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FOREWORD

The Brookhaven lectures, held by and for the Brookhaven staff, are meant to pro-
vide an intellectual meeting ground for all scientists of the laboratory. In this role
they serve a double purpose: they are to acquaint the listeners with now develop-
ments and ideas not only in their own field, but also in other important fields of
science, and to give them a heightened awareness of the aims and potentialities of
Brookhaven National laboratory.

Before describing some recent research or the novel design and possible uses of a
machine or apparatus, the lecturers attempt to familiarize the audience with the
background of the topic to be treated and to define unfamiliar terms as far as
possible.

0,f course we are fully conscious of the numerous hurdles and pitfalls which neces-
sarily beset such a venture. In particular, the difference in outlook and method ba-
tween physical and biological sciences presents formidable difficulties. However,
if we wish to be aware of progress in other fields of science, we have to consider
each obstacle as a challenge which can be met.

The lectures are found to yield some incidental rewards which heighten their spell:
In order to organize his talk the lecturer has to look at his work with a new, wider
perspective, which provides a satisfying cantrao to the often very specialized point
of view from which he usually approaches his theoretical or experimental research.
Conversely, dt• : ing the discussion period after his talk, he may derive valuable
stimulation from searching questions or technical advice received from listeners
with different scientific backgrounds. The audience, on the other hand, has an op-
portunity to see a colleague who may have long be-on a friend or acquaintance in a
new and interesting light.

The lectures are being organized by a committee which consists of representatives
of all departments of the laboratory. A list of the lectures that have been given
and of those which are now scheduled appears on the back of this report.

Gertrude Scharff-Goldhaber

The drawing on the cover is taken from a 5th Century B.C. relief an the
Acropolis in Athens, the "Dreaming Athena," by an unknown scuktnr.



IIIL 50114 (T-496)

(Physics - TID-4500)

J

LEGAL NOTICE
TW 8"" see PF"Wed w M we.vy .W O...rmawr MrwrMW	 mart. MNr.r r.""a. OW •r C.MNrr.^ w r1 P-- ..u" ra """ 1W GW COftft" a:A. 11Mr. ^r .w►wf « r.M...wfta. eMrefted or INW&OL Nr rg e=1 r M Ke.-re" • bra• « w	 ..1 ohm w.r.Mr.,, eeM.r.M N "0 0 "no . .r rM M. wd "''"^""""'„ 'A"'Mr • ^+.+. w p..w. Mwr1•wr is "a r"M" may 6.1 wrw ./r1•w1, .wM rum&, «

^. Ate, r! We"Nue, mar r.rp.e r r. use of. W 1.► rwy.+ rwdum Irma atw at r! wft►agu.s. apow" . mid. or preww. Ow1.rM M ft run.A6 U"d M an S&P". ..pWr M7" 'M WII M ` C^MIr,Mw« MrUrb^ X11/ M.P6"" M "Or♦rrr ./ 00 HMIs. « 6008"W 'W wA rMlrarM. Y MwM rMM!* 00*10pM 1W 	 a'  QoneIMew 4W-08M a" anlrMhl /r'^rM.60Mft"80. 1W 	 Mr— b. Mr fthms"M flwee r w	 Mw1 M MN/feIMr ow 	 W 00 8 , 5 am maA OWWWW.

f

1

The Rise and Stability of the Earth's Atmosphere*

LLOYD V. BERKNER, Southwest Center for Advanced Studies, Dallas, Texas
and

LAumsTON C. MARSHALL, Southern Illinois University, Carbondale, Illinois

r w

b

f

N
W

LEC"N"

'Those studies wore carried out under NASA Grant #N:G -269-62 and
closely related and contributing work under NSF Grants # GA-483 and
# GA- 1290, and in part by the Southwest Center for Advanced Studios.

BROOKHAVEN LECTURE SERIES

Number 64, March 8, 1967
(Revised June 1968)

^.	 I



LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the
United States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any information, appar;.fus, method, or process d isclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from
the use of any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" include- any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent
that such employee or contractor of the Commission, or employee of such contractor
prepares, disseminates, or provides access to, aiiy information pursuant to his employ-
ment or contract with the Commission, or his employment with such contractor.

Printed in the United States of America
Available from

Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U.S. Department of Commerce

Springfield, V t►ginia 22151
Price: Printed Copy $3.00; Microfiche $0.65

August 1968	 1600 copies



INTRODUCTION

It gives me particular pleasure to introduce tonight 's speaker.
Yeu know that these Brookhaven Lectures are by Brookhaven people
for Brookhaven people, but we didn't have to bend the rules very
much to invite Lloyd Berkner to speak to us tonight because we still
consider him as one of us.

