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Strongly and weakly reducing 
atmospheres

• To begin, let’s consider what 
Earth’s atmosphere must 
have been like prior to the 
origin of life

• In the 1950’s, Harold Urey 
suggested that Earth’s early 
atmosphere was hydrogen- 
rich, like Jupiter’s 
atmosphere, and that it 
contained significant 
amounts of methane and 
ammonia
– He reasoned (incorrectly) 

that Earth would not yet 
have had time to lose its 
hydrogen



The Miller-Urey experiment
• This reasoning was 

reinforced by the famous 
Miller-Urey experiment in 
1953, which 
demonstrated that amino 
acids could have been 
produced from lightning in 
such a strongly reducing 
atmosphere (CH4 , NH3 , 
H2 O)

• In reality, though, Earth’s 
hydrogen was probably 
always more or less in 
steady state, and the 
atmosphere was not this 
highly reduced

Mockup of the Miller-Urey
experiment
(Image from Wikipedia)



Weakly reduced atmosphere

J. F. Kasting, Science (1993)

• Most models today suggest that the early atmosphere
was a weakly reduced mixture of CO2 , N2 , along with
traces of reduced gases, mostly H2 and CO

• Such an atmosphere is not very conducive to Miller-Urey
type synthesis



Prebiotic O2 concentrations
• O2 would have been 

produced in the stratosphere 
by CO2 photolysis

CO2 + h  CO + O
O + O + M  O2 + M

• Its abundance would  have 
depended on the 
concentrations of CO2 and 
H2

• The H2 abundance would 
have been determined by 
the balance between 
volcanic outgassing and 
escape to space
– We’ll return to this in the 

next lecture

Kasting et al., J. Atm. Chem., 1984



• Sometime prior to 3.5 Ga, life arose
• The first organisms did not produce 

oxygen; rather, they had other 
metabolisms
– Methanogenesis
– Sulfur reduction
– Anoxygenic photosynthesis, e.g.

CO2 + 2 H2 
 

CH2 O + H2 O
• Finally, at some point, cyanobacteria 

evolved and began to produce O2
CO2 +  H2 O  

 
CH2 O + O2



Importance of cyanobacteria
• We are almost certain that 

the rise of O2 was caused 
by cyanobacteria, 
formerly known as blue- 
green algae

• They’re not algae, though, 
because algae are 
eukaryotes (which have 
cell nuclei), whereas 
cyanobacteria are 
prokaryotes (lacking cell 
nuclei)
– Cyanobacteria are true 

Bacteria (as opposed to 
Archaea and Eukarya) http://www.primalscience.com/?p=424



Different forms of cyanobacteria 
(formerly “blue-green algae”)

a) Chroococcus b) Oscillatoria c) Nostoc
(coccoid) (filamentous) (heterocystic)

Nitrogen-fixing



Trichodesmium bloom
• Cyanobacteria are still 

important in the ocean 
today because they can 
fix nitrogen: N2  NH4

+

• Trichodesmium fixes N 
in the morning and 
makes O2 in the 
afternoon

• Eukaryotic algae and 
higher plants all learned 
to photosynthesize from 
cyanobacteria 

Berman-Frank et al., Science (2001)



cyanobacteria

• Chloroplasts in algae
and higher plants 
contain their own
DNA 

• Cyanobacteria form
part of the same
branch on the rRNA
tree

• Interpretation (due
at least partly to Lynn
Margulis):
Chloroplasts resulted
from endosymbiosis

Universal
rRNA tree



Implications

• Oxygenic photosynthesis was only invented 
once!
– Cyanobacteria invented it, and then some 

eukaryote imported a cyanobacterium 
(endosymbiosis) and made a living from it 

– All higher plants and algae descended from this 
primitive eukaryote.

• Thus, we have no idea whether oxygenic 
photosynthesis would develop on another 
inhabited world



Let’s now look at the geologic evidence
for the rise of O2 …



Geologic O2 Indicators

H. D. Holland (1994)

(Detrital)

• Blue boxes indicate low O2
• Red boxes indicate high O2
• Dates have been revised; the initial rise of O2 is now placed at 

2.45 Ga



Caprock Canyon (Permian and 
Triassic) redbeds

• Redbeds contain 
oxidized, or ferric iron 
(Fe+3)
– Fe2 O3 (Hematite)

• Their formation requires 
the presence of 
atmospheric O2

• Reduced, or ferrous iron, 
(Fe+2) is found in 
sandstones older than 
~2.2 b.y. of age

http://www.utpb.edu/ceed/GeologicalResources/West_Texas_Geology/links/permo_triassiac.htm



Witwatersrand gold ore
with detrital pyrite

(~3.0 Ga)

• Pyrite = FeS2
• Oxidized during weathering

today

 Atmospheric O2 was low
when this deposit formed

P. Cloud, Oasis in Space (1988)



Banded iron-
formation or BIF

(>1.8 b.y ago)

