that DIP is strongly scavenged by Fe(III)(oxyhydr)oxides in the 

presence of Si, seawater cations and hydrothermal As. In this study we show that the DIP uptake 
onto Fe(III)(oxyhydr)oxides by adsorption is less than 5% of that by coprecipitation. The data imply 

that in the Early Proterozoic open oceans, the precipitation of Fe(III)(oxyhydr)oxides during mixing 
of deep anoxic Fe(II)-rich waters with oxygenated ocean surface waters caused DIP removal from 

surface waters through coprecipitation rather than adsorption. Local variations in DIP and perhaps 
even stratification of DIP in the oceans were likely created from the continuous removal of DIP 

from surface waters by Fe(III)(oxyhydr)oxides, and its partial release into the anoxic bottoms 
waters and in buried sediments. In addition to a DIP famine, the selectivity for DIP over As(V) may 

have led to As enrichment in surface waters both of which would have most likely decreased the 
productivity of Cyanobacteria and O2 production.
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Sammanfattning
Näringscirkulationen i haven under arkeikum och paleoproterozoikum påverkade 
primärproduktionen och uppkomsten av atmosfärisk syrgas (O2). För att förstå när och hur 
fort koncentrationen av O2 i atmosfären ökade behöver vi rekonstruera hur viktiga 
näringsämnen, t.ex. löst oorganiskt fosfor (engelska “Dissolved Inorganic Phosphorous”, 
DIP) cirkulerade. Bandad järnmalm (engelska “Banded Iron Formations”, BIF) kan 
användas som en markör för DIP i de prekambriska haven. För att kunna använda DIP 
som markör måste man förstå hur prekambrisk DIP tas upp av järn(III)(oxyhydr)oxider. 
Hittills har detta studerats med natriumkloridlösningar som ska efterlikna förhållande i de 
prekambriska haven, med t.ex. förhöjda kisel- och järn(II)-koncentrationer. Ur sådana 
studier har två bindningsmekanismer föreslagits för paleoproterozoiskt havsvatten 1) 
Adsorption, d.v.s. DIP binds till ytan på redan bildade kristaller av järn(III)(oxyhydr)oxid, 
och 2) samutfällning, d.v.s. upptag av fosfor i kristaller av järn(III)(oxyhydr)oxid medan 
kristallerna bildas. Det har föreslagits att de höga kiselkoncentrationerna som tros ha 
funnits i de prekambriska havsvattnet hämmade adsorption av DIP på ytan av järn(III)
(oxyhydr)oxidkristaller. Men de senaste samutfällningsexperimenten tyder på att järn(III)
(oxyhydr)oxid effektivt tar upp DIP även i närvaro av kisel, arsenik från hydrotermala källor 
och de katjoner som dominerar i havsvatten. I här presenterad studie var mängden DIP 
som bands till järn(III)(oxyhydr)oxidkristaller genom adsorption mindre än 5 % av den DIP 
som togs upp av kristallerna via samutfällning. Våra data tyder på att när järn(III)
(oxyhydr)oxid fälldes ut i tidiga-proterozoiska hav när järn(II)-rikt djupvatten blandades 
med syrerikt ytvatten, och att DIP avlägsnades från ytvattnet genom samutfällning snarare 
än adsorption. Lokala variationer av DIP-koncentrationer i haven, möjligen även skiktning, 
kan ha orsakats av kontinuerlig utfällning av järn(III)(oxyhydr)oxider ur ytvattnet följt av 
partiell frigörelse av DIP i syrefria djupvatten och sediment. Kristallisationsprocessen, som 
gynnar inbindning av DIP och misgynnar inbinding av arsenik (V) kan ha orsakat brist av 
DIP och anrikning av arsenik i ytvattnet, vilket troligen minskade tillväxten av 
cyanobakterier med lägre syrgasproduktion som följd. 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1. Introduction

The Archean-Paleoproterozoic transition at ~2.5 billion years ago (Ga) was a time period 
with large-scale changes in tectonics (Barley et al. 2005, Bekker et al. 2010), atmospheric 
chemistry (Catling and Claire 2005, Holland 2002, Lyons et al. 2014), climate (Lyons et al. 
2014), and ocean redox conditions (Canfield 1998, Chi Fru et al. 2016a Holland 2002, 
Pufahl and Hiatt 2012). This time period is characterised by super plume events (Bekker et 
al. 2010, Lyons et al. 2014), formation of large igneous provinces (LIPs) (Bekker et al. 
2010), deposition of banded iron formations (BIFs; Kump et al. 2001, Poulton and Canfield 
2011) and black shales (Pufahl and Hiatt 2012). Perhaps the most critical events at this 
time are the appearance of N2 fixing Cyanobacteria and the rise of atmospheric oxygen 
(O2), which led to permanent changes in global redox conditions (Chi Fru et al. 2016a, 
Lyons et al. 2014, Pufahl and Hiatt 2012). Of particular importance to understanding the 
rise of atmospheric O2 leading to the great oxygenation event (GOE) at ~2.4 Ga (Fig. 1), 
are the relationships between nutrient dynamics and the expansion of Cyanobacteria 
(Barley et al. 2005, Bekker et al. 2010, Derry 2015, Holland 2006, Isley and Abbott 1999). 
The causes for the GOE, its timing in the geological record and the controls on the extent 
of oxygenation are fundamental questions within the geosciences. A key area of research 
is the controls on nutrient availability in the late Archean and Early Proterozoic. Large 
scale oxidation of Fe2+ to form the mineral ferrihydrite, a primary Fe(III)(oxyhydr)oxide that 
is clearly an important geological process at the time as demonstrated by the abundant 
BIFs, has been suggested to have controlled nutrient availability as these minerals absorb 
aqueous ions from surface waters thereby affecting their bioavailability (Bjerrum and 
Canfield 2002, Feely et al. 1998). One of the aqueous ions of importance is phosphate (P),
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Figure 1: The evolution of Earth’s atmospheric oxygen through time, from Lyons et al. (2014). 
Red line represents the classical O2 model, meanwhile the blue line represents a new emerging 
model. Arrows indicate possible faint additions of O2. 

The first oxygen from photosynthesis
Because oxygenic photosynthesis is the only significant source of free oxy-
gen on Earth’s surface, any evaluation of our planet’s oxygenation history
must begin by asking when this metabolism evolved. Yet despite decades
of intensive investigation, there is no consensus. Current estimates span
well over a billion years—from ,3.8 (ref. 22) to 2.35 (ref. 15) Gyr ago—
almost one-third of Earth’s history. Part of the problem lies with difficult-
ies in differentiating between oxidation pathways that can be either biotic
or abiotic and can occur with and without free oxygen. Banded iron for-
mations, for example, are loaded with iron oxide minerals that often give
these ancient deposits their spectacular red colours. The prevailing view
for many years was that microbial oxygen production in the shallow ocean
was responsible for oxidizing iron, which was locally abundant in the other-
wise oxygen-free ocean. More recent studies, however, explain this iron
oxidation without free O2—specifically, through oxidation pathways requir-
ing only sunlight (ultraviolet oxidation23 and anoxygenic photosynthesis24,25).
Microbial fossils of Archaean age (older than 2.5 Gyr; see Fig. 2 for time
units) have very simple morphologies, and it is therefore difficult to link
them to specific metabolisms, such as oxygen-producing photosynthesis.
Similarly, the significance, and even the biogenicity, of Archaean stromatolites
and microbially induced sedimentary structures have long been debated26.

Other researchers vied to find more definitive indicators of microbial
oxygen production. Among them, Brocks et al.6 published organic bio-
marker data thought to record the presence of cyanobacteria and eukar-
yotes in 2.7-Gyr-old rocks. Biomarkers are molecular fossils derived from
primary organic compounds that, in the best case, can be tied uniquely to
specific biological producers present at the time the sediments were
deposited. Cyanobacteria are important because they were the earliest
important producers of O2 by photosynthesis. Recognition of sterane

biomarkers from eukaryotes strengthens the identification of oxygen
production because O2 is required, albeit at very low levels27, for bio-
logical synthesis of their sterol precursors. If correct, these data would
extend the first production and local accumulation of oxygen in the ocean
to almost 300 Myr before the GOE as it is now popularly defined (that is,
based on the disappearance of NMD fractionations of sulphur isotopes).
Contrary studies, however, argue that O2 is not required to explain these
particular biomarkers15; others challenge the integrity of the primary
signals, suggesting later contamination instead8. Very recent results from
ultraclean sampling and analysis also raise serious concern about the
robustness of the biomarker record during the Archaean28—and in par-
ticular point to contamination for the results of Brocks et al.6 Ironically,
some the best earliest organic evidence for oxygenic photosynthesis may
lie more with the common occurrence of highly organic-rich shales of
Archaean age than with sophisticated biomarker geochemistry (Box 1).

Over the past decade, a body of trace-metal and sulphur data has
grown—independent of the biomarker controversy—that also points
to oxygen production long before the disappearance of NMD sulphur
isotope fractionations (Fig. 2). This evidence for early oxygenesis allows
for at least transient accumulation of the gas in the atmosphere and even
for hotspots of production in local, shallow, cyanobacteria-rich marine
oases29. Despite some controversy surrounding these inorganic proxy
approaches (reviewed in ref. 30), many researchers interpret strong
trace-metal enrichments in marine sediments as convincing signatures
of significant oxidative weathering of pyrite and other sulphide minerals
on land long before the GOE—implying O2 accumulation in the atmo-
sphere. Sulphide minerals in the crust are often enriched in the metals of
interest, such as molybdenum (Mo) and rhenium (Re), and when oxi-
dized those metals are released to rivers and ultimately the ocean.
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an essential nutrient for primary productivity, which also has a strong affinity for ferrihydrite 
(Feely et al. 1998). It has been suggested based on the relationship between P and 
primary Fe(III)(oxyhydr)oxide, that large scale deposition of BIFs created a P-limitation in 
the late Archean and Early Proterozoic that inhibited photosynthesis and thus atmospheric 
O2 production. Despite the clear significance, our understanding of the role of Fe(III)
(oxyhydr)oxide on nutrient availability in the Archean and Early Proterozoic, particularly 
with respect to the effects of other ions that were at high concentrations in oceanic waters 
at the time such as Si, and As, is in its infancy. 

1.1 Aims of study

The overall aim of this study is to further understand the controls on global oxidation 
through the investigation of the biogeochemical cycles of P, As, and Si in the oceans 
during the transition from the late Archean to the Early Proterozoic, through experimental 
studies that mimic marine conditions at this time. Specific aims are to:

1) Construct empirical models for the precipitation of Fe(III)(oxyhydr)oxide based on earlier 
studies in order to add greater resolution into the early Proterozoic P cycle, with the 
specific interest in competition between P and As ions during coprecipitation/adsorption in 
Early Proterozoic oceanic conditions.

2) To evaluate the efficiency of reconstructing relevant marine P and As levels in the early 
Proterozoic ocean from distribution coefficients obtained from Fe(III)(oxyhydr)oxide 
laboratory coprecipitation and adsorption experiments and extrapolation of dissolved 
concentrations from preserved BIFs records. 

