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Signatures of the Martian Atmosphere 
in Glass of the Zagami Meteorite 

K. Marti,* J. S. Kim,?A. N. Thakur, T. J. McCoy,$ K. Keils 

Isotopic signatures of nitrogen, argon, and xenon have been determined in separated 
millimeter-sized pockets of shock-melted glass in a recently identified lithology of the 
meteorite Zagami, a shergottite. The ratio of nitrogen-15 to nitrogen-14, which is at least 
282 per mil larger than the terrestrial value, the ratio of xenon-129 to xenon-132 = 2.40, 
and the argon isotopic abundances match the signatures previously observed in the 
glassy lithology of the Antarctic shergottite EETA 79001. These results show that the 
signatures in EETA 79001 are not unique but characterize the trapped gas component in 
shock-melted glass of shergottites. The isotopic and elemental ratios of nitrogen, argon, 
and xenon closely resemble the Viking spacecraft data for the martian atmosphere and 
provide compelling evidence for a martian origin of the two shergottites and, by extension, 
of the meteorites in the shergottites-nakhlites-chassignites (SNC) group. 

T h e  SNC group of igneous meteorites is 
derived from a parent body with an  oxygen 
isotopic signature that is distinct from that 
of other solar system objects (1). The crys- 
tallization ages of these meteorites, al- 
though the subject of some debate, are 
clearly less than 1.3 X lo9 years, possibly as 
low as 180 X lo6 years ( 2 ) ,  and must have 
formed on a geologically complex parent 
body (3). Bogard and Johnson (4) and 
Becker and Pepin (5) discovered that 
trapped noble gases and nitrogen in lithol- 
ogy C of the Antarctic shergottite EETA 
79001 had elemental and isotopic ratios 
similar to those measured by the Viking 
lander (6) in the martian atmosphere, lend- 
ing support to the suggestion that these 
meteorites may have come from Mars. The 
shergottite EETA 79001 remains the only 
shergottite that shows clear signatures of 
entrapped martian atmospheric gases (7). 
Recently, Watson et al. (8) studied the hy- 
drogen isotopic signatures in Zagami and 
other SNC meteorites and found high deu- 
teriumlhydrogen (D/H) ratios, which are 
similar to  that measured in the martian 
atmosphere by Earth-based telescopes (9). 

In this work, we present the results of 
the first petrographic and isotopic studies 
on the shock-melted glasses in Zagami. 

KT ~ a r t i  and J. S. Klm De~artmeflt of Chem~strv and 
Biochemistry, University of California at San ~ i e g o ,  La 
Jolla, CA 92093, USA. 
A. N. Thakur, California Space Institute, Scripps Institute 
of Oceanoara~hv, Unlverslty of Cal~fornla at San D~eqo, 

Zagami was selected for study because it 
probably crystallized near the surface of 
Mars (10) and thus is in close proximity to 
the source of the implanted atmospheric 
gases. Zagami is also a recent fall (1962), 
and the degree of terrestrial contamination 
was expected to be less severe than in the 
Antarctic shergottite EETA 79001. Multi- 
millimeter-sized ~ o c k e t s  of shock-melt suit- 
able for separation and isotopic analyses are 
not evenly distributed in Zagami. Most of 
Zagami (-80%) has a basaltic lithology 
(10, 1 I ) ,  termed "normal Zagami," in 
which shock-melting is evident only be- 
cause of the presence of -100-km-wide 
shock-melt veins of roughly whole-rock 
composition that cross-cut the sample (10). 
These veins are too small for seoaration and 
isotopic analyses. A second, recently recog- 
nized lithology occupies -20% of Zagami 
and is termed the "dark, mottled lithology" 
(12). It is enriched in late-stage crystalliza- 
tion product and represents a later stage in 
the crystallization of Zagami. It is within 
this lithology that we find the multimilli- 
meter-sized shock-melt pockets separated 
for isotonic analvses. 

