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Summary

Summary

Banded Iron Formations (BIFs), +and Sirich marine chemical sedimentary deposits
which formed during the Archean and Paleoproterozoic (between 3.85da), are the product
of complex interplay between a suite of different key processes: environmental factors such as
nutrient availability and temperature, microbial activity, diagenesis, and-gtade
metamorphism. Major deposits formed during the &elbean and Paleoproterozoic eras are
frequently used for reconstructing the paleoenvironment and yet, critical aspects of their genesis
are highly debated. Even fundamental questions such as the nature of the primary precipitate and

the mechanisms undeity its formation remain poorly constrained.

One potential model for the deposition of Archean and early Paleoproterozoic BIFs
suggests that they formed through the metabolic activity of anoxygenic photoautotrophic Fe(ll)
oxidizing bacteria (photoferrotrtyg). This microbial activity would have led to the formation of
poorly soluble Fe(lll) (oxyhydr)oxides, which -g@vecipitated to varying degrees with organic
carbon (Grg), thus forming primary BIF sediments. Photoferrotrophic bacteria as agents of BIF
deposition is currently supported by the interpretation of BIF P/Fe ratios, which is based on the
empirical partitioning coefficients for phosphate @ adsorption onto primary Fe(lll)
(oxyhydr)oxides, ultimately suggesting a £coor ocean during the Ahean and early
Paleoproterozoic. However, it is unknown how stable the association betwgeamOprimary
Fe(lll) (oxyhydr)oxides would have been under metamorphic conditions relevant for thermally
immature (sulpreenschist facies) BIFs. The stabilifthe PQ*-Fe(lll) mineral ceprecipitate
and potential metamorphic RO remobilization could have important implications for the

interpretation of P/Fe ratios in BIFs and the proposed mechanism for BIF deposition.

Additionally, it remains unresolved tovariations in the activity of photoferrotrophs, in
response to temperature fluctuations, and the transformation of primary biogenic Fe(lll) minerals
during microbial Fe cycling in an early ocean would have influenced the deposition of BIFs. A

previous sidy suggested that temperature fluctuations may be responsible for the alternating
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Summary

deposition of Feand Sirich layers in BIFs, and thus have created their characteristic banding, by
influencing the metabolic activity of photoferrotrophs. While such ggsiion is sensible, it
remains unclear what would ultimately cause the separation between Si and Fe, especially given
the high adsorption affinity of Si to freshly formed Fe(lll) (oxyhydr)oxides. Furthermore, it is
poorly constrained how cefte(lll) mineral aggregates formed by photoferrotrophs would have
been altered during sedimentation. One process whose significance for BIF genesis is well
documented is dissimilatory Fe(lll) reduction (DIR). DIR is a microbial metabolism where
heterotrophic bacterieouple Fe(lll) reduction to & oxidation, utilizing substrates such as <ell
Fe(lll) mineral aggregates, resulting in the formation of secondary minerals such as magnetite
and siderite, both of which are found in BIFs today. While both photoferrotrophyptt are
individually well understoodh the context of BIF genesis, it is unknown how, and to what extent,
both metabolic processes would have already interacted in the water column and how this
potential microbial Fe cycle would have influenced then§jformation of secondary Fe minerals

as well as the properties of the minerals formed.

In summary, the overall goal of this thesis was to identify factors and mechanisms
influencing the initial deposition of BIFs and to determine how the interplay betdifferent
microbial metabolisms would have influenced the (mineralogical) (trans)formation of primary
precipitates during BIF genesis. Specifically, this thesis aimed to (1) quantify the influence of
low-grade metamorphism on the pogipositional remokitation of PQ* from primary Fe(lll)
(oxyhydr)oxides. (2) Verify the validity of a temperatwycling model for creating the
characteristic banding in BIFs and identify the mechanism(s) ultimately responsible for the
separation of Fe and Si. (3) Determitihe influence of repeated microbial Fe cycling occurring
under conditions relevant for the ancient ocean (high Fe and Si concentrations) on the resulting
secondary mineralogy. Specifically, the formation and preservation of minerals such as magnetite

andsiderite during dynamic, alternating redox cycles.

In chapter one of this thesis we exposed FGloaded ferrihydrite synthesized in the
presence of different Si concentrations (0 mM, 0.5 mM, and 1.6 mM) tgilade metamorphic
conditions (170°C, 1.2 kbbpfor 14 days. Following 14 days of incubation we found that
metamorphic mineral transformation was primarily driven Ry €@activity: hematite was the
main mineral product in the absence @fg@r when complex &g was used as proxy for ancient
biomas. By contrast, magnetite and vivianite were formed when highly reactive glucose was
12
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used. Metamorphic PO remobilization depended on the mineral transformation pathway and up
to 10mol.% PQ* was remobilized when hematite was formed. However>R@s effectively
immobilized when magnetite and vivianite were present (<1.5 mol.% mobilization). Collectively
our results suggest that, althoughgC@eactivity had a profound influence on the metamorphic
mineral transformation pathway, the overall extafnmetamorphic P¢S-mobilization was minor.
Therefore, BIFs likely record ancient seawatersP@oncentrations with high fidelity (reliable
within 10%), thus supporting an BFOstarved ancient ocean.

In the study conducted irhapter two we cultivatedthe marine photoferrotroph
Rhodovulum iodosununder conditions relevant for the ancient ocean and exposed it to
temperatures fluctuating between 26°C (warm periods) and 5°C (cold period). We could show
that during warm periodR. iodosunwas metabolicallyactive, resulting in the precipitation of
primary Fe(lll) (oxyhydr)oxides. Conversely, its metabolic activity was reduced during cold
periods, which instead triggered the abiotic precipitation of amorphous Si. This confirms that
temperature fluctuations ol have triggered the alternating deposition ofriEe and Sirich
layers in BIFs. Furthermore, the combined results of scanning electron microscopy (SEM)
analyses, surface charge measurements and potentiometric titrations suggesdgtioat C
precipitaed with Fe(lll) (oxyhydr)oxides was responsible for the separation of Fe and Si, either
by occupying surface functional groups required for Si sorption or due to electrostatic repulsion

due to negativebkgharged carboxyl/phosphodiester groups.

Finally, in chapter three we cocultivated the marine photoferrotro@hlorobiumsp. N1
with a marine Fe(lIBreducing enrichment culture under conditions relevant for the ancient ocean.
Our results show that photoferrotrophs and Fe(dfucing bacteria formed a hiy dynamic
microbial Fe redox cycle. Combined wet geochemical and SEM results suggest that Sgand C
were ceprecipitated with freshly formed Fe(lll) (oxyhydr)oxides during Fe(ll) oxidation and
released back into solution upon reductive dissolutiorhefRe(lll) minerals during microbial
Fe(lll) reduction. High concentrations of Si favored the formation of shade ordered Fe(lll)
minerals like ferrinydrite while a mixed Fe(bearing mineral phase, consisting of siderite
and/or a Fe(Ibsilicate, brmed during Fe(lll) reduction. No magnetite formation was observed
over three consecutive microbial Fe cycles. Overall, our results imply that microbial Fe cycling
would have been an important process in the ancient ocean water column, leading to the co
deposition of a ferrihydrit&si composite and Fe(ll) minerals in the initial BIF sediments.

13
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In summary, this PhD thesis better constrained the microbial processes that took place
during the initial deposition of Neoarchean to early Paleoproter@g®d BIS and provided
further evidence of the crucial role microbes likely played during the initial formation of primary
BIF sediments. Their metabolic activity (as modulated by the paleoenvironment) and the
microbial Fe cycle created by the interplay betwedfemint Femetabolizing bacteria offer
potential explanations for some of the characteristics of BIFs: (1) their banding, (2) the presence
of minerals such as siderite and Feflil)cates, and (3) the low amount of:gpreserved in BIFs.

This PhD thesishighlights the complexity underlying the genesis of BIFs, which is best

untangled by taking a multidisciplinary approach.

14



Zusammenfassung

Zusammenfassung

Gebéanderte Eisenerze (Banded Iron Formations, BIFs), uRd Si-reiche marine
chemische Sedimentablagerungen, die wéahrend des Archaikums und Paldoproterozoikums
(zwischen 3,8 und 1,85 Ga) gebildet wurden, sind das Produkt des komplexen Zusammenspiels
zwischen einer Reihe unterschiedlicher Schlisselprozesse: Unkieeltfa wie
Nahrstoffverfugbarkeit und Temperatur, mikrobieller Aktivitdt, Diagenese und niedriggradiger
Metamorphose. Bedeutende Ablagerungen, die wahrend des Neoarchaikums und friihen
Paléoproterozoikums gebildet wurden, werden héufig zur RekonstruktiorPaléoumwelt
verwendet, jedoch sind kritische Aspekte ihrer Entstehung héchst umstritten. Selbst grundlegende
Fragen wie die Art des priméaren Prazipitats und die dessen Bildung zugrunde liegenden

Mechanismen sind nach wie vor schlecht eingegrenzt.

Ein mdgliches Modell fir die Ablagerung von archaischen und frihproterozoischen BIFs
legt nahe, dass sie durch die Stoffwechselaktivitat von anoxygenen photoautotrophen Fe(ll)
oxidierenden Bakterien (Photoferrotrophen) gebildet wurden. Diese mikrobielle Aktitée
zur Bildung von schlecht I6slichen Fe(lll) (Oxyhydr)Oxiden gefuhrt, die in unterschiedlichem
MaRe zusammen mit organischen KohlenstofifGusgefallt wurden und somit priméare BIF
Sedimente bildeten. Photoferrotrophe Bakterien als Ursache deAldBdgerung werden
gegenwartig durch die Interpretation der PYFeFhéltnisse in BIFs gestltzt, welche auf
empirischen Verteilungskoeffizienten fiir die Adsorption von Phosphaf{R@ primaren Fe(lll)
(Oxyhydr)Oxiden beruht, und letztlich auf einen £@rmen Ozean wahrend des Archaikums
und frihen Paleoproterozoikums hindeutet. Es ist jedoch unbekannt, wie stabil die Verbindung
zwischen P@ und primaren Fe(lll) (Oxyhydr)Oxiden unter fir thermisch unreife {Sub
GriunschiefeiFazies) BIFs relevanten metamorphen Bedingungen gewesen ware. Die Stabilitat
des P@*-Fe(lll)-MinerakCo-Prazipitats und die potentielle metamorphesPRemobilisierung
konnte wichtige Folgen fur die Interpretation der P¥eehaltnisse in BIFs und den

vorgeschlagenen Mechanismus der-Bliflagerung haben.
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Zusammenfassung

Darlber hinaus bleibt ungeklart, wie Schwankungen in der Aktivitat von
Photoferrotrophen als Reaktion auf Temperatussmkungen und die Umwandlung von
primaren biogenen Fe(IHYlineralen wahrend des mikrobiellen -Bgkluses in einem frihen
Ozean die Ablagerungen von BIFs beeinflusst hatten. Eine frihere Studie legt nahe, dass
Temperaturschwankungen fir die abwechselndiagerung von Feund Streichen Schichten in
BIFs verantwortlich sind und somit, durch Beeinflussung der Stoffwechselaktivitdt von
photoferrotrophen Bakterien ihre charakteristische Banderung erzeugt haben kdnnten. Obwonhl
solch ein Vorschlag vernunftigtjsbleibt unklar, was schlussendlich die Trennung zwischen Si
und Fe verursachen wirde, insbesondere angesichts der hohen Adsorptionsaffinitdt von Si zu
frisch geformten Fe(lll) (Oxyhydr)Oxiden. AufRerdem ist kaum eingegrenzt, wie von
Photoferrotrophen gebiete ZeltFe(lll)-Mineralaggregate wéahrend der Sedimentation
modifiziert worden wéaren. Ein Prozess, dessen Bedeutung fur die Entstehung von BIFs gut belegt
ist, ist die dissimilatorische Fe(ltReduktion (DIR). DIR ist ein mikrobieller Metabolismus, bei
dem heterotrophe Bakterien Fe(@Reduktion an GgOxidation koppeln, indem sie sich
Substrate wie ZelFe(lll)-Mineralaggregate zu Nutze machen, was zur Bildung von sekundéren
Mineralen wie Magnetit und Siderit fuhrt, die heutzutage beide in BlIFs gafumdrden.
Wahrend sowohl Photoferrotrophie als auch DIR im Kontext der Entstehung von BIFs
wohlverstanden sind, ist unbekannt, wie und in welchem Ausmal} beide Stoffwechselprozesse
einander bereits in der Wassersaule beeinflusst haben kénnten und wie pditsdielle
mikrobielle FeZyklus die Bildung und Umwandlung von sekundarerviigeralen sowie deren

Eigenschaften beeinflusst hatte.

Zusammenfassend war das Ubergeordnete Ziel dieser Arbeit, die die anfangliche
Ablagerung von BIFs beeinflussenden Fa&to und Mechanismen zu identifizieren und
festzustellen, wie das Zusammenspiel verschiedener mikrobieller Metabolismen die Bildung und
(mineralogische) Umwandlung von primaren Prazipitaten wahrend der Entstehung von BIFs
beeinflusst héatte. Konkret zielteede Arbeit darauf ab, (1) den Einfluss von niedriggradigem
Metamorphismus auf die Remobilisierung vonsP@us priméaren Fe(lll) (oxyhydr)Oxiden nach
deren Ablagerung zu quantifizieren. (2) Die Stichhaltigkeit eines Temperaturfluktuationsmodells
fur die Bldung der charakteristischen Banderung in BIFs zu tberpriufen und den Mechanismus/
die Mechanismen zu identifizieren, die schlussendlich fur die Separierung von Fe und Si

verantwortlich sind. (3) Den Einfluss wiederholter mikrobiellerZy&len, die unterfir den
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vorzeitlichen Ozean relevanten Bedingungen auftreten (hohe Fe und Si Konzentrationen), auf die
sekundéare Mineralogie zu bestimmen. Insbesondere die Bildung und den Erhalt von Mineralen
wie Magnetit und Siderit wahrend dynamischer, alternierendeo’Reyklen.

In Kapitel 1 dieser Arbeit haben wir P&-beladenen Ferrihydrit, der in Gegenwart
verschiedener SXonzentrationen synthetisiert wurde (0 mM, 0,5 mM und 1,6 mM), fir 14 Tage
niedriggradigen metamorphen Bedingungen (170°C, 1,2 kbar) ausgeNatit 14 Tagen
Inkubation stellten wir fest, dass die metamorphe Mineralumwandlung hauptsachlich durch die
Reaktivitat des &g bestimmt wurde: In Abwesenheit vorygoder wenn komplexer &g als
Proxy fur vorzeitliche Biomasse verwendet wurde, war Héndais Hauptmineralprodukt. Im
Gegensatz hierzu wurden Magnetit und Vivianit geformt, wenn hochreaktive Glukose verwendet
wurde. Metamorphe PO Remobilisierung war abhéangig vom Mineralumwandlungsweg und bis
zu 10mol.% PQ* wurden remobilisiert, wenn Hgatit gebildet wurde. PY wurde jedoch
effektiv. immobilisiert, wenn Magnetit und Vivianit vorhanden waren (<1.5 mol.%
Mobilisierung). Zusammengenommen legen unsere Ergebnisse nahe, dass, obwaody- die C
Reaktivitat einen tiefgreifenden Einfluss auf deetamorphen Mineralumwandlungsweg hatte,
das generelle AusmaR der metamorphea®*R@obilisierung gering war. Daher dokumentieren
BIFs vorzeitliche Meerwasser RBKonzentrationen wahrscheinlich mit hoher Genauigkeit
(verlasslich innerhalb von 10%), wassibeinen PG*-armen vorzeitlichen Ozean stiitzt.

In der in Kapitel 2 durchgefuhrten Studie haben wir den marinen Photoferrotrophen
Rhodovulum iodosumnter fur den vorzeitlichen Ozean relevanten Bedingungen kultiviert und
ihn schwankenden Temperaturen isshen 26°C (Warmzeiten) und 5°C (Kélteperiode)
ausgesetzt. Wir konnten zeigen, déssiodosunmwahrend Warmzeiten metabolisch aktiv war,
was zur Ausfallung von priméaren Fe(lll) (Oxyhydr)Oxiden fihrte. Umgekehrt war seine
Stoffwechselaktivitat wahrend Kalperioden verringert, die stattdessen die abiotische Ausfallung
von amorphem Si auslosten. Dies bestatigt, dass Temperaturschwankungen die alternierende
Ablagerung von Feeichen und Sreichen Schichten in BIFs ausgelést haben konnten.
AulRerdem legen diekombinierten Ergebnisse von Rasterelektronenmikroskopie (REM)
Analysen, Oberflachenladungsmessungen und potentiometrische Titrationen nahgddss C
zusammen mit Fe(lll) (Oxyhydr)Oxiden ausgefallt wurde, fur die Trennung von Fe und Si

verantwortlichwar, entweder durch die Besetzung von funktionellen Oberflachengruppen, die fur
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die SiSorption notwendig sind oder aufgrund von elektrostatischer Abstol3ung durch negativ

geladene CarboxylPhosphodiesteBruppen.

Abschlie3end haben wir iKapitel 3 denmarinen Photoferrotrophegdhlorobiumsp. N1
mit einer Fe(lll}reduzierenden Anreicherungskultur unter fur den vorzeitlichen Ozean relevanten
Bedingungen cdultiviert. Unsere Ergebnisse zeigen, dass Photoferrotrophe und +e(lll)
reduzierende Bakterien einemochdynamischen mikrobiellen Hedoxzyklus bildeten.
Kombiniert legen nasgeochemische und REMrgebnisse nahe, dass wahrend der Fe(ll)
Oxidation Si und Gg zusammen mit frisch gebildeten Fe(lll) (Oxyhydr)Oxiden ausgefallt und
nach reduktiver Auflésunder Fe(lllxMinerale wahrend mikrobieller Fe(IHReduktion wieder
in Losung gebracht wurden. HohelSinzentrationen begunstigten die Bildung von amorphen
Fe(ll)-Mineralen wie Ferrihydrit, wohingegen wahrend der Fe@&duktion eine gemischte
Fe(ll)-haltige Mineralphase, bestehend aus Siderit und/oder einem-5aitht, gebildet wurde.
Wahrend drei aufeinanderfolgenden mikrobiellenZiyglen wurde keine MagnetBildung
beobachtet. Insgesamt deuten unsere Ergebnisse darauf hin, dass der mikeKigislauf ein
wichtiger Prozess in der vorzeitlichen Meerwassersaule gewesen ware, was zu der gleichzeitigen
Ablagerung einer Ferrihydri-Verbindung und Fe(l#Mineralen in den urspringlichen BIF

Sedimenten gefuhrt hatte.

Insgesamt konnte diese Dokarbeit die mikrobiellen Prozesse, die wahrend der
anfanglichen Ablagerung der BIFs des Neoarchaikums und frihen Paldoproterozoikums
stattfanden, besser einschranken und lieferte weitere Beweise fur die entscheidende Rolle, die
Bakterien wahrscheinlich beer anfanglichen Bildung von priméaren BEedimenten spielten.

Ihre metabole Aktivitat (durch die Palaoumwelt moduliert) und der durch das Zusammenspiel
verschiedener Fmetabolisierender Bakterien entstandene-ZiAdus bieten maogliche
Erklarungen fir eiige der Eigenschaften von BIFs: (1) ihre B&anderung, (2) das Vorhandensein
von Mineralen wie Siderit und Fe(@8ilikaten und (3) die geringe Menge asgdie in BIFs
erhalten ist. Diese Doktorarbeit hebt die Komplexitat hervor, die der Entstehung f#sn BI
zugrunde liegt und die am besten durch einen multidisziplindren Ansatz entschlisselt und

dadurch verstanden werden kann.
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ABSTRACT

Iron is the most abundant redox active metal on Earth and thus provides one of the most
important records of theedox state of Earth's ancient atmosphere, oceantaadohasses over
geological time. The most dramatic shiftstive Earth's iron cycle occurred during the oxidation
of Earth's atmosphere. However, tracking the spatiatemgoral development of the iron cycle
is complicated by uncertainties about both tiheng and location of thevolution of oxygenic
photosynthesis, and by the myriad of microbial processes that act to cycle iron betd@en
states. In this review, we piece together the geological evidence to assess where and when
oxygenic photosyntheslikely evolved, and attempt to evaluate the influence of this innovation

on the microbial iron cycle.
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1. INTRODUCTION

The question of how oxygenic photosynthesis impacted the Arode@r2.5 Ga) iron
cycle should have a rather straightforward andvemiause the reaction of reduced (ferrous) iron
with oxygen is rapid atircumneutral pH. Accordingly, as oxygen became available with the
evolution of oxygenic photosynthesis, oxidized (ferric) iron should hareeipitated out of
seawater as an Fe(lll) Xghydr)oxide mineral phasélowever, the question is complicated by
uncertainties in terms of whemd where cyanobacteria first evolved and how this influenced the
evolution and activity of iromnmetabolizing bacteria, i.e. microaerophilitratereducirg and
phototrophic Fe(lBoxidizers as well asFe(lll)-reducers. Dating the onset of oxygenic
photosynthesis has becomeoint of significant contention because there is no consengts on
timing of the evolution of cyanobacteria; putative evidence pgeampossible range from as early
as 3.8 Ga to as late as 2.4 Ga. fhestion regarding where cyanobacteria evolved first is also
becomingmore contentious, with cyanobacterial evolution having been projpatledn land as
benthic mats and in the oceaas planktonFurthermore, both questions are not trivial for the
development of ironmetabolizing bacteria as the evolution of early cyanobacteria and the
resulting oxygenation of the Earth's atmosphere and oceans wouldipaiieantly altered the
biogeochemical iron cycle. Below, we summaribe evidence regarding the timing and location
of cyanobacterial evolution, and present a hypothesis that attemppdade our current
understanding of iron cycling on the early Eantithin the context of cyanolterial evolution

and expansion.

2. WHEN AND WHERE DID CYANOBACTERIA EVOLVE?

There are a variety of studies based on geological, geochemichiadogical evidence
attempting to constrain the timing of the evolutafroxygenic photosynthesis. As a resthigre
is a wide range of interpretation$ the rock record and a lack of consensus on both when and
where oxygenic photosynthesis evolved. In this section, we presénbrzological review of the
key geological and geochemical evidengged to infer eittr an early (Archean) or late
(Palaeoproterozoid)ming for the emergence of cyanobacteria. Against this geoldggedkidrop,

we discuss the genetic evidence which points to either sceWsithen review current literature

25



Introduction

which aims to determine théocation of cyanobacterial evolution and the expansion of

cyanobacterian the Earth system.
2.1. Geological evidence for an Archean evolution for cyanobacteria

Numerous studies have provided evidence that suggests cyanobzmiétiae as ancient
as the oldessedimentary rocks on EartRosing and Frei (2004)eported elevated uranium
(W/thorium (Th) ratios irpelagic shales from the 3.8.7 Gyr Isua supracrustal belt in southwest
Greenland. Those authors interpreted the high U/Th ratio as refléeéngesece of oxidizing
(O2-rich) fluids which facilitated the preferentimansport of U to the site of sedimentation where
it was ultimatelyscavenged by planktonic biomass. However, other workerssumgested that
this U(VI) might not require @ (Kopp et al, 2005) The same rocks weralso previously
described as having up to 0.4 wt% reduced carbon@ith v al ues as (Rosig, as T 2
1999)1 evidence seemingly pointing twological carbon fixation. However, the biogenicity of
such isotopicsignaturs in similar geologic settings has been questioned and inEisaler
Tropschtype synthesis of organic compounds has been invoked e x pl ai n HRCghl y n
values(Brasier et al., 2002; Fedo and Whitehouse, 2002; McCollom and Seewald, 2006; Van
Zuilen et al., 2002)Iron formations (IF), fronanother location at Isua, were subsequently shown
to contain positivelyfractionated chromium (Cr) isotopes, relative to the crust, suggesting
oxidative chemical weathering involving the presence of atmospBeas an intermediat@-rei
et al., 2016) At the 3.8 Gyr Nuvvuagittuq belt in Quebé&ta n a d a , putative @Amic
recently described from ferruginousherts that were interpreted as marine hydrothermal
precipitate§Dodd et al., 2017)Thei mi cr of ossi | s 0 -szedhamatiteaubes amd c r 0 me
filaments that are reminiscent of modersrd@pendent, microaerophiliee(ll)-oxidizing bacteria
found in Fe(Il}rich modern environmentmportantly, extant Fe(ltpxidizing bacteria generally
useOoas the electron acceptor, s 0 duvertisedx theean s i o n

aerobic metabolisms must already have evolved bBgr8

More compelling is the geochemical evidence of oxygen oas28 &0 Ga.Satkoski et
al. (2015)measued U enrichment and positiv@% e values in shallowvater sediment compared
to deepwater sediments the 3.25 Ga Manzimnyama IF of the Fig Tree Group in SAtriba.
The authors suggested that a discrete redox boundary beteegmand shallow wateexisted at

this time. They proposed that deepwaten-rich IF samples were oxidized in water wherg O
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contentswere lower than shallowater ironpoor IF samples that were precipitatedtirely
above the redoxcline where> ©@ontents were uniformlglevaed. In marine shales from the 3.2
Gyr old Soanesvillésroup in northwestern Australia, nitrogen (N) isotope values okehegen
within the shales were interpreted as being derived from biologitaigen fixation, most
probably using molybdenurfMo)-basednitrogenasgStiieken et al., 2015)Given that Mo is
sourced from oxidative weatherim Mo-bearing sulfide minerals in crustal rocks, the use of a
Mo-basedenzyme suggests Mo availability (and by extension some oxida#igthering because

Mo is more mobile under oxidizing conditionalready occurred at that time. Interestingly, the
Gorge Creek Group thammediately overlies the Soanesville Group contains shales that are
hundreds of meters thick, hundreds of kilometers in aerial extentiet¢fit sulfur and iron, and
with up to 10 wt% total organic carbd@OC). Buick (2010)speculated that only oxygenic
photosynthesis coultiave generated that much biomass as anoxygenic photosynthesis would
have been limited in electron donors. Similanythe 3.22 Gyr Moodie§&roup in South Africa,

the presence of microbial mats and associattimentary structures in siliciclastic tidal and
alluvial deposits(Homann et al., 2015; Homann et al.,, 20K8i)ggests the presence of a
phototrophic community, tich hasbeen interpreted to consist of early cyanobacteria based on
the matmorphology and facies association. Furthermore, recent findingsrestrial microbial
mats draping fluvial conglomerates with N isotopaggestive of denitrificatiofHomann éal.,
2018)strengthens the argument that localisedrces of oxygen were already present at that time.
This is becausthe presence of significant amounts of nitrate cannot be explaingghtning
induced oxidation of Nompounds but requires the adly of aerobic ammoniuroxidizing

microorganisms.

Based on the distribution of Cr isotopes and reslenxsitive metalsin both a
palaeoweathering horizon and shalmater IF from the ca2.96 Gyr Mozaan Group in South
Africa, Crowe et al. (2013prgued tht there was already extensive mobilization of redox
sensitive elementfrom land to the oceans via oxidative weathering. Those authors also
calculated a minimum estimate for atmospheric oxygen bemn®* percent atmospheric levels
(PAL): to place thissalue in context, previousstimates for the scalled Great Oxidation Event
(GOE) at 2.32Gyr placed atmospheric:Qevels at only 10 PAL (e.g.,Bekker et al., 2004
Thatstudy, however, has been called into question on the grounds ti@tiswopevalues were

instead the product of modern oxidatiweeathering rather than Mesoarchean oxidative
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weatheringAlbut et al., 2018)Planavsky et al. (2014)so measured Mo isotopes from the same
IFunitsint he Mozaan Group an dMp feaptionatioretitat are@angjseentn e g a t
with the sorption of Mo onto manganese (Moxyhydr)oxides that precipitated in the shallow

water column. This isof significance since Mn(lV) (oxyhydr)oxide formation requires
biologically-driven Mn(Il) oxidation usig O as the electron acceptor, hertise shallow marine
environment already had significant dissol@ggen accumulation (for an alternate mechanism
invoking Mn-basedphototrophy, sedohnson et al., 20]3

By 2.7 Ga, a wide range of geochemical analysgsport the premiséor widespread
ocean oxygenatiorStieken et al. (2013uggestedhat an increase in the total sulfur and Mo
supply to marginal maringediments at that time was best explained by the biological oxidation
of crustal sulphide mineral$n 2.71 2.6 Ga black shales, enrichment in Mbenium (Re) and
osmium (Os), as well as fractionation of Fe and i8latopes, all suggest that-@ch niches
already existed at that tim@gzaja et al., 2012; Kurzweil et al., 2016; Siebert et al., 2005;
Thomao et al., 2013; Wille et al., 2007) Al so, cont i ®Movalsesiytheibiackr e a s i
shalescarbonates, and IF of the Marra Mamba and Wittenoom formatib62.5 Ga) in the
Hamersley Basin have been tied to the sorptiorligift Mo isotopes omt Mn(IV)-oxides
(Kurzweil et al., 2016)Perhaps one of the strongpstces of evidence for oxygen availability at
that time comes from thgresence of extremely isotopically depleted kerogen within 2.72 to 2.59
Ga carbonates and shales in the Hamersteyite of Western Australidhe Kaapvaal Craton
in South Africa, and the Superior Craton @a na d a . Or g &G values matreseo n U
metasediments are as lavs 1 (E@enbrode and Freeman, 2006; Hayes, 1988 most
13C-depleted values have beascribed tdhe assimilation of methane by chemolithoautotrophic,
methanotrophidacteria that in the modern world utilise electron acceptors such, aul@te
(SQ:? ), nitrate (NQ') or even Mn(lV) and Fe(lll{Beal et al., 2009; Boetius et al., 200G @€t
al., 2018; Ettwig et al., 2010; Ettwig et al., 201Bhe presence of these metabolisms is a strong
indication for the presenagf O, because oxygen is either used directly as the terralaatron
acceptor (TEA), or is required in the formation tiemativeelectron acceptors such as sulfate,
nitrate and Mn(1V). Oxygen is natecessary for methane oxidation coupled to Fe(lll) reduction
becausehe latter can be formed via anoxygenic photosynthesis. Nitrogen isoiog@ositions
of kerogens in minirally altered shales from th@ampbellraneMalmani carbonate platform in

South Africa and broadlgorrelative sedimentary succession in Western Australia (Hamersley
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Group) show a $°N galuesfbetweamn2t67 and 2.5 @amin el al., 2009;
Godfrey and Falkowski, 2009) Ex c e pt i BNvalluek are atso reportedi for tRg2Ga
Tumbiana FormatioiThomazo et al., 2011Yhis positive shift has been interpretesievidence

for the onset of nitrificatiordenitrification reactionsn the surface oceans (e.§eaumont and
Robert, 1999 Stromatolitic assemblages in thg2 Ga Tumbiana Formation, Western Australia,
were suggested tbave been constructed by photoautotrophs that may have ubbkseenic
photosynthesigBuick, 1992) More recent work has put forward tiokea of filamentous bacteria,
capable of gliding motility and phototaxiwhich tangle up upon contact, resulting in the
formation of tufted matsTo date only a few microorganisms have been identified to be capable
of such behavior, with cyanobacteria probably being the most pronanentg them. Therefore,
similar sedimentary structures in theumbiana Formation are a strong indicator of early
cyanobacterigoroducing oxygen by 2.72 G@lannery and Walter, 2012; Sint al., 2012)
Potential fossil assemblages fiimentous and coccoidal cyanobacterial colonies have been
identified in the ca. 2.6 Gyr Campbellrand Group, South Af{isdiermann and Schopf, 1995)
However, apoor degree of preservation and the relativep8icity of those microfossilave
raised questions about whether an unambiguous identificafimyanobacteria can be made
(Knoll, 2008, 2015)making the 1.9 Ga microfossitd the Belcher Islands, Canada, the earliest
generally agreedpon fossils otyanobacteria in the rock recaftdofmann, 1976)

2.2. Genetic evidence for an Archean evolution for cyanobacteria

The early evolution of photosynthesis sometime in the Eoarckg#n3.6 Ga) or
Paleoarchean (3.8.2 Ga) likely occurred within bacteriiheages that are no longer extant.
While this presents a challengéhen studying the evolution of early phototrophs, biological
evidencehas already provided insights into both the evolution of the core prateiolsed in
oxygenic photosynthesigCardora, 2018; Cardona et al., 201&nd the appearancef
cyanobacteria's common ancestor inferred from genomic (@RaaceToledo et al.,, 2017,
SanchemBaracaldo, 2015; Sanch®&aracaldo et al., 2017; SancHBaracaldo et al., 2014;
Schirrmeister et al., 2015For instance, recent studies support an early Archean orighneof
core reaction center proteins (photosystem | and photosystem lari@SPSII, respectively),
which are exclusively found in cyanobacteaad photosynthetic eukaryot¢€ardona et al.,
2018) Biochemical and functional analy$ the sequence and structure of the core subunits of
reaction centers of PSII predict that phototrophs already developed the capacityater
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oxidation in the Paleoarchean, probably before 3.2ZCaadona etla 2018) While it remains
unclear how efficient such ancient processes whale been during the Archean, a recent study
(Cardona et al., 2018uggests evidence ftow levels of oxygen being produced as the result of
biological activityat this time.Other lines of evidence, such as the evolution of Fisteases,
proteins specifically dedicated to the repair of PSIl (D1 &&), show that these proteins
diverged early on, possibly between-3.8 Ga(Shao et al., 2018)his is significant becauseeth
oxygenic lineage of PSKtsH proteases diverged before FtsH proteases found in all the other
groups of phototrophgShao et al., 2018)These findings support the view that geassociated

with the photosynthetic process haveemwlved with keyphotognthetic proteingShi et al.,

2005) thus providing additional evidence fitve early divergence of oxygenic phototrophs.

When looking at the biological record, it is worth noting that tlaeeedifferent levels of
complexity when studying the eargmergence obxygenic phototrophs. At the gene level, the
timing of the duplicatiorevent leading to the emergence of core reaction center proteins D1 and
D2 at ~3.2 GgCardona et al., 2018mplies that an inefficient water oxidation metabolism
would hae been present 0.8 Gyr before the GOE, and the ooigthe crown cyanobacteria
group(Blank and SancheBaracaldo, 2010; & chezBaracaldo, 2015; Schirrmeister et al., 2015)
At the organismic levelphylogenomic and molecular clock analyses point taualmater origin
of photosynthesis with most studies showing that the crown growyasfobacteria appeared
during the late ArcheariBlank and Sanchd¢ Baracaldo, 2010; ‘SnchezBaracaldo, 2015;
Schirrmeister et al., 2018y Paleoproterozoi(Shih et al., 217; Shih et al., 2013)t is important
to emphasise that while oxygerpbototrophy can be traced back to the early Archean, highly
sophisticatedorms of D1 proteins (G3 and G4 which are known to bind tdthgCaQs cluster
or the watessplitting catalyst) are estimated to hawaginated near the GOE itsdl€ardona et
al., 2018)

2.3. Geological evidence for &aleoproterozoic evolution of cyanobacteria

As an alternative to an Archean evolution, it has been proposédcyhaobacteria
evolved much closer to the GOE, in the Palaeoproterozoic. The GOE represents a transition from
an atmosphere that was essentially devoid of free oxygeh (00 ° PAL, 2 ppmv) to one with
O, concentrations >I0 PAL. These estimates derive from the pioneering studaojuhar et al.

(2000) who discovered that marine sediments older than 2.45 Ga contairindegsendent
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fractionations of sulfur ($11F), while younger rocks do noEarquhar et al. (201®)ypotheszed

that the major source of theNBF signal is the photodissociation of S@to watersoluble
(sulfate, S@ ) and wateiinsoluble fractions (elemental sulfurg)Shat are preserved when
contrasting isotopic compositions of reduced and oxidized ssifeicies are deposited from the
atmosphere and incorporated into sedimentary rocks. The signatuilIéf ghotochemistry is

not only rapidly homogenized in an oxygenated environment, but ozone also inhihits SO
photolysis by UVC irradiation. Indee®avlovand Kasting (2002romputed that ©levels as

low as 10° PAL would prevent MIFS from reaching the sediments. The disappearanceVbFS

from various locations worldwide has now been constrained to between 2.45 and 2.32 Ga
(Bekker et al., 2004; Gumsley al., 2017; Guo et al., 2009; Luo et al., 2016; Papineau et al.,
2007; Partridge et al., 2008; Williford et al., 2014lthough the potential for minerals hosting the
MIF signature to be cycled through terrestrial reservoirs and during subduction a@adivol
processes means that M8-signals could be expected to be preserved fotA® million years

after the GOEReinhard et al., 2013PDther lines of geological evidence for the GOE include the
first occur r e@harglsr, 188D; MBlezedt al.,[2@0H) sopper depositdirkham

and Roscoe, 1993)ron rich paleosol¢Rye and Holland, 1998and the presence of extensive
manganese deposits (see below) and phosphorites following th€Be®iker and Holland, 2012;
Holland, 2005) Furthermoreyvell-rounded detrital pyrite, uraninite, and siderite grains are only
found in clastic deposits before the GOE because these grains are unstable under oxic conditions
(England et al.,, 2002; Hofmann et al., 2009; Rasmussen and Buick, 1999; Roscoe, 1996)
suggesting that atmospheric oxygen levels would have been lower than 3.2BAL0(~40 nM;
Johnson et al., 2014

This rise of free atmospheric oxygen facilitated the onset of oxidatreinental
weathering reactions and increased the flux of dissomdthte and redosensitive trace
elements to the oceans. Sulfatad two major sinks: (1) iron sulfide precipitation as a
consequence djacterial sulfate reduction in the water column, or (2) evaporitic precipitation
gypsum. In the first instanc&arfield (1998) proposed thaincreased levels of sulfide in the
oceans effectively titrated out amgmaining Fe(ll) in seawater, leading to the end of IF
deposition. Evidenci support of higher sulfide production comes from increaBimgfionation
betwe@ sulfur isotopes; values fofSP’S 3¢Sliarecent ered on mantl e val
around 2.4%5a but then increateo ar ound 2 5 @anéeldtara Farqhad 209 a
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the second instance, primasylfate evaporites are rarely reported bef.45 GgSchroder et al.,

2008) confirminginsufficient dissolved sulfate availability before that time.

Temporal trends in trace metal composition in Archean Raldoproterozoic marine
sediments also support the timing of the GB& instance, a copilation of the Cr contents in
IF showed a significanenrichment beginning at 2.45 Ga in the Weeli Wolli Formation
(Konhauser et al., 2011)Given the poor solubility of Cr minerals, its mobilization and
incorporationinto IF indicates enhanced chemicaathering at that timenost likely associated
with the evolution of aerobic continental pyrid&idation. Similarly, a recent compilation of Cu
isotopes in Precambrianarine sediments demonstrated a clear trend in the stable isotopes values
whereby Cu istopes in black shales after the GOE become progress$igalyier. This trend has
been attributed to world/ide changesn seawater composition, due to the combined effect of
waning IF depositionywhich prior to the GOE would have preferentially remoye@u with
Fe(lll) (oxyhydr)oxides, and increased oxidative supply ®a®u derived from continental
weathering due to preferential leaching of lisavier Cu isotope. Thf8Cu, in turn, would have

become incorporatedto planktonic biomass that scavengedfom seawate(Fru et al., 2016)

The Mn(1V) deposits of the 2.22 Gyr Hotazel Formation in Sd\ftica (since been re
dated to between 2.42 and 2.39 @msley et al., 20)7havetraditionally been considered
some of the best proof for the presencenofgen (e.g.,Tsikos and Moore, 1997ecause the
oxidation of dissolved Mn(ll) to solghaseMn(lV) (oxyhydr)oxides is thought to require2O
and the latter'soncentration exerts direct control on the rate of Mn(ll) oxidaicebo et al.,
2005) Moreove, the Mn deposits contain a prominent negative cerium &dealy that has
generally been thought to indicate seawater thatpaasally oxygenated. A similar sequence of
Mn-enrichments with positiv€e anomalies have also been recently reported fremapghermost
Hamersley Group and overlying Turee Creek Gr@Marchola et al., 2018)Wherethe story of
Mn(Il) oxidation really gets interesting is with the 2.45 @yregas Subgroup in South Africa, a
mixture of chemical and clastisediments where the BIF layers contain up to 17 wt% Mn.
Johnson et al. (2013uggested that the initial Mn(IV) (oxyhydr)oxide precursor phasa®
likely formed via Mn(ll}based phototrophy, a metabolism tthais far has not been documented
to exist innatural settings. Thosauthors argued againset Oeing the Mn(Il) oxidant because of

the presence of detrital pyrite grains andM$ in associated rocks, anohportantly, that these
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sediments must have formed prior to the risatafospheric @even thogh the timing of these

sediments falls withithe GOE window.

TheJohnson et al. (2013}udy was not the first to suggest that theas minimal oxygen
available on Earth prior to the GOKopp et al. (2005pointed out that the geological features of
oxygen, such as red beds graleosols, occurred immediately after the three glaciations recorded
in the Huronian Supergroup of Canada (ending ~2.3 Ga) but befope3l#e2 Ga Makganyene
glaciations in South Africa (recall the Makganyedamictites are nowconstrained to ca.
2.46Ga as peGumsley et al., 20)7Kopp et al. (2005plso argued that global-@roduction
after 2.3 Ga triggered the collapse of a methane greenhouse and initiat8dawwball Earth
event associated with the Makganyene diamictibegheir model, the timing of these events
means that cyanobacteria likadyolved in the interval between the Huronian glaciations and the
Makganyene glaciation (i.e., within a few million years); note withrtbe& age constraints this
could be up to 1B Myr. A subsequent modellingxercise bywWard et al. (20163uggested that it
might have taken alittle as 100 Kyr following the emergence of cyanobacteria to initizte
GOE.

2.4. Genetic evidence for a Paleoproterozoic evolution of cyanobacteria

To determme when oxygenic photosynthesis evolved we can aksmmine when the
photosystems essential for oxygenic photosyntrms$/ed. However, there is still some debate
as to how the commoancestor of extant cyanobacteria acquired the ability to photosyrghesi
considering that their closest relatives, melainabacteria, lack photosyntineibinery
(Battistuzzi et al., 2004; Soo et al., 2014 the previous section we outlined girgument from
those who advocate for an early origin for oxygepihmtosynthesis where an early ancestral
phototroph existed that containdmth type | and type Il reaction centres (RCs) and which
subsequentlysaw selective loss of oxygenic photosynthe@ardona, 2015, 2016, 2017,
HohmannMarriott and Blankenship, 2012However, another school of thought maintains that
the common ancestaf extant cyanobacteria was a noimototroph that acquired thability to
photosynthesize (both PSI and PSII) after the divergencethef cyanobacteria from
melainabacteria(Soo et al 2017) This would suggest aather late origin for oxygenic

photosynthesis in the late Archearearly Paleoproterozoic between 2.6 to 2.5 Ga.
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In short, the above studies argue that oxygenic photosynttegit/ed in the
Paleoproterozoic. Ultimately,ndy the combination of depthgeochemical analysis of the rock
record together with moleculatlock analyses can answer the question of when oxygenic
photosynthesisdeveloped. We would suggest, given careful evaluation of pilexiously
discussed geocheocal and molecular data, that oxygemibotosynthesis probably became of
significance in the early Archeapgerhaps as early as 0.8 Gyr before the GOE. However, the
evidencepresented does not explain why there was such a significant delay widiénspred
oxygenation of the Earth's atmosphere and ocddoseover, it remains to be resolved where
oxygenic photosynthesisleveloped. In the following section, we provide evidence which
suggestghat an offset between the evolution of oxygenic photosyntlesishe widespread
oxygenation of the atmosphere can be explaineal teyrestrial origin for early cyanobacteria.

