


(4.13)

4.6 Geological evidence for the rise of oxygen

\\ here ~FeO- reprC"CnLs ferrous iron bound in
unweathered material. but that after .....2.2 Ga, iron
was rendered immobile. Ferrous iron (Fe;!. ... ) is soluble

whereas oxidized (ferric) iron (Fch
) is not.

Consequently, iron is nushed through a soil or porous
rock if rainwater has lillie dissolved oxygen but is
immobile with oxygenated niinwater. The degree or
weathering also depends on the rainwater's pH, which
is related to peo2 bcc'<luse CO2 dlssohcs in water to
1113.kecarbonic acid. Conscqucnlly, paleosols constrain
the 0l1C02 ratio in thc atmosphere rather than O:!
IOdepcndently. requiring a separate c!otim3tc of pC02•

The pe02 c..l.n also bedcduced from paleosol chemistry

(Section 4.2.3). Ccrium also indicates low pO;!. because
iI changes from Cc't- to Ce4+ to form ccrianile (Ce02)
in oxic weathering. Thus the presence of CeH -rich
phosphates in u 2.6 2.45 Ga granite paleosol implies a

largely anoxic iltl1losphere (Murakami (11 III., 2001).
Figure 4.6 includes a compilation of pOz valucs

deduced from paleosol ~tudies.

Detrital graills arc St.--dimentary mincrals lhat never

completely dissohe in wCfllhering. Such grains in pre­
1.4 Ga ri\'erbcds commonly contain reduced minerals
thal would only sur\'i\(~ al 10\\ pO;!. (Rasmussen and
BUIck. 1999). Graills of pyrile (FeS;!.). uramnite (UO I )·

and siderite (FeCO j ) place upper bounds on Archean

pO:! of roughly 0.1 bar. 0.01 bar, and 0.001 bar. respec­
tively. Given their roundness. such grains were lrans­

ported long distances in aerated waters. In oxic waters,
uraninitc dissolves to form soluble Utl1 ions. pyrite
oxidizes to sulrak (504

2-) and ferric iron (Fel .. ). and
siderile oxidiz~s lO produce ferric iron (FcH-). Aller
aboul 1.2 Ga the o<.'Currence or reduced detrital grains
become:. rare and reslrictcd 10 locally anoxic

em ironmcnls.
Red beds provide further evidence for atmospheric

n.-dox change. The)' derive from windblown dust or
ri"er-tmnsponcd panicles cmllcd with red-colored

hematite (FC20J)' Arter ......2.3 Ga. red beds arc ubiqui­
tous. Occasionally. rcd beds Ihat ..tppcar to be very old
aCllJally result from much more reccnt oxidation. For
exa.mple. the deep burrowing of sublerranean termites.
which haveexisled for atleasl 100 Myr. has somctimc~

allowed Ihe penetration of O 2 inlO groundwatcr.

4.6.2 Marine environments

A lnmsition in O2 Ic\-e1s al ......2.4 1.3 Ga is consislent
Wllh Ihe di'llnbution of blinded iroll forma/iolls (Ill Fs)
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through time. BIFs are laminated. marine sedimentary
rocks conlaining ~ 15 wt'/. iron, usually with alternat­
ing iron-rich and silica-rich layers. They occur prom­
inenlly in the Archean (>2.5 Ga). and lhen decline in
abundance and disappear aner ...... 1. Ga. The iron in
large part originatcd from hydrothermal input into the
anoxic, deep ocean, probably moslly llt mid-occan
ridges (Holland. 1984). Ocean upwelling then carried
Fe2 t to the continental shelves where il was oxidized to
insoluble FeJot • typically forming magnetite (pcJO,,).
However, even in today's oxic world, there is a signifi­
cant nux of reduced iron to the ocean in river partic­
ulates and windblown dust. so lhere was probably also
such a contribulion to Archean BlFs (Canfield. 1998).
Many researchers belicve that il w;as microbes that
oxidized Fe::+ to Fe'.... For the late Archean BI F in
I-lamersley, Australia. the estimated iron deposilion
ratc requires an ancient oxygen supply of ...... 1% of the
global. modern O2 flux from the burial of org.anic

carbon. The eventual disappearance of the DIFs ll1~lY

IUl\'e happened when the deep ocean became oxygell­
ated as pOl rose lO ...... 1/3 to It2 of present levels.

