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Martian Gases in an Antarctic Meteorite?

Abstract. Significant abundances of trapped argon, krypton, and xenon have been
measured in shock-altered phases of the achondritic meteorite Elephant Moraine
79001 from Antarctica. The relative elemental abundances, the high ratios of argon-
40 to argon-36 (= 2000), and the high ratios of xenon-129 to xenon-132 (= 2.0) of the
trapped gas more closely resemble Viking data for the martian atmosphere than data
for noble gas components typically found in meteorites. These findings support
earlier suggestions, made on the basis of geochemical evidence, that shergottites
and related rare meteorites may have originated from the planet Mars.

Achondrites are differentiated meteor-
ites believed to have formed by igneous
processes on their original parent bodies.
Three groups of rare achondrites, the
shergottites, nakhlites, and chassignites
(SNC meteorites) - differ from other
achondrites in several important aspects.
They generally show a higher oxidation
state, are unbrecciated, have more com-
plex abundance patterns of rare-earth
elements, and have distinctly different
values of certain diagnostic chemical ra-
tios such as K/U and La/W (I, 2). The
isotopic composition of oxygen also dif-
fers subtly among the SNC meteorites,
other achondrites, and Earth (3). The
igneous formation ages of all SNC mete-
orites are about 1300 million . years,
which is far younger than the ages of any
other known extraterrestrial material (in-
cluding lunar rocks), and implies geologi-
cally recent igneous activity (¢—6). These
properties have led several investigators
to conclude that these meteorites must
have formed on a geologically complex
and relatively large parent body, most
probably the planet Mars (2, 4, 5, 7-9).

The Allan Hills (ALH77005) and Ele-
phant Moraine (EET79001) shergottites
were recently recovered from the Ant-
arctic ice sheet (/0). Both closely resem-
ble two known shergottites “,8,11,12).
All shergottites have experienced impact
shock, whereas the nakhlites show es-
sentially no evidence of shock. The time
of this shock event in all four shergottites
is determined by their rubidium-stron-
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tium isochron ages to have been approxi-
mately 180 million years ago (¢, /2) and
probably coincides with the time when
the shergottites were ejected from their
parent body by a large-scale impact. The
EET79001 meteorite is composed of two
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Fig. 1. Elemental concentrations of neon,
argon (3°Ar + 3%Ar), krypton, and xenon of
the EET79001 meteorite. The values for Earth
(®) are the atmospheric abundances divided
by the mass of the Earth minus the core. The
values for Mars (O) are the atmospheric abun-
dances divided by the mass of Mars (/5). The
36+38 Ar concentrations of chondrites typically
lie in the range 0.5 X 107%to 100 x 10~® cm¥/
g, and we have arbitrarily normalized chon-
dritic argon to the terrestrial value. Elemental
ratios for chondrites (OJ) are from Mazor et al.
(24). Those few achondrites that contain
trapped gases either show an abundance pat-
tern like that of chondrites (ureilites) or con-
tain a helium- and neon-rich component im-
planted by the solar wind.

distinct igneous lithologies and has abun-
dant shock-glass veins and inclusions
probably formed during the dated shock
event (I1, 13). The compositions of
shock glass differ in the two lithologies,
probably reflecting the effects of local-
ized melting (11).

Our attempts to measure the potassi-
um-argon age of EET79001 had indicated
the presence of a trapped argon compo-
nent. To determine the nature of these
trapped noble gases, we measured the
isotopic compositions by mass spec-
trometry of all five noble gases (helium,
neon, argon, krypton, and xenon) in un-
irradiated whole-rock samples of both
igneous lithologies of EET79001, in two
shock-glass inclusions from the major
lithology (lith-A), and in a ~ 98 percent
pure feldspar separate prepared from the
minor lithology (lith-B). Stepwise tem-
perature extractions were made on all
samples to better separate low-tempera-
ture, adsorbed terrestrial atmospheric
gases from trapped gases and from gases
produced by nuclear processés. Both
glass samples, the feldspar, and lith-B
whole rock (containing glass) released
gases primarily near sample melting at
1100° to 1300°C. Trapped neon apparent-
ly was also released from these samples,
but the larger neon system blank makes
the neon concentrations considerably
more uncertain. Total concentrations of
*Ar released were 1 X 1078 t0 4 x 1078
cm?® STP/g (STP = standard temperature
and pressure), which is ~ 10 to 20 times
the Ar produced in EET79001 by cos-
mic-ray interactions. A pyroxene sepa-
rate and a total melt extraction of lith-A
whole rock, however, gave **Ar concen-
trations that were lower by factors of
~ 42 and -~ 7, respectively. Those
EET79001 samples containing trapped
gases also contained “°Ar far in excess of
the amounts that could have formed in
situ during the past 180 million years, the
time of complete shock resetting of the
rubidium-strontium ages, or during the
past 1300 million years, the probable
formation age of the meteorite (¢4, 12).
For example, one glass sample contained
~ 400 and ~ 40 times the amount of “’Ar
that could have formed in situ in 180 and
1300 million years, respectively (14).

