
mately 50 percent of the primary peak. 
The residual exhibits a scale height simi- 
lar to N2, and is tentatively attributed to 
NO. 

The enrichment in 15N may arise as a 
result of preferential escape of 14N from 
the upper atmosphere. Diffusive separa- 
tion above the turbopause will act to en- 
rich the upper atmosphere in 14N. Es- 
cape proceeds by production of fast ni- 
trogen atoms in the exosphere, either 
through dissociative recombination of 
N2+ (5), or through electron impact dis- 
sociation of N2 (6). A relatively simple 
analysis should suffice to define a lower 
bound to the initial abundance of N2 (7). 

We introduce a parameter R to in- 
dicate the extent to which the exosphere 
may be depleted in 15N owing to diffusive 
separation at lower altitudes: 
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some past time must have contained an 
abundance of N2 equivalent to a partial 
pressure of at least 2 millibars. 

A similar analysis for the oxygen iso- 
topes would imply an exceedingly large 
source of oxygen (6). An enrichment of 
less than 3 percent in 180 would require 
exchange between the atmosphere and a 
subsurface reservoir, either CO2 or H20, 
which must contain an abundance of 
these compounds equivalent to an atmo- 
spheric pressure of at least 2 bars. 
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where fc(t) denotes the mixing ratio of 
15N relative to 14N at the exobase in the 
present atmosphere-that is, at time t, 
with fo(t) the analogous quantity for the 
bulk atmosphere. The parameter R is a 
function of the value assumed for the ed- 
dy diffusion coefficient in the upper atmo- 
sphere, as discussed, for example, by 
McElroy and Yung (7). The enrichment 
of the present atmosphere in 15N with re- 
spect to its initial condition is given by 
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Viking measurements showing that the atmosphere is enriched in 15N. The enrich- 
ment is attributed to selective escape, with fast atoms formed in the exosphere by 
electron impact dissociation of N2 and by dissociative recombination of N2. The ini- 
tial partial pressure of N2 should have been at least as large as several millibars and 
could have been as large as 30 millibars if surface processes were to represent an 
important sink for atmospheric HNO2 and HNO3. 
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and it may be readily shown that: 

(t) = [.[(O)/. '(t)]'- R (3) 

where JA(0) denotes the initial abundance 
of N2, and a'(t) indicates the present 
abundance. The relation given by Eq. 3 
assumes an initial reservoir of N2 which 
is modified by subsequent escape. It as- 
sumes, explicitly, a passive role for the 
surface and ignores therefore the possi- 
bility that nitrogen might be incorporated 
in surface minerals, as discussed, for ex- 
ample, by Yung et al. (6). A surface sink 
would lead to a smaller value for f(t) or, 
equivalently, it would imply a larger val- 
ue for ,V(0) corresponding to any particu- 
lar choice of 6(t). 

Values for ,/V(0) are shown in Fig. 2, 
for several values of the enrichment fac- 
tor 6(t), as a function of the magnitude 
for the eddy diffusion coefficient in Mars' 
upper atmosphere. The Viking results ap- 
pear to indicate a diffusion coefficient 
near 108 cm2 sec-1, consistent with pre- 
vious analyses (8). We assume that f(0) 
should have a value equal to that for 
Earth, a reasonable assumption in view 
of results noted earlier for the isotopes of 
carbon and oxygen. It would be difficult 
to escape the conclusion that Mars at 
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Nitrogen accounts for about 2.5 per- 
cent of the present martian atmosphere 
(1). It is clear, however, that the concen- 
tration of nitrogen on Mars must have 
been much higher in the past. The heavy 
isotope, 15N, is enriched in the present at- 
mosphere by about 75 percent relative to 
a terrestrial standard (2). In contrast, the 
relative abundances of oxygen and car- 
bon isotopes on Mars appear to be simi- 
lar to values observed for the earth (1, 2). 
It is hard to escape the conclusion that 
Mars must have lost an appreciable 
amount of N2 to space over the past 
4.5 x 109 years. The initial abundance of 
N2 may have been large enough to pro- 
vide an atmospheric partial pressure of 
at least several millibars (2). 

Escape of nitrogen from Mars may pro- 
ceed by production of fast atoms in the 
exosphere, by either dissociative recom- 
bination of N2+ (3) 

N2+ + e -> N + N (1) 

or electron impact lissociation of N2 (4) 

e + N2--e + N + N (2) 

or predissociation of N2 (5) 

hv + N2-> N + N (3) 
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It appears that the source should be 
dominated by a combination of reactions 
1 and 2. The escape flux due to reaction 1 
will be a fairly sensitive function of the 
value assumed for the partial pressure of 
CO2, since N2+ ions are removed mainly 
by charge transfer to CO2. Loss of nitro- 

gen due to reaction 2 is proportional to 
the mixing ratio for N2, at least for small 
values of this parameter. 

