Comparative Ecological Study of the Chem-
istry of the Planetary Atmospheres

By H. StrucHOLD, PH.D.,, M.D.

Department of Space Medicine, USAF School of Aviation Medicine,
Randolph Field, Texas




Reprinted from the JOURNAL OF AVIATION MEDICINE, Volume 24,
Pages 393-399 & 464, October, 1953

Comparative Ecological Study of the Chemistry
of the Planetary Atmospheres

By H. Strucnorp, PH.D., M.D.

Department of Space Medicine, USAF School of Aviation Medicine,
Randolph Field, Texas

HIE comparative study of plane-
Ttary atmospheres has become a

major topic in recent astronomi-
(‘a] literattlre.é,!),lIa,lZ.',an.QU,L!l,fZZ.Zb,HU [t
might be of considerable interest to
view the planetary atmospheres also
from a biological point of view. This
has been done by the writer in former
publications with regard to tempera-
ture.?#24% An attempt will be made in
the following discussion to examine
the chemistry of the planetary atmos-
pheres from a biological point of view.
This will enable us to differentiate be-
tween certain characteristic ecological
tvpes of atmospheres.

In comparing the planetary atmos-
pheres as to their biological—or more
precisely, ecological—qualities, it is
logical to start with the earth’s atmos
phere as the one of reference.®* In
addition, it is important to include in
such a study the various stages in the
historical development of this atmos-
phere.

The present-day atmosphere of the
earth has a mass of 5.2 x 10?* gm. or
5.2 quadrillion metric tons. Of this
air mass 1.2 x 10** gm. is oxygen
(O,); 2.0 x 10*® gm. is carbon dioxide
(CO,). The amount of water and
water vapor in the total atmosphere
is around 1.5 x 10" gm. Here we
ignore the inert gases, since only the

¥See also the well-known books of
P. Lowell, E. W. Maunder, H. S. Jones,
G. de Vaucouleurs, and A. C. Clarke, con-
cerning the possibility of life on other
planets.
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aforementioned components are those
which give the atmosphere its biologi-
cal characteristics. It is the free oxy-
gen (O,) which is the most suitable
yardstick in an ecological classification
of the planetary atmospheres. With
oxygen, an atmosphere posseses actual
or manifest oxidizing power.* The
strong oxidizing power found in our
atmosphere has been and still is the
basis for the existence and develop-
ment of higher plants, animals, and
man, This oxidizing capability based
on the presence of oxygen decreases
with increasing altitude—a fact which
has been the main topic of discus-
sion for physical and physiological re-
search ever since the air became a
medium of transportation.'®** In addi-
tion to the actual oxidizing power, the
atmosphere possesses a potential or
latent oxidizing power, the explana-
tion of which will be given later.

The chemical composition of our at-
mosphere was not always the same.
Rather, it has undergone drastic

*Monatomic oxygen (O) and triatomic
oxygen (O, ozone), are ignored here, since
biatomic oxygen (O:) only is important in
the process of biological oxidation.

The expressions “oxidizing and oxidized”
and “reducing and reduced” condition of
an atmosphere are used by H. Urey in his
geochemical discussion of the historical de-
velopment of the atmospheres. Confined
to the biological temperature range, they
may also be convenient terms for biological
and aeromedical discussions like this. Oxi-
dation and reduction are used here in their
original conception. Oxidation: Union with
oxygen or removal of hydrogen. Reduc-
tion: Union with hydrogen or removal of
oxygen.
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TABLE I.

Main Components of the Terrestial
Protoatmosphere and Atmosphere
in Order of Abundance

H: He Ne H,0 NH; CHi A
N2 O: H:0 A CO2

Protoatmosphere
Atmosphere

changes in the course of its develop-
ment from the protoatmosphere to its
present stage. These changes have
been discussed in a most inspiring
manner in the recently published books
of Kuiper'? and Urey.?

