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Abstract

Stepwise increases in oxygen abundance have been recognised as some of the most
significant events throughout Earth history, but the mechanisms that drive these increases
are still elusive. Atmospheric oxygen increased above RAL (present atmospheric
level) at approximately 2.3 Billion years ago (Ga). This rise, now termed that Gre
Oxidation Event (GOE), is the first of 3 canonical increases. The second is termed the
Neoproterozoic Oxygenation Event (~0.@.5 Ga), and the third is termed the Palaeozoic
Oxygenation Event (~0.4 Ga). Throughout the majority of the Precam(prianto ~0.5
Ga), the dominant redox state of tleepoceans has also been debated, with the common
consensus being a ferruginous state with progressively more frequent restricted euxinic
conditions on the continental shelves, which may have been bettaliststd following
the GOE.Many studies have invoked changes in the input of the key limiting nutrient
phosphorus aa driver of these changelut the behaviour of phosphorus under these
differing redox conditions has not been adequately explofédough the use of
biogeochemical modelling, palaeoredox proxies and phosphorus speciation, this thesis
aims to shine a light on the behaviour of phosphorus throughout Earth history and its
relative importance in creating a more habitable Efantttomplex life Biogeochemical
models of the oxygen and phosphorus cycles have typically either considered a
incompleteoxygen cycle or a simplified view of the redox dependant phosphorus cycle.
A biogeochemical model was built toetter constrain oxygen and the behaviof
phosphorusand shows that stepwise changes in atmospheric oxygen may have been a
consequence of the feedbacks between the carbon, oxygen and phosphorus cycles. This
model is then used in conjunction with geochemical data from before th§-20EG3.

The geochemical data show that the onset of oxidative weathering of sulfides on the
continents drove euxinia and promoted phosphorus recycling from sediments to the water
column. This benthic phosphorus flux would then have allowed for increasedcivity
andoxygenation on a planetary scale, facilitating the GOtaer authors have begun to
proposepscillatory rise of atmospheric oxygen following deglaciation of a Snowball Earth
interval associated with the GOE. The use of phosphorus speciatios #usosterval
highlights elevated phosphorus availability following deglaciation which stimulated
oxygen production and resulted in the loss of MIFas atmospheric oxygen rose.
However, the behaviour of phosphorus provided alssifing feedback on té rise of
oxygen, as oxygenated conditions led to phosphorus sequestratioa eeturn to

predominantly anoxic conditions in the midst of the GOE.
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ThesisSummary

This thesis primarily concerns thabundanceof free oxygen, both in the
atmosphere and the ocean, throughout Earth hisgamticular targets through time
include the Great Oxidation Event (GOE; ~2.4; Glions of yeary and the
Neoproterozoic Oxygenan Event (NOE; ~0.8- 0.5 Ga). The Great Oxidation Event
encompasses the first appreciable rise in atmospheric oxygeris atygpically
considered one of the largedisruptions tobiogeochemical cycles thughout the
history of the Earth. The GOE and N@E commonly considered to be irreversible
increases in oxygen availability in both the atmosphere and ocean. Howesat r
work has contested this idea, while the drivers for these dynamic periods remain
unclear. The work within this thesis useghbiogeochemicabox modellingandhigh
resolution geochemical analyssinvestigate thelrivers d these two oxygenation

events, with a particular focus time biclimiting nutrient, phosphorus.

Chapterl provides a background tine studied intervals throughoBarth
history. Chapte2 describes thgeochemicaimethods used throughout this thesis
Chapter 3 presents a manuscript on the description and results of the develdpment o
an international reference material for iron sp@on (paper in revision Chapter 4
presents the background and development of a biogeochemical model used throughout
this thesis.Chapter5 presentsa modelling study suggesting that the oxygenation
descri bed i n t himplerfeedbacks within the d c ar
carbon, oxygen and phosphorus cy¢fsblished). Chapted presents high resolution

steps

geochemistry prior to the GOE which demonstrates a key role for phosphorus
recycling in the lead up to the event (submitted). Chapéxpandghis geochemical

studyinto the GOE anegxamiresthe nutrient response to intermittentygenation.
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Chapter 1 Introduction
1.1 Precambriarkarth History

This chapter provides a summary of the evolution of the Badhan overview
of major geochemicatransitions.A summary of these major events is surmised in
Figure 1.1. Three canonical rises in atmosphere and ocean oxygen concentrations at
~2.3 Ga, ~0.65a and ~0.4 Gé#lLyons et al., 2014bare typically associated with
snowball Earth glaciations, global redox and tectonic or biological revolulignss
et al., 2014h)
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Figure 1.1. Schematic evolution of the Earth System over geologic time, adapted
fromLyons et al. (2014b); Poulton (2017); Crockford et al. (20B#)lar output
relative to present levels calculated fr@ough (1981)Atmospheric oxygen
presented relative to Present Atmospheric LEWAIL). Overlaying that are the
intervalsof globalglaciations. Predominant ocean redox state; rdeérruginous;
yellowi euxinic; bluei oxic. The relative changes in the biosphere including onset
of prokaryots, eukaryote and animas, dashed bars indicate uncertain origin
Example crustal abundance iesatesfrom Jacobson (1988yed), Ying et al. (2011)
(green) andraylor and McLennan (198%bplue).
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1.1.1TheHadean and Archeg@.5— 2.5 Ga)
1.1.1.1 Evolution of ahabitableEarth

The Earth is approximately 4.5 billion years .olthe geological timescale
begins with he Hadearton, in which the Earth was impacted by another large body,
leading to the formation of the mo@dahnle et al., 2007)he initially extremely hot
surface would have eventually cooled and condendanhately leaving a reducing
atmosphere rich in C®(Zahnle et al., 2007)lt is not known whether the surface
remained at higher temperatures (~708Gixablefor extremophilegSchwartzman,
2015) or cooled to more reasonably habitableeoenfreezing conditiongSleep,
2010)

The transition from the Hadean to the Archean is not explicidfireed, with
the dates betweeh0— 3.8 Gacommonly cited The rock record expands dramatically
within the Archean in contrast to the Hadean, with Archean roeksyfound on all
continents excepAntarctica. The originalarea of exposed continenuring the
Archean however continues to be debgtédwood et al., 2013)Thetiming of the
onset ofmodernstyle plate tectonics is also still heavily debated wéthgeneral
convergencef between 3-2.5 Ga(Cawood et al., 2018butwith the oldest estimates
being 4.2 GgMaruyama et al., 2018)

The apparent lack of evidence for widespread glaciattbnsughout he
majority of the Archeanin contrast to other periods in the Precambrian, suggests
relatively temperate condition$his is at odds with the fainter Sun earlier in time,
leading to what is traditionally known as the faint young Sun paré8agan and
Mullen, 1972; Kasting, 1987; Feulner, 201Phe progressivasein solar intensity as
illustrated in Figure 1.1 is based upon the gradual increase in the abundance of He as
opposed to the more primary H within the Sun leading to greater energy reactions
(Sagan and Mullen, 19%72Under a present day atmospheric compositib@average
surface temperature of the Earth would have been below freazih@ Ga(Condie,
2011)soamechanismo allow forliquid water as shown bgeveralines of evidence
including the presence of aqueously deposited sedimentary successi@ugiired
Elevated levels of greenhouse gases have been proposed as a geation et al.,

2000; Sagan and Mullen, 1972)owever other mechanisms have been considered,
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such as dower planetary surface albedo due to the lack of exposed continents and
clouds(Rosing et al., 2010)

Ferruginousocean conditiongnoxic and rich is dissolved iroajeinterpreted
based orthe presence of banded iron formatiq@oud, 1973) a limited sulfide
mineral abundangdron and sulfur systematiq$oulton and Canfield, 2018nd
highly variable iron isotopes through dissimilatory iron reduction and partial oxidation

of a dissolvedron pool(Rouxel et al., 2005)
1.1.1.2 First signs of Life

During these early stages in the history of the Earth, life became recognisable
within the rock record. Metasedimentary rocks frdamadarovide the first evidence
at approximatelyt.0 billion years baedon negative carbon isotopes thought to have
been formed biologicallyTashiro et al., 200)7n addition to the oldest recognisable
life, stromatolitegmacroscopic layerproduced by microbial communitig¢blutman
et al. 2016) However, dates as early as ~4.3 Ga from fossil evidébodd et al.,
2017) and absolute maximums of 4.5 @Betts et al., 2018suggested based on
molecular clock estimates. Molecular clocks utilise biomolecular data in order to
estimate the timing of &horigins of organisms through time, assuming a near constant
rate of mutation and divergence over time and among different orgaftiem2008)
The earliest recognisable metabolisms were anaerobic, utilising more available
chemical species such as Bnd F&* through anoxygenic phototrophiCanfield,
2006) The remainder of the Archegrrovides more substantial evidence for life,
includingmicrobial mats at around 3.5 Gand more extensive stromatolite forms and

comparative reef structures in the Mesbaan(Nisbet and Fowler, 1999)
1.1.2The Great Oxidation (82— 1.8 Ga)

Prior to ~2.5 Ga, oxygen would have been considered a trace gas in the
atmospher@cean systerwith estimates of 1 PAL (Kasting et al., 1979)Only
when approaching thercheanPalaeoproterozoic transition, do brief pulses of oxygen
(“whiffs”) be cAnbarettao(200(Egurg &1). Tlkege “whi ffs” of
oxygen have been identified by sedimentary enrichments in redox sensitive trace
metals such as rhenium antblybdenum, which are thought to have increased in

concentration due to the onset of oxidative weathering of sulfide minerals as well as
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being more efficiently buried in euxinic water column settings (anoxic with fs&¢ H
(Anbar et al., 2007)Euxinic canditions develol u r i n g a$ sulfate is supplied

by oxidative weathering. This sulfate allowed for an intensificatiormadrobial

sulfate reduction, increasing the concentration of sulfide within the water column as
well as increasing pyrite condeations in the sedime Reinhard et al., 2009)Vhilst

still widely accepted, mechanisms other than increases in atmospheric oxygen have
been suggested to explain these increases in sulfide, such as volcanogenic sulfur input

(Olson et al.,, 2019)More re e n t work has identified w
isotope systems such as thallium, as its heavier isotdpB)(is preferentially

associated with manganese oxi@@strander et al., 2019Ylanganese oxides require

a heightened oxidizing potentialfiarm, suggesting increased oxygen concentrations,
however other work has suggested that earlier Mn deposits may have been deposited

via a Mn oxidizing metabolisrJohnson et al., 2013; Daye et al., 2Q0Ifj)estioning

the usefulness of Mn enrichments to sivain oxygenated conditions. The majority of

these studies have focused on strata aged ~2(Bhar et al., 2007; Kendall et al.,

2010; Kendalletal.,2013) owever “whiffs” of oxygen hayv

as old as 3 Gé&Crowe et al., 201FEickmann et al., 2018)

The following* Gr e a't Ox i dat i(ldohande20@nBekker €t@IQ E )
2004)is the first of the three canonical rises in atmospheric oxyigare 1.11yons
et al. (2014b)and is commonly associated with four snowball Earth e&wans et
al., 1997; Kopp et al., 2005; Rasmussen et al., 2013)

1.1.2.1Palaeoproterozoignowball Earth

Theinitiation of thesesnowballevents ighoughtto have been related to the
increased atmospheric oxygen concentration oxidizing the more abundant (relative to
present) methane, reducing the greenhouséogaag, leading to a decrease in global
temperaturéPavlov et al., 2000; Catling and Claire 08)Warke et al., 20201t has
been proposed that the glaciations themselves increased atmospheric oxygen
concentrations by increasing the flux of nutrients during deglaciation stimulating
productivity and oxygen productigifarada et al., 2015Dverall, there is a strong
assuned association between the snowball Earth events and the(ldg&da et al.,

2015; Tajika and Harada, 2019)
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Correlatiors of the snowball Earth eventsire often attempted via either
radiometric dating of sediments overlying or underlying diamictite hosizar the
presence of the MHS signal (e.gHoffman, 2013; Gumsley et al., 2QMKarke et al.,

2020. Over the past few decades the correlation of strata has been heavily debated
(e.g.Moore et al., 2001)rigure 1.2offers one of the currently acceptentr@lations

for the snowball Earth events aisgrimarily based on radiometric ages in addition to
sedimentation patterrf&umley et al., 2017)
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Figure 1.2. Possible correlation of Paleoproterozoic strata from North
America and southern Africa. Original figure frdRasmussen et al. (2013) with the

re-interpretation of correlations from Gumsley et al. (2017).

1.1.2.2 Defining the Great Oxidation Event

The GCE itself is commonlydefined,both temporally and quantitativelyy
the loss of the signature of mass independent fractionation of sulfurgMIESSA
(Figure 13) (Farquhar, 2000; Farquhar and Wing, 2003)e definitive timing of the
loss of theMIF-S signal is stilldebated, due to relatively pocorrelation of sections
across Palaeoproterozoic terrainBlew work has recently shown that the initial
disappearance of MIB occurred prior to the snowball Earth glaciatioins
Fennoscandigd~2.4 Ga;Warke et al., 2020and due to regional unconformities

suggests that the loss of M8-is broadly synchronous in globally disparate basins
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including South Africa(Luo et al., 2016) The crustal memory effect must also be
considered when defining the GOmhereby there would be a delay in uplift,
weathering and burial of sediments in order to fully transition to a mass dependant
fractionation of sulfur (oxygenated) sigr{fReinhard et al., 2013; Lyons et al., 2014b
Phillippot et al., 2018 A significant eétlay (100 Myr +) would however be unlikely

due to the fast transfer rate between the atmosphere and the s¢Bmngmhbar et al.,

2013; Halevy, 2013)The MIFS signature itself is thought to be produced by the

i nterplay bet ween vagsriniwhiochsthe MESsighature baannel s
leave the atmosphere) that must have existed in order to preserve Hsevslike and

the photolysis of sulfur species in the atmosphere at wavelengths that would be
interfered with by the quantitative presence of oxy@dalevy, 2013; Ono, 2017)

More complicated mechanisms for the formation, magnitude and preservation of the
MIF-S record are still being explored and developed sutiieaguantitative presence

of organic haze formatioaltering the primary signdLiu et al., 2019)or oxygenated
surface waterdeading to greater magnituds®>S (Fakharaee et al., 2018{aze
formation could have diminished the photolysis of,S®@hich is the commonly
invoked mechanism for initial MHS formation, leading to subdud®S earlier in the
Archean, and once the haze disappeared more extx&i8&alues could be formed

as seen in the rock recofidu et al., 2019)

In addition to a rare oxygenated environment influencing the NFecord,
several other isotope systems respond throughout the late Archean and earliest
Palaeoproterozoi€arbon and sulfur isotopes have been used to identify the dominant
metabolic pathways over the coursfethe late Archean and Palaeoproterozoic and
how they have varied due to dramatic environmental redox changed4eig.et al.,

2017).



22

15

10 r

A*S [%o]

0O ¢ oo @8

2000 2500 3000
Time (Myrs)

Figure 13.Co mp i | a 9 data(lzon ét al.q2015)Glaciations overlain
from Gumsley et al. (2017)

Figure 14 shows the carbonate and orgatiC and sulfide>**S records from
3.5 to 1.5 Ga. These data have been used to distinguish four periods with varying
metabolic drivers for the observed isotope record (Havig et al., 2017). Period 1
includes the Mesoarchean, where biogeochemical cycles became more established
within the rock record, but the trends closely match the average mantle Vdlaédq
ratio obtained from the carbon isotope record in Period 1 indicates organic burial
partition similar to today (0.2)he nitrogercycleis thought to have been anaebi
largely driven by a bioavailable ammonium pool as is consistent with the current view
of Archean redostate (Stiieken et al., 201Buring period 2, all three isotope records
demonstrate a builgh of oxygen concentratio s . The decdBSeuidee i n
envelope suggests an increased availability of sulfate above the limiting value for
sulfate reduction (Habicht et aR002; Crowe et al., 2014§*Corc in Period 2
suggests a greater raé methanogenic and methanotrophic organisgchidlowski
et al., 1983 At the same time,@r i odi c al PNouk @lnes isugdest driefd
intervals of aerobic nitrogen cyclinBsigny et al., 2013; Garvin et al., 2009; Godfrey
and Falkowski, 2009 This would have been facilitated by increased oxidant
availability in addition to an increased flux bfo-limiting trace metals (e.g. Mo)
allowing for nitrogen fixation and denitrificatioGpdfrey and Glass, 20L.However,
it has been proposed that the dieamt background state was still anaerobic nitrogen
cycling (Mettam et al., 2039Period 3 includes the GOE itself with more negative
&S sulfide values likelyproducedby greater sulfate availability due to the more

established oxidative weathering. The widespread deposition of sulfate minerals in the

t

he
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wake of the GOE is interpreted as an increase in sulfate concentrations, induced by the
increased weathering of continahsulfides, and is based on large fractionations of
&S across the GOBHavig et al., 2017; Habicht et al., 200Tnhese fractionations

are thought to have been driven by MSR operating undeflimiémg sulfate
conditions(Habicht et al., 2002; Canfeélet al., 2010; Farquhar et al., 2018)so
included withinthis the interval ishe LomagundiJatuli event with elevatedt*Corc

which suggests a greater proportion of fixed carbon within the sediment. The onset of
the aerobic nitrogen cycle is propodedhave occurred at ~2.31 Ga as the nitrogen
cycle variability becomes muted and moves towaeieas an expression of increased
influence of diazotrophy (8¢ken et al.,, 2017). Period 4 highlights the relatively
stability as envisioned for the remaindsrthe Mesoproterozoic with**S sulfide

values arounaera This return to higher values has been proposed to be related to
preferential subduction of pyrite and removaft8 depl et ed sul fur fr
surface Canfield, 2005).

Several other independent lines of evidence exist for a rise in atmospheric
oxygen at th&sOE Figure 1.9. Reduced detrital minerals are frequently found prior
to the GOE within fluvial placers suggesting a lack of an oxidizing atmosphere
(Rasmussen anduick, 1999)

The loss of detrital pyrite and uraninite therefore provides an atmospheric O
threshold of 0.05 PAL(Johnson et al., 2014; Daines et al., 20faf) complete
dissolution of 100urhpyrite grainwithin 20,000 year§Anbar et al., 2007)

The emegence of red beds also occurs at the GOE transition, their formation
associated with oxidizing conditions becoming more prevalent in continental settings,
allowing ferric oxides (insoluble) to be preserved (hence the red colouration) as
opposed to Fé (soluble) (Eriksson and Cheney, 1992yhe formation of these
oxidized iron minerals is also linked to the preferential preservation of the earliest
paleosols in the Palaeoproterozoic, and has been thought to u@gestcentrations
>0.01 PAL(Rye andHolland, 1998)
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1.1.2.1 Dirivers for the GOE

Commonly invoked drivers for the GOE are defined by either changes in the
sources or sinks of oxygen. Increases in the source of oxygen to the atmosglaere
system are often associated with increases in primary production and organic carbon
burial (DesMarais et al., 1992; Melezhik et al., 200Sgveral mechanisms have been
hypothesised for the required increased nutdefivery and by extensicavailability
and primary production including; increased subaerial landifizissleman et al.,

2018) more aidic conditions associated with the wholesale production of sulfuric
acid on the continents due to sulfide oxidation promoting nutrient rglBaekker and
Holland, 2012)and an increase in the nutrient inventory of the contin@us et al.,
2018)



25

Molecular clock estimates pose potential dates for the origin of oxygenic
photosynthesis as early as 3.6(GarciaPicel et al., 2019)hilst the earliest evidence
for environmental oxygenation points towards a date of ~3.(BGiak, 2008; Crowe
etal,20B). These wearlier periods of evolution
oxygenic photosynthesis evolved significantly prior to the GOE, then what caused the
d e | deyg?Fischer (2008); Planavsky et al. (2014d)his had led some research
groups to propse the evolution of oxygenic photosynthesis to be coincident with (or
at least immediately prior to) the GOE (ekgppp et al. (2005)
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Abiotic drivers postulated to have initiated the onset of the @Q&s on a
decrease in the consumption of oxygen with reducing substances, the progressive
escape of blto space (e.gZahnle et al. (2013) changes in the Archean greenhouse
(e.g.Zahnle et al. (200%)xndchanges to volcanic gas emission rates and composition
(e.g.Holland (2002). In addition to these, the increased subaerial landmass thought to
drive increased nutrient delivery may have led to a net sink of oxygen due to an

increase in the availabilityf@xposed reducing materigdump and Barley, 2007)

Studies have highlighted a bistable property of atmospheric oX@jaime et
al., 2006; Goldblatt et al., 2006)These studies suggest that two different
concentrations of oxygen in the atmosphere pengist under the same background

conditions, as |l ong as an initial push”
another. This bistability relies on the formation of an ozone layer decreasing the rate

of methane oxidation promoting further oxyggoa (Goldblatt et al., 2006)
consistent with the similar carbon isotope record before and after thg Ka3tng,

2006)

Photochemical models have also predicted two stable states with regards to the
presence or absence of an organic ltZeekle et al, 2012b) The transitions between
the two states are thought to have been driven by variations in the production of
methane which may have varied due to availability of organic substrates (e.g.
competition with other metabolisms), nutrient availabilityg(enickel) or loss of
methane via oxidation processes such as anaerobic oxidation of m@ibkhe et al.,
2012b) The elevated methane concentrations during haze episodesbban
suggested to have expedited planetary oxygenation by promoting hydosgeand
thus oxygen liberationZon et al., 201}

1.1.2.4 Lomagundi Event

The LomagundUatuli event(commonly referred to as just the Lomagundi
Event)is the largest and most prolonged positive isotope excursion in Earth history
and occurs between ~2-2.05 Ga(Schidlowski et al., 1976; Bekker, 201@jigure
1.3). 33Ccare values up ta-8%. on average and maximum values of %28ave been

recordedand tle event is often considered one of the defining characteristics of the
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later stages of the GO@Bekker and Holland, 2012These high valuesaditionally
suggest heightened deposition of organic carbon and extensive primary productivity
as the lighter isimpe is preferentially taken up by organis(Bekker and Holland,
2012) A variety ofmechanisméias been suggested to sustain such a profound event,
including an increased phosphate flux from the continents to promote productivity
(Bekker and Holland, 2012), or the preferential releasmitidlly carbonatenaterial

from arc volcanoes alongside deepycling of organic carbon driving the increase in
carbon isotopes without the need for a change in the fraction of organic carbon relative
to carbonate carbdourial (Eguchi et al., 2019Estimates for the associated oxygen
produced with the elevated phaction are thought to have led to atmospheric oxygen

levels of up to 12 to 22 times present atmospheric l€keldhu and Holland, 1996)

Oxygen i s%0)tod pedimentgrydulfate suggest a collapse in
productivity following the Lomagundi excursion (Hodgkiss et al., 2019) lending to the
theory of the excursion being a primary signal in addition to supporting the seemingly
accepted view of an oxygen overshoot accompanymgatbon isotopgend(Bekker
and Holland, 2012)This collapse accompanies an oscillatory contraction of the sulfate
reservoir in the ocean, as determined by sulfur isotopes (Schroder et al., 2008;
Planavsky et al., 2012; Scott et al., 2014; Ossa Ossa et al., 2018urplus ofsulfur
may have beenderived fromthe onset and sustained oxidative weathering flux of

sulfateassociated with increased atmospheric oxygen

Alongside these higher concentrations of oxygen, it is often questioned if
complex life evolved furthele.g. Kipp et al., 2017), as oxygen is commonly
considered within the Neoproterozoic to be the limitexgjor of faunal evolutioge.g.
Canfield et al., 2007). Controversial work on the Francevillian section of Gabon (~2.1
Ga) at the tail end of the Lomandi event proposes large colonial organisms with
coordinated growth (El Albani et al., 2010) in addition to the first possible evidence

for motility within the rock record (El Albani et al., 2019).
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1.1.3“ T h eringmillion” (1.8—0.8 Ga)

The period from 1800 Ma to 800 Ma is thought to have been relatively stable with
regards to the Earth surface system as a walaregside biological evolutionary stasis
(e.g. Javaux andLepot, 2018) This stability is derived by early studigsom
‘uneverful’ carbon isotope&ompositiors (Brasier and Lindsay, 199&) addition to
relatively mutedtrace element trendsith respect to other perisaf the Proterozoic
(e.g.Planavsky et al. (2014piRobbins et al. (2015)

The concentration addtmospherioxygen throughout the miBlroterozoic is still
heavily debate@igure 11). Various proxies have been used in an attempt to constrain
both oxygen within the water column and the atmosphBtest notably iron
speciation, redox sensitive metals and a soitesotope systemse(g. Doyle et al.
(2018); Zhang et al. (2016)Much of this debate has circled around the Xiamaling
Formation (1.4 Ga) with no apparent consensus as to whether or not the section
presents a globally open or restricted succegfdammaond et al.,2018 Zhang et al.,

2019) This issue isfurther complicated byredox proxies offering differing
interpretationsof either limited oxygenation (<IOPAL; Diamord et al., 2018 or
relatively oxygenated conditiorfs 4—6 % PAL, Zhang egl., 2017)n contrast to the

earlier Palaeoproterozoic

Methane is often considered to have played a major role in the regulation of
climate throughout the Proterozoic (e.g. Pavlov et al., 2000). However, recent work
has suggested that due to the abundari oxidants (e.g. sulfate and oxygen), the net
flux of methane out of the ocean was likely minimal leading to the paradox of the faint
young sun to resurface (Olson et al., 2016). Methane climate regulation is still
investigatedhowever to test its rative importance (e.g. Zhao et al., 2Q.18his has
called for other mechanisms for climatic stability be investigatedespecially as

global glaciations are not witnessed throughout the Mesoproterozoic.
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1.1.4The Neoproterozoi©xygenation Event (0.80.5 Ga)

The Neoproterozoic oxygenation event is considered the second of the three
stepwise increases in atmospheric oxygen throughout Earth Hisyorys et al., 2014)

and is defined by a suite of geochemical signatures.

Increasing Ce anomalies devekhpough scavenging by Mn and Fe oxidBau
and Koschinsky, 2009})herefore providing a link between oxygenated conditions
that are needed to form the oxide mineraleand Ce depletion with respect to
neighbouring rare elements such as Pr andUddrence et al., 2006)La is not used
in this calculation due to its typical overabundance relative to other neighbouring rare
earth element§De Baar et al., 1985)n short negative Ce anomiak may indicate
greater seawater oxygenation as seen throughwitNeoproteozoic and early
Palaeozoi¢Wallace et al., 2017)

Sul fur isotope d¥#Scsruil mitSpmdreadedto moslarl f at e &
values across the Precambra@ambrian transition. This increase is thought to reflect
a rise in atmospheric ggen to above 0.05 PAL which is necessary for the

metabolisms of sulfidexidizing bacterigCanfield and Teske, 1996)

Redox sensitive trace metals such as molybdenum and vanadiLaiso usetb
infer redox conditions throughothe Neoproterozoic. Anncrease inMo and V
sedimentary concentrations across the Precamb@ambrian boundargrelinked to
an increased reservoof these two metals from enhanced oxidative weathering
associated with higher oxygen concentrati(®sott et al., 2008; Och arfhields
Zhou, 2012)

Within these clear trend changes, higher resolution studies have now begun to
show the internal complexities of the Neoproterozoic oxygenation event. Oceanic
oxygenation events as seen through the lens of redox sensitive trace(8adtals et
al., 2012; Sahoo et al., 2016; Tostevin et al., 2digplay brief pulses of oxygenation
in contrast to the background anoxic state of the Precambrian ocean. Initially reported
within late Neoproterozoic successions, Cambrian oxygenation evemtsioav

beginning to be documentéde et al., 2019)

The rise of animals, and their widespread diversification and proliferation is often

considered to have driven drastic environmental chagaton et al., 2014;
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Butterfield, 2018) However, inversely, appreciable centrations of oxygen are
commonly inv&ked to have been a determining factoranimal evolution and
expansior(Tostevin et al., 2016; Wang etal.,2018) Thi s “chi cken and
is a continued debat{#ills et al., 2014b)with animals having the potential to lead to

oxygenation and thanimals themselves having an oxygen requirement.
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1.2 Iron

This section of the thesigrovides a summary of the key components of the
iron and phosphorusycles for the modern day and through intervals of time addressed
within this thesisAs highlighted previouslyiron-rich conditions dominated a large
portion of Earth’s history with phosphorus
nutrient on geologidaimescales. The links between these two elemental cacées

explored in greater detail in the following chapters.

1.2.1 Iron

Iron can undergo redox transformations under surface (or-sueface)
conditions(Poulton and Raiswell, 2002nd isimportart in biogeochemical cycles as
a micronutrient, of which large regions of the modern oeealimited by today (e.g.
Watson et al. (200Q) Primary supplies of iron to the ocean are via rivers, dust,
hydrothermal and glacial inpuf®oulton and Raiswell,a02; Poulton and Canfield,
2011; Anderson and Raiswell, 2004; Raiswell et al., 20R8)erine supply is noted
to be depleted by up to 90% with respect to the original river composition due to
esturineuptake via flocculation or precipitatioffoulton and Raiswell, 2002The
remaining present day riverine supply is predominantly in particulate phases (1000x
larger than the dissolved fractioRpulton and RaiswelP002 and is dominated by
iron (oxyhyd)oxidesand Fe in silicate minera{Boulton and Raiswell, 2005)eolian
supply is commonly considered to be the major supply to the Southern (Fceen
et al., 2000)however other studies have suggested that icebergs and glacially derived
sediments & not entirely inert and can contribute comparable quantities of
bioavailable iron to the Southern Ocd&aiswell et al., 2008)

1.2.1.1 Precambrian iron cycle

The Precambrian iron cycle would have been notably difféceptesent day
first and foremost dui® the elevated concentrations of iron within the océ€aslton
and Canfield, 2011)YBanded) Iron Formations (IFs/ BIFs) are prominent features of

the Precambrian and typically contain appreciable concentrations of iron (>15 wt%;
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Simonson 2003). Thesechemically precipitated sediments predominantly occur
between 2.7 1.8 Ga Figure 16; Bekker et al. 2010but recent work has identified
bothearlier and lateexamplege.g.Li et al. (2018). They are generally considered to
have formed from upwelled hydrothermal iron sources based on rare earth element

distributions (e.gDanielson et al. (1999)
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Figure 1.6. Iron Formation tonnage over time, modified fr¢@hi-Fru et al.,
2016)

Iron formations typically form in one of two environments and lead to two
distinctly different sedimentary facies. Banded iron formations consist of interlayered
iron and silica rich layers and dominate the Archean and early Palaeoproterozoic
successiongyhereas granular iron formations display evidence for above storm wave
base clastic depositicand start to occur at ~2.4 @ekker et al., 2010)n addition
to these two facies types, a further classification can be used to differentiate IFs that
aredirectly associated with volcanic sections (Algoma type) and those that generally
lack associations with volcanic rocks and are thought to occur with large igneous

province emplacement (Superior tygBekker et al., 2010)

Due to the chemical origin of the sediments, it is possible to infer the
concentration of dissolved Fewithin the water column. For the Archean, proposed
Feconcentrations range from 40 to 120 ((@anfield, 2005; Holland, 1984)ssuming
equilibrium with siderite and calcite. This highlights the clear difference between the
iron cycle of the Precambrian and the modern dénch hasanaveragef ~1—2 nM

Fe(Sarmiento and Gruber, 2008)n additional highly debated questiorthe original
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mineral precipitated in order to form BIFs. Two prominent views are that the
precursory minerals consisted of mainly oxidized iron phases (e.g. iron
(oxyhydr)oxides;Robbins et al. 20)9or ironsilicate minerals (e.g. greenalite;
Johnson etla2018. The mechanism behind Feoxidation within a dominantly
anoxic ocean and the subsequent burial of iron (oxyhydr)oxides is currently
controversial. There are three main hypothesises: photoferrotrophy or
chemolithoautotrophic iron oxidatiofikonhatser et al., 2002; Crowe et al., 2008)
abiotic photodissociation of FeO{CairnsSmith, 1978)and oxidation via oxygenic
photosynthesigCloud, 1973; Cloud, 1965)The clarification of the precursory
minerals formed within the Precambrian are of impordioc adsorption potential of

elements important to life such as phosphorus or arsenic.

Iron-silicate minerals however may have formed via several independent
mechanisms: high concentrations of ferrous iron and silica exceeding greenalite
saturation, ironoxidation in silica rich waters (although this would still call for a
method of oxidation) and transformation of metastable phases such as green rust
(Johnson et al., 2018Recent hydrological constras call for excessive oxygen
concentrations and higiermeability in order to form iron oxides within the sediment.
These constraints suggest that primary iron (oxyhydr)oxides would had to have formed
within the water column in order to have the concentrations of iron oxides preserved
within IFs today(Roblins et al., 2019)

Theunderstanding of theid-Proterozoic ocearedox condition hadeveloped
overtime. It wasoriginally defined asully oxygenated ldolland, 1984, and lateithe
“Canf i elwhs eOvisagale.d.Canfield, 1998) TheCanfield Ocean suggests
extensive portions of the ocean were rich in fre® Hased on the apparent lack of
BIFs postGOE and a simple biogeochemical model utilizing estimates of both
primary production and atmospheric oxygen concentrat{Qamnfield, 1998 The
conditions would have been induced via the onset of oxidative weathering of the
continents, stimulating dissolution of subaerial pyrite (previously just transferred as
part of the detrital fraction to the ocean) leading to increased sulfate inpuhe
ocean.Sulfate would have then ultimately been reduced to sulphidemcaobial
sulfate reduction. Further geochemical studies began to test this hypotiohsitng
iron speciationRoulton et al., 20)Qsulfurisotopesl(uo et al., 201pandtrace metal

analyses %cott et al., 2008; Gilleadeau et al., 2DZDhe conditions of the mid
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Proterozoic are now considered to be more similar to the Archean and
Paleoproterozoic with elevated¥eoncentratias (Poulton et al., 2010; Poulton and
Canfield, 2011; Planavsky et al., 2011hvestigationsof globally sensitiveproxies

with long residence times (e.g. uranium isotopes) have now offered quantitative
estimates of the extent of8 rich waters. Based amaniumisotope mass balance
calculations, only up to 7% of the ocean is now thoughttdvepreser¢d® Canf i el d
Ocean” cthraudghout the MesoproterozoiGilleaudeau et al., 20197 his
interpretation is basagponmorenegatived*®U being prevalent in anoxic conditions
due toreduced authigeniaraniumaccumulation(Andersen et al., 2014However,

this study provides a large error on the extent of anoxic vs. oxic conditions with values
between 0 to 90% of the mléroterozoic ocean bey oxygenated. Uranium isotopes

are more typically used for discrimination between anoxic (sulfidic anesualbidic
combined) and oxic waters as opposed to defining euxinic conditiong\(elgrsen

et al. (2014)Tissot and Dauphas, 20115

1.3 Phosphars

This section will highlight the behaviour of phosphorus under differing conditions in
addition toexploringwhy phosphorus is considerxbethe ultimate limiting nutrient
over geological timescales.

