tic extrusions associated with ridge sys-
tems interact with oxygenated seawater
to form nontronitic clays (20). Ferroan
clays are a common, if not abundant, re-
sult of hydrothermal alteration of mafic
rocks (17).

Prior to the Viking mission, Huguenin
(21) advanced theoretical arguments and
experimental evidence for photochemi-
cal surface reactions with the potential
for forming clay minerals from pyrogenic
silicates in an environment similar to that
on the surface of Mars. His reaction
mechanism requires only the very low
partial pressure of O, and H,O known to
be present in the present atmosphere of
Mars. So far as we are aware, however,
no clay minerals have yet been produced
in the laboratory by such reactions. Fur-
thermore, photochemical processes on
mineral surfaces may be effective mostly
on the very fine dust grains that are car-
ried to high levels in the atmosphere, in
which case some other agency for prior
comminution must be sought. The se-
quential combination of argillization at
or near the surface, and photochemical
desiccation or oxidation (or both) of the
resulting dust in the high atmosphere is
one hypothesis consistent with these con-
ditions.

Our mineralogic model has, therefore,
two major requirements for petrogenesis
on Mars. (i) There must be exposed on
the surface of Mars abundant mafic par-
ent materials for clay formation and, con-
versely, there cannot be large, exposed
source areas providing alkali-rich granit-
ic materials. (ii) There must be (or must
have been) sufficient water or ice on
Mars to interact with mafic rock material
to form ferroan clays.
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The Atmosphere of Mars: Detection of Krypton and Xenon

Abstract. Krypton and xenon have been discovered in the martian atmosphere
with the mass spectrometer on the second Viking lander. Krypton is more abundant
than xenon. The relative abundances of the krypton isotopes appear normal, but the
ratio of xenon-129 to xenon-132 is enhanced on Mars relative to the terrestrial value
for this ratio. Some possible implications of these findings are discussed.

We have previously reported the de-
tection of *Ar and the establishment of
upper limits on Ne, Kr, and Xe in the at-
mosphere of Mars, using the mass spec-
trometer on the first Viking lander (/).
The upper limit on krypton was close to
the value that would be predicted if the
%Ar/Kr ratio on Mars were identical to
that on Earth. It thus seemed important
to try to increase the sensitivity of the ex-
periment with the hope of actually detect-
ing this important element.

The successful deployment of the sec-
ond Viking lander (VL2) on Mars af-
forded us the opportunity to conduct this
experiment. We had established from
tests of the two instruments during the
cruise from Earth to Mars that the back-
ground in the mass spectrometer on VL2
was much lower than that in the in-
strument on the first lander, making it a
superior instrument for the detection of

trace amounts of atmospheric gases. It
was also clear from experience gained
with the operation of VLI that the best
way to maintain this low instrumental
background would be to perform the at-
mospheric analyses prior to any analyses
of the martian soil. A delay in obtaining
the first soil sample for our instrument
with VL2 provided the opportunity to de-
sign an optimized enrichment sequence
for detecting trace gases in the atmo-
sphere.

The basic procedure has already been
described (). We use a chemical scrub-
ber to remove over 99 percent of the CO
and CO, in a given sample of martian at-
mosphere, admit a new sample, again re-
move CO,, and repeat this procedure a
preselected number of times to build up
the concentration of trace constituents.
The sample is exposed to a drying agent
during each cycle to remove water gener-
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Fig. 1. Mass spectra of enriched samples of the martian at-
mosphere in the region of krypton and xenon. The spectra
are averages of nine scans, the lower lines are averages of
three background scans. The vertical scale is linear; it has

been increased by a factor of|2 for xenon.
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ated by the CO, scrubber. The sample is
then admitted to the mass spectrometer
through a molecular leak for analyses.
Using sequences of five and ten cycles,
we obtained enrichments of 4 and 6.3
over the yield from a single cycle. Mass
spectra of the sample enriched 6.3 times
showed an indication of krypton, but the
identification was not conclusive. After
evaluating the performance of the in-
strument, we changed the internal timing
of the sequence and obtained a tenfold
enrichment with 15 cycles. This sample
was analyzed 16 times by the mass spec-
trometer with the electron multiplier gain
increased by a factor 5.3 over its nominal
value. These spectra gave clear evidence
of the presence of krypton. The analysis
was subsequently repeated after an addi-
tional 15 cycles with a multiplier gain of
28 times nominal.

