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Atmospheric Evolution of the Terrestrial Planets

Donald M. Hunten

The major atmospheric gases on Earth, Venus, and Mars were probably CO,, H,O, and
N,. Most of the Earth’s CO,, is tied up in minerals such as limestone, and Venus has lost
most of its H,0, leaving the CO, in the atmosphere. Much of Mars’ atmosphere may have
been eroded in impacts by large meteoroids early in solar-system history. Noble gases are
very underabundant everywhere, and must have been lost during an early period; they
were probably dragged along during rapid loss of massive amounts of hydrogen. The
tenuous atmospheres of Mercury and the moon have lifetimes of a few days or less and

must be continuously replenished from internal or external sources.

The terrestrial planets with substantial at-
mospheres are Earth, Venus, and Mars.
Evolution of the Earth’s atmosphere is dis-
cussed by Kasting (1); I therefore emphasize
Venus and Mars, except where comparison
with Earth is illuminating. One major rea-
son to be interested in these other atmo-
spheres is that they are not, and probably
never have been, influenced by the biolog-
ical processes that are so important on
Earth. Although Mercury and the moon are
usually thought to be airless, they do have
detectable atmospheres, which I discuss
briefly at the end.

The sun, the planets, and their atmo-
spheres are generally believed to have con-
densed, about 4.6 billion years ago (Ga)
from a primitive solar nebula. The nebula is
thought to have had the same composition
as the sun, mostly hydrogen and helium but
with a small sprinkling of heavier elements.
Oxides and hydrides of the heavier ele-
ments (rocks and ices) must have con-
densed into particles and accreted to form
the planets. The Jovian planets were able to
retain a substantial amount of the gas as
well, and their satellites and ring systems
contain ice as well as rock. The terrestrial
planets are mostly rock with a small amount
of the icy material, much of which appears
in their atmospheres and the Earth'’s ocean.

The original dust grains must have ac-
creted, by processes still not well under-
stood, into bigger and bigger objects. In
simulations by Wetherill (2) of the later
stages, it is assumed that there were about
500 of these planetesimals, roughly the size
of our moon, in the region now occupied by
the terrestrial planets, and their merging
into planets is modeled. The planets found,
although different in each run, have a
general resemblance to what we now find in
the inner solar system. An important result
of these studies is that bodies from any-
where in the inner solar system might end
up as part of any of the terrestrial planets.
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The mechanism is gravitational perturba-
tions, especially by the larger planetary
embryos, that increase the eccentricities of
the orbits. The consequence is that the
initial atmospheric compositions should be
similar, and indeed those of Venus and
Earth have many interesting resemblances.
Mercury and the moon appear to have lost
all or most of their original gas, or were
unable to retain any in the first place. If
Venus originally had as much water (vapor
or liquid) as the Earth, nearly all of it must
have been lost, and this loss was facilitated
by the likely existence of a runaway green-
house effect early in its planetary history,
fed by the vaporization of water, which
then becomes readily available to be disso-
ciated and lost.

This scenario is not universally accept-
ed. Another school (3) attributes the dif-
ferences among the planets to differences in
their distances from the sun, and the con-
sequent effect on their initial compositions.
Supporting this idea is the observed gradi-
ent of mean density from Mars to Mercury,
which demonstrates that the planets do not
have uniform bulk composition: according
to this model Mercury accreted from dry,
rocky material, Venus retained some form
of carbon, but water was accreted only on
Earth and Mars.

Present and Initial Compositions

Mars’ atmosphere, like that of Venus (Ta-
ble 1), is mostly CO,, a gas that on Earth
mainly resides in the crust as carbonates

(4-6). There are probably large additional
quantities of both CO, and H,O in the
polar caps, as well as the soil: ice is stable in
the subsurface at high latitudes, and car-
bonate rocks may be abundant. Parts of
Mars show clear evidence of formerly abun-
dant running water, but liquid water, under
present conditions, will either freeze or
flash into vapor. The vaporization would be
inhibited by a modest increase of surface
pressure, but the surface temperature would
still be too low for liquid water. Some
greenhouse calculations suggest that a CO,
pressure of about 1 bar would raise the
temperature above the freezing point. How-
ever, in recent work, Kasting (6) found that
the temperature was not high enough if the
solar flux is reduced by 30% from the
present value, as it probably was in the early
solar system. Possible remedies are addi-
tional solar heating of suspended dust (cer-
tainly important today), or a modified solar
model, such as the one discussed below.
The original amount of H,O (0.5 to 1 km,
equivalent of 30 bars) has been estimated
from geological evidence (8), for example
the size and number of former stream beds.
Considerable extrapolation is involved, and
the estimates shown in Table 1 are uncer-
tain upper limits. Other studies, stressing
evidence from the high D/H ratio in the
atmosphere, suggest that there are consid-
erably smaller amounts of H,0O and CO,,
unless the reservoirs are completely isolated
from the atmosphere (9).