As you may recall, Lloyd Berkner was the President of Associated
Universities, Inc. for about ten years, from 1951 to 1960, and it was
during this time that Brookhaven had its most important growth. But
Lloyd is a man of many, many interests which he has pursued during
all his life, not only while he w-s President of AUI, but also before
and after. I have a very efficient staff - they prepared three pages of
honors and achievements of Lloyd 's. I am not going to read them all
to you. I would only like to tell you that he was the driving force, the
man who initiated the International Geophysical Year. which was one
of the great international achievements and which is a :model for
many more such enterprises which we hope will come in time. At
Present he is Chairman of the Board of the Southwest Center for
Advanced Studies, and he has found in his new position more time for
research. Tonight we shall hear about his ideas in which he has been
interested for nearly a third of a century, and which he has brought
to fruition in the last few years, on the Life and Stability of the Earth's
Atmosphere.

MAURICE GOLDHABER

Lloyd V. Berkner died on June 4, 1967, at the age of 62. In his
honor the Brookha^ •-n Lecture Committee sought to publish this
lecture, despite the loss of the original manuscript. Because the work
discussed by Dr. Berkner represented the fruits of many years of
collaboration with Professor L.C. Marshall, the Committee invited
Professor Marshall to appear as co-author of the final paper, which
he carefully amplified and revised from Miss Jean Corwith's able
transcription of a tape recording made during Dr. Berkner's delivery.
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The Rise and Stability of the Earth's Atmosphere

The start of the work presented here, about 35
years ago, while one of the authors (Berkner) was
at the Carnegie Institution of Washington, led to
a problem that could not be solved at that time. A
great deal of observational work had to be done in
many fields, and during the interim many other
people have accomplished some of the research
that was necessary to get the problem in hand.

The current project was initiated with Dr. L.C.
Marshall in 1962, and the purpose of this lecture
is to describe progress of the work that may lead to
a general theory of planetary atmospheres of the
terrestrial-type planets: Mars, the Earth, Venus,
and, to the extent it E .1 atmosphere, of course,
Mercury. It is very important to understand such
a general theory because the stability of Earth's
own atmosphere can then be predicted with a
great deal more precision. The first step, therefore,
was to look at the Earth from the standpoint of the
history and development of its atmosphere.

In all probability, the Earth was agglomerated
out of either a gas or a group of planetesimals
(themselves the result of the collapse of a gas), and
was without a primordial atmosphere. Absence of
atmosphere appears well supported by the very
high fractionation ratios of the noble gases. For
instance, the present ratio of atmospheric neon to
silicon for the Earth is less by a factor of 10 10 than
for the solar system as a whole, and on Earth the
ratios of hydrogen and helium to silicon are de-
ficient by factors of 106 and 10 14 compared with
the solar system. The nitrogen/neon ratio taken
for the universe as a whole is very close to one -
about 6.6/8.6. The same abundance ratio taken
for the Sun is also nearly unity; but for the Earth,
the nitrogen/neon ratia is 106, making nitrogen
more plentiful than expected by several orders of
magnitude. Other elemental ra :ios (e.g., Mg/Si)
indicate that atmospheric constituents not bound
chemically in solids of the planetesimals forming
the Earth were lost during a regime of low gravi-
tational fields prior to final agglomeration.

About 1950, Latimer,' at the University of Cali-
fornia, did a very nice piece of work in studying
the collapse of the dust cloud that would form
Earth or its planetesimals. What he discovered was

that the viscosity of the gas during the course- of
collapse would be so high that the energy of col-
lapse would be radiated away before the Earth or
its planetesimals were agglomerated. Conse-
quently, the heat of gravitational collapse would
be lost, and the Earth would be agglomerated in
a relatively cool state. The evidence indicates that
the temperature of agglomeration was about 400°C,
and that there was no primordial atmosphere.

