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Atmospheric mixing ratios of -1 O P 5  ' for ammonia on the early Earth would have been cently as 1 G a  (1 6) .  These results contra- 
sufficient, through the resulting greenhouse warming, to counteract the temperature dict geological evidence for abundant, glo- 
effects of the faint early sun. One argument against such model atmospheres has been bally distributed liquid H,O hefore 3 G a  
the short time scale for ammonia photodissociation by solar ultraviolet light. Here it is (1 3 ,  14,  17,  18).  T h e  discrepancy is en- 
shown that ultraviolet absorption by steady-state amounts of high-altitude organic solids hanced by evidence that  before 2.5 Ga ,  
produced from methane photolysis may have shielded ammonia sufficiently that am- Earth may have been considerably warmer 
monia resupply rates were able to maintain surface temperatures above freezing. than it is today (1 9 ) .  T h e  implications are 

even more severe for Mars: vet there is 
strong ewdence for liquid water o n  Mars 3.5 
to  4.0 G a  (2C). 

T h e  compositions and surface pressures of 
the  early atmospheres of Earth and Mars 
after the  end of the  heavv bombardment are 
unknovvn. Models for ~ a r t h  range from re- 
ducing atmospheres with surface pressures p, 
- 1 bar (1)  to ps - 10 har of CO: (2) .  
Atmospheres near a n e ~ ~ t r a l  oxidation state 
are currentlv favored for two reasons. First. 
a vast reservoir of CO: is present in  Earth's 
sediments in the form of carbonates (ps = 
60 bar) and in the atmosphere of Venus (ps 
= 90 bar).  This carbon reservoir could have 
been in  the  early atmosphere partly as CO 
or CH4 if some abundant reducing agent 
were present. However, metallic iron, one 
possible agent, is thought to  have been 
segregated from the  surface early and quick- 
ly during core formation (3 ) ,  suggesting that 
carbon was present in  the  atmosphere pri- 
marily as CO,. T h e  presence of other re- 
duced gases such as NH3 also depends o n  
the  oxidation state of the  upper mantle. If 
early continents were largely absent, the  
resulting inhibition of carbonate sedimen- 
tation may have led to  dense CO,  atmo- 
spheres; Kasting (4)  estimates that p,(CO,) 
was 0.1 to  10 bar 4 hillion years ago (Ga) .  
However, it is possible that the mantle may 
be more reducing than once thought (5 ) ,  
and geochemical arguments for early atmo- 
spheric co~nposition are not yet conclusive. 
A second argument for a n  early atmosphere 
that was in a neutral oxidation state comes 
from photochemical kinetics, which sug- 
gests that atmospheric NH3 and C H 4  would 
be photodissociated hy solar ultraviolet 
IUV)  radiation o n  short time scales 16-9). , , ~, 

Here we argue instead that photodissocia- 
tion of CH, may have led to  the  production 
of a high-altitude organic aerosol that ab- 
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sorbed U V  rays and allowed reducing gases 
to  exist for much longer times. If this is 
correct, the  second of the  two arguments 
against reducing gases in  the  early atmo- 
sphere is n o  longer compelling, with impli- 
cations for the  origin of life and the resolu- 
tion of the  early faint sun paradox. 

T h e  origin of life requires sources of 
preexisting organic molecules, which are 
much more readily generated in reducing 
rather than in  neutral oxidation-state atmo- 
spheres ( 1 C). Wi th  allowance for exogenous 
sources, reducing atmospheres give organic 
mixing ratios in the  early oceans some three 
orders of magnitude higher than those for 
neutral atmospheres (1 1 ). Thus, models for 
Earth's primitive atmosphere that postulate 
n o  significant abundance of reduced gases 
suffer the  drawback that the  origin of life is 
more difficult to understand. 

The Early Faint Sun Dilemma 

T h e  equilibrium temperature of a n  airless, 
rapidly rotating planet is T, - [SR2(1 - 
A ) / ~ A ' E ~ ] " ~ ,  where a is the Stefan-Boltz- 
mann constant. E the  effective surface emis- 
sivity, A the ~vavelength-integrated Bond 
albedo, R the  planet's radius, a the  planet's 
distance from the  sun, and S the  solar con- 
stant at a. For Earth today, T, = 255 K, a~nd 
the  difference AT = 33 K hetween Tc and 
the  ohserved mean surface temperature Ts is 
due to  the  mainly H:O-CO: atmospheric 
greenhouse effect. Stars like the  sun in- 
crease their luminosity through time as the  
hydrogen in  the  star's core is converted to  
helium. Estimates of the  change in S be- 
tween 4 G a  and today are =0.25S, (12) ,  
with an  error of ahout iO. lS, ,  where S, is 
the  present-day value. Holding A, E, a ,  and 
the  COL mixing ratio constant a t  their cur- 
rent values for Earth, and letting the  H,O 
abundance he determined by its equilibrium 
vapor pressure, Earth's T, < 0°C ahout 2 G a  
(1 3-15). Allowance for an  ice-albedo feed- 
back implies a fully glaciated planet as re- 

This early faint sun paradox is only a 
paradox if we insist o n  holding A, a, E, and 
greenhouse warming constant over time. 
Were A = 0.3 at 4 Ga ,  as it is today, T, 
would have been 237 K (21 ); even if A had 
been 0 at 4 Ga ,  Tc would still have been 
only 259 K. In  models of an  all-ocean early 
Earth with a 14-hour day, simulated tem- 
peratures rise only an  additional 5.5 K (22) .  
Likewise, a t  most a few degrees can he pried 
out of plausible long-term variations in in- 
frared emissivity. Although some low-mass 
planets can chaotically migrate in heliocen- 
tric distance a over 4 hillion years (23),  
there is n o  evidence for the  steady increases 
in a for Earth by the  -10% necessary to  
have compensated for the  increase in S over 
its history. Another  suggestion proposes 
that the early sun lost -10% of its mass, 
p r o d ~ ~ c i n g  a solar flux at Earth before -4 
G a  greater than its current value (24) ;  how- 
ever, there is as yet n o  clear evidence for 
such mass loss (25).  Convolving the  rapid 
rotation of Earth, a n  all-ocean planet, ex- 
tre~nelv low albedo, and a small solar mass 
loss, it 'is possible that early Earth reached 
0°C hut not  much warmer temperatures. 
Such a conglomerate explanation seems 
strained. W e  therefore reconsider changes 
in greenhouse warming. 

