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ABSTRACT

The mantle was probably oxidized early, during and shortly after accretion, and 
so the early atmosphere of Earth was likely dominated by CO2 and N2, not by CH4 
and NH3. CO2 declined from multibar levels during the early Hadean to perhaps a 
few tenths of a bar by the mid- to late Archean. Published geochemical constraints 
on Archean CO2 concentrations from paleosols are highly uncertain, and those from 
banded iron formations are probably invalid. Thus, CO2 could have been suffi cient-
ly abundant during the Archean to have provided most of the greenhouse warming 
needed to offset the faint young Sun. H2 might have augmented this warming prior 
to the origin of methanogenic bacteria. Atmospheric CH4 concentrations increased 
from at most tens of parts per million (ppm) on prebiotic Earth to hundreds of parts 
per million once methanogens evolved. CO was an important trace gas on prebiotic 
Earth because of its high free energy and its ability to catalyze key reactions involved 
in prebiotic synthesis. Large impacts could have made the atmosphere transiently CO 
rich, and this may have played a role in the origin of life and in fueling early biological 
metabolisms.

*jfk4@psu.edu
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INTRODUCTION

Earth’s atmospheric composition during the Hadean and 
Archean is still somewhat of a mystery because the data that bear 
on it are sparse, indirect, and occasionally confl icting. For this 
reason, it is necessary to rely on theory to fi ll in gaps in the data. 
The following is a brief attempt to paint a coherent picture of this 
time period. The emphasis here is on atmospheric composition, 
although other aspects of the Earth system, climate in particular, 
have strong connections with the topic under discussion.

As other authors have done (Zahnle, 2006), I will begin 
my discussion following the Moon-forming impact, sometime 
before 4.44 Ga (the age of the oldest Moon rock), and I will con-

tinue until sometime in the Archean, prior to the rise of O
2
 at 

2.45 Ga (Farquhar et al., 2000). I will concentrate on the prebiotic 
atmosphere and the Hadean–early Archean time period, as this 
interval is the main focus of this volume. Some discussion of 
the later Archean is included, as the constraints from climate and 
geochemistry become much better during this time.

WAS THE EARLY ATMOSPHERE STRONGLY OR 
WEAKLY REDUCED?

Zahnle (2006) has provided a well-reasoned, qualita-
tive description of the way in which the atmosphere may have 
evolved in the several hundred million years following the 

 on June 10, 2014specialpapers.gsapubs.orgDownloaded from 

http://specialpapers.gsapubs.org/


20 J.F. Kasting

 Moon-forming impact. Contrary to the expectations of early 
researchers like Oparin and Urey, the early atmosphere was prob-
ably dominated by CO

2
 and N

2
, rather than CH

4
 and NH

3
. A 

CO
2
-N

2
 atmosphere, supplemented by small amounts of H

2
 and 

CO, is said to be “weakly reduced” (Walker, 1977). That said, there 
could have been a period during the early Hadean, when highly 
reduced gases, especially CH

4
, were more abundant, for reasons 

described next. The relevant considerations are the following:
(1) The early mantle was probably relatively oxidized, as it 

is today, with an effective oxygen fugacity, fO
2
, close to that of 

the QFM (quartz-fayalite-magnetite) synthetic buffer. Although 
some authors (e.g., Kasting et al., 1993; Holland, 2002) have 
proposed that the early mantle was more reduced, data from V 
(Canil, 1997, 2002; Li and Lee, 2004) and Cr (Delano, 2001) in 
ancient rocks indicate that this was not the case. More recently, 
analyses of Ce anomalies in zircons suggest that the upper mantle 
was already oxidized by ca. 4.4 Ga (Trail et al., 2011). Theory 
also supports an oxidized early mantle, at least after the fi rst few 
hundred million years (Frost et al., 2004; Wade and Wood, 2005; 
Wood et al., 2006; Frost and McCammon, 2008). Large impacts, 
including the Moon-forming impact, would have created deep 
magma oceans at Earth’s surface. At the high pressures encoun-
tered near the base of such an ocean, ferrous iron should have 
disproportionated to ferric plus metallic iron

 3Fe+2 → 2Fe+3 + Fe. (1)

Some of the metallic iron segregated out and went into the 
core, perhaps aided by continued downward migration of molten 
iron from large impacts. The rest of the ferrous iron, along with 
virtually all of the ferric iron, remained behind in the mantle. The 
upper mantle was then oxidized as some of this ferric iron was 
lifted upward by convection. The time scale for upper-mantle 
oxidation depends on the convective overturn time, and the pro-
cess requires whole mantle convection. This mantle oxidation 
process may have been supplemented by escape of hydrogen 
from impact-generated steam atmospheres, which could have 
produced as much as one third of the ferric iron now present in 
Earth’s upper mantle (Hamano et al., 2013).

A strong point of the disproportionation model is that it 
accounts for the apparently heterogeneous oxidation state of the 
present upper mantle, because mixing may have been incomplete. 
This theory might allow some portions of the upper mantle to 
remain relatively reduced for as much as several hundred million 
years, if convective mixing was slow. An additional strong point 
of this hypothesis is that it can explain the reduced redox state 
of Mars’ mantle, which is thought to have an fO

2
 ~3–5 log units 

below QFM, based on analyses of Martian meteorites (Stanley et 
al., 2011; Grott et al., 2011). Mars, being smaller, never achieved 
such high pressures in its interior, and so its mantle remained 
closer to the initial, more reduced, iron-wüstite (IW) state.