The Phosphorus cycle

Riverine supply is the primary source of phosphorus to the ocean with smaller
contributions of dust and glaciers sourced in both dissolved and particulate forms
(Wallmann, D03; Kanakidou et al., 2012An increase in the continental P inventory
through timds thought to have been associated with mantle cooling leading to changes
in riverine supply(Cox et al., 2018)Laakso and Schrag (201dyggest that in order
to regulaé oxygen during th&rchean andProterozoic, the flux of phosphorus to the
oceans would have been greatly reduced with respect to present day. This reduced P

flux would be regulated via the scavenging of phosphorus by an iron trap driven by
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the greater mahty of ferrous iron in a low @Qworld. Although a reduced phosphate
flux to the oceans is in accordance with their biogeochemical model, the mechanism
derived by Laakso and Schrag2014) is only theoretical and requires further

investigation.

Due to the various mechanisms for phosphorus draw down and ultimate burial,

the following section is separated into organic and inorganic burial.

Organic phosphorus burial

A key flux of P to the sedimemd phosphorugassociated witlorganc matter
(Porg) (Froelich et al., 1982)Phytoplankton biomas®rms in the uppermost surface
ocean with a ratio of carbon to phosphoruaround106:1(Redfield, 1958)this ratio,
in addition to the ratio of N:P of ~16:1 is coined the Redfield r@edfield, 1958)
The Redfield ratio is often quoted and used assuming no deviations from it, however
this is not the case. Depending on the organism considered in addition to what
environmentit is living in, can lead toa wide range of primary organic ther
elementalratios (e.g.Moreno and Martiny (2018) Environmental drivers include
temperature, light andutrient availability(Moreno and Martiny, 2018; Devries and
Deutsch, 2014)Export production N:P is thought to vary betweer2® with varying
nitrate availability(Deutsch and Weber, 201 8)ith maximum ratios up to 1qGeider
and La Roche, 2002; Kuznetsov et al., 2008)ese variations were most likely just
as prominent on the early Earth as they are at present day. It has been hypothesised
that this ratio varied predominantly based on the globally dominant physiology or
redox state at the tim@lanavsky, 2014)However it is still acknowledged that
despite regional variation the Redfield rgpersistgo first order (Nature Geoscience
Editorial, 2014 Gruber and Deutsch, 2014The canonicaRedfield ratiocan be
consideredsuitablefor the work presented within this thesespecially when factors
such as latitudinal position as well as relative concentrations of nutrients are still

questimed.

After being formedorganic matter sinksvhere it is efficiently oxidized and
respired releasing the phosphorus back to the water columidégrgson (1986) A
fraction of the organic matter escapes oxidation and is buried within the sediment.

Phosphorus is then preferentially remineralized with respect to organic carbon leading
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to elevated C:P ratios above 10D&vithin the organianatter (Figure 1.)5(Ingall and
Jahnke, 1994; Ingall et al., 1993)
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Figure 1.7. Smplified phosphorus burial mechanisms under differing redox
conditions. Re1 Iron bound P; By Organic bound P; RitT Authigenic P Solid
lines denote sequestration of phosphorus. Dashed lines denote reoyclingd s i n k
swi t chi ngRespiréspirptiora G:IR ratio is defineasthe organic carbon
to organic Pratio (Ingall et al., 1993).
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Several mechanisms have been proposethfs preferential remineralization
associated with a variety of bacteriacluding sulfatereducing bacterigBurnett,
1977; Arning et al., 2009Dther mechanisms include organisms such as large sulfide
oxidizing bacteria storing phosphorus under @xinditions that, when transferred into
an anoxicsetting release the stored phosphorus when under stress to the sediment pore
waters in order to accommodate energy for other essential molecule storage (e.g.
Géachter et al. (1988%chulz and Schulz (2006)This is thought to have been driven
by the organisms switching to an oxygen independent metabolism and is found to be
more extensive upon exposure to sulfiBrock and Schuk¥ogt, 2011) The
phosphorus that is released to the sediment pore waterbdhahe potential to be
released back into the water column, further stimulating productwidyrespiration
This positive productivityfeedback is commonly invoked &xplainoceanic anoxic
eventssuch as those in the Cretace¢eig).Marz et al. (2008. This dynamic has led
to the understanding that tbheganicC:P ratio, and thus the burial offwithin the
sedimentis dependenbn the availability of oxygen (it is not fully known if it is

dependent on the availability of other oxidants).

Inorganic phosphorus burial

Major inorganic fluxes of P to the sediment include P bound to iron minerals
(Pre) and authigenic P ¢ (Figurel.5; Ruttenberg and Berner (1993Phosphorus
is known to be efficiently adsorbed to iron (oxyhydr)oxi(srner et al., 1993 his
iron-bound burial flux, much likéPorg, is considered to be redox depend@ran
Cappellen and Ingall, 199#gall et al., 1993; Van Cappellen and Ingall, 1996; Slomp
et al., 2002; Poulton, 2017Put simply, greater concentrations of oxygen allow for
more iron (oxyhydr)oxides to form, meaning a greater quantity of phosphorus can be

adsorbed and drawn down (ean Cappellen and Ingall (1994)

In addition to traditional iron (oxyhydr)oxides, other iron minerals have
recently been investigated with respect to their potent@pturephosphorus, which
is important for oceans devoid of oxygen. One of these minerals includes green rust, a
mixed Fé*/Fe** hydroxide, now commonly thought to be a precursor of magnetite,
which efficiently adsorbs both P and Ni in modern day Archean anaddgegeye et

al., 2012) As magnetite is often found within iron rich early Earth sedimentary
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successions, goses the question whethergreen rust could have played a major role
in the regulation of the phosphorus cycle under ArcHéanconditions

Once buried within the sediment, sedimentary processes may lead to reductive
dissolution of the iron minerals leading tdoBingreleased to pore wateiacluding
reaction with sulfides to form pyritgKrom and Berner, 1980)Although reductive
dissoluton would be expected to lead to release of phosplitrosthe sedimentt
has been proposed that dissimilatory iron reduction leading to formation of other iron
minerals such as vivianite can lead to effective retention of phospthathia the
sedimen{Borch and Fendorf, 2003ilbert and Slomp, 2013; Egger et al., 2015; Méarz
et al., 2018; Xiong et al., 20L9Any pore water phosphorus can lead to saturation of
P and form authigenic minerals such as calcium fluorapatite ((Ri4tjenberg and
Berner, 1993; Marz et al., 2018)his transfer from one sink to another is commonly
t er me e Wi & icfRuttemlgerg and Berner, 1993)lternatively, the pore water
phosphate can diffuse upwards back towards the redox interface anddsoreed
by ather iron (oxyhydr)oxideg§Slomp et al., 1996; Algeo and Ingall, 2007)

Under the majority of the modern day surface conditions, vivianite is
commonly thought to form beneath the suHatethane transition zone (SMTZ) within
the sedimenfEgger et al., 208; Méarz et al., 2018)put can also be formed in a wide
variety of settings including within the water colurf@osmidis et al., 2014)The
mechanism of formation below the SMTZ relies on P becoming liberated from iron
(oxyhydr)oxides due to interaction witfree sulfide through dissimilatory Fe
reduction,or via anaerobic oxidation of methane using Fe (oxyhydr)oxides as the
electron acceptgiMarz et al., 2018)Within the SMTZ interval, high concentrations
of P maylead to precipitation of CFA, however batke this it has been understood
that the abundance of #eand P within pore waters with low Ca concentrationay
lead to vivianite precipitation (e.gMéarz et al, 2018. It is these high iron and
phosphorus concentrations and little available calcinchsalfur that allow vivanite
to form in the variety of environments that it dq&othe et al., 2016naking it a
potentially important player in low sulfate systefgong et al., 2019)This calls into
question the relative contributions of the permaraumrial phases of P over long
timescalegRothe et al., 2014; Rothe et al., B0Rothe et al., 20d), which can be
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difficult as at present vivianite és not make a large proportion of sedimentary matrix
and no sequential extraction specifically tasg@tanite andt is instead extracted as
part of the iron bound P fractiqdilbert and Slomp, 2013; Xiong et al., 2019)

In the Archean, lposphorus is generally considered to be limiting due to the
widespread ferruginous conditigrisading to P adsorption and drawdown associated
with iron minerals(Bjerrum and Canfield, 2002)This consensus was however
guestioned via experiments testing the absorption potential of P to iron oxides in the
presence of high concentrations of silicarofpsed for the Archean oceans)
(Konhauser et al., 2007)he hypothesis of limited P adsorption aer itself refuted
by Jones et al. (2015ue to the lack of other sea water ions in the Konhauser et al.
experimental design. The presence of thesehassa strong effect on the sorption of
phosphorus by iron oxides. The formation of ternary complexes between phosphate
and C3" and Md¢"* surface species on the iron oxide, as well as aqueous ion pairing
(which increases the nespecific adsorption of phphlorus onto negatively charged
iron particles) may enhance phosphorus sorption in the presencé'@n@avig* so
it may be these mechanisms in play within the Jones stualy (Gao and Mucci,
2003) This debate seems to currently be resoltleel putcone being thabn the early

Earth, P wadikely effectively adsorbed onto ireoxides.

A restricted and minimal (relative to presehbtpsphereis thought to have
existedthroughout the midProterozoiqJavaux and Lepot, 201Dzaki et al., 2019;
Hodgskiss et al., 2019)This limitation is geneally explained by thelack of
bioavailable phosphorus due to either abundant ferruginous conditions scavenging
phosphorus from the water coluniReinhard et al., 201@r a diminished flux of
phosphorus tdie oceanglLaakso and Schrag, 2014)

1.3.2Phosphorus vs. Nitrogen

Nitrogen is the local and shadrm limiting nutrient at present day and is
widely available through nitrogen fixation (diazotrophy), collecting fddm the
atmosphere and converting it intbomass (Saltzman, 2005\t present day the
dominant nitrogen sources to the biosphere are in the form of nitrite) (& nitrate

(NO3), which are formed via the recycling and oxidation of ammonium ¢NH
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produced by the remineralisation diizotrophic organic matter (Casciotti, 2016). In

the absence of oxygen, this recycling is diminishetdammonium is still bioavailable

to nondiazotrophic organisms (Mulholland and Lomas, 2008; Gilbert et al., 2016).
contrast, phosphorus has one primary source to the ocean in the form of riverine
delivery (Froelichet al., 1982) with the open ocean surface waters being supplied by
upwelling and diffusivity (Berner, 1990; Filippelli and Delaney, 1996).

Oxygen minimum anes offer a glimpse into the behaviour of nitrogen in low
oxygen conditions. Nitrate can be used in denitrification or dissimilatory nitrate
reduction (Granger et al., 2008) and nitrite is utilised in the anammox process
(anaerobic oxidation of ammoniurartal et al., 2007). These two processes lead to
a loss of nitrogen from the marine reservoir, returning it to the atmosphere (Cline and
Kaplan, 1975). Naafs et al. (2019) have proposed a collapse of the bioavailable
nitrogen reservoir during oceanic & events due to a decoupling between the
various fluxes of the nitrogen cycle. Naafs et al. (2019) consider an increased
phosphorus flux to the ocean, as assumed for many oceanic anoxic events, driving
anoxia within a biogeochemical model framework. Untleese conditions they
propose that high rates of nitrification restrict the accumulation of amumo whilst
at the same time high rates of denitrification keep the ocean nitrate inventory low
(Naafs et al., 2019)his may be true for intervals of thé&herozoic, howevefor
Precambrian conditions studied here, anoxia is not brought apaatfgie phosphorus
availability and the nitrogen cycle explored further within a biogeochemical modelling

framework.

The long standingjuestion of P vs. N was potentially resolved by Tyrrell
(1999) following contributions supporting both camps over several decades (e.g.
Ryther and Dustan, 1971; Smith, 1984). Tyrrell (1999) utilized a tworimiel| of the
nitrogen and phosphorus cyclesramstrating the regulation of nitrate limiting surface
waters (as is predominantly seen at present day) in concert with external phosphate
inputs controlling long term primary production in the global ocean. At present day
steady state there is a nitroggaficit with a small population of nitrogen fixers adding
nitrate to the system. An influx of nitrogen to the system would diminish the niche for
nitrogen fixers, who then become outcompeted for other nutrients leading to a
temporary increase in primaryqauctivity. The new nitrogen input leads to a steady

state similar to before but with the influx being offset by a smalfiiXdtion input.
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In contrast however, an additional flux of phosphate to the system would lead to an
increasd nitrogen deficit, lading to a greater input of nitrogen frora fikers and an

altogether greater steady stafi¢h elevatedevels of primary productian

Geochemical studies of Proterozoic analogues and sediments have suggested
adequatenitrogen availability for productiwt (e.g. Michiels et al., 2017; Kipp et al.,
2018). In modern ferruginous systems, the nitrogen cycle can lead to substantial
quantties of nitrogen being recycled into bioavailable ammonium due to the lack of
oxidants to stimulate full consumption via amaox or other mechanisms that remove
nitrogen from thesystem (Michiels et al., 2017). As for the Neoarchean, several studies
have nterpreted a similar anaerobic nitrogen cycle, leading to abundant ammonium
present in the anoxic ferruginous ocedteftam & al., 2019). A larger pool of
bioavailable nitrogen may have fuelled the late Arch@aductivitydue to a positive
feedback ofmore primary production leading to greater subsequent release of
ammonium further fuelling primary productioMéttam et al.,2019). The rise of
oxygenic photosynthesis may have led to greater energy yields and elevated N
fixation rates, leaving a unique condition of extensive nitrogen availability (Yang et
al., 2019).

Nitrogen fixation, the principle addition aftrogen to the oceans, depends on
the availability of redox seifisre trace metalsincluding Fe and Mpas key
components of the primary nitrogenase enzyme (Zerkle et al., 2006). As redox
chemistry has evolved, so has the availability of these metatm(Aamd Knoll, 2002).

The widespreaderruginous conditions of the Precambrian wouodd have led to Fe
being the major limihg micronutrientfor nitrogen fixation. However, molybdenum

is efficiently removed to the sediment under euxinic conditibgsr{s et al., 2009).
Prior to the GOE, due to the absence of prevalent sulfidic ¢onslitMo is thought to

not have been significantly taken up by sulfideset al., 2019). In order to assess
postGOE and Mesoproterozoic conditions, bacterial culture stutkee suggested
that nitrogen fixation rates may have been impacted by Mo limitation (Zerkle et al.,
2006). However, with more studies suggestinglamneasing extent of euxinia during
the midProterozoic, this metal limitation may not have been as mevas once
considered (Reinhard et al., 2013).
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At present day, established sulfide production and associated euxinia, requires
nitrate deplabn, as denitrifiers can outcompete sulfate reducers for the available
organic carbon.The midProterozoic offersseveral sections that suggest well
established euxinievedges orproductive shelf margins (e.g. Poulton et al., 2010
With this in mind, thesimplest method to achieve this is to exhaust nitrate to
accommodate the modern day redox lad@anfield and Thamdrup, 2009). This
however leads to seHimitation as organic carbon supply would be diminished
an alternative source of fixed nitragés required. Boyle et al. (2013) developed a
simplified upweling marginmodel to demonstrate that midepth euxinia can be
sustained when nitrogen fixah supports productivity at the surface. The result allows
for a deficiency of nitrate leading toadiotrophic organisms to outcompete rivalling
metabolisms allowing for sufficient fixed nitrogen for productivitplternatively,
Boyle et al.(2013) hypothesised euxinia can persist with a sustained source of
ammonium from the deep ocean as has been pedpir the Archean (Thomazo et
al., 2011).

These feedbacks between euxinia and the nitrogele arediscussed further

within Chapters 6 and 7 presenting geochemical data.
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Chapter 2 Iron and Phosphorus Methods

2.1 Iron speciation

This section includes an introductory segment outlirthng iron speciation
technique followed by a brief description of iron behaviour under differing redox

conditions A more extensive review @fon speciation is described Raiswellet al.
(2018)

Iron speciation is used to distinguish between oxic or anoxic waters overlying
sediments on the modern and ancient Earth. In addition to this, when classified as
anoxic, the proxy can then aid in the discrimination between ferrug{aoasic and

Fe?* rich) and euxinic (anoxic with free28) conditiongPoulton and Canfield, 2011)
(Figure 2.1).
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Figure 2.1. Classification scheme used to distinguish between different redox states.
Modified from Poulton and Canfield, 2011.Hré highly reactive iron; Fei total

iron; Fepy T pyrite iron
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Iron speciation is conducted on fine grained siliciclastic sediments, most

notably shales, and targets several operatiowkfine phase@oulton and Canfield,

2005)including carbonatassociated iron (kgv), ferric oxides (Fg), mixedvalence

iron axides (principally magnetite; key, and pyriteassociated Fe (kg@. The sum of

these four phases determines the total fraction of higdagtive iron (Fer). The Fer

fractionsare extracted following the protocol®bulton and Canfield (2008gscriked

as follows.

1)

2)

3)

4)

Sodium acetateSamples were subjected to 10 ml of a 1 mebldium acetate
solution buffered with acetic acid (pH = 4.5) for 48 h, at a constant temperature
of 50°C. Carbonatpoor samples were degasdedl h after the addition of
sodium acetate, and again after 6 h. Carbenettesamples were degassed 1,

2, 6 and 24 h after sodium acetate addition. This first stepdjRerimarily
targets iron ssociated with carbonate phases

Sodium dithioniteThe samplewas then treated witlO ml ofa sodium

dithionite solution (50 gisodium dithionite, 58.82 Iyt tri-sodium citrate20

ml It acetic acid) for 2 h. The sodium dithionite solution was always

prepared immediately prior to use, to avoid oxidation of the solution and
hence dower extraction potential. This step @xeprimarily targets ferric

oxide minerals.

Ammonium oxalateThe final step of the sequential iron extraction targets
mixed ferric/ferrous oxides, such as magnetite.{geThis was achieved

with 10 ml ofa 0.2mol It ammonium oxalate/0.1mol I'* oxalic acid

solution, with a treatment time of 6 h.

Hot chromous chloride distillatianThis method dissolves sulphide minerals,
primarily comprising acievolatile sulphides (AVS) and pyrite (fye(Canfield

etal., 1986). The amount of sample required for this method depends on the
amount of sulphide present to ensure a sufficient amount & pigcipitation

for later quantification, and at the same time avoid supersaturation of the
AgNO:s solution by hydrogesulphide released from the samples. The samples
were initially treated with nedvoiling 50% v/v HCI (8 ml) under a nitrogen
atmosphere to test for the presence of AZanfield et al., 1986)16 ml of
chromous chlorid¢533 g/L chromic chloride dissolved 50%v/v HCI) was

then added after determination of the presence of AVS. If AVS was present,
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the AgNQ was replaced in order to separately quantify the phase. This
chromous chloride solution was boiled for 1 h, also under a nitrogen
atmosphere, and theleased hydrogen sulphide was trapped (aSAm a 1

mol It AgNO;s solution (with additional AgN@added where appropriate to
avoid saturation of the trap with sulphide). The;®grecipitates were then
filtered, dried and weighed, and the concentration of pyrite Fe was determined

stoichiometrically.

Extractant solutions for the sequential extraction (stepsviiere analysed via
atomic absorption spectroscofBupernatants were diluted 20 times with a calibration
line created up to 10ppm Fe while ensuring a matrix match. Standard solutions of O

and 5pm Fe were measured every 10 samples to check for instrument drift.

Under “normal” oxygenated water col umn c¢
Fe?* (ferrous) to insoluble Fé& (ferric), whilst anoxic conditions permit the water
column transport of Féuntil precipitation is induce@Raiswell and Canfield, 1998)
However, once buriederric ironcan be reduced during early diagenesis via processes
such as dissimilatory iron reduction (DIR) (e-tpmoky et al. (2009) Thisreleased
Fe?* then has the potential to be recycled within the sedimettteasajoritywill be
recaptured ande-oxidized although draction contributes to &@enthic iron flux
escapinghe sedimenfRaiswell and Canfield, 1998Jhis would leado Fer/Al ratios
within the range of oxic sediment (0.%8.11 Raiswell et al. (2008) Aluminiumis
used in an attempt to filter out enrichments of itwat are unrelated to the iron shuttle
This flux in oxygenated conditions leads to a loskighly reactive iron to the wear
column leading to lower Fe/Fer ratios (Fer/Fer <0.22; Poulton and Canfield,
(2011). Highly reactive iron phases are determined by their reactivity towards
biological and abiological reduction under anoxic conditions. The ratio is taken with
respect to total iron in order to factor in the variable dilution of absoluie IBe

organic mater as well as silica or carbonate precipitation (Poulton and Canfield, 2011).

Released~€’* canbe utilized in the formation of pyrite in a water column
enriched inH>S (e.g.Lyons and Severmann (2006)The fraction of thishighly
reactive iron that ultnately forms pyrite caaid in the identification of euxinic water

column conditiongwhere Fey/Fe4r>0.7; free H>S (Poulton and Canfield, 2011)),
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most notably within the Black Sea but is now applied to a wide variety of depositional
basins €.g. Lyons and Severmann, 2006).

The formation of pyrite can be limited by the availability of eithe® Highly
reactive iron or organic carb@Berner, 197Q)Organic matter is utilized imicrobial
sulfate reduction ISR) which reduces sulfate to fori.S, which via several
intermediary stepsay lead tdhe formation of metastable iron monosulfides and the

reaction of those phases with elemental suidorm pyrite(Berner, 197Q)

Pyrite is also often analysed for a range of sulfur isotopasuremas (e.g.
Johnston (201)) Frequently sulfur isotope measurements are not always conducted
directly on pyrite grains, but instead on secondary precipitates such&prgluced
via chromouschloride reduction in order to quantify iron sulfide concentrations
(Canfield, 1986). It hi s t h &%y véll,be iovastigateddDurindM SR, the
product (sulfide) is depleted S relative to the sulfate source®4s contains weaker
bonds and isnore easily reduce@harp, 2017)It is this feature that allows for
interpretation of the availability of sulfafer MSR and latepyrite formation as a
gr eat er 8@ signauteimayesugdest less sulfate limiting conditions (&0
et al., 2015

Conditions that are both anoxic and limited in hydrogen sulfide allow for a
build-up in the dissolved concentrations of ferrous*{F&on in the water column.
These ferruginous conditions do not effectively sequester iron as pyrite, instead the
elevaed concentrations of dissolved?Fallow for the precipitation of nesulfidized
iron minerals such as siderite which augment the detrital flux @f @oulton et al.,

2004) These water column redox conditions allow for elevateg@/Fer (>0.38) and
low Fey/Feir (<0.7) ratios defining ferruginousonditions (Poulton and Canfield,
2011).

Attempts have been made in order to utilize iron speciation on carkactate
sedimentsClarkson et al. (2014how that the classification scheme outlined above
also applies to carbonates, provided that>fe5 wt%. This is due to diagenetic Fe
additionhaving a greater impact on the ratios in addition t& Feorporation and

very low lithogenic iro.
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An additional feature must be considered when considering iron speciation, the
transformation of nowsulfidized Fer to poorly reactive silicate iron plses primarily
clays (Ferg. This process can take place during early diagenesis when there is
insufficient free sulfide(Canfield et al., 1992; Poulton and Canfield, 201Mhis
transformation leads to lower féFer ratios which would suggest oxic cotidns
when anoxic conditions may have prevai(@byle et al., 2018)In order to attempt
to correct for this phenomena, an additional extraatenbe conducted on sediments

to quantify the reactive iron pool (ke

5) Concentrated HCITo determine Fg approximately 100 mg gfowdered
samplewasweighed into a glass test tube. Concentrated HCI (5 ml) was
added and the sample was immediately gently heated for 60 seconds to bring
to the boil. The sample was then boiled more aggresdwed further 60
seconds (c.fBerner, 1970; Raiswell et al., 1994p5amples were then
immediatelyguenched with MilliQ watertransferred to 100 ml volumetric
flasks and made up to volume. The difference betwegmiethe sum of
Fecarh + Fax + Fanaggives Fers Notehowever, that this extraction may also
be performed sequentially after steps@(Table 1), which gives a direct
measurement of Feswithout the need to subtractd&g Fex and Faag
(Poulton and Canfield, 2005).

This method is furtheexplored in ChapteB and 7. By quantifyingand
comparing the F&dFer ratios to the ratio of the average modern day fraction,

conversion to R&scan be determined.

It is important to understand that iron speciation is a loedéx proxy in
contrast to somether proxies (e.g. Uranium isotopes due to the long residence time
of U; e.g. Tribovillard et al. (2006) However, these other proxies do not clearly
distinguish between oxic, ferruginous and euxinic conditions. For example Mo
concentrations andotopes are a valuable tool for determining the proportional extent
of euxinia or oxygenated conditions libey depenan several assumptions such as
the composition of the input and reservoirs considered in mass balance calculations
(e.g.Tribovillard et al. (2006)



49

2.2 Phosphorus speciation

The analytical speciation of phosphorus phases within the sediment has
undergone numerous iterations and extensions to the originally envisaged extraction
schemgBenitezNelson, 200Q)The original work ofAspila et al. (1976)etermined
the total and inorganic components of phosphorus, accounting the difference to
organic lmund phosphorus. This broad extraction scheme was later refined, defining
individual P phases within the inorganic fraction. The SEDEX extraction developed
by Ruttenberg (19923llowed for the separation of the reactive inorganic phases and
the unreactivedetrital fraction. A total of five operationalgefined phosphorus
reservoirs includingexchangeable P (&), Fe (oxyhydr)oxiddbound P (PR,
authigenic P (R, comprising authigenic CFA, CaG®ound P and biogenic apatite),
detrital P (Rey), andorganic P (Bg). This method was then progressively developed
upon, all owing for a greater number of
bones and opal bounkttéarz et al. (2014) Following the widespread usage of SEDEX
in the modern environmerit was later employed to a host of palaeoenvironments.
Oceanic Anoxic Events were primarily targeted most likely due to ble¢ierdefined
characteristics than large swathes of Earth history og. et al. (2007); Méarz et al.
(2008); Kraal et al. @10); Westermann et al. (20)3Findings in these studies
provided insight into the behaviour of phosphorus under contrasting redox conditions,
however they also shined a light on some of the shortcomings of the method for ancient
sediments. Ancient sedants often allow for minerals to increase in crystallinity
(primarily the authigenic phase), this leads to a (possibly significant) portion afithe P
phase to be extracted within th@efRextraction. In addition to this, the suite of
environments studiealso contain high iron concentrations (most notably ferruginous
conditions) meaning additional steps were required in order to provide further clarity
of the behaviour of phosphorus. These issues lampson et al. (2019p further
develop upon the SEDEextraction schemeis shown in Figure 2, the phosphorus
speciation method for ancient sediments allows for the quantification of the phases
defined by SEDEX but also magnetite bound kgPand more crystalline iron bound
P (Re2.
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Figure 2.2. Phosphorus sequential extraction for ancient sedimentary rocks.
Modified from Thompson et al., 2019.

During extractions the samples were constantly agitated and once complete
were centrifuged for 4 minutes at 4000 rpm. Subsamples were taken after thes fo
appropriate analysis with the remaining supernatant being decanted to waste, similar

to the method used in iron speciation.

Following the CDA extraction, residue was decanted into porcelain crucibles
which were then dried and ashed for 2 hours 8f65Removal of the sample from
the crucibles required gently scraping the walls with a spatula and decanting them back
into the reactant centrifuge tubes. To ensure complete recovery of the sample, the
crucibles were washed with 5 x 2 ml of 10% HCI whiatuld make up the extractant

solution for the Rg step.

Throughout trs PhD, phosphorus concentrations for the sequential extraction
weretypically determined spectrophotometrically on a Spectonic GENE®Sat
880 nm, using the molybdaldue methodStrickland and Parsons, 1972; Koroleff,
1976) Molybdate blue (250 ml) was prepared using 45 ml of 10% vol/y8I04 31
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ml of an antimony potassium tartrate solution and 62 ml of an ammonium molybdate
tetrahydrate solutiorThe remainder of the volumetric flaglas made to volume with

Milli -Q. The addition of the molybdatdue solution leads to the production of
phosphemaybdate, which upon reduction produces a blue coloured complex, and it
is the intensity of this blue that is measured spectrophotometr{@ahitezNelson,
2000). Due to the low pH of hydrochloric acid and relativelyhhigd of sodium
acetate, a pH adgtment was required to allow for timeolybdateblue solution to
develop correctly and stabilize over the time period of analysis. The ideal pH is
between 12 (Thompson et al., 2019his is corrected by the testing and ultimate
addition of 1M sodium hydpsade (to the hydrochloric acid solutions) or 50% vol/vol
sulfuric acid (to the sodium acetate solutions). This pH test is conducted for every run
of phosphorus speciation to account for any differences in the molybidate
hydrochloric acid or sodium aked#e used. Additional issues are overcome by
optimising the pH including: avoidance of interference dijca, arsenate and
germanium and preventing formation of atathile compounds (Benitedelson,
2000). A total of 1 ml of solution in cuvettes was usid analyses via
spectrophotometer with 200 pl of molybdate blue added regardless of dilution. Colour
development remained stable between 15 mins and 30 mins after initial molybdate
blue addition, providing the window of analysis. Calibration lines wekeldped
based on dilution (to account for matrix difference with the addition of - illand

the maximum absorption allowed before colour saturation occurs (Up to ~1 ppm for a

solution with no dilution).

The reagentsin the R (CDB and CDA and Rhag (@mnmonium oxalate)
extractantenterfere with colour development, and hence thesdisnkiwere analysed
via ICR-OES. Solutions for ICEDES analysis were made with 4.9 ml of each sample
and 0.1 ml of an internal cobalt standard. Due to the preference fob#eCDA and
ammonium oxalate solutions to precipitate over time, a weak acid solution (typically
10% hydrochloric acid vol/vol) was run in between each analysis solution as well as
the introduction of an argon humidifier, to aid in preservation of the@ES and
stabilization of the results across the run. Quality checks were conducted every 10

samples to ensure negligible drift.



52

Throughout the course of the phosphorus speciation analyses conducted as part
of this PhD, inhouse reference materials weleeloped using the samples of Chapter
3.

The powdered sediment used for the extraction was betweer 0.19 g.On
averagefor the inrhouse materialghe summed sequential P extractions recovered
94% of the total P measured by bulk digest. Replicasdyaes gave a RSD of ~10%
for Paytand Ryst, in addition to Ragand Rrg both providing a RSD of <13%hese
errors were collected at the University of Leeds from 7 usersamdiépendent runs.
Prehowever is typicallyat very low concentratios in the ancient sediments studied
here,but the RSD for such analyses is generally ~3% wheis Present above trace

concentrations (Thompson et al., 2019).

Total organic carbon concentrations were measured via the method outlined in
Chapte 3. Due to the high Remn concentrations in some of the samples studied, 50%
vol/vol hydrochloric acid was used to effectively remove the inorganic carbon

contents.

Total element concentrations (Fe, P, Al) were typically measured via a bulk
rock digestHere, ~50- 80 mg of sediment was ashed (550°C overnight) and then
subjected to a series of solutions. Initially 5 x 1 ml BM@s added in order to transfer
ashed sample to teflon beakers and aid in oxidation of organic compounds and removal
of carbonate grains. Following this, 2 ml of HF was added to each sample in addition
to 2-3 drops of perchloric acid in order to ensurgsdiution of silicate minerals and
complete dissolution of organic material. The beakers were then heated overnight at
70°C, and once dry neutralised with 2 ml of boric acid (30ghd once again heated
overnight. Samples were then brought back to swiutising 5 x 1 ml 50% vol/vol
HCIl and gently heated on a hotplate. Ensuring all the sample is in solution, the sample
was then decanted into a volumetric flask where it was made to volume with MilliQ.
These solutions were then measured via-G@HES with anYttrium interal standard
addition. Efficient elemental recovery was ensured with the use of typically 3
recognised standards (commonly either SBOr SGR1) andiron concentrations
were also logged within a spreadsheetdevelopedalongside this PhDn order to

track any long term trends in analy$esCohen lab users.



53

Chapter 3 Development of Iron Speciation Reference Materials
for Paleoredox Analysis

Preface

The contents of this chapteritrsminor revision foiGeostandards an@Geoanalytical

Researclas:

Alcott, L. J., Krause, A. J., Hammarlund, E. U., Bjerrum, C. J., Scholz, F.,
Xiong, Y., Hobson, A. J., Neve, L., Mills, B. J. W., Marz, C., Schnetger, B.,
Bekker, A. and Poulton, S. W. Development of Iron Speciation Reference
Materials for Paleoredox Analysi§eostandards and Geoanalytical
Researcl{in revisior)

It isreproduced here in fulind describes the main method used throughout this thesis

to determine paleoredox conditions, iron speciation.
Abstract

The development ahapplication of geochemical techniques to identify redox
conditions in modern and ancient aquatic environments has intensified over recent
years. Iron (Fe) speciation has emerged as one of the most widely used procedures to
distinguish different redox r@ges in both the water column and sediments, and is the
main technique used to identify oxic, ferruginous (anoxic, Fe(ll) containing) and
euxinic (anoxic, sulphidic) water column conditions. While the Fe speciation
technique has been revised over the yesosie laboratories have adopted their own
procedures that may differ from those of the original laboratories that developed and
calibrated the method, as an international sediment standard has never been developed.
This has led to concern over the coresisty of results published by the many
laboratories that now utilize the technique. Here, we report an interlaboratory
comparison of four Fe speciation reference materials for paleoredox analysis, which
span a range of compositions and reflect depositidkerudifferent redox conditions.

We provide an update of the extraction techniques used in Fe speciation, and assess
the effects of both sample size, and the use of different analytical procedures, on the
quantification of different Fe fractions in sedimenmytrocks.
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Finally, we report the combined data of four independent Fe speciation
laboratories to characterise the Fe speciation composition of the reference materials.
These reference materials are available to the community to providssantial

validation of irhouse Fe speciation measurements.

