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Pre-photosynthetic niches were meagre with a productivity of much less than 10~ * of modern
photosynthesis. Serpentinization, arc volcanism and ridge-axis volcanism reliably provided H,.
Methanogens and acetogens reacted CO, with H, to obtain energy and make organic matter. These
skills pre-adapted a bacterium for anoxygenic photosynthesis, probably starting with H, in lieu of an
oxygen ‘acceptor’. Use of ferrous iron and sulphide followed as abundant oxygen acceptors, allowing
productivity to approach modern levels. The ‘photobacterium’ proliferated rooting much of the
bacterial tree. Land photosynthetic microbes faced a dearth of oxygen acceptors and nutrients.
A consortium of photosynthetic and soil bacteria aided weathering and access to ferrous iron.
Biologically enhanced weathering led to the formation of shales and, ultimately, to granitic rocks.
Already oxidized iron-poor sedimentary rocks and low-iron granites provided scant oxygen
acceptors, as did freshwater in their drainages. Cyanobacteria evolved dioxygen production that
relieved them of these vicissitudes. They did not immediately dominate the planet. Eventually,
anoxygenic and oxygenic photosynthesis oxidized much of the Earth’s crust and supplied sulphate
to the ocean. Anoxygenic photosynthesis remained important until there was enough O, in
downwelling seawater to quantitatively oxidize massive sulphides at mid-ocean ridge axes.
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continental tectonics

1. INTRODUCTION
Oxygenic photosynthesis maintains our atmosphere
far from equilibrium with crustal and mantle rocks
(Lovelock 1979). Almost all life on the modern Earth
depends ultimately on photosynthetic primary produ-
cers (e.g. Holser ez al. 1988). Yet, these situations did
not always prevail (figure 1). Studies of mass-indepen-
dent fractionation of sulphur isotopes in ancient
sediments demonstrate that dioxygen was present, in
at most trace amounts, before ca 2.45 Ga (e.g. Farquhar
et al. 2007; Kaufman er al. 2007). As one goes further
back in time the tree of life roots in non-photosynthetic
microbes (e.g. Woese ez al. 1990; Pace 1991, 1997;
Reysenbach & Shock 2002; Nealson & Rye 2004;
Olson & Blankenship 2004). The early geological record
of life is meagre as geologists have found no supracrustal
rocks older than ca 3.8 Ga (e.g. Rosing & Frei 2004).
Still we have life witnesses. Molecular biochemists
have interrogated the descendents of the survivors.
Studies of the molecular genetics have defined candidate
trees of life (figure 2). With regard to photosynthesis, two
recent hypotheses are relevant. (i) Bacterial photosys-
tems I and II are related, implying that bacterial
photosynthesis originated just once (e.g. Sadekar er al.
2006; Barber 2008). Cyanobacteria evolved later by the
fusion of two microbes: one with photosystem I and the
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other with photosystem II (Xiong ez al. 2000; Baymann
et al. 2001; Allen & Martin 2007). (ii) More controver-
sially, cyanobacteria are related to actinobacteria that
inhabit soil, implying that cyanobacteria, and hence
oxygenic photosynthesis, originally evolved on land
(Battistuzzi et al. 2004; Bern & Goldberg 2005).

We do not attempt to appraise molecular biology
beyond noting that these inferences are near the current
limits of resolution. In particular, we tentatively accept
the nodes in the bacterial tree of Battistuzzi et al. (2004)
at face value for purposes of discussion. However, we
do not use the molecular-clock dates of Battistuzzi ez al.
(2004). (See Graur & Martin (2004) for a critic of
such methods.) Rather, we use the geological record with
Battistuzzi er al.’s (2004) sequence of nodes to constrain
the absolute times of evolutionary events.

That is, we address questions that can be productively
evaluated by the Earth scientists: for example, what do
these evolutionary paths of metabolic processes tell us
about environmental conditions and ecology on early
Earth? Conversely, do the implied events in these evolu-
tionary trees (figure 2) make geological, and hence
ecological, sense? What geological events and processes
on our planet modulated this biological evolution, and
ultimately to what extent did biological evolution
modulate the geochemical evolution of the Earth’s crust
and fluid envelopes, as well as its interior? Canfield (2005),
Canfield er al. (2006) and Rollinson (2007) provided
excellent reviews on geological aspects of dioxygen and
photosynthesis. Buick (2008), Kirschvink & Kopp (2008)
and Nisbet & Nisbet (2008) discussed the geological
record and the timing of evolutionary events.
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Figure 1. Time scale in billion years before present (Ga) for
events relevant to the evolution of photosynthesis. Dark lines
on the column indicate well-constrained dates. The other
events are in order, but their absolute ages are less well
constrained. The oldest rocks (marked as ‘start of the rock
record’) include black shales, which is evidence for photo-
synthetic life and weathering of rocks on land. The downward
arrow indicates that the black shales existed on the Earth
before they were preserved in the currently available rock
record. We thus place events inferred to occur before these
biological innovations at more ancient times.

Here we consider these questions geochronologically
as a sequence of interlinked geological and biological
events in the Earth’s evolution (figure 1). We begin the
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Figure 2. Tree of life for bacteria from the last bacteria
common ancestor (LBCA) simplified from Battistuzzi ez al.
(2004). The last photobacterial common ancestor (LPBCA)
developed efficient photosynthesis and evolved into the
common clades of bacteria. The last Terrabacterial common
ancestor (LTBCA) was a successful colonist on land.

discussion at a point in geological time where cellular
organisms have evolved and colonized our planet. The
origin of life, survival of life after asteroid impacts
and interplanetary transfer of life are not explicitly
considered.

For clarity, we note that geological and molecular
biological terminologies have evolved separately. In the
present paper we focus on general issues and define
other terms as they arise.

Strict biological definitions in terms of modern
chemical pathways are somewhat inapplicable to the
early Earth before (ca 3 Ga) as no suitably preserved
rock record exists. They are likely to be inappropriate to
other planets. We thus take a functional approach using
the net chemical effects of biological innovations. For
example, we include ‘light gathering’ within ‘photo-
synthesis’ (see Rothschild 2008). There is no standard
term and no convenient candidate for the chemical
species that is oxidized during anoxygenic photo-
synthesis. Geologists pre-empt ‘sink’ to indicate a
region of geological scale that sequesters material for
geological times. We realize that molecular biologists
use ‘acceptor’ in a different manner (see below).

