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ABSTRACT 
At  the time of formation of the solar system an almost quantative separation of gases 
from solids must have taken place. An upper limit for the amount of gas that could have 
followed the solids when they accumulated into the planet Earth can be derived from 
the amount of neon present in the terrestrial atmosphere. This upper limit shows 
immediately that most of the nitrogen and other volatiles have been derived from the 
solid matter during, or after, its accumulation. The relative amounts of rare gases 
show that most, if not all, of the rare gases have undergone a separation process prior 
to the formation of the Earth. The probable nature of this process is interesting from 
the point of view of a theory of the origin of the solar system. 

The free oxygen in the terrestrial atmosphere cannot have been present at the time 
when the Earth formed, but must have evolved during geologic time. The escape from 
the Earth of hydrogen, produced by photolysis of water vapor, was important for the 
formation of an atmosphere containing free oxygen. It has been shown experimentally 
that photolysis of water vapor yields hydrogen even in the presence of oxygen. Charged 
particle reactions in the ionosphere are probably also important for the maintenance of 
-0.5 ppm of the Ha present in the atmosphere. The amount of oxygen produced by 
photolysis was presumably increased by oxygen produced by plant photosynthesis 
combined with incomplete re-oxidation of the organic plant material formed by this 
process. The amount of oxygen produced over geologic time, and used up by the oxi- 
dation of surface material of the Earth, presents a fascinating geochemical problem that 
cannot yet be solved in an unambiguous way. 

I n  recent times the problem of the origin of 
the atmosphere of the earth has elicited re- 
newed interest, partly as a specific geochemical 
problem and partly in connection with ques- 
tions concerning the chemical composition of 
the atmospheres of other planets. It is, in 
general, agreed that the terrestrial atmosphere 
is secondary, i.e., that it formed through de- 
gassing of the solid earth and, also, that  the 
atmosphere had been reducing in composition 
at an early stage and had become oxidizing 
during its geological history. Yet, many ques- 
tions concerning the general course, as well as 
the details, of these events cannot yet be an- 
swered. 

There are only a small number of observa- 
tional facts allowing conclusions regarding the 
evolution of the atmosphere, and I would like 
to review here some of these facts and also 
mention some important questions that cannot 
yet be answered without further empirical data. 

Specifically, I would like to refer to the fol- 
lowing four points which, in my opinion, 
deserve special attention and which, in the past, 
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have not been discussed exhaustively at the 
various recent conferences on the subject: (1) 
The composition of primordial solar matter as 
compared with that of the terrestrial atmos- 
phere. (2) Composition of exhalation products 
that  one might expect from the solid parts of 
the earth. (3) Production of hydrogen by photo- 
lysis of water vapor and escape of hydrogen from 
the atmosphere. (4) Plant photosynthesis and 

Excerpts from a talk given at  a meeting on the 
chemistry of the atmosphere, Visby, Sweden, 
August, 1965. 
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a See, for example, the proceedings of the con- 
ference held at the Goddard Institute for Space 
Studies, NASA, New York, April 8-9, 1963, on 
“The Origin and Evolution of Atmospheres and 
Oceans”, P. J. Brancazio and A. G. W. Cameron, 
Eds., and also papers presented at  the National 
Academy of Science meeting, April 29, 1964, NAS 
Proc. 52, 387-397, 1964. References to all the perti- 
nent literature not quoted here can be found in these 
publications. 
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FIG. 1. Deficiency factors of rare gases in meteorites and in the atmosphere (solid line) plotted against 
the atomic weight, according to  SIGNER & SUESS (1960). 

the oxidation or preservation of organic com- 
pounds formed by it. 

The main problem concerning the origin of 
the terrestrial atmosphere is, of course, how it is 
possible that in a world of highly reducing che- 
mical composition, in which hydrogen is almost 
one thousand times more abundant than oxygen, 
a planet can have an atmosphere containing a 
large proportion of free 0,. 