3.1 Introduction

Tracking the chemical evolution of Earth’
been a topic of considerable interest, with much focus on the changing state of ocean
redox chemistrythroughout Earth history, including its connection to the rise of
atmospheric oxygen and the evolution of the biosphere @Gagfield (2005). Key to
understanding Earth’s past is the devel opme
proxies to assess atihck the redox state of the oceans. Currently used inorganic
geochemical redox proxies include a variety of trace metal contents and ratios (e.qg.,
(Brumsack, 2006; Robbins et al., 20l 6are earth element ratios (e @erman and
Elderfield, 1990; Plaawvsky et al., 2010%)molybdenumsotopege.g.,(Arnold et al.,
2004; Asael et al., 2018¢hromium isotopegFrei et al., 2009) uranium isotopes
(Weyer et al., 2008; Tissot et al., 201/8¢/Al ratios (e.g., Lyons and Severmann 2006,
Clarksonet al. 2014), and Fe speciation(Poulton and Canfield, 2005; Poulton and
Canfield, 2011; Poulton et al., 2004; Raiswell et al., 2018)

Iron speciationis aparticularly weltestablished and widely usgdleoredox
proxy for finegrained siliciclastic sedimentd®Ve present a brief overview of its
evolution here, and direct the readerRaiswell et al. (2018) for amore detailed
history of tre proxy. Initially, theuse of Fe speciation focussed on identifying controls
ontheformation of sedimentary pyrite (k& particularly theavailablity of reactive
iron. This led to the development tifie degree of pyritization (DORj)arameter
(Berner 197Q)

00 0 1)

Subsequentlythe DOP methodias calibrated to distinguish aerobic, restricted
and inhospitable bottom watgiRaiswell et al., 1988; Raiswell and-Biatty, 1989,
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where Fgy was determined via the chromium reductmethod(Canfieldet al. 1986,
anda 1 miruteboiling HCl extractowas wused to defing. a ‘rea
Further work on Fe minerals in modern marine sediments found that Fe
(oxyhydnoxides are the dominant phases that react on early diagenetic timescales
(Canfield, 1989) with such minerals having hdlffes with respect to their
sulphidization of the order of minutes to tens of d&anfield et al., 1992; Poulton et
al., 2004) However, while the boiling HCI extraction successfully extracts such
minerals (Raiswelet al 1994), it also extracts Fe from a variety of skeigtate
minerals (termed kg poorly reactive silicates), which are only reactive towards
dissolved sulphideroa millionyear timescal¢Raiswell and Canfield, 1996As a
result, a sodium ithionite solution was developed(Canfield 1989 Raiswell et al
1994) as a moresuitableextractant of Fe (oxyhydr)oxide minerglermed Feg).
Raiswelland Canfield (1998) then derfasthed a
sumof Fex and Fey.
Canfield et al. (1996)bserved that enrichments indr&-er (normalisation to
total Fe, Fe, is used to account for variable dilution by carbonate, orgaaiter or
silica, as well as differences in grain size) commonly occur in sediments deposited
beneath the euxinic water column of the Black Sea, due to the water column formation
and settling of Fe sulphide minerals, which augments the terrestrial irffle&e
minerals. Extensive further studies of modern and ancient marine settings
demonstrated that under anoxic water column conditiong/fF& ratios commonly
exceed 0.38, whereas values are generally below this for oxic depositional conditions
(Raiswel and Canfield, 1998; Poulton and Raiswell, 2002; Canfield et al., 1996)
Under ferruginous conditionsedimentaryFesr enrichments ariseug to
precipitation of norsulphdized Fe minerals such as Fe (oxyhydr)oxidgeg.((Ayres,
1972; Sun et al., 201p)green rusand magnetit¢Zegeyeet al 2012), Fe carbonates
(e.g.,(Klein and Beukes, 1989; Jiang and Tosca, 201®)potentially Fe silicates
(e.g.,(Rasmussen et al., 20)5Recognising that magnetite and Fe carbonate minerals
such asiderite were not extracted by existing techniques, Poulton and Canfield (2005)
further refined the iron speciation methodology. This resulted in the development of a
sequential extraction procedure to determine magnetitgadF@nd ironcarbonate
(Ferarn) minerals, in addition to the previously identified &y and Ferspools (with
Feqr calculated as the sum of &8 Fex, Fanagand Fey).
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Based on observations from the Black $&aderson and Raiswell, 20Q4)
Poultonet al (2004) developed thetility of Fe speciation further, by utilising the
Fen/Fer ratio to distinguish euxinic and ferruginous depositional conditions. In
addition, noting that rapid deposition of terrigenous sediment and/or transfeszof Fe
to Fersunder anoxic nosulphidicconditions can both decrease depositionakfFer
ratios (to potentially give a false oxic signal under anoxic depositional conditions),
Poulton and Canfield (2011) revised the calibration boundaries. Thus, oxic
depositional conditions are now commorggognised by F&/Fer <0.22, ferruginous
conditions are characterised byk#Eer >0.38 and Fg/Feir <0.7-0.8, and euxinic
conditions are characterised bynk#er >0.38 and FRg/Fer >0.7-0.8. When

Feir/Fer ratios are between 0.2 . 3 8, an equi vocal’ zone
additional consideration is required to evaluate water column redox conditions. In
particular, Fgs concentrations and ggFer ratios (Poultoret al. 2010, Doyleet al

2019), and Fe/Al rats (Lyons and Severmarmt al. 2006, Clarksoet al.2014) may

be used to identify whether transfer ofuk@¢o Fers has lowered initial depositional

Fe4r concentrations.

As a consequence of these developments, the iron speciation scheme of
Poulton and Qafield (2005) has becomwidely usedfor evaluating paleoredox
depositional conditions. However, while individual laboratories commonly use their
own irnthouse standards as a procedural check, there is concern that discrepancies in
operational procedures across different laboratories may be producing inconsistent
resuts. Consequently, there is a clear requirement for a set of international reference
materials. Here, we report the development of four reference materials for assessing
ancient water column redox conditions via Fe speciation. This is based on the results
of four independent laboratories, including the laboratories of the authors who
developed and calibrated the Fe speciation technique that is now widely used (Poulton
and Canfield 2005). We additionally present details of the methodology applied, and

discus operational sues related to the technique.
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3.2 Experimental

Samples

Four marine shale sampl@&/HIT, KL133, KL134 and BHW)were selected
to encompass a range of iron phase compositions, depositional settings and periods of
Earth history WHIT was collectedrom theMulgrave Shale Member of the Whitby
Mudstone Formatioat SaltwickBay, Whitby, UK (Benton and Taylor 199%Simms,
2004)The sample is early Jurassio@rcian ~183 Ma)in age(Simms 2004, and is
a fine-grained, laminated, organic carbooh mudstonethought to have been
deposited in an anoxic water coluifiiemp et al., 2005; Wignall et al., 2008133
and KL134 were sapled from well-preserved drill coréborehole KL1/65)at the
National Core Library, Donkerhoeouth Africa. Thee two Late Permia(Branch
et al., 2007; Catuneanu et al., 208&jnplesarefrom below and aboviheoccurrence
of the Upper Ecca microflomof the Eccaand Beauforgroups (Linol et al., 2016;
Chere et al., 2017XL133 (1025 m depth in core KL1/65) is from just beneath the
Upper Ecca microflora, and is comprised of gbtgck silty shal€Linol et al., 2016)
KL134 (104 m depth in core KL@&b) is a lighigrey siltstone from ave the
microfloras(Linol et al, 2016.

While there is ongoing debate as to the absolute ages of the Ecca and Beaufort
groups, théwo samples were depositati~265 Male.g.,(McKay et al., 2015; Linol
et al.,2016; Belica et al., 201))BHW is a partially silicified, dolomitic black shale
of theArchean(~2.6 GaBlack Reef Quartzite Formatipmransvaal Supergroup. The
sample was taken from wegireserved drill cor€62.5 m depth in cor8HW-289)

stored at th National Core Library, Donkerhoek, South Africa

Sample geparation and storage

Post collection, weathered surfaces were remevebrocks were crushed at
the University of Leeds using an agate TEMA pulverising mill, to obtain powder with
the consistency of flour and without any larger isolated mineral grains. Initial attempts
to sieve several of the samples were found to be pratie, due to coagulation of
clay minerals during the procedure, which prevented adequate sieving and altered the
nature of the sieved sediment. Thus, to ensure homogeneity of each entire bulk sample,

powderswere weltmixedvia therepetitive use of a-gplitter, beforedecantationnto
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acid-clean jars containing100 g of rock powderFor longer term storage, samples
are preservedinder a nitrogen atmosphere at a constant temperatw206f to

preventany possibility of samplexidation

Organic carbon analyses of the carbonatdree sample

Total aganiccarbon (TOC) was determined at the University of Leeds after
acidification of the reference matesalSamples (n = 12 for each standard) of
approximately 0.5 g were initially decarbonated with 10 mR@¥ov/v HCI for one
hour. This was performed in 15 ml centrifuge tubes, which were left open to allow for
CO» degassingAfter centrifugation, the supernatant was decanted, and samples were
then treated with a further 10 mL 280% v/v HCI, followed by contant shaking at
room temperature for 16 houiollowing this, the supernatant was decanted, and 10
mL of MilliQ water was added to the samples and agitated for 30 minutes. The samples
were then repeatedly washed with MilliQ water until the supernatactiedeapH > 4.
The samples were then left to dry overnight, and TOC was meassieg a LECO
carbonsulphur analyser wi t h L E Coarbam soihesel iasraeference material
The internal standard had a recovery of 101.03% TOC and a reproducibility GgRSD)
1.60%.

Major element analyses

Major element analyses were performed at the ICBM (University of
Oldenburg) and the University of Leeds via Wavelength DispersivRax
Fluorescence (Table 2). At ICBM, borate glass beads were produced byGusigg
of sample with 4.2 g of LB4O7 following a peroxidationprocedure with 1.0 g of
(NH4)2NOs in a platinum crucibleand measured using a Panalytical Aximax
spectrometerAt the University of Leeds, the glass beads were crdgtédsing 0.4 g
of sample with 4 g of flux (66% kB4+O7+ 34% LiBO.) and 2 drops of Lithium lodide
solution (250d) in a platinum crucibleand measured using a Rigaku ZSX Primus
Il spectrometerCalibration including line overlap correction and matrix correction
was based on international reference samples (66; ICBM, 70; University of Leeds).
Trueness was checked by international ardlonse reference samples not included in
the calibration withan error of, < Gel.%for ICBM and < 3 rel % for the University
of Leedsfor major elements (except elements below quantitation limit).
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Precision was measured atl<reltive % for major elements. Major elements are

reported as eight %.

Iron extracti ons

All iron extractions were conducted under oxic conditions using Analytical
Reagent grade chemicals, and each analyst performed 8 replicates of each extraction.
The sequential extractions and pyrite dissolutivese performed ablr independent
Fe speiation laboratories, including the Cohen Laboratory at the University of Leeds
(3 different analysts), the NordCEE Laboratory at the University of Southern
Denmark, theSediment and Aqueous Geochemidtaboratory at the University of
Copenhagen and the dvine Geosystems Laboratory at t6&@OMAR Helmholtz
Centre for Ocean Researcfhe broad target phases for each extraction are reported
in Table 3.1.

However, it should be noted that these are operationally defined extractions,
and the Fe speciation techoe for paleoredox analysis is predicated on the reactivity
of different Fe pools towards dissolved sulphide, rather than the quantification of
specific Feminerals, which is a common misconception. Thus, the precise minerals
extracted in each step (ancetbxtent of their dissolution) will vary dependent on
mineral crystallinity (see Raiswedt al. 1994) and a host of other factors, including
impurities within the structure (see Poulitral.2004). However, the Fe dissolved in
each extraction can be dered to comprise an iron pool of similar reactivity
towards dissolved sulphide, and it is this factor that has been calibrated in the use of

Fe speciation as a paleoredox indicator.
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Method Target phases Terminology

a) Na Acetate, pH 4.5, 48 h| Carbonate Fencluding siderite | Feam

50°C and ankerite

b) Dithionite, 2h Ferricoxides including Fenx
ferrihydrite,hematite and goethit

c) Oxalate, éh MagnetiteFe Fémag

d) Chromous chlorid Pyrite Fe Feay

e) Boiling concentratedHCl | Reactive Fepoorly reactive Fer, Férs

sheetsilicate Fe

f) XRF Total Fe unreactive silicate Fe | Fer, Fey

Table 3.1 Summary of iron speciation methods and their target phases. An
unreactive Fe fraction (kg can be calculated as the difference betweenalRd the

sum of Feubh + Feox + Femag+ Fepy + Feprs.

The sequential iron extractions (steps@ Table 3.1) were performed with a
standard sample size of 60 + 10 mg (accurately weighed), but testdsegreréormed
using a sample size of up to 100 mg. Extraction solutions were prepared at room
temperature, andhé extractant volume for each step was 10Duiring extractions,
samples were constantly agitated in 15 ml centrifuge tubes as occasionad) shaki
found to result in incomplete extraction of the Fe phases. For step (a) at 50°C, samples
were shaken either on a heated shaking table, or on a standard shaking table placed in
an oven. Between extraction stegmmples wereentrifugedprior to decating and

analysis

a) Sodium acetateSamples were subjected® ml ofa 1mol It sodium acetate
solution buffered with acetic acid (pH = 4.5) for 48 h, at a constant temperature of
50°C. Carbonatpoor samples wermegassed 1 after the addition of sodium efate,

and again after 6.ICarbonateich samples were degassed 1, 2, 6 and 24 h after sodium
acetate addition. This first step (kg primarily targets iron associated with carbonate
phases (Tabl8.1).
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b) Sodium dithioite: The sample was then treated with ml of a sodium
dithionite solution (50 g1sodium dithionite, 58.82 t* tri-sodium citrate20 ml f*

acetic acid) for 2 h. The sodium dithionite solution was always prepared immediately
prior to use, to avoid oxidation of the solution and henlosvar extraction potential.

This step (F&) primarily targets ferric oxide minerals (Taldel).

C) Ammoniumoxalate The final step of the sequential iron extraction targets
mixed ferric/ferrous oxides, such as magnetite.{feThis was achieved withO ml

of a 0.2mol I ammonium oxalate/0.1mol It oxalic acid solution, with a treatment
time of 6 h.

d) Hot chromous chloride distillatianThis method dissolves sulphide minerals,
primarily comprising acievolatile sulphides (AVS) and pyrite (fye Canfield et al.,
1986).

The amount of sample required for this method depends on the amount of sulphide
present. For the WHIBtandard~0.2 g wasused for the extractigrfor KL133 and

KL134 ~2.5 g wasised and for BHW ~1.75 g wassed These sample weights ensure

a sufficient amount ofAg.S precipitation for later quantification, and at the same time
avoid supersaturation of tegNOs solution by hydrogen sulphide released from the
samples.The samples were initially treated with ndailing 50% v/v HCI (8 ml)

under a nitroge@tmosphere to test for the presence of AVS (Canéeldl. 1986).
However, no AVS was deteed in any of the samplesnd thusafter addition of the

HCI, 16 ml of chromous chloride was added. This solution was boiled forlsd
undera nitrogen atmosplere and the released hydrogen sulphide was trapped (as
Ag2S) in a Imol I*AgNOs solution (with additional AgN@added where appropriate

to avoid saturation of the trap with sulphide). The@\grecipitates were then filtered,

dried and weighed, and the&oncentration of pyrite Fe was determined
stoichiometrically.In one of the laboratories, Zn acetate instead of AgiN&s used

to trap hydrogen sulphide and the analysis was done by spectrophotometry using the
Cline reagent.

e) Concentrated HCITo determind~er, approximately 100 mg of sample was
weighed into a glass test tube. Concentrated HCI (5 ml) was added and the sample was
immediately gently heated for 60 seconds to bring to the boil.
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The sample was then boiled maggressively for a further 60 secondd.(Berner,

1970; Raiswell et al., 1994). Samples were then immediately quenched with MilliQ
water, and transferred quantitatively to 100 ml volumetric flasks and made up to
volume. The difference betweens@nd thesum of Fean + Fex + Fanaggives Fers

Note, however, that this extraction may also bequaréd sequentially after steps

c (Table 3.1)which gives a direct measurement of£eithout the need to subtract
Fecarh, Fex and Faag (Poulton and Cardld, 2005)

Analysis of Fe solutions

Three commonly used techniques were compared for the analysis of the Fe
solutions from steps & ¢ and e. Aomic absorption spectrometry (AAS) was the
primary technique used by three of the laboratories. In this case, for the sequential
extraction steps-ac, thesupernatant was subjected to a 20 times dilution with MilliQ
waterprior to analysis relative to rrax matched standards. The same procedure was
used for boiling HCI extractions, but with a 5 times dilution of the initial 100 ml
solution. The fourth laboratory determined dissolved Fe naudtively coupled
plasma optical emission spectroscopydCP-OES. Here, solutions were diluted
fortyfold with 1% v/v HNQ. The dilution acid contained 10 ppm yttrium as an internal
standard, which was monitored to compensate for maglated signal fluctuation.

Finally, we tested the utility of the ferrozine metl{&tlookey, 197Q0)Here, we
used the approach 8perling et al. (2013wherebyl 0 0 of gxtract was addet 4
ml of solution (prepared immediately prior to analysis) containing 12 lgHPES
buffer, 0.2 g * ferrozine ragent, and 10 g*lhydroxylamire hydrochloride(which
reduces Fe(lll) to Fe(ll), to allow measurement by ferrozidvethe same time, a range
of matrixmatched standards were prepared. For these standards, we compared the
results of using both an Fe(lll) stock solution (1000 ppm Fe(d@®30.5 mol f*
HNOs) and an Fe(l1l) st ocsFe(S@)46:0)i &anthgd Mohr ' s s
Fearnand Fexextractions, similar results were obtained using both stock Fe solutions.
However, for the Rgygextraction, a precipitate formed when using the Fe(ll) stock
solution, and thus all of our results are reported relative to standards prepared with the
Fe(lll) stock solution. Sperlingt al. (2013) left samples overnight to allow colour

development, followed by analysis by spectrophotometer.



63

To further test this technique, we performed regular repeat measurements of the
solutions and standards (oThermo Saentific Genesys 8pectrophotmetgfor up

to 16 days after preparation

3.3 Results and Discussion

Bulk geochemical characterisation

Replicate TOC analyses (n = 12) produced average val@2683f 0.8 wt%
for WHIT, 0.09 + 0.@ wt% for KL133,0.85 + 0.05wt% for KL134, and).29 + 0.03
wt% for BHW. Average major element analyses are shown in Table 3.2. A high degree
of reproducibility is observed for all samples, and of particular significance, Fe
concentrations show a relativelyde range across the four reference materials, from
1.62 to 5.03 wt% (Table 2).

Si Ti Al Fe Mn Mg Ca Na K P
(Wt%) | (wt%o) | (Wit%) | (wt%) | (Wt%) | (wt%) | (wt%) | (Wt%) | (wt%b) (Wt%)

WHIT | 22.74 | 0.553 11.90 454 0.019 1.10 1.03 0.378 2.65 0.070

+0.24| £0.009| £0.16 | £0.02 | +0.001| +0.02 | +0.02 | £0.009| =0.02 | +0.003

KL13 | 31.06 | 0.371 7.81 3.19 0.065 1.44 0.970 1.18 3.13 0.083

+0.19| £0.007| £+0.03 | £0.03 | +0.001| +0.04 | £0.016| +£0.03 | £0.04 | +0.002

KL13 | 28.49 | 0.385 8.87 5.03 0.087 1.00 0.652 1.60 2.66 0.092

+0.83| £0.007| £0.25 | £0.07 | +0.002| +0.04 | £0.008| +£0.08 | £0.04 | +0.003

BHW | 32.75| 0.236 7.48 1.62 0.017 1.03 0.100 | 0.065 6.88 0.018

+0.33| £0.009| £0.06 | £0.02 | +0.001| +0.03 | £0.010| +£0.004| =0.09 | +0.003

Table3.2Aver age ( &lemenigoncemagtioms of reference materials,

measured by two independent XRF laboratories.

Comparison of iron analyses in the extraction solutions by different techniques

A comparison of iron analyses by AAS, IKIES and spectrophotometer is
presented in Table 3.3. The RSD for each analysis is generally within ~6%, with the
exception of fractions with very low Fe concentrations where, as expected, RSDs are
commonly higherNevertheless, despite these higher RSbs, magnitude of the
measured standard deviation is relativetyall for the low Fe fractionflable 3.3),

and this degree of variability has little impact in terms of quantifying:#er and
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other measurement techniques, which might reflect the fact that extractions of the

solutions measured by AAS were performed by multiple users across three different

laboratories, whereas extraets measured by IGBES and spectrophotometer were

performed by one user in one laboratory.

D Fecarb Feox Fémag

(Wt%) (Wt%) (Wi9%)
WHIT
AAS 0.581+0.033 (5.7) | 0.063 + 0.010 (15.9) | 0.106 + 0.012 (11.3)
ICP-OES | 0.593+0.009 (1.5) | 0.058 +0.002 (3.5) | 0.081 + 0.002 (2.5)
Spec. 0.616 + 0.008 (1.3) | 0.084 +0.001 (1.6) | 0.106 + 0.0032.8)
KL133
AAS 0.139+ 0.006 (4.3) | 0.046x0.004 (8.7) | 0.169+0.011 (6.5)
ICP-OES | 0.139+0.004 (2.9) | 0.046%0.002 (4.3) | 0.157+0.010 (6.4)
Spec. 0.145+ 0.002 (1.4) | 0.049+0.001 (2.0) | 0.149+ 0.003 (2.0)
KL134
AAS 0.711+ 0.041 (5.8) | 0.095+ 0.010 (10.5) | 0.584+ 0.028 (4.8)
ICP-OES | 0.680+0.020 (2.9) | 0.088+0.003 (3.4) | 0.532+0.016 (3.0)
Spec. 0.781+0.005 (0.6) | 0.110+0.001 (0.9) | 0.538+0.012 (2.2)
BHW
AAS 0.044+ 0.006 (13.6) | 0.016+ 0.003 (18.8) | 0.024+ 0.002 (8.3)
ICP-OES | 0.044+ 0.002 (4.5) | 0.018+ 0.003 (16.7) | 0.023% 0.005 (21.7)
Spec. 0.045 + 0.001 (2.2) | 0.015 +0.001 (6.7) | 0.020 + 0.001 (5.0)

Table3.3Aver age

concentrat.

ons (N1a&)

of

determined by AAS, ICBES and spectrophotometB8pectrophotometry data are
reported after 24 h for Renand Fex, and after 168 h for kg (see text for further

details).The RSD (%) for each analysis is given in parentheses.

Fe

In general, there is good agreement (within error) between the measurements

by AAS and ICPOES for all extracted phases (Table 3.3), highlighting that both

techniques are suitable for measuring the sequential Fe solutions, despite the potential

for strongmatrix effects. In addition, we found that the ferrozine technique generally

produced comparable results fordmeand Fex (Table 3.3), and this was a consistent

feature across the 11 days over which these analyses were performed (Figure 3.1).

However, vhile there is reasonable agreement between both thgA&S/ICP-OES



analyses and the spectrophotometric analgesaround 7 days of ferrozine reaction
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(Table 3.3), after 24 h of reaction (the current standard technique is to leave solutions

overnight prior to analysis) only ~685% of the Fgag pool was measured by

spectrophotometer (Figure 3.2). This suggests that the extracted Fe may be strongly

complexed by the reagents in the oxalate extraction, such that considerable time is

required for the redion with ferrozine to proceed to completion. Furthermore, the

average spectrophotometricrfzgresults for KL133, KL134 and BHW were always

lower than the average value determined by AAS, with a distinct decrease to even

lower values after ~11 days. Weauthconclude that the ferrozine spectrophotometric

technique is not suitable for the measurement pide

Fe recovered (%)

Fe recovered (%)

Figure 3.1.Recovery of Fe for KLdvaRIFdxsol i d
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Effect of sample size on sequential extraction efficiency

During the course of our analysege found thathe initial samplanassto
extractantratio may affect the quantity of Fe dissolvekb test thiswe performed
replicate extractions (n =4 8) for all four reference materials usitigree initial
samplemasses50mg, 70mg, and 100mg, with Fe analysed by IGBRES We found
that lowercontens were consistentlyobtainedfor Fe:arh as sample mass increased
(Table 3.4). By contrastthe subsequent keand Feag extractionsshowed no
consistent trends as sample masses increasedthasdhetotal amount of iron
extracted during the three sequential phases decreased at higher sample masses (Table
3.4). We observed no consistent trend in the RSD of analyses over the range of sample
masses used in our tests, even though in general, the retatigard deviation would
be expected to increase at lower sample masses. Based on these considegations, w
propose aroptimal samplenassfor the sequential extractief 60 + 10 mg for 10

ml of extractant

D Fecarb Feox Féemag Sum

(WH%) (Wt%) (Wt2%) (Wt2%)
WHIT
50mg | 0.618 +0.003 (0.5)| 0.056 + 0.001 (1.8)| 0.073 + 0.001 (1.4)| 0.748 + 0.003 (0.4)
70 mg | 0.593 +0.008 (1.3)| 0.058 + 0.002 (3.4) | 0.078 + 0.003 (3.9)| 0.729+ 0.010 (1.4)
100 mg| 0.549 + 0.008 (1.4) | 0.056 + 0.002 (3.6)| 0.078 + 0.003 (3.9)| 0.683+ 0.011 (1.6)
KL133
50 mg | 0.151* 0.005 (3.3) | 0.048+ 0.004 (8.3) | 0.149+ 0.001 (0.7) | 0.348+ 0.009 (2.6)
70 mg | 0.137+0.006 (4.4) | 0.046+ 0.002 (4.3) | 0.155+ 0.009 (5.8) | 0.338+ 0.012 (3.6)
100 mg | 0.133+ 0.005 (3.8) | 0.045% 0.002 (4.4) | 0.145+ 0.009 (6.2) | 0.323+ 0.014 (4.3)
KL134
50 mg | 0.734% 0.026 (3.5) | 0.091+ 0.004 (4.4) | 0.507+ 0.012 (2.4) | 1.332% 0.026 (2.0)
70 mg | 0.689+0.019 (2.8) | 0.087+ 0.003 (3.4) | 0.512+ 0.023 (4.5) | 1.289+ 0.016 (1.2)
100 mg | 0.651+ 0.009 (1.4) | 0.088+ 0.003 (3.4) | 0.513+ 0.012 (2.3) | 1.251+ 0.021 (1.7)
BHW
50 mg | 0.048+ 0.003 (6.3) | 0.018+0.002 (11.1)] 0.020+ 0.002 (10.0)] 0.087+ 0.007 (8.0)
70 mg | 0.044+0.002 (4.5) | 0.019+0.003 (15.8)| 0.021+0.004 (19.0)| 0.084+ 0.007 (8.3)
100 mg| 0.038+ 0.001 (2.6) | 0.015+ 0.001 (6.7) | 0.018+0.005 (27.8)| 0.071+ 0.005 (7.0)

Table 3.4.The effect of sample size on extraction efficiency. The sumtbfélee

sequential extraction phases is also shown4{ke Feox+ Femag. The RSD (%) for

each analysis is given in parentheses.
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Development of iron speciation reference materials

We utilize the replicate extractions (as measured by AASGROES) of the

six users from four independent laboratories to determine the Fe speciation

characteristics of the four reference materidksb{e 3.5). Concentrations of kgare

relatively low for all four samples, as might be expected for sedimenthavat

experienced significant early diagenetic overprint, including dissimilatory iron

reduction and pyrite formation, but the remaining Fe pools show considerable

variability. In addition, average poorly reactive sheet silicatecéecentrations
(calculaed as Fgs = Fer — (Fecarb + Fex + Fanag) are 0.219 wt% for WHIT, 1.399
wit% for KL133, 2.283 wt% for KL134, and 0.462 wt% for BHWhis gives FgJFer
ratios of 0.05 for WHIT, 0.44 for KL133, 0.45 for KL134, and 0.29 for BHW. The

FexrdFer ratio for WHIT is low compared to the average ratio for Phanerozoic shales

(0.39 £0.11; Raiswell et al., 2008), but the remaining samples fall close to this average.

D Fecarb Feox Femag Fepy Fer Fenr/Fer Fepy/Fenr
(Wt%) | (wt%) | (Wt%) | (Wt%) | (wt%b)

WHIT 0.583 +| 0.062 +| 0.103 | 1.970+ | 0.967 +| 0.60 + 0.02| 0.73 + 0.04
0.030 | 0.009 |0.014 |0.087 |0.097

KL133 0.139 | 0.046 +| 0.167 +| 0.011 +| 1.751+ | 0.11 + 0.00| 0.03 + 0.01
0.005 | 0.004 |0.011 |0.002 |0.121

KL134 0.705 | 0.094 +| 0.578 +| 0.011+ | 3.660+ | 0.28 £ 0.01| 0.01 + 0.00
0.039 | 0.009 |0.032 |0.002 |0.124

BHW 0.044 +| 0.017 | 0.023 +| 0.068+ | 0.546+ | 0.09 + 0.01| 0.45 + 0.06
0.005 | 0.003 | 0.003 |0.008 |0.077

Table35Aver age concentrations

and Fey/Fenrr at i 0s

(N1G)

f

o

r

each

( NjIF&r) of Fe i

reference

In Figure 3.3, we plot ke/Fer and Fey/Feqr ratios for each reference material

(see Table 3.5), and we show the standindations that are obtained as a result of

propagating the precision of measurements for each Fe pool through to the calculation

of Fe speciation ratios. This demonstrates that the determination of Fe speciation ratios

is highly reproducible, with the gest degree of variability occurring for the BHW

Fen/Feqr ratio, which arises due to the low concentration of each Fe fraction in this

sample (Table 3.5). The reference materials also document a range of redox conditions,

r
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including oxic (KL133, BHW), eqwocal (KL134) and anoxic (WHIT). B@Feqr

ratios are only relevant as a water column redox indicator for samples that show clear
evidence of deposition under anoxic water column conditions (Poulton and Canfield,
2011), and the anoxic WHIT sample plots close to the threshold for identifying
euxinia. The remaining reference materials have variabléfear ratios, which likely

reflect different levels of sulphide production during diagenesis. Taken together, the
variable speciation characteristics, combined with the wide range of concentrations
evident across the Fe fractions, suggests that these four samples are ideal as

international reference materials.

1
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Figure 3.3.Fe speciation characteristics of the reference materials. Error bars are
calculated based on the propagation of standard deviatioisti ) det er mi ned

individual extractions.



70

3.4 Conclusions

We have developed four reference materials that may be used by researchers
conducting Fe speciation analyses of paleodepositional redox conditions. In the
process of creating these eef e n c e material s, we have
techniques for Fe speciation analyses, including detailed evaluation of the commonly
employed techniques for determining Fe concentrations in extracted solutions. The
amount of iron dissolved in each extian step is sensitive to both sample agitation
and sample size, and we recommend that extractions are performed on a sample size
of 60 £ 10 mg for 10 ml of extractant. In addition, we recommend that the
spectrophotometric determination of.fzgby ferrozine is discontinued due to the
protracted completion time of the reaction.

The reference materialomprise a range of Fe fraction concentrations and
document a rangd depositional redox conditions. In addition, Fe concentrations and
speciatim ratiosaregenerally highly reproducible, with a greater degree of uncertainty
being limited to those fractions containing very low concentrations of Hese
characteristics confirm theide-ranging suitabilityof the sampless international
referene materials.The samples are stored under controlled conditions, where
oxygen, light and moisture are eliminated, making them suitable astdong

reference materials for the community.

refi
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4 Biogeochemical modelling

Biogeochemical box models have aided understanding of modern and
ancient Earth processes. The work from this PhD has focusédraards
modelling in which fluxes and reservoir sizaszdetermined by internal processes,
rather than being inferreddm datasetsT his allows the model to test hypotheses
about the drivers of system changes. | have focused on low complexitybimulti
modelling which allows representation of different compartments within the -ocean
atmosphere system (e.g. shelf, deep cslallow open ocean) while also being
capable of running for billions of years.well-known early example dhis kind of
modelis the 4 box atmosphemzean model oBarmiento and Toggweiler (1984)
This modelwas usedo constrain atmospheric G@velsin the Quaternargver
glaciatinterglacal timescales, by approximatipgimary production and

thermohaline overturning.

The two seminal models ofan Cappellen and Ingall (1994) and Van
Cappellen and Ingalf1996) contributed heavily to the ideas in this thesis. These
modelsallowed for varying C:P t&s and other P burial fluxes in a simple dyu
marine systempy usingthe geochemical data dhgall et al. (1993) to aid in
constraining thesedimentaryC:P ratio @pending on the dominant redox condition.
Althoughthe modelreats theocean and atmospheas homogeneous,demonstrates
that positive feedbaclexistwithin the carbon, oxygen and phosphorus cyealbih
arecapable obustaiiing anoxiafollowing an nitial perturbation. For example, a pulse
of weathered P into the system woaltlisedecreasingnarineoxygen concentrations
due to increased respiration, leading to greater P recycling and availg@bdityoting
primary productionand further respiratigneventhoughthe continental supply of
reactive Amayreturn to normal. Thigleawas then taken further by theontribution
in 1996 with the inclusion of an atmospheric oxygen reservoir, leading to greater
primary production increasing atmospheric oxygen cotnagons, through increased
organic carbon burial, therefore restricting the extent of deoxygernhatmmgh ocean

atmosphere intaction and downwelling.
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Figure 4.1 Phanerozoic atmosphericc@econstructions. Modified from Krause et
al., 2018.

Wallmann (2003)combined the threbox ocean structure @armiento and
Toggweiler (1984yvith the phosphorus fluxes ¥tan Cappellen and Ingall (1994hd
a simple nitrogen cycle. By applying this framework to glaritdrglacial conditions,
Wallmann (2003yvas able to demonstrate a change in the limiting nutrient depending
on the presence fowidespread glaciations. Interglacial periods would allow for
efficient ocearatmosphere interaction andeathering of nutrients into the ocean,
leading to phosphate being the limiting nutrient, as opposed to nitrate under glaciated
conditions.However,this model allowed for no changes in atmospheric or surface
water oxygen reservoirs. This restriction means that only the deep ocean can vary with
respect to oxygen concentration and the surface ocean awapesample oxygen

via downwelling, possiblgiminishing the full impact of deoxygenation.

The COPSE mode(Bergman et al.,, 2004¢mployed a wider range of
dependencies and fluxes in an attempt to constrain the key elemental cycles of the
Phanerozoic (primarily from GEOCARB and Lenton and Watson, 2000a, b). The
model, again within a one box framework, tested the theories of Phanerozoic Earth
evolution. COPSE opposed the lineage of results from the GEOCARB models and
initially predicted a tird oxygenation event associated with the rise in land plants at
around 400 Ma. This was due to increased terrestrially derived organic carbon burial,

and plamnassisted weathering of phosphorus.
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This model is still today widely used and has been adaptetiude other elemental
cycles and forcings to help match other lines of evidence throughout the rock record
(e.g.Lenton et al. (2018) This third Paleozoic oxygenation event is nhow supported
by geochemical proxies (e.Bahl et al., 2010; Glasspool @rscott, 201Pand an
adapted version of the GEOCARB model (Figdrg Krause et a).2018.

The work ofSlomp and Van Cappellen (200@dmbined a multbox ocean
with a total of fourseparatéurial fluxes for phosphorus; organic bound BgPiron
as®ciated P (B), authigenic P (Ry and fish debris (). Once again applied to
relativelyrecent(Quaternary(Slomp and Van Cappellen, 200a)d later Cretaceous
conditions(Tsandev and Slomp, 20Q09he model allowed for redox dependencies on
all fluxes of P to the sediments based on simple relationshipsésten 2.3.1 for
more informatioi). As with theWallmann (2003model,oxygen in thesurface ocean
wasnot allowed to vary inthese modelgnd instead the parametBegree of Anoia
(DOA) was introducedDOA was originally developed byan Cappellen and Ingall
(1994)in an attempt to constrain the percentage of sea floor that would be considered
anoxic based on the oxygen concentratiordosfnwelling waterss wellas expected
oxygen utilization based on primary production.