We distinguish oxygen that is bound in compounds
with elements that have only one oxidation state in
geological environments (i.e. Na,O, MgO, Al,O3, SiO,,
K,O, Ca0O) from the oxygen that is available for
biological redox reactions. Large geological reservoirs
of available oxygen include atmospheric and dissolved
aqueous dioxygen, O, and the oxygen bonded to iron
and sulphur in their various oxidation states.

Finally, we nowhere imply a purpose-driven ‘teleo-
logical’ approach to evolution. Below we identify
selective environmental pressures that might drive
natural selection, and functional pre-adaptations for
photosynthesis where they are evident. For example,
Tabita er al. (2008) discussed non-photosynthetic
biochemistry that evolved along one line of descent to
RubisCO. However, we do not attempt to find actual
molecular sequences of ancient biological innovations.
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2. PRE-PHOTOSYNTHETIC ECOLOGY
Canfield ez al. (2006) and Sleep & Bird (2007) evaluated
the nature of pre-photosynthetic niches on the early
Earth. Tectonics and volcanism maintained reliable
sources of available chemical (Gibbs) energy to sustain
chemoautotrophic ecosystems. A key point for evolution
is that the global primary productivity was small. Sleep &
Bird (2007), as discussed below, estimated primary
productivity of 0.06 Tmolyr ' of carbon (1 Tmol=
10'? mol). This rate is small compared with the
current photosynthetic productivity of approximately
10* Tmol yr ' (e.g. Holser ez al. 1988). In addition, it is
small relative to the overall turnover rate of surface
carbon on the modern Earth, i.e. the current organic
carbon burial rate of 10 Tmolyr ! and the current
inorganic carbon burial rate of 40 Tmol yr ! (e.g. Holser
et al. 1988). For visualization, we note that each carbon
atom goes through photosynthesis and decay approxi-
mately 200 times (10* Tmolyr~ /(10 Tmol yr '+
40 Tmol yr~!)) before it is buried on the modern
Earth (e.g. Sleep & Bird 2007). In the pre-photosyn-
thetic biosphere, only 1 carbon atom in approximately
700 became organic matter during its sojourn in
surface environments. This vast productivity difference
between photosynthetic and pre-photosynthetic eco-
systems implies that even the earliest photosynthetic
systems were far more productive (probably by factors
of thousands) than the ecosystems they supplanted.
We use productivity as a quantifiable (rate) proxy for
the gross (standing crop) qualities of biomass,
abundance, geographical distribution and taxonomic
diversity, which influence at a given time whether a
clade of organisms leaves descendants. In particular,
the metabolic evolution of serviceable photosynthesis
probably led to a population explosion of the innovative
organism(s) followed by their adaptive radiation. With
these concepts in mind, we begin by evaluating pre-
photosynthetic niches to illustrate environmental
conditions that pre-adapted life for photosynthesis.

(a) Available non-photosynthetic niches
Metabolic processes of the pre-photosynthetic biosphere
most likely involved energy derived by redox disequilibrium
involving Fe, S, C, H, and O, (Walker 1977a,b). On a
thermodynamic basis, successful niches were formed in
regions where tectonic and fluid movement brought
together combinations of these elements with incompatible
oxidation states (Shock ez al. 1995; Nisbet & Sleep 2001;
Nisbet & Fowler 2004; Kharecha et al. 2005; Canfield ez al.
2006; Sleep & Bird 2007). Hydrogen generated by
oxidation of Fe(II) minerals provides an important
chemical niche (McCollom & Shock 1997; McCollom
1999; Hoehler 2005; McCollom & Amend 2005). The
common example is hydrothermal circulation through
basalt (Wetzel & Shock 2000; Canfield 2005; Sleep &
Bird 2007) and serpentinite (Berndt ez al. 1996;
McCollum & Seewald 2001; Charlou ez al. 2000;
Seyfried er al. 2004; Sleep et al. 2004; Kelley er al.
2005), which release hydrogen to aqueous solutions
by water-rock reactions expressed in general form as

3FeO(in rock) + H,O(liquid)
= H, (in solution) + Fe;O4(magnetite). 2.1
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Microbes use H, in two generalized ways. Methano-
gens reduce CO, by H, in a dissimilative reaction

CO, + 4H, = CH, + 2H,0. 2.2)

Methanogenic reduction of CO, by H, provides energy
for reactions such as the synthesis of ATP from ADP
and inorganic phosphate. Acetogens reduce CO, in an
assimilative reaction

2CO, + 4H, = 2CH,0 + 2H,0, 2.3)

which provides complex organic matter (idealized
formula CH,O) for the cell, as well as energy if the
reactants CO, and H, are abundant (e.g. Hoehler ez al.
1998). By analogy with modern microbes, most of the
available hydrogen was probably used for producing
energy in reaction (2.2), rather than organic matter in
reaction (2.3) (Canfield ez al. 2006; Sleep & Bird 2007).

Arc volcanoes (which form about zones of crustal
subduction; Fujiyama and Mount St Helens provide
modern examples) were a source for SO, and hydrogen
gases that were probably used by pre-photosynthetic
organisms (e.g. Canfield er al. 2006; Sleep & Bird
2007). Microbes obtain energy by reactions that have
the net effect of disproportionating sulphite

4S052%=S72 + 380, 2 (2.4)

The reaction may have occurred in two steps with
photolysis disproportionating SO, into native sulphur
and sulphate and then microbes disproportionating the
native sulphur (Philippot er al. 2007). Microbes also
react sulphite and sulphate with organic matter and
hydrogen to obtain energy.

Photolysis from UV light decomposes atmospheric
methane into carbon monoxide

Photolysis also produces complex organic haze (Pavlov
et al. 2001)

CH, + hv= C (carbon in organic haze) + 2H,. (2.6)

The biological consequence of an atmosphere that
retains hydrogen is that the rate of photolysis of methane
controls productivity (see Tian ez al. 2005; Canfield ez al.
2006). However, photolytically produced hydrogen gas
probably escaped to space (Kharecha et al. 2005;
Catling 2006), and hence did not provide substrate for
methanogens and acetogens. Concentrating on that
possibility, carbon monoxide (reaction 2.5) and organic
haze (reaction 2.6) return to the surface where they
provide a substrate for organisms that eventually
produce methane and carbon dioxide (the reverse of
reactions 2.5 and 2.6). Some modern microbes use CO
as an energy source (Rother & Metcalf 2004; Sokolova
et al. 2004) and as an assimilatory source of carbon in
organic matter (Rother & Metcalf 2004; Ferry & House
2006). The amount of hydrogen available from
geological processes limits the productivity of niches
that use it directly, as well as niches that use the products
of photolysis.