The protoatmosphere of the earth is
understood as that gaseous envelope
which surrounded our planet during its
developmental stage as a protoplanet,
or protoearth. This stage embraced
the range of time during which the ac-
cumulation of the solar dust and plan-
etesimals into a planetary body was
completed—or mnearly completed—and
finally the surface was formed into a
semisolid to solid crust. Tt was at the
time that the temperature approached
its present-day level. This particular
range of time can be estimated at about
2 to 2.5 billion years ago—mnear the
turn from astronomical or pregeologi-
cal time to geological time.

The protoatmosphere so defined
showed a chemical composition very
different from that of the present-day
atmosphere.’»*®  The principal com-
ponents in the order of their abun-
dance (according to Kuiper) can be
seen in Table I.

Since this atmosphere contained
mainly hydrogen and hydrogen com-
pounds such as water, methane, and
ammonia—but no oxygen or carbon
dioxide—this type of atmosphere is a
reducing and reduced atmosphere. It
has no actual oxidizing power but con-
tains potential or latent oxidizing pow-
er. This potential or latent oxidizing
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power is hidden in the water molecule.

According to Tammann?® and Wild?*
the water molecules have been ther-
mally decomposed into hydrogen and
oxygen at the border zone of the proto-
atmosphere. According to Harteck and
Jensen,” Poole® and Suess?® they
have been split by photodissociation.**
The hydrogen escaped into space, and
the oxygen remained. With the ap-
pearance of this initial oxygen the gas-
eous envelope of the earth attained
actual oxidizing power. It became an
oxidizing atmosphere. This started a
new step in development. Ammonia
(NH,) was oxidized to free nitrogen
(N,) and water (H,0O), and methane
(CH,) to carbon dioxide (CO,) and
water. In addition, large amounts of
carbon dioxide were injected into the
air by volcanic exhalations.

During this process of evolution, the
atmosphere represented a mixed me-
dium with both reduced and oxidized
compounds. It was a suboxidized at-
mosphere with a high potential and, to
some extent with an actual, oxidizing
power. However, the development
continued in the direction of a highly
oxidized atmosphere. This process was
accelerated by the appearance of chlor-
ophyll.® If this molecule is present,
the combination of water plus carbon
dioxide offers a new possibility for
producing oxygen, if sunlight is ade-
quate. The process in question is pho-
tosynthesis. The oxygen produced in
this process oxidized most of the
reduced compounds, and was accumu-
lated in rather large amounts—such as

**Chemical processes of this and other
kind are still going on in some areas of the
present-day upper atmosphere for which
Kaplan11 recently coined the term “chemo-
sphere.”
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those observed today in our atmos-
phere. Thus the present-day atmos-
phere is a gaseous mixture still with a
high potential oxidizing power as well
as a strong actual one. With chloro-
phyll present, the high potential oxi-
dizing power is based on the inexhaust-
ible amounts of water in the oceans
(14 x 10** gm.) and on the large
supply of carbon dioxide.

Concluding this part of the discus-
sion, it might be of interest to note
that in the transformation of the pro-
toatmosphere to the present-day atmos-
phere, with regard to the molecular
weight, the chemical components have
shifted from lighter to heavier ones.
For more detail see Kuiper.*?

Summarizing, we find in the histori-
cal development of the terrestrial at-
mosphere three types of atmospheres:

I. A reducing and reduced atmos-
phere with a potential but no actual
oxidizing power—a nonoxidizing at-
mosphere. In this anoxic atmosphere,
which was found in the early phase
of the protoatmosphere, organisms are
hardly conceivable. If, however, or-
ganic compounds like amino acids, et
cetera, were produced by solar radia-
tion®1%1728 with some CO, available,
anoxibionts could have existed in this
primitive atmosphere,

II. A transitional stage in the form
of a partly reduced and partly oxi-
dized atmosphere, with potential and
increasing actual oxidizing power. In
this stage of the protoatmosphere,
chemoautotrophs (iron, sulfur, and
ammonia bacteria) and photoauto-
trophs (chlorophyll-bearing organisms
of lower order) could have existed.