Alternalively. C~l1lfield (1998) has proposed thal
iron disappeared in the ace.lOS when sulfatc conccntra­
tions became sufficient 10 increase the rate of microbinl

sulfate reduction. Because sulfate reduction produces
sulfide (52-). th~ deep ocean would then have bI.--cn
swept rrce of iron by the precipitation of insoluble
pyrite (FcSi), perhaps continuing until the 0.8 -D.G Ga

risc in O 2,

4.6.2.1 Marine carbon isotopes
Marine carbon isotopes indicate draslic environmcnlal
change in the Paleoproterozoic era (2.5-1.6Ga). The
a \'crage (l PCm \ alue of carbon entering illlo the atmos­

phere-ocean system from \olcanism. melatnorphi:>m.
and weatticring is about -5.5%0 l~ (I-lolser e/ 01., 19(8).

On limescales lhat are long compared to lhe carbon
residence lime in the ocean..... 105 yr, lhc number or I~C
alOm1t and Pc atoms cntering lite system must equal

the number exiting the system either as carbonate or

org:.Illiccarbon sediments, implying

-13 r o;:lJC I' (l I1Ci5 Cin = J"llrhU cub +JOfil ofI'

lj The: nOlUuon lille _5.S"," mClllU Ihlll Lhe: IsotOpe r,lIio Pe{lle l~

do:rk1oo b) S5 path IXr lhousand rel:lu,o: t03 Sl31ld:lrd C:lhbr.lhOn

.ahle Mdabolic reaclIOlb In orgamsm~ pil:"fl:rNltialt) me hghtu
1..oIOpe. molecules because: rtacUoM u~ilIg lhem art 'tf)' ~hltllll)

Cncfl!CIIC3II) rll.ortd Tbertfore lbcsc and other [ractuJtlaliflfr I':Illrn.

III 1h.:~...,,-qlC record at... used as lodl~"310rsofbwtic~_ f\tso

sre <;ec1101l 12.2 ,
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FIGURE-t.IO .6.HS-n.time. A))S
expresses the deviation, in pans per
thousand, from a standard sulfur
isotope mass fractionation tine:
.6.))S;:5)]S-0515 5).4S. Samples

younger than ~ I Ga are considered
consistent with fractionation by purely
mAss-dependent processes. In
contrast. the samples older than
2.o--25Ga are mass-independent.
(farquhAr ef 01., 2000.)
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wherej~lrb is the fracLion ofcarbon buried in c.'lrbonale
minerals with a glob;1I average isotopic composition
SUCc:arb. and {rNa is defined similarly. One mole of
buried organic carbon generates one mole of Oz

{Eq. (4.3)). so !t;Ir& provides Ihe O2 global production
r:ll~ relative to lhe amount of carbon entering the
atmosphere and ocean. Throughout geologic timc,
SUCar• is about -30%0 and 513Cc:arb IS about 0%0.
Solving Eq. (4.13) with 15 13Cin =-6%o gives/ors about
0.2. In OIher words. - 20% of the CO2 coming into
the ocean-atl11ospbere systcm is fixed biologically and
exits as buried organic carbon. whereas the remaining
80% exits as carbonate carbon.

The largest excursions in 513Cc"rb in Eanh history
occurred between 2.4 and 2.1 Ga. with positive and
negative oscillrllions between +10"'"' and -5%0 (sec
Fig. 12.8). But the Snowtxlll Eanh episodes thai also
oc~urred during 2.4-2_2Ga (Seclion 4.2.4), combined
with sparse SUC data, complicate the interpretation of
SUCcarb nuctuatiolls. Positive excursions of 5uCCI>rb
can be interpreted as resulting from increased organic
burtal on a global scale, Icading to pulses of O2,

I-Iowever. given the geologically short residence time
of atmospheric~ (Ioday, a few million years), pulses
of organic burial would merely cause atmospheric 0l
to rise and decay. and cannol ~ responsible for the
pcrmttnCnl rise of02(Section 4.7.1). The sUe record is
further discussed in Section 12.2.3.

4.6.2.2 Marine sulfur isotopes
Manne sulfur isotopes indicate an increase in sulfatc
concentrations at -2.3 Ga consistent with a rise of O2

(Fig. 12.9). Archean sulfides display 34S/32S that clu'iler
around the unfractionated mantle value (1534S = 0%0).
implying Archean oceans with <0.2 mM sulfate. COIll­

pared to 28.9 mM in tOOay's surface seawater. L'lck of
sulfate is consistent with low P02' which wmild induce
little oxidative weathering ofsulfides, limiting Ihe river
supply of sulfate to the oceans. Further discussion is in
Section 12.2.4.

