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The role photochemical
reactionsin the early Earth's atmosphereplayedin the prebioticsynthesis of simple organic molecules was examined. We have extended an earlier calculation of

formaldehyde
productionratesto more reducedcarbonspecies,suchas methanol,methane,and
acetaldehyde.
We havesimulatedthe experimentalresultsof Bar-Nun and Chang(1983) as an
aid in the constructionof our photochemicalschemeand as a way of validating our model. Our
resultsindicate that somefraction of CO2 and H2 presentin the primitive atmospherecould
havebeenconvertedto simpleorganicmolecules.The exact amountis dependenton the partial
pressureof CO2 and H2 in the atmosphereand on what assumptions
are made concerningthe
shapeof the absorptionspectra of CO2 and H20. In particular, the results are most sensitiveto

the presence
or absence
of absorptionat wavelengths
longwardof 2000.•. We alsofind that small
quantitiesof CH4 could have been presentin the prebiotic Earth's atmosphereas the result of
the photoreduction of CO.

molecules

INTRODUCTION

occurred.

Conditions

were least favorable

for the

preservation of organic molecules during the early phases of
The compositionof the Earth's atmosphere prior to the accretion because of high surface temperatures. Conditions
originsof life, and the possiblerole that the atmospheremay were more favorable after the surfacehad cooled sufficiently
have played in the production of simple organic molecules, to allow the presence of a stable solid crust and of liquid
have long been the subject of intense debate. Numerous ex- oceans. These conditions were certainly met prior to 3.8
periments have been designedto simulate the atmospheric billion years ago, as shown by the existence of sedimentary
chemistry of various assumedcompositionsfor a variety of rocks in the Isua formation. The oldest unambiguous evi-

energysources.Garrisonet al. [1951]had useda composi-

dence of life are fossiliferous stromatolites

of about 3.5 billion

tion reflecting the oxidation state of modern volcanic gases yearsage[Lowe,1980; Walteret al., 1980],and it is possible
(today,carbonand nitrogenare presentmainly as CO2 and that some of the kerogens found in the Isua formation are

CO and as N2, respectively).Miller [1953],in his experi- biogenic[Schopfet al., 1983].

ments, simulated lightning dischargesin an atmosphere in
which carbon and nitrogen were present as methane and
ammonia, respectively,and found a much wider range of organic compounds,including amino acids. The needed reducing atmospherewould have been possibleif volcanic gases
were allowed to equilibrate with native iron in the upper
mantle.

Once the Earth's

core and mantle

had differenti-

Biological emissionsare the primary source of methane to

the modernatmosphere(seeKhalil and Rasmussen
[1983],
for example). Much smallerquantitiesare emitted by submarine hot springs. This methane must come from a deep
primordial reservoir since it is associatedwith high concen-

trationsof SHe[CraigandLupton,1976]. It is extremely
difficult to estimate fluxes of CH4 associated with subma-

ated, however, iron and other siderophileswould have been
rine hydrothermal activity on the early Earth. We will assequesteredin the core, and the redox state of volcanic gases
sume for the present study that the ratio of this flux of
should have been much closer to what is observed today.
carbon to the surface to that of CO• and CO on the early
Stevenson[1983]suggested
that differentiationwas an on- Earth was the same as the modern value, because there is
going process occurring during the accretion of the earth
not any strong evidence to suggest that the composition of
from planetesimals. The accretionaryphase of the Earth's
volcanic volatiles has changed significantly since the time of

historyprobablylastedfor a time of the orderof 105years,
the oldestknownrocks,3.8 billionyearsago[Holland,1984].
certainlynomorethan5x 10s years.Duringtheearlystages
Becauseof the uncertain redox state of volcanic gasesprior
of accretion, degassedvolatiles were probably more reducto this time, laboratory investigations which are based on a
ing than afterward, because of equilibration of the gases
variety of atmospheric compositions are all useful. Indeed,

with iron in infallingmeteorites[Ringwood,
1979]. It is not they all may have some relevance for understanding the role
clear at what stageof Earth history the synthesisof organic

of the atmosphere in the abiotic synthesisof organic molecules, because the composition of Earth's atmosphere may
1Nowat Department
of Chemistry,
University
of California, have rapidly evolved from a reduced state to a more oxidizSan Diego, La Jolla.
ing one, during accretion. They can also contribute to our
2Nowat Geophysical
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Princeton understanding of a number of key chemical processes.
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The laboratoryexperiments
of Hubbardet al. [1971],BarNun and Hartman [1978],and Bar-Nun and Chang[1983]

have shown that the gasphase photolysis of H•O in the presence of CO could lead to the production of simple organic
moleculesof potential importance for the abiotic synthesis
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Fig. 1. Thetimeevolution
of themajorproducts
in the experiments
(runs9-11) of Bar-NunandChang
[1983].

of more complex compounds. Bar-Nun and Chang found
a range of reduced carbon compounds, such as aldehydes,
alcohols,alkanes,and alkenes,resulting from the hydrogenation of CO. Their experiments are especially useful in that
they provide quantitative data for developing and testing
kinetic mechanisms, although they did not attempt to do

vesselwas held fixed at 59øC, and the irradiation time varied from 20 to 87 hours in these experiments. The evolution
of the productsin their experiments9-11 is shownin Figure

this themselves.

also found. The results of our simulation of the major molecules formed in this experiment are shown in Figure 2a.