The relative abundances of trapped
neon, argon, krypton, and xenon in vari-
ous EET79001 samples closely resemble
those found in the atmospheres of Earth
and Mars, but Kr/Xe ratios in these
samples are distinct from that in chon-
drites (Fig. 1). The plotted values for
Earth and Mars probably represent low-
er limits to the noble gas concentrations
of the silicate material which accreted
these planets because of possible incom-
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Table 1. Evaluation of four possible origins of noble gas components in the EET79001

meteorite.

Characteristic of

Consistent with origin from

EET79001 Martian Chondritic Terrestrial Achon-
noble gases atmo- con- atmosphere dritic
sphere taminant (adsorbed) parent
Relative gas abundances Yes No Unlikely Unlikely
Trapped argon component with Yes Maybe No Unlikely
“OAr/SAr > 2000
Low “He/*°Ar Maybe Unlikely Yes Unlikely
Trapped xenon with 2°Xe/ Yes Unlikely No No
132Xe = 2; no excess '¥Xe
~ in lith-A whole rock
Neutron-capture component Maybe Maybe No Unlikely

plete degassing. The average Kr/Xe ratio
of four EET79001 samples is 8; the ter-
restrial atmospheric value is 13; the
chondritic value is 0.6; and the martian
atmospheric value is ~ 4 but may be
somewhat higher (/5, ‘16). This differ-
ence in Kr/Xe between the planets and
chondrites commonly has been attribut-
ed to the distortion of a chondrite-like
pattern by the incorporation of xenon
into sediments on Earth and Mars (/7). It
is also possible, however, that both plan-
ets acquired gases in which the relative
xenon abundance was not similar to that
of chondrites (I18). Trapped gases in
EET79001 would seem to be relatively
unfractionated, with relative abundances
similar to those in the atmospheres of
Earth and Mars. '
Figure 2 is a three-isotope argon corre-
lation plot which permits us to compare
argon released from the stepwise degas-
sing of EET79001 samples with possible
end-member components of argon, such
as the terrestrial atmosphere, the mar-
tian atmosphere, and cosmic ray-pro-
duced argon. Most of the argon data for
one glass and one lith-B whole-rock sam-
ple show large “°Ar/*®Ar ratios of 1300 to
1750 and **Ar/*®Ar ratios of 0.28 to 0.36.
The feldspar separate, a second lith-B
whole rock sample and a second glass
sample also show similar trends, but the
“OAr/®Ar ratios in these samples are not
as large. The highest values of “’Ar/*°Ar
for all of the samples tend to occur at
high extraction temperatures where the
largest amount ot trapped argon, kryp-
ton, and xenon were released. Clearly,
trapped argon in these samples contains
a component with a high “°Ar/*°Ar ratio
which cannot be due primarily to in situ
radiogenic “°Ar or cosmogenic *°Ar. For
all samples, data for the lowest extrac-
tion temperature (~ 400°C) were rela-
tively small fractions of the total argon,
plot near the air point, and probably
were adsorbed air. The melt extraction
of lith-A whole rock plots between the
air value and the region of cosmic ray—

652

produced argon, and probably repre-
sents a mixture of these two argon com-
ponents.