T h e  Wien peak of Earth's blackbody 
emission 4 Ga ,  as today, laid at 8 to  14  p m ,  
a window in the  combined absorption spec- 
tra of H:O and CO: at  pressures below a 
few bars and temoeratures < 300 K. Be- 
cause small quantities of NH, provide con- 
siderable opacity around 10 p m ,  Sagan and 
Mullen ( 13,  14) proposed a volume mixing 
ratio for NH3 ([NH,]) of - loPi ,  pressure- 
broadened in  an  - 1-bar atmosphere, as the  
solution to the  early faint S L I ~  dilemma for 
Earth and Mars. Subsequent calculations 
( 6 ,  15)  confirm that [NH,] - 1OP5 ' ' 
would suffice. In comparison, hackground 
ahundances in  Earth's current 0, atmo- 
sphere are [NH,] - 10VS (26).  These NH, 
abundances represent a steady state after 
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loss processes, including oxidation, rainout, 
high-altitude photol~sis,  and reaction with 
CO,. Globall\- averaged, [NH,] - lo- '  
[CH,] today. 

Although NH, is soluhle in water and 
subject to rapid rainout (27), there is, in the 
absence of photolysis, an equilihriuln atmo- 
spheric abundance determined by oceanic 
mineral equilibria. Independently, a lower 
limit can be derived from the re i l~~i re~nent  
that the dealnilnation of aspartic acid, a key 
amino acid for the origin of life, he reversed. 
Bada and hliller (28) thereby f o ~ ~ n d  [NH,] 
for early Earth to be lo-' at O0C, 3 X 10-' 
at 25"C, and 3 X lOP4 at 5O0C, consistent 
x i t h  the 1 0 ~ '  ' ' derived from the green- 
house requirement. Other esti~nates lie in a 
similar range (29). 

All organisms on Earth are able to me- 
tabolize NH,' (3C). Few organis~ns can 
process N1 directly, unci ubiquitous meta- 
bolic facility with NH,' may be a remnant 
from earlier times when atmospheric NH, 
was readily available (31 ). These chemical 
and biological arguments independently 
point to NH,  as a minor constituent of the 
primitive atmosphere. 

NH, Photolysis and 
CO, Greenhouses 

Photochemical kinetics derno~nstrates that 
lNH,l - 10-' would be nhotodissociated . ~, - 
by tlne solar U\- continuum at wa1.e- 
lengths h < 2300 A and irreversibly con- 
verted into N1 within decades (6 ,  8 .  9 ) .  
Llke\\-ise, [CH,] - 13-' n.ould lye photo- 
lvred within centuries. These time scales 
are so short that hypotheses about resup- 
ply ( 1  3 ,  14) seem  holly n-ithout merit; 
an NH, outgassing rate -5 X 10" g 
!.earp' n-ould he required to  keep pace 
n ~ t h  photolysis, nh ich  implies - 10' bar of 
N I  built up over -1 billion years, contra- 
dicting current atlnospheric alnd sedimen- 
tary rock inventories. 

O x e n  e t  al. (8)  proposed that massive 
amounts of C O ,  rnleht close the 8- to 14- - 
IJ-m window and provide the rnissing green- 
house effect. N u m e r o ~ ~ s  calculations have 
iince sho\vn that a fen, bars or less of CO, 
might suffice to raise the surface tempera- 
ture of Earth 4 Ga to several tens of ciegrees 
Celsius (15, 32). But Rye zt  nl. (33) argue 
horn the absence of siderite in paleosols 
that [CO,] between 2.75 and 2.2 Ga  was 
~ 1 0 ~ '  ' bar, ilnplyillg that greenhouse gas- 
es other than CO, contributed to green- 
house \\arming in the late Archean and 
early Protero:o~c eons. For Mars, there is 
extensive evidence for ancient o ~ ~ t f l o w  
channels and valley networks (20). some 
e~iclence for lakes (34), and e~ .en  an argu- 
lllellt for oceans (35) 3 to 4 Ga.  The general 
opinion has been that this evidence re- 

quires a massive early greenhouse effect on 
hlars (14.  15, 36), but the higher early 
s ~ ~ b s ~ ~ r f a c e  thermal gradient eaies the green- 
house demands (37). Massive CO, green- 
lho~lse lnodels face challenges from CO, 
condensation (35) and the difficulty in 
finding sufficient corresponding martian 
carbonate seililnents (39). 

Ultraviolet Shielding 

Given doubts ahout massive CO1 atmo- 
spheres for Earth and Llars, we reexanline 
lnodels of comparatively thin at~nospheres 
in nhich minor constituents provide the 
needed infrared opacity. We ask whether, 
Ivith no ad hoc ass~~mptions, there is a \Yay 
to shield NH, and other UV-labile gases so 
that denlanils on  the resupply rate are rea- 
sonable. Methane can he dissociated only 
hy UV photons of h < 1450 A (the disso- 
ciation is therefore entirely dominated hy 
solar Lyman a radiation), whereas NH,  
photolysis is dri1;en by UV at \vavelengths 
as long as 2300 A.  This longer navelength 
U\-, which i~; total energy flux exceeds that 
of A < 1450 A UV by more than two orders 
of magnituJe, pelnetrates deeper into the 
atmosphere. The result is that whereas CH+ 
photolysis is expected to occur high in the 
atmosphere (4C, 41), photolysis of NH,  
should occur at a lower altitude, with NH, 
photolysis products spatially separated from 
those of CH, (6). 

Plnotoche~nical modeling indicates that 
NH, photolys~s, for [NH,] - 10-' ', 
peaks at altitudes of 25 to 35 km, depending 
on [NH,] and the assu~ned eddy diffusion 
coefficient (6).  Zahnle (42) has modeled 
the altitude at which [CH,] photolysis and 
polymerization should occur as a fi~nction of 
[CH4], [CO:], UV flux, and eddy diffusion 
profile. For contemporary values of the eddy 
diff~~sion profile alnd [CO,], he finds tlne 
altitude of CH4 polymerization ranging 
from 40 to 75 km (43) as [CH,] varies from 
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Fig. 1. Solar UV flux at Earth (sol~d line) and the 
absorpton cross section of NH, (dashed lnel as a 
functon of wa\:eength. With the except~on of the 
Lyrran n spke at 1216 A.  ,solar UV flux drops 
q~11ckIy shortward of 2000 A, whereas NHG 'b- 
sorpton falls rapidly ongward of 2000 A. 