Multi-box ocean modelling has also been employed for studies of the
PrecambrianReinhard et al. (201 7jtilised the CANOP$1odel of Ozaki et al. (2011,
2013) (Ozaki and Tajika, 2013; Ozaki et.,aR011) proposing that an iretrap
functioned inthe open ocean, where phosphorus is efficiently scavenged from the
water column due to the high abundance of iron minerals oxidized at the surface in the
ferruginous Proterozoic ocean. This process idempnted in the model by allowing
a fraction of upwelled P from the deep ocean to be scavenged when the model deep
ocean is anoxic, although it is notmediatelyclear why a similar process should not

operate in an oxic ocean where there are hydrothesonates of Fe.
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4.1 Model Development

The models ofSlomp and Van Cappellen (2007)sandev et al. (2008);
Tsandev and Slomp (200@greextendedn order to develop the model presented and
published as part of Chaptéssand 6. A summary of the sensitivity tests from the
publication ofAlcott et al. (2019kan also be found in Chaptgrand the full model
equations from Alcott et al. (2019) (Chapb) can be found ithe Appendix.

The model comprises a four box ocearslaswn in Figure 4.2. includes the
cycling of reactive forms of phosphorus, organic carbon andh@al reservoirs and
steady state fluxes are estimated for the moderramtteopogenic ocean system. The
proximal zone (P) includes the coastal ocean directly influenced by river input
including environments such as bays, estuaries, deltas and sdas. The distal zone
(D) includes open continental shelves where element recycling and upwelling are
guantitatively more important than river input. The surface ocean box (S) includes the
uppermost waters heavily influenced by atmosphere, and thebfixais the deep
ocean (DP), which does not exchange directly with the atmosphere. A hydrological
cycle is included within the model to help parameterise soluble components that move
via circulation. This cycle is assumed to have an input flux to the pabxame via
rivers and an output flux in the form of evaporation. Upwelling and downwelling
fluxes are constrained by present day upwelling rates, thermohaline circulation and
mass balance constraints. Equations-44.6 demonstrate the fluxes of dissalve
species that are impacted by thermohaline circulation, whisrthe chosedissolved
species (@andsoluble reactive phosphorus) acidc is the hydrological flux of water

from and to respective boxes

O QB 0O (Equation 4.1)
O OB 0O (Equation 4.2)
A OO W (Equation 4.3)
A OB 00 (Equation 4.4)
A OB OO (Equation 4.5)
A OO O (Equation 4.6)
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Atmosphere

Surface Ocean

Proximal Distal
Zone il Zone -—" f

Deep Ocean

Figure 4.2. Simple model schematic showing the four box ocean and
atmosphere system. Arrow indicate ocean circulation fluXesoxygen reservoirs
in contact with the atmosphere are assumed to be in equititwith the atmosphere
and therefore are not shown as arrows on this figliree ocean compartments of

this model are the same geometrically as Slomp and Van Cappellen (2007).
Carbon cycle

Particulate organic carbon is tracked within this model and is formed during
primary production in the surface waters (proximal, distal and surface ocean zones).
Terrestrial organic matter is assumed to be refractory and is not considered within this
or any pevious iterations of themodel (Slomp and Van Cappellen, 2007; Tsandev et
al., 2008; Tsandev and Slomp, 2009).

Primary Production

Primary production is considered to be phosphorus limited, for reasons
outlined by Tyrell (1999) where phosphorus is con&dethe ultimate limiting
nutrient, whilst nitrogen is considered to be the proximate limiting nufjdiesdussed

in more detail in sction 13).

Primary productionPP) within the model is assumed to be in the form of
oxygenic photosynthesis, producing both oxygen and organic mAtiexygenic
photosynthesis would ultimately contribute to primary productivity, most notably in
the Archean It would not lead to oxygen gduction but would allow for a
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consumption of oxidants in the water colynhkely delaying oxygenationJphnston

et al.,, 2009; Hamilton et al., 20168)Ve utilise this model assuming that oxygenic
photosynthesis has eveldand is well established. At pesst day, the contribution of
anoxygenic primary producticdio total productions approximately 0.17% (Johnston

et al., 2009 Due to the unknownontributionof anoxygenic photosynthesisoving

back through time, we only include oxygenic production ampacts all aspects of

the modelWe do acknowledgénowever thatanoxygenic photosynthesisay have
played a major role in regatling oxygen concentrations earlier in Earth history (e.g.
Johngon et al., 2009)The organic matter contains both organic carbon and particulate
organic phosphorus (POP). For the carbon cycle, primary production is considered to

be linearly proportional to soluble reactive phosphorus concentrations (SRP).
00 Q0 OFI¥YQQHs b (Equation 4.7)

WhereP is the amount of phosphorus relative to presentidagiCHs the C:P
ratio of primary organic matter (106; Redfield, 1958) &RdP is a proportionality

constant to adjust for the present day primary production flux (Equ&atian

The Redfield ratio is assumed to be 106 throughout Earth history. As discussed
in Section 1.3, the stoichiometry of organic matter is known to vary in the modern day
due to a variety of factors. As it is still not known how this ratio varied though time

(Planavsky et al., 2014) wesel06asthe best estimate available.
Export Production

Export production Xp) is considered to be a fraction of the newly produced
organic carbon into the box each model tisbep. The shelf boxes (Proximal and
Di st al )ve ahypumdetlyinghbaxes, so export production is treated omp
and Van Cappellen (2007), whetean be exported laterally (from proximal to distal,
distal to surfacee.g. Equatio .8).

o) Qd Oaf 00 (Equation 4.8)

Thegeneraliseadxport production function in Equation84s the export from
reservoilj to reservoik, taking into account the exported production fraiimer boxes
(e.g.i toj) and the freshly produced organic mattethe respective bofPP,). kxpk
IS a constant in order to adjust for present day export rates.
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Remineralization

Organic carbon is also affected by remineralization, burial and transfer
between ocean reservoirs but is not upwelled as it is assumed to only move laterally
or sink within the ocean. Remineralization is considered to be proportional to the
availability of organic carbon in the proximal, distal and surface ocean boxes (Slomp
and Van Cappellen, 2007; Equatid®). Wherekcmin is the present day flux of
remineralized organic carbon a@gis the amount of organic carbon within the box

(e.g j) relative to present day.
006&@QQha Or (Equation 4.9)

Remineralization of organic carbon in the deep ocean is constrained by the
respiration of oxygen and is related by a ratio of 138 oxygen: 106 carbon, similar to
Slomp and Van Cappell2007).

The formulation in Equation 4.9 allows for respiration to deadform that
includes both aerobic and anaerobic respiration in the productive proximal and distal
regions. As for remineralisation and respiration in the deep ocean, we assume the
amount of organic carbon that is ultimately buried is constrained byatkeof
phosphorus release from organic matésrdescribed in Equati@n25, which is only
partly (25%) dependant on the concentration of oxygen in the deep ocean. These two
methods attempt to alleviate the primary dependency on oxygen allowing forcorgan

carbon consumption in an anoxic ocean.
Organic Carbon Burial

Organic carbon burialROCbui on the shelf is proportional to the newly
produced and exported organic carbon within the respective box. In the deep ocean, in
order to include a redox dependgron carbon burial, the organic carbon burial is
derived from the redox sensitive organic phosphorus iuaal Cappellen and Ingall,
1994). The proximal and distal box organic carbon buriadeBuareproportional to

organic matter production.

The redox sensitive inclusion of organic carbon in the deep ocean is to attempt to

constrain the increased potential for organic matter to be impacted by redox processes

whil e sinking thr oudgepemtatereolummen ocean’ s

mi
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Equations4.10 - 4.13 show the differential equations for the four organic
carbon reservoirs; ProximaCg), Distal Cp), Surface OceanCg) and Deep Ocean
(Cop). Organic carbon is introduced into the proximal zone via primary production and
is removed via remineralization,ganic carbon burial and export production to the
distal zone. This export production is supplemented by primary production in the distal
zone and is removed through burial, remineralization and export production to the
surface ocean. Similarly, organic ban in the surface ocean is removed via
remineralisation and export production to the deep ocean. The primary source to the
deep ocean is via the export from the surface ocean and is removed by respiration and

burial.

Proximal Particulate Organic Carbon

~ o

— 00 006&@Q0UO6m6 A (Equation4.10)

Distal Particulate Organic Carbon

— 00 006WO D006 &™Q an (Equation4.11)

Surface OceaRarticulate Organic Carbon

— @ 00 006&Qa (Equatior4.12)

Deep Oceararticulate Organic Carbon

— @ YQinoDd 6o (Equation4.13)
Oxygen cycle

In contrast to other biogeochemical box models, the oxygen cycle developed
here allows for a variable atmosphere and upper surface ocean in addition to
introducing a parameter to constrain oxygen in the bottom waters of the proximal and

distal boxes. Thesghanges aras follows

Atmospheric Oxygen

Slomp and Van Cappellen (2007) primarily investigated biogeochemical
impacts driven by ocean circulatioeading to the assumptiothat oxygen
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concentrations in the reservoirs in contact withatimeosphere would remain at present
day val ues. This relationship obviously
earlier periods in Earth history. In order to overcome, thie introduced an
atmospheric reservoir, assuming that oxygen production assdcwith organic
carbon burial POCbup enters the atmosphere and surface oceanTiwie are two
explicitly calculated oxygen reservoins the model, which are the atmosphere and
deep ocean. The atmospherig léalance is determined by burial of organarbon

versus consumption of2@hrough weathering or degassing, whereas deep ocgan O
calculatedfrom downwelling versus respiratio.o stay in accordance with the
assumptions madby Slomp and Van Cappellen (2007he upper most oxygen
reservoirs in contact with the atmosphere scale with any change in the atmosphere

relative to present day.

We calculate oxidative weatheringAtthos\} as the present day rate
(kAtmosWequal to present day organic carbon buriaiyg@roportional to the square
root of the atmospheric oxygen content relative to present@gy gimilar to the
COPSE modelBergman et al., 200Daines et al.,@17) but without the inclusion of
a continental organic carbon reservas,shown in Equain 4.14.

do0aéi dOOAED ok (Equation4.14)
In addition to the oxidative weathering flux, we also includeireorganic
reductantflux to represent earlier periods in Earth history. This reductantiglux
constrained by approximations of reduced gas outgagbiages and Waldbauer,

2006; Krissanseifiotten et al.2018 and the availability and progressive release of
hydrogen to spad&harecha et al., 2@) Olson et al.2013.

Aerobic Respiration

Present day rates of aerobéspiration QResp;Equation4.15) are based on
the downwelling fluxes of oxygen and are calculated in order to provide a steady state.
Aerobic respiration is then considered proportional to the availability ofnmrga
carbon and oxygen, where oxygen is formulated as a monod function. The monod
function specifies that below the threshold of 0.1uM, aerobic respiration ceases to

occur (Slomp and Van Cappellen, 2007).

O YQi foyepHrk o——— (Equation 4.15)
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Where Cpp is the amount of carbon available in the deep ocean relative to
present dayRedOCis the ratio of oxygen to carbon in organic matter (138:106y,

is the oxygen content of the deep oceankanst is the mowd value of 0.uIM.
Extent of Anoxia

We use garameter similar tDOA, termedfanoxic (Equation4.16; Watson et
al., 2017) to allow for anoxic bottom waters on the shelf, whilst still retaining
oxygenated upper surface ocean conditions.

Q (Equation4.16)

Wherefanoxic IS therelativefraction of theseafloorthat isconsidered anoxic.
KanoxiS @ constant to adjust to present day vakieepresents the efficiency of nutrient
utilization in upwelling regions and the two phosphorus and oxygen relationships are
linear relationships to correct for present @@jatson et al., 2017 he relationship
of phosphorus and oxygen abundance is useoh attempt to constrain the balance

between organic carbon remineralisation and oxgygply.

The differential equations for the oxygen cycle are shbglow inEquations
4.17-4.21. As discussed, the oxygen concentration of the reservaiosiact with the
atmosphere ar@assumed to beroportional to the oxygen concentration in the
atmosphere. In contrast, the deep ocean is supplied oxygen through open ocean
downwelling with oxygen being removed via respiration and upwelling to the surface
and distal boxes. Finally, the atmosphere oxygen reservoir is supplied by organic
carbon burial and is consumed via oxidative weatheringraaction withreduced

gases.

Proximal Oxygen

0 0 Ok (Equation4.17)
Distal Oxygen
0 0 Ok (Equation4.18)

Surface Ocean Oxygen

0 0 Ok (Equation4.19)
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Deep Ocean Oxygen

— 0 0YQi g 0 (Equation4.20)

Atmospheric Oxygen

— D006 woid¥aéi WQET QQ  (Equationd.21)
Phosphorus cycle

Phosphorus burial is redox dependant and can be buried in several forms. Three
forms of P burial are considered within this modek, Porg and Rut Phosphorus is
inputtedinto the model byveathering We; 9 x10*°mol P/yrat present dgyand enters
the proximal zone. Soluble reactive phosphorus is consumed via primary production
(PPP for the phosphorus cycle) to form organic phosphorus, which itself can be
remineralized back to reactive phosphof®Pnin). These two fluxes are constraihe
by the organic carbon cycle with tlvensideratiorof the Redfield ratio (106:1) to
adjust for the phosphorus cycle.

Iron bound phosphorusburial

The burial of e is considered linearly proportional to the concentration of
oxygen, as more iron oxidearcform with a greater availability okygen (for present
day and reasonable iron concentrations) within the deep ocean (Slomp and Van
Cappellen, 2007), or thenbxic parameter within the distal box (Similar ROA in
Tsandevand Slomp, 2009), as shown in Equatidi®? - 4.24.

Proximaliron bound phosphorus burial

0Q QAN (Equation4.22)

Distal iron bound phosphorus burial

0 QAQD Jp QOE H®Q (Equation4.23)

Deepiron bound phosphorus burial

00  QdQ OF (Equation4.24)
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Where constantkFeP are the present daslues for iron bound phosphorus
burial. An assumption of abundant iron being washed in from the continent is made,
leading to the burial of phosphorus in the proximal zone being proportional to the

concentration of SRP (Slomp and Van Cappellen, 2007).

Organic bound phosphorusburial

The burial of organic bound phosphorus is proportional to newly introduced
particulate organic carbon (e.g. primary production, export production) as shown in

Equations4.25 - 4.27 following Slomp and Van Cappellen (2007)

Deeporganic boungbhhosphorus burial

006000 MOGHOO®—— Omgu ™ WE | (Equation4.25)

Proximalorganic bound phosphorus burial

D000 QOHO—— (Equation4.26)

Distal organic bound phosphorus burial

~ ~o o5

0006 Q00 lid— (Equation4.27)

Wherexp is the export production from the appropriate boxes to the box of
depositionPPis the primary production within the associated box@Rdatio values

are the calculated C:P ratios within the sediment, as described in Equation 4.28.

501 Gowe—2 4 (Equation 4.28)
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C:Poxic is the ratio of carbon to phosphorus in oxygenated sediments and is
determinedo be 206250 to account for minor recycling from organic matter whilst
C:Panoxicis the ratio of carbon to phosphorus in anoxic sediments based on Devonian
laminated shalegingall et al., 1993) (typically 1100 or 4000; Slomp and Van
Cappellen, 2007; Tsandev and Slomp, 2008)s upper value is used for all of Earth
historyasour current understanding of the primary C:P ratios of organic matter is not

complete(see discussion above and witl8ectionl.3).

Authigenic phosphorusburial

The final burial term for reactive phosphorus is as an authigenic phase (e.g.
CFA). Weinclude an assumptigasin previous iterationef this modelthat the burial
of authigenic phases are redox dependant (Equation 4.29; Slomp and Van Cappellen,
2007; Tsandev and Slomp, 2009). This redox dependency is based on P release from
Pre Or Porg OCccurring under an anoxic water column which may occur in the water
column or close to the sediment water interface, allowing a significant proportion to
be recycled back to the water column (Slomp et al., 2002; Slomp and Van Cappellen,
2007). Rut formation is considered to be linearly dependent on réite of POP
mineralization within the overlying ocean box (Slomp and Van Cappellen, 2007). A
redox dependency onafPis also included in the distal zone, where it is linearly
proportional to fnoxicand therate of respiration in the distal zone (as in Tsandev and
Slomp (2009); Equation 4.31). Authigenic P burial in the proximal zone is not redox
dependent and is related to the mineralized POP flux and the quantity of POP present
at that time step in order keep consistent with previous iterations of the model

(Equation 4.29; Slomp and Van Cappellen, 2007).

Deepauthigenic phosphorus burial

~

0od QoW DO &ML ™ WE | (Equation 4.29)

Proximalauthigenigohosphorus burial

0 od  Qn & O | JQo & (Equation 4.30)

Distal authigenic phosphorus burial
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0 Od Q6WOE Op MbE wQ (Equation 4.31)
Where constantkCaP are used to adjust for present day valaerdPOPnin

is the mineralization flux of POP.

Although we include a redox dependemnnythe formation of Ry, leading to
increased R formation under oxygenated conditigtitshas been suggested that the
inverse may also be tru@oldhammer et al. (2018uggest that large sulfieexidising
bacteria accumulate P and facilitate the conversion of phosphate to apatite more
prominently under anoxic conditions by introducing gitamus to pore waters. They
further propose the possible expansion of OMZs at present and in the near future could
restrict marine productivity due to this dynamic. Modern day OMZs however,
typically show significant benthic phosphorus fluxes (e@mnnitz et al. (2015). In
order to keep the model consistent with the original model of Slomp and Van
Cappellen (2007) and its subsequent iterations, we continue to include the positive
redox dependence as shown in the equations abowveelmainduct sensitivityests as

to how much of the authigenic pool is considered redox dependant (Chapter

The differential equations for the phosphorus cycle are shown below in
Equations 4.324.39. As soluble reactive phosphorus is bioavailabie consumed
via primaryproduction and introduced through remineralisation of organic matter
and from rivers. In addition to this it is removed through adsorption to iron minerals
and authigenic phases. Particulate organic phosphorus is assumed to oadypsnk
oforganicmat er so isn’t influenced by circul ati ol

and produced by primary production fluxes.

Proximal Soluble Reactive Phosphorus

—— ® O0W 0060&Q0TQ 0VWA&O Y¥  (Equation 4.32)

Distal Soluble Reactive Phosphorus

~

—— Y¥Y 0 000&@&Q0Q VK& Y¥ Y
(Equation 4.33)

Surface Ocean Soluble Reactive Phosphorus

—— Y¥Y O0® O000&QYVY "WO (Equation 4.34)
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Deep Ocean Soluble Reactive Phosphorus

~

— YY VOVE&Q 0 Q 0O YV¥ Y'Y
(Equation 4.35)

Proximal Particulate Organic Phosphorus

1

v 55

—— 0 000&QULOU 60 (Equation 4.36)

>

Distal Particulate Organic Phosphorus

~
5 x

O O000&@QO00 WO 0w (Equation 4.37)

£s

— 0

Surface Ocean Particulate Organic Phosphorus

S

aQo

C

00

SE

—— 0 0 (Equation 4.38)

Deep Ocean Particulate Organic Phosphorus

X

00&@Q 000 WO (Equation 4.39)
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Chapters Stepwise Earth oxygenation is an inherent property
of global biogeochemical cycling

Preface
The contents of this chaptese the model developed in the previous chapter and are
published as:

Alcott, L. J., Mills, B. J. W. and Poulton, S. \Stepwise Earth oxygenation
is an inherent property of global biogeochemical cycl®gence366
pp.13331337(2019)

This publication is presented as it is publisigte model development section of the
supplemerdry informationis included as an apperdo this thesis, but is largely
superseded by the previous chapter.

Article
Oxygenation of Earth’ s atmosphere and oc:

steps during the Paleoproterozoic, Neoproterozoic, and Paleozoic Eras, with each

increase having profound consequences for the biosphere. Biological or tectonic
revolutions have begiroposed to explain each of these stepwise increases in oxygen,

but the principal driver of each event remains unclear. Here we show, using a

theoretical model, that the observed oxygenation steps are a simple consequence of

internal feedbacks within therig term biogeochemical cycles of carbon, oxygen and
phosphorus, and there is no requirement for
explain the course of Earth surface oxygenat
events are entirely consistemith gradual oxygenation of the planetary surface

following the evolution of oxygenic photosynthesis.
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5.1 Main Text

Oxygenation of Earth’s surface enviror
three broad steps (Fig.1l) . The ' Great Oxidation Event
- 2.2 billion years ago (Ga) and saw atmospheric oxygen rise from trace levels to
greater thanl0® PAL (Present Atmospheric LevelFarquhar et al., 2000)The
following ~1 billion years of the Proterozoic Eon likely sustained atmospheric oxygen
levels of ~16 — 10! PAL (Planavsky et al., 2014WPartial oxygenation of the surface
ocean persistl throughout the Proterozoftlardisty et al., 2017)ut deeper wate
remained dominantly anoxic (Poulton and Canfield, 2011 The * Neopr ot
Oxygenation Event’ ( NOE) occurred betwee
believed to have resulted imadspheric oxygen levels of 0-D.5 PAL, as well as the
first oxygenation of the deep ocean (Och and Shighisu, 2012) However, there
was considerable variability in the temporal and spatial extent of deep ocean
oxygenation at this time, including tip@ssibility ofpul sed *‘ Oceani c OX
(Sahoo et al., 20)6Evidence for periodic deep water anoxia remains frequent up until
the midPaleozoi¢c when a final major rise in atmospheric oxygen concentration
occurred around 450 to 400 Ma (Krause et al.,, 2018 Thi s * Pal eozoic
Event’ ( POE) appear s t otolprasent daglevely, ande d at
established a dominantly oxygeedtdeep ocean, which persisted throughout the

Mesozoic and Cenozoic Eras.

These major oxygenation steps are intertwined with the evolution of
progressively more complex lifeforms. The first eukaryotes evolved either following
the GOE, or during the rump to the event when £bhegan to riséButterfield, 2015)
while the NOE is coincident with major eukaryote diversification and\biigon of
the first animalgBrocks et al.,, 2017) f ol | owed by the * Cambr.i
animals began to dominate mmegiecosystems. The POE is accompanied by a major
increase in animal body size, more diverse and specialized predators, andutierevol
of vascular land plants (Krause et al., 20However, determining causality between
rises in marine and atmospherie @vels and the evolution of the biosphere is
complex, and there is considerable debate over the role of oxygen in driving biological
evolution versus the role of | i(WMegeretn * bi
al., 2016; Lenton et al., 2014)
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Tectonic evolution has also been considered a potential driver of the stepwise
transitions in Earth surface oxygenation. Changes to plate tectonics have been linked
to the GOE through, for example, a change in the fraction of sabaeltanismor
the canposition of the cruqiLee et al., 2016; Kump and Barley, 2003pme, but not
all, supercontinent formation times ocespond to oxygenation everfGampbell and
Allen, 2008) as do emplacement times of some Large Igneous Provinces (LIPS),
which are propsed to have driven ocean oxygenation through deliveryedirtfiting
nutrient, phosphat@orton, 2015)

GOE NOE POE
B N 410’
| T4n2 ;8
Atmosphere | : 3 M 5
I e
Deep Ocean  [IUISY  : Oxic|
_ Proterozoic |Phanerozoic|
3Ga 2Ga 1Ga 0Ga

Time

Figure 5.1. Redox history of thEarth. Atmospheric O2 based on Lyons et
al., 2014 GOET Great Oxidation Event, NOENeoproterozoic Oxygenation Event,
POET Paleozoic Oxygenation Event. Gaillion Years. Crosshatch indicates
variable deep ocean redox between the start of the NOE and the POE. See text for

summary and references.

However, the geologically api d yet ul ti mately rar e n
oxygenation events does not clearly correspond to either tectonic or evolutionary
processes. For example, mantle dynamics and the supercontinent cycle are unlikely to
produce largescale chages on timescales of the order of less than ~100 Myr, whilst
LIP emplacements are far more common than major rises inoOking to biological
innovations, the timescale between the origination of a domain or kingdom of life and
its rise to global ecologal dominance mayaldbe 100’ s of MKmolk (e. g. Eu
et al., 2016). Furthermore, the oscillations in ocean redox apparent during the NOE

are difficult to explain viasd seduermrmgc enoft hte
system (e.d.entonand Daines, 2018
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It is therefore possible that Earth’s
of individual trigger events and may instead be explained by some inherent property
of global biogeochemical feedbacks. This hypothesis has wide implisdtborihe
evolution of life on Earth and other planets, and there have therefore been a number of

attempts to explain the known stepwi se’
internal dynamics: for example, it has been shown that atmospheric fegabiatit

promote the GOKEGoldblatt et al., 2006; Claire et al., 200Blowever, no study has

provided a sound theoretical basis that can explain the trajectory and timings of marine

and atmospheric oxygenation over Earth history without relying eithextennal
‘“trigger events’ or on arbitrary switche
transition to greater nutrient availability wher €osses a thresholdlaakso and

Schrag, 2017; Laakso and Schrag, 2014)

Here we identify a set of feedbackst exist between the global phosphorus,
carbon and oxygen cycles, which are capable of driving rapid shifts in ocean and

atmospheric®@l evel s without requiring any st erg
the evolution of the biosphere. These feedbadmoduce the observedsg&p
oxygenation pattern when driven solely by a gradual shift from reducing to oxidizing

surface conditions over time.

Phosphorus (P) is generally considered the ultimate limiting nutrient for marine
productivity over geologicalthescalesTyrrell, 1999, and P bioavailability exerts a
key control on the lorerm rate of @ production through oxygenic photosynthesis
and organic carbon burial. In the modern ocean, bioavailable phosphorus is fixed in
the sediments via three primapathways. Organibound P (Bg) is buried with
sinking organic matter, irehound P (P forms as P is adsorbed or-precipitated
with iron (oxyhydr)oxide minerals, and authigenic RujRs primarily formed within
the sedi ment v i dhese phasekto camvonate fluorapagite and/dér
vivianite (Krom and Berner, 1981; Ruttenberg and Berner, 1993; Jilbert and Slomp,
2013.

The phase partitioning of sedimentary phosphorus is largely controlled by
redox conditions in the water column and sediments. Phosphorus may be preferentially
released from organic matter during remineralization under anoxic conditions, leading

to elevatd Corg:Porg ratios within the sedimentvgn Cappellen and Ingall, 1994



90

increased recycling of P back to the water column, and reduced formation of authigenic
carbonate fluorapatitSlomp et al., 2002; Tsandev and Slomp, 2008 availability

of iron (oxyhydr)oxides is also typically considered to diminish in an anoxic system
which limits burial of e (Krom and Berner, 19§1although this dynamic becomes
more complex when considering the prevalence of low sulphate, ferruginous (anoxic
Ferich) oceanicconditions throughout large parts of Earth histoPoylton and
Canfield, 201}, whereby Fe minerals may trap a proportion of the P delivered to the
sedimentReinhard et al., 2037

Assuming that bottomwvater anoxia leads to an overall enhancement of
sedimentary P regeneration, two important feedback mechanisms arise that affect
global biogeochemistry, with each operating over a different timescale. Firstly, a
‘s htogrtm’ posi ti ve f e-prdnotng)lopenatesc whareby then ( s el f
spread of ocea anoxia results in increased phosphorus availability in the water
column. This stimulates primary productivity and fuels respiration, thus further
increasing phosphorus availabilitygn Cappellen and Ingall, 1994rhese eutrophic
conditions rapidly degite water column oxygen and in turn increase the rate of spread
of anoxia. Secondly, a geologicalbaced negative feedback mechanism {self
inhibiting) operates on the combinedCEP cycles, whereby the burial of organic
carbon in marine sediments leadokygenation of the atmosphere. This increase in
pO: drives higher rates of oxidative weathering of ancient sedimentary organic C
(Daines et al., 20)7and ventilates the ocean, acting to stabilizé@h by reducing

the rate of organic carbon burial and by increasing the consumption of oxygen on land.

Theoretical models have previously linked the above feedbacks to the
geologicallyrapid onset of Cretaceous Ocean Anoxic Events (OAEs), and to their
delayed termination via increasing atmospheri¢T3andev and Slomp, 2009t has
also been shown that under an increased continental weathering input of phosphorus,
seltsustaining oscillations between oxic and »inooceanic states might occur
(Handoh ad Lenton, 2003)We hypothesize here that the above feedbacks are in fact
sufficient to explain the stepwise oxygenat
including apparent cyclic ocean oxygenation/deoxygenation events during the
Neoproterozoic and earBhanerozoicahoo et al., 20)6which are followed by the

transition to a sustained oxic deep ocean.
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Firstly, the GOE can occur when the weathering of organic carbon becomes
the principal longerm oxygen sink. This can be achieved once the rate of
phaosynthetic oxygen production outpaces the consumption of oxygen via reaction
with reduced gases and reduced seawater species. Secondly, cyclic oxygenation events
in the NOE would be a likely consequence of the combined positive and negative
feedbacks beteen ocean oxygenation and sedimentary P recycling, whereby a small
shift towards a more oxygenated planetary surface results in gradual oxygenation of
oceanic bottom waters. This would limit P regeneration from sediments, reducing
shortterm productivity ad oxygen demand, and thus further increasing dissolved
oxygen concentrations. This positive feedback could oxygenate ocean basins, but only
temporarily, as reduced P availability for primary productivity then leads to less O
production over geologic tinseales, thus reducing atmospheric @hich eventually
leads to a return to marine anoxia. Finally, a combination of the two mechanisms
outlined above can result in sustained oceanic oxygenation. In this case, a sufficiently
large increase in surface redpwtential, coupled with a greater contribution of
oxidative weathering to overall ®egulation, allows deep ocean oxygenation to be

maintained.

We test our hypothesis by building upon a vesitablished conceptual model
of marine biogeochemistryTéande and Slomp, 2009; Slomp and Van Cappellen,
2007; Tsandev et al., 2008 he model tracks the global cycles of phosphorus, carbon
and oxygen within a 4ox ocean system representing shelf, epegan and deep
water environments (Fi®.2). We add to the natel an atmospheric oxygen reservoir,
a global geological oxygen cycle, oxidative weathering of organic carbon, and an
opentocean scavenging flux of P by upwelled Fe, basing these on other previous
models Reinhard et al., 2017; Daines et al., 2017

Phoghorusdependent primary productivity occurs in all surface ocean
boxes, and rededependent burial of P is included in all boxes in contact with the
sedimentsThis is in contrast to Sarmiento and Toggweiler (19849 assume zero
phosphorus concentratisnn the low latitude oceams these oceans are relatively
nutrient depleted. More recent studies have shown that the nutrient depletion is
partially driven by intense primary production, at odds with their initial assumption.
As in previous versions ohé model, sedimentary inventories are not calculated

explicitly, and regeneration of P from sediments is addressed via the net P burial terms,
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which follow previous model derivation$gandev and Slomp, 2009; Slomp and Van
Cappellen, 2007 Deep ocean dissred oxygen concentration is calculated explicitly,

as is the oxygen content of the atmosphere. Following previous model versions, the
oxygen content of the ocean boxes in contact with the atmosphere is represented by a
‘“degree of anoxweterm fpoa and wheh representsvthei baldnce
between Q diffusion from the atmosphere and oxygen utilizati&m(p and Van
Cappellen, 2007 An optional scavenging flux of phosphorus sorption to upwelling
iron particles Reinhard et al., 20)7s impemented in order to test the effects of
additional phosphorus dragown in a ferruginous (irenich) ocean- a state which

may have persisted throughout much of Earth hist®oplfon and Canfield, 2011

The scavenging flux directly follows previous net&l Reinhard et al., 2037
operating at oxygen concentrations below 1 uM and removing 25% of P that is
upwelled into the open ocean. Full model equations are shown in the Supplementary
Information. As well as testing different limits on the scavenging flux, we also ran
sensitivily tests to vary the degree of redox dependency ofgthartel Rucburial terms

(following previous versions of this model).

Figure5.3 shows steady state responses of the baseline model to variable fluxes
of reduced gas to the surface system, repreggatierall changes in net surface redox
over Earth history. All other parameters remain at their present day values, and
processes vary only via internal feedbacks. The re@pendence of thesiand Rut
burial fluxes were varied and are shown as dffierlines. The model runs with
stronger redox dependencies (40% fau,P25% for Rrg) responded first to
oxygenation (lefimost lines in Fig. 3), and weaker dependencies (35%af@r25%
for Porg and 10% for both £:and Rrg) plot to the right of thee.Under a very high
reductant flux (left side of-axis in Fig. 3), as proposed for the Archean (>>1 % 10
mol O, equivalent reductant inpKharecha et al., 2005; Krissansé&atton et al.,

2018) O; production is overwhelmed and atmospheriésGtalte at around 19PAL,

consistent withthe maximum concentrations @reGOE conditions(Pavlov and

Kasting, 2002) Here, the @balance is primarily maintained by reaction of\@th

reduced gases (Daines et al., 2081l surface and deep oce&xes are anoxic due

to the low Q suppl y. A “Great Oxi dati on Event
consumption of atmospheric oxygen via reduced gases is reduced to a value lower than

the total oxygen source from organic C burial (at ~1.5% mdl O, equivalent).

(O
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Figure 5.2. Ocean and atmosphere box model. Clear boxes show
hydrospheriaeservoirs and grey arrows denote mixing between them. White boxes
show chemical reservoirs and black arrows denote biogeochemical fluxes. (A)

Carbon cycle: C exists as dissolved inorganic carbon (DIC) or organic carbon
(Corg). (B) Phosphorus cycle: P exs as soluble reactive phosphorus4# and
particulate organic phosphorus k). (C) Oxygen cycle. Single oxygen reservoir
encompasses all ocean boxes that exchange with the atmosphere. See text for full

description, ad methods and Sl for equations.
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We find that atmospheric Qises by several orders of magnitude to ~0-06
0.25 PAL, broadly consistent with several estimates for theRmatgozoic (0.01-
0.1 PAL,; Catling and Claire (200%) and the @ balance is primarily controlled by
oxidativeweatheringDaines et al., 20)7Deep ocean oxygen concentration also rises
to around 1% of the modern value, whilst the proximal and distal shelf environments
remain anoxic, as £diffusion from the atmosphere is not sufficient to outweigh

oxygen demand.

Under a further decrease in reductant input, shelf environments undergo rapid
oxygenation events. Here, gradually rising atmospheric oxygen concentrations cause
a stepchange in water column redox due to the positive feedback betvodtam:
water oxygen concentration and net P burial. Gradual ventilation of shelf bottom
waters results in greater net removal of P, reducing ovesae@and and promoting
further oxygenation. As the input of reduced gas declines, this transition héipgtens
in the proximal shelf, and then in the distal shelf environment, as the latter is more
strongly buffered against oxygenation due to upwelling of P from anoxic deeper
waters. Finally, as reductant input declines further, the deep ocean becomes fully
oxygenated (reductant input of < 0.5 x*4Mol O, equivalent). The positive feedback
between dissolved oncentration and net P burial again causes a rapid transition. In
our model, the deep ocean is oxygenated when atmosphamaches 0-D.8 PAL,
which is consistent with \aes reported in other studi€Sperling et al., 2015)

Figure5.3c demonstrates the degree of sedimentary P recycling in the model
(shown as G¢/Porg). These changing ratios reflect the positive feedbacks between
bottomwater relox and P recycling. This P recycling is dependent only on the extent
of bottom water anoxia and thus the model predicts a significant degree of recycling
prior t o Howeger, Un@eD Blobal ferruginous conditions in the early
Archean, P may have beenore effectrely trapped in the sediment (Reinhard et al.,
2017 (See Sl for a test of this). Nevertheless, this would ultimately help to stabilize

O at low levels by reducing surface ocean productivity.
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Figure 5.3. Model stable solutions with respect to overall surface redox state.