• Fe+2 is soluble, while
Fe+3 is not

• BIFs require long-
range transport of iron

 The deep ocean was
anoxic when BIFs
formed



• The best evidence for the rise of O2 
now comes from sulfur isotopes…



S isotopes and the rise of O2

• Sulfur has 4 stable isotopes: 32S, 33S, 34S, and 
36S

• Normally, these separate along a standard 
mass fractionation line

• In very old (Archean) sediments, the isotopes 
fall off this line

• Requires photochemical reactions (e.g., SO2 
photolysis) in a low-O2 atmosphere

SO2 + h  SO + O
– This produces “MIF” (mass-independent 

fractionation)



S isotopes in Archean sediments

• Sulfides (pyrite) fall above the mass fractionation line
• Sulfates (barite) fall below it

Farquhar et al. (2001)

(FeS2 )

(BaSO4 )

33S



33S versus time

Farquhar et al., Science, 2000

73 Phanerozoic samples

High O2 Low O2



Updated sulfur MIF data (circa 2008) 
(courtesy of James Farquhar)

glaciations

(Note the increase
in vertical scale)



Production of sulfur “MIF” by SO2 
photolysis

J.R. Lyons, GRL (2007)

UV absorption coefficients Blowup of different forms of SO2

• The different isotopologues of SO2 (e.g. 32SO2 and 33SO2 ) 
absorb UV radiation at slightly different wavelengths



PNAS, 2009

• Shielding by OCS (or O3 ) produces the right sign for 33S because of the 
slope of their absorption x-sections in the 190-220 nm region (well, maybe..)

190 200 210 220
Wavelength (nm)



• Finally, let’s think about what this 
implies for stratospheric ozone…



The rise of ozone
• Ozone (O3 ) is important as a shield against 

solar UV radiation
• Very little ozone would have been present 

prior to the rise of atmospheric O2
– This may or may not have been an issue for early 

life (Lynn Margulis and Carl Sagan disagreed on 
this point)

– Free-floating phytoplankton, if they existed, would 
have been at risk

• Many photosynthetic organisms lived in mats, 
however  



3.5-Ga
Stromatolites
(Warrawoona)

From: Earth’s Earliest
Biosphere, J. W. Schopf,
ed. (1993) 

• These are thought to be the remains of mat-forming 
photosynthetic organisms, possibly cyanobacteria, but more
likely other anaerobic photosynthetic bacteria



Shark Bay, Western Australia

• These “living stromatolites” are cyanobacterial communities that grow
by trapping and binding sediment. They live in Shark Bay because the
high salinity keeps the parrot fish away.



An aside: Don’t forget about the 
possible organic haze  layer 



Science (2010)

• The ratio of UV/visible 
optical depth is much greater 
for fractal particles than for 
spheres

• Fractal haze models produce 
a better fit to Titan’s albedo 
spectrum than do standard 
Mie sphere models

• This allows the possibility of 
creating an effective UV 
shield for NH3 (and for early 
organisms) without causing 
a large anti-greenhouse 
effect

NH3 absorbs



Back to ozone…

• We can calculate how the ozone layer 
develops as atmospheric O2 levels 
increase  



Ozone and temperature at 
different O2 Levels

1-D climate modelPhotochemical model

A. Segura et al. Astrobiology (2003)

• The ozone layer• The ozone layer does not really disappear until O2 levels
fall below ~1% of the Present Atmospheric Level (PAL)



Ozone column depth vs. pO2

Kasting et al. (1985)
After Ratner and Walker (1972)

• Why the nonlinearity?
O2 + h  O + O

O + O2 + M  O3 + M

• As O2 decreases, O2
photolysis occurs lower
down in the atmosphere
where number density 
(M) is higher

-- So, O3 column depth is 
virtually unaffected

• Eventually, the photolysis
peak moves into the tropo-
sphere, where H2 O also
photolyzes, producing O3 -
destroying HOx radicals



O3 is a nonlinear indicator of O2

• ‘PAL’ = ‘times the Present Atmospheric Level’
• O2 signal disappears rapidly with decreasing pO2 , whereas O3 signal
remains strong down to at least 10-2 PAL of O2

• This is partly because of nonlinear chemistry and partly because the
stratosphere cools as ozone disappears 

O2 O3

A. Segura et al., Astrobiology (2003)      (After Leger et al., A&A, 1993)



Conclusions
• Atmospheric O2 levels were low prior to ~2.4 b.y. ago
• Cyanobacteria were responsible for producing the 

first O2

• An effective ozone screen against solar UV radiation 
was established at the time of the initial O2 increase
– Some shielding by organic haze may have been present 

prior to this time
– Some organisms (mat formers) may not have needed a UV 

screen

• (Not discussed) O2 probably went up for a second 
time near the end of the Proterozoic, 600-800 m.y. 
ago
– This may well have triggered the Cambrian explosion
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