Measurements of olher sulfur isotope ratios, 5J2S
and 5JJS, in addition to 534S. show a major change in
the sulfur cycle occurring betwccn 2.45 and 2.09Ga.
1110St probrlbly related to the rise of O2 (Fig. 4.10)
(Farquhar ("f al.. 2000). Sulfur isotopes in rocks older
than .....2.4 Ga are peculiarly fraction:ncd. BUI in
younger rocks. J~. 33S. and 14S obey "mass-dcpendcllt­
frflction:ltion, in which the difference in abundance
between 33S and 32S is approximately hair that bct\\(."Cn
~S and HS. Such fractionation is produced by many
aqueous chemical and biochemical reactions. such as
sulrate rcduction. In contrast. sulfur isotopes in pre­
2.4Ga rocks show l<lrge -mass-independel1t~ fmction­
alion. which is thought 10 result solely from gas-ph:lsc
photochemical reactions such as photolysis of SO!.
The isotopes in Lhis c.'lSC MC still fraclionated by
m:lSS, but their relative abundances dC\'iale from
whal is expcclcd in mass·depcndenl fraction:llion.
In a high-02 atmosphere. sulfur gases arc rapidly
oxidized [0 sulfuric acid_ H2S04• which rains out as
dissolved sulraie, SO/ . In thc abM:ncc of O2 and an
Olone layer in lhe early atmosphere, shortwave ullra­
violet light penetrated into the lower almosphere and
the photochemistry of S-bcMing atmospheric species
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would produce mass-independent signatures (P.lvlov
and Kasting. 2(02).

From ,....Q.8-0.6 Ga, sultides are increasingly found
with 34S-depletiolls exceeding the fractionation lhresh·

old of sulfate reducing bacteria. This has been inter·
preted as indicating a second rise of p02 from'" 1-3./0
to greater than 5-18% of present le...e1s (Canfield and
Teskc, 1996). This can be explnined if sulfide was
re-oxidized at the sediment-water interface to sol
and reduced again by bacteria, cyclically inacasing the
isotope fractionation. Possibly, O2 increased 10 the point
where it penetrated marine sediments. making the deep
ocean aerobic for the first time (Canfield, 1998). This
could supply the increase of O2 thought necessary to
explain the appearance of macroscopic animals in lhe
fossil n..'cord aOer 590Ma (Knoll and Carroll, (999).

4.7 Models for the Earth's atmospheric
O 2 history

There is still no consensus about why allllospheric O2

levels increased in the m:lnner indicated by the geologic
record. Before discussing various hypotheses. \\c intro­
dUccsolllcgeneral principles in understanding how the
number of moles of O2 (R02) changes with time. The
rate of change of R02 in the atlllospheric reservoir is

at any instant. R02 will roughly be in ~sleady stale.­
which me<"lI1S that O 2 witl have accumulated in Ihe
atmosphere to some value of R 02 where thc O2 sink
(Fiilld will be aboul equal 10 the Ol source (FiOUro,). in
this case, d(Rov/dl =0 in Eq. (4.14)_ Such a balance of
source and sinks is how O 2 remains constant today.

The secret to how O 2 levels havc evoh'cd ent:ljls
undcrst:lnding how FM»J.rtt :lnd Fs.nk have :lltercd over
Eanh's history. We argue below lhat the evidence is

moslconsislent with the idea that the rise of O2 was the
consequence of the sink from reduced gases diminish­
ing relative to the source of O2. In the Archcan, f"sml
W:lS dominated by rapid 10s3CS 01'02 to reduccd \ola­
tiles such as 1-1 2. Under such conditions. Eq. (4.14) was
balanccd in stcady state at very low vaJues of R02. After

the rise ofO,!> oxidative we;lthering (F"'~:l.lhe.rmll) became
a morc important sink, and the steady-stale balance
was at sigllilic<llllly higher values of R02. To use an
analogy. the amount of O2 in the atmosphere can be
likened to the water le\cl in a bathtub. Even with water
gushing OUI of the tap at a steady rate. the equilibrium
levcl of the water in the bathtub depends on the size of
the plughole. Similarly, the standing amount of O2 in
the air does not just depend on the source (the organic
burial rate) but on the subsequent fate of the O2 (the

loss of O 2 10 n..'<.Iuctants).
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These loss terms an: the reaction of 0 .. with various
reductunts; reduced volcanic gases (F,ok.."oc). reduced

metamorphic gases (Fmel.ln'lI,pllI<')' and r~duccdmatcrial

on the continents (F"'C-'..th~'lI1l1)'
The Fwur<--e and 1-:U1~ nu'(cs dcpend 011 Rm in COIll­