This thesis consists of paper I that reports an experimental investigation into the most 
effective process for incorporation of P and As ions into Fe(III)(oxyhydr)oxide in Early 
Proterozoic oceanic conditions.
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2.1 The Archean environment and the GOE 

The evolution of Cyanobacteria and the oxygenation of the ocean and atmosphere was 
one of the most critical events in the evolution of life on Earth.  There was most likely little 
to no atmospheric O2 during the Archean eon, resulting in an anoxic Archean ocean 
(Canfield 2005, Catling and Claire 2005, Lyons et al. 2014). This changed permanently 
during the GOE as the rise of atmospheric O2 oxidised both the atmosphere (Canfield 
2005) and successively the ocean (Canfield 1998, Chi Fru et al. 2016a). The initial 
evidence for a low O2 in the Archean comes from the occurrence of redox sensitive 
elements and minerals, and from paleosols. For example, preservation of detrital uraninite, 
pyrite and siderite in river placers prior to 2.3 Ga are suggested to occur only at low 
atmospheric O2 concentrations (Cloud 1972, Canfield 2005, Holland 2006). Paleosols 
formed pre 2.4 Ga are leached of Fe most likely due to flushing by anoxic rainwater, 
whereas those that formed post 2.4 Ga have their Fe content preserved through the 
formation of immobile Fe3+ minerals (Rye and Holland 1998). The rise of atmospheric O2 
has been confirmed by the occurrence of mass independent fractionation of sulphur 
isotopes in sulphides and sulphates from pre 2.45 Ga sedimentary rocks that indicate the 
GOE took place around 2.4-2.3 Ga (Lyons et al. 2014). This timing of the GOE is 
supported by elevated Se in marine pyrite as Se is released during oxidative weathering of 
continental Se sources and is relatively non-soluble in anoxic conditions (Large et al. 
2017).

Enrichments and isotopic changes in redox-sensitive trace elements such as Mo and Cr 
have indicated that localised atmospheric oxygenation may have taken place as early as 
~3.0 Ga (Crowe et al. 2013). A number of factors have been suggested as causal to the 
build up of free O2 in the atmosphere including increased photosynthesis, burial of organic 
matter, changes to the composition of volcanic gases or changes to the proportion of 
gases in the atmosphere (Canfield 2005, Catling and Claire 2005). Large ẟ13C enrichment 
in marine carbonate at 2.3-2.1 Ga are interpreted to indicate burial of organic carbon that 
would cause a large relative rise in atmospheric O2 (Karhu and Holland 1996, Lindsay and 
Basier 2002). However, as the rise of atmospheric O2 occurred before 2.3 Ga, the burial of 
organic carbon is likely an effect of the oxic transition rather than the cause (Catling and 
Claire 2005). There is no evidence of a major change in mantle composition that would 
result in a change in the composition of volcanic gases (Catling and Claire 2005). Perhaps 
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the most plausible scenario for the build up of atmospheric O2 is the escape of H2 from the 
atmosphere leading to a decrease in atmospheric H2 and H-bearing reductive gases, 
allowing for O2 to accumulate (Canfield 2005, Catling and Claire 2005, Holland 2009, 
Lyons et al. 2014). These atmospheric reductants such as H2, CH4, H2S, CO and SO2 
released from volcanic degassing most likely contributed to the delay of the GOE from the 
first oxygenation at around 3.0 Ga to its occurrence at 2.4-2.3 Ga through scavenging of 
O2 from the atmosphere preventing the rise of atmospheric O2 (Bekker et al. 2010, Catling 
and Claire 2005, Holland 2002, Kump et al. 2001, Lyons et al. 2014). Another potential 
cause for the restriction of the rise of O2 is the scavenging of P by the Fe(III)
(oxyhydr)oxide particles forming in the surface of the oceans, which could have caused P-
limitation and a restriction in the growth and productivity of Cyanobacteria and thus a lower 
production of O2 (Bjerrum and Canfield 2002, Canfield 2005, Filippelli 2002). 

Oceanic conditions in the Early Proterozoic would have differed significantly from those of 
the modern day with the deep oceans being generally anoxic (Holland, 1984), ferruginous 
(Poulton and Canfield 2011), silicic (Siever, 1992) and enriched in trace elements including 
Ni, Co, Au, As, Mn, Ba produced from more extensive hydrothermal plume activity at the 
time (Baross and Hoffman 1985, Large et al. 2014). Hydrothermal activity is thought to 
have been 3-4 times more extensive in the late Archean compared to the modern ocean 
(Baross and Hoffman 1985). This extensive hydrothermal activity combined with and low 
O2 levels allow for hydrothermally derived elements to accumulate in the water column. 
Levels of Fe and Si have been estimated to 40-120 µM and 0.6-2.2 mM respectively 
(Jones et al. 2015, Siever 1992) and Ca2+ and Mg2+ have been estimated to 24-55 mM 
and 10-45 mM respectively (Jones et al. 2015). These values are all considerably higher 
than modern ocean values of <0.001 µM Fe, 0.16 mM Si, 10 mM Ca, 50 mM Mg (Jones et 
al. 2015, Von Damm 1990).

2.2 BIFs

BIFs are characteristic rock types of the Archean and Proterozoic rock record appearing 
from the beginning of the geological record and essentially disappearing after 1.8 Ga. 
(Catling and Claire 2005). They are defined as stratigraphic units comprising layers or 
beds of laminated rocks containing ≥15 % Fe in bands alternating with quartz, chert or 
carbonate layers (Fig. 2). They can be divided into two types based primarily on their 
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depositional setting; Algoma-type and Superior-type (Bekker et al. 2010). Algoma-type 
BIFs are generally smaller in volume than Superior-type, and commonly occur inter-
layered with submarine volcanic rocks in greenstone belts, locally associated with 
volcanogenic massive sulphide (VMS) deposits. They are formed from localised exhalative 
hydrothermal processes close to volcanic centres in the deep sea (Bekker et al. 2010, 
Huston and Logan 2004). Superior-type BIFs are chemical sediments deposited in marine 
anoxic bottom waters, onto near-shore continental shelves/trailing margins, that form large 
deposits typically interbedded with carbonate, quartz and black shale (Bekker et al. 2010). 
Superior-type BIFs generally form coevally with LIPs (Bekker et al. 2010). The Fe-source 
is considered to be hydrothermal, where Fe2+ released from hydrothermal venting 
accumulates in an anoxic water column. Superior-type BIFs are generally thought to form 
from upwelling of Fe2+ rich anoxic water that mixes with oxidised surface water causing 
oxidation of Fe2+ and precipitation of ferrihydrite. Ferrihydrite is an amorphous hydrous 
Fe3+-oxide with high surface area (hereby referred to as Fe(III)(oxyhydr)oxide), that upon 
precipitation will scavenge ions such as phosphate in the surrounding water column before 
the mineral particles sink and settle onto the sediment surface (Canfield 1998, Poulton and 
Canfield 2011, Pufahl and Hiatt 2012). Superior-type BIFs are most abundant after the 
oxygenation of the atmosphere (Figs. 3 and 4) (Huston and Logan 2004), which reflects 
the mechanism through which they form. This thesis focuses on Superior-type BIFs as the 
scavenging of ions from surface waters where Fe(III)(oxyhydr)oxide forms, provides a 
mechanism for investigating and understanding ancient ocean chemistry and the rise of 
atmospheric O2.
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Figure 2: Photograph of a BIF from Karijini National Park, Western Australia. (https://
www.pinterest.se/pin/478155685422424999/) depicting layered magnetite and chert.



An important observation for understanding the formation of BIFs is the temporal 
relationship with plume events (Fig. 4). A result of the abundant plume activity at around 
2.7 Ga was an increase in the number and length of oceanic spreading ridges, and 
therefore a corresponding increase in submarine hydrothermal activity (Barley et al. 2005, 
Bekker et al. 2010, Isley and Abbott 1999). High hydrothermal activity in combination with 
ocean anoxia allowed for the accumulation of Fe2+ and other hydrothermally derived ions 
such as Si and As (Ballantyne and Moore 1988, Barley et al. 2005, De La Rocha et al. 
2000). The combination of pronounced hydrothermal activity together with the rise of an 
oxidative atmosphere (Fig. 1) promoted the transition from Algoma-type to Superior-type 
BIF (Bekker et al. 2010, Lyons et al. 2014, Poulton and Canfield 2011, Pufahl and Hiatt 
2012). 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Figure 3: Depositional frequency and size of deposition (in Mega Tonne) of BIFs throughout 
Earth’s history. Adapted from Huston and Logan (2004). Time scale, in billion years before 
present, moves from left to right. 

1.8 Ga is characterized by abundant BIF, and
increasingly abundant sulfate deposits, with gyp-
sum and anhydrite becoming more common. Be-
tween 3.0 and 1.8 Ga, both Superior- and Algo-
ma-type BIFs are present, but the Superior-type
deposits account for the vast majority of BIF. The
period between 1.8 and 1.0 Ga lacks BIF but
contains abundant sulfate deposits. Although
BIFs of late Proterozoic and Phanerozoic ages
are known (e.g. Rapitan), these deposits are the
products of either unusual geologic conditions
(e.g. global glaciation [13]) or hydrothermal vent-
ing.

As both the style and the abundance of BIF
vary with time, it is unlikely that these variations
are solely controlled by tectonic preservation. In
addition, the true frequency of bedded sulfate de-
posits is likely to be understated in the older rocks
as these rocks are less likely to be preserved
[14].

3. Sulfur isotope variations through time

Prior to 2.4 Ga, N34Ssulfate is relatively uniform
(Fig. 1) with average values for all deposits in
the range of 3.8^5.4x (all N34S values are re-
ported relative to the CDT standard), bar the Big
Stubby and Geco volcanic-hosted massive sul¢de
(VHMS) deposits. Moreover, with the exception
of the Dresser deposits [15], coexisting sul¢de
minerals have a narrow range of 0! 4x [16].
Sedimentary sul¢de elsewhere has N34S in the
range of 0! 10x [13,17]. In contrast, deposits
younger than 2.4 Ga have higher and more vari-
able N34Ssulfate, ranging from 4 to 39x (Fig. 1),
similar to values in the late Proterozoic and Phan-
erozoic [18]. Sedimentary sul¢des also have a
large range in N34S, from 330 to 60x [13,19,20].

Farquhar et al. [21] showed that the fractiona-
tion of 33S relative to 32S also changes at about
2.4 Ga. Syn- or diagenetic sulfate and sul¢de
minerals deposited before 2.45 Ga show mass-
independent fractionation of 33S, interpreted to
result from gas-phase photolysis of SO2, yielding
a large range of oxidized and reduced sulfur-bear-
ing species [22]. Between 2.45 and 2.09 Ga 33S
fractionation shifted from mass independent to
mass dependent. The lack of mass-independent
fractionation after 2.09 Ga suggests that photo-
chemical reactions ceased to be important, with
biogenic and redox reactions controlling sulfur
speciation. These observations have been indepen-
dently supported by Mojzsis et al. [23].

4. The low-temperature geochemistry of sulfur,
iron and barium

Fig. 2 illustrates the stability of Fe^S^O miner-
als and barite, and the solubility of iron as a
function of sulfur content and redox at pH (7.8)
and salinity of modern seawater (3% NaCl).
These diagrams were calculated for 25 and 75‡C
to illustrate constraints on deposition of BIF and
barite.

At 25 and 75‡C, magnetite is only stable at
sulfur levels below 1035 and 1033 that of modern
seawater. Iron is most soluble in the magnetite
stability ¢eld and least soluble in the pyrite ¢eld.

Fig. 1. Variations in the abundances of bedded sulfate depos-
its and BIF and of N34S through time (based on Tables 1
and 22).

