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Evolution of a Habitable Planet
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Introduction
We saw in the previous chapter that Earth developed a climate that supported liquid water at its surface very early in its history, probably within the first
few hundred million years. TI1at was good for life, of course. because all life that
we know about on Earth requires liquid water at least episodically. There are good
chemical reasons for t hinking that this requirement might be universal, some of
which were discussed earlier in this volume.
Here we are concerned with a somewhat later stage in Earth's history, starting
from when the rock record begins, around 3.8-4 billion years ago, or 3.8- 4 Gyr ago,
and contin uing on until the rise of atmospher ic oxygen, around 2.3 Gyr ago. This
time interval overlaps almost precisely with the geologic time period called the
Archean Eon. Although not formally defined as such, the beginning of the Archean
corresponds with the beginning of the rock record, as marked by the oldest dated
fragments of continental crust at Earth's surface. We know t hat Earth had older
rocks, based on crystals of the mineral, zircon, which survive today as sand grains
in mid-Archean quartzites from Western Australia, and can be dated as far back
as 4.4 Gyr ago (Valley et al. 2002). Defining the end of Archean time to be precisely
2.5 Gyr ago was a somewhat arbitrary decision of the geological community:
at about this time, the dominant type of sedimentary basin switches from the
granite-greenstone belt configuration (dominated by ultramafic, magnesium-rich
volcanics and chemically immature sedimentary rocks) to basins con trolled by
thermal subsidence along passive margins. This swi tch in rock types may or may
not have influenced the rise of 0 2 , as discussed later in this chapter. We will
frontiers of Astrobiology. ed. Chris Impcy. Jonathan Lunine and Jose Funes.
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henceforth use the term "Archean" to refer to the time period preceding the rise
of0 2 , recognizing that astrobiological and geological terminologies have slightly
different meanings.
Earth's climate history
When we say that Earth's climate was clement after the first few hundred mmion years, we should acknowledge that there is large uncertainty in the
mean surface temperature throughout much of Archean time. Liquid water is actually stable on Earth 's surface at all temperatures below its critical temperature,
374 °C. 1 This is because the pressure of a fully vaporized ocean, ~300 bar, exceeds
the critical pressure of 220.6 bar. So, the temperature constraint implied by the
presence of liquid water is not as strong as is sometimes thought. Valley et al. (2002)
argue that surface temperatures must have been lower than 200 °C to explain the
oxygen isotope ratios in the ancient zircons that they have studied (see the discussion of these isotopes below). But this still does not tell us much about the
potential for life.
Dubious constraints from oxygen isotope ratios in cherts

Somewhat tigh ter constraints are provided by oxygen isotope ratios in
cherts. Chert is a particular mineral form of silica, Si0 2 . The 0 atoms in chert can
be either the normal isotope. 16 0 , or one of the minor isotopes, 17 0 or 180 . We only
care here about the ratio of the more abundant of these, 18 0 , compared to 160.
High temperatures in the water from which the chert is precipitated lead to lower
18
0f 16 0 ratios in the chert. Conversely, low temperatures lead to high 18 0f1 6 0
ratios. If one examines cherts of different geologic ages, one finds that the older
cherts have significantly lower 18 0f 16 0 ratios, suggesting that the early Earth was
hotter than today (see e.g. Knauth 2005). Indeed, the mid-Archean appears to have
been quite hot, ~70 °C, according to these data. By contrast, the presen t mean
surface temperature is 15 oc.
Unfor tunately, the isotopic data from cherts also suggest that Earth's surface
remained impossibly wa rm until much more recently. For example, the same
methods imply that temperatures at the beginning of the Cambrian Period,
542 Myr ago, were still around 55 °C, which is far above the tempera ture limito; for growth of any known animal, and most eukaryotes. The molluscan fossils
that appear around this time would have been cooked in their shells! Exactly
which assumption is wrong remains unclear. Perhaps most or all cherts had their
isotopic ratios reset during diagenesis (heating and chemical alteration of buried
1 All values given are for pure wa1 er. The behavior of saltwater is more complex. bu t the
differences are not imporranr lor the arguments prescn tl'cl h ere.
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sediments). Alternatively. the oxygen isotopic composition of seawater may have
varied with time (Kasting et al. 2006), or the calculated temperatures may actually
reflect those ofwidespread hydrothermal vent fluids, rather than that ofthe ocean.
This last interpretation may be the most likely. as it might also explain systematic
variations in silicon isotope ratios over time (van den Boom eta!. 2007). Whatever
the case. there are good reasons to think that Archean surface temperatures were
much cooler than 70 oc. some of which are discussed in the next section.
The long-teml glacial record: }inner constraints on climate