2.5. A terrestrial origin for cyanobacteria

There is a significant body of evidence which suggests thawvibiation of cyanobacteria
occurred interrestrial habitats. Firstlyiargescale phylogenomic analyses have consistently
shown that livingrelatives of early divergent cyanobacteria can be found in low salniy
terrestrial environments(Blank and SancheBaracaldo, 2010; Larsson et al., 120
SancheBaracaldo et al., 2005; Shih et al., 201R)rthermore, phylogenomeavidence suggests
that cyanobacteria colonized marine environmentiependently at different times in Earth's
history. In fact,marine cyanobacteria lineages do not formatural group; they arenstead
nested within freshwater species, providing further evidencedependent colonization events
into marine environments at differetimes in history(SanchezBaracaldo, 2015; Sanchez
Baracaldo et al., 2014Evolutionaryand molecular clock studies haf@®und no evidence of
marine planktonic cyanobacteria having any ancest®msarly at the Paleoproterozé®8anchez
Baracaldo, 2015) Moreover, modern planktonic groups (e.g.,Prochlorococcus and
Synechococcys Crocosphaera clade, and Trichodesmiumm only appeared during the

Neoproterozoi¢SanchezBaracaldo et al., 2014)

These genomic observations of a terrestrial origin for cyanobaeteriat odds with the
long-held belief that colonization of the landmassesuld be impssible prior to the
accumulation of substantial amoumtsoxygen in the atmosphere because, in the absence of an

ozone shieldharmful UV radiation would bombard the Earth's surfé@erkner and Marshall,
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1965) However,it now appears likely that earkgrrestrial microbial habitats coulthve been

protected from UV bombardment by inhabiting endoliterevironments(Bryce et al., 2015)

growing under irorenriched siliceous sedime(Rierson et al., 1993pr by precipitating their

own mineralized crust&.g.,Gauger et al., 2016; Mloszewska et al., 2018; Phxoetnal., 2008
Indeed,Phoenix et al. (2001demonstrated that an irglica biominerall ayer of onl y 1
thickness was sufficient to attenuate all incomg-C radiation while still allowng for the
transmittance of 40000 nmwavelength light required to facilitate photosynthesis. In other

words, terrestrial colonization should not have been inhibited by irradiatitm high levels of

ultraviolet light.

Trait evolution analyses show thtite earliest cyanobacteria wewnaicellular and had
small cell diameters@loeobactey Synechococcdike) but filamentous forms evolved relatively
early on and likely resembletiodern relatives oPseudanabaenéSanchezBaracaldo, 2015)
These filamentoutorms would have represented a morphological innovation that facilita¢ed
formation of microbial mats. Such mats are dense, hightguctive ecosystems which would
have enabled an increase in cyanobactez@éogical dominance during the Proteroz@tank
and SancheBaracaldo, 2010; Schirrmeister et al., 20I@plecular clock analyses have also
suggested that filamentous cyanobacteqipeared around the G(QBattistuzzi et al., 2004;
Ettwig et al., 2016; Soo et al., 2014yhile most of theaxoromic and ecological diversity of
extant cyanobacteria can leaced back to the late Paleoproterozoic and Mesoproterozoic
(SanchezmBaracaldo, 2015; Schirrmeister et al., 2015)

Cyanobacterial lineages inhabited benthic, terrestrial and/or esmélfonments for most
of the Proterozoic with matominated environmentbeing even more common in the
Precambrian than they ateday as they are limited in extent by the activity of plants (which
compete with mat formation) and animals (which graze ons)ynahe ubiquity of such
environments is also reflected in the geological resgnith contains abundant examples of
microbialites, including stromatolitefgrmed during the Archaean and Proteroz@eotzinger
and Knoll, 1999; Peters et al., 2017; S&001; Walter et al., 1980pnlthoughwhether or not
these examples always represent cyanobactemats or whether they were produced by
anoxygenic phototrophs is stdh active area of debafteischer et al., 2016)
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The early establishment of mafirming filamentous cyanobacteriand subsequent
dominance of benthic microbial communities likely restrigbeitnary productivity to terrestrial
habitats and ocean margif®nchezBaracaldo, 2015; Sanch&aracaldo et al., 2014However,
it is unclear to whikh extent early terrestrial ecosysteomntributed to global biogeochemical
cycles(Thomazo et al., 2018)he formationof cyanobacterti@ominated biological soil crusts
has been proposed ase scenario which could explain the observation of transierddseof
mild oxygenation and oxidative weathering before the GRé&ndall et al., 2015; Lalonde and
Konhauser, 2015; Stueken et al., 2012; Thomazo et al., 2BbBetheless, numerous analog
studies have suggest#tat potential @ production from ancienmicrobial mats may have been
limited by HS, which can serve as an electron donor for anoxygphatosynthesis and
chemosynthesis, and thus enhance competition wytimobacteria ick et al., 2018and
references therein). In general, it is belietiedt the global impact of oxygenic photosynthesis
was likely negligibleuntil cyanobacteria started colonizing marine habi(8nchezBaracaldo
et al., 2014) The emergencef planktonic groups during the late Mego early Neoproterozoic
(ca. 0.92 to 0.67 & would subsequently have had a major impacglobal biogeochemical
cycles as they contribute to at least 25% of mapieluctivity in today's ocear(&lombaum et
al., 2013)

Marine planktonic cyanobacteria evolved comparatively late earty represdatives
were restricted to shelf environments for muchthe ProterozoidSanchezBaracaldo, 2015)
The spatial restrictions of those environmemisuld have limited the extent of primary
production and the extent @6 biogeochemical influence. Consenqtlg, it would be expected
thatterrestrial or neashore iron cycling would be impacted by risiogygen before there were
any discernible changes in the marine irogycle. Only with the evolution of planktonic
cyanobacteria and thespread into the ocaavould there have been a more profound influence
on the marine geochemical iron cycle. Evidence for this offset betiteemesponse of the
terrestrial biosphere and the oxidation of the atmosphegeneral can be found in the apparent
discrepancy betven the timing of widespread atmospheric oxygenation (as identified by the
widespread disappearance oM¥), and earlier evidence for oxidativeeathering on land (as
discussed in the first sections of this reviewalonde and Konhauser (2018jtribute this

discrepancy to the productioof oxygen by cyanobacteria in benthic habitats, attached to
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sediments, rocks, soils or other natural solid substrates where oxidatteering of the solid

could proceed whilst in strong disequilibrivaith the reducingatmosphere.

3. CONSEQUENCES OF OXYGENIC PHOTOSYNTHESIS FOR THE MARINE IRON
CYCLE

The evolution of oxygenic photosynthesis and the subsequent oxidaitidtarth's
atmosphere had dramatic effects on the entire welea€tions which characterize global
biogeochemical cycling. No othetement has been as central to the historical discussion of the
atmosphericevolution of the Earth as iron. Certainly, the existence of extenBs/eleposited
between 3.8 to 1.85 Ga can be used to traceubkition of tle marine redox state and marine
geochemical cycling oiron. In the following sections, we discuss how the marine iron cycle
evolved following the evolution and expansion of oxygenic photosynthadifiypothesize how

this evolution may have impacted tha&tential for different microbial irofbased metabolisms.
3.1. Marine iron cycling before the evolution and expansion of cyanobacteria

As outlined above, it is generally believed that the bulk early oseders were largely
anoxic, with Q concentrations ranginfrom <1 to1 0  £Qison et al.,, 2013)They were
primarily ferruginous, with dissolved Fe(lBoncentrations likely between 0.04 and 0.12mM
(Canfield, 2005)compared tanodern day dissolved Fe concentrations@3 nM 2 nM (Boyd
and Ellwood, 2010)

Traditionally the deposition of IFs has been attributed to the reastiémee molecular
oxygen with Fe(ll)(Cloud, 1973; Cloud, 1965However, althouglevidence from the rock
record and some molecular work points towdhgsantiquity of oxygenic photgsthesis (section
2.1/ 2.2), recent experimentavidence suggests that elevated Fe(ll) concentraf®nwanner et
al., 2015)and higher UV fluxes on early EartMloszewska et al., 2018)ight have impeded the
distribution of early cyanobacteria beyondla | | y ¢ o n f d anse@dendalbek&y., P@10;
Olson et al., 2013)Therefore, the following discussion on early hoytling will be based on the
assumption that prior to ~2.5 Ga theeans had low dissolved oxyg@nardisty et al., 2014;
Olson et &, 2013)
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As an alternative to the chemical oxidation of Fe(ll) by free oxypbotoferrotrophy
the photosynthetic process where anoxygenic phototrogpdis-e(ll) as the electron acceptor for
carbon fixationi was proposed (e.g.Garrels et al., 1973artman, 1984 The metabolic by
product of this metabolisrwvas likely a poorly soluble Fe(lll) (oxyhydr)oxidgappler and
Newman, 2004pr, sincethe Precambrian ocean contained elevated concentrations of silica (up
to 2.2 mM,Maliva et al., 200} a siica-ferrinydrite composit¢Alibert, 2016; Fischer angnoll,
2009; Konhauser et al., 200a@) Fe(lll)-silica gel(PercakDennett et al., 2011; Wu et al., 2012)
Alternate hypotheses propose that primary IF mineval® mostly ferrous irebearing minera
such as greenalitée.g., Johnson et al., 2018; Rasmussen et al., Odat hydrogeological
constraints do not support thiRobbins et al., 2019)Previous studies have also demonstrated
that the trace elememventory of the ancient ocean would haween sufficient to support a
microbial community large enough to deposit all Fe(lll) in Ifonhauser et al., 2002;
Konhauser et al., 2017band importantly, they would even have been able to dansier
limiting light conditions(Kappler et al., 2005)Furthermore, a recent studuggested that even
under nutrient limiting conditions, photoferrotroplwsuld have been able to outcompete early
cyanobacterieand essentially oxidize all hydrothermally derived Fe(ll) before it wddde

reached oxygenatedréace watergJones et al., 2015)

There is also some evidence from the rock record suggestingadhety of
photoferrotrophs during the deposition of IFs. This evidameghes as far back as to the ca.
3.77Ga Isua Supracrustal Bg€zaja et al., 2003 Based on a modelling approach combined
with independent S isotop#ata,Czaja et al. (2013interpreted the positive and comparatively
h o mo g e "% eovaliges td be indicative of anoxygenic, Hmasedphotosynthesis. Similarly,

p os i t%Fe vatuesibbetween approx.O4o 0. 78 from the Nuvvuagitt
have been interpretexs being the result of partial Fe(ll) oxidation by anoxygehiatosynthesis
(Dauphas et al., 2007)

Photoferrotrophy is not the only microbial process leadinge@dl) oxidation. Microbial
Fe(ll) oxidation coupled to nitrate reduction @rx y gen reducti on at I
concentrations is also knowMelton et al., 2014)Microaerophilic Fe(ll) oxidation is obviously
excluded in goredominantly anoxic setting, boitratedependent Fe(ll) oxidation & anaerobic
process(Straub et al., 1996)Nitratedependent Fe(ll) oxidation can eithee enzymatically
driven by microorganismgHe et al., 2016; Straub et al., 1996; Tominski et al., 2Q#8)
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catalysed by the pduction of reactive N species formed as apbyduct of denitrification
(Klueglein and Kappler, 2013However, the presence of oxidizedsNecies such as nitrate is
itself indicative of a more oxygenated oceam thus is tightly linked to cyanobactemaolution
and expansionThe Mesoarchean N isotope record appears to consistently sug@gestemabic
nitrogen cycle dominated by nitrogen fixati¢dhang et al., 2014)for which the enzyme is
proposed to have evolved before 3.2(Gtieken et al., 2015 herefore, nitratelependent Fe(ll)
oxidation was probably unlikely toonstitute a significant proportion of Fe(ll) oxidation.

The oxidized iron formed by photoferrotrophs would have h@egipitated in the form
of mineratcell aggregategWu et al., D14) ultimately settling on the seafloor as precursor
sediments to IF{Konhauser et al., 2005Experimentalstudies showed that these Fe(lll)
mineralcell aggregates wouldhave a stoichiometric excess of iron compared to the co
precipitatedcarbon(Posh et al., 201Q)In other words, instead of the 4:1 Fe:C ratio predicted for
photoferrotrophy, the aggregates could have had Fe:C ratios as h@yh. &uch sediments
would have been an ideal environment for dissimilateeyll)-reducing (DIR) bacteriayhich
would have coupledhe reduction of Fe(lll) to the oxidation of the-precipitated biomass,
although some reduction of Fe(lll) already during sedimentation calslol be feasible. The
significance of microbial Fe(lll) mineral reductidor IF geness was suggested many years ago
(Walker, 1984) and molecular cloclstudies have suggested the antiquity of this metabolic
procesgVargas et al., 1998)ndeed, there is ample evidence from the rock record, e.g., from the
Eoarchean Isua Supracrustal Be@Gréenland), the Mesoarchean Moza@noup (Pongola
Supergroup, South Africa) or the NeoarchearP&beoproterozoic IFs of the Hamersley Basin
(Australia) and TransvadaCraton (South Africa), in the form of-Cand Fe isotopic studies
(Craddock and DauphasQP1; Czaja et al., 2010; Heimann et al., 2010; Johnson et al., 2008;
Ossa et al.,, 2018; Steinhoefel et al., 2088monstrating the significance of DIR for early
microbial iron cycling in IF sediments. Although it should be noted that an alternatoveic
origin of magnetite in the Hamersley IF via therrdatomposition of siderite has been proposed

(Rasmussen and Muhling, 2018)

Konhauser et al. (2005uggested that under ideal circumstancenash as 70% of the
initially precipitated Fe(lll) mineralgould havebeen reduced and cycled back into the water
column as Fe(ll). Theimodel suggested that fermenting bacteria and methanogens might have
degraded biomass which was-m@cipitated together with primary Fe(lll) minerals and,
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therefore, provideddalitional substrates for Fe(ltteducers. There is significant evidence for the
existence of methareasedmetabolisms in the Archean, a process which requires access to
fermentation products (e.g., oH acetate, lactate). Thus, by extensidhe presenceof

methanogens necessitates the presence of fermenters.

Methane was abundant prior to the GOE and molecular clock anadysgsest
development of methanogenesis during the EoarcfBattistuzzi et al., 2004)Additionally,
hi ghl y K@ wlads inwganic €arbon havbeen interpreted as a sign of the activity of
methaneoxidizing bacteria(methanotrophs)YEigenbrode and Freeman, 2006; Hayes, 1983)
which are thought to have evolved 3.1 Galater (Battistuzzi et al., 2004)Such a microbial
methanecycle could clearly influencearbon cycling in these ancient oceans and potentially
provide organicsubstrates for DIR. Furthermore, a recensiin study showed thanethane
oxidation can be coupled directly to Fe(lll) reductiiedinger et al., 2014Wwhich raises the
possibly that methanotrophs could have contribulieglctly to an ancient iron cycle before the
GOE (e.g.Konhauser et al., 20Q05Alternatively,the mineralization of dead microbial biomass
could have release@ammonium, which could tleetically have provided a substrafer
anaerobic ammonium oxidizing bacteria which can couple this reatdidfe(lll) reduction
(Clément et al., 2005; Oshiki et al., 2013)

Given this literature, we propose that, if the origin of cyanobactexsderrestrial and the
expansion of cyanobacteria as planktonic fomas delayed as we suggest in section 2, iron
cycling would have beerontrolled primarily by phototrophic Fe(ll) oxidation and microbial
Fe(lll) reduction until the late Neoarchedsid. 1). In this scenariophotoferrotrophs provided a
means of primary production and Fe@Ridation, with replenishment of Fe(ll) from DIR closing

the ancientron cycle.
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Fig. 1. Schematic of iron cycling in ancient ocegor to the evolution of oxygeniphotosynthesisAnoxygenic
phototrophy is the main mechanism B&(ll) oxidation. Fe(ll) is resupplied by dissimilatoryiron reduction
occurring both in the sedimeand the water column. There is a minor inpfihitrate from atmospheric processes
which could allow some nitrate dependent Fe(ll) oxidation, thig process is likely a very minor contributor to iron
cycling.

One factor which could have severely limited microbial iron cycliag the presence of
H>S in the water column. 33 effectivelytitrates Fe(ll) from solution and thus widespread
euxinia (anoxic and sulfidicconditions) would have limited Fe(ll) availability to iron
metabolizingmicrobes. Therefore, Fe(ll)43 ratios >1 would have been requifed deposition
of IFs and a widespreanhicrobially-driven iron cycle(Kump and Seyfried, 20050ne key
player in sulfatgurnover in the oceans are sulfagelucingbacteria. The antiquity of this
metabolic pathway is recorded tine S isotope record of sedimentary barites of the3X6Ga
BarbertonGreenstone Belt (South AfricRoerdink et al., 2002 sedimentary barites, pyrite and
sulfides from the ~3.5 Ga Dresser Formation (Western Austraiaio et al.,, 2008 and
sedimentary barites of the 3.47 Ga North Pole area (Western Aushtaiagt al., 2000 While
some sulfate might have been introduced to Ahehean ocean by the photolysis of volcanic
gases such as SQFarquhar et al., 2010; Roerdink et al., 2Q1Bgre was likely no additional
inputs of sulfate to the early oceans bettweevolution of oxygenic photosynthesis and the onset
of widespreadoxidative weathering(Konhauser et al., 2011)Consequently, the sulfate

concentratons n t he Archean ocean c o u(Zhtlezihsaavaest ab,e e n
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2014) and maybe even e | o w @ro®ve et dll, 2014)If true, this means microbiaulfate
reduction, while old, was an insignificant or at lesesterely spatially limited process during that
time. Concomitant lowH2S concentrations would have resulted in minimal crossbeexreen
early Fe and Scycles until ca. 1.8 GgCanfield, 1998; Poulton et al., 2004)

3.2. Effect of cyanobacteria expansion on marine iron cycle

It was suggested over a de@Aobardeeal.,2@ouldh at a
have already existegp r i or to the GOE possoxbylgyenlag adinmg a
Archean coastlines by 2.6 Giendall et al., 201Q)which isapproximately 100200 Ga before
the GOE (arguably between ~2.4hd 2.32 GaBekker et al., 2004; Farquhar et al., 2000;
Konhauser et al., 2011 Evidence from the marin@lanavsky et al., 2014nd terrestria{Crowe
et al., 2013)rock record suggests that locally confined oxygenated areas alvakbly have
existed as far back awxa¥.ek 0geneenftattongdetwegn Utm c a |
10 ¢OMon et al.,, 2013)In a recentstudy on the 2.98 to 2.85 Gyr Mozaan Group (White
Mfolozi Inlier, Pongola Supergroupissa et al. (2018 mployed correlatiomanalysis on Fe/Mn
rati oFeanwdaliues °me valwes Based anstheiti results they concluded that
oxygen concentrations couldv en have exceeded the earlier ma:
This suggests that early cyanobacteria (and oxygen) slowly spreaddrastrial habitats, where
they first developd (as discussed in sectiond® this review), via rivers and lacustrine
environments to the oceanshere their expansion probably came to a (temporary) hold. With
time, cyanobacteria spread from the marine littoral zone and became abhorelant in the
ancient ocean, resulting in an oxygenated surfemean layer in the late Archeé@Roulton and
Canfield, 2011)A recent study has even demonstraederimentally that the presence of ferric
iron-silica colloidsin the photic zone could have sheltered phenkton from incomindJV-C
irradiation, thus allowing cyanobacteria to spredwloughout more of the marine realm
(Mloszewska et al., 2018)

Despite their early presence, cyanobacteria probably had no cdirest effect on
marine iron cycling initidly. Although the emergencand spread of early cyanobacteria would
have pushed photoferrotroplieeper into the water columrdrig. 2), this would not have
influenced the means by which the initial Fe(lll) mineral phases in IFs would hmaen

deposited. Té photoferrotrophs would have been more proxitaghe hydrothermally derived
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Fe(ll) and could have, due to thaidaptation to low light conditiondappler et al., 2005and
competitive advantagever cyanobacteria under nutrient limiting conditigdanes et al., 2015)
oxidizedall Fe(ll) before it would have reached oxygenated surface w&epporting evidence
from the rock record is provided by a study frblaugaard et al. (20168yho suggested, based on
iron isotope studies anplalecenvironmentalreconstructions, that photoferrotrophs could have
deposited the primary Fe(lll) mineral assemblages in the ~2.45)&ke IF. Ultimately, the
predominance of one oxidative process dherother is governed by the question of whether the
redoxcline is abve or below the photic depth. As long as the redoxcline remained aheve
photic depth, photoferrotrophy would have dominated Fe(ll) oxidainmhthus the deposition of
IFs (Fig. 2). However, if the redoxclinenoved below the photic depthkig. 3), abidic oxidation

of Fe(ll) by @ produced via cyanobacteria and related dark Fegidizing mechanismshould
have dominated Fe(H)xidation. Indeed, a recent studhowed, that microaerophilic Fefll)
oxidizing bacteria can competéth abiotic (chemical)}e(ll) oxidation in an @concentration
rangef rom 5 ¢ M 5QeM (Daysahel etxal., 2008; Lueder et al., 2017; Maisch et al.,
2019) Lower & concentrations limite@nzymatic Fe(ll) oxidation while higher concentrations
resulted inchemical Fe(ll) gidation being dominant. Therefore, microaeropHiefll)-oxidizing

bacteria would have found ideal conditions under @veonditions leading up to the GOE.

The rise of oxygen and expansion of oxygen oases would alsgpbtamially led to an
increasen the diversity of irorrespiring microorganismg.hose microbes which use @s their
TEA are in competitionwith the abiotic oxidation of Fe(ll) by oxygen, and are therefore
Ami croaer ophi | emsoric inkexfaces wihere ghe bidtieactiondart compete with
the abiotic reactiofDruschel et al., 2008; Lueder et al., 2QIM)e significancef this metabolic
pathway for IF deposition was first suggesbgctHolm (1989)and their potential contribution to
the formation of IFds discussed exteively by Chan et al. (2016fFigs. 2 and B Modern
nitratereducing Fe(IHoxidizers contribute to Fe(ll) oxidation eithelrectly, by enzymatic
oxidation of Fe(ll)(Straub et al., 1996)r indirectly by productiomf reactive nitrogen species
which reat abiotically with Fe(l)i n a pr ocess known (Klgegldincahde mo d e n
Kappler, 2013; Klueglein et al.,, 2014)n fact, it hasrecently been suggested that
chemodenitrification may have led wgnificant fluxes of the greenhouse gasONin the
Proterozoic(Stanton et al., 2018Both microaerophilic and nitrateeducing Fe(IHoxidizing

metabolismgequire oxygen to be produced first, thus they would be limited in exéfate the
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evolution of cyanobacteria. However, with the spreadoxygen, both microaerophilic and
nitratereducing Fe(lhoxidizerswould have become more significant for the marine microbial

iron cycle Figs. 2 and B

2. Cyanobacteria evolve close to land (c. 2.8 — 2.3 Ga) VS A <
Atmosphere: Oxygen oases and pervasive benthic oxygenation <]Ol>
Limited V.
oxidative ~ Some nutrient input ¥
weathering (inc. Mo) N, fixation L
|
oxic +
e Vo VDO~ P> PO g~~~
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Fig. 2. Schematic of iron cycling in ancient oceamsen oxygenic photosynthesis was limitedaaestrialor near
shore environments. Some redstatification of the oceans could be possible enabtimicroaerophilic Fe(IR
oxidizers to becomeénvolved in the marine iron cycle. When the redoxcliegnains above the photic zone,
anoxygenic phototrognis remain the major driver of Fe(lpxidation. Nitrogen fixation and an increase in
atmospherioxygen could enhance the contributfoom nitratereducing Fe(Ioxidizers.

The Neoarchean (2.8.5 Ga) has also been suggested to have bhettme of major
microbial Fe(lll) respiration as a result of the combimeghosition of Fe(lll) (oxyhydr)oxides
and organic carbo@ohnson et al., 2008Thus,microbial Fe(lll) mineral reduction remained a
significant diagenetigrocess in the IFs deposited immediatphjor to or during the GOE.
Furthermore, additional studies add to the increasing pool of isatapéc (C, O and Fe) that
highlight the importance of DIR for the ancidfe cycle(Johnson et al., 2013; Steinhoefel et al.,
2010; Teixeira et al., 201.7Basd on the previous discussion, photoferrotropbsld still
provide the primary means of Fe(ll) oxidation, where replenishofdre(ll) by DIR could act to

close the ancient iron cyc{€ig. 2).
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Fig. 3. Schematic of iron cycling in ancient oceans following the expansion of cyanobacterianmarine realm.
Atmospheric oxygenation is marginaiith the deep oceans remaining anoxic. Whenrduoxcline is below the
photic zone the contributioof anoxygeni phototrophs to iron cycling becomesgligible. Nitrate input increases,
primarily from nitrification, as well as oxygen availability, whidkenefits microaerophilic and nitrate dependent
Fe(ll)-oxidizers. Hydrothermal input of iron may aleave decrea&sl around this time. Sulfate input frasridative
weathering led to sulfidic conditions some neashore areas which would lead to pyrficemation. IF deposition
continues whilst the redoxcliremains above the depth of the shelf.

Other alternativéron-metabolizing pathways were potentially abfected by increasing
concentrations of oxygen. For example, it teen suggested that a significant decrease in
oceanic Ni concentrationgrior to the GOE would have resulted in a decline in methanogens
(Konhauser et al., 2009; Konhauser et al., 20%8)ich would have resulted in a decreased
significance ofmethanebased Fe(lll) reductio(Riedinger et al., 2014 Conversely, a decline in
global methanogenesis and resulting higher availability of ferntiemtaproducts(e.g., H,
acetate), otherwise used by methanog@laut, 1994; Ferry, 1992ould have resulted in a
more pronounced DIR. Consequently, a decr@aseethanedependent Fe(lll) reduction would
not necessarilhave resulted in a decreasethtwer of Fe(lll) (oxyhydr)oxideddowever, recent
findings by Neubeck et al. (2016showed that methaneroduction in some species of
methanogens was unaffected by &bncentration, thereby suggesting that the influence of
decliningoceanic Ni concentratns on the global rates of methane productiahénPrecambrian
is not straightforward. At the same time, the increaséiological Nfixation could have
increased the significance of MH dependent Fe(lll) reductiofClément et al., 2005; Oshiki et
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al., 2013) Therefore, other microbigrocesses (e.g. DIR and hidependent Fe(lll) reduction)

would becomemore important as a result of a shift in substrate availability.

The development of oxygenic photosynthesis and locally confimgden oasis wodl
not only have influenced the iron cycle significanthyjt as a result of oxidative weathering,
would also haveesulted in increased pyrite dissolutidfonhauser et al., 2011)esulting in an
increasedsulfate (and nutrient) flux to the ocedfid. 2. Increased biomagwoduction by early
cyanobacteria within the oxygen oases togeth#h an increased sulfate flux could have
stimulated locally confinedctivity of sulfatereducing bacteria along the palsioreline and
shelf regions, resulting in thelevelopment of locally confined sulfidic podlBarquhar et al.,
2010) Within those regions marine geochemical conditions would baem governed by the
competition between Fe(ll), Dorganic matteinput and HS accumulationReinhard et al.,
2009) This period of marine evolution isterpreted to be recorded e.g. in the ~2.66 Gyr Jeerinah
Formation(Hamersley Province, Western Australgcott et al., 201)1and the ~2.5 GyMount
McRae Shalg(Reinhard et al., 2009)in these paleenvironments, lodly confined euxinic
conditions would have inhibited the upwelling Fe(ll) fregaching the neahore, resulting in
the precipitation of FeSF{g. 2. Consequently, Fe(ll) would be inaccessible for microbial iron
cycling. By contrast, the 2.5 Ga Mount MaR Shale shows N isotope signatwessistent with
denitrification (Busigny et al., 2013)leading those authors to speculat®ut the existence of

nitrate dependent iron oxidation.

In summary, when cyanobacteria expanded into the oceans, ferrugoraisons would
likely still have existed in most areas of tAechean ocean. At some point in time, however,
locally confinedoxygen oases and increased sulfate input to the oceans resultingdrtym
oxidative weathering would have turned parts of tomtinentalmargins and shelf regions
euxinic, thereby supressing microbial iraycling. Additionally, oxygen oases would have
enabled proliferation oFe(ll) oxidizers reliant on oxygen or nitrate, which we speculate could
compete with photoferrotropha regions where the redox cline watdl in the photic zone but

would not be likely to dominate on a largeale.
3.3.  Marine Fe cycle following GOE

Following the evolution of planktonic cyanobacteria and tivgilespread expansion into

the surface oceans, tpeoduction of @ would have pushed the redoxcline below the photic zone
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such that upwelling Fe(ll) was oxidized abiotically before it could be available to
photoferrotrophs Kig. 3). Indeed, isotope evidence from the 2.3 to &¢ Yuanjiacun IF
suggestghat by this time the oceans contairsedficient oxygen such that Fe(ll) oxidation was
not directly tied to th@gresence of cyanobacteria, yet the deep oceans remained ferryglioaus
et al., 2014; Wang et al., 2016; Wang et al., 20EB)lowing theGOE, the waters overlying the
continentalshelf (around 150m deep)where IFs were depositddrendall, 2002} may have
become sufficiently oxygenated that deposition of Sup¢yjpe IFsceased as the upwelling
hydrothermal Fe(ll) was oxidized befai@aching the shelfKig. 3. Although this could have led
to IF depositionin deeper waters, the preservation potential of those sediments veolalsls than

of IFs deposited on the stable shelf. The implications #nerthat IFs might be absent from the
rock record, an observation borpat by the limited extent of major IFs deposited between ca.
2.4 andl.9 Ga(lsley and Abbott, 1999; Konhauser et al., 2017)

Although the cessation of IF deposition during the above time inte@sltraditionally
attributed to oxygenation of deep seawaferg., Holland, 1984, in the wake of the GOE,
widespread oxidative weatherimg pyrite on land would have resulted in an increased input of
sulfate(and nutrients) to the oceans. Microbial turnover of sulfate and orgaatter by sulfate
reducing bacteria in organic matter rich environmewtsild have resulted in the formation of
large quantities of £& alongthe ocean margin&anfield, 1998; Johnston et al., 2006; Kendall et
al., 2011; Poulton et al., 20Q4esultingin quantitative titrationof upwelling Fe(ll) from the

water column and the end of IF deposit@nthe shelf.

Evidence from the 1.89 Gyr Gunflint and Biwabik IFs suggests évan in the
Palaeoproterozoic, when the surface ocean was fully oxygersggeddically high fluxes of
reductants (Fe(ll)) from hydrothermaburces could still overwhelm the abiotic oxidation of
Fe(ll), resulting in Fe(ll) accumulation and subsequent IF deposition on contirsghdes
(Planavsky et al., 2009)Under these conddns, oxygen produced bgyanobacteria clearly
became the dominant oxidant for Fe(ll) oxidatinrihe oceans. In turn, this would have resulted
in a complete inhibitiorof Fe(ll) oxidation by phototrophs in the surface ocean and restricted
photoferrotrophgo a few specific sunlit, anoxic niches, such as coasdiments and stratified
lakes, much as they are tod&amacho et al., 20177 hecompetition between photoferrotrophs
and cyanobacteria would albe confounded by the increase in nutrient inpuhte oceans from
oxidative weathering, which would remove the competitive advanpdogeoferrotrophs had
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enjoyed in the oligotrophic conditions widesprgawr to the GOE Jones et al., 201Robbins
et al., 2016or an extensive review on tloeean trae element budget). With a fully oxygenated
photic zoneanoxygenic phototrophs would be unable to prolife(&appler et al., 2005and
Adar k o-oxifizing Imetabolisms would become an increasingtyportant driver of
microbially catalysed Fe(llpxidation. In this scenarianicroaerophilic Fe(lBoxidizers may
have dominated the Fe@ddxidizing community members along the deep redaxe (Chan et al.,
2016) As oxidative weathering on land increased, even more Mo would be introduoette

oceaans, enhancing flixation, and potentially encouragimifratereducing Fe(lhoxidizers.

The significance of DIR for the marine iron cycle is recordedaweral IFs deposited
either directly in the wake of the GOE (e.g., th8 to 2.2 Gyr Yuanjiacun IFdou et al., 2014;
Wang et al., 20160r during the approx. 1.8 Gasurgence of IFs (e.g. the Sokoman IF or the
Lake Superior IFsDodd et al., 2018; Planavsky et al., 2009; Raye et al.,)2@lt&rnatively,
higher Mo concentrationéThoby et al., 2019Wwould probably have furthered an increase in
microbial Fe(lll) reductiorcoupled to NH" oxidation (Feammox) below the deep redaline
andin the sediments. This would additionally be stimulated by higher sedimertanonium
fluxes from ammonification uting burial due tancreased microbial Nixation in surface waters
(Stueken et al., 2015; Stueken et al.,, 2016; Zerkle et al., 28@6ysubsequent microbial

degradation of organic carbon.

When the deep oceans became oxygendtied 4), hydrothermallyderived Fe(ll) would
be precipitated directly around submarine ventgh as it does today (e.g., Loihii, Hawd#iarl
et al.,, 1989 Marine iron cyclingwould be confined almost exclusively to sedimentary
environments,with extremely low Fe(ll) concentianhs (and thus almost no microbiabn

cycling) in the water column.
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Fig. 4. Schematic of the marine iron cycle when oxygen penetration exceeds the depth of the shelf. Iron cycling
proceeds similarly to today. Almost no Fe(ll) can remain dissolved in the water column and most active iron cycling
occurs in the sediments, or dirgctiround hydrothermal vents.

4. INFLUENCE OF OXYGENIC PHOTOSYNTHESIS ON TERRESTRIAL IRON
CYCLING

While in section 2.5 we discussed the hypothesis of a poteetraistrial evolution of
cyanobacteria, we now investigate how theiygen production would havefluenced an early
terrestrial microbialron cycle. Most of the knowledge on Archean and Proterozoicayching
comes from marine deposits, yet it is very likely that the evolutfooxygenic photosynthesis
would have also had major consequerfoeserrestrial iron cycling. In this case we use the term
terrestrialto refer to any exposed continental crust, regardless of whethexquatic or not. We
therefore include rivers, lakes, streams padds under this definition as well as soils, sedisient
and exposed rockurfaces. Unfortunately, due to lower aerial extent of continentahta@sges in
the Archean (compared to today) and resulting lower likelitadqateservation than the abundant
marine deposits, the geologicatcord of life on land dimg Earth's ancient history is
significantly more patchy than that found in marine systef@ampbell and Davies, 2017;
Flament et al., 2008, 2013; Rey and Coltice, 2008%s due te@rosion is also high for terrestrial

49



Introduction

deposits, meaning that those envirentsmost likely to have had cyanobacterial communities

werelost from the rock record.

What little understanding of terrestrial iron cycling we have cofma® palaeosols
ancient soil horizons. Weathering of ancient saitsder an anoxic atmosphere léd the
mobilization and leaching of Fe(ll). When oxygen is present, Fe(ll) is oxidized and thus
stabilized, preventing iron loss. It has been shown that before 2.4 Ga, palasosfEsed
significant iron loss whereas younger palaeosols geneshfiy nedigible loss of iron during
weathering(Beukes et al., 2002; Rye and Holland, 1998though mobilization of iron from
palaeosols can be explained by chemprakcesses (i.e., abiotic weathering of silicate minerals),
the high abundancef aqueous Fe(ll)mplied by the observed iron mobilization pre GOE

palaeosols allows us to speculate about the potential febasadnetabolisms in these systems.

In modern terrestrial environments, Fe(ll) is oxidized by the s#mee microbial
processes as discudsm part 3 of this review: microaerophilianoxygenic phototrophic and
nitrate dependent Fe(ll) oxidatiom the modern environment, however, these processes are
limited by the ubiquity of atmospheric oxygen which either competes with tieiabolism &s
in the case of microaerophilic Fe(ll) oxidation) or ewembits their activity completely because
they are anaerobic (phototroplaind nitratereducing Fe(ll) oxidation). In addition to benefitting
from the dissolved Fe(ll) produced and released fsdiwate weatheringthese microorganisms
are known to also directly oxidize crystalline Fe@dBaring minerals, including magnet{i&yrne
et al., 2015)biotite (Shelobolina et al., 2012and clayminerals(Shelobolina et al., 2012bPn
the other enaf the iron cycle, given the relatiyiucity of TEAs such asONQOs' and SQ@ 'in
the Precambrian, Fe(lllnay have been one of the few electron acceptors available for ancient
chemolithotrophs. In fact, it has been shown that close relatives &fstheommon ancestor of
modern life had the ability to conduct Di¥argas et al., 1998rom the marine record it is
clear that DIR played a significamble in marine iron cycling pre GOE (cressference to
section 3), andhere is no clear reason whlis would not have been a plausible microbial
metabolism on the early landmasses as well. It can, thereforpropesed that pr&OE
palaeosols with low ©and abundant Fe(Ijvould have represented an even more favourable
environment for terrestriahicrobial iron cycling than today, although the impact of sactivity

on global biogeochemistry may have been minor.
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The palaeosol record also contains significant insights into ancient terrestrial
biogeochemistry more generally. In the oldest palaeosaordethe 3.2 Gyr Moodies Group,
Nabhan et al. (2016)bservedcontemporaneouormation of pedogenic sulfate nodules and
secondanp y r i t e r%uepsv awiutehs tbhet ween 1 2 Othey itarpreted 2 4 . 5 &
as evidence for microbial processingsuiifur duringsoil formation at that time. Of particular
interest are paleosols found several localities near Schagen (Mpumalanga Province, Eastern
TransvaalSupergroup, South Africa) which were formed prior to 2.6 Gweir high organic C
content (upa 1. 4 wt %) rmmthick® e @ ms @igvld | Wwies bet ween T 1
1T17. 4a P DBndioates thabmidropial mats existed on the soil surfé¢a&tanabe et al.,
2000) but theretention of iron and the increased ratio of Fe(lll)/Fe(ll) witptdesuggests that
the mats were composed of cyanobacteria and that oxggecentrations, at least locally,
were >0.1% PAL (Watanabe et al., 2004Additional constraints on potential early terrestrial
metabolisms is provided by study on the 2.76 Gyr Mait Roe palaeosol, Western Australia
(Rye and Holland, 2000)rhe authors describe isotopic evidence indicative of methanotrophy
which they suggest occurred around ephemeral ponds. The presencetlednotrophs
necessitates the presence of metkoeucingmicroorganismsMethane could have provided
an additional substrate fonicrobial Fe(lll) reduction where the oxidation of methane would

havebeen coupled to microbial reduction of Fe({Riedinger et al., 2014)

The terrestrial rock record alsecludes some evidence of aquatcrestrial habitats on
the early landmasses. For exampigmann et al. (2018show direct fossil evidence for
terrestrial microbial mats from &22 Gyr fluvial deposit in the Moodies Group, South Africa.
Buick (1992) ard Stueken et al. (20173lso provide textural and Mo isotopic evidenue
oxygenic photosynthesis in 2.78 to 2.72 Gyr stromatolites ofFtmtescue Group, Western
Australia that were interpreted as havbeen formed in an ancient evaporitic lake. Howgthas
interpretationis not unequivocal, as parts of the Tumbiana Formation were interpieted
represent coastal or shallow marine environments by prewiauk (Sakurai et al., 2005)
Although these existing records do not directly imply a rale iron-metabolizing bacteria
specifically, they do suggest an actiwecrobial community which could consist of oxygenic or
anoxygenicphototrophs, as well as active microbial nitrogen, sulfur and methgceng.
Crucially, all of these processes can potertiaé linked tamicrobial iron cycling.
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5. CONCLUSIONS

The exact timing of the evolution of oxygenic photosynthesis rentlansubject of much
debate, but the impact this biological innovatidras ultimately had on the Earth's
biogeochemistry is undeniabhuge. A significant body of evidence suggests thatitimgvation
first developed in terrestrial environments wherg anobact eri a were respon
oxygen prior to the GOEThis would have had limited impact on the microbial iron cyclée t
marine environment as the oceans would have remained prirmackyc, and the microbial iron
cycle would have been dominated by Fe(ll) oxidation by anoxygenic phototrophs and Fe(lll)
reduction by DIRmuch as it had been prior to the evolution of oxygephotosynthesisThe
subsequent evolution of planktonic cyanobacteria enabled expangiothe marine realm and
led to progressive oxygenation of taemosphere and oceans. Anoxygenic phototrophic Fe(ll)
oxidation likely remained the dominant mechamisof IF deposition until theredoxcline
descended below the photic zone as anoxygenic phototreghish grow at lower light
intensities, could oxidize upwellingre(ll) before it reached cyanobacteria. Ultimately IF
deposition woulccease when the redoxudi descended below the depth of the shelf,cuayden
from oxidative photosynthesis would dominate Fe(ll) remdnaah the water column. Increased
availability of oxygen could havenabled expansion of new Fe{tixidizing metabolisms such
as microaerophit and nitratereducing Fe(lBoxidizers, but these are unlikely have played a
major role in precipitation of IFs. Under increasinglyx i ¢ condi ti ons, howev
Fe(ll)-oxidizing metabolismsvould have found abundant niches in both marine tanéstrial
systemswvhere they could potentially influence the local biogeochemistrgh as they continue
to do today.
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Questions andGoals

Banded I ron Formations (BIFs) provide a wi
past environmental processasd the evolution of microbial life. And yet, the complex interplay
of environmental factors, microbial activity, diagenesis and-doade metamorphism during
their genesis makes it difficult to obtain a clear picture of the ancient Earén.aOcentury D
research has resulted in considerable advancement in our understanding of the mechanisms and
the geochemical and biological constraints underlying the genesis of major BIFs of Archean to
Paleoproterozoic age. The combined study of the BIF rock recodErmaday analogues for past
environments and experimental studies have allowed us to develop and refine models for BIF
genesis. Collectively, the majority of these studies point to a biogenic origin of major BIFs,
where primary precipitates were formedheit through the metabolic activity of anoxygenic
photoautotrophic Fe(Hpxidizing bacteria (photoferrotrophs) or the abiotic oxidation of Fe(ll)
via O, produced by early cyanobacteria. The properties and composition of these primary
biogenic sediments wddihave been modified through subsequent processes like microbial Fe(lll)

reduction, followed by diagenesis and lgrade metamorphism.

However, past studies on BIF genesis often only focussed on resolving questions
pertaining individual aspects such as (1) the geochemistry and the physical properties of the
ocean they were deposited from, (2) the mechanism(s) underlying the formatien pfrbary
precipitate, (3) the postepositional alteration of these primary precipitates nbigrobial
processes and diagenesis or (4) (gnade) metamorphic processes. Rarely have studies
considered a continuum of these aspects or their interactioromatlanother. Therefore, the goal
of this PhD thesis was to obtain further insight into the interplay of the previously discussed

factors. Specifically, the objectives of this PhD thesis were:

(1) To quantify the influence of lowgrade metamorphism (170°C, 1kbar) on the post
depositional mobility of phosphate (FQ associated with primary Fe(lll)

(oxyhydr)oxides ¢hapter 1). BIFs are frequently used to constrain the geochemical

69



Questions and Goals

70

composition of the Archean to Paleoproterozoic ocean. For exampld)/Béfatos are
interpreted based on empirical portioning coefficients to deduce ancient seawagter PO
concentrations in order to constrain the size of the ancient marine biosphere and the extent
of primary production. However, the influence of confounding factarch as lovgrade

metamorphism on the interpretation of B¥&eratios remains unexplored.

(2) To determine the influence of temperature fluctuations on the metabolic activity of

anoxygenic photoautotrophic Fefbxidizing bacteria (photoferrotrophghapter 2).
Previous work suggested that such temperature fluctuations may act as unifying trigger
for the alternating deposition of Fend Sirich bands in BIFs by linking microbial Fe(ll)
oxidation during warm periods to abiotic Si precipitation during coddiods. We,
therefore, wanted to verify the feasibility of a temperature cycling model for creating the
characteristic banding in BIFs in a lotgrm experiment. An additional objective was to

identify the mechanism(s) ultimately responsible for the stjoarof Fe and Si.

(3) To determine the effect of repeated and dynamic microbial Fe redox cycling on the

primary BIF mineral identity and the formation and properties of secondary minerals
(chapter 3) and to examine the influence of increasing concentrations of Si on the Fe
mineral (trans)formationAlthough te individual role of photoferrotrophs and Fe¢lll)
reducing bacteria during the genesis of BIFs is well constrained, it remains unresolved
how the direct interaction of both metabolisms influenced the initial deposition of BIFs
and the formation of primary sedimen&pecifically,it remains unclear iminerals such

as siderite and magnetite are formed and maintained ddgngmic and alternating

microbial Feredoxcycles
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ABSTRACT

Ratios ofphosphorous (P) to iron (Fe) in Precambrian banded iron formations (BIFs) have
previously been used to estimate dissolved seawater phosphate concentrations in the ancient
oceans. Such studies rely on an assumed composition of the primary iron minerals, the
concentrations of the major ions in seawater, and empirical partitioning coefficients for phosphate
sorption to Fe(lll) (oxyhydr)oxides. There is limited data, however, regarding the post
depositional stability of phosphate associated with presumed griBi&riron minerals, such as
ferrihydrite under lowgrade metamorphic temperature and pressure conditions (170°C and
1.2kbar). Here we experimentally formed ferrihydrite in the presence of silica, which was
abundant in the Precambrian oceans, and therbated it in the presence or absence of organic
carbon (Gg; either glucose or microbial biomass) as a proxy for ancient planktonic biomass. We
found that the posnhetamorphic mineral assemblage resulting from thermochemical Fe(lll)
reduction of Sidopedferrihydrite depended onofg reactivity: In the presence of highly reactive
glucose siderite, magnetite, and vivianite were formed, with less than 1.2 mol.% of phosphate
(0.5 M NacCl extractable) being mobilized. In contrast, the reaction-db®d fertydrite with
less reactive microbial biomass resulted in the formation of hematite and siderite, but not
vivianite, and approximately 10 mol.% of phosphate being remobilized intosedement
porewaters Collectively, our data suggest that the fidelity hwivhich BIFs record ancient
oceanic phosphate concentrations depends on the mineralogy and diagenetic history of individual
BIFs but should be reliable within 10%.
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1. INTRODUCTION

Banded tion formations BIFs) are ironrich (1540 wt.% Fe) and siliceous @60 wt.%
SiO;) chemical sedimentary rocks that precipitated from seawater throughout the Precambrian
eons, with the majority of preserveeépositshavingformedbetween 2.80 and 1.85llion years
ago (Ga)in the Neoarchaean and Palaeoproterozoic eseBgkker et al., 2014; Konhauser et
al., 2017for reviews). The begtreservedBIF successions are remarkably uniform, composed
mostly of cher{SiO;), magnetitdFex04), and hematitéFe0s), with variable amounts of Fech
silicate minerals (e.g., geealite, FeSi-Os(OH)4), carbonate minerals (e.g., siderf@CQ), and
locally sparse stides (e.g., pyrite, Fep It is generally agreed that none of the mineralBIf
are primary in originas the mineralogy of theoriginal seafloor precipitatevas not preserved.
Instead, the mineralgbservedn BIFs todayreflect multiple postlepositional alteration events
that occurred under both diagenetitd metamorphiconditions.Diagenesis is considered here to
includelow-temperaturg@rocessegcompactiondewatering, recrystallization) beginning with the
immediate burial of sedimens, while metamorphism encompassdsgh-temperature

transformations induced leep burialmagmatidantrusions and compression by plate tectonics.