Where then does the atmosphere come from?
As nearly as can be determined at the presrat
time, it comes entirely from secondary sources.
With the exception of one gas, namely oxygen, all
components of the atmosphere come from the in-
terior of the Earth through thermal springs and
volcanoes. Note that oxygen is always bound
chemically at volcano temperature. These sources,
therefore, yield nitrogen, water, carbon dioxide,
and a series of trace elements, notably 40 K. The
last is the source of 40Ar, the principal isotope of
argon and a significant component of Earth's at-
mosphere. This atmosphere contains, at the pres-
ent time, in column, about 210 g cm -2 of oxygen,
about 780 g cm- 2 of nitrogen, 2.8 X 10 5 g cm- 2 of
water, and about 13 g cm- 2 of argon. For carbon
dioxide, it has been calculated that the total
amount released into the Earth's atmosphere is on
the order of 5 X 104 , or 50,000 g cm- 2 . The amount
Of CO2 actually present in the atmosphere is con-
siderably less. This is due largely to the deposition
of cai nonates (limestones), and here the oceans are
an important factor. During the early history of
the Earth, the blue-green algae were probably the
most important users of carbonates in solution.
Later a wide variety of shell-bearing organisms, of
which the Foraminifera are only one example,
continued the process of carbonate utilization and
final deposition. It is from these records of fossil
deposition that the total release of CO 2 can be
calculated.

Now one might ask, what caused the Earth to
be heated to the point of out-gassing by thermal
phenomena if it was originally cool? i here are at
least four sources of heating: first, there is radio-
activity, which at present is only '/io of the original
.:moun • available; 9/io of the radioactivity has al-
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ready been dissipated, largely by decay 014')K.
This source, and the next two mentioned, each
yield a tctal of on the order of 1037 ergs of heat en-
ergy, a very large amount. The second source may
be surprising: it is earthquakes. The Earth has ap-
parently slowed in rotation from its original 4 hr
per revolution to the present 24. With this, oblate-
ness has also changed; and because the Earth has
strength, the hydrodynamic symmetry lags the
centrifugal force. Consequently, there are large
forces set up in the crust of the Earth that are re-
leased by earthquakes. Such local eathquakes can
release on the order of 10 23 ergs during each oc-
currence, and this energy superimposed on the
radioactive heating melts large amounts of magma.

The third source of heat was the separation of
the Earth's core. When the Earth was agglom-
erated, it presumably had a composition very
much like that of a chondritic meteorite, but with
internal heating, the iron - actually iron-nickel -
settled toward the center because of its greater
density. This migration, which has been studied at
great length, during its course would release en-
ergy on the order mentioned above. The core was
in all probability formed within the first billion
years of Earth's existence, and probably in a much
shorter time.

The fourth source of heat energy is much smaller
in magnitude. It is the shrinking of the Earth,
which is going on at the present time. The first
three sources of heat caused the Earth to swell
during its early history, but at present the heating
is reduced since the core has been formed and the
radioactivity has largely decayed. A:; a conse-
quence, the Earth has shrunk appreciably; but in
this shrinking, a new source of heating is derived
from the energy released.

These are the four sources of heating. The re-
lease of this heat went on largely during the first
billion years of the Earth's existence. This means
that in all probability the gases mentioned, H2O,
CO2, N2i and most of the argon, were released in
this span. The Earth is about 4.7 billion years old,
and very probably the level of these gases has
changed little during the past 3.7 billion years. In-
deed, a gas like nitrogen may actually have de-
creased in level because of the deposition of nitrates
by nitrogen-fixing bacteria. The most important
of the latter appeared only about 200 million years
ago. It may well be that nitrogen reached a peak
earlier, and is on the downswing at the present
time.

But what about oxygen? To modern evolution-
ary forms, oxygen in proper proportions, of course,
is one of the most important of gases. It was thought
for many years that oxygen appeared in the Earth's
atmosphere primarily because of the photodis-
sociation of H2O by the solar ultraviolet. The
latter process gives rise to a series of reactions that
may be summarized in part:

H20+hv--* H2 +0 ,

O + O + M --)' 02+M,

0+02+M--* 03 +M .

M represents a third molecule; N2 is the most
likely candidate in Earth's atmosphere. The above
are well-known reactions, and it was felt that the
balance of oxygen in the Earth's atmosphere may
originally have been a consequence of such
processes.

In 1959, Urey, in a very interesting paper for
the Handbuch der Physik, 2 pointed out that the water