10~-'  to 6 X lo--" (correspond~ng to CH4 
fluxes into the atmosphere ranging from 
5 X 10'' to -4 x 10" cm-' s-I). In all 
cases, he takes [H1O] at the base of the 
stratosphere to be 4 x 10-"; that is, CH4 
p01~meri;ation is not prevented hy O H  gen- 
erated from UV iiissoclation of H,O (44). 
However, a transition from oxidat~on of 
CH, to polymerization occurs when the 
local C/O ratio passes through unity, at 
\vhich point large percentages of C H 4  are 
po1ymeri;ed. The CH,/CO: ratio is there- 
fore important. 

Organic solids fro111 atmospheric shocks 
(as well as interplanetary dust particles) con- 
tribute to a high-altitude layer of organic 
aerosols, depeniling on atlnospheric compo- 
sition (1 1 ). If CH4 photolysis and other 
processes proi l~~ce an organic haze, which in 
turn provides U\- shielding to greater depths 
(the C,  hydrocarbons ahsorb at considerably 
longer wa\.eleugths than CH,), NH,  will lie 
belo\v this screen and be substantially 
shielded from photolysis. Experimentally, 
N:-CH4 gas rnlxtures with [CH'] - 
generate upoln irradiation co~nplex organic 
solids ?ith strong UV ahsorption in the 
2000 A region (45). Destruction of NH, by 
reaction with O H  (9)  sho~~lci also be greatly 
reduced, because photolysiq of H1O from 
photons with h < 2400 .A will he sup- 
pressed. Submicrometer aerosols should set- 
tle out of the stratosphere on  time scales t = 
0.5 1-0 3 years (46), fairly independent of the 
atmospheric pressure on early Earth; t = 1 
year applies to tlne present Earth (pb = 1 bar, 
gravitational acceleration g = 980 cm s-') 
and Veln~~s ( p -  = 90 bar, g = 390 c ~ n  s-'). 

To  calculate the prolongation by shield- 
ing of the - 10-year photodissociation time 
scales of unshieldeii NH;, we rnust evaluate 
two photo~iestr~~ct ion rates. The photode- 
stsuction rate in the abse~nce of any shield- 
ing is J = j"I,a,dh, where I, is the solar flux 
at the top of the at~nosphere (47) and a, is 
the NH, ahsorptlon cross section (9). If a 
high-altitude UV shield of optical depth 7 ,  

is present, this rate becornes J '  = 

J"I,e-'h"'Ha,dh, where 8 is the solar zenith 
angle; nre take 0 = 4 j 0 ,  the mean angle. 
These integral~~effective1~- extend onl\- from 
1100 to 2300 A (Fig. I ) ,  becau~se the solar 
flux is negligible belolv 1100 A an4 NH, 
absorptioll is negligible above 2300 .A. The 
ratio J/J1 therefore gives the enhancement 
of the lifetime of atmospheric NH, in the 
presence of a U\' shield of optical depth T,. 

Because ah is illcreasillg steeply and the 
Planck f ~ l n c t ~ o n  is decreasing steepl\- at 
20G3 A, these integrals are g~vell-approxi- 
mately b\- t l le~r  values near 2032 A. Befcne 
perforln~llg the f~111 numerical ~i~tegrations, 
\ve first examine sllch an approx~mation. 

All organic sol~ds strongl\- abscxb at A < 
2333 A. The opt~cal  depth is given by 7 ,  = 
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+yta,/4npR', \\here 6, 1s the productioll 
fl~ls (m,~sa per time) of U\'-shield~ng orga1-i- 
ic sol~ds, R is the planet's rad~us, p is the 
h~l lk del-isity of the organic solids, a,  = 
h k ! A  is tile linear absorctioll coefiiciel-it of 
the orgal-iic sol~ds, and i( is the imaginary 
part c ~ f  the complex refractive ~ n d e x  (Table 
1 ) .  W e  cl~oose a conservative value of 
k(23GG A)  = 2.19. The hiyher the propor- 
tio1-i of elelllelltal carbon, the higher k 1~111 
be. lY7e adopt p = 1.4 to 1.6 g cmp3,  tile 
range for the oryal-iic solids prociuced at lo\\- 
p ~ s s ~ l r e s  ir~lvi the sadlation chemistry of 
10 : 1 NI-CH., gas lnist~lrea (48) .  

Syntheses of orgal-iics in CH,-Kl ~llodels 
of T~tal-i's atlnosphere impll- a production 
ef'f'~cle;~cy of 1.2 X 10-" g ergp1 at A < 
1 5 3  A (49). This \-slue is n.~thin a factor of 
2 ot the pllotod~ssociat~oll effic~encj- ot CH4 
ln C L I ~ Z  CH4 atmoapheres at A = 1295 all4 
1470 A (5c?). We calc~llate organic pro~luc- 
t ~ o n  ef'f'ic~el-ic~es ~n U\'-~rrad~ated C H  ,-NH, 

7 J 

atlllospheres (5 1 ) to be a factor of - 5 helow 
thoie just c ~ t e d  fix CH,-N1 atmosphere<. 

L'lost of the p rod~~cts  of chargecl-particle 
irradiation of CH4-NI atmospl~eres are in 
the form of organlc heteropol\-mer (52) .  A 
lo\ver li~vlit on the fractlon j of the ~rradia- 
t i o ~ l  p m d ~ ~ c t s  that are orgal-iic sol!d> 1s  take^^ 
to he G.l (5). \X1e assume a sil-ililar range 
for the Cro~l~lcts  of CH4-NI ph0t(31ysis. LY'e 
estlmage the net flus of U\' energy l~elorv 
150G A on Earth 4.0 Ga  to llave I ~ r e n  1 X 
10'' erg year-' ( 1  l , 53),  three tilnes tile 
cursel-it val~ie. The rrod~iction of 11ii.h-alti- 
tude orlalllc aerosols from CH- pllotolysis 
111 the terrestr~al at~vlosphere 4 G a  was tlleil 
cb, - ( 1.2 x 131i)J g year-'. Other sources 
of high-altituile orgamc aerosols ( 1 1 ) 
amount to 5 lGJ 'f y yearp1. 

