
was determined in four rocks and 16- 
day 48V in six rocks. The concentration 
of 48V was well correlated with the Ti 
concentration of the rocks, as would be 
expected if most of the 48V was pro- 
duced ,by solar-flare protons through the 
48Ti;(p,n) reaction. From the 48V con- 
tent of rock 12062, which appeared to 
have been buried, we inferred a yield 
from galactic proton ibombardment of 
about 40 ? 20 disintegrations per min- 
ute (dpm)/kg Fe. 

As shown in Table 1, we determined 
48V quantitatively in the first two Apollo 
15 samples received, 15016 and 15101. 
However, the results on 15016 were 
superior because weak components of 
the gamma-ray spectra of mare basalts 
suffer less interference from the Th and 
U decay series than do the spectra of 
lunar soil and breccia. The concentra- 
tion of 48V in 15016 leads to a galac- 
tic production rate for 48V of 
57 + 11 dpm/kg Fe, based on 
an FeO concentration (11) of 22.6 per- 
cent. This result agrees well with our 
earlier estimate of 40 ? 20 dpm/kg Fe, 
within the experimental errors, and with 
the value 90 + 45 dpm/kg determined 
by Honda and Arnold (12) for the yield 
of 48V in the iron meteorite Aroos. 

Although no intense solar flare di- 
rectly preceded the Apollo 15 mission, 
77.3-day 56Co was detected in some of 
the samples. Since 56Co is lalmost totally 
produced Iby solar-flare protons through 
the 56Fe(,p,n) reaction, the 56,Co de- 
tected in Apollo 15 samples was pro- 
duced in the solar flare of 25 January 
1971. No measurements of the intensity 
of this flare have been published, but a 
comparison of the present 56Co concen- 
trations with those of the Apollo 12 
samples (3) suggests that the flare of 
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spheric pressure at the surface of Mars 
is about 5 mb and that the atmosphere 
is composed mainly of CO2, with trace 
amounts of H20 and CO (1). We ex- 
pect significant amounts of 02 and O3, 

produced as photochemical by-products 
of CO2. Nitrogen is surprisingly rare. 
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25 January 1971 was approximately 30 
percent more intense than the well- 
characterized event of 3 November 
1969. 
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Analysis of data from -Mariners 6 and 7 
suggests an upper limit on the mixing 
ratio, of N2 relative to CO2 (by volume) 
of 5 percent but indicates that the 
probable abundance is much less than 
this value (2). The outer atmosphere 
contains small amounts of atomic hy- 
drogen, carbon, and oxygen (2a), and the 
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ratio, of N2 relative to CO2 (by volume) 
of 5 percent but indicates that the 
probable abundance is much less than 
this value (2). The outer atmosphere 
contains small amounts of atomic hy- 
drogen, carbon, and oxygen (2a), and the 

planet is losing hydrogen by thermal 
evaporation at a significant rate, about 
108 atoms cm-2 sec-l (3). Some im- 
plications of these data regarding the 
possible evolutionary history of Mars 
are discussed in this report. 

The escape rate of H, inferred from 
the Mariner data, is particularly signifi- 
cant. The escaping atoms are supplied 
at the expense of atmospheric water, 
dissociated by sunlight near the martian 
surface at an average rate of about 109 
molecules cm-2 sec-l. According to 
Hunten and McElroy (4), H20 is re- 
formed at the surface with an efficiency 
of about 90 percent, and approximately 
10 percent of the H20 dissociation 
events lead to formation of H2. The 
escaping atoms are produced by re- 
actions involving H2, notably 

0(1D) + H2 -->OH+H 
CO02+ {2 -> CO2H+ + H 

CO02H + e -> CO2 + H 

and photodissociation 

hv+H2-H + H+H 

To a good approximation, the escape 
flux of H is proportional to the abun- 
dance of H2. Hunten and McElroy 
estimate 'a mixing ratio, H2 to CO2, of 
order 10-6. 

