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Computer simulations of the evolution of the Earth's atmospheric composition and surface 
temperature have been carried out. The program took into account changes in the solar 
luminosity, variations in the Earth's albedo, the greenhouse effect, variation in the biomass, 
and a variety of geochemical processes. Results indicate that prior to two billion years ago the 
Earth had a partially reduced atmosphere, which included N~, CO2, reduced carbon compounds, 
some NH3, but no free H2. Surface temperatures were higher than now, due to a large green- 
house effect. When free O~ appeared the temperature fell sharply. Had Earth been only slightly 
further from the Sun, runaway glaciation would have occurred at that time. Simulations also 
indicate that a runaway greenhouse would have occurred early in Earth's history had Earth 
been only a few percent closer to the Sun. It therefore appears that, taking into account the 
possibilities of either runaway glaciation or a runaway greenhouse effect, the continuously 
habitable zone about a solar-type star is rather narrow, extending only from roughly 0.95 
to 1.01 AU. 

I. INTRODUCTION 

Since the papers of Brown (1952) and 
Rubey  (1951) it has become generally ac- 
cepted that  the Ear th  lost any primordial 
atmosphere it may  have had, and that  the 
present atmosphere is derived from mate- 
rials degassed from the interior. This paper 
is based on a set of a t tempts  to follow, by a 
computer  simulation, the evolution of the 
Ear th ' s  atmosphere over the last 4.5 billion 
years, with particular emphasis on changes 
in the chemical composition and mean sur- 
face temperature.  

M a n y  factors have influenced that  evolu- 

tion. Some of the factors considered ex- 

plicitly in the computer  program were: the 

rate of degassing from the interior, and the 

mean composition of the juvenile volatiles; 
condensation of water vapor  into oceans; 

solution of atmospheric gases in the oceans; 
photodissociation of water vapor  in the 

upper atmosphere ; escape of hydrogen from 
the exosphere; chemical reactions between 
atmospheric gases; the presence of life, and 
variations in the biomass; photosynthesis,  
and burial of organic sediments; the Urey 
reaction; oxidation of surface minerals; 
variations in solar luminosity;  variations 
in the Ear th ' s  albedo; and the greenhouse 
effect. 

This project is perhaps the first a t tempt  
to include such a wide range of processes in 
simulating the evolution of our atmosphere. 
I t  should be pointed out tha t  each of the 
factors mentioned above is important,  and 
that  a change of 20% in any one of them 
would have resulted in a substantially 
different atmosphere than we now have. 

The results of the computer  simulations 
indicate tha t  it is possible to understand 
the evolution of our atmosphere to its 
present condition through the interplay of 
known processes, and that  no extraordinary 
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events (subsequent to the formation of the 
Ea r th  and its core) need be postulated. 

I t  also appears tha t  the evolut ionary 
process is very  sensitive to the E a r t h - S u n  
distance, t Iad  the Ea r th  been si tuated 
slightly closer to the Sun, a runaway green- 
house effect would have occurred fairly 
early in Ear th ' s  his tory [-a result obtained 
earlier by Rasool and de Bergh (1970)7. 
Had the Ear th ' s  orbit been slightly larger 
instead, then runaway glaciation would 
have occurred about  two billion years ago. 

lI. ASSUMPTIONS AND APPROXIMATIONS 
USED IN COMPUTER SIMULATION 

A. Degassing 

Almost all of the argon in the Ear th ' s  
atmosphere is derived from the radioactive 
decay of K40. The analysis in Turekian 
(1964) leads to the conclusion that  the r:~te 
of supply of argon to the atmosphere can 
be approximated by  

R~,~ .... = K t [ - e x p ( -  K2t) -- e x p ( - K a t ) ] .  

(1) 

The computer  t)rogram used the vahtes 
K1 = 2.64 X 101°g yr  -l, K2 = 2.81 X 10 -n  
yr- ' ,  Ka = 5.51 X 10 -~° yr  -~, which are 
equivalent to Turekian 's  figures. 

The only other volatile elements kept  
track of in the program were carl)on, 
oxygen, hydrogen and nitrogen. I t  was as- 
sumed that  the degassing rate of each of 
those has been proportional  to e ,/x. We 
est imated },, the t ime constant  for degass- 
ing, to be 800 million years, 1 a slightly 
shorter  t ime than the 862 million years 
computed by Li (1972). 

For  simplicity it was assumed that  the 
net composition of juvenile volatiles (argon 
aside) has been constant  through geologic 
time. Since the actual composition of the 
juvenile volatiles is not known exactly, 

A few computer runs were made using much 
smaller values for X. All such runs resulted in a run- 
away greenhouse effe('| o('('lll'l'illg at, :1ll ear]y s tage 
~f I~;arlh's hisl()l'y. 

m an y  separate computer  runs were made, 
using a var ie ty  of plausible compositions. 

B. Condensation of Water Vapor 

As the pressure increased, most of the 
degassed H20 condensed to form oceans. In 
the program, the boiling point curve of 
water was approximated by the formula 
(derived from Hass and Newton, 1966- 
1967) 

bp = 373.15 X (5.78 - 0.15 log P ) /  

(5.78 - 1.15 logP) ,  (2) 

where P is the total pressure in atmospheres. 
Assuming liquid water is present, the 

amount  of H20 remaining in vapor  form in 
the atmosphere will be approximately 

Qw,t . . . .  I . . . .  = Q, expl-Q~((T~rf} - 288)J, (3) 

where (T ,~0  is the mean surface tempera-  
ture of the Ear th  (in °K), Q2 = 0.0698 K -1, 
and Q1 = 1.258 × 10 '9 g. Equat ion (3) ap- 
proximates the results of numerical in- 
tegrations in which the atmosphere (up to 
*.he tropopause) was divided into horizontal 
slices and the w.tter vapor content  of each 
slice computed in accordance with its mean 
temperature  and 1)ressure. I t  was assumed 
t h'tt the mean relative humidi ty  of the 
troposphere remains constant in time, al- 
though the absolute humidi ty  depends on 

~surf.  