The noble gases are significant for un-
derstanding of atmospheric evolution be-
cause of the large number of isotopes, the
wide range of mass, and because we can be
reasonably sure that the entire inventory
resides in the atmosphere. The exception is
He, which was omitted from Table 1 be-
cause it escapes, at least from Earth and
Mars, in times short compared with the age
of the solar system. Noble gases cannot be
measured remotely; the data base relies on
mass spectroscopy from probes and landers,
supplemented for Mars by analysis of the

Table 1. Atmospheric compositions of Venus, Earth, and Mars (in parts per million by volume except
for CO, and N, or as indicated). In addition, the Earth's oceans contain the equivalent of 270 bars
of H,O and the crust 53 bars of CO, and C. Estimates for Mars are 30 bars of H,O and 20 bars of
CO, and C.

Total CO, N 36
Planet (bars) (%) (%f) He Ne Ar Ar Kr Xe H,0O D/H
Venus (4) 92 965 35 ~12 7 70 35 0.05 <0.04 30 to 200 0.022
Earth (5) 1.013 0.083 78 52 182 9340 31 1.14 0.087 =3% 1.5 x 1074
Mars (6) 0.006 953 27 <100 25 16000 5 0.3 0.08 <100 9 x 10~*
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rare SNC meteorites, which are widely
believed to be from that planet and to have
preserved a sample of its atmosphere. The
concentrations of noble gases are deficient
relative to solar abundance on Earth, Mars,
and Venus by factors between 1 X 10° and
1 x 108 (Fig. 1).

The D/H ratio is strikingly enriched in
Venus' atmosphere relative to the value in
the Earth’s oceans (the factor is ~150), and
substantially in Mars’ atmosphere. The Earth
value itself (as well as that of Comet Halley
and many meteorites) is enriched by a factor
of 10 relative to the cosmic ratio, 1.65 X
1073 (11). If Halley is representative of the
raw material for planetary water, no addi-
tional enrichment occurred on these planets;
it is also possible that we are seeing the
consequences of some selective escape pro-
cess that is more efficient for H than for D.

The N/"N ratio on Mars is enriched
by a factor of 1.62 compared with that for
Earth (not shown in Fig. 1 or Table 1).
Again, the probable explanation is selec-
tive escape, favoring the lighter isotope,
over the age of the planet.

If the original D/H ratio for all the
planets was cosmic, the current deuterium
enrichments are a factor of 10 for Earth, 60
for Mars, and 1500 for Venus. If the planets
accreted from enriched material such as
that in comets (currently the more popular
hypothesis), these numbers are smaller by a
factor ~10. In either case, there must have
been selective escape from at least Mars and
Venus. An enrichment by a factor of x
requires that the original amount of H was
at least x times the present amount; in the
likely case that some of the D has also been
lost, these factors become even larger. If
there was a rapid blowoff phase, as discussed
in the next section, even more H would be
required, because this process is not efficient
at enriching D. Thus, it is likely that even
Earth has lost a considerable amount of H.

The extreme enrichment of D on Venus
certainly points to loss of almost all the
original H. However, it is impossible to
work back to the actual amount with any
assurance, because of the complicating fac-
tors mentioned above and because even the
present amount is still uncertain. It is even
possible (12) that the current inventory is
not primordial at all but is in steady state
with input from the occasional comet.
However, this extreme view is not widely
held, and the most popular one is that we
see the remnant of a much larger endow-
ment, quite possibly an amount equivalent
to the Earth’s ocean.