The results are shown in Fig. 1, which
indicates the appearance of the averaged
mass spectrum in the vicinity of the kryp-
ton and xenon isotopes. The character-
istic isotopic pattern of krypton is clearly
evident; the broad peak at m/e = 80 is an
artifact caused by the high partial pres-
sure of argon in the instrument. In the
case of xenon, 2Xe is much more abun-
dant relative to the other isotopes on
Mars compared with the distribution in
terrestrial atmospheric xenon. The ab-
sence of organic compounds of high mo-
lecular weight in the soil (2), the absence
of spectroscopically active compounds
of high molecular weight in the atmo-
sphere (3, 4), and the clean instrumental
background in this mass range make us
quite confident that the peaks shown in
this region of Fig. 1 are chiefly caused by
xenon on Mars.

We plan to obtain additional data with
both VL1 and VL2 ultimately using a
more extreme enrichment sequence,
which should lead to an additional gain in
the concentration of trace gases by a fac-
tor between 1.5 and 2.0. Such a sequence
involves some risk to the instrument,
however, since the partial pressure of ar-
gon then becomes dangerously high for
the capabilities of the ion pump. We will
not, therefore, attempt this procedure un-

1294

til the postconjunction period, near the
end of the extended mission.

It is not yet possible to compute accu-
rate abundances for these two gases, or
even to give precise values for the ratios
of their isotopes. At this low level of de-
tection, the instrumental response is
noisy, nonlinear, and distorted by memo-
ry effects (degassing from the pump).
There is, however, no question that
129X e is much more abundant than "**Xe
and ¥'Xe, rather than almost equal to the
other two isotopes as is the case on
Earth. The mass spectrometer must be
recalibrated in a manner that duplicates
experimental conditions on Mars. Such
tests are now being conducted with the
third gas chromatograph—-mass spectrom-
eter (GCMS) that was built for this mis-
sion.

Meanwhile, we can point out some im-
portant consequences of this discovery,
based on the available data. First, we
can support our previous assertion that it
is very unlikely that Mars had a massive,
original atmosphere (produced, for ex-
ample, by accretional heating) which sub-
sequently was reduced to its present
state by extensive solar wind sweeping.
If that were the case, we would expect
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Fig. 2. The abundances of noble gases in
ordinary chondrites and the atmospheres of
Earth and Mars. Error bars are only approxi-
mate since systematic errors remain to be
assessed.

the ratio of 3¢Ar to total krypton to be
much lower than the value found in the
earth’s atmosphere or in the primordial
gas in meteorites, since the argon would
be swept off more efficiently than kryp-
ton in the upper atmosphere where diffu-
sive separation occurs. The low total
abundance of *Ar now in the martian at-
mosphere therefore implies the following
possibilities: (i) that Mars was very de-
pleted in volatiles at the time of its forma-
tion—an unlikely condition in view of its
distance from the sun, (ii) that a large
fraction of the primitive atmosphere was
swept away in a manner that led to no
mass discrimination, or (iii) that the
planet has simply not outgassed as
much as Earth—the conclusion we favor
(,5).

The second consequence of this obser-
vation stems from there being, evidently,
more krypton than xenon in the martian
atmosphere. This result is important
because the reverse is true in the pri-
mordial gas component of ordinary or
carbonaceous chondrites (6, 7). The
abundance pattern and the absolute
abundances of noble gases in this primor-
dial component closely match the abun-
dances of the noble gases observed in the
earth’s atmosphere except for xenon (8),
a fact that led to the prediction that this
same pattern should exist in the martian
atmosphere (3, 5, 9). This prediction was
based on the assumption that the frac-
tionation process that produced the pri-
mordial gas component in the meteorites
must have occurred prior to the forma-
tion of the planets and thus must have af-
fected the noble gas distribution in the ac-
creting planetary material in the same
way. Most meteorites come from the re-
gion of the asteroid belt, Mars is between
Earth and the asteroids, hence it seemed
reasonable that Mars should show the
same type of noble gas abundance pat-
tern.

