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Abstract. Because of the high temperatures prevailing in the lower atmosphere
of Venus, its chemistry is dominated by the tendency toward thermodynamic
equilibrium. From the atomic composition deduced spectroscopically, the thermo-
dynamic equilibrium composition of the atmosphere of Venus is computed, and
the following conclusions drawn. (i) There can be no free carbon, hydrocarbons,
formaldehyde, or any other organic molecule present in more than trace amounts.
(ii) The original atomic composition of the atmosphere must have included much
larger quantities of hydrogen and a carbon/oxygen ratio =< 0.5. (This ratio is
now almost precisely 0.5.) (iii) The present atomic proportions of the atmosphere
of Venus are so unique that an evolutionary mechanism involving two inde-
pendent processes seems necessary, as follows. Water, originally present in
large quantities, has been photodissociated in the upper atmosphere, and the
resulting atomic hydrogen has been lost in space. The resulting excess oxygen
has been very effectively bound to the surface materials. (iv) There must be some
weathering process, for example, violent wind erosion, to disturb and expose a
sufficient quantity of reduced surface material to react with the oxygen produced

by photodissociation.

The bulk of contemporary evidence
indicates that the surface of Venus, and
the greater part of its atmosphere, are
at high temperatures (/-4). Chemical
reactions must occur with such rapid-
ity that thermodynamic equilibrium
should be approximated closely. Be-
neath the clouds of Venus, endotherm-
ic reactions, energized, for example, by
solar radiation or electrical discharge,
should be rare; in any case the prod-
ucts of such reactions will be rapidly
degraded. We have described else-
where (5) a computer program appro-
priate to these circumstances. It as-
sumes an ideal gas of known tempera-
ture, pressure, and atomic composi-
tion, and computes, by minimizing the
free energy of the system, the molec-
ular distribution which obtains at ther-
modynamic equilibrium. There are only
a small number of well-known com-
pounds which comprise the bulk of
such equilibrium mixtures. Any other
compound of interest may be included
in such computations, but no signifi-
cant error results from its omission.
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Our calculation method does not de-
pend explicitly on the equilibrium con-
stants of specific reactions. Only the free
energy of each compound at the tem-
perature considered need be known,
provided there exists at least one rever-
sible reaction pathway between each of
the compounds and the major consti-
tuents. If no such pathway exists (as
may happen in special cases), the com-
pound is prohibited from entering the
calculation by omitting it from the in-
put data.

Our initial intent in applying this
program to the atmosphere of Venus
was to test whether the atmosphere
is close to thermodynamic equilibrium,
to determine whether certain materials
hypothesized for Venus are thermo-
dynamically plausible, and to predict
the presence in significant quantities of
molecules not yet detected spectro-
scopically. In the course of the cal-
culations, however, some unexpected
results emerged which are relevant to
the evolution of the atmosphere of
Venus.

All possible atomic proportions of
the elements C, H, and O can be
exhibited in an equilateral ternary di-
agram (Fig. 1). Any nitrogen abun-
dance can be represented as a projec-
tion on this diagram, since under
Cytherean conditions it remains almost
entirely N, and does not significantly
influence the proportions of C, H, and
O. The surface pressure used in these
calculations is 50 atm; the tempera-
ture, 700°K (2, 3, 6). The atomic
composition is derived from molecu-
lar spectroscopy.

Volume mixing ratios adopted in-
clude [CO,], a few percent (7); [H,0],
between 10—% and 10—, the larger
value probably prevailing in the lower
atmosphere (8); and [N,]= 0.95. A
measurement of [CO] ~ 106 (9) has
been reported, and upper limits on
O,, NO,, N,O, NH; CH,, C,H,
C,Hg, and HCHO have been estab-
lished (Z0). The calculations show that
equilibrium is rather insensitive to
changes in these abundances, and varia-
tions by an order of magnitude would
have little influence on the conclu-
sions.

Given the temperature and pres-
sure, an estimate of the abundance of
a compound defines a closed curve or
one intersecting the axes on the ternary
diagram; an upper limit on abundance
necessarily excludes an area of the
diagram. On Venus (Fig. 1) the amount
of water limits the overall composi-
tion to a narrow band along the C—0O
border. Upper limits on [NH;] and
[CH,] exclude the greater part of the
reducing regions, and the upper limit
on [O,] eliminates almost all of the
oxidizing regions. If the value for
[CO] ~ 10—% is accepted as char-
acteristic for the atmosphere as a
whole, the equilibrium atmospheric
composition lies at a point on the
ternary diagram which can be distin-
guished from the CO, point only when
the diagram is magnified ten thousand-
fold. 4

It is possible that much of the CO
reported spectroscopically arises from
CO, photodissociation in the upper at-
mosphere of Venus (9, 17). If any
major fraction of the reported CO
is a constituent of the lower equilib-
rium atmosphere, there can be no free
oxygen on Venus ([O,] <10—25). If
all the reported CO is produced by
photodissociation, or if this difficult ob-
servation has given a spuriously high
CO abundance, there may be a trace
of free oxygen on Venus ([O,] = 8 X
10-5).
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Fig. 1 (left). Equilateral ternary C—H—O diagram for the atmosphere of Venus. The carbon point is at the apex not shown.
The .shaded regions are excluded at thermodynamic equilibrium by the observational upper limits on [CH.] and [NH;]. For clarity
the shading has not been extended through the entire excluded region. The adopted values of [H.O] and the observed upper
limits on [CO] and [O.] are denoted by lines. On this scale, the Venus composition point cannot be distinguished from the CO.

point.