EPSL 6994 5-3-04
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2.3 Reconstructing Paleoproterozoic oceanic chemistry
The rise of atmospheric O2 at around 2.4 Ga led to the formation of a redox stratified 
ocean, with a surface ocean inhabited by Cyanobacteria performing oxygenic 
photosynthesis, and bottom waters that are anoxic and metal rich due to the pronounced 
hydrothermal activity (Baross and Hoffman 1985, Canfield 1998, 2005, Huston and Logan 
2004, Poulton and Canfield 2011, Planavsky et al. 2010a, Pufahl and Hiatt 2012). Fe(III)
(oxyhydr)oxide has a high affinity to numerous ions and compounds with a strong 
correlation to the chemistry of surrounding seawater such as P concentration (Feely et al. 
1998, Schaller et al. 2000), As (Bang and Meng 2004, Chi Fru et al. 2015, Roberts et al. 
2004) and Si (Fischer and Knoll 2009). Because of the efficient preservation of ions 
associated with Fe(III)(oxyhydr)oxides in modern ocean sediments, we can use the ratios 
of key elements relative to sedimentary Fe content to reconstruct their dissolved marine 
concentrations at the time of deposition  (Canfield 2005, Feely et al. 1998). This 
relationship was the driving force for the development of distribution coefficients from 
synthetic mineral precipitation, which can then be used with a modelling approach to 
estimate elemental concentrations in solution. For example, experiments investigating 
adsorption of variable loads of phosphate onto Fe(III)(oxyhydr)oxides show that sorbed 
phosphate is proportional to the concentration of phosphate in the medium. This linear 
relationship allows for the calculation of a distribution coefficient for phosphate on 
preformed Fe(III)(oxyhydr)oxides of 0.07 ± 0.01 µM-1 (Bjerrum & Canfield 2002). From this 
distribution coefficient the following equation was devised to calculate levels of phosphate 
in the ancient ocean;
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Figure 4: The temporal relationship between the occurrence of iron formation and global plume 
events. Adapted from Isley and Abbott (1999). Time scale, million years before present, moves 
from right to left.  
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cross correlations between layered intrusions and 1000 
randomly generated time series have the lowest correlation 
coefficients. As a result, a correlation value of 0.582 is 
needed to generate a 99% confidence level in the cross 
correlation between layered intrusions and another time series 
(Table 6). For komatiites a much higher correlation value of 
0.712 is needed for a 99% confidence level in a cross 
correlation between komatiites and another time series. 
Therefore the statistical significance (i.e., confidence level) of 
a given correlation coefficient must be evaluated individually 
for each cross correlation of iron formation with plume 
proxies. 

We also use a Monte Carlo method to estimate the 
confidence intervals for the lag times. We assume that errors in 
the estimates of the lag times arise solely from errors in the 
age dating, as quantified by the published age date confidence 
intervals. The ability of the cross-correlation technique to 
determine lag time is then a function of the number of age dates 
in each pair of time series, and the distribution of variances of 
these age dams. Monte Carlo simulations indicate that the 
standard error of the time lag decreases approximately with the 
square root of the number of age dates, with smallest age date 
variance controlling the size of the time lag variance. The 
distributions of age date confidence limits for the various 
types of plume proxies are all rather similar and roughly obey 
an exponential distribution with an expectation of about 15 
Myr. Simulations based on this distribution indicate that the 
95% confidence limits for lag times do not exceed 3 Myr for 
the time series considered in this paper. 

The cross-correlation analyses between plume proxies and 
iron formation show that the komatiite, global plume, and 
continental plume results have correlation coefficients that are 
significant at the 99% confidence level (Table 6 and Figure 4). 

The komatiites and global plumes have very small lag times of 
3 and 2 Myr, respectively. The continental plumes have a time 
lag of 264 Myr. However, there is a strong secondary peak at a 
time lag of 1 Myr. This secondary peak has a confidence level 
of 85%. 

The cross-correlation results for the dikes plus flood basalts 
and the layered intrusions are not as strong. Both of these 
cross correlations gave best fit time lags of 264 Myr. The 
correlation coefficient of the cross correlation between iron 
formation and dikes plus flood basalts is significant at the 
83% confidence level (Table 6 and Figure 4). The correlation 
coefficient of the cross correlation between iron formation and 
layered intrusions is significant at the 96% confidence level. 
Both of these latter cross correlations have strong secondary 
peaks with time lags of 3 Myr. The secondary peak from the 
cross correlation between iron formations and layered 
intrusions is significant at the 94% confidence level. The 
secondary peak from the cross correlation between iron 
formation and dikes plus flood basalts is significant only at 
the 21% level. 

10. Discussion 

10.1. Our Interpretation of Cross-Correlation 
Analyses 

We believe these cross-correlation analyses confirm the 
temporal coincidence between B1F deposition and mantle 
plume volcanism in both continental and oceanic 
environments. First, as expressed by the confidence level of 
correlation coefficients, both of the pooled time series (global 
and continental plumes), and the komatiite time series, are 
more strongly correlated with BIF deposition than virtually all 



Eq. 1: [Pd] = (1/Kads)(Pads/Fe3+)

where [Pd] is the concentration of dissolved P in seawater, Kads is the distribution 
coefficient derived from adsorption experiments, Pads/Fe3+ is the ratio of P and Fe3+ in the 
sample rock, such as that of Fe-rich bands in BIFs. The combination of investigating 
natural BIFs with empirical laboratory studies constructed to match early ocean conditions 
in order to reconstruct ocean chemistry has led to recent advances in the understanding of 
Early Proterozoic elemental cycles, especially with respect to the P, As and Si cycles 
(Bjerrum and Canfield 2002, Chi Fru et al. 2016b, Konhauser et al. 2007, Jones et al. 
2015, Reddy et al. 2016, Zheng et al. 2016). The Early Proterozoic P cycle is thought to 
have restricted Cyanobacteria growth due to the ability of Fe(III)(oxyhydr)oxides to bind 
phosphate through adsorption and coprecipitation (Bjerrum and Canfield 2002, Feely et al. 
1998, Jones et al. 2015, Konhauser et al. 2007). By binding P and removing it from 
surface waters, Fe(III)(oxyhydr)oxides effectively remove an essential nutrient for 
biological growth leading to nutrient deficiency for Cyanobacteria (Bjerrum and Canfield 
2002, Canfield 1998, Chi Fru et al. 2016b, Filippelli 2002, Jones et al. 2015, Konhauser et 
al. 2007, Poulton and Canfield 2011). These studies are continually evolving in order to 
more accurately model ocean chemistry in the Archean and Proterozoic. 

The most recent addition to the models is that of As, commonly found as either arsenite 
(As(III)) or arsenate (As(V)) ions. Arsenate, an ion with similar characteristics to 
phosphate, is able to enter cells through established phosphate channels and disrupt 
energy building pathways inside the cell such as the formation of adenosine triphosphate 
(ATP). The arsenate ion is commonly found in oxidised environments where it can 
compete with phosphate in biological pathways and also sorption related to Fe(III)
(oxyhydr)oxides (Bissen and Frimmel 2003). In modern systems, it has been shown that 
arsenate is detrimental to biological growth and therefore has a negative correlation with 
photosynthetic activity whereby arsenic concentration minima correlate with photosynthetic 
activity maxima (Smedley and Kinniburgh 2002). This relationship is assumed also to 
apply to the Archean and Proterozoic oceans (Chi Fru et al. 2016b) where As 
concentrations were most likely high due to the pronounced hydrothermal input and from 
extensive continental weathering of sulphides that released As into the ocean (Chi Fru et 
al. 2015). 
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The Early Proterozoic oceans were evidently not only rich in Fe (Poulton and Canfield 
2011) but also contained high levels of dissolved Si (Siever 1992). The Si cycle in the 
Precambrian is of great interest to understand BIF deposition, thermal gradients and 
weathering (Siever 1992, Marin-Carbonne et al. 2012, Rasmussen et al. 2013, Robert and 
Chaussidon 2006). The relationship between Si and P in the Proterozoic oceans is a 
subject of debate with some studies suggesting that Si inhibits incorporation P in Fe(III)
(oxyhydr)oxides and therefore questioning whether there was indeed an Archean 
phosphate crisis, (Konhauser et al. 2007, Planavsky et al., 2010a), and others challenging 
the suggestion that high Si concentrations inhibited P uptake (Chi Fru et al. 2016b, Jones 
et al. 2015).  An important problem is that unlike those for the P cycle, models of the Early 
Proterozoic Si cycles do not include competition between P and As with Si ions. This 
thesis focuses on the Fe-shuttle, the transfer of Fe(III)(oxyhydr)oxides including the ion 
budget of these minerals on the P, As and Si cycles (Chi Fru et al. 2016b). The 
components of P and As to these models are important not only due to their competitive 
strength against Si with Fe(III)(oxyhydr)oxides, but also because hydrothermally derived 
As is believed to have been prevalent after the GOE (Chi Fru et al., 2015, 2016b) and the 
impact of P sourced from the ocean surface at this time (Chi Fru et al., 2016b).

4. Paper I - methods and key results

4.1 Methods

4.1.1 Sample synthesis and adsorption experimental set up

Syntheses of Fe(III)(oxyhydr)oxide batches was conducted through rapid hydrolysis of 
Fe2+ at pH 7-8 at ambient temperature and atmosphere in a 0.56 M NaCl solution. A high 
Fe(II) concentration of 7.16 mM was selected to ensure enough surface area for 
adsorption and mineral for analysis. Adsorption experiments were then carried out on the 
precipitated Fe(III)(oxyhydr)oxide in solutions doped with high concentrations of NaCl, Si, 
P, and As to simulate Early Proterozoic oceanic conditions, across pH 5-10. Adsorption 
was conducted for 30 min at a stable pH (allowed to deviate ±0.1 at the most) before 
samples for elemental analysis were collected. Samples were centrifuged at ~13 000 rpm 
for 7 min before supernatant was filtered through a 0.2 µm teflon filter with remaining pellet 
and supernatant dissolved in 2 ml 5% HNO3. The leftover precipitate was dried for analysis 
with Powder X-Ray Diffraction (PXRD) and Raman spectroscopy for mineralogical 
composition. A series of additional Fe(III)(oxyhydr)oxide precipitations were conducted to 
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test the effect of Si on mineralogy and to aid the comparison of adsorption with a previous 
study by Chi Fru et al. (2016b) that focused on coprecipitation. These additional 
precipitations were synthesized with 0.67 or 2.2 mM Si in solution and 0.56 M NaCl.

4.1.2 Analysis

The dried precipitate was gently crushed in an agate mortar for initial analysis with 
environmental scanning electron microscopy (ESEM) in combination with electron 
dispersive spectroscopy (EDS). Powder X-Ray Diffraction was performed at the museum 
of natural history, Stockholm, to determine sample mineralogy. Samples were run on an 
Analytical X-Pert pro diffractometer in room temperature. The running conditions of 45 kV 
and 40 mA, step size of 0.017°, and scan step time of 50.1650 s was selected to retrieve 
data with a low signal/noise ratio. Sample was continuously rotating during scanning using 
Cu-Kα radiation and Ni-filter. Diffraction patterns were further examined using Rietveld 
refinement to gain rough estimates of mineral abundance. 
Mineralogy was further confirmed via Raman spectroscopy at the Department of 
Geological Sciences, Stockholm University, using a Horiba LabRAM HR800 with an air-
cooled multichannel CCD (charge-coupled device) array detector. Spectral resolution was 
~0.3 cm-1/pixel at 1024 x 256 pixels. A confocal Olympus BX41 microscope with laser 
beam focused through an 80x objective, spot size ~1 µm, at a working distance of 8 mm 
together with a low laser power of 0.15-0.06 mW due to sample sensitivity to mineral 
transformation. Calibration with a silicon wafer was used to control instrument accuracy.
More precise elemental concentrations of sub-sampled supernatant and precipitate were 
carried out at the Department of Geological Sciences, Stockholm University, using a 
Thermo ICAP 6500 Duo ICP-OES together with a V-groove nebuliser and concentric spray 
chamber. Repeated analysis of external reference material NIST 1640a together with an 
internal standard solution (Y1) was used for the repeated control of precision & error and 
drift. High Na content in supernatant resulted in analytical difficulties allowing for P and As 
concentrations to be calculated by subtracting the amount of P and As bound to the 
mineral from initial solution concentrations. 
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4.2 Key results

The synthesis of the adsorptive material resulted in a mixed Fe-mineralogy consisting of 2-
line ferrihydrite, lepidocrocite and magnetite. Rietveld refinement on XRD-spectra to 
estimate mineral abundance show that 2-line ferrihydrite is the mineral that provides the 
most surface area in the samples and potential adsorptive capacity (Table 1). Competitive 
adsorption of equimolar As and P confirm the findings in Chi Fru et al. (2016b) where P, as 
phosphate, competes with As(V) for adsorption sites. It was also shown that P does not 
compete with As(III) during adsorption leading to the preferential uptake of P in conditions 
equivalent to oxidised seawater in the Early Proterozoic. These results confirm a P-limited 
surface ocean in addition to exposing primary productivity to relatively higher levels of 
As(V), potentially affecting cyanobacterial O2 production (Chi Fru et al. 2016b). Comparing 
the adsorption data and mineralogy in this study to coprecipitation data in Chi Fru et al. 
(2016b) reveal adsorption as a less efficient sorptive process than coprecipitation (Table 
1). By calculating a hypothetical scenario in which 2-line ferrihydrite would comprise 100% 
of the precipitate, instead of a mixed mineralogy, we can calculate a mineral specific 
adsorption value that can be compared to Chi Fru et al. (2016b). Approximately 4 - 19% of 
P sorption during coprecipitation can be explained by adsorption alone meanwhile the 
range lies between 10 - 42% for As (Table 1). 

