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comprising less than 0.5 percent of the meteo 

Roy S. Lewis, B. Srinivasan, Edward An 

One of the unsolved problems of cos- 
mochemistry is the origin of a peculiar 
xenon component in primitive meteorites, 
first discovered 11 years ago by Reynolds 
and Turner (I) in the C2 carbonaceous 
chondrite Renazzo. Like other primitive 
meteorites, Renazzo contains large 
amounts of primordial noble gases trapped 
from the solar nebula. When Reynolds and 
Turner heated the meteorite from 200? to 
1600?C in 100?, 1-hour steps, they found 
that the xenon in the 700? to 1000?C frac- 
tions was enriched in the heavy isotopes 
131, 132, 134, and 136 by up to 6 percent, 
compared to the remaining fractions. Sim- 
ilar or even greater enrichments were later 
found in other carbonaceous chondrites 
(2-5). Figure 1 shows an example from the 
present study. 

It seemed at first that spontaneous fis- 
sion of a heavy element was the most likely 
source of this xenon component (1-3). The 
isotopic pattern, as confirmed by several 
other authors (3, 6), somewhat resembled 
that of xenon from spontaneous fission of 
uranium-238 or other actinides, with its 
characteristic rise from mass 131 to 136. 
But the match failed in detail. None of the 
known actinides of reasonable half-life 
(> 103 years) and substantial fission decay 
branch showed so steep a rise from 132 to 
136. This point is illustrated in Fig. 2, 
which compares three typical actinide 
spectra (7) with the meteoritic spectrum 
determined in this work. 
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the silicate (20). A search for fission tracks 
in chondrules or olivine crystals from the 
Allende C3 and Murchison C2 chondrites 
likewise gave negative results (21), but 
these were inconclusive because of the low 
thermal stability of tracks in these miner- 
als. 

124 126 128 129 130 131 132 134 136 

Fig. 1. Mass spectrum of Xe from Allende min- 
eral fraction 3CS4. Heaviest and lightest iso- 
topes are strongly enriched over their abundance 
in trapped meteoritic Xe (horizontal bars, nor- 
malized at the shielded isotope '30Xe). The ex- 
cess at masses 134 and 136 may be due to an ex- 
tinct heavy element that decayed by spon- 
taneous fission. The slanted line passing through 
'30Xe shows the effect of spectrometer pumping 
as a function of time. 
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Fig. 2. Fission spectrum of unknown element 
from Allende meteorite, compared with spectra 
for three actinides (7) that decay by spontaneous 
fission. Errors are smaller than the point sym- 
bols. No known actinide matches the steep rise 
of the meteoritic spectrum from 131 to 136. 
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Our fourth attempt has been successful. 
This article describes the isolation and 
characterization of the host phase from the 
Allende C3V chondrite and a mass 
spectrometric study of the five noble gases 
in this phase (22). These studies shed new 
light on the origin of both the primordial 
noble gases in meteorites and the anoma- 
lous Xe. Although some important ques- 
tions remain, we shall interpret this work 
as supporting a fission origin of the anom- 
alous heavy Xe. The companion article by 
Anders et al. (23) describes attempts to 
characterize the putative progenitor of the 
fission Xe, by neutron activation analysis 
of the host phase for 26 congeners of acti- 
nides and superheavy elements. 

Search for Host Phase 

The only available clue to the nature of 
the host phase was the peak release tem- 
perature of the anomalous Xe component, 
800? to 900?C. It focused suspicion on four 
minerals from Allende, each comprising 
between 1 and 4 percent of the meteorite 
(24): the sulfides troilite (FeS) and pent- 
landite [(Fe,Ni)9S,], and the nickel-iron al- 
loys kamacite (-6 percent Ni) and awa- 
ruite (-68 percent Ni). Although all ex- 
cept pentlandite have melting points well 
above 1000?C, they form eutectics with 
each other in the range 900? to 1000?C. A 
further argument favoring these minerals 
was that volatile superheavy elements of 
atomic number 111 to 116 are expected to 
condense from the solar nebula as metals 
or sulfides (12). 

We therefore prepared nickel-iron and 
sulfide concentrates from the Allende me- 
teorite, by magnetic and flotation methods 
(25). Because pentlandite, in contrast to 
troilite and nickel-iron, was reported to be 
insoluble in dilute hydrochloric acid, we 
also attempted to prepare a pentlandite 
concentrate by treating the bulk meteorite 
alternately with HC1 and HF. As it turned 
out, the argument relating release temper- 
ature to melting point and the alleged in- 
solubility of pentlandite both were in error, 
but these two false leads nonetheless led to 
the right answer. 