The upshot of this argument is that, after the fi rst few hun-
dred million years, volcanic gases should have been dominated 
by the types of compounds released from volcanoes today, 

namely, N
2
, CO

2
, SO

2
, and H

2
O (Holland, 1984, 2002). Smaller 

amounts of reduced compounds such as H
2
, CO, and H

2
S should 

also have been released (Holland, 1984, 2002). Virtually no CH
4
 

or NH
3
 is expected to be released from high-temperature, sub-

aerial volcanoes with magmas near QFM. Some CH
4
 and NH

3
 

could have been released by submarine volcanism, although the 
dominant source of submarine CH

4
 would likely have been ser-

pentinization, as discussed later herein. H
2
S should have been 

the dominant sulfur gas released by submarine volcanism, but 
little of it would have reached the atmosphere because most of it 
should have reacted with dissolved ferrous iron in the oceans to 
form insoluble iron sulfi de, and eventually pyrite.

(2) A second reason why highly reduced CH
4
-NH

3
 atmo-

spheres are not expected to persist is that these compounds are 
both photolyzed by solar ultraviolet (UV) radiation, and the 
process is more or less irreversible. Photolysis of NH

3
 occurs at 

wavelengths below ~220 nm and is thus quite rapid (Kuhn and 
Atreya, 1979; Kasting, 1982). Photolysis of CH

4
 requires pho-

tons below ~145 nm and is much slower (Kasting et al., 1983; 
Zahnle, 1986; Pavlov et al., 2001). The word “slow,” however, 
is a relative term. In practical terms, this means that a CH

4
 fl ux 

equivalent to the modern biogenic CH
4
 fl ux of ~3 × 1013 mol yr–1 

(Prentice et al., 2001) could have sustained an atmospheric CH
4
 

mixing ratio of the order of a few hundred parts per million by 
volume (Pavlov et al., 2001; Kharecha et al., 2005). Prebiotic 
CH

4
 fl uxes were probably considerably lower than this (see fol-

lowing), so this suggests that CH
4
 was at best a minor constitu-

ent of the prebiotic atmosphere. Once methanogens evolved, the 
biological methane fl ux should have been comparable to today 
(Kharecha et al., 2005), so CH

4
 should have been an important, 

but still relatively minor, component of the Archean atmosphere.
Another way of looking at this problem is the following: 

Suppose that Schaefer and Fegley (2007) are correct and that 
Earth started out with a dense, CH

4
-dominated atmosphere as 

a consequence of its formation from carbonaceous chondritic 
material. Let’s take 10 bar of CH

4
 for the sake of concreteness. 

The column depth of this atmosphere is ~3 × 1026 CH
4
 mole-

cules cm–2. CH
4
 is effi ciently photolyzed by solar Lyman alpha 

(Ly α) radiation at 121.6 nm. The modern solar mean Ly α fl ux 
at 1 AU (astronomical unit) is ~3 × 1011 photons cm–2 s–1 (White et 
al., 1990), so the average fl ux received over Earth’s surface is one 
fourth that value, or 8 × 1010 photons cm–2 s–1. However, the Ly α 
fl ux early in Earth’s history was higher than this by a consider-
able amount. Ribas et al. (2005) gave the following formula for 
the Ly fl ux evolution

 F = 19.2τ−0.72. (2)

Here, the solar age is in b.y., and F is expressed in ergs cm–2 s–1. 
The formula is valid for >0.1 b.y. If we integrate Equation 2 from 
0.1 to 1 b.y., the average value of F compared to today is ~5; 
hence, the average solar Ly fl ux in photon units is (8 × 1010 pho-
tons cm–2 s–1) × 5 = 4 × 1011 photons cm–2 s–1. Finally, dividing 
the CH

4
 column depth by this number gives the CH

4
 lifetime as
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t
CH4

 =
3 × 1026 cm−2 

4 × 1011 cm−2s−1 
≈ 8 × 1014 s = 3 × 107 yr . (3)

In other words, even a 10 bar impact-produced CH
4
 atmo-

sphere would have been destroyed by photolysis in only ~30 m.y. 
By “destroyed,” I mean “converted to CO

2
,” because that is where 

the carbon would have ended up after the hydrogen had escaped 
to space. The required oxygen atoms would come from H

2
O pho-

tolysis. So, unless life originated within the fi rst 30 m.y. follow-
ing the end of accretion, the atmosphere is not likely to have been 
highly reduced.

(3) Finally, one should ask the question: What exactly would 
be the signifi cance, or theoretical benefi t, of a strongly reduced 
CH

4
-NH

3
 atmosphere? It might indeed aid in Miller-Urey syn-

thesis of organic compounds needed for the origin of life, but 
other mechanisms for producing such compounds have been 
postulated, including synthesis within (off-axis) hydrothermal 
vents on the seafl oor (Baross and Hoffman, 1985) and delivery 
of complex organic molecules by interplanetary dust particles of 
cometary or asteroidal origin (Chyba and Sagan, 1992). From a 
climate standpoint, Sagan and Mullen (1972) suggested that a 
CH

4
-NH

3
 atmosphere could have produced suffi cient greenhouse 

effect to offset the faint young Sun. However, NH
3
 is diffi cult 

to keep around, as pointed out here, and CH
4
 in excess of CO

2
 

photolyzes to produce organic haze—a phenomenon that was not 
accounted for in Sagan and Mullen’s model. Organic haze creates 
an anti-greenhouse effect that cools a planet’s surface (McKay et 
al., 1991; Haqq-Misra et al., 2008). Thus, there is no theoretical 
reason to believe that a Miller-Urey type atmosphere could have 
resolved the faint young Sun problem. A dense CO

2
 atmosphere 

does a much better job, as discussed below.