A conceptual model has been devised from the sorption data (adsorption and 
coprecipitation) to depict the Early Proterozoic oceanic P cycle (Fig. 5). P in surface waters 
undergo sorption onto Fe(III)(oxyhydr)oxide particles that form in the oxic/anoxic boundary, 
thus depleting the surface waters in bioavailable P. The Fe(III)(oxyhydr)oxide particles sink 
through the water column and undergo diagenesis. Diagenesis would likely be triggered by 
the natural reduction of Fe3+ in an anoxic environment as well as biologically mediated via 
dissimilatory iron reduction (DIR). The anoxic water column and diagenesis would cause 
desorption of P sorbed via adsorption meanwhile P bound by coprecipitation would likely 
continue to sink, giving us a minimum desorption value of 4-19% initially bound P. 
Continuing Fe(III)(oxyhydr)oxide formation and P desorption would enrich the deeper 
water column in bioavailable P in the same time burying remaining mineral bound P in the 
ocean sediments. Once the Fe(III)(oxyhydr)oxide particles reach the sediment, likely ~50%  
of buried P would be lost back into the water column during sedimentary diagenesis 
meanwhile remaining P is permanently buried (Poulton and Canfield 2006). 
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Figure 5: Potential P cycling in stratified Early Proterozoic oceans based on estimated that 
sulfidic conditions occupying 1-10% of modern seafloor area while pervasive anoxia covering 
30-40% of modern seafloor according to the proposal by Reinhard et al. (2013). When deep 
anoxic ferruginous waters rise and mix with with oxygenated surface waters the coprecipitation of 
Fe(III)(oxyhydr)oxides leads to incorporation of P supplied to the ocean from continental 
weathering and riverine delivery (Lowe and Tice 2007). Ageing Fe(III)(oxyhydr)oxides may bind 
some extra P as the mineral particles sink and are eventually buried. Dissimilatory iron reduction 
(DIR) by iron reducing bacteria lead to the loss of some P to the water column and regeneration 
of Fe(II). The effects of Si is not shown in this model. Note this is figure 9 from paper I with 
updated figure caption. 



5. Future work
5.1 Reconstructing Early Proterozoic As levels
Arsenic is increasingly seen as having an important control on the uptake of phosphate by 
Fe(III)(oxyhydr)oxide, with the presence of As favouring the uptake of phosphate and 
reducing the effect of Si obstructing P uptake. Clearly As is an important component that 
should be included in any models of the Precambrian P cycle. With this paper we aim to 
generate more accurate estimates of the As concentrations in the Early Proterozoic ocean 
through the construction of a coprecipitation As distribution coefficient in the presence of P, 
Si, Ca and Mg. The As distribution coefficient will then be applied to previously published 
trace element compositions from BIFs to calculate As levels in the Early Proterozoic 
ocean. 

5.2 Si cycling in the Early Proterozoic ocean
The Archean and Early Proterozoic oceans are known to have high concentrations of Si as 
evident by the siliceous content in BIFs. Silica has been suggested to play an important 
role in nutrient cycling, productivity and oxygenation in the Precambrian oceans. The 
mechanism and ability of Si to impede the uptake of P by Fe(III)(oxyhydr)oxide is currently 
debated with contrasting results coming from adsorption and coprecipitation experiments. 
Adsorption of light Si isotopes onto the surfaces of Fe(III)(oxyhydr)oxides is thought to be 
a dominant feature of the Precambrian oceans.  However the expected products of this 
process – Fe-rich layers with light Si isotopic signature and Si-rich layers with heavier Si 
isotopic signature are lacking in the geological record. An alternative mechanism is clearly 
required to explain Si isotope systematics in the Early Proterozoic oceans.  Si isotope 
fractionation during coprecipitation of Fe(III)(oxyhydr)oxide is poorly known. This study 
investigates the fractionation of Si isotopes during coprecipitation of Fe(III)(oxyhydr)oxide 
in the presence of of elevated Fe, Si, P and As.   Early results show that under Early 
Proterozoic marine conditions, the coprecipitation of Fe(III)(oxyhydr)oxide preferentially 
removes heavy Si isotopes from solution. The data provide a new mechanism for the 
ubiquitous depletion of heavy Si isotopes in BIF chert. 
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5.3 Archean - Early Proterozoic deep water redox on Black shales from Transvaal, 
South Africa
Black shales, commonly found in superior-type BIFs, an organic rich feature deposited in 
anoxic environments give us further details into the changes of redox states through the 
late Archean, GOE and the early Proterozoic ocean. Black shales samples from Transvaal, 
South Africa spanning the ages of ~2.7 - 1.9 Ga will be investigated through sequential 
extractions of Fe-oxides and hydroxides combined with isotopic analysis of Fe in 
combination with isotopic work of C and S. In order to see changes of redox that would 
affect the Precambrian P and As cycle and their influence on primary productivity. 
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Abstract

Banded iron formations (BIF) are proxies of global dissolved inorganic phosphate (DIP) 
content in Precambrian marine waters. Estimates of Precambrian DIP rely on constraining 
the mechanisms by which Fe(III)(oxyhydr)oxides scavenge DIP in NaCl solutions 
mimicking elevated Precambrian marine Si and Fe(II) concentrations. The two DIP binding 
modes suggested for Early Proterozoic marine waters are 1) surface attachment on pre-
formed Fe(III)(oxyhydr)oxides (adsorption), and 2) incorporation  of P into actively growing 
Fe(III)(oxyhydr)oxides (coprecipitation) during the oxidation of Fe(II) to Fe(III)
(oxyhydr)oxides in the presence of DIP. It has been suggested that elevated Si 
concentrations such as those suggested for Precambrian seawater, strongly inhibit 
adsorption of DIP in Fe(III)(oxyhydr)oxides, however recent coprecipitation experiments 
show that DIP is scavenged by Fe(III)(oxyhydr)oxides in the presence of Si, seawater 
cations and hydrothermal As. In this study we show that the DIP uptake onto Fe(III)
(oxyhydr)oxides by adsorption is less than 5% of that by coprecipitation. Differences in 
surface attachment and the possibility of structural capture within the Fe(III)
(oxyhydr)oxides are inferred from the robust influence Si has on DIP binding during 
adsorption, but inhibited for coprecipitation when As(III) and As(V) are present. The data 
imply that in the Early Proterozoic open oceans, Fe(III)(oxyhydr)oxides precipitated when 
deep anoxic Fe(II)-rich waters rose and mixed with the first permanently oxygenated 
ocean surface waters, caused DIP removal from surface waters through coprecipitation 
rather than adsorption. Local variations in DIP and perhaps even stratification of DIP in the 
oceans were likely created from the continuous removal of DIP from surface waters by 
Fe(III)(oxyhydr)oxides, and its partial release into the anoxic bottoms waters and in buried 
sediments. In addition to a DIP famine, the selectivity for DIP over As(V) may have led to 
As enrichment in surface waters both of which would have most likely decreased the 
productivity of cyanobacteria and O2 production.

Additional keywords: DIP; Early Proterozoic; coprecipitation; adsorption; Iron formations 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1. Introduction
Throughout earth’s history, changing hydrothermal activity, continental weathering, 

redox and extreme climate regimes have influenced oceanic trace element content and 
oxidation state[1-6]. Early in Earth history, trace element contents in the ocean, particularly 
with respect to nutrients such as P, heavily influenced oceanic productivity, growth of 
Cyanobacteria and the rise of oxygen production[7]. In modern day oceans phosphate 
availability is heavily influenced by its affinity for Fe(III) minerals as oxidation of aqueous 
Fe(II) to Fe(III)(oxyhydr)oxides binds and precipitates dissolved inorganic P (DIP), thereby 
controlling phosphate bioavailability[8-10]. The large-scale formation of banded iron 
formation (BIF) between ~2.5-1.8 Ga may have heavily influenced marine DIP 
concentrations at this time[2,7-11]. Early Proterozoic oceans are suggested to have been 
stratified with Fe(II)-rich (ferruginous) deep marine waters overlain by a shallow 
oxygenated ocean surface, following the permanent appearance of oxygen in the 
atmosphere at around 2.4-2.1 Ga[6,12]. Extensive precipitation of DIP by hydrothermal 
Fe(III)(oxyhydr)oxides in the water column followed by settling out and burial is suggested 
to have led to a nutrient-poor Early Proterozoic ocean, thereby affecting the growth of 
primary producers[7,11,13]. This has been suggested to have delayed oxygenation of the 
atmosphere and deep oceans until the Precambrian-Cambrian boundary when Fe(II) was 
titrated out of the oceans[2,6,7,11,14,]. This mechanism of DIP transfer referred to as the “Fe-
shuttle” is driven by strong gradients in redox and chemical compositions in the Early 
Proterozoic ocean. 

Marine DIP content during the Archean and Early Proterozoic is most commonly 
constrained through empirical models relating the adsorption of orthophosphate to Fe(III)
(oxyhydr)oxides. These experimental models mimic Early Proterozoic seawater 
compositions using NaCl solutions containing elevated Si and Fe(II) and our 
understanding of P entrapment in Fe(III)(oxyhydr)oxides precipitated from the mixing of 
modern hydrothermal fluids with marine water[11,13,15,16]).  The data can then be used to 
read the Early Proterozoic marine DIP record preserved as solid P in BIF[2,17]. Studies 
investigating both adsorption and coprecipitation as mechanisms for incorporation of DIP 
into Fe(III)(oxyhydr)oxides have been carried out. Competitive adsorption measures 
attachment on surfaces of pre-formed natural or synthetic Fe(III)(oxyhydr)oxide minerals, 
while coprecipitation accounts for elemental concentrations incorporated into minerals that 
were grown in a solution where the ions coexist with Fe(II) and its oxidant. Adsorption 
measures the binding of dissolved ions to the surface of minerals that have already 
formed, analogous to minerals precipitated in shallow water sinking through the water 
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column. Coprecipitation measures the ions incorporated into the mineral structure at the 
time of mineral growth. It remains unclear which of these two processes is the dominant 
enforcer of DIP removal from Early Proterozoic marine waters containing elevated Si and 
Fe(II). Without this assessment, it is difficult to determine whether the marine DIP record 
attained from BIF reflects the ocean conditions where the crystal grew (coprecipitation) or 
long-term scavenging of DIP by ageing Fe(III)(oxyhydr)oxide particles sinking from the 
photic, oxygenated surface zone to the aphotic anoxic ocean floor (adsorption). 