This ca lc~ l la t lo~~ assumes the proiiuct~on 
of orealllc aerosols t ~ ]  ha\-e I-een U\'-l~mit- 
ed. The contemporary carboll outyass~l-ig 
rate (mainly as C0:)  from mid-ocean ridges 
1s 1 X 10'' to 1 X 10" g yearp1; estimates 
(54) of outgass~ng rates 3 Ga  range from 4 x 
10" to 6 x 1214 g yearp' (or -10" cmp' 
s p l ) .  The outgassing rate 4 Ga  must have 
been ereater still but with an ul-iknouil-i CH ,! 
CO, ratlo. It seems possible, er-en without 
e r o g e n o ~ ~ i  ~ n p u t  (55), that the carl~on out- 
gass~ny source \voulJ have been ahle to keep 
pace ~vitll the organic sol~d L ~ r o c l ~ ~ c t ~ o n  sink, 
pror-~deJ CI-I_/COI 2 1. Integrated over 1 
h ~ l l ~ o l l  years, the oryanlc p~o~luct ion wo~lld 
have been of the same order as the total 
emmated terrestr~al il-iventor)- of carbon ~n 
the mal-itle and crust (56) .  

NH, Lifetimes, Diffusion Flux, 
and Resupply 

C1,oosing i(12CC A) = 2.19, ap~ropriare 
for kerogen, with p = 1.6 g cmp , t = 1 
year, and j = 2.5, 11.e finii a, = 1.2 X 1G' 

1 

cln ' and r = S.3, yielil~llg all attenuation 

of NH,  rl~otolysis by a f,lctor e s p ( ~  sec 8)  
= 3.9 x 13p". The lifetime of [ K H J  - 
lGp', insteacl of 1G years. \\-ould theli 1.e 
2.5 x lo6 >-ears. The rate ot NH, I~l-iotode- 
structioil n -o~l l~ l  be -1 x la-.' g >-earp- in 
tlxs case or, ~ n t e ~ r a t e d  o17er 1 hillion >-ears, 
about 2 X 12'" g,  or 2.5% the current 
atmospheric N, abundance. By comyal.isol-i. 
the contemporary hioyen~c value is -10" 
to 10-i g N H ,  yearp- ( 9 ,  31 , 57). 111 CH-- 
r ~ c h  reducil-ig atmospheres, N H 3  1s also a 
deyradation product of HCK;  steady-stxe 
prod~~ctio~-i  1s estimated at -10.' ' g K H 3  
year-' (58). 

h,lodels \?it11 k(22Q0 LA) = 3.21, appro- 
priate h r  K,-CH- irraci~ation residues (TI-  
tall tholin), \v1t11 p = 1.4 g cmp3,  t = 1 
year, and f = 0.5 g ~ v e  .; - 11.7, or a [NH,] - 12-5 l~ietinle of 1.5 x 1GV.i-ers. Aver- 

aglny the values for kerogen and T1tal-i tho- 
lin, the lifet~me o f a  [NH;] - l P p '  primeval 
atmosphere as a f~lnct~ol? of f anil seJimen- 
t a t ~ o n  tilvle t for k(3dG3 A) = G.21 a n ~ i  p = 
1.5 q cm-' sl-io\vs that effective ahieldiny of 
K H 3  1.v organic solids falls only i.br lo\\. t 
and low J (Table 2).  

The hll ~ntegrdt~ol-ii of J/J' for kerogen 
optical col-istants, p = 1.6 : clllp', t = 1 year, 
a n ~ l  J = 3.5 yive J/J' = 1.2 X 10', or l~feti~nes 
for [KH,] - 12-' onl \  a facttr of 2.5 less 
t1-ial-i those found hl- the 13GC LA approsima- 
tion (Fig. 2 ) .  [The net 5olar U\' tlux 4 Ga  for 

Table 1. Values of the nagnar; part of the coin- 
plex refract~ve ndex k at 2000 A for cand~date 
oryanlc solos that could sel? e as a UV sh~eld 

Materal k h  

Organc res d,~e fro11i rrad aton 0.1 7 
of 6 : 1 H,O C,H,, Ice rr xture' 
(671 

Keroc;e,- (67) 0 19 
Orcanlc res due frorr, rrad~at~on 0 22 

o f  10 : 1 N, CH, Gas mixture 
(481 
\ -, 

Organ~c resdue from ~rradaiioli 
of H,O-CO-CH,-NH, Ice 
mxture (68) 

Organc refractory grans 
lnodenc; nterstelar dclst (691 

Organc refractory grans 
lnodenc; col-iietar; dust (701 

Elemental carbon 177) 
Gas-phase-depos~ted 

alnorphous C (72) 
Hydrogenated amorphous C 

frorr, C electrodes (75) 
Hydroc;enated amorphous C 

from benzene ox~daion (74) 
Arc-e\vaporated C 175) 
CH* heated to 500 K-i 176) 
Soot In hydrocarbon f1anies:i: 

(77! 

-Results are sm ar to rtiose for 6: 1 H;O,CH_ ce I zda- 
I 8 1  ';A: 0.276 1J.l-; LEst nated frcrr dscer- 
son reat 011s a: 350 I OSC.  ancl ' e 0  K a: 0 3 1 J . m  all 
cup.es ale ,IS i g  tcward si-I-er ,.'!at eengii's 

A < 2302 A was about the salne as it 1s today 
( 1  1 ,  53).] For Titan tholil-i optical constants 
and p = 1.4 g cmp3, the result isJ/J1 = 9.6 X 

or a l~fetilne of - 1 P  years. As a 
collslstellcy check, n.e note that for many 
q t  the orgatllc sol~ds (Table 1) .  ~ ( 5 5 3 G  
A)/7(23i?G A )  - 0.1 or less, so that even 
for ~ ( 2 2 G 3  A) - 10, there is stdl enough 
su~llight reach~ng Earth'a surface to ~lrive a 
signif~cal-it net greenhouse et'iect. 