Glaciers leave at least four very distinctive features in the rock record that
do not form t hrough any other known process. For example, rocks frozen into the
ice at the base of a glacier are often scraped along the bedrock, gradually being
ground down into glacial dust. If the rock is hard - such as a piece of chert or
quartzite - it can become scratched and nicked with subparallel ridges across a
surface. The ice, however. is dynamic and any individual stone will be t ilted and
tumbled numerous times and in different orientations before coming to rest. This
produces a type of stone called a multiply striated cobble, which has only been found
in glacial settings. Similarly, the surface of the bedrock over which the glacier
moved also gets covered with long. parallel scratches as it is gradually sanded
away, producing distinctive glacial pavements like those that grace Central Park in
New York City. These pavements are often overlain by a pile of debris known as
a diamictite, which is a rock that has two distinct grain sizes (typically fine rock
flour and larger clasts). Glacial till is a type of diamictite that form s as the glaciers
melt and drop the dust and stones they are carrying into a jumbled pile, usually
with the stones "floating" in the finer-grained mud. Although debris flows can
sometimes generate a diamictite, they tend to be local features. Glacial tills, in
contrast. will form all along the edge of a melting ice sheet, leaving a much more
extensive blanket ofdebris over the landscape. Finally, when a glacier reaches open
water it will break up into icebergs that drift away, slowly melting and releasing
the dust and rock that they hold. When a large rock slams into the mud at the
bottom it deforms the sediment below and around it, and is then gradually buried
by overlying sediment. Such dist inctive drop stones can be as small as a pebble or as
large as a house.
Firm evidence for glaciation exists both in the middle Archean at around 2.92.7 Gyr ago (Young et al. 1998), and near its end, between 2.45 and 2.22 Gyr ago
(Young 1991), providing strong arguments that the early Earth was cool during
the last half of Archean time (see Figure 6.1 ). The climate could, of course, have
been hot in between these glaciations, much in the way that Earth has alternated
between long (100 Myr scale) intervals of "ice-house" and "greenhouse" intervals
for the past half billion years (Kump et al. 2010). The geological record supports

117

118

James Kasting and Joseph Kirschvink
Geologic Time

Eon
u

'6
N

e

Era

Duration
in millions
of years

Cenozoic

65

Mesozoic

183

QJ

c
..c
c..

"'

Paleozoic

Millions
of years
ago

65-

248-

295
542-

Late

358

Snowball Earth ice ages

900-

Middle

First shelly fossils (Cambrian explosion)

""

700

u

'6
N

2QJ

Warm

1600 -

£
Early

900

c

Rise of atmospheric 0 2
Makganyene Snowball Earth

.!!!

.0

2500-

E

"'u

£

Late

500
Ice age

3000-

'

c

"'
QJ

..c

Middle

400

!:

<

3400Early

40
Origin of life
Warm (?)

4000c

"'
QJ

"0

800

"'

J:

4600-

Figure 6.1 The geologic rime-scale, showing major events in Earth's history back to its

origin at4.6 Gyr ago. Known periods of glaciation are indica red.