The iron oxides in BIFs are interpreted to have formed from an initial Fe(lll)
(oxyhydr)oxide phase precipitated from the photic zone via the metabolic activity of planktonic
bacteria; however, alternative primary minerals such as greenalite (Muhling aamlugsen,

2020; Rasmussen et al., 2017) and green rust (Halevy et al., 2017) have also been proposed. The
classic, biological model invokes ferric iron precipitation occurring at the interface between
reduced upwelling ferrous iremch waters and oxygered shallow waters, with the oxygen
being sourced from cyanobacteria or their predecessors (Cloud, 1973). Alternatively, anoxygenic
photoautotrophic Fe(Hdxidizing bacteria, known as photoferrotrophs, could have directly
oxidized Fe(ll) utilizing light eargy and coupled this to the fixation of carbon (Hartman, 1984),
Mass balance calculations even suggest that anoxygenic photoferrotrophy can account for most,
if not all, Fe(lll) deposited in BIF (Konhauser et al., 2002). In either case the compositian of
primary Fe(lll) (oxyhydr)oxide would have been a function of seawater chemistry ([Si] and
[HCOs]) and Fe(ll) oxidation rate, resulting in the formation of ferrihydrite, FegDgbethite,
U-FeO(OH), or a ferrisilica gel (see Konhauser et al., 2007 review).
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In many modern aquatic systems, primary production of organic matter is limited by
phosphorus (Tyrrell, 1999). Phosphorous in the oceans is mostly present as inorganic phosphate
(PQ:*) with an average concentration of gl in modern ocean sface waters (Bruland et al.,

2014; Levitus et al., 1993). Here, we usesP® encompass all relevant protonation states at a
given pH, and AP0 when referring to the &ele
distribution of PG> in the modern oceans ivell understood, the concentration of 2@ the
Precambrian marine systems, when BIF were being deposited, is a matter of ongoing debate. As
PQ:* is the mostikely limiting nutrient on geological time scales (Reinhard et al., 2017; Tyrrell,

1999) ths has obvious relevance to the size, and ultimately degree of primary productivity, that

the Precambrian marine biosphere was capable of sustaining.

BI'F may offer valwuable insights for under
terms of availabity in nearshore, biologically productive depositional environments (e.g., shelf)
where BIF accumulated: in other words, BIF cannot inform about bulk seawater [P] for which
other lithological proxies (e.g., shales) are better suited. In this regard,lenahstudies have
examined P/Fe molar ratios in BIF by exploiting empirical distribution coefficients l{tween
dissolved P@ and the PG adsorbed onto the surfaces of Fe(lll) (oxyhydr)oxides).,
(Bjerrum and Canfield, 2002; Jones et al., 20d&nhauser et al., 2007; Planavsky et al., 2010).
Low P/Fe ratios in BIF have been used to argue for a small, biologically availalSted2@rvoir,
with estimated Archean [P] of 0.15 to uBl. However, because thepKvalue for PG>
adsorption to ferriydrite varies inversely with dissolved Si concentrations due to the competitive
adsorption of aqueous Si species (Konhauser et al., 2007), it is also important to consider the
evolution of the Si cycle when using P/Fe ratios as a paleoproxy (Planav$ky6e1i ). Indeed,
when seawater [Si] approaches saturation with respect to amorphous silicaVi(2 Ziever,

1992), predicted P& concentrations increase from near 20% (Jones et al., 2015) to 100%

(Konhauser et al., 2007) of the modern.

An additional uwertainty arises when considering that experimental -ditcer
relationships for putative primary precipitates have been applied to a diagenetically altered and
metamorphosed rock record. Therefore, a critical, but unresolved issue is whether the post
depositional alteration of a ferrinydritech precursor sediment during both early diagenesis
(mostly microbiallydriven below 120°C; (Kashefi and Lovley, 2000) and -grade
metamorphism (abiotic, at higher temperatures; (Halama et al., 2016; Kohleéi al.Li et al.,
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2013a; Posth et al., 2013) mobilized the seawsadred PG, and thus, whether the P/Fe ratios

in BIF are a faithful, firsorder representation of marine FOconcentrations. For instance,
during diagenesis, the dehydration of feydhte to hematite results in an increase of crystallinity
and a decrease in surface area (Stanjek and Weidler, 1992), causing the releadronPthe
crystal structure to the sediment pavaters (Wang et al., 2013b). Other processes potentially
leading to the remobilization of PO are; (1) dissimilatory ferric iron reduction (DIR) by
sedimentary bacteria, resulting in the formation of magnetite (Li et al., 2011) or siderite (K6hler
et al., 2013), and (2) the thermochemical reduction of Fe(llipleauto Gry oxidation during
low-grade metamorphism, similarly resulting in the formation of magnetite and siderite (Halama
et al., 2016; Posth et al., 2013). In either instance, thé R@y be immobilized through the
precipitation of either vivianite-es(PQs)2 x 8 HO (Dijkstra et al., 2016; Marz et al., 2018) or
carbonate fluorapatite, €@, CQOs)3F (e.g. Alibert, 2016; Bekker et al., 2014) or the adsorption
onto secondary magnetite (Daou et al., 2007). Yet, the effect of these processes og the PO

budget in primary BIF minerals has not yet been tested experimentally.

In this study, we built on previous simulated lgwade metamorphism experiments at
170°C and 1.2 kbar (Halama et al., 2016; Koéhler et al., 2013; Posth et al., 2013; Robbins et al.,
2015) to assess the diagenetic to-gnade metamorphic mobility of R®, evaluated based on
t he éeexatsrialcyt abl ed fraction. Incubationg* were
bearing Fe minerals (ferrihydrite and héatated ferrihydrite) ynthesized at different dissolved
silica concentrations (0, 0.5 or 1.6 mM Si, based on Zheng et al., 2016) and (2) in the absence or
presence of organic o (labile glucose or recalcitrant microbial biomass). Biogenic and
abiogenic vivianite, with and wibut glucose, were used as control setups to confirm the low
grade metamorphic stability of Fe(ll) phosphates. To account for the potential releasg of PO
from microbial biomass, biomass controls were also incubated in separate setup&utitand

Si-free ferrihydrite.
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2. MATERIALS AND METHODS
2.1. Preparation of minerals, biomass and gold capsules
2.1.1. Synthesis of primary P-bearing minerals

A rationale for the experimental conditions, including B@> and Si concentrations and
initial minerals chosens provided in supplementary texts S1 and S2. An additional justification
for the use of freezdried minerals and biomass to simulate an initially watgurated
sedimentary column is outlined in supplementary text S3.

Ferrihydrite. Ferrinydrite preloaded with PG> and Si was precipitated in three setups
with the same P£J concentrations but three different Si concentrations following the methods of
Schwertmann and Cornell (2008). First, 29.22 g of NaCl was dissolved in 1 L eputed$O
with a resistance of 18.2 Mg I c¢cm at 25AC)
silica concentrations of 0, 0.5, and 1.6 mM were achieved by adding 0, 0.1421 g, and 0.4567 g of
sodium metasilicate nonahydrate ¢NeSi x 9H0), respectively. Th@H was set to <4 by the
addition of 1 M HCI before adding 20 mL of a Fe(lll) stock solution (7.214 g F&@®.68
dissolved in 100 mL ultrpure HO) and 2 mL of a certified 1000 ppm calibration standard for P.
Depending on the Si concentration this resut Fe:Si:P ratios of approximately 55:0:1, 55:8:1
and 55:25:1, respectively, in the initial solution (all values normalized to P). Finally, the pH was
increased to 8-8.6 with the incremental addition of 1 M KOH. Afteh3without stirring, the pH

wasreadjusted to 8:8.6 and the minerals were centrifuged at 4@29d freezeadried.

Heattreated ferrihydrite. Ferrihydrite was synthesized as described above, with the
exception that after centrifugation the minerals wersuspended in 0.1 L of a 0.5 MaCl
solution. This suspension was then heated to 80°C for 4 weeks in a closed bottle under occasional

shaking. After 4 weeks the minerals were centrifuged at 422l freezedried.

Vivianite. Synthetic vivianite was prepared following-Bbrno andTomson (1994).
Biogenic vivianite was produced by microbial reduction efi§EFeG by Shewanella oneidensis
MR-1 (Supplementary text S4; Veeramani et al., 2011). The synthetic and biogenic vivianite
mineral suspensions were filtered anddaied inside amnoxic glovebox (100% Natmosphere).
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2.1.2. Preparation of microbial biomass

Non-heattreated microbial biomass for simulated metamorphism experiments was
prepared as described in Halama et al. (2016). Ce8s ofeidensibR-1 were pelleted, washed
and freezalried. The C content of the biomass was determined using an elemental analyzer
(elemental Vario EL; Elementar Analysensysteme GmbH, Langenselbold, Germany).- Freeze

dried biomass contained 45.1 wt.% C.
2.1.3. Mineral-organic carbon mixtures and gold capspleparation

For simulated metamorphism experiments, pure minerals or mixtures of minerals and
organic carbon (&g were filled (under anoxic conditions in the case of vivianite) into gold
capsules (diameter 2.1 mm, 0.2 mm wall thickness, 3 cm long). @deaither bacterial biomass
as proxy for recalcitrant & (Creca) Or glucose as proxy for labilesfg (Cian). Capsules were then
sealed and welded in air as previously described (e.g., Posth et al., 2013) before being placed in a
high pressure/high tempdure autoclave (SITESieber Engineering AG, Zurich, Switzerland)
at 170°C and 1.2 kbar for Hays. Primary Fe(lll) (oxyhydr)oxides were mixed withg@t an
electron ratio of 0.6 to represent excess Fe(lll) to biomass as per Posth et al. (202@}ior his
represents a limitation of electrons available for Fe(lll) reduction coupleddox@dation (i.e.,
the electrons from the oxidation ot#are not sufficient for complete reduction of all Fe(lIl))
and is characteristic of Fe(lll) mineredll aggegates produced by photoferrotrophs (Posth et al.,
2010). An overview over all setups is provided in supplementary text S3.

2.2. Extractions and mineral digestions
2.2.1. Preparation of extraction vials

Extraction vials wused for POh@5MNaChHweet i on o0
soaked in 1 M HClI for 48 h, followed by 3 rinses with ujprare HO and airdried.

2.2.2. NaCl extractions

After incubation in the autoclave, the gold capsules were brongghga glovebox (100%
N2) and cut into 3nm pieces. The ends of the capsules were then bent open and placed in 10 mL
gas tight,acilva s hed gl ass vi al s. To recovesd,5mhoe 6eas
0.5 M NaCl solution was added to eacalvThe vials were then placed in an ultrasonic bath for

20 min, centrifuged for inin at1761g and the supernatant recovered using a Pasteur pipette and
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collected in a 50 ml Falcon tube. The extraction was repeated 5 times. The combined
supernatants werthen filtered (0.22am; Polyethersulfone, VWR International, USA), acidified

with 69 % trace element grade HBI®O a final concentration of 3 % and stored at 4°C in the dark
until measurement by inductively coupled plasoptical emission spectroscopy ROES, see
below). For a specific setup, the experiments were performed either only once or in triplicates as

detailed in Table 1 and supplementary text S3.
2.2.3. Mineral digestions

The elemental composition of all primary minerals was determined byOE® (see
below). Prior to ICPFOES measurements all-Bee minerals were dissolved by heating a 150 mg
sample in 2 mL HN®(69%; trace element grade) to 70°C for 48 h.

Si-containing minerals were microwave digested in hydrofluoric acid (HF; Multiwave GO
3000 microwave digestion system, Anton Paar Ltd., Graz, Austria) using a protocol modified
from 1SO 16967:2015 (DIN Deutsches Institut fir Normung e. V.). In short, 50 an@iG&mple
were amended with 1 mL of 30%€k and allowed to react for fin, 2.5 mL HNDs (69%;
supra quality) was added, allowed to react for 30 min and then 6 mL HCI (35%; supra quality)
was added, and allowed to react for another 2 h. Samples were then digested at 190°C for 30 min
with an initial heat ramping of 19°C minAfter coolingto room temperature, 1 mL of HF (40%;
supra quality) was added, followed by a second microwave digest at 150°C for 15 min with an
initial heat ramp of 10°@in?. Finally, after cooling down to room temperature, the HF was
neutralized by the addition of BL saturated EBOs followed by a final microwave digest at
150°C for 10 min with an initial heat ramp of 15°C rhirThe final digests were aliquoted to

50 mL with ultrapure BO and measured in triplicate.
2.3. Analytical techniques
2.3.1. Elemental analysis and callation of element remobilization

Concentrations of P, Si, and Fe in the NaCl extracts and in the mineral digests were
determined by ICFRDES. Setups without &g, setups with ferrihydrite and glucose, and setups
with vivianite were analyzed using a Horiba Jobin Yvon Ultima 2-@HES at the European

Institute for Marine Studies in Brest, France. The remaining samples were analyzed with an ICP
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Optical Emission Speaimeter series Spectro Blue with a model AZ0 auto sampler and

Argon humidifier at the University of Applied Forest Sciences Rottenburg, Germany.

The extent of remobilization of Fe, Si and £0Owas determined by calculating the
amount of substancen)(in any given NaCl extraction supernatant or mineral digest, using
previously determined concentrations. The extent of remobilization (in mol.%) was then set as
the molar ratio of a given element in the NaCl extract in relation to the element in thesaiitlal
phase, normalized to the capsule content(f&extrac)/ N(Xsoiid) * 100), where X represents the

respective element.

Molar P/Fe ratios (=n(P)/ n(Fe))) and molar Si/Fe ratios (a(8i)/ n(Fe))) of the starting
material were calculated using P, &id Fe concentrations determined by 4CBS after
dissolution of the minerals in nitric acid (69% H¥@r after a mineral digest with hydrofluoric
acid as described above.

2.3.2. Mineral identification by’’Fe Moessbauer spectroscopy and uXRD

The mineral identity of all starting material and all metamorphic products was determined

by °’Fe Moessbauer spectroscopy and pXRD as described in supplementary text S5.

3. RESULTS AND DISCUSSION

In order to determine how different Si concentrations migfitence the metamorphic
mineral transformation pathways and £Qnobility, we conducted lovgrade metamorphism
simulation experiments with R&-preloaded ferrihydrite synthesized (1) in the absence of Si, (2)
at low concentrations of Si (OrBM), and (3)at high concentrations of Si (1.6 mM). However,
given the high similarity of the results between the low Si and high Si experiments, and in an
effort to simplify the discussion, the focus will be on comparing the results for the high Si setups
that are rpresentative of an Archean ocean to the setups without Si that approximate conditions
similar to modern oceans. Additionally, we used tesdted ferrihydrite to determine how the
increased temperatures associated with burial (during diagenesis) milglendef mineral
transformation pathways and the concomitant changes i#fi P©Obility. Finally, we varied the
reactivity of the Gy used in order to determine how this may also influence mineral

transformations and R® remobilization.
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3.1. Extent of POs*> remobilization

We found that the effect of lograde metamorphism on EFOremobilization from
primary ferrinydrite was independent of the presence &f ®oth under (1) Ggstarved
conditions, where biologically produced Fe(lll) minerals and the riatobiomass which
oxidized Fe(ll) were deposited separatelyorf@ee setups, FhP, FhRQi FhPSkigh, e.g.
Thompson et al., 2019), as well as under (2) conditions where primary minerals were deposited
as microbial cetFe(lll) mineral aggregates {&a setups: FhPGca, FNPSbwCrecay FhP SiighCrecal
Posth et al., 2010), we observed considerable metamorphicrB@obilization of up to 9.8 mol.%
(Tab. 1, Fig. 1). In contrast toofg the presence of Si showed a strong influence on metamorphic
PQs> remobilization. For the experiments performed in the absenceHPQ> remobilization
increased from 3.0 mol.% in the absence of Si (FhP) tandl®6 in the presence of Si
(FhPSiigr). Similarly, in the experiments performed withe@ PQ* remolilization increased
from 5.2 mol.% in the absence of Si (Fhg to 8.0 mol.% in the presence of Si (FhiRECTrecal
Tab. 1, Fig. 1). The higher RO remobilization in the Gca Setups compared to thexgfree
setups can be explained by addition@sFremobilization from biomass, which, on average,
contributed 1.5 mol.% PO to the overall PG remobilized during lowgrade metamorphism

(based on experiments with PGfree ferrinydrite, Fh@ca, Tab. 1).

As a comparison to more recalcitrant organic carbon, and consistent with previeus low
grade metamorphism studies (Halama et al., 2016; Kohler et al., 2013; Posth et al., 2013; Robbins
et al., 2015)we mixed ferrihydrite with glucose as a proxy for labgg (Cian). Low-grade
metamorphism using this experimental approach resulted in much lower metamorpfiic PO
remobilization (<1.5 mol.%, FhR&g, FhPSbwCian, FhPSHighCia) compared to the previously
discussed &rfree and Geca €xperiments and was largely independent of the Si concentration
(Tab.1, Fig. 1). Collectively these results suggest that metamorphit R@obilization was a
function of the identity, and thus reactivity, ofi§¥ather than its presence or absence.

During preheating of Ploaded ferrihydrite to diagenetic temperatures (80°C), only a
minor amount of Py was mobilized (less than 0.5 mol.% PQsee supplementary text S6).
Increasing the temperature of the haated ferrihydrite to lovgrade metamghic conditions
(170°C) in the presence ofeGi (FhmeaPGecai FhheaP SiowCrecar FhheaP ShighCreca) Yielded PG>
remobilizationvalues that were comparable to the heattreated Gecaisetups (Tab. 1).
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Table 1

Fractions of Fe and P released from the samples following after metamorphic pressure/temperature treatment. Fe and

P were extracted from the pdatubation samples with 0@ NaCl, and are reported along with the initial and post
metamorphic mineralogicl o mposi ti on of e ac hogEadefereto treéitiRents awHere ot r ant 0
was derived from the biomass $hewanella i L a &y {(Claeréfers@ treatments where glucose used as biomass
proxy. ALow Si o refebsmMp AhiSghc8Singdendorat Bbncohcéntrat
given values are the mean of triplicates + 1 standard deviation; all other values are single measudateEnts.

adapted from Halama (2016).

.|n|t|al Sample composition Releasecelement Postmetamorphic mineralogy
mineralogy
Fe [mol.%)] P [mol.%]
FhGecal 0.0+£0.0 1.5+0.7 Hematite (100%)
FhP* 0.0 3.0 Hematite (100%)
FhPGecal 0.0+£0.0 5.2+0.1 Siderite (3.7%), Hematite (96.3%)
FhPGap* 0.5 0.5 Siderite (9.6%)Magnetite (90.4%)
. Ferrihydrite (69.4%), Hematite
. FhPSiow 0.0 9.4 (30.6%)
5 FhPSiowCrecal 0.0+0.0 9.8+0.6 Siderite (12%), Hematite (88%)
)
= FhP SiowCiab * 0.2 0.4 Siderite (17.0%), Magnetite (83.0%
)
L - Ferrihydrite (88.8%)Hematite
. Siderite (9.2%), Ferrihydrite
i + +
FhPShighCreca 0.0£0.0 80209 17 49) Hematite (73.4%)
Siderite (23%), Fe(lFphosphate
FhPSiighCian * 0.2 1.2 (28.5%), Ferrihydrite (16.0%),
Magnetite (32.5%)
FhheaP Gecal 0.0+0.0 48+0.1 Siderite (7%), Hematite (93%)
© . .
L o . Siderite (10.1%), Fe(l{phosphate
g E wCr .0z0. 4 +0. .
g § FhheaP SiowCrecal 0.0+£0.0 6.4+0.2 (7.2%), Hematite (72.8%)
:({j = Siderite (8.8%), Fe(l{phosphate
29 FhweaP ShighCrecal 0.0+0.0 10.7+2.0 (13.0%), Ferrihydrité15.7%),
Hematite (62.6%)
Synthetic ViVsynth* 0.2 0.3 Phosphoferrite (190%) .
vivianite ViV erriCaie* 01 01 Phosphoferrite, Lipscombite,
synth~labile . .
FePO,0
Blogenic Vivbio* 17 0.3 Vivianite (100%)
vivianite
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3.2. Controls on mineral transformation pathways

An overview over all experimental setups is providedsupplementary text S3, along
with a detailed characterization of the primary minerals in supplementary text S6. Generally, the
identity of the primary minerals synthesized initially was neither influenced by the presence nor
the concentration of Si or R Additionally, the heating of ferrinydrite to 80°C prior to

metamorphic incubations did not induce mineral transformation.

Similar to PQ*> remobilization, the metamorphic mineral transformations were
characterized by a dichotomous behavior: while sitadlalowgrade metamorphism of
ferrinydrite incubated in the absence ofigCor as an admixture with &y resulted in the
formation of hematite as the predominant mineral product (Fig. 1), mixtures of ferrihydrite and
Ciab resulted in the formation of agnetite. A detailed discussion of the various mineral
transformation pathways and their dependence on the vagigsbGreces and Si concentrations is
provided in supplementary text S8. Briefly, in the absence of agyr@ineral transformations
were drven by norredox, pressureand temperaturdependent reactions. Hematite was the
main metamorphic mineral product (Fig. 1, Tab. 1) fmmohed via the dehydration of ferrihydrite
(Cornell and Schwertmann, 2003However, increasing concentrations of Siufed in
increasing stabilization and preservation of the ferrihydrite (Fig. 1, Tab.cdnfirming
environmental observations of similar mineral systems (Toner et al.,.201the presence of
Crecay thermochemical reduction of Fe(lll) to Fe(ll) was plad to the oxidation of & to CO.
However, no magnetite was found among the metamorphic mineral products. Instead, hematite
was the primary mineral product. The inhibition of magnetite formation in experiments x¢iih C
can be attributed to complexganic compounds adsorbing onto the surface of primary Fe(lll)
minerals and thus inhibiting the adsorption of Fe(ll) required for the-stidi¢ conversion to
magnetite (Halama et al., 2016). Again, similar as in the absence of organic compounds, we
obseved a preservation of ferrihydrite with increasing Si concentration (kgi€akta Fig. 1,

Tab. 1). Siderite was the sole Fe{@aring mineral product identified and likely formed through

the reaction of Fe(ll) with inorganic carbon resulting from él@lation of organic compounds

(Halama et al., 2016; Kohler et al., 2013; Posth et al., 2013). Interestingly, we observed the

formation of vivianite in experiments with -Bearing heatreated ferrihydrite (FfaaP SiowCrecal

FhheaPShighCrecay SUPplementary text S8). Vivianita,mineral frequently found in modern anoxic

sedimentary environments (e.g. Dijkstra et al., 2018b; Dijkstra et al., 2016; Rothe et al., 2016),
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was likely formed through the reaction of Fe(ll) released from ferrihydraeradox reactions
andPQ:* released from both dg and primary Fe(lll) during simulated legrade metamorphism
(supplementary text 38

In contrast to the experiments witheé& experiments with @ resulted in the formation
of magnetite and siderite. Magnetite was likely formed via ssiltle conversion of Fe(lll),
caused by the adsorption of Fe(ll), stemming from thermochemical Fe(lll) reduction, to the
remaining Fe(lll) minerals (Fig. 1, Hansel a., 2003).Similar to the experiments with &,
increasing Si concentrations stabilized the ferrihydrite against-itdated metamorphic
transformation and, comparable to experiments with-tneated ferrinydrite, induced vivianite
formation (FhPSignCiab, Fig. 1, Tab. 1).

3.3. Controls on PQs* remobilization: mineral transformation pathways

Generally, the mineral transformation pathways under metamorphic conditions controlled
the extent of P¢¥ remobilization. PG remobilization was higher when leér only hematite (no
Corg), hematite and siderite (&) Or hematite together with siderite and vivianite:{&and heat
treated ferrihydrite) were formed. FOmobilization was lower when magnetite along with

vivianite was formed.
3.3.1. Influence ohematite formation on PO remobilization

In both Grgfree (FhP, FhP®i, Fh PSiign) as well as in setups containingdi (FhPGecal
FhPSiowCrecar FhPSHighCreca), hematite was the main metamorphic mineral product. However,
increasing concentratns of Si resulted in increased preservation of ferrihydrite (Fig. 1,
supplementary text S8). The slightly highers2@mobilization in the Gcasetups compared to
the Grgfree setups cannot be explained by siderite formation, since the extents®df PO
remobilization does not correlate with the extent of siderite formation. Reasons might either be
additional P@* remobilization from biomass or the high affinity of complex organics to Fe(lll)
(oxyhydr)oxides (Gu et al., 1996; Gu et al., 1994; Schaal.eP019) that prevent R®, which
was mobilized during lovgrade metamorphism, from -e@lsorbing to the Fe(lll)

(oxyhydr)oxides.

PQ:* remobilization during transformation of RPOloaded ferrihydrite to hematite can be

explained by two combined factorFirst, hematite has a specific surface area (SSA) that is
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approximately 50 times lower than ferrihydrite (Cornell and Schwertmann, 2003), resulting in a
decreased availability of R® sorption sites and PO release upon transformation (Wang et al.,
2013b). Second, eprecipitated and/or adsorbed Si lowers the point of zero charge (PZC) of
primary Fe(lll) minerals and hematite (Kingston et al., 1972; Konhauser et al., 2007;
Schwertmann and Fechter, 1982; Sigg and Stumm, 1981) and thus prexadgepton of the
mobilized PQ*. However, there are two points courgeguing these two lines of argumentation.
First, a previous study reported that£®@an be retained in the crystal structure of hematite up to

a maximum P/Fe ratio of 0.03 (Galvez et 4999). The maximum P/Fe ratio in our primary
minerals is 0.01 (supplementary text S6), which is three times lower than the reported maximum
ratio of 0.03. Therefore, even upon complete transformation of ferrinydrite to hematife, PO
should have been ta&@ned in the crystal structure or remain adsorbed (see e.g. FhP, Tab. 1).
Second, in the FhPR&I, FhPSiigh and FhPSighCreca SEtUPS, UP to 89% of the initial ferrihydrite

is preserved. Thus, based on the much higher SSA of ferrihydrite comparedatitehethe PG
remobilization should have been minimal, even when considering the previously described PO
repulsing effect of Si.

However, a closer analysis of the Moessbauer spectrometry hyperfine parameters of the
hematite formed in the various spsumay offer a potential explanation for #@emobilization
during transformation of PO-loaded ferrinydrite to hematite. Generally, increasing Si
concentrations resulted in a decrease in the mean magnetic hyperfine field paranaekég.(B
2A), sugesting lower magnetic (structural) ordering possibly due to inhibited crystal growth
induced by adsorbed and/ or-precipitated Si (Campbell et al., 2002; Rzepa et al., 2016). This is
supported by wider reflections of-8ontaining hematite in the respeet X-ray diffractograms
(supplementary text S8), which suggests lower crystallinity and smaller particle size with
increasing Si concentration. Furthermore, the decreaserishBws a good overall correlation
with increasing P& remobilization (R = 065, Fig. 2B). We, therefore, contend that with
decreasing particle size and a corresponding increase in the surface to volume ratio, shore PO
would have been exposed at the particle surface duringade metamorphism. This prevents
the hematite from etaining PQ> up to maximum P/Fe ratio of 0.03 during mineral
transformation. Consequently, since Si outcompetes B@ sorption sites (Konhauser et al.,
2007), especially at neutral pH and highl@&iding relative to P& (Hiemstra, 2018; Hilbrandt
et al., 2019), and is immobilized through polymerization duringdoade metamorphism, RO
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is preferentially remobilized. Following remobilization, thes#2@ould be unable radsorb onto
the hematite due to the decline metPZC induced by Si.
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Fig. 2. Moessbauer spectroscopic analyses of hematite formed duringréme metamorphism. Panel (A) shows

isomers hi ft (u) relative to t hg weghtadnaveragegoh multiple sextets,pseer f i n e
supplementarytext S7) at 140 K. Panel (B) shows mean magnetic hyperfine fielgl piotted against PO
remobilization. The B at 140 K depends on Si (and P{Pconcentration of starting ferrihydrite. Open symbols: Si

free hematite; halfilled symbols: low Sihematite; closed symbols: high Si hematite. Brown color marks hematite
resulting from norheattreated ferrihydrite, red color is hematite resulting from ‘estted ferrihydrite. Diamonds:

Incubation in the presence of:&i triangles: Incubation in thabsence of & The black open star marks incubation

with Si- and PQ*-free ferrihydrite in the presence of.&G. Where error bars are given, they mark mean from

triplicates + standard deviation. Solid line is linear regression. Dashed lines ma¥k @mfidence interval.

Al ncubati on 1.0 trheep raebsseenntc ed aotfa Cadapted from Halama (201

This, however, does not explain the high degree of R@mobilization despite a high
degree of ferrihydrite preservatiam. this regard a study by Siek and Weidler (1992) showed
that ferrihydrite can undergo significant dehydration upon heating with a concomitant decrease in
SSA without formation of more crystalline mineral phases. Indeed, Wang et al. (2013a) showed
that with increasing crystal siz@d resultant decrease in SSA and pore space volume, #ie PO
adsorption capacity of ferrihydrite decreases by >40%, which would explain the high extent of
PQ:* remobilization observed in our study despite-irBiuced ferrihydrite preservation.
Additionally, PQ* remobilization would have been further amplified byirluced changes in

the PZC, preventing P® immobilization through r@dsorption onto the remaiy ferrinydrite.
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3.3.2. Influence of magnetite and vivianite formation onsP@mobilization

The lowest extent of P® remobilization was observed when ferrinydrite was
transformed to magnetite or a mixture of magnetite and vivianite, where less w3
remobilized in the FhP& setup (0.5 mol.%) compared to the Fhig&liab setup (1.2 mol.%, Fig.

1, Tab. 1). One explanation for this generally low extent ofR@mobilization in setups with
magnetite formation is PO re-adsorption to, or cprecipitation with, freshly formed magnetite
(Daou et al., 2007). The relatively higher £Qremobilization in the FhP&§Cap can be
explained by (1) a higher extent of thermochemical Fe(lll) reduction (62.3% compared to 39.7%)
due to higher primary minak reactivity (supplementary text S8), (2) a lower extent of magnetite
formation (32.5% compared to 90.4% in Fig)Cand (3) Si lowering the PZC of both primary
Fe(lll) minerals and metamorphic mineral products, thus preventing theésoeption of PG

onto the metamorphic mineral products. However, considering the combined effect of all three
factors one would expect a higher £@emobilization. On the one hand, a considerable amount
of the PQ* likely reacted with the freshly formed Fe(ll) and watmately immobilized as
vivianite (approx. 30% of the mineral product), thus mitigating increased R&nobilization

(Fig. 1, Tab. 1). On the other hand, both Moessbauer and XRD results suggest that the magnetite
formed in the presence of Si has a dengbarticle size (supplementary text S8). Therefore, the
resulting higher SSA and reactivity in combination with the reported high affinity ot R®
magnetite might have partially offset the adverse effects of Si afi B@orption observed for

pure Fe(lll) minerals. This would have resulted in £eing adsorbed to the freshly formed

magnetite.

3.3.3. Influence of diagenetic heating preatment of ferrihydrite (at 80°C) on R®

remobilization

Experiments with hedteated ferrihydrite represent tapproach most comparable to the
genesis of BIF as it combines initial -poecipitation of PG with the primary ferrihydrite
mineral, followed by a firsstage diagenetic heating exposure of the ferrihydrite and final low
grade metamorphism. In the abseraf Si, diagenetic heating of the ferrihydrite to 80°C had
minimal effect on PG remobilization, i.e., both the minerals formed and extent of*PO
remobilized were essentially the same in thgedHGecaand FhPGca Setups. In the presence of

low concentrations of Si (BaPSiowCreca), PQ* remobilization was suppressed (6.4 mol.%)
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compared to the equivalent setup where the ferrihydrite had not undergone diagenetic heating
(9.8mol.%, FhPSiwCreca, Fig. 1, Tab. 1). This is best explained bg flormation of vivianite
through reaction of freshly formed Fe(ll) with PO However, in the high Si setup
(FhneaPShighCreca) We observed a much higher extent of s/£#@emobilization (10.7 mol.%)
despite the presence of 13 % vivianite in the jrosibation mineral assemblage (Fig. 1, Tab. 1).
Due to the formation of vivianite one would expect less®P@mobilization compared to the
equivalent setup with neneattreated ferrihydrite (FhP&jnCrecas 8 mMol.%, Fig. 1, Tab.1). A
potential explanatiors again offered by the comparison of the mean hyperfine figlgl (Blues

in the Moessbauer spectra of the hematite in theaPBiowCrecas FhheaP ShighCrecai and
FhPSiighCrecal SEtUPS, i.€., their degree of magnetic (structural) ordering in relation to tie PO
remobilization (Fig. 2B). FtaaP ShighCrecat has an approximately 0.7 T andl lower By value
compared to FhP&jnCrecar and FheaPSiowCrecar respectively. Togedr with the wider
reflections in the respective-pay diffractogram (supplementary text S8), this suggests that the
hematite in this particular setup has a lower degree of structural ordering with lower crystallinity,
smaller particle size and higher SSPollowing our arguments above concerning hematite
formation, this implies that the higher surface exposure and resultigfigrB@obilization should

have offset the PQ immobilization by vivianite formation, resulting in a higher net,£0

remobilization
3.4. Stability of low-grade metamorphic vivianite

In order to verify the likelihood of the formation and preservation of a Fe(ll) phosphate
mineral by thermochemical reduction of Pdoaded ferrihydrite and concomitant PO
immobilization, we examined the metamorphic stability of vivianite. To this end we subjected
both synthetic and biogenic vivianite to laywade metamorphic conditions, and then determined

associated mineral transformations and quantifiegFP@nobilizaton.

Both synthetic (Viynt) and biogenic vivianite (Viso) were identified as sole Fe(ll)
mineral phase by Moessbauer spectroscopy (Fig. 3A and B, supplementary text S7), with
additional minor amounts of Fe(lll) (6.7% and 8.3%, respectively) beingmredter mineral
synthesis. While the biogenic vivianite was largelyray amorphous, the synthetic vivianite
showed reflections suggestive of phosphoferrite in addition to sharp reflections indicative of

crystalline vivianite (Fig. 3C).
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Fig. 3. Moessbauer spectra andry diffractograms of primary (synthetic and biogenic vivianiteZ)Yand vivianite
incubated at 170°C and 1.2 kbar for 14 days@D Synthetic vivianite was either mixed with glucose (D) or
incubated without addition of any ordgas (G). Moessbauer spectra were collected at 140aa shown are adapted
from Halama (2016).

Vivic sShowed high thermal resistance under our-gpade metamorphism conditions; it
did not transform into a secondary mineral phase (Fig. 3E) and remairsdaxorphous (Fig.
3F). However, based on previous work, the dehydration of vivianite to phosphoferrite
(Fes(PQy)2 x 3 H.O) would have been expected (Frost et al., 2003). It thus appears thaigthe C
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co-precipitated with Viyi stabilized it against mateorphic transformation. In contrast hereto,
Vivsynth that contains no &, quantitatively transformed into phosphoferrite (Fig. 3G, Mattievich
and Danon, 1977) as expected per Frost et al. (2003). Furthermore, jag With admixed G
(VivsyntlCiab) showed formation of lipscombite (Fe(ll)Fe(HPQu(OH).COs), a mixed valent Fe
phosphate (Fig. 3D, Rouzies and Millet, 1993; Vochten and De Grave, 1981) in addition to
phosphoferrite, suggesting that some reaction with the Fe(lll) leftover from the hsiyretfzesis

had taken place. XRD analysis revealed the presence of two additional mixed valent Fe mineral
phases (Fig. 3F), providing further evidence for the formation of mmaéeht Fe phosphates due

to reaction of primary vivianite with Fe(lll) (FigA3.

Independent of the secondary mineral transformation, thg P@mobilization from
vivianite was generally less than 0.3 mol.% for all setups (Fig. 1, Tab. 1). Therefore, in
agreement with previous results, our data suggest that vivianite would have been stable under
low-grade metamorphic conditions, thus effectivdtpmobilizing PQ* liberated during
thermochemical Fe(lll) reduction.

Recently, Alibert (2016) reported the putative presence of vivianite in the Hamersley
Basin BIFs of Western Australiaptvever, to our knowledge this is the only study so far to report
the presence of vivianite in BIFs. One potential explanation for the absence of vivianite in the
BIF rock record could be the sulfidic dissolution of vivianite during the diagenesis and
metamorphism of BIFs (e.g. Dijkstra et al., 2018a). Although sulfadetfaus also sulfide would
have been a trace constituent during the deposition of BIFs (Crowe et al., 2014), the presence of
sulfides as trace minerals in BIFs has been reported (e.g. Bekker et al., 2014). It is therefore
possible that vivianite might indlly have been formed during legrade metamorphism and that
reactions with sulfide during the later metamorphic process would have resulted in its dissolution
and removal. Alternatively, a R®mineral that has frequently been reported as trace castitu
from BIFs of various ages is apatite (e.g. Bekker et al., 2014; Li et al., 2011; Li et al., 2013b;
Nutman and Friend, 2006; Papineau et al., 2011; Papineau et al., 2010; Pecoits et al., 2009). In a
recent study Hao et al. (2020) suggested that at tetopes exceeding 100°C vivianite could
react irreversibly with calcite, resulting in the formation of apatite. Our simplified experimental
approach, however, precluded testing this potential metamorphic pathway. While our
experimental data suggest thenfiation and stability of vivianite under legrade metamorphic
conditions it seems plausible that apatite might have been formed during the subsequent
96



Chapter 1

metamorphism of vivianite. In either case thesP@emobilized from the primary Fe(lll)
minerals would hae been immobilized through the formation of secondary authigenié PO
minerals, thus preserving the PGignal in the rock record.

3.5. Implications of metamorphic remobilization for the ancient PO budget

The release of P during the metamorphic transformation of primary Fe(lll)
(oxyhydr)oxides formed in an Archean to Paleoproterozoic ocean rich in Si (Jones et al., 2015;
Zheng et al., 2016) is governed by several wdegendent factors, including (1) the reactivity of
the Corg present, (2) the extent to whicho:&Cwould have been eprecipitated with Fe(lll)
minerals, and (3) the presence of Si. However, while the presence of Si in general had a major
impact on P@ remobilization, we did not observe a pronounced diffegein PQ*

mobilization between low and high Si concentrations (Fig. 1).

Our results suggest that metamorphic remobilization o&*P@ould have been
independent of the presence ofCas long as Fe(lll) minerals (hematite with or without
preserved ferrinydrite) were the predominant metamorphic product(s), in which case up to
10mol.% of the PG was remobilized. Considering BIF metamorphism, this would have
resulted in the modificatio of the P/Fe ratios in the solids since 4#2Qvould have been
remobilized from the Fe minerals into sediment porewaters (Fig. 4). Consequently, the inferred
ancient seawater R® concentrations based on the BIF mineral record may reflect an
underestimaan (Bjerrum and Canfield, 2002; Konhauser et al., 2007; Planavsky et al., 2010).

While the extent of GgFe(lll) mineral association during legrade metamorphism did
not influence PG remobilization, the reactivity of the biomass had a profound infleem the
metamorphic mineralogy and the extent ofsP@mobilization. From this we conclude that if
more labile organic compounds reached metamorphic depth, magnetite and vivianite may have
formed instead of hematite (Fig. 4) resulting in an effectagusstration of P§. Accordingly,
we suggest that when magnetite and phosphate minerals are found in BIFs, they likely record
ancient ocean PO concentrations with high fidelity. However, while labile organic compounds
like acetate have been reported BIFs (Li et al., 2011), their lability necessitates that
metamorphic magnetite formation took place early during metamorphism since they would likely

have reacted first and thus not been available anymore for later mineral transformations.
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Fig. 4. Mineral transformation and R®re-/ immobilization pathways in BIF during metamorphism after deposition
of PQ:*-loaded Fe(lll) (oxyhydr)oxide particles (Fh: ferrinydrite; Hem: hematite; Sid: siderite; Mag: magnetite; Viv:
vivianite; Gyg organic carbon PQ? binds to ferrihydrite formed by chemical or microbial oxidation in the upper
water column and the R®loaded Fe(lll) (oxyhydr)oxides are deposited with or without associaggd \Zhen
ferrinydrite is buried with labile &, PQO®-loaded magnée, vivianite and siderite are formed, while ferrinydrite
buried with recalcitrant & is transformed into hematite and siderite and somg& RQreleased to interstitial waters
and possibly to seawater. Similarly,&free ferrinydrite is transformeid hematite and some of the FGs released
to interstitial waters and possibly to seawatetapted from Halama (2016).

Using experimentally deriveddvalues determined by Jones et al. (2015) and P/Fe ratios
of preGOE Iron Formations from Planavsky et al. (2010), wealeulated ancient ocean FO
concentrations in seawater overlying the continental shelf (supplementary text S12). If ancient
seawaterSi concentrations approached saturation with regards to cristobalite, seawater PO
would have averaged 0.10 uM. For Si concentrations approaching amorphous Si saturation, PO
would have averaged 0.55 pM. For ancient calcite seas and aragonite sgamfR@ntrations
would fall within this range with 0.2AM and 0.34uM, respectively. These values should be
particularly reliable in the case of magnetite and/ or Fe phosphate formation. Nonetheless, even
when considering a PO remobilization of up tal0mol.%, resulting in slightly higher P©

concentrations (ranging from 0.11 uM to 0y@¥), the results of our study generally support an
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ancient ocean overall low in RDO(Hao et al., 2020; Jones et al., 2015). To our knowledge there

is no prior expemental evidence for the formation of Fe(ll) phosphate minerals under conditions
representative of thermally immature (sgieenschist facies) BIFs and there is only one study
where vivianite has been reported from the rock record under comparable cen(itidert,

2016). This scarcity is in spite of the apparently important role Fe(ll) phosphates appear to have
played in suppressing legrade metamorphic P® remobilization and their high preservation
potential. This further supports the idea ofsP@Omitation in shallow shelf waters in the Archean

to Paleoproterozoic, given that the formation of vivianite would have required pore water
concentrations exceeding 1 uM (Derry, 2015). However, such an interpretation would necessitate
that the lack of vivanite observed in BIFs to date is not a result of vivianite sulfidation during the
genesis of BIFs, a process often observed in modern sedimentary environments (e.g. Dijkstra et
al., 2018a), but rather the metamorphic reaction of vivianite with calcilenfp#o the formation

of apatite (Hao et al., 2020).