The model is run to steady state for changes to the reduced gas input rate. (A)
Atmospheric @reservoir. (B) Deep ocean® e s er voi r
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sediments. Three lines for each zone represent different choices of redox dependence

for P burial fluxes (see text). Breaks in solid lines indicate periods where no stable

solution exists, in these parameggaces the model produces an oscillating solution.
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The oxygenation of the distal shelf environment has the potential for oscillatory
behaviour (‘limit cycles’ ), deb8.tHerel by t he b
the oxygenation of the entishelf environment results in a large reduction in overall
organic carbon burial rates (as the shelves are the major locusy diu@al). Over
geological timescales, this reduction in carbon burial sufficiently reduces the O
content of the atmospherereturn the shelves to anoxia. Figbré shows this cyclic
response of the model under reductant inputs of 1 and 2.5 maDO; equivalent yr
. The cyclic regime includes temporary oxygenation of both the distal shelf and the
deep ocean, as the rapid oxygenation event results in increased supply of oxic water
via downwelling. These Ocean Oxygenation Events (OOES) last betwe&l\2yrs
for therange of redox dependencies tested in the model, and occur on approximate 5

—20 Myr timescales.

Our model demonstrates that gradual oxyge
results in distinct oxygenation events. This occurs because in our model the
atmbsphere, continental shelvpartmedt sdeepf othkc¢
Earth systen{Broecker and Peng, 1982; Wallmann, 200&hich are controlled by
local, rather than global feedbaci®jerrumetal.,2016) Fi rstly, a ' Great O
of the atmosphere occurs, followed by oxygenation of nearshore shelf environments,
and then distal shelf environments. This oxygenation of the whole shelf is manifest as
an oscillating solution, which would likely lead to a series of Ocean Oxygenation
Events.Finally, the deep ocean becomes resiliently oxygenated. This sequence of
events tracks the apparent oxygenation history of the Earth as recorded by multiple
redox proxies, including cycling between oxic and anoxic deep ocean states during the

Neopoterozoc and early Paleozoic (Sahoo et al., 2016

Our model of course neglects some potentisifbilizing negative feedbacks,
such as the climatsilicate weathering link, although models that do include these

processes still exhibit rapghifts in marine aoxia (e.g. Lenton et al., (2018)
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Figure 5.4. Oscillating redox solutions. Transient model responses,
demonstrating limit cycles of frequency-26 Myrs. (A) Conservative redox
dependency for deep ocean P burial terms (5%, 25%- Porg) With 1x 102
moles of oxygen consumption. (B) Stronger redox dependencies following Tsandev
and Slomp, 2009 (90%Pau;, 50%- Porg) with 2.5 x 13 moles of oxygen

consumption.

In Fig.55 we examine the potenti al for
oxygenation history by performing transient model simulations under a continuous
decline in reductant input constrainédy mantle thermal evolutiofHayes and
Waldbauer, 2006)n light of the potential for high Archean reductant availability and
outgassig, and considering the relatively high rate efg@oduction in our model, we
test starting fluxes of 4.5 x ¥0mol O; equivalent y* at 4 Ga KrissansefTotton et
al., 2018; Hayes and Waldbauer, 2D0&ith or without the inclusion of open water P
scavenging, the model is able to recreate the broad observed pattern of atmospheric
and oceanic oxygenation over Earth histo
atmosphere at around 225Ga, and urtable oxygenation of the deeper ocean starting

at around 1 Ga, which continues until permanent oxygenation of the deep ocean is
established at around 0-0.4 Ga.
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Figure 5.5. Possible @ evolution over Earth history. Model is run for 4 Gyrs subject
to a decrease in reductant inpuillustrative of a gradual shift in net redox, and
demonstrating possible evolution of surface O2 levels. Dotted boxes represent the
boundaries of limit cycles in the solution. (A, C) Atmosphere and deep ocean O2

abundancegB, D) Total shelf P burial rates (red, left axis) compared to phosphorus

abundance in marine shales (Reinhard et al., 2017; right axis). Grey line shows 50
Myr binned moving average through compilation data. (A, B) Nofamnd
scavenging and redox depencies of 50%Paut, 25%- Porg following Slomp and
Van Cappellen (2007) with a starting @onsumption via reductants of 45 x40
mol/yrand a linear decrease. (C, D) Irdsound scavenging included with a
maximum rate of 5 x #mol P/yr. Stronger redox dependencies, following Tsandev
and Slomp, (2009) (90%Paut, 50%- Porg). Starting Q consumption via reductants

was 45 x 162 mol/yr and an exponential decrease.
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We compare our model results with a compilation of phosphorus
conceantrations from marine shales (Reinhard et al., 20&ig.5.5). The data show an
approximate foufold increase in P weight percent between the Precambridn an
Phanerozoic baselines, and this corresponds to an increase in P burial rate in the model
shelf environment bet ween the ‘Proterozc«
model does not calculate sediment phosphorus weight percentages, but does produce
an pwards baseline shift in shelf sedimentary phosphorus burial rate, which is
qualitatively consistent with the data. This increase in P burial is much greater when
open ocean scavenging is included, as the shutdown of scavenging upon deep ocean
oxygenationresults in significantly more P remaining in the system, in exactly the
manner described by Reinhard et al. (2017). Interestingly, we also netfefal®
increase in shelf P burial rates when the model does not includeoopan
scavenging. This occuraiply because more P is trapped in the sediments when the
shelves become oxygenated.

It is important to note that the reductainiven oxygenation of the surface
system that we analyze here, although plausible, is only one way in which to drive
gradual nesurface redox changes over time. Others include thetéyngbuildup of
organic carboiin the crust (Lee et al., 2016, Hayes and Waldbauer,)20@&scape
of hydrogen to spacé€Catling et al., 2001pr a gradually increasing supply of
phosphorus tthe ocean. Net redox changes driven by continual removal of hydrogen
orCgf rom Earth’s surface should operate ir
gases that we explore here. Interestingly, in these model runs, under a fixed present
day rate of riverine phosphate delivery and no scavenging flux, the model predicts a
declning inventory of ocean P and declining rates of productivity and carbon burial
over Earth history, as sedimentary P recycling is curtasee Figures.9 for full
details). When scavenging is considered, the P inventory and ovegdlu@Gal rates
arebroadly static through early Earth history and increase slightly when the deep ocean
is oxygenated. Both model outputs reproduce the increasing P cotioestiashales
through time (Reinhard et al., 2017 and al t hough X€eecotdanno't
with this model (as it lacks an inorganic carbon cycle), it would likely be consistent
with the geological record; firstly because the model can produce either an increase or
decreaseinggb ur i al , and s e cldCishuffgredbeticeadjusent o c e an

of oxidative weathering rates at lows (Daines et al., 2017and by higher rates of
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inorganic carbon degassing anepdsition on the Early Eart{Shields and Mills,

2017) Nevertheless, although phosphorus input ovethHastory is highly uncertai

(Mills et al., 2014ajt is quite commonly assumed that the P inventory, along with

productivity and carbon burial rates, have increased substantially over time. Thus, in

the Sl we reun our model under a varying riverine P input and show that theiseepw
oxygenation events are indeed reproducible w

by a steady increase in P supply to the oceans.

We demonstrate here that relationships between the global phosphorus, carbon
and oxygen cycles are fundamental to ensthnding the oxygenation history of the
Eart h. Our model confirms that observed ' oxy
may be driven by weldlefined internal system feedbacks between these cycles,
without the requirement for extensive external fogsinThe results of this analysis are
wider eachi ng. It appears that oxygenation of |
biological advances beyond simple photosynthetic cyanobacteria, and was simply a
matter of time, which drastically increases the sty of high-O. worlds existing

elsewhere.
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5.2 Supplementary Text

Steadystate model outputs with respect varying P input

In the main text we explore the model response to varying net surface redox by
inputting reductant. The flux of reductant from the mantle has varied substantially over
Earth history and undoubtedly plays some role in oxygenating the Earth, however it is
also important to test our model response to different mechanisms otelong
oxygenation, specifically a loagrm gradual increase in phosphorus input to the
ocean. Model steadstate responses to varying riverine P input display the same
overall patterrto those shown in the manuscript fig&8 (in which reductant input
is varied). Increasing P input results in oxygenation of the atmosphere, followed by
oxygenation events on the shelves, and finally in the deep ocean. The key difference
between this ploand that shown in the manuscript is the slightly oxygenated shelf
environments prior to the “GOE"”. Thi s
availability limits G consumption in these areas. We think it is likely that both P input
and changestoredu ant | nput 2eValubon eso sbich fow vafues foiCP
availability are probably unrealistic (indeed, substantial rates of silicate weathering

may be required to bal anc ehighraatledegasding Ear t

rates (Mills et &, 201439).
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Figure 5.6. Steady state responses with varying riverine P input relative to
present. Thefic parameter is used to quantify the percentage of anoxic sea floor and
is quantified by 4fanoxic as described in the modelnhic= 0.0025 present day;
Watson et al., 2017). Varying redox dependenciesograRd Py burial are shown
for values usecdhi previous models of Slomp and Van Cappellen, 2007 (1%
and 10%- Porg) (solid line). Greater redox dependencies are also tested (%%
and 50%- Porg, dashed line; 90% Paut and 50%- Porg, dotted line). Regions in

which lines do not continuadicate unstable model outputs.
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Phosphorus scavenging in irofrich oceans

The model on which we base our analysis was originally designed for
Phanerozoic time. While the model considers ocean anoxia and its effects on the
cycling of phosphorus, it does not consider the additional controls on P cycling in a
ferruginous ocean (i.eanoxic, lowsulphate and ironich). Under these conditions,
which likely persisted for large parts of the Precambrian, it has been proposed that P
would be effectively scavenged and removed from the ocean via formation of both
ferrous and ferric iron eopounds (e.g. Reinhard et al. 2017). Quantifying these
mechanisms over deep time is an outstanding puzzle, and models are currently very
poorly-constrained. But it is important to test whether the current formulation of P

scavenging would effect the consians of this work.

In order to test the robustness of our model results we included the scavenging
function used in the modelling study of Reinhard et al., (2017). As in their model, we
quantify the scavenging flux by allowing a fraction of open oceamelled P to be
buried immediately in the deep ocean sediments when deep ocean oxygen
concentration is below 1uM. This results in an extremely powerful flux which can
quickly deplete all ocean P, and we test various upper limits on the P burial via this
mechanism. Broadly, consideration of P scavenging in an iron rich ocean does not alter
the conclusions of our study. Addition of the scavenging flux alters the timings of the
oxygenation events in the model by changing the relationship between overak surfac
redox and P cycling, but does not act to remove any of the positive feedbacks that
cause the oxygenation transitions in our model. Indeed, the proposedboshubf
scavenging adds further positive feedback to the model and widens the parameter

space fooscillating solutions.
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Figure 5.7. Steady state responses with varying reduced gas concentrations

with the inclusion of the scavenging flux. (A) The fparameter is used to quantify

the percentage of anoxic sea floor and is quantified-Byndi, as described in the

model (fnoxic= 0.0025 present day; Watson et al., 2017). Redox dependencies are set
to values from Slomp and Van Cappellen (2007), where 50%:@frfel 25% of By

are redox dependent. (B) Carbon and phosphorus burial ratio in sediments. Breaks

in solid lines indicate @riods where no stable solution exists, in these parameter

spaces the model produces an oscillating solution. (No scavenging, solid line;

maximum value of 1 x 3ol P/yr, dashed line; maximum value of 5 X6l P/yr,

dotted line).
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Transient model run with estimated values of reductant.

An estimated flux of reductant into the model atmosphere over time is required
to produce Figure.5. We estimate the initial flux at 4 Ga from Hayes and Waldbauer
(2006) and Krissansefotten et al.(2018). We test both a linear and exponential
decrease in the model. The linear decrease corresponds better to continental growth
and change in subaerial/submarine degassing, while the exponential decrease
corresponds better to mantle cooling and dirgettion. This flux is highly uncertain
and curves between the two shown could be used to produce very realistic timings of
oxygenation in Figure.5, but we aim to avoid ovditting and simply show results
under one oother of these curves inthe manigsica s a demonstr at i

oxygenation history.

5 T T T T T T T

Transient Run
=== No Scavenging
Scavenging

Reductant Input (x 10" mol)

0 = ! 1 1 1 1 1 -

4 3 2 1 0
Time Before Present (Billions of years)

Figure 5.8 Estimated flux of @consumption via reductant input. Green line
follows the linear decreasing trend through time, used for the transient run that did
not included scavenging in Figure 5. Blue line follows an approximately exponential

decrease used for the transient run ttat included scavenging in Figugeb.

on
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Reactive phosphorus abundance, primary productivity and carbon burial for
different model scenarios.

Figure 5.9 shows the SRP abundance, organic carbon burial and primary
productivity for the three model scenarios explored in this work (#1: redtdriaan
no scavenging (AC), #2: reductantiriven with scavenging ({IFF) and #3: phosphorus
input driven (GI)). Eachmodel scenario has already been shown to be consistent with
stepwise oxygenation, but each shows a distinctly different pattern in phosphate
abundance, productivity and carbon burial. In #1, riverine P input is fixed, and P
concentration is controlled styeby sedimentary burial and recycling. As recycling is
more prominent under lowsthe P concentration, productivity and burial all decrease
as the reductant input declines angriSes. In #2, the addition of the ISseavenging
flux under an anoxic deegrean results in the removal of significant amounts of SRP
when the deep ocean becomes anoxic. In this scenario the SRP concentration,
productivity and burial all increase as the deep ocean becomes oxygenated. Finally, in
#3, reductant input is fixed anbe riverine P input is varied. SRP is now controlled
both by riverine input rates and recycling rates, with the former dominating the latter.
Here, SRP abundance, and productivity and carbon burial all increase as P input

increases.

Overall, we show herdat stepwise oxygenation can occur in this model under
either an increasing, static, or decreasing P inventory and C burial over Earth history.
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Figure 5.9. (A, D, G) Soluble Reactive Phosphorus (mol) for all ocean

reservoirs. (B, E, H) Total & burial for all oceansediment fluxes (molyy. (C, F,

1) Primary production flux of organic carbon for respective ocean reservoirs (molyr
1). Panels A, B and C shwaoesults in accordance with Figure 3, panels D, E and F
show results in accordance with Figure S2 (scavenging included) G, H and | show
results with varying riverine P input. (A, B, C) No irbound scavenging was used

and redox dependencies of 56%aut, 25%- Porg following Slomp and Van

Cappellen (2007). (D, E, F) Iron bound scavenging of 25% of upwelled P (maximum

value of 5 x 1) with redox dependencies following Slomp and Van Cappellen
(2007) (50% Pautand 25%- Porg). (G, H, I) Steady state neenses with varying
riverine P input relative to present with redox dependencies following Slomp and
Van Cappellen (2007) (50%Paut and 25%- Porg). Regions where the lines do not

continue represent unstable solutions.
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Chapter6 The rise of phosphorusaey c |l i ng f aci | i
Great Oxidation Event

Preface

The contents of this chaptieas beemsubmitted as:

Alcott, L. J., Mills, B. J. W., Bekker, A. and Poulton, S. W. The rise of phosphorus
recycling paved the way for the Great Oxidation Evesutb(nitted.

The manuscript is reproduced here in full.

Article
The rise of atmospheric oxygen during the Great Oxidation Event (GOE) ~2.4

billion years ago (Ga) was a defining transition in the evolution of global
biogeochemical cycles and life on Eaf@anfield, 2005; Zerkle et al., 2017)here

is, however, abundant evidence for mild oxidative continental weathering and the
development of ocean oxygen oases several hundred million years prior to the GOE
(Anbar et al., 2007; Kendall et al., 2010; Ostraretal., 2019; Ossa Ossa et al., 2019)

The GOE thus represents a threshold, whereby primary productivity.ganddiction
overwhelmed the input of reduced species that consunf@ddblatt et al., 2006;

Claire et al., 2006; Kump and Barley, 200a0d its timing is assumed to be related to

a balance between the riverine input of the major limiting nutrient, phos(iratieer

et al., 2017)and the dynamics of the solid Eafttee et al., 2016)However, the
sequence of events that ultimately faated persistent atmospheric oxygenation
remains elusive-ere, we repomovelgeochemical analyses of ~2.65 to 2.43 Ga drill
core samples from the Transvaal Supergroup, South Africa, which docameatly

rise ofsedimentaryphosphorus recycling asssolved sulfiddbecame more abundant

in the ocean system, which itself was a progressive response to the onset of oxidative
continental weatherind@iogeochemical modelling of the-G-P cycles based on our

data, showshatthe evolution of phosphorus rechng wasa critical stepchange in
biogeochemical cyclingthat likely supportedEar t h’ s first per

atmospheric oxygen.

tat e

si ste
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6.1 Main Text

The evolution of oxygenic photosynthesis resulted in the first development of
locally oxygenated surface waters in continental margin settings during the late
Archean(Anbar et al., 2007; Kendall et al., 2010) These “oxygen oase
became more expansive between ~2.9 and ~2(®6sa Ossa et al., 2019; Ostrander
et al., 2019)prior to the start of the GOE at ~2.4 Ga. This progressive surface ocean
oxygenation occurred against a backdrop of persistently anoxic, ferruginous (iron
rich) deepocean conditiongPoulton and Canfield, 2011but enhanced oxidative
continental weatheringlso increased the delivery of sulfate to the ocean system, thus
increasing theoroduction of dissolved sulfidéCanfield, 2005) In addition to an
expansion of sulfidic pore waters, this led to spatially and temporally restricted
episodes of ocean euxanisulfidic watercolumn conditions) in some Neoarchean
continental margin setting®Reinhard et al., 2009; Kendall et al., 2010; Scott et al.,
2011)

These progressive changes in ocean and sediment redox conditions prior to the
GOE would be expected toex a major control on the bioavailability of phosphorus
(Poulton, 2017) Phosphorus (P) is generally considered to have been the major
limiting nutrient throughout Earth histoyyrrell, 1999) but was likely scarce during
the Archean due to extensiveadidown and fixation in association with iron minerals
under widespread ferruginous conditidierrum and Canfield, 2002; Reinhard et
al., 2017; OssaOssaetal., 20199 Thi-sr aptfonhs thought to ha
productivity and organic carbonubal, such that the global sinks for oxygen
(continental weathering and oxidation of reduced hydrothermal inputs) exceeded its
production, maintaining an anoxic atmosph@&anfield, 2005; Reinhard et al., 2017)
However, the rise of sulfidic environmeni®uld have limited this drawdown and
fixation of P in association with reactive Fe minerals, due to the transformation of such
minerals to pyrite, to which P does not significantly ad¢irom and Berner, 1981)

In addition, organidbound P is preferemtily released from organic matter o
during anaerobic remineralisation, particularly during the production of sulfide by
sulfatereduers which drives to high &¢/Porg ratios relative to the Redfield Ratio
(Ingall et al., 1993; Ingall and Jahnke, 239
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These processes result in the release of bioavailable P, either directly to the water
column under euxinic conditions or to pore waters in sulfidic sediments, although a
proportion of the P released to pence waters
phases such as carbonate fluorapgfRattenberg and Berner, 1998} vivianite
(Xiong et al., 2019; Dijkstra et al., 2014evertheless, this P release would ultimately
drive further surface ocean primary productivity and carbon burial, hencasimge
O production(Van Cappellen and Ingall, 1994jowever, the rise of P recycling has
not previously been considered in relation to either the GOE or the gradual
oxygenation of Earth’'s surface during the | a
oxygenation have tended to focus on the weathering input of phosphate, or on
mechanisms that directly consume or produce freesGch as the nature of the
hydrothermal influx, oxidation of reduced gases, or escape of hydrogen to space
(Catling et al., 2001Kump and Barley, 2007; Lee et al., 2016; Greber et al., 2017)
Given the >10 fold increase in sedimentary P release that commonly occurs under
anoxic, sulfidic conditiongvan Cappellen and Ingall, 1994he impact of P recycling
has the potential to @whelm other Earth system controls on oxygengideoott et
al., 2019)

To investigate the role of anaerobic P recycling as sulfet®mme more abundant
in the ocean system prior to the GOE, we analysed four cores through the ~2.65 to
2.43 Ga Campbellrand and overlying Koegas subgroups, South Africe6(Eigee
Supplementary Information for full details on the geologic setting ahdlata).
Existing (Kendall et al., 2010; Zerkle et al., 2012a)d new geochemical data (see
Methods) for the older part of the stratigraphic succession from the GKFO1 (proximal)
and GKPO1 (distal) drill cores demonstrate a complex redox history adress t
continental sheltlope transect (Fig. 1). Samples from below the ~2650 Ma
Lokammona Formation show evidence of deposition under fluctuating oxie/Fee
<0.22; FelAl <0.66) to ferruginous (k&Fer >0.22; Fe/Al >0.66; Rg/Fer <0.7)
bottom waters. Bwever, as with most of the older Archean shaleg/fFer ratios
are relatively high, includingsome samples deposited under oxic watetumn
conditions, demonstrating that pore waters were sulfidic during early diagenesis
(Hardisty et al., 2018)This redox condition carbe thoughtof as an intermediate
between three distinct end membersoxic, euxinic and low-TOC ferruginous

conditiong. The determining factors to allow for this sliding scale incloxigyen and



111

sulfate/sulfideavailability but also TOC which is required to reduce both sulfate and
ferric iron. Clear TOCand pyriteconcentratiordifferences can be seen between the
earlier (GKFO1 and GKPO1) and the later (GTFO1 aB®C@Gl)suggesting both may
have played a role inthe differing redox statesThe Lokammona and Monteville
formations also show evidence for deposition beneath oxic bottom waters, but some
samples have higher k#Fer (>0.38) and Fg/Fesr (>0.7) ratios, potentially

indicating euxinic depositional conditis.

However, pyrite textures in these samples are more consistent with intense sulfide
production during very early diagenesis beneath a ferruginous water column (see
Supplementary Information), which was likely stimulated by a higher rate of organic
mater burial (Fig.6.1A, B).

The lower and upper Nauga formations contain intervals deposited beneath partially
oxic surface waters, based on Fe speciation and trace metal syst@deataal et al.,
2010) but other horizons in these units with elevakesir/Fer (>0.38) and low
Fey/Feir (<0.7) suggest redox fluctuations between oxic and ferruginous conditions.
The lower part of the Klein Naute Formation dominantly shows evidence of anoxic
deposition (elevated Ee/Fer and/or high Fe/Al), with some inteals of high
Fey/Fenr (>0.7) suggesting the development of watelumn euxinia, which is
supported by pyrite textures in these samples (see Supplementary Information). The
overlying Kuruman Iron Formation documents an extensive interval of iron formation
deposition, which persisted during deposition of most of the overlying sediments in
the GTFO1 and GECO1 cores. Here, the iron mineralogy is characterised by high
concentrations of Fach silicates, giving relatively low Fe/Fer ratios (Fig.6.1).
However elevated Fe/Al and low kgFeqr ratios support persistent deposition under

anoxic, ferruginous conditions.
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Figure 6.1A. Stratigraphy and geochemistry of the studied drill c§&shroder et al.,
2011; Schrdder, 2006; Gumsley et al., 2017; Trendall et al., 1990; Lantink et al., 2019;
Gutzmer and Beukes, 1998rainsize divisions are mudstone, siltstone, sandstone, and
breccia for the two Koegas Subgroup drill cores, and mudstone, sandstone, and
boundstone for the two Campbellrand Subgroup drill cores. Dashed lines oniEdre
plots represent the defined boundaries for identifying oxic and anoxic deposition, with
equivo@al samples falling between these lind3ashed line on FRg/Feqr plots
distinguishes euxinic from ferruginous deposition for grey circles (representing samples
clearly deposited from an anoxic wateslumn), whereas red open circles likely represent
deposiion under oxic conditions, and hencepffiéeqr ratios for these samples reflect

production of sulphide during early diagenesis.
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Phosphorus concentrations are generally below the average shale value throughout
the succession, although normalisation to Al suggests that the majority of samples are
similar to average shale (Fi§.1). There are exceptions, however, and the high P
conceantrations that occur in the Monteville and Klein Naute formations (drill cores
GKFO01 and GKPO1) are likely due to elevated organic content in these samples.
Notably, high P concentrations and P/Al ratios also occur in the Kuruman Iron
Formation, which comasts with the generally much lower P content of the overlying
iron formations of the Koegas Subgroup (GTFO01 and GECO1 drill cores$3.E)g.

To evaluate the potential for phosphorus recycling we determined the phase
portioning of P via a novel, recenttlevelopedThompson et al., 201®xtraction
scheme (Fig6.2).

All data for the two drill cores (GKP0O1 and GKFO01) that represent the older part of
the succession haveogPorg ratios that are highly elevated, relative to both the
Redfield Ratio of 10@:;, and the predicted ratio of ~300:1 for organic matter buried
under the Himited conditions inferred for the early Precambri@&einhard et al.,
2017) This suggests extensive preferential release of P during anaerobic organic
matter remineralisatiofingall et al., 1993)To evaluate whether this P was recycled
to the water column or fixed as authigenic phases in the sediment, we define a reactive
P pool (Fead, Which in addition to Ry, includes the phases that may sequester
dissolved P (e.g., autienic P, Rit.and irorbound P, By). With the exception of some
ferruginous shale and iron formation samples (where in addition to the organic P sink,
drawdown would also have occurred in association with Fe minerals, giving low initial
Corg/Preac ratios), most samples continue to plot well above the Redfield Ratio,
demonstrating extensive recycling of P back to the water co{tmgall and Jahnke,
1994) This recycling is evident in all euxinic and oxic samples, and a large proportion
of ferruginous samles (Fig.6.2A), highlighting that reducing conditions close to the
sedimemwater interface, and particularly the development of sulfidic porewaters,
likely exerted the primary control on P recyclidgs seen in the sedimentary logs,
some portions of thelder sections are relatively carbonate rich. To try to ensure
lithology doesnot play a major role in some olr interpretationswe investigae the
progressive redox changes as opposeatrict water column conditionsn addition to
ensuring any cadnate rich samples satisfy conditions in which iron speciation can be

utilised (Clarkson et al., 2014)he extent of sulfidation of iron minerals alis the
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Pre sink to become diminishedia the formation of pyritedemonstrang that
appreciable Rg/Fer ratios correspond to elevateddPreacratios (Figure 6.2B)This

also provides support for the importance of the sulfur cycle in preferential recycling of
Porg With respect to &gas high Grg:Porg ratios also fit this trendSeveral samples that
indicate intense ferruginousttom waterconditions(as defined by iron speciation)

also plot above th&edfield ratio but are alstound tohavevanishinglylow total
phosphorus concentrations (Figure 6.2This suggest that phophorus speciation

can be applied to these ancient sediments effectively veludiieient phosphorus is
presentin a similar senst® a minimum of 0.5vt% ironbeingrequired fotrustworthy

iron speciatiordatg. Further investigation and analyses should be undertaken in order
to formally define this lower limit. Alternatively, the preservation potential of organic
carbon has been proposed to be heightened with the presence of abundant iron oxides
(e.g.Lalonde etal., 2012. Whether or not the remaining components of the initial
organic mattefe.g. Rrg) are also preserved is yet to $een butcould explain the
elevated Gg concentrations under intense ferruginous conditions whilst containing
limited organic pbsphorus(which would be expected to be recycle8}atistical
analyses were attempted to distinguish separate C:P ratio ranges and upper and lower
interquartile ranges. Due to the harsh boundary conditions of the redox definitions (e.g.
<0.7 Fey/Feur), the ranges displayed significant overlap as ferruginous conditions
with elevated pyrite formation (e.g. 0.69 =p§fEe4r) can display significant P
recycling. This additional consideratiors in line with our hypotheas of sulfide
production at or near the sedimevater interface and navithin a euxinic water

column.

The overlying interval of ~2.48 to 2.43 Ga iron formation (Fd.) records a
secular event driven by the emplacement of Large Igneous Provinces (LIPs) and an
excepionally high submarine hydrothermal flgekker et al., 2013a; Gumsley et al.,
2017; Bekker et al., 2013biHigh concentrations of P are apparent during the earliest
stages of the Kuruman Iron Formation deposition (6it)), supporting extensive P
drawdbwn in association with Fe minerals from a water column that was initially
enriched in recycled P. Subsequently, generally muted P concentrations (drill cores
GTFO1 and GECO01) reflect the maintenance of decreased -edtenn P
concentrations during a pooiged period of iron formation deposition. Indeed, a

significant proportion of samples haverdPreac ratios that fall below the Redfield
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Ratio (Fig. 2D), consistent with drawdown of P in association with Fe minerals.
However, some samples (particulartyakes) have &q/Porg and Grg/Preac ratios that

fall above the Redfield Ratio (and above the predicted ratio of ~300:1 for organic
matter buried under-Pmited conditions), likely reflecting significant P recycling back

to the water column during earlyadenetic Feanineral transformation.

Furthermore, while P recycling and organic carbon burial was clearly less extensive
when BIFs were deposited, the riverine input of P was likely high due to enhanced
chemical weathering in association with LIP emplagetat this timéGumsley et al.,
2017) and thus watecolumn P concentrations may locally have remained relatively
high. This is supported by an array of samples that hayfP&, ratios close to the
Redfield Ratio (Fig. 2B), suggesting that watetumn conditions were not strongly

or persistently oligotrophic during BIF deposition.
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Figure 6.2.A Relationships between organic carbon and different phosphorus pools.
(A) Corg:Porg for the GhaapGroup drill cores (GKF01 and GKPO1); (B)ofg:Porg for
the Koegas Subgroup drill cores (GTFO1 and GECO01); (69g:Freac for the Ghaap
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Group drill cores; (D) Grg:Preac for the Koegas Subgroup drill cores. Dashed lines
represent the Redfield Ratio (1064k)d the inferred &4/Porg ratio for the early
Precambrian sediments deposited under highly oligotropHimRed conditions

(300:1(Reinhard et al., 2017)
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Figure 6.2.B Relationships between organic carbon and different phosphorus pools.
(A) Corg:Porg for the Ghaap Group drill cores (GKF01 and GKPO01); (B)Preac.
Colour of data describes the fy#-eqr ratio of the studied samplBashed lines
represent the Redfield Ratio (106:1) and the inferreg/Porg ratio for the early
Precambrian sediments deposited under highly oligotropHimRed conditions
(300:1(Reinhard et al., 2017)
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Figure 6.2.C Relationships between organic carbon and different phosphorus pools.
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Figure 6.3. Longterm trends in the phosphorus content and the sulphur isotope

composition of marine sediments, highlighting Stages 1 to 3 in the progressive

oxygenation of the early Earth. Stage 1: approximately 22 Ga; Stage 2:
approximately 2.7 2.43 Ga. Sige 3: approximately 2.43 to 2.0 Ga. (A) Whalek

U**S compilation, including data for the GKFO1 and GKPO1 drill cores, which
demonstrates a pr ogr e*Ssldtatheough thé threerstages i n g
(Havig et al., 2017)The Koegas Subgrouplfur isotope data is from Johnson et al.,
2013Johnson et al., 2013{B) An expanded dataset showing published P/Al ratios
(Reinhard et al., 2017nd P/Al ratios for the GTF01, GEC01, GKF01, and GKP0O1

drill cores (see Supplementary Information).



120

The overlying interval of ~2.48 to 2.43 Ga iron formation (F&jl) records a
secular event driven by the emplacement of Large Igneous Provinces (LIPs) and an
exceptionally high submarine hydrothermal f(lBekker et al., 2013a; Gumsley et al.,
2017; Bekker eal., 2013b) High concentrations of P are apparent during the earliest
stages of the Kuruman Iron Formation deposition (6it)), supporting extensive P
drawdown in association with Fe minerals from a water column that was initially
enriched in recycled P. Subsequently, generally muted P concentrations (drill cores
GTFO1 and GECO01) reflect the maintenance of decreased -eddtemn P
concentrations during a prolonged period of iron formation deposition. Indeed, a
significant proportion of samples have:fPreac ratios that fall below the Redfield
Ratio (Fig.6.2D), consistent with drawdown of P in association with Fe minerals.
However, some samples (particularly shales) haygRerg and Grg/Preac ratios that
fall above the Redfield Ratio (and above the predicted ratio of ~300:1 for organic
matter buried under-Bmited conditions), likely reflecting significant P recycling back
to the water column during early diageneticriimeral transformation. Furthermore,
while P recycling and organic carbon burial was clearly less extensive when BIFs were
deposited, the riverine input of P was likely high due to enhanced chemical weathering
in association with LIP emplacement at this tif@msley et al., 2017)and thus
watercolumn P concentrations may locally have remained relatively high. This is
supported by an array of samples that haygRzrg ratios close to the Redfield Ratio
(Fig. 6.2B), suggesting that wateolumn conditions were not strongly or persistently
oligotrophic during BIF deposition.
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Figure 6.4. Steadystate model solutions for a fixed reduced gas flux. (A) Total
primary organic carbon production (moles Clyear). (B) Total organic carbon burial
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for Phanerozoic shas commonly exceed several thous@ngall et al., 1993)

consistent with the average value of ~5000 £ 3000 for shales in the GKPO1 and

GKFO1 drill cores.
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We note that the Transvaal Supergroup contains an unconformity at the top of the
Koegas Subgroupeneath the oldest glacial diamictite (Makganyene Formation) of
the GOE (Fig6.1). Therefore, the behaviour of the P cycle immediately prior to the
onset of the GOE is unclear. Thus, to provide global context, we also consider the
longerterm pyrite sulpur isotope record (Fig.3A), which demonstrates a clear and
consistent i nc P®walgesfromthe Mesoarchean iwhieh we defing
as Stage 1 in Earth’s early oxygenation hi st
localized, continemtl margin oxygenation of the Neoarchean (which we term Stage
2). This likely represents a gradual increase in seawater sulfate concentration driven
by oxidative continental weatherir{@anfield, 2005) thus leading to an increase in
sulfide availability inthe ocean system. More extensive anaerobic recycling of P from
Stage 1 to Stage 2 would be a natural consequence of this increase in sulfide
availability, and, consistent with this, the longerm P record (Fig. 3B) documents
elevated P content at tim&s Stage 2 when P was drawn down and fixed in the

sediment (e.g., during some shottierm intervals of irofformation deposition).