Evolution of a Habitable Planet

Figure 6.2 Example of a mu ltiply striated cobble from the 2.22 Gyr old Makganyene
diamictite of South Africa.

this concept. For example, the Pongola glaciation in Southern Africa at 2.9-2.7 Gyr
ago has at least three distinct units of diamictite that can be traced laterally over
hundreds of square kilometers and that contain occasional small drop stones. Similarly, early Proterozoic sediments (commonly known as the 'Huronian' interval
from 2.45 to 2.22 Gyr ago) are globally characterized by all of these characteristic
features, including multiple layers of laterally continuous diamictites, multiply
striated cobbles (Figure 6.2), basal striated pavements (in both Canada and South
Africa), and often abundant drop stones. Both the Huronian sequence in Canada
and the Transvaal group in Southern Africa record several intervals of glacial
advance and retreat. The total number of these glacial cycles is obviously unknown,
but as discussed later, the last one - the Makganyene event in South Africa reached down into low latitudes and most likely was a global 'Snowball Earth'
event.
Because the geological record is incomplete, and because it becomes worse
with increasing geological age, we have probably underestimated the extent and
duration of these ancient glacial episodes. Indeed, most ice caps form at high
latitudes, but the probability of a continental fragment being at the poles to
record the presence of a glaciation is relatively small.
The faint young Sun problem

The central theoretical problem of Archean climate is not to explain how
it could have been cool; rather, it is to explain why the Earth was not completely
frozen . Solar evolution models (e.g. Gough 1981) predict that the Sun was ~30%
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less luminous when it first formed. The reason lies at the heart of the Sun's mode of
energy production : The Sun fuses hydrogen into helium in its core. This makes the
core denser , causing it to contract and heat up, and this in turn makes the fusion
reactions go faster. At the beginning of the Archean (3.8 Gyr ago), solar luminosity
is thought to have been about 75% of its present value, increasing to roughly 83%
at the end of that time (2.5 Gyr ago). Straightforward calculations (e.g. Kump et al.
2010) show that, because of this change in solar luminosity, Earth's surface would
have been frozen prior to "-'2.0 Gyr ago if its atmospheric greenhouse effect had
remained unchanged over time.
Numerous hypotheses have been proposed to explain why the early Earth
did not freeze. Sagan and Mullen (1972), who identified this problem originally,
suggested that high concentrations of the greenhouse gases, methane (CH4 ) and
ammonia (NH 3 ), were what kept the Earth warm. Both CH4 and NH3 are reduced
gases, meaning that they can react with 0 2 . Thus, when atmospheric 0 2 concentrations were lower, it makes sense that the concentrations of CH4 and NH3
could have been higher. This expectation is borne out for CH4 , which is predicted to have had a concentration of 100- 1000 parts per million (ppm) during
the Archean, as compared to only 1.6 ppm today (Pavlov et al. 2001, Kharecha
eta!. 2005). NH3 , however, is photolyzed rapidly by solar ultraviolet (UV) radiation in the absence of shielding by atmospheric 0 2 and 0 3 (ozone) (Kuhn and
Atreya 1979), and so until recently it was not thought to have played a significant
role.
Sagan remained fond of this idea, however, and in a paper published posthumously (Sagan and Chyba 1997), he and his coauthor suggested that NH3 was
shielded from photolysis by an organic haze formed from CH 4 photolysis. Organic
haze is observed in the CH 4 -rich atmosphere of Saturn's moon, Titan, and
is predicted to have been present at least some of the time on the Archean
Earth (Domagal-Goldman et al. 2008). Simple models of the haze failed to provide enough UV shielding to protect NH3 (Pavlov et a!. 2001 , Haqq-Misra et al.
2008). Just recently, however, Wolf and Toon (2010) argued that these models
may be misleading. Actual hydrocarbon particles are more like carbonaceous
"snowflakes" rather than the simple spheres used in most radiative transfer calculations. By treating these snowflakes as fractals - many tiny spheres packed
inside oflarge ones - Wolf and Toon showed that the UV shielding is dramatically
improved. Indeed, preliminary unpublished calculations by Tian et a!. suggest
t11at the shielding is good enough to allow NH3 to again become an important
greenhouse gas.
This said, another important piece of the climate puzzle involves carbon dioxide, C0 2 . Along with water vapor. C0 2 is one of the two most important greenhouse gases in Earth's present atmosphere. Its concentration in the early Earth's
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atmosphere may have been higher, for a variety of reasons? C0 2 is produced
from volcanism, and volcanic activity is predicted to have been higher on the hot,
young Earth. Furthermore, removal of C0 2 by silicate weathering, followed by
deposition of carbonate sediments, depends strongly on temperature (Walker et al.
1981, Kump et al. 2010). All other things being equal, lower solar luminosity early
in Earth's history sh ould h ave led to lower surface temperatures, slower weathering rates, and higher a tmospheric C02 . This negative feedback loop could easily
have generated C0 2 concentrations 100-1000 times higher th an today's level of
~300 ppm? If C02 was actually this high. then it could have kept Earth's surface