4. CONCLUSIONS

As P is often considered to be the limiting nutrient on geological timescales (e.g. Reinhard

et al., 2017; Tyrrell, 1999), and depressed concentrations may have been a requisite for

mai ntaining a | ow oxygenation state in the Ea
i's great interest in reconstructing the histo
lowPQ*concentrations i n wBuwdralimbsbcertaiply hava had prefeundo c e a r
i mplications for the evolution of the biosphe

environments. This is highlighted by a number of recent Earth systems modeling papers that have
discussed the consegnces of low P@ during the Proterozoic. A recent assessment by Laakso
and Schrag (2018) tested P limitation over geological timescales in a quantitative framework by
modeling the effect of nutrient limitation on net primary productivity (NPP) in théeRrzoic;

their models of NPP point to P as being the most likely nutrient to have limited the Proterozoic
biosphere. Similarly, Ozaki et al. (2019) employed a statistical approach in constraining
Proterozoic @levels from a 1D box model of ocean biogememistry. Those authors found that

net @ production was limited to a fraction of modern levels, in large part due to widespread

phosphorus limitation. The scarcity of P has also been invoked in the maintenance of low

99



Chapter 1

atmospheric @levels in the Neoproteroic (Guilbaud et al., 2020). While the findings of
Guilbaud et al. (2020) are at odds with the Neoproterozoic increase in P identified by Reinhard et

al. (2017), these studies collectively highlight the importance of constraining ancient P levels for
cosmtraining both the activity of Earthds emer
Earthdéds oceans and atmosphere. Whil e many of
Proterozoic, their implications likely extend to the Archean and Paleoprotera@e period in
Earthoés history where BIF deposition is a hal/

Given the potential implications for the evolution of oxygenic photosynthesis and related
changes in the oxi dat i orceantsystene the epretatioe of ke r t h 6 s
P/Fe ratios in the Archean to early Paleoproterozoic BIF rock record and deduced ogean PO
concentrations have been highly debated (e.g. Bjerrum and Canfield, 2002; Jones et al., 2015;
Konhauser et al., 2007; Planavsky et al.,, 2010hek% previous studies focussed on the
interpretation of rock record P/Fe ratios employing empirical Malues based on putative
primary Fe precipitates, we extended this approach beyond the initial deposition and included
low-grade metamorphism, a mechanisesponsible for the poedepositional alteration of BIF
sediments. We found that the metamorphic mineral transformation pathway sbflda@ed
ferrihydrite containing varying concentrations of Si was largely independent of the quantity of
Corg but instead was heavily influenced byofg reactivity. The presence of highly reactiveC
resulted in the formation of magnetite and vivianite, effectively immobilizing"R€1.5 mol.%
remobilization). By contrast, the absence afy©r presence of less reaai Corg resulted in the
formation of hematite with concomitant higher £Qemobilization (<10 mol.%). Our results
thus suggest that the primary BIF mineralogy and changes thereof (e.g. during metamorphism)
generally exerted a minor control on the P coretad in BIF, albeit some variation between BIF of
different mineralogical composition (predominantly hematitd vs. magnetiteich) could have
occurred. Therefore, BIF apparently report past ocean P with high fidelity, collectively pointing
to depressetevels relative to modern, between @il and 1nM. However, it remains unknown
to which extent the associated biomass might have influenced the BIF P content. A recent study
showed that the same phytoplankton which formed BIFs might also have suppéatatly all
trace elements contained in BIF (Konhauser et al., 2018). Yet, it remains unresolved to which

extent e.g. P was assimilated by such phytoplankton and to which extent phytoptierkied
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biomass in turn would have been associated with pyirRaflll) minerals and thus ultimately

sequestered in BIFs.
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APPENDIX A

1. TEXT S1: DEPOSITIONAL SETTING OF BANDED IRON FORMATIONS AND
DEDUCED EXPERIMENTAL DESIGN AND CONDITIONS

The mineralogical, sedimentological and geochemical framework for BIF deposition has
been extensively reviewed elsewhere (e.g. Bekker et al., 2014; Bekker et al., 2010; Beukes and
Gutzmer, 2008; Klein, 2005; ahhauser et al., 2017). However, below we will line out which

specific assumptions our experiments are based on.

Laterally and vertically extensive BIFs (Superigpe BIF after Gross, 1980) were
deposited throughout the Mesoarchean to Paleoproterozaite Brkamples are the extensively
studied BIFs of the Hamersley basin in Western Australia and Transvaal basin of South Africa
(e.g. Beukes and Gutzmer, 2008). However, BIFs of similar age are also found in Brazil and
India. The high amount of Fe (4® wt% Fe) and Si (480 wt.% SiQ) as well as their high
chemical purity, marked by minimal detrital input (<1 wt.%@d, low concentrations of crustal
elements Ti, Zn, Th, Hf, Sc <20 ppm; Klein, 2005; Konhauser et al., 2017), their generally low
degree ofdeformation, lateral continuity and absence of cufrentwavegenerated structures

poses some unique restrictions on the environment they were deposited from.

First, the ocean from which the BIFs were deposited was enriched ?in wi
concentrations rgging from 0.03 to 0.5 mM (Holland, 1973; Morris, 1993). Reaeth element
and yttrium compositions suggest that the Fe contained in BIFs was hydrothermally derived (e.g.
Planavsky et al., 2010a) and likely supplied to depositional areas either throwghingp
(Holland, 1973) or hydrothermal plumes (Isley, 1995; Isley and Abbott, 1999). However, this
necessitates an oceatmosphere system which was anoxic (Catling and Zahnle, 2020) to permit
the transport of vast amounts of dissolved"F@, concentrabns prior to the great oxidation
event are generally considered to have been low (~1 puM; Hardisty et al., 2014), although locally
confined Q oases have been reported where concentration exceeded 10 pM (Olson et al., 2013).
Si concentration have been estited to have at least approached saturation with regards to
cristobalite (0.67 mM), possibly even saturation with regards to amorphous Si (2.2 mM; Maliva
et al., 2005; Siever, 1992). However, more recent estimates range from 0.5 to 1.6 mM (Jones et

al., 2015; Zheng et al., 2016). Furthermore, the ocean is considered to have contained low
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dissolved S@ (<1 pM; Crowe et al., 2014), have been temperate (max. 50°C; Krissansen
Totton et al., 2018) with a pH slightly lower than today {B.2, increasing thrah time; Halevy

and Bachan, 2017; Krissansé&atton et al., 2018) but comparable salinity5@; Marty et al.,

2018). Nutrients, like e.g. P®, contained in BIFs today were likely initially derived from
continental weathering and supplied by riverinegport (Hao et al., 2020a; Hao et al., 2020b;
Hao et al., 2017a, b). Further important sources of nutrients might have been pyroclastic material
(e.g. Haugaard et al., 2016) or upwelling hydrothermal fluids derived from submarine volcanism
(Barley et al.,1997; Isley and Abbott, 1999).

Major BIFs were deposited once stable cratons had developed. Based on their general
association with carbonates and shales, it has been suggested that they were deposited on
continental margins in stable nearshore shelf enmrents (e.g. Beukes and Gutzmer, 2008;
Gross, 1980; Trendall, 2002) even though bathymetric depth and individual sequence stratigraphy
may vary. However, the general absence of curentwavegenerated structures requires a
relative deepwater setting blow stormwave base (>200 m in modern environments; Boggs Jr,
2014).

The mineral assemblages found in BIFs today contain hematite, magnetite, carbonates
(e.g. siderite, ankerite), various Fe(ll)/Fe(lll) silicates (e.g. stilpnomelane, riebekite, mintegsotai
greenalite), pyrite and chert (Klein, 2005). However, it is generally agreed upon that none of
these minerals are primary but rather represent diagenetic and metamorphic overprinting. The
least metamorphosed BIFs experienced-gndenschist facies bati metamorphism with a
maximum pressure of 1.2 kbar and temperatures ranging from 100 to 300°C in the Hamersley
basin (Klein and Gole, 1981; Smith et al., 1982), although pressures of 1.5 kbar and temperatures
between 300 and 360°C have also been descrildledtimum temperatures reported for the
Transvaal basin are up to 170°C (Miyano and Beukes, 1984). Therefore, we set the pressure/
temperature conditions in our legrade metamorphism experiments to 1.2 kbar and a maximum

temperature of 170°C.

Phosphorousas nutrient of interest in our study is found at molar P/Fe ratios from below
0.01 to a maximum of approximately 0.02 in BIFs of Mesoarchean to Paleoproterozoic age (e.g.
Planavsky et al., 2010b; Robbins et al., 2016). Therefore, we set the maximumhal2 as
the upper limit for the minerals synthesized for the use in our experiments.
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2. TEXT S2: CHOICE OF STARTING MINERALS i Fe(lll) (OXYHYDR)OXIDES VS:
Fe(ll) -SILICATES AND MIXED -VALENT Fe SPECIES

The nature of the primary mineral precipitates foatned the precursor phase to BIFs is
probably one of the most debated questions among researchers concerned with reconstructing the
Precambrian Earth. This question is not a trivial one, since these reconstructions are mostly based
on the analysis of thancient rock record, which requires a detailed knowledge of the chemical

and physical interactions between the primary constituents at the point of their formation.

Many researchers favor a model where Fe(lll) (oxyhydr)oxides formed the precursor
mineral phase to BIFs (see e.g. Konhauser et al., 2017) and a vast amount of studies trying to
reconstruct Paleseawater chemistry is based on this proposition. However, recent years have
seen a renewed interest in the search for alternative models and thermmgseasing body of
literature suggesting Fe(i§ilicates, such as greenalite, not Fe(lll) (oxyhydr)oxides might have
been the precursor mineral to BIF (e.g. Johnson et al., 2018; Muhling and Rasmussen, 2020;
Rasmussen et al., 2015; Rasmussen et al3; ®dsmussen et al., 2019; Rasmussen et al., 2017).
These minerals would have been precipitated directly from the water column wheanBe
SiOp agtransported in acidic hydrothermal plumes mixed with cooler and more alkaline seawater,
leading decreasedefll) and Si solubility. This would have promoted rapid nucleation of Fe(ll)
silicate nanoparticles, which aggregated and accumulated on the seafloor eithessiasdsilt
floccules or amorphous mud (Rasmussen et al.,, 2017). This is supported by an exakrime
study by Tosca et al. (2016) who synthesized a Fsi{lda gel under experimental conditions
aimed at simulating a Precambrian ocean. Such a process would also exclude two major problems
associated with the primary Fe(lll) (oxyhydr)oxide theory: {h¥ contradiction between a rock
record starved of organic carbon (e.g. Klein and Beukes, 1989) and an oxidative mechanism
potentially linked to microbial activity (Kappler et al., 2005; Konhauser et al., 2002), resulting in
a close association between(lHg minerals and microbial biomass. (2) Preservation of an
oxidized mineral in an otherwise reduced and Fei(¢h ocean. Instead it was suggested that
Fe(lll) is secondary in origin, formed either through the percolation of oxidizing fluids during
oreforming processes (Rasmussen et al., 2014) or thermal decomposition of primary greenalite
(Rasmussen et al., 2016).
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However, this hypothesis also has several important caveats: (1) The conditions
facilitating the formation of greenalite are poorly consteal. While geochemical modelling
suggests that greenalite may form at pH 7 antf Bad Si concentrations relevant to the
Precambrian ocean (Johnson et al., 2018), the experimental work of Tosca et al. (2016) required a
pH exceeding 7.5 for the precipitati of greenalite. On the one hand this may indicate a kinetic
limitation for the precipitation of greenalite at a lower pH. On the other hand, the pH applied in
the experimental study is at odds with the pH of the Precambrian ocean, which is assumed to
hawe been lower than today in the range of-B.2 during the Archean. Only at the Archean
Paleoproterozoic boundary it is assumed to have increased To/§Halevy and Bachan, 2017;
Krissansenlotton et al., 2018). Furthermore, a recent study demonstratestd on
(hydro)geological constraints that, while secondary oxidation of greenalite by percolating fluids
might have been an important process locally, it is unlikely to have been of significance on a

basin scale (Robbins et al., 2019), especially irsBi€h in iron oxides (hematite and magnetite).

Nonetheless, the widgpread occurrence of greenalite in some BIFs makes it difficult to
argue against it being of significance during BIF deposition. However, the formation of greenalite
might have been rastted to environments with a higher pH than average seawater. Some
potential scenarios envisioned are for example the precipitation of greenalite along an alkalinity
chemocline (Beukes and Gutzmer, 2008). Also, high primary production linked to oxygenic
photosynthesis either near the paleoshore or in the upper layers of the water column could have
resulted in increased G@ixation, locally driving the pH to values above 9 (Ibelings and
Maberly, 1998; Ji et al.,, 2020; Verspagen et al., 2014). Dependingasin geometry and
currents, this could potentially have created the conditions/ alkalinity chemocline necessary for
greenalite precipitation. Another process, which would have permitted the formation of greenalite,
is the microbial reduction of primary @) (oxyhydr)oxide minerals by dissimilatory Fe(Hl)
reducing bacteria during diagenesis. This microbial process would have provided the slightly
alkaline conditions and concentrations of'Fend Si required for greenalite formation even in
BIFs rich inFe oxides. Therefore, while there is a precedence for greenalite as a primary mineral
product in some BIFs, it is considered unlikely to have been the primary mineral phase in the

oxiderich BIFs considered in our study.

A second putative precursor minepnase to BIFs is green rust, a mixadent Fe(ll}
Fe(Il) hydroxide, which may have been formed through partial oxidation &f Fe low
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concentrations of &(Halevy et al., 2017; Koeksoy et al., 2019) or through the transformation of
Fe(lll) (oxyhydr)oxides either by microbes (Zegeye et al., 2012) or abiotically through the
reaction with F& (Li et al., 2017). This is of significance since bioessential nutrients like
phosphate (Bocher et al., 2004; Hansen and Poulsen, 1999) and Ni (Zegeye et aldigilag)

a higher affinity for green rust than they do for Fe(lll) (oxyhydr)oxides, with important
implications for the interpretation of their agueous concentration in the Precambrian ocean as
derived from the BIF rock record. Importantly, upon agingegreust transforms into minerals
found in BIFs today, such as magnetite, siderite;b&amring silicates (stilpnomelane or
minnesotaite) as well as Fe(lll) (oxyhydr)oxides (Halevy et al., 2017; Li et al., 2017; Zegeye et
al., 2012), which have been impliedt as being the precursor mineral phase to hematite.
However, a recent study by Han et al. (2020a) demonstrated that photoautotrophic Fe(ll)
oxidizing bacteria, which have been suggested to having played a key role in the deposition of
BIFs (Kappler et aJ.2005; Konhauser et al., 2002), can also oxidize green rust. This raises
guestions about to which extent green rust might actually have settled on the seafloor without
having been altered already in the water column.

The third group of putative precursaminerals is based on the proposition that BIF
deposition was initiated by the oxidation ofFeontained in the water column either chemically
by O, produced by early cyanobacteria (e.g. Cloud, 1973; Cloud, 1965) or enzymatically by
photoautotrophic Fe(Hoxidizing bacteria (photoferrotrophy; Kappler et al., 2005; Konhauser et
al., 2002; Widdel et al., 1993). There is a wide consensus, that either Fe(lll) (oxyhydr)oxides (e.g.
Ahn and Buseck, 1990; Beukes and Gutzmer, 2008; Kappler and Newman, 2004aKatifxh,
1990; Klein and Beukes, 1989; Pecoits et al., 2009; Sun et al., 2015}pat&ning ferrihydrite
phase (e.g. Alibert, 2016; Fischer and Knoll, 2009) or a F&klil) g e | (Percak Den
2011; Zheng et al., 2016) would have formed assalt of such oxidative processes and most of
the paleereconstructions derived from the interpretation of the BIF rock record are based on the

prevalence of such a mineral phase.

However, this hypothesis has been questioned based on the instabilityogfdeed
mineral phase being present in an otherwise reducing (feefitpining) ocean. Indeed, there is
ample evidence for the transformation of Fe(lll) (oxyhydr)oxides like ferrihydrite into secondary
minerals like lepidocrocite, goethite, green rustragnetite either through the abiotic reaction
with Fe(ll) (e.g. Hansel et al., 2003; Li et al., 2017; Zachara et al., 2002) or by microbial Fe(lll)
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reduction (e.g. Han et al ., 2020b; Kukkadapu
hand, ithas been shown that -poecipitated biomass, as it would have been present from the
microbes catalyzing photoferrotrophy (Posth et al., 2010), can retard or even completely inhibit
the secondary transformation of a primary Fe(lll) (oxyhydr)oxide by He(lg) Chen et al., 2015;

Han et al., 2020b; Jones et al., 2009; ThomasArrigo et al., 2018; Zhou et al., 2018). A similar
stabilizing effect has been described for Si (e.g Cismasu et al., 2011; Jones et al., 2009; Senn et
al., 2017; Voegelin et al., 2010x;hich would have been abundant in the ancient ocean (e.g.
Maliva et al.,, 2005). Therefore, it appears reasonable to assume, that primary Fe(lll)
(oxyhydr)oxides would have been preserved while settling through the water column.
Consequently, the remobitiion of PQ* from these Fe(lll) (oxyhydr)oxides during legrade
metamorphism will be the focus of our study.
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3. TEXT S3: RATI ONAL BEHI ND AWATER FREEO SETUP
EXPRIMENTAL SETUPS

Due to the use of closed gold capsules to simulategilademetamorphism, it was not
possible to use wataaturated mineral suspensions: The presence of water during the arc
welding of the gold capsules essentially resulted in the destruction of the area of the gold capsule
that came in contact with the electratleing the welding process, making it impossible to close
the gold capsules. Therefore, we decided to use fdwze minerals instead. Although this
seems to be in contrast with our proposition of simulating an initially veaterated sediment
column, water should still be liberated and thus be present duringgtade metamorphism

according to the following reactions:

(1) 2Fe(OH}A FeO0s3+ 3H20,
which describes the dehydration of ferrihydrite during the transformation to hematite,

(2) 2FeOOHA FeOs+ 2 HO0,
which describes the dehydration of goethite to hematite and

(3) Fe(PQy)2x8 HOA Fes(PQy)2 x 3 H20 + 5 HO,
(4)  Fe(PQu)2x 3 H0A Fes(PQy)2 x 2.5 HO + 0.5 HO,

which describe the dehydration of vivianite following Frost et al. (2003b).

This is underpinned by the content of the gold capsules being wet upon completion of the

low-grade metamorphism and opening of the gold capsules.
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Table S1
Overvi
derived

e w over

experiment al
mi cr obi adyis referrmgrta glusose af lhicanbss prasgatap€rHalama (2016).

setups

& I dreferrirg sgqSkewdneélla e

Mineral trzztaet dr:rrw’:n ¢ Si Corg SOUICE Replicates Abbreviation
Ferrihydrite no recalcitrant 3 FhCecalcitrant
Ferrihydrite* X no 1 FhP
Ferrihydrite* X low 1 FhPSibw
Ferrihydrite* X high 1 FhP Shign
Ferrihydrite* X no labile 1 FhP Gapile
Ferrihydrite* X low labile 1 FhP SipwCiabile
Ferrihydrite* X high labile 1 FhP SiighCiavile
Ferrihydrite X no recalcitrant 3 FhP Gecalcitrant
Ferrihydrite X low recalcitrant 3 FhP SiowCrecalcitrant
Ferrihydrite X high recalcitrant 3 FhP SiighCrecalcitrant
Ferrihydrite X X no recalcitrant 3 FhheaP Gecalcitrant
Ferrihydrite X X low recalcitrant 3 FhheaP SiowCrecalcitrant
Ferrihydrite X X high recalcitrant 3 FhheaP ShighCrecalcitrant
Goethite X no recalcitrant 3 GtP Gecarcitrant
Goethite X low recalcitrant 3 GtP SiowCrecalcitrant
Synthetic vivianite* 1 ViV synth
Synthetic vivianite labile 1 ViV synttCiabile
Biogenic vivianite* 1 Viviio
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4. TEXT S4: SYNTHESIS OF BIOGENIC VIVIANITE

The heterotrophic Fe(lHjeducing strairBhewanella oneidensidR-1 was precultivated
on agar plates prepared from sterile-i@dium (10g L™ peptone, 5 d.* yeast extract, 6 gt
NaCl, 12g L agar). After 24 h at 28°C, single colonies were transferred to 50 mL sterile liquid
LB medium (10 g [ peptone, 5 g t yeast extract, 6 g £ NaCl) in 250 mL flasks. The

inoculated liquid medium waacubated at 28°C for 14 h on a shaker at 0.

For production of biogenic vivianitéShewanella oneidensisIR-1 was cultivated in
anoxic medium containing 1.36 g NaCl, 1.24 g Mggl6H,0, 0.16 g CaGlx 2H0, 0.8¢g
NaSQy, 0.3 g NHCI, 0.6g KCI, 5 gNa&CO;3, 1 g yeast extract, 9 g lactic acid and 4 g HEPES
buffer in 2 L highpurity HO (with a resistance of 18.2dMx cm at 25°C), which was prepared
using a Widdel flask. The medium was autoclaved and made anoxic by flushing@. Ki//v,
90/10)after autoclaving. After cooling, the medium was separated equally into two sterilized 2 L
Schott bottles. Anoxic and sterile Fe(ititrate solution was added to the medium to an initial
concentration of 50 mM. NalRQs was added to a concentration of MmThe medium was
inoculated with 1% inoculum from the peeltivated cell suspensions. The Fe(lll) reduction was
monitored by quantifying the Fe(ll) concentrations using the ferrozine assay (Stookey, 1970).

Vivianite was collected when no further Fe(l&duction occurred.
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5. TEXT S5: MINERALOGICAL ANALYSIS
5.1. Quantification and identification of Fe minerals by Moessbauer spectroscopy

Gold capsules were opened asainples were filled into Plexiglas holders with an inner
diameter of 1.&m in an anoxic (100% Natmosphere) glovebox and spread evenly in the
holders to form a thin disc. The samples were stored in anoxic (1QD®MHOTT bottles at
20°C. They were taken out of respective SCHOTT bottles just before measurements and inserted
into a closeetycle extvange gas cryostat (Janis cryogenics). The spectra were recorded at 77 K
for primary Fe(lll) minerals and 140 K for incubated minerals in transmission geometry using a
constant acceleration drive system (WissiL) in the Geomicrobiology group at the @enter f
Applied Geosciences, University of Tuebingen®/&o source embedded in a Rhodium matrix
was used as gamma radiation source. The sample spectra were calibrated agaimshiak?U-
>'Fe foil at room temperature. The RECOIL software suite (Univers§i9ttawa, Canada) was
used for the calibration and spectra modeling using Mmged line shapes (Rancourt and Ping,
1991). The Lorentz halividth-half-maximum value was kept constant at the line width
determined from the minimum line width of the thimdefourth peak of the calibration foil in the
model s, and the GaussO sigma parameter was USs
proportion of the areas covered by the doublets and sextets of the total aredMoktbbauer
spectrum is equivaleno the relative abundance of Fe in a particular crystal lattice site to the total
Fe.

5.2. Identification of minerals by uXRD

Gold capsules were opened in a glovebox with 10Q%thosphere. The sample material
was collected from the gold capsules and ground with an agate mortar and pestle. A small aliquot
was put on a silicon wafer and stored ip-fNed preserving jars until pXRD analysis under
ambient atmospheric conditions ifwn a few minutes to avoid oxidation of>®ensitive Fe
minerals). A Bruker D8 Discover GADDS XRmnicrodiffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) from the Applied Mineralogy group at the University of Ttbingen was used
for uYXRD equipped with £o-anode withaC&K U wavel ength of 1.79030
monochromator, and a-dmensional HHISTAR-detector (Bruker Vantec 500, Bruker AXS

GmbH, Karlsruhe, Germany). Crystalline minerals were identified by using the Match! Software
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for phase idetification from powder diffraction (Match!, Crystal Impact, Bonn, Germany,
version 3.9.0.158).
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6. TEXT S6: CHARACTERIZATION OF PRIMARY  Fe(lll) MINERALS

Prior to simulated lowgrade metamorphism experiments, the primary Fe(lll) minerals
(ferrihydrite, heatreated ferrinydrite, and goethite) were characterized by pXRBe
Moessbauer spectroscopy and HOES. This allowed for a detailed characterization of their

mineralogy, crystallinity, and chemical composition (molar P/Fe and Si/Fe ratios).
6.1. Ferrihydrite

Analysis of the primary ferrihydrites (FhP, FhB&Qi and FhPSign) revealed that the
addition of PG> and Si did not affect the primary mineral identity: independent of the initial Si
concentration, the Bessbauer spectra suggest the presence of arsinge ordered (SRO) Fe(lll)
mineral, with hyperfine parameters indicative of ferrihydrite (Fig. SC,AText S7; Eickhoff et
al., 2014; Murad, 1996). AdditionallyyXRD analysis suggest that-bay amorphous Fe(lll)
minerals were formed, with the onigflections in the diffractogram being due to the presence of
halite (NaCl; Fig. S1 D). However, while the center shift stayed constant for ferrihydrite
synthesized at differing Si concentrations, the quadrupole splitting increased slightly from
0.78mm s! to 0.85mms? with increasing Si concentration, suggestinginBiuced structural
disordering of the ferrihydrite with increasing Si concentrations (Cismasu et al., 2014; Senn et al.,
2015; van Genuchten et al., 2014). A similar effect was observechdoaddition of PG
ferrinydrite synthesized in the absence ok,P@nd Si (referred to as fAF
the lowest quadrupole splitting (0.7 mrit, sText S7) of all ferrihydrites synthesized, which
implies that it had the highest crystaifin(Murad et al., 1988).

ICP-OES analysis of the primary ferrihydrite revealed that*P&dsorption and/or eo
precipitation during mineral synthesis was prantitative, resulting in P/Fe ratios of
approximately 0.01 in the mineral product independérth® Si concentration (P/Fe = 0.018 in
synthesis solution). Si/Fe ratios in the primary ferrihydrite were 0, 0.04 and 0.2, respectively and

thus, similar to PG¥, Si adsorption and/ or gurecipitation was noguantitative.
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Fig. S1 Moessbauer spectra andray diffractograms of primary ferrihydrite (with no, low or high silicaDA and
ferrihydrite after incubation at 170°C and 1.2 kbar for 14 days in the absence of any orgdtjcen(the presence
of recalcitrantShewanellederived organic carbon (&, I-L) or in the presence of glucose as proxy for labile organic
carbon (MP). Mdssbauer spectra for starting minerals were collected at 77 K, spectra for incubated minerals were
collected at 140 K. Exception is the low Si + glucostug (N) for which the spectrum was collected at 77 K due to
difficulties of fitting the 140 K spectrum. The presence of halite and sylvite is due to mineral synthesis in a seawater
ionic strength solution (0.5 M NaCl) and the use of KOH during minerahegis, respectivelfPanels EH and M-P
represent data adapted from Halama (2016).
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6.2. Heat-treated ferrihydrite

In order to test how early diagenetic mineral transformation, e.g., by moderate heating,
during burial might have affected BOremobilization from primary ferrinydrite, in one set of
experiments Pg- and Siloaded ferrihydrite were heated to 80°C prior to the metamorphism

experiments.

Independent of the Si concentration of the primary ferrinydrite, the Méssbauer spectra of
the heattreated ferrihydrite (RhRaP, FheaPSiow and FReaPShigh, hereafter) suggested the
presence of a SRO Fe(lll) mineral, likely ferrinydrite (Fig. SZAEickhoff et al., 2014). No
mineral phase transformation had taken place, which would have ibdieated by either
magnetic ordering of the mineral phase (development of a sextet in the Mdssbauer spectrum) or
reflections appearing in the-pay diffractogram. This agrees with previous studies which
suggested that both Si and £@Senn et al., 201 7Toner et al., 2012) can inhibit or slow mineral
ageing and recrystallization. However, although the mineral product remaineg amorphous
(Figure 2D), Mossbauer spectroscopy revealed a shift in the quadrupole splitting to lower values
for all three Siconcentrations to between 0.70n st (FheaP) and 0.79 mm™s (FhheaP Shigh;

Text S7 This suggests that the minerals had undergone some degree of struebudairirey
(Murad et al., 1988).

Additionally, the heat treatment did not have an appamdféct on the PG
remobilization (maximum of 0.34 mol.% RO mobilization for FReaPShign) but induced a
5.3mol.% remobilization of Si from kP Shigh. Generally, this suggests that ferrihydrite, when
formed under conditions relevant for the Araheocean, might have been preserved during the
initial stage of sediment diagenesis, depending on the geothermal gradient appE6&i20n®;
Grotzinger and Jordan, 2016) until a depth of at least 1.5 km. Furthermore, the stabilizing effect
of Si agains mineral transformation would also have prevented*P®mobilization associated

with crystal aging and mineral transformation (Senn et al., 2017).
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7. TEXT S7: MOESSBAUER FITTING PARAMETERS

Individual mineral phases were identified usife Moessbauer spectroscopy applying
the criteria described below. However, all values given may be subject to change due to inclusion

of foreign ions in the crystal lattice or association of minerals with organic matter.
1 Fe(lll) minerals:

o Short-range ordered Fe(lll) minerals: SRO Fe(lll) minerals, usually ferrihydrite,
were identified by their narrow paramagnetic doublet with a cenét of
0.45+ 0.01mm st and quadrupole splitting of (.86 mm &. Both, the addition of
PQ:* and Si resulted in an increase in the quadrupole splitting parameter, resulting in

observed values at the higher end of the range given.

0 Goethite: Goethite was identified by the presence of a magnetically ordered
component (sextet) in the Méssbauer spectrum. A center shift of 0.47+0.02 mm s
combination with a quadrupole shift e8.12 + 0.03 mm & was characteristic of
primary and metamorphithp transformed goethite. The hyperfine field of primary
goethite was between 47 T. In metamorphically transformed goethite this value

increased and was in the range of4835 T.

0 Hematite: Hematite was identified by the presence of a wide magnetioedlgred
sextet with hyperfine field values between 50 T to over 53 T. These values generally
decreased with increasing Si concentrations. The center shift displayed values of
0.45+ 0.03 mm &. The quadrupole shift was dependent on the presence £f PO
where it was positive with a value of approx. 0.2 mhirsthe absence of R® and
negative in the range .07 t0-0.16 mm 3 when PQ*> was present.

 Mixed-valent Fe minerals:

0 Lipscombite: Lipscombite as a mixedalent Fe mineral was identified thigiu its

combination of a narrow (Fe(lll)) and a wide (Fe(ll)) paramagnetic doublet.

0 Magnetite: Magnetite was identified by its characteristic double sextet in the
Mossbauer spectrum, which describe the tetrahedrally and octahedrally coordinated

Fe unit cell] respectively. Tetrahedrally coordinated Fe displays a low center shift
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value of 0.3% 0.02 mm &, a quadrupole shift value of@06 mm & and a hyperfine

field value between 430 T. The octahedrally coordinated Fe usually has a center
shift of 0.75+ 0.05 mm &, a zero or negative quadrupole shift of dowrdtd3 mm 3

Land hyperfine field values that are approximately 2 T lower than for the tetrahedrally

coordinated Fe in the range of-48.5 T.

1 Fe(ll) minerals:

o Siderite: Siderite was identified by a wide paramagnetic doublet with a center shift of

1.35+0.05 mm & and quadrupole splitting 0£2.2 mm &.

o Vivianite: Vivianite was identified by its characteristic wide double doublet.
Generally, vivianite doublets displayl@ver center shift than siderite (<In@m s?)
but a higher quadrupole splitting with the narrower doublet displaying values in the

range of 2.82.6 mm & and the wider doublet values >2.9 mm s

o Phosphoferrite: Being a dehydration product of vivianitgghosphoferrite is
characterized by a similar combination of two wide paramagnetic doublets. However,
while the center shift shows comparable values to vivianite, the quadrupole splitting is
lower with the narrow paramagnetic doublet having values 61.9.8nm s' and the

wide doublet displaying values between-2.6 mm &.
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Table S2

Hyperfine parameters for primary Fe minerals. Results of the fitting sp&dtiaomershift, gEq i quadrupole splittinglJi quadrupole shift (for sextets only)uB
hyperfine magnetic field, RA. T relative abundance of the mineral phase at the given temperatieeot in the relative abundanag,indicates the goodness of fit.
Abbreviations of samplesareperTaBe A SPM Goet hiteodo i s fxlatgperHalama(20b6pgnet i c goet hiteo.

o

V] ph U Bht R. A.
Sample Temp [K] Phase * g HWHM
[mm s [mm s [mm s [T] [%0]
Fh 77 SRO Fe(lll) 0.46 0.70 - - 100 0 0.56 0.127
FhP 77 SRO Fe(lll) 0.45 0.78 - - 100 0 0.94 0.132
FhPSjow 7 SRO Fe(lll) 0.45 0.8 - - 100 0 4.5 0.132
FhP Siigh 7 SRO Fe(lll) 0.45 0.85 - - 100 0 11.01 0.132
FhheaP 77 SRO Fe(lll) 0.45 0.7 - - 100 0 1.04 0.13
FhheaP Siow 77 SRO Fe(lll) 0.46 0.73 - - 100 0 0.82 0.13
FhheaP Shigh 77 SROFe(ll) 0.46 0.79 - - 100 0 0.66 0.13
GtP 77 Goethite 0.48 - -0.12 46.5 100 0 3.17 0.13
. Goethite 0.48 - -0.12 46.15 84.8 2.3
Gt Slow 77 SPM Goethite 0.42 - -0.15 30.92 15.2 23 203 0.13
GtPShigh 77 SRO Fe(lll) 0.46 0.86 - - 100 0 1.94 0.138
Vivianite A 1.27 2.58 - - 34.67 0.59
ViV synth * 140 Vivianite B 1.30 3.17 - - 62.76 0.62 0.70 0.133
SRO Fe(ll) 0.57 0.65 - - 2.57 0.37
Vivianite A 1.29 2.56 - - 72.50 3.10
ViVpio * 140 Vivianite B 1.29 3.13 - - 15.60 3.30 0.73 0.134
SROFe(lll) 0.41 0.97 - - 11.85 0.95
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Table S3

Hyperfine parameters for Fe mineral products of-rade metamorphism. Results of the fitting spedtiaisomershift, gEq i quadrupole splittingJ)i quadrupole
shift (for sextets only), Bi hyperfine magnetic field, RA. i relative abundance of the mineral phase at the given temperatiggot in the relative abundana,
indicates the goodness of fit. Abbreviations of samples are per Thb¥l Samples were measured at 140K. *$der-hP SiighCiavile Was measured at 77K due to
difficulties of fitting the 140K spectrunt? dataadaptedher Halama (2016).

U Ppb 0 Bhi R. A. . )
Sample Phase mms] [mmsY [mms7 M [%)] * G HWHM
Hematite 0.47 - -0.11 52.78 60 11
Fhp*2 Hematite 0.45 - -0.07 51.53 19 11 0.99 0.134
Hematite 0.48 - 0.03 53.15 21.5 7.8
SRO Fe(lll) mineral 0.43 0.76 - - 45.1 2.1
SRO Fe(lll) transition phase 0.41 - -0.06 14.25 24.3 1.3
FhPSjy, *2 (i stion’p 1.79 0.134
Hematite 0.46 - -0.07 51.98 12.3 2.7
Hematite 0.47 - -0.09 50.24 18.3 2.8
P SRO Fe(lll) mineral 0.44 0.78 - - 88.8 0
FhPSign * ) 1.91 0.131
Hematite 0.48 - -0.07 50.53 11.2 0
FhGecalcitrant Hematite 0.45 - 0.20 53.45 100 0 1.49 0.146
Siderite 1.34 2.07 - - 3.7 0.6
FhPCecak:itrant Hemat'te 046 = '010 5274 833 36 078 0146
Hematite 0.39 - -0.16 50.93 13 3.7
Siderite 1.29 2.17 - - 11.9 3.7
FhP SiowCrecalcitrant Hematite 0.46 - -0.10 52.46 66 16 0.86 0.146
Hematite 0.43 - -0.12 50.75 22 17
Siderite 1.36 2.16 - - 9.2 2.2
. SRO Fe(lll) mineral 0.32 0.68 - - 174 2.5
FhPSiighCrecalci 0.54 0.146
Ngh'recelorent Hematite 0.46 . 10.09 52.12 58.6 6.2
Hematite 0.44 - -0.12 49.76 14.8 7.3
Siderite 1.33 2.09 - - 9.6 0.7
FhP Gapiie *2 Magnetite (tetrahedral) 0.37 - 0.01 48.41 44.0 1.9 0.89 0.134
Magnetite (octahedral) 0.75 - -0.02 45.05 46.4 2.0
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Table S3 continued

o

a (0] =) U B R. A N )
Sample Phase mmsq [mmsY [mms] N [%)] + G HWHM
Siderite 1.35 2.31 - - 17.0 14
. Magnetite? 0.57 7.64 - - 31.6 3.4
L %2
FhPSkonGavie Magnetite (tetrahedral) 0.37 - 0.03 47.90 19.5 22 O 0-134
Magnetite (octahedral) 0.71 - -0.08 44.93 31.8 3.3
SRO Fe(lll) mineral 0.32 0.75 - - 16 25
Siderite 1.33 2.14 - - 23 5.4
Vivianite A 1.22 2.65 - - 2.1 8.8
*FhP ShighCiaile *2 .64 131
ShighCiabie Vivianite B 1.22 2.97 . . 264 78 °° 0-13
Magnetite (tetrahedral) 0.45 - 0.02 46.71 13.7 2.6
Magnetite (octahedral) 0.89 - -0.13 35.83 18.8 4.7
Siderite 1.31 2.04 - - 7 1
FhheaP Gecalcitrant Hematite 0.46 - -0.10 52.71 79.9 3.3 0.75 0.146
Hematite 0.42 - -0.15 50.69 13.1 3.4
Siderite 1.30 2.06 - - 10.1 1.7
. . Fe(ll) phosphate 1.22 2.99 - - 7.2 15
FlveaP Slon Crecacicant Hematite 0.46 - -0.10 52.50 67.2 32 0P 0.146
Hematite 0.42 - -0.12 50.43 15.6 3.2
Siderite 1.29 2.15 - - 8.8 4
SRO Fe(lll) mineral 0.44 0.75 - - 15.7 25
Fh19aPSi1ighCreca|citrant Fe(”)phOSphate 124 295 - - 13 39 061 0146
Hematite 0.46 - -0.09 51.90 40.6 6.5
Hematite 0.52 - -0.15 49.72 22 7.4
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TableS3continued

o

U P 0 Bhi R. A. . ,
Sample Phase mmsq [mmsY [mms] N [%)] + G HWHM
Siderite 1.33 1.99 - - 10.1 0.8
GtP Gecalcitrant Goethtite 0.50 - -0.07 46.62 22.9 3.4 0.88 0.146
Goethtite 0.45 - -0.13 48.23 67 3.2
Siderite 1.33 2.00 - - 9.9 1.1
GtP SiowCrecalcitrant Goethtite 0.47 - -0.10 46.19 26.7 51 0.74 0.146
Goethtite 0.45 - -0.13 48.16 63.4 4.8
Vivianite A 1.28 2.46 - - 58 20
.. *2
Vivoi Vivianite B 1.30 2.95 i . 42 20 94 0.129
. Phosphoferrite A 1.32 1.89 - - 63.4 0.8
ViV synth *2 ) 0.66 0.129
sy Phosphoferrite B 1.30 2.50 - - 36.6 0.8
Phosphoferrite A 1.31 1.86 - - 33.9 0.6
. Phosphoferrite B 1.28 2.60 - - 34.8 0.7
ViV syntCiabite *2 : . 1.04 0.127
WV syt Ciabile Lipscombite (Fe(lll)) 0.51 0.75 - ] 16 0.3
Lipscombite (Fe(ll)) 1.30 3.28 - - 154 0.5
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8. TEXT S8: METAMORPHIC MINERAL TRANSFORMATION

8.1. Metamorphic mineral transformations in dependence of Gy quantity and quality, Si

concentrations and diagenetic heating

We expect the mineral transformatiothsven by lowgrade metamorphism to be driven
by several interdependent factors: First, the extent of association between primary minerals and
biomass, which likely was determined wither by different putative Fexitjizing mechanisms
during BIF genesisor by variability in metamorphic (mineral) products formed by
microorganisms. Second, the reactivity ef;Cwhere e.g. fermentation could have broken down
complex (recalcitrant, 6ea) Corg into more labile and reactive ) Corg. In the presence ofdg,
metamorphic mineral transformations include:(1) thermochemical Fe(lll) reduction, whgre C
serves as a reducing agent for Fe(lll), (2) the reaction of Fe(ll) with the precursor
ferric(oxyhydroxide) or other reaction products such as,@@d (3) norredox based pressure/
temperaturariven mineral transformations. In the absence ef, @onredox based mineral
transformations result from increased pressure and temperature during burial. Third, variable
association of primary minerals with Si, resuit in different Si/Fe ratios. Finally, primary
minerals, such as ferrihydrite, would likely have experienced diagenetic heating prior-to low
grade metamor phi sm. Thi s heating might eithe
minerals or mineral transfmation into thermodynamically more stable minerals, resulting in
higher crystallinity and lower reactivity due to decreased specific surface area (SSA). In order to
simplify the discussion, the focus will largely be placed on comparing the resultstaitlead
member scenarios, the high Si setups that represent conditions mimicking an Archean ocean

relative to the no Si setups that are more applicable to modern ocean surface water.
8.1.1. Metamorphic mineral transformation in the absence &§ C

To quantifythe influence of lowgrade metamorphism on the FQemobilization from
Corg limited systems(Thompson et al., 2019)where Fe(lll) minerals and biomass would
potentially have been deposited separately, we subjecteang&ining(FhPSikw and FhP Sigh)
and Sifree ferrihydrite (FhP) to lovgrade metamorphic conditions without the addition of any

Corg (supplementary text S3).

Mineral transformations in theofgfree setups was solely driven by a@uox, pressure

temperature driven reactions. Ferrihydiit@nsformation depended on the amount of Si present
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during the mineral synthesis, where increasing concentrations of Si resulted in increasing
amounts of primary ferrihydrite being preserved (Fig S1). Analysis of the Méssbauer spectrum of
FhPSkigh reveaéd that approximately 89% of the ferrihydrite was preserved (based on the
spectral area, Fig. S1 G) and 11% of the initially present ferrihydrite dehydrated to hematite

following equation (1) (Cornell and Schwertmann, 2003),
2Fe(OH} A Fe0s + 3H.0 1)

Ferrihydrite was identified by its narrow paramagnetic doublet (Murad et al., 1988), while
hematite was identified by its characteristically wide magnetically ordered sextet in the
Mdossbauer spectrum (Cornell and Schwertmann, 2003; Ericsson et al., d986gPal., 2013).

The mineralogy was confirmed witiXRD (Fig. S1 H, supplementary text S7). The low extent

of ferrihydrite transformation suggests that Si had an inhibitory effect on the metamorphic
transformation of ferrihydrite to hematite (Campbdllag, 2002; Carlson and Schwertmann,
1981; Toner et al., 2012). This could potentially be related t@45¢ bonds that need to be
broken before ferrihydrite can be transformed to hematite (Campbell et al., 2002; Carlson and
Schwertmann, 1981; Glasaueratt, 2000). Alternatively, Si can prevent recrystallization and
aggregation of ferrihydrite (nanparticles, which would be required for further structural
ordering (Rzepa et al., 2016). Indeed, hematite formed in the presence of high concentrations of
S shows wide reflections in the correspondingray diffractogram, indicative of low
crystallinity (Fig. S1 H). Additionally, the higher hyperfine field parameter (5B.2T
compared to 50.5 T in the high Si setup) and sharper reflections inrdne dffractogram of the

Si-free hematite further suggest that incorporation of Si into the crystal structure, or its adsorption,
inhibits magnetic ordering and crystal growth (Campbell et al., 2002). Consistent with the
suggested mechanism, the extent of heamdtirmation increased to 30.6% in FhRSand
ferrinydrite was quantitatively transformed to hematite in the absence of Si (FhP, Fig. S1 E and F,
supplementary text S7). -My diffractograms additionally showed narrower reflections
representative of hertie with decreasing Si concentration (Fig. S1 H).

8.1.2. Metamorphic mineral transformation in the presence @fC

In order to further determine how legrade metamorphism would influence £0O

remobilization from primary ferrihydrite if it would have been deposited asFe€lll) mineral
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aggregates, e.g. as a result of photoferrotrophy (Posth et al., 2010), and thus in thigh association

with Corg, we incubated ferrihydrite in the presence gt

Incubation of ferrinydrite synthesized in the absence of both Si and FDGeca)
resulted in its quantitative transformation into hematite through previously described mechanisms
(Posth et al., 2013). However, in comparison to other, Si ané B&aring, hematites had a
slightly (~0.7 T, supplementary text S7) higher hyperfine field parameter, indicating that, similar
to Si (Toner et al., 2012), RO may inhibit mineral ordering and transformation (Paige et al.,

1997; Senn et al., 2017) belit to a lesser extent at concentrations used here.

Compared to the setups without admixegh,EhPGeca, FNPSbwCrecaiand FhPSignCrecal
showed additional redox reactions occurring during-tpade metamorphism in which the
thermochemical reductioof Fe(lll) to Fe(ll) was coupled to the oxidation o4 resulting in
CQO, formation. The reaction of this GQvith freshly formed Fe(ll) resulted in the formation of
siderite (Halama et al., 2016; Kohler et al., 2013; Posth et al., 2&18)entified bya wide
paramagnetic doublet in the Méssbauer spectra (Fig:KSBupplementary text S7, Posth et al.,
2013) and by pXRD (Fig. S1 L). The extent of thermochemical Fe(lll) reduction, as marked by
siderite formation, ranged from 3.7% (FhR&) to 12%(FhPSikwCrecay SUpplementary text S7).