Composition of the  atmosphere as com- 
pared t o  t h a t  of primordial solar mat ter  

The rare gases are excellent tracers for geo- 
chemical events in general, and in particular in 
connection with the question of how effective 
the separation of solids from gaseous material 
was at the time when the earth formed, and to 
what an extent gases were present in solids. A 
comparison between solar and terrestrial abun- 
dances shows that only about one lo-" parts 
of the neon originally present can have been 
retained by the earth when it formed. (For 
further details and literature see, for example, 
SIGNER BC SUESS, 1963.) The fraction of an ele- 

ment retained is commonly expressed as its 
deficiency factor. This factor is not the same for 
all the rare gases; about ten thousand times as 
much xenon was retained, compared to neon. 
The deficiency factor of the other rare gases lie 
between neon and xenon. The rare gases were 
not only separated very effectively from the 
solids, but also a different separation process has 
separated them from each other. 

It seems most remarkable that many mete- 
orites contain rare gases, not only in concentra- 
tions of comparable order of magnitude as the 
earth as a whole, but also in relative amounts 
similar to those present in the terrestrial 
atmospheres (Fig. 1). It has been suggested oc- 
casionally that the fractionation of the rare 
gases from each other occurred through diffusive 
losses from small, solid objects. I f  this were the 
case, then the relative amounts of rare gases 
present in the atmosphere, as well as in the 
meteorites, would strongly support the view 
that the ettrth formed from chondritic material. 
However, it  is also possible that the separation 
of rare gases from solids occurred prior to their 
incorporation into the meteorites and prior to 
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the retention of the rare gases by material from 
which the earth formed. The rare gas distribu- 
tion in the individual mineral phases of mete- 
orites, and peculiar variations in the isotopic 
composition of the rare gases in them may even- 
tually clarify these questions, although the 
presence of radiogenic and of cosmic-ray-pro- 
duced rare gas isotopes complicates the situa- 
tion. 

The question of whether or not the rare gases 
were part of a thin primordial atmosphere, or 
were derived by degassing of the mantle, could 
perhaps be answered by further studies of 
excess xenon-129 in basaltic material and in 
gases from the interior of the earth. REYNOLDS 
(1963) found such excess xenon-129, but it seems 
aa yet uncertain whether this xenon isotope 
was derived from iodine-129 produced by a 
nuclear reaction during the geologic history of 
the earth, or, as is the case for meteorites, from 
iodine-129 produced prior to the time when the 
earth accumulated. 

A comparison of the abundance of nitrogen in 
the atmosphere with that in the sun shows that 
its deficiency factor is about an order of magni- 
tude smaller than that for krypton and xenon. 
This shows conclusively that nitrogen, just like 
water, was chemically retained together with 
the condensed material from which the earth 
formed. 

The amounts of carbon present on the surface 
and in the mantle of the earth provide interesting 
boundary conditions for the redoxy state and 
temperature a t  the time of separation of the 
gases from the solids (SWESS, 1962). 

The possible composition of exhalation pro- 
ducts of the earth 

At present, volcanic gases appear to be free 
of truly juvenile material. This was not the 
case during the early history of the earth. The 
question of what kind of boundary conditions 
for the chemical composition of the mantle 
are provided by the assumption that the water 
masses of the oceans were derived from it, has, 
in my opinion, not been discussed exhaustively. 
A mantle composed of chondritic material 
contains some 10 weight per cent of metallic 
iron. In  general, it is assumed that the metallic 
iron gradually settled out to form the core of 
the earth, while a t  the same time water-vapor 
reached the surface of the earth to form the 
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oceans. At temperatures prevailing in the 
interior of the earth, the water will undoubtedly 
react with iron until a certain PH,/PH,o ratio is 
reached. Little is known about what this ratio 
may be. UREY (1952) pointed out, because of 
the solubiluty of H,O in silicates, the water 
activity may be considerably decreased so that 
the equilibrium ratio may be smaller than ex- 
pected. The possibility of the presence of car- 
bon, of elementary metallic silicon, of sulfur, 
and perhaps other reducing compounds in the 
primitive mantle has been also considered. 
Therefore, it  seems probable that together with 
water, relatively large amounts of hydrogen 
have reached the surface of the earth. 