pIiC:llec:l. nonlinear \\ays. If we knew these dependen­
cies explicitly (and \...e do not) wc could substitute
Eq. (4.15) inlO Eq. (4.14) and integrate to derhe R02
as a function oflimc. A simpllfymg ;J<,'iumption is tlwl

where I;'inl: is the removal nux of O 2 from the atmos­
phere (in moles yr I) due to numerous oxidatioll reac­

t ions, and Fs.~nlce is Ihe sourcc n llX of o'<ygen. Aflcr t he
advenl of oxygenic phOIOS~ nlhcSl' (and of corre­
sponding respiration proccs..es). Fs..,,,rre was domi­
nated by the burial nux of organIc carbon. Mo!>t
organic carbon (today......99.9°.) is rapidly oxidized
via rcspiration, producing nl) net Oz. But the small

leak of organic carbon 1.0 sediments, wherc it is segre~

gated from O 2• contributes in effc..·l \II Fs<.""ce' FslI,l.: is
due to several oxidu.tion pro(:c~scs:

(~.I~)

(4.15)

4.7.1 The delay between the origin of
cyanobacteria and the rise of O 2

Oxygenic photosynthesis surprisingly originated by
2.7Ga (Section 4.5.3), O.3-0AGyr before the risc of

O2 (Section 4.6). One explanation is that a massivc
pulse of organic burial caused lhe rise of 02. as evi­
dcnctd by the large carbonate isotope eXl:ursions dur·
ing 2.4-2.1 Ga (Section 4.6.2.1). I-Iowever, givcn the
geologically shorl residcnce time or O2 ( ....2 3 Myr.
even today) a pulse of organic burial would mean that

O2 would return to ils prcvious low levels once hurinl
ami oxidation of previously buried carhon had
re-cquilibrated. For high O2 to persist. a secul.tr shift
in source and sink nuxes ofO l must occur. A second
hypothesis is that as geothermal heat declined due to
Ihe decay of radioactive materials inside the Earth. thc
nux of volcanic gases dwindled, lessening Ihe sink on

01.However, increased pasl volcanic outgassing would
have also injecled proportion<:ttely more CO2. c..rbon
isotopes from 3.5 G:l onwards show that .......20~'o of lhe
CO2 nux inlO the biosphere was fixed biologically and
buried as organic cmhon with the remainder bUrlcd 3S

carbonate (Section 4.6.2.1). Consequently, increased
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where the organic matter dcrives from photo:) nlhesis.
Consequently, addition of Eq. (4.16) to twice Eq. (4.3)
gives the O"cmll reaclion

Although Eq. (4.17) lllo~lly goes in thc rcverse direc­
tion. CH.j can ~I(:cumulate because. O2 rcaCb faster with

oUlgasscd 1-1 2 and CO than it docs with biogenk meth­
ane. A geologic:l1 flux or 1-1 2 is :)till na:dcd to support
high levels or CH". Ir we :add twice Eq (4.5) to

Eq. (4.17), we get 4Hz+COz - CH4 +2HzO. Thus.
dominance or CH 4 over O2 requires excess I-Iz supplied

by the Enrlh regardless of the pathW3) or Eq. (4.16).

This menns that when hydrogen esc~lre~ 10 space via
biogenic methane. the place where the hydrogen origi­
nmel! (the crust or the mantic (Section 4.4.2)) must

ultimaldy be o"idizcd.

E.1rlh. and it would also counTeract the railller Sun by
greenhouse warming (Section 4.2.3). Thus. elevated
Archean methane couples the -raint young Sun" and
-rise or O2~ problems.

In the crust, the moles ofexcess ox)gcn locked up in
minerals, such as sulfate or iron oxides, greatly exceeds
reduced carbon (tabulated in Cltling et at.. 2001). This
can only be explained by a net hydrogen loss beC<tusc
otherwise pholosynthesis woulll have produced
organic carbon and oxygen in cquimolar quanillies

(Eq. (4.3). Thus, if lhe Archean crusl oxidized due to
hydrogen escape. lhe H:JC02 ratio in metamorphic
gases would drop. and O2 would no longer be. over­
whelmed by reaction with CI-1..1 or H2 • At this point,

atmospheric Oz would accumulate until balanced by
oxidative weathering. and CI-I.., levels would fall, indu­
cing global cooling (Section 4.2.4).

In this model. l1licrobi:.l1 communities mediate the
production or CH 4 (and ultim:tlely hydrogen escape)
\·ia

(4.16)

(4.17)

2CJ-l:zO - CH-l ,t COl.