The second major mineral product identified in all three setups was hematite (Figg,S1 |
supplementary text S7, Cornell and Schwertmann, 2003; Ericsson et al., 1986; Posth et al., 2013)
which was formed throughreviously described mechanisms. With increasing Si concentrations,
the value of the mean magnetic hyperfine field decreased (supplementary text S7), which
together with wider reflections in the-pay diffractogram (Fig. S1 L) suggests decreasing
magnetic ad structural ordering, lower crystallinity and potentially smaller crystallite size,
resulting in higher SSA. In addition to siderite and hematite, 17.4% of the primary ferrihydrite
was preserved in the FhRGCreca Setup (Fig. S1 K). However, comparéa norincubated
ferrihydrite it displayed a decrease in both center shift and quadrupole splitting, suggesting that it
had undergone some recrystallization or structural ordering, potentially into poorly crystalline
lepidocrocite (supplementary text SMurad et al., 1988; Murad and Cashion, 2004; Murad and
Schwertmann, 1984). For all three setups thaydiffractogram suggested the presence.GkP
presumably in form of a polymer or a surface group (Fig. S1 L).
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8.1.3. Metamorphic mineral transformation indtpresence of &

We also considered the scenario where more labilen@s preserved to a depth where it
could act as a reducing agent for primary BIF minerals duringgi@ade metamorphism; for
instance, acetate (a commonpduct of for example glucose fermentation or microbial Fe(lll)
reduction) has been reported frohe trock record (Li et al., 2011ere, we used glucose as a
proxy for labile Grg during low-grade metamorphism of ferrihydrite in order to determine how
this would influence metamorphic mineral transformation and resuRi@g remobilization
consistentith previous diagenesis studies (Halama et al., 2016; Kohler et al., 2013; Posth et al.,
2013; Robbins et al., 2015)

Our data show that lograde metamorphic transformation of Fivg&Ciab resulted in the
formation of magnetite (32.5% of the spectredaaas determined by Mdssbauer spectroscopy;
Fig S1 O, Text S7; e.g. Byrne et al., 2016However, the magnetite formed was poorly
crystalline and distorted, as indicated by line broadening in the Méssbauer spectrum (Fig S1 O).
Additionally, wide reflectims in the Xray diffractogram suggest low crystallinity (Fig. S1 P).
Magnetite was likely formed via sohstate conversion, where Fe(ll) formed via the
thermochemical reduction of Fe(lll), subsequently adsorbed onto hematite (Hansel et al., 2003).
The poa crystallinity of the magnetite suggests that during this process adsorbed and/or co
precipitated Si limited the extent to which Fe(ll) was able to interact with the mineral surface,
probably either by limiting available surface sites or Si complexatitinke polymers (Cismasu
et al., 2014), thus limiting the extent of mineral transformation amdystallization (Jones et al.,
2009).Moessbauespectroscopy also suggested the formation of siderite, which accounted for 23%
of the spectral area (Fig SQ; supplementaryekt S7. Furthermore, the presence of two
additional wide doublets suggests the presence of a second Fe(ll) mineral phase, possibly
vivianite (Forsyth et al., 1970), which accounted for 28.5% of the spectral area. However, no
reflectionsfor vivianite were visible in the Xay diffractogram (Fig. S1 P), indicating that if
present, vivianite was poorly crystalline. The formation of vivianite has frequently been
described from anoxic (sedimentary) environments rich in*P@.g. Dijkstra etal., 2018;
Dijkstra et al., 2016; Hsu et al., 2014; O'Connell et al., 2015; Poulton and Canfield, 2006; Rothe
et al., 2016), where it forms through the reaction of Fe(ll) Wwit>. However, the two Fe(ll)
doublets in vivianite often have comparable $f@¢@reas (1:1 to 1:2 ratio; e.g. Amthauer and
Rossman, 1984; Forsyth et al., 1970; Manning et al., 1999; Rouzies and Millet, 1993). Therefore,
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the interpretation of this mineral phase as vivianite is not unequivocal because the ratio deviates
considerabl (ratio of approx. 1:13). An alternative interpretation with regards to vivianite is
provided in supplementary text S9. Although this alternative interpretation achieved a similar
g o odn e s ) andfa rafioi betweénj the spectral areas lower thanvhigh is characteristic

for vivianite, it resulted in higher uncertainties in the relative abundances of the mineral phases.
Consequently, we maintain the interpretation provided here. In addition to magnetite, siderite and
vivianite, 16% of the initial érrinydrite was preserved, as identified by Mossbauer spectroscopy

(Fig. S1 O, supplementargxt S7.

In contrast to the FhP@jh setup, both vivianite and preserved ferrihydrite were absent in
FhPGap and FhPSiwCiab and we only observed in the fornati of siderite and magnetite (Fig.
S1 M and P, supplementagxt S7. Consistent with the previously discussed inhibitory effect of
Si on the solid state conversion of ferrihydrite to magnetite (Hansel et al., 2003), the extent of
magnetite formation wasuch larger in the Sree setup (90.4% and 83% for no and low Si,
respectively, compared to 32.5%, Fig. S1 M, supplementary text S7). Additionally, the
decreasing Si concentrations resulted in the formation of higher crystallinity magnetite as
indicated ly increasingly clearly defined, undistorted double sextets ithessbauespectrum

(e.g. Byrne et al., 2016) and narrower reflections in thaydiffractogram (Fig. S1 M, N and P).

Noticeably, the presence of Si, while partially inhibiting thienation of magnetite in the
high Si setup (1.6nM), also seemed to have increased the overall reducibility of the ferrihydrite.
This is reflected in the lower extent of thermochemical Fe(lll) reduction of 39.7% in-fheeSi
setup (FhPbie) comparedo the high Si setug=qP ShighCianile), Where 62.3% of the Fe(lll) was
reduced (Fig. S1 MD, supplementary text S7), a value close to the 60% Fe(lll) reduction
expected based on the electron ratio used (C/Fe = 0.6). The extent of Fe(lll) reductieum the
of Fe(ll) contained in all reduced Fe mineral phases and thus encompasses siderite, vivianite and
magnetite (one third of its spectral area, based on the ideal magnetite stoichiometry). The higher
reducibility of Stcontaining ferrihydrite is probablgue to a smaller ferrihydrite particle size in
the presence of Si (Vempati et al., 1990) resulting in higher SSA and thus higher intrinsic
reactivity (Jones et al., 2009; Postma, 1993).
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8.1.4. Metamorphic mineral transformation following diagenetic heating

In order to determine the transformation of ands®@mobilization from ferrihydrite that
had undergone moderate heating (80°C) during early diagenesis, we subjected mixtures of
diagenetic ferrihydrite and recalcitran§§to simulate lowgrade metamorphism. In the presence
of high concentrations of Si (FaP ShignCreca), this resulted in the thermochemical reduction of
~22% of the initially present Fe(lll) as estimated based on Méssbauer spectroscopy (Fig S2 G).
This is more than 2 times the amount of Fe(lll) reduced in the corresponding experiment
FhP SiighCrecaiwithout any prior heatreatment (Fig. S1 K), although generally the same minerals
were formed. Siderite, which accounted for 8.8% of the spectral area,l@s\Wwematite (Fig. S2
G, supplementary text S7, Ericsson et al., 1986; Posth et al., 2013), were identified by M&ssbauer
spectroscopy. Broad reflections in thera§ diffractogram suggested hematite was poorly
crystalline (Fig. S2 H). Furthermore, ferrinte accounted for 15.7% of the spectral area (Fig S2
G, supplementary text S7), suggesting that it was partially stabilized by Si duringrdde
metamorphism (Campbell et al., 2002; Carlson and Schwertmann, 1981; Toner et al., 2012). A
second Fe(ll) nmeral phase accounted for 13.0% of the spectral area and was identified as Fe(ll)
phosphate, potentially vivianite, based on its hyperfine parameters (Fig. S2 G, suppleragntary t
S7, Forsyth et al., 1970). However, we were not able to identify this alibgr uXRD, thus it
was likely poorly crystalline. In addition, the previously in setups withaQescribed FOs

phase was identified by uXRD.

Simulated metamorphism of AP Geca resulted in both the formation of siderite (Posth
et al., 2013) and Imeatite (Cornell and Schwertmann, 2003), whose narrow reflections in-the X
ray diffractogram suggest it to be of higher crystallinity than the hematite formed from the high
Si heattreated ferrihydrite (Fig. S2 E and H). However, in contrast to simulateejiade
metamorphism of FRaP ShighiCrecas NO formation of vivianite was observed. Additionally, with
only 7% Fe(lll) reduced to Fe(ll) (present as siderite; Fig. S2 E, supplementary text S7), the
extent of thermochemical Fe(lll) reduction was much loam thus essentially comparable to
FhPShighCreca and FhPGcar Therefore, the heamduced changes in the primary ferrihydrite
alone had no direct influence on metamorphic transformation of the diagenetidréasad)
ferrihydrite. Yet, it begs theuwgstion what caused the higher reducibility of thed@itaining
ferrihydrite (~22% Fe(ll) compared to 7% Fe(ll)) and the formation of vivianite duringytade
metamorphism of FlaaP ShighCrecar One potential explanation might be that not only thelFe(l
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minerals but also the associated Si would have been subject to alteration during the-heat pre
treatment preceding the simulated igrade metamorphism. Consequently, the Si associated
with the Fe(lll) minerals would potentially have been subject tyrpetization prior to low

grade metamorphism (Goto, 1956; ller, 1979; Krauskopf, 1956). The ferrihydrite particles could
have catalyzed this process by acting as nucleation sites where the initially present monomers
would have been transformed into oligosw@nd ultimately polymers (Swedlund et al., 2010;
Swedlund et al., 2011; Swedlund and Webster, 1999). Consequently, during the following low
grade metamorphism the already present Si polymers would have limited further Fe
polymerization (Pokrovski et al2003) and ferrihydrite particle aggregation necessary for
mineral growth and transformation into hematite. This would have resulted in a lower overall
crystallinity and smaller particle size compared t@efPGecas FNPGecay and FhP as suggested

by wide reflections in the Xay diffractogram (Fig. S1 L, Fig. S2 H) and indicated by a narrower
hyperfine field in the Méssbauer spectrum (supplementary text S7; Rzepa et al., 2016). The lower
crystallinity and smaller particle size would have caused an etlegarticle reactivity
(Anschutz and Penn, 2005; Jones et al., 2009; Wang et al., 2013), resulting in the observed higher
thermochemical Fe(lll) reduction with concomitant £Qelease and formation of vivianite
through the reaction of R®and Fe(ll) é.g. Dijkstra et al., 2018; Dijkstra et al., 2016).
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9. TEXT S9: ALTERNATIVE INTERPRETATION OF M OESSBAUER SPECTRA FOR
FhPSiﬁighCIab, FhheatP SiowCrecal AND theatPS-highCrecal

Ferrihydrite, high Si, glucose Ferrihydrite, low Si, heated, ng
o0 o

Ferrihydrite, high Si, heated, Corg

o & .

Absorption [arb. unit]

l Ll
-12 -6 0 6 12

-12
Velocity [mm s™]
O Data Bl Ferrihydrite [1 siderite [] Fe(ll) phosphate
— Data fit [ Magnetite I Hematite

Fig. S3 Alternative interpretation of vivianiteontaining®>’Fe MoessbhauespectraMineral mixtures were subjected

to simulated lowgrade metamorphism at 170°C and 1.2 kbar for 14 days. Specifics of the primary minerals and
organics used are displayed in the heading of the respective panels. Spectra were collectéd Badd\
represents data adapted from Halama (2016).

The interpretation of the bessbauer spectra given here clearly identified vivianite as
second Fe(ll) mineral phase in addition to siderite and generally achieved a comparable goodness
of fit. However, the idividual error in die relative abundances of the mineral phases is much
higher than for the interpretations provided in the main text (compare parameters in

supplementary te)Xg7).
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Table S4

Hyperfine parameters. Results of the fitting spectiaisomershift, qEq i quadrupole splitting)i quadrupole shift
(for sextets only), B 7 hyperfine magnetic field, RA. T relative abundance of the mineral phase at the given
temperature, * error in the relative abundana®,indicates the goodness of filata adapted from Halama (2016).

Tem u U Bhf R.A.

Sample [K]p Phase (mm s7] [mﬁil] (mm 7] M %] + ¢ HWHM
SRO
Fe(ll) 0.44 0.56 - - 16.2 4.6
Siderite 1.30 1.98 - - 8.9 5.1

A* 140  Vivianite 1.22 2.52 - - 15.0 18.0 0.62 0.131
Vivianite 1.21 2.96 - - 28.0 14.0
Magnetite 0.46 - 0.02 46.69 13.7 4.1
Magnetite  0.93 - -0.15 36.09 19.0 6.4
Siderite 1.30 2.19 - - 12 15
Vivianite 1.22 2.94 - - 2 83

B 140  Vivianite 1.21 3.08 - - 3 82 0.88 0.146
Hematite 0.46 - -0.1 52.50 67 80
Hematite 0.42 - -0.12 50.4 16 19
SRO
Fe(ll) 0.44 0.72 - - 15.7 35
Siderite 1.28 2.09 - - 7.4 4.2

C 140 Vivianite 1.25 2.64 - - 3.7 9.9 0.61 0.146
Vivianite 1.24 3.02 - - 10.8 8.3
Hematite 0.46 - -0.1 51.93 39.5 9.3
Hematite 0.49 - -0.13 49.76 22.9 9.3
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10.TEXT S10: PO MOBILIZATION DURING METAMORPHIC GOETHITE
TRANSFORMATION

Besides ferrihydrite, other, more crystalline Fe(lll) (oxyhydr)oxides such as goethite and
lepidocrocite could also have been important as BIF precursor minén&efore, in order to
evaluate the potential of goethite as a BIF precursor mineral andattify the impact of a
higher mineral crystallinity on the initial RO co-precipitation and/or adsorption, we synthesized

goethite in the presence of three different Si and one fixed.PO
10.1. Methods
10.1.1.Goethite synthesis

Goethite was synthesized followirf§chwertmann and Cornell, 2008). Briefly, the same
P, Si and NaCl concentrations as for the ferrihydrite synthesis were used. The resulting Fe:Si:P
ratios were approximately 771:0:1, 771:8:1 and 771:25:1, respectively, for the different Si
concentrationsUItra-pure 18.2 My x cm HO was deoxygenated for 30 minutes by bubbling
with N2. NaCl, PQ* and Si were added, and the pH was set to <4 before addition of 9.9 g
FeCb x4 H,O under a constant backstream af Next, 110 mL of a 1 M NaHC{Xsolution was
addel and the N replaced by air (21% 4 at a flow rate of 3@0 mL min! under constant
stirring, resulting in complete oxidation after 48 h. The resultant precipitates were centrifuged at
42299 and freezaried.

10.2. Results and Discussion
10.2.1.Characterization oprimary goethite

More crystalline Fe(lll) (oxyhydr)oxides such as goethite could also have been important
as BIF precursor minerals: note, lepidocrocite may also have been a primary phase, but as the less
stable polymorph of goethite, we do not explicitiynsider it hereWhile the slow oxidation of
Fe?*, either by low concentrations of,@r through the activity of photoferrotrophs, could have
formed lepidocrocite or goethite (Cornell and Schwertmann, 2003; Posth et al., 2014), higher
ArcheanpCO:; levels (Catling and Zahnle, 2020) should have favored the formation of goethite
(Cornell and Schwertmann, 2003; Lar€3asanova et al., 2010). To evaluate the potential
remobilization of PG during metamorphism, we first synthesized goethite at the Saraad

PQ¢ concentrations described above.

138



Chapter 1

We found that goethite formation (referred to as GtP, Giti? @nhd GtP Sigh from hereon)
was insensitive to PO at the ratio utilized in this study (molar P/Fe = 0.0013 in the synthesis
solution), as only gethite were detected by both Méssbauer spectroscopy¥RD (Fig. S4 A
and D, Text S7; Lares€asanova et al., 2010; Quin et al., 1988). This suggests that the influence
of PQ:* is concentratiomiependent; this was also suggested by Quin et al. (19&8jound that
only at molar P/Fe ratios exceeding 0.007 did*P€uppress the formation of goethite. However,
in the presence of low concentrations of Si {@M) the Mossbauer spectrum required a second,
collapsed, sextet to obtain an optimal fit (Fig. B Text S7). This, together with less intense but
wider reflections in the Xay diffractogram (Fig. S4 D), suggests that Si partially restricted the
structural ordering of goethite, resulting in decreased crystallinity and smaller particle sizes
(LareseCasanova et al., 2010; Murad, 1982; Quin et al., 1988). In contrast, the formation of
goethite was completely inhibited in the presence of high concentrations of 8iNi).énd an
X-ray amorphous Fe(lll) mineral was formed instead. Mdssbauer spectrosctipgted the
presence of a SRO Fe(lll) mineral phase whose hyperfine parameters were suggestive of
ferrihydrite (Fig S4 C and D, Text S7, Eickhoff et al., 2014), which likely formed due to inhibited
Fe(lll) polymerization and constrained crystal growththe presence of high Si concentrations
(Cismasu et al., 2011; Voegelin et al., 2010). Thus, the Si concentrations exhibited a strong

influence on goethite formation.

ICP-OES results suggest, that, comparable to ferrihydrite> P&noval during the inil
synthesis was nequantitative with P/Fe ratios of 0.0008, 0.0006 and 0.0006 for GtP, |6atPSi
and GtPSign, respectively. Similarly, Si removal was nqoantitative, with no Si being found in
GtPSiow (Si/Fe = 0) and only approximately 66% (Si/Fe .8213) of the Si present during the
synthesis found in GtPigjh.

Our results suggest that the relevance of goethite as a primary mineral for BIF deposition
and its impact on an early P cycle would have been strongly governed by seawater Si
concentrationslf the early ocean would have been at saturation with respect to cristobalite
(dissolved Si = 0.67 mM), goethite might have been formed, but if seawater Si concentrations
approached saturation with regards to amorphous silican2.2Si), then goethite fonation
would have been inhibited and instead a ferrihydiit® mineral phase would have been

preferentially formed. Consequently, due the similarity of this SRO Fe(lll) mineral with the
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previously described ferrihydrite and the expected comparable ahin@nsformation pathways,

GtPShigh was omitted from the simulated legvade metamorphism experiments.
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Fig. S4 Moessbauer spectra andry diffractograms of primary goethite {B) and goethite after incubation at

170°C and 1.2 kbar for 14 days in the presence of recalcittuetwvanellederived organic carbon (G E-H).
Moessbauer spectra for starting materigsC) were collected at 77 K, spectra for incubated mixture€)kvere

collected at 140 K. The presence of halite and sylvite is due to mineral synthesis in a seawater ionic strength solution
(0.5 M NacCl) and the use of KOH during mineral synthesis, ctis@dy.

10.2.2 Metamorphic PG> remobilization depends on Si concentration

In order to further quantify the influence of leyvade metamorphism on the PO
remobilization from the goethite formed, we subjected mixtures of goethite and recalcggant C
to low-grade metamorphic conditions (GtR&Creca and GtPGeca hereon after). Lowgrade
metamorphism of P&-loaded goethite in the presence ef.gresulted in only 2.1 mol.% of the
initially present PG being remobilized in the GtP&§ICrecaiseup and 1.1mol.% in the GtPGcal
setup. Following the line of argument in the main text, where 1.5 mol.% R@re released
from microbial biomass, the majority of this POis probably related to thermochemical
oxidation/ degradation of biomass.

140



Chapter 1

10.2.3 Metamorphic mineral transformation is independent of Si concentration

Simulated lowgrade metamorphism of both, GtR@&Creca and GtPGecay resulted in the
thermochemical reduction of approx. 10% of the primary goethite (Fig. S4 E and F,
supplementary t&¢ S7). The resulting Fe(Hyontaining mineral phase was identified as siderite
by Mdssbauer spectroscopy (Fig. S4 E and F, supplemertdar$T Posth et al., 2013). In both
cases the only other Fe mineral phase identified’bg Moessbauer spectroscppased on its
characteristic hyperfine parameters was goethite (Fig. S4 E and F, supplenexit&iyltarese
Casanova et al., 2010; Quin et al., 1988). No further transformation to hematite had taken place,
suggesting increased thermal stability of gdetunder lowgrade metamorphic conditions at the
experimental timescale compared to the ferrihydrite used in our other experiments. This high
thermal stability of goethite has been reported elsewhere (e.g. Gualtieri and Venturelli, 1999; Liu
et al.,, 2013 Wolska and Schwertmann, 1989), where goethite only started to transform into
hematite between 180 and 250°C. However, compared to the primary goethite, the
metamorphosed goethite consisted of several magnetically ordered components and required two
sextds for an optimal fit (Fig. S4 E and Bupplementary text $7The second sextet showed a
shift in the mean magnetic hyperfine field parameter to higher values. In the case gi{3tPC
example, it was approx. 1.7 T higher than the first sextet (48.2%mpared to 46.5 T,
supplementaryeixt S, suggesting increased magnetic ordering (higher crystallinity) probably
due to partial structural rearrangement of the primary goethite at higher temperatures (Frost et al.,
2003a). This is corroborated by pXRBsults, where metamorphosed goethite showed narrower

reflections than freshly synthesized goethite, suggesting an increase in crystallinity (Fig. S4 G).
10.2.4 Metamorphic PG> remobilization is independent of mineral transformation

The role of mineralogicathanges in goethite and related effects o@>R@obility during
simulated lowgrade metamorphism is ambiguous. On the one hand R@obilization in the
experiments with goethite can be explained by*P@lease from microbial biomass. However,
even tlough goethite has a lower SSA than ferrihydrite (Cornell and Schwertmann, 2003), we
would have expected R®released from biomass to beadsorbed to goethite when Si was
absent, resulting in radsorption of P¢¥ (see previous discussion in suppleragntext S8 and

main text for effect of Si on PZC and FOsorption). One possibility could be that complex
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organic, which have a high affinity for Fe(lll) (oxyhydr)oxides (Gu et al., 1996; Gu et al., 1994;
Schad et al., 2019), prevented thedsorptiorof PO to goethite.

On the other hand, the low amount of £®eing remobilized compared to setups with
ferrihydrite is likely directly related to the higher thermal stability of goethite. For example, in the
GtPSiowCreca S€tup, where we identified a super paramagnetic mineral phase, partial
recrystallization at high temperatures would potentially have resulted in some loss of SSA
(Schwertmann et al., 1985; Strauss et al., 1997), causing sosfigd?@ remobilized. Howey,
this decrease in SSA should have been much lower than during the ferrihydrite to hematite
transformation (Cornell and Schwertmann, 2003), resulting in lowe? Pénobilization. The
additional PG> remobilization we observed in the GtB3TrecaiSELp compared to the GtRG
setup is likely due to the PZIBwering effect of Si (Kingston et al.,, 1972; Schwertmann and
Fechter, 1982; Sigg and Stumm, 1981) and due to immobilization of Si through polymerization
(Hilbrandt et al., 2019), as suggestedthy formation of a crystalline Si&pecies (Fig. S4 G).

The combined effect of both processes would effectively have prevented the mobilized PO

from being readsorbed.

Overall, these results indicate, that, while the formation of goethite might have be
limited to low Si environments, its presence would have resulted in a depressedef&s
associated with the primary mineral phase (supplementary text S11) and lowé&r PO
remobilization during lowgrade metamorphism. However, care should be takerthe
interpretation of the goethielated results as different mineral synthesis pathways resulted in
different molar P/Fe and Si/Fe ratios. This likely influenced the mineral transformation pathways

and relative coverage of available surface sitesriomgpy Fe(lll) minerals with P¢Y or Si.
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11.TEXT S11: RAW ICP-OES DATA; CACLULATED PO 4> REMOBILIZATION AND
MOLAR P/Fe AND Si/Fe RATIOS

Raw data for ICFOES measurements of NaCl extractions and mineral digests and
calculated molar Si/Fe and P/Fe ratiosveal as extent of P remobilization will be made
available on https://www.pangaea.de/.

12. TEXT S12: ANCIENT SEAWATER PO s> CONCENTRATIONS

Ancient seawater P9 concentrations were calculated employing empirical vdlues
determine by Jones et al. (2015) ttFBP/Fe ratios per Planavsky et a0{0b). Calculated
concentrations are will be made availablentips://www.pangaea.de/
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ABSTRACT

Banded iron formations (BIFs) are-Fend Sirich chemical sediments that were deposited
in the oceans throughout techean Eon (4XR2.5 billion years ago; Ga). Despite extensive
research pertaining to their composition, mineralogy gegmbsitional settigs, the mechanism(s)
leading to their characteristic layering is still a matter of debate. Recently, it haprbpesed
that temperature fluctuations could have acted as the unifying trigger for the precipitation and
deposition of Fe(lll)-mineratrich layers mediated by phototrophic Fe{@lidizing bacteria
during warm periods and the deposition of sil{&O,)-rich layers by abiotic precipitation of
dissolved silica during cold periods. To verify the feasibility of such a mechawsmonducted
laboratory experiments with the marine phototrophic Feglidizing bacteriumRhodovulum
iodosumunder simulated Archean ocean conditions. The temperature was cycled beti@en 26
(warm period) and % (cold period)to mimic temperature fluctuations in the past. Our results
showed thaR. iodosunreadily oxidized Fe(ll) during warm periodssulting in the formation of
an orangébrown Fe(lll) mineral layer, whereas it was inactive during cold periods. Conversely,
silica largely stayed in solution during warm periods but was precipitated abiotically as an
amorphous, gdike layer during cold periods, enhanced by Si addition that led to Si
oversaturation. Most importantly, during Fe(lll) mineral precipitatiomgst silca stayed in
solution leading to an independent precipitation of the &l Sirich layers. This is due to
inhibition of silica sorption onto the biogenic fpanerals caused by sorption of microbially
derived organic matter that containsegativelychargel carboxyl/phosphodiester groups.
Analyses of precipitation rates and theoretical sedimentological considersiiggsst that this
process could explain the banding in BIFs on the microband level and produce sediments of

similar thicknesses as found intoge.
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1. INTRODUCTION

Banded Iron Formations (BIFs) are-Fand Sirich marine sedimentary deposits which
were mainly formeduring the Archean and early Paleoproterozoic untild@Ga (Bekker et al.,
2010; Bekker et al., 2014&onhauser et al., 201L7They are frequently laminatezh a range of
scales that include; (1) macrobands which banseveral meters in thickness, (2) mesobands
which areusually of a few centimeters in thickness, and (3) microbardsh range from the
millimeter to submillimeter scale and have been proposed to represent an annuabtyade
and silica precipitation (Trendall and Blocklehg70). These microbands have also been referred
to aschemical varves, where one-Feh and one Srich layertogether represent one yeair
precipitation (Trendall2002). Recently, diurnal nanobands have also been hypothdtized
2014). Compositionally, BIF are characterizeyl an average redox state of’ferepresenting
their variableFe(ll)- and Fe(lll}bearing mineralogy (e.g. hetita, magnetite, siderite and Fe
silicates; Klein and Beuke&992), by a low organic carbon content (<0.5 wt.%) aRé-eontent
of 2040 wt.% and silicacontent of 4050 wt.% SiQ (Trendall, 2002). The most extensive
ASu p er i BIFst agepiretbe Hameey Range of Western Australiét. is several hundred
meters thick, 10km? in aerialextent and contains >10t of Fe (Isley, 1995; Isley andlbbott,
1999). Due to the lack of currerdr waverelatedsedimentological features, Supertgpe BIFs
were likely deposited in depths of more than 100 m (TrendD2) on the continental shelf
(Beukes, 1973; Morris andorwitz, 1983; Klein, 2005).

It is widely accepted that microorganisms were direatlindirectly involved in the initial
oxidation and hydlysis of seawater Fe(ll) to form the Fe(lll) (oxyhydr)oxide precursuase to
BIF T see Rasmussen et al. (2013, 202817) for an alternate opinion. The classic model
invokesferric iron precipitation occurring at the interface betweaggenated shalle waters
and reduced upwelling irench waters; the oxygen being sourced from cyanobacterigheir
predecessors (Cloud, 1965, 1973). These photoautotveqiid have flourished when nutrients
were availableand passively induced the precipitation ofIFe (oxyhydr)oxides through their
metabolic activity. Alternativelyanoxygenic photoautotrophic Fefbxidizing bacterigdknown
as photoferrotrophs) could have direakidized Fe(ll) and coupled this to the fixation of carbon
by light energy (Hartmanl1984; Kappler and Newma@004). Konhauser et al. (2002018)
suggested that photoferrotrophmsght have accounted for most, if not dte(lll) deposited in
BIF, while iron isotopes in the oldeBiIF (the 3.8 Isua Supracrustal Belt in Greenland) sugges
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the most parsimonious explanation for Fe(ll) oxidati@as photoferrotrophy (Czaja et al., 2013).
Kappler et al. (2005) further showed that the photoferrotrophs could bawkzed all
hydrothermally derived Fe(ll) before it reachedrface waters, evewith the simultaneous
presence otyanobacteria in the oxic layer above. The adaptatidovidight conditions would
have given photoferrotrophs @mpetitive advantage over early cyanobacteria wihiialy
inhabited surface waters, especially since chanteriawould have had higher phosphate
requirements (Jonest al., 2015) and the ferruginous conditions prevailinghan Precambrian
ocean might have been toxic to cyanobact@imanner et al., 2015a). Studies that focused on the
ecophysiology of phoferrotrophs (Hegler et al., 200Bpsth et al., 2008) support the notion that
they could haverospered in a temperate Precambrian ocean. Morabdheet al. (2014) showed
that Fe(ll) oxidation rates weret significantly influenced by silica concentratsorelevantor

the Precambrian ocean. Recent work on moderradalpgues for the Precambrian ocean further
showed thaphotoferrotrophs play a key role in their bacterial commundiesin the turnover of
Fe(ll) (e.g. Crowe et al., 2008yalter et al.2014; Koeksoy et al., 26)L

One key characteristic of BIFs is the consistency ofttexnating Feand Sirich layers.
Previous studies suggestéaat it is possible to correlate microbands oaémnost 100 km
between different cores (Trendall aBdockley, 1970; Ewers and Morris, 1981). If true, the
consistencywith which these alternating layers were depositeguires a comparable ocean
chemistry over much of théepositional basin, and it suggests a unifying trigger tfar
deposition of Faich andSi-rich layers. The mechanismmaggested for being responsible for BIF
banding aredivided into primary, secondary or diagenetic. Primargchanisms imply the
precipitation and the bandingsulted from some form of periodicity, such as seasgmatlling
of Fe(ll)-rich ocean bottom waters onto the continersiaglf (e.g. Ewers and Morris, 1981;
Morris, 1993).Posth et al. (2008) took the idea one step further by incorportdtengole of
plankton. They postulated that photoferrotroplmaild have beeactive at temperaturdsetween
20 and 28C, for example in summer or durim@eriods of warm climate. This would have
resulted in thdormation of layers consisting of biogenic Fe(lll) (oxyhydr)oxides, while silica
would have largely remained solubla.modern oceans, the seasonal temperature changgs
reach up to 610°C, although larger differences migh¢ possible based on local differences in
incoming ocearcurrents and upwelling areas (Pickard and Emery, 198ial/interglacial

differences aremaller with betweer®i 3°C warming/cooling, however, seasonal differences in

162



Chapter 2

temperate regions during these times might have b&2tC (Pflaumann et al., 2003; MARGO,
2009). Thereforeypon cooling of the ocean (e.g. up ta 18°C), eitherdue to incomingcold
ocean currents or seasonal chan@eémery et al., 2006), microbial activity would have
diminished and amorphous silica could have precipitated abioticallhen the ocean
temperature rose again, e.g.spring, the photoferrotrophs would have resuitieir metabolic
activity. These estimates are well within estimatgpgen for the Archean ocean, which
supposedly was temperdt€rissanserirotton et al., 2018; Galili et al., 2019) wittamperatures
ranging from 1033°C (Kasting et al.,, 2006)Thus, thismodel offers a relatively simple

explanatiorfor the widescale continuous deposition of-Aeh andSi-rich micro-bands in BIFs.

Secondary mechanisms invoke mechanical forcingdasiinant processes for the
alternating deposition dfe-rich and Sirich layers in BIF. For instance, Krapet al. (2003) and
Pickard et al. (2004) suggested that Biecursor sediments might have been transported to a
deepsea BIF depositional basin by either turbidityd@epsea density currents. Thus, micro
banding in BIF would represent compacted density current laminati®astdepositional
processes during burial and diagenésidude the compaction of initial BIF sediments resulting
in the formation of Feich layers and the vertical escapetloé silica which then wdd have
precipitated on top (e.dglrendall and Blockley, 1970; Dimroth and Chauvel, 19B8ukes,
1984). Others have suggested that the lagepseted in Fe might represent the paepositional
activity of Fe(lll)-reducing bacteria, resulting in remabdtion of Fe(ll) from the sediment and
formation of Sirich layers (Nealson and Myers, 1990). This could potentially hdezn
controlled by fluctuations in photosynthetic actiwtyth variations in organic matter deposition
on the seafloomesulting inmicrobial reduction of Fe(lll) mineralwith this organic matter, its
remobilization as Fe(ll), anthe formation Srich layers (Hashizume et al., 201&ecently,
Egglseder et al. (2018) suggested a process wheselutionprecipitation would have reied
in the liberationof hematite particles from their silica matrix. Thegarticles would have
accumulated in parallel layers formingcrobands, where new hematite particles were formed by

non-classical crystallization pathways.

Considering the likéhood that photosyntheti€e(ll)-oxidizing bacteria contributed to
BIF, it was ouraim to further investigate the primary layerimgpdelinvolving microbial activity,
specifically the fate of Fe(llland silica during the active growing season. This adpeuit as
straightforward as initially proposed in the Posthal. (2008) model because it has since been
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suggested thagirimary Fe(lll) minerals could have acted as a shuttlesifara to BIF sediments
(Fischer and Knoll, 2009), whilether studies hav speculated that Fe(ll) oxidation in the
presence of dissolved silica could have resulted in the formatiarhomogeneous, singihase
Fe(ll)-silica gel,where Fe and silica are tightly bound and do not form sepsitiageand Fe(lll)
(oxyhydr)oxidephases (Doelscht al., 2001; Percakennett et al., 2011). Zheng et £016)
concluded that the primary precipitate of BIFs migigrefore have been a Fe(iHilica gel.
Consequently, if thalternating banding of Feand Sirich layers was indeed @krimary origin,
this would require a mechanism by whittte sorption of silica to the primary Fe(lll) mineral
precipitatescan be prevented. Although there is evidence fromralk record in the form of
trace element and isotope geochemistoyn individual S and Ferich microbands suggesting
distinct sources and mechanisms of silica angrEeipitation (e.g. Frei and Polat, 2007; Bau and
Alexander, 2009; Steinhoefel et al., 2010; Viehmann et al., 2014), to date nho model has provided
a satisfactory amger on why Fe and silica where deposited independentlycandistently over

large areas.

For our experiments we envisioned an Archean odeefore the development of
widespread oxygenic photosynthesiswhich anoxygenic Fe(Hinetabolizing bacterisgsuich as
photoferrotrophs, were primarily responsible floe deposition of BIFs. In order to test whether
the modeldeveloped by Posth et al. (2008) can be validated with whatow know about Fe
silica interactions, we -cultivated thmarine photoferrotrophRhodovulum iodosununder
conditionsrelevant for an Archean ocean. We performed precipitagiqreriments where we
followed geochemicaparameters, recorded the development of the layeritigeirexperiments
and identified the mineral precipitattemed. Furthermore, in order to elucidate whetlocetl-
derived biomass associated with the Fe(lll) mineraiults in changes in surface charge or
properties, andvhether this could prevent qwecipitation of Fe(lll) mineral@and amorphous
silica, we conductedetapotential (e-potential) measurements and potentiometric titratioms
the celtFe(lll)-mineral aggregates formed during microlial1l) oxidation. Finally, in order to
evaluate how theéested model could have contributed to the depositioBlB$, we took our
experimental data and extrapolatéedm to the ca. 2.5 billiegearold Hamersley Group in

Western Australia as a model depositional basin for BIF.
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2. MATERIALS AND METHODS
2.1. Source of microorganisms, culturing medium and growth conditions

R. iodosumis a marine photoferrotroph belonging to tperple bacteria and placed
amongst the -®roteobacteria. Mvas first isolated from a mud flat of the Jadebusen (NSeth)
(Straub et al.,, 1999). The culture used was obtaimech the Deutsche Sammlungon
Mikroorganismen undZellkulturen (DSMZ) in Germany (DSM 12328T) and kept in our
laboratory collection for several years. Althoughsurvives and grows at a wide range of
temperatures betwed® and 35C, it has a relatively narrow optimum wherslibws the highest
Fe(ll) oxidation activity between 2&nd 25C.

R. iodosunwas cultivated on marine phototroph mediwmich was prepared as outlined
in Wu et al. (2014)but with the following modifications: (1) To simula#égchean seawater silica
concentréions, 0.5684 g £ Na:SiOs; x 9 H,O was added to achieve a final silica concentraifon
2 mM (Maliva et al., 2005). (2) Instead of 22 mdddium bicarbonate, we added 30 mM as
primary bufferand the pH was adjusted to 7.0. (3) No ke@ls addedo thetrace metal solution,
and instead Fe(ll) was added an anoxic and sterile 1 M Fe@®l4 H,O stock solutior(Hegler
et al., 2008) at an initial concentration of 5 mAlthough this initial Fe(ll) concentration is
higher thanthe Fe(ll) concentrations assed for the Archean ocednp to 0.5 mM; Holland,
1973; Morris, 1993), this highoncentration was necessary to perform the experimétiign a
reasonable timeframe. (4) The medium wilisred once after the addition of Fe(ll) to remove
any Fe(l)-carborate and-phosphate precipitates formed. Thidered medium was then
transferred into 1L SCHOT®@lass bottles and the headspace exchanged wi@(90:10,v/V)
for 5 min. Therefore, in order to achieve maximeemoval of minerals that are expected torfo
from the added Fe(ll), phosphate and bicarbonate, the medamplaced at®® for at least 48 h.
Following the formatiorof greeniskgrey precipitates (likely siderite or vivianitdphmann et al.,
2009), after 48 h, the pH of tmeedium was adjusted 6.8 to simulate the circumneutyat of
the Archean seawater (Halevy and Bachan, 20A4y. forming precipitates were removed by
filtration (Millipore filter, 0.22 mm) in an anoxic glovebofl00% N atmosphere), and the
headspace was agaxchanged foN2/CO, (90:10,v/V). Filtration of the mediunmesulted in a
removal 0f~30% of the initially addede&** and~31% of the added Si(Okl)Consequently, the
resulting starting concentration in the experiment w&% mM Fé* and~1.4 mM monomeric
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silica. For $ock cultures ofR. iodosun25 mL of medium were transferredto 58 mL serum
bottles. Stock cultures were inoculatadth 4% inoculum and incubated at °Z5 in a light
incubatorwith a 48W incandescent light bulb.

2.2. Experimental setup

In our experiments waimed at simulating an Archeaean prior to the development of
widespread oxygenighotosynthesis in which anoxygenic photosynthdfie(ll)-oxidizing
bacteria would have accounted for mastnot all, Fe(ll) being oxidized. To test whether
temperaturecycles can couple the biotically mediated precipitattdnFe(lll) mineral layers
during warm periods to the abiotmrecipitation of silica during cold periods, we conducted
precipitation experiments where we cycled the temperabeteveen 26C and 3C i the
temperature extremes exhibitbgl this species. This temperature change 6£C2i% within the
temperature range that was suggested for anomgdns (between 10 and°83 Kasting et al.,
2006), butcrucially from an experimental perspective, these penatureswere chosen to
demonstrate the feasibility of thisiechanism within a reasonable timeframe. In total we
simulatedtwo warm periods (Z& in the light) and one colderiod (3C in the dark) over a
period of 168 days in th@ain experiment. We algzerformed experiments specificathgsigned
to investigate: (1R. iodosurd s a b i | i tFg(ll) atdow temperchturese (&. iodosurd s
ability to commence Fe(ll) oxidation once it had been exposdowaemperatures, and (3) the
effect of low tempeaturesand silica oversaturation on the chemical precipitatioansbrphous

silica.
2.2.1. First warm periodi Fe(ll) oxidation prior to silica precipitation

The main temperature cycling experiments were runbiotic triplicates with one
additional abiotic (notnoculated)control. The abiotic control was set up to emphatieekey
role of microbial Fe(IQoxidizing activity and temperature triggering the alternating deposition
of Fe andSi-rich layers by showing that in the absence of living aadlg-e(Il) (oxyhydr)oxide
formation will take place. 18 maf filtered Fe(ll} and silicacontaining medium (adescribed in
Section 2.1) were transferred into 20 mL headspaaks in an anoxic glovebox (100%:2)\
stopperedvith butyl rubber stoppers, brought aftthe gloveboxand the headspace exchanged
for N2/CO; (90:10,V/).
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To initiate the biogenic precipitation of Fe(lll) minerakhe biotic triplicates were
inoculated with 5% (approximatel§.5* 10’ cells mL?) of aR. iodosunculture pregrown on
filtered medium containing 3.5 mM Fe(ll) add? mM of silica (as described in Section 2.1) after
an equabmount of medium was removed. The removed medvas subsequently used for’Fe
and monomeric silica quantificatioifhe cultures were prgrown in he presence dfilica to
adapt them to Siich conditions. All headspacgals were placed in a light incubator at’@6and
sampledevery 56 days for F& and monomeric silica quantificaticaas described below. Once
all Fe(ll) was oxidized, aaliquot ofmedium was removed from each vial so ®aL remained.
The supernatant removed was then useduantify the remaining Eeéand monomeric silica.
The vials were subsequently refilled with filtered Fe(1nd silica-containing medium in an
anoxic glovebg (100% N2) to 18 mL, where care was taken to not disturb dfready
sedimented mineral layer. The headspace exakanged for NCO, (90:10,v/v), each vial was
sampledagain for F&" and monomeric silica concentrations dhen placed at 28C in thelight.
These steps were repeataatil a clearly visible ca. 0i8 mm thick Fe(lll) mineralayer had
developed (Fig. 1A).

2.2.2. Cold periodi abiotic silica precipitation

Once a sufficiently thick Fe(lll) mineral layer had developedhe main experiment,
monomeric silica (to a finatoncentration of ca. 4 mM) was added from a 50 mMIN2s X
9 H>O stock solution«pH 12.8) to test whetheamorphous silica precipitation would already
take placeat this concentration (Tab. A.1, day 35). The monomstica solution was freshly
prepared, adjusted to circumneuti#i using 1M HCI in an anoxic glovebox (100% oN
atmosphere) and 1.44 mL immediately added to the headsyase The neutralization was
necessary to maintathe neutral pH of the medium and preverd added monomersilica from
immediately being precipitated upon additiom the medium. The volume of 18 mL in the
headspaceials was maintained by removing an amount of medgpmal to the amount of silica
solution added while alsaccounting for tB volume removed during sampling. Themoved
medium was used for Feand monomeric silicaguantification and pH monitoring. After
addition of the silicathe headspace vials were given 1 hour to equilibrateoah temperature in
the light, the headspaseas exchanged for MCO, (90:10,v/v) and sampled again fée?* and

monomeric silica quantification. The headspeaieds were then placed at® in the dark.
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Although amorphous silica precipitation would haveen expected based démown
solubility values (1.3 mMat 5°C; Gunnarsson and Aé@rsson, 2000), no amorphowdlica
precipitation was observed at day 54. This laclkambrphous silica precipitation is potentially
attributed toslow silica precipitation kinetics (Krauskopf, 1956 and referetiza®in) or a lack
of nucleation sites necessary faritiating the polymerization and precipitation of silica.
Therefore, to identify the concentration of monomeric siliiecessary to complete the
experiment within a reasonaliiemeframe, we varied the coentration of the added monomeric
silica (Table A.1), and from day 93 onwards, 8 nMdnomeric silica were added repeatedly
once the concentratiatropped below 2 mM to create the amorphous sidigar. Care was taken
to not disturb any layering that halleady developed. During the entire time the headspate
were kept at B in the dark. The sampling frequendgr F&* and monomeric silica
guantification was adjusteidom initially 7 days to 3 or 4 days to better resolve deeelopment

of themonomeric silica concentration.