Both the metal and sulfide concentrates 
1M and 1SU contained only minor 
amounts of anomalous Xe (Table 1) (26). 
Although the 136Xe/t32Xe ratios resembled 
that of the bulk meteorite (all were higher 
than the primordial ratio of 0.310), the ab- 
solute amounts of Xe, as given by the 3'2Xe 
contents, were markedly lower. In con- 
trast, the acid-resistant residue 1CS was 
enriched in 32Xe by a factor of 54, and 
since its 136Xe/'32Xe ratio was similar to 
the ratio for bulk Allende, it must have 
been enriched in anomalous Xe by about 

the same factor. All samples showed the 
characteristic rise in 136/132 ratio at 
1000?C. 

It seems striking that a fraction com- 

Table 1. Xenon in mineral fractions from Al- 
fende (25). Symbols: M, metal-enriched; SU, 
sulfide-enriched; CS, chromite, spinel, and ele- 
mental C and S. Sample sizes are given in pa- 
rentheses. Gases were extracted by stepwise 
heating in 15-minute steps at the temperatures 
indicated (26); such temperature fractions are 
given in italics. Complete data are available 
from the authors on request. Gas content is ac- 
curate to ? 20 percent. 

l 32Xe 

Sample (x 10-0 129Xe 136xe cm3 132Xe i32Xe 
STP/g) 

Bulk 19.2 1.764 0.3353 
+.003 +.0004 

M 500?C 0.38 1.087 0.3259 
?.015 ?.0024 

1000?C 1.33 1.927 0.3674 
+.021 +.0028 

16000C 3.43 1.662 0.3192 
?.018 -.0021 

1M total 5.14 1.688 0.3322 
(161.7 mg) +.013 -.0016 

ISU 7000C 0.66 1.215 0.3285 
+.022 +.0057 

100C 0.97 3.101 0.3656 
-.063 ?.0073 

1600"C 12.7 1.294 0.3308 
?.015 +.0025 

lSU total 14.3 1.413 0.3330 
(9.9 mg) ?.0014 ?.0023 

I CS 500?C 50.3 1.988 0.3164 
+.028 +.0022 

100C 173 1.386 0.3719 
?.015 +.0023 

1600?C 817 1.046 0.3282 
-.012 ?.0019 

1CS total 1040 1.148 0.3349 
(18.9 mg) +.010 ?.0015 

Table 2. Electron microprobe analyses of Al- 
lende mineral fractions. Compositions were 
measured on compacted powders by averaging 
the beam trace over a typical area. Because of 
sample heterogeneity and poor geometry, rela- 
tive errors seem to have been on the order of 20 
to 50 percent, as shown by the differences be- 
tween the two 4CS1 analyses and between the 
microprobe and neutron activation values for Cr 
and Fe. In calculating the sums appropriate 
amounts of oxygen were added. 

Content (weight percent) 
Element 

4C1 4CS 1 4CS 1 

Mg 0.08 2.3 3.1 
Al 0.87 6.62 8.4 
Si 0.21 0.12 0.17 
S 1.33 0.75 0.95 
Cr 7.79 8.43 9.25 

14.3* 8.0* 
Fe 4.63 5.79 6.89 

10.2* 8.6* 
Sum (+ 0) 36.9 39.7 44.2 
"Carbon"t - 60 

*Instrumental neutron activation analysis results of 
Gros (30). tWeight loss on treatment with atomic 
oxygen. 
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prising only 1 percent of the meteorite 
should contain -50 percent of the primor- 
dial and anomalous Xe, although some- 
what similar but less extreme cases have 
been reported before (27). Actually, the en- 
richment was even greater. Sample 1CS 
turned out to contain 50 percent free sul- 
fur, which was subsequently removed by 
CS2. X-ray diffraction and electron micro- 
probe analysis of the residue showed that 
it did not consist of pentlandite at all, 
but of coarse-grained (< 20 um) spinel, 
MgAI204, and fine-grained (0.3 ium) chro- 
mite, FeCr204 (28). 

It turned out that most of the gas resides 
in the chromite rather than the spinel. A 
spinel-free chromite sample was prepared 
by digesting 22.6 g of Allende (crushed to 2 
to 5 mm) with HF and HC1 until it had 
partially disintegrated, and decanting the 
fine fraction that did not settle 10 cm in 30 
seconds. On further treatment with HF, 
HC1, and CS2, this fraction yielded 38 mg 
of a fine-grained residue (3C1), which 
showed only chromite lines in its x-ray dif- 
fraction pattern, and no transparent spinel 
grains under the microscope. The coarse 
fraction, after similar treatment, gave a 
residue of 70 mg (3CS1), which contained 
both chromite and spinel. The spinel-free 
sample 3C1 had a 50 percent higher Xe 
content than the spinel-bearing 3CS1, 
which suggests that most of the Xe is con- 
tained in the chromite. This is not surpris- 
ing, because the spinel comes from the 
Ca,Al-rich inclusions, which are high-tem- 
perature condensates (29) and hence 
should have taken up only small amounts 
of gas from the solar nebula. The chromite, 
on the other hand, occurs largely in the 
matrix (24), which is a low-temperature 
condensate generally rich in volatiles (29). 