Ho\\,ever, atmospheres in ~vhich N H ,  
lifetimes are suff~ciently prolonyed n.111 vi- 
olate the assumpt~on that NH, photo1~-sis 
occurs belon. the organ~c aerosol sllield. For 
example, for f = G.5 and 1-year ~e~limel-ita- 
tion tinles (Table 1 ) ,  sll~eldillg le~lgtl-iells 
N H ,  plloto11-sis llktilnes 1-y a factor - 1G6. 
In t h ~ s  case, the time scale for KH,  to reach 
the altitude of CH., pol\;meri:ation L Y O L I ~ L ~  

be shorter thall the photo1~-51s Ilktime, ancl 
the NH; ivould no longer be shielded. Then  
the reqilired NH3 r e s ~ ~ ~ p l \ ;  flux + nil1 be 
qiven 13y its f l~lx,  dominated 1.y eddy diff~l- 
5iol-i (5'1). to the CH, polymerization alti- 
t ~ ~ ~ l e .  Cc~ntemporary eddy ~llfkls~on co1-i- 
stants K vary il.om - 1G3 CIII' s p l  just abo\~e 
the tropopause to - 1G%cm' s 1  at an nlti- 
t~lde of SG km (60). If we clloose K = lGi 
cm' s ' fur the early atmosphere (ii), and 

Table 2. L~fetilnes for atinospheres wlth [NH,] - 
lo-:. The sedmentato.. tnies are frorr, Ober- 
beck el a/ ,  ( ~ G I ,  E ndcates a \value >4.5 b~lloii 
years. 

Sedl- Lifetrne :)/ears) fo,. given 
men- fracto~i of 'rradiaton 
tat on products in organic solids 
t~i-iie 

(years; 0.1 0.5 0.9 

Wavelength (A) 

Fig. 2. Soar UV 'lux w~th no attenuat~oii (heail)/ 
line;, corrpared with the flux at Ealh's surface In 
the presence of a Iilyh-altitude oryanlc solld 
forlned by reactions of U\/ light with CH,. The 
dashed l~ne shows the UV flux if the high-alttude 
haze is ass~c;ned kerogen optical constarts. The 
dotted lhne shovis the same, bL,t w~th optical con- 
stants appropriate to Ttan ttioin. 



an atmospheric scale height H = 8.4 km, 
an upper limit (61) for the NH3 eddy 
diffusion flux is <|>e - (K/H)[NHJn(d -
2 X 1 0 9 c m - 2 s - 1 o r ~ 1 0 1 3 g y e a r - 1 a t ? = 
70 km; here n(z) is the contemporary at
mospheric number density at altitude z* 
{Lower polymerization altitudes would 
give higher 4>e due to larger n(z) [n(z — 40 
km) ~ 40n(.~ = 70 km)], although this 
effect is mitigated by lower values of K at 
lower n(z)-} In this case, [NH3] ~ 10"^ has 
a lifetime of ~[NH3]Ma/<|> ~ 5000 years 
(where Ma = 5 X 1021 g is the mass of the 
contemporary atmosphere), so that the 
current inventory of N ? would be gener
ated by NH3 photolysis in ~ 5 X 10s years. 
Given resupply, half-billion-year time 
scales for the duration of [NH3] ~ 10~5 

atmospheres appear possible. 
Would CH4 have been irreversibly con

verted to organic solids and NH3 to N2 and 
organic solids on the early Earth, or are 
there mechanisms for recycling? Tholins are 
stable and require temperatures of 600° to 
1000°C for half their mass to be vaporized 
(62). If plate tectonics were in operation 4 
Ga, with subduction of the crust down to 
hundreds of kilometers depth and a geother-
mal gradient substantially steeper than that 
which exists today, tholins may have been 
reprocessed into NH3, CH4, and other sim
ple organic gases. Recycling of N^ into NH3 

may occur by means of electrical discharges 
and NO (30) and TiOz photochemical ca
talysis in titanium-rich deserts (63). These 
processes reduce the need for outgassing or 
exogenous resupply. Because methanogens 
were among the earliest microorganisms, 
and life seems to have been widespread by 
3.5 and possibly by 3.85 Ga (18), there is no 
need to seek nonbiological sources of CH4 

(or NH3) in that period or later. Ultraviolet 
optical depths above 5 to 10 on Earth would 
have played an important role in shielding 
early organisms from UV damage (64). 

A point of comparison for this model is 
provided by Saturn's moon Titan. The UV 
and radiation processing of Titan's N2-CH4 

atmosphere produces an aerosol with aver
age particle radii —0.25 |mm and an optical 
depth of about 7 between 2000 and 3000 A 
(65), about the same as the optical depths 
calculated here for CH4 photolysis in the 
early terrestrial atmosphere. 

There are clearly uncertainties in many 
of the input parameters in our calculations. 
Nevertheless, were the atmosphere of the 
early Earth reducing, our results suggest that 
it would have been self-shielding against 
UV photodissociation. Were this atmo
sphere instead rich in N7 with minor C 0 2 

and CH4 components, self-shielding may 
also have been possible, but only if a CH4/ 
CO z ratio ^ 1 could have been main
tained. We wish only to suggest that a 

self-consistent solution to the early faint 
sun dilemma (66), without invoking mas
sive COz atmospheres, appears to be viable. 

REFERENCES AMD MOTES 

1. S. L. Miller and H. C. Urey, Science 130, 245 (1959). 
2. J. C. G. Walker, Evolution of the Atmosphere (Mac-

millan, New York, 1977); Nature 302, 518 (1983); 
Origins Life 16, 117(1986). 

3. D. J. Stevenson, Science 214, 611 (1981). 
4. J. F. Kasting, in The Proterozoic Biosphere, J. W. 

Schopf and C. Klein, Eds. (Cambridge Univ. Press, 
Cambridge, 1992), pp. 165-168. 

5. R. J. Arculus, Annu. Rev. Earth Planet. Sci. 13, 75 
(1985). Some models admit reduced gases as minor 
constituents [J. F. Kasting, D. H. Eggler, S. P. Rae-
burn, J. Geol. 101, 245 (1993); D. L. Anderson, Sci
ence 261, 170(1993)]. 

6. W. R. Kuhn and S. K. Atreya, Icarus 37, 207 (1979). 
7. Y. L Yung and J. P. Pinto, Nature 273, 730 (1978); J. 

F. Kasting, J. Geophys. Res. 87, 3091 (1982). 
8. T. Owen, R. D. Cess, V. Ramanathan. Nature 277, 

640(1979). 
9. J. S. Levine and T. R. Augustsson, Origins Life 15, 

299(1985). 
10. P. H. Abelson, Proc. Natl. Acad. Sci. U.S.A. 55, 

1365 (1966); S. L. Miller and G. Schlesinger, Origins 
L/fe14, 83(1984). 

11. C. F. Chyba and C. Sagan, Nature 355,125 (1992); in 
Comets and the Origin and Evolution of Life, P. 
J. Thomas, C. F. Chyba, C. P. McKay, Eds. (Springer-
Verlag, New York, 1997), pp. 147-173. 