Our data imply that longerm oxygenation in the run up to the G@BRy have been
promoted byncreased recycling of P from the sediments. This mechanism would have
operated in addition to any changes in weathemahgted input of P (i.e., via the
emergene of appreciable subaerial landmas@@mdeman et al., 20181 secular
increase in the continental phosphorus invenf@rgber et al., 2017; Cox et al., 20,18)
or the emplacement of LIR&Sumsley et al., 201Y) To evaluate how changes to P
recycling vesus P input may have influenced planetary oxygenation we utilise a
modified biogeochemical model of the-@P cycles(Alcott et al.,, 2019)(see
Methods). We run the model to steady state under changes in both the continental P
weathering input and the getentary P recycling rate, while keeping the global rate
of reductant input fixed at a level inferred for the Paleoproterqidiarecha et al.,
2005; Olson et al., 2013yVe find that both recycling and changes to the continental
weathering influx of P gacause substantial changes to the atmosphenies@rvoir
(Fig. 6.4). Assuming elevated sedimentary molar C:P ratios, as measured in the
majority of our ferruginous and euxinic shale samples (~5000 + 3000), the GOE
transition could have occurred with gn&d moderate enhancement in continental
weathering rates, at around 0.3 times the pred&nP input rate, which is similar to

recent calculations for apatite weathering on the early Bdeb et al., 2020)
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When sedimentary molar C:P ratios are instaasumed to be ~300, the GOE
transition requires a much larger, and highly unlikglgo et al., 202Q)P input rate
of around 23 times the present day. Thughen considering a simplified version of
the Earth systenwith phosphorus limited production, oumodel suggests that
extensive phosphorus recycling is necessarsise & to postGOE values.tlappears
that the rise of sedimentary P recycling was a necessary, prerequisite factor in paving
the way for the GOE on Earth

Reconstructions of the bioavailability of P, based on both the shale and iron
formation records, have suggested that concentrations were persistently very low
throughout the Archean, thus maintaining organic carbon burial and oxygen
production at a low leal (Bjerrum and Canfield, 2002; Reinhard et al., 20 By
contrast, we demonstrate here that the rise of sulfide in the ocean system, which was
initiated by the onset of mild oxidative continental weathering, led to progressively
enhanced anaerobic recyq) of P, thus initiating a positive productivity feedback.
This may have been the tipping poietding to an intermediate oxygenation state in
the Earth System, characterised by more pervasive oxygenation of continental margin
settings during the Neoaretin, but with the atmosphdyeingmaintained in an anoxic
state. Subsequently, extensive phosphorus recycling, possibly combined with a general
increase in the continental weathering P inflBindeman et al., 2018; Gumsley et al.,
2017) may have facilitedrates of oxygen productiomesuling in the first persistent
oxygenation of the atmosphere.

In extension to the behaviour of phosphorus in the run up to the G®Bther
commonly invoked limiting nutrient, nitrogen, can also be investigated whih t
phosphorus data. It is currently understood that the behaviour of the nitrogen cycle
must have been drastically differeffom the present dayinder both anoxic
ferruginous and euxinic conditiong.§. Boyle et al., 2013; Mettam et al., 2019).
Ferruginais conditions have been better explored, with the primary fixed nitrogen
sourcethought to beammonium as oxygen is not abundant enough to sustain an
aerobic nitrogen cycle with appreciable concentrations of nitrate and nitrite (e.g.
Michiels et al.2017). In contrastthe behaviour of nitrogen under euxinic conditions
requires diminishednitrateavailability as it would outcompete sulfate reducers for the
available organic carboiihereforejn order to promote productivity and oxygenation

during these sulfide productive intersah our dataset, the behaviour of the nitrogen
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cycle must have alschanged.Firstly, as we demonstrate that a benthic flux of
phosphorus does not necessarily require water column elxih@nly sulfidic pore
waters, the competition of nitrate and sulfait mot necessarilype occurring in the
water column. Aso, as this quantitative sulfide production is taking plasghin the
sedimentwe would not expecany enhanced trace metal drawdomrassociation
with free HBSto the extent ofimitation on nitrogen fixatiorfAnbar and Knoll, 2002;
Zerkle et al., 2006).

Although these cores have not been directly studied for nitrogen isotopes, a coeval
shallower cordrom the same basihas been exploredBH-1 / Sachacore (Mettam
et al.,, 2019). Nitrogen isotopes of ~% t hr ou g h o-l toresufggesss BH
appreciablenitrogen fixationor the complete utilization of reminersdd ammonium
with an isotopic composition of Y& (Mettam et al., 2019)he limited evidence for
nitrification/denitrification in these cores allewfor the establishment of euxinic
conditions at greater depths supporting the initial hypothesis of ammonium allowing
for H2S build up put forward by Boyle et al. (201B)ettam et al. (2019) propose that
upwelling of phosphorusich deep waterstimulated primary productivity and an
enhanced flux of organic matter that was subsequently reminergtisauoting
ammonium availability. The worfiresented hengrovides a hypothesis on how these
phosphorugich waters formedand this studyalongside coevalitmogen isotopes
offersamore conprehensiwgew into how nutrients behave in the anoxic ocean in the
lead up to the GOE.
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6.2 Supplementary Information

Geological and stratigraphic context

The Kaapvaatraton covers more than®llkim? with a general trend of older to younger
successions from east to west, with the most ancient terranes being formed at ~3.6 Ga
(James and Fouch, 200Z)ontinued cratonic development is viewed as being driven

by a period ofcontinental growth (starting at. 3.1 Ga) until the final craton
stabilization at approximately 2.6 Gaames and Fouch, 2002)his period led to
extensive development of depositional basins, including the two Neoarehean
Paleoproterozoic structural Isbasins considered in this study, the Transvaal and
Griqualand West subasing(Moore et al., 2001)Both structural subasins preserve

the Transvaal Supergroup, and were parts of a single depositional basin.

The Griqualand West sdimsin preserves th&haap Group (Figur®.5), which
correlates to the Chuniespoort Group of the Transvaabasin(Moore et al., 2001)

The Ghaap Group is considered to have undergone minimal metamorphism (sub
greenschist facies) and contains four subgrgi{padall et al.2013) The oldest, the
Schmidtsdrif Subgroup, unconformably overlies the Ventersdorp Supergroup and
contains tidal sandstones overlain by shalloarine carbonates. The uppermost
Schmidtsdrif Subgroup includes the Lokamonna Formation with deegter
siliciclastic mudstonegSchrdder, 2006)The Campbellrand Subgroup is dated at ~2.6
—2.5 Ga(Altermann and Nelson, 1998; Sumner and Grotzinger, 28tdyecords the
development of an extensive carbonate platform, which was ultimately drowned to
allow depogion of the Asbestos Hills Subgroup iron formatigendall et al., 2013)

A switch from chemical sedimentation to siliciclastittemical deposition defines the
transition from the Griquatown Iron Formation of the Asbestos Hills Subgroup to the
Koegas Shgroup, which consists of several transgressiaggessive cycles deposited

in a deltasubmarine fan depositional settif§chroder et al., 2011)This study
primarily focuses on the Campbellrand, Asbestos Hills, and Koegas subgroups. We
briefly describehe stratigraphy and sedimentology of these three subgroups here, with
a more extensive review provided by Schroder et al. (2006; g®dHroder et al.,
2011) (Figure6.6).
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The carbonate platform of the Campbellrand Subgroup includes the Monteville,
Nauga and Klein Naute formations. The Monteville Formation consists of rsetie
parasequences starting with slope dolostones, and progressing grades into
dolograinstones and microbiali{f&shréder, 2006) Underlying the Monteville
Formation, the Lokamonna Formation is dated at ~265q®&dzmer and Beukes,
1998)and consists of mixed shallemvarine carbonatsiliciclastics(Schroder, 2006)

The Nauga Formation has been informally divided into lower and upper units. The
lower Nauga-ormation was also deposited on a slope and contains both microbialites
and reworked carbonate lithologies. The upper and lower Nauga formations are
separated by the Kamden Member. The upper unit was also deposited in a slope setting
with a deepening and/bigher input of finegrained detrital materié&chréder, 2006)

The Klein Naute Formation contains massive and laminated siliciclastic mudstone
with abundant diagenetic pyrite and chert nod¢&shréder, 2006)and is dated at
~2549+ 7 Ma(Altermann ad Nelson, 1998)

Kaapvaal _
Craton >~
)

|:] Olifantshoek Group

D Postmasburg & Elim groups
- Koegas Subgroup
D Asbestos Hills Subgroup
|:| Campbellirand Subgroup
l:l Schmidtsdrif Subgroup

Ghaap Group

Figure 6.5. Geological map of the Griqualand West swdsin. Location of the four
studied drill cores indicated by white dots. Inset map shows outcrop area of both the
Griqualand West and Transvaal sbhsins, in addition to a generalised stratigraphy

of the Ghaap Gyup.
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The Asbestos Hills Subgroup (~2.45 GBErendall et al., 1990; Pickard, 2003)
conformably overlies the CampbellrarBubgroup and primarily includes iron
formation and chert sediments (<1,000 m t{Bkukes, 1984) The initial drowning

of the Campbellrand carbonate platform led to deposition of banded iron formation
and chert sediments of the Kuruman Iron Formatieading into the granular iron
formation of the Griquatown Iron FormatidiBeukes, 1984)The Kuruman Iron
Formation includes magnetite BIF and sideritic chert, and records persistent BIF
deposition(Schroder, 20063t 2,484.6: 0.34 Ma(Lantink et al., 209). Following the
Kuruman Iron Formation, the Griquatown Iron Formation consists of banded and
granular iron formation sediments deposited in a relatively shatlavine
environment with storm and wave influen@@eukes, 1984)The Griquatown Iron
Formation is dated at ~2432 31 Ma(Trendall et al., 1990)

The Koegas Subgroup comprises intercalated siliciclastic and chemically precipitated
iron-rich sedimentgSchroder et al., 2018nd is older than the overlying Ongeluk
Formation volcanics (2426 3 Ma(Gumsley et al., 201Y)At the base of the Koegas
Subgroup, the Pannetjie Formation contains an upe@adsening mudstone to
greywacke succession that is terminated by the Doradale Iron Formation, which marks
the transition back to chemical precipitat€schroder et al., 2011)Continued
shallowing from the Doradale Iron Formation defines the transition to the Naragas
Formation, with a greater proportion of sandstone towards the northeast as opposed to
mudstone in the SWBeukes, 1978)The third depositioal cycle comprises the
Heynskop Formation, which includes irach lithologies, shallowing towards coarser
siliciclastic units upsectionSchréder et al., 2011)The overlying Rooinekke
Formation predominantly comprises banded iron formation and strimedimherms
(Schroder et al., 2011The Nelani Formation is only developed in the distal drill core
sampled here (GECO0l1l). The Koegas Subgroup contains modest manganese
concentrations, the genesis of which has been linked to the development of oxygen
oases (Kurzweil et al., 2016) The Makganyene Formation overlies the Koegas
Subgroup and represents the oldest of thel&ditude glaciations associated with the
Great Oxidation EveniGumsley et al., 2017)'he contact between the Makganyene
Formation and Koegas Subgroup is considered to be erosional, but the missing period
of time has recently been reduced by up to 200 Nigtsnsley et al., 2017)
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Figure 6.6. Stratigraphic columns of the four studied drill cores (Sder et al.,
200G Schroder, 2006)2011(Schroder et al., 201)1)(A) GTFO1 drill core. (BIGEC01
drill core. (C) GKFOL1 drill core. (D) GKPO1 drill coréAbbreviations for formations:

Ong.1 Ongeluk Formation; Maki. Makganyene Formation; Rot.Rooinekke
Formation; Dora.i Doredale Formation; Panri. Pannetjie Formation; Griqt
Griquatown IronFormation; Nel.i Nelani Formation; Dwykai Dwyka Formation;
Kur.7 Kuruman Iron Formation; Kl. Nai. Klein Naute Formation; Ki Kamden
Member; Monti Monteville Formation; Lokal Lokamonna Formation; Boori.
Boompaas Formation; Vryh. Vryburg Formaion; Vent.i Ventersdorp Group. Age
constraints are from (1) Gumsley et al., 20&udmsley et al., 2017§2) Trendall et al.,
199QTrendall et al., 1990)(3) Lantink et al., 201@ antink et al., 2019)(4) Gutzmer
and Beukes, 1998utzmer and Beukes, 1998
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Samples and methods

Samples were taken from four welteserved drill cores stored at the National Core
Library in Donkerhoek, South Africa (Figuée6). The GKF01 and GKPOL1 drill cores
represent proximal and distal sections of the Campbelaidchani carbonate
platform, respectively. Correlation between these two drill cores is primarily based on
sequence stratigraphy, volcanic horizons, and similar lithol¢g§ewdder, 2006)The
GTFO1 and GECOL1 drill cores also represent respectively more proaidadistal
sections for the uppermost Asbestos Hills and Koegas subg(Bcpsider et al.,
2011)

Iron speciation analysis was conducted via the-esthblished sequential extraction
procedure of Poulton and Canfield (2005), with pyrite FepyjFeuantified
gravimetrically via chromous chloride distillatig€anfield et al., 1986)Solutions

from the sequential extracts were analysed via AAS, and replicate extractions gave
RSDs of <5% for all Fe phases. Total element concentrations (Fe, P, aneral
determined on ashed samples via anH{FHO4-HNO3 extraction, with HBQ used to
ensure full solubilisation of Al. Solutions were analysed by-@ES with >98%
recovery for all elements and RSDs of <5%. For organic carbon content, samples were
treatedwith 50% vol/vol HCI prior to total organic carbon analysis using a LECO C/S
analyser.

A highly reactive fraction (k&) is extracted from four operationally defined
sedimentary phases; carbonassociated iron (kew), ferric oxides (Fex), mixed
valence iron oxides (principally magnetite (kg)), and pyriteassociated Fe (kg.

The ratio of this summed highly reactive fraction to total Fe concentratighigresed

to determine bottorwvater redox conditions, whereby ratios < 0.22 are typicall
consdered oxic, and ratios0>38 define anoxic conditiondoulton and Canfield,
2011) Intermediate values (0.Z238) are considered equivocal and require further
investigation (see below). Further information on the redox state of the water column
can be ahieved via consideration of the ratio of§® Feir for clearly anoxic samples
(i.e., Ferr/Fer >0.38), in which Fg/Feqr ratios >0.7-0.8 identify euxinic conditions

and ratios €.7 identify ferruginous watezolumn conditions. The relatively high
conceantrations of siderite and pyrite present in the samples suggests minimal post

depositional oxidation, as would be expected with deepant samples.
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Equivocal Fer/Fer ratios may occur due to either rapid sedimentation (which may
mask the anoxic wateolumn conditions and limit deposition of minerals included in
the Feir pool such that enrichments are not evident in the sediment), or due to potential
conversion of highly reactive iron to fieh sheet silicates, which is a common process

in ferruginots settings characterised by minimal sulphate reduction (Baujton et

al., 2010; Cumming et al., 2013; Doyle et al., 2018k/Al ratios can be used to
address the latter case of diagenetic transfer @f teeFers since this metric is not
affectedby phase speciation, and ratios >0.66 are considered to provide a robust
indication of anoxic watecolumn depositionClarkson et al., 2014)in order to
discriminate between ferruginous shale and iron formation samples, we take the classic
definition ofiron formation, and assign a minimum value of 20 wt% Fe to identify iron
formation samples. However, we stress that this distinction does not affect any of our

interpretations or conclusions.

We utilised a revised P speciation technique (originally deeeldoy Ruttenberg,
1992) for application to ancient rocks (Figs&’ (Thompson et al., 201P) The
sequential method targets 5 operationally defined phosphorus pools. These pools
include ferric oxidebound phosphorus £R and Re2, authigenic carbonate
fluorapatite (CFA) associated P aff, crystalline apatit@ssociated P ¢Rsy,
magnetiteassociated P (Rg, and organidound P (Bg). Here, for simplicity, we
combine Re1, Prez, and Riagto give the total P pool associated withdseéde minerals

(Pre). Phosphorus concentrations were generally determined spectrophotometrically
on a Spectonic GENESYY 6 at 880 nm, using the molybddikie method
(Strickland and Parsons, 19723owever, thechemicals in the R (CDB and CDA;

see Figure S3) andmky (ammonium oxalate) solutions interfere with colour
development, and hence these solutions were analysed wit®ESP(for specific

details of ICRPOES configuration see Thompson et al., 2019).

On average, the summed sequential P extractions recovered 94% of the total P
measured by bulk digest. Replicate analyses gave an RSD of ~10%a: BordPRyyst

in addition to Rag and Ry both providing a RSD of <13%.rPwas at very low
concentration in ausamples (close to the limit of detection), but the RSD for such
analyses is generally ~3% wheg: B present above trace concentratibitisompson

et al., 2019)and the very low concentrations afefh our samples do not affect the

interpretation of ouP speciation data (see the main text).
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For the calculation of the average-dPorg ratios (see the main text) we only utilised
Porg data for samples, which were above the limit of quantification (9.90 ppm).

| Sediment —»] Sodium - citrate/-bicarbonate/ -dithionite (CDB) (8hrs)
T

1

Residue » MgCl, washes
Residue >| Sodium acetate (6hrs)
v : P
i S| maeLwaskhes | =
Residue » MgCl, washes
; 5| I
Residue » 1™ HCIZI (16hrs) I B
v
Residue >]| Ammonium Oxalate (6hrs)
; — [ Pro |
Residue » MgCl, washes
Sodium - citrate/-dithionite/ -acetic acid (CDA) (6hrs)
|
e —
_ | Fe2
Residue » MgCl, washes
v
Residue ] Ash 550°C |
v T
Residue . 1M HCI (16hrs)

Figure 6.7. Sequential extractioprocedure for phosphorus (Thompson et al., 2019).

Biogeochemical modelling

We utilise a modified 5 box oceatmosphere biogeochemical model forOP
cycling over Earth historyAlcott et al., 2019}o examine the response to altering P
weathering and vging Corg:Porg ratios of buried material. The model was originally
devised bySlomp and Van Cappellen (2007), and later modified by Tsandev et al.
(2008), Tsandev and Slomp (200&nd Alcott et al. (2019). The full model equations

are presented in Alcott et al. (2018nd are briefly summarised here. The 4 ocean
boxes represent regions of the proximal and distal coastal shelf along with the surface
and deep oceans. These maringdsoconsider organic carbon, organic phosphorus,
soluble phosphorus, and oxygen. A fifth box represents the atmosphere, where only
oxygen is considered. The model includes productivity, remineralization, and burial of
organic carbon, and 3 separate phosphi@hases. The redaependent P burial
phases considered in the model consistogf Pon-oxide bound B, and authigenic

Paut
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In this paper we modify the original model of Alcott et al. (2019) in order to
accommodate the results from this dataset:cansidered values for the maximum
Corg:Porg burial ratio under anoxic conditions to be between 100 and 10,000. We also
varied the input of P from continental weathering from 1 to 100% of the préagnt
flux. We plot steady states with respect to bothgat and C:P ratio for a fixed amount

of oxygen consumption via reductant input following the values used in Alcott et al.
(2019) for ~2.4 Ga (1.5 x 1®mol yrh). All model equations are listed below and are
fully summarised in Alcott et al. (2019), tehich we direct the reader for further

discussion of the model. The model schematic is shown in Fig8ire
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Proximal zone Distal zone Surface ocean
Prod. Prod. Prod.
£ £ DIC Corg
Remin.
DIC| |Cor DIC| |Corg | %
N \_/
Remin. Remin. Deep ocean
i : — Remin Corg
Corgburial  C,;burial in.
A: Carbon Coy burial
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W Prod. Prod. Prod. P
A reac| Remin org
Preac POTQ Preac Porg J *
N \/
Remin. Remin. Deep ocean
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PFe Porg PFe Porg =2 Remin. -
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PFe| [Paut Porg
B: Phosphorus
A A
Oxidative Reaction with Atmosphere and
shallow ocean
weathering reduced gases
C,gburial oo,
Deep ocean
0)
2| Resp.
C: Oxygen

Figure 6.8 Ocean and atmosphere box model. Clear boxes show hydrospheric
reservoirs and grey arrows denote mixing between them. White boxes show chemical
reservoirs and black arrows denote biogeochemical fluxes. (A) Carbon cycle: C
exists as dissolved inorganic carbon (DIC) or organic carbasg{GB) Phosphorus
cycle: P exsts as soluble reactive phosphorus4# and particulate organic
phosphorus (Rg). (C) Oxygen cycle. Single oxygen reservoir encompasses all ocean
boxes that exchange with the atmosphere. See text for full description, and methods

and Sl for equations.
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P Speciation

Consideration of possible lagtage diagenetic P phase alteration is required when
applying P speciation to ancient sedimentary r¢€ksveling et al., 2014; Thompson

et al., 2019)The main issue that might affect interpretation of Pigpiea data (which
utilises two P pools: & and Reas See the main text) is the potential for
recrystallization of carbonate fluorapatiteafPto more crystalline apatite {f?y).
Although Rwystdoes constitute a significant proportion in some of our samples (~66%
on average for the GKF01 and GKPOL1 drill cores), we note that there is no correlation
between Riand Ryst (Figure6.9) and particularly high &s{Al ratios only tend to
occur at exinic to ferruginous transitions, as shown by excursions indhgA ratio
(Figure 6.10. Therefore, while a portion of the authigenic phase may have been
recrystallized, it does not detract from our overall interpretation and would only
support ouhypothesis of greater fixation of P within the sediment during ferruginous
conditions, as more P would be included within owecphase (shifting a minor
proportion of the ferruginous data in Fig@@ of the main text, to below or, at least,
more towads the Redfield Ratio of 106:1). We can also demonstrate recycling of P
from the sediment based on the ratio efCuta (Pota; total P by bulk digest) (Figure
6.11). The GKFO1 and GKPO1 drill cores demonstrate P recycling baseeldPrte

and Grg:Porg ratios (see the main text), but they even have several samples that plot
above the Redfield Ratio with the inclusion of all the P phases. By contrast, samples
of the Koegas Subgroup from the GTF01 and GECO1 drill cores exclusively plot below
the Redield ratio with the inclusion of the additional P phases (primagyP This
overall trend further supports recycling of P from the sediment under sulfidic
porewater/euxinic waterolumn conditions regardless of the extent of conversion of

PauttO Peryst.



135

0.04 i
0.11 © GKPO1
® GKFO1
0.03 f,
[ )
_ ‘. O..O I(()) OO
0 0.04 0.08 0.12 0.16

Poyst (W%)

Figure 6.9. PcrystvS. Rutplot for all samples analyzed for P speciation from the
GKPO1 and GKFO1 drill cores.
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Figure 6.10 P speciation data for driltore samples (Wt). (A) Proximal GTFO1 drill core. (B)
Distal GECO1 drill core. (C) Proximal GKFO1 drill core. (D) Distal GKPO1 drill core<Fre-
associated P), £ (authigenic P), Rys: (highly crystalline P), Rag(magnetiteassociated P) andd

(organic-associated P). Abbreviations for formations: Ohgngeluk Formation; Maki.

Makganyene Formation; Ro6.Rooinekke Formation; Dord. Doredale Formation; Panr.

Pannetjie Formation; Grigi Griquatown Iron Fomation; Nel.i Nelani Formation; Dwykal

Dwyka Formation; Kuri Kuruman Iron Formation; KI. Nai Klein Naute Formation; Ki Kamden

Member; Monti Monteville Formation; Lokai Lokamonna Formation; Boorii.Boompaas

Formation; Vryb.i Vryburg Formation;Vent.i Ventersdorp Group.
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Figure 6.11 Relationship between organic carbon and total phosphorus. (A)
Corg/Ptotal for the Ghaap Group drill cores (GKF01 and GKPO01); (B}/€ota for
the Koegas Subgroup drill cores (GTF01 and GECO01). Solid line septs the
Redfield Ratio (106:1), and the dashed line represents the infergBdg ratio for
the early Precambrian sediments deposited under highly oligotrophiicited
conditions (Reinhard et al., 2017).
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Distinguishing between sulphidic porewaters and euxinic watecolumn

conditions

As discussed in the main text, two horizons in the succession have elevaiéefe

and Fg,/Fer ratios that might suggest euxinic watedumn conditions. However,

such a ginal may also be generated during intense sulphide production in pore waters
close to the sedimenmtater interface beneath a ferruginous water column. To address
this possibility we consider the morphology of pyrite in the two horizons. In the case
of theolder Monteville Formation samples, reflected light microscopy shows abundant
evidence for wavy layers, rip up clasts and nodules, and poorly disseminated-coarser
grained euhedral pyrite (Figur@12. These features are not typical of textures
commonly faind when iron sulphide formation is dominantly instigated in a euxinic
water column, where instead, fhgeained dispersed pyrite tends to domirfsitegnall

and Newton, 1998)We thus suggest that the highuk/&er and Fegy/Fer ratios
evident for these saples most likely reflect intense diagenetic pyrite formation close
to the sedimentvater interface beneath a dominantly ferruginous water column. By
contrast, pyrite in the younger Klein Naute Formation consists of fine- well
disseminated pyrite, with onloccasional larger euhedral grains likely formed during
diagenesis. Indeed, the pyrite morphology of these samples has been suggested to
dominantly comprise relic framboidBarquhar et al., 2013and their small size and
limited size range is mo@nsistent with morphologies found in sediments deposited
under an euxinic water colunfignall and Newton, 1998)
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Monteville Fm.
Intensive sulfide
production

Klein Naute Fm.
Euxinic conditions

Figure 6.12 Images of pyrite morphologies within the two stratigraphic intervals
with elevated Rg/Fenrratios. A, B- layered and nodular pyrite of the Monteville

Formation. C, D- disseminated and euhedral pyrite of the Klein Naute Formation.

Model resultswith elevated weathering fluxes

The phosphorus input flux to the ocean at @& has been estimated based on
weathering kinetics and continental emergence tifHe® et al., 2020). The central
estimates show negligible weathering in the Early Archeangrisia flux within ~0.4

to ~1.2 times the present day, but with a maximum error up to ~3 times present day.
In the manuscript we test the central estimates of this flux in a biogeochemical model,
and here we extend the estimates up to 3x present (FdLBe It is possible to see

that when no P recycling is considered (maximum primaiyRsg of ~300)(Reinhard

et al., 2016)the absolute maximum (and unlikely) weathering fluxes are required in
order to provide oxygenation on the scale of the GOE,®tipg our interpretation of

phosphorus recycling facilitating planetary oxygenation.
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Table 6.4 Analytical data including major element concentrations, iron speciation,
Corg, and P phases. ND = ni¢termined. BD = below detection (0.95 ppm).

GTFO0L1 - Proximal Koegas Subgroup drill core

Depth(m) Al (wt%) (\AF,;;O) Far/Fer FeryFar FerAl (\fn"g/go ) Prippm) (ES;‘;) (ES%)
32845 097 2439 048 000 2503 0065 115 ND ND
32750 063 2675 066 000 4219 0047 78 ND ND
32510 056 3281 075 000 5890 0037 167 ND ND
32300 038 2469 069 000 6529 0039 182 ND ND
32245 016 2113 078 000 12925 0022 336 ND ND
321.90 119 2557 052 000 2149 0035 285 ND ND
31895 405 1915 020 001 472 0044 431 ND ND
31630 545 1477 014 003 271 0043 533 ND ND
31360 563 1337 012 004 237 0041 665 ND ND
309.75 624 606 025 006 097 0065 437 ND ND
307.30 608 1093 026 003 180 0074 464  ND ND
30405 644 812 024 004 126 0066 526 ND ND
30145 597 854 023 004 143 0084 388 ND ND
29840 683 1031 016 004 151 0040 304  ND ND
20530 630 1023 019 002 163 0049 379 ND ND
201.85 561 1114 032 003 199 0067 382 ND ND
280.00 713 591 024 005 083 0056 451 ND ND
28730 552  7.63 028 005 138 0057 280  ND ND
28400 2.88 2140 021 001 743 0036 339 ND ND
281.80 017 2621 074 000 15607 0036 202 ND ND
280.70 012 2156 063 000 173.75 0040 87 ND ND
276.90 023 3457 072 000 15052 0032 204  ND ND
27330 031 3117 074 000 10078 0052 122 ND ND
260.95 020 2416 070 000 11835 0036 113 ND ND
266.05 051 2862 068 000 560l 0050 125 ND ND
262.60 027 3257 056 000 11975 0055 150  ND ND
260.10 0.5 3112 078 000 12508 0038 118 ND ND
256.80 027 2803 062 000 10309 0017 110  ND ND
25255 034 2620 064 000 7619 0036 204  ND ND
24880 038 2127 077 000 5563 0065 188 ND ND
24480 080 2297 073 000 2859 0068 228 ND ND
24290 040 2483 079 00l 6148 0067 250  ND ND
240.00 256 1674 033 001 653 0114 313 ND ND
23800 337 1776 061 001 527 0113 345 ND ND
23400 553 772 033 003 140 0060 320  ND ND
231.00 567 1078 035 002 190 0056 357 ND ND
230.25 496  7.06 037 004 142 0061 356 ND ND
22040 469 1388 056 000 296 0080 427 ND ND
22760 480 1489 030 00l 310 0052 387 ND ND
22500 455 1191 043 001 262 0044 322 ND ND
22290 212 1609 044 000 759 0037 281 ND ND
21960 611 1081 031 002 177 0060 437 ND ND
216.45 613 1527 038 001 249 0053 649 ND ND
21550 662 1497 030 002 226 0037 554  ND ND
21215 694 1068 017 004 154 0035 465 ND ND
20920 416 1396 040 001 336 0041 369 ND ND
202.85 670 1452 036 001 217 0054 657 ND ND

199.10 6.79 11.32 0.28 0.02 1.67 0.052 564 ND ND
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188.40
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178.50
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170.30
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0.26
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0.32
0.34
0.74
0.38
0.36
0.22
0.26
0.48
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0.78
0.73
0.61
0.60
0.69
0.46
0.47
0.56
0.55
0.62
0.71

0.03
0.04
0.08
0.05
0.02
0.05
0.13
0.01
0.02
0.10
0.08
0.02
0.03
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0.05
0.02
0.01
0.03
0.02
0.02
0.02
0.02
0.01
0.00
0.02
0.01
0.01
0.03
0.02
0.02
0.04
0.02
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
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0.00
0.00
0.00
0.06
0.01
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1.43
1.42
1.57
1.33
1.91
0.70
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2.15
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0.98
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ND
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ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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Depth(m) (WAt('%) ) (mF,t%;o) Far/Fer FeryFar FerAl (V\C,t"g/go ) Prippm) (ES;‘;) (ES%)
37260 438 1570 035 000 358 0033 343 ND ND
36850 443 1815 018 002 410 0024 335 ND ND
36420 275 2618 014 001 953 0027 274  ND ND
36555 230 2764 020 000 1204 0020 224  ND ND
36270 219 2330 023 002 1065 0030  ND ND ND
35870 216 1381 073 000 640 0025 242 ND ND
35530 138 1226 081 001 891 0024  ND ND ND
35270 117 1847 047 000 1578 0015  ND ND ND
349.80 156 3054 036 000 1959 0031  ND ND ND
34590 173 2171 027 000 1254 0035  ND ND ND
34320 335 1961 032 00l 585 0013 259 ND ND
34020 598 1626 036 00l 272 0037 383 ND ND
337.15 459 1924 032 00l 419 0037 377 ND ND
33450 464 1909 030 00l 411 0027 311 ND ND
33070 539 1454 030 002 270 0032 300  ND ND
327.75 315 1074 074 001 341 0014 ND ND ND
32440 653 1328 032 002 203 0029 461 ND ND
32125 7.04 1261 017 003 179 0047 435 ND ND
31800 290 1620 056 000 558 0017 122 ND ND
31450 402 1814 042 001 452 0028 350  ND ND
31200 444 1868 032 00l 421 0022 399 ND ND
30030 268 2121 038 00l  7.92 0019 5350  ND ND
30500 221 1619 069 000 732 0024 152 ND ND
30065 473 1959 038 001 414 0021 334  ND ND
297.75 500 1565 022 002 313 0025 413 ND ND
296.30 183 2597 042 000 1422 0016 1221  ND ND
29550 127 2349 025 000 1845 0016 212 ND ND
20155 050 3000 057 000 5998 0018 200  ND ND
282.90 063 3440 059 000 5439 0033 306 ND ND
280.00 079 3005 036 000 37.88 0017 1477  ND ND
27745 169 3109 042 000 1844 0018 179 57 20
27490 012 2606 071 000 21906 0016 140 5 1
27150 113 2661 040 003 2348 0032 80 15 10
267.40 031 2405 067 000 7847 0013 ND 3 BD
26360 122 3880 044 000 3176 0021 66 21 1
260.55 114 25890 048 000 2270 0022  ND 13 3
256,50 023  27.65 053 000 11895 0015  ND 9 BD
250.00 041 2209 008 000 20625 0025 49 17 BD
24620 068 2125 106 000  31.03 0022  ND 6 BD
24210 ND 3630 030 000 ND 0043 ND 14 BD
23840 011 1294 088 000 11675 0044  ND 12 BD
23410 ND 2365 052 000 ND 0049 ND 18 ND
22930 ND 2194 076 000 ND 0048 93 10 BD
22720 025 2693 063 000 106.03 0035 74 12 BD
22400 035 3141 045 000 8958 0074  ND 8 BD
21930 021 2690 074 000 13051 0073 94 13 BD
21550 052 2923 051 000 5577 0081 117 11 1
21125 031 2769 007 001 8887 0093 144 8 1
20800 042 2794 065 000 6578 0080 95 2 BD
20520 039 2562 048 000 6609 0069 129 11 1
20120 026 2760 068 000 10534 0061 209 7 1
19725 054 2561 061 000 4757 0118 194 8 BD
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191.50 6.20 14.80 0.20 0.01 2.39 0.128 395 154 80
186.70 1.32 20.52 0.37 0.00 15.55 0.175 212 35 11
182.60 1.27 26.62 0.42 0.00 20.88 0.190 323 28 4

178.10 0.76 33.85 0.50 0.00 44.74 0.020 543 65 2

175.85 4.53 19.54 0.30 0.00 431 0.129 323 72 11
170.95 4.28 20.50 0.29 0.00 4.79 0.140 367 95 37
166.70 3.36 25.47 0.48 0.00 7.58 0.125 242 14 2

159.40 2.10 28.67 0.14 0.00 13.64 0.097 356 150 105
155.10 2.93 29.84 0.17 0.01 10.20 0.079 237 73 33
149.30 0.99 27.21 0.34 0.00 27.53 0.042 392 84 18
145.30 2.04 26.71 0.38 0.00 13.10 0.162 1209 36 1

141.55 0.59 36.96 0.58 0.00 62.36 0.018 509 41 1

135.20 0.17 32.03 0.69 0.00 187.83  0.015 689 100 BD
132.35 0.08 25.17 0.55 0.00 302.20 0.016 125 31 BD
123.00 ND 38.95 0.82 0.00 ND 0.018 225 10 BD
105.60 0.35 36.65 0.61 0.00 105.86  0.013 425 12 BD
98.50 0.33 34.53 0.66 0.00 104.21  0.005 154 ND ND
96.80 ND 22.79 0.13 ND ND 0.006 249 ND ND
91.45 2.78 21.99 0.10 0.01 7.92 0.036 205 ND ND
87.05 0.50 35.12 0.59 0.00 69.75 0.004 293 ND ND
84.00 0.43 28.76 0.49 0.00 67.15 0.009 80 ND ND
79.95 0.68 35.87 0.36 0.00 52.72 0.006 173 ND ND
77.15 0.32 34.78 0.48 0.00 108.67  0.015 243 ND ND
72.90 1.60 33.36 0.03 0.05 20.87 0.025 333 ND ND
71.60 0.88 32.87 0.41 0.00 37.56 0.021 185 ND ND
69.00 3.13 23.57 0.11 0.01 7.53 0.024 201 ND ND
64.90 0.61 31.28 0.38 0.00 51.27 0.017 53 ND ND
64.00 1.55 29.66 0.37 0.00 19.13 0.011 232 ND ND
62.00 2.10 15.67 1.36 0.00 7.47 0.031 110 ND ND
54.00 0.59 39.37 0.29 0.00 67.06 ND 1465 ND ND