(b) Pre-adaptations for photosynthesis
An essential pre-adaptation for photosynthesis is the
ability to tolerate sunlight in surface environments.
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Photolytic products, together with hydrogen and SO,
from arc volcanoes, provided potential metabolic
energy sources in surface environments. These included
shallow marine water, lakes, land and even clouds.
Being able to tolerate slightly more sunlight than one’s
competition was ultimately a selective advantage when
competing for atmospheric photochemical products.
The acetogenesis reaction (2.3) is the basis for a
modern form of anoxygenic photosynthesis (Ehrenreich &
Widdel 1994; Zaar et al. 2003). This metabolic
process is a form of photocatalysis, as the reaction
yields energy (except in extremely hydrogen-poor
environments). The energetics of reaction (2.3) are
advantageous for the evolution of efficient photo-
synthesis, with every intermediate modification
beneficial to the organism. That is, an organism with
an inept ability to obtain a slight metabolic benefit by
using available sunlight may gradually evolve by greatly
speeding up the rate at which it uses hydrogen through
photosynthetic energy fixation. This innovation
increased the fraction of the available H, that produced
organic matter (reaction 2.3) versus methane (reaction
2.2), and hence total productivity (Jim Kasting 2007,
personal communication). However, hydrogen-based
photosynthesis does not provide for an ecosystem with
large productivity unless the atmosphere retains
sufficient quantities of H,. The products of hydrogen-
based photosynthesis have a lower energy than the
reactants, unless the hydrogen concentration is very
low (see Lee & Zinder 1988; Kotsyurbenko ez al. 2001).
There is thus no heterotrophic niche with a back
reaction that recycles the initial substrates. The
productivity of the ecosystem depends on the rate
that geological processes irreversibly produce H,
(Sleep ez al. 2004). We note that Tice & Lowe (2004,
2006) have suggested, based on mineralogical and
trace element distributions, that thin carbonaceous
laminations preserved in shallow-water facies of the ca
3.4 Ga Buck Reef Chert represent bacterial mats that
used aqueous H, as a reductant for photosynthesis.

3. EFFICIENT ANOXYGENIC PHOTOSYNTHESIS
We begin this section with the idealized chemistry of a
bacterium that uses ferrous iron and/or sulphide as
oxygen acceptors. We continue with the consequences
of life becoming abundant after those evolutionary
innovations. Obtaining energy from reactions involving
sulphur and iron is an obvious pre-adaptation along with
hydrogen-based photosynthesis. In this regard, Jiao ez al.
(2005) discussed a ferrous-iron-using photosynthetic
microbe that can also use H, for photosynthesis as well
as to increase its rate of Fe-based photosynthesis.
Idealized reactions for anoxygenic photosynthesis are

2C0O, + S + 2H,0 + hv=2CH,0 + SO, %> (3.1)
(e.g. Grassineau ez al. 2001) and
CO, + 4FeO + H,0 + hv= CH,O0 + 2Fe,0; (3.2)

(e.g. Ehrenreich & Widdel 1994; Kappler & Newman
2004). The reverse of reaction (3.1) with sulphate
(Canfield & Raiswell 1999; Nisbet & Fowler 1996;
Xiong er al. 2000) and reaction (3.2) with ferric iron
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(Schroder et al. 2003; Luu & Ramsey 2003) yields
usable energy and forms the metabolic basis for
modern heterotrophic biota.

The metabolic innovation of sulphur- or iron-based
photosynthesis freed a bacterium of its dependence on
redox disequilibrium in geological processes as a source
of available energy. Battistuzzi ez al. (2004) proposed that
this organism (their node I, last photobacterial common
ancestor (LPBCA) in our figure 2) is the ancestor of
common bacterial clades. Battistuzzi ez al. (2004) did not
formally name this clade; here we use ‘photobacteria’ as
an obvious informal term (figure 2). This inference is
compatible with the finding that photosystems I and II
are related with a common ancestor that evolved the trait
just once (e.g. Sadekar ez al. 2006; Barber 2008).

The photobacterial root to common bacteria makes
ecological sense. Even a slow rate of iron- or sulphur-
based photosynthesis would add to an organism’s
productivity. Note that ferrous iron and sulphide form
complex ions, so both components can be present in
seawater at the same time (Saito er al. 2003). Once it
had evolved to the point that it had no obligate need
for H,, the organism found abundant ferrous iron and
sulphide in seawater as substrates. Its descendents
soon became the dominant organism(s) on the Earth.
As already noted, a productivity of even a few
percentage of that of the modern Earth is thousands
of times the pre-photosynthetic productivity. Adaptive
radiation began on a scale of years to centuries as
atmospheric and oceanic currents redistributed the
organism. It is biochemically unlikely that another
microbe species would have independently evolved
non-hydrogen-based photosynthesis during this geolo-
gically brief time.

In general, the existence of heterotrophs increases the
productivity of an ecosystem. Today, each carbon atom
exposed by geological processes is cycled through
photosynthesis and decay approximately 200 times before
it is buried as carbonate or organic carbon (e.g. Sleep &
Bird 2007). That is, modern productivity is approxi-
mately 200 times higher than it would be if each exhumed
organic carbon atom went through photosynthesis and
decay just once. The extreme case that organic matter is
always buried and never consumed as an energy source
for heterotrophs would result over a period of 10° years
(cycle time of sedimentary carbon from Holser ez al
1988) in all the crustal carbon being sequestered in
sedimentary rocks in its reduced oxidation state.