apor in the atmosphere was distributed far from
exponentially. Figure 1 shows the actual distribu-
tion of water vapor in the atmosphere. The inte-
grated path length is plotted from the top of the
atmosphere down to zero altitude, a range of 40
km. It is clear that the troposphere contains most
of the water vapor in a range of about 0 to 10 km.
Beyond this range there is very little; about 1 cm
total STP path. Urey; iii a qualitative way, esti-
mates that the upper atmosphere of x' ,:trth is as dry
as the atmosphere of Mars. Photodissociation of
H 2O, moreover, is going to produce oxygen. The
oxygen in turn will be d i stributed exponentially
in the atmosphere, as shown in Figure 1. Dissocia-
tion limits, moreover, for both H 2 O and 02 are
very close together, at 2400 and 2420 A respec-
tively. Inspection of absorption curves of these
gases (Figure 2) shows an overlap for oxygen and
water vapor in the Fhotodissociative range be-
tween 1500 and 2100 A. The wavelengths below
1500 A can be eliminated from consideration be-
cause of the low amounts of energy in the uv of the
solar flux, amounting to ---2 erg cm- 2 sec-1
(50 A) -1 . Urey pointed out that there would be
shielding of the main body of water vapor, in the
troposphere, because of the relative distribution
with altitude shown in Figure 1. This mechanism
would result in a self-regulated level of oxygen
produced in a primitive atmosphere, a condition
that is found to be exceedingly stable.
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Berkner and Marshall 3 calculated this self-reg-
ulated level; it turns out that in a primitive atmo-
sphere the partial pressure of oxygen must be
about 0.001, or less, of the present atmospheric
concentration, or level. In other words, only 'h000
of the present total amount of oxygen in the atmo-
sphere is sufficient to shield ultraviolet radiation
from the main body of water vapor below 10 km,
and photodissociation would not takc place in the
troposphere. This shows very clearly that very

Uj little oxygen can be produced in the atmosphere
of any planet by photodissociation of water vapor.
This is a most interesting result because it is gen-
erally assumed that all oxygen in a planetary
atmosphere must come from water. Photosynthetic
life must therefore exist on a planet to build an
oxygenic atmosphere. Furthermore, such life must
be on a scale sufficient to override the stable Urey
equilibrium.

Calculations were made of the scale at which
photosynthetic life had to exist. These indicated
that modern densities would require photosyn-
thetic activity in a range of 1 to 10% of the present
continental area if the effect of the Urey equilib-
rium were to be broken. What happens is this-
the Urey limitation on oxygen is 0.001 present
atmospheric level (P.A.L.). If some kind of photo-
synthetic organism starts producing oxygen, the
latter merely substitutes for the photodissociated
oxygen, so that the total level of the gas will not
change. The partial pressure of oxygen will re-
main at the equilibrium point unless and until
there is sufficient photosynthesis to override this
limitation The problem is, therefore, by what

M mechanism, on any planet, does a large enough
area of photosynthesis become established to

Y counteract the Urey equilibrium? In particular,
this is the problem for the Earth.^E	

This kind of thinking was not at first very
Y popular with geologists, since Hutton, more than
0 200 years ago, pronounced the principle of uni-
a f'ormitarianism - a very sensible proposition, by
co the way. This states that if there is no reason to

believe otherwise, one should always assume that
what happened in the past is the same as what
is happening now. Unfortunately, the principle is
deceptively simple; as a result, there is a tendency
to believe that nothing has ever happened in the
past that is not happening now. Some curious geo-
logical theories were constructed on this premise
that do not face up to the realities of physics. For
the past 4 or 5 years this has been debated, but
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most geologists are now willing to accept the views
of physicists on these points. These views will now
be used to consider the question: what is the way
in which oxygen was built up in the atmosphere,
and what were the consequences of that build-up?

Figure 3 is a tentative model of the evolution
of oxygen on Earth. Starting 4.7 billion years ago,
there was some H ZO, in the form of water vapor,
available for photodissociation; this produced the
Urey equilibrium in the primitive atmosphere at
0.001 of the present amount of oxygen. This
amount did not change over a long span, i.e., 3
billion years, 2 billion, to one billion. At points
around 620 million years ago, 420 million years
ago, 250 million years ago and then down to the
present, there are some interesting features. First,
it seems quite clear that for about 2.7 billion years
the Urey equilibrium was in eH f--ct, and that only
0.001 of the present amount ofoxygen was present
in the atmosphere of the Earth. Here are some of
the reasons for the changes indicated in Figure 3.

The oldest known sedimentary rocks on Earth
yield signs of life as early as 3.3 billion years ago.
Some of these rocks are found in Africa, 4 and
modern electron micrography produces rather
good pictures of the form that life took at the time.
It appears that from this period right up to the

beginning of the Paleozoic, about 620 million
years ago, all life was what is called procaryotic.
This term includes many species of nonphotosyn-
thetic life (i.e., bacteria) but it also includes the
blue-green algae. Procaryotic life is unicellular
and the cells have no nuclei. They are not mitotic
and there are no distinct organelles. In a way it
appears that such cells are just messy inside. The
blue-green algae have green pigments, but no
distinct chloroplasts; with the DNA scattered
arounil,tjhe interior of such a cell, there must be
tremendous redundancy to permit reproduction
in anything like a continuous form; for there is no
meiosis, no diploidy, in a procaryotic cell.