The accretion of carbon presents a dif-
ferent puzzle, because no simple common C
compounds (CO,, CO, and CH,) form ices
at the temperatures thought to have existed
in the inner solar system during accretion.
The hydrocarbons, another common class
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of molecule, are much more likely to con-
dense. Although equilibrium thermochem-
ical models of the composition of the solar
nebular gas do not yield such heavier hy-
drocarbons, they are common in nature,
even in an abundant class of primitive
meteorites, the carbonaceous chondrites,
and many nonequilibrium paths to their
formation are known. Carbon might also be
accreted in forms such as graphite and
organic compounds containing O and N as
well as C and H, the simplest example
being formaldehyde H,CO.

At the high temperatures and pressures
likely to have existed during rapid accre-
tion, hydrocarbons and water can react to
produce CO, and H. Because H is likely to
escape, the system is driven in this direc-
tion, and six H atoms or three H, molecules
are produced for each CO, molecule
formed. This is an attractive path to the
production of CO, and of the H needed to
drive a hydrodynamic escape flow.

Evolutionary Processes

Thermal escape. The classic example of an
escape process for light gases is thermal or
Jeans escape, formulated in 1904 (13, 14).
The basic idea is that, above some critical
level now usually called the “exobase,”
atoms in the high-velocity tail of the Max-
wellian distribution must escape if they are
directed upward at or above the escape
velocity, which is 11.2 km/s for Earth. The
exobase level is 500 to 600 km for Earth.
Thermal escape generally explains the ob-
servation that only the most massive bodies
in the solar system have dense atmospheres,
and also that atmospheres are generally
deficient in light atoms such as H and He
(except in the Jovian planets). It does
suggest that heavy gases, and possibly even
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N, should be stable on our moon, and at
the beginning of this century the lack of a
substantial lunar atmosphere was a stum-
bling block to the acceptance of the Jeans
equation. Of course, the objection vanishes
if the moon never had such an atmosphere.
Other loss processes probably dominate, at
least currently.

When examined in more detail, thermal
escape is found to be unattractive as a
mechanism for substantial evolution of an
atmosphere. First, because the escape is from
a level with a low density, the actual quan-
tity of gas that can be processed is rather
small by planetary standards. One remedy
that has been explored is to assume that the
escape took place from a multitude of plan-
etesimal-sized bodies before they accreted
into planets (15). Second, the principal
term in the Jeans equation is e~ CMmATT
where G is Newton’s gravitational constant;
M, r, and T are the planetary mass and the
radius and temperature of the exobase; m is
the atomic mass; and k is Boltzmann’s con-
stant. The noble gases from Ne to Xe cover
a mass range of more than 6 to 1; if Xe
escapes at all, Ne would be gone in a flash.
Figure 1 shows a trend in the right direction,
with lighter elements more depleted than
heavier ones, but the trend is not nearly as
large as the exponential term would predict.

Blowoff and solar evolution. A much more
recent idea is that a rapid hydrodynamic
outflow (or blowoff) of a light gas can carry
along heavier gases at a rate that has a
linear dependence on mass, rather than the
exponential one of the Jeans equation (16).
Likely gases are H or H,, or possibly even
CH,. Substantial quantities of gas can be
processed. The mechanism for loss of heavi-
er atoms is essentially aerodynamic drag,
although it is formulated in terms of a
two-component diffusion equation. Because



all noble gas atoms have nearly the same
diameter, they all experience nearly the
same upward drag. But they also experience
a downward force (their own weight), and
the net force is strongly mass-dependent.
Indeed, for the heavier atoms the drag force
can be smaller than the weight; there is
thus a crossover mass (dependent on the
light-gas flux) above which there is no
escape, although the heavier gases take on
an abnormally large scale height.

Although this theory is straightforward,
the importance of the process depends on
whether the necessary driver flow ever ex-
isted. The H must come from accreted gas
or from water vapor, which can be photo-
dissociated or react with hydrocarbons or
crustal iron. The solar heat to run the flow
must be deposited high in the atmosphere.
The relevant wavelengths are the ionizing
ones less than ~100 nm, which contain ~1
X 1073 of the present solar spectral power.
To drive a suitable flow of H, from Earth or
Venus would require ~100 times as much
short-wavelength radiation, decaying over
a period of a few hundred million years.
This requirement is in excellent agreement
with ultraviolet excesses observed in T
Tauri stars, which are believed to be young
stars similar to the sun at the appropriate
period. One residual concern is that the
radiation might be absorbed by the gas of
the solar nebula before it reaches the plan-
ets. Evidently such absorption is not affect-
ing the observed T Tauri stars, because the
wavelengths in question do reach the
Earth, but one cannot be sure that the same
was true in the early solar system. Another
concern is the requirement for huge quan-
tities of H to drive the process.