4.7.2 Modern sinks for O 2: reduced gases and
oxidative weathering

The ultimate source of O2 comes from burying organic
carbon. However. burial of other (non-detrital) redox

species Can also effectively generate or consume oxy·
gCII. Forcxamplc. marine sulfate is microbially reduced
10 sulfide, which is buried with overall reaction

2Fc(OH), +4H,SO, =2FcS,+ 150, + 7H,0. Today,
the burial of organic matter and pyrite (FeS.z) each
contribute about 50% to Fsourcc in Eq. (4.14). The
burial of ferrous iron also effectively "dds oxygen
(lFe20, =4FeO + O2). whereas the hurial or SUlfate.
\\ hich requires thaI S02 is oxidized. eOcctively removes
O2 (HolI::llld. 2002).

About 80 90"{o of F'>OJurcc is removed in oxidative
\\cathering. while the remainder reacts with reduced
oiligassed volatiles. Uut in lhc Archean, thc balancc
must have been different. Firs!. the lack of red beds
and presence or reduced detrital minerals means that
oxidative \\cathering was small. SL'Cond, lite scarcity or

marine sulr:ltc means Ihat the sullide burial rate was
lower (consistent with low CIS in Archean shales).
Third. the simIlar rate of organic carbon burial relnti\c
to carbonates means that the O 2 sink from reduced
gases must ha\'c hcen larger th:ln today. But how

could reduced gases. which apparently account for
only 1020% of the 0.2 sink today. have consumed
nearly all the O2 produced in the Archean?

outgassing in the past. on its own. cannot explain lhe
oxic transition bcc<luse O2 production due to organic
burial "Quid have paralleled O2 losses. A third explan­
ation of the rise of O2 lakes account of the problem
wilh the previous idea by im·oking a gradual. irreYcr­
sible shifl of outgllsscd volatiles from reduced to oxi­
di1.cd. This explanation is probably the most viable.
Before discussmg how and why the redox state of out­
gassed volaljles might change. we first consider the
sinks for O2 in the modern atmosphere.

4.7.3 Methane. hydrogen escape. and
metamorphic gas fluxes

Catling {" lIl. (2001) argue lhat the sink on O 2 from
reduClants el1lJnating rrom the Earlh was grenter in ihe
Archean because oxid<ltioll of the crust due 10 hydro·

gen esc:'1)C may have been imporlltllt. La\\ Oz would
stabilil.c biogenic methane to an abundance
..... 102_103ppm. This methane level \vould promote

rapid escape or hydrogen to sp:lee. oxidi7ing the

4.7.4 Excess hydrogen in the Archean

llolland (2002) has proposed a hypolhesis for \\ hy the
Archean atmosphere had e"cess hydrogen. He notes
that lhe net reduction palll or the biosphere is

(4.18)

Even if 0:2 is generated by oxygclllc photosynthesis
(Eq. (4.3»). it is destroyed by Eq. (4.11) wilh hydrogen:
Eqs. (4.J)+(4.11) prodU(..-e the net reaction or

Eq. (·tlM). 1-1 2 that rem:lin~ In volcanic gas nfter the



4.9 Advanced life and 0 1 on other Earth-like planets III

4.8 Formation of an ozone ultraviolet
shield

An important consequence of the ri:-e in O2 at

2.4-2.3 Ga was the crc:ltion of an 07.011"; (0'1) layer.
which shielded the surface frllln biologically harmful

solar ultraviolet (UV) radiation (butnolC lhat sllbter~

rancan and marine organisms at depth do nOl require­

snch prot.ection). Rudiatiol1 belo\v a \\<lvclcngth of

-200 nm is strongly ah~orbcd by CO2, For example.

on Mars the CO2-rich lIImosphcre prC\'cllts UV bdow

200 nm from reaching the. surface. where:ts biologically

harmful radial ion (in the 200-300 11m rangt') gets

through {Cotkell el lI/.. 2000). Today on Eal"lh we arc

largely protectcd from fildiation in thl' 200-300 11J11

range because of our atmosphere's ozone layer.

Ozone Loday is formed in the.s'I"wvsrhcrl' (rtlllging

from 20 to 50km altitude) from photochemical reac­

tions involving O2. Absorption of radiation below

240 llm dissociates O 2 inl.O 0 atoms:

(4.20)

The high O! content of Earth's atmosphere sets our

planel apart from all others in the Sol:J.r System. But

does Earth's Or rich :itmosphere differ from ~tll other

plilllets 111 the Galaxy or Universe? Is O2 required for

higher life? And would a high O~ atlllosphere, which

resuhs from biology 011 E:lrtlt, be diagnostic of life on

another planet'!