('. Photodissociation and Escape of Hydrogen 

Free hydrogen escapes from the exo- 
sphere in a geologic.ally short t ime (Spitzer, 
1952). A slower, but  still geochemically 
important ,  process is the photodissociation 
of water molecules in the upper atmosphere, 
followed by the h)ss of hydrogen. To 
estimate the rate of photolysis the calcula- 
tions of Br inkmann (1969) were employed. 

Of tile hydrogen atoms released by  
photolysis, only a fraction fe escape; the 
others recombine before escaping. The ex- 
i)(,(.ted v,due of .£. is difticult 1o (.ompute 
lh(,or(,tivally. We have used j'¢ = (~.7(~j. 
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Tha t  value (in conjunction with the pho- 
tolysis rate calculations of Brinkmann) 
matches the number  of hydrogen atoms 
now escaping from the exosphere--which 
is about  108 atoms cm -2 sec -~, according to 
Liu and Donahue (1974). 

D. Oxidation of Surface Minerals 

Most iron atoms in igneous rocks are in 
the ferrous state. In comparison, sedimen- 
t a ry  rocks contain a far higher proport ion 
of ferric iron. The conversion of ferrous to 
ferric ion, represented schematically by 

2 FeO + O -~ Fe~03, (4) 

removes oxygen from the a tmosphere-  
ocean system. The quan t i ty  so removed, 
over the course of geologic time, is much 
larger than  the amount  of free oxygen now 
in the atmosphere. Perhaps even more im- 
por tant  is the conversion of sulfides to 
sulfates, which has also acted as a sink for 
large quantit ies of oxygen. 

The program used as an estimate of the 
net rate of oxidation of surface minerals 

JI~,,xid = XI  -~- X2. [()s] ,  (5) 

where [()2] represents the mass of free 
oxygen in the atmosphere, and X1 and Xs 
are constants. We chose the value of X1 to 
be quite small, since Roxla was presumably 
low before free oxygen appeared in the 
atmosphere. X2 was est imated at slightly 
over 5 X 10 -s yr-L 

If [02]  is very  large then (5) overesti- 
mates Ro~d, as in reality Rox~d would then 
be limited by  the rate at which fresh 
minerals can be brought  to the surface and 
eroded. The restriction was therefore added : 
Ro~d _~ X3, where X3 is about  2.9 × 10 t3 
g yr  -~. 

E. Urey Reaction 

I t  has been suggested by  Urey (1951, 
1952) and others tha t  the partial  pressure 
of CO2 in the atmosphere is governed by 
re'wtions l~etween C()s and silicates. Such 

reactions might be represented schemati- 
cally by 

CaSiO~ ~- CO2 .~-CaCO3 + SiO2. (6) 

(Of course the metal  involved need not  be 
calcium.) Such reactions will take place 
much more rapidly in solution, i.e., if there 
are oceans. The effect of such reactions is 
to remove COs from the a tmosphere-ocean 
system, while building up deposits of lime- 
stone, dolomite, and other sedimentary 
carbonates. 

In the computer  simulation, the net rate 
at which dissolved COs is deposited has 
been approximated by  

R.~oy = U,. ( E C O ; I -  ECO2Jo~,.,), (7) 

where I-COs] is the actual quant i ty  of dis- 
solved CO2 at a given time, while rCO~.]equil 
is the quant i ty  at which equilibrium would 
p rewi l  (averaging over the oceans as a 
whole). For  the constant U1, which was 
t reated as a free parameter  (see Section V) 
the value 6 X 10 -9 yr  -~ was adopted. 

At present, limestone is being deposited 
in some parts of the ocean while it is being 
redissolved in other parts. We might there- 
fore guess tha t  under current conditions 
[[CO2-I,,,~,,il is not far from the actual 
quant i ty  of COs in the oceans, which is 
est imated to be about  1.3 X 10 s° g (El 
Wardani, 1972). The value of I-COlloquy1 at 
a given time depends, among other things, 
on the mass of the oceans. 

I t  was assumed tha t  if [COs] should ever 
fall below [CO2]~q~il limestone will be re- 
dissolved quickly, i.e., in such circum- 
stances a higher proport ional i ty  constant,  
U2, would prevail. In the absence of oceans 
(e.g., on Venus) an equation similar to (7) 
might be applicable, but  with a very  low 
proport ional i ty  constant,  U3. 

F. Presence of Life 

In the program it was assumed tha t  the 
only geochemical requirements necessary 
[or l)hotosynthetic organisms to aris(~ <m 
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Ea r th  were : 

(i) the existence, somewhere on the sur- 
face of the planet, for at least 800 million 
years, of considerable quantit ies of liquid 
water at a tempera ture  of under  42°C;~ 

(ii) the presence, during the same in- 
terval, of reasonable quantit ies of carbon 
and nitrogen (or their  compounds) in the 
a tmosphere-ocean system; and 

(iii) the absence, during the same in- 
terval, of free oxygen from the atmosphere. 
EThe necessity for this restriction seems 
generally acknowledged. See, for example, 
Miller and Orgel (1974), p. 119.] 

I t  was also assumed tha t  once life arose 
it would continue and evolve as long as the 
first two re(luirements were met. 

Since H20 is abundant  on Earth,  require- 
ment  (i) will probably be satisfied unless 
(T~.~f) rises above about  365°K (making 
even the poles too warm), or falls below 
about  258°I£ (causing even the equatorial  
regions to be ice-covered). 

G. Lhnits on the Biomass 

I t  was suggested by  Berkner and 
Marshall  (1964, 1965) that ,  in the period 
before free oxygen and ozone appeared in 
the Ear th ' s  atmosphere, ultraviolet  radia- 
tion fi'om the Sun made the continents un- 
inhabitable. Indeed, since 10 m of water 
were required to reduce the intensi ty of uv 
radiation to tolerable levels, an impor tant  
portion of the hydrosphere was unin- 
habitable also. If the Berkner and Marshall 
hypothesis is correct, then the solar uv 
radiation has set a limit (varying through 
geologic t ime in accordance with the oxygen 
and ozone content  of the atmosphere) on 
the possible biomass at any given time. 