The escape of hydrogen from the atmos- 
phere and the photolysis of water vapor 

It has been known for a long time that helium 
escapes from the atmosphere of the earth. The 
rate by which it escapes is difficult to estimate, 
either from observed data on the flux of radio- 
genic helium to the atmosphere or from our 
knowledge of the constitution of the upper 
atmosphere and the rate of escape calculated 
from it. The problem ‘is further complicated by 
the fact that comparable amounts of helium 
enter the atmosphere of the earth through the 
low-energy plasma streaming from the sun. 
In  any case, a residence time of both helium-3 
and helium-4 in the terrestrial atmosphere of the 
order of, or smaller than, one million years can 
be estimated. A detailed quantitativo discus- 
sion was recently published by Macdonald (see 
BRANCAZIO & CAMERON, 1964). The atmosphere 
of the earth contains about 0.5 ppm of hydrogen 
and it is obvious that hydrogen will leave the 
atmosphere at a rate equal to or larger than that 
of helium-3 and helium-4. From the isotopic 
composition, in particular from the tritium 
content, it was shown that the hydrogen in the 
atmosphere was certainly produced by photo- 
lysis of water vapor (HARTECK & STJESS, 1949; 
HARTECK & FALTINQS, 1950). 

For a long time it appeared strange that photo- 
lysis of water vapor in the presence of large 
quantities of oxygen could lead to a steady- 
state concentration of H, of the order of 0.5 
ppm. However, the fact that this was indeed 
the case was experimentally confirmed by la- 
boratory experiments which were carried out 
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FIQ. 2. Steady-state concentrations of hydrogen 
obtained by irradiating H,O vapor at one mm pres- 
sure in the presence of oxygen, plotted against 
Po, according to BARTH & SUESS (1960). 

by BARTH & SUESS (1960). It was expected that 
atomic hydrogen formed by the reaction: 

H,O+hv =H+OH 

should then immediately react with molecular 
oxygen to 0,H and, further, back to H,O. The 
explanation for the formation of molecular 
hydrogen in the presence of oxygen, however, 
is given by the fact that the photolysis of H,O 
also takes place according to the equation: 

H,O +hv =H, + O  

(MARTELL & GROTH, private communication; 
for literature references see MCNESBY & OKABE, 
1964). 

The presence of large amounts of oxygen will 
decrease the rate of photolysis of water vapor 
because of the shadowing effect of the 0, mole- 
cules, but a small steady-state concentration of 
molecular hydrogen will always be present. 
This makes it possible to understand the pre- 
sence of H, in the atmosphere in a qualitative 
way; however, it is still impossible to account 
for it quantitatively because of the extreme 
dryness of the upper atmosphere and because of 
other complicating factors such as the presence 
of methane of comparable order of magnitude to 
that of H,, the influx of hydrogen atoms from 
the sun, and the occurrence of charged-particle 
reactions at high altitudes. 

The steady-state concentration of H,, found 
by Barth and Suess in their particular labora- 
tory system, was inversely proportional to  
Po, or P& depending on the range of partial 
0, pressure of the experiment (see Fig. 2). 
Clearly, an escape of hydrogen a t  the present 
rate cannot have contributed significantly to  
the formation of molecular oxygen in the 
atmosphere, but in an atmosphere containing 
only 1/10 to l j l00  of the present level of oxygen, 
the hydrogen concentration may have been 
between 10 to 1000 times higher than at present. 
The escape of the hydrogen from such an atmo- 
sphere could then perhaps account for much 
of the oxygen in the atmosphere, in particular, 
if the atmosphere had been different and the 
wat.er vapor content of the upper stratosphere 
had been higher than at present. 

The effect of plant photosynthesis on the 
oxygen content of the terrestrial atmosphere 

Under the present conditions, the biosphere is 
essentially in a steady state a t  which the or- 
ganic matter produced by plant life is reoxidized 
again so that practically all the oxygen that 
has been produced by photosynthesis is re- 
consumed. This was probably true for a large 
part of the geologic history of the earth. The 
known coal and oil deposits correspond to only 
a very small fraction of the oxygen in the at- 
mosphere. However, the total amount of carbon 
in shales and in other sedimentary rocks, al- 
though in low concentration, exceeds that pre- 
sent in coal deposits by a large factor and cor- 
responds to many times the oxygen in the 
atmosphere (see, for example, Rubey, in BRAN- 
CAZIO & CAMERON, 1964). It is probable that 
photosynthesis by terrestrial plants has never 
appreciably affected the oxygen content of the 
atmosphere because the organic matter pro- 
duced was immediately reoxidized by bacterial or 
animal life, although the amount of oxygen and 
organic matter produced per unit of time by land 
plants exceeds that of marine plants by a very 
large factor. The carbon contained in marin 
sediments was deposited mostly under anaer 
obic conditions and it appears plausible that a t  
time when the oxygen content of the atmosphere 
was lower than that of today, large parts of the 
deep water masses of the oceans were free of 
oxygen. An answer to the question of how large a 
contribution to the free oxygen content of the 
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atmosphere waa due to plant photosynthesis 
can only come from a careful study of the carbon 
content of sedimentary rocks and of the abso- 
lute amounts of carbon in these rocks as a 
function of their geologic age. The oxygen 
equivalent of this carbon will then have to be 
balanced against the amount of oxygen used 
up by the oxidation by the weathering of ig- 
neous rocks. 