4.9 Advanced life and O 2 on other
Earth-like planets

and the 0 atoms react with other oxygen molecules to

form ozone:

Here M denotes any air molecule, usually N:!, which

acquires the ~xcess energy liberaled by Eq. (4.20) and

dissipates il through collisions with other air molecules.

Ozone absorbs UV at longer wilVclcngths (200
J 10 nm) Lhan O2_ and in the process Lhe ozone is dis­

sociatcd into 0 1 and 0 and the absorbed cnergy heaLs

tbe atmosphere. This is why thc stratosphere increases

in tCl1lpcralUre with heighl, unlike the troposphere,

where tcmpcr,lture decreases with height.

Photochemical models (Fig. 4.11) Show th,H an

atlllosphere with pO:! £: 0.002 har (I % of present) (;fe~

ates an ozone layer thal absorbs most harmful UV

(KasLing and Donahue, 1980). Such a Ic\lcl occurred

on Earth al -2.4-2.3 Ga.

tOI5'-:-~-;-"",.-,;,;--:co,;-~;-;~
IO-! 10"'" to·) 10·~ 10-1 10° 10'

0, (PAL)

FIGURE 4.\ I The ozone (OJ) layer column abund:mce as a
function of p02 in the atmosphere. O 2 is expressed as a ratio [0

the Present Atmospheric level (PAl). A rypiG'l1 ozone column
abundance today is shown by the dotted line. The ozone layer's
protective absorption of ultraviolellight became significant at
pOl of ......0.0\ PAL, which occurred .....2.4-2.3 Ga. (After Kastjng
and Donahue, 1980.)

(4.19)O2 +11/1 - 0 +0.

reduction of 20% of its carbon to CH 20 (as inferred

from sedimentary C iSNopes) is available for the bio­
sphere to reduce sulfur gases (principally 502) into

sulfide. Sulfide then accumulates principally as sedi­

mentary pyrite (FeS2)' Throughout the pas! 540 Myr,

there has been enough Htlcft over from Eq. (4.18) to
convert about 2/3 of Lhe sulfur into pyrite (FeS:]), while

the rest exits into sedimenls as sulfates. However, if

Archean outgassing was Hrrich, all of the sulfur

could hrlve been reduced to sulfide. In Lhis case. there

would be excess 112 and tbe atmosphere would neccs~

sarily become -hydrogen-rich" and anoxic. Compared

((I modern volcanic gases. the increase in the propor­
tion of hydrogen needed to nip lO such an anoxic state

would be a factor of _2.4. Holland (2002) discusses

possible ways in whieh this increased 1-12 outgassing

may have happened.

In summary. (he most plausible explanation for

why the late Archean ,ltmo~phcre was anoxic is that

excess redllCtants scavenged O 2. Hydrogen escape

would have then oxidized the- E<l:rth, lowering the sink

on O2 until an oxic transition occurred. Explaining the

second risc af O2 :It. O.S- 0.6 Ga (Section 4.6.2.2)
remainS an area of future research. Perhaps methane

persisted ::It a level of" order about tens La a hundred

ppm, and cumulative hydrogen escape over a further

billion years helped shift :molher redox buITer beyond a

crilical threshold.
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W.lIvete.ngth, ~m

FIGURE 4. t2 Remote sensing spectra obtained by orbiting
spacecraft for Venus. Earth. and Mar"$. Brighmen tempe.nture is a
musure of the temperature in the .lItmosphere or on the surface
from where the emission of"igimtes_ All '.lItmospheric spectra
show significanl".llbsorption due toC~".lIt 15 pm (Tabfe 4.1). The
spike in the ccnter of the Earth·s 15 11m band is characteristic of a
warm layer of COl. in the stratosphere. The Earth's stratospheric
ozone (OJ) layer is reveated by its absorpdon feature:at 9.6 11m.
Earth·s spectrum a.lso shows the presence of considerably more
H10 v.lpor than either Mars Of" Venus. ifldkaove of Earth·s
oceans. (After Hanel et al.• 1975.)

atmosphere is diagnostic of life becausc the a/,one
implies a continuous biological source of O2 (Sagan
el 01., 1993). If photosynthetic life went extinct, O2

would decrease to less than I % of prescllt levels in
only .... 10-15 Myr by reactIng wilh reduced surf:lcc.