The present work will be composedof a numerical simulation of the experimental results of Bar-Nun and Chang and
a modeling study of the chemistry of the prebiotic Earth.
The modeling study will address the relevance of the experimental results for the prebiotic Earth and the reactions
that might have been important for the production of simple organic moleculesin the atmosphere. The present study

1. The major reactionproductsare CO• and H•, followed
by CHsOH, H2CO, and CH4. Smallerquantitiesof C• hydrocarbons,suchas acetaldehyde,ethanol,and ethanewere

The concentrations

of free radicals

we have calculated

are

shown in Figure 3. Their abundances are generally small,
and they were not measuredin the experiments becausethe
analysiswas performed at the end of the experiment, when
they had already been recombined.
Table l a lists the photodissociationreactions used in the
will extendour earliermodelingefforts(Pinto et al., [1980]; simulation of the experiments. The optical depth in the re-

hereafterreferredto aspaper1) to includenewreactionsfor

action

the reduction of formaldehyde to methanol and methane.
Because of uncertainties in the abundance of major constituents, such as CO2 and H2, the calculations will be performed for a wide range of H2 and CO• concentrations.

CO•. This value is then used in the calculation of photolysis rates. The reactions and their rate coefficientsused in
the calculations are shown in Table lb. The sequenceof
reactions we propose to explain the production of methane

vessel is estimated

in their reaction

ANALYSIS

OF EXPERIMENTAL

RESULTS

Bar-Nun and Chang[1983]continuously
irradiatedmix-

from

the measured

vessel is as follows.

evolution

of

Since CO does not ab-

sorbat 1849/•, it wasthe photolysis
of watervaporwhich
initiated the chemistry occurring in the experiment,

turesof CO andH•O in varyingproportions
at 1849/• and (R3)
monitored the buildup of products. In the experiments we

will analyze(their runs 9-11), the partial pressureof CO

and

was 300 torr. The amount of water vapor was the equivalent of 0.03 mL of liquid water. Temperature in the reaction

(R62)

H•O + h• -+ H + OH

CO + OH --+ CO• + H
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Fig. 2a. Resultsof our modelsimulationof the experimental
data shownin Figure1. The reactionset usedis givenin
Tables la and lb.
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Calculatedconcentrationsof the free radicalsin the modelsimulationof the experiment. For comparisonwith Figures

2• and 2•, we notethat 1 x 10TMmolecules
equals1.7 x 10-4 •mol.

The hydrogenatomscan recombinewith CO to yield formyl
radicals

and

via

H +CO+

M -• HCO+

(ac)
(R63b)

M

The formyl radicals then disproportionate to produce formaldehyde,

(R63a)

HCO + HCO -• H• + 2CO

net

H + H -• H2

(2)

Another possibility is that formyl radicals were reacting
with formaldehydeto yield methoxy radicals,

HCO + HCO -• H2CO + CO

There axe at least four different pathways by which the
addition of hydrogento formaldehydecan occur. Hydrogen
atoms can be added directly in the reaction,

(R67a)

2(H + CO + M -• HCO + M)

H + H2CO + M -• CHsO + M

(R69)

HCO + H•CO -• CH30 + CO

However,VeyretandLescaux[1981]havemeasuredan upper
limit of 10-•7 cm3 s-• for this reactionat room temperature. This reaction probably has an appreciable activity

Usingvaluesfor the rate coefficientof (R67a) estimatedby
Yunget al. [1988],it can be seenfrom Figure 3 that the
concentrationof H atoms is too small for (R67a) to be an
effectivesourceof compoundsmore reducingthan formaldehyde. The concentrationof H atoms is kept low by the
following catalytic cycles:

energybaxrier, though. In this case,the rate coefficientat
59øC may be much laxgerthan the room temperature value.

Choosing
an A factorof 10-• cms s-• yieldsan activation
energyof about8.2kcalmol-•. At 59øCthe ratecoefficient
couldbe 3.8 x 10-•7, whichhas beenusedin the simulation. Results presented in Figure 2a show that the rate

coefficientfor (R69) is still not large enoughto accountfor
the reduction of formaldehyde observedin the experiments.

H+

(R63a)

CO + M -• HCO+M

Note that (R69) is the dominant sourceof CHsO in our
simulation,the contributionfrom (R67a) being negligible.

2HCO -• H•CO + CO

Figure 2b presentsresultsof a model with a higher value for

H•CO + H -• H• + HCO

net

H + H -• H•

theratecoefficient
of (R69),k69= 1x 10-•6. Thisimproves
(1)

the agreementbetween the observedand computed H2CO
but degradesthat of H2. The overall agreement between
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14,961

The Reactions and Their Coefficients Used Only in the

Simulationof the Experimentsof Bar-Nun andChang[1983]
Reaction

No.

(R3)
(R7a)
(R7b)
(R8a)
(R8c)
(R8d)
(R9a)
(R9b)
(Ri0)
(R95)

(R96)
(R97)
(R98)
(R99)

(Ri00)
(R101)
(R102)

Reaction

Rate Constant

H20 + hv -• OH+ H
H2CO+ hv --• HCO+ H
H2CO+ h• • CO+ H2
CH3OH+ h• • CH3+ OH
CH3OH+ h• • H2CO+ H2
CH3OH+ h• -• CH30+ H
CH3CHO+ hv -• CH3+ HCO
CH3CHO+ hy -• CH4+ CO
OCH3CHO
+ h• • CH2CHO+ OH
CH3CO+ OH+ (M) • CH3COOH
+ (M)

CH3CO
+ CH3+ (M) • CH3COCH3
+ (M)