 This study quantifies DIP adsorption trends by pre-formed Fe(III)(oxyhydr)oxides in 
solutions equilibrated to seawater ionic strength of 0.56 M NaCl, and containing elevated 
Si and Fe(II) levels thought to reflect concentrations in open anoxic iron-rich bottom waters 
contacting the Early Proterozoic oxygenated ocean surface[2,6,14,18]. The results are 
compared with coprecipitation data produced under similar conditions, that showed 
significant scavenging of dissolved P by Fe(III)(oxyhydr)oxides grown in NaCl solution 
containing elevated Fe(II), Si, Mg2+, Ca2+ and As[16]. The coprecipitation study also showed 
that the elevated As concentrations appear to negate the negative affect of high Si 
concentrations on P sorbtion(16).  This study aims to investigate whether 1) coprecipitation 
of DIP by Fe(III)(oxyhydr)oxides resulting from the active oxidation of Fe(II) sourced from 
deep iron-rich open ocean waters is distinct from surface attachment of DIP during 
adsorption by pre-formed Fe(III)(oxyhydr)oxides, and 2) coprecipitation by Fe(III)
(oxyhydr)oxides predominantly controlled DIP drawdown in Early Proterozoic open ocean 
surface waters where upwelling of deep anoxic iron (II)-rich waters mixed with the global 
thin sheet of oxic surficial waters[6]. This would imply that freshly formed Fe(III)
(oxyhydr)oxides scavenged DIP from the oxic surface ocean, while attachment on the 
surfaces of Fe(III)(oxyhydr)oxides sinking to the bottom of the ocean was negligible. The 
magnitude of the difference between these two processes may enable insights into the 
vertical distribution of DIP in the Early Proterozoic oceans, taking into account anoxic 
water column regeneration of DIP. Through mass balance calculations, we aim to evaluate 
whether ocean stratification following the permanent oxygenation of the atmosphere after 
2.4 Ga changed vertical marine DIP dynamics.
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2. Materials and methods

2.1. Mineral precipitation and adsorption experiments
Fifty-four individual Fe(III)(oxyhydr)oxide precipitates were synthesized from 

FeCl2*H2O in ambient temperature and atmosphere, at circumneutral pH, close to the 
reconstructed pH of Precambrian waters[19]. A high Fe(II) concentration of 7.16 mM was 
selected for these precipitations to ensure enough surface area for adsorption and mineral 
analysis[20]. The precipitates were then used in a series of experiments investigating 
competitive adsorption between Si, P and As. The experiments were carried out at varying 
Si concentrations of 0.0, 0.67 and 2.2 mM (Na2O(SiO)2x*xH2O), and across a pH range of 
5-10. Equimolar concentrations of P and As to a total of 100 µM each were used to 
replicate conditions of a previous study[16], and a salinity of 0.56 M NaCl was used to 
mimic the conditions from other studies[13,15]. Fixed molar As/P ratios were used as varying 
the As:P ratio between 1:0.001 to 1:1000 has been shown to have no effect on P uptake 
by Fe(III)(oxyhydr)oxides[16], and furthermore, use of equimolar concentrations allows 
preferential ion uptake to be more clearly identified. The effects of Ca2+ and Mg2+ were not 
tested in this study because it  has been shown that in the presence of As, these ions have 
no effect on the relationship between Si and P fixation by Fe(III)(oxyhydr)oxides[16]. 
Oxidation of As(III) during the experimental set up was not evaluated as it been shown 
during similar experimental conditions to be minimal (< 2%)[16]. The As concentration is 
similar to what would be expected in a hydrothermal plume with considerably higher metal 
contents than ambient seawater with estimated As concentrations in the Archean and 
Early Proterozoic of around 10 ppb[21]. The conditions of the adsorption experiments varied 
from previous studies[15], through addition of dissolved As(III), As(V) or a combination of 
these two As species with equimolar DIP for competitive adsorption. Precipitated material 
was washed three times in 0.56 M NaCl and immediately resuspended in a 0.56 M NaCl 
solution containing 100 µM of both P and As at the variable Si content and pH stated 
above. The pH (5-10) was adjusted with 1 M NaOH or 1 M HCl solutions and maintained 
for 30 min of adsorption, after which a 1 ml sample was centrifuged for 7 min at 13 000 
rpm. The 1 ml sample was then divided into supernatant that was filtered through 0.2 µm 
teflon filters and the remaining pellet (synthesized mineral, post-adsorption). Both the 
supernatant and pellet were dissolved in 2 ml 5% HNO3 for Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES). A series of extra Fe(III)(oxyhydr)oxide 
precipitates were synthesized from FeCl2*H2O at circumneutral pH with the addition of 
0.67 and 2.2 mM Na2O(SiO)2x*xH2O. These extra precipitates were synthesised in order 
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to test the effects of Si on the mineralogy of the precipitates and to aid correlation with 
mineralogy in the previous coprecipitation study[16].  These extra precipitates were not used 
for elemental analysis nor the calculation of distribution coefficients.

2.2. Mineralogy of synthesized Fe(III)(oxyhydr)oxides
Dried samples were gently crushed in agate mortar for analysis with environmental 

scanning electron microscopy (ESEM) in combination with electron dispersive 
spectroscopy (EDS) to check sample homogeneity and to collect initial qualitative 
elemental data. Powder x-ray diffraction (PXRD) analysis to characterise mineralogical 
composition was carried out at the Swedish Museum of Natural history using an Analytical 
Xpert-pro diffractometer at room temperature. Samples were run at 45 kV and 40 mA, with 
a step size of 0.017° and scan step time 50.1650 s, with continuous scanning of a rotating 
sample using Cu-Kα radiation and Ni-filter. Rough mineral quantification was performed 
with the Rietveld method to estimate relative mineral abundances in weight %. The mineral 
proportions were calculated using Rietveld analyses and the assumption of a 100% 
precipitation rate using the formulas of 2-line Ferrihydrite (Fe2O3*0.5H2O), Lepidocrocite 
(FeOOH), and Magnetite (Fe3O4). The concentrations of P and As bound to each mineral 
were normalised to a sample weight of 1 g. The surface area for each mineral, (600, 80 
and 90 m2g-1 respectively[22-24]), was used to estimate the surface area available during 
adsorption compared to coprecipitation based on surface area per gram mineral.

Further mineralogical confirmation using Raman spectroscopy was carried out at the 
Department of Geological Sciences, Stockholm University, using a Horiba LabRAM HR 
800 with a multichannel air-cooled (-70°C) CCD (charge-coupled device) array detector 
with 1024 x 256 pixels with spectral resolution ~0.3 cm-1/pixel. The instrument was coupled 
to a confocal Olympus BX41 microscope with laser beam focused through an 80x 
objective at 8 mm working distance with resulting spot size ~1 µm and laser power of 0.15 
to 0.06 mW optimal for samples sensitive to transformation. Instrument accuracy was 
controlled by repeated use of a Silicon wafer calibration and the Raman spectra were 
collected with LabSpec 5 software. 

Elemental analyses of the filtrate and supernatant from the adsorption experiments 
were carried out using a Thermo ICAP 6500 Duo ICP-OES with a concentric spray 
chamber and a V-groove nebuliser at the Department of Geological Sciences, Stockholm 
University. Precision and error were controlled through repeated analyses of external 
reference material NIST 1640a and use of an internal standard solution (Y1) to control 
drift. Detection limits for As, Fe, P, and Si are 2.49, 0.13, 0.74, and 0.28 ppb, respectively. 
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Due to difficulties resulting from the ionization of excess Na remaining in solution, the 
concentration of P and As in the supernatants were calculated by subtracting the amount 
bound by Fe(III)(oxyhydr)oxide sample pellets from the initial solution concentrations. 

2.3. P adsorption distribution coefficients (Kd) 
The Kd for P was derived following methods described in previous studies[8,11,15,16] by 

plotting molar P/Fe in the Fe(III)(oxyhydr)oxides against DIP remaining in solution at each 
pH and Si concentration, using the equation [Pd]=(1/Kads)(Pads/Fe3+), where [Pd] is 
dissolved P in solution, Kads is the distribution coefficient from adsorption (referred to as Kd 
in this study), and (Pads/Fe3+) is the P/Fe ratio of Fe(III)(oxyhydr)oxide[11]. The Kd is 
essentially the slope of the linear correlation between P/Fe molar ratios in Fe(III)
(oxyhydr)oxides particles against DIP given in the equation as [Pd]. The comparison 
between calculated adsorption Kds from this study are compared with coprecipitation Kd 
values from Chi Fru et al. (2016) to distinguish whether adsorption or coprecipitation 
controls P-uptake during Fe(III)(oxyhydr)oxide formation.

3. Results

3.1. Characterization of synthesized Fe(III)(oxyhydr)oxide minerals
The PXRD analyses show that the Fe(III)(oxyhydr)oxide precipitates used for the 

adsorption experiments contain multiple mineral phases, namely 2-line ferrihydrite, 
lepidocrocite, magnetite and halite (Fig. 1). The Raman spectroscopy also confirmed the 
presence of 2-line ferrihydrite, lepidocrocite and magnetite (Fig. 2). Rietveld analysis of 
PXRD spectra indicates that the starting material contained 28% 2-line ferrihydrite, 71% 
lepidocrocite and 1% magnetite (Table 1), and that the relative abundances of minerals 
changed during the adsorption experiments. In general, lepidocrocite decreased and 
magnetite increased in abundance during the experiments (Table 1), and 2-line ferrihydrite 
increased in abundance in most of the adsorption experiments compared to the 
composition of the starting material (Fig. 1, Table 1). Rietveld analysis performed on PXRD 
spectra from Chi Fru et al. (2016), indicate that the precipitates generated in that study 
were pure 2-line ferrihydrite (Table 1). The extra Fe(III)(oxyhydr)oxide precipitates 
synthesized from solutions containing different concentrations of dissolved Si show that 
increasing dissolved Si concentrations during precipitation promotes the synthesis of 2-line 
ferrihydrite, with 2-line ferrihydrite and magnetite being the only Fe(III)(oxyhydr)oxide 
phases precipitated at the highest Si concentration (Fig. 3, 4)  
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3.2 Adsorption of P on Fe(III)(oxyhydr)oxide minerals
ICP-OES data suggest that DIP adsorption was pH dependent (Fig. 5a-i). At low pH, 

higher levels of DIP are adsorbed to the surface of the Fe(III)(oxyhydr)oxides, before 
rapidly dropping off to near zero as pH increases to 10. The adsorption of DIP was also 
affected by Si concentration, decreasing with increased Si in solution (Fig 5a-i). This 
occurred irrespective of the valency of As in solution. The adsorption of DIP is greater than 
that of As(V) at all pH and Si concentrations (Fig. 5d-f). Adsorption of As(V) shows similar 
behaviour to DIP, decreasing with increasing pH and dissolved Si (Fig. 5d-f). The 
adsorption of As(III) increases with increasing pH to values of around 7-8 (Fig. 5a-c). At pH 
> 8 As(III) adsorption remains constant in the Si free solution but decreases when Si is 
present (Fig. 5a-c). The experiments show that greater amounts of As(III) are adsorbed 
than As(V). Adsorption of DIP coexisting with As(III) and As(V) revealed a mixed pattern 
with characteristics of both the individual As(III) and As(V) trends, where As(V) is likely 
adsorbed to a higher degree at low pH and As(III) at high pH (Fig. 5g-i). 

The average adsorption Kd value calculated across the pH range of 5-10 at the three 
concentrations of Si is ~0.0002 µM-1 (Fig. 6). Although the Kd varies somewhat with pH, 
this variation is not statistically significant (Table 2).