As biologists know, there is just one other type
of cell; the eucaryotic. This does have a nucleus,
displays mitotic splitting, and has all the bas-,,c
characteristics of advanced forms of life. Bacteria
and blue-green algae, the latter simply a bacterium
with a green pigment to provide for photosyn-
thesis, were probably the rulers of Earth from the
beginning of life to about 620 million years ago.
It seems likely that no eucaryotic organisms existed
much before that time. There is a recent discovery
in Central Australia that resembles a nucleated
green alga, and this is tentatively dated about 800
million years ago; but the dating is quite probably
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Urey equilibrium was broken around 2 billion years
ago. The stability of this equilibrium suggests,
however, that the oxygen level increased very,
very slowly. It is possible to make a case for the

1*111
îdea that oxygen reached %oo of its present atmo-
spheric level about 620 million years ago. No
multicellular organism is known to exist unless
the oxygenic level is above what is called the
Pasteur point. This is the point at which the or-
ganism can enjoy respiratory metabolism. Below
this point, for example, green plants can ferment;
but fermentation yields only two ATP units
whereas respiratory metabolism yields 38 ATP
units. In simpler terms, this means that at a level
below the Pasteur point an organism can use its
food only partially, for it cannot acquire enough
energy to utilize nutrients completely. Only with
respiratory metabolism can an organism fully
utilize organic food, reducing it directly to carbon
dioxide and water - the most elementary and
lowest-energy states. This process of reduction,
by the way, yields precisely the same amount of

Figure 4. Estimated idealized distribution of ozone for 	 energy from food that would result from an ex-
various levels of oxygen. [N(0 3) = number of molecules of 	 plosion of hydrogen and oxygen. It is only at the
ozone per cm 2 ; L = Loschmidt 's number.]	 level of res irato metabolism that this enerP	 ry	 07

release is possible, and no multicellular organism
is known to exist below this level. If one asks, at
just what level do organisms begin to enjoy respi-
rator y metabolism, and if one studies a large num-
of organisms, it appears that some of these do just
begin to have oxida ive respiration at the oxygenic
level of '/ oo of the present atmosphere. From this
Berkner and Marshall have constructed what
might be termed an heuristic argument; namely,
that since respiratory metabolism appears at this
level, multicellular organisms should begin to
appear in evolutionary history at this point. What
happen* when respiratory metabolism and multi-
cellular organisms appear is most interesting. It
turns out - and this is an accident of physics, per-
haps - that at I % of the resent level of ox enFigure 5. Penetration of uv radiation in liquid water with

various combinations of oxygen and ozone atmospheres.
Intensity at extinction= I erg cm -2 sec- 1 (50 A) -1.

in error according to the latest information. This
leads to the belief that procaryotic organisms were
the chief, if not the only, forms of life until at least
620 million years ago.

Some have argued, on the basis of geological
evidence such as the banding of iron structures
and the amount of surface oxidation, that the

1- 	 Yg r

ozone also reaches a maximum just at the surface
of the Earth, as shown in Figure 4. When the
oxygen level reaches'/io the present atmospheric
level, moreover, the altitude of the ozone maxi-
mum also rises. As a consequence, there is a thicker
ozone layer; and this is just enough ozone to pro-
tect the oceans from lethal ultraviolet radiation
previously experienced at the surface of the Earth.
(See also Figure 5.)

To illustrate the situation, assume a pond with
blue-green algae. The pond would have to be
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about 10 meters deep (Figure 5) to protect the
algae from lethal ultraviolet ( in the range 2100 to
3000 A) before the shielding described could be-
come effective. In this situation, there could be no
pelagic organisms (that is, free-swimmers), be-
cause these would swim into the lethal zone and
be destroyed by the uv flux. During the whole
period, therefore, prior to the evolution of oxygen
to %a of the present level, there would be only ben-
thic organisms, living on the bottom of rather small,
deep ponds, to continue the build-up of oxygen.
Turbulent waters would be unsuitable since here
the organisms would be carried to the surface
and eliminated. This gives some idea of the dif-
ficulty of building an oxygenic atmosphere. Ozone
protection is !aadly needed. Figure 4 shows a rather
idealized distribution of ozone for various levels
of oxygen and shows that maximum production
Of ozone; changes approximately one decimal
scale height with each order of magnitude change
in the level of OZ . It should be noted that ozone
is the only molecule that could have existed in
sufficient quantity in the primitive atmosphere to
provide the required protection from lethal radia-
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tion. ► his is why it was only when oxygen rose
to the point permitting an increase in ozone that
the surfaces of the oceans were shielded and, for
the first time, pelagic organisms could appear.