Additionally, we investigated (1) how oversaturatisith regards to amorphous silica
would influence silica precipitatioat low temperatures and (2) how the presenazeldé, Fe(ll)
and light would influence the amorphowslica layer being formed. All complementary
experiments werperformed using the silieeontaining marine phototropmedium in the same
headspace vials using the genexgperimental setup. To answer the first questkee(]l)-free
marine phototroph medin was used. Fe(llvas omitted in this particular experiment in order to
rule out any effect on silica precipitation by interaction of Feghy silica during the formation
of Fe(ll)-silicates. Thisallowed to specifically determine the influence of temgureon silica
precipitation. The experiment was dividedo four setups each consisting of triplicates. To half
of the setups neutralized monomeric silica was added to a doraentration of 8 mM as
described before. The other hdifl not receive ay additional silica and thus only contained
approximately 1.4 mM monomeric silica. For eatlica concentration half of the setups were
incubated a6°C and light and the other half &G and light. Sample®r dissolved monomeric
silica quantificationwere takerbefore addition of additional monomeric silica and direaftgr
addition of monomeric silica. During the first 12 htbhé experiment samples were taken every

2i 4 h, after 24 hand every B3 days thereafter.

To answer the second questione the(ll}containingmarine phototroph medium was
used. The experimentas set up as biotic triplicates containing 5% (0.9 RL)Jodosum pre
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grown on Fe(l) and silicacontaining medium,and one abiotic (nemoculated) control.
Neutralizedmonomericsilica was added to all headspace vialadbieve a final concentration of
8 mM. All headspace vialarere incubated at°® and light. Samples for Feand dissolved
monomeric silica quantification were taken befadition of cells and monomeric silicadch

directly afterwardsThereafter, samples were taken continuously egiesydays.

Furthermore, we determined whether iodosumwould be able to oxidize Fe(ll) under
low temperature (8) conditions.The experiment consisted of a biotic triplicate camtey 5%
(0.9 mL)R. iodosumpregrown on Fe(l) andsilica-containing medium, and one abiotic (ron
inoculated)control and was incubated continuously uniégtt and at 5C. Samples for & and
dissolved monomerisilica quantification were taken immedtiely beforeand directly after the

addition ofR. iodosuncells and evergi 3 days thereafter.
2.2.3. Second warm period Fe(ll) oxidation following silica precipitation at low temperatures

Once a clearly visiblei3 cm thick amorphous siliceyer haddeveloped in the main
temperature cycling experimeran aliquot of the supernatant (medium) was remae@dhat
14.1 mL remained in each headspace vial. Témoved volume was used for 2Feand
monomeric silicaquantification and pH monitoring. For theepipitationof the second Fe(lll)
mineral layer, 3.15 mL of filtere&e(ll)- and silicacontaining medium was added to the biotic
triplicates and 4.05 mL to the abiotic controls inagoxic glovebox (100% Natmosphere). The
headspacevas exchanged for ACO, (90:10,v/V), all headspace vialwere sampled again for
Fe* and monomeric silica, anithe biotic triplicates were #imoculated with 5% (0.9 mLdf a
pre-grown R. iodosunstock culture which resulted approximately 7.5 10’ cells mL* (Wu et
al., 2014). Themedium was exchanged to balance the loss of nutriunisg the previous
oxidation step, the dilution of thmedium during the addition of the monomeric silica solution
and supply new Fe(ll) for growth &. iodosumA re-inoculaton with newR. iodosuntells was
deemed necessaag prolonged cold temperature and darkr{@é9sdays), as well as dilution of
the medium during the additioof the silica solution, potentially damaged the cellsttet a
fraction of them were possibly nlonger viable. Tosimulate the second warm period all
headspace vials wepdaced in a light incubator at 26 and sampled evefj 4 days for F& and

monomeric silica quantificatiol® mL of medium were repeatedly exchanged as desdoibiede
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(including F&* and monomeric silica quantificaticas well as pH monitoring) once the Fe(ll)

oxidation waompleted until a clearly visible Fe(lll) mineral layer tteloped.

Finally, to determine whethd®. iodosumwould be ableio recover from cold stress, we
performed an experimenwith Fe(ll)- and silicacontaining marine phototroph mediurfihe
experiment was set up as biotic triplicates contairifig (0.9 mL)R. iodosumpre-grown on
Fe(ll)- and silicacontainingmedium, with one abiotic (not inoculated) catrThe headspace
vials were incubated at 26 and lightuntil approximately half of the initial Fe(ll) was oxidized.
Thereafter, the headspace vials were transferrefi@@bd light, kept under these conditions for
10 days, and thetransferred back to&C and light where they were incubatetil all Fe(ll)
was oxidized. Samples for #eanddissolved monomeric silica were taken before additioR.of

iodosumand directly after inoculation. Thereafter, samplese taken everyi3 days.
2.3. Fe analysis andcalculation of maximum oxidation rates

For F&* quantification 100uL of sample was takefrom the headspace vials under a
constant WCO; (90:10,v/V) stream, fixed in 90QiL 1 M HCI and stored at°®& until analysis.
For the quantification of Fé&the ferozineassay was used (Stookey, 1970). The absorbance at
562 nm was measured with a microtiter plate reader (Multiskaé®@ Microplate
Spectrophotometer with internsdftware (SkanIT RE for Multiskan GO 3.2)).

The maximum oxidation rates were determineditgar regression analysis through the

steepest 2 or when possitdteepest 3 points of theFeurve at a given time point.
2.4. Silica analysis

For silica analysis 5L of sample were taken from tleadspace vials under a constant
N2/CO, (90:10,v/V) stream, diluted either 1:20 or 1:40 with MillfQwater tonot exceed the
maximum concentration of §0M for theassay and measured as soon as possible after sampling.
For quantification of monomeric silica, a modified protooblthe molybdenum blue method
from Strickland andParsons (1972) was used. To 1 mL of diluted samPlgL acid molybdate
solution was added, mixed by shakizgd allowed to react for 15 minutes at room temperature.
Thereafter, 4QuL of oxalic acid were added, mixdxy shaking and 2QL of ascorbic acid added
immediatelyafterwards. The blue color was allowed to develogfbmin at room temperature.

200 pL of sample were themeasured spectrophotometrically at 810 nm in blaaked micro-
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titer plates using a Multiskan GO Micropla®eectrophotometer with internal software (SkanlT
RE for Multiskan GO 3.2).

2.5. Zeta-p 0t e n-pdteatial) nfeasurements

R. iodosunwas cultivated as described above in 100gatum bottles containing 50 mL
anoxic marine photoferrotropmedium withoutadditional silica. To comparthe g-potential of
biogenic Fe(lll) minerals produced kihe Fe(ll}oxidizing strain R. iodosumto abiotically
precipitatede(lll) minerals, pressurized 0.2@n-filtered air (with 21% Q) was added to serum
bottles with the ameFe(ll)-containing medium but not inoculated wkh iodosunto oxidize the

Fe(ll) abiotically leading to the precipitatiaf abiogenic Fe(lll) minerals.

Samples of biogenic and abiogenic Fe(lll) minerals wikged with 10 mM HEPES
buffered MilliQ® water, whichwas adjusted to pH 6.8 in order to have the same pH t®in
initial medium. To test the influence of the geochemamhposition of the marine medium on
the e-potential valuesabiogenic ferrihydrite (Schwertmann and Corn&i008) and biogenic
Fe(lll) minerals produced byR. iodosumwere mixed with a modified version of the above
describedmarine phototroph medium which was mixed at differatios with 10 mMHEPES
buffered MilliQ® water (mediunonly, 10:1, 1:1, 1:10 and MiD® water only). For the modified
marine phototroph medium, the medium was prepamgder air, no medium additives were
added, the bicarbonabaiffer was replaced by a 10 mM HEPES buffer, and thevpbl adjusted
to 6.8. All measurements were conducted gisinZetasizer Nano ZSP (Malvern, Herrenberg,
Germany)with Zetasizer Nano Series disposable folded capillary ¢BIIES1070; Malvern,

Herrenberg, Germany).
2.6. Potentiometric titrations of Fe(lll) mineral -cell aggregates

For potentiometric titrationsR. iodosim was cultivatedas described above in silitieee
medium. Upon completiorof Fe(ll) oxidation (determined by the Ferrozine methatig
remaining medium including free cells was remoeadxically after shaking and inverting the
culture andallowing the cell-Fe(lll)-mineral aggregates to settl€hereafter, fresh Fe(Hyee
medium was added, the bottlas shaken gently, the ceflineralaggregates allowed te-settle,
and the medium supernatant removed again. Waghing step was repeated twice to ogmany
free cellsfrom solution in order to only have cdte(lll)-mineral aggregates for the titrations.

After the last washing stefhie samples were suspended in MDNaNOs and centrifugedor 10
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min at 10,00Q, after which the NaN@was decanted d@nwet mass of sample was determined.
Then, 0.075 g of the cefhineral aggregates were suspende80 mL of 0.01M NaNG:s for a
concentration of 2.5 gt (wet mass) and purged withp§as for 15 min prior to anduring the
titration in order to establisand maintain &£0; free environment. The titrations were performed
on a Metrohm Titrando 905 using a Metrohm pH probe calibravegH 4, 7, and 10 using
commercially available buffer@Fisher Scientific). Initially, the solution was acidifiéd pH 3
using 0.1 M HCI, followed by ariilu p 0 t iwhere éhe pHoohthe solution was increased to pH
9 by incrementally adding aliquots of 0.1 M NaOH, with @#m@ount of titrant and pH recorded
with each additonrOnce pH 9 was achi ev paformeato rétdrrdtioevold 6 t i t
to 3 by adding aliquots of 0.1 M HCI test the reversibility of proton binding and to observe for
any hysteresis due to dissolution of the aggregates. All titratvens performed usingdynamic

mo de 0 w htiératoe adds haeariable amount of titrant depending dime instantaneous
buffering capacity of the system, widldditions only being made once the pH electrode achieved
a stability of 0.2 mV 3.

The titration data was evaluated in terms of the concentratibaseadded to the system
and modeled using laastsquares optimization method to solve for both deasities and pK
values within a fixed interval usingITEQL v 4.0 (Herbelin and Westall, 1999). Models
employing 24 protorbinding sites were tested in FIQE, with a 2site model having the best

fit to the experimentditration data.
2.7. >Fe Moessbauer spectroscopy

Samples for Fe(lll) mineral identification were takBom the experiments as liquid
mineral suspensions and filterdaough 0.45um Luerlock filters and fixed on Kaptotape. The
samples were loaded into a closBale exchange gas cryostat (Janis cryogenics). Spectra were
collectedat 77 K and 5 K in transmission geometry usingoastant acceleration drive system
(WisskEL) in the Geomicrobiolyy group at Center for Applied Geosciencésiversity of
Tuebingen. A°’Co source embedded inRhodium matrix was used agadiation source. The
spectrawere calibrated against a pim thick U5’Fe foil at room temperature. The RECOIL
software suite (Umnersity of Ottawa, Canada) was used for the calibratind spectra modeling
using Voigtbased line shapes waerformed (Rancourt and Ping, 1991). The Lorentz-half

width-half-maximum was kept constant at 0.14 nifas determined by using the minimum line
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width of thethird and fourth peak of the calibration foil in the moddish e Gaus s 6
parameter was used to account for lomeadening. The relative proportion of the areas covered
by each doublet and sextettbe total spectrum is corresponditogthe relative abundance of Fe

in a particularcrystal lattice site.
2.8. UXRD measurements

For uXRD measurements an aliquot of the minesaspensions was sampled from the
experiment, thecell-Fe(lll)-mineral aggregates we harvested by centrifugatiqdi761 g) and
vacuumdried. A small aliquot of thigmineral powder was put on a silicon wafeXRD
measurementsvere conducted using a ZWicrodiffractometer (Bruker D8 Discover with
GADDS, p-XRD?, Bruker AXS GmbH, Karlsruhe,Germany) available in the Geoscience
Department at the University of Tuebingen. The instrumes equipped with a Canode as X
ray source with £o-KUwavelength of 1.79038, a primary graphitenonochromator and a 2D
detector with 40 angle cover(Bruker Vantec 500, Bruker AXS GmbH, Karlsruh&ermany).
Reflection patters were collected for 120 secopelsangle setting. Reflection pattern analysis
and mineralidentification was carried out using the Matehprogramfor phase identification
from powder diffraction (Match!Crystal Impact, Bonn, Germany).

2.9. Scanning electron microscopy (SEM)

For SEM imagingR. iodosunwas cultivated as previoustlescribed in 100 mL serum
bottles containing eithesilica-free or silicacontaining marine phototroph miach. In order to
compare the morphology of the c€k(lll) mineral aggregates formed Hy. iodosumto
abiotically precipitatedre(lll) minerals, pressurized, 0.32n-filtered air (21% oxygen) was
added to serum bottles with the safe(ll)-containing medium but not inoculated wikk
iodosum Samples for SEM were fixed in glutaraldehyde (finahcentration 2.5%) overnight,
washed twice with Milli®® water, and mounted on Pelylysine covered glass slide$he
samples were prepared bgrial dehydration with ethan{80%, 70%, 95%, each 5 minutes and
2x 100%, each 3fninutes), treated with hexamethyldisilazan (HMDSin2es 30 seconds) and
dried by evaporation at room temperatanel ambient pressure (Zeitvogel et al., 2017). Samples
were coated with a-15 nm Pflayer using a BalzerdJnion Med 010 (BallTec, Balzers,
Liechtenstein) sputteroater. SEM analysis was performed at the Centekfiptied Geosciences,

University of Tuebingen, usinglzEO 1450 VP (Zeiss) equipped with an EvethEhornley SE
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Detector. Secondary electron (SE) imagimgs performed at an acceleration voltage of 7 kV
with a working distance of 8 mm. The pressure was targetegi *al0® mbar. No elemental
analysis by EDS waserformed.

2.10. Fe(lll) mineral aggregates sze analysis

For Fe(lll) mineral aggregate size determination,lthegeJ software was used to analyze
the aggregates visualizél SEM micrographs. To randomize the partiatesinted, horizontal,
vertical and diagonal lines were drafvom the top leftcorner of the picture and all aggregates
along these lines measured. For all aggregates the didiatween the two points the farthest
away from each otheavere measured. In order to obtain some statistical significarieast 100
aggregates were anabd. It has to bawoted that aggregate size analysis by SEM is a 2D

techniqueand does not consider potential differences in size in-thesz
2.11. Modelling of mineral saturation states and aqueous speciation

Geochemical modelling was performed for the li@mperaturestage of the precipitation
experiments in ordeto determine the aqueous speciation of silica and contparenineral
saturation states of amorphous silica and greenalitder the given silica and Fe(ll)
concentrations andjeochemical composith of the medium used in thexperiment. For
equilibrium speciation modelling VisuaMINTEQ vs. 3.1 was used employing a solubility
productfor greenalite of log k= 27.70 calculated based ®osca et al. (2016).

3. RESULTS
3.1. Development of Fe(lll) andsilica mineral layers at fluctuating temperatures

In order to demonstrate the alternating precipitatior@flll) and silica minerals, we
incubated Fe(IP and silicacontainingmedium with the phototrophic Fe(dxidizing bacterium
Rhodovulum iodosurand cycled the temperatubetween 26C and 3C. The basic idea of the
experimentalsetup was (1) to investigate how the presence of silica concentragansthe
saturation stated of amorphous silica (2amM) affect microbial Fe(ll) oxidation at warm
temperaturesand whether this would affect the formation of Fe(tt)neral layers, and (2) to
explore the effect of lowering themperature on the precipitation of silica in the presence of

high concentrations of dissolved?and how loweringhe tempeature would affect the activity
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of R. iodosum For silica precipitation at low temperatures, silica concentrataby®/e the
saturation limit of ca. 2 mMvere necessaryn our case ca. 8 mM, to overcome the kinetic
limitations forprecipitation and to alerve precipitation in experimentaligasonable timeframes
of several weeks. Similarly, highE€* concentrations of i3 mM, compared to the c@.5 mM
Fe?* concentration assumed for the Archean oce@re necessary to precipitate a sufficient

guantityof Fe(lll) minerals within the experimental timeframe.

Photos of the precipitating Fe mineral and amorphous $aieas were taken in order to
record the banding developmeifithe activity of the phototrophic Fe{fxidizing bacteriumR.
iodosumat 26C in the light resulted in the formationf orangecolored Fe(lll) mineral
precipitates. Afte54 days, during which fresh Fefliand silicacontainingmedium had been
added 4 times to simulate constant inipuancient oceans of Fefrom hydrothermal actity and
silica from the continents (Hamade et al., 2003), an approximatehm thick Fe(lll) mineral
layer developedFig. 1A). During the same time the abiotic (not inoculateefup remained
colorless and only a minor amount of pgteyishgreen pre@itates formed (inset Fig. 1A). This
correspondedo a removal of aqueous Fe(ll) of only 7&mparedto the amount that was
oxidized and precipitated by thphotoferrotrophs. After the development of the Fe(lll) mineral
layer by day 54, more monomeric ediwas added to adletups which were then transferred to
5°C resulting in thesupersaturation of the mediuwith respect to amorphous silicafter 126
days, a clearly defined amorphous silica lalyad developed (Fig. 1B). This amorphous silica
layer wasvisible in both the biotic vials that contain®l iodosuncells, aswell as in the abiotic
setups. Following the addition of nemedium, reinoculation of the biotic setups witR.
iodosum and the transfer back to 26 and light, caused a secoRe@(lll) mineral layer to
precipitate on top of the amorphosifica layer. This layer was again visible as oraogered
Fe(lll) minerals in the biotic setups (Fig. 1C). The alternataygrs of Fe(lll) minerals and
amorphous silica remainetiable and clearlgistinct on a macroscopic level until tead of the
experiment, although the thickness of the silasger decreased slightly from approximately 3 cm

to 2.5 cmdue to densitdriven compaction.
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Fig. 1. Development of ironand silicalayering over time. (A) Shows microbially mediated deposition of a Fe(ll)
mineral layer by the activity of the phototrophic Fe@Ridizer R. iodosumat 26C compared to the abiotic setup.
The upper picture in (A) showsefll) oxidation and formation of Fe(lll) minerals which is evident by the
development of orangeolored minerals after 43 days. The lower pictiwr€A) shows closaips that demonstrate

the precipitation of the orange Fe(lll) minerals in the biotic butindhe abiotic setups. (B) Shovitlse abiotic
precipitation of amorphous silica at® after 126 days in the biotic setups (right) as well as in the abiotic, not
inoculated setufleft). The white dashed line and arrows indicate the upper limit ofitherphous silica layer.
Please note that the white band in the bisgtup is difficult to see in the right photograph due to the orange
minerals that stick to the glass wall. (C) Shows the deposition of an ecalggedFe(lll) mineral layer (2.12.5 cn)

on top of the previously precipitated amorphous silica layeii 2011cm) in the biotic setup aftdi68 days. The
precipitation of Fe(lll) minerals in biotic setups is mediatedRbyodosunat 26C during a second warm period. A
bright (left picture) andl dark (right picture) background were chosen in order to better visualize the difference
between the Fe and silica layers. Respedtiyers are marked by black dashed lines, arrows and braces with
labelling.

3.2.  Fe(lll) mineral formation by microbial phototr ophic Fe(ll) oxidation and abiotic

silica precipitation

In addition to the physical changes during the deposifaiternating Fe(llH and silica
rich layers, we alsdollowed the underlying changes in the geochemistrpwf experimental
solution. Specifically, we measurethanges in concentrations of the dissolved specié$aRd

monomeric silica.

During the first warm incubation period}. iodosumoxidized ca. 2.02.5 mM of
dissolved F& within 4i 7 days(Fig. 2, upper panel until day 35) yiehgj initial averageFe(ll)
oxidation rates of ca. 0.3 mM!dbetween day @nd 13) and maximum Fe(ll) oxidation rates of
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0.6 mM d*. Fe(ll) removal from solution mediated B iodosumwas >96%. Although there
was some removal ahonomeric silica from sotion together with the Fe(lllininerals during
Fe(ll) oxidation, approximately 1.0 mkhonomeric silica stayed in solution all the time (Fig. 2).
No Fe(ll) oxidation was observed in the abiotic conthaling the first warm period as indicated

by the absereof orangecolored precipitates (Fig. 1A).

During the cold period between S l lll l 1 U u uu 10
days 54 and 133 (Fig. 2jponomeric 4.. diss. monomeric silica | - :8
silica was added in 5 spikes to the biotic : diss. Fe*" | -

setups, each resulting in measured

monomeric silica concentrations

of >4mM (day 99). Concentrations of

monomeric silica decreased quickly

(within 3i 6 days) to an overall average

of 1.7 mM (Fig. 2). The average

monomeric silica concentration

dissolved Fe*" [mM]

W T TT”

diss. monomeric silica, contr.-A-

immediately before adding a new silica

dissolved monomeric silica [mM]

spike wasl.6 mM. Maximum removal
rates of mononme silica ranged from
0.3-0.5 mM d*. The Fé* concentration

in the biotic setup remained at

- 0 lJ v ] L ) 1 L} )
approximately 0 mM aexpected due to 0 20 40 60 80 100 120 140 160

the absence of fresh Feaddition. The Time [d]

) . . . Fig. 2. Variations in dissolved Fé& and monomeric silic
monomeric silica concentrations in the concentrationsover time during temperature cycles ur
simulatedArchean ocean conditions. The top panel show
biotic setupswhile the bottompanel shows the abiotic (n¢
in the biotic setups. The e inoculatt_at_d) setupOra_nge arrows mark re_mova_l of superne

and addition of newnicrobial growth medium with ca. 3.5 nr
concentrationin the abiotic setup (that of Fe* and ca. 1.4 mMf monomeric silica. Blue arrows mi
addition of monomericsilica solution. Orangeshaded are
was ca. 3.63.7 mM before silica mark incubation at 2& andlight. Blue shaded areas m

. L incubation at %C in the darkVertical black dashed line mal
addition) decreased significantly after reinoculation withR. iodosumin the biotic replicates. Dz

the first addition of monomeri li shown for biotic setups are the meantrgflicates+ standar
e first aadiuon o onomeric silica  yeyiation. Data of abiotic controls are singleasurements
from 3.5 mM to 1.2 mM. Thiss likely

abiotic controlessentially equaled those

due to the removal of Fe(tbontainng mediumprior to the addition of neutralized monomeric
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silica andpotentially the precipitation of some FefHiicates; it furtherdecreased during the

subsequent additions of monomesitica to a value of ca. 1 mM. Prior to each addit@n

neutralizd monomeric silica solution between 8% @086 of the existing solution was removed.

Consequentlyat the end of the cold phase only about 34% of the isitiaition was still present

in each vial. Similarly, as proposabiove, F& would have been remed from solution to &inal

concentration of approximately 1.2 mM. All othautrients and solutes were diluted in a similar

manner.
8- g+ —#— high silica - 5°C
A -4--high silica - 26°C
e 64 —v— normal silica - 5°C
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6 A 4
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Fig. 3. Development of dissolved monomeric si

concentration over time during: (A) silica precipitation kine
experiments at 5°C and 26°C in light and (B) dissolvett
and monomeric silica concentrations during silica precipit
in the presence dR. iodosumdissolved F& at 5°C and ligh
The insert in (A) shows the development of dissc
monomeric silia during the first 24 h. Data shown in (A)
the mean from triplicates + standard deviation. In (B) dat
biotic setups are the mean from triplicates + standard dev
while the data for the abiotic (nénoculated) control repres¢
single measuraents.
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Since a high degree of silica

oversaturation was necessaryto

overcome the Kkinetic limitation of
amorphous silicaprecipitation in the
main  experiment, we performed
additional experiments to: (1) compare
the kinetics of silica precipitatiorat
different silica concentrations and
temperatures to determine the effect of
amorphous silicaoversaturation during
the cold period, and (2) determirtiee
combined influence of Fe(ll), cells and
light on amorphoussilica precipitation
during the cold period. Th silica
precipitation kinetics experiments (Fig. 3,
panel A) showedhat at elevated initial
monomeric silica concentratioi8 mM),
74.5% (at 8C) and 80.8% (at 2€&) of
the silicawere removed during the first
24 h of the experimentMonomeric
silica polymerization/removal rates
showed no significant differences for
5°C and 26C (0.56+0.09mM h and

0.48 + 0.02nM hl, respectively;p =
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0.2073). However, the final equilibrium concentratadrday 21 differed significantly (p = 0.0001)
with 1.47+ 004 mM at 8C and 1.89 + 0.03 mM at 26. By comparisonsetups with only
~1.4mM dissolved monomerisilica present initially showed no silica precipitation independent

of the temperature and the concentration rematoedtant for the duration of the exipeent.

The secod experiment, which
was designed to test thafluence of
Fe(ll), cells and light on amorphous
silica precipitation during the cold
period (Fig. 3, panel B), showedn %
initial strong decrease of Feafter the = .| = g% E e cania) 0.5 g

.. . £, |-a—diss. monomeric silica ! D
removal of F&"-containing medium and & o. -4 diss. monomeric silica - control A 0.0 S
the addition of neutralized monomeric 5 0 5 10 15 20 25 %
silica from approximately 4.9 mM Fe % i é
to 3.9 MMF&*. Over the course of the © _1_52
experiment the Fé& concentration é
further decreased to approximately -1.0
3.5mM. Nonetheless, no Vvisible
formation of Fe(lll) (oxyhydr)oxides =
was obsrved. The F& concentration o. . : ' ' 0.0
0 5 10 15 20 25

in the abioticcontrol stayed constant Tire [d]

after the initial decrease. The dissolved
Fig. 4. Development of dissolved ¥Feand monomeric silic
concentrations over time for: (A) incubation Rf iodosumai

a strongdecrease after the first 48 h anclS“C and light, and (B) incubation oR. iodosumunde
changing temperature conditions and light. Data for bi

remained constant for themainder of setups ar¢he mean from triplicates + standard deviation w

the data for theabiotic (noninoculated) controls repres:
the experiment. single measurementsOrange shaded areas in panel
represent incubation at 2B, while blue shaded areas m
incubation at &C.

monomeric silica concentration showed

Additiondly, we determined the
influence of low temperaturg®°C) on the ability ofR. iodosunto oxidize Fe(ll) and whether
the formation of Fe(lll) (oxyhydr)oxidewould be expected under these conditions. Therefore,
the temperature was kept constant & While keepingthe vials illuminated (Fig. 4, panel A).
The biotic triplicatesshowed a slight decrease in?Fdrom an initial concentrationof
approximately 4.9 mM to 4.2 mM at the end of #geriment. However, no visible orange
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colored Fe(lll) (oxyhydoxides were observed. The 2Feconcentrationin the abiotic (non
inoculated) control decreased slighttgm an initial concentration of approximately 5 mM to a
final concentration of approximately 4.7 mM. The Fe@Xidation rates of the biotic triplitas

and the abiotic contrashowed only a minor deviation with 0.03 mM @nd 0.02 mM d,
respectively. The dissolved monomeric silezancentration remained constant over the course of

theexperiment for both the biotic triplicates and the abi@taninoculated) abiotic control.

During the second warm period of the main experimiatys 138168, Fig. 2),R.
iodosumoxidized approximateld.9 mM of F&* in the biotic setups within 4 to 7 dayselding
maximum oxidation rates of ca. 0.2 mM (Fig. 2). Fe(ll) oxidation is also indicated by the
precipitationof orangecolored Fe(lll) minerals on top of the amorphailgca layer (Fig. 1C).
The removal of F& from solution was >92%. In contrast to the first warm perittg
monomeric silica concentratisrduring the secondrarm period remained at amorphous silica
saturation(2.2 mM). These values are approximately 35% higher thaninitial monomeric
silica concentration at the beginningf the experiment and almost 24% higher than
correspondingaveragevalues during the cold period. It thus appe#rat the amount of
monomeric silica removed during Fe(@xidation is affected by the amount ofFexidized, and
asexpected, the remaining concentration of monomeric gsi¢afluenced by the high andvio
temperatures. At the santiene the remaining dissolved #econcentration in thabiotic setup
increased consistently from 1.9 mM on dE38 to 2.8 mM at the end of the experiment. The
abiotic setup showed similar trends in monomeric silica concentsatisrthe biotic setups, i.e.,
changing silica solubility aibow vs. high temperatures controls silica precipitation #émg the

remaining silica concentrations in solution.

Crucial to the temperature cycling model envisionedum study is the ability oR.
iodosumto recover and resumiee(ll) oxidation after a prolonged phase of cold temperatures.
Therefore, we performed an additional experimartder varying temperature conditions to verify
the abilityof R. iodosunto resumeFe(ll) oxidation after inactivityduring a cold period (Fig. 4,
panel B).R. iodosunshowedrapid initial Fe(ll) oxidation with rates of 0.360.02 mM d', rates
similar to the main experimer(Fig. 2, day 013), and formation of orangeolored Fe(lll)
(oxyhydr)oxides during the first warm periqéig. 4B, 26C, day 07). During the following
cold period(Fig. 4B, 5C, day 717) the Fe(ll) oxidation rate decreaged0.07 + 0.01 mM d,
resulting in a decrease of the?fFeoncentration from approximatelyg22.0 mM. Theincrease in
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temperature to 2& during the second warperiod (Fig. 4B, day 1'24) resulted irR. iodosum
oxidizing Fe(ll) at rates comparable to the first warm peli@36 + 0.04 mM @), showing that

R. iodosumwould theoreticallybe ableto recover from prolonged cold stre§auring the first
warm period, approximately 32% of the initiallyresent dissolved monomeric silica was
removed fronmsolution. During the following cold period and the secarailim period another 18%
and 15% dissolvedhonomericsilica, respectively, were removed from solution. Thé" Bad
dissolved monomeric silica concentrations of the abi@tioninoculated) control remained

relatively constantintil the end of the experiment.
3.3. Properties of Fe(lll) mineral precipit ates

To identify the mechanism which led to the separate precipitatiofe and Sirich
minerals, we analyzed the minerdéntity, structure and morphology, as well as ¢harge ¢
potential) of the primary minerals formed eitlgrR. iodosunor by aliotic reaction of F& with
O.. The Xray diffractograms of the precipitates formed in gnesence oR. iodosumboth in
the absence as well astime presence of dissolved silica, showed reflections represerative
NaCl, stemming from the salich marine medium(Fig. 5A). The sample taken from Fe(lll)
mineral precipitates formed in the absence of silica showed additreflattions representative
of goethite, where théroad base, relatively low intensity and signal quality suggesthite
being pesent in a low crystalline form. The(I1l) mineral precipitates formed in the presence of
silica showed no additional reflections and wergay amorphousvith regard to the Feearing

mineralogy.
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a Fig. 5. Identity and structure of biogenic and abiogenic Fe(lll) mineral precipitates. (A) shawag X
diffractograms of Fe(lll) mineralformed byR. iodosumin the presence and absence of silica. (B) and (C) show
Moessbauer spectra collected at 77 Kigdar 5 Kmeasurements is shown in the supporting information). Circles
represent collected data points while the solid black lines represent the fit. (B/C) represent spectra collected from
Fe(lll) minerals precipitated bRR. iodosumin the absence of &k (B) and presence of silica (C). &) SEM
micrographs taken from Fe(lll) minerals either precipitatedRbyiodosumin the absence of silica (D), Fe(lll)
minerals precipitated bRR. iodosumin the presence of silica (E), abiogenic Fe(lll) mineralsipieted by addition

of O, to silicafree medium (F), and abiogenke(lll) minerals precipitated by addition of,@ silicacontaining

medium (G). The size bar in all SEM micrographs g Cells arendicated by white arrows.

Both biogenic Fe(lll) mierals formed byR. iodosunin the absence or presence of silica
were additionally identifieddy Moessbauer spectroscopy. For the minerals precipitattue
absence of silica, two distinct mineral phases wdentified in the Moessbauer spectrum
measuredat 77 K (Fig. 5B). A mineral phase identified as biogenic ferrinydiige its
paramagnetic doublet and fitting paramet@mable 1; Eickhoff et al., 2014) made up for 52.5%
of all minerals present. The second mineral phase, which madE.5% of the fitwas most
closely related to goethitnd identified by its parameters (Table 1) as well as its paréighetic
ordering and collapsed sextet (Halama et 2016). This interpretation was supported by
Moessbauespectra obtained at 5 K (Appendix A, FAg.1). The biogenianinerals precipitated
in the presence of siliggig. 5C) consisted mainly of ferrihydrite (90.8%), whighs identified
by its paramagnetic doublet, an isomer shif0.46 mm 3 and a quadrupole shift of 0.80 mrh s
in the spectrum nasured at 77 K (Eickhoff et al., 2014alama et al., 2016). A second, hitherto
unidentifiedFe(lll) phase comprised 9.2% of the fitting (TableHywever, this second mineral
phase was not found Moessbauer spectra obtained at 5 K. Here, biogenit©yenite made up
for 100% of the fit and was identified litg parameters (Appendix A, Table A.2).

Tablel
Moessbauer spectroscopy data obtained at 77 K for biog@{ltd) minerals precipitated bRR. iodosumin the
presence oabsence of silicdlS = isomer shift?’QS = quadrupole shiftBns = hyperfine field,*Fh = ferrihydrite.

ISt Q< Bne Area
[mm s [mm s [T] [%0]
No silica
Biog. FH 0.46 0.81 - 52.5
Goethite 0.48 -0.11 45.19 47.5
With silica
Biogenic FH 0.46 0.80 - 90.8
Fe(lll) phase 0.53 1.58 - 9.2
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Based on SEM analyses, cER(Ill) mineral aggregateprecipitated in the absence of
silica generally showed clogessociation between cells and minerals (Fig. 5D). Aggregz¢s
were 7.6 £ 5.2 mm as determinedddgctron microscopyl he surface of the minerals was rough
and needldike, forming bulblike structures. Compared to the biogewell-Fe(lll) mineral
aggregates precipitated in thbsence of silica, the biogenic aggregates formed iprdsence of
silica showed less cells associated with the mineFalsthermore, the minerals formed by
bacteria in thegresence of silica were smooth and appeared to condmtlefike shapes that
stuck together (Fig. 5E). Their averagjee was 10.3 £ 9.3 mm. However,both cases, despite
being associated with the Fe(lll) minerals, the cells genesglgmed to be free of mineral
precipitates. Calculateskttling velocities, based on a density of 2 g*¢osthet al., 2010), for
aggregates formed in the absenceiladsswere 0.56 m # and 1.03 m #i for aggregates formed
in the presence of silica. However, it must be pointed outusiag SEM (a 2D technique) for
aggregate size analydikely introduced a size analysis bias into our measurenerttgat the
aggreate sizes reported above likely differ fratre true aggregate sizes. Consequently, the
settling velocitiescalculated above would also either be faster or slomsulting in uncertainty

regarding the water column residenicee of the aggregates.

Abiotic aggregates precipitated by  the absence dfilica showed a similar mineral
shape and morphology #@seir biogenic equivalents but with individual aggregdiesng more
intertwined and linked to each oth@ig. 5F). The average size of tabiogenic Fe(lll) mineral
aggregates was 8.6 £ 7.6 mm. The abiogenic Fe(lll) mireggtegates precipitated in the
presence of silica appearedite the smallest of all aggregates investigated (Fig. H®@®)ever,
the individual small aggregates were sitwinedand associated with each other that individual

aggregate sizes could not be accurately measured.

To determine whether cells or cell debrisprecipitatedwith the Fe(lll) minerals might
influence the surface chargéthe minerals, thus preveng the silica from becomingprbed, we
performede-potential measurements (with samptiluited 1:10 with 10 mM HEPESuffered
MilliQ ® water). The measurements showed that the surface doarg®genic Fe(lll) mineral
cell aggregates produced I®: iodosim was very negative with23.5 + 1.4 mV, whilethe
abiotically precipitated Fe(lll) minerals showed mie$s negative values af6.3 + 0.7 mV (Fig.
6A). This suggestthat in blank water containing HEPES buffer the biog&aill) minerals are
expectedo be less likely to bindegatively charged silica than the abiogenic Fefiherals.
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In order to apply particle reactivity in terms of BIF, ifusther important to determine the
particle surface chargender relevant ancient ocean marine conditidiben takingthis into
account, we found that for an increasing rafimmarine medium to Milli® water, thes-potential
of 2-line ferrihydrite (corresponding to the abiogenic Fe(iinerals) increased froml2.5 +
2.6mV for MilliQ® water to only-3.7 + 0.4 mV (1:1 ratio medium to Milli® water) and to
1.7+ 3.4 mV for medium only (Fig. 6B)These results clearly suggest that under marine water
(ancient ocean) conditions, the abiogenic Fe(lll) mineaadsalmost neutrally charged and are
expected to ind the negatively charged silica ions to a large extent. This isomtrast to the
biogenic Fe(lll) minerals formed bR. iodosumwhere the average-potential value-27.4 +
1.4mV in MilliQ® water increased t21.3+ 1.6 mV for a 1:1 ratio mixture dflilliQ ® water to
mediumand to-17.8 £ 2.0 mV for medium only (Fig. 6B). Th&ows that even when the
geochemical composition of thseawater is considered, the biogenic -Eel{lll) mineral
aggregates remain negatively charged in contrast taltwic Fe(lll) minerals, resulting in an
expected repulsionf silica (or at least binding to a much lesser extent) tand potentially
allowing the formation of alternatinfge- and Sirich mineral layers.
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Fig. 6. Surface charge of Fe(lll) minerals givencgsotential. All measurements represent replicate measurements
where n = 9. Thénsert (A) shows the-potential of abiotic Fe(lll) mineralsompared to biogenic Fe(lll) minerals
formed byR. iodosumobtained in pure Milli@ water (MQ). The large plot (B3hows thes-potential of 2line
ferrihydrite compared to biogenic Fe(ll)inerals formed byR. iodosundepending on the geochemicalmposition

of the medium, ranging from pure MillflQwater(MQ), different watermedium mixtures, to pure marine phototroph
medium (MPM).

3.4. Surface reactivity of thecell-mineral aggregates

Potentiometric titrations were performed in conjunctiith FITEQL modeling to
determine the pKand site concentratiortf surface active functional groups for tReiodosum
Fe(lll) mineralcell aggregates. Protonation modgigoking 2 4 sites were tested in FITEQL,
with a modelemploying two proton active surface functional sites providegonly converging
fit in FITEQL. The site pKand site concentration per gram ofIlig mineral-cell aggregate are

presented in Table 2, with the values for giteeing 3.35 and 4.9610°, respectively; while site
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2 had gpKa value of 8.50 and a site concentration per gram4i x 10“, over twice as abundant
as site 1. Site likely corresponds to carboxyl/phosphodiester groups, wherea2 corresponds

to amino groups.

Table2

pKa and site concentration per gram of Fe(lll) minerall aggregates for replicate measurements displayed as mean
from triplicatest standard deviation. A-8ite FITEQL model was employed to fit the titration dafsssignment of
functional groups is tentative and bagedreferences (Cox et al., 1999; Sokolov et al., 2001; Martinez et al., 2002;
Liu et al., 2015).

Surface site Mean Ka Site concentration [1®mol g' aggregates  Suggested functional grotip
1 3.35+0.49 0.50 £ 0.01 carboxyl/phosphodiester
2 8.80 £ 0.02 1.42+£0.22 amino

Fig. 7 shows the titration data for 2.5 g Ee(Ill) mineratcell aggregate plotted in terms
of the difference irmol added of 0.1 M HCI and 0.1 M NaOH per granmFeflll) mineralcell
aggregates. The slope of the titratmmve at any point gives the instantaneous buffering capacity
of the Fe(lll) minerakell aggregates, correspondingthe@ rde of deprotonation of its surface.
The areas withhe greatest slope correspond to the regions where buftaapagity of each site

is highest, which correlates with thenctional group pKvalues.
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Fig. 7. Titration curve for Fe(lll) mineralell aggregates plotted terms of mol of base subtracted from mol of acid
added per grarof bacteria (excess charge) for the pH 3 to 9 and 9 to 3 titrativosses represent the forward (pH
31 9) titration while operiamonds represent the reverse (ji3)itration. The FITEQLmodel is plotted in red with
the inflection points being the pkalues.

The titration data demonstrate that the Fe(lll) mireedl aggregates have a high

buffering capacity between eachthe two pks values, where a large addition of titrant produces
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a comparably minor change in pH. Minimal hystereses observed between tifie p 6 and
fidown o t futtherandicatng kmited dissolution and cell damdggtween titrations, and
that the protonatiddeprotonatiorof the cell wall functional groups were reversible. The mass

action equation for the deprotonation of the generakzethce functional group is given by:
>R-MH + OH = R-M" + H,0 (1)

where M represents the surface functional grattachedto the surface (>R) of the Fe(lll)
mineralcell aggregateAs shown by Eq. (1), the addition OKi.e. increasingpH) causes
deprotonation of the surface ligands, leavilgm with a negative surface charge. As pH
increases, theurface of the F#{) mineral-cell aggregates becomes progressivigrotonated,
causing a net negative surfackarge. This is corroborated by tgotential measurements

which show a highly negative surface chargetfierbiogenic Fe(lll) mineratell aggregates.
3.5. Mineral saturation states

In order to determine silica speciation and the saturattates of the different silica
minerals and Fe(H¥ilicates atdifferent temperatures, we performed geochemical modelling
based on the composition of the marine phototmogdum and the Fe(ll) and monomeric silica

present irthe experiments.

The results of the geochemical modelling (Table sBpwed that no formation of
greenalite is expected unde¢he experimental conditions. However, both a decrease in
temperature from 2€ to 5°C or an increase in the monomegitica concentration (as during the
cold period or inexperiments with silica oversaturation) increased the poteotiagreenalite
formation. For the initial mediurnomposition (3.5 mM Fé and~1.4 mM dissolved maymeric
silica) a temperature decrease from°@6to 5C resulted in a change from a slight
undersaturation withrespect to amorphous silica to a slight oversaturation vaspect to
amorphous silica. In experiments with a higegree of silica oversaturati (cold phase
precipitationexperiment and silica precipitation kinetic experimethig, formation of amorphous
silica was generally expecteddhen a decrease in temperature lowered the solubility of
amorphous silica. The model generally predicted theepiesof cristobalite and quartz on the
basis of their lowersolubility and higher thermodynamic stability, howevar,reality both

crystallize from an amorphous silica precurgbrough dissolutiofreprecipitation reactions

188



Chapter 2

(Williams et al., 1985). The nmjar dissolved silica species in all simulatiowss HSiOs and

generally accounted for >99%.
Table 3

Summary of saturation indices (SI) calculated with Visual MINTEQ vs. 3.1 for the initial marine phototroph medium
(medium) and Sbversaturatiorexperiments, based on pH, geochemical composition of the medium and temperature.

Mineral Initial medium Si oversaturation (8 mM)
Sl, 26°C S|, 5°C Sl, 26°C Sl, 5°C
Greenalite -2.16 -2.02 -0.64 -0.51
SiO. (am, gel) -0.09 0.09 0.67 0.85
SiO; (am, ppt) -0.06 0.14 0.70 0.90
Cristobalite 0.55 0.81 0.55 1.57
Quartz 1.19 1.50 1.95 2.25

4. DISCUSSION
4.1. Fe(ll) oxidation by R. iodosumin the presence of Si and mineral (trans)formation

Several studies have suggested an important role of phototfegtiizoxidizing bacteria
(photoferrotrophs) duringhe deposition of Archean BIF and emphasized theiential role in
the formation of these ancient sediment@eposits (Widdel et al., 1993; Ehrenreich and Widdel,
1994;Konhauser et al., 2002; Kappletral., 2005; Li et al., 201Tpnes et al., 2015). Analysis of
the BIF rock record evesuggests their activity as early as ca. 3.8 Ga (Mloszeets&h, 2012;
Czaja et al., 2013; Martinez et al.,, 2016). Whie appreciate that microaerophilic Fe(ll)
oxidizing bacteriacould have contributed to BIF deposition once thees sufficient oxygen
available to fuel their metabolis(iolm, 1987; Konhauser et al., 2002; Smith et al., 2@C&HN
et al., 2016), for the scope of our study we specificatlyision @ Archean ocean devoid of

oxygen.