Abundance of CO2: Constraints from Geochemistry 
and Climate

The abundance of CO
2
 in the early atmosphere is a topic of 

considerable debate. Zahnle (2006) described the situation this 
way: Very high (tens of bar) CO

2
 levels are expected very early 

in Earth’s history as a consequence of volcanic outgassing and 
impact degassing of incoming planetesimals. Most of the mass of 
the impactors was in large, 100-km-diameter or more, planetesi-
mals, and these objects would have released a large fraction of 
their volatiles directly into the atmosphere when they hit. Much 
of the carbon may have been released initially as CO rather than 
CO

2
 (Kasting, 1990). I shall come back to this thought later in 

this review. Eventually, almost all of the carbon would have been 
converted to CO

2
. The mechanism that accomplished this is the 

following: First, H
2
O would have been photolyzed by UV pho-

tons shortward of 240 nm. Such photons can penetrate all the 
way down to the surface unless organic haze was present or the 
CO

2
 concentration was very high. Then, the by-products of H

2
O 

photolysis would have reacted with CO, oxidizing it to CO
2
, and 

releasing H
2
 in the process. The H

2
 would then have escaped to 

space, making the entire process irreversible. The relevant reac-
tion sequence is the following:

 

H
2
O + hν → H + OH

CO + OH → CO
2
 + H

Net: CO + H
2
O → CO

2
 + H

2

H + H + M → Η2 + Μ

. (4)

Exactly what this implies for early atmospheric CO
2
 con-

centrations is unclear. As Zahnle (2006) pointed out (see also 
Sleep and Zahnle, 2001), CO

2
 would have been depleted rather 

quickly by weathering of the seafl oor, followed by subduction 
of carbonatized seafl oor into the mantle. How fast and how far 
CO

2
 levels would have been drawn down are diffi cult to deter-

mine from theory alone. Zahnle favors low CO
2
 levels and very 

cold conditions after the fi rst few hundred million years. The Sun 
was less luminous by ~25% at 3.8 Ga (Gough, 1981), so the cli-
mate would have been extremely cold in the absence of enhanced 
concentrations of greenhouse gases. Assume for the moment that 
CH

4
 concentrations were low and that CO

2
 and H

2
O were the 

only important greenhouse gases. Then, roughly 0.2 bar of CO
2
 

would have been required at 3.8 Ga just to keep Earth’s mean sur-
face temperature above freezing (Kasting, 1987). It seems likely 
that CO

2
 concentrations were at least this high. If they were not, 

and if other factors did not compensate, Earth’s oceans would 
have frozen over entirely, and silicate weathering on the conti-
nents (whatever continents existed at that time) would have come 
to a virtual halt. Sleep and Zahnle (2001) argued that removal 
of CO

2
 by seafl oor weathering would have continued; however, 

it is not clear that this argument is correct. The ice on the ocean 
surface would have been at least hundreds of meters thick, as 
it was limited only by geothermal heat fl ow. Under such condi-
tions, transfer of CO

2
 from the atmosphere to the ocean would 

have been strongly inhibited; hence, any volcanic CO
2
 that was 

released directly into the atmosphere should have remained there. 
So, at steady state, it is diffi cult to see how CO

2
 could have stabi-

lized at less than ~0.2 bar.
Later in the Archean, constraints from the geologic record 

become available. The most convincing of these are the evidence 
for glaciation at 2.9 Ga (Young et al., 1998) and 2.2–2.45 Ga 
(Crowell, 1999). During these times, CO

2
 could not have been 

too high—otherwise, the glaciations would not have occurred. 
The upper limit on pCO

2
 at 2.2 Ga, based on climate calculations, 

is ~0.2 bar (Kasting, 1987). Geochemical indicators, however, 
suggest that pCO

2
 was much lower than this. Rye et al. (1995) 

suggested an upper limit of roughly 0.03 bar, or 100× present 
atmospheric level (PAL), at 2.8 Ga, based on the absence of the 
mineral siderite, FeCO

3
, in paleosols. Sheldon (2006) has criti-

cized the Rye et al. analysis on various grounds. He pointed out 
that if the authors were to repeat their analysis with modern ther-
modynamic data, they would predict paleo-CO

2
 concentrations 

below that of today, which is unrealistic. Sheldon himself ana-
lyzed paleosol weathering from a kinetic standpoint and derived 
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an upper limit of 0.009 bar at 2.2 Ga and, more recently, 0.015 
bar at 2.69 Ga (Driese et al., 2011). This is just about the amount 
of CO

2
 needed to bring Earth’s mean surface temperature above 

freezing at this time (Haqq-Misra et al., 2008, their fi gure 10).
Sheldon’s analysis can itself be criticized on several counts. 