Another aspect of solar evolution is that
theories of the sun’s interior predict that its
total output increased by 30% over the past
4.6 x 10° years (17). Thus, Venus may
originally have had a liquid ocean which
later evaporated and was lost. Geological
evidence that both Earth and Mars were as
warm as today, or even warmer, has
prompted the suggestion of strong green-
house warmings to offset the reduced solar
input. Alternatively, in order to explain
the depletion of lithium in the solar atmo-
sphere (18), it has been postulated that the
sun started with about 10% more mass than
it now has and lost this excess by some
unknown process. As a corollary, the solar
flux at the planets would have started out
30% greater than it is today. The duration
of the mass loss is unconstrained; if it was 1
or 2 billion years, the excess flux would
have decayed over the same period, and the
minimum flux would be 85% of the present
value. These ideas are still untested.

Impact erosion. The impact of a planetes-
imal can erode part of the existing atmo-
sphere or add volatiles to it. The balance

depends on the composition of the impac-
tor and on the mass of the growing planet.
Once Earth and Venus had attained nearly
their present masses and escape velocities,
erosion became very inefficient, but Mars
was rather vulnerable (19), and still would
be if the population of impactors had not
essentially died out. The currently reigning
theory of the moon’s origin holds that it is
the result of the impact of a Mars-sized body
with the proto-Earth; among many other
things, this hypothesis neatly accounts for
the extreme lack of volatiles on the moon.
It is also speculated that the Earth itself
would have lost all the atmosphere it had at
the time, but quantitative models are lack-
ing. Mercury also may have been complete-
ly disrupted by a large, late collision (20);
most of the fragments (but not the vola-
tiles) would have then reaccreted, because
all their orbits shared a common point. Such
an event would account for the high mean
density of the planet, without requiring it to
have been generated during accretion.

Once an atmosphere had been eroded, it
could have been resupplied by further ac-
cretion of comets. Owen et al. (21) have
proposed a model of this sort, in which
noble gases are absorbed in cometary mate-
rial formed at about 50 K. It is not clear,
however, that this process can explain the
isotopic structures observed.

Runaway greenhouse. According to cur-
rent ideas of accretion, Venus should have
originally had an amount of H,O similar to
that now on Earth, often referred to as an
“ocean” although it may not have been in
liquid form. Because Venus receives about
twice as much solar heat as the Earth, the
humidity of its atmosphere would have
been correspondingly greater, and so would
the greenhouse warming. There is a critical
value of the solar flux above which the
ocean evaporates completely into the atmo-
sphere, because there is a positive feedback
between the enhanced humidity and the
greenhouse warming of the surface. This
situation is called a “runaway greenhouse”
(22). The idea is made all the more plausi-
ble because today Venus exhibits a huge
greenhouse warming, which generates a
surface temperature of 750 K and is sus-
tained by CO, with help from some minor
constituents (including a remaining trace of
H,0). Evaporation of Earth’s ocean would
give an atmosphere containing 270 bars of
steam. Water molecules in such an atmo-
sphere would be rapidly photolyzed into H
and O, and the H would rapidly escape
accompanied by a much smaller escape of
deuterium. If there was once enough H,0,
there is little doubt that a runaway would
have occurred on Venus, although it could
have been delayed until the total solar
output had risen somewhat from its initial
low value.
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Crustal and biological interactions. The at-
mosphere, oceans, and crust interact strong-
ly on Earth at present, and the interaction is
strongly influenced by living organisms. Pro-
cesses include evaporation, precipitation,
erosion, subduction, volcanism, fumarolic
activity, photosynthesis, metabolism, decay,
and combustion. On Mars far more volatiles
are probably segregated in or on the crust
than in the atmosphere. The hot surface of
Venus presumably keeps everything in the
atmosphere but also facilitates chemical re-
actions; for example, if large amounts of H
have escaped, the corresponding O must
have reacted, probably with minerals con-
taining iron or ferrous oxide.