GKFO01 - Proximal Campbellrand Subgroup drill core
Depth(m) (WAt(')/o ) (VSSTA) | FewFer FeyFar FelAl (\A(f;;/j’) , Pr(ppm) (ngg) (;;'%)

183.50 ND 34.99 0.40 0.00 ND 0.500 ND 145 ND
183.80 0.03 31.28 0.38 0.00 1256.09 0.120 348 ND ND
184.40 ND 21.75 0.16 0.00 ND 0.080 ND ND ND
186.30 1.42 25.51 0.24 0.00 18.01 0.960 553 75 3

187.60 0.37 23.57 0.72 0.02 68.23 1.790 1742 125 ND
188.60 ND 19.43 0.68 0.00 ND 1.040 ND ND 6

189.60 0.21 15.99 0.09 0.00 88.95 0.250 441 245 6

192.30 1.82 24.79 0.19 0.00 12.88 1.640 366 100 4

193.00 ND 11.78 0.47 0.00 ND 0.300 ND ND 3

195.05 0.75 11.35 0.32 0.00 14.84 0.130 46 5 2

196.70 0.29 17.76 0.85 0.00 75.71 1.840 1092 35 ND
198.42 ND 13.36 1.04 0.00 ND 1.333 ND ND ND
200.11 ND 12.37 1.34 0.00 ND 1.500 ND ND ND
201.81 ND 11.38 1.69 0.00 ND 1.667 ND ND ND
203.50 ND 10.39 2.10 0.00 ND 1.834 ND ND ND
205.20 ND 9.40 2.60 0.00 ND 2.001 ND ND ND
206.89 ND 8.41 3.22 0.00 ND 2.168 ND ND ND
208.59 ND 7.42 4.00 0.00 ND 2.335 ND ND ND
210.28 ND 6.43 5.02 0.00 ND 2.502 ND ND ND
211.98 ND 5.44 6.41 0.00 ND 2.669 ND ND ND
213.67 ND 4.45 8.43 0.00 ND 2.836 ND ND ND



215.37
217.06
218.76
220.45
228.93
264.00
264.40
265.00
265.10
265.20
265.40
265.50
265.70
268.30
269.10
274.10
277.00
280.20
284.00
286.10
286.50
287.30
287.90
289.10
290.00
290.20
291.00
292.00
293.60
293.90
294.70
295.50
296.80
300.60
309.10
314.00
317.50
318.50
319.50
320.30
321.30
322.30
322.40
327.80
337.20
341.20
350.20
352.40
354.80
356.00
357.20
357.90
358.40
358.70

ND
ND
ND
ND
0.08
7.08
ND
ND
2.65
4.13
3.83
5.66
ND
ND
6.21
ND
0.84
1.30
3.70
1.90
2.61
0.85
1.65
171
2.74
1.26
0.82
0.70
1.86
1.26
0.58
0.89
1.77
5.35
ND
0.07
1.08
2.96
7.20
2.21
1.67
2.12
0.80
5.34
0.63
1.01
0.80
0.82
0.80
0.06
0.17
0.07
0.02
0.08

3.46
2.47
1.48
0.49
ND
4.86
4.01
6.31
13.33
9.90
8.61
5.19
2.26
2.94
3.67
2.74
12.13
0.30
13.17
3.56
3.64
4.32
5.90
5.62
5.21
9.21
5.10
5.30
7.37
6.34
5.69
5.63
6.24
7.72
ND
13.43
10.50
5.99
3.51
6.62
6.49
5.01
6.49
7.48
4.13
3.40
2.08
2.36
1.88
2.42
3.20
3.38
2.94
2.08

11.59
17.29
30.60
97.23
ND
0.54
0.95
0.96
0.87
0.79
0.99
0.92
0.88
0.99
0.93
0.95
0.99
0.85
0.64
0.75
0.97
0.75
0.73
0.92
0.78
0.91
0.75
0.95
0.90
0.92
0.71
0.75
0.93
0.45
ND
0.83
0.90
0.71
0.87
0.93
0.93
0.74
0.92
0.68
0.82
0.89
0.92
0.90
0.90
0.80
0.73
0.64
0.51
0.89

0.00
0.00
0.00
0.00
ND

0.69
0.87
0.91
0.89
0.88
0.93
0.83
0.86
0.92
0.84
0.85
0.87
0.29
0.90
0.28
0.37
0.22
0.68
0.43
0.17
0.66
0.09
0.22
0.39
0.29
0.27
0.10
0.07
0.05
0.82
0.01
0.41
0.19
0.29
0.14
0.10
0.07
0.04
0.15
0.39
0.03
0.27
0.15
0.17
0.15
0.05
0.38
0.10
0.11
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ND
ND
ND
ND
ND
0.65
ND
ND
4.53
2.19
2.12
0.88
ND
ND
0.57
ND
13.61
0.25
3.25
1.79
131
4.76
331
3.05
1.76
6.80
5.67
6.98
3.69
4.68
9.09
5.81
3.20
1.34
ND
183.56
8.83
1.84
0.45
2.69
3.55
2.57
7.52
1.27
6.10
2.95
2.51
2.72
2.23
38.37
17.97
50.47
144.96
24.63

3.003
3.170
3.337
3.504
ND
2.460
5.400
6.340
4.360
3.090
2.880
3.640
2.500
8.140
7.020
8.640
1.940
3.130
4.530
4.110
4.410
3.130
3.200
2.150
4.240
2.410
1.960
3.440
1.530
3.660
3.360
4.020
3.000
2.190
1.440
1.180
3.570
5.170
6.640
3.620
3.370
1.990
1.090
3.360
4.630
3.600
3.920
2.310
2.110
0.990
0.140
0.220
0.100
3.400

ND
ND
ND
ND
136
948
ND
ND
210
647
424
792
ND
ND
469
ND
89
83
377
207
261
131
294
196
258
159
103
104
86
116
57
91
164
800
ND
54
142
130
712
172
167
79
ND
202
ND
ND
56
65
72
143
ND
ND
71
186

ND
ND
ND
ND

76
ND
ND

15

43

34

83
ND
ND
288
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361.80
367.40
368.80
377.30
384.50
392.10
400.60
411.70
426.50
438.40
439.70
440.15
441.20
441.80
444.00
445.20
446.10
447.50
448.50
449.90
451.20
452.30
453.60
455.50
456.20
457.10
467.60
474.10
480.30
492.50
507.10
510.90
523.40
530.80
544.40
554.10
569.20
588.90
608.60
628.70
657.80
676.80
705.15
720.30
729.70
756.80
770.60
789.90
815.30
822.60
829.50
830.80
832.10
834.60

0.42
0.72
0.12
2.71
1.60
0.57
0.90
0.54
0.77
6.07
9.16
8.33
7.66
10.58
12.52
13.22
13.07
11.88
12.43
8.84
10.78
8.95
9.58
5.86
8.36
10.43
1.46
0.68
0.84
1.11
5.57
0.96
0.67
1.22
ND
4.81
0.38
0.94
5.66
1.21
1.64
12.35
9.68
6.57
7.36
9.69
151
1.44
0.34
0.25
9.78
11.99
12.38
11.81

1.49
1.97
5.45
291
3.86
1.61
1.87
1.02
5.90
3.19
5.15
4.49
6.26
5.23
5.26
4.77
4.87
5.49
5.31
5.27
4.66
5.24
3.86
6.37
4.90
3.65
1.38
0.88
1.27
1.60
2.28
1.12
1.13
0.91
ND

2.02
0.71
1.35
5.02
3.58
0.91
1.65
1.54
1.67
1.56
1.18
4.07
0.63
0.34
0.53
2.65
2.65
2.66
2.88

0.89
0.88
0.84
0.93
0.82
0.88
0.87
0.88
0.89
0.44
0.60
0.46
0.42
0.41
0.23
0.34
0.24
0.30
0.21
0.47
0.29
0.42
0.34
0.54
0.34
0.32
0.64
0.78
0.86
0.88
0.54
0.90
0.82
0.76
ND

0.66
0.91
0.89
0.73
0.90
0.82
0.19
0.12
0.39
0.59
0.38
0.25
0.87
0.70
0.90
0.41
0.18
0.19
0.18

0.19
0.16
0.11
0.74
0.64
0.32
0.25
0.07
0.07
0.18
0.45
0.35
0.21
0.62
0.47
0.66
0.45
0.42
0.47
0.40
0.63
0.27
0.53
0.61
0.33
0.61
0.08
0.06
0.09
0.02
0.28
0.05
0.02
0.31
0.04
0.11
0.02
0.03
0.59
0.17
0.07
0.64
0.36
0.20
0.74
0.52
0.32
0.22
0.08
0.17
0.83
0.67
0.66
0.65
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3.35
2.51
41.64
1.01
2.27
2.87
2.05
191
7.28
0.49
0.56
0.51
0.79
0.49
0.40
0.36
0.37
0.45
0.42
0.60
0.43
0.57
0.39
1.07
0.57
0.34
0.91
1.34
1.55
1.37
0.39
1.22
1.65
0.78
ND
0.44
1.82
1.55
0.91
3.14
0.60
0.15
0.17
0.26
0.23
0.13
2.78
0.46
1.10
2.27
0.28
0.23
0.22
0.25

2.710
3.020
2.380
1.770
2.170
2.710
2.900
4.580
3.330
1.960
3.130
3.110
2.500
3.550
3.700
3.880
4.760
3.430
3.290
2.290
2.650
2.820
2.230
2.030
2.860
3.110
3.930
4.100
5.510
2.960
2.820
2.950
3.730
2.690
3.190
3.840
3.240
0.380
2.130
0.710
2.750
6.470
3.040
1.500
2.600
3.640
3.200
0.230
2.400
3.360
2.970
2.040
2.200
1.800

77
89
123
181
99
217
101
84
382
414
339
288
251
409
340
347
321
297
330
264
287
274
251
318
165
173
107
147
76
95
187
118
110
146
ND
174
78
64
239
89
86
321
236
250
260
208
54
128
46
120
293
278
337
268

12

15
14
13
11

22
23
27
24
23
28
30
90
29
23
26
19
225

240
171
17
23
163
17

(&)]

294
187
235
169
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835.60

837.20

838.50

841.80

855.80

870.10

888.30

895.80

896.40

896.90

917.90

966.40

982.00

1032.80
1064.50
1092.30
1101.40
1102.60
1104.00
1104.20
1115.30
1141.80
1176.50
1179.20
1188.20
1192.90
1245.70
1270.70
1281.90
1294.70
1308.90
1315.30
1326.80
1334.10
1336.10
1344.30
1353.30
1354.90
1356.20
1366.80
1381.20
1384.40
1386.50
1395.40
1396.90
1404.60
1413.60
1416.10
1417.70
1418.30
1420.80
1422.10
1425.00
1430.70

11.91
10.74
6.31
0.13
ND
0.22
4.61
ND
ND
ND
ND
1.41
4.21
ND
0.23
2.73
ND
0.17
ND
ND
0.06
ND
13.87
11.55
ND
10.41
0.64
ND
0.40
0.15
ND
0.73
10.73
12.43
12.02
6.86
10.87
7.92
3.22
10.69
11.98
12.98
12.53
12.49
13.01
13.71
0.85
1.22
1.50
1.92
1.35
2.26
2.85
0.56

2.48
2.07
2.00
0.56
0.62
0.77
1.41
3.94
ND
11.32
0.58
1.28
1.25
0.90
0.77
3.39
5.02
3.05
ND
ND
1.76
1.68
1.57
2.09
1.25
0.98
1.00
0.85
0.96
0.86
3.81
0.74
3.00
2.29
2.43
2.75
271
4.77
2.74
2.09
3.97
3.37
3.01
2.84
2.58
1.30
5.05
18.46
14.31
15.16
11.46
25.78
14.80
11.54

0.29
0.15
0.52
0.88
0.74
0.83
0.70
0.90
ND

0.87
0.90
0.97
0.84
0.93
0.97
0.92
0.99
0.78
ND

ND

0.97
0.95
0.09
0.13
0.96
0.17
0.99
0.98
0.94
0.99
0.31
0.92
0.35
0.17
0.27
0.70
0.20
0.55
0.70
0.39
0.19
0.15
0.19
0.17
0.13
0.25
0.64
0.18
0.23
0.58
0.31
0.21
0.25
0.43

0.72
0.54
0.47
0.00
0.01
0.08
0.32
0.14
0.00
0.00
0.19
0.20
0.59
0.04
0.06
0.21
0.03
0.04
0.01
0.08
0.01
0.31
0.29
0.24
0.06
0.35
0.19
0.05
0.14
0.03
0.38
0.17
0.77
0.44
0.62
0.54
0.40
0.76
0.51
0.38
0.34
0.37
0.60
0.41
0.31
0.56
0.62
0.51
0.51
0.80
0.62
0.61
0.56
0.73
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0.22
0.20
0.32
4.75
ND
3.71
0.29
ND
ND
ND
ND
0.86
0.29
ND
3.13
1.19
ND
17.62
ND
ND
25.76
ND
0.11
0.17
ND
0.09
1.43
ND
2.26
5.36
ND
1.04
0.27
0.18
0.21
0.40
0.25
0.58
0.83
0.19
0.32
0.26
0.24
0.22
0.20
0.10
6.03
14.88
9.54
7.79
8.60
9.16
5.36
20.88

2.090
1.740
1.750
2.760
4.240
3.230
4.790
0.220
1.260
0.350
4.780
3.710
3.950
4.390
3.340
1.930
2.440
0.280
1.190
3.560
2.030
4.380
1.900
2.010
3.850
1.780
3.100
3.010
1.930
4.220
1.480
0.370
3.140
3.400
4.100
3.870
1.900
2.070
0.880
3.890
2.620
2.420
2.150
2.490
2.870
4.050
0.740
1.010
1.460
0.630
1.390
2.380
2.140
0.730

225
207
228
ND
ND
93
128
ND
ND
ND
ND
133
198
ND
410
103
ND
329
ND
ND
298
ND
290
174
ND
152
320
ND
161
160
ND
ND
301
148
245
106
336
239
125
101
189
209
215
179
137
239
91
77
106
147
111
66
108
46

137
134
13

ND

ND
ND
ND
ND

13
ND
21
12
ND
12
ND
ND
17
ND
193
113
ND
103
10
ND

ND
21
221
97
144

252
69
23
32
88
97

111

114

104

150

15
51
100
14
46
12
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1436.30 6.90 8.93 0.75 0.73 1.24 1.570 1242 1097 9
1439.10 7.85 7.39 0.40 0.73 0.91 1.650 449 74 6
144520 7.96 3.86 0.24 0.09 0.49 1.240 375 125 4
1445.40 0.23 10.25 0.47 0.71 46.56 0.430 ND ND ND
1448.20 7.49 3.93 0.33 0.11 0.53 1.120 337 ND ND
1451.30 5.55 10.40 0.37 0.09 2.00 0.510 277 ND ND
1454.30 7.43 7.97 0.14 0.01 1.08 0.650 357 ND ND
1456.70 7.22 4.46 0.28 0.02 0.62 0.810 526 ND ND
1462.30 6.96 9.10 0.27 0.06 1.26 0.590 364 ND ND
1465.50 5.43 9.19 0.15 0.15 1.65 0.450 261 ND ND
1469.90 5.25 8.92 0.23 0.09 1.63 0.520 238 ND ND
1474.70 7.29 6.59 0.17 0.06 0.90 0.810 287 ND ND
1484.40 0.99 1.02 0.58 0.10 1.06 0.220 107 ND ND
1488.80 ND 0.84 0.59 0.05 ND 0.170 ND ND ND
1493.30 0.14 1.09 0.42 0.02 8.22 0.250 ND ND ND
149750 0.63 5.86 0.54 0.02 1.88 0.410 60 ND ND
GKPO1 - Distal Campbellrand Subgroup drill core
Depth(m) A Fe&r  FamFer FefFar FedAl S0 prpm) Free  Poo
(Wt%)  (wt%) (Wt%) (ppm)  (ppm)
183.10 0.05 25.10 0.07 0.00 504.60  0.020 91 ND ND
186.60 ND 25.97 0.13 0.00 ND 0.100 ND ND ND
188.80 1.95 29.66 0.47 0.00 14.32 1.610 293 ND ND
190.00 ND 27.84 0.56 0.00 ND 1.300 ND ND ND
190.80 1.34 33.22 0.33 0.00 23.79 2.630 188 ND ND
193.10 ND 25.39 0.21 0.00 ND 1.850 ND ND ND
193.70 2.19 28.42 0.07 0.00 11.93 0.110 88 ND ND
197.20 ND 28.24 0.18 0.00 ND 0.030 ND ND ND
198.00 2.62 25.52 0.05 0.00 9.03 0.060 209 ND ND
199.30 ND 25.50 0.71 0.00 ND 0.030 ND ND ND
204.00 1.33 33.56 0.60 0.00 24.37 2.690 1285 ND ND
205.50 ND 51.99 0.29 0.00 ND 0.040 ND ND ND
205.60 0.05 26.58 0.05 0.00 526.59 0.020 ND ND ND
208.40 ND 34.59 0.39 0.00 ND 0.020 ND ND ND
210.90 1.33 31.32 0.59 0.00 22.62 0.660 615 ND ND
212.00 ND 31.60 0.38 0.00 ND 1.150 ND ND ND
213.50 ND 32.17 0.26 0.00 ND 0.310 103 ND ND
214.90 ND 35.53 0.38 0.00 ND 0.020 ND ND ND
219.50 1.82 29.05 0.09 0.00 14.84 0.040 199 ND ND
220.90 ND 36.41 0.45 0.00 ND 0.050 ND ND ND
221.00 0.07 14.73 0.13 0.18 40.55 0.070 ND ND ND
221.90 ND 24.96 0.09 0.03 ND 1.240 ND ND ND
222.60 0.06 17.29 0.81 0.00 287.43 1.460 1012 ND ND
223.00 ND 27.80 0.28 0.00 ND 1.380 ND ND ND
223.55 0.42 36.37 0.75 0.02 90.44 5.510 937 ND ND
226.10 1.04 30.28 0.57 0.02 29.46 0.300 4874 ND ND
226.50 5.73 12.37 0.41 0.02 2.20 1.650 501 ND ND
227.10 4.58 18.91 0.52 0.05 4.26 1.320 368 ND ND
227.40 0.08 23.58 0.75 0.00 354.73 0.250 214 ND ND
228.30 6.81 9.53 0.45 0.05 1.40 1.840 438 ND ND
230.00 0.11 22.98 0.88 0.00 22796  0.320 635 ND ND
231.00 ND 10.73 0.62 0.03 ND 4.120 ND ND ND
232.00 5.46 18.90 0.40 0.04 3.54 0.420 356 ND ND
233.90 7.55 7.61 0.65 0.04 1.00 2.280 348 ND ND
234.50 4.80 21.97 0.77 0.05 4.47 1.880 635 ND ND



235.10
236.10
236.70
237.05
237.10
237.50
238.30
238.50
239.50
239.70
240.20
240.50
241.50
242.60
243.60
244,98
245.60
246.20
248.00
249.80
255.50
257.90
258.20
260.00
260.90
261.20
262.60
264.80
266.00
267.20
269.90
271.60
274.70
276.80
277.00
277.50
283.80
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Chapter7 Nutrient feedbacks on oxygenation at the heart of the
Great Oxidation Event

Preface
The contents of this chaptarewritten as a manuscript to be submitted:

Alcott, L. J., Mills, B. J. W. and Poulton, S. \Mutrient feedbacks ooxygenation at
the heart of the Great Oxidation Evei. frep

It is presented here as written for submission:

Article
The first appreciable rise in atmospheric oxygen is defined both temporally and

in magnitude by the loss of mass independent fractmmatf sulfur (MIRS). This
‘Great Oxi dation Event’ ( G O E-pniditectisnal,b e e n
which calls for a reassessment of its feedbacks and drivers. The canonical source of
oxygen to achieve the GOE is from photosynthesis, whichge@ogical timescales

is limited by the bioavailability of phosphorus. Alongside the oscillatory rise of
oxygen, oceanic redox conditions fluctuated between ferruginous, oxic and euxinic
bottom waters, which greatly impacted the availability of phosphdtlese, we
investigate the behaviour of phosphorus following deglaciation of a snowball Earth
event and across oscillations in oceanic and atmospheric redox. The Rooihoogte and
Timeball Hill formations, deposited at ~2.31 Ga, clearly demonstrate P recifyoling

the sediment under euxinic conditions in the aftermath of deglaciation, with
progressively more effective burial and retention of P under the ferruginous and oxic
bottom water conditions that subsequently developed. Tigklights elevated
phosphorus availability following deglaciation which stimulated oxygen production
and resulted in the loss of MIE as atmospheric oxygen rose. However, this oxygen
production ultimately hindered the sedimentary recycling of phosphorus, leading t

return to anoxic oceanic conditions.

This return to ferruginous conditions with limited sulfide production during the
interglacial period continued to restrict phosphorus availability. This suggests that the
behaviour of phosphorus provided a d#ifiting feedback on the rise of oxygen.

I
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7.1 Main Text

The Great Oxidation Event (GOE) was a defining moment in Earth history with
respect to both the redox state of the oceans and the evolution of life, as atmospheric
oxygen levels rose above 1@AL (Present Atmospheric Level; Pavlov and Kasting,
2002). This quantitative threshold is commonly constrained in both magnitude and
timing by the loss of massdependent fractionation of sulfur isotopes (MBF
Farquhar et al., 2000). Prior to thegent at~2.4-2.3 Ga, sporadic increases in the
oceanic concentrations of sulfate and sul fic
oxidative weathering of sulfides became more prevalent whilst the Svisignal
remained (Anbar et al., 2007; Reinhard et al., 2009. ddntinued fluctuations (and
overall positive trajectoryFakharee et al. (2018pf atmospheric oxygen finally
overcame the IDPAL threshold, leading to intermittent loss of the M3Fsignature
at ~2.3 Ga (Gumsley et al., 2017; Poulton, in prep). Racerk has demonstrated the
interplay between the prominent snowball Earth glaciations alongside the oscillatory
nature of the GOE, with oxygenation peaking during the interglacial intervals
(Gumsley et al., 2017). Oceans maintained their predominarmtigfeous redox state
across the GOE (anoxic and?Feich; Poulton and Canfield, 2011). However, the
influx of sulfate from the continents led to the development of spatially and temporally
restricted euxinic (anoxic and sulfidic) conditions on produathaggins across the
globe (Reinhard et al., 2009; Scott et al., 2008; Kendall et al., 2010; Zerkle et al.,
2012). The impact of the increased sulfate and sulfide concentrations has been
explored with respect to both oxygenation history and nutrient avdilafftakharee
et al., 2019)Alcott et al., in prep/ Chapt&).

Phosphorus is commonly considered the geologically paced ultimate limiting
nutrient (Tyrell, 1999) for primary producers and is thought to have been fundamental
in driving andpriming the GOE (e.g. Cox et al., 2018; Alcott et al., in prep/ Chapter
5), whilst being heavily influenced by the redox state of the oceamgEjerrum and
Canfield, 2002; Guilbaud et al., 2028)cott et al., in prep/ Chapte).Ferruginous
conditiors are commonly linked to extensive drawdown and fixation of P associated
with iron mineral deposition @& Bjerrum and Canfield, 2002). However, sulfate and
organic carbon availability can diminish this iron trap through the production®f H
(Krom and Rerner, 1980; Slomp et al., 200@Icott et al., in prep/ Chapter 5).
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This HS can then drive P recycling via the reductive dissolution of iron
(oxyhydr)oxides and subsequent phosphorus release from sulfidic sediments (or in a
euxinic water column; Krom ahBerner, 1980; Slomp et al., 2002). The benthic flux

of P is also promoted by the preferential release of orgamiad P (By) relative to

organic carbon (6g) during anaerobic remineralisation, particularly by suifate
reduers leading to high 6:/Porg ratios relative to the Redfield Ratio (Ingall et al.,
1993; Ingall and Jahnke, 1994). Release of bioavailable P to the water column can
stimulate productivity leading to a net increase in oxygen production (Van Cappellen
and hgall, 1994; Slomp et a002)(Alcott et al., in prep/ Chapter 5). When initially
released into sedimentary pore waters, phosphorus concentrations have the potential
to approach satu-swttohjnbeatbng)suclhasg e nnk
carbonate fluorapatite (Renberg and Berner, 1993; Méarz et al., 2018) or vivianite
(Slomp et al., 2013; Mérz et al., 2018; Xiong et al., 2019).

To investigate the role of P in the oscillatory nature of the GOE, we focus on the
Rooihoogte and Timeball Hill formations, South A&jowvhich demonstrate ocean
atmosphere redox fluctuatiogerkle et al., 201;7Poulton, in prep). Tuffs from the
lower Timeball Hill give an age of 2.31 £ 0.009 Gyr based eRHbJzircon dating
(Rasmussen et al., 2018)hich now constrains the Rooihoogte formation to have been
deposited immediately after a snowball Earth glaciation associated with the GOE
(Gumsley et al., 2017)This glaciation is thought to have been tht @ 4 global
snowball event{Gumsley et al.2017) This 3¢ glaciation is now thought to be
correlated with the Gowganda Formatwinthe Huronian Basin, North America and

is “missing from the correlative Australian sectiorGumsley et al., 20)7The onset

of a persistent aerobic nitrogen cyateattributed to these formations, fuelled by
appreciable oxygen concentrations within the water column in addition to ample

upwelled nutrient availability (Zerkle et al., 2017).

Previous work has proposed the irreversible rise of oxygen to exist within the lower
Timeball Hill formation, with studies suggesting the permanent loss of MIEuo et

al., 2016). However, this has recently been found not to be the case (Poulton).in prep
A MIF-S signature is still recorded within the Rooihoogte formation, however it is lost
alongside variable redox bottom water conditions approaching the Rooihoogte upper
boundary (Poulton, in prep; Fig.1; 7.2). Other work has highlighted periodic
disgppearances of the MIE signaturendattributedit to oxidative weathering of pre
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initial MIF-S loss crustal material (e.g. Lyons et al., 2014; Phillipot et al., 2018). This
“crust al memory effect” has been iehterpreted
from ~2.45 Ga to beyond 2.31 @GaAustralia (Phillipot et al., 2018A proposed
asynchronous loss of the M signalcalls forthe current paradigm of an irreversible
GOE occurring at ~2.31 Ga be reevaliated.Correlative sections in North America
Fennoscandiand othersouthern African basins have also been investigated with
respect to the timing of the loss of M& (Guo et al., 2009; Cui et al., 2018The
Huronian succession of North America contains a small but resolvabkSMignal
throudhout but due to the preservation of the material it has been proposed to have
occurred via homogenization by regional metamorphism, sulfur recycling or dilution
of MIF-S by magmatic fluids (Cui et al., 2018jennoscandia has recently been
studied andhe initial loss of MIFS seemdo have occurred prior to the first glaciation
(Warke et al., 2020)However, as discussed by the authors, extensive regional
unconformities complicates correlations of the snowball Earth event§he
Duitschland Formation ain equivalent basin iBouth Africa also documents the loss

of MIF-S and, based on updated correlations (Bekker etiralprep, documents
oscillatory increases in oxygemayhave occurred in sediment older than those studied
here As discussed in Poultqim prep),atthebase of the Timeball Hill formation the
MIF-S signal returns with up to four successive fluctuations in atmospheric oxygen
concentrations throughout the formations deposition, with the successive loss and gain
of the MIFS signatureThis oscillatory nature further complicates the correlation of
the “definitS’'vesl eagloferMlimhter v-8leg. proposin

Warke et al., 2020) may just be an earlier atmospheric oxygen oscillation.
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Figure 7.1. Stratigraphy and geochemistry of the EBA dr i |13%S @df®le .0 o
and iron speciation data from Poulton (in prep). Dashed lines on the/fF& plots
represent the defined boundaries for identifying oxic and anoxic deposition, with
equivocal samples fiahg between these lines. Dashed line opyfF&qr plots
distinguishes euxinic from ferruginous deposition when other iron proxies suggest
anoxic deposition. Dashed lines onr/Ad plots represent the normal range for oxic
deposition (wt%/wt%). Dashed liseepresent the Redfield Ratio (106:1), and the
inferred Gorg:Porg ratio for the early Precambrian sediments deposited under highly
oligotrophic Rlimited conditions (300:1; Reinhard et al., 2017).



158

A¥S (%) %S (%) Fe IFe, FeWIF €. log,,(Fe/Al)
0 4 8 -40 20 0 10 1 -2 2
1300 T T T T ™ T
"
[ o o o
Bl ,‘.3| ; I -o o b
no B8 R |5 8| He
1310} ' -
TO -1 . o !
" n
L L L L L
|P o q o O
" L
1320} 1 L
1"
1"
8 o Lole o Lo, © o e
bl o o
i
1330F R o ° P o = © o
@ o @ ° #1° e o .
| ¥ ® “ap® | d o] b 8 b o @
Bvow hoc’ o8° %g8 e
} - = o?n 2 Bxcp&:° ) ?;%%‘3 # 9 e °:° il
1340 |, Mo b °
U o o o o
| 1" @ ° o o ]
11 agomo ®© oo de afe | o o & ol oo
1
1350
P (wt%) P/AI (W% / wt%) CiiPa CoriPrca Co (W%)
0 01 02 0 006 0 1000 2000 O 1000 2000 0 5
1300 —r—T—T— —— s e  —
o ! 3 : g o
1310 | |
o o b o
o o <] q i o
o! O: p q -]
1320 - H |
o 3 I i g
(=} : = o o
1330 fo é ° ° 9 ° ° o
°°: ot ° o0 % ) 30 °
jof ! Lt o @ Coo mogoo °
& #R® o o 9 00° © a0 PL3Co oo ® © K ° o
}i |§° o ibc’% o, e o ?,%ocm
1340 | f N
: o o o
c ] o 19 .o
P So ﬁ " [
1350

Figure 7.2. Geochemistry of Rooihoogiemeball Hill formation boundary as seen in
EBA2 dr i |I%S @ dfglandirommspeciation data from Poulton (in prep). Dashed
lines on the Fexr/Fer plots represent the defined boundaries for identifying oxic and
anoxic depsition, with equivocal samples falling between these lines. Dashed line on
Fery/Fenr plots distinguishes euxinic from ferruginous deposition when other iron
proxies suggest anoxic deposition. Dashed lines afAFplots represent the normal
range for oxicdeposition (Wt%/wt%). Dashed lines represent the Redfield Ratio (106:1),
and the inferred 6:4:Porg ratio for the early Precambrian sediments deposited under
highly oligotrophic Rlimited conditions (300:1; Reinhard et al., 2017).
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The ocean redoshemistry broadly matches the atmosphetsbéhaviour (Figur&.1;

7.2). The Rooihoogte formation displays initially intermittent ferruginous conditions
(Fesr/Fer >0.22; Fe/Al >0.66; FRg/Feir <0.7) under a predominantly anoxic
atmosphere. The upper Roodyte and the base of the Timeball Hill formations
suggest predominantly euxinic bottom watersiffeer >0.22; Fe/Al >0.66; Rg/Fer
>0.7) whilst the atmosphere demonstrates oxygen concentrations alydaLL0rhe
Lower TimeballHill formation displays a variable atmospheric signature along with
the introduction of firstly ferruginous conditions followed by oxygenated bottom
waters (Fegr/Fer <0.38; Fe/Al <0.66accompanying a shallowing of the water column
(Coetzee, 2001 The renainder of the Timeball Hill formation (<1150m depth)
suggests anoxic ferruginous conditions due to the elevated Fe/Al ratios with significant
transformation of ke to poorly reactive silicates (k&5 See Supplementary

Information) alongside the sevefhlctuations in atmospheric oxygen.

Throughout the succession, phosphorus concentrations are typically low, apart for a
few notable samples which are also elevated above average shale values when
normalised to Al. Significantly elevated P concentrationd B/Al ratios are found

within the Rooihoogte formation and typically align with transitions to either
ferruginous or oxic conditions, as P would be extensively drawn down and retained
under ferruginous or oxic conditions in contrast to euxinic condifjattott et al. in

prep/ Chapte6).

With these variable redox conditions, the behaviour of P can also be investigated based
on partitioning of various phases as determined by phosphorus speciation THigure
7.2; 7.3). To assess whether phosphoruseis/cled from the sediment to the water
column, we define a reactive P pooletf that may sequester dissolved BrdHPau,

Pre). Once euxinic conditions became more prominerthe Rooihoogte formation,

the C:P ratios become elevated, demonstraticychag from organic matter (:Porg

>106) and the sediment {&Preac>106) (Figurer.3). This recycling is also seen within
samples that indicate ferruginous conditions in the upper Rooihoogte formation, as
seen in Figure 3. These ferruginous sampliethe Rooihoogte formation suggest
activemicrobialsulfate reduction based on the elevateg/Feqr ratios, but not to the
extent to develop euxinic bottom waters (Figdrg; 7.2). As the overlying bottom
waters became progressively more ferruginous and ultimately oxic, the ratios pass

below 300:1 (possible &g:Porg ratio of primary organic matter under P limited
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conditions; Reinhard et al., 2017) and 106:1. In contrast toeyre#itate availability
in the lower Timeball Hill formation (Zerkle et al., 2Q11o0 et al., 2018 the elevated
Pre concentrationsand reduced 7 recycling suggests greater P retention under

ferruginous and oxic conditions (See Supplementary Infoomgati

The remainder of the Timeball Hill formation, which is predominantly anoxic within
the ocean and with variable oxygen in the atmosphere, indicates some recycling of P
from organic matter into the pore waters. The corresponding lgyPGac ratios,
however, suggest that the P was trapped within the sediment and efficiently underwent
“ sitsnwk t c h kutikgly viatPre(Sele Supplementary Information).
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Figure 7.3. Relationships between organic carbon and different phosphorus pools.
(A) Corg:Porg; (B) Corg:Preac. Dashed lines represent the Redfield Ratio (106:1) and
the inferred Grg:Porg ratio for the early Precambrian sediments deposited under
highly oligotrophicP-limited conditions (300:1; Reinhard et al., 2017).

This dataset illustrates the expected course of events recorded by iron and phosphorus
speciation that follow deglaciation of a snowball Earth eEigure 7.4). During
deglaciation, weathering rates would have increased leading to the enhanced delivery
of nutrients such as phosphorus (¢lpffman et al., 1998; Planavsky et al., 2010b;
Canfield et al., 2007)
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This increased phosphorus availability would have driven primary production

supplying organic carbon to fuethicrobial sulfate reductionNISR), allowing for

pyrite formation and diminishing the-Frap as seen by the elevategy®reacratios.

This is what is depicted in the upper Rooihoogte formation, with elevatgdHee:

rat.

0s

suggesting extensive sul

fi

d'e

product. i

values suggest pyrite formation under less sulfate limiting conditions proposing both

increasd nutrient supply and recycling in addition to an increased sulfate

concentration. The interpretation of increased sulfate availability must be considered

cautiously, as with variable atmospheric oxygen and oxidative weathering, the isotopic

signature of glfur delivered to the oceans may have also been different to present day.