temperature above freezing, even in the complete absence of reduced greenhouse
gases (Owen eta!. 1979, Kasting 1987, von Paris et al. 2008).
Theories about past atmospheric com position and greenhouse warming have
begun to be tested by measurements made on ancient rocks. Rye eta!. (1995) and
Sheldon (2006) have published limits on atmospheric C02 concentrations based
on paleosols (ancient soils). Sheldon's kinetic an alysis is to be preferred, as the
thermodynamic data used by Rye et al. are out of date and the analysis method
itself is suspect. Sheldon's published pC02 estimate is equivalent to about 10-100
times present at 2.2 Gyr ago, decreasin g to about 1-10 times present at 1 Gyr
ago. This is less t han would have been needed to keep the Earth warm at these
times, and so it suggests that other warming mechanisms must have been present.
More recently, Rosing et al. (2010) published a mu ch lower limit on C0 2 , about
3 times present, based on the mineralogy ofbanded iron{ormations, or BIFs.4 BIFs contain a variety of iron-bearing minerals. including magnetite, Fe3 0 4 , and siderite,
FeC0 3 . The Rosing eta!. limit is based o n equilibrium reactions between these two
minerals
Fe3 04 + 3COz + H2 B 3FeC0 3 + HzO.

(6.1)

A number of objections to this idea have been raised, including the fact that neither
magnetite nor siderite is a primary mineral and that organic carbon, not hydrogen,
was the probable reductant (Dauphas and Kasting 2011). It remains to be seen which
side will prevail in this debate. For our purposes here, the outcome of this dispute does
not matter too much. We know empirically that Earth did remain h abitable during
2 In the following discussion, we will ignore the short-term organic carbon cycle, which affects
atmospheric C02 concentrations on time-scales of months to thousands of years. The slower
inorxanic carbon cycle. or carbonate-silicate cycle. is the chief process con trolling atmospheric C02
on time-scales of millions of years or longer.
3 Today's C02 concen tra tion is changing year to year as a consequence of fossil fuel burning.
The pre-industrial (pre-1800) C02 concentration was about 280 ppm. Today's level is closer to
390 ppm.
4 Rosing et al. make up for the lack of green house war ming by postulating that the early Earth
had a lower albedo. or reflectivity. caused by the lack of biogenic sulfur gases which could act
as cloud condensation nuclei.
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the Archean eon, and we understand that there are processes, particularly the C02weathering feedback, that promote habitability. This bodes well for the prospects
of eventually finding other Earth-like planets with stable, liquid-water-supporting
climates.