Two shock-melt pockets were selected 
for study: one for petrographic examination 
from samples provided by R. Haag (Fig. 1)  
and one for isotopic analyses from U.S. 
National Museum sample 6545. Both pock- 
ets were -3 mm in diameter, much smaller 
than the centimeter-sized pockets studied 
from EETA 79001. Like those in EETA 

La Jolla, CA 92693, USA. 
. 
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79001, the bulk composition of the petro- 
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there is no evidence that they are attached 
to any veins and they probably formed in 
situ. Both Zaeami ~ockets are black and w .  

vitreous in hand sample, indicative of their 
glassy nature. However, petrographic exam- 
ination (Fig. 1) reveals abundant, incom- 
pletely digested, heavily shocked pyroxene 
grains, similar to shock-melt pockets in 
EETA 79001 (13). Thus, shock-melting 
was incomplete in both of these meteorites. 
Also found in the Zagami pockets were 
small pyroxenes and opaque minerals that 
appear to have crystallized from the melt. 
Both pockets in Zagami exhibit vesicles. In 
the petrographically studied pocket (Fig. I), 
the glass defines roughly threequarters of a 
large, central vesicle. Shock-melt pockets 
in EETA 79001 are also described as vesic- 
ular (13). Thus, shock-melt pockets in 
Zagami and EETA 79001 appear to be very 
similar. with the exce~tions that the 
Zagami pockets are smaller and occur only 
in the later-crystallizing lithology. These 
similarities are not surprising in light of the 
similar shock histories experienced by these 
two meteorites (1 4), with equilibrium shock 
pressures of 34 f 1 GPa for EETA 79001 
and 29 t 1 GPa for Zagami. 

A single -22-mg glass chip (sample A) 
was obtained, and in the same cavity area 
below the glass chip, additional pockets of 
glass were removed and combined into an 
additional glass sample (sample B). A chip 
of the normal Zagami lithology was also 
studied for reference purposes. We analyzed 
all samples for nitrogen, argon, and xenon, 
using stepped heating procedures by a com- 
bination of pyrolysis and combustion steps, 
the latter in pure 0, at 5 ton. Isotopic 

The trapped heavy noble gases as well as 
radiogenic 40Ar and 12%e are enriched in 
the glass by an order of magnitude relative 
to normal Zagami (Table 1). The trapped 
component in glass is released chiefly at the 
melting temperature; in contrast, normal 
Zagami contains a nitrogen component that 
is released at low temperatures and has iso- 
topic signatures similar to terrestrial nitro- 
gen (Table 1). This may be indicative of a 
contaminating phase of terrestrial origin 
rather than indigenous nitrogen. In contrast 
to normal Zagami, both glass samples con- 
tain heavy nitrogen compared with terres- 
trial nitrogen. The heaviest nitrogen was 
released in the 1200°C fraction after the 
glass melted (Fig. 2). Data for glass samples 
A and B (normalized to equal temperature 

steps) are internally consistent and reveal a 
two-component mixture of nitrogen with 
an approximately terrestrial isotopic signa- 
ture (dominating at low temperature) and 
indigenous nitrogen with 615N 2 325 per 
mil (15). The isotopic composition of the 
latter component represents a lower limit 
because we cannot exclude contributions of 
the former component in the melt fraction. 
Moreover, the exposure age of Zagami (3 
million years) (1 6, 17) necessitates consid- 
eration of the cosmic-ray-produced spalla- 
tion 15N, component, which is part of the 
indigenous Zagami nitrogen. Using a nomi- 

Fig. 1. Plane-polarized, transmitted-light pho- 
tomicrograph of shock-melt pocket 5 in Zagami. 
The upper right portion of the pocket was lost 
during cutting. The pocket shows a textural gra- 
dation from a microcrystalline matrix with heavily 
shocked undigested pyroxene grains at the edge 
to a clear, highly turbid, opaque-free glass in the 
center. The turbid glass outlines roughly three 
auarters of an ovoid vesicle that mav once have 

4 . , . , . a . , . l  
0 20 40 60 80 100 

N released (%) 

Fig. 2 Ntrogen isotopic signatures (15) versus 
the amount of nitroaen released for Zaaami alass - - 

analysis was camed out by static mass spec- dontained gases generated during shock-melting. samples A and B (cindicates combustion steps; p 
trometry of separated gases. Scale bar, 500 pm. indites pyrolysis steps). 

Table 1. Isotopic abundance5 of N, Ar, and Xe in Zagami. The uncertainties in the concentrations are -7%. 