III. A highly oxidized atmosphere
with strong actual oxidizing and high
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potential oxidizing power. This type
of atmosphere, which we ebserve to-
day, provided the basis for the devel-
opment of higher plants, animals, and
man.

This survey of the chemical charac-
teristics of the earth’s atmosphere dur-
ing its development from the protoat-
mosphere to the present-day atmos-
phere (or neoatmosphere) facilitates
the understanding of those of the other
planets.“”12’1“2’”'34

A decisive factor in the chemistry
of a planetary atmosphere is the dis-
tance from the sun and the resulting
intensity of radiation. As mentioned
earlier, radiation causes photochemical
reactions, especially at the border zone
of the atmosphere. Another factor in
the evolution of an atmosphere is the
escape of the molecules into space.
This phenomenon is dependent upon
the temperature and mass of the planet.

In the following we shall consider
the planets—not with increasing dis-
tance, as is usually done—but rather
with decreasing distance from the sun,
since this sequence conforms better
with the foregoing discussion concern-
ing the historical development of the
terrestrial atmosphere.

Table 1T shows the main chemical
components of the planetary atmos-
pheres in the order of their abundance.
Since the distance from the sun and
the resulting solar constants and tem-
peratures have a great influence on the
chemical composition, their respective
values are added.

Approaching the solar system from
the outside, we first encounter Pluto,
the outermost planet. Considering the
solar constant, Pluto receives, per
square unit, only 1,600th the amount
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of heat which the earth receives. The
maximum temperature on Pluto is
around 60° K. (about —210° C.). The
chemical composition is not known.

to —140° C., less ammonia would be
frozen and more would exist in the
form of vapor.

The atmospheres of the larger plan-

TABLE II. COMPONENTS OF THE PLANETARY ATMOSPHERES
1% IT%*
Planet Solar Constant Maximum Most Important Probable
(LLarth—1) Temperature Atmospheric Components
(°K) in Order of Abundance
Pluto 1/1600 60 Hy He (CHy)
Neptune 1/900 56 H: He CHy  (NHj) (H»0)
Uranus 1/400 69 H: He CHs (NHjs) (H0)
Saturn 1/100 107 H, He CHy NH: (H20)
Jupiter 1/25 145 H He CHjy NH; (H20)
Mars 3/7 307 N.? A? COy H.0
Earth 1 349 N: O H.0 A O,
Venus 2 324 N.2?  CO»
Mercury 6 625

*According to Kuiper (12)

**According to Hess (9), Kuiper (12), and Urey (28).

(') Probably present in a frozen state only.

It is assumed that it consists of hydro-
gen, helium, and methane.

Neptune, Uranus, Saturn, and Jupi-
ter can be considered here as a group.
The atmosphere of these larger planets
consist mainly of hydrogen, helium,
methane, ammonia, and probably wa-
ter. The similarity of this composi-
tion to that of the protoatmosphere of
the earth is striking. Apparently, es-
cape of these light components has
been prevented because of the strong
gravitational forces of these planets.
They seem to be preserved in a frozen
state because of their greater distance
from the sun.

Table IT shows no ammonia vapor in
the more distant planets Uranus and
Neptune. This has been explained with
the different freezing points of am-
monia (—77° C.) and of methane
(—184° C.).101226 At the extremely
low Neptune and
Uranus, only traces of ammonia exist

temperatures on
as vapor. Their atmospheres are rela-
tively strong in gaseous methane. On
Saturn, with a temperature of about
—165° C., and on Jupiter with —130
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ets (and Pluto) containing hydrogen
and hydrogen compounds are reduced
almospheres. They have no actual ox-
idizing power since there is no oxygen.
They may have latent oxidizing power,
if water (frozen) is found in some
layers. Because of the great distance
from the sun, however, it is ques-
tionable if this potential power will
ever be released. For this reason, none
of these planets offer a suitable ecolog-
ical environment for any known kind
of organism. The atmospheres are
comparable to the terrestrial protoat-
mosphere in its early phase. In addi-
tion to this chemical point of view, the
temperature of this entire group of
planets is so low that active life is pro-
hibited.