Electron microprobe analysis of two 
analogous samples, 4C 1 and 4CS 1, showed 
mainly Fe, Cr, S, Al, and Mg (Table 2). 
The analyses fell far short of adding up to 
100 percent, in part because of systematic 
errors in the measurement of fine powders 
[compare the microprobe data for Cr and 
Fe with neutron activation values (30) for 
the same elements], but mainly because the 
sample contained a large amount of carbo- 
naceous matter (about 60 percent, judging 
from the weight loss on treatment with 
atomic oxygen). Breger et al. (31) had pre- 
viously found 65 percent carbon in a sim- 
ilar chromite concentrate from Allende, 
and had established that the carbon was 
amorphous to x-rays and free of H and N. 
Mossbauer spectroscopy by Virgo (32) 
showed that the chromite contained some 
40 percent Fe304 in solid solution. 

The samples consistently showed small 
amounts of sulfur (average atomic Cr/S 
ratio = 6). However, the x-ray diffraction 
pattern failed to show any lines of minerals 
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other than spinel and chromite, although a 
special search was made for all known sul- 
fides of Fe and Cr as well as the sulfospinel 
daubrulite, FeCr2S4. Possibly this reflects 
insufficient analytical sensitivity. X-ray 
diffraction often misses minerals with an 
abundance of less than 5 percent, particu- 
larly if they are very fine-grained. For ex- 
ample, chromium (III) sulfide prepared 
at temperatures as high as 450?C is 
amorphous to x-rays (33). 

Etching Experiments: Mineral Q 

It did not make sense for chromite to be 
the host phase of either primordial or the 
progenitor of fission-derived Xe. The cat- 
ions of chromite, Fe2+ (0.71 A) and Cr3+ 
(0.70 A), are too small to permit sub- 
stitution by the large positive ions of acti- 
nides or superheavy elements, and the an- 
ion 02- (1.32 A) likewise is too small for 

ready replacement by neutral Xe (1.90 A). 
The situation for amorphous carbon was 
hard to predict a priori, because of its ir- 
regular structure. On the other hand, a sul- 
fide (S2-, 1.72 A) would be a much more 
appropriate host phase for Xe, as pointed 
out by DuFresne and Anders (34). More- 
over, the superheavy elements 111 to 116 
were expected to condense as metals or sul- 
fides, not as oxides (12). 

Apart from these theoretical reasons, 
there were two experimental hints of the 
presence of a minor sulfide mineral: the oc- 
currence of S in the electron microprobe 
analysis, and the high abundance of Se, Te, 
Bi, and other sulfide-seeking trace ele- 
ments in sample 3CS1 (23). Such a mineral 
might be present as discrete grains, or as a 
surface coating on chromite. 

It is always difficult to isolate an un- 
known mineral, and impossible if it forms 
a surface coating on another mineral. For 
this reason we chose a different approach: 

Table 3. Helium, neon, and argon from acid-treated mineral fractions of the Allende meteor- 
ite. Symbols: 3C, chromite; 3CS, chromite-spinel; 1, unetched; 2, HNO3 etch; 3, aqua regia etch; 4, 
HNO3, HCIO4 etch; HB, hot blank; CB, cold blank. All samples were heated to 1600?C for 30 min- 
utes to extract noble gases, except 3CS2, which was analyzed in four steps at the temperatures in- 
dicated. Unless otherwise stated, abundances are accurate to ? 20 percent. Isotopic ratios have been 
corrected for mass discrimination, background of the spectrometer, and hot blank. One-half of the 
latter two corrections was included in the error. 

4He 22Ne 36Ar 
(x 10-8 (x 10-8 2ONe 21Ne (x 10-8 3bAr 40Ar Sample cm3 cm3 22N 22Ne cm3 3'Ar 36Ar 
STP/g) STP/g) STP/g) 

Bulk 2,550? 2.50 2.71 0.713 16.7? 5.25? 89.2? 
+.03 +.004 

3C1 189,000 115 9.44 0.04231 3,715 5.255 3.95 
(3.98 mg) ?.15 1.00075 -.034 +.08 

3C3 195,000 118 9.24 0.0415 1,575 5.230 2.00 
(3.33 mg) +.21 +.0010 +.042 +.22 

3C2 169,000 111 8.53 0.04346 390 5.213 1.1 
(2.93 mg) ?.17 +.00082 +.074 ?1.0 

3CS 1 139,000 81 8.64 0.05536 2,430 5.270 3.89 
(4.32 mg) . 16 +.00092 +.034 +.11 