His calculated pCO
2
 values come from an equation derived origi-

nally by Holland and Zbinden (1988):

 

pCO
2
 = 

M

t
K

CO2
 · r

103
+ κ

D
CO2

 · α

L

. (5)

The fi rst term in the bracketed expression accounts for trans-
port of dissolved CO

2
 in rainwater; the second term accounts for 

gaseous diffusion of CO
2
 through the soil. Here, M is the total 

number of moles of CO
2
 cm–2 required to produce the observed 

weathering in the paleosol, t is the time required to form the soil, 
K

CO2
 is Henry’s law coeffi cient for CO

2
, r is the amount of rain-

fall that is absorbed by the soil, κ is a constant (= 1.43 × 103 s · 
cm3/[mol yr]), D

CO2
 is the diffusion coeffi cient for CO

2
 in air, α 

is the ratio of the CO
2
 diffusion coeffi cient in air to that in soil, 

and L is the total depth of the soil horizon. Nominal values for 
these parameters (in cgs units) and associated uncertainties are 
listed in Sheldon’s paper. According to his discussion, the big-
gest uncertainty (a factor of 2 in either direction) is in t, the time 
required for soil formation. He allows α to vary from 0.1 by plus 
or minus 20%. However, Holland and Zbinden assigned a much 
larger uncertainty to α, a factor of 10 in either direction. Hol-
land and Zbinden also assumed that r = 50 cm yr–1, or half the 
globally averaged modern rainfall rate, whereas Sheldon used 
r = 100 cm yr–1. This makes Sheldon’s estimate for pCO

2
 lower 

by a factor of 2 in cases where percolation of rainwater domi-
nates. Holland and Zbinden themselves listed the uncertainty in 
calculated pCO

2
 as being a factor of 10 in either direction (their 

Eq. 19), and this is after arbitrarily reducing the uncertainties in 
α and L by a factor of 2 compared to their earlier analysis of 
O

2
 delivery to soils. Finally, by setting the fl ux of CO

2
 into the 

soil over time t equal to the observed weathering, M, all of these 
authors effectively assumed that weathering by CO

2
 is 100 per-

cent effi cient, that is, that all of the CO
2
 that makes it into the 

soil results in mineral dissolution. In reality, some of this CO
2
 

probably does not react, and hence Equation 5 should yield only 
a lower limit on pCO

2
, and a highly uncertain one at that.

Archean CO
2
 concentrations have also been estimated based 

on the mineralogy of banded iron formations (Rosing et al., 
2010). These authors suggested that magnetite (Fe

3
O

4
) in banded 

iron formations would have been quantitatively converted to sid-
erite (FeCO

3
) if pCO

2
 exceeded 0.001 bar, or 3 PAL. If correct, 

this limit would apply throughout the time that banded iron for-
mations formed, i.e., the Archean–early Proterozoic. Their argu-
ment has been criticized on climatic grounds, as mentioned ear-
lier (Goldblatt and Zahnle, 2011), and on geochemical grounds 
as well (Reinhard and Planavsky, 2011; Dauphas and Kasting, 

2011). Briefl y, conversion of magnetite to siderite requires 
a reductant, probably organic carbon. If the supply of organic 
carbon to sediments was small, magnetite would have been pre-
served. So, the Rosing et al. limit on CO

2
 is probably invalid.

N2 ABUNDANCE

Early N
2
 partial pressures may well have been higher than 

today by a factor of 2–3 (but see counter-arguments below). 
Goldblatt et al. (2009) have presented a strong argument for this. 
I will reiterate their analysis briefl y here. N

2
, like CO

2
, would 

have been released directly into the atmosphere by large impacts. 
(The nitrogen in impacting planetesimals was likely bound to 
organic compounds, but it would have been volatilized to N

2
 in 

impact plumes.) Venus has similar amounts of excess carbon as 
does Earth, but it has 2–3 times as much nitrogen as is present 
in Earth’s atmosphere. Earth probably has equivalent amounts 
of nitrogen, much of which is in the mantle today, but it was 
probably present in the atmosphere during the early Archean. 
The presence of extra N

2
 could have warmed Earth’s surface by 

4°–5 °C by pressure-broadening the absorption lines of CO
2
 and 

H
2
O (Goldblatt et al., 2009). This could reduce the amount of 

CO
2
 needed to warm the early environment by roughly a factor 

of 2–3. Eventually, this excess N
2
 was removed by incorpora-

tion into organic sediments, followed by subduction down into 
the mantle. The time scale on which this happened is unclear. 
Recently, however, some quantitative evidence bearing on atmo-
spheric N

2
 levels has emerged: Som et al. (2012) estimated that 

total atmospheric pressure at 2.7 Ga was no higher than twice 
the present value, based on raindrop impressions in ancient tuffs. 
This evidence is consistent with the Goldblatt et al. model, since 
the high pN

2
 values postulated by those authors probably applied 

prior to this time. But Marty et al. (2013) placed even lower limits 
on Archean pN

2
 based on the N

2
/36Ar ratio in fl uid inclusions. If 

their analysis is correct, then Archean pN
2
 was no higher than 

today’s value.

H2 ABUNDANCE

Recently, Wordsworth and Pierrehumbert (2013) argued that 
H

2
 could have helped to warm early Earth if it was present in con-

centrations exceeding ~10% by volume. H
2
 turns out to be a good 

greenhouse gas, because collisions can allow it to absorb radia-
tion across the thermal-infrared spectrum by exciting its pure 
rotational levels (Kasting, 2013). Whether it was really important 
for Earth’s early climate is uncertain, however. Most models of 
the early atmosphere (Kasting, 1993, and references therein) sug-
gest that H

2
 mixing ratios were of the order of 0.1% by volume. 