In the case of anoxygenic photosynthesis, hetero-
trophs recycle both the biomass and the oxygen
provided by ferric iron oxides/hydroxides and sul-
phates. The first photobacterium may very well have
been able to use dead organic matter as an energy
source. Sulphur-based organisms have this ability
(Canfield & Raiswell 1999; Nisbet & Fowler 1996;
Xiong er al. 2000), but apparently iron-based photo-
synthetic organisms do not (Dianne Newman 2007,
personal communication). This facultative skill is
advantageous to organisms that encountered pro-
longed periods of darkness within their geographical
niches. If so, the photosynthetic organism probably
evolved into its own diverse consortium of symbionts
and heterotrophs as implied by the photobacterial
root hypothesis.
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Before continuing with bacteria evolution, we
discuss two analogous situations where the evolution-
ary innovation of photosynthesis benefited an organism
and started a population explosion. Woese (1977)
discussed the first event to which we do not attempt to
assign an absolute age. He proposed that mitochondria
are the descendants of an organelle that once acted as
an anoxygenic photosynthetic ‘chloroplast’. The eukar-
yote’s last common ancestor captured a purple sulphur
bacterium. The combined organism was larger and
occupied a different niche than smaller photosynthetic
microbes. It prospered, adaptively radiated and roots
extant eukaryotes. The second occurred ca 10 000
years ago (Colledge er al. 2004). Alert members of our
species observed that plants grow from seeds. The
resultant agriculturists freed humans from depending
on the vagaries of what they could hunt and gather. It
has led to a massive increase in human population, and
the Early Anthropogenic Hypothesis of Ruddiman
(2003), which posits that agricultural activity since ca
6000 BC produced quantities of greenhouse gases
sufficient to counteract declining insolation and
prevent global glacial expansion. This event, however,
occurred too recently for much human adaptive genetic
radiation to have taken place.

4. COLONIZATION OF LAND AND THE

ORIGIN OF SOIL

Waves, tides, sea spray and storms transported
countless photosynthetic microbes from their marine
ecosystem onto land. The proposed grouping of
actinobacteria (soil bacteria), radiation-tolerant
Deinococcus and cyanobacteria into the clade Terra-
bacteria bears on the nature of the successful colonist
(Battistuzzi et al. 2004; Bern & Goldberg 2005). The
first Terrabacterium on land faced vicissitudes. It could
not avoid UV light and desiccation in exposed environ-
ments, driving selection for efficient DNA repair. It also
needed to obtain nutrients that were ubiquitous in
seawater and to rid itself of oxygen as in reactions (3.1)
and (3.2) to perform anoxygenic photosynthesis. With
regard to oxygen acceptors, we note that sulphur (as
sulphide) and ferrous iron are soluble in water, they are
readily available to react with oxygen, and as solutes or
as components of colloidal matter tend to get flushed
from open drainages or swept downwards by ground
water, eventually reaching the ocean.

Mass balance bears on auspicious chemical paths for
land-based anoxygenic photosynthetic microbes. Fer-
rous iron is the most abundant potential oxygen
acceptor in common rocks. Mafic and ultramafic
rocks are about 10% FeO by mass. There is
approximately 7% FeO in andesite from arc volcanoes.
By contrast, sulphide is typically present in minor
amounts, approximately 0.1% S in basalt (e.g.
Krauskopf & Bird 1995). Sulphur oases did exist in
the oceanic and continental environments as the
element concentrates into massive sulphide deposits
at mid-ocean ridges, and when obducted and eroded
on land (e.g. Peterson 1988; Gustin 1990; Slack ez al.
2007). It could build up into a sulphuretum within
water bodies in closed drainages including the ocean.
The potential oxygen acceptor, MnQO, is present in
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minor amounts (0.18% in basalt, e.g. Krauskopf & Bird
1995). Other potential acceptors are present only in
trace amounts in common rock types.

An iron-based photosynthetic ecosystem (i.e.
reaction 3.2) faces the limitation that Fe(III) is largely
insoluble in water, and hence immobile (e.g. Walker
1977a,b). Soils and lake bottoms are efficient traps for
the products of iron-based photosynthesis. Dead
photosynthetic individuals get washed downwards or
buried, sequestering organic carbon (figure 3). Forma-
tion of low-solubility oxides/hydroxide of Fe(III) and
Mn(IV/III) will sequester available oxygen, as well as
biologically important metals and phosphorus, by
surface sorption processes (Crowe er al. 2007a,b).
Extant organisms have evolved complex mechanisms to
turn the buried mixture of oxidants, nutrients and
organic matter in soils from inconvenience to bounty
(Crowe et al. 2007a,b). They react immobile Fe- and
Mn-oxides and hydroxides with organic matter and
hydrogen, mobilizing nutrient elements in the process.
Organisms can even use well-crystallized materials,
such as specular haematite (Gonzalez-Gil er al. 2005).
Some organisms have biological electrically conducting
‘wires’ that connect the same or different species
(Gorby et al. 2006). The soil then acts as a battery
where the biological wires transmit a current from
which the organisms extract energy. The process
increases the macroscopic electrical conductivity of
the soil (Davis er al. 2006). Overall, these processes
accomplish long-range (centimetre scale) chemical and
energy transport in soils and lakebeds. That is, their
function is analogous to that of roots.

Overall, we avoid the tendency to regard land on
the ancient Earth as barren or even sterile. We observe
barren slopes today only in harsh environments such
as deserts where land plants do poorly and land
recently denuded by acid from industrial smelters or
agricultural clearing. These localities are not good
analogues for well-watered low-relief ancient land
environments.

5. SHALE, GRANITE AND CYANOBACTERIA
Soil microbes use energy ultimately from photo-
synthesis to weather exposed rock and form soil. By
contrast, pre-photosynthetic microbes subsisted on a
much smaller amount of available energy from the
rock. Land ecosystems of photosynthetic and soil
bacteria thus had productivities far beyond those of
pre-photosynthetic land ecosystems. Biology began to
modulate geological processes by harvesting solar
energy and channelling it into the geochemical cycle.
Subsequently, biological forcing of weathering and
diagenetic rock alteration affected the geological
evolution of the Earth’s crust (Rosing ez al. 2006).
Anoxygenic photosynthetic ecosystems benefit from
efficient weathering. The primary producers acquire
ferrous iron as an oxygen acceptor. Minerals and
volcanic glass chemically hold this compound. To
obtain it, microbes chemically decompose much of the
rock (figure 3). This process leaves soil with an
aluminium hydroxide-rich clay fraction, soluble hydrox-
ides of sodium, potassium, magnesium and calcium,
and silica. All these materials move downstream as
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| Fe(1l) mineral |
—d

Figure 3. Schematic of soil with ecosystem based on anoxygenic photosynthesis. Photosynthetic Terrabacteria (TB) produce
organic matter and Fe(III) oxide and/or oxyhydroxide minerals (marked as Fe,O3) from atmospheric CO, and Fe?* dissolved
in the soil water (reaction 3.2). Actinobacteria (AB) in the soil obtain energy by reacting organic matter (including dead
photosynthetic microbes) with Fe(III), the reverse of reaction (3.2), producing aqueous Fe? ' (arrows). The soil bacteria also
weather Fe(II)-bearing minerals, releasing Fe(II) into solution, which increases the productivity of the ecosystem.

solids and in solution. Their eventual deposition yields
the well-known partition of sedimentary rocks into
shale, sandstones and chemical precipitates. Sand forms
from quartz-bearing igneous and metamorphic rocks
and from recycled chert.