In order to investigate the alternating deposition of &l Si-rich mineral layers and to
simulate an Archeancean environment with elevated?F¢Poulton andCanfield, 2011) and
silica concentrations (Maliva et aQ05), we grewR. iodosumn a marine medium startingith
3.5 mM Fé* and 1.4 mM monomeric silica duringarm and cold periods. Additionally, during
the cold periodof the main experiment and selected control experimgats Figs. 2 and 3),
8 mM dissolvel monomericsilica were addedR. iodosunshowed maximum oxidatiorates of
up to 0.6 mM d during the first warm perioénd maximum rates of 0.2 mM!diuring the
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second warnperiod. No obvious lag phase was observed in both chsésct, during the fist
warm period 28% of the initidfe?* was already oxidized within 6 days, while during segond
warm period 42% of the initially present¥evasoxidized within 3 days. This is in contrast to
previous workwhich observed a lag phase af97days for tke same straifStraub et al., 1999;
Wu et al., 2014). A potential explanation for this observation is thatyitation, and therefore,
a high degree of adaptation of our strain, occupmeal to our experiments, resulting in a lack of
an obvioudag phase in the experiments. Our data also suggestththaresence of ca. 1.4 mM
monomeric silica does not negativelgfluence Fe(ll) oxidation, which is in line with
observations from previous studies (Posth et al., 2008;et al., 2014; Gauger et al.01b).
Gauger et al(2016) and Wu et al. (2017) also showed that the presence of dissaiwedneric
silica actually increased Fe(ll) oxidatioates, potentially by reducing toxicity effects related to
high FE* concentrations in the presence of light (Bird et2013; Swanner et al., 2015a). The
maximum oxidation rateletermined for the first warm period (Fig. 2) correlates wath the
results of other studies where photoferrotroplese grown in silicacontaining medium. They
found comparableoxidation rates for other marine photoferrotroflsvanner et al., 2015b;
Laufer et al., 2017) or freshwatphotoferrotrophs grown in Sich conditions with comparable
Fe?* concentrations (Konhauser et al., 2007). Thaximum oxidation rates of 0.2 mMd
derived for thesecond warm period are comparable to results ofet\al. (2014) who reported
rates of 0.25 mM dfor F&* concentrations of 0.7 mM.

Overall the oxidation rates determined in our stadyee well withprevious results and
suggest that photoferrotroplesuld have been active under the high Fe and sigalitions
relevant for an Archean ocean. Althoutifose previous studies, and our work here as well,
showedthat oxidation rates of photoferrotropthspend on the initidke(ll) concentration (Hegler
et al., 2008; Wu et al2014), the experimental data presented here add itcceeasing pool of
indirect evidence which suggests thttotoferrotrophs could have been active in an Archean
ocean and couldave facilitated the deposition of BIFs.

The validity of the temperatw@gependent model for thalternating precipitation of Fe
and silica layers in BIFenvisioned in the present study additionally depends medicted low
activity of photoferrotrophsat low temperaturesAlthough the individual influence of Be
concentrationjight intensity and temperature on photoferrotropfRefll) oxidation rates have
been investigated in the pgstg. Hegler et al., 2008; Posth et al., 2008; Wu et@ll4), o
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study exists that investigated the combinatibthese factors. In this regard, our study provides a
first step to resolve this knowledge gap by showing thatntioelel strainR. iodosumwas
significantly less active atlow temperatures. By extension $ee results suggest that
photoferrotrophs should essentially be inactive if not aihly temperature is lowered but
especially and even mowmder low Fe(ll) conditions, thereby allowing a sepackposition of

Si-rich layers in BIFs.

There is considerablagreement that the precursor minetalBIFs were likely poorly
crystalline or amorphouBe(lll) (oxyhydr)oxides (Konhauser et al., 2002; Kapmeil., 2005;
Klein, 2005; Posth et al., 2014; Sun et ab15; Robbins et al., 2019) orsdica-containing
ferrihydrite (PercakDennett et al., 2011; Alibert, 2016; Zheagal., 2016). The mineralogical
data obtained in this studgrovide support for this claim as a poorly crystallinesray
amorphous Fe(lll) phase, most likely ferrihydrites well asfine-grained goethite were found.
This is principally in linewith previous studies witR. iodosun{Wu et al., 2014Swanner et al.,
2015b; Wu et al.,, 2017), although we found lepidocrocite, which could potentially be
attributed tothe highe bicarbonate (HC&) concentration used in thgresent study, promoting
the formation of goethite ovdepidocrocite (Lares€asanova et al., 2010). Additionalthe Fe
mineralogy showed a clear dependence on the preseradesence of silica. While a xiire of
ferrihydrite and goethite was formed in the medium containing no silieapresence of silica
clearly prevented the formatiaf more crystalline mineral phases, resulting in the formadfon
ferrihydrite only. This effect has been observethim past (Cornell et al., 1987; Jones et al., 2009;
Toneret al., 2012; Eickhoff et al., 2014) and is probably relétesilica blocking sorption sites
for Fe(ll), thereby preventing Fe(ll)-catalyzed transformation of ferrihydrite into

thermodynamically me stable minerals like goethigosth et al., 2014).

The constant settling of primary Fe(lll) (oxyhydr)oxidesduced by photoferrotrophs
through the water columncould have been subjected to further secondary mineral
transformations, e.g., reactiovith Fe* sourced fromhydrothermal vent sites and transported to
the shelf regionswere BIFs were deposited. The reaction between primiagglll)
(oxyhydr)oxides and Fé& could have resulted ithe formation of metatable green rust and
perhaps théormation of nanosized magnetite as secondary mingkalst al., 2017; Koeksoy et
al., 2019). AlternativelyFe(lll)-reducing bacteria could have used twoeprecipitated organic
carbon to (partially) reduce the primafe(lll) minerals forming secondary FBbearing
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minerals such as magnetite. Such a mechanism was inpiadlyosed by Walker (1984) and
independently confirmetly experimental studies and C and Fe isotope analysreedIF rock
record (e.g. Heimann et al., 208Ipinhoefel et al., 2010;raddock and Dauphas, 2011et al.,
2013). However, recent work has shown thatl@se association of ferrihydrite and organic
matter maynhibit Fe atom exchange between Fe(ll) and ferrihydiliteomasArrigo et al., 2017),
thus preventing the formatioof more crystalline mineral phases during the abicgarction of
ferrihydrite-organic matter coprecipitates wite(ll) (ThomasArrigo et al., 2018; Zhou et al.,
2018). Consequently, organic matter coprecipitated with biog&w®i@ll) minerals could have
prevented the secondary transformatwihminerals such as magnetite. Indeed, the minerals
formed were generally closely associated with bacterels, forming ceHFe(lll)-mineral
aggregates. Neverthelessany of the cells remained free of encrustatihich appears to be a
common feature for photoferrotropfisappler and Newman, 2004; Schaedler et al., 26@8th

et al., 2010; Wu et al., 2014; Gauger et al., 2@&ger et al., 2016; Laufer et al., 2017).

Results from this study and othelsmonstrate that differestrains associate with Fe(lIl)
minerals to differenextents, and in some cases become patrtially encrustecexample, in a
study by Kappler and Newman (20Q4¢ freshwater photoferrotroph ferrooxidanstrainSW2
showed paral association of minerals with cells duritfge initial growth phase but none after
several monthsf incubation. Laufer et al. (2017) reported a close associaétween cells of a
marine photoferrotroph and Fe(llhinerals where the cells remaineced of any mineral
encrustation, which is comparable to results by Wu €R@all4) with the marine photoferrotroph
R. iodosumOtherstudies with photoferrotrophs showed that cells were lmagely attached to
Fe(lll) minerals or not associated @t (Hegler et al., 2008; Schaedler et al., 2009). This has
implications for the use of different bacterial strains nasdel strains for BIF deposition.
Depending on the extemd which cells and Fe(lll) minerals are-peecipitated, differenC:Fe
ratios in thesettling aggregates and the sedimeawitsbe obtained. Consequently, depending on
the strain which is being used in different studies, contradiatomgclusions might be drawn on
the importance of biomadsr the trace element budgétdnhauser et al.,8), co-precipitation
and sorption of trace elements to biogdrlll) (oxyhydr)oxides (e.g. Eickhoff et al., 2014) or
postdepositionaland (early) diagenetic (microbial) proces¢Essth et al., 2013; Posth et al.,
2014; Halama et al2016). Moreover, the characteristics of the aggregdtesied not only

depend on whole cells quecipitated withthe Fe(lll) minerals but also on cell debris and
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organicmolecules which are either released upon cell deatittorely excreted by living cells.
For example,R. iodosumhas been shown in previous studies to form EPS éival., 2014).
Therefore, it seems conceivable that a mixtafehose organic compounds and cells might
influence thecharacteristics of the minerals and in particular the mirserédce in a way which

leads to the separate depositioreflll) minerals and silica.
4.2. Abiotic silica mineral saturation, precipitation and formation of silica layers in BIF

The Archean ocean was not only ferruginous but @oin silica, withconcentrations of
up to 2.2 mM (saturatiowith respect to amorphous silica; Maliva et al., 20085 is reflected
in the high silica content of BIFsup to50 wt.% SiQ (Trendall, 2002). According to the model
initially suggested by Posth et #2008), the precipitation athe Sirich layers in BIFs was
triggered by a decrease t@mperature causing supersaturation with regards to amorpliticas
We therefore simulated the precipitationashorphous silica under conditions relevant for the
Archean ocean triggered by a decrease in temperature and perfoooeghlementary
experiments where we determined silpr@cipitation kinetics and the influence of the presence

of R. iodosumF€&* and light on the formation of these siliegers.

We also usedeochemical modelling to assess whetthar experimental conditions with
Fe?* and silica led tahe formation of amorphous silica or-Béicates such agreenalite (e.g.
Rasmussen et al.,, 2013; Rasmussen e®@l5; Tosca et al., 2016; Rasmussen et28l17;
Johnsonet al., 2018). Our modelling results suggested that utlergiven geochemical
conditions no greenalite formatiois to be expected, independent of the temperature, and
amorphous silica should be the dominant silica spésex) formed. ldwever, in contrast to our
experimentalesults, the geochemical modeling showed that thereaiasperature dependence
for amorphous silica formatioat 1.4 mM where at higher temperatures’(@6the solutionwas
undersaturated with regards to amorphsilisa and only at lower temperatures’@ did silica

precipitate as expected based on Gunnarsson andréson (2000).

Another factor which could potentially influence the formatarthe initial amorphous
silica layers is the activitpf photoferrotrphs at low temperatures which could le@mdthe
coprecipitation of some Fe(lll) (oxyhydr)oxides withe amorphous silica. Based on our
experimental resultsonly minor activity of photoferrotrophs during cold periadsexpected.

Additionally, although mrmor Fe(ll) oxidationoccurred in silica precipitation experiments WRh
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iodosum Fe&* and light at low temperature, no Fe(l{fxyhydr)oxides were detected, suggesting

the formationof almost pure amorphous silica layers.

One critical point about our periments is that a certagtegree of oversaturation with
regards to amorphous sili¢8@ mM dissolved monomeric silica, approximateby the saturation
of amorphous silica) was necessary to achisWea precipitation and the formation of an
amorphous sitalayer. Consequently, it seems likely that the silica precipitaseal result of this
oversaturation instead of themperature change, as suggested by our abiotic silica precipitation
experiments (Fig. 3) and the results of our geochemicalelling(Table 3). One potential reason
for this lack of silica precipitation after several weeks in ékperiments to create alternating
layers of Fe(lll) mineralsind amorphous silica (Figs. 1 and 2) could be a lackioleation sites
that are necessary to fiaite the silica precipitationyesulting in a much higher silica
concentratiomeeded for the formation of an amorphous silica laykeoretically, the already
present celFe(lll) mineralaggregates deposited at the bottom of the vials could $&vedas
nucleation for silica precipitation. Howevdrased on visual inspection, the presence of those
cell-Fe(lll) mineral aggregates did not seem to hadeiced any silica nucleation. One potential
reason couldbe the presence of organic matter producedhieybacteriawhich would have
prevented the initial sorption of sili@nto the Fe(lll) minerals (as lined out below in Section 4.3).
Another potential reason for the absence of silica precipitaiiatd be that the formation of
silica gels at neutral b is very slow (Krauskopf, 1956 and references therdifgreover,
silicification takes place in three discrete stéfexr, 1979) where silica polymers are first formed
(explainingthe fast decline in dissolved monomeric silica concentratibiese polyrers then
slowly increase in size until th@olymers grow into chains and networks, and finally tfoegn a
visible amorphous silica gel. However, these resaits at odds with the silica precipitation
control experimentsywhere we observed the same ragetline in dissolveanonomeric silica
(Fig. 3), but a visible amorphous silitzeyer formed already afteii 8 days. Currently we have no
explanation for this discrepancy. In addition, our silica precipitatmrtrol experiments showed
that the decrease temperature from 2& to 5C, while slightly acceleratinghe removal of
monomeric silica from solution, had no furtheffect on silica precipitation (Fig. 3). Instead,
rather than influencing the initial silica precipitation kinetics, loweritige tempeature from
26°C to 5C resulted in a significanflecrease in the equilibrium concentrationdisolved

monomeric silica at ® compared to 2& (1.47 = 0.04 mM and 1.89 = 0.03 mM, respectively;
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Fig. 3). This suggests that in order to precipi@tgorphoussilica from solution oversaturation
was required irour experiments. In summary, while temperature certanmdgulated the activity
of photoferrotrophs and therefoFe(lll) mineral precipitation, based on our experiments silica
precipitation regired (in addition to lower temperaturesiher a high degree of oversaturation or

thepresence of nucleation sites, such as bacterial cells, to precgmtatphous silica layers.
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Fig. 8. Course of Fe and silica precipitation depending on temper@uanege colors indicate high temperatures and
Fe(lll) precipitation,blue colors correspond to cold temperatures and silica precipitation; grey color shows dissolved
Fe(ll) concentration. Arrows pointingownwards represent Fe(lll) or silica precipitatidrhe thickness of the
arrows represents the extent of Fe(lll) or silica precipitation. Dusumgmer there is extensive Fe(lll) mineral
precipitation due to the activity of photoferrotrophs, leading to the formation of Fe¢hl)ayersand depletion of

the Fe(ll) reservoir. At the same time, due to higher solubility at higher temperatures and due to riverine and/or
hydrothermal input, the silica reservoir is increased during summer. As the temperature starts to dexreass,in

the photoferrotrophbecome less active, resulting in decreased Fe(lll) mineral precipitation. At the same time due to
decreasing temperature the replenishment vétfards to silica slows down and eventually as the temperature gets
too cold, amorphous silica starts to pretif@. Meanwhile, the Fe(IPeservoir, which was mostly depleted by the
activity of the photoferrotrophs during summer starts to be increase agwiimtén, dueoversaturation with regards

to silica, extensive silica precipitation and formation ofi€h layers takes place. Silica precipitation stops dhee

silica concentration drops below the equilibrium value at low temperature. Meanwhile, due to the inactivity of the
photoferrotrophs, th&e(ll) reservoir is replenished. bpring, due to higher teperature no more silica is being
precipitated, allowing both the Fe(ll) and silieservoir continue and start to being refilled, respectively. Once the
temperature gets high enough the photoferrotrophs beceawivatedand they start oxidizing Fe(ll).

In order to create an amorphous silica layer, we envigiomodel (as in Fig. 8) where
during the warm period (springnd summer), while the photoferrotrophs are active, the silica
reservoir increases. With the onset of autumn,pihetoferrotrophs becomless active due to

lower temperatureand silica starts to precipitate. In winter significant sificacipitation takes
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place leading to the formation of-8ch layers, while the photoferrotrophs are mostly inactive
and the F& reservoir replenishes.@e the equilibriumconcentration at low temperatures is
reached, no further siligarecipitation takes place. With the increase in temperatutee spring
the photoferrotrophs resume tharetabolic activity resulting in the onset of Fe(lll) mineral
precipitation and formation of the next-Heh layer whilethe dissolved monomeric silica

reservoir replenishes durinige warm period.
4.3. Mechanism responsible for separated deposition of Fand Strich layers in BIFs

The previous study by Posth et al. @80, and the resultsf the present study, suggest
minor coprecipitation of silicaand Fe(lll) minerals. This implies that temperature migie
acted as the unifying trigger for the alternating depositibriSi and Ferich layers in BIFs.
However, in ddition to temperature, another factor must be responsisl¢he reduced silica
binding to the Fe(lll) minerals, athe absence of silieBe-co-precipitation (as previously
reported by PercaRennett et al., 2011; Zheng et &Q16), and the independgirecipitation of
Ferich and Si-rich layers initially remained unclear. Based on ewperimental results we
suggest that organic molecules, abris, and whole cells which were-precipitated with the
Fe(lll) minerals led to changes in the minerafface propertiesninimizing sorption of silica to
the Fe(lll) minerals,thus preventing c@recipitation of silica. To identify theunderlying
mechanism(s) and to support our hypothési organics formed by microorganisms caused the
decreased removaf silica from solution, we performe®EM analysisg-potential measurements,

and potentiometrititrations of the Fe(lll) mineratell aggregates.

SEM micrographs showed thBt iodosuntells are generally closely associated with the
Fe(lll) minerals. Nairal organic matter (NOM) and EPS are known to hawrang affinity
towards Fe(lll) (oxyhydr)oxides (Gu et al994; Phoenix et al., 2003; Amstaetter et al., 2012;
Shimizu et al., 2013; Hao et al., 2016; Sundman e2@17), which suggests that thdlsand/or
EPS producebly R. iodosunfWu et al., 2014) bind iron as well and migignificantly influence
the characteristics of the Fe(lll) minerdtsmed and the extent to which Fe(lll) minerals and
silica are ceprecipitated. Indeeds-potential measrementshowed that the presence of biomass
significantly loweredthe surface charge of the Fe(lll) minecall aggregate§23.5 + 1.4 mV)
compared to an abiotic Fe(lll) miner@l6.3 + 0.7 mV). This is most likely related to carboxyl/

phosphodiesterrgups as identified by our titration experimerasg previously demonstrated by
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Martinez et al.(2016), which make the surface of the Fe(lll) min@ell aggregates more
negative. It has been previously shotlheat NOM or humic substances can lower ghpotential

of e.g. hydrous Al oxides or ferrihydrite significantly, whearbed to or cgrecipitated with
such mineralgPommerenk and Schafran, 2005; Angelico et al., 203 fthermore, the sorption
of other anions, such as phosphatas shown to bdecreased by up to 40% in NG&bntaining
systems compared to NOfvee systemgDavis, 1982). Consequently, our experimental results
suggest that the reaction of organic matter producedR byodosum together with Fe(lll)
minerals, lowers the surfaaharg of the Fe(lll) mineratell aggregates, makinigpem more
negativelycharged. Based on these experimergalilts it would be expected for any anion to be
electrostaticallyrepulsed by the negatively charged surface. Yet basedur modelling
results >9% of the silica should be preseag Si(OH) which is the predominant speciespét

<9 (e.g. Spberg, 1996; Tan et al., 2013). NevertheleEspite deprotonation at high pH values,
silica still possessea point of zero charge of 3 due to external silagrolups (Williams and
Crerar, 1985). Consequently, dissolveitica should have a residual negative surface charge
under our experimental conditions resulting in some electrostgiidsion between the Fe(lll)
minerals surfacend silica olige and polymes which potentially formedrFurthermore, it has
been determined that silica diméksSi-O7) have a pKa value 65.0 (Svensson et all986;
Felmy et al., 2001), suggesting a significant parh@gdativelycharged dimers being present in
aquatic systemsinother relevant process is the blocking of hydroxyl gra@gponsible for the
formation of FeO-Si linkages (Carlsomnd Schwertmann, 1981; Doelsch et al., 2001) and the
sorption of silica to Fe(lll) minerals by bidentate, binucldarkages (Pokrovsket al., 2003,
Hiemstra et al., 200Swedlund et al., 2010). Irrespective of the exact prosessuggest that
co-precipitated organic matter would inhilithe sorption of silica to the Fe(lll) mineredll
aggregateand, therefore, lead to the sepadaposition ofFe- and Sirich layers in BIFs (Fig. 9).
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during summer and/or warperiods and oxidize B&(1). This leads to the formatidfe(lll) minerals and the eo

precipitation of Fe(lll) mineratell aggregates, where tle-precipitated/sorbed biomass prevents the silica from

being bound to the freshly formed Fe(lll) mineré®3. Accumulation of Fe(lll)mineratcell aggregates leads tioe
formation of Ferich layers during warm period&). During winter/cold periods the photoferrotropbecome

metabolically inactive, leading either to decreased Fe(ll) oxidation or completely inhibiting it. Due to the lower
solubility at lowertemperatires amorphous silica spontaneously precipitates from the water column, thereby forming
Sirich layers. Upon increasingmperature, the photoferrotrophs become active again, leading to renewed Fe(ll)
oxidation and formation of Feach layers.(B) Over seeral 10° to 10 years of repetitive warm and cold periods or

seasons lead to the formation of layered primary BIF sediméB)sAfter depositionof Fe(lll) mineralcell
aggregates, the garecipitated biomass is degraded by fermenting bacteria and mgémsnshereby supplying the

necessary organic substrates (volatile fatty acids, VFAs) for microbial Fe(lll) reduction (DIR), leading to the
formation of secondargninerals, such as siderite and magneflle& E) The pressure of overlying sediment layers
leads to the compaction and burial of the BHeiments, probably accompanied by (vertical) escape of pore water

and or gassefD), silicification of the silica layers and beginnifiirmation of secondary (Fe) n@rals.(F) Upon

deep burial, latstage diagenesis and lawade metamorphism lead to the formatios@fondary Fe minerals, such
as siderite, magnetite and hematite. Depending on the previous diagenetic history, the banding shoudthbéenain

under thse conditions.
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Although our experimental data suggest that sorptiormiirobially-derived organic
matter to the Fe(lll) (oxyhydr)oxide minerals would have reduced, or even prevsotption
and coprecipitation of silica, some uncertaintiemmain. Strikingly, the first and second warm
periods showa different silicaco-precipitation behavior. During the firgtarm period between
36% and 47% of the dissolved monomegilica was ceprecipitated or sorbed with the Fe(lll)
minerals during microbial FH] oxidation, while in the secondiarm period virtually no silica
co-precipitation wabserved. Based on results for the initial Fe(ll) oxidatbthe first warm
period, Fe and silicaprecipitation wouldhot be independent and the Fe({bkyhydr)oxides act
as ashuttle for silica (Fischer and Knoll, 2009). Unfortunatelye to experimental restrictions,
the Fe(ll) concentrationased in the present study (several mM) were an ordenagnitude
higher than estimated for the Archean océ#&h5 mM Fé&*; Holland, 1973; Morris, 1993For
comparison, Konhauser et al. (2007) had’*Feoncentrationstwo times lower and the
concentrations used Bosth et al. (2008) were approximately 7 times lotlvan in the present
study. In both studies siia was onlyco-precipitated with the Fe(lll) minerals to a minor extent,
which suggests that siligao-precipitation is dependent dne initial Fe:Si ratio.

During the initial Fe(ll) oxidation step during the firsarm period 3.5 mM Fé were
completelyoxidized (untilday 13, Fig. 2). Upon addition of new medium on days21329 and
43 (Fig. 2), the amount of Feadded was onlpetween 2.0 and 2.5 mM. This relatively lower
amount ofF€* being completely oxidized resulted in the amounsiti€a beingco-precipitated
to decrease from initiallgpproximately 50% (dayi@3, Fig. 2) to below 40% (days3i 17, 21
27, 29 35, 43 48; Fig. 2). Thus, at higher initi#de?* concentrations the organics formed were
unable toblock all the sorption sites for theisd. Consequently, @omparably low removal of
between 40% and 50% monomesitica from solution could represent a contributafrsorption
of microbially-derived biomolecules to thelecreased drawdown of silica with biogenic
ferrinydrite. Throughout thesecond warm period (day 13868, Fig. 2) maximum F&
concentrations were only at aroudd® mM (Fig. 2) and, therefore, much lower than during the
first warm period (2.03.5 mM Fé&*, Fig. 2). Importantlyno silica ceprecipitation was noted
during the seondwarm period, despite the #éeing completely oxidized his further confirms
the hypothesis that at higher initiag&** concentrations, the ceflerived organics are not alile
block all sorption sites for silica, resulting in an increasegrecpitation of silica and Fe(lll)

minerals, whereas d&w F&* concentrations, directly relevant for Archeaceans, all surface
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sites at the Fe(lll) (oxyhydr)oxide particlage covered by organics and minimal sifeanoval is
observed. Consequently, theitially observed high silicao-precipitation would represent an
experimental bias, natepresentative for the overall mechanism as assumethdoArchean

ocean where photoferrotrophs would hawetributed to BIF deposition.

Overall, we propose a mode&here Fe(lll) minerals areo-precipitated as aggregates with
cells, cell debris, andther organic compounds such as EPS. These organic compoflmeisce
the surface of the aggregates in that theym them more negative or block surface functional
growpsof the Fe(lll) minerals. This ultimately results in the inhibitafrsilica sorption leading to

a separate deposition B& and Sirich layers in BIFs (Fig. 9).

4.4. Varve-like deposition of alternating Fe and Skrich layers in the Hamersley BIF as a

result of temperature cycles

Extended temperature cycling experiments were condurctedler to determine whether
the initial model proposebly Posth et al. (2008) could have resulted inalternating deposition
of Fe and St#rich layers in BIFsThe expemental setup aimed at simulating the Archeaean
as closely as possible and showed that tempereyates linking photoferrotrophy during warm
periods taabiotic silica precipitation during cold periods resultshi@ development of alternating
layers & Fe(lll) and silicaminerals, similar to those found as microbands in BH®wever,
some of the experimental conditions (determibgdctonstraints due to the chosen experimental
setup),namely full light saturation and comparably higit‘Feoncentrationglow mM range) are
potentially at odds with thdepositional conditions assumed for the Archean oddawever,
although we conducted our experiments urfd#rlight conditions and specifically envision an
oceandevoid of free oxygen, where there woulave been noeed for photoferrotrophs to move
deeper into the waterolumn in order to being able to compete with otRe(ll)-oxidizing
mechanisms, it has been suggested phatoferrotrophs could have even been active at lower
light intensities aapproximately 100 m water depth (Kappétral., 2005). We, therefore, took a
more conservativeapproach to investigate the minimum requirements unasiich
photoferrotrophs could still deposit BIFs, while shbiing able to draw important conclusions
regarding thepotential mechanisms being responsible for the alternd@pgsition of Feand St

rich layers in BIFs.
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In order to quantify whether our proposed model wailll be of significance for BIF
deposition under the relevaebnditions discussed abe, we extrapolated our experimental
results to the rock record, focusing on the Hamer8eyup in Western Australia. The Fe(ll)
oxidation rate®btained from the first warm periods were determined fra&til) concentrations
one order of magnitude high#ranassumed for the Archean ocean. Therefore, we specifically
focused on the Fe(ll) oxidation rates determined forséeond warm period where the Fe(ll)
concentration$~0.8 0.9 mM) were of the same order of magnitude atenArchean ocean and
consegently the data obtainedould be more comparable. Furthermore, we adjuste&e(id)
oxidation rates used to low light intensity valuéss outlined below) to showcase that
photoferrotrophgnight have been active deeper in the water column oAtbkeanocean. The

key variables for the following calculatioase summarized in Table 4.

Table 4
Variables used for verification of the temperature cycling model.
Variable Reference
Hamersley depositional area 114 m? Konhauser et al. (2002)
Average depth aflamersley basin 500 m Trendall (2002)
Depth of seasonal thermocline 100 m Pinet (2011)
Photic depth 100 m Pinet (2011)
Fe&* concentration 0.020.5 mM Holland (1973); Morris (1993
Fe(ll) oxidation rate 0.2 mMm d* Experimental data
Fe(ll) oxidationrate at 20% efficiency 0.04 mM d* Adapted from

Kappler et al. (2005)
Layer thickness of photoferrotrophic community 10.4m Calculated following

Kappler et al. (2005)

One requirement for the deposition of-feh layers isthe supply of Fe(ll) at rates
sufficient to sustain ongoingre(ll) oxidation. Assuming that the Hamersley Basin &en
approximated by a simple box we calculated a theordtigal thickness for a photoferrotrophic
community required to oxidize all Fe(ll) before it reaches the surfaicéhe ocean based on
Kappler et al. (2005). Further assumitige maximum F& concentration in the Archean was
0.5mM (Holland, 1973; Morris, 1993), using an adapfedqll) oxidation rate of 0.04 mM'dand
the theoreticallyredicted eddy diffusion coefient for the modern ocegas given in Kappler et
al., 2005), the photoferrotrophammmunity would have a uniform thickness of 10.4 m dker

whole basin (Table 4). Furthermore, based onatkidation rate given and the total volume of
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water containedn this photoferrotrophic community layer stretcheder the entire basin,
5.6* 10'° mol Fe(ll) d! would be oxidized by aR. iodosumcommunity. Using the Fé&
concentratiorgiven in Table 4 and the volume of the layer, eaéculated the total Béinitially
contained in this layer toe 7 * 13* mol. Therefore, the amount of #@xidized byaR. iodosum
community would equal 8% of the total¥eresent in the respective layer being oxidized each
day.Again assuming that the basin can be approximatedsbyiple box, applying this 8% to the
layer thickness of thehotoferrotrophic community (10.4 m) would result ita 0.8 m thick
part of this layer (8% of 10.4 m) beinigpleted in F& each day. Assuming homogeneous'Fe
distribution, Fe(ll) oxidatiorand upwelling, an upwellingate of ca. 0.8 m-8would be required
to sustain continuou$e(ll) oxidation. This calculated value is within tlsame order of
magnitude as upwelling rates observednadern upwelling areas (up to 3.0 m; Kadko and
Johns 2011; Kadko, 2017), supporting the plausibilitytted assumptions made.

Based on this calculation, it seems feasible that photoferrotcaphd have continuously
oxidized Fé" in anArchean ocean during warm periods (Fig. 9A.1). Additionallpeedsto be
determined whether the amount ofFexidized would have been sufficient to ultimately result
in the BIF layer thicknesses observed today. Bie* 10° mol F&* oxidized byR. iodosum
each day wouldorrespond to 2.04 * 1®mol F&* being oxidized eaclear. Based on a molar
mass of 107 g mdl for ferrinydrite (Fe(OH)), this would correspond to 2.1810°g
ferrinydriteyr* deposited over the whole Hamersley basir2.d8 * 1¢ g ferrinydrite m? yr.
Based on a previouslgetemined density of 2 g cth(2 * 10° g mi®) for Fe(lll) mineraktcell
aggregates (Posth et al., 2010), this would resula yearly deposited layer thickness of
0.0109myr? or 10.9 mm yt in the initial sediment (Fig. 9A.3); this Bne magnitude higher
than calculated by Konhauser et @002) and Kappler et al. (2005) but can be attributed to
slightly higher Fe(ll) oxidation rates.

After having determined that a photoferrotrophic commumituld have been able to
deposit a sufficiently thickrimaryFe(lll) mineral layer, it remains to be determingldether the
seasonal cooling of the Archean ocean chalde resulted in the deposition of silica layers which
would ultimately be of comparable layer thicknesses as fourglfs today. However, because
the silica concentrationsecessary to precipitate amorphous silica, the scalethanduration of
our experiments were so fundamentally differsotn what is assumed for the Archean ocean,
the followingparagraphs containing discussion on sipoacipitation should be seen as a thought
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experiment onlyNonetheless, with regards to the maximum amount of dietag precipitated
during the coodown of the ocean th8.5 mM difference between the silica concentration
determinedexperimentally during the send warm period (c&.1 mM) and the cold period (ca.
1.6 mM), values comparabl® known literature values for silica solubility at thespective
temperatures (Gunnarsson and @&ason,2000), seem to be a reasonable approach. Based on
those and literatire values, we expect that little or no furth@morphous silica is being
precipitated once the lower temperatlimeit is reached. Since we consider temperaasethe
major driver for the alternating depositionfed and Sirich layers, only the depthf the ocean
which is affected by temperature changes (thermocline al@a.m in modern oceans; Pinet,
2011) will be taken intaaccount for silica precipitation. From the layer affectedsbgsonal
temperature changes extrapolated over the ehtisin (D' m?), 0.5 * 13° mol amorphous
silicayr® (50 mol amorphous silica A could be deposited durirg respective cold period or
winter (Fig. 9A). Using thanolar mass of 60 g mdlfor SiO, this would result in ayearly
precipitation of 3 * 1€ g amorphous silicg3 * 10° g amorphous silica thyr?). Based on the
density for amorphous silica of 2.2 g ci(Renner and ZemeK,973) and water a weighted
average of 1.24 g cf(assuming80% water content) was calculated for the initial silica

precpitates. Applying this density, a layer thicknes@ @2 mm was calculated.

Over the course of several®LQC® years alternatingvarm and cold periods could have
resulted in the formatioof layered primary sediments (Fig. 9B). However, onceiritil wet,
unconsolidated Fe(IHjich sedimentary layerswere deposited, several patpositional
processes wouldhave changed the layer thickness. On the one hand wene microbial
processes. Konhauser et al. (2005) suggestat 70% of the initially prapitated Fe(lll)
minerals mighthave been reduced by Fe(@tBducing bacteria and cycldzhck into the water
column (Fig. 9C). Therefore, the calculateger thickness for the Fe(lll) mineral layers would
bereduced from 10.9 mm yrto 3.27 mm yt. Futhermore taking into account that the initially
precipitated Feich sediments were compacted by the mass of overlaying sediayens (Fig.
9D and E), the F&ayer thickness woulbe further reduced by 75% (Altermann and Nelson, 1998)
to 0.82 mm yt. This value corresponds closely to theean varve thickness calculated by
Trendall and Blockley(1970) of 0.65 mm, and is within one order of magnitofleorevious
estimates of 0.033 mmYyicompacted BIF sedimentatioate for the Feayer (Pickard, 2002).
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Similar to the Famineral layers, the silica layers woulthve been subject to pest
depositional processes. Basau our experimental results the silica layers contained mater
compared to the Fe(lll) mineral layers (Fig. 1). Thss further supportedoy preliminary
experiments where alhe ferrihydrite suspension and a monomeric silica solutiere added
alternatingly to the marine phototroph mediuim experimental tubes and subsequently
centrifuged. After centrifugation, the formed amorphous silidayers showeda strong
compaction while the formed Fe mineral laysin®wed only minor compaction (if any at all; data
not shown). Consequently, we applied a higher compactio@58b for the silica layers, as
suggested for the compactiohBIFs byTrendall and Blockley (1970). This resultectie silica
layer thickness being reduced from 2.42 mrhtgr0.12 mm yr, which is well within the mm to
submm range which has been suggested for BIF silicerobands(Trendall and Blockley,
1970). Additimally, when consideringhat one Srich layer containing up to 50 wt.% &0,
(Trendall, 2002) was of continuous thicknesisetched laterally over the whole Hamersley area
and hacan average density of chert (2.7 g9mit would containl.7 * 10 g SiO,. This value is
within one order of magnitudef the value calculated based on the temperattiven decrease
of the monomeric silica concentration farcold period as discussed above, which supports the

validity of the assumptions taken for the cddtions of the silicdayer thicknesses.

In summary, the calculated layer thicknesses for dfal Si-rich layers based on the
experimental data suggest thdnnual temperature changes might have led to the formation
microbands in BIFs (Trendall andldgkley, 1970).Furthermore, we apply the definition of
Trendall (2002)where one Feand one Srich layer together make ume microband and thus
represent one year of precipitatiore., a chemical varve. Consequently, the layer thickness for
bothlayers would decrease to 0.31 mm and 0.06 mm foF¢hand Sirich layers for half a year
of deposition, respectivelyin combination this would result in 0.37 mm compacterly
sedimentation rate. For 4Qears thisvould result in a BIF of 370 m véeal extent. Of course,
these results only apply when considering that BIFs weposited continuously without any
depositional hiatuse®Vhen assuming varves as mode of deposition for BHesyesults of our
study are within the range of other sedimeatarates found. Trendall and Blockley (1970)
estimatedhe average thickness of one-fead silicalayer couplet to be 0.65 mm in the Dales
Gorge Member of th&rockman Iron Formation in Western Australia, whigbuld result in a

depositional thicknessf @50 m after 18- years. Klein and Beukes (1989) derived a deposition
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rate of 570 m Myr! for the BIF in the CampbellraAduruman transition zone, Transvaal
Supergroup, South Africa, whilglorris (1993) estimated the deposition rate of the BIFthef
Hamersley group, Pilbara Craton, Western Australiaave been 890 m Myr Other estimates
for the same BlFare given by Trendall et al. (2004) with 180 m MyOverall, the values
calculated based on our experimental resaréswell in line with compaetl sedimentation rates
estimatedrom the BIF rock record. Accordingly, we sugg#sit biannual temperature cycles, as
originally envisionedby Posth et al. (2008), would have contributed significamtlythe
deposition of BIFs. Varves would, therefore@vie been the most likely mode of deposition for

BIFs on themicroband scale, leading to the formation of BIFs a®hserve them today.

5. CONCLUSIONS

In modern environments, temperature changes playmgortant role in controlling
biologic (microbial) andabiogenicprocesses. Our study suggests that seasonal (or periodical)
temperature changes could have played an equabigrtant role in the Archean ocean during the
depositionof BIFs. Although temperature changes certainly hathpor control over the &wity
of Fe(ll)-oxidizing bacteria(photoferrotrophs), our experimental results providecanclusive
evidence that temperatures as low &8 @ould have had any direct influence on abiotic silica
precipitation.Instead a high degree of silica oversaioratvas necessaty form an amorphous
silica layer. This is in contrast ®ome of our experimental results and geochemical modelling
which suggest that lower temperatures would hagelted in lower equilibrium concentrations
of monomericsilica and ulimately should have resulted in silica precipitatigilen that a
solution is saturated with regards to amorphailica at 26C. Therefore, abiotic silica
precipitationis either extremely slow and thus not testable at the experin{énta)scale or for

example nucleation points amecessary to initiate silica precipitation.

While the exact mechanism underlying abiotic silica precipitasocurrently unknown,
we suggest that some coprecipitatadrbiomass with the Fe(lll) minerals occurradd changed
the characteristics of the precipitates in a wdych prevented sorption of silica to the Fe(lll)
minerals, thus ultimately causing a separation of- nd Sirich layersin BIFs. To our
knowledge this is the first study utilizingarine microbial stramfor this kind of BIF deposition

simulation experiments and thus confirms that these bactauld have been active in an anoxic,
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Fe and Sirich Archean ocean. Most importantly, seasonal temperathamges represent a
simple unifying mechanism whictould have controlled biological and abiotic processeson
basin scale and, therefore, represent a plausible neanplain the largscale continuity of the
banding in BIFsand therefore suggesting the banding in BIFs to be of prioragin.

Although the experimental data suggest that temperatyotes may have contributed
significantly to the developmemtf the characteristic lamination in BIFs, it is cert#at other
processes contributed to the ultimate appearahEe and Sirich layers in BIFsas we see them
today(Fig. 9). For example, not all banding in BIF is on thieron- to millimeter scale, and not
all banding is betweemon and silicarich minerals. Moreover, any model on Bitust also take
into account the mesobanding and macrobandihigh rely on decadal to longer time scales.
One important parameter which potentially determitiedpredominance of either & Skrich
layers is the supplgf FE* to BIF depositional areas: Higher#éuxeswould have resulted in
the deposition otlominantly Fe-rich layers and masked silica precipitation, while lowet"
fluxes would have resulted in a decline or secessianicrobial activity and led to the formation
of moreand vertically more extensive-8ch layers. Prolongetvarm periods cdd also have
resulted in the predominanemd formation of vertically more extensive of-keh layers,while
periods of prolonged subaerial volcanism might hiaw®red the formation of vertically more
extensive Srich layers by suppressing the formatioh Fe(lll) (oxyhydr)oxidesby Fe(ll)
metabolizing bacteria. Additionally, a recestudy suggested that Milankovitch forcing would
have exerted a major control on past climate oscillations @stae of 0.41 Myr and 1.4 to

1.6 Myr, thereby influencinghe composition of BIFs on a large scale (Lantink etz019).

It is also unclear to which extent pakpositional processeadtered the initial BIF
sediment. Konhauser et g2005) suggested that up to 70% of the initial Fe(lll) mineral
precipitates coul have been reduced by microlaakivity and cycled back into the water column.
This couldpotentially also have led to a release of silica fromatygregates which could then
have been recycled back intlle water column. If dissolution took place withihe sediment
itself, silica could have become concentrated inpgtwe space, thereby enhancing silicification
and consequentlgither (1) disrupting any clear layering or (2) stabilizthg layering during
further diagenesis andnetamorphism. Abiogeniadiagenetic processes would als@ve
influenced the primary layering. It seems conceivéllgeed on the differences in density between
the primaryFe(lll) minerals and amorphous silica that the much defs@tl) minerals should
206



Chapter 2

displace and potentiallgisrupt anyamorphous silica layer. Additionally, it would be expected
that the pressure of the overlaying sediment column wieald to the compaction and vertical
escape of water and dissolvgitica (Fig. 9D and E). In either case it wouldreguired bhat the
silica layers silicify and solidify early durinthe diagenesis as proposed by Ewers and Morris
(1981)in order to remain stable and consistent during the diagdnstary. Last but not least, it

is unclear how deep buriahd lowgrade metamorpsém would have influenced trstability of

the laminated primary sediment and how pinenary layering would have been preserved under

suchconditions.
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Appendix A

Supplementaryinformation: Volume of monomeric silica solution added.

Table Al

Overview about the volumes of monomeric Si solution added to the parallel s&tupsw(o |,

Ahigho)

dur i

ng

t he

formati on

of

fii

nter medi at

t Hrem aaSthimM gnbxic MSiO; 8i 91 ayer
H,O stock solution. Numbers 1 to 3 represent biotic triplicates, while number 4 represents the abietic (non
inoculated) control. In this table the volume of monomeric Si added is listed, not the concentration of dissolved
monomeric Si measured.

Si(OH)4 solution added [mL]

Timepoint

] Al owfi fiinter medi fihi ghht
1 2 3 4 1 2 3 4 1 2 3 4
35 144 144 144 144 144 144 144 144 144 144 144 144
54 144 144 0 0 2.88 2.88 0 0 576 5.76 0 0
93 576 576 7.2 7.2 432 432 7.2 7.2 144 144 7.2 7.2
99 288 288 283 288 2838 283 288 288 283 288 288 288
112 288 283 288 283 288 283 288 283 288 288 288 288
119 288 283 288 283 288 283 288 283 288 288 288 288
Total
volume
added 17.28 17.28 17.28 17.28 17.28 17.28 17.28 17.28 17.28 17.28 17.28 17.28
(mL)
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Supplementary information: 5 K Moessbauer data
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Fig. A.1: Moessbauer spectra collected at 5 K. Light grey circles represent collected data points while the solid black
lines and the colored areas represent the fit. (A) represents a spectrum collected from Fe(lll) minerals precipitated by

R. iodosunin the dsence of Si. (B) represents a spectrum collected from Fe(lll) minerals precipitdetbpsum
in the presence of Si.
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Table A2
Data obtained by Messbauer spectroscopy at 5 K for biogenic Fe(lll) minerals precipitatd®l iydosunin the
presence or absence of Bsomer shift2quadrupole shifhyperfine field *errinydrite

ISt Qs Bn® Area
[mm/s] [mm/s] [T] [%0]
No silica
0.50 -0.09 49.5 56
0.46 0.01 46.3 44
With silica
Biogenic F# 0.46 -0.02 46.4 100
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ABSTRACT

Banded Iron Formations (BIFs) contain a variety oblearing minerals such as hematite,
magnetite, siderite and =é&€'"-containingsilicates. It has been suggested that dissimilatory
Fe(ll)-reducing bacteria (DIRB) could have transformed primary Fe(lll) (oxyhydr)oxide
minerals in the sediment into secondary magnetite and siderite. However, it is unknown, to which
extent this mineraransformation would already have taken place in the water column, where the
Fe?* released could have beenasidized, thus closing the Fe cycling. To test this, we conducted
Fe cycling experiments with marine phototrophic FegM)dizing bacteria and [RB under
conditions mimicking the Precambrian ocean water column to elucidate whether such microbial
Fe cycling could have taken place. We followed secondary mineral formation over three
consecutive redox cycles (oxidation followed by reduction) over a iimerval of up to 58 days
to determine which mineral phases would ultimately have settled as BIF forming sediments. We
used wet geochemical methods to follow Fe speciation, dissolved silica and volatile fatty acid
(VFA) concentrations, determined cefineral associations using fluorescence and electron
microscopy and characterized the mineralogy usfifg-Moessbauer spectroscopy and XRD.
Our results showed that both the absence of silica and an increasing number of Fe cycles favored
the formation of mar crystalline minerals like goethite. However, in the presence of high
concentrations of monomeric silica as suggested for ancient oceans (2.2 mM), onharshert
ordered (SRO) Fe(ll) minerals were observed, which did not transform into more
thermodynarncally stable Fe(lll) phases such as goethite during repeated Fe cycling. No
magnetite formation was observed in any of the setups. Instead increasing Si concentrations
favored the formation of increasing quantities of Fe(ll) minerals such as siderite &ed)
silicates. Microscopy revealed a tight association between microbial biomass and minerals
formed. Silica analysis showed-poecipitation of silica during Fe(ll) oxidation and a release of
Si during Fe(lll) reduction, suggesting an important mileco-precipitated biomass as well as
silica for secondary mineral formation by either constraining crystal growth and/or inhibiting
Fe(l)-induced mineral transformation. Overall our results imply that microbial Fe cycling during
Fe mineral settling thrmh the photic zone in a Precambrian ocean would have already resulted
in the partial transformation of primary Fe(lll) (oxyhydr)oxides into Fe(ll) minerals such as
siderite and/or Fe(H¥ilicates in the water column. This would have resulted in the adation

of mixtures of ferrihydritesilica composite and Fe(ll) minerals in the initial BIF forming
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sediments. By contrast, magnetite would have been formed during subsequent sediment

diagenesis.
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1. INTRODUCTION

The geochemistry of the Archean to early Bpleterozoic ocean was fundamentally
di fferent from the modern ocean. Prior to thi
atmosphere accumulated significant levels of oxygen for the first(tigans et al., 2014)the
bulk ocean was essentialjnoxic with Q concentrations below 1 pNHardisty et al., 2014)
Low Oc in combination with low sulfate/sulfide concentratiof@@rowe et al., 2014and an
increased hydrothermal Fe flufKump and Seyfried, 2005allowed the buildup of high
concentration®f hydrothermally derived dissolved Fe(ll) @Feof between 0.03 and OBM
(Holland, 1973; Morris, 1993Gimilarly, the early ocean would have been enriched in dissolved
Si, ranging from 0.67 mM (saturation with respect cristobalite) to 2.2 mM. (Saturaith
respect to amorphous siliddaliva et al., 2005; Siever, 1992)lthough a recent study suggested

lower concentrations (0:5.6 mM; Zheng et al., 2016)

These conditions are reflected in the composition of major Banded Iron Formations
(BIFs), mame chemical sedimentary deposits which were mainly deposited during the
Neoarchean and early Paleoproteroéionhauser et al., 2017They predominantly consist of
Fe (1540 wt.%) and Si (4®0 wt.%; Trendall, 2002) deposited in alternating layers rigg in
the characteristic bandin@frendall and Blockley, 1970)BIFs contain little organic carbon
(<0.5wt.%; Gole and Klein, 1981and minimal detrital input (<1 wt.% AD3, <20 ppm Ti, Zr,

Th, Hf, Sc;Konhauser et al., 20L7Their chemical composin, lateral continuity, high degree

of preservation and general association with carbonates and shales suggest that BIFs were
deposited in nearshore shelf environments on the margins of stable cratons. However, the absence
of wave or currentgenerated stictures indicates deposition in depths >20(Bekker et al.,

2010; Trendall, 2002)Mineralogically the least metamorphosed BIFs consist of hematite,
magnetite, carbonates (ankerite, siderite) and chert with varying contributionef' Fsilicates

(e.g. greenalite, stilpnomelane, riebekite and minnesotaite) and (Kfeia, 2005) The presence

of both oxidized and reduced Fe minerals gives BIFs an average oxidation staté*@Kren

and Beukes, 1992 onsensus is that none of the minerals doumBIFs today are primary but

rather a product of diagenetic and metamorphic alteration of the initially deposited minerals.