Atmospheric composition and redox state
Besides climate and the availability of liquid water, the other environmental variable that has most affected life throughout Earth's history is the atmospheric and oceanic redox state. Today, Earth's atmosphere is rich in Oz - a powerful oxidant (electron acceptor) that drives the metabolism of aerobic organisms
through respiration. Chemically, we can express respiration as
(6.2)

The symbol "CH2 0" is geochemists' shorthand for organ ic matter, which contains
carbon, hydrogen, and oxygen in roughly a 1:2:1 ratio. To a geochemist, respiration
is the opposite of oxygenic photosynthesis, which is just reaction (6.2) run backwards. All
h igher organisms, including plants, animals, a nd single-celled, eukaryotic organisms5
such as algae, depend on respiration to drive their metabolism. Hence, the origin of
oxygenic photosynthesis, and the subsequ ent rise in atmospheric 0 2 , played a major
role in the evolution of advanced life on Earth.
Curiously, Oz is actually an incredibly poisonous molecule. If it can grab an
electron from a common biological cation like Fe+Z or Mn+2, it will form a superoxide radical, 02, which will the n react with water and gen erate hydroxyl radicals,
OH*. Although they h ave an extremely short lifetime, hydroxyl radicals can attack
almost any organic substance in th eir path, including th e backbone of DNA. These
and similar Oi-induced reactions had to be contained before Earth's biosph ere
could exploit the enormous chemical energy potential provided by the availability
of Oz. The puzzle of how this might have evolved is addressed at the end of this
chapter.
Atmospheric composition prior to the rise of02
Prior to the "Great Oxyge nation Event", somewhere around 2.4 Gyr ago
(Farquhar et al. 2000), the atmosphe re must have had a very differe n t composition.
Reduced gases, such as molecular hydrogen (Hz) and m ethane, should have been
more abundant, and free Oz sh ould have b een virtually absent at ground level.
Some Oz would have been produced from photolysis of C02 up in the stratosphere,
followed by recombination of 0 atoms to form Oz; h owever, the amount formed
5 Eukaryotic organisms are those that have cells with n uclei. Prokarytic organisms, including
Bacteria and Archea, lack cell nuclei.
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was too small to block out sh ort-wavelen gth solar UV radiation or to form an
effective ozone screen.
Just because oxygenic photosynthesis h ad not yet been invented does not m ean,
however , that life had no effect on the early atmosphere. Prior to the origin oflife,
the main reduced gas in the atmosphere was probably H2 .6 As first pointed out by
Walker (1977), the H2 concentration of the prebiotic atmosph ere should have been
determined largely by the balance between outgassing of H2 and oth er reduced
gases from volcanoes and loss ofhydrogen to space. Volcanoes today release mostly
H2 0 and C02 , b ut H2 is a minor component, along with CO and various sulfur gases
(S02 and H 2 S). The present H2 outgassing rate is of the order ofl x 10 12 mol/yr. or
roughly 4 x 109 molecules cm- 2 s- 1 (Holla nd 2009). lfhydrogen escapes to space
at the di.JJUsion-limited rate (Walke r 1977), then its atmospheric mixing ratio, frh.
can b e estima ted from the equation
cl>esc(H2) ~ 2.5 x 1013 fH 2 molecules cm- 2 s- 1•

(6.3)

Here, we are for the moment neglecting the contribution of other hydrogen-bearing
gases to t he volcanic outgassing rate (which is probably a safe assumption for tl1e
prebiotic atmosphere). Usin g this formula, and assum ing that the H2 escape rate equals
the present outgassing rate, yields an atmospheric I-12 mixing ratio of about 1.6 x 10- 4 ,
or 160 ppm. Higher volcanic release rates during t he Archean could yield H2 mixing
ratios of 10- 3 or higher , or about 0.1 %. This creates what is typically referred to as a
weakly reduced atmosphere (Figure 6.3).
Effect of early life on the atmosphere
Although 0.1 % H2 m ay not sound like a lot, it is enough to power several
differ ent forms of anaerobic metabolism, or those that occur in the absence of
oxygen. One of these is methanogenesis, which produces me thane. Methanogenesis
is car ried ou t by a type of anaerobic Archaea called methanogens. Meth a nogens
produce m ethane by a variety of differen t path ways. Most, or all, of them, however,
can utilize the reaction
C02 + 4H2 -7 CH4 + 2H20.