So, to achieve an H
2
 mixing ratio of 10%, either volcanic outgas-

sing rates would need to have been 100 times higher than today, 
or hydrogen must have escaped to space at less than the diffusion 
limit, or some combination of these factors must have applied. 
None of this is impossible, but it remains to be demonstrated that 
H

2
 would really have been abundant enough for its climatic effect 
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to have been important. Furthermore, as pointed out by Kasting 
(2013), once methanogens evolved, they should have pulled 
atmospheric H

2
 mixing ratios down by catalyzing the reaction

 CO
2
 + 4H

2
 → CH

4
 + 2H

2
O. (6)

Calculations by Kharecha et al. (2005), discussed in the next 
section, suggest that methanogens would have been highly effi -
cient at converting H

2
 to CH

4
 by this mechanism.

CH4 ABUNDANCE

CH
4
 could have been generated by several processes on early 

Earth. As mentioned earlier, methanogens, once they evolved 
would have been the largest source. According to Kharecha et al. 
(2005), methanogens could have produced CH

4
 at a rate compa-

rable to today’s biological production rate, 535 Tg(CH
4
) yr–1, or 

3.3 × 1013 mol yr–1 (Prentice et al., 2001). In photochemist’s units, 
this is ~1.2 × 1011 cm–2 s–1. (The conversion factor is: 1 mol/yr = 
0.00374 cm–2s–1.) I will henceforth ignore biology and concen-
trate on abiotic CH

4
 sources. The biological fl uxes, though, are 

useful for comparison.
CH

4
 could also have been produced by serpentinization of 

ultramafi c rocks in mid-ocean-ridge hydrothermal systems. In 
this process, ferrous iron in the rock is oxidized to magnetite, and 
either H

2
O is reduced to H

2
 or CO

2
 is reduced to CH

4
. We can 

bound the methane fl ux by comparing it with the rate at which 
seafl oor is oxidized by this process. The stoichiometry is

 CO
2
 + 2H

2
O ↔ CH

4
 + 2O

2
. (7)

According to Sleep (2005), the rate of serpentinization of 
seafl oor is ~0.2 × 1012 mol O

2
 equivalent per year, or approxi-

mately one-fi fth of the total seafl oor oxidation rate. Produc-
tion of 1 mol of CH

4
 is equivalent to consumption of 2 moles 

of O
2
, according to Equation 7. So, if all of the serpentinization 

results in CH
4
 production, the rate of CH

4
 release should be ~1 × 

1011 mol yr–1, or 4 × 108 cm–2 s–1. This is an upper limit on CH
4
 

production today, because much of the serpentinization probably 
produces H

2
 instead. Even so, it is smaller than the biological fl ux 

by a factor of more than 300. A CH
4
 fl ux of this magnitude would 

produce a CH
4
 mixing ratio of roughly half a part per million, 

based on extrapolation from fi gure 1 of Pavlov et al. (2001). The 
rate of serpentinization could conceivably have been higher on 
early Earth if more ultramafi c rock was exposed to interactions 
with warm seawater. Quantifying this source is diffi cult, though, 
because it requires understanding how plate tectonics in the dis-
tant past differed from plate tectonics today.

CH
4
 could also have been produced from impacts via 

interactions with metallic iron particles in their plumes (Kress 
and McKay, 2004; Schaefer and Fegley, 2007). This source of 
CH

4
 could conceivably have been much larger, of the order of 

1010–1011 cm–2 s–1. This number is derived by comparison to the 
numbers for impact production of CO given in the following, by 

allowing the impacts to generate CH
4
 instead of CO. A CH

4
 fl ux 

of 1011 cm–2 s–1 could produce an atmospheric CH
4
 mixing ratio of 

roughly 1000 ppmv, or 0.1% (Pavlov et al., 2001). This is enough 
to produce 10°–12 °C of greenhouse warming (Haqq-Misra et al., 
2008, their fi gure 10), thereby further reducing the amount of CO

2
 

needed to warm early Earth. So, a reasonable CO
2
 partial pressure 

for the late Archean is ~0.03 bar, or 100 PAL (Haqq-Misra et al., 
2008). As pointed out earlier, however, CH

4
 has a double-edged 

effect on paleoclimate, because organic haze begins to form at 
CH

4
/CO

2
 ratios greater than ~0.1. This creates an anti-greenhouse 

effect that cools the climate, as happens on Saturn’s moon, Titan 
(McKay et al., 1991). So, a CH

4
-dominated early Earth, if it 

existed, would have been quite cold. I note parenthetically that the 
reason organic haze does not form on the CH

4
-rich giant planets 

themselves is that the polymerization process is poisoned by H
2
. 

However, terrestrial planets, and Titan, are expected to form hazes 
because their H

2
 is continually lost to space.