We note that the existence of anoxygenic photo-
synthesis provides an explanation for the observation of
pronounced chemical weathering in some Archaean
paleosols (Retallack 2001, pp. 241-242) and Archaean
sediments (Corcoran er al. 1998, 1999; Lowe & Tice
2007). Soil microbes in an anoxygenic ecosystem
benefit by rapidly weathering Fe(II)-bearing silicates
as the availability of this component in reaction (3.2)
limits productivity. That is, the soil microbes in essence
farm photosynthetic microbes by providing their
substrate ferrous iron.

Elevated weathering temperatures have been pro-
posed as an alternative explanation for enhanced
Archaean chemical weathering. Lowe & Tice (2007)
preferred 50-73°C for ocean temperatures, while
Corcoran er al. (1998, 1999) stated that the land
surface temperatures were as high as 80°C. For
reference, rocks on the modern Earth weather at
approximately 25°C except in extremely year-round
cold environments (Ekart er al. 1999). Elevated
concentrations of CO, in the atmosphere would both
directly speed chemical weathering and maintain an
effective greenhouse climate (Lowe & Tice 2007).

These hypotheses are potentially testable. The
hierarchical order through which different minerals
weather and the relative mobilization of different trace
elements should depend on whether an anoxygenic
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ecosystem, high temperatures or high CO, speeds
weathering. In particular, iron is merely one of many
nutrients in a modern (or putative ancient) ecosystem
based on oxygenic photosynthesis. Non-Fe(II)-bearing
minerals carry other nutrients, e.g. potassium in mica and
feldspar. There is thus no obvious modern advantage for
soil microbes to rapidly weather Fe(II)-bearing minerals
compared to other minerals. Further consideration of
these complex issues is beyond the scope of this paper.

(a) Weathering and tectonics

The presence of detrital and chemical sedimentary rocks
and their deformation in orogens is pervasive on the
Earth. Nineteenth-century geologists recognized vast
thicknesses of these deposits and their subsequent
deformation in ‘geosynclines’, as well as the genesis of
granites being an indirect result of weathering following
the melting of hydrous minerals in metamorphosed
sediments (e.g. Marvin 1973). The accumulation of
granitic rocks modulated tectonics by stabilizing con-
tinents, increasing land-based niches (Rosing et al
2006). Thick stratigraphic sequences of shale (and
granitic and metamorphic rocks derived from it) are
thus weak biosignatures. Black shales and metamorphic
rocks formed from them (including diamond-bearing
gneiss, Searle ez al. 2001, and some kimberite diamonds,
Nisbet ez al. 1994) are strong biosignatures for photo-
synthesis. In an environment without the accumulation
of carbon from photosynthesis, shales are unlikely to
accumulate organic carbon. Their minerals are
already weathered and near chemical equilibrium with
near surface environments. Hence, they provide no
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biochemical resource for chemotrophs. Conversely,
buried organic carbon became voluminous only after
photosynthesis.

The effects of weathering on tectonics provide
durable biosignatures for the early Earth and other
planets. Following Perry ez al. (2006a), organic matter
accumulates in black shales with high concentrations of
the heat-producing radioactive element uranium.
Thick uranium-rich deposits formed along passive
continental margins (modern analogues include deltas
of the Mississippi and Niger Rivers) became parts of
orogens (regions of continent—continent collisions that
become mountain belts; the Alps and the Himalayas
are modern examples). Continental collisions carried
the sedimentary rocks to crustal depths with locally
elevated temperatures. After the orogeny, the meta-
morphic products of this process remain as crustal scale
terrains of uranium-rich rocks within stable continents.
Geophysical measurements have provided information
on the regional scale of such terrains with elevated
crustal heat production. In general, higher than average
heat flow is associated with metasedimentary rocks in
orogenic terrains (Perry ez al. 2006a).

Ultimately, the biologically induced high concen-
trations of uranium in metamorphosed shales
modulated subsequent continental tectonics because
geotherms are steeper than average in these areas. The
elevated temperature from radioactive heat generation
at depth makes the lithosphere somewhat weaker than
average. That is, the physics is like that of a chain, the
weakest link; here the region with an elevated geotherm
fails. Perry er al. (2006b) discussed an example in the
Canadian Shield where thrusting occurred in such a
region of elevated geotherm, although not the one
associated with black shales.

(b) Biological response to low-Fe terrains
Weathering, however, led to hostile land and freshwater
environments for anoxygenic photosynthesis. In low-
relief areas with slow erosion, the aqueous Fe?" from
weathering eventually flowed downstream leaving the
soil depleted in iron. Exposed sedimentary rocks
including shales, many carbonates, sandstone, chert
and quartzite are strongly depleted in iron to begin
with. Granitic rocks are also a meagre source of iron in
crustal environments. That is, with the exception of
basalt, most regional lithological terrains were not
major sources of iron for metabolic processes.

The idealized reaction for oxygenic photosynthesis is

H,0 + CO, + hv= CH,O + O,. (5.1)

The ability to use this process had a selective advantage
to microbes inhabiting Fe-poor environments on land.
Production of even small quantities of O, increased the
total productivity of an Fe-based photosynthetic organ-
ism in ferrous-iron-poor environments, as did the ability
to use meagre MnO in the soil as an oxygen acceptor.
Hence, it is thus reasonable that cyanobacteria evolved
on land from Terrabacteria. The complicated molecular
evolutionary steps that led to oxygenic photosynthesis
are beyond the scope of the paper (see Barber 2008).
Once cyanobacteria had innovated a complicated
biochemistry for oxygenic photosynthesis, their
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probable niches were near the top of the soils or in
shallow waters. Innovation of dioxygen tolerance
became initially valuable on land. On the ancient
Earth, cyanobacteria easily produced dioxygen oases in
poorly ventilated endolithic and pond environments
cornering the photosynthetic resource for themselves.
(In analogy, microbes saturate modern swamp water
with methane in gross disequilibrium with the atmos-
phere.) Dioxygen-based heterotrophy became a
valuable innovation in such micro-ecosystems.