One can correct for cosmic ray—pro-
duced argon by assuming that the
trapped argon component with a high
value of ““Ar/°Ar has 3PAr/°Ar =
0.188, which is the value for the terrestri-
al atmosphere, is similar to the argon
value in chondrites, and apparently is the
value for the martian atmosphere to
within *£10 percent (/5). The effects of
this correction would be to move each
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Fig. 2. Isotope correlation plot for argon
released from stepwise temperature extrac-
tions of six samples of EET79001. Values for
the terrestrial atmosphere, the martian atmo-
sphere (15), and argon produced by cosmic-
ray spallation reactions in silicate material are
also shown. The dashed line shows the effects
of correcting one measured value for a spall-
ation component.

datum leftward and upward as demon-
strated for one datum by the dashed line
in Fig. 2. The largest observed “’Ar/*°Ar
ratio becomes 2040 when corrected for
cosmogenic argon. This value plots only
slightly below the lower limit (/5) for
argon in the martian atmosphere and
would presumably be a lower limit to the
“Ar/*®Ar ratio of one major argon com-
ponent in EET79001.

Argon data from the ~ 800°C extrac-
tions of the feldspar and one vesicular
glass sample plot substantially below the
atmospheric argon point and suggest the
presence of a second component with
“Ar%Ar = 131 and ¥Ar/Ar = 0.2.
This component may have been indige-
nous to the rock before the shock event,
or it may have been acquired from the
projectile that caused the shock event.
Because we show below that these
EET79001 samples contain an apprecia-
ble component of krypton and xenon
produced by thermal neutron capture on
bromine and iodine, it might be expected
that argon would show a component
produced by thermal neutron capture on
chlorine. Such a component, however,
should have an *®Ar/®Ar ratio of 0.01,
which is not consistent with the trend of
Fig. 2.

Radiogenic “He in EET79001 samples
occurs in relatively low concentrations
(20 x 1078 to 200 x 107% cm®g). These
data, when combined with uranium and
thorium abundances estimated from
measured potassium concentrations (/4)
and K/U ratios (I, 2), give “He gas-
retention ages less than the shock age
(180 million years). Observed “He/*°Ar
ratios in those samples with trapped gas
were ~ 0.05 to 0.13, whereas the predict-
ed “He/*°Ar ratio in SNC meteorites
1300 million years old would be ~ 3.5
and for chondrites 4500 million years old
would be ~ 2.5. The substantial fraction-
ation in *He/*°Ar compared to predicted
decay values probably occurred prior to
the introduction of the excess “’Ar com-
ponent into EET79001, although we can-
not rule out the possibility that part of
the fractionation occurred during gas es-
cape from the sample. The *He/*’Ar ra-
tios in the atmospheres of Earth (0.057)
and Mars are also strongly fractionated
relative to the predicted values because
“He is not gravitationally bound.

The most striking characteristic of the
xenon in EET79001 is the large excesses
of 'PXe in those samples that contain
trapped gases (Fig. 3). The measured
129K e/13¢Xe ratios tend to be largest in
those high-temperature extractions that
released the largest amount of xenon,
and the highest observed 'Xe/'**Xe ra-
tio (5.9) occurred in an extraction of the
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glass sample that gave the largest total
trapped xenon concentration. In con-
trast, the measured '2*Xe/'*¢Xe is nearly
“‘normal’’ in the total melt extraction of
lith-A whole rock, the sample with little,
if any, trapped argon. These observa-
tions indicate that the excess '*’Xe
is part of the trapped xenon component
in EET79001 rather than from in situ
decay of extinct '?°1, as is observed in
many chondrites and several achondrites
which have old (~ 4500 million years)
formation ages. Incorporation of extinct
12T into EET79001 would be highly un-
likely because of its very short half-life
(16 million years) and the strong indica-
tion that shergottites formed by igneous
processes only ~ 1300 million years ago.
Owen et al. reported (15) a '¥Xe/'3*Xe
ratio for the martian atmosphere of 2.5
(+2, —1). The minimum '*Xe/'**Xe ra-
tio for trapped gases in EET79001 would
be ~ 2.0, compared to a value for
Earth’s atmosphere of 0.98. Unfortu-
nately, the Viking experiments were un-
able to determine other xenon isotopic
ratios for the martian atmosphere.