(6.4)

The H2 threshold at which methanogenesis can occur depends on the amount of C0 2
t hat is present, but it is at least 10- 100 times lower than the 0.1% H2 tha t is tltought to
6 Although we have not d iscussed it explicitly. we assume that the bulk of the atmosphere
was composed of molecular nitrogen. N2 , as it is today. N2 is relatively inert and has likely
been partitioned mostly into the atmosphere since early in Earth's histo1y. Indeed, Goldblatt
{2009) has argued t11at N2 partial pressures could have been 2-3 times higher than today, and
that n it rogen has subsequen tly been sequestered in the mantle by subduction of N-bearing
sediments. We acknowledge this possibility bu t point out that it probably has little bearing on
Earth's habitability, other than providing a few degrees of warming by pressure broaden ing
of other greenhouse gas absorption lines.
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one-dimensional photoch em ical model (from Kasting 1993).
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have been available. Hence. as Walker (1977) suggested many years ago, m ethanogens,
once they evolved, probably converted much of the existing H2 into CH4 • This prediction
has been quan tified by Kharecha et al. (2005), who used a numerical model to estimate
the rate at which m ethanogens could have m etabolized , along with the coexisting
concentrations ofH2 and CH4 (Figure 6.4). In this model. the rate of m ethanogenesis is
limi ted by the rate at which H2 can diffuse downward through the atmosphere- ocean
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interface and by th e rate at which CH 4 can diffuse upward. A surprising result is that
the predicted rate of methane production is within a factor of 3 of th e presen t value,
3.6 x 1013 molfyr (Prather et al. 2001), despite the fact that the Arch ean and modern
ecosystems bear little resemblance to each other.
Methanogenesis was p robably an early metabolic invention, according to most
ph ylogene tic an alyses (e.g. Woese an d Fox 1977), and there is direct evide n ce of
biogenic methan e t rapped in "bubbles" from 3.5 Gyr old ch e rts in Australia (Ueno
et al. 2006). But oth er forms of anaerobic m e tabolism likely evolved at about the
sa me time, includ ing various fo rms of anoxygenic photosynthesis. Unlike oxygenic
ph otosynthesis, in which th e electron s n eeded to reduce C02 to organic carbon
are derived from water (reaction 2 in reverse), in a noxygenic photosyntl1esis the
electrons a re p rovided by various r educed species, such as fe rrous iron (Fe+2 ),
sulfide (S 2 - ), or H 2 . Fe+2 and H 2 were t he most widely available r eductants
(Kharecha et al. 2005, Canfield et al. 2006), and they fueled ma rine biological productivity at rates that we re of the order of 0.01 times today's value, ~4 x 10 15 molfyr
(Prentice et al. 2001). As ma ny other autho rs have pointed out previously, this illustrates the gigan tic leap in productivity t h at became available on ce cyanobacteria
lea rned to split the water molecule. The Arch ea n Earth was proba bly teaming with
life, but it was still only a fraction as "alive" as today.
What infl u en ce would such anoxygenic photosynthesizers h ave had on the
atmosphere? Sur pr isingly, their predi cted effect is not greatly diffe rent from that
of methanogens (Kharecha et al. 2005). H2 -based photosyn t hesizers living in th e
oceans would h ave b een limited by th e downward flux ofH 2 from th e atmosphere,
as before. Their productivity would h ave been roughly 10 times high er tha n that of
meth anogen s, because they obtained their energy from sunlight rath er than from
ch emical reaction s. However, the org an ic matter that they p rodu ced would likely
have decayed by fermentation and met h a nogenesis, and t h e rate of cycling of H2
and CH4 was still limited by diffusion. Hen ce, the flux of CH4 into the atmosphere
could n ot h ave been substa ntially high er than it was previously.
Finally, we sh ould tie this discussion back to the earlier one concerning clima te.
Methane. as pointed out previously, is a reasonably good greenhouse gas on its
own; furt herm ore, it ph otolyzes to p roduce organic h aze, wh ich ca n shield other
greenhouse gases like a mmonia from ph otolysis. Hence, th e m ethan e-prod ucing
Arch ean biosphe re likely played a significant role in warming Earth's climate
right up to t h e point when a tmospheric 0 2 con cen trations began to r ise. At th a t
point, the photoch emical life time of me than e dropped , atmospheric CH4 concentra tions declined precipitously. an d Earth was thrown into a series of glaciations th e Paleoprote rozoic glaciations discussed above. So, th e me th an e-r ic h Archean
a tmosphere discussed h ere is broad ly consistent with Earth 's infe rred clima te history. That does not mean it is n ecessa rily righ t, but it provid es a t least a starting
p oint for t h in king about t h e Archean environment.
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The great debate about the Great Oxygenation Event