6. BARRIERS TO OXYGENATING

THE ATMOSPHERE

Burial of organic carbon sequesters it from reacting
with dioxygen. There is an intuitive tendency to regard
this process as key for the 10° year scale build-up of
atmospheric dioxygen on the Earth. However, uplift
and erosion exhume buried carbon on a scale of 108
years where it once again enters the surface ecosystems
of heterotrophy and photosynthesis (e.g. Holser et al
1988). Thus, burial of organic carbon does not explain
the rise of O, in the air.

(a) Mass balance of oxygen reservoirs
Conservation of mass provides a basis for evaluating the
build-up of atmospheric dioxygen over geological time.
It is important to note that atmospheric oxygen is only a
modest reservoir of available oxygen (38X 10'® mol,
Holser er al. 1988) when compared with the large
reservoirs represented by marine (80X 10'® mol,
Holser ez al. 1988) and sedimentary sulphates
(280 10'® mol, Holser ez al. 1988). The excess oxygen
in ferric iron in ‘crystalline’ continental crustal rocks is
2000 % 10'® mol as O, (Lecuyer & Ricard 1999). (We
use the term ‘excess’ to denote that much of this
reservoir lies below the depths normally exhumed by
erosion. It is thus not ‘available’ to life on a time scale of
10® years. Sedimentary rocks including banded iron
formations are much smaller reservoirs of excess oxygen
(Holser ez al. 1988).) This quantity is predicted by the
difference between the observed molar ratio of iron in
Fe(III) to total Fe in crustal rocks and the ratio in the
mantle-derived rocks that ultimately formed the crust.
As a practical matter, Fe(III)/(total Fe)=~0 in the
mantle-derived rocks, so that its uncertainty is small
compared with that of estimates of the global mass of
oxidized crustal material (Sleep 2005).

Both excess oxygen (2000 X 10'® mol) and available
oxygen (400X10'® mol) are likely to be ultimately
products of photosynthesis. However, their sum
(2400 10'® mol) is twice the ‘visible’ reduced reser-
voir from  photosynthesis, buried carbon
(1200 10'® mol, Holser ez al. 1988). One must thus
postulate a ‘hidden’ reduced reservoir. Subduction of
organic-rich sediments is one possibility. Catling ez al.
(2001) suggested an alternate mechanism involving
methane ultimately derived from photosynthesis. That
is, photolysis decomposes methane by reactions (2.5)
and (2.6) and hydrogen escapes to space. The
hydrogen ultimately comes from water, so the net
effect is

H,0 = H,1(space) T O (in ferriciron or sulphate). (6.1)



2658 N. H. Sleep & D. K. Bird Rise of dioxygen

(a) suboxic ocean surface water

oxygenic photosynthesis

ocean at 1.80 Gyr ago

barely oxic ocean deep water

oxic downwelling
sulphate enters
hydrothermal system l

ridge axis

upwelling

massive sulphide on seafloor

anhydrite deposit 1 sulphide deposit

(b) weakly oxic ocean surface water

mixed photosynthesis

anoxic upwelling

ocean at 2.45 Gyr ago

ridge axis

sulphate enters
hydrothermal system l

anhydrite deposit'{i

sulphide deposit

massive sulphide on seafloor

Figure 4. Schematic of (a) the ocean and atmosphere at 1.80 Ga when the deep ocean became barely oxic (much oxygen
(800 ppm) in the air) and (b) at 2.45 Ga when the shallow ocean and atmosphere became barely oxic (some oxygen (2 ppm) in
the air). At 1.80 Ga, there was enough dioxygen in downwelling water to just oxidize massive sulphide deposits on the seafloor.
Upwellings and the deep ocean were barely oxic. The dioxygen flux from oxidizing seafloor sulphides has remained independent
of the dioxygen concentration in the ocean and the atmosphere since that time. At 2.45 Ga, the sulphate concentration in
seawater was enough that anhydrite precipitated in hydrothermal systems. The amount of sulphide precipitated at depth by
hydrothermal circulation became independent of the seawater sulphate concentration after that time. The amount of anhydrite
that precipitates and later dissolves has increased with time as the seawater sulphate concentration increased.

This process can occur only when there is negligible
dioxygen in the air. Overall, anoxygenic photosynthesis
could have supplied the sulphate and excess ferric iron
reservoirs (reactions 3.1 and 3.2). Neither anoxygenic
photosynthesis nor hydrogen escape from methane
photolysis could have supplied the Earth’s atmosphere
with dioxygen.

(b) Chronology of dioxygen

Geological processes that consume available oxygen and
produce excess oxygen continue to operate. Dioxygen
can persist in the atmosphere and the ocean only if its net
rate of production balances its geological loss (e.g. Sleep
2005). Three major sinks are evident. (i) Ferrous iron in
continental rocks is oxidized during weathering, produ-
cing over geological time a large reservoir of excess
oxygen in the Earth’s crust. (ii) The water in modern
‘black smoker’ vents is quantitatively depleted in
sulphate and carries abundant sulphide. Downwelling
seawater feeds these hydrothermal systems (figure 4).
Approximately, nine-tenths of the dissolved marine
sulphate precipitates in the shallow oceanic crust as
anhydrite CaSQOy,. This mineral later redissolves into the
ocean and is not a net sulphur or available oxygen sink.
The rest, approximately one-tenth of the marine
sulphate, reacts with ferrous iron in basalt to form
sulphide. The flux from this process is equivalent to
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approximately 0.5 Tmolyr~' of O, on the modern
Earth (e.g. Sleep 2005) compared with the organic
carbon burial rate of 10 Tmol yr ! (e.g. Holser et al.
1988). (iii) Sulphide in basalt and that formed by the
reduction of marine sulphate dissolve into the hot fluid.
Massive sulphide deposits form when the fluid quenches
near vents, and today dissolved dioxygen in the seawater
oxidizes the available sulphide to sulphate (figure 4).
The flux from massive sulphide oxidation is approxi-
mately 0.5 Tmolyr ! of O, on the modern Earth
(e.g. Sleep 2005).