4. Discussion
4.1 Mineralogy and composition of Fe(III)(oxyhydr)oxide precipitates
The Fe(III)(oxyhydr)oxide precipitates synthesized in this study comprise multiple mineral 
phases with the starting material containing 28% 2-line ferrihydrite, 71% lepidocrocite and 
1% magnetite (Table 1), which is distinct from the pure 2-line ferrihydrite produced in the 
coprecipitation experiments[16]. The different mineralogy synthesized in each study could 
be driven by the As, P, Ca or Mg content as these ions were present in the Fe(III)
(oxyhydr)oxide precipitation solutions in the coprecipitation experiments, but not in the 
adsorption experiments reported here. Pure 2-line ferrihydrite was synthesized during 
coprecipitation in the previous study[16] despite variation of dissolved Si suggesting that Si 
content was not the only control on the different mineralogies produced in the 2 studies 
(Table 1). In the adsorption experiments reported here, lepidocrocite decreases in 
abundance from the starting material irrespective of the Si content indicating that the Si 
content of the adsorption solutions does not control its stability. The Si content however, 
does appear to exert control on the stability of ferrihydrite, which increases in abundance 
in the extra precipitations carried out in the presence of dissolved Si (Figs. 3 and 4).  This 
is in agreement with earlier studies where solutions with Si/Fe ratio <0.1, yielded mainly 
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lepidocrocite during rapid oxidation of Fe(II), whereas those with Si/Fe ratios >0.36 
preferentially generated ferrihydrite[27,28]. With the decrease in the relative abundance of 
lepidocrocite during the adsorption experiments reported here, follows an increase in the 
abundance of magnetite and to a lesser degree, 2-line ferrihydrite (Table 1). The presence 
of magnetite may be explained by the decomposition of 2-line ferrihydrite[29], although this 
reaction is suggested to require reducing conditions and is commonly accompanied by 
dissimilatory reduction of 2-line ferrihydrite. Regardless of the reasons for the formation of 
magnetite, its presence is useful for this study as the increased number of mineral species 
to some degree mimics natural systems where multiple Fe(III)(oxyhydr)oxides are 
common[22-24]. The presence of different solutes during Fe(II) oxidation most likely drives 
production of Fe(III)(oxyhydr)oxides with different degrees of purity.

The surface area available for trace metal attachment on synthetic lepidocrocite, 2-line 
ferrihydrite and magnetite are distinctly different, averaging ~80 m2 g-1, 600 m2 g-1, and 90 
m2 g-1 respectively[22-24]. This highlights the importance of the mineral assemblage as it 
affects the adsorptive capacity, particularly when 2-line ferrihydrite is present. With the 
formation of lepidocrocite and magnetite, the total adsorption capacity of competing 
phosphate, As(V) and As(III) ions would therefore be substantially reduced compared to 
when 2-line ferrihydrite is more abundant. For example, adsorption potential of phosphate 
at pH 7 on 2-line ferrihydrite, lepidocrocite and magnetite is 1037.55, 123.82 and 34.56 
μmol g-1 respectively[30]. The greatly higher P adsorption potential of 2-line ferrihydrite[30] 
means that this mineral controls the P sorption in this study (Table 1). The effect of the 
lower abundance of 2-line ferrihydrite can be evaluated through calculation of hypothetical 
concentrations of adsorbed P, assuming 100% 2-line ferrihydrite and that P adsorption is 
proportional to the 2-line ferrihydrite abundance. The P adsorbed, assuming a hypothetical 
100% 2-line ferrihydrite in adsorption experiments, would be between 2 and 6 times higher 
than that measured with the mixed mineralogy (Table 1). However, these hypothetical 
values are still considerably lower than the levels of P sorption during coprecipitation[16],  
varying from 2 to 49% (average 19%) of P incorporated during coprecipitation[16] (Table 1). 

4.2 Competitive adsorption onto Fe(III)(oxyhydr)oxide and the role of As
One of the key results from this study is the relative differences in adsorption 

behaviour between P, As(III), and As(V). As(V) is adsorbed to a lesser degree than P but 
shows similar behaviour with adsorption decreasing with increasing pH as expected (Dixit 
and Hering, 2003). As(III) shows a distinctly different behaviour to P and As(V) with 
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adsorption increasing as pH increases up to pH 7-8, and either remaining constant or 
decreasing between pH 8 and 10. The pH-dependent As(III) trend is also consistent with 
previous studies[23]). The different adsorption behaviour of P and As(III) with increasing pH 
may partially be explained by the change in surface charge of Fe(III)(oxyhydr)oxides with 
pH. The charge is positive at low pH, but reverses at pH 7 becoming progressively 
negative as pH increases[31]. Our experiments show a change from DIP to As(III)-favoured 
adsorption at around pH 6-7 (Fig. 5a-c). The decreasing adsorption of P and As(V) with 
increasing pH (with consistently higher absorption of P than As(V)) (Fig. 5d-f), support 
previous studies that show that increasing DIP content reduces total As adsorption on 
Fe(III)(oxyhydr)oxides[32]. The results from the combined As(III)-As(V) experiments appear 
to show a mix of the results of the independent As(III) and As(V) reactions (Fig. 5g-i), 
pointing to presence of different types of adsorption sites on the mineral surface, favouring 
one valence state over the other. 

Our results also show that P adsorption decreases with increasing Si content regardless of 
As speciation. This is in line with previous adsorption experiments[15], but contrasts 
strongly with behaviour during coprecipitation experiments where the effect of Si on P 
incorporation is muted when As is present in solution[16]. Such different behaviour suggests 
different DIP fixation mechanisms during coprecipitation and adsorption. Both 
coprecipitation and adsorption studies show that binding of As(III) and P occurs on 
different attachment sites while P and As(V) compete for similar attachment sites[33]. This 
explains the higher content of As(III) than As (V) as DIP occupies some of the As(V) 
binding sites. Coprecipitation samples[16] on the other hand have less mineralogical 
diversity than adsorption samples with a higher proportion of 2-line ferrihydrite and 
therefore a greater reactive surface area and ability to scavenge P and As from a water 
column. On average, ~5% of P and ~10% of As is removed via adsorption as opposed to 
coprecipitation although this increases to 19% and 42% using the hypothetical adsorption 
values calculated for a mineralogy of 100% FeH. The adsorption capacity of the samples 
in this study is clearly lowered by the mixed mineralogy (Table 1). As discussed above 
however, even if the P adsorbed is normalised to 100% 2-line ferrihydrite, the values are 
significantly less than P incorporated into 2-line ferrihydrite during coprecipitation[16]. The 
calculated average P adsorption Kd of 0.0002 µM-1 is very low compared to 0.072 µM-1 
obtained for coprecipitation[16].
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4.3. Implications on Early Proterozoic marine P and As cycling 
Much of our understanding of marine P systematics in the Early Proterozoic comes from 
our knowledge of how this element behaves in the modern ocean, where P input is 
dominated by terrestrial weathering with inorganic P divided into DIP and particulate 
inorganic phosphorus (PIP) (apatite and P bound by iron-manganese(oxyhydr)oxides), 
transported via rivers. The PIP isn’t accessible for marine biota but sinks and deposits on 
continental shelves and in estuaries[34], and of the total P input only 10-30% is estimated to 
be available for biological uptake. Dissolved phosphate is an essential micronutrient 
incorporated into planktonic life living in surface waters and remineralized at deeper water 
depths. Fe(III)(oxyhydr)oxides are the major sedimentary sink for DIP[8,9,35-401] and can 
account for up to ~33% of total P buried in iron-rich hydrothermal sediments[3]. Fe(III)
(oxyhydr)oxide precipitates formed in active hydrothermal plumes in the deep ocean 
contain abundant P scavenged from the water column with the Fe/P ratio of the 
precipitates being a function of the DIP of the oceanic water[8]. Some of the initial P bound 
by Fe(III)(oxyhydr)oxides, perhaps as much as 50% according to some studies[8,11], may 
be released during diagenesis due to transition from ferrihydrite to goethite[3] or 
dissimilatory iron reduction (DIR) of Fe(III)(oxyhydr)oxides by respiratory bacteria[42], a 
process which is thought to have been active since the Archean[43,44].

Oceanic conditions in the Early Proterozoic would have differed significantly from those of 
the modern day with the deep oceans being generally anoxic[45], ferruginous[14], silicic[46] 
and enriched in trace elements including Ni, Co, Au, As, Mn, Ba produced from more 
extensive hydrothermal plume activity at the time[21]. As well as anoxic deep ocean water, 
two other main redox environments are generally accepted to have been present in the 
Archean and Early Proterozoic oceans; oxic surface waters and sulphur rich euxinic 
conditions occurring proximal to continental margins[47]. Trace element input to the Early 
Proterozoic oceans would have occurred through hydrothermal activity and also through 
continental weathering, which most likely provided considerable input of nutrients including 
C and P[47,48]. It has been recently proposed that the DIP content of the Early Proterozoic 
oceans varied both on local and global scales, depending on the immediate influence of 
hydrothermal activity and weathering fluxes of P and As[16,49]. Our results support this 
observation as they indicate considerable variation of DIP content in the oxic, sulfidic and 
ferruginous areas of the Early Proterozoic oceans (Figs 8 and 9). Locally, DIP may have 
been more abundant in the sulfide-rich continental margins dominated by Fe-sulfide rather 
than Fe(III)(oxyhydr)oxides deposition, as sulfides do not scavenge P. Oxic surface waters 
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where Fe(III)(oxyhydr)oxides form would become depleted in DIP due to coprecipitation[16] 
and adsorption processes. The Fe(III)(oxyhydr)oxides produced in the oxic layer also have 
the potential to affect the deeper ocean chemistry as they settle through the water column. 
High dissolved Si content in the deeper ocean waters of pH values around 8 would inhibit 
P adsorption by ageing Fe(III)(oxyhydr)oxides (Fig. 7a) settling from the photic zone. 
However release of P into bottom waters is likely to have occurred during breakdown of 
Fe(III)(oxyhydr)oxides during diagenesis. Consequently, the long-term continuous delivery 
of P by Fe(III)(oxyhydr)oxides to the bottom waters would have increased DIP in the deep 
ocean. Scavenging of P by Fe(III)(oxyhydr)oxides at depth would have been minimal 
relative to the surface ocean where rapid large scale P fixation by coprecipitation would 
have occurred during growth of Fe(III)(oxyhydr)oxides[16]. This suggests that 
coprecipitation rather than surface adsorption on ageing Fe(III)(oxyhydr)oxides is the 
major pathway for P removal in seawater[3,39,40,50].

Surface waters would also become relatively enriched in As(V), the stable form of As in 
oxic environments, as P is preferentially incorporated into Fe(III)(oxyhydr)oxides over As 
(V) during coprecipitation and adsorption (Fig. 5d-f). This would therefore increase the 
possibility of As(V) toxicity and P-limitation in surface waters, compared to the broadly 
anoxic deeper ocean water column (Fig. 8a-b). We propose that Fe(III)(oxyhydr)oxide 
precipitation at the ferruginous/oxic surface boundary could have in the long-term caused 
a P famine in the oxic/photic zone of the Early Proterozoic open oceans, whilst also 
enriching the surface ocean in As(V). The dissolved As(V)/P molar ratios most likely 
affected the long-term bioavailability of P to primary producers in the photic zone[51-54] and 
therefore the long term production of O2[16,55].