Reference

7.13(-8)
3.07(-7)
3.07(-7)
7.68(-8)
3.12(-7)
3.12(-7)
3.07(-7)
3.07(-7)
6.25(-7)
5.0(-11)

a
b
b
c
c
c
d
d
d
e

2.0(-11)
3.8(-17)
1.5(-10)

g
e
e

2.0(-10)

e

6.7(-9)T-ø's

CH2OH+ CH3+ (M) --• C2H5OH
+ (M)
HCO-•-H2CO-•-(M) --• OCH2CHO
-•-(M)
OCH2CHO
+ HCO• OCH3CHO
+ CO

OCH2CHO
+ CO• CH2CHO
+ CO2
OCH3CHO
+ H -• CH2CHO
+ H20

2.6(-11)
e-594ø/T
2.2(-12)
e-26øø/T

CH2CHO
+ HCO• CH3CHO
+ CO

f

e
e

Thephotodissociation
coefficients
(persecond)
arecomputed
forwavelength
-- 1849I. Theratecoefficients

arein unitsof cm3 s-•. Read7.13(-8)as7.13x 10-s.
References:
a, LeeandSuto[1986];b, L. C. Lee,privatecommunication,
1987,branching
ratiosareestimated;c,
Neeeta/. [1985],
branching
ratiosareestimated;
d, J9a- J7a;J9b-- J7b;J10-- J$;e, Estimated;
f, Tsang
and
Hampson
[1986];g, Tsang[1987].

the experiment and our simulation for the most important
speciesis fairly good.
Bar-Nun and Chang suggestedthe reaction
H2CO + H2CO* -• CH3OH + CO

The combined effect of the above reactions can be written
as

(R3)
(e2)

2(H20 + hv -• H + OH)
2(CO + OH -• CO2 + H)
4(H + CO + M -• HCO + M)

basedon the experimentalwork of Sodeauand Lee [1978], (R63a)
in a solid matrix of formalde(R69)
hydeat 15K. Because
of the highconcentration
of quench- (R74)
ing gases(CO, H20) comparedto H2CO in Bar-Nun and

HCO + HCO -• H2CO + CO

who observed this reaction

HCO + H•CO -• CH•O + CO
CH•O + CO -• CH• + CO•
CH• + HCO -• CH4 + CO

Chang'sexperiments,this reactionwill be unimportant for a

quenching
ratecoefficient
greaterthan10-•4 cm3 s- •. The
remaining possibility is that heterogeneousreactions were
playing a major role. Although Bar-Nun and Chang varied
the surfacearea of their reaction vesselby several orders of

net

2H20 + 4C0 -• CH4 -]-3C02

(3)

Although we have written the methoxy radical as the

magnitude,
bycovering
thewallswithglass
wool,therewere product
for(R67a)and(R69),theformation
ofanother
isonot major changesin the products. However, this doesnot
prove that heterogeneousreactionsdid not take place. For
instance, heterogeneousreaction could have been initiated
by ultraviolet radiation. In this case,the rate of the hydrogenationof formaldehydewould have been photon limited,
rather than surface area limited. Further laboratory work

meric form, namely,the hydroxymethylradical (CH2OH)
also occurs. We have adopted an equal probability for the
formation of both products in the addition of H to H2CO

(R67b), sincetheir formation involvesapproximatelythe
same change in free energy.
The most abundant products formed in the laboratory

is obviously
neededto resolve
thesequestions.Thereforeexperiments
wereCO2andH2. Theirbuildupcouldbe dewehaveomittedanyconsideration
of heterogeneous
phase scribed
by thefollowing
reaction
sequence:
chemistry in our analysesof the laboratory experiments or
the primitive atmosphere.
Once methoxy radicals have been formed, they can then
react with CO to yield methyl radicals,

(R3)
(e2)

H20 +hv

-+ H + OH

CO + OH -• CO2 + H

2(H + CO + M • HCO + M)
(R74)

CH30 + CO -• CH• + CO2

Methyl radicalscan abstract hydrogenfrom the formyl radical according to
CHs + HCO -+ CH4 + CO

(R63b)

HCO + HCO -• H2 + 2CO

net H20 + CO -• H2 + C02

(4)

In other words, UV photons catalyzed the attainment of
equilibrium of the water gas reaction in the reaction vessel.
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Chemical Reaction Used in Both the Laboratory Simulation Study and
Atmospheric Modeling, With Their Preferred Rate Coefficients

Reaction
No.

Reaction

Rate Constant

CO + H + M -• HCO + M
CO + OH • CO2 + H

2HCO
2HCO
HCO + H
HCO + OH
H2CO + H

•
•
-•
-•
-•

H2CO + CO
H2 + 2CO
H2 + CO
H20 + CO
H2 + HCO

2.0(-33)e-s50/T

a

1.50(- 13)(1 q-0.6P (arm))
3.0(-11)
5.0(-12)
2.0(-10)
5.0(-11)

b
c
c
c
c

H2CO + H + (M) -• CH30 + (M)
H2CO + H + (M) -• CH2OH + (M)
H2CO + OH
H2CO + HCO
CHaO + H
CHaO + OH
CHaO + HCO
CHaO + H2CO
CHaO + CO
CHa OH + H
CHaOH + H
CHaOH + OH
CHaOH + OH
CHaOH + CHaO
CHa + H + M

(R79)
(tS0)
(R81)

3.64(-16)T •'77e-•s•ø/T

c

3.0(-16)
3.0(-16)

d
d

15.7(-115)
T TM eTM

HCO + H20
CHaO + CO
H2CO + H2
H2CO + H20
CHaOH + CO
CHaOH + HCO
CHa + CO2
CHa O + H2
CH2OH + H2
CH2OH + H20
CHaO + H20
CH2OH + CHaOH
CH4 + M