Tern- Nitrogen =Ar 
perature 

(PPm) 
615N (per mil) (1 o - ~  40Ar/38Ar 

ec) cm3 g-l) 

Zagami glass sample A (21.71 mg) 
400c* 0.476 3.4 + 12.7 1.05 437 + 44 0.290 + 0.003 1.30 1.59 + 0.20 
800c 0.323 21.1 + 9.3 2.95 1596 + 160 0.286 + 0.003 1.29 1.98 + 0.22 
1 O0Opg 0.070 38.6 + 27.3 3.57 1226 + 123 0.334 + 0.007 0.92 1.97 + 0.20 
1 2 w  0.188 324.6 + 20.2 31.9 1538 + 154 0.317 + 0.001 28.86 2.40 + 0.08 
1500p 0.01 9 1.37 124+ 3 0.468 + 0.013 0.47 

Total 1.076 68.2 40.8 1439 0.321 32.84 2.35 
-mi glass sample B (1 8.92 mg) 

400c 0.370 14.3 + 8.4 3.1 4 637 + 37 0.289 + 0.001 1.42 1.40 + 0.27 
800c 0.240 42.9 + 10.2 3.26 1716 + 172 0.269 + 0.002 2.29 1.00 + 0.13 
1200c 0.226 244.7 + 17.4 28.1 0 1532 + 153 0.31 9 + 0.003 30.37 2.31 + 0.05 
1 W P  0.008 1.71 350+ 12 0.553 + 0.024 2.38 2.19 + 0.12 

Total 0.844 94.7 36.2 1415 0.323 36.46 2.24 
Zagami nonnal(56.9 mg) 

400c 16.51 0.8 + 1.4 0.50 279 + 79 0.860 + 0.414 0.74 1.27 + 0.1 1 
800c 5.65 3.9 + 4.8 0.55 1760 + 185 0.485 + 0.186 0.16 1.03 + 0.10 
1200p 0.26 16.6 e11.9 1.93 673 + 53 0.688 + 0.151 2.42 1.38 + 0.06 
1500p 0.009 1.40 1712 1 1.279 + 0.007 1.55 1.74 + 0.08 

Total 22.4 2.05 4.38 604 0.871 4.87 1.47 

'Symbols c and p indies combustion or pyrdysis, respectively. 

1982 SCIENCE VOL. 267 31 MARCH 1995 



nal spallation 15N correction based on the 
exposure age and a meteoritic production 
rate P(15N) = 11.6 pg per million years per 
gram (18), we obtain SI5N 2 282 per mil 
for Zagami sample A r and 205 per mil for 
Zagami sample B. Therefore, spallation-cor- 
rected S15N values in the Zagami glasses are 
in good agreement with the range of S15N 
values reported in EETA 79001, lithology C 
(5, 19). 

During the stepwise heating of sample 
A ,  the '29Xe/132Xe ratio increased from a 
value of 1.6 at 400°C to 2.4 a t  the melting 
temperature, when >80% of the Xe is 

Fig. 3. Linear array of the spallation-corrected 
6I5N data in the melt fraction of glass samples A 
and B and normal Zagami plotted versus their 
atomic 40Ar/14N ratios. This linear array may be 
interpreted as a mixing line between normal 
Zagami and "Viking Mars" signatures. For refer- 
ence, the data for C I ,  C 2, and C 3 from EETA 
79001, lithology C (5, 19) are shown. The Mars 
atmosphere point represents data from the Viking 
lander (6). 

Table 2. Summary of observed isotopic signatures. 

released (Table 1) .  The  data for sample B 
are similar. The  results indicate the pres- 
ence of a two-component mixture, with 
the major component ('29Xe/132Xe 2 2.4) 
dominating the release in the melt frac- 
tion. Swindle et al. (20) also reported a 
129Xe/'32Xe ratio of ..; 2.4 in EETA 79001, 
lithology C. The other component may 
represent the order of magnitude smaller 
Xe component in normal Zagami, which 
reveals a low 129Xe/132Xe ratio of 1.03 in 
the 800°C step. W e  observed higher ratios 
in other temperature steps of normal 
Zagami, which signal the presence of small 
amounts of entrapped Xe. 