m'llcrinls and reduccd gases. Joshua Lcderherg and
James Lovelock. first sUI;gestcd that thc presence of
gases that ttfC far removed from equilibrIUm is di:tgM

nostic of life (Lederbcrg. 1965: Lovelock. 1965: 1978).
The problem, however. is thaI hot planetary interiors
and stcllar radiation, independent of life. provide other
sources of free energ} that pnxlucc discquihbrium, so

discriminating life becomes a questIon of deg.ree.
Ozone absorption al 9.611m is a good surrogate for

lhe presence ofO2• Evcn at 1'02 only 1% orthc prescnt,
the ozone column depth would be nboul a third of thl:
present glob..'ll a\crnge value (Fig. 4.11). Thus. astron­
omers on a distant planet with a powcrful spcctromeler­
telescope could ha\e deduced the prescnce on Enrth
of O 2 over the p.lst 2.4 2.3Gyr. But CQuid substflntial
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4.9.2 Spectroscopic detection of life on
extrasolar planets

There are scveral good reasons for believing lhat
eXlratcrresm:tl multicellular life (comparable 10 ani­
mals on Earth) would mct;lbolize molecular oxygen.
Life anywhere in lhe Univcrse must be constrained by
the chemistry possible within the periodic table.
Ad\'anced extralerre.~triallife.like its terrestrial coun­
terpart, would require substantial energy for chem­
ical. elC'Ctrical, osmotic. and mechanical work. Fluorine
is the most energetic oxidant (per electron transfer)
available in the periodic table. and aqueous chlorine
is similar to oxygen. However, F is useless because it
spontaneousl} explodes on conlact with organic mate­
rial! Similarly, CI forms bleach in water. O2 difTers
because ils bond providcs greater stability lhan the
weak single bonds of thc halogens. Given that F2 and
el2 arc not realistic m:idants, free O2 in a planetary

atmosphere allows life to utilize the greatest energy
source per elcctron transfer. Oxygen is also plemiful
in lhe COSIllOS. third in abundance behind 1-1 and He.

Furlhermore. oxygen occurs as a gas in the temper·
ature pressure range of liquid water. A solid (e.g..
sulfur) or liquid terminal oxidant would have a can·
lined distribution and thereby limil possible habitMs.
No such restriction applies Wilh gaseous 02, which can
be ubiquitous throughout all atmosphere and within
oceans. Consequently. given lheconstraints of the peri­
odic table, ..terobic respiralion is the most energetic
chemistry for advanced life. Thlls high atmospheric

0.:1 is probabl)' a nccessary precursor for animal-like
Iifc anywhere (Catling ('I al., 2005).

Consequently, the cOlHrols on lhe timcsc.,le for the
risc of O2 may be critical for the viability of advanced
life on an cXlrasolitr planet. For example, if a large.
morc chemically reducing planct around a Sun-like star

took .... 10 G;'r to undergo 11 significant rise in O2 (much
morc th;,10 Earth':. ....J.9Gyr to reach the Cambrian).
advanced lifc could be precluded I:k.~'{u.se the star
\\ould havc alread) evolved to a much more luminous
red giant (Ch;'lptcr 3).

4.9.1 Is O 2 required for animalMlike life~

In the ftllllre. life could be detected all cxtrasolar pla­
nels by remotely sensing their atmospheres (see
Ch~tptcr 21 for plans 10 do this in lhe next decade).
Compared to Venus and Mars. Earth has an anoma­
lous atmosphere: watcr·rich, with strong o2ollcabsorp­

tion at a wavelength of 9.6~1ll (Fig. 4.12). Such an
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02 arise in the abscnce of life (Leger et al.. 1999)?
Today, Venus has <I ppm of O2 in its atmosphere.
but it may have h:\d much more in the past. Early
Venus is thought to have los! its oceans due to a severe
greenhouse effect (Section 4.2.2). With a wet upper
atmosphere, the rate of water-induced hydrogen loss
became correspondingly very high. Thus. Venus could
have had a lurge abiotic production of 0 1 from
dissociation of water (noting thai O2 build-up may
have been self-limiting by thwarting hydrogen escape).
Earth could experience a similar fatc whcn the oceans
boil 1-2 Gyr from now as the Sun he.'lts up. In observ­
ing eXlr3soiar planets. \ve must therefore estimate the
likelihood of such scenarios from orbital dements and
the age and luminosity of the parent star (Chapter 21).

To detect life on planets resembling early Earth
hefore O2 became abundant. one could look for the
strong 7.6 pm absorption band of biogenic methane.
However, abiological processes can also producc abun­
darH methane. The atmosphere of Titan. Saturn's
largest moon, has 4.9% CH4 below 8 krn altitUde. The
surface temperature of Titan is -95 K too cold for
liquid water and conventional life - so it is believed thai
CH>j emanates from gcolhemlal processes in the sub~

surface (Chapter 20). Overall, the presence of methane
as a spectroscopic biomarker is less certain than the
prcscllee of 020nc.