To apply their  theory,  one must  first 
compute Dw~t~,, the depth below the surface 

2 Because of denaturation of proteins it is difficult 
f-r most simple organisms to withstand much higher 
temperaiure,~. Tile figure of ~,00 milli,m y(~ars c,mu's 
from ,Julia(; r/ ./. (1975). 

of the hydrosphere at which the intensi ty 
of solar uv radiation will be reduced to a 
tolerable level. First  assume tha t  

Itolerable = /top .exp (-- r . . . . .  ) 

• exp ( - -  Twater), (S) 

where/ top is the intensi ty at  the top of the 
atmosphere and/tolerable is the maximum in- 
tensi ty  tolerable Assuming rw.to~ ¢¢ Dw:(t .... 
after some rearrangement  one obtains 

Dwater = D1 ~- D~ In (L/L.o,,.) 

- D~(EO,],..'Eo~-I,,o,,.) l,~, (9) 

where D~, D~, D3 are constants and L repre- 
sents the luminosity of the Sun. In the 
program the values D~ = 10 m, D2 = 1.4 m, 
trod D~ = 33.2 m were employed. [Those 
values were derived from the discussion and 
graphs in Berkner and Marshall (1964).] 

W h e n e v e r  Dwater < 0, the continents are 
inhabitable. I t  was assumed tha t  in such 
circumstances Bl,,,d, the carbon content  of 
the land biomass, will have approximately 
its present value, which according to 
Whi t taker  and Likens (1973) is about  
,~.72 X 10 ~7 g. For  D~.,,t,,r > 0 we set Bl,,,d 
= 0.0 and "tpproximated B ......... the carbon 
content  of the marine biomass, by  

B ....... = B ...... .[1.0 -- (Dw~t~r/Dbot)]. (10) 

D~>,,~, the depth above which most marine 
organisms live, was est imated at 20 m; 
B,,ow, the present value of B ........ was 
est imated by W h i t h k e r  and Likens to be 
about  1.76 X l0 t~ g. Since the absence of 
plankton from the upper  layer of the ocean 
will also reduce the quant i ty  of life in the 
lower regions, we reduced B . . . . .  by  a fur ther  
factor of 4.0 whenever Dw.ter was greater 
than 30 cm. 

H. Photosynthesis and the Burial of Organic 
Sediments 

Photosynthesis  might be represented 
schematically by 

(',(12 q- 11~()--~ (( 'l12( ))..g,..~., Jr ()... (I I) 
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(The rcverse reaction, of course, occurs in 
respiration, forest fires, etc.) Most organic 
material is fairly promptly recycled; how- 
ever a small portion is buried. Coal forma- 
t/on might be represented schematically by 

(CH~O)org~,~ --~ C + H~O. (12) 

(Actually, most sedimentary carbon is in 
black shales, rather than coal deposits, but 
the effect is the same for purposes of the 
present computation.) 

The net effect of (11) and (12) is the 
bre'~kup of CO~, with~he oxygen remaining 
in the ocean-atmosphere system while 
carbon is removed. The crucial figure then 
is not the gross rate of photosynthesis, but 
rather the net rate of transfer of organic 
carbon to the sediments, here designated 
by R~oa. 

One might guess that R~od is proportional 
to the total biomass; however, since dead 
organic matter is far better protected from 
prompt recycling if it is underwater, that 
would be a poor approximation. Instead, 
we approximated R~¢d by 

R.¢d = (B~a.,,.S,a,d) + (B .... .  -So .... ), (13) 

where Sz~.a and So .... are constants. The 
rate so obtained was decreased by a factor 
of 4.0 whenever free oxygen was present in 
the atmosphere, as such a condition ob- 
viously favors prompt recycling. The con- 
stants S~,a and So .... were treated as 
adjustable parameters (see Section V). In 
the main computer runs the values Sl,.d 
= 2.8 X 10 -5 yr -~, So .... = 0.128 yr -1 were 
used. 

I. Chemical Reactions and Solubility of Gases 

To simplify the calculation of chemical 
reactions between atmospheric gases, only 
the following nine gases were considered: 
N:, O2, H2, H20, CO2, CO, CH4, NH3, and 
Ar. The solubility of CO2 and NH3 in sea- 
water was explicity considered; the solu- 
bility of the other seven gases was set equal 
to zero. 

For specd of computation it was assumed 
that the reactions 

CO + 3 H2 --~ CH4 + H20, (14a) 

C O 2 + 4 H ~ - - ~ C H 4 + 2 H ~ O  (14b) 

go to completion, as well as the reactions 
of free oxygen with H2, NH3, CH4, or CO. 
(The errors introduced by these assump- 
tions seem negligible.) I t  was also assumed 
that chemical equilibrium between the com- 
pounds considered is approached rapidly, 
i.e., by the end of each time step. (The 
time step used in the main runs was 
2.5 × 10 6 yr.) 

J. Changes in Solar Luminosity 

Theoretical analyses of stellar interiors 
indicate that  most main sequence stars 
gradually increase in luminosity with time. 
(This is a consequence of the increasing 
mean molecular weight in the interior, 
which results from the transformation of 
hydrogen to helium.) In the program it was 
assumed that  the Sun was 25% less 
luminous 4.5 billion years ago than it is 
now. This figure is similar to those obtained 
from the evolutionary solar models of Sears 
(1964) and Boury et al., (1975). See also 
Ulrich (1975) and Newman and Rood 
(1977). I t  was assumed that the increase in 
luminosity of the Sun occurred at a uniform 
rate, and at a nearly uniform effective 
temperature. 