12. M. J. Newman and R. T. Rood, Science 198, 1035 
(1977); D. O. Gough, Sol. Phys. 74, 21 (1981). 

13. C. Sagan and G. Mullen, Science 177, 52 (1972). 
14. C. Sagan, Nature 269, 224 (1977). 
15. J. B. Pollack, Icarus 37, 479 (1979). 
16. G. R. North, J. Atmos. Sci. 32, 2033 (1975); W. C. 

Wang and P. H. Stoner, ibid. 37, 545 (1980). 
17. An updating of this evidence includes (i) water-lain 

sediments 3.8 to 3.9 Ga [A. P. Nutman, J. H. Allaart, 
D. Bridgewater, E. Dim roth, M. Rosing, Precambrian 
Res. 25, 365 (1984)]; (ii) tidal or intertidal stromatolite 
fossils ^3.5 Ga; (iii) pillow basalts, generated by un
derwater magma; (iv) alluvial detrital uraninite grains 
3.0 to 2.3 Ga; and (v) turbidites and ripple marks 3.5 
to 3.0 Ga [K. A. Eriksson, Tectonophysics 81, 179 
(1982)]. 

18. S.J. Mo]zs\s etal., Nature 384, 55(1996); J. M. Eiler, 
S. J. Mojzsis, G. Arrhenius, ibid. 386, 665 (1997). 

19. This evidence includes (i) absence of signs of glaci-
ation before 2.7 Ga [J. F. Kasting, Palaeogeogr. 
Palaeoclimat. Palaeoecol. 75, 83 (1989)], and the 
suggestion that more recent tillites are of impact 
rather than glacial origin, which would remove all 
upper limits on 7~s before 2 Ga [V. R. Oberbeck, J. R. 
Marshall, H. R. Aggarwal, J. Geol. 101, 1 (1993)]; (ii) 
extreme thermophilic trends in the archaebacteria 
[C. Woese, Microbiol. Rev. 51, 221 (1987)], although 
this evidence might reflect a remnant population that 
survived the high-temperature pulse provided by the 
last major impact around 3.8 Ga [M. Gogarten-
Boekels, E. Hilario, J. P. Gogarten, Origins Life 25, 
251 (1995)]; (iii) sulfur isotope studies pointing to 
oceanic temperatures -40° ± 10°C from about 2.6 
to 3.5 Ga [H. Ohmotu and R. P. Felder, Nature 328, 
244 (1987)]; and (iv) D/180 indications of mean sur
face temperatures of tens of degrees Celsius be
tween 2.5 and 3.5 Ga [L. P. Knauth and S. Epstein, 
Geochim. Cosmochim. Acta 40, 1095 (1976)]. Dif
ferences in 8180 data between coexisting cherts and 
phosphates have suggested temperatures as high 
as 100°C at 3.8 Ga [J. Karhu and S. Epstein, ibid. 50, 
1745(1986)]. 

20. M. H. Carr, Water on Mars (Oxford Univ. Press, New 
York, 1996). 

21. Sagan and Mullen {13) argued that on a much colder 
early Earth, the ice-albedo feedback (and the lower 
water vapor pressure) would more than compensate 
for any decreased cloudiness. The strength of this 
argument might be diminished on an all-ocean planet 
only a little above the freezing point [A. Henderson-

Sellers, Nature 279, 786 (1979); W. B. Rossow, A. 
Henderson-Sellers, S. K. Weinreich, Science 217, 
1245 (1982)]. On an Earth as warm as or warmer than 
today, cloud feedback effects do not seem to be the 
answer [J. F. Kasting and D. H. Grinspoon, in The Sun 
in Time, C. P. Sonett, M. S. Giampapa, M. S. Mat
thews, Eds. (Univ. of Arizona Press, Tucson, 1991), 
pp. 447-462], 

22. G. S. Jenkins, H. G. Marshall, W. R. Kuhn, J. Geo
phys. Res. 98,8785(1993). 

23. M. J. Holman and J. Wisdom, Astron. J. 105, 1987 
(1993). 

24. T. E. Graedel, I.-J. Sackmann, A. I. Boothroyd, Geo
phys. Res. Lett. 18, 1881 (1991); A. I. Boothroyd, 
l.-J. Sackmann, W. A. Fowler, Astrophys. J. 377, 
318(1991). 

25. More extreme models propose that solar-type stars 
lose as much as half their original mass through an 
enhanced solar wind, implying an initial main-se
quence luminosity for the sun —15 times the current 
value [J. A. Guzik, L. A. Willson, W. M. Brunish,/\s^ro-
phys. J. 319, 957 (1987)]. The equilibrium tempera
ture for Earth at 1 AU and no greenhouse effect for a 
luminosity 15 times that of the sun's present value is 
<450 K. These models typically decay to standard 
stellar evolution values in ~0.2 billion years, providing 
no contradiction to terrestrial observations in the high-
luminosity phase; but then they do not explain tem
peratures >0°C on Earth between 4.3 and 2.0 Ga. 

26. E. Robinson and R. C. Robbins, J. AirPollut. Control 
Assoc. 20, 303 (1970); A. O. Langford and F. C. 
Fehsenfeld, Science 255, 581 (1992); P. K. Quinn, R. 
S. Charlson, T. S. Bates, Nature 335, 336 (1988). 

27. J. S. Levine, T. R. Augustsson, J. M. Hoell, Geophys. 
Res. Lett. 7,317(1980). 

28. J. L Bada and S. L. Miller, Science 159, 423 (1968). 
29. S. L. Miller and J. E. Van Trump, in Origin of Life, Y. 

Wolman, Ed. (Reidel, Boston, 1981), p. 135; H. D. 
Holland, The Chemical Evolution of the Atmosphere 
and Oceans (Princeton Univ. Press, Princeton, NJ, 
1984). 