The 40Ar/36Ar ratios in both glass sam- 
ples in the temperature interval from 400" 
to 1200°C are in the range 1500 to 1700 
(Table 1). These ratios are little affected by 
the presence of in situ radiogenic 40Ar be- 
cause, the total 40Ar observed in normal 
Zagami is 1/20 of that of 40Ar in the glass. 
The  40Ar/36Ar ratios = 1600 in Zagami 
glass are at the low end of the range report- 
ed for EETA 79001, lithology C (4, 5, 20). 
All trapped gas components were modified 
by the addition of spallogenic gases during 
the 3 x lo6 years that the sample was 
exposed to cosmic rays. The measured 38Ar/ 
36Ar ratios (Table I ) ,  which reveal another 
interesting signature of trapped argon, can 
be analyzed into trapped ( t )  and cosmic- 
ray-produced (c)  components if standard 
procedures of adopting signatures for the 
end-members are followed. Calculations 
based on the use of observed ratios in me- 
teorites of (38Ar/36Ar)t = 0.19 and (38Ar/ 
36Ar)c = 1.55 yielded dissimilar amounts 
for the cosmic-ray-produced component in 
Zagami glasses [38Arc = 5.0 X lop9 cm3 gpl  
at standard temperature and pressure 
(STP)] and in normal Zagami (38Arc = 3.0 
x lop9 cm3 g-' at STP), which conflict 
with the evidence for a similar chemical 
composition. However, similar 38Arc con- 

Zagami EETA 79001 Atmosphere of 
Signature ' .  

(glass) (lithology C) Mars Earth Sun 

Sq5N (per mil) 2282 2242 (19) 620 i 160t (6) - 0 40f (25) 
(this work) 

"/'H ( ~ 1 0 ~ )  6.8-8.1 * (8) 7.6 (9) 1.5 50.039 (26) 
29Xe/'32Xe 2.40 i 0.08 2.23; 2.4 2.5+::: (6) 0.983 1.04 (27) 

(this work) 20.04 (5, 20) 
40Ar/36Ar 1600 i 100 2370; 1660 3000 i 500 (6) 296 - 0 

(this work) i 100 (5, 20) 
38Ar/36Ar -0.25 0.24 2 0.01 (19) 0.14-0.25 (28) 0.188 0.191 (27) 

(this work) 
'32Xe/36Ar (x103) 1.0 i 0.2 1.43 2 0.14 (5, 20) 1-10 (6) 0.75 0.015 (29) 

(this work) 
''N/36 Ar (X 1 0-3) 51 5 522 (5, 20) I 1 i 3 (6) 50 0.037 (29) 

(this work) 

*Measured in apatite, tMeasured at an altitude of 125 km above Mars. $Recent solar wind signature. 
§Lunar soil. IlSolar type. 

centrations are obtained with a ratio (36Ar/ 
38Ar)t = 4. Arguments were presented (19, 
20) for the presence of a distinct trapped Ar 
component in the glassy lithology C of 
shergottite EETA 79001, with a signature 
(36Ar/38Ar), = 4.1 +. 0.2, and our data 
agree. 

In Fig. 3, the spallation-corrected 8l5N 
values are plotted against the observed 
atomic 40Ar/14N ratios in the melt fraction 
of normal Zagami and of glass samples A and 
B, a correlation used by Becker and Pepin 
(5). The extended fit to the three Zagami 
data points shows a similarity to the Viking 
lander Mars data. The data for EETA 79001, 
lithology C (samples 1,2,  and 3 )  (5, 19) plot 
very close to this line, which was interpreted 
to be a mixing line of indigenous crustal 
gases with atmospheric gases (19). 

Many SNC meteorites do not contain 
unadulterated noble gases (20, 21 ) or N (22) 
with the signature of the martian atmo- 
sphere. Why do only some of the SNC me- 
teorites cany such gases? High shock pres- 
sures, local melting, and ambient atmospher- 
ic gases (near-surface environments) appear 
to be required for the shock-loading process. 
The presence of shock-melt pockets in both 
Zagami and EETA 79001 indicates local 
pressure excursions in excess of 80 GPa ( 14). 
A t  such pressures, ambient heavy noble gases 
and N, are emplaced into powdered and, 
with lower efficiency, unpowdered basalt 
samples (23, 24). Three shergottites are con- 
sidered to represent near-surface rocks. Two 
of these (Zagami and EETA 79001) are now 
known to contain Mars-type gases, whereas 
the third (Shergotty) shows in bulk rock 
analyses a gas component with a similar sig- 
nature (20, 21). 