K. Albedo 

Variations in the Earth's albedo play an 
important part in determining its effective 
temperature. The program estimated the 
Bond albedo of the Earth by the formula 

Albedo = (fc~oud'Acxoud) T (fic~'Aice) 

+ (f, oa.A,oa) + (f~o~.Ave~) 
+ (frock'Arock). (15) 

In (15), foloud represents the fraction of 
the Earth's surface covered by clouds at a 
given epoch and lice represents the fraction 
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Type of A i fi .fl X A~ 
cover (present) (presenl) 

Clouds 0.52 0.472 0.245 
Rocks 0.15 0.021 0.003 
Water 0.04 0. 353 0.014 
l('e 0.70 0.032 0.022 
Vegetation 0.13 0. 122 0. (} 16 

covered by  ice (without supervening 
clouds), etc. The constants  A~,(,,d, A~,,,,, etc., 
represent  the mean albedo of clouds, ice, 
etc. Table  I lists the wdues used for the At, 
and est imates of the current  values of the 
f~. F rom the last column it is apparen t  tha t  
the main contr ibut ion to the present  alt)edo 
comes f rom the cloud cover. 

The es t imate  given for fi,o,d today  is con- 
sistent with satellite photographs.  To esti- 
ma te  f~lo~a at earlier epochs it was assumed 
tha t  J'cl,,ud would be proport ional  to the 
to ta l  mass of water  vapor  in the a tmos-  
phere. The  area covered by ice caps was 
deemed proport ional  to [-(328.0 -- (T~,~f)) : 
70.0]"; however, j 'i~ must  be reduced 
slightly because of supervening clouds. 

Equat ion  (15) and the auxiliary formulas 
used in comput ing the f~ are, of course, at 
best first-order approxim'~tions. But  they  
do match  the observed present  albedo of the 
Ea r th  [0.30 according to Vonder H a a r  et al. 
(1973)-] quite well, and seem to give rea- 
sonable figures for most  circumstances of 
interest.  

L. Greenhouse Effect  

From the solar luminosity and the 
Ea r th ' s  albedo one can readily compute  
T~u, the effective t empera tu re  of the Ear th .  
However,  because of the greenhouse effect, 
the mean surface t empera tu re  of the F a r t h  
is given by  

(T~u~Q = T¢ .  + (AT)g  ....... (16) 

• 1,11 equat ion which will only be corre~q if 
(~T)~ ..... is adjusted to include the effects 
of convect ive heat  transport,. 

In  comput ing  the greenhouse effect a 
grey a tmosphere  approximat ion  was used. 
Since the actual  a tmosphere  is far f rom 
grey, one should not expect such an approxi-  
mat ion  to be very  close. However,  it does 
provide a reasonable first-order est imate,  
amt in view of the w~rious approximat ions  
elsewhere in the program, a more detailed 

1.o00 o.a00 greenhouse calculation would add little to 
. . . . . . . . .  the overall accur'~cy of the results. 

To compute  r, the optical thickness of 
the atmosphere,  it was first assumed tha t  for 
e 'wh component  gas 

r i  o: (q~*)l/',. ,  (17) 

where q~*, the adjusted quan t i ty  of a com- 
ponent,  is related to q~, the m'~ss of th ' t t  
component  in the atmosphere,  by  

q~* = q , (P , /Po) (To / :T )  ~/°" (18) 

(see Elsasser, 1960). We then summed the 
ri to get r, and used as a provisional 
es t imate  of the ground t empera tu re  

(T~,~.,):,:,.. = (1 + ~r) ' /4T~w (19) 

The provisional value of (AT)~ ...... which 
was obtained from (19) was then reduced 
(in order to compensate  for the effects of 
convection) by mult iplying it by  a "con- 
vection factor ,"  F ........ This gives 

(AT)g ....... = E(I + ~r) '/~ -- 1 ] T , , F  ....... 

(20) 

The value F ........ = 0.43 was selected 
solely in order to ma tch  the current  value of 
(AT)~ ..... for the Ear th  (which is about  
33°K), using (rH~O) . . . . . .  t = 2.34 and 
(rco~) ....... ~ = 0.15. i t  is interesting, how- 
ever, tha t  the same values give a fair ap- 
proximat ion to the surface t empera tu re  of 
Venus. 

M.  Procedure  

As a s tar t ing point for the computer  
simulation it was assumed tha t  the E a r t h  



EVOLUTION OF EARTH'S ATMOSPHERE 29 

had no atmosphcr(' 4.5 billion years ago, 
and had an albedo of 0.15 at that time. The 
simulation was carried forward, step by 
step, using intervals of 2.5 X 106 yr. (As a 
test, some runs were carried out using time 
steps of 2.5 X 105 yr, but the resulting 
changes in the output were negligible.) 

The program calculated the mass of each 
element added to the atmosphere-ocean 
system (or lost from it) during each time 
interval, in accordance with the processes 
described above (see Fig. 1). At the end of 
each time step the program calculated the 
mass of the oceans, the mass and composi- 
tion of the atmosphere, the quantities of 
dissolved gases, the albedo, Tell, (T~,,f), and 
various related quantities. Since there are 
important feedbacks between several of 
these quantities (e.g., absolute humidity, 
greenhouse effect, and surface temperature) 
the program was designed to iterate at the 
end of each time step until the numbers 
converged to a consistent result. 

III. RESULTS OF COMPUTER RUNS 

A. Changes in Atmospheric Composition 

The computer simulation was run many 
times, using several different assumed com- 
positions of juvenile volatiles. In the com- 
puter run which resulted in the best fit 
with currently observed data, the assumed 
composition of the juvenile volatiles was: 
oxygen, 85.36%; hydrogen 9.71%; carbon, 
4.70%; nitrogen, 0.23% (by mass fraction, 
and excluding argon). A mixture consisting 
of 84.42vTv H:O, 14.29% C02, 1.06~v CH4, 
and 0.23% N2 would contain the same ratio 
of elements. 