5. Conclusions
This study investigated the relative effectiveness of adsorption and coprecipitation on the 
uptake of DIP by Fe(III)(oxyhydr)oxides. Experiments were conducted in solutions 
formulated to mimic Early Proterozoic seawater with elevated levels of Si, Fe and As. Our 
results show that coprecipitation is considerably more effective than adsorption at 
removing DIP from the experimental solutions.  Adsorption removes an average of 4% of 
the DIP removed by coprecipitation, increasing to 19% had the mineralogy been pure 
ferrihydrite. Our results are in line with previous adsorption experiments that show that DIP 
uptake is limited by increased dissolved Si[15]. Uptake of DIP by coprecipitation is however, 
in the presence of dissolved As, not affected by the dissolved Si content and is therefore 
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an effective process for removing DIP from the surface waters of the Early Proterozoic 
oceans[16]. The continuous shuttling of Fe(III)(oxyhydr)oxides would create localised P 
famine in surface waters meanwhile enriching the deep waters in DIP. Selective adsorption 
of DIP over As may have led to As(V) enrichment in surface waters which, combined with 
the limited availability of DIP, could have decreased productivity and ultimately contributed 
to delayed oxygenation of the upper oceans and atmosphere. Deep waters may have 
become enriched in DIP over time as some of the DIP shuttled into the anoxic deeper 
water and sediments is released due to recrystallisation of Fe(III)(oxyhydr)oxides over 
time, highlighting the possibility of DIP stratification in the Early Proterozoic oceans. 
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Fig. 1: Examples of PXRD diffractograms. Stacked PXRD spectra of Fe(III)
(oxyhydr)oxide precipitate pre- adsorption in 0.0 mM Si (0 Si, n.a.), followed by 
post-adsorption spectra across the range of Si concentrations 0, 0.67 and 2.2 mM Si 

and adsorptive treatment. Standard spectra are: 2-line ferrihydrite[27], NaCl 
(http://rruff.info/halite/display=default/R070292), lepidocrocite (http://rruff.info/
Lepidocrocite), and magnetite (http://rruff.info/magnetite/display=default/
R061111). All samples have undergone 5 pt signal smoothing, except for 2-line 
ferrihydrite and lepidocrocite which underwent 30 pt signal smoothing. All spectra 
have been normalised 0-100. 
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Fig. 2: Examples of selected Raman spectra. Stacked Raman spectra of 
Fe(III)(oxyhydr)oxide precipitate pre-adsorption in 0.0 mM Si, followed by 
selected post adsorption spectra across the range of 0, 0.67 and 2.2 mM Si 
concentrations and different adsorptive treatments. Reference spectra of 2-
line ferrihydrite[28], Lepidocrocite[29], and unoriented 785 nm Magnetite 
(http://rruff.info/magnetite/display=default/R061111). 
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Table 2: Mean P distribution coefficients from adsorption experiments (from this 
study) and coprecipitation experiments (from Chi Fru et al. 2016), averaged from 
experiments with variable Si levels (0, 0.67 and 2.2 mM) and As speciation (As(III), 
As(V), and As(III + V) ). Errors are shown as standard deviation. 
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Fig. 3: Examples of PXRD diffractogram. Stacked PXRD spectra of additional Fe(III)
(oxyhydr)oxide precipitates synthesised in Si bearing solutions with concentrations 
of 0, 0.67, and 2.2 mM Si. Pre- adsorption precipitates are denoted as n.a. at each 
Si concentration, and these are followed by post- adsorption spectra across the 
range of Si concentrations and experimental treatments. Reference spectra 2- line 

ferrihydrite[27], NaCl (http://rruff.info/halite/display=default/R070292), 
lepidocrocite (http://rruff.info/Lepidocrocite), and magnetite (http://rruff.info/
magnetite/display=default/R061111). All samples have undergone 5 pt signal 
smoothing, except for 2-line ferrihydrite and lepidocrocite which underwent 30 pt 
signal smoothing. All spectra have been normalised 0-100. 
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Fig. 4: Stacked Raman spectra of Fe(III)(oxyhydr)oxide precipitates prepared in 
dissolved Si and exposed to adsorption. Samples denoted n.a. are Fe(III)
(oxyhydr)oxide precipitated in 0.0, 0.67 and 2.2 mM Si not exposed to adsorption 
experiments. Remaining samples from top to bottom represent the adsorptive 
treatment of P-As(III), P-As(V), P-As(III)-As(V). All samples have undergone 5 pt 
signal smoothing and have been normalised 0-100. 
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Fig. 5: Distribution of adsorbed P and As after adsorption reactions. Solid lines are P 
(red) and As (black) adsorbed onto Fe(III)(oxyhydr)oxide precipitates. Dashed lines 
are P (red) and As (black) remaining in solution. Adsorption reactions are arranged 
by dissolved Si content and As oxidation state. a-c) As (III) in solution with Si 
increasing from 0.0 to 2.2 mM Si d-f) As (V) in solution with Si increasing from 0.0 
to 2.2 mM Si g-i) As (III+V) in solution with Si increasing from 0.0 to 2.2 mM Si. 
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Fig. 6: P distribution coefficients across pH (P-Kd). Calculated P-Kd of P on particles 
based on the amount adsorbed for reactions in 0.0, 0.67 and 2.2 mM Si. P-Kd is 
calculated as Molar P/Fe ratio divided by remaining P in solution. Average Kd is 
displayed by the dashed black line. Error bars are in standard error and Pearson’s R-
values are for each calculated P-Kd. 
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Fig. 7: Particulate As/P ratio and comparison of distribution coefficients between 
coprecipitation and adsorption. a) Calculated Arsenic uptake relative to phosphate on 
precipitated Fe(III)(Oxyhydr)oxide particles. b) P distribution coefficients between 
coprecipitation and adsorption as a function of pH, averaged between tested Si 

concentrations. White bars, coprecipitation Kd values[16]. Blue bars, adsorption Kd 
values from this study. Error bars are standard error. 
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Fig. 8: Conceptual models of redox states of open oceans through Earth’s history 
and the cycling of hydrothermal Fe(II). a) Archean oceans with Fe(II) oxidation to 
Fe(III) controlled predominantly controlled by photoferrotrophy, but without any 
clear redoxcline. b) Early Proterozoic oceans with Fe(II) oxidation to Fe(III) 
intensified by oxidation with molecular O2 at the ocean surface and microaerobic 
Fe(II) oxidation in an emergent redoxcline. c) Phanerozoic oceanic cycling of 
hydrothermal Fe(II) restricted mostly to the deep oceans with markedly reduced 
hydrothermal activity. Reducing size of hydrothermal plume reflects dropping 

hydrothermal activity through time[2]. Diagenetic dissimilatory Fe(III) reduction that 
would have affected the regeneration of Fe(II) from dissolved Fe(III)(oxyhydr)oxides 

occurs in the sediment as well as the red- coloured water column[1,2,4,14,49,52]. 
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Fig. 9: Conceptual model showing potential P cycling in stratified Early Proterozoic 
oceans. It is estimated that sulfidic conditions occupied a mere 1-10% of modern 
seafloor area while pervasive anoxia covered an equivalent of 30-40% of modern 

seafloor[4]. During coprecipitation P is incorporated into Fe(III)(oxyhydr)oxides 
when deep anoxic ferruginous waters rise and mix with oxygenated surface waters 
receiving P from land through riverine delivery of continental weathering. Small 
amounts of additional P may be bound by ageing Fe(III)(oxyhydr)oxide particles as 
they sink and are eventually buried. DIR, represents dissimilatory iron reduction, by 
iron reducing bacteria associated with the oxidation of organic matter, leading to the 
loss of some P to the water column and regeneration of Fe(II). For simplicity, the 
effects of Si is not shown in the model. 
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Table 1: Concentrations of As, Fe and P in ppb in the mineral precipitates after adsorption 
experiments measured by ICP-OES. Starting concentrations in the experimental solutions were 
100 µM P and 100 µM As. The relative concentrations of As and P in the supernatant is calculated 
by subtracting the concentrations in the precipitate from the starting concentrations.

Precipitate Precipitate Supernatant

Sample pH As ppb Fe ppb P ppb As uM P uM As uM P uM

0 Si. P + AsIII 5 189 25100 239 25 78 75 22

0 Si. P + AsIII 6 220 22377 182 30 59 70 41

0 Si. P + AsIII 7 272 29404 114 37 37 63 63

0 Si. P + AsIII 8 409 25420 62 55 20 45 80

0 Si. P + AsIII 9 349 27046 18 47 6 53 94

0 Si. P + AsIII 10 404 27759 8 54 3 46 97

0 Si. P + AsV 5 127 25349 149 17 49 83 51

0 Si. P + AsV 6 141 27323 190 19 62 81 38

0 Si. P + AsV 7 112 27655 80 15 26 85 74

0 Si. P + AsV 8 81 22434 57 11 18 89 82

0 Si. P + AsV 9 54 27872 76 7 25 93 75

0 Si. P + AsV 10 50 29989 32 7 11 93 89

0 Si. P + AsIII + AsV 5 217 29047 244 29 79 71 21

0 Si. P + AsIII + AsV 6 198 30324 117 27 38 73 62

0 Si. P + AsIII + AsV 7 214 27949 100 29 32 71 68

0 Si. P + AsIII + AsV 8 253 28911 51 34 17 66 83

0 Si. P + AsIII + AsV 9 269 28371 26 36 9 64 91

0 Si. P + AsIII + AsV 10 323 29862 32 43 11 57 89

0.67 Si. P + AsIII 5 213 29259 164 29 53 71 47

0.67 Si. P + AsIII 6 219 24324 156 29 51 71 49

0.67 Si. P + AsIII 7 245 20577 83 33 27 67 73

0.67 Si. P + AsIII 8 332 25747 50 45 16 55 84

0.67 Si. P + AsIII 9 334 30369 17 45 5 55 95

0.67 Si. P + AsIII 10 226 22263 0 30 0 70 100

0.67 Si. P + AsV 5 155 28821 143 21 47 79 53

0.67 Si. P + AsV 6 118 23880 124 16 40 84 60

0.67 Si. P + AsV 7 87 24453 59 12 19 88 81
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0.67 Si. P + AsV 8 65 23933 44 9 14 91 86

0.67 Si. P + AsV 9 40 28555 19 5 6 95 94

0.67 Si. P + AsV 10 20 28938 0 3 0 97 100

0.67 Si. P + AsIII + AsV 5 228 29824 176 31 57 69 43

0.67 Si. P + AsIII + AsV 6 194 24615 104 26 34 74 66

0.67 Si. P + AsIII + AsV 7 167 25556 55 22 18 78 82

0.67 Si. P + AsIII + AsV 8 219 24500 47 29 15 71 85

0.67 Si. P + AsIII + AsV 9 227 25170 22 31 7 69 93

0.67 Si. P + AsIII + AsV 10 128 27724 0 17 0 83 100

2.2 Si. P + AsIII 5 163 27711 89 22 29 78 71

2.2 Si. P + AsIII 6 156 25241 69 21 23 79 77

2.2 Si. P + AsIII 7 243 25824 44 33 14 67 86

2.2 Si. P + AsIII 8 258 26364 0 35 0 65 100

2.2 Si. P + AsIII 9 190 28323 0 26 0 74 100

2.2 Si. P + AsIII 10 133 24700 0 18 0 82 100

2.2 Si. P + AsV 5 96 25904 72 13 23 87 77

2.2 Si. P + AsV 6 82 22910 72 11 23 89 77

2.2 Si. P + AsV 7 56 21180 30 7 10 93 90

2.2 Si. P + AsV 8 43 26185 46 6 15 94 85

2.2 Si. P + AsV 9 7 28948 0 1 0 99 100

2.2 Si. P + AsV 10 6 26474 0 1 0 99 100

2.2 Si. P + AsIII + AsV 5 141 25923 62 19 20 81 80

2.2 Si. P + AsIII + AsV 6 157 22333 85 21 28 79 72

2.2 Si. P + AsIII + AsV 7 166 23494 85 22 28 78 72

2.2 Si. P + AsIII + AsV 8 181 27073 13 24 4 76 96

2.2 Si. P + AsIII + AsV 9 144 27836 0 19 0 81 100

2.2 Si. P + AsIII + AsV 10 85 24333 0 11 0 89 100

Precipitate Precipitate Supernatant

Sample pH As ppb Fe ppb P ppb As uM P uM As uM P uM
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Table 2: Concentrations of As, Fe and P in ppb in the mineral precipitates after coprecipitation 
experiments from Chi Fru et al. (2016). Starting concentrations in the experimental solutions were 
100 µM P and 100 µM As. P and As in the precipitate are also presented in µmol liter-1 calculated 
from ICP data. The relative concentrations of As and P in the supernatant is calculated by 
subtracting the concentrations in the precipitate from the starting concentrations.