3CS3 109,000 67 8.53 0.0542 1,025 5.265 1.71 
(4.69 mg) +.17 +.0010 +.038 +.25 

3CS2 700?C* 8,200 0.4 11 0.4 45 5.25 0 
?4,200 ?+1.4 ?44 1.3 +.22 

100 0C* 76,800 34 8.46 0.0452 39 4.92 0 
?.36 -.0017 +.25 

1300?C* 45,600 41 8.25 0.0602 143 5.023 0 
?.29 ?.0018 ?.076 

1600?C* 1,500 0.4 5 0.3 11 5.18 0 
?4,000 ?1.1 I25 ?1.1 ?.97 

3CS2 
Total* 122,400 t 75 t 8.35t 0.0534 t 238 5.054 0 

(3.54 mg) ?.23 -.0013 +.084 
3CS4t 163,000 95 8.45 0.0558 185 4.97 0 

(1.41 mg) +.36 +.0022 .14 
HB 1600?C 30 6 x 10-3 -7.1 -0.03 8 x 10-3 -5.3 -295 

(30 min) 
CB250C 30 2 x 10-3 -7.1 -0.03 7 x 10-5 -5.3 -295 

(30 min) 

*Corrected for hot blank since no blanks were measured at intermediate temperatures. However, if cold blank cor- 
rections are applied, the reported isotopic ratios and abundances remain unchanged within the limits of experimen- tal error, except for the 4?Ar/36Ar ratios, which become 11.07 : 0.10 at 700?C, 1.07 ? 0.08 at 1000?C, 
0.192 + 0.021 at 1300?C, and 2.426 ? 0.027 for total. tThe summation excludes the 700? and 1600?C fractions 
for He and Ne. :The He and Ne contents of this very small sample are higher than those of the remaining sam- 
ples, in spite of the more severe etching treatment. This suggests either a weighing error or loss of a gas-poor phase on etching. For comparison with other samples, the gas contents of 3CS4 should therefore be multiplied by 0.68. 
The isotopic ratios remain unchanged, of course. ? (36). 
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react only slowly. Chromite and carbon, 
on the other hand, are insoluble in these 
acids. We therefore treated portions of 
samples 3C and 3CS with acids for varying 

Table 4. Krypton from acid-treated mineral fractions of the Allende meteorite (26). Symbols are de- 
fined as in Table 3. Gas concentrations are accurate to ? 20 percent. 

84Kr 78Kr* s8Kr 82Kr 83Kr 86Kr 
Sample (x 10-"' 

cm3 STP/g) 84Kr _ 100 

Bulk 26.2 0.613 5.268 20.621 20.187 30.96 
?.039 +.015 +.039 +.048 +.033 

3C1 3827 0.6030 3.969 20.153 20.209 31.043 
(3.98 mg) ?.0060 +.037 ?.097 +.085 +.082 

3C3 1672 0.6074 3.921 19.99 20.11 31.190 
(3.33 mg) -.0088 +.040 .12 +.11 +.095 

3C2 389 0.570 3.760 19.08 20.024 32.067 
(2.93 mg) +.033 -.063 +.15 +.099 +.095 

3CS 1 2361 0.6085 4.009 20.256 20.270 31.121 
(4.32 mg) +.0076 +.045 .4091 +.078 +.083 

3CS3 1092 0.5967 3.928 19.969 20.115 31.200 
(4.69 mg) +.0098 +.043 +.097 +.096 +.092 

3CS2 700?C 65 0.61 4.052* 20.52 20.66 30.75 
?.14 +.070 ?.21 ?.16 ?.15 

1000?C 32 0.62 3.583* 18.66 19.91 33.82 
?.25 ?.078 ?.28 ?.26 ?.25 

13000C 118 0.534 3.649* 18.33 19.98 32.98 
?.066 ?.046 ?.17 ?.14 ?.10 

16000C 13 0.81 3.85* 18.69 19.51 32.35 
?.59 ?i.10 ?.31 ?.30 ?.38 

3CS2 total 228 0.58 3.766* 19.08 20.160 32.38 
(3.54 mg) +.07 +.033 ?.11 ?.090 +.11 

3CS4 147t 0.51 3.359* 17.69 19.44 33.73 
(1.41 mg) -.15 +.044 ?.23 +.23 +.17 

*Corrections for hydrocarbon background in the mass spectrometer have been applied to all 7"Kr peaks and some 
")Kr peaks. Half of the correction was included in the error. tFor comparison with other samples, the "4Kr 

content of 3CS4 should be multiplied by 0.68 [see third footnote (t) in Table 3]. 

Table 5. Xenon from acid-treated mineral fractions of the Allende meteorite (26). Symbols are de- 
fined as in Table 3; 136Xef = fission-derived '36Xe. Gas concentrations are accurate to + 20 percent. 