Some of the results from that  "best- 
fitting" computer run are presented in 
Table II. (Figures 2-9 are also based on the 
output from that run.) In that simulation, 
as in all others which came at all close to 
the present composition of the atmosphere, 
most of the water vapor condensed quite 
promptly to form oceans. The early atmo- 
sphere was therefore dominated by CO2, 

PRINCIPAL SOURCES AND SINKS OF ATMOSPHERIC CONSTITUFNTS 

~interior of the Earth~ 

I C, O, H, N, Ar 

ATMOSPHERE OCEAN 
SYSTEM 

H~ 3xygen C£ IC 
Organic Sediments 

Outer Space & Biomass 

I Surface R°cks 1 Limest°ne (and other 1 
Sulfides..4~. Sulfates / sedimentary carbonates) 
Ferrous ~ Ferric Iron J 

FIG. 1. Principal sources and sinks of atmospheric 
constituents. 

which was the next most abundant com- 
ponent of the volcanic gases. 

As CO2 was removed from the atmo- 
sphere-ocean system by the Urey reaction, 
an atmosphere developed whose main con- 
stituents were methane (or perhaps higher 
hydrocarbons, or other reduced carbon 
compounds) and nitrogen. (The extent to 
which methane--which is chemically the 
most stable hydrocarbon--would polym- 
erize under the influence of solar uv radia- 
tion is unclear. The suggestion that the 
process would continue until a considerable 
fraction of the hydrocarbons was bound up 
in an oil slick 1-10 m thick on the surface 
of the oceans (Lasaga et al., 1971), though 
quite possibly correct, has not yet been 
generally accepted.) Most of the NHs (or 
other reduced nitrogen compounds) was 
dissolved in the oceans; NH~ never con- 
stituted as much as 100 ppm of the atmo- 
sphere. [-This is in accord with the calcula- 
tions of Miller and Orgel (1974) which are 
based on equilibrium relations between 
NH~, NH4 +, clay minerals, and aspartic 
acid.-] However, the small quantities pres- 
ent did have a noticeable effect on (AT)g ..... 
as suggested by Sagan and Mullen (1972). 
Only trace amounts of free H~ were present. 

Oxygen was released from photolysis of 
water vapor, and (after the first 800 million 
years) by photosynthesis. The oxygen so 
released gradually destroyed the CH4 and 
NH,. By roughly 2.0 billion years ago all 
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'rime Surface Mas.~ ()f atmOsl)heric comt)onenls 7;,fr (7'~,,~r} 
(billions of l)ressure . . . . . . . . . . . . . . .  (°K) (°K) 

years befm'e (It(Ill) N2 ()~ C()e (?ll.t NIL Ar 1I=() 
presenl)  (l()2'g) (l()2~g) (102°g) (l()2'g) (1017g) (10~gg) (l(P~g) 

4.25 1.25 0.75 0 23.2 3.37 0.74 0 .04 4.1S 217 305 
4 .00  1.37 0.56 0 13.4 5.13 1.79 0.16 7.68 218 314 
3.75 1.39 0.32 0 .S.2S 6.0[) 2.23 0.34 ,() .67 219 317 
3.50 I .32 0.31 0 5.27 5 .<33 2 .29 0.57 S.27 219 315 
3.25 1.22 0.52 0 3.54 5.39 2.15 (1.86 5.75 22(1 310 
:I .00 1.10 1) .,S7 0 2.4,~ 4.56 1.90 1. IS 3.77 221 304 
2.75 0.(,17 I .31 0 I .Sl 3.52 1 .62 1 .54 2.(ii 224 29!) 

2.50 0.7;~ 1 .57 0 I .37 2.22 1 .46 1 .93 2.:~0 230 297 
2.25 0.62 2.14 0 1 .(13 0,!13 l .0!) 2.35 1 .£(i 238 294 
2 .00  0.75 3.76 0 .06 0 .(i46 0 0 2.79 0.77 250 2gl 
1 .75 0.76 3 .8 l  0 .06 0 . 3(i5 0 0 3.25 0 .(i, () 251 27(.) 
1.50 0.77 3.84 0 .08  0.215 0 0 3.72 0.69 252 279 
1 .25 0.77 3 .S7 () .(),~ 0.117 tI 0 4 . 2 l  0.71 253 280 
1 .00 0.78 3.8(.) 0. ()(.1 0.049 0 0 4.70 0.72 254 280 

0.75 0 .78 3.90 0.10 0 .024 I) 0 5 .2 [  0.79 255 28l 
0 .50 0.79 3.91 0.10 0.024 0 0 5.72 0.(30 256 283 
0.40 0.85 3.91 0.43 0.024 l) 0 5.9;~ 1.02 256 285 
0 .30 0.90 3.92 0 . ( i ( . )  0.024 0 0 6.14 1.10 256 28(i 
0.20 0 .94 3.92 0.S{i 0.024 0 0 6.35 1.16 255 287 
0 .10 0.(,}7 3.92 1.03 0.024 (} 0 6.55 I .21 255 288 

0 1.00 3.92 1.21 0.024 0 (} 6.76 1.27 255 28~ 

but  t race amounts  of reduced gases had 
been removed froin the atmosphere,  and at 
tha t  point  the a tmosphere  consisted pri- 
mar i ly  (about 96%) of N..,. S i n c e / h a t  t ime 
there has been a slow buildup of free ()~ in 
the atmosphere.  

Roughly  420 million years ago tim 
amounts  of O2 and ()a in the a tmosphere  
become great  enough to reduce the in- 
tens i ty  of uv radiation at the surface to a 
level tolerable by living organisms. Soon 
thereaf ter  plant  life spread to the c(m- 
t inents  and there was a great  increase in 
the bioInass. The resulting incre'~se in 
t)hotosynthetic act iv i ty  (and in the rate ()f 
tmrial of carbon) caused a rapid increase in 
the amount  of free oxygen in tile a tmo-  
sphere, an incret~se which was still going on 
when man  appeared on the scene. 

These changes in composit ion are shown 

in Fig. 2. (The extrapolat ion past  the 
present  era, which is shown on tha t  and 
succeeding tigures, indicates only what  
might  have occurred in the ahsenee of hu- 
man  activity) ,  Figure 3 shows how tile total  
pressure (at sea level) has varied through 
geologic time, according to our op t imum 
e o l l l p l l t e r  l ' lln. 