The three processes involving oxygen have evolved
differently over geological time (figure 5). The rate that
excess oxygen accumulates into the Earth’s continental
crust, and perhaps the rate that tectonics expose fresh
rock with ferrous iron, has decreased over time. There
is also less ferrous iron in the crust remaining to be
oxidized. We have not identified any obvious transition
in the geological record that we can associate with
oxidation of ferrous to ferric iron in the crystalline rocks
of the Earth’s crust (see Holland (2002) and Kump &
Barley (2007) for a hypothesis involving the change of
the composition of volcanic gases over time). The flux
of sulphate into high-temperature hydrothermal
systems at mid-ocean ridges depends on its concen-
tration within the downwelling seawater, which was
much lower in the early ocean than at present
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Figure 5. Schematic history of the dioxygen concentration in
the air over geological time on a truncated logarithmic scale.
Sulphur isotope systematics and the transition to oxic
conditions in the deep ocean provide data. (See text for
details, and Canfield (2005), Rollinson (2007) and Kump
(2008) for other estimates of the dioxygen history.)

(e.g. Canfield er al. 2006). At first, the concentration
was below approximately one-tenth of the current level.
Anhydrite did not form in the downwelling limbs of
axial hydrothermal systems; rather sulphate entering
hydrothermal systems was quantitatively reduced so
that the sulphur and oxygen fluxes were proportional to
the sulphate concentration in seawater. Hydrothermal
circulation vented sulphide to seawater. Most of this
material precipitated on the seafloor as massive
sulphides that were not oxidized. Some sulphide
remained in solution in the photic zone. Anoxygenic
photosynthesis oxidized the dissolved sulphide directly
to sulphate (reaction 3.1). Dissolved dioxygen could
not increase above trace levels in the ocean and
atmosphere, as long as significant dissolved sulphide
remained, which consumed dioxygen as soon as it was
produced by photosynthesis.

Eventually, the concentration of marine sulphate
built up and exceeded approximately one-tenth of the
present day level. Anhydrite formed from reaction of
downwelling fluids with basalts marginal to submarine
hydrothermal systems at ridge axes (figure 4). The
available oxygen flux into the oceanic crust was no
longer dependent upon sulphate concentration, which
was constrained by local equilibrium with anhydrite.
Sulphate continued to build up in seawater. Formation
of anhydrite as an evaporite is currently an effective but
episodic reservoir for marine sulphate.

The shallow ocean was (sub)oxic after that time.
The dynamic equilibrium of dissolved dioxygen in the
shallow ocean with the air makes this transition
observable from studies of mass-independent sulphur
fractionation. There was significant dioxygen in the
atmosphere at 2.45 Ga (figure 5; e.g. Kaufman ez al.
2007; Farquhar et al. 2007). Downwelling surface
waters for the first time carried dissolved dioxygen into
the deep ocean, which was anoxic (e.g. Saito er al
2003; Canfield er al. 2006). Circulating seawater
oxidized part of the exposed massive sulphide deposits
(figure 4). This quantitatively exhausted the dioxygen
in the water.
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The inference that dioxygen in downwelling
seawater oxidized much of the available massive
sulphide deposits provides a straightforward way to
estimate the dioxygen concentration in seawater at that
time (figure 4). Photosynthesis oxygenated seawater
while it was in the photic zone. The flux of shallow
water into the deep ocean was the mass of the ocean
Mcean divided by its circulation time z.. The dioxygen
flux was this quantity times the concentration of
dioxygen Xo, in shallow water. Conservation of mass
requires this flux to be equal to the dioxygen flux
derived from oxidizing massive sulphides (Fo,).
Solving for the dioxygen concentration yields

_ Fo,t
2 .
MOCean

The terms on the right-hand side of equation (6.2) are
grossly constrained by their modern geological values.
For an example calculation that strives for a factor of a
few accuracy, we let the flux of the dioxygen sink (Fo )
to be 1 Tmol yr ', the circulation time of the ocean is
assumed to be 3000 years and the mass of the ocean
is taken as the present value, 13.7X10°°kg. The
process buffered dissolved dioxygen in shallow water
at a minor, but finite concentration of approximately
2 uM, approximately 0.4% of the current level. The O,
concentration in the air in equilibrium with the shallow
ocean was 840 ppm (figure 5, plotted at 1.8 Ga, see
below for details).

Conversely, dissolved sulphide in wupwelling
seawater was oxidized ultimately by photosynthesis.
Thus, it became a minor species in seawater with its
amount determined by the flux of sulphide from vents
during the circulation time of the ocean, crudely scaling
with the O, concentration in shallow water. During this
epoch, anoxygenic photosynthesis continued to pros-
per. Upwellings were anoxic and nutrient rich.
Cyanobacteria had to compete with anoxygenic
photosynthetic microbes in the regions of oceanic
upwellings, or persist within oxygenated water on
their flanks. Biochemical studies show that at least
some clades of cyanobacteria evolved in anoxic marine
water (Saito et al. 2003).

Eventually, there was enough dioxygen in the
downwelling marine water to quantitatively oxidize
exposed massive sulphides. The dioxygen flux from
sulphide oxidation depended only on the rate that ridge
axes produced massive sulphides and became indepen-
dent of the dissolved dioxygen concentration in down-
welling seawater. The deep ocean became oxic and
upwellings no longer carried dissolved sulphide
and ferrous iron to the surface. The end of significant
dissolved iron is observed in the geological record
(marked as ‘deep oxic ocean’ in figure 1); widespread
banded iron formation deposits end at ca 1.8 Ga (e.g.
Slack er al. 2007). There is also a marked change in
marine Fe isotopes systematics at this time ca 1.8 Ga
(Rouxel et al. 2005). Studies of deep-sea deposits
indicate that the deep ocean was suboxic (less than
5uM of O,) after approximately 1.8 until at least
ca 1.24 Ga (Slack et al. 2007; figure 5). This upper limit
on O, concentration in the deep ocean is in gross
agreement with our mass balance estimate of 2 uM
at 1.8 Ga.