IMPORTANCE OF CO

Production of CO by Photochemistry

A second gas that could have been generated by impacts is CO. 
Most of the carbon in the high-temperature portion of the impact 
plume would likely have been in this form (Kasting, 1990), as dis-
cussed further in the following. However, impacts are not required 
for CO to have been an important constituent of the early atmo-
sphere, because it is also produced by photolysis of CO

2
:

 CO
2
 + hν → CO + O. (8)

A photochemical model calculation can provide some idea 
of how much CO should have been present. Figure 1 shows ver-
tical profi les of selected atmospheric species for a hypothetical 
Archean atmosphere. The model used here is the one described in 
Segura et al. (2007). It tracks the photochemistry of H, O, C, N, 
and S compounds, along with hydrocarbons up through C1 (i.e., 
CH

4
). Parameters used in this calculation were the following: 

surface pressure—1 bar; CO
2
 mixing ratio—0.2; H

2
 outgassing 

rate—1 × 1010 cm–2s–1; SO
2
 outgassing rate—3.5 × 108 cm–2s–1, 

CO outgassing rate—0; CH
4
 outgassing rate—1 × 106 cm–2s–1 

(i.e., purposely assumed negligible). A present-day solar EUV 
(extreme ultraviolet) fl ux was assumed in this calculation, along 
with a relatively cool surface temperature, 280 K. Hydrogen was 
assumed to escape to space at the diffusion-limited rate

 φ
esc

(H
2
) ≅ 2.5 × 1013 ƒ

tot
(H

2
), (9)

where ƒ
tot

(H
2
) is the total hydrogen mixing ratio in the stratosphere

 ƒ
tot

(H
2
) = ƒ(H

2
) + ƒ(H

2
O) + 2ƒ(CH

4
) +… . (10)

Hydrogen is budgeted here, for convenience, in terms of H
2
 mol-

ecules rather than H atoms.
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As shown in Figure 1, the volume mixing ratios of H
2
 and 

CO near the surface are 2.6 × 10−4 and 1.6 × 10−5, respectively. 
When combined with 0.2 bar of CO

2
, this mixture appears rather 

unfavorable to prebiotic synthesis of organic compounds. Spark 
discharge (i.e., lightning) would probably not result in good 
yields of organics in such a mixture. However, the apparently 
oxidized nature of this atmosphere is deceiving. In reality, such 
an atmosphere could be very good for driving primitive microbial 
metabolisms. Consider the equilibrium reaction

 CO + H
2
O( ) ↔ CO

2
 + H

2
. (11)

The ‘ ’ means that the H
2
O is in liquid phase. According to the 

NIST Chemistry Webbook (2011; http://webbook.nist.gov/
chemistry/ [accessed November 2011]), the Gibbs free energy 
change for this reaction under standard conditions at 25 °C is: 
ΔG 0

R = −20.0 kJ mol–1. The equilibrium constant is given by

 
K

eq
 = pCO

2
 · pH

2

pCO
= e−ΔG   /(RT) ≅ 3.2 × 103 atm

0
R . (12)

In this expression, R is the universal gas constant, and p
i
 repre-

sents the partial pressure of gas i (in units of atm). Rearranging 
equation and evaluating it at pCO

2
 = 0.2 bar gives

 

K
eq=

pCO
2

pH
2

pCO
≅ 1.6 × 104 . (13)

Now, compare this ratio to the H
2
:CO ratio in the model 

atmosphere, ~16. The calculated equilibrium ratio of these gases 
in water solution is 1000 times higher. Energetically, it is as if 
the effective pH

2
 in solution is ~0.26 atm instead of 2.6 × 10−4 

atm. A primitive organism that could utilize CO would have a 

very effective source of metabolic energy. Today, certain organ-
isms, notably acetogens, consume CO by using the enzyme CO 
dehydrogenase. This enzyme is considered to be primitive and 
was likely present in the earliest prokaryotes (Ragsdale, 2004; 
Kharecha et al., 2005).

An alternative way of saying the same thing is to calculate 
the free energy change for reaction when H

2
 and CO are set equal 

to their calculated values in the model atmosphere. Using the 
Nernst equation, this energy change is given by

 
+ RT 1n=

pCO
2
 · pH

2

pCO
≅ −17 kJ/molΔG 0

R
ΔG

R . (14)

For comparison, the free energy needed to synthesize ade-
nosine triphosphate (ATP) is 35.6 kJ mol–1 (Kral et al., 1998), and 
some organisms are able to metabolize at free energies as low at 
10–15 kJ mol–1 (Conrad, 1996). So, converting CO to H

2
 could 

have provided suffi cient energy to power primitive metabolisms. 
Others have had this thought, as well. Huber and Wachtershauser 
(1997, 1998) have suggested that such CO-based metabolism 
may have been an early step in the origin of life. Their hypothesis 
is discussed further later herein.

Let’s consider why this free energy would have been avail-
able on early Earth. The ultimate source of this free energy is 
the photolysis of CO

2
 (reaction), which creates the high-energy 

species CO and O. H
2
 is also a high-energy species compared to 

the H
2
O, from which it ultimately derives. However, in Earth’s 

atmosphere, H
2
 escaped to space whereas CO did not. That is 

why the free energy gradient exists in Equation 14.

Addition of CO from Impacts

We have just begun to tap the chemical potential of CO. 
The previous analysis does not include any production of CO 
from volcanism or impacts. Of these two sources, impacts were 
probably the most important. The impact fl ux as a function of 
time is diffi cult to pin down, as it depends critically on forma-
tion models for the early solar system. The total integrated fl ux 
during the heavy bombardment period, 4.4–3.8 Ga, can be esti-
mated from analysis of Moon rocks. It is equivalent to a layer of 
rock ~2.4 km deep on early Earth (Sleep et al., 1989; Kasting, 
1990). Kasting (1990) assumed that this material accreted at an 
exponentially decreasing rate with a decay constant of 0.2 b.y. 
He estimated that the CO production rate at 3.8 Ga would have 
been 1.5 × 1010 cm–2 s–1 if the impactors consisted of comets, and 
approximately one third this rate if the impactors were similar to 
carbonaceous chrondrites, or approximately one fi fth this rate if 
they consisted of ordinary chondrites. The average fl ux over the 
0.6 b.y. heavy bombardment period would have been 3.8 times 
this value. Since that time, some planetary dynamicists have pro-
posed the so-called “Nice” model, which revives the idea that 
the impacts were concentrated in a 0.1–0.2 b.y. pulse near 3.9 Ga 
(Gomes et al., 2005; Tsiganis et al., 2005). If all of the impactors 
arrived within a 200 m.y. time interval, then the CO production 