11. Chaneges in Albedo and Temperah,'e 

Perhaps  the most  significant results of 
the computer  sinmlation are shown in Fig. 
4, in which the brag-term variat ions of the 
F a r t h ' s  effective t empera tu re  and mean sur- 
face t empera tu re  are plotted. The differ: 
(?lice b e t w e e n  [ h e  t w o  c u r v e s ,  of  course, 
represents (kT)g ....... Tha t  was very large 
during the first 2.3 billion years, due to the  
combined effect of reducing gases (such as 
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Flo. 2. Variations, over the course of geologic time, of the composition of the Ear th ' s  atmosphere. 
The line for each const i tuent  shows what  fraction of the total  atmospheric mass t ha t  consti tuent  
represented. 

NH3 and CH4) and of large quantities of 
H~O and CO~. The high surface tempera- 
ture caused ~ large amount of water to 
evaporate (see Fig. 5) which resulted in a 
cloud-covered Earth (see Fig. 6). That in 
turn caused a high albedo (Fig. 7). The 
effective temperature was therefore low 
throughout the first half of Earth's history. 

After CH4, NH3, and all other reduced 

gases were oxidized away the situation 
changed drastically. (AT)~r~, went down 
sharply, and the mean surface temperature 
decreased. By the time free oxygen ap- 
peared in the atmosphere (about 2 billion 
years ago), (T~.~) had fallen to 280°K, and 
ice caps of considerable size had formed. 

That the drop in temperature was not 
even larger is primarily due to the thermo- 
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Fro. 3. This shows the variation, over the course of geologic time, in the mean (sea-level) atmo- 
spheric pressure. 
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g e o l o g i c  t i m e .  

static effect of the variations in cloud cover. 
As <T~r) fidls, the quant i ty  of H20 in the 
atmosphere drops, the cloud cover and 
tflbedo decrease, and T~rf goes up. However, 
it seems plain tha t  if (T~.,r) ever became 
much lower than  0°C this thermostat ic  
mechanism would break down. For, with 
large ice caps and little cloud cover, any 
fur ther  drop in temperature  will raise the 
albedo (because of the growth in ice caps) 

rather  than lowering it, thereby causing 
T,,ff and (T~,,,-d to drop still further. 

The value of T~rit, the temperature  at 
which runaway glaciation will commence, 
depends on many  factors and is hard to 
compute. However, the computer  simula- 
tions carried out in this research program 
suggest tha t  whenever reducing gases are 
absent from the '~tmosphere, and the solar 
constant is within about 20% of its present 

I 
8.0 / j s . 0  

6.0 6.0 WATER VAPOR ARGON--_._ / j / / ~  
/ / / /  

/ /  1 
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,.0 ,.0 l 
TIME (BILLIONS OF YEARS) PRESENT 

FIG.  5. T h i s  shows the  v a r i a t i o n ,  o v e r  the  course o f  geol ( )g ic  t i m e ,  i n  the  masses o f  w a t e r  w~por  

~t,Ttd ~ r g o n  i n  t h e  E a r t h ' s  a t m o s p h e r e .  
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Fro. 6. The upper curve shows the fraction of the Earth's surface covered by clouds at different 
periods of geologic time. The dashed line shows the fraction of Earth's surface covered by ice, 
without supervening clouds. 

value, Tcrit will be in the neighborhood of 
278°K. This is consistent with the climato- 
logical analysis of Budyko (1969), who 
found that  a drop in the solar constant  
sufficient to cause (Tsurf) to decrease to 
279°K would not cause runaway glaciation, 
whereas a slightly larger decrease would 
have that  result. 

Runaway  glaciation occurred in many  of 
my  computer  runs. In every such case the 

computat ion was cont inued--of ten  for an 
additional 2 billion years, or even longer- -  
with CO2 (from volcanoes) accumulating 
in the atmosphere, and with the greenhouse 
effect computed. In  not a single such case 
was runaway glaciation reversed. 

C. Comparison with Observations 

Our opt imum computer  run resulted in 
an atmosphere which contained, after 4.5 
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F/G. 7. Variations in the Bond albedo of the Earth over geologic time. 
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Fro. 8. The solid line shows how the mass of organic carbon in the sedimentary rocks has v,u'ied 
over geologic time. The dashed line indicates (.he net amount (ff oxygen which has been added to 
the rocks by oxidation ()f ferrous iron t() ferric iron "rod by oxidali(m of sulfides to sulfates. 

b i l l ion  y e a r s :  3.92 )< 1021 g of N: ,  1.21 
)< 10 ~t g of O2, 6.76 )< 1019 g of Ar ,  1.27 
M 10 l° g of HzO, 2.38 X 10 TM g of CO2, a n d  

3.29 X 10 ~'~ g of O3. Th i s  is a ve ry  close fit 
to  ou r  p r e s e n t  a t m o s p h e r e .  T h e  s ame  run  
y i e l d e d  1.42 X 1024 g as t he  mass  of t he  
p r e s e n t  h y d r o s p h e r e ,  and  1.31 X 102(' g as 
t h e  mass  of C()~ in the  oceans,  bo th  in good 
a g r e e m e n t  wi th  c u r r e n t  obse rva t ions .  

The  p r o g r a m  also c o m p u t e d  the  t o t a l  
• ~mount  of organic  ca rbon  which  has  ac-  
c u m u l a t e d  in t he  s e d i m e n t a r y  rocks,  t h e  
a c c u m u l a t e d  q u a n t i t y  of a t m o s p h e r i c  ox- 
ygen  used  up  in ox id iz ing  the  sur face  rocks,  
and  the  ne t  a m o u n t  of CO~. which  has  been  
b o u n d  up  in l imes tone  and  o t h e r  c a r b o n a t e  
mine ra l s  v i a  t he  [Trey reac t ion .  F igu re s  S 
and  9 show how (accord ing  to  our  bes t  run)  
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Fro. 9. This shows the variation, over tile course of geologic time, in the total mass of CO2 
tied up in limestone, d()l(mfite, or other sedimenlary carbonates. 
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these quantities have varied in the course 
of time. Table I I I  compares the results of 
that computer simulation with the esti- 
mates of several geochemists. 