However, in the earth’s atmosphere,
xenon is deficient compared with the pri-
mordial gas in meteorites, and this is
exactly the situation we are now finding
on Mars (Fig. 2). The xenon deficiency
on Earth has been attributed to the pref-
erential adsorption of xenon in shales
and other sedimentary material after it
was outgassed (J0). One is thus led to the
tentative conclusion that similar process-
es have been active on Mars, perhaps in
association with the epochs of fluvial ero-
sion that have left their imprint on the
planet’s surface. An alternative (or sup-
plementary) suggestion is that some of
the xenon could be absorbed in the rego-
lith (11).

At this stage of our investigation of
martian xenon, we can only be sure of
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the enhancement of '**Xe. A determina-
tion of the relative abundances of the oth-
er isotopes requires additional analyses
of enriched samples. It is generally
agreed that '29Xe anomalies in meteoritic
and terrestrial gas samples result from
the production of this isotope by decay
of extinct **[ (12). We find that the ratio
of 29Xe to 132Xe is 2.5 (+ 2 or — 1); the
terrestrial atmospheric value is 0.97, and
in the carbonaceous and ordinary chon-
drites, values as high as 4.5 and 9.6 have
been reported (6, 7, 12). There is a tend-
ency for more '**Xe in meteorites of
types C-3 and C-4 than types C-1 or C-2,
which may be attributable to the greater
ability of the coarse-grained C-3 and C-4
types to retain the '**Xe than the fine-
grained C-1 and C-2 types, according to
Mazor et al. (7). One might therefore
conjecture that a planetary atmosphere
derived from a partially degassed veneer
enriched in material of type C-1 would
show an enhancement of ?Xe; but one
might also expect such an enhancement
in an atmosphere that had suffered mas-
sive losses at an appropriate interval af-
ter formation of the planet.

These are only two of several hypothe-
ses that could explain the observations,
however, and we shall study these prob-
lems in more detail after we have obtain-
ed results from the experiments planned
for the end of the extended mission.
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Composition and Structure of the Martian Upper

Atmosphere: Analysis of Results from Viking

Abstract. Densities for carbon dioxide measured by the upper atmospheric mass
spectrometers on Viking 1 and Viking 2 are analyzed to yield height profiles for the
temperature of the martian atmosphere between 120 and 200 kilometers. Densities
for nitrogen and argon are used to derive vertical profiles for the eddy diffusion
coefficient over the same height range. The upper atmosphere of Mars is surprisingly
cold with average temperatures for both Viking 1 and Viking 2 of less than 200°K,
and there is significant vertical structure. Model calculations are presented and
shown to be in good agreement with measured concentrations of carbon monoxide,

oxygen, and nitric oxide.

This report addresses a number of top-
ics relevant to the composition and struc-
ture of the upper atmosphere of Mars.
Densities of CO, as measured by the up-
per atmospheric mass spectrometers on
Viking landers VL1 and VL2 (/-3) are
used to determine profiles for temper-
ature as a function of altitude. Temper-
atures derived in this manner are then

used to analyze height profiles as mea-
sured for the concentrations of N, and
Ar. This procedure gives information on
the extent to which the composition of
the upper atmosphere of Mars may be in-
fluenced by mass mixing, as measured
here in terms of the parameter eddy diffu-
sion (¢). The general validity of the ap-
proach may be checked by applications
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Fig. 1. (A) Temperatures for the martian atmosphere above 120 km obtained from an analysis of
ion peaks at mass numbers 44, 22, and 12, as measured by VLI1. Uncertainties implied by the

spread in values obtained from the individual m
peratures obtained by Seiff and his co-workers

ass peaks are indicated by the error bars. Tem-
(1, 5) for the lower atmosphere are shown for

comparison. (B) Same as (A) but for VL2. The dashed lines above 170 km indicate altitudes for

which there are data only at mass number 44.
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