Nonthermal loss. All the processes dis-
cussed so far involve neutral molecules and
atoms in a Maxwellian energy distribution,
generally called “thermal.” The upper parts
of an atmosphere (and the entire atmo-
spheres of Mercury and the moon) are
partially ionized, by the agency of solar
photons with wavelengths generally below
100 nm. These ions are often suprathermal,
and their interactions can produce supra-
thermal neutral atoms as well [the word
“nonthermal” is often used]. At the moon,
ions are swept away, or precipitated to the
surface as soon as they are produced, by the
solar wind. Elsewhere, their motions are
controlled by local magnetic fields, and
they tend to be confined near their point of
production, except in special regions such
as those near the Earth’s poles where the
field lines are open (connected to interplan-
etary space). A substantial outflow of pro-
tons, the polar wind, occurs here. A num-
ber of processes are important in transfer-
ring energy to neutral atoms (14, 23); two
prominent ones are charge exchange and
dissociative recombination. An example of
charge exchange is transfer of an electron
between a proton and a neutral H atom to
exchange identities but not (in most cases)
the energies. Thus, a hot proton is convert-
ed to a hot H atom. In dissociative recom-
bination, an electron and a molecular ion,
for example N,* or O,*, produce two fast
atoms. Because gravitational separation en-
riches the upper parts of an atmosphere in
lighter isotopes, both processes indirectly
favor their escape, even though the veloc-
ities are not strongly dependent on mass.
As for thermal escape, these suprathermal
processes are limited to modest quantities of
gas; nevertheless, they can be important for
minor constituents, such as N and O at
Mars and H at Venus and Earth.

Another process involving ions pertains
to Venus and Mars, which lack a significant
intrinsic magnetic field (24). These planets
possess a boundary, the ionopause, that
separates the bound ionosphere from an
outer region in which the solar wind is
diverted and flows around and past the
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planet. This region still contains some neu-
tral gas, and if such atoms are ionized by
solar photons or electron impact, they are
swept up in the flow. Some of these ions
can reimpact the upper atmosphere with
enough energy to remove additional atoms.
Study of this field is still in its infancy, but
there are suggestions that the process is
significant for loss of O from both Mars and
Venus.

Diffusion limit. Under certain circum-
stances, the escape flux of a light, minor
element is limited by the rate at which it
can diffuse through the upper atmosphere
(13, 14, 25). Hydrogen on Earth is an
excellent example. Its mole fraction in the
stratosphere and above (~13 ppm) is most-
ly controlled by the cold trap at the
tropopause, which causes ice particles to
precipitate. The H must diffuse through the
lower thermosphere (just above 100 km),
and the flux cannot be greater than the
value obtained by the assumption that the
partial pressure at the top of the atmosphere
is zero. The actual pressure is not quite zero,
and the actual flux is slightly less than the
diffusion-limited value.

Early Evolution

We have little surviving evidence of how
atmospheres may have evolved during the
early period when accretion was ongoing.
Many of the impacting bodies probably had
a substantial content of frozen volatiles and
occluded gases. They might have been
deeply buried, for large objects, or released
directly to the atmosphere, for smaller
ones. Buried volatiles were degassed, except
for a remnant, some of which is still appear-
ing. If the accretion rate and the volatile
content were large, the released heat could
have been confined by the greenhouse ef-
fect to the extent that the surface rocks
actually melted (26). Large impacts have
the potential of eroding part of the atmo-
sphere, and the competition between accre-
tion and erosion can lead to a steady-state
atmosphere (26). Erosion is unimportant
for bodies as large as Earth and Venus, but
may have been important on Mars. A Mars
model (19), based on the best estimates of
the meteoroid flux in the early solar system,
shows that the entire atmosphere should
have been stripped away. If the impactors
had been assumed in this study to contain
volatiles, it presumably would have found a
steady, finite atmosphere.