The figures of Poldervaart (1955), anal of 
Ronov and Yaroshevsky (1972), were 
based almost entirely on direct estimates of 
the thickness and areal extent of various 
rock types, and on analyses of their chemi- 
cal composition. The other authors made 
extensive use of the method of geochemical 
balances. The results of the computer 
simulation seem to be well within the un- 
certainties in the geologists' estimates. 

The simulation indicates (Fig. 9) that  
there was almost as much limestone present 
2 or 3 billion years ago as there is today. 
Since most existing carbonate deposits are 
post-Precambrian (Garrels and McKenzie, 
1971) the clear implication is that ancient 
limestone deposits have been extensively 
recycled. Figure 9 also indicates that the 
total mass of carbonate minerals has been 
decreasing for the past 420 million years. 
This is a consequence of the increased rate 
of photosynthesis (and organic sedimenta- 
tion) since life spread to the continents. The 
large amounts of organic carbon buried 
during that interval could not have come 
from the atmosphere-ocean system alone, 
and must therefore have been supplied by 
limestone redissolving in the oceans. 

The presence of uranite (UO~) and galena 
(PbS) in detrital sediments formed from 
2.0 to 2.5 billion years ago is generally 
taken as strong evidence of the absence of 
more than very small amounts of oxygen 
from the atmosphere during that period, 
since they are readily oxidized to U03 and 
PbSO4, respectively, by even small con- 
centrations of free oxygen (Holland, 1962; 
Miller and Orgel, 1974). On the other hand, 
the presence of thick, extensive red beds 
(whose coloring is due to Fe203) which are 
at least 1.8 (perhaps 2.0) billion years old 
argues strongly that free oxygen must have 
been present by that time (Cloud, 1968). 
Both these observations are compatible 

TABLE III 

ACCUMULATED MASS OF SOME SUBSTANCES IN 
SEDIMENTARY ROCKS 

Author  CO2 ~ Organic Excess 
(10 2a g) carbon oxygen b 

(10 m g) (102t g) 

Poldervaar t  (1955) 2 .28  - -  12-.21.7 
Ronov  and Yaroshevsky 

(1972) 2.61 1.1 - -  
Li (1972) 1.63 1.11 N 2 4 . 0  
Garrels and Perry (1974) 2.24 1.25 17.7 
This s tudy (opt imum run) 2.51 1.20 18.5 

a The atmosphere of Venus contains about  5 X 10 2a g of CO.~. 
b This refers to atmospheric oxygen used up in oxidizing 

ferrous iron to ferric, and sulfides to sulfates. 

with our best computer run, which indicates 
that substantial quantities of free oxygen 
first appeared in the atmosphere about 2.0 
billion years ago. 

Now of course wflues of several of the 
parameters described in Section II  were 
deliberately chosen so that  the results would 
match presently observed quantities (see 
Section V). A principal conclusion of this 
study is that it is possible, by assigning 
plausible values to those parameters, to 
simulate the evolution of the Earth's atmo- 
sphere in a manner consistent with the ba.sic 
ideas of Rubey (1951), with those of 
Berkner and Marshall (1964, 1965), and 
with prevailing theories of stellar evolution. 
The resulting model yields reasonably 
moderate and stable temperatures through- 
out geologic time and is consistent with the 
appearance of life on Earth in the very 
distant past. I t  is also consistent with 
estimates of the mass of the oceans, the 
quantities of excess volatiles in the sedi- 
mentary rocks, and the composition of the 
present atmosphere. The model does not 
involve any extraordinary events or un- 
known effects, but is based entirely on 
processes already discussed in the literature. 

IV. EXTENT OF CONTINUOUSLY 
HABITABLE ZONE ABOUT SUN 

As is well known, Venus has a much 
thicker atmosphere than the Earth, and a 
much higher surface temperature. The usual 
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explanation is tha t  on Venus a runaway 
greenhouse effect occurred (Sagan, 1960; 
Gold, 1964; Ingersoll, 1969) and that  in the 
absence of liquid water the Urey reaction 
proceeded very slowly, enabling large quan- 
tities of C()2 to accumulate in the atmo- 
sphere. Tha t  exphmation, which does not 
require ally initial difference between the 
two planets other than the higher solar 
constant  on Venus, suggests tha t  the same 
thing could have occurred here if the Ear th  
had been closer to the Sun. 

I t  is a simple ma t t e r  to run the present 
computer  simulation using different values 
of the Ea r th - S un  dist'mce, but  with all 
other  parameters  the same as in our opti- 
mum run. The results are s traightforward:  
A runaway greenhouse would have oc- 
curred at an early stage in Ear th ' s  history 
if the Ea r th - S un  distance were <0.95 AU. 
This result is very close to th.~t of Ilasool 
and de Bergh (1970), who calculated that  
the critical distance was 6-10 million kilom- 
eters (4-7%) less than the actual E a r t h -  
Sun distance. 

I t  is evident tha t  if the Ear th  were too 
far from the Sun the oceans would ice over. 
In fact, as explained in Section I I I, runaway 
glaciation would commence even before 
(T).~.~f reaches 0°C. Since (T~,r0 is only 
15°C today, it might be wondered why 
runaway glaciation did not occur 3 or 4 
billion years ago, when the solar luminosity 
was much lower than it is now. It has been 
suggested tha t  the presence of NHa in the 
atmosphere, by substantial ly augmenting 
the greenhouse effect, kept  the oceans from 
freezing over (Sagan and Mullen, 1972). 
[towever, after  free O~ appeared in the 
atmosphere (-d)out 2 billion years ago) the 
partial pressure of Nfla nmst have been 
very low, and at tha t  t ime (T~,,~) must have 
been close to T~rit, where run'~way glacia- 
tion would o c c u r .  