Integrated over the age of the planet, 
about 5 X 109 years, the present escape 
rate of H would imply a loss of H 
equivalent to about 1025 molecules of 
H20 per square centimeter of martian 
surface, enough to supply a surface 
pressure of H20 equal to about 0.1 
atm. By way of comparison, the total 
amount of H20 evolved by Earth over 
geologic time corresponds to an average 
column density of 1028 molecules cm-2 
(5). If O atoms released on Mars by 
H2O photolysis and differential escape 
of H were to remain in the atmosphere 
they would supply an abundance of 02 
equal to the present observational limit 
in less than 105 years. We shall argue 
that the excess O is in fact lost to inter- 
planetary space, the escape energy 
being supplied to O atoms in the exo- 
sphere by dissociative recombination of 
molecular ions. 

The martian ionosphere, first de- 
tected by Mariner 4 (6), is produced by 
photoionization of CO2. Its chemical 
composition is determined by competi- 
tion between 
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The martian ionosphere, first de- 
tected by Mariner 4 (6), is produced by 
photoionization of CO2. Its chemical 
composition is determined by competi- 
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C02.+ 0 -> 02+ + CO C02.+ 0 -> 02+ + CO (1) (1) 
and and 

CO2+ + e -- CO + 0 CO2+ + e -- CO + 0 (2) (2) 
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They appear to play a crucial role in the evolution of the martian atmosphere. 
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restrial values, although absolute rates for Mars are lower by a factor of 103. Nitro- 
gen is a trace constituent, less than 1 percent, of the present martian atmosphere. 
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Reaction 1 is more efficient below about 
250 km. Consequently O2+ is a major 
component of the martian ionosphere 
(7, 8). It is removed by 

02++e -- O+O (3) 
If we specify the internal states of 

product species we may readily deter- 
mine their kinetic energy. Reaction 2 
leads to production of CO with 3 ev 
and O with 5.3 ev if both species are in 
their lowest internal energy states. Like- 
wise reaction 3 can provide each of the 
product 0 atoms with as much as 3.5 
ev in kinetic energy. Experimentally we 
know that the preferred path for reac- 
tion 3 favors production of one atom 
in the metastable 1D level (9). The 
kinetic energy of O is consequently 
reduced to 2.5 ev. 

Oxygen atoms can escape Mars if 
their energy exceeds 1.99 ev, and the 
comparable values for CO, C, and N 
are 3.49 ev, 1.49 ev, and 1.74 ev, re- 
spectively. Evidently O atoms produced 
in the exosphere by reactions 2 and 3 
can escape if their velocity vectors are 
oriented in the upward hemisphere. 
Nitrogen atoms produced by 

N2,+ e - N +N (4) 
and C atoms formed by 

CO- + e -> C + O 

can also escape. Their energies, again 
assuming ground state products, are 
2.91 ev and 1.66 ev, respectively. 

A model for the upper martian atmo- 
sphere, consistent with the Mariner 
data (8), is illustrated in Fig. 1. The exo- 
spheric temperature is 365?K, and fol- 
lowing Brinkmann (10), we assume that 
the exosphere is at 200 km, and that 

250 

C02 
200- 

CoON2 

\CO 

I 2o\ 

CO, is the dominant exospheric con- 
stituent. A compatible model for the 
ionosphere is given in Fig. 2. As noted 
above, 02 + is the dominant constituent. 
The densities of O+, N.+, and CO+ 
are limited by the reactions 

O+ + CO + CO 
N2 + CO - N2 + CO2+ 

and 

CO + C- CO - + CO - C2 (5) 

We adopted rate coefficients consistent 
with recent laboratory data (11). 

The computed escape rate for O is 
6 X 107 atoms cm-2 sec-1, averaged 
over the martian surface. This value is 
equal to approximately half the CO2 
ionization rate in the sunlit exosphere. 
We assumed that atoms are emitted 
with equal probability in the upward 
and downward hemispheres and al- 
lowed an additional factor of 2 to ac- 
count for the absence of escaping atoms 
on the night side of the planet. The 
computed escape rate of O can balance 
an escape rate of H, produced ulti- 
mately from H20, equal to 1.2 X 108 
atoms cm-2 sec-1. This result is in 
excellent agreement with the number 
derived by Anderson and Hord (3) on 
the basis of measurements of airglow at 
Lyman a performed by Mariners 6 and 
7. 