The main constituents in the Mar-
tian atmosphere are probably nitrogen
and argon.®'®2%2829  The amount of
CO, is higher than on earth.'> Water
is present in very small amounts, main-
ly in the form of ice and vapor.'?
This atmosphere is qualitatively similar
to that of the earth, except that it
contains no oxygen or only traces of

AviATION MEDICINE
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TABLE III. ECOLOGICAL TYPES OF ATMOSPHERES OF THE PLANETARY SYSTEM

Biological
Type Main Chermical Oxidizing Oxvgen Planet
Components Characteristics Power Condition*
\ Hydrogen Reduced Potential oxidizing Anoxic Outer planets;
Hydrogen Hydrogen atmosphere power; protoatmosphere
atmosphere compounds no actual oxidizing of earth, early
power. phase
II. Hydrogen T'ransitional Potentiai and increas- | Hypoxic Protoatmosphere
Hydrogen oxygen Hydrogen atmosphere ing actual oxidizing of earth, later
atmosphere compounds (partly reduced power phase
Oxides and partly oxi-
Oxvgen dized)
II1. Oxygen Highlv oxidized High actual and high | Normoxic | Present day
Oxygen Oxides i potentia/ atmosphere
atmosphere Hydrogen oxidizing power of Earth
compounds
1V. Oxides Highly oxidized Low potential oxidiz- | Hypoxic Mars
Carbon Dioxide Hydrogen ing power; low or or
water-vapor compounds no actual oxidizing Anoxic
atmosphere power
V. Highly oxidized No potential oxidiz- Anoxie Venus
Carbon dioxide ing power; no actual
atmosphere Oxides oxidizing power

*Anoxia_: no oxygen at all.
Hypoxia: low oxygen concentration.

Normoxia: Normal oxygen concentration as found at or near sea level on earth. 2k
From a bioligical point of view the oxygen condition on earth is taken as the normal standard condition.

it. Quantitatively, it is comparable to
the upper terrestrial atmosphere above
the eleven-mile level. During its evo-
lution it lost most of its atmosphere
because of its low gravitational force.
Not only hydrogen but also oxygen
might have escaped from proto-Mars.
The Martian atmosphere is an oxi-
dized atmosphere with low potential
oxidizing power. This may be suf-
ficient to permit the existence of vege-
tation of lower order.'*»'* The actual
oxidizing power may be very weak or
nonexistent, depending on the presence
or absence of free oxygen.

enus probably contains nitrogen
and carbon dioxide—the latter in large
amounts—but no water or oxy-
%1228 The Venusian atmosphere
is a completely oxidized atmosphere.

gen.

[f it does not contain water and oxy-
gen,'* it has, therefore, no potential
or actual oxidizing power.f This be-
ing true, it could not support any kind
of life. However, this point is still

1This is true, if we ignore CO:. as a
possible source of oxygen, as Arrhenius?
suggested.
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a matter of astronomical dispute.

We find a type of atmosphere re-
sembling that of Venus in volcanic
fumaroles, which are little craters,
where carbon dioxide has escaped
from the interior of the earth and
has displaced the air on the ground,
because of its heavier weight. Such
places are the Grotto del Cane at Puz-
zuoli Naples; the Moffettes
(vents in the last stages of velcanic
activity) on the eastern shore of Lake
Laach in the Rhineland and the Death
Valley on the Dieng Plateau in Java.
These places are closed to animal life
on account of their carbon dioxide at-
mospheres. Bodies of birds and mice
are sometimes found in these areas.

near

They died when they ventured into
this toxic air,"'%

Table TIT gives a summary on the
types of planetary atmospheres as they
must be considered from a biological
point of view. The first type (proto-
atmosphere and outer planets) is es-
sentially a hydrogen atmosphere. The
second type (transitional atmosphere)
may be a hydrogen-oxygen atmosphere.
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