CHa + HCO -+ CH4 q-CO

e (seetext)
c
c
c

1.7(-13)e-1500/T
2.6(-11)½-5940/T
7.04(-18)T 2'• e-245ø/T
2.82(-17)T 2'• e-245ø/T
8.8(--12)e-798/T
2.2(--12)e-798/T
5.0(--13)e-2øaø/T

c
C
f
f
g
g
f

CH3 q- H2CO --+ CH4 q- HCO
CHa + CO + M -• CHACO + M

9.2(-21)T2'8•e-2øsø/T
3.98(-10)T- 7.56e-5490/T

2CHa + (M) -• C2Ho + (M)

1.68(--9)T -0'04
3.73(-20)T 3½-4406/T
3.2(-19)T TMe-1060/T
1.45(19)T -8'62e- 11284/T

CH4+H•CHa+H2
CH4 + OH • CHa + H20
CHACO + M • CHa + CO + M
CHACO + H • CHa + HCO

CHACO + OH
CHACO + HCO
CHaCHO + OH
CH2OH + H
CH2OH + H
CH2OH + HCO
CH2OH + HCO
CH2OH + CHaO
CH2OH + CHa

•
•
•
•
-•
-•
-•
•
-•

1.6(-10)
5.0(-11)
4.5(-11)

CHa + CO + OH
CHaCHO + CO
CHACO + H20
CHa + OH
H2CO + H2
2H2CO
CHaOH + CO
CHaOH + H2CO
CH4 + H2CO

c

3.8(- 17)
3.3(-11)
3.0(-11)
1.5(-10)

ko = 1.7(-27)
ko• = 1.5(-10)
2.0(-10)
3.0(-11)

CH3 + HCO + (M) -• CH3CHO + (M)
ß

(R84)
(tSS)
(tS6)
(187)
(88)
(R89)
(R90)
(R913)
(R01b)
(RO2a)
(RO2b)
(R93)
(R94)

-•
-•
•
•
•
-•
•
•
•
•
•
-•
-•

Reference

6.9(-12)e2•ø/T
1.6(-10)
1.0(-11)
3.0(-10)
2.0(-10)
4.0(-11)
4.0(-12)

h
h
c
c

c
c
c
C
c
c
c
c
c

i
f
f
f
f
f
f

Rate coefficients
for two-bodyreactionsare in unitsof cm3 s-l, thosefor three-bodyreactionsare in unitsof
cm 6 s- 1.

References:
a, Baulchet al. [1976];b, DeMoreet al. [1987];c, TsangandHampson
[1986];d, Yunget al. [1988],
the listedvalueis for T = 281K; e, Veyret
andLescaux
[1981],koo= 1 x 10-17 cma s- • is usedin atmospheric
modeling;f, Tsang[1987];g, Meieret al. [1984];h, Lauferet al. [1983]and Patricket al. [1980];i, Atkinson
andLloyd
[1984].

Reaction(R62) is the majorsinkfor OH radicalsand also
insures that the concentration of OH radicals is kept low

and a similar chain of reactions can be written for the for-

mation of ethanol and ethane from acetaldehyde. This is a

enoughsothat it doesnot destroythe hydrocarbons
which likely mechanismfor their formation,sincetheir concentrations buildup after that of acetaldehyde.
Becauseof the rather substantial pressure used in these
In addition, there are a number of reactionsleading to
experiments
(about 300 torr), a large numberof termolecthe formation of compoundsof intermediateoxidation state.
The abstractionof a hydrogenatom from a formyl radi- ulax addition reactionsinvolving free radicals probably occal or from formaldehydeby methoxyradical readily yields curred. Several C2 hydrocarbonsobserved in the experiare formed later in the experiment.

ments could be formed by the following reactions,

methanol,

(R72)
(R73)

CHaO + HCO •

CHaOH + CO

CHaO + H2CO -• CHaOH + HCO

(R95)
(R96)
(R97)

CHACO + OH + M -• CHaCOOH + M
CHACO + CHa + M -• CHaCOCHa + M
CH2OH + CHa + M -• C2H5OH + M

Acetaldehyde can be formed through

in which acetyl radicals are generatedby

(R89)

(R82)

CH3CO+ HCO • CH3CHO+ CO

CH3 + CO + M • CH3CO-+-M
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with a much smaller contribution from
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temperature above freezing when the solar luminosity was

lower[Owenet al., 1979;KastingandAckerman,
1986].The
resultsof Kasting and Ackermanindicatethat upwardof a
bar of CO2 may havebeenrequiredto maintainthe surface
We have also examined the formation of several higher temperatureat its presentvalue. However,in the construc-

(R90)

CHsCHO + OH -+ CHsCO + H20

hydrocarbon
compounds
not specifically
identifiedby Bar- tion of a nominal model we have chosen to maintain the
Nun and Chang. The additionof HCO to formaldehyde CO• partial pressureat its current value. Our reasonfor
couldprobablyproducemorecomplexmolecules
via

this choice will be discussedlater. We adopt a temperature

profilecomputed
by Kasting(privatecommunication,
1987)

for an atmospherewith i bar CO•. The surfacetemperature
is 295.5 K. Above the tropopausea constanttemperature of
By analogywith the reactionsinvolvingH atoms,a sim- 170 K is chosen. The eddy diffusivity was set equal to a

(R9S)