4.10 Summary and conclusions

An Earth4likc plUllCI with liquid water all its surface is
the most likely type of planet to be inhabitt:d and 10

po)sess a biosphere that is detectable through remote
atmospheric spectroscopy. Thus. a key aspect of a
planet's biological potential is whether the planet's sur­
face temperature is conducive to liquid water. 11le
a ...crage surface temperature of a planet is determined
by the planet's aUx:do. the atmospheric greenhouse
elTcct. and the energy nux from its parent star.
Negative feedbacks in a climate system tend to stabilize
a plane(s surface temperature within a p<lrticular
range. Over geological time, the most important
negative feedback for regulating the Earth's climate is
lhe CO2-climate feedbaCk arising from the carbonatc­
silicate cycle. The rate of silicate weathering reactions.
and therefore the consumption of CO2, increases with
the amount of CO2 in the atmosphere. Given a source
of CO2 frOm volcanism and metamorphism that is
independent of the amount of atmospheric CO2, the
chmalt~ lends to reach equilibnum at some equable
level of CO2 where the CO2 sink balances the CO2

source. However. such climate regulation failed on
Venus, which was too close to the Sun and lost its
water from dissociation and escape processes.
Without water to remove CO2 during weathering,
CO2 accumulated on Venus. Mars, being a small
planet, shut down tectonically and failed to provide
the necessary replenishment of CO2 to the atmosphere.
Mars probably also lost much ofilS :lullospherc during
carly impact bombardment. For both reasons, Mars
slipped into a permanent icc age.

Over geological history, the Earth's climate has
been greatly affected by changes in the chemistry of
the atmosphere coupled to theevolution of life. Today,
apart from argon. all of the quantitatively importnnt
gases are at least in pan biologically controlled
(Table 4.1). Oxygen. in p.'lrticular. has no signilicant
abiological sourcc. ConsequelHly, before life evolved,
Earth's atmosphere had negligible O2• TIle prebiotic
atmosphcre probably consisted mainly of N:!, CO2•

and water, with relatively small amounts of 1-1 2, CO.
lind CH>j. Relletions in such an atmosphere may havc
synthesized formaldehyde (1I 2CO) and hydrogen cya­
nide (HeN). the basic building blocks for sugars and
the nitrogen-colltaining bases required for RNA. Once
life arose, microbes would have consumed 1-1 2 and
transformed it into CH4 _ As a powerful grt:enhouse
gas, CH.. would have lowered the amount of CO2

through tempcraturc-dependent consumption of CO2

in weathering. Thu~, before O 2 became abundant in
Eanh's almosphere, atmosphcric models suggest that
biogenic methanc would have beCn stable at much
higher levels than today and therefore was a more
important greenhouse gas than CO2,

The Illosl significant biological event for the hislOry
of Earth's atmosphere was the evolution of oxygenic
photosynthesi... a metabolism that dates back to at
least 2.7 Ga. However. atmospheric O:! remallled
below part per million levels until .....2.4-2.3 Ga. The
history ofO l can be characterized in terms of its chem­
ical adversary: the collection of reducing, hydrogen­
bearing i.ttll1ospheric gases. Before the risc of °2,

hydrogen·bcaring gases like CI-I,f and 1-1 2 muSl have
tipped the redox balance in the atmosphere against
O2• A plausible mechanism for redox change is that
th~ escapc of excess hydrogen to space inexorably
oxidized the Earth over geological time, shifting the
redox balance in favor of an oxidizing atmosphere.
Once 02linally rose, it created an ozone layer. shield­
ing the surface from hannful ultraviolct radiation.

Given that atmospheric O2has no significant sourcc
olher than from life. life on c.'(trasolar Eo.1fth-likc

113



114 Planetary atmospheres and life

planets can be detected using ozone as a proxy for
abundallt oxygen. 011 Earth. the amount of oxygen
in the atmosphere must have sct the lempo for the
e"olution of complex biology to some degree.
Chemic-II ar~umCllts suggest that complex life fonns
elsewhere will probably also utilize oxygen in their
metabolism. Thus. understanding the redox history of
habitable plancl.:. and their atmospheres is critical for
the question of whether hum:.ms are an improbable
accidellt and the sole scntient beings in the universe or

whether we arc more lypical. Planctary atmospheres
thus rUlllike a thrend llHOUgh some of the most impor·
tant questions in aSlfobiology: life's origins. planet.lfY
habitability, and the distribution of complex life.
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