According to Michels (6), reaction 1 
involves production of both N(4S) and 
N(2D) in approximately similar amounts. 
If we assume that ion and electron tem- 

peratures in Mars' exosphere should 
have values near 400?K, we may com- 
pute an average speed for atoms formed 
by reaction 1 of magnitude 4.96 km 
sec-1. The initial velocities for 15N 

should be adjusted by a factor of 0.95 in 
order to allow for the heavier mass of the 
less abundant isotope. The velocity re- 

quired to escape Mars' gravitational field 
from an altitude of about 210 km above 
the planetary surface is 4.68 km sec-l. It 
would appear that the escape rate for 
reaction 1 should have magnitude ap- 
proximately equal to the integrated rate 
for recombination of N2+ above the exo- 
base (7). 
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Fig. 1 (left). Abundance of N2 (in millibars) as a function of time (in units of 109 years). The escape efficiencies for reaction 2 were assumed to be 
0.16, 0.032, and 0.016, respectively. The corresponding enrichment factors at time t = 4.5 billion years are 2.44, 1.90, and 1.63, respectively, for 
an eddy diffusion coefficient K = 3 x 108 cm2 sec-'. Fig. 2 (right). Abundance of N2 (in millibars) as a function of time (in units of 109 years). 
The escape efficiency for reaction 2 was assumed to be 0.16. Results are shown for heterogeneous reactivity coefficients (for HNO2 and HNO3) 
y = 3 x 10-2, 1 x 10-2, and 0. Corresponding enrichment factors at time t = 4.5 billion years are 1.50, 1.77, and 2.44, respectively, for K = 
3 x 108 cm2 sec-1. 

We expect that the dominant path for 
electron impact dissociation of N2 should 
also involve production of N(2D) and 
N(4S). Production of atoms with suf- 
ficient energy to escape Mars would re- 
quire that the target molecules be raised 
to internal states with energies at least 
15.6 ev above the molecular ground 
state. A significant yield for fast N would 
not be expected if the molecules were 
excited to internal states with energies 
above 19 ev: autoionization should repre- 
sent the dominant reaction path in this 
case (8). We are therefore concerned 
primarily with excitation of N2 to inter- 
nal states with energies in the range 15.6 
to 19 ev. Strobel (9), using oscillator 
strengths measured by Wight et al. (8), 
estimates that approximately 16 percent 
of all dissociative reactions (reaction 2) 
might result in production of atoms with 
velocities sufficient for escape. His result 
is adopted as a guide for the analysis 
presented below. 

We first consider a model in which the 
surface is taken to be passive-that is, a 
model in which we explicitly ignore the 
possibility that appreciable quantities of 
nitrogen might be removed from the at- 
1 OCTOBER 1976 

Fig. 3. Abundance of 
N, (in millibars) as a 
function of time (in 
units of 109 years). 
The escape efficiency 
for reaction 2 was 
assumed to be 0.032. 
Curve A represents 
results for the case 
in which the atmo- 
spheric CO, pressure 
was assumed to fall 
below 0.65 mbar for 
one-third of a climatic 
cycle. Curves B and C 
represent results for 
the cases in which the 
CO2 pressure rises to 
65 mbar for one-third 
and one-tenth of a 
climatic cycle, respec- 
tively. The enrichment 
factors at time t = 4.5 
billion years for curves 
A, B, and C are 2.08, 
1.83, and 1.62, respec- 
tively, for K = 3 x 
108 cm2 sec-. 
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mosphere by irreversible heterogeneous 
processes at the surface (4). We assume 
that the concentration of atmospheric 
CO2 remains constant with time and use 
the model described by McElroy and 

Yung (10) to evaluate the past evolution- 

ary history of N2. Results are shown in 

Fig. 1 for r7, the efficiency with which 

escaping atoms may be formed by reac- 
tion 2, equal to 0.16, 0.032, and 0.016; 
that is, with the efficiency taken equal to 
the value given by Strobel (9) and re- 
duced by factors of 5 and 10, respective- 
ly. This leads to predicted values for the 
enrichment of 15N equal to 144, 90, and 
63 percent, respectively; that is, the ratio 
'5N/'4N exceeds the terrestrial value by 
factors of 2.44, 1.90, and 1.63, respec- 
tively. A model with an efficiency of 0.03 
would be consistent with the Viking 
measurements. The initial concentration 
of N2 would correspond to a partial pres- 
sure of about 5 mbar in this case. The 
contributions to the escape flux due to 
reactions 1 and 2 are comparable for an 

efficiency of 0.032. 