HCO + H2CO + M •

OCH•CHO + M

ilar reaction chain can be written as shown in Tables l a constantvalue of 106 cm• s-x throughoutthe model atand lb. These reactions could be important for producing mosphere.The eddy diffusivityprofile in the stratosphere

acetaldehyde
fromformaldehyde.
The resultsof the numer- was presumablydifferentin the absenceof an ozonelayer,
ical simulationindicate that a completeexplanation of the

becausethe static stability of the stratospherewould have

experimentalresultswouldhaveto includethe chemistry beenlower,perhapsallowingmorerapid exchange.A conof C• or evenhigherhydrocarbons,
and this is beyondthe stunt value was chosen in the absence of suitable analogies.
The relativehumiditywas set equalto 50% at the surface,
scopeof the present paper.
and this value was used to fix the water vapor abundance in

the troposphere.Water vaporwascalculatedin the model's
ATMOSPHERIC
MODELING
stratosphereand above. The rainout of solubletrace conZahnleand Walker[1982]have attempted a reconstruc- stituentswas parameterized,usingthe treatment of Wofsy
tion of the history of the solar spectrum from the Sun's [1976].Ouruseof modernvaluesfor therainoutrateof solT-Tauri phaseonward. Their resultsindicatethat enhance- uble gasesis motivatedby the resultsof Manabeand Bryan

[1985]for increases
in precipitation
with increasing
surface
of only about 20% in
the 2000-.•regionoccurred
duringthe T-Tauri phase,with temperatures.They foundchanges

ments of a few hundred, compared to modern values, in

much greater increasesat shorter wavelengths. However, globalmean rainfall rates when globallyaveragedsurface
theselarge differencesfrom modelvalueslasted only about temperatureschangedby 8 K comparedwith currentglobal
107years.Afterapproximately
5 x 10s years,thesolarUV mean surfacetemperature of 288 K. Becauseof the rather
of rainfall amounton globalmean surface
outputin the2000-.•regiondeclined
to modernvalues,and weakdependence
the solar flux in the extreme UV had dropped to within a temperatures,along with the assumptionof near-constancy
factor of 10 of the present. We haveusedmodern valuesfor of surfacetemperatures, we have neglectedpossiblevariathe solar UV flux in our calculations for the sake of consis-

tency with our choiceof model atmosphere.
We have included the essential reactions in the simula-

tions in the rainout

rates.

Holland[1984]imposedlimitson the rate of input of hy-

drogen
to theearlyatmosphere
of 1.9x 109to 1.9x 10x3(H

cm-2 s-•). The lowerboundwasset by
tions of the laboratory experiment along with other reac- atomequivalents
tions in a one-dimensional model of the atmosphere. The usingthe meanreleaserate for volcanicgasesover geologic
additional reactions are listed in Table lc. To do this, we time, alongwith the observedH2 to H•O ratio in modern
havealsotried to placesomeboundson the concentrations
of volcanicgases.The upper boundwas set by the useof rare
the major constituentsof the prebioticatmosphere.These gas data which suggestthat the maximumrate of release
would have been molecular nitrogen, carbon dioxide, and of volcanicgaseswas 100 times the mean value and by aswater vapor, with smallerquantitiesof reducedcompounds suminga more reducingcompositionfor the gasesthan at
such as H• and CO. N• would have been degassedearly on,
becauseof its low solubility in magmas. Prior to the burial

of organiccarbonby biologicalactivity, the abundanceof
N2 in the atmospheremay have been even higher than its

modernvalue [Walker,1976]. On the basisof the analysesof Knoll et al. [1986]for the organiccarboncontentof
sedimentsand a C/N ratio of 10 [Hayeset al., 1983],we
estimate that the partial pressureof N• in the atmosphere
was about i bar throughout the Archean and much of the
Proterozoic. Estimating the abundanceof CO• is somewhat
more difficult, although its abundancewas probably higher
than at present. Much higher CO• abundancescould have

present. Actual valueswere probablycloserto the upper
limit during the first few hundredmillion years of Earth
history. Valuesthen declinedsubstantiallybeforethe depositionof the earliestknownsedimentaryrocksabout 3.8
billionyearsago [Holland,1984].
The mixing ratio of H2 in the atmospherewould have
been controlledby the balancebetweensurfaceinputs and

exospheric
escape.Wehaveassumed
for the sakeof simplicity that reducing
powerwasinjectedintotheatmosphere
in
the form of H•. Nearly equivalentresultswouldhavebeen
obtained if we had used CO and H• mixtures of varying

proportions
(cf. equation(4)). Wehaveusedan inputflux

cm-• s-x. This valuewas
beendue to rapid degassing
of meteorites(Pco• - 30 bars, for H• of 5.0 x 109molecules
Holland, 1984) during accretion.The possiblelack of sub- chosenbecauseit insuresthat H2 in the atmospherewill be
loss,usingmodaerialweathering(Pco• = 10bars, Walker,1986)is another in steadystatewith respectto exospheric
possibilityprior to the formation of stable continental plat- ern values for the extreme ultraviolet solar flux. The corremixing
ratioofH• atthesurface
isthen1.0x10-3.
forms. Surfacetemperaturesfor thesetwo caseswould have sponding
rate is governed
by the rate at whichH• canbe
been 410 and 358 K, respectively.A higher CO• abundance Thisescape
may have been required to keep the Earth's mean surface convertedinto H atoms,by ion moleculereactionssuchas

TABLE lc. Reactions Used Only for Atmospheric Modeling, With Their Preferred Rate Coefficients
Reaction

No.