This highlights an interesting correspondence:
(1) at the oxygenic !evel 0.01 present atmospheric
(Pasteur point), niulticellular organisms became
possible; and (2) at this same level there is just
sufficient ozortt present to shield pelagic life-forms
from radiation ( Figure 5). It is also important for
rapid evolution that a situation prevail in which
not oniv mutations are prevalent, but also isola-
tion permitting weak species to propagate. The
opening of the oceans by the process just de-
scribed provides such isolation - all because ozone
was able to reach a level high enough to protect
pelagic organisms from lethal ultraviolet.

On such assumptions, supported by the fossil
record, the most striking evolutionary events of
all history took place about 620 million years ago.
Up to that time it appears that only procaryotic
life existed. Within the next 30 million years, 1200
different advanced species of organisms appeared.
This change may have taken place in as little as
10 million years; 30 million is probably a maxi-
mum. One interesting example is the trilobites;
these became very complex multicellular orga-
nisms up to 50 cm across in the time from 620 to
590 million years ago. Geologists had always
assumed that there must have been a long prece-
dent evolution, but now there seems good reason
to change this opinion. Consider the organisms
in a pond. The probability for a mutation is pro-
portional to the number of individuals multiplied
by the time. To put this in orders of magnitude,
note that rate of mutation should vary as

Number of individuals in a pond
	

lots to I0S,
Multiplied by number of

generations per day	 10 to 104
Multiplied by number of days/year	 :i.6 x 102
Multiplied by number of years 	 106 to 109

Total
	

3.6 x 1024 to 1034

In comparing these numbers, the mutational op-
portunities are very large whether the span is 108
or 109 years.

The point is that there are going to be a tre-
mendous number of mutations in any case. Isola-
tion is also a requirement, and in the small ponds
suitable for life before shielding from le-:lnal radia-
tion, this isolation wets not available. The number
of species was, therefore, restricted. It was only
when the shielding opened up the oceans to life

E
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that multicellular organisms and protozoa could
n,olve. At this point there evidently occurred the
evolutionary explosion that produced the above
1200 multicellular species in a range of 10 to 20
million years.

Next consider the growth of oxygen beyond this
stage. Before taking up this question, it might be
well to study Figure 6, which shows the penetra-
tion of lethal radiation into water. Without oxygen
or ozone, lethal radiation is still effective at depths
as great as 10 m. As oxygen and ozone begin to
accumulate, she penetration changes. At the point
where oxygen is 1% of its present level, there is a
notable change; i.e., ultraviolet in the range 2300
to 2800 A iA completely absorbed. The maximum
absorption of the nucleotides occurs at 2650 A,
and for proteins near 2800 A. The ozone protec-
tion indicated by this curve happens to come just
in the range of this maximum absorption. Note
that the curves in Figure 6 are calculated strictly
from the physics of the absorption of ultraviolet
light and water; yet there is this biological coinci-
dence. It is interesting to question whether dif-
ferent nucleotides might have evolved had nature
set the absorption somewhere else. This is, of
course, speculative, but may have significance.
Note also ( Figure 6) that at the 0.01 level of
oxygen, the relatively shallow waters are protected
and organisms can live there. When oxygen reaches
%o of its present level, practically every wavelength
of radiation is shielded at the surface. OnlV 2900
and 3000 A, which are not particularly damaging,
are still unprotected.

Inspection of the geological record moving
forward in time highlights a very important fact.
At the end of the Silurian, geologically 420 million
years ago, every species in the water seems to have
migrated ashore about the same time. This is very
clear evidence that there must have been environ-
mental change permitting life on shore rather than
a mutational accident. It then becomes important
to know the ozone level at that time. As noted
above, the land is protected up to 2900 A at 0.1
of present oxygen !evel. This is sufficient protec-
tion to allow life to go ashore. I^ may be no ac-
cident that the first species ,)f formerly marine life
to evolve ashore were, in almost every case, those
with shells, since radiation in the 2900 to 3000 A
range is, if not lethal, quite uncomfortable (any
form of life would get quite a sunburn). In any
case, life did go ashore about 420 million years
ago, and the other data cited show that oxygen

must be at or near the 10% level to make this pos-
sible. This provides another milestone in the esti-
mate of accumulation of oxygen in Earth's atmo-
sphere.