Blowoff and mass fractionation of noble
gases and their isotopes probably occurred
in the same early period when, as men-
tioned above, the ultraviolet output of the
sun was greatly enhanced. These processes
have been discussed in great detail by Pepin
(10) for Venus, Earth, Mars, and the parent
body of the carbonaceous chondrites (pre-
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Table 2. Times of various events in Model |l of
Pepin (70) for the blowoff fractionation of noble
gases in the atmospheres of Venus, Earth, and
Mars. All times in millions of years from the time
the sun reached the main sequence. The last
line shows the required amount of H,O or
equivalent H, in oceans, defined as 270 kg
cm=2,

Time point Venus Earth Mars
Start 50 50 50
Outgassing 97 297
Veneer 205 205
Finish =306 209 327
H,O (oceans) 88 34 47

sumably a large asteroid that has since been
disrupted). In one scenario (Table 2),
blowoff started 50 million years after the
sun finished contracting into a stable state;
at this start time the nebular gas is assumed
to have been cleared out so that the solar
extreme ultraviolet radiation could reach
the planets. The numerical value of the
blowoff rate, and the crossover mass above
which there is no escape, are proportional
to the solar flux at the object and inversely
proportional to its mass and the cube of its
radius. Thus, as the solar output falls, the
loss of the heavier gases cuts off at a differ-
ent time for each planet. After blowoff had
proceeded for 97 million years, Earth out-
gassed a fresh supply of noble gases, having
an elemental composition characteristic of
absorption in nebular grains; 200 million
years later the same thing happened on
Mars. At 205 million years, Venus and
Earth received a veneer of material contain-
ing C and N, resembling E [enstatite] chon-
drites. The finish times, when the solar
output fell below the threshold, occur after
a few hundred million years (Table 2).

The hydrogen required to drive the
blowoft, if expressed as water, is as much as
88 oceans (multiples of the present Earth
ocean; Table 2). It is likely that at least
some of the hydrogen was present as H, or
H atoms in the primitive atmospheres, or as
a component of hydrocarbons that were
oxidized. Although the masses are large,
they are still less than 3% of the total
planetary masses, modest by the standards
of satellites in the outer solar system (and
Pluto), which contain around 50% ices.

Scenarios based on fractionation in hy-
drodynamic escape, of which Table 2 rep-
resents one example, have the striking abil-
ity to account for all the observed atmo-
spheric systematics in the inner solar sys-
tem. They are certainly not unique, and
will certainly be refined as new knowledge
accumulates. Pepin (10) pointed out some
crucial tests, notably improved measure-
ments of noble gases on Venus, with em-
phasis on isotope ratios.

A slightly less successful approach to the
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same questions has been made by Donahue
(15), who noted that thermal escape could
process planetary quantities of gas if it
occurred on growing planetesimals instead
of nearly complete planets. This scheme
accounts for the elemental ratios of Ne, Ar,
and Kr and the isotopic ratios of Ne, but
not for the Kr/Xe ratio nor the isotopic
ratios of these elements.

Mass fractionation in blowoff has almost
no effect on the D/H ratio, unless the flux is
in the neighborhood of the threshold for
carrying mass 2 (or 3 if the major form is
HD). The large observed effects, if not
primordial, probably originated during later
evolution.

Later Evolution

Venus. Many of the differences between
Earth and Venus can be traced to the
near-total lack of water on the latter. Al-
though Venus may never have had much
water in the first place, the success of the
blowoff scenario discussed above points to a
large initial endowment. Blowoff stops
when H is no longer the dominant atmo-
spheric constituent, either because it is
nearly exhausted or, as on Earth, because it
is condensed into oceans. Such condensa-
tion would not occur on Venus with the
contemporary solar input, but might have
occurred for one billion years or so, if the
total output of the sun was really lower early
in its evolution. Even after blowoff stops,
the escape flux of H by other processes
remains large, and the water abundance is
eventually reduced to its present value or
even lower. The results of such a calcula-
tion (27) are summarized in Fig. 2. H atoms
and molecules of H, and H,O are regarded
as interchangeable. It is assumed that there
is no barrier (such as cloud formation and
precipitation) that would keep the H out of
the upper atmosphere. For H mixing ratios
above a percent or so, we see the last phases
of blowoff or hydrodynamic escape (28).
From that time on, the dominant loss pro-
cess is probably charge exchange with hot
protons; Jeans escape from Venus was neg-
ligible unless the exospheric temperature
was much higher than it is now. Under
present conditions (arrow at 2 X 1076
mixing ratio) H atoms are concentrated in a
nightside bulge, and this is where most of
the exchange reactions occur. If there is
much more H, the action shifts to the day
side, and the loss rate is limited by the total
rate of production of H ions. Needless to
say, estimation of past rates of poorly un-
derstood processes is fraught with uncer-
tainties. Nevertheless, the envelope of es-
cape rates runs moderately close to the
diffusion limit (dashed line), which con-
trols the present loss rates from Earth and
Mars.
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Fig. 2. Evolution of the H escape flux from
Venus. The independent variable is the mixing
ratio by number (mole fraction) of H, expressed
in terms of H atoms. Time runs implicitly from
right to left; the present is shown by the arrow at
~2 ppm. The hydrodynamic or blowoff phase is
succeeded by charge exchange, first on the
day side and more recently the night side, and
finally supplemented by ejection by impact of
fast O atoms. [Modified from (25)]