30. If there were no other source of NH3, an oceanic 
steady-state abundance of NH4

+ in the 4- to 70-jxM 
range is expected for a nonreducing atmosphere 
from electrical discharge converting N2 to NO, rain-
out as nitric and nitrous acids, and oxidation of fer
rous to ferric iron in the oceans [D. P. Summers and 
C. Chang, Nature 365, 630 (1993)]. From Henry's 
law, the atmospheric NH3 abundance in equilibrium 
with 20 ixM of NH4

+ at 30°C is given by log [NH3] -
pH -15.6; at 0°C, the corresponding figure is log 
[NH3] - pH -17.1 [G. D. Farquhar, P. M. Firth, R. 
Wetselaar, B. Weir, Plant Physiol. 66, 710 (1980)]. 
These values are lower than the mean but within the 
ranges of contemporary values, despite the present 
oxidizing atmosphere. Temperatures > 80°C and 
alkaline oceans (pH > 8) would be required to ap
proach [NH3] - 10"5, unless another source of NH3 

were available. NH4
+ is also deposited from the at

mosphere [J. D. Tjepkama, R. J. Cartica, H. F. He-
mond, Nature 294, 445 (1981)]. 

31. R. C. Burns and R. W. F. Hardy, Nitrogen Fixation in 
Bacteria and Higher Plants (Springer-Verlag, Berlin, 
1975); J. A. Raven, B. Wollenweber, L. L. Handley, 
NewPhytoi. 121,5(1992). 

32. W. R. Kuhn and J. F. Kasting, Nature 301, 53 (1983); 
J. F. Kasting and T. P. Ackerman, Science 234,1383 
(1986). 

33. R. Rye, P. H. Kuo, H. D. Holland, Nature 378, 603 
(1995). 

34. J. Goldspiel and S. W. Squyres, Icarus 89, 392 
(1991); T. J. Parker, D. S. Gorsline, R. S. Saunders, 
D. C. Pieri, D. M. Schneeberger, J. Geophys. Res. 
98, 11061 (1993). 

35. V. R. Baker et al., Nature 352, 589 (1991); M. W. 
Schaefer, J. Geophys. Res. 95, 14291 (1990). 

36. J. B. Pollack, J. F. Kasting, S. M. Richardson, K. 
Poliakoff, Icarus 71, 203 (1987). 

37. S. W. Squyres and J. F. Kasting, Science 265, 744 
(1994). 

38. J. F. Kasting, Icarus 94, 1 (1991). 
39. J. B. Pollack and C. Sagan, in Near Earth Resources, 

J. Lewis and M. Matthews, Eds. (Univ. of Arizona 
Press, Tucson, 1993); J. M. Goldspiel, thesis, Cor
nell University (1994). An upper limit on the total 

1220 SCIENCE * VOL. 276 • 23 MAY 1997 G www.sciencemag.org 

http://www.sciencemag.org


f isf mwmmMS ARTICLES 

amount of C02 ice in a martian polar cap can be set 
by the condition that it not liquefy at its base as a 
result of hydrostatic pressure load, giving an upper 
limit of - 6 0 mbar C02 [C. Sagan, J. Geophys. Res. 
78, 1250(1973)]. 

40. A. C. Lasaga, H. D. Holland, M. J. Dwyer, Science 
174,53(1971). 

41. W. E. McGovern, J. Atmos. Sci. 26, 623 (1969). 
42. K. J. Zahnle, J. Geophys. Res. 91, 2819 (1986). 
43. These altitudes are comparable to those calculated 

by setting the CH4 optical depth T = 1 at X = 1216 A, 
the Lyman a wavelength. For a CH4 scale height H = 
8.4 km, CH4 cross section at 1216 A CT(CH4) = 2 X 
10~17 cm~2 (47), atmospheric surface number den
sity n(0) = 2.6 x 101 9cirr3 , and [CH4] = 10"5, T = 
1 occurs at an altitude z = H ln{[CH4]a(CH4)n(0)H} «* 
70 km. For present [C02], C02 adds only -10% to T 
at 1216 A. 

44. In charged-particle irradiation experiments with 
2.5% H20 in CH4-NH3 atmospheres, organic sol
ids are also plentifully produced, involving alde
hydes, ketones, furans, and carboxylic acids as 
indications of oxygen chemistry [B. N. Khare, C. 
Sagan, J. E. Zumberge, D. S. Sklarew, B. Nagy. 
Icarus 48, 290 (1981)]. Similar results are found in 
UV irradiation experiments [K.-y. Hong, J.-H. 
Hong, R. S. Becker, Science 184, 984 (1974); B. N. 
Khare, C. Sagan, E. L Bandurski, B. Nagy, ibid. 
199, 1199(1978)]. 

45. G. D. McDonald, W. R. Thompson, M. Heinrich, B. 
N. Khare, C. Sagan, Icarus 107, 137 (1994). 

46. V. R. Oberbeck, C. P. McKay, T. W. Scattergood, G. 
C. Carle, J. R. Valentin, Origins Life 19, 39 (1989). 

47. M. Ackerman, in Mesospheric Models and Related 
Experiments, G. Fiocco, Ed. (Reidel, Boston, 1971), 
pp. 149-159. 

48. B. N. Khare etai., Icarus 60, 127 (1984). 
49. C. Sagan and W. R. Thompson, ibid. 59,133 (1984). 
50. W. A. Noyes and P. A. Leighton, The Photochemistry 

of Gases (Reinhold, New York, 1941). 
51. G. Toupance, A. Bossard, R. Raulin, Origins Life 8, 

259(1977). 
52. This result derives from continuous-flow experi

ments, in which the mean free path is much less than 
the radius of the reaction tube, so wall effects should 
not be important [W. R. Thompson, G. D. McDon
ald, C. Sagan, Icarus 112, 376 (1994)]. 

53. K. J. Zahnle and J. C. G. Walker, Rev. Geophys. 
Space Phys. 20, 280 (1982). 

54. D. J. DesMarais, in The Carbon Cycle and Atmo
spheric C02: Natural Variations Archean to Present, 
E. T. Sundquist and W. S. Broecker, Eds. (American 
Geophysical Union, Washington, DC, 1985), pp. 
602-611. 

55. CH4 is present at 0.1 to 1 % of [H20] in comets [M.J. 
Mumma, P. R. Weissman, S. A. Stern, in Protostars 
and Planets III, E. H. Levy and J. I. Lunine, Eds. (Univ. 
of Arizona, Tucson, 1993), pp. 1177-1252]. For an 
impactor mass flux ~5 x 1014gyear~1 around 4 Ga 
(7 7), exogenous CH4 supply provided < 1 % of the 
required flux. 

56. C. F. Chyba, T. C. Owen, W.-H. Ip, in Hazards Due to 
Comets and Asteroids, T. Gehrels, Ed. (Univ. of Ari
zona Press, Tucson, 1994), pp. 9-58. 