Fig. 2 (right). Evolution of the atmosphere of Venus. Initial conditions assume three [C/O] abundance ratios. What-

ever the original proportion of hydrogen, loss of hydrogen causes evolution along the tracks H-«, H-g, and H-y. Additional loss
of oxygen would tend to deflect the lower two evolutionary tracks along the oxidation threshold, the CO-—H.0. Tracks with
initial [C/O] > 0.5 must lose carbon to arrive at the present composition; but the precipitation of graphite or polycyclic aromatics
would not lead to the contemporary value of [C/O].

In either case, there can be no free
carbon or organic molecules at equili-
brium in contact with the atmos-
phere; otherwise, an easily detect-
able abundance, [CO] ~ 10—%, would
be produced. This result provides evi-
dence against petroleum oceans (12),
hydrocarbon (/3) or formaldehyde
polymer (74) clouds, or large quanti-
ties of unspecified atmospheric organic
molecules (/5) on Venus. Similar con-
clusions have been reached previously
for a much smaller array of com-
pounds (I16). The absence of hydro-
carbons from the surface is consistent
both with passive observations of the
microwave phase effect, and with ac-
tive radar observations of Venus (2).
Small amounts of formaldehyde and
other simple organic compounds may
be produced by nonequilibrium proc-
esses, such as electrical discharges in
the clouds (/7). The most abundant
organic compound expected at equilib-
rium is formic acid with a volume
mixing ratio ~ 1015, Other molecules
expected in very small quantities at
equilibrium are tabulated -elsewhere
(18).

None of the abundances or abun-
dance upper limits are mutually exclu-
sive in an equilibrium atmosphere.
This is consistent with our expecta-
tions that the atmosphere of Venus
is close to that expected under thermo-
dynamic equilibrium. It should be em-
phasized that the finding that the pre-
dicted thermodynamic equilibrium is
consistent with the available observa-
tions is not trivial. Whatever the given
molecular species used to define a par-
ticular atomic composition of the at-
mosphere, the computed equilibrium
molecular proportions would be the
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same. Neither can one predict a priori
which of the major compounds would
be present, given a particular elemental
composition. Consider the following
example. The proportions 1C:2H: 20
give the empirical formula of formic
acid, but this compound would be
only a minor component of the equi-
librium mixture. The same proportions
apply to an equimolar mixture of CO
and H,O. However, a gas composed
of these two compounds is not the cor-
rect answer, either. The equilibrium re-
sult is a mixture of H,O, CH,, and
CO.—unless the computation had been
for a higher temperature, in which case
there would also have been appreciable
amounts of CO and H.,,.

A disagreement between predicted
and observed results can occur in two
ways. First, a definite observed spe-
cies may be unobtainable at equilib-
rium. If 1 percent of HCN had also
been observed on Venus, we would
have found no C: H:O proportions
for which this large amount would be
predicted. Such an observation would
have been inconsistent with the hypo-
thesis of thermodynamic equilibrium on
Venus.

Second, all systems consistent with
the observed concentrations might be
computed to contain observable quan-
tities of compounds which were not in
fact observed. Such inconsistencies were
sought, but not found. We therefore
conclude that the results are consistent
with general thermodynamic equilib-
rium on Venus; only a very limited
fraction of the atmosphere is being
produced by special processes, such as
electrical discharge, ultraviolet photore-
actions, or vulcanism.

In this case some remarks can be

made on the original composition and
subsequent evolution of the Cytherean
atmosphere. From cosmic abundance
considerations, it is clear that the at-
mosphere must originally have had a
composition putting it in the extreme
right-hand corner of the ternary di-
agram (see Fig. 2), if the atmosphere
was originally derived from a solar
nebula. If it was derived from out-
gassing, the composition would have
been somewhere in the central portion
of the ternary diagram where H, is
in excess over O, and the following
considerations would apply just as well.