The agreement, though unexpected, 
is scarcely fortuitous. We would argue 
that loss of H is in fact regulated by 
nonthermal evaporation of 0. Any 
imbalance should lead to a rapid in- 
crease in either atmospheric CO or 
0. with a consequent change in the 
oxidation state of the atmosphere. Ex- 
cess CO will be oxidized at the expense 

of photochemical products of H2O. Dis- 
sociation of H20 should lead therefore 
to a larger net yield of H2 and con- 
sequently H. Similarly H20 will be 
re-formed more efficiently in the pres- 
ence of excess 02, and the net yield of 
H2 and H should be less in this case. 
Molecular hydrogen acts as a powerful 
buffer which supplies escaping atoms 
at precisely the rate required to main- 
tain the present chemical balance of the 
atmosphere. The buffer is relatively 
stable. The time constant associated 
with H2 is about 103 years (4) in con- 
trast with the rather short time con- 
stants, 2 years, associated with CO and 
02 (12). 

Nitrogen loss by reaction 4 is also ef- 
ficient. With an assumed mixing ratio of 
10-2 for N2 in the lower atmosphere we 
calculate an average escape rate for N 
atoms equal to 3 X 105 cm-2 sec-1 
(13). If we make the foregoing as- 
sumptions, the atmosphere would lose 
essentially all its nitrogen in less than 
5 X 100 years. If we assume that the 
atmosphere evolved by rapid outgassing 
at an early phase in the planet's history, 
the time evolution of the N2 mixing 
ratio, p, will be given by 

p(t) =poexp ( 4.5 X t) 

Here Po is the initial value of the mix- 
ing ratio, N is the total column density 
of CO2 (cm-2), and t is elapsed time 
measured in years. Taking N = 
2 X 1023, its present value, we find that 
the N2 mixing ratio will be reduced by 
a factor 105 in 5 X 109 years, because 
of recombination escape. On the 
other hand, if outgassing occurred at a 
steady rate over geologic time, then 

IL . . X 1 . . I I . . I I i i .l . 2 _ 0 10 03 04 
107 108 109 10'? Number density 

Number density (cm-3) 

Fig. 1 (left). Number densities of C02, N2, 0, CO, and 02. The turbopause is at 90 km, and the mixing ratio of N2 in the lower 
atmosphere is 1 percent. Fig. 2 (right). Model for the martian ionosphere. The solar zenith angle is taken as 27?. 
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dynamic equilibrium would imply a 
mixing ratio approximately equal to 10 

percent of the ratio of outgassing rates, 
N, to CO2. If we adopt Rubey's (5) 
classic estimate for this ratio on Earth, 
3 X 10-2, and assume that it applies 
also to Mars, we estimate that the 

present mixing ratios of N2 should be 
about 3 X 10-7, with rapid outgassing, 
or 3 X 10-3 if outgassing occurred at 
a slow uniform rate (14). 

Recombination of exospheric CO+ 

supplies an escape rate of C equal to 
1.5 X 105 atoms cm-2 sec-1. In 
5 X 10' years this loss would reduce 
the present CO2 level of the atmosphere 
by about 10 percent. It is instructive to 
consider alternate escape mechanisms. 