The processes summarized in Fig. 2 are
easily able to remove all the H in an
equivalent ocean, and can lead to less water
and an even greater enrichment of deuteri-
um than are observed. The likely explana-
tion is a modest, continual supply of juve-
nile water, either degassed from the interior
or from occasional comet impacts (12). An
ocean-equivalent amount of H,O could
have been present, but existing data are
also consistent with a considerably smaller
endowment.

The blowoff phase can remove at least
part of the O from dissociated H,O. The
rest must have reacted with iron in the
crust, and also with any hydrocarbons and
CO that might have been present. The
necessary rate of turnover of fresh surface
once seemed to be a serious barrier but is
much more plausible in light of the radar
results from Veneras 15 and 16 and Magel-
lan, which show widespread geologically
recent volcanism (29).

Mars. On both Earth and Mars, H is
strongly inhibited by freezing and precipita-
tion from reaching the exobase and escap-
ing. The effect is usually called “cold trap-
ping” by analogy with high-vacuum prac-
tice. The total loss over geologic time at the
current rate happens to be nearly the same
for both planets and is equivalent to the H
in ~2 m of liquid. Oxygen is lost from Mars
at just half the rate for H; in other words,
water is escaping in pieces. This equality is
maintained by a feedback process in the
atmospheric chemistry near the surface,
which modulates the amount of H, that

carries H to the escape level (30). The
principal loss process for O is dissociative
recombination of O,*, but the exchange-
able reservoir must be large, because the
isotopic signature is small and not easy to
comprehend (31).

On the other hand, both N and H show
strong enrichments of the heavier isotope, a
factor of 1.62 in the N/“N ratio and a
factor of 6 in the D/H ratio, if Earth is the
standard (9, 31), or 60 relative to cosmic
abundances. Selective loss of 1N occurs by
suprathermal processes, including dissocia-
tive recombination of N,*. Early studies
(32) derived an initial abundance of N,
between 1.3 and 30 mbar, and concluded
that it must have been degassed early in
planetary history. More recent work (33)
finds too large an enrichment, unless the
degassing was relatively recent. In any case,
all but the present 0.08 mbar has been lost.

There are strong reasons to believe that
Mars once had much more atmospheric
CO, and H,O than it now has, although
perhaps not as much as shown in Table 1.
(Impacts, which may have eroded even
larger amounts, operated at an earlier peri-
od.) The missing quantities are probably
absorbed or exist as carbonates and hydrates
in the soil. The visible polar caps are
thought to contain relatively small quanti-
ties. One view of carbonate formation (34)
suggests that liquid water is necessary, at
least for brief periods, to make the reaction
go at a significant rate. Thus, carbonate-
forming reactions would stop as soon as the
atmospheric pressure fell below the triple-
point pressure of water, below which liquid
cannot be stable. Curiously, and perhaps
significantly, this is close to the current
mean pressure. More recently it has been
proposed (35) that Mars may have had
several episodes of high atmospheric pres-
sure, warm conditions, and substantial pre-
cipitation of rain and snow, with a north
polar ocean and southern glaciers. The
latest episode is suggested to be Amazonian
in age, an era estimated to have been
somewhere between 2 and 0.5 Ga. Al-
though the cited geological evidence is
fairly strong, there remains the serious ques-
tion of what could cause such a massive
degassing. The suggested trigger (35) is
widespread volcanism, some of it subsurface
and accompanied by strong hydrothermal
circulation, somewhat resembling processes
in midocean ridges on the Earth. The CO,
pressure would rise to a few bars, and the
amount of water released would be equiva-
lent to a global layer a few hundred meters
deep, about one tenth of Earth’s current
ocean. After an uncertain time estimated at
a few million years, water would seep back
into the porous soils and lavas, the CO,
would also be removed, and conditions
resembling the present would be restored
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until the next episode.