Concluding remarks 
Perhaps it would help to  answer the many 

questions concerning the evolution of the ter- 
restrial atmosphere if the chemical composi- 
tion of the atmospheres of Mars or Venus would 
be known. The present ideas of how the ter- 
restrial atmosphere developed would undoubt- 
edly be strongly influenced by comparisons of 

conditions on our planet with those on Venus, 
but the composition of the dense atmosphere 
of this planet is essentially unknown. As far 
aa the free oxygen in our atmosphere is con- 
cerned, we know the types of processes re- 
sponsible for its presence, but neither one of 
these processes can aa yet be described in a 
quantitative manner. It is impoeaible to deter- 
mine whether inorganic photolysis of water 
vapor and subsequent loss of hydrogen or or- 
ganic plant photosynthesis waa predominantly 
responsible for the accumulation of the free 
oxygen. An answer to the question of whether or 
not free oxygen is present in the atmosphere of 
Venus would certainly help to decide this pro- 
blem, although it would be a mistake to draw 
any conclusions concerning life on that planet 
from the presence or absence of free oxygen in 
its atmosphere. 
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XMMMYECKME ACnEKTbI PA3BMTMFI 3 E M H O n  ATMOCQEPbI 
B O  B p e M R  0 6 p a 3 0 B a H H R  COJIHeYHOfi CHCTeMhI 
AOJIWHO 6b1no npOE130fiTH n 0 Y T H  nOJ lHOe  OT- 

CTORHHH. n o  KOJlHYeCTBy H e O H a ,  C O A e p X a q e -  
FOCR B 3 e M H O 8  aTMOC@epe ,  MOWeT 6 b I T b  O q e H e H O  
C B e p X y  KOJIAYeCTBO l'a3OB, KOTOPbIe MMeJIHCb 
I I p H  COeAIlHeHHH OTAeJIbHbIX TBepAbIX T e n  B 

60JIbl l IHHCTBO a 3 0 T a  E1 A p y r H x  J IeTyYHX r a 3 0 ~  
BbIAeJIMJIOCb E13 B e q e C T B a  B TBepAOM COCTORHMH 

OTHOCHTeJIbHMe BeJIHYUHbI HHePTHbIX Fa308 
IIOKa3bIBaK)T,  9 T O  6OJIblUMHCTBO Ha HHX, eCJlE1 

0 6 p a 8 0 B a H H I o  3eMJIH. B e p o R T H a R  n p H p o A a  3THX 

npOHCX0WAeHHFl  COJlHeYHOfi  CHCTeMbI. 
C B 0 6 0 A H b I f i  KHCJIOpOR H e  MOr C O ~ e p W a T b C R  B 

3 e M H 0 8  a T M O C @ e p e  BO B p e M R  06pa30sa~~r r  
3eMJIH H AOJIWeH 6b1n BbIAeJIfiTbCR B T e Y e H H e  

geneme r a 3 0 ~  OT seqecma B T s e p A o M  co- 

n n a H e T y  ~ ~ M J I R .  3 ~ a  o q e H K a  n o ~ a a b ~ ~ a e ~ ,  YTO 

BO sperm a m  nocne ero c o e A m e H m  B n n a a e T y .  

H e  B c e ,  B b r A e n H n H c b  BO B p e m ,  n p e A I u e c T B y I o m e e  

npoqeccos n c c n e n y e T c a  c T o w B  a p e ~ a ~  T e o p a E i  
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