132Xe 

(136Xef) 124Xe 126Xe 128Xe 129Xe 13oXe 1'Xe '34Xe '36Xe 
Sample (x 10-10 

cm3 
cm3SP '32Xe 100 

STP/g) 
- 

Bulk 19.2 0.4629 0.4019 8.239 176.4 16.04 81.71 39.16 33.53 
(0.50) +.0034 +.0038 .018 +.3 +.03 +.10 ?.05 +.04 

3C1 3033 0.4712 0.4109 8.152 113.88 16.09 81.83 39.31 33.83 
(3.98 mg) (88) +.0068 +.0044 +.043 ?.76 +.12 ?.66 .20 +.21 

3C3 1402 0.4911 0.4233 8.341 113.84 16.16 82.09 40.32 35.44 
(3.33 mg) (65) -.0084 +.0043 +.037 -.79 ?.11 +.58 +.21 ?.22 

3C2 421 0.586 0.4565 8.550 110.33 15.92 82.94 47.25 46.11 
(2.93 mg) (66) +.013 -.0094 +.067 +.77 +.12 ?.62 ?.30 +.31 

3CS1 1984 0.4735 0.4185 8.187 114.25 16.16 81.87 39.23 33.81 
(4.32 mg) (60) +.0075 ?.0044 +.036 ?.74 +.12 ?.58 -.20 +.22 

3CS3 970 0.4922 0.4243 8.377 112.23 16.31 82.78 40.42 35.40 
(4.69 mg) (42) ?.0071 +.0067 +.061 +.97 ?.16 +.68 ?.23 -.25 

3CS2 700?C 55 0.420 0.386 8.172 124.42 16.14 81.32 38.80 32.61 
?.013 ?.018 ?.071 ?.94 ?.13 +.70 ?.31 ?.24 

1000?C 36 0.688 0.494 8.841 115.02 15.74 83.06 52.73 54.50 
+.011 +.010 ?.094 I.92 -.15 ?.69 +.35 ?.45 

1300?C 152 0.668 0.510 8.783 105.4 15.94 84.11 50.80 51.60 
?.014 ?.012 ?.076 +1.1 +.16 +.68 ?.27 ?.34 

1600?C 15 0.630 0.483 8.59 106.7 15.97 82.7 47.62 46.38 
?.034 ?.010 +.14 ?1.4 ?.20 ?1.6 ?.38 +.37 

3CS2 total 258 0.6159 0.4798 8.650 110.87 15.96 83.29 48.33 47.65 
(3.54 mg) (44) -.0091 +.0082 -.050 +.70 ?.10 +.45 ?.18 ?.22 

3CS4 198* 0.727 0.487 8.78 106.14 15.84 83.63 55.96 58.32 
(1.41 mg) (54) +.016 ?.023 .11 +.94 ?.14 +.72 +.41 +.47 

lengths of time, as shown below, and ana- 
lyzed them by mass spectrometry and 
neutron activation analysis (23). 
3C2, 3CS2 Concentrated HNO3, 3.5 

hours, 800C 
3C3, 3CS3 Aqua regia, 1 hour, 40?-80?C; 

CS2; aqua regia, 2.5 hours, 
400-80oC 

3CS4 Red fuming HNO3, 1 hour, at 
80OC; concentrated HC104, 
1 hour, 80?C 

The noble-gas data were rather striking 
(Tables 3 to 5). Although the acid-treated 
samples lost only 4 to 8 percent of their 
weight (23), they lost a major part of their 
heavy noble gases Ar, Kr, and Xe, retain- 
ing only about 45 percent in aqua regia, 10 
percent in concentrated HNO3, and 5 per- 
cent in fuming HNO3. Yet the light gases 
He and Ne and the anomalous Xe were es- 
sentially unaffected, as shown by the con- 
stancy of the He and Ne contents and the 
rise in 36Xe/'32Xe and 124Xe/'32Xe with 

falling '32Xe content. The concentration of 
'36Xef is given in Table 5. 

The isotopic enrichments in '36Xe far ex- 
ceed any observed heretofore. Bulk chon- 
drite samples never have '36Xe/'32Xe ra- 
tios higher than 0.349 (36), compared to a 
primordial ratio of 0.310 (this work), and 
even temperature fractions have never 
been known to exceed a ratio of 0.47 (5). A 
very substantial separation of trapped Xe 
from fission Xe has been achieved. 

Apparently the heavy noble gases reside 
mainly in a minor mineral fraction, soluble 
in oxidizing acids. We have dubbed it Q, 
for quintessence (37). The exact nature of 
this fraction is still uncertain, but accord- 
ing to data presented in (23), it contains 
Fe, Cr, Ni, and Al in proportions corre- 
sponding to a M2+/M3+ ratio between 1 
and 2. It may be a single mineral (perhaps 
an unknown double sulfide of Fe and Cr, 
such as Fe4Cr2S7 or Fe2Cr2Ss), or a mix- 
ture of several minerals. A detailed dis- 
cussion is given in (23). 