Figure 1. Vertical profi les of major atmospheric species for a typical 
early Archean model atmosphere. A surface pressure of 1 bar is as-
sumed. Other parameters for the calculation are described in the text.
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rate during that time would have been enhanced by an additional 
factor of 3. Thus, plausible rates of CO production could be as 
high as (3–15) × 1010 cm–2 s–1.

The signifi cance of these numbers is the following: The 
atmosphere has a fi nite ability to rid itself of CO (Kasting, 
1990). The reaction sequence begins with the photolysis of H

2
O, 

and there are only so many photons available below 240 nm 
that are capable of doing that, especially as CO

2
 absorbs in this 

region as well, and as most of the water vapor is confi ned below 
10 km. Hence, the removal rate of CO cannot exceed the column- 
integrated rate of photolysis of H

2
O, designated here as ∫J

H2O. 
That number is of the order of 2 × 1010 cm–2 s–1 (Fig. 2). In Fig-
ure 2, ∫J

H2O is shown as a function of atmospheric CO mixing 
ratio (dotted curve). Also shown is the corresponding impact 
production rate of CO that would be required to sustain that CO 
mixing ratio. Both curves are quite fl at at CO mixing ratios above 
10−4. This illustrates a phenomenon that has been called “CO 
runaway” (Kasting et al., 1983; Zahnle, 1986). CO production 
rates higher than this critical value (2 × 1010 cm–2 s–1) result in 
accumulation of CO in the atmosphere. To give a concrete exam-
ple, suppose CO was being produced at a rate of 3 × 1010 cm–2 

s–1, i.e., the lower bound of the numbers given in the previous 
paragraph. Two thirds of this CO could have been consumed by 
the reaction sequence in Equation 4. The other one third would 
have accumulated in the atmosphere. If the accumulation con-
tinued for 200 m.y., then the total amount of CO built up would 
be 6 × 1025 molecules cm–2, equivalent to a 3 bar atmosphere of 
pure CO. The corresponding H

2
 partial pressure from Equation 

11 is 5 × 104 bar. Alternatively, the free energy change from the 
Nernst equation is −48 kJ mol–1. This latter calculation takes into 
account the fact that the H

2
 mixing ratio builds up to ~10−3 under 

such circumstances (not shown).
The calculation just described is meant to be illustrative, not 

realistic. Higher UV fl uxes on early Earth (Ribas et al., 2005) 
would raise the H

2
O photolysis rate and make CO accumulation 

more diffi cult. The increase is ~50% for the Sun at 3.9 Ga, but it 
would be higher early on. Furthermore, hydration of CO to for-
mate (HCOO–) in the oceans should have provided a sink for CO 
(Van Trump and Miller, 1973)

 CO + OH− → HCOO−. (15)

The rate of this reaction is relatively slow at low tem-
peratures; for surface temperatures near the modern value, its 
effect on atmospheric CO can be parameterized by assum-
ing a deposition velocity of 10−8–10−9 cm s−1 (Kasting, 1990; 
Kharecha et al., 2005). The dashed curve in Figure 2A labeled 
“v

dep
n

CO
” shows the removal rate when the deposition velocity is 

10−8 cm s−1. According to this fi gure, loss of CO by way of this 
mechanism would not have competed effectively with photo-
chemical removal by the reaction sequence in Equation 4 until 
the CO mixing ratio approached 10% by volume. Higher atmo-
spheric CO

2
 concentrations could have sped up this reaction by 

warming the surface; however, high CO
2
 may also have made 

the oceans more acidic, which would have slowed the reaction 
in Equation 15 by reducing [OH].

When all of the uncertainties are considered, it is diffi cult 
to make a reliable estimate of how high atmospheric CO levels 
might have gotten and how long they would have lasted. Still, this 
calculation does suggest that CO could have built up to signifi -
cant concentrations in the immediate aftermath of large impacts, 
and that the chemical potential generated by this CO could have 
been a driving force for early biological metabolism. As men-
tioned earlier, Huber and Wachtershauser (1997, 1998) have sug-
gested that CO was directly involved in life’s origin. Their che-
moautotrophic model for life’s origin also requires H

2
S or CH

3
SH 

Figure 2. Inverse calculations showing various fl uxes as a function 
of atmospheric CO mixing ratio. (A) φ

CO
 is the CO fl ux from im-

pacts needed to sustain the CO mixing ratio, ∫J
H2O  is the column-

integrated H
2
O photolysis rate, and v

dep
n

CO
 is the rate at which CO 

would fl ow into the ocean given a deposition velocity of 10−8 cm–2 s–1. 
(B) Remaining terms in the atmospheric hydrogen budget Equation 
16. Solid curves, along with φ

CO
 from panel A, represent H

2
 sources; 

dashed curves represent H
2
 sinks. The surface deposition fl ux of CO, 

v
dep

n
CO

 from panel A, has not been included in the budget shown. In 
reality, this would constitute an additional sink for hydrogen, which 
would need to be compensated by higher CO input. It was not includ-
ed explicitly here because the lower boundary was used to parameter-
ize CO production from impacts (i.e., CO fl ows upward at a rate φ