(Rla)
(Rlb)
(•)
(•)
(•)
(R4)
(•)
(•)
(•6)
(•7•)
(•7•)
(•8•)
(•t8b)
(39•)
(R9b)
(Rll)
(R12)
(R13)
(R143)
(R14b)
(R15)
(R16)
(R17)
(RlSa)
(RlSb)
(R19)
(32o)
(R21)

Reaction

02 + ht2 -• 20

O2+ht2-• O+O(•D)
Os+hv'-•

O2+O

Os+h•-•

O2+O(1D)

H20+hv'-•OH+H
H202 q- ht2 -• 2OH
CO2+hv'-•CO+O

CO2+h•

CO+O(1D)

HCO+hy•

H2CO + hy
H2CO+hy•
CHsOH + hy
CHsOH + hy
CHsCHO + hy
CHsCHO + hy
20 + M

CO+H

•
•
•
•
•
•

HCO + H
CO+H2
CHs + OH
CH2OH + H
CHs + HCO
CH4 + CO
02 + M

O+H+M•OH+M

O(1D) + 02 -• O + 02
O(1D) + 03 --+202
O(1D) + Os -• 02 + 20
O(1D) + H2 -• H + OH
O(1D) + C02 -+ 0 + C02
O(1D) + H20 -• 2OH
O(1D) + CH4 -• OH + CHs
O(1D) + CH4 -+ H2 + H2CO
O(1D) + N2 -• O + N2
O2+O+M
O2+H+M--•

-• Os +M
HO2+M

Rate Constant

o.8(-o)
1.5(-6)
8.0(-4)
4.7(-3)
•.o(-o)
6.7(-5)
5.6(-7)
1.6(-7)
6.0(-4)
4.7(-5)
4.1(-5)
3.1(-6)
3.1(-6)
4.7(-5)
4.1(-5)

(a2O)
(R27)
(328)
(320)
(330)
(33•)
(R32)
(R33)
(R343)
(RZ4b)
(R34c)
(R35)
(R36)
(R37)
(R38)
(330)
(R40)
(R41)
(•t4•)
(R42b)
(R43)
(R44)
(R45)
(•4•)
(•4•)
(R47)
(R48)
(R4O)
(•0)
(R513)
(R51b)
(R53)
(R54)
(aas)
(aa6)
(aas)
(aa9)
(36o)

03 q-O -• 202
O3+H-•
OH+O2
O3 + OH -• HO2 q- 02
2H+M--•H2+M
H2 q- O -• OH + H
OH + H + M -• H20 + M
2OH --• H20 + O
2OH + M -• H202 + M
OH+O--•
O2+H
OH+H2
--•H20+H
2HO2 -• H202 + 02
2HO2+M--•H202+02+M
HO2+H-•
2OH
HO2+H--}
H2+O2
HO2+H--•
H20+O
HO2+O
--• OH+O2
HO2 + OH --• H20 + 02
H02 + 03 --+ OH + 202
H202 + O --• HO2 + OH
H202 + H -• H20 + OH
H202 + OH -• HO2 + H20
CO+O+M-•
CO2+M
HCO+O-•CO2+H
HCO+O-+CO+OH

HCO + 02
HCO + H02
H2CO q- 0
CHsO + O
CHsO + O
CHsO + HO2
CHsO + O2
CHsCO + O
CHsCO + HO2
CHsOH + O
CH3OH + O
CHs + O
CH4 q- O
CH2OH + O
CH2OH + 02
CHsCHO + O
H202
H2CO
CHsOH
CHs CHO

-+
-+
-+
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•
-•

H02 q- CO
H202 q- CO
HCO + OH
CHs + 02
H2CO + OH
H2CO + H202
H2CO + HO2
CHs + CO2
CHs + CO2 + OH
CHsO + OH
CH2OH + OH
H2CO + H
CHs + OH
H2CO + OH
H2CO + HO2
CHsCO + OH
rainout
rainout
rainout
rainout

•
a
b
b
•
d
e
e
f
g
g
h
h
i
i

5.2(-35)eøøø/r

j

1.3(-29) T- 1

j

3.2(-11) e7ø/T

k

1.2(-10)
1.2(-10)
1.0(--10)

k
k
k

7.4(-11)e120/T

k

2.2(-10)
1.4(-10)
1.4(-11)

1.8(-11)e11ø/T
2.99(-28) T -2'3
k0 = 5.24(-28) T- 1.6
ko• = 7.5(-11)

(R22)
(R23)
(R24)

Reference

8.0(-12) ½-2060/T
1.4(--10)e-47ø/T
1.6(-12)e-ø4ø/T
1.5(-29) T- 1.s
1.8(-20)T 2'8e-2ø8ø/y
1.38(-24)T -2'6
4.2(-12) e-24ø/T
6.62(-29) T -ø's
2.2(--11)e120/T
5.5(-12)½-2000/T
2.3(-13) eøøø/T
1.7(-33)e1øøø/T
7.05(-11)
7.29(-12)
3.24(-12)

3.0(-11) e2øø/T
4.6(-11)e2sø/T
1.1(-14)

1.4(-12)e-2øøø/T
4.0(--11)e-2000/T
3.3(--12)e-2øø/T
6.5(-33) ½-2184/T
5.0(-11)
5.0(-11)

3.5(--12)e140/T
5.0(-11)

3.4(-11) e-1øøø/T
2.2(-11)
3.0(-12)
5.0(-13)

3.9(-14)e-øøø/T
1.6(-11)
5.0(-11)

k
k
k

k
k
k
k

k
k
k
j
j
1
k
k
k
k
k
k
k
k
k

k
k
k

k
j
k
p
j
j

k
o

k
1
1
j

k
j
j

3.22(-19)T 2'5e-1550/T
3.22(--19)T2'5e-155ø/•

m
m

1.1(--10)

k

1.7(-15)T 1'• e-4ssø/T
7.0(-11)
9.6(--12)

1.8(-11)e-11øø/T
2.3(-6)
2.3(-6)
2.3(-6)
2.3(-6)

j
m
k

k
n
n
n
n
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Fig. 4.