Figure 2 shows results obtained with a 
model in which we allowed for incorpora- 
tion of HNO2 and HNO3 into surface 
minerals, with the heterogeneous reac- 
tion coefficient, y, taken equal to 3 x 

10-2, 1 x 10-2, and 0 (4). For all cases 
shown in Fig. 2 we used the efficiency 
factor -r given by Strobel (9). A reaction 
coefficient y equal to 10-2 provides a sat- 

isfactory fit to the Viking data, and 
would imply an initial partial pressure of 
N2 equal to about 30 mbar. The model re- 

quires a net integrated deposition of ni- 

trogen in minerals of magnitude 2.5 x 
1023 atoms (N) per square centimeter av- 

eraged over the martian surface. The es- 

cape rate for nitrogen is dominated by re- 
action 2 for all models shown here. 

Figure 3 shows results obtained with a 
model in which we allow for a secular 
variation in the partial pressure of atmo- 

spheric CO2, which might arise because 
of changes in the obliquity and orbital ec- 

centricity of Mars if the atmospheric 
pressure were controlled by an equilibri- 
um with the polar ice cap, as discussed 
for example by Ward et al. (11). Curve A 
is based on the assumption that the par- 
tial pressure of CO2 was equal to 10 per- 
cent of the present value for approxi- 
mately 30 percent of the time over the 

past 4.5 x 109 years. Curves B and C 
model the case for which the pressure 
might have been much higher in the past: 
the partial pressure of CO2 is taken as 
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past 4.5 x 109 years. Curves B and C 
model the case for which the pressure 
might have been much higher in the past: 
the partial pressure of CO2 is taken as 
65 mbar, for 33 percent of the time in 
curve B and for as much as 10 percent of 
the time in curve C (12). For the model in 

Fig. 3 we assumed a passive surface, 
y = 0, and -r = 0.032. The initial partial 
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pressure of N2 for all three cases lies in 
the range 2 to 9 mbar. 

The measurement of enriched '5N on 
Mars provides a powerful diagnostic tool 
which may be used to derive invaluable 
data on the past history of Mars. The un- 
certainty indicated by the spread of re- 
sults shown in Figs. 1 to 3 may be nar- 
rowed considerably by careful laborato- 
ry studies of the velocity distribution of 
atoms formed by electron impact dis- 
sociation of N2. An appropriate laborato- 
ry investigation would clarify the role 
that heterogeneous processes might play 
in the chemistry of nitrogen on Mars and 
would permit a quantitative estimate of 
the rate at which nitrogen may have been 
incorporated in surface minerals over the 
past 4.5 x 109 years. It is difficult, in any 
event, to escape the conclusion that the 
abundance of atmospheric nitrogen on 
Mars must have been much higher in the 
past: the partial pressure of the gas may 
have been as high as 30 mbar, and was 

surely no less than about 2 mbar. 
MICHAEL B. MCELROY 

YUK LING YUNG 
Center for Earth and Planetary Physics, 
Harvard University, 
Cambridge, Massachusetts 02138 
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Search for Organic and Volatile Inorganic Compounds in Two 

Surface Samples from the Chryse Planitia Region of Mars 

Abstract. Two surface samples collected from the Chryse Planitia region of Mars 
were heated to temperatures up to 500?C, and the volatiles that they evolved were 

analyzed with a gas chromatograph-mass spectrometer. Only water and carbon 
dioxide were detected. This implies that organic compounds have not accumulated 
to the extent that individual components could be detected at levels of a few parts in 
109 by weight in our samples. Proposed mechanisms for the accumulation and de- 
struction of organic compounds are discussed in the light of this limit. 
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analysis experiment is to analyze period- 
ically the composition of the atmosphere 
at the surface of Mars and to search for 

organic compounds and certain in- 

organic volatiles in the surface material 
at the landing site. The principal in- 
strument used for both investigations is a 
mass spectrometer (MS). It is used in 

conjunction with a gas chromatograph 
(GC) for the organic analyses. The objec- 
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A gas chromatograph-mass spectrom- 
eter (GCMS) was chosen for the search 
for organic compounds chiefly because of 
its sensitivity and versatility. A number 
of mechanisms could contribute to the 
contemporary accumulation of organic 
compounds on Mars, for example, pho- 
tochemical or biological processes and 
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