As demonstrated by iron speciation, bottom waten®ss the formation boundary

became ferruginous contemporaneous with a decreasgyiRda ratios, indicating a

weakening of te benthic flux of P. As sustained oxygenated conditions became
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established, P recycling from the sediment continued to be restricted in addition to
Corg:Porg ratios suggesting little to no recycling from organic matter.

The remainder of the Timeball Hiformation (<1150 m) returns to ferruginous
conditions (supported by elevated Fe/Al ratios) suggesting that the continued and
commonly considered widlirectional rise in oxygens unfounded in both the
atmosphere and ocean (Poulton, in prep). Under thgseférruginous conditions, P

was recycled from organic matter but not from the sediment. The main mechanism for
retaining this pore water P, would have either been via the formation of authigenic
minerals such as calcium fluorapatite (CFA) (e.g. Ruttepbed Berner, 1993) or

trapping of upward migrating P by freshly deposited iron minerals (e.g. Bjerrum and
Canfield, 2002). Phosphorus speciation suggests the relinquished P is sequestered as
authigenic phases, however late stage diagenesis may haves dllowf o ¥ “sin
switching’” from iron bound to authigenic

The nitrogen cycle hakeenextensivelyexplored throughout the core studied here
through the use of nitrogen isotoff&erkle et al., 2017; Luo et al., 2018 he limited
bioavailability of nitrogen in the periodically euxinic portion (Rooihoogte Formation)
of the coreis supported by the presence of euxinia as nitrate would have been the
preferential oxidant for organic mattéBoyle et al., 2013). Nitrogen isotopes then
support an increase in bioavailable nitrate coincident with the transition to more
oxygenagd conditions in the Timeball Hill Formation (Zerkle et al., 201This
increase in bioavailable nitrogen is thought to have been fuelled by elevated
nitrification driven by newly available marine oxidarigerkle et al., 2017). The upper
Timeball Hill Formationsuggestsliazotrophyresponding taan exhausted nitrogen
pool defining the first widespread nitrogen famine in the Palaeoproterozoic rock record
(Luo et al.,2018).As discussedhis step change in nutrient behavioualsofound

within the phosphorus recqndith Pretentionunder the oxygenated conditions of the
lower Timeball Hill Formation and recyclingeingrestricteddue to the presence of

an overlying iron trap in the upper Timeball Hill Formatidihe variable P/Al ratios

in this upper interval maguggest fluctuating P reservoifhisminimaland restricted

P recycling seemsaccording to the nitrogen isotope recdmdhave been suffient to

allow for appreciable diazotrophyt mayhavebeen possible for colimitation of both
nitrogen and phosphorus to produce the variable atmospheric and ocean redox

conditions.Aluminium concentrations are relatively stable throughout the Timeball
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Hill Formation suggestingentatively, nosignificant changgin weathered nutrient

input.

This dataset demonstrates the impact of deglaciation on the behaviour of phosphorus
within the context of the oscillatory rise of oxygen across the GOE. As glaelal m
waters brought appreciable nutrients and sulfate from the freshly oxidized continents,
euxinia induced extensive phosphorus recycling. Elevated P concentrations derived
both from deglaciation and recycling promoted oxygenation as seen by the correlated
loss of the MIFS signal and euxinia. As this riverine supply was eventually exhausted,
phosphorus recycling from the sediment halted due to the lack of organic carbon and
sulfate availability foM SR and oxygen production, decreasing ocearaindsphere
oxygen concentrations. As the burial and retention of phosphorus under oxygenated
conditions set in, primary production (and associated oxygen production) becomes
limited leading to persistent ferruginous conditions for the remainder of thedtud
section. This series of feedbacks explains the apparent oscillatory rise of oxygen across

the GOE in between the glaciations.
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7.2 Supplementary Information

Geological and stratigraphic context

The EBA2 drill core passes through lagrade metamorphic sedimentary deposits of
late NeoarcheaRalaeoproterozoic age. This succession in the Transvabbsibis
correlated with the Griquland West basin, also in South Affiaore et al., 2001)
Within the Transvaal subasin, the Transva&upergroup preserves sediments aged
between approximately 2.652.05 Ga and contains the Chuniespoort and Pretoria
groups (Moore et al., 2001). The studied formations, the Rooihoogte and Timeball Hill
formations, are within the Pretoria group (Mooralet2001). Beneath the Rooihoogte
formation, a midTransvaal unconformity is correlatable across other Paleoproterozoic
successions within South Africa and is often associated with the formation and
persistence of a Snowball Earth ev@friksson et al.1995; Gumsley et al., 2017)

The Pretoria group as a whole is dominated by alternating mudstone and sandstone
units within minor conglomerate and volcanic urfifatuneanu and Eriksson, 1999)

This interaction is interpreted as alluvial and marine sedatien (Catuneanu and
Eriksson, 1999).

The shales of the Rooihoogte formation are thought to have been relatively proximal
to the coastline as part of a fdelta open to the ocean (Catuneanu and Eriksson, 2002;
Bekker et al., 2004). The Timeball Hill foation is however clearly dominated by
marine sedimentation with small sandstone deposits suggesting brief intervals of
regression allowing for deltaic deposits (Catuneanu and Eriksson, 2002). The Timeball
Hill formation consists of two shale members. Theer shale member includes
interbedded mudstone, siltstone and{gnained sandstones, with coarser units being
interpreted as deklted turbidite deposits (Eriksson and Reczko, 1998). In contrast, the
upper shale member is interpreted to include maseacheristic black shale deposition
(Catuneanu and Eriksson, 1999). This overall pattern of sedimentation is thought to
have occurred due to progressive rifting providing accommodation for sedimentation

(Catuneanu and Eriksson, 1999).

At the base of the &bihoogte formation, there is a basal glacial diamictite signifying
the presence of Snowball Earth formation (Gumsley et al.,2017). The shared boundary

of the two studied formations has often been noted as a possible transitionary period
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for the loss of tB mass independent fractionation of sulfur signal at ~2.32 Ga (Bekker
et al., 2004; Luo et al., 2016; Gumsley et al., 2017).

P phase alteration

Late-stage P phase alteration has been identified as a key factor to consider when
utilising phosphorus speciation for ancient sedimef@iseveling et al., 2014;
Thompson et al., 2019Fhe main concern is the transfer from:® Peystvia potential
reaystallization of carbonate fluorapatite. We note that on the strongest correlation
between the two phases is within the upper Timeball Hill formation. This correlation
would only lead to a decrease in thgg@Preacratios when including the contribution

of Peryst As we suggest that there is limited to no recycling in this part of the core, this

conversion does not detrimentally impact our interpretation.

The period of proposed recycling during the Rooihoogte formation must also be
scrutinised as to itprimary origin, as the inclusion of then phase would lead to
lower values going against our interpretation. However, tieRe: ratio also above
106:1 and 300:1 suggesting that recycling is still occurring regardless of the extent of

phase conveisn.

Fe phase alteration

As exploredin Poulton {n prep, the redox interpretation of the EBA core is
relatively complex due to transformation of highly reactive iron phases to poorly
reactive sheet silicates (Figurg5; 7.6). This phenomendias been explored
extensively in past uses of iron speciation (Egmming et al. (2013)Doyle et al.,
2018).We use the ratio of the highly reactive and poorly reactive iron phases to the
total iron concentration and compare it to the average Phanesirmle to try and
constrain the extent of conversion. As it is possible to see, some samples demonstrate
significant transformation meaning that this must be taken into account with the
traditional iron speciation ratios. Based on this, the majorityetipper Timeball Hill

can be seen to be enriched in the sheet silicates allowing for the interpretation of anoxic
bottom waters as the k€Fer ratio should be higher than in Figure 1. The lower
Timeball Hill on the other hand, allows for the originahk/€er ratio to be used as no

significant enrichment is found allowing for oxic conditions to be interpreted.
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Table 7.1 Analytical data including data for major element concentrations, iron
speciation, Ggand P phases. ND = not determined.

EBA-21 Rooihoogtei Timeball Hill Formations

Ferrs Preac Porg
Depth(m) Al (Wt%) Fer (wt%) Fesr/Fer FeryFaur  Fer/Al  (wt%)  Corg (Wt%) Pr (ppm)  (ppm)  (ppm)
794 7.52 7.89 0.09 0.18 1.05 2.49 0.050 408.6 2112 129
795.5 5.45 6.33 0.12 0.25 1.16 1.63 0.020 419.8 2629 121
802 5.95 5.90 0.10 0.17 0.99 244 0.060 441.6 2234 263
802.7 ND ND ND ND ND ND ND ND 293.6 138
802.7 4.52 6.84 0.19 0.05 1.51 3.60 0.170 ND ND ND
803.5 ND ND ND ND ND ND ND 317.1 1176 456
804.1 ND ND ND ND ND ND ND 436.7 164.9 20.0
804.5 ND ND ND ND ND ND ND 3115 1446 20.5
806.8 ND ND ND ND ND ND ND 802.9 3315 335
808 6.98 4.47 0.13 0.03 0.64 1.50 0.300 ND ND ND
819 6.77 4.70 0.08 0.04 0.69 1.29 0.070 1167.7 550.8 19.1
830 5.61 4.05 0.10 0.01 0.72 1.18 0.100 689.0 327.7 105
833.5 8.34 4.74 0.07 0.01 0.57 1.65 0.190 ND ND ND
849.8 ND ND ND ND ND ND ND 481.0 2373 5.7
850 6.94 4.90 0.12 0.05 0.71 2.12 0.400 ND ND ND
868 3.24 3.11 0.10 0.01 0.96 1.58 0.150 1658.2 7885 39.8
894 6.81 4.94 0.14 0.01 0.73 2.37 0.290 530.9 3419 8.2
912 7.24 5.80 0.12 0.01 0.80 2.89 0.380 17305 7385 134
943 10.37 6.68 0.12 0.06 0.64 3.50 0.860 ND ND ND
943.1 ND ND ND ND ND ND ND 613.7 3339 7.1
947.5 7.63 8.54 0.04 0.01 1.12 2.89 0.860 ND ND ND
948.3 ND ND ND ND ND ND ND 644.4 498.7 9.0
993.7 ND ND ND ND ND ND ND 293.2 168.8 20.1
994 8.56 3.45 0.09 0.06 0.40 1.26 0.660 ND ND ND
1002 6.81 6.28 0.10 0.01 0.92 2.16 0.170 506.5 267.2 125
1007 10.27 5.64 0.07 0.03 0.55 1.87 0.460 ND ND ND
1011 ND ND ND ND ND ND ND 248.1 133.6 14.8
1012.5 11.61 4.78 0.09 0.04 0.41 1.81 0.450 ND 161.2 131
1013 9.49 4.32 0.07 0.04 0.45 1.26 0.500 290.8 148.0 14.2
1020 11.10 24.43 0.06 0.01 2.20 9.27 0.180 ND ND ND
1022 9.06 3.36 0.06 0.04 0.37 1.05 0.120 286.8 111.7 25.7
1091 11.13 5.47 0.13 0.02 0.49 2.99 0.280 1102.3 4579 204
1097 3.95 26.09 0.16 0.01 6.61 10.62 0.200 ND ND ND
1104 6.60 11.11 0.09 0.01 1.68 3.76 0.140 570.8 2994 241
1112 12.54 5.60 0.14 0.01 0.45 3.02 0.290 330.1 213.7 222
1183 13.26 5.40 0.06 0.16 0.41 1.30 0.310 287.7 237.4 116.7
1191 7.69 4.47 0.09 0.01 0.58 1.28 0.290 217.3 1525 814
1202 12.90 5.12 0.07 0.01 0.40 1.26 0.300 210.5 154.1 81.9
1205.5 12.11 4.93 0.06 0.03 0.41 1.15 0.400 500.9 3439 78.6
1215.5 7.44 4.33 0.08 0.02 0.58 0.98 0.300 278.1 139.2 56.1
1224 9.81 4.32 0.10 0.06 0.44 1.17 0.390 219.2 167.2 75.2
1231.5 5.97 3.92 0.10 0.00 0.66 0.79 0.310 190.2 854 55.9
1242.5 4.73 2.98 0.29 0.03 0.63 0.66 0.220 133.6 39.0 321
1253.5 9.05 5.26 0.08 0.03 0.58 1.20 0.630 276.8 155.6 82.0
1259 9.60 5.18 0.09 0.02 0.54 1.24 0.480 269.3 160.1 75.2
1266 7.66 5.40 0.14 0.21 0.71 0.94 0.500 281.2 84.8 66.5
12755 10.15 5.39 0.06 0.06 0.53 1.29 0.680 239.7 1215 822

1284 8.52 5.36 0.15 0.02 0.63 1.24 0.590 759.0 2576 86.5



1288.3
1296
13015
1304
1312
1316
1319
13245
1324.6
13255
1327
1329.8
1330
13315
1331.98
1332.01
1332.04
1332.07
1332.1
1332.6
1332.7
1332.8
1333.7
1334.2
1334.3
1334.36
1334.39
1334.43
1334.46
13345
1334.6
1335.54
1335.6
1335.66
1335.72
1335.78
1335.84
1335.93
1335.97
1336.03
1336.09
1336.14
1336.19
1336.23
1336.27
1336.29
1336.33
1336.35
1336.39
1336.44
1336.47
1336.5
1337
1337.2

9.14
7.17
9.48
10.88
9.15
9.62
7.36
9.99
4.84
7.98
7.65
8.91
4.38
5.75
8.68
8.81
5.68
5.32
7.73
8.78
7.25
8.53
4.54
5.76
3.65
3.22
3.11
3.69
3.61
3.51
6.70
1.77
2.30
2.19
1.80
2.66
3.13
2.47
3.64
4.07
2.55
2.28
2.37
2.17
231
2.59
2.96
1.99
5.50
3.36
1.93
4.67
11.56
3.52

4.45
4.03
4.63
4.25
3.84
2.67
3.33
1.03
6.50
1.59
7.23
9.34
14.86
8.27
6.87
6.32
3.72
4.00
2.79
3.58
2.06
3.16
1.86
2.50
3.96
22.57
23.95
22.64
22.49
15.20
2.29
34.71
10.66
30.73
8.06
6.52
18.34
11.94
18.10
15.37
2131
20.84
16.77
13.78
18.84
12.04
18.21
29.34
1.87
2.29
8.84
11.62
0.36
4.25

0.12
0.19
0.12
0.14
0.31
0.36
0.40
0.13
0.82
0.30
0.38
0.25
0.46
0.48
0.19
0.37
0.31
0.49
0.25
0.20
0.18
0.22
0.59
0.32
0.52
0.63
0.54
0.49
0.33
0.45
0.19
0.07
0.22
0.13
0.27
0.36
0.40
0.41
0.32
0.47
0.46
0.43
0.41
0.49
0.44
0.48
0.47
0.18
0.19
0.38
0.44
0.47
0.12
0.48

0.02
0.01
0.02
0.17
0.02
0.02
0.02
0.24
0.09
0.12
0.01
0.12
0.01
0.03
0.02
0.03
0.04
0.05
0.12
0.05
0.10
0.23
0.42
0.27
0.40
0.03
0.01
0.01
0.01
0.73
0.21
0.26
0.67
0.38
0.71
0.50
0.16
0.12
0.32
0.04
0.13
0.13
0.10
0.33
0.06
0.23
0.10
0.66
0.25
0.57
0.07
0.59
0.30
0.04
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0.49
0.56
0.49
0.39
0.42
0.28
0.45
0.10
1.34
0.20
0.95
1.05
3.40
1.44
0.79
0.72
0.66
0.75
0.36
0.41
0.28
0.37
0.41
0.43
1.08
7.01
7.70
6.13
6.24
4.33
0.34
19.66
4.65
14.02
4.47
2.45
5.86
4.84
4.97
3.78
8.35
9.13
7.08
6.34
8.16
4.65
6.15
14.78
0.34
0.68
4.57
2.49
0.03
121

111
1.22
0.99
1.00
1.23
0.90
1.39
0.30
1.00
0.51
2.77
2.81
4.99
2.51
1.69
2.60
1.42
1.32
0.96
1.03
0.74
0.96
0.75
0.94
1.82
7.11
7.94
7.50
8.23
2.59
ND
4.35
2.61
1.95
1.34
1.61
5.99
5.21
6.74
4.78
7.92
10.51
8.09
4.63
8.46
3.76
8.97
2.47
0.71
0.62
3.35
2.34
ND
1.19

0.760
0.690
0.920
0.690
0.950
1.200
1.110
0.510
0.290
0.630
0.680
1.890
3.490
1.090
1.100
1.230
1.300
1.170
1.140
1.720
1.820
2.810
4.510
3.740
3.300
2.170
2.540
2.500
2.270
1.950
2.920
1.250
3.220
1.250
3.600
4.360
2.370
3.030
2.590
2.790
2.240
2.070
2.190
2.870
2.490
2.650
1.970
1.050
2.930
2.950
2.010
2.530
0.410
0.780

279.7
352.4
384.6
2945
592.1
327.3
389.7
285.8
382.4
646.9
179.2
703.0
199.7
433.4
195.0
204.3
ND
227.3
199.1
ND
ND
ND
365.3
320.4
ND
164.8
ND
ND
189.3
ND
ND
162.5
454.7
ND
386.6
368.4
ND
183.8
213.1
ND
226.2
1207.0
ND
225.3
746.0
ND
352.6
238.8
ND
511.4
ND
361.9
303.8
683.1

123.1
116.4
137.5
120.8
1521
1154
114.8
190.5
58.5
283.4
77.9
186.4
59.0
88.3
83.5
78.6
ND
78.1
87.9
ND
115.0
92.2
182.5
184.0
ND
52.6
ND
ND
71.3
ND
ND
1951
134.2
ND
192.4
210.9
ND
47.0
48.6
ND
41.6
69.0
ND
51.9
66.2
ND
46.0
61.0
ND
228.7
ND
110.5
169.3
53.7

77.8
64.0
80.6
79.1
92.0
85.1
86.8
98.4
35.1
95.3
59.7
88.2
44.3
62.8
62.0
56.9
ND
59.3
70.4
ND
67.9
66.6
78.4
71.5
ND
40.5
ND
ND
59.6
ND
ND
119.0
83.0
ND
71.4
56.4
ND
36.6
38.2
ND
29.7
31.9
ND
40.9
40.9
ND
324
44.4
ND
45.7
ND
79.3
38.5
28.7



1337.24
1337.27
1337.32
1337.38
1337.43
1337.5
1337.7
1337.7
1338.07
1338.1
1338.13
1338.17
1338.2
1338.24
1338.3
1338.5
1338.7
1339
1340.5
1343
13445
13455
1346
1346.1
1346.16
1346.2

6.15
6.71
8.50
4.97
5.23
2.95
4.16
8.34
2.16
1.37
4.91
1.94
1.85
ND
1.87
14.73
8.55
15.61
9.70
5.13
8.73
9.29
10.77
7.92
11.94
9.45

2.71
2.16
0.89
1.88
1.26
1.68
0.56
1.25
18.37
0.56
2.72
13.42
10.69
ND
18.15
0.22
0.53
0.46
2.21
5.50
13.03
1.40
1.14
2.00
1.95
5.46

0.35
0.30
0.47
0.46
0.41
0.67
0.54
0.24
0.42
0.59
0.89
0.55
0.94
ND

0.24
0.13
0.47
0.43
0.11
0.53
0.09
0.20
0.26
0.27
0.53
0.17

0.06
0.43
0.54
0.33
0.39
0.22
0.67
0.31
0.85
0.23
0.85
0.92
0.92
ND

0.83
0.41
0.17
0.71
0.04
0.89
0.12
0.67
0.66
0.55
0.84
0.82
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0.44
0.32
0.11
0.38
0.24
0.57
0.14
0.15
8.50
0.41
0.55
6.90
5.79
ND

9.71
0.02
0.06
0.03
0.23
1.07
1.49
0.15
0.11
0.25
0.16
0.58

0.65
0.63
0.52
0.72
0.56
0.48
0.24
0.47
1.30
0.24
0.77
2.03
1.25
ND

0.82
0.04
0.15
0.19
0.64
1.07
4.50
0.47
0.40
0.84
0.48
1.07

0.640
0.630
0.570
0.870
1.370
1.010
2.390
0.560
1.430
2.720
3.010
2.700
1.910
3.310
1.050
0.440
0.560
0.410
0.260
0.340
0.530
0.560
0.390
0.320
0.810
0.340

397.1
207.6
359.5
272.7
173.3
110.3
262.8
ND
248.4
ND
ND
223.6
ND
279.2
120.3
ND
ND
795.7
ND
2177.5
254.3
498.9
398.3
685.0
ND
ND

64.2
104.1
194.1
82.4
99.1
42.8
235.8
ND
76.2
ND
ND
164.1
ND
232.3
56.5
ND
ND
372.8
ND
723.8
149.4
300.7
284.2
383.9
406.8
ND

40.1
75.3
93.6
60.8
45.6
33.6
40.5
ND
43.0
ND
ND
80.5
ND
47.8
45.2
ND
ND
95.3
ND
78.3
89.7
101.8
131.8
94.9
140.2
ND
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Chapter8 Conclusions

8.1Summary
8ll1Earth’”s oxygen history

Through the application of a biogeochemical model, the results of CHapter
have proposed a feasible method for oxygenation of the Earth that does not rely on
specifictectonic or biological trigger events. In the model that has been developed as
part of this thesis (Alcott et al., 2019), the feedbacks within the carbon, oxyden an
phosphorus cycle can themselves induce these oxygen steps in response to a gradual
oxygenation of the Earth’s surface. A " (
driven by the transition from reduced gas regulation to regulation by oxidative
weatheringof organic carbon as proposed by Daines et al. (2017). Further progressive
oxygenation then leads to a change in the behaviour of the phosphorus cycle resulting
in less P regeneration and rapid redox changes on the continental shelves: when the
shelf becanes oxygenated, competing feedbacks allow for an unstable oscillatory
period that are comparable to oceanic oxygenation events found within the
Neoproterozoic (Sahoo et al., 2016). Finally, following progressive oxygenation of the

upper ocean, the downwiely) fluxes evenitally sustain a fully oxygenated deep ocean.

This study suggests that the evolution of progressively more complex life,
beyond cyanobacteria, or a major tectonic event were not required in order to produce
theE a r tstbpwisemajor oxygnationeventd. eadi ng t o t he propos
oxygen history being facilitated by the inherent interplay between biogeochemical

cycles.

8.1.2 A driver for the Great Oxidation Event

The application of iron and phosphorus speciation onmatterial from prior
to the GOE, has added to the understanding of the behaviour of the ultimate limiting

nutrient, phosphorus, and its role in initial planetary oxygenation.

Sections from the Campbellrand platform &wkgas subgroup (~2.65 to 2.43
Ga) denonstrate predominantly ferruginous conditions with intermittent periods of
euxinia. These two differing redox conditions display drastically different phosphorus

speciation records indicating a benthic flux of phosphorus under euxinic conditions.
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Phosphors recycling is defined by the interpretegreferential remineralisation of
phosphorus with respect to carbioom both organic matter and the sediment based
on the C:P ratios of reactive P phas€his benthic flux supports phosphorus
enriched flux of upwellingwaterinto shallower portions of the basin in order to
promote nearer shore production as determineditrogen isotopesMettam et al.,
2019. The overlying Koegas subgroup however demonstrates persistent ferruginous
conditions with BIF deposition. Thesater cores suggest very little recycling with
phosphorus being drawn down and retained withinsdggimentdue to the greater

abundance of iron rich (>20 wt%) and banded iron formation depasition

Using the biogeochemical model of Chagidrs possible to see that recycling
of phosphorus can facilitate planetary oxygenation under reasonable \wegtloees
of phosphorus to the oceans. This recycling was ultimately driven by increases in
ocean sulfate concentrations from the oxidative weathering of sulfides on the
continents, leading to a potential positive feedback within the system, in addition t

the feedbacks documented in Chapter

8.1.3 Phosphorus dynamics during the Great Oxidation Event

The association between nutrient availability and sulfur dynamics is taken
further with theA33S record. Unpublished work (Poultoim, prep proposes that the
RooihoogteTimeball Hill formations demonstrate an oscillatory rise in atmospheric
oxygen as the MIS fluctuates.

The oscillations take place across the interglacial following a snowbah Eart
deglaciation. This is recorded within the iron and phosphorus records, with euxinia
beingcoeval withphosphorus recycling following deglaciation, as expected with the

elevated weathering fluxes promoting productivity, supplying sulfate reducers.

However further up the core, iron speciation suggests ferruginous and oxic
conditions throughout the lower Timeball Hill formation. This, as demonstiated
Chapter6, leads to greater phosphorus draw down and retention in the sediment, with

limiting preferenti&recycling from organic matter @on minerals.

The upper Timeball Hill exhibits a return to anoxic conditions, alongside an
oscillatory atmospheric redox signal as shown byA#S record. This ferruginous
interval however, displays recycling from ongamatter but overall retention within
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the sediment, most likely by iron minerals that have ultimately undergone sink
switching to authigenic phaseBroposed extensive diazotrophy responding to an
exhausted nitrogen pool in this interval requires sufitphosphorus availability in
contrast to the initial interpretation of the P speciation record. The variable P/Al ratios
in this upper interval may indicate a fluctuating P resentbimay be possible for
colimitation of both nitrogen and phosphorugtoduce the variable atmospheric and

ocean redox conditions.

The overall trend revealed by phosphorus speciation following deglaciation,
suggests a selimiting feedback on the rise of oxygen, with the expanding oxygenated
conditions, stifling the bentbiflux of phosphorus, hindering primary production and

organic carbon burial.

Overall this thesis hi ghlights the
oxygenation of the planet. The rise of phosphorus recytkety facilitated the first
initial rise in atmospheric oxygen arlen controlled itdehaviourthroughout the
Proterozoicby providing a negative feedback on oxygenation via phosphorus
sequestratiorAs is seen during the GOE, araddr in the Neoproterozoiphosphorus
recycling effectively shgt down as the water column hmues sufficiently

oxygenateddriving unstable redox conditiomiiring these transitions.

8.2 Future Work

The modeé presented in Chaptet and 5can potentially becoupled toan
inorgant carbon cycle modeProviding the ability to predict both carbon isotopes in
addition to temperature on geological timescales. Employing this model to a variety
of scenariosinitially for testing against rich geochemical data such as OAfEsuld
havethe same versatility as the COPSE model commonly used to test global scale
events (e.g. Bergman et al., 2004) but with addition of a partitioned 4 box ocean

atmosphere systetn provide global and localised context

A key limiter to P recyclingvithin and from thesediment is the concentration
of sulfate and thus sulfide in the water column and pore waters. This has been shown
throughout this thesis both before and during the GOE. The Lomagundi event is often

considered a period of exteive orgaré carbon burial,primary production and
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nutrient availability initiating an oxygen overshodBekker and Holland, 2012).
Previous studies have suggested an expansion and following contraction of the sulfate
reservoir across the Lomagundi ev@lanavskyet al., 20120ssa Ossa et al., 2018;
Ouyang et al.,, 2090 It would seem plausible that the increase in sulféte
accompanied by euxinigjould lead to an elevated flux of P from the sediment leading

to enhanced primary production anmhaintaining the Lamagundi event The
availability of shale material across this interval is rare as stratigraphic correlation is
based on carbonate carbon isotopes of carbonate platforms. However, sections
demonstrating the closing moments of the Lomagundi event EeAlbani et al.,

2010) could bestudied usingsome of the methods in this thesesg. phosphorus

speciation.

The relative importance of sulfate on the behaviour of other biogeochemical
cycles throughout Earth history can also be investigated. As shomesent day
studies, the SMTZ idikely important with regards to the ultimate burial of P on
geologicaltimescales (e.g. Liu et al., 2018; Méarz et al., 2018; Xiong et al., 2019).
However, during the Archean and prior to the GOE, the concentration ofesisifa
significantly lower, leading to questions about thepth or even presence of the
SMTZ. Would iron oxidation of methane become a maacessin the globally
ferruginous ocean? And would the suppression of methane in addition to oxidation of
methandoy oxygen leada global scale glaciations? Thegeestions hae been briefly
explored inmodern settings and withinnaodelling framewdk, however applications
to Proterozoic studies seem to be limi{€htling et al., 2007; Sturm et al., 2019;
Crowe etal., 2011; Lambrecht et al., 202@) first test in the relative importance of
iron oxidation of methane would be to implement its role in more biogeochemical
models that consider methar&llowing this, a more direct approach to find more
modern day Arcean analogues or traditional modern day settingges its
importance or lack thereagfcan be crucial in determiningnumerical relationship.
Taking these relationships back through time in the form of an Earth system model

might help us better address questions such as the faint young sun paradox.

This thesis has also shown tlia¢ phosphorugycleis a keyconsideratn in

the path to a habitable planet @cal and shorter timescales, the proximate limiting
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nutrient, nitrogen may play a key role in limiting or promoting productivity. Coupled
investigations of phosphorus speciation and nitrogen isotopes may prergle into

this delicate balancéhe balance of these two nutrients has been investigated via
modelling studies on glackahterglacialtimescales (Wallmann, 2003). As discussed

in Chapter 4Wallmann(2003) determined that during interglacial periodsygphate

would be the limiting nutrient, as opposed to nittatder glaciated condition$hese
limitations can be investigated with respect to Snowball Earth eviérftas been
proposed that during the Marinoan snowball Earth event, the surface wesan
connected t@n oxygenated atmosphedknson et al., 201.7With these two end
members in mindpne with complete oceaatmosphere separation and one in which
interaction is fully allowedt he r el ati ve access of diazot
of atmospheric nitrogen can be investigatédhe way to do this would be
implementing a simple (or complex) nitrogen cycle into a biogeochemical model that
includes at least the carbon, oxygen and phosphorus cycles and parameterising the

extent or relative ditiency nitrogen fixation can occur.
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Model Appendixfrom Alcott et al., 2019

Table 10.1: Present day reservoirs with the corresponding flux equationBresent day

steadystate values and fluxes are presented below.

Reservoir | Eq Label | Initial Differential Equation Source

No. Size

(moles)

Proximal 1 Wp | 36x102 YQD'Q 6D [1]
Water
Distal 2 Wp | 3600x102 OB 0o D [1]
Water
Surface 3 Ws | 4,983x103 OB OB O®  0vof |[1]
Water
Deep 4 Wpp | 1.3x10°8 OB 0B O [1]
Ocean
Water
Proximal |5 Cr 4.5x102 00 00U6&QUO0S6 WO G [1]
Carbon
Distal 6 Co 243x102 on) 00 006WwO006&Q |[1]
Carbon )
Surface 7 Cs 3,816x102 o) 00 006 &"Qan [1]
Carbon
Deep 8 Cor | 5.6x10° o YQIi R0 D& 6wo [1]
Ocean
Carbon
Proximal 9 Or 4.5x10°2 g, ok [1]
Oxygen
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Distal 10 | Op 243x102 0o, OF- [1]
Oxygen
Surface 11 Os 1.615x108 Oy ok [1]
Oxygen
Deep 12 Obp 2.21x167 Ovos 0 'YQi Bog-y Voso [1]
Ocean
Oxygen
Atmosphere| 13 Oa 3.7x10° D06 WOIBVAETD MQET QQ|[2]
Oxygen
Proximal 14 Pp 9.7x10 w; 0W; 00U0&QLQ (1]
SRP 0 oaw Y¥ o
Distal SRP | 15 | Pp 5x10"2 Y¥§ OO 0060&Q0Q [1]
0 Q& "Y¥
"Y'¥
Surface 16 Ps 47x10? Y¥§ O O000&QY¥ [1]
SRP YW
Deep 17 | Pop | 2,790x10% | "Y'¥ OO0E&Q 0 Q 0O |[1]
Ocean SRP Y'Y "Y'
Proximal |18 |[OP> | 4.3x10° O 060&QO00KO0D [1]
POP
Distal POP | 19 |OP |23x10* | 0 0® 000@Q 000 ®o|[1]
U W
Surface 20 | OPs | 36x102 OB O0W O000&Q0m [1]
POP
Deep 21 | ORr | 530x102 0 000&@Q 0000o [1]
Ocean POP

Table 10.2: Present day flux values and corresponding equations.

Flux

Eq

No.

Label

Initial flux
(molesl/yr)

Equation

Source

River input
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QEET OWNED

Proximat
Distal water

23
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QOEET OWDE O

Low latitude
upwelling
water
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Qb Q
(AN
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"QOon I
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Surface
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8_‘1
[}
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OB 0D
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upwelling
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)
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fole)ite ']
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downwellin
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Evaporation
of surface
water
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YQL Q
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Primary
Production
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Qb O IYQQ6 0
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on
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o & "§D|=||_
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OC burial
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*Flux equation is the same as citation, however present day value was altered by Alcott et al.
(2019)

[1] —Slomp and Van Cappellen (20073] —Bergman et al. (2004)3] — Tsandev and Slomp
(2009) [4] — Alcott et al. (2019)

Table 10.3;: Parameters andonstants.

Parameter/ Constant Constant Value Reference
Coastal Upwelling kDpD 2.908x10 Slomp and Van
Cappellen, 2007
Open Ocean Upwelling kDpS 0.0029 Slomp and Van
Cappellen, 2007
Open Ocean Downwelling kSDp 0.0834 Slomp and Van
Cappellen, 2007
Proximal shelf primary production kPPs 3.75x1061 Slomp and Van
Cappellen, 2007

Proximal organic carbon kemine 3.277x103 This work

remineralisation

Proximal organic carbon burial kcburp 0.0579 Slomp and Van
Cappellen, 2007
Distal shelf primaryproduction kPP, 5.283x10? Slomp and Van
Cappellen, 2007
Distal organic carbon burial kcburp 0.003 Slomp and Van
Cappellen, 2007

Distal organic carbon remineralisatio kcminp 5.349x104 This work
Surface ocean primary production kPPs 3.650x10° Slomp and Van
Cappellen, 2007

Surface organic carbon kemirs 3.404x10° This work

remineralisation

Surface to Deep Ocean export kxpspp 0.1265 Slomp and Van
production Cappellen, 2007
Deep Ocean Respiration kResp 4.921x1064 Slomp and Van
Cappellen, 2007
Deep ocean organic carbon burial kcbump 0.0019 Slomp and Van
Cappellen, 2007
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Monod constant for respiration kmG 1x10* Slomp and Van
Cappellen, 2007
Oxidative Weathering kKAtmoswW 5x10'? Alcott et al.,
2019
Carbon- Phosphorus Redfield ratio RedCP 106 Slomp and Van
Cappellen, 2007,
Proximal Iron bound P burial kFeP 0.925 Alcott et al.,
2019
Proximal Authigenic P burial kCah- 1.279x10'2 Alcott et al.,
2019
Distal Iron bound P burial kFeR 0.0014 Alcott et al.,
2019
Distal Authigenic P burial kCaR 1.035x18° Alcott et al.,
2019
Deep ocean Iron bound P burial kFePp 6.75x10 Alcott et al.,
2019
Deep ocean Authigenic P burial kCaRp 0.0039 Alcott et al.,
2019
Distal Organic P burial kPOPbup 0.003 Alcott etal.,
2019
Surface to Deep Organic Phosphory kPOPRspp 0.1369 Alcott et al.,
Export Production 2019
Deep Ocean Organic P burial kPOPbupp 0.002 Alcott et al.,

2019