Finally, there is another significant point in the
evolution of oxygen; but acceptable evidence is
difficult to locate, and present statements are
largely guesses. This point would be the time of
arrival at the present oxygenic level. Best estimates
place this stage at the end of the Permian, because
only then did really large creatures evolve, requir-
ing a high level of oxygen. There is some indica-
tion that the level of oxygen has fluctuated even
in recent time, but more work is needed to de-
termine the factors involved.

Present knowledge can serve as a basis for a
general theory describing the composition and de-
velopment of the atmospheres of the inner planets.
Such a theory rests upon hypotheses widely dis-
cussed by various authors, and may be summa-
rized under seven headings as follows:

1. The terrestrial-type planets, or the major
planetesimals from which they were formed,
agglomerated in a relatively cool state without
significant primordial atmosphere. Notable con-
tributions to this point have been made by, among
others, Hans Suess,s Harrison Brown,e and Wen-
dell Latimer.?

2. The basic atmospheric gases, with the excep-
tion of oxygen, were released chemically as a con-
sequence of internal heating with proportionate
differentiation of their components. William
Rubey,s Harold Urey,9 and A.E. Ringwoodto
have made significant observation- on this aspect.

3. Quantities of such secondary gases released
on different planets, as discussed earlier, should
be in relative proportion to the degree of internal
heating and associated differentiation, since the
bulk composition of the terrestrial-type planets
appears essentially the same. If, therefore, one can
ascertain the total release of a Particular atmo-
spheric gas on each of two planets, corresponding
secondary release of other gases can be calculated
proportionally. For example, from recently mea-
sured amounts of carbon dioxide on Mars and the
total amount present on Earth, it should be pos-
sible to calculate the levels of other gases in the
atmosphere of Mars.

4. Oxygen is not released from thermal or vol-
canic sources. In the absence of autotrophic life
providing photosynthetic activity on a scale suf-
ficent to override the Urey equilibrium, oxygen
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will appear only in very small quantities (i.e.,
0.001 present atr.:osphere).

5. Build - up of a significant oxygen atmosphere.
depends on biosynthetic activity of green pigmented
autot -ophic organisms on a relatively large scale.
This provides for development of higher oxygen
levels together with production of ozone necessary
for screening of lethal ultraviolet over both land
and water, thus encouraging the spread of life
forms and the development of multicellularity at
the appropriate oxygen levels.

6. The ultimate oxygenic atmosphere is thus
seen to arise from a series of building steps to
oxygenic levels that open the appropriate evolu-
tionary opportunities. Hence, the presence of an
oxygenic atmosphere at significant concentration
is prima facie evidence of widespread cvolutionary
opportunity for life forms.

7. The concentration of an atmospheric con-
stituent at any time represents the difference be-
twcen total production and total loss through
chemical interactions, organic or inorganic, on the
surface and in the atmosphere, or through escape
Irrom a planet. These include processes that will
profoundly affect the surface features of the planet.

In the light of the general theory, it is particu-
larly interesting to note (Figure 7) the comparison
of the fossil record with the half- loading range, or
Pso, of the organisms appearing at specified times.
Pso represents the partial pressure at which the
Figment of any organism is 50% saturated with
oxygen. There is a remarkable coincidence be-
tween the times of evolution of various life-forms
and the half-loading figures. Protozoa and a few
Metazoans have a half- loading at about 0.01
present atmospheric level, and it appears that
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Figure 7. Range of Pso for phyla which appeared at
specified geologic periods in accordance with the fossil
record.

these forms evolved around U- 20 million years ago.
It is important to remember that species may
appear below the half-loading level but do not
survive because reproduction below this level is
impossible. The survival of varied life-forms be-
ginning about 620 million years ago is strong
evidence for dating the appearance of a significant
oxygenic atmosphere on Earth at this point. Other
critical levels in oxygen accumulation may also
be suggested, although much remains to be done
in this area. The data shown in Figure 7 and the
above conclusions are dependent on the degree to
which the assumptions stated are correct. There
is, of course, the statistical possibility of an ac-
cidental correlation of this kind. Obviously, more
data are needed.

Turning to the atmosphere of Mars, calcula-
tions of the amount of carbon dioxide in the atmo-
sphere appear to be sufficiently reliable to serve
as a basis for application of the technique of pro-
portional calculation of other gases. Data on the
Martian atmosphere based on the observations of
Mariner IV 11 and the work of Owen, 12 Spinrad,13
and Kaplan 14 indicate that the ambient tempera-
ture is low - about 85 °K - which implies that CO2
escape would be negligible; that is, most of the
CO2 ever produced on Mars is still there. If there
are life-forms of the blue-green algal type on this
planet, a small amount of CO 2 may have been
deposited as fossil carbonate. The currently ac-
cepted value of atmospheric pressure on Mars, 9.5
mb, with more than 95 % CO2 content, corresponds
to About 25 g cm- 2 of CO 2 in column. Another
25 g cm - 2 may have been deposited in the form
of carbonates, making a total of 50g cm-2.