As pointed out many years ago by Roscoe (1969), the Paleoproterozoic
glaciations appear to have occurred right when atmospheric 0 2 concentrations
increased for the first time- the so-called "Great Oxidation Event" (Holland 2006).
Naturally, t his makes us suspect that the two events are causally connected, and
indeed, two separate hypotheses have been proposed to explain how this might
have occurred. In the first (Kasting et al. 1983, Pavlov et al. 2000), the rise of 0 2
caused a d ecline in atmospheric CH4 concentrations. CH4 is a g reenhouse gas that
helps to warm Earth's surface; thus, when CH 4 levels fell, the climate cooled and
Earth was thrown into glaciation.
Kopp et al. (2005) extended this hypothesis by suggesting that the sudden evolution of oxygenic photosynthesis, followed by the exponential growth of the first
cyanobacteria, was rapid enough to destroy this methane-based greenhouse faster
than other feedbacks involving C02 could respond . In this case the net result
would be a g lob al freeze-over producing a "Snowball Earth", consistent with paleomagnetic evidence for the low-latitude deposition of t he Makganyene g laciation
in South Africa between ~2.32 and 2.22 Gyr ago (Kirschvink et al. 2000, Evans et

al. 1997). This la ter scenario is still consistent with the hard geological evidence
for the onset of oxygenation of the at mosphere and oceans, including the massive
Kalahari Manganese field that was deposited in the direct wake of th e Makganyene
Snowball (at 2.22 Gyr ago). This is th e oldest unchallenged firm constraint on environmental oxidation (Kirschvink a nd Kopp 2008).
Alternative scenarios for global oxygenation hold that oxygenic photosynthesis
might have evolved muc h earlier in Earth history, perhaps as far back as 3.8 Gyr
ago (Rosing 1999), but that some environmental limitations on their gr owth kept
them from oxidizing the planet until about 2.35 Gyr ago. Evidence in support of
this scenario ranges from eviden ce of uranium mobility in highly m etam orphosed
black shales from the 3 .8 Gyr old Isua providen ce in Greenland (Rosing and Frei
2003 ), fossil biomarkers thought to require molecular oxygen in their biosynthetic
pathways between 2.7 and 2.5 Gyr ago (Brocks et al. 1999, Summons et al. 1999),
and elevated levels of redox-sensitive trace elements like Mo. Re, and various iron
phases fo und in ~2.5 Gyr old cores from various Archean and early Proterozoic
scientific drilling programs (An bar et al. 2007).
However, every one of these argum ents has cogen t counte r-arguments. The
r edox potential required to m obilize uranium7 is about the same as the ferric/
ferrous couple, and both iron and ura n ium redox chemistry is done easily
by anaerobic biochemistry. The biomarker con straints have been called into