Host Phase: Q or Chromite-Carbon? 

Much of the discussion of this paper will 
focus on the differences between Q and 
chromite-carbon, and we have therefore 
listed the gas contents of both in Table 6. 
For chromite-carbon, we used the most se- 
verely etched sample, 3CS4, although the 
trace element composition of a similar 
sample, 3CS5 (23), suggests that it still 
contained some Q. For the gas content of 
Q, we used the difference between unetched 
and etched samples, for example 

[Q(C2)] = {[Cl] -(1 - 
a)[C2]t/ (1) 

I -1-_I -___L- Al---+-+1- - *wnere oracKets uenotc ne gas conccntra- *For comparison with other samples, the '3"Xe and '36Xef contents of 3CS4 should be multiplied by 0.68 [see third ee raK ente t as concenra- 
footnote (t) in Table 31. tion of a sample, Q(C2) is Q as inferred 

selective dissolution in an appropriate sol- 
vent (19, 35). All sulfides are soluble in hot 
nitric acid or aqua regia, although some 
[including several chromium sulfides (33)] 
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from sample 3C2, and a is the fractional 
weight loss on etching [0.075 for 3C2 and 
0.064 for 3CS2 (23)]. As a check on the 
method, we calculated gas contents of Q 
for both the chromite and chromite-spinel 
series. The two estimates agree fairly well 
(Table 6). 

Evidently, Q has exceedingly high con- 
tents of heavy noble gases, some 300 times 
higher than the chromite-carbon, which in 
turn is enriched by an order of magnitude 
over the bulk meteorite. The light noble 
gases are enriched about equally in both 
minerals, by nearly two orders of magni- 
tude over the bulk meteorite. 

Table 6 also brings out an exceedingly 
important point: fission Xe is some seven 
to ten times more abundant in Q than in 
chromite-carbon. To be sure, 3CS4 con- 
tains at least three minerals: chromite (20 
to 25 percent), carbon (-60 percent), and 
spinel (15 to 20 percent). If only one of 
them contained fission Xe, the under- 
abundance relative to Q would no longer 
be so striking. However, analyses of sepa- 
rated carbon and chromite fractions (38) 
show that fission Xe is present in both. 
(Therefore we shall frequently use chro- 
mite hereafter as a synonym for chromite- 
carbon.) Barring the possibility that fission 
Xe is contained in some minor mineral 
hidden within these fractions, it would 
seem that Q is indeed the phase with the 
highest concentration of fission Xe. 

The present distribution of fission Xe 
may not accurately reflect the distribution 
of the progenitor, because of recoil of fis- 
sion fragments into adjacent phases. But 
except for some highly artificial configura- 
tions, such recoil cannot reverse an origi- 
nal gradient, enriching a catcher phase 
over the parent phase. Thus Q must be the 
parent phase. 

Elemental Patterns 

All samples have very low 21Ne/22Ne 
and 40Ar/36Ar ratios relative to bulk Al- 
lende. This shows that the gases are almost 
entirely primordial (or trapped), with only 
small admixtures of cosmic-ray produced 
21Ne and radiogenic 40Ar. From the ele- 
mental abundance patterns, it is clear that 
the gases are of planetary (39), not solar 
type (Fig. 3). Relative to cosmic abun- 
dances, the heavier gases are strongly en- 
riched, as in other carbonaceous chon- 
drites and the earth's atmosphere, but un- 
like solar wind in lunar soil (40) or gas-rich 
meteorites [such as Pesyanoe (41)], which 
gives a gently rising pattern (Fig. 3). We 
have not plotted Q itself, but it has a pat- 
tern even steeper than the conventional 
planetary pattern, with about 200 times as 
much He and Ne and about 2000 times as 
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Table 6. Gas contents of mineral Q and chro- 
mite-carbon. Errors are based on uncertainties 
in elemental abundances (except for isotopic ra- 
tios, where only the error in ratio was used). For 
'36Xef in 3CS4, the measured values were re- 
duced by a factor of 0.68, as indicated in the 
third footnote (t) to Table 3. Doubtful values 
are given in parentheses. Concentrations 
[Q(C2)] and [Q(CS2)] are defined as in Eq. 1. 