Mercury and moon. The stability of
heavier gases on Mercury and the moon
against thermal escape depends on the ex-
ospheric temperature, which even now is
almost impossible to calculate a priori. At
the surface temperature, N, is stable on
Mercury and marginally so on the moon.
However, nothing could be detected until
the ultraviolet spectrometer on the Mercury
flyby Mariner 10 observed airglow emissions
from H and He, with a marginal indication
of O (36). Mass spectrometers landed on
the moon as part of the Apollo program
detected Ar and possible Ne, but H and He
were not detected by a sensitive orbiting
airglow experiment (37). Only a few years
ago came the discovery of intense Na and K
airglows on Mercury (38), followed still
more recently by similar discoveries on the
moon, where the intensities are much
smaller (39). There is no doubt that all
these constituents are transient; H and He
escape thermally, and all atoms are rapidly
photoionized on time scales of hours to a
few weeks. Ions have a totally different
spectral signature from their parents, and in
general are not detectable optically. More-
over, they leave the atmosphere quickly
because they are accelerated by a strong
motional electric field that exists in the
solar wind when viewed in a slow-moving
reference frame.

The most reasonable sources for all the
observed atoms are degassing and meteoroid
impact. Implantation of H and He from the
solar wind are also important, but subse-
quently released H may be in the undetect-
able molecular form. Atoms already on the
surface can be released by ion sputtering
and photo-sputtering, but these processes
deplete the surface layers so fast that they
must be replenished by one of the others, or
by recycling of ions. There is still a spirited
debate on the relative importance of the
various processes on the two bodies.
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Atmosphere

Kasting

Ideas about atmospheric composition and climate on the early Earth have evolved consid-
erably over the last 30 years, but many uncertainties still remain. It is generally agreed that
the atmosphere contained little or no free oxygen initially and that oxygen concentrations
increased markedly near 2.0 billion years ago, but the precise timing of and reasons for its
rise remain unexplained. Likewise, it is usually conceded that the atmospheric greenhouse
effect must have been higher in the past to offset reduced solar luminosity, but the levels of
atmospheric carbon dioxide and other greenhouse gases required remain speculative. A
better understanding of past atmospheric evolution is important to understanding the evo-
lution of life and to predicting whether Earth-like planets might exist elsewhere in the galaxy.

A review paper on the subject of Earth’s
early atmosphere must, of necessity, be
incomplete. A book, or perhaps several
books, would be required to do justice to
the topic. Here, I focus on four particular
subtopics: formation of the atmosphere and
ocean, the prebiotic atmosphere, long-term
climate evolution, and the rise of O, levels.
Each of these subtopics has seen an influx of
new ideas over the past several years, al-
though it would be presumptuous to claim
that any of them are well understood as a
result. To further limit the scope of this
review, [ restrict my discussion to the Pre-
cambrian Era, that is, the period before
~540 million years ago. Fluctuations in
atmospheric CO, and O, levels have almost
certainly occurred since that time (1), but
these are second-order perturbations by
comparison to the changes that took place
earlier.

Formation of the
Atmosphere and Ocean

Theories for how the atmosphere and ocean
formed must begin with an idea of how the
Earth itself originated. We are now reason-
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ably certain that the terrestrial planets
formed by accretion of solid materials that
condensed from the solar nebula (2). Any
primary, captured atmosphere (if one existed
at all) must have been lost, as evidenced by
the pronounced depletion of rare gases in
Earth’s atmosphere compared to cosmic
abundances (3). The present, secondary at-
mosphere was generated from volatile com-
pounds contained within the solid planetes-
imals from which the Earth formed. Thirty
years ago, it was believed that the Earth
formed relatively slowly, with a cold interi-
or, and that most of its volatiles were origi-
nally trapped inside the planet (4, 5). As
time passed, the Earth’s interior was heated
by radioactive decay, and the trapped gases
were gradually released by volcanic outgas-
sing. These volcanic gases would have been
highly reduced [containing H,, methane
(CH,), and ammonia (NH;)] until the
Earth’s core formed, after which time they
would have been similar to modern volcanic
gases (containing H,O, CO,, and N,, with
traces of H, and CO) (5).

More recent models of planetary accre-
tion (6-8) suggest that the Earth formed in
10 to 100 million years and that its interior
was initially hot as a consequence of large
impact events, including one that may have
formed the moon [see papers in (9)]. The