This computer  simulation was run using 
an Ea r th -Sun  distance of 1.01 AI~, but 
keeping the other input  parameters  un- 
ch:mged. The early evolution was similar, 

but  about  2 billion years ago runaway 
glaciation occurred. 

I t  might he noted that  a detailed climato- 
logical s tudy l>y Schneider and Gal-Chen 
(1973) indicated tha t  a decrease of 1.6% 
in the solar constant (which, of course, 
wouht result if tile Fa r th  were only 0.8% 
fur ther  from the Sun) would c.mse runaway 
glaciation. Budyko (1969) had obtained 
the same figure. ()n the other han(t, 
Wetherald and Manabe (1975) found that ,  
using their general circulation model of the 
atmosphere, even a decrease of 4 % in the 
solar constant would not c'mse a runaway 
today.  Since it is plain tha t  runaway 
glaciation did not occur on Earth,  their 
results are probably closer to the t ru th  
than the earlier studies. 

All these studies seem compatible with 
the conclusion indicated by our computer  
simulations, i.e., tha t  an only slightly 
larger value of the Earth Sun distance (of 
the order of 1°{9, or even less) would have 
resulted in runaway glaciation a couple of 
billion years ago, when all but  trace 
-unounts of reduced gases were eliminated 
from the atmosphere. 

I Iuang (1959, 1960) used tile term 
"habitable zone" to denote the region 
(about a given star) within which planetary 
temperatures  are neither too high nor too 
low for life to develop. [Dole (1964) refers 
to this region as the "ccospherc" and other 
terms have been used also.] The concept is 
useful; however, many  writers, by not  
taking into account tile possibility of 
thermal  runaways, have overestimated the 
width of habitable zones. For example, if 
neither the size of the Ear th ' s  ice caps nor 
the absolute humidi ty  of its atmosphere 
depended on (7'.~,,,.f}, then the present 
habitable zone about the Sun would extend 
outward to at least 1.15 AU and inward to 
at least 0.80 AU. in fact, though, because 
of the possibilities (ff either runaway glacia- 
tion or a, runaway greenhouse, effect, the 
habitabh~ zone ab()ut the Sun is much 
narrower. 
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Furthermore,  most writers have dis- 
cussed the habitable zone as if its boundaries 
were constant  in time. However,  because 
main sequence stars slowly increase in 
luminosity, their habitable zones gradually 
move outward. For  life to continue to exist 
on a planet, the shifting habitable zone 
about  its Sun must  continuously include the 
planet 's  orbit. The  "cont inuously habitable 
zone" which meets tha t  requirement  is, at 
least for F and G stars, far nurrower than  
the habitable zone at any one time. 

A discussion of the width of the con- 
t inuously habitable zone about  different 
types of stars might be interesting, but  will 
have to be deferred to a later paper, as will 
applications of this program to other  
planets which arc somewhat like the Earth.  

V. DEPENDENCE OF THE RESULTS 
OBTAINED ON THE VALUES 

SELECTED FOR THE PAI~AMETERS 

Many  of the constants used in this pro- 
gram (for example U1, Xs, Sl~nd, S ......... and 
constants representing the average com- 
position of the juvenile volatiles) could not 
be computed directly. These constants 
were therefore t reated as adjustable pa- 
rameters, and the precise values which were 
adopted were selected in order to obtain a 
satisfactory solution to the overall problem. 
A "sat isfactory solution" consists of an 
evolut ionary model (i.e., a set of functions 
~O2~(t), ECO2J(t), (T~,rf)(t), etc.) which 
satisfies the following set of constraints:  

(a) I t  matches the observed composition 
of the present atmosphere, and it matches 
the present tempera ture  of the Earth.  

(b) I t  matches the present composition 
of the sedimentary rocks (see Table I I I ) .  

(c) I t  provides for a reducing atmosphere 
during the early stages of Ear th ' s  his tory;  
the appearance of free O5 about  2.0 billion 
years ago; and a partial  pressure of O5 (as 
of about  420 million years ago) equal to 
only a few percent of the present value. 

(d) It  avoids both run~way glaciation 
and a runaway greenhouse effect. 

(e) I t  matches some miscellaneous 
boundary  conditions and constraints, such 
as : the Ear th  had no atmosphere 4.5 billion 
years ago, and life appeared very  early in 
geologic time. 

The combination of parameter  values 
which was adopted led to a solution which 
satisfied requirements (a)-(e).  One might, 
of course, be able to find other combina- 
tions of parameter  values which satisfy re- 
quirements (a) and (b) (i.e., the present 
composition of the atmosphere and rocks) 
and which also satisfy requirement (e). But  
the necessity of also satisfying the (histori- 
cal) constraints of requirements (c) and 
(d) almost ensures tha t  any two acceptable 
solut ions-- though they  may  be based on 
different combinations of parameters--wil l  
look much alike in several key respects. In 
particular, because of requirement (c), the 
general form of the EOsJ(t) curves should 
be similar, while (because of (c), (d) and 
the increasing solar luminosity) the general 
form of the (Tsurf)(t) curves should be 
similar. 

Nevertheless, it should be stressed tha t  
this paper presents only o n e  example of the 
possible evolut ionary models of the Ear th ' s  
atmosphere. No a t tempt  was made by the 
author  to test all possible combinations of 
parameters.  There m ay  therefore be other 
solut ions--based on other combinations of 
the adjustable parameters - -which  yield a 
larger value of the width of the continuously 
habitable zone than does the model pre- 
sented in Table II. 

Since, in the final analysis, the results 
depend to a large extent  on requirements 
(a)-(e),  it is reasonable to ask if we are sure 
those requirements are correct. There seems 
to be no reasonable doubt  concerning re- 
quirements (a) and (d). However,  the 
numbers involved in requirements (b) and 
(c) are not  precisely known;  to the extent  
tha t  those figures are doubtful, the con- 
clusions of this computer  simulation must  
be t reated with caution. 
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