Abundancesof major constituents in our standard model of the prebiotic atmosphere. The bulk atmosphere

consistsof i bar N2. The mixingratios of CO2 and H2 at the surfaceare 3 x 10-4 and i x 10-3, respectively.

X + h• -• X + + e

X + + H• -• XH + + H
XH + + e -• X + H
net

H•+h•-•H+H

thermal escaperate of hydrogen was negligible. It is unlikely that this limit was ever reached, however, because
the surfaceflux of H2 would have causedits density in the
thermosphereto rise until CO2 and CO were no longer the
dominant constituents. We shall assumefor the present that
exospherictemperatures were lower than present values but
higher than on Mars. We have used a range of H2 surface

mixingratiosvaryingfrom 10-5 to 10-3 in our calculations
where X = CO2 or N2 [Yungand McElroy, 1979]. If the

to bracket

uncertainties

in the extreme

UV

solar flux and

the input rate of H2 in the past.
The results of the model calculationsfor the major contime (about 1000K) and may havebeencloserto the value stituents in our nominal atmosphereare shown in Figure 4.
observed
for the Martian exosphere
(about 350 K). For tem- The calculated mixing ratios of CO and O2 at the surface
The abundance
peratures in the range of 300-400 K, the effusion velocity are 1.9x 10-7 and 1.6x 10-•g, respectively.
for H atomsis lessthan 10-2 cm s-1, suggesting
that the of O2 in our model is consistentwith those obtained in premajor atmospheric constituent were CO2, exospheric temperatures would have been much lower than at the present

Rate coefficients
for two-bodyreactionsare in units of cm3 s--l; thosefor three-bodyreactionsare in units
of cm6 s-1. Photodissociation
coefficients
(in units of s-1) refer to the opticallythin regionat the top of the
atmosphere.

References:a, Kirbyetal. [1979],Watanabe
[1958],Ackerman
[1971],Kley[1984],Hudson[1974],WorldMeteorological
Organization
(WMO) [1985],HudsonandMahle[1972],Prather[1981],HermanandMentall[1982],$hardanand
andRao
[1977],Carveretal. [1977];b, Ackerman[1971], WMO [1985],DeMoteetal. [1985];c, Watanabe
andZelikoff[1953],
Thompson
etal. [1963],Kley [1984],Leeand$uto [1986],HaddadandSamson[1986],$1anger
andBlack[1982],$tief
etal. [1975], Wu andJudge[1981];d, $chiigers
and Welge[1968],ClimaticImpactAssessment
Program(CIAP) [1975],
DeMoteetal. [1985];e, HenryandMcElroy[1968], Hitchcock
and Brion [1980], Lew/sand Carver[1983], $hemansky
[1972],Nakataetal. [1965],Okabe[1978],$1anger
andBlack[1978],Lawrence
[1972a,b];f, Hochanadel
etal. [1980];g,
DeMoteetal. [1985];h, Neeetal. [1985];i, Jga = J7a, Jgb = J7b;J, TsangandHampson[1986];k, DeMoteetal.
[1987];1, Ewigetal. [1987];m, Tsang[1987];n, Wofsy[1976],the listed value is its rate constantat ground;o,
estimated;p, Baulchetal. [1976].
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TABLE 2. Dependence of Surface Mixing Ratio of Major Products
on the Abundance of CO2 and H2

fH2

10-5

10-4

10-•3

fco2 = 3 x 10-4
co

o2
CH4

2.3(-9)
4.9(- 18)
3.1(-12)

2.3(-8)
1.6(- 18)
1.0(-9)

1.9(-7)
1.6(- 19)
4.2(-8)

fco•. = 1 x 10-3
CO

O2
CH4

7.3(-9)
1.8(- 17)
1.3(-11)

6.6(-8)
1.0(- 17)
2.0(-9)

5.8(-7)
1.6(- 18)
3.3(-8)

fco•. -- 1 x 10-2
CO
02
CH4

8.0(-8)
4.1(- 16)
2.0(- 10)

5.7(-7)
2.1(- 15)
2.5(-9)

4.0(-6)
1.8(- 16)
9.4(-9)

Read2.13(-9)as 2.13x 10-9.

viousstudies[e.g.,Kastinget al., 1979; Levine,1982; and (Table 2), the abundanceof CH4 is lower. Again, this is due
paper1]. The calculatedprofilesfor the lessabundantmol- to the fact the atmospherewith higher CO2 is more oxidizare shown
ing and hencecan destroyCH4 more readily. We have found
in Figures5 and 6. The major troposphericfree radicals that the predictionsshownin Tables 2 and 3 are highly sensiare H, O and HCO. The concentrationsof OH radicals are tive to values chosenfor the absorption crosssection of H20
of 1960/• andto valuesfor the absorption
cross
kept very low becauseof the high concentrationof CO. The longward

ecules and the short lived radical intermediates

basicreaction mechanismfor producingformaldehydeis the
sameas given earlier in the discussionof the experimental
results of Bar-Nun and Chang and in paper 1. The production .of carbon compounds,which are more reducing than
formaldehyde,is dominated by the reaction