This yields the ratio of 1/i 000 for the amount of
CO2 on Mars to that on Earth. (Total CO 2 re-
leased on Earth is about 5 X 104 g cm- 2 , as dis-
cussed earlier.)

On the basis of the general theory as described,
the composition of the Martian atmosphere as
compared with that of Earth may be tabulated
(Table 1). Note there is little nitrogen on Mars,
as is to be expected in the light of the theory. The
estimate of water on Mars, 2.8 X 102 g cm -2,
appears surprising because most authorities agree
that the Martian atmosphere is very dry. This
water is probably mainly present as permafrost. It
should also be possible to demonstrate by calcula-
tions that on as much as 400 km 2 of Mars (a very
small area compared with the total of 1 . 5 X1012
km 2 ), there may be hot springs. These could be
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Table 1

Estimated Atmosphere of Mars

Pressure
Mast on Earth, g cm - 2 	Mass on Mars, g cm - 2 	 0:1 Mars,

dynes cn ► -2
Fossil	 Fossil	 -

Gas	 Atmosphere	 or stored	 Total	 Atmosphere	 or stored	 Total	 Atmosphere

CO2 0.5 5.0 X 104 	5.0 X 104 25.0 X 100 25.0 X 100 	50.0 X 100 9.25 X 103
N2 772.0 8.0X101	 8.52X102 8.5 X10- 1 -	 8.5X10 -1 3.1	 X102

A 13.4 -	 1.34 X 10 1 1.3 X 10- 2 -	 1.3 X 10 - 2 `.0 X 100
H2O 1.5 2.8 X 105 	2.8 X 103 1.15 X 10 - 4 ' 2.8 X 102 	2.8 X 102 4.25 X 10-2'
02 240.0 •	 not applicable < 2.0 X 10- 1 > 1.75 X 100 	- <7.4 X 10-1

Total --1016.4 -26.0 X 100 -9.5 X 103

*See discussion and earlier text

present for one very important reason: Mars ha-
a flattening due to centrifugal force in the largest
ratio of 0 the planets. Incidentally, this ratio is
just at the limit of strength of a homogeneous
planet. T«e result is that Mars must have some
intense earthquakes, since a homogeneous planet
is very strong. Each earthquake must produce
energy on the order of 1024 ergs. The release of
that much energy added to the existing radio-
active energy should cause thermal activity. The
latter thus far may have escaped observation be-
cause existing telescopes have insufficient resolv-
ing power. Present telescopes would not see this
activity any more clearly than the steam whistle
of a train a million miles away. The large earth-
quakes on Mars specified above would result in
large amounts of lava in concentrated areas. In
turn, water should be given off at the rate of about
105 metric tons per year, a considerable amount.
There could, therefore, be some hot springs on
Mars, possibly widely scattered and difficult to
observe.

It therefore seems reasonable to believe that
there may be blue-green algae on Mars. Such
algae have been found in some of the oldest rocks
on Earth; and the algae themselves are most !ikely
a phenomenon similar to other chemical events
that appear rapidly in favorable environments. As
early as 1942, Wil_it 15 suggested that the reddish
hue of the Martian surface might be due to oxida-
tion of iron and sulphur by ozone. This hypothesis,
which appears to be reasonable, has been strength-
ened by more recent work 16 supporting the con-
clusion that the bands of red coloring may be

caused by the oxidation of iron to Fe 2 03 . It is,
however, unlikely that the required oxygen was
produced by photodissociation of water vapor in
the Martian atmosphere, as simple calculations
will show 17 that there is not sufficient energy avail-
able for the process. This suggests the hypothesis
of some form of primitive life, probably existing in
thermal oases provided by hot springs, as an
oxygen source on Mars. It should be noted that
even the <0.2 g cm - 2 of oxygen calculated for the
Martian atmosphere is sufficient to provide the
ozone needed for surface oxidation. Small, widely
scattered areas of photosynthetic life would, there-
fore, be adequate as an oxygen source. Calcu!a-
tions indicate that from 10 to 100 km 2 of thermal
oasis area would be sufficient to support life pro-
ducing the oxygen required.

This brief summary of characteristic features
of Mars derivable from present data by applica-
tion of the general theory here described is espe-
cially remarkable for the fact that a coherent and
apparently reasonable portrait of the planet may
be drawn from studies conducted mainly on Earth.
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