We note the following processes 

h + CO2->C+O + O (6) 
h + CO - C + O (7) 

e +CO2-> e + C + O+ (8) 

e+ CO->e+C+ O (9) 

The hot electrons in reactions 8 and 9 
are supplied by photoionization of CO2. 
The rates for reactions 6 to 9 may be 
characterized by first-order rate coef- 
ficients, J6-_. From the data developed 
by McElroy and McConnell (7), the 

following values (sec- ) can be esti- 
mated for production of C, with suf- 
ficient energy to escape from Mars: 

J, = 1.4 X 10-9; J7 = 5.4 X 10-8; 

J = 1.7 X 10-9; J, = 5.0 X 10-s 

The net escape rate is 6 X 105 atoms 
cm-2 sec-1 with approximately equal 
contributions from CO and CO02. The 
contribution from CO2 could be some- 
what larger if significant numbers of 
atoms were produced in their ground 
states (7). Combining contributions 
from reactions 5 to 9, we calculate 
that the net loss of C in 5 X 109 years 
would be equal to 50 percent of the 
C now present as CO2. 

Dissociative recombination of CO2+ 
according to 

CO02 + e -->C +02 

can also supply escape energy to C 
atoms. Its rate coefficient is unknown, 
however. If we adopt the upper limit 
estimated by McElroy and McConnell 
(7), 10-8 cm3 sec-1, we calculate as- 
sociated C loss equal to 4 X 105 atoms 
cm-2 sec-. 

Additional escape mechanisms have 
been discussed: Brinkmann (10) first 
drew attention to the possible role of 

photochemistry. He concluded that pre- 
dissociation of N2 could provide a 

significant flux of N atoms. His calcula- 
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tion suggests an escape rate equal to 
about 30 percent of the rate derived 
here. He mentioned the possible role of 
dissociative recombination but did not 
offer any estimates for its efficiency. 
Cloutier et al. (15) discussed the pos- 
sible role of solar wind as a scavenging 
agent for atmospheric gas near the 
limbs of the planet. Photoions, pro- 
duced near the planetary limbs, would 
be swept up by the v X B electric field 
generated by the impinging wind. This 
process may be assumed to be effective 
above about 250 km. The consequent 
escape of CO, could be as large as 
5 X 10 molecules cm-2 sec-1, and 
the corresponding escape rate for N 
would be 4 X 107 p cm-2 sec-1 where 
p is the mixing ratio of the N2 in the 
lower atmosphere. The solar wind could 
be comparable to dissociative recom- 
bination as a sink for N. 

It is of interest to compare the rela- 
tive outgassing rates for H20 and CO2 
on Mars with values for Earth. The 
outgassing ratio of H20 to CO2 (mea- 
sured in numbers of molecules) is 45 
for Earth (5). If we assume that all 
of the C that has entered the martian 
atmosphere during the past 5 X 10? 
years is still present, mostly as CO2, and 
further assume that the present rate of 
H escape provides a measure of the 
rate at which H2O has entered the 
atmosphere over the same period, then 
the ratio of H20 to CO2 evolved on 
Mars is also about 45. The various 
escape mechanisms for C could reduce 
the martian ratio by about a factor 
of 2. 

In summary, dissociative recombina- 
tion of 02+ in the martian exosphere 
provides an escape flux of O which 
balances thermal evaporation of H, 
produced at the expense of H20. This 
balance is a necessary consequence of 
water photochemistry. Dissociative re- 
combination of exospheric N2+ insures 
that N2 should be a minor constituent 
in the present martian atmosphere. A 
measurement of its abundance should 

provide important clues as to the mode 
of outgassing, whether it proceeded 
rapidly at an early phase in the planet's 
history or slowly over geologic time. 
The relative outgassing rates for H20 
and CO2 on Mars are comparable with 
relative rates for Earth. However, the 
total amount of H2O evolved per unit 
surface area of Mars is less than that 
for Earth by a factor of 103. 

The chemically induced escape mech- 
anisms discussed above are not im- 

portant for Earth and Venus. The 

escape velocities for these planets are 

11 km sec-1 and 10 km sec-1, respec- 
tively, and escape energies are con- 

sequently about four times larger than 
values discussed here for Mars. Chemi- 
cally induced escape will, however, play 
some role for Mercury and the moon. 

MICHAEL B. MCELROY 

Center for Earth and Planetary 
Physics, Harvard University, 
Cambridge, Massachusetts 02138 
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