Chromite Ele- Mineral Q Chmi 
ment (x 10-8 cm3 STP/g) 3CS 

ortio [Q(C 2 [Q(C S2 (x 10-8 
cm3 ratio [Q(C2)] [Q(CS2)] STP/g) 
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- 10,000 
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?100 
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?1.2 
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?2 

5.26 
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+ .003 

0.06 
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380,000 
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1,800 
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-63 
2.5 
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? .04 
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0.05 
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1.35 
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0.36 
-.08 
8.45 

? .36 
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?.14 
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?-.005 
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1.2 
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Fig. 3. Allende meteorite has a typical planetary 
noble gas pattern, with He and Ne showing very 
large but similar depletions relative to solar 
system abundances (39), while the three 
heavier gases show progressively smaller deple- 
tions. Such a pattern was apparently established 
by selective trapping of gases from the solar 
nebula. In contrast, solar-wind ion implantation 
is nonselective and gives a nearly flat pattern 
[Pesyanoe meteorite (41)], sometimes skewed by 
saturation and diffusion effects [lunar soil (40)]. 
The unetched chromite has nearly the same pat- 
tern as the bulk meteorite, while the etched 
sample shows a lower ratio of heavy to light 
gases. Abundances for these two samples are 
plotted relative to bulk meteorite. Numbers in- 
dicate the enrichment factor. 

much Ar, Kr, and Xe as are present in bulk 
Allende. 

The steep patterns suggest that the gases 
were not trapped by ion implantation. A 
more selective process is implied, such as 
trapping in anion vacancies of a mineral 
forming in the solar nebula, as proposed 
for planetary gases in general (34, 42, 43). 

Isotopic Patterns 

There are major isotopic differences be- 
tween the trapped gas in Q and chromite, 
which must have an important bearing on 
the anomalous Xe problem. Some were in- 
dicated in Table 6, others will be discussed 
below. To anticipate our findings: the gas 
in Q has essentially unfractionated isotopic 
composition (close to solar), despite its ex- 
tremely fractionated elemental. composi- 
tion. The gas in chromite, on the other 
hand, shows substantial isotopic fractiona- 
tions, varying in sign and magnitude. 

So as not to degrade the isotopic data by 
additional corrections, we shall discuss 
these differences in terms of the actual 
samples, not the pure end members Q and 
chromite. This causes no real problems, 
because the most severely etched samples 
3C2, 3CS2, and especially 3CS4 approach 
the pure chromite pattern, while the 
unetched samples 3C1 and 3CS 1 are domi- 
nated by Q at least for the three heavy 
gases. 

Neon. The Ne in primitive meteorites is 
a mixture of three components: solar, plan- 
etary, and cosmogenic (produced by cos- 
mic-ray induced spallation reactions on 
Mg, Al, and Si). Solar Ne is dominated by 
the light isotope neon-20: 20Ne/22Ne = 
12.65 and 21Ne/22Ne = 0.0316 (44). Plane- 

tary Ne (also "Neon-A") differs from 
solar Ne in being enriched in the heavier 
isotopes by about 20 percent per mass unit: 
20Ne/22Ne = 8.2 and 2'Ne/22Ne = 0.025. 

Cosmogenic Ne contains all three isotopes 
in about the proportions 0.85: 0.92: 1 (36, 
44). 

The data are shown on a conventional 
three-isotope plot (Fig. 4). It is a property 
of such a plot that binary mixtures lie on a 
straight line joining the two components, 
whereas ternary mixtures lie within a tri- 
angle whose vertices are the three com- 
ponents. The etched samples fall close to 
the planetary corner, and hence consist 
mainly of planetary Ne, with small 
amounts of cosmogenic Ne. (The latter is 
more abundant in the spinel-bearing sam- 
ples, because Ne is produced more abun- 
dantly from Mg and Al than from Cr and 
Fe.) The 20Ne/22Ne ratio drops with in- 
creasing degree of etching, especially in the 
three chromite samples (triangles). Appar- 
ently they contain a less fractionated Ne 
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component of higher 20Ne/22Ne ratio, of 
solar or intermediate composition. Be- 
cause this component is selectively re- 
moved on etching, it must be associated 
with Q. Evidently the Ne in chromite is en- 
riched in the heavy isotopes, while the Ne 
in Q is of less fractionated composition, 
closer to solar. 

Argon. The unetched samples (whose Ar 
is dominated by that in Q) have 36Ar/30Ar 
ratios of 5.26 to 5.27, close to the solar or 
terrestrial atmospheric values of 
5.33 + 0.03 or 5.32 + 0.01 (45). But the 

12.5 

12.0 

10.0 

c'J 

-< 

C\J 

z 
o 

8.0 

etched samples 3CS2 and 3CS4 have 
markedly lower ratios: 5.05 and 4.97. 
Again, the heavy isotope is enriched in the 
chromite but not in Q. There have been 
earlier reports of a similar enrichment in 
some meteorite classes (36, 44). 