In Table 2 the observed signatures in 
Zagami glass are compared to those from 
EETA 79001, lithology C ,  the atmosphere of 
Mars, the atmosphere of Earth, and the sun 
(Earth and sun are listed for reference). The 
agreement between the Zagami glass data 
and the data of lithology C in EETA 79001 
is excellent. The results from shergottite 
EETA 79001 suggested a close association 
between the trapped gases in the shocked 
lithology C and those observed in the atmo- 
sphere of Mars ( 4 , 5 ,  1 6,  19, 20,24)  arid led 
many workers to consider a martian origin 
for SNC meteorites. This association is now 
observed in a second shergottite and indi- 
cates a general characteristic of shock-melt 
glasses in shergottites. This strengthens the 
case for their origin from Mars.. 
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nize antigens as peptides bound to mole
cules of the major histocompatibility 
complex (MHC) (3). In addition, TCRs 
interact with a class of molecules known as 
superantigens, which stimulate T cells bear
ing particular V^ elements (4). We now 
report the crystal structure at 1.7 A resolu
tion of the extracellular portion of the (3 
chain (Vp8.2Jp2.lCpl) of aTCR (designat
ed 14.3.d) specific for a hemagglutinin pep
tide of influenza virus [HA( 110-120)] pre
sented by the MHC class 11 1-Ed molecule 
(5). Production (6), crystallization (7), and 
structure determination (8) of the recombi
nant (3 chain are described below. 

The TCR (3 chain is divided into V and 
C domains structurally homologous to the 
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V and C domains of immunoglobulins (Fig. 
1, A and B). The root-mean-square (rms^ 
difference in a carbon positions is 1.4 A 
with respect to VL (compared with frame
work residues from nine murine VL do
mains) and 1.9 A with respect to VH (com
pared with framework residues from nine 
murine VH domains). The framework struc
ture of Vp is therefore closer to that of VL. 
For Co, the structural difference with im
munoglobulin homologs is greater. Se
quence alignment by structural homology 
(Table 1) gives rms differences between 
2.3 and 3.0 A for the a carbon positions of 
matched residues. The Cp domain con
tains a large, solvent-exposed insertion 
with respect to other immunoglobulin C 
domains between residues 219 to 232 (in
clusive) (Fig. 1). Sequence comparisons 
suggest that this insertion also occurs in 
C 7 domains from mice and humans. Thus, 
the number of amino acids between the 
last intrachain disulfide bridge and the 
interchain bridge is 34 for mouse Cp, 32 
for human C 7 form 1 (9), 31 for mouse 
C 7 1, and 26 for C72; for the immunoglob
ulin CK and CH1 domains, these are 18 
and 19 residues long, respectively (10). 

Peptide loops homologous to the comple
mentarity-determining regions (CDRs) of 
immunoglobulins are disposed on the V do
main to form part of the expected antigen-
binding site (Figs. 1 and 2). A significant 
difference with respect to immunoglobulins, 
however, occurs in CDR1 of Vp8.2. In both 
VL and VH domains, CDR1 is largely stabi
lized by the hydrophobic side chain of resi
due 29, which is positioned midway along 
this loop and oriented to intercalate between 
two (3-pleated sheets in a nonpolar environ
ment. By contrast, His29 of Vp8.2 is dis
placed sideways relative to the immunoglob
ulin homolog and is partially exposed to the 
solvent (Fig. 3A). The volume occupied by 
residue 29 in immunoglobulin V domains is 
instead taken by Gin25 in Vp8.2. In this 
configuration, the amide group of Gin25 sta
bilizes CDR1 by forming four hydrogen 
bonds to its main chain atoms. The CDR1 
sequences of many Vp domains are similar to 
that of Vp8.2 by virtue of their common 
length and the presence of Gin and a hydro-
philic residue at positions 25 and 29, respec
tively. Thus, sequences listed by Kabat et al 
(10) for the murine subgroup II of Vp have 
the same number of residues in CDR1 in 
which Gin25 and His29 are invariant resi
dues. Similarly, in subgroup L Gin25 occurs 
11 times and His29 occurs 35 times in 37 
sequences, and all but one CDR1 have the 
same length. The structure described here for 
Vp8.2 may therefore be common to many 
other Vp CDR1 structures. 

Structural alignment of the Vp8.2 do
main with immunoglobulin V domains 
shows that the (3 chain CDR2 is equal in 
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The crystal structure of the extracellular portion of the p chain of a murine T cell antigen 
receptor (TCR), determined at a resolution of 1.7 angstroms, shows structural homology 
to immunoglobulins. The structure of the first and second hypervariable loops suggested 
that, in general, they adopt more restricted sets of conformations in TCR p chains than 
those found in immunoglobulins; the third hypervariable loop had certain structural char
acteristics in common With those of immunoglobulin heavy chain variable domains. The 
variable and constant domains were in close contact, presumably restricting the flexibility 
of the p chain. This may facilitate signal transduction from the TCR to the associated CD3 
molecules in the TCR-CD3 complex. 
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