(R67a)
(e67b)

H +H2CO

+ M --• CHaO + M

H + H2CO + M --• CH2OH + M

The production of compoundssuch as CH4, CHaOH, and
CHaCHO proceedsby the mechanismsoutlined in the discussionon the experimentalresults. The mixing ratio of

section
of CO2longward
of 2040/• for CO2levelsgreater
than 0.01 bars. We have used the values estimated by Kast-

ing [1979],which are basedon a linear extrapolationfrom
the highest wavelengthsmeasured to optically thin values.
We must emphasizethat the results for the casewith CO2
equal to i bar are subject to this uncertainty. Data are
needed for absorption in the long-wavelength tails of these
two molecules. The difficulty with direct measurementshas
been that the required values are closeto the Rayleigh scattering limit. Another way to assessthe importance of H20
and CO2 photolysis in the tails of their absorption spectra
is to repeat the set of experiments performed by Bar-Nun

and Chang[1983],usingultravioletradiationonly between
CH4 at the surfacein our standardmodelis 4.2 x 10-s, or 2000
and 2100/•.

about 60 times less than the present level. Much smaller
concentrations of other species, such as methanol and acetaldehyde,are also produced. A number of runs have been
made to test the sensitivity of the model to the assumed
abundances of CO2 and H2. The results are summarized
in Table 2. The rainout rates of H2CO, as summarized in

SUMMARY

AND CONCLUSIONS

We have constructed models for the chemistry of the prebiotic Earth's atmosphere in an attempt to understand the
role of the atmosphere in the production of simple organic
molecules. We have used the experimental results of Bar-

Table 3, are all sizeablefractions of the estimated volcanic
inputs of H2 and CO2 approximately 4 billion years ago, Nun and Chang[1983],both as a guide and a test of the
especiallyfor the higher CO2 cases. The rainout rate of photochemicalscheme. We have been able to simulate the
H202 is small at low levels of CO2 atmospheric concentra- abundances of the major molecules observed by Bar-Nun
tion. However, at higher CO2 levels this rate is large, and and Chang[1983]in their reactionvesselto better than a
in some casesit is comparable to that of H2CO, as shown factor of 2 except for formaldehyde. Our calculated yields
in Table 3.
of organicmoleculesmore reducing than formaldehydeare
It is possiblethat CO2 levels during the Archean were systematicallytoo low by about a factor of 2. However, it
even higher than those shownin Tables 2 and 3. We stud- appears that their ratios to each other are correct. There
ied a modelwith Pco•.-i bar and fH•.--i X 10-s bar. are several possible explanations for this effect, including
The mixing ratios of CO, 02, and CH4 in the model are heterogeneouscatalysis or an error in the values used for

6.1x 10-5, 1.4x 10-•2, and1.2x 10-9, respectively.
Owing the rate coefficientsof (R67) and (R69). However,we feel
to a higher level of CO2, this model predicts more CO and

02 (CO2 is a sourceof O2) than the other modelslisted in
Table 2. Compared with other models with the same fH•.

that the results are sufficiently close. In such a complex
experiment agreementwithin a factor of 2 or 3 is hardly expected becauseof combineduncertainties in rate coefficient
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TABLE 3. The Dependence of Rainout Rate of Formaldehyde and Hydrogen Peroxide,
and the Flux of H2 at the Ground on the Abundance of CO2 and H2

fH2
10-5

10-4

10-3

fc02 -- 3 x 10-4
H2CO rainout rate
H202 rainout rate
H2 flux

3.5(4)
8.2(6)
5.0(9)

H2CO rainout rate
H202 rainout rate
H2 flux

4.0(5)
8.6(6)
5.0(9)

5.3(6)
2.8(5)
4.8(9)

4.6(8)
7.8(3)
4.1(9)

fco2 -- 1 x 10-3
5.3(7)
2.5(5)
5.3(9)

2.5(9)
5.9(4)
6.1(9)

fCO2= 1 X 10-2
H2CO rainout rate
H202 rainout rate
H2 flux

7.4(7)
8.4(7)
5.1(9)

2.3(9)
1.1(8)
9.5(9)

1.5(10)
1.6(8)
2.9(10)

Rainoutrateis in unitsof cm-2 s--l; thefluxof H2 is in unitsof cm-2 s-1. Read3.5(4)as3.5x 104.
data and the output of the UV lamp and possibleheteroge- Bar-Nun, A., and H. Hartman, Synthesisof organic compounds
neous effects.

Approximately 0.2% of the H2CO producedin our nominal atmospheric model is rained out and a small fraction
is reduced to other organic molecules, such as CH3OH,
CH4, and CH3CHO. We have neglected inputs of CO from
comets and pyrolysis of carbonaceouschondrites upon impact. These processesmay have temporarily increased the
CO to CO2 ratio and the rainout of H2CO during the tail
end of accretion. CH4 mixing ratios could have approached

10-s at the surfaceas the result of atmosphericphotochemical reactions. Although we have focused on the role
of atmospheric photochemistry for the abiotic production of
simple organic molecules,this doesnot excludeother mechanisms, such as reactions in shock waves induced by lightning
dischargesand infalling meteorites, the releaseof hydrocarbons formed in the interstellar medium and trapped in meteorites, reactions in solution, and heterogeneousreactions. A
quantitative assessmentof the relative importance of these
processesas well as a study of the possiblecoupling between
all of these mechanismsis beyond the scopeof the present
work.
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