57. G. A. Dawson, J. Geophys. Res. 82, 3125 (1977); D. 
L. Baulch etal.,J. Phys. Chem. Ref. Data 11 (suppl. 
1), 327(1982). 

58. R. Stribling and S. L Miller, Origins Life 17, 261 
(1987). 

59. D. M. Hunten and T. M. Donahue, Annu. Rev. Earth 
Planet Sci. 4,265(1976). 

60. S. C. Wofsy and M. B. McElroy, J. Geophys. Res. 78, 
2619(1973). 

61. Integrating the eddy diffusion equation c}>e = 
-Kn{z)[df{z)/dz] for n{z) = n(0)exp(-z/H), where f{z) is 
[NH3] at altitudez, gives <J>e = -[Kn{z)/H][f{z) - f{0) < 
(K/H) f(0)n(z). 

62. C. Sagan, B. N. Khare, J. Lewis, in Saturn, T. Gehrels 
and M. S. Matthews, Eds. (Univ. of Arizona Press, 
Tucson, 1984), pp. 788-807. 

63. A. Henderson-Sellers and A. W. Schwartz, Nature 
287,526(1980). 

64. C. Sagan, J. Theor. Biol. 39, 195 (1973); J. F. Kast-
ing, K. J. Zahnle, J. P. Pinto, A. T. Young, Origins Life 
19,95(1989). 

65. K. Rages and J. B. Pollack, Icarus 41, 119 (1980). 
66. While completing this paper, we learned that relat

ed suggestions were made qualitatively by J. Kast-
ing [J. Geophys. Res. 87, 3091 (1982)] and J. Love
lock [The Ages of Gala (Norton, London, 1988), 
chap. 4]. 

67. B. N. Khare etai, Icarus 103, 290 (1993). 
68. P. Jenniskens, Astron. Astrophys. 272, 465 (1993). 
69. G. Chlewicki and J. M. Greenberg, Astrophys. J. 

365,230(1990). 
70. J. M. Greenberg and J. I. Hage, ibid. 361, 260 

(1990). 
71. H. J. Hagemann, W. Gudat, C. Kunz, J. Opt. Soc. 

Am. 65,742(1975). 
72. W. W. Duley, Astrophys. J. 287, 694 (1984). 
73. E. Bussoletti, L. Colangeli, A. Borghesi, V. Orofino, 

Astron. Astrophys. Suppl. Ser. 70, 257 (1987). 
74. F. Rouleau and P. G. Martin, Astrophys. J. 377, 526 

(1991). 

75. E. T. Arakawa, S. M. Dolfini, J. C. Ashley, M. W. 
Williams, Phys. Rev. B 31, 8097 (1985). 

76. D. A. Anderson, Philos. Mag. 35, 17 (1977). 
77. S. C. Lee and C. L. Tien, Proceedings, Eighteenth 

Symposium {International) on Combustion (Com
bustion Institute, Pittsburgh, 1981), pp. 1159-1166. 

78. W. R. Thompson, B. G. J. T. P. Murray, B. N. Khare, 
C. Sagan, J. Geophys. Res. 92, 14933 (1987); B. N. 
Khare, W. R. Thompson, B. G. J. T. P. Murray, C. F. 
Chyba, C. Sagan, Icarus 79, 350 (1989). 

79. This research was supported in part by NASA grants 
NAGW-3273, NAGW-1896, and NAGW-1870. We 
thank K. J. Zahnle, J. Bada, J. Kasting, W. R. 
Thompson, B. N. Khare, S. L Miller, E. E. Salpeter, 
S. Epstein, J. W. Schopf, D. Layzell, D. Turpin, J. C. 
G. Walker, S. Soter, J. Goldspiel, P. Gogarten, L A. 
Wilson, G. Bowen, C. de Ruiter, R. Hargraves, and 
G. D. McDonald. 

Trichodesmium, 
a Globally Significant 

Marine Cyanobacterium 
Douglas G. Capone, Jonathan P. Zehr, Hans W. Paerl, 

Birgitta Bergman, Edward J. Carpenter 

Planktonic marine cyanobacteria of the genus Trichodesmium occur throughout the 
oligotrophy tropical and subtropical oceans. Their unusual adaptations, from the mo
lecular to the macroscopic level, contribute to their ecological success and biogeo-
chemical importance. Trichodesmium fixes nitrogen gas (N2) under fully aerobic con
ditions while photosynthetically evolving oxygen. Its temporal pattern of N2 fixation 
results from an endogenous daily cycle that confines N2 fixation to daylight hours. 
Trichodesmium colonies provide a unique pelagic habitat that supports a complex 
assemblage of consortial organisms. These colonies often represent a large fraction of 
the plant biomass in tropical, oligotrophic waters and contribute substantially to primary 
production. N2 fixation by Trichodesmium is likely a major input to the marine and global 
nitrogen cycle. 

I richodesmium, a colonial marine cya
nobacterium (I) (Fig. 1), has intrigued nat
uralists, biologists, and mariners for well 
over a century (2). These cyanobacteria 
have been reported throughout the tropical 
and subtropical Atlantic, Pacific, and Indi
an oceans, as well as the Caribbean and 
South China seas (Fig. 2) (3, 4). Modern 
interest in Trichodesmium dates to the early 
1960s with the recognition that the biolog
ical productivity of large expanses of the 
ocean is often limited by the availability of 
nitrogen (5) and the observation that Tri
chodesmium is diazotrophic (that is, an N2 
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fixer). The current focus in assessing the 
global role of the upper ocean in assimilat
ing atmospheric CO z has elevated the im
portance of quantifying marine N2 fixation. 

Although major advances in under
standing the biology of Trichodesmium have 
recently occurred on diverse fronts, several 
important questions remain largely unre
solved: (i) Where does Trichodesmium fit in 
the broader scheme of cyanobacterial phy-
logeny? (ii) How does Trichodesmium sus
tain simultaneous photosynthetic 0 2 evolu
tion with nitrogenase activity, and why 
does it fix N2 only during daylight periods? 
(iii) What physiological, morphological, 
and behavioral adaptations contribute to 
Trichodesmium's ecological success in the 
oligotrophic marine environment? (iv) 
What environmental and ecological fac
tors control production and N2 fixation in 
Trichodesmium in situ, and to what extent 
does it contribute to productivity, nutrient 
cycling, and trophodynamics in tropical 
and subtropical seas? (v) What is the over-
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