All EET79001 samples (including lith-
A whole rock) show appreciable ex-
cesses of 'Xe (Fig. 3) and of ®Kr and
82K r (relative to other krypton isotopes).
These excesses cannot be due entirely to
spallation because the relative abun-
dances of '**Xe, '*Xe, and ®Kr, which
are much more sensitive to a cosmic ray-
produced component, are essentially
“normal.”” The ratio of excess %°Kr to
excess Kr (~ 3.0) is that predicted for
thermal neutron capture on bromine.
The excess '*#Xe correlates with excess
krypton and undoubtedly arises from
thermal neutron capture on iodine. The
neutron-capture component may have
been produced within the sample by cos-
mic-ray irradiation. The martian atmo-
sphere measured by Viking may also
show excesses of ¥Kr and %Kr (15).
Krypton excesses produced by the sec-
ondary neutron component from cosmic
rays might be a predictable feature of
martian krypton because of the low
shielding afforded by the atmosphere
(presently ~ 50 g/cm?) and the likely
concentration of halides at the martian
surface (19).

Possible origins (Table 1) that we have
considered for the noble gases contained
in EET79001 are (i) gas from the martian
atmosphere trapped in EET79001 by the
shock event, (ii) trapped gas in chondrit-
ic material somehow transferred to
EET79001 by collision with or contami-
nation by a chondrite, (iii) adsorbed gas
from the terrestrial atmosphere, and (iv)
indigenous gas that might be contained in
a differentiated asteroidal parent body of
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EET79001. The relative abundances of
neon, argon, krypton, and Xxenon in
EET79001 are essentially the same as
those found in the martian and terrestrial
atmospheres but distinct from that in
chondrites and from that in meteorites
containing trapped solar gases (20). As-
sociation of the trapped noble gases with
shock-altered glass and maskelynite indi-
cates that a shock event was responsible
for emplacing the trapped gases. Shock
can implant a surrounding atmosphere
into strongly retentive sites within sili-
cate material without producing appre-
ciable argon isotopic fractionation (21).
Such evidence is consistent with the idea
that trapped gases in EET79001 repre-
sent a shock-implanted sample of the
martian atmosphere. It is unlikely that
trapped gases in EET79001 represent
adsorbed terrestrial atmosphere because
of their retentive siting and because of
the usual tendency of such adsorbed
gases to show appreciable elemental
fractionation (I8).

A trapped argon component with “°Ar/
3Ar = 2040 and trapped xenon with
129X e/13?Xe = 2 are also more consistent
with what is known about the martian
atmosphere than with other possible ori-
gins. Although it is conceivable that ra-
diogenic “°Ar could have been acquired
from a chondritic contaminant or from
an achondritic parent, the latter hypothe-
sis, in particular, seems unlikely because
of the presence of other trapped noble
gases. The low “He/*°Ar ratio is also
inconsistent with a chondritic or achon-
dritic origin without severe gas loss,

which could be expected to also fraction-
ate the relative abundances of neon, ar-
gon, krypton, and xenon. The young
igneous age of SNC meteorites, the ap-
parent lack of a significant '?Xe excess
in the lith-A whole rock, and the associa-
tion of excess '¥Xe with trapped xenon
rather than with excess '*Xe arising
from neutron capture on iodine make it
very unlikely that the excess '®Xe
formed from in situ decay of '*I. The
component produced by neutron capture
on halogens in EET79001 could also be
consistent with a martian origin, whereas
a terrestrial contaminant is ruled out,
and an achondritic contaminant seems
unlikely in that enhanced halogen abun-
dances may be required.

The characteristics of the various no-
ble gas components within EET79001
samples suggest that the trapped gases in
this meteorite are more consistent with
an origin from the martian atmosphere
than with other possible sources (Table
1). This proposition is largely indepen-
dent of those petrological, chemical, and
chronological data that have been used
to infer a martian origin for SNC meteor-
ites (9). Strong collisional shock, which
produced the glass and maskelynite,
would seem to be a reasonable mecha-
nism for implanting martian atmospheric
gas into certain phases of EET79001.
Such a mechanism would require a rela-
tively high trapping efficiency of ~ 0.2
cm?® of the present martian atmosphere
per gram of glass and may account for
the apparent absence of appreciable
amounts of such gas in other SNC mete-
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orites. If trapped noble gases in
EET79001 were derived from the mar-
tian atmosphere, they may have been
accompanied by ~ 0.1 part per million
(ppm) N, and ~ 5 ppm CO, (15). It will
be important to determine the "N/'N
ratio in EET79001 because of the large
difference between martian and terrestri-
al N, isotopic compositions (/5). Isoto-
pic measurements of N, and CO, at
these concentrations, however, will be
difficult to make.