CO
).
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(methyl mercaptan), and so they envision this process happening 
in a hydrothermal vent environment. However, the dissolved CO 
levels in vent fl uids that they cite (0.26–0.36 cm3 kg–1), are equiv-
alent to those that would be in equilibrium with atmospheric CO 
partial pressures of 0.01–0.016 atm. This is within the range of 
CO concentrations that might have been generated by impacts. 
So, impact-generated CO might have allowed early life to 
expand beyond the hydrothermal vent environment, if indeed 
that is where life originated. CO also helps to form peptide bonds 
between amino acids (Huber and Wachtershauser, 1998), and so 
early protein synthesis pathways might have relied on the pres-
ence of this compound.

Before leaving this section, I should spend a few words 
describing panel B of Figure 2. This panel shows the remaining 
terms in the atmospheric hydrogen budget. The budget equa-
tion is

 φ
out

(H
2
) + φ

CO
 + φ

oxi
 = φ

esc
(H

2
) + φ

red 
. (16)

Here, φ
out

(H
2
) (= 2 × 1010 cm–2 s–1) is the assumed outgassing rate 

of H
2
, φ

CO
 is the production rate of CO from impacts and volca-

nism, φ
oxi

 is the rainout + surface deposition rate of photochemi-
cal oxidants, φ

red 
is the same rate for photochemical reductants, 

and φ
esc

(H
2
) is the hydrogen escape rate calculated from Equa-

tion 16. This equation represents conservation, not of hydro-
gen molecules, but of available electrons (Kasting and Brown, 
1998). Whether or not this equation is balanced is a good check 
of whether one’s photochemical model is working properly. Our 
models are well balanced.

The main photochemical oxidant removed from these model 
atmospheres is nitroxyl, HNO. This is an oxidant because H

2
 is 

required to convert the nitrogen back to its stable form of N
2
,

 2 HNO + H
2
 → N

2
 + 2H

2
O. (17)

The main photochemical reductant in these model atmospheres 
is formaldehyde, H

2
CO. The importance of this molecule was 

originally pointed out by Pinto et al. (1980). Formaldehyde in 
solution hydrates to form methylene glycol, H

2
C(OH)

2
. In high 

concentrations, it can polymerize to form sugars. What would 
happen next is a matter of conjecture. Shaw (2008) has pointed 
out that organic compounds can be reduced to CH

4
 during pas-

sage through the mid-ocean-ridge hydrothermal vents. If this was 
the ultimate fate of formaldehyde, then it should have resulted 
in an additional CH

4
 source of a few times 109 cm–2 s–1. This is 

comparable to the production rate of CH
4
 from serpentinization 

estimated earlier, but it is still 30–100 times smaller than the pres-
ent biological CH

4
 fl ux.

Finally, to bring closure to this story, I should point out that 
dissolved CO and/or formate might also be reduced to CH

4
 during 

passage through the mid-ocean-ridge hydrothermal vents. The 
potential CH

4
 source can be estimated by taking the modern rate 

of seawater cycling through the vents, 2.5 × 1012 m3 yr–1 (Sleep 
and Zahnle, 2001; Shaw, 2008), and multiplying by the dissolved 

CO content of seawater. Assuming that atmospheric pCO = 
0.1 bar, and using a Henry’s law constant of 1 × 10–3 mol/l/atm 
(at 25 °C), [CO] = 10−4 mol L–1, or 0.1 mol m–3. If this CO was 
quantitatively reduced to CH

4
 during passage through the vents, 

the rate of CH
4
 production would have been 2.5 × 1011 mol yr–1, 

or ~109 cm–2 s–1. Once again, this source is comparable to the CH
4
 

source from serpentinization or from H
2
CO reduction. Like the 

serpentinization fl ux, though, this CH
4
 source could have been 

larger in the distant past if the rate of hydrothermal circulation 
was higher—which it almost certainly was—or if atmospheric 
pCO exceeded 0.1 bar.

CONCLUSIONS

The atmosphere during the Hadean and early Archean was 
probably dominated by CO

2
 and N

2
. Any dense CH

4
 atmosphere 

that might have been generated by impacts would have dissipated 
within ~30 m.y. Multibar levels of CO

2
 very early in Earth’s his-

tory probably gave way to CO
2
 concentrations of a few tenths 

of a bar or less by 2.8 Ga. N
2
 concentrations were probably 2–3 

times higher than today during the Hadean and declined to mod-
ern values sometime after that. The faint young Sun problem was 
probably solved largely by CO

2
, with a little help from enhanced 

pressure broadening by N
2
.

CH
4
 was probably a trace constituent during most of the 

Hadean, with concentrations of a few tens of parts per million. 
CH

4
 concentrations would have risen to several hundreds of parts 

per million once methanogens evolved, perhaps during the early 
Archean. At this point, CH

4
 would also have made a signifi cant 

contribution (10°–12 °C of warming) toward solving the faint 
young Sun problem. Higher amounts of warming by CH

4
 would 

have been prevented by formation of organic haze.
CO would have been an important constituent of the prebi-

otic atmosphere, particularly in the aftermath of large impacts. 
The free energy of CO is high and could have been tapped by 
early organisms to help drive their metabolisms. This should 
be considered when evaluating theories of life’s origin and 
early evolution.
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