The composition of these precursor mineral phases is highly debated. Both (partially)

reduced minerals such as greenalite (Bagmussen et al., 201&hd oxidized minerals such as
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Fe(lll) (oxyhydr)oxides have been suggestatibert, 2016; Beukes and Gutzmer, 2008; Pecoits

et al., 2009) However, many researchers seem to be in favor of the deposition of Fe(lll)
(oxyhydr)oxides asprecursors to BIF Fe oxides, whose deposition has traditionally been
explained by the oxidation of Fevia O; produced by cyanobacteii@loud, 1973) Alternatively,
anoxygenic photoautotrophic Fefbxidizing bacteria (photoferrotrophs) could have duiearly
primary production by coupling Fe(ll) oxidation to e@xation by harvesting light energy
(Hartman, 1984)Konhauser et al. (2003uggested that this process could have accounted for
most if not all Fe initially deposited in BIFs in form of fdrydrite, a ferrihydriteSi composite or
goethite(Alibert, 2016; Beukes and Gutzmer, 2008; Kappler and Newman, 2004; Pecoits et al.,
2009) co-precipitated with bacterial cel{osth et al., 2010)

These celFe(lll) mineral aggregates would have provided ideal habitat for bacteria
able to couple carbon oxidation to Fe(lll) reduction (dissimilatory Fe(lll) reduction, [iRey
and Phillips, 1986, 1988potentially resulting in the formation of secondary minerals such as
siderite and magnetif¢.ovley, 1991) minerals commonly found in BIFs today. Additionally, the
organic carbon utilized would have been oxidized t@,@€énce offering a plausible explanation
for the low organic carbon content in BIFs. The significance of microbial Fe(lll) reductidimefo
genesis of BIFs was first hypothesized Walker (1984)and later further conceptualized by
Nealson and Myers (1990¢, O and Fe isotope studies have since stressed the importance of
DIR for the postdepositional alteration of BIFs (e.Graddock ad Dauphas, 2011; Heimann et
al., 2010; Johnson et al., 2003; Johnson et al., 2008; Steinhoefel et al., 2010; Teixeira et al., 2017;
Wang et al., 2015)Further evidence for DIR is provided by detailed sedimentological and
petrographic work which emphasizas early paragenetic origin of magnetite (&@gukes and
Gutzmer, 200&nd references thereiRgcoits et al., 2009s well as by crystallochemical data
suggesting magnetite crystals contained in BIFs to display similarities to modern biogenic
magnetitgLi et al., 2011)

This has important implications since experimental results have cast doubt on a
metamorphic origin of magnetite, where its formation was limited to experiments conducted with
highly reactive glucose as biomass prqidalama et al., 2006 In the presence of complex
biomass, however, hematite and siderite were the main metamorphic products. More recent work
has emphasized the possibility of magnetite formation through thermal decomposition of siderite
at temperatures exceeding 200(Rasnussen and Muhling, 201&)ut the significance of this
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mineral transformation pathway for the least metamorphosed BIFs remains unclear. Alternatively,
magnetite could have been the product of a reaction between primary Fe(lll) (oxyhydr)oxides and
hot (>50°Q Fe(ll)-rich hydrothermal fluidgLi et al., 2017) However, both S{Cismasu et al.,

2014; Jones et al., 20Q9¥hich would have been abundant in the ancient ocean, as well as
organic matter contained in cé&e(lll) mineral aggregatefHan et al., 202Q)have shown to

retard or even inhibit Fe(Hhduced mineral transformation to mixgdlent Fe minerals. In
contrast hereto, magnetite formed by Fe{lfflucing bacteria and exposed to metamorphic
pressurgemperature conditions exhibited high thermabdity (Li et al., 2013) suggesting its
preservation during lowgrade metamorphism and thus pointing to a microbial origin for

magnetite.

In summary, there is strong precedence for the formation of primarize@ll) mineral
aggregates by photoferropias and subsequent diagenetic alteration of these mineral aggregates
by DIR during the genesis of BIFKonhauser et al. (200%stimated that up to 70% of the
initially deposited Fe(lll) might have been reduced microbially and cycled back into the water
column, resulting in the formation of secondary biogenic magnetite and sigtaitect al., 2020)
However, it is unclear how a continuous microbial Fe cycle, i.e. the combination of
photoferrotrophy and microbial DIR, during the sedimentation offelll) mineral aggregates
would have influenced the secondary mineralogy of BIFs. Specifically, it remains unclear (1)
how Fe(ll}oxidizing and Fe(lllreducing bacteria would have interacted during repeated and
dynamic microbial Fe cycling, (2) how this wolldve influenced the nature and composition of
primary BIF sediments, (3) if there was indeed the formation and preservation of siderite and
magnetite, and (4) in case magnetite was formed microbially, when and where during the
deposition of BIFs its fornteon would have occurred. To test this, we conducted experiments
simulating the Precambrian ocean chemistry where waultivated marine photoferrotrophs and
marine Fe(lll}reducing bacteria. We followed geochemical parameters, mineral identity and
compodtion of celkmineral aggregates over time and placed our experimental data into the
context of BIF deposition applying some simplified calculations regarding the water column

residence time of these catiineral aggregates.
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2. MATERIALS AND METHODS
2.1. Sourceof microorganisms, culturing medium and growth conditions

Chlorobium sp. strain N1 is a marine photoferrotroph belonging to the epekur
bacteria, which was isolated from Norsminde Fjord, Denr{laakifer et al., 2017; Laufer et al.,
2016) A marine Fe|(l) -reducing enrichment culture, which showed a 99% sequence similarity to
Shewanella colwellianavas obtained from the same field gitaufer et al., 2016)Both cultures

have been kept in our laboratory culture collection since their isolation.

Both aultures were routinely cultivated on artificial seawater medium (ABd\fer et al.,
2016)buffered by 30 mM bicarbonate under g@O; (90:10) headspace. The pH was set to 7.1
aimed at simulating the circumneutral pH of the Precambrian détdavy andBachan, 2017;
KrissansenTotton et al., 2018)Additionally, to obtain Si concentrations covering the range of
concentrations assumed for the Precambrian ocean (0.67 to 2.2 mM, saturation with respect to
cristobalite and amorphous silica, respectivélaliva et al., 2005; Siever, 1992).19 g ! and
0.63 g L* NaSiOs x 9 H0, respectively, were added. For the cultivationChllorobium sp.
strain N1 the ASW was additionally amended with 5 mM Fe(ll) (1 M F&@lH>O stock
solution;(Hegler et al., 2008 This Fe(ll) concentration is approximately one order of magnitude
higher than the maximum concentration assumed for the Precambrian ocean (G-®lfakl,

1973; Morris, 1993but was necessary to obtain enough Fe minerals for analysis. All media
amendd with Si and/ or Fe(ll) were placed at 5°C for >48h to maximize the removal of any
silicate or Fe(ll) carbonate or phosphate (likely siderite or viviaHitdtmann et al., 2009yhich

may have formed. Hereafter, the pH wasadgusted to 7.1 when necessgathe precipitates
removed by sterile filtration (polyethersulfone, 0.22 um pore size Steritop filter unit, Millipore,
Merck KGaA, Darmstadt, Germany) inside an anoxic glovebox (10Q%tMNosphere) and the
headspace exchanged fop/GIO. (90/10). The extanof Fe(ll) and Si(OH) removal during

filtration of Fe(ll}-containing medium used in our experiments is detailed in Table 1.
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Table 1
Extent of Fe(ll) and Si(OH)emoval during filtration of Fe(llcontaining ASW.
Medium Expected concentration Final concentration Loss upon filtration
Fe(ll) Si(OH) Fe(ll) Si(OH) Fe(ll) Si(OH)
[mM] [mM] [mM] [mM] (%] (%]
ASW, no Si 5.00 0.00 4.75 0.00 5.00 0.00
ASW, low Si 5.00 0.67 4.40 0.71 12.00 0.00
ASW, high Si 5.00 2.20 4.23 1.43 15.40 35.00

All stock cultures were grown in 250 mL serum bottles containing 100 mL growth
medium. Stock cultures of Chlorobium sp. strain N1 were grown on feeftaining ASW with
0mM, 0.67 mM and 2.2 mM Si, respectively. Cultures were incubated at 20°C in light using a
40-W incandescent light bulb.

Stock cultures of the Fe(IHeducing enrichment culture were grown routinely on ASW
containing either no Si, 0.67 mM Si or 2.2 mM Si, respectively, with 5 mMIlofe2ferrihydrite
(Schwertmann and Cornell, 2008% terminal elctron acceptor (TEA) and 5 mM lactate as
electron donor and C source. However, cultures used for the inoculation the experiments were
grown on 20nM fumarate as TEA and 10 mM lactate as electron donor and C source for at least
two generations to minimizéhe amount of Fe transferred to the experiment. All cultures were

incubated in the dark at room temperature (RT).
2.2. Experimental setup
2.2.1. Preparation of the inoculum

Chlorobiumsp. strain N1 was inoculated directly from a stationary phase culture grown
on Fe(ll) with the respective Si concentration (0 mM, 0.67 mM or 2.2 mM). Cell numbers of all

cultures were quantified by flow cytometry prior to inoculation.

For the Fe(llllredwing enrichment culture, cultures grown on fumarate and lactate were
harvested by centrifugation at 17§land washed 3 times with a sterile 30 mM bicarbonate
buffer to remove any remaining metabolic products. Afterwards the cultures were resuspended in
ASW of the respective Si concentration, made anoxic by flushing witB@d (90:10) and stored
at RT. The cell suspensions were used within 48 h of preparation. Cell numbers of all cultures

were quantified by flow cytometry prior to inoculation.
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2.2.2. Microbial Fecycling experiments

Since it is practically impossible to setup a 100 m water column experiment in the
laboratory to follow Fe cycling during sedimentation, we simulated the processes that occur
during sedimentation in 250 mL serum bottles containing rhQ0Fe(ll)-containing ASW. The
small amount of precipitates formed prevents artifacts resulting from redox stratification that
would occur in thick layers of mineral sediments. Our experimental setup, therefore, allows us to
simulate redox and mineral trdosmation processes occurring in sedimenting Fe mineral
particles. One third of all bottles did not contain any added Si to represent modern ocean Si
concentrations. One third contained 0.67 mM Si (low Si) to represent the lower limit of the
ancient ocearsi concentrations and the last third contained 2.2 mM (high Si) to simulate the
upper limit of assumed Si concentratigiMaliva et al., 2005; Siever, 1992All experiments
were run in biotic triplicates with one abiotic control. We performed 3 consecuiicrobial Fe
cycles each consisting of an oxidative half cycle (activity of photoferrotrophs in light) and a
reductive half cycle (activity of Fe(IH)educing bacteria in dark) over a period of maximum 58

days.

The first oxidative half cycle was inited by the addition of 1% inoculum/¢, 1 mL) of
Chlorobiumsp. strain N1 grown on the respective Si concentrations to the biotic triplicates (Fig.
1). Quantification ofChlorobiumsp. strain N1 cell numbers by flow cytometry was not possible.
However, basd onLaufer et al. (2017)where twice the Fe(ll) concentration of our experiments
was used, approximately>410° cells mL* were added. The second and third oxidative half
cycle were initiated by transferring the cultures from dark to light conditiate®w addition of
new cells. For the oxidative half cycles all cultures were incubated at 20°C in light. Samples were
taken prior to inoculation, after inoculation and at regular time intervals during the experiment as
described below. The oxidative halycles were considered finished once >95% of the initial

Fe(ll) was oxidized (as determined by the ferrozine assay).
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100 The first reductive half cycle
2 was initiated by the addition of 0.1%
E Lk inoculum  ¢/v, 0.1 mL), thus
§ approximately Ix 10’ cells mL?, from
§ the Fe(lllyreducing enrichment culture
- cell suspensions (Fig. 1). Additionally,

0 M 2 Tittis [laye] lactate was added at a concentration
(~1-1.2 mM, depending on the #e
O Continuous samples: Fe, Si, VFAs concentration after filtration) that would
W After half cycles: Photographs, theoretically allow for 70% of the Fe(lll)

microscopy, mineralogy, change of incuba-

tion conditions (light/ dark) to be reduced todll) (per Konhauser

Addition of (1) photoferrotrophs and et al., 2005 based on the initial Fe(ll)
fk (2) Fe(lll)-reducing bacteria concentrationassuming that all Fe(ll)
was oxidized). During reductive

L Addition of lactate allowing 70% microbial
J Fe(lll) reduction conditions, all cultures were wrapped in

Fig. 1. Overview over experimental setup of cycling experi Al foil and incubated at RT in the dark
with alternating oxidatie and reductive periods and samg '

pattern (grey dots and red stars). Yellow shaded areas The second and third reductive half
oxidative periods by incubation in light at 20°C. Grey sh

areas mark reductive periods by incubation in the dark at R cycles were initiated by the addition of
lactate to a concentration that again allowed for up to 70% Fe(lll) reduction and were transferred
to dark conditions. No newells were added after the firstdiective half cycle. Samples were
taken prior to and after inoculation and lactate addition and at regular time intervals during the
experiment as described in the following section. The reductive half cycles were terminated once
70% Fe(lll) reduction hadden achieved (determined by ferrozine assay) and the cultures were

transferred back to light conditions.
2.2.3. Sampling and sample processing

All sampling was performed in an anoxic glovebox (100%@abinosphere). Samples for
wet geochemistry were taken continuously throughout the experiments and include samples for
Fe concentration and redox speciation, dissolved Si and volatile fatty acids (VFAs). Samples for
light and electron microscopy and mineraentification by XRD and®Fe Moessbauer

spectroscopy were taken at the end of each half cycle (Fig. 1).
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For wet geochemical samples, approximately 1 mL of sample was taken from each serum
bottle after vigorous shaking. For total Fe quantification, ailo@liquot of the whole sample
(solid + liquid) was digested in 9. 1 M HCI for 1 hour, centrifuged (12,10§) and the
supernatant preserved for further analysis. The remaining total sample (~900 L, solid + liquid)
was centrifuged (1210§) and 100 plLof the supernatant was stabilized in 900 pL 1 M HCI for
dissolved Fe quantification, 50 pL of the supernatant was diluted with 950 ul-QWfillvater
(Merck KGaA, Darmstadt, Germany) for dissolved Si quantification and the remaining
supernatant was sepadtand preserved for VFA quantification. Samples for Fe speciation and
guantification were kept at 5°C until further analysis. Samples for dissolved Si were measured as
soon as possible after sampling. Samples for VFA quantification were stor2@°@t urtil
further analysis.

For light and fluorescent microscopy, approximately 10 pL sample was taken, transferred
to a microscope slide and mixed with 1 pL of SYT@ green fluorescent dye (LIVE/DEAM
Bad.ight™ Bacterial Viability and Counting Kit, Thermo dfier Scientific Inc., Waltham,

Massachusetts, USA), incubated formiihwutes in the dark and immediately analyzed.

Samples for scanning electron microscopy (SEM) were fixed with glutaraldehyde (final
concentration 2.5%) over night at 4°C. Subsequentlyy there washed twice with MiHQ®
water, mounted on poly-lysine covered glass slides and sequentially dehydrated with
increasing concentrations of EtOH (30, 50, 70, and 95%, 5 minutes each, 2 x 100%, 30 minutes
each) and finally with hexamethyldisilazai¢MDS, 2 x 30 seconds). Thereafter samples were
left to dry in air at ambient pressure. Dried samples were mounted onto Al stubs using conductive
carbon tape and coated with a ~15 nrdaér using a Balzers Union Med 010 sputter coater

(Bal-Tec, Balzersliechtenstein). Samples were store in a drying cabinet until analysis.

Samples for mineral analysis B{fFe Moessbauer spectroscopy and XRD were prepared
by filtration onto 0.45 um filter papers which were embedded in Kapton tape and stored in anoxic
(100% Np) air-tight bottles at20°C until analysis.

2.2.4. Characterization of primary precipitates (formed after first oxidative-bpdie)

For the characterization of primary precipitates (Eel{lll) mineral precipitates formed
after the first oxidative halfycle) additional serum bottles (biotic triplicates, no control) were set

up as detailed at the beginning of section 2.2.2 for th@atixe half cycles. Once all Fe(ll) was
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oxidized (>95%, as determined by the ferrozine assay) the content of all serum bottles was
harvested quantitatively and further processed for mineralogy and aggregate size analysis (see
below) as well as organic camb content and surface charge as detailed in supplementary text S1.

2.3. Analytical techniques
2.3.1. Cell counts

Cell numbers of bothChlorobium sp. strain N1 and the Fe(Hieducing enrichment
culture were determined by flow cytometry (Attune NXT Flow Cytometdrero Fisher

Scientific Inc., Waltham, Massachusetts, USA) using 200 puL samplewef6plates.

It was not possible to obtain reliable cell numbersGbforobiumsp. strain N1 due to
poor staining of the cells and a high background signal. A complstziplgon of the various
experimental approaches and parameters modified during sample preparation is given in the

supplementary text S2.

Samples for the Fe(lH)educing cultures were prepared by sequential dilution of a
100pL sample from the culturevith 30 mM bicarbonate buffer (up to 30 Bad.ight™ green
bacterial stain (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) was added at a
concentration of 1 uL mt and incubated in the dark for 15 minutes prior to measurement.

2.3.2. Wet geochemiiy

2.3.2.1. Fe analysis and calculation of maximum Fe(ll) oxidation and Fe(lll) reduction

rates

Fe concentration and redox were determined using a modified protocol for the ferrozine
assay(Stookey, 1970as detailed itHegler et al. (2008)The absorption at 56&n was measured
using a Multiskan GO Microplate Spectrophotometer with internal software (SkanIlT RE for
Multiskan GO 3.2; Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA).

Maximum Fe(ll) oxidation and Fe(lll) reduction rates were calculatedhiegil regression

analysis through the steepest 3 points of the total Fe(ll) curve at a given timepoint.
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2.3.2.2. Si analysis

Quantification of dissolved monomeric Si was performed using a modified protocol of the
molybdenum blue method developed $irickland and Brsons (1972)In short, 40 yL acid
molybdate solution was added to 1 mL of sample, mixed by shaking and the yellow color allowed
to develop for 15 minutes. 40 pL oxalic acid was then added to bind excess molybdate and
eliminate the influence of phosphatethe sample, mixed by shaking and 20 pL ascorbic acid
added immediately. After mixing the blue color was allowed to develop for 60 minutes. 200 pL
were transferred into a blaekalled microtiter plate and the absorption measured at 810 nm
using a Multikan GO Microplate Spectrophotometer with internal software (SkanIT RE for
Multiskan GO 3.2; Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA).

2.3.2.3. High pressure liquid chromatography (HPLC)

VFAs were quantified using a Shimadzu prominence (Shim&tmp., Kyoto, Japan)
HPLC system equipped with a Biorad Aminex HPX87H column with 5 mi&@® as eluent and
a diodearray detectofThe flow rate was set to 0.6 ml rmin

2.3.3. Microscopy
2.3.3.1. Fluorescence and light microscopy

Fluorescence microscopy was performed foesh samples using a Leica DM5500
epifluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 40x

magnification.
2.3.3.2. Scanning electron microscopy (SEM)

SEM imaging for investigation of mineral morphology and-oaitheral associations was
performed at the Center for LigiWatter Interaction, Sensors & Analytics (LISA+) at the
University of Tuebingen, Germany. Secondary electron (SE) images were obtained using a JEOL
JSM-6500F field emission SEM with a Schottky field emitter (JEOL Ltd., Tokyo, R)agde
instrument was operated at an acceleration voltage of 5 kV with a working distance of 10 mm.

No elemental analysis by EDS was performed.

SEM imaging for particle size analysis was performed at the Center for Applied

Geosciences, University of Tuelgien, Germany. SE imaging was performed using a LEO 1450
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VP (Carl Zeiss AG, Oberkochen, Germany) equipped with an EveFharhley SEDetector.
The instrument was operated at an acceleration voltage of 7 kV and a working distance of 8 mm.
No elemental arlgsis by EDS was performed.

2.3.4. Mineral identification
2.3.4.1. >Fe Moessbauapectroscopy

>Fe Moessbauer spectroscopy was performed at the Geomicrobiology group, Center for
Applied Geosciences, University of Tuebingen. The anoxic bottles the samples were stored in
were opened just prior to loading the sample into the instrument. The sampldsasdect into
the Mdssbauer instrument and inserted into a clogetk exchange gas cryostat (Janis
cryogenics, Janis Research Company LLC, Woburn, Massachusetts, USA) under a backflow of
He. Spectra were collected using a constant acceleration drivensy¥fessEl, Starnberg,
Germany) operated in transmission mode wittfGo source embedded in a Rh matrixoas
radiation source. The spectra of samples obtained at the end of the oxidative half cycles were
collected at 77 K. The spectra of samples obtaingtleaend of the reductive half cycles were
collected at 14®&. All spectra were calibrated against a 7 pm tHiEXFe foil measured at RT.
The Recoil software (University of Ottawa) was used to fit measured spectra using-basaidt
fitting routine (Rancourt and Ping, 1991Yhe Lorentz halvidth-half-maximum (HWHM) was
determined using the minimum line width of the third and fourth peak of the calibration. The
HWHM was fixed at 0.127 mnt’s The hyperfine parameters describing individual samples fits

are detailed in supplementary text S3.
2.3.4.2. X-ray diffraction (XRD)

XRD analysis was conducted at the Soil Chemistry group, Institute of Biogeochemistry
and Pollutant Dynamics, ETH Zirich, Switzerland. XRD analysis was performed on the same
samples analyzed b¥Fe Moessbauer spectroscopy. Samples stemming from oxidative half
cycles were handled in ambient atmosphere, samples stemming from reductwgclesifwere
handled inside an anoxic gloveboxz(Btmosphere, <1 ppm D Kapton tapesealed samples
were opened, dried biomineral residue carefully scraped off theddisers and/or Kapton tape
and collected in @ mL Eppendorf tubes. The dry material was resuspended in approximately
20 uL (anoxic) EtOH and pipettedonto pol i shed silicon wafer (Si
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Archamps, France). Samples from reductive -bgtfles were secured in an -fight sample

holder with integrated beam knife.

Samples were analyzed on a Bruker D8 Advance XRD in BBaxggtano geontey using
Cu KUy oradiation = 1.5418 A, 4V and 40 mA) and a higresolution energglispersive 1D
detector (LYNXEYE). Diffractograms were recorded from 10 to 768°®ith a step size of
0.02°d and 6 s acquisition time per step. Data analysis was performed using the CrystalDiffract
6 software (EVA/TOPAS, Bruker) in combination with the PDF2 database (The International
Centre for Diffraction Data) and crystallographic information files (CIF)hialite and goethite

obtained from the Inorganic Crystal Structure Database (FIZ Karlsruhe).
2.3.5. Aggregate size analysis and calculation of settling velocity

Stokeds | aw was used to calcul ate ¢tchlle set't
aggregateqaggregates formed during the first oxidative {tgifle). The aggregate size was
determined in SEM micrographs by measuring the longest axis for any given aggregate. The
aggregates measured were randomized by drawing a vertical, a diagonal and a hdriezonta
from the top left corner of any given image and measuring all aggregates along those lines. In
order to obtain some statistical significance, the size of at least 100 aggregates was determined
using the ImageJ software. In case of an insufficierduarhof aggregates all aggregates were
measured. Due to lacking consideration of size variations in z direction by 2D imaging with SEM,
the results may be biased.

2.3.6. Statistical analyses

All statistical analyses were performed using [BEPSS Statistics Ver®n 26 (IBM
Corp., Armong, New York, USA).

3. RESULTS
3.1. Microbial Fe(ll) oxidation and Fe(lll) reduction in dependence of Si concentrations

The main objectives of our study were (1) to determine howmé&mbolizing
microorganisms would have interacted under conditions relevant for early Earth, e.g. through

their mut ual influence on each ot hesubsgatesmet abo
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or potentially also indirectly through biochemical cues, and (2) to evaluate how an early
microbial Fe cycle would have influenced the (trans)formation of the Fe mineralogy accumulated
in BIF depositional environments. We, therefore, conductgeerements in which we co
cultivated the marine photoferrotrof@hlorobiumsp. strain N1 and a marine Fe(liBducing
enrichment culture under conditions which simulate the proposed geochemistry of an early ocean.
In these experiments, we monitored migabbactivity by following changes in solution
geochemistry including dissolved and total Fe, dissolved Si and VFAs.

For all three setups, no Si (0 mM), low Si (0.67 mM) and high Si (2.2 mM), three full
microbial Fe redox cycles were performed. Oxidativé bgcles were considered completed
when O095% Fe(ll) was oxidized and reductive

oxidized Fe(ll) was reduced again (as Kenhauser et al., 2005)

For the first oxidative half cycle (day1B) all three sefas showed an initial lag time of 4
days (Fig. 2A, D and G). Thereafter, the Fe(ll) in all setups was completely oxidized within 10
days. Maximum Fe(ll) oxidation rates decreased slightly with increasing Si concentrations (0.79
+ 0.11mM d?, 0.76+ 0.07 mMd?! and 0.57 + 0.081M d?, Fig. 3). Total 1 M HCI extractable
Fe concentrations showed contrasting trends for different Si concentrations: While the high Si
setup showed (within error) no decrease in total Fe from ddys($uggesting that all Fe in the
minerals formed was He&dxtractable), it decreased from approximately 4.5 mM to between 2 to
2.5mM and to approximately 0.5 mM in the low Si and no Si setups, respectively. Siice 1
HCI extracts mostly shorange ordered Fe minerals, this suggestptksence of more highly
crystalline Fe(lll) minerals with decreasing Si concentration and in the absence of Si (Fig. 2B, E
and H). The Si containing setups showed, concomitant with Fe(ll) oxidation, a sharp decrease in
dissolved Si concentrations: 56 + % @®f the initial 0.72nM Si were removed from solution in
the low Si setup until day 18, which is comparable in extent to the high Si setup where the
dissolved Si decreased from 1.40 + 0.02 mM to &.832 mM (Fig. 2D and G).
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Fig. 2. Variations in wet geochemical parameters (fatty acids, total Fe, total and dissolved Fe(ll), dissolved Si) over
time during microbial Fe cycling experiments. The top row shows the results of-ttee Sietup, the middle row

results of the low Si setup drthe bottom row the results of the high Si setup. Closed symbols with solid lines are
biotic triplicates. Open symbols with dashed lines are abiotic controls. Yellow shaded areas mark incubation at 20°C
in light. Grey shaded areas mark incubation at Rdark. Data shown for biotic setups are mean from triplicates *
standard deviation. Abiotic controls are single measurements.

Upon completion of the first oxidative half cycle, the biotic triplicates of all setups were
inoculated with the Fe(llfyeducingenrichment culture and all bottles (including abiotic, non
inoculated controls) were amended with lactate to a concentration that could theoretically allow
for 70% of the oxidized Fe(ll) to be reduced again. Fe(lll) reduction was initiated by transferring

all bottles to the dark. In the low Si setup, around 60% of the Fe(lll) was reduced within 5 days
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2.09 okt FeOx2 L (day 1823), followed by the high Si
1.5 setup (>60% in 10 days, day-28) and
1_0_' the Sifree setup (>70% in 14 days, day
T 0_5_' 18-32; Fig. 2A, D, G). This is partially
= . reflected by the maximum Fe(lll)
& O'O__ I reduction rates, which was the highest for
%'0'5'_ the low Si setup (0.49 + 0.03 mmiy
-1.0- followed by the no Si and high Si setup,
15 FeRed1 FeRed2 FeRedd  jth 0.41 +0.03 mM d* and 0.30

Bl rosi [ lowSi [ ]high Si 0.02mM d?, respectivelySimilar to the

Fig. 3. Maximum Fe(lll) reduction (positive values) and Fe  gxidative half cycle,total 1 M HC}H
oxidation rates (negative values). Rates were calculats

linear regression analysis through the steepest 3 points  extractable Fe concentrations depended
total Fe(ll) curve at a given timepoint. Values are the 1 . . . )
from biotic triplicates. For the calculation of the maxim ON the Si concentration: In the high Si
rates two outliers were removed: 112% d* for the secon
reductive half cycle of the high Si setup and 2.06 mMfat
the third oxidative half cycle of the high Si setup.

setup, the total extractable Fe
concentrations remained constant, while

it increased slightly from approximately 2.2 mM to 3.5 mM in the low Si setup and indrease
considerably from 0.5 to 3.5 mM (thus essentially mimicking Fe(ll) concentrations) in the no Si
setup (Figure 2B, E, H). These results suggest that independent of the crystallinity of the minerals
formed by microbial Fe(ll) oxidation, they remained asdas for microbial Fe(lll) reduction. In

all cases the recycled Fe(ll) was mostly present as dissolved Fefil) ¥B8%), thus both, the
formation of Fe(lljcontaining minerals and adsorption of Fe(ll) to the remaining Fe(lll)
(oxyhydr)oxides was limi@ (Fig. 2A, D, G). Microbial Fe(lll) reduction was linked to
incomplete lactate oxidation and acetate and formate formation (Fig. 2C, F, ). The ratio of Fe(lll)
reduced to lactate oxidized was below the expected 4:1 ratio (equation 1), ranging from 3.02 +
0.65 (low Si) to 3.56 + 0.14 (high Si).

4 Fe(OH) + CsHsO3 + 7 H' A 4 F€* + CH3O, + HCOs + 10 HO (1)

For the Sicontaining setups dissolution of Fe(lll) minerals during microbial Fe(lll)
reduction resulted in the remobilization of 24.6 £ 5.9% (®ijvand 35.1 = 3.3% (high Si) of the
Si immobilized during the previous oxidative half cycle, resulting in aqueous Si concentrations of
0.40 £ 0.01 mM and 0.87 0.01 mM, respectively.
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After incubation under dark conditions during the first reductive ¢wadfe, there was no
lag time when shifting to the second oxidative half cycle (day3&tr no Si setup, days 20
for low Si and days 286 for high Si). Fe(ll) oxidation was faster than during the first oxidative
hal f cycl e: | n tdflipwas axidizedid 4 dayg (o K, highSH 665 days (low
Si), respectively (Fig. 2A, D, G). This is reflected in slightly higher maximum Fe(ll) oxidation
rates for the no Si and high Si setups of 0.84 + 0.04 mnd 0.63 + 0.01 mMY respectively
(Fig. 3). In contrast, the maximum Fe(ll) oxidation rate of the low Si setup decreased to
0.46+0.02mM d?. Total 1 M HClextractable Fe concentrations followed the same trends as
during the first oxidative half cycle (Fig. 2B, E, H). Similar to fhist oxidative half cycle, the
dissolved Si concentration decreased from @801 mM to 0.26: 0.01mM (33.8 + 4.0%
removal) and from 0.820.01mM 0.50 = 0.00 mM (42.3 + 0.5% removal) during Fe(ll)
oxidation, for the low Si and high Si setup, respety. Additionally, in all biotic triplicates
formate formed during as well as the lactate remaining after the previous reductive half cycle
were metabolized completely during the oxidative half cycle, while approximately 0.1 mM
acetate remained in soloti (Fig. 2C, F, I).

Upon completion of the second oxidative half cycle, all biotic triplicates were amended
with lactate again and all bottles transferred to dark conditions, thus initiating the second
reductive half cycle (day 384 no Si setup, day 386 low Si setup, day 381 high Si setup).

The maximum Fe(lll) reduction rates increased compared to the first reductive half cycle with
0.50 + 0.01 mM d, 0.54 + 0.03 mMi? and 0.68 + 0.03 mM-tifor the no Si, low Si and high Si
setups, respectively (Fig). Again, the Fe(ll) formed during microbial Fe(lll) reduction was
mainly present as Fe(>90%). Furthermore, total extractable Fe concentrations followed the
same trends already observed for the first reductive half cycle (Fig. 2B, E, H). The oxmfatio
lactate was incomplete (as also observed during the first cycle) and resulted in the formation of
acetate and formate (Fig. 2C, F, 1). Compared to the first reductive half cycle the ratio of Fe(lll)
reduced to lactate oxidized decreased to betweeh+20711 (no Si) and 3.20 + 0.25 (high Si).
The microbial reduction of Fe(lll) minerals also resulted in an extensive release of Si into
solution (0.61 = 0.01 mM dissolved Si, 264.1 £ 43.3% increase, low Si and 0.98 ml@.03
dissolved Si, 130.8 10.8% ircrease, high Si; Fig. 2D, G).

During the third and last oxidative half cycle (days4®for the no Si, days 34 for the

lowSianddays4% 9 f or the high Si setup) Fe(ll) oxid
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Fe(ll) oxidation within two daysand slower for the no Si and low Si setups with 5 and 6 days
respectively being required for complete Fe(ll) oxidation (Fig. 2A, D, G). This is reflected in the
maximum Fe(ll) oxidation rates, which were 120.04mM d*, 0.65+ 0.02mM d*! and 0.67 +

0.05 mM d! for the high Si, no Si and low Si setups respectively, the last two thus being
comparable to the second oxidative half cycle (Fig. 3). Total Fe as well as fatty acid
concentrations followed the same trends as during the previous oxidatiegdie$f (Fig. 2B + C,

E + F, H + I). Additionally, dissolved Si concentrations decreased to 0.27 + 0.01 mM (56.5 + 0.9%
removal) in the low Si and to 0.43 + 0.08M (56.4 + 2.4% removal) in the high Si setup (Fig.

2D, F).

The final reductive half cycle (day5459 for the no Si, days 449 for the low Si and
days4951 f or the high Si setup) was generally tF
of the previously oxidized Fe(ll) by the no and low Si setups and only 2 days required by the high
Si seup (Fig. 2A, D, G). This is mirrored by higher maximum Fe(lll) reduction rates of 0.63 +
0.06mM d?, 0.65 + 0.03 mM d and 1.63 + 0.00 mM Hfor the no, low and high Si setup,
respectively (Fig. 3). Comparable to the previous two reductive half cyadse(1l) formed was
mainly present as Be (>80%) and total extractable Fe concentrations followed the trends
observed for the first two cycles (Fig. 2B, E, H). Fe(lll) reduction was linked to incomplete
lactate oxidation (Fig. 2C, F, 1), where the ratibFe(lll) reduced to lactate oxidized further
decreased to on average below 3 for all Si concentrations. Upon Fe(lll) mineral dissolution the
dissolved Si concentration increased back to final values of 0.62 £ 0.02 mM in the low Si setup
and 0.67 = 0.06nM in the high Si setup (Fig. 2D, G).

In summary, our wet geochemical data suggest thatitivation of photoferrotrophs and
Fe(lll)-reducing bacteria facilitates microbial Fe cycling independent of the Si concentration.
Overall, the high Si setup showdtk fastest Fe cycling (38 days), followed by the low Si setup
(40 days) and the no Si setup (50 days), when considering only the time in which Fe was actively
metaboli zed, thus the time wuntil 095% Fe (Il 1)
threesetups showed faster Fe(ll) oxidation and Fe(lll) reduction with an increasing number of
microbial Fe redox cycles. This is reflected by an overall significant (positive) effect of an
increasing number of Fe cycles on the maximum Fe(lll) reduction ratesh increased over

time (see supplementary text S4).
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However, the effect of the number of Fe cycles on the maximum Fe(ll) oxidation rates
was different depending on the presence of Si, and rates either decreased over time (no Si), were
not affected (lowSi) or increased (high Si; see supplementary text S4). Si did not significantly
influence the maximum Fe(ll) oxidation rates during the first oxidative half cycle and even had
an adverse effect during first reductive half cycle if present at high cortemdrasee
supplementary text S4). However, by the second reductive half cycle this effect was inverted and
high Si concentrations resulted in significantly higher maximum oxidation and reduction rates
throughout the remaining experiment compared to th®irmmd low Si setups. In contrast, low Si
concentrations had no pronounced effect on the maximum rates over the duration of the

experiment (see supplementary text S4).

Furthermore, differing Si concentrations seemed to influence the crystallinity oéthig F
minerals formed during the oxidative half cycles, where the crystallinity was highest in the no Si
setup and lowest in the high Si setup (Fig. 4). However, during all reductive half cycles no
crystalline Fe(Iljcontaining minerals (like magnetiteeemed to have been formed since
generally >80% of the Fe(ll) was present ag*Fén spite of the high degree of mineral
dissolution during microbial Fe(lll) reduction, dissolved Si concentrations seemed to be strongly
affected by the Fe mineral (trans)fmations, resulting in a significant decrease in dissolved Si in
both the low Si setup (paireddst, t = 10.961, df = 2, P = 0.008) and high Si setup (paiest,t
t=19.282, df =2, P = 0.003): 14.0 £ 2.2% and 52.2 + 4.4% of the initially presenivd$Si,

0.72 £ 0.00 mM and 1.460.02 mM, respectively, were removed from solution over the course

of microbial Fe cycling (Fig. 4).
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Fig. 4. Overview of the experimental results. Orange shaded areas mark oxidizing conditions, grey shaded areas
reducing conditions. The number of individual symbols as well as their association with each other reflect the actual
results. The extent of change imetwidth of the bars in the bottom row should be considered proportional to the
changes of the parameters during the experiments.

3.2. Characterization of the celtmineral aggregates (trans)formed during microbial Fe

cycling

In order to determine the extentdatype of cellmineral associations during microbial Fe
cycling as well as the size and morphology of -oglerataggregates formed, we performed
fluorescence as well as scanning electron microscopy on samples obtained at the end of each

individual half g/cle.
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3.2.1. Cell-mineral associations fluorescence and light microscopy

Generally, during oxidative half cycles, orange colored minerals were formed and
fluorescence microscopy showed that there was a close association between cells and minerals
(Fig. 5A-C, G, Fig. S2). At the end of the third oxidative half cycle the color of the minerals
formed in the Siree setup had changed from a bright orange (suggestive of aahgetordered
(SRO) Fe(lll) mineral phase) to a dark yellow or ochre (suggestive ohigmeFig. 5G,
Schwertmann and Cornell, 2008h contrast, the minerals formed during reductive half cycle
were dark brown or black and less cells were associated with the Fe minerals and more free cells
were present (Fig. 5B, JL). Although the darkorown to black color of the minerals formed
was indicative of the presence of mixealent Fe minerals such as magnetite, they were not
magnetic, thus arguing against the presence of magnetite in our experiments {FjgH5Fig.

S2). Furthermore, badeon the fluorescence microscopy conducted the overall cell densities
appear to have increased over three consecutive microbial Fe cycles, resulting in both a higher
number of minerahssociated and free cells during the last microbial Fe cycle (Figg.H&L).

In addition to the number of Fe cycles, Si also seemed to influence the extent to which
cells were associated with the Fe minerals. Overall, the low Si setup showed highest extent of
cell-mineral associations throughout the experiment and thestomumber of free cells (Fig. 4,

Fig. 5B, E, H, K, Fig. S2). In comparison, the extent of-ngtieral association in the -Bee

setup seemed to be less visible despite the fact that there appeared to be a higher number of free
cells during the last miobial Fe cycle (oxidative and reductive half cycle) (Fig. 5G and J).
Finally, the high Si setup showed the lowest extent ofmeikeral associations over all three
microbial Fe cycles (Fig. 5C, F, |, L, Fig. S2) and an initially intermediate numbereotétes.

The number of free cells, however, strongly increased over three consecutive microbial Fe cycles
and was higher during reductive rather than during oxidative half cycles (e.g. Fig. 51 and L).
Interestingly, the high Si setup seemed to form biofike structures after the second oxidative

half cycle, which were initially attached to the mineral precipitates formed but were easily
suspended upon shaking. These biofilms were either marked by a dense network of minerals (Fig.

S2C) or close associatibaccumulation of cells under the microscope (Fig. 5I).
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No silica Low silica High silica Fe(ll)

1% Fe(ll) oxidation

1%t Fe(Ill) reduction

3" Fe(ll) oxidation

3" Fe(lll) reduction

Fig. 5. Overlay of fluorescence and light microscopy images showing cells (green) and mineral particles (dark) over
the course of three microbial Fe cycl@he different panels show oxidative halfcles (odd row numbers) and
reducing half cycles (even numbers) forfi®ie (first column), low Si (second column) and high Si (last column)
setups. Orange colors mark oxidizing conditions, grey colors reducing conditions. The magnet in panels,IX E, F, J
and L was placed next to the bottles in order to test for the presence of magnetic minerals like malfjsette.

bars are 10 um.
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3.2.2. Morphology and size of cellmineral aggregatesi scanning electron microscopy
(SEM)

3.2.2.1. Morphology of celmineral aggregategtrans)formed during repeated microbial

Fe cycling

SEM analysis confirmed the trends observed by fluorescence microscopy: There was
generally a close association between cells and minerals during oxidative half aydles
comparatively few cells associated with the minerals during reductive half cycles (Fig. 6, Fig. S3).
All cells found were free of encrustation. However, there appeared to be slight differences in cell
morphology, with photoferrotrophs being smaller (h) and bearshaped (e.g. Fig. 6K&)
whereas Fe(llireducers were longer (25 um) and roeshaped (e.g. inset Fig. 6D, number 1,
inset Fig. S3D, number 1). Furthermore, the number of cells associated with minerals seemed to
be lowest in the high Si sgtuFig. 4, Fig. 6C, F, I, L, Fig. S3) and highest in the low Si setup
(Fig. 6B, E, H, K, Fig. S3) and similar to the fluorescence microscopy cell numbers seemed to

increase through time (Fig. 6, third Fe cycle, Fig. S3).

A Fig. 6. SEM micrographs of celinineral aggregates formed during alternating oxidative and reductive half cycles.
The different panels show oxidative half cycles (odd row numbers) and reducing half cycles (even numbers) for Si
free (first column), low Si (secondolumn) and high Si (last column) setups. Orange colors mark oxidizing
conditions, grey colors reducing conditions. Arrows labelled with number 1 indicate cells, arrows labelled with 2
higher crystalline parts of the cethineral aggregates, arrows labdllevith number 3 remains of putative
exopolysaccharides and arrows labelled with number 4 hollow mineral spheres. Unless stated otherwise all scale bars
are 1 um.
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