The presence of trapped martian atmo-
sphere in EET79001, if corroborated by
further studies on nonnoble gases, would
be a particularly strong argument for the
idea that this meteorite is from Mars.
The dynamical mechanism required to
remove material from a planetary-sized
body remains uncertain, although specif-
ic mechanisms have been suggested (22).
The recent identification of another Ant-
arctic meteorite with a probable lunar
origin (23) suggests that such mecha-
nisms exist. A potential to associate
readily available meteoritic material with
the martian surface is yet one more dem-
onstration of the value of analytical stud-
ies of meteorites to planetary science.

D. D. BoGARD
P. JoHNSON
Planetary and Earth Sciences
Division, NASA Johnson Space
Center, Houston, Texas 77058
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Nuclear Magnetic Resonance Blood Flow Measurements in the

Human Brain

Abstract. Timed sequences of nuclear magnetic resonance imaging signals in the
human head were used to quantitatively measure blood flow in the internal jugular
veins. The procedure can be straightforwardly applied to any vein or artery in the

body.

In this report we describe the use of
nuclear magnetic resonance ~(NMR)
techniques to measure blood flow in the
human head. In 1959 Singer (/) used
NMR techniques to study blood flow in
mouse tails, and in 1970 Morse and Sing-
er (2) obtained NMR measurements of
superficial venous flow in humans. Now
we can combine NMR imaging systems
(3) with the measurements of blood flow.
The method will be described for two
specific vessels in the human head, but it
is suitable for any set of arteries or veins
or even for blood perfusion measure-
ments.

The procedure for blood flow imaging
is as follows. The body is placed in a
homogeneous magnetic field. It takes
approximately 5 seconds for the protons
in the body to be fully magnetized along
the magnetic field. A specific volume V
of the body is selected for flow imaging.
A planar cross-sectional volume perpen-
dicular to the flow vessels of interest is
the appropriate choice. The selected vol-
ume is magnetically depolarized with a
radio-frequency (RF) pulse. The RF

Table 1. Selected flow vessels with tabulated
NMR signal intensities for various times of
flow. Signal intensity values are proportion-
al to the integrated NMR voltages over the
vessel pixels. The data are plotted to evaluate
the time required to fill the imaged volume of
the vein with inflowing blood. Inflowing blood
completely replaces outflowing depolarized
blood in 330 msec in the left vein and in 273
msec in the right vein.

Signal intensity

Flow
time Left internal Right internal
(msec) jugular vein jugular vein
50 2341 2471
100 3267 3258
200 3885 4340
500 5325 5375

pulse may be one of several types. We
use a pulse to tip the protons in the plane
by 90° and follow the pulse with a mag-
netic field gradient pulse to randomize
the proton magnetic orientations in the
selected volume. The randomization
could also be carried out with a saturat-
ing pulse and, in some special proce-
dures, with a 180° pulse. We will refer to
all these randomization procedures as
the depolarization pulse. After a selected
specific time #(x) a second RF pulse is
provided. The second pulse tips all the
fresh blood protons that entered the se-
lected plane during the time #(x) by 90°.
The second pulse also tips the recovered
protons that remain in the plane. The
tipped magnetic blood protons and re-
covered stationary protons are then im-
aged by a spin echo technique (4-6), to
provide picture elements (pixels) of flow
information. Each pixel provides a volt-
age directly proportional to the volume
of blood that flowed into the volume V.
The computer is programmed to sum the
NMR voltages from each pixel in the
selected blood vessel and add these volt-
ages to provide the flow data. The tissue
recovering from saturation in the volume
V during the time #(x) gives an imaging
signal. These signals do not interfere
with the flow measurements because the
flow vessels are clearly visualized in the
image.

To obtain an accurate measurement of
flow, the procedure is repeated several
different times. For example, x can be
50, 100, 150, and 200 msec. With a
computer program the volume flow rate
can then be read out for a specific artery
or vein. The integrated signals in the
vessel are tabulated by the computer,
integrated over the vessel area, and in-
dexed with the specific time #(x). The
rate of flow of blood in any vessel (millili-
ters per second) is obtained by dividing
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