The chemical evolution of the at-
mosphere occurs initially through the
escape of atomic hydrogen from the
Cytherean exosphere. Escape of sig-
nificant quantities of carbon or oxy-
gen from Venus during geological time
seems quite unlikely (7/9). Any differ-
ential escape is correspondingly unlike-
ly. The track along which the atmo-
spheric composition of Venus evolved
depends then on the initial carbon-to-
oxygen abundance ratio. The cosmic
[C/O] abundance ratio has been as-
signed a value of 0.20 by Suess and
Urey (20), while Cameron (21) has
suggested a value of 0.44, and more re-
cently (22), 0.67. Since both oxygen
and carbon have probably been de-
pleted during the formation of Venus,
there is no guarantee that cosmic
abundance ratios were actually the
initial Venus abundance ratios. For pur-
poses of illustration we consider initial
Venus [C/O] ratios of 0.20, 0.44, and
0.67. For a ratio of 0.20 or 0.44,
the evolution would proceed along the
lines ending at « or g (Fig. 2), in a
region where free oxygen exists. For
an initial [C/O] ratio of 0.67, the evolu-
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tionary track ends at y, in the reducing

portion of the diagram. The actual -

present atmosphere of Venus appears
to have a [C/O] ratio that differs from
that of CO, by an amount of 10-5
or less.

If the initial atmosphere had a
C/0 ratio anywhere between 0.2 and
0.7, the probability that the present
ratio would be as close to CO, as it
appears to be, through no other proc-
ess but the loss of hydrogen, would
then be about 4 X 10—5, This seems
quite unlikely. However, if oxygen
were also depleted from the atmo-
sphere, then over a wide range of ini-
tial [C/O] ratios the atmosphere would
finally settle at the CO, point. Since
it seems unlikely that oxygen has es-
caped from Venus, the depletion of at-
mospheric oxygen must be attributed
to chemical reactions, and the surface
material of Venus, initially reducing,
must now be partially oxidized to a
considerable depth. Accordingly, there
must have been some active weathering
agent, such as extensive wind erosion,
to disturb and expose a sufficient vol-
ume of surface material to allow for
efficient reactions with oxygen. An in-
dependent argument for the presence
of extensive oxygen sinks on the sur-
face of Venus has been offered by
Sagan (/9), in an attempt to explain
the differential abundance of water on
Venus and on Earth by differential rates
of water photodissociation.

Typical evolutionary tracks would
then have resembled those illustrated
by the arrows in Fig. 2. Owing to loss
of hydrogen, the atmosphere evolves
away from the hydrogen corner of
the ternary diagram until it intersects
the oxidation threshold. As soon as
free oxygen is produced, it combines
with surface material and the evolu-
tionary track turns abruptly upward,
following the oxidation threshold to-
ward the CO, point.

If the initial [C/O] ratio were near
0.44, the initial evolutionary track due
to the loss of hydrogen would twice
intersect the graphite threshold (see
Fig. 2). There would then be an inter-
lude in the evolutionary history of
Venus in which graphite might be pres-
ent. However, the activation energy for
the formation of graphite is so great
that it would very likely never precipi-
tate directly., If it did, it would react
and disappear at the high temperature
of Venus as the system lost more hy-
drogen. Such a track would follow the
line marked H-g in Fig. 2 until it inter-
sected the oxidation threshold, where-
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“would be

upon it would turn and proceed to-
ward the CO, point.

If the initial [C/O] ratio had been
perceptibly above 0.5, as, for example,
0.67, the evolutionary track would fol-
low the line marked H-y in Fig. 2.
This line intersects the graphite thres-
hold once, and never crosses the oxida-
tion threshold. The atmosphere would
then always remain in the reducing por-
tion of the diagram. In order to end
at the CO, point, some mechanism
would have to exist for the removal
of carbon from the atmosphere or the
addition of oxygen to it. The asphalt
threshold is not intersected, so no for-
mation of polycyclic aromatics would
be expected. If the removal of carbon
from the atmosphere were possible by
the precipitation of graphite, the at-
mosphere would then evolve along the
graphite line. As the C—O line was
approached, any such exposed, precipi-
tated graphite would undergo equilib-
rium reactions with the atmosphere and
disappear. The composition would end
significantly above the actual composi-
tion point, where the CO concentration
10—3. This is in conflict
with the spectroscopic observations.
While the outgassing of water, photo-
dissociation, and hydrogen escape could
conceivably increase the O, abun-
dance over a surface which was not
highly reducing, the addition of pre-
cisely enough O, to bring the at-
mosphere to its present unique com-
position very close to the CO, point
is highly implausible. It is interesting
to note that if the temperature of Venus
were much lower, for example, 500°K,
graphite could exist in equilibrium with
the observed atmosphere, if a mecha-
nism were available for its formation.
However, no complex organic com-
pounds would be stable even under
these conditions.

Thus, it is probable that Venus be-
gan its evolutionary history with [C/O]
= 0.5 and that its evolutionary track
in the ternary diagram was directed
towards the CO, point by the simultane-
ous loss of hydrogen to space and
oxygen to the surface.
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Weight Loss in Men in Space

Abstract. Men returning from orbital
flights have lost from 2 to 6 percent
of their body weights. Similar losses
occur during simulated weightlessness;
blood normally pooled in dependent
parts returns to the circulation, in-
creasing central blood volume and
causing excretion of water which is not
replaced during flight.

Astronauts lose weight during orbital
flights. All medical data reported from
the United States and Soviet manned
flights tell of loss ranging from 2 to
6 percent of initial body weight (Table
1). Such loss is independent of the
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