Precipitate Precipitate Supernatant

Sample pH As 
ppb

Fe ppb P ppb As uM P uM As uM P uM

1.0 Fe. 0 Si. P + AsIII 5 39 440 86 4 25 96 75

1.0 Fe. 0 Si. P + AsIII 6 38 427 81 4 36 96 64

1.0 Fe. 0 Si. P + AsIII 7 739 5103 331 90 100 10 0

1.0 Fe. 0 Si. P + AsIII 8 727 5096 305 91 95 9 5

1.0 Fe. 0 Si. P + AsIII 9 735 5287 282 90 84 10 16

1.0 Fe. 0 Si. P + AsIII 10 647 5066 153 80 48 20 52

1.0 Fe. 0 Si. P + AsV 5 37 522 97 16 23 95 77

1.0 Fe. 0 Si. P + AsV 6 74 755 145 37 42 90 58

1.0 Fe. 0 Si. P + AsV 7 211 5578 368 100 100 72 0

1.0 Fe. 0 Si. P + AsV 8 197 5403 353 95 100 73 0

1.0 Fe. 0 Si. P + AsV 9 183 5656 283 85 79 75 21

1.0 Fe. 0 Si. P + AsV 10 136 5397 57 62 22 82 78

1.0 Fe. 0 Si. P + AsIII + AsV 5 0 0 0 100 100 0 0

1.0 Fe. 0 Si. P + AsIII + AsV 6 0 0 0 100 100 0 0

1.0 Fe. 0 Si. P + AsIII + AsV 7 0 3 0 100 100 0 0

1.0 Fe. 0 Si. P + AsIII + AsV 8 0 5 0 100 100 0 0

1.0 Fe. 0 Si. P + AsIII + AsV 9 40 562 91 95 70 5 30

1.0 Fe. 0 Si. P + AsIII + AsV 10 79 892 178 89 38 11 62

1.0 Fe. 0.67 Si. P + AsIII 5 55 879 82 7 26 93 74

1.0 Fe. 0.67 Si. P + AsIII 6 134 2037 238 16 77 84 23

1.0 Fe. 0.67 Si. P + AsIII 7 622 5227 294 79 100 21 0

1.0 Fe. 0.67 Si. P + AsIII 8 608 5074 269 77 90 23 10

1.0 Fe. 0.67 Si. P + AsIII 9 569 5245 238 72 76 28 24

1.0 Fe. 0.67 Si. P + AsIII 10 583 5686 209 64 60 36 40

1.0 Fe. 0.67 Si. P + AsV 5 15 272 26 2 7 98 93
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1.0 Fe. 0.67 Si. P + AsV 6 111 1852 207 15 62 85 38

1.0 Fe. 0.67 Si. P + AsV 7 195 5178 325 26 98 74 2

1.0 Fe. 0.67 Si. P + AsV 8 197 5306 313 27 97 73 3

1.0 Fe. 0.67 Si. P + AsV 9 175 5531 267 23 82 77 18

1.0 Fe. 0.67 Si. P + AsV 10 149 5295 228 20 69 80 31

1.0 Fe. 0.67 Si. P + AsIII + AsV 5 410 4478 301 55 100 45 0

1.0 Fe. 0.67 Si. P + AsIII + AsV 6 423 4685 293 57 100 43 0

1.0 Fe. 0.67 Si. P + AsIII + AsV 7 406 4548 258 55 89 45 11

1.0 Fe. 0.67 Si. P + AsIII + AsV 8 322 4183 142 43 54 57 46

1.0 Fe. 0.67 Si. P + AsIII + AsV 9 30 653 44 4 15 96 85

1.0 Fe. 0.67 Si. P + AsIII + AsV 10 80 1354 139 11 56 89 44

1.0 Fe. 2.2 Si. P + AsIII 5 57 2179 132 7 49 93 51

1.0 Fe. 2.2 Si. P + AsIII 6 110 3159 192 14 70 86 30

1.0 Fe. 2.2 Si. P + AsIII 7 331 4733 264 43 88 57 12

1.0 Fe. 2.2 Si. P + AsIII 8 326 4886 243 41 79 59 21

1.0 Fe. 2.2 Si. P + AsIII 9 315 5006 216 38 64 62 36

1.0 Fe. 2.2 Si. P + AsIII 10 253 5086 171 30 50 70 50

1.0 Fe. 2.2 Si. P + AsV 5 395 8728 293 53 60 47 40

1.0 Fe. 2.2 Si. P + AsV 6 16 7 0 2 0 98 100

1.0 Fe. 2.2 Si. P + AsV 7 164 4833 284 22 95 78 5

1.0 Fe. 2.2 Si. P + AsV 8 161 5203 264 22 78 78 22

1.0 Fe. 2.2 Si. P + AsV 9 148 5196 239 20 69 80 31

1.0 Fe. 2.2 Si. P + AsV 10 114 5047 198 15 57 85 43

1.0 Fe. 2.2 Si. P + AsIII + AsV 5 403 4530 298 54 100 46 0

1.0 Fe. 2.2 Si. P + AsIII + AsV 6 400 4703 300 54 100 46 0

1.0 Fe. 2.2 Si. P + AsIII + AsV 7 365 4794 265 49 88 51 12

1.0 Fe. 2.2 Si. P + AsIII + AsV 8 331 4646 226 44 76 56 24

1.0 Fe. 2.2 Si. P + AsIII + AsV 9 59 2008 121 8 43 92 57

1.0 Fe. 2.2 Si. P + AsIII + AsV 10 107 3014 204 14 69 86 31

2.0 Fe. 0 Si. P + AsIII 5 55 1043 206 7 68 93 32

Precipitate Precipitate Supernatant

Sample pH As 
ppb

Fe ppb P ppb As uM P uM As uM P uM
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2.0 Fe. 0 Si. P + AsIII 6 291 2429 316 36 100 64 0

2.0 Fe. 0 Si. P + AsIII 7 753 9900 307 97 100 3 0

2.0 Fe. 0 Si. P + AsIII 8 769 10198 302 97 98 3 2

2.0 Fe. 0 Si. P + AsIII 9 717 9862 258 95 83 5 17

2.0 Fe. 0 Si. P + AsIII 10 771 10969 220 90 62 10 38

2.0 Fe. 0 Si. P + AsV 5 97 1086 206 13 63 87 37

2.0 Fe. 0 Si. P + AsV 6 199 7644 321 27 100 73 0

2.0 Fe. 0 Si. P + AsV 7 206 10492 327 28 97 72 3

2.0 Fe. 0 Si. P + AsV 8 194 10095 316 26 100 74 0

2.0 Fe. 0 Si. P + AsV 9 171 9814 261 23 81 77 19

2.0 Fe. 0 Si. P + AsV 10 146 9370 187 20 56 80 44

2.0 Fe. 0 Si. P + AsIII + AsV 5 262 4575 288 35 92 65 8

2.0 Fe. 0 Si. P + AsIII + AsV 6 260 4702 274 35 83 65 17

2.0 Fe. 0 Si. P + AsIII + AsV 7 215 4576 223 29 69 71 31

2.0 Fe. 0 Si. P + AsIII + AsV 8 180 4772 187 24 55 76 45

2.0 Fe. 0 Si. P + AsIII + AsV 9 85 1176 226 11 75 89 25

2.0 Fe. 0 Si. P + AsIII + AsV 10 283 2805 313 38 100 62 0

2.0 Fe. 0.67 Si. P + AsIII 5 59 1310 163 7 49 93 51

2.0 Fe. 0.67 Si. P + AsIII 6 605 5592 340 72 98 28 2

2.0 Fe. 0.67 Si. P + AsIII 7 805 10591 333 97 100 3 0

2.0 Fe. 0.67 Si. P + AsIII 8 770 9920 353 96 98 4 2

2.0 Fe. 0.67 Si. P + AsIII 9 757 10761 290 92 85 8 15

2.0 Fe. 0.67 Si. P + AsIII 10 275 4325 91 69 45 31 55

2.0 Fe. 0.67 Si. P + AsV 5 48 979 89 7 17 93 83

2.0 Fe. 0.67 Si. P + AsV 6 189 6445 307 25 100 75 0

2.0 Fe. 0.67 Si. P + AsV 7 198 9898 319 27 100 73 0

2.0 Fe. 0.67 Si. P + AsV 8 177 9614 280 24 95 76 5

2.0 Fe. 0.67 Si. P + AsV 9 124 7009 198 17 81 83 19

2.0 Fe. 0.67 Si. P + AsV 10 147 9679 204 20 65 80 35

2.0 Fe. 0.67 Si. P + AsIII + AsV 5 451 9466 315 61 100 39 0

Precipitate Precipitate Supernatant

Sample pH As 
ppb

Fe ppb P ppb As uM P uM As uM P uM

�60



2.0 Fe. 0.67 Si. P + AsIII + AsV 6 458 9380 317 61 100 39 0

2.0 Fe. 0.67 Si. P + AsIII + AsV 7 428 9159 273 58 89 42 11

2.0 Fe. 0.67 Si. P + AsIII + AsV 8 362 8270 182 49 62 51 38

2.0 Fe. 0.67 Si. P + AsIII + AsV 9 53 1168 115 7 41 93 59

2.0 Fe. 0.67 Si. P + AsIII + AsV 10 188 2452 272 25 100 75 0

2.0 Fe. 2.2 Si. P + AsIII 5 396 9223 295 35 73 65 27

2.0 Fe. 2.2 Si. P + AsIII 6 580 7508 310 73 100 27 0

2.0 Fe. 2.2 Si. P + AsIII 7 772 10579 314 93 95 7 5

2.0 Fe. 2.2 Si. P + AsIII 8 710 9944 302 88 96 12 4

2.0 Fe. 2.2 Si. P + AsIII 9 662 9794 255 81 83 19 17

2.0 Fe. 2.2 Si. P + AsIII 10 592 9916 239 72 68 28 32

2.0 Fe. 2.2 Si. P + AsV 5 25 6 0 3 0 97 100

2.0 Fe. 2.2 Si. P + AsV 6 201 7451 321 27 100 73 0

2.0 Fe. 2.2 Si. P + AsV 7 200 9874 293 27 100 73 0

2.0 Fe. 2.2 Si. P + AsV 8 172 9414 263 23 96 77 4

2.0 Fe. 2.2 Si. P + AsV 9 172 10364 261 23 81 77 19

2.0 Fe. 2.2 Si. P + AsV 10 148 10443 226 20 70 80 30

2.0 Fe. 2.2 Si. P + AsIII + AsV 5 438 9285 312 59 100 41 0

2.0 Fe. 2.2 Si. P + AsIII + AsV 6 419 8827 296 56 100 44 0

2.0 Fe. 2.2 Si. P + AsIII + AsV 7 410 9033 266 55 91 45 9

2.0 Fe. 2.2 Si. P + AsIII + AsV 8 366 9131 208 49 69 51 31

2.0 Fe. 2.2 Si. P + AsIII + AsV 9 82 2596 170 11 58 89 42

2.0 Fe. 2.2 Si. P + AsIII + AsV 10 329 6348 303 44 100 56 0

Precipitate Precipitate Supernatant

Sample pH As 
ppb

Fe ppb P ppb As uM P uM As uM P uM
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