7 Oxidized uranium, u+6 , is soluble, while reduced ura nium, u+< . is insoluble.

Evolution of a Habitable Planet
question both because of the ability of oils to mig rate through porous sedimentary
rock (Rasmussen et al. 2008). and the fact that many modern oxygen-dependent
enzymatic steps in biochemical synthesis have replaced older , anaerobic versions
(Kirschvink and Kopp 2008). Finally, all of the black shales that r ecord a su pposed
"whiff of oxygen" signature (An baret al. 2007) have been completely remagnetized
by subsequent hydrothermal events. As this remagnetization directly affects iron
minerals th rough the g rowth of sulfide phases, and these in turn are known to
scavenge these redox-sensitive trace elements, it is not surprising that the geochemistry could be misinterpreted as "oxygen whiffs."
Although this is not the place to try to decide which of these two hypotheses is
correct, there are some puzzles that need to be resolved. Growth requirements for
cyanobacteria are actually rather simple and uniform across all divisions within
this bacterial group, and hence were most likely present in their last common
ancestor. It is clear that depriving them of the m etals needed for growth and nitrogen fixation can provide a powerful check on their ability to oxidize the atmosphere and upper oceans (Fennel et al. 2005). However, Kopp and Kirschvink (2005)
noted tha t glacial dust is rich in all trace elements needed for explosive cyanobacterial growth. The quantities ofthese elements being released into Earth's oceans
tod ay (and during the ice ages for the past 2.5 million years) would have been more
than sufficient to make the global environment jump over the nitrate limitation
barrier ofFennel eta!. into their oxic world. Estimates of the severity of the Pongola
and Huronian glacial advances indicate that they wer e more intense than those of
the Quaternary (Hambrey and Harland 1981 ). Hence, if cyanobacteria had evolved
prior to either the Pongola (2.9-2.7 Ga) or the first two Huronian glaciations
(2.45-2.35 Gyr ago), the "Gr eat Oxygenation Event" should have happened sooner
than the rock record suggests.
The final puzzle is a biochemical "chicken and the egg" problem. All oxygen in
Earth 's atmosphere today is a product of oxygenic photosynthesis, released by the
oxygen evolving complex of Photosystem-II. That complex system depends upon
the abi lity to control the toxic byproducts of oxygen pr oduction, particularly
the superoxide (02) and hydoxyl (OH*) free radicals, and yet the enzymes that
do this clearly requi red the presence of this poison (0 2 ) in the environment to
evolve in the first place! Although the authors of this cha pter are still arguing
about the exact m echanism involved, it is most likely that some product of UV
light hitting Ear th's surface environment is res ponsible, either as trace levels of
H2 0 2 fro zen out onto the surface of ice sheets (Liang et al. 2006) or some nitrogen
or sulfur-based compounds (Sagura et al. 2007). In either case it is worth noting
that all known Precambrian glaciations are associated with mineralogical andfor
geochemical indicators showing local oxidation increases (Raub and Kirschvink
2008), even though true vertical redox gradients in the sedimen ts - like those
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needed to support populations of magnetotactic bacteria - do not appear until
after the Makganyene glaciation (Kopp and Kirschvink 2008). It is interesting to
speculate that oxygenic photosynthesis might not evolve on Earth-like planets that
are too close to their parent stars to have glaciation.
Summary
Although some aspects of Earth's early climate history and the rise of
atmospheric 0 2 are by now understood, the details of what controlled climate
in the distant past and what triggered the rise of oxygen are still being debated.
The discussion necessarily involves biologists, geologists, and even astronomers,
and hence is a prime r esearch area for the developing field of astrobiology. Understanding how Earth's environmen t has evolved over time will hel p us understand
biological evolution on our planet and may eventually provide insights into atmospheres that we observe on planets orbiting nearby stars.
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