Xo (6.2)
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Thallium isotope studies provide a very durable
biosignature for oxic conditions in the deep ocean, as
well as a measure of the pervasive effects of photo-
synthesis on the interior of the Earth (Nielsen ez al
2006a). Circulating oxic seawater leaches thallium from
the shallow oceanic crust (layer 2A). This thallium
accumulates in manganese nodules on the seafloor, and
the process is recorded by thallium isotope fractiona-
tions (Nielsen er al. 2006b). This fractionation in
ancient rocks is evidence that the deep ocean was oxic.
Nielsen ez al. (2006a) detected thallium isotope
variations and coupled chemical variations in Hawaiian
basalts. This implies that the source region of the
basalts contained ancient subducted deep-sea
sediments with vestiges of manganese nodules that
have been transported into the deep mantle and then
ascended to shallow depths within the Hawaiian plume.

Falkowski & Godfrey (2008) discussed additional
topics related to the transition from anoxic to oxic air
and water with emphasis on the nitrogen cycle. We do
not consider here the later history of dioxygen in the
air and ocean, as excellent reviews are provided by
Anbar & Knoll (2002), Berner et al. (2003), Hansen &
Wallmann (2003) and Kump (2008).

7. CONCLUSIONS

Throughout the Earth’s history, biology has interacted
with surface geological processes, and even modulated
tectonics and the geochemical evolution of the crust
(cf. Rosing ez al. 2006; Rollinson 2007). Natural
selection thus operated on the level of global ecosys-
tems as well as from the more familiar scales of local
ecosystems, symbiotic consortia, species, individuals
and genes.

Early life was dependent on energy sources
provided by redox disequilibria generated by abiotic
irreversible mass transfer of geological processes
(Canfield er al. 2006; Sleep & Bird 2007 and
references therein). It was advantageous for life to
harvest the far more bountiful energy in sunlight (see
Rosing ez al. 2006). The metabolic innovation of
photosynthesis probably developed from a series
of evolutionary pre-adaptations to the environmental
conditions of pre-photosynthetic niches. The evolu-
tionary ability to survive near the Earth’s surface gave
microbes immediate access to ‘out-of-equilibrium’
products of volcanism and photolysis. Hydrogen-
based photosynthesis probably evolved gradually
from photocatalysis, and the ability to metabolize
iron and sulphur compounds pre-adapted organisms
for use of sulphide and ferric iron as bountiful oxygen
acceptors. This ability allowed the development of
complex ecosystems where the reverse reactions
provided heterotrophic niches.

Molecular genetics indicate that bacteria evolved
photosynthesis just once (Sadekar er al. 2006) and that
the innovative photobacterium roots the tree of
common bacterial clades (Battistuzzi et al. 2004).
This result is not unexpected, as the productivity of a
photosynthetic ecosystem is many orders of magnitude
greater than a non-photosynthetic one.

At a very early stage, the photosynthetic ecosystem
began to produce a geological record (Rosing 1999;
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Rosing & Frei 2004; Tice & Lowe 2006). As already
noted, black shale (and its metamorphic products) is a
strong biosignature for photosynthesis (Sleep & Bird
2007). Geologists find this rock type in the oldest
preserved supracrustal rocks at ca 3.8 Ga (M. T.
Rosing 2007, personal communication). That is,
geologists find no record of the abiotic or pre-
photosynthetic epoch on the Earth’s surface.

Efficient weathering is a valuable skill essential to
land ecosystems. It provides both ferrous iron for
photosynthesis and nutrient elements. The successful
land colonists, Terrabacteria, evolved into ecosystems
of photosynthetic organisms and actinobacteria that
weathered the soil. As already noted, shale, the product
of efficient weathering, appears in the oldest supra-
crustal sequences.

Weathering modified the surface of the Earth fouling
much of the land environment for anoxygenic photo-
synthesis. Shale melted at depth within subduction
zones to form low-Fe granite. Sandstone and some
carbonates also contained little iron. The need for an
oxygen acceptor limited ecosystems occupying terrains
with these rock types. In order to feed themselves in this
energy-limited ecological environment, cyanobacteria
evolved the complex biochemistry required for oxy-
genic photosynthesis.

It is difficult to ascertain when cyanobacteria evolved.
First, an ecosystem with trace dioxygen recycles organic
matter just like the modern one. (The ability to use
minute concentrations of dioxygen may have evolved
much earlier with microbes consuming O, from abiotic
photolysis; e.g. Canfield 2005.) We know that biology
functions with necessary gases present in only trace
quantities. For example, photosynthesis operates well
today with 300 ppm of CO, in the air. Second,
cyanobacteria started on land. It was easy for them to
generate local and transient dioxygen oases.

Lead isotope studies in ca 3.8 Ga rocks in Greenland
may indicate land weathering in the presence of
dioxygen (Rosing & Frei 2004). The lead isotopes
206 and 207 form by decay of **®U and **°U. ***Pb

forms by decay of >>*Th. Abiotic geological processes
do not usually separate U from Th on the scale of
the source terrain for a shale deposit. Weathering in
the presence of dioxygen mobilized uranium in
aqueous solution but leaves thorium behind. Lead
isotope systematics shows that the Greenland shales
and turbidites had a high U : Th ratio, indicative for
this type of weathering (Rosing & Frei 2004). It is
possible that an ecosystem based on anoxygenic
photosynthesis could also do this.

Dioxygen remained a minuscule component of the
atmosphere as long as sulphide was a significantly
dissolved species in the shallow ocean. This transition
in an oxic shallow ocean did not occur until the net
long-term production of available oxygen exceeded its
loss by geological processes. Excess ferric iron in the
continental crust sequesters about twice as much
oxygen as would be released by burial of organic
matter. Part of the available oxygen reservoir is
balanced by hydrogen escape to space. Anoxygenic
photosynthesis produced the ferric iron and sulphate
(reactions 3.1 and 3.2). Decomposing organic matter
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produced methane. The methane carried hydrogen into
the upper atmosphere where it escaped after photolysis.

As the transition to an oxic shallow ocean occurred,
photosynthesis increased the dissolved sulphate
concentration in the ocean to where the compound
was not quantitatively removed during high-tempera-
ture hydrothermal circulation. Once dioxygen was
present in seawater, downwelling surface waters
oxidized massive sulphide deposits on the seafloor.
Dioxygen could not build up above modest levels until
there was enough of it to quantitatively consume the
exposed massive sulphide deposits.
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