The etched samples contain little or no 
4"Ar. The 4"Ar/36Ar ratio in nucle- 

osynthesis is believed to be about 2 x 10-4 

(39), but measured ratios in chondrites are 

always much higher, because of a contribu- 
tion from the decay of 4K. The K content 
of the chromite was not measured, but is 
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Fig. 4. Isotopic composition of Ne in Allende chromite fractions. Composition of gas is indicated by 
proximity to one of the three components (planetary, solar, and cosmogenic; the latter lies off scale 
at 20Ne/22Ne = 0.85, 2Ne/22Ne = 0.92). All samples consist mainly of planetary Ne, with small ad- 
mixtures of cosmogenic Ne and a less fractionated (solar?) component. Dashed lines in this and 
subsequent figures indicate mass fractionation trend for solar component. Symbol T denotes total of 
the temperature fractions of 3CS2. 
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ISOTOPIC FRACTIONATION OF Kr AND Xe IN ALLENDE 
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Fig. 5. (a) Krypton, like Ne and Ar, shows an enrichment of the heavy isotopes in the etched samples, 
relative to average carbonaceous chondrite [AVCC (46)] krypton. It may be due to mass frac- 

tionation, or perhaps in part to a fission contribution. (b) Xenon is more complicated, showing en- 
richments at both the light and heavy isotopes. The enrichment of the heavy isotopes is almost cer- 

tainly due to fission, which leaves mass fractionation (but in a direction opposite to that of the other 
noble gases!) to explain the light isotopes. 
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likely to be low, since Rb in 3C1 is less 
than one-third as abundant as in the bulk 
meteorite (23). 

Krypton and xenon. For these elements, 
with six and nine stable isotopes apiece, it 
is convenient to plot isotopic ratios relative 
to the same ratios in a reference composi- 
tion (Fig. 5). The compositions chosen 
were average carbonaceous chondrite Kr 
[= AVCC Kr (46)] which is virtually iden- 
tical to atmospheric and solar Kr, except 
for a 1.5 percent excess at mass 86 (45), 
and the trapped Xe component in Q, as de- 
termined in this work and reported below. 
The latter differs slightly from AVCC and 
solar Xe, but to a degree that does not af- 
fect the present analysis. 

The Kr follows the trend of Ne and Ar. 
Again, the heavy isotopes are enriched in 
the etched but not the unetched samples. 
The isotopic pattern could be explained in 
terms of either mass fractionation or fis- 
sion as the dominant process, but neither 
explanation is wholly satisfactory. Mass 
fractionation leaves residual variations in 
the isotopic ratios that are hard to explain. 
Fission, on the other hand, leads to im- 
probable 86Kr/84Kr and S6Kr/'36Xe yield 
ratios. 

Mass fractionation, as invoked for Ne 
and Ar, should give a smooth curve (or 
even a straight line for the simpler kinds of 
fractionation). The Kr data for etched 
samples (Fig. 5a) do not follow this pre- 
diction, and so another mechanism must 
be sought. 

Qualitatively, fission can account for the 
trend. It would enrich unshielded 83, 84, 
and 86, but not shielded 78, 80, and 82, in 
accord with observation. To test this mech- 
anism quantitatively, we calculate the iso- 

topic composition of the fission Kr, using 
three-isotope plots such as Fig. 6. On the 

assumption that the fission yield of 
shielded 82Kr is zero, the x-intercept of the 
correlation line through the data gives the 
fission 86Kr/"4Kr ratio. The fission 83Kr/ 
84Kr ratio can be found from an analogous 
plot. In this manner we obtain the follow- 

ing relative yields: 83Kr: 84Kr: 86Kr = 

(0.283 + 0.023): (2.02 + 0.12): 1.00. The 

apparent maximum at 84 is very puzzling. 
Fission spectra sometimes show small fine- 
structure peaks superimposed on a mono- 
tonic trend, but never as large as this. 

To find the absolute amount of fission 

Kr, we need to know the composition of 

trapped Kr. No obvious candidate exists, 
but judging from the Xe data, only a small 
error (-10 percent) is introduced by using 
the unetched sample 3CS 1 for the trapped 
component in the severely etched 3CS4. 

Assuming a zero fission yield of the 
shielded isotope 82Kr, we find 86Krf = 
54 x 10-10 cm3 STP (standard temper- 
ature and pressure) per gram from sample 
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3CS4. Combining this result with the 
'36Xef content derived below, we obtain 

86Krf/'36Xef ~ 0.18. This ratio exceeds not 
only previous estimates of 0.06 or -0.1 
(46) for the chondritic fission component, 
but also measured values of 16Krf/36Xef 
for heavy actinides-for example, 0.019 
for 244Pu (47) and 0.031 for 252Cf (8). 

Other processes exist that can alter the 
isotopic composition of Kr (neutron cap- 
ture or spallation of neighboring ele- 
ments), but they would lead to observable 
effects that are not seen. Thus we are left 
with two unsatisfactory explanations for 
the Kr data: atypical fission or mass frac- 
tionation coupled with another, unknown 
process (or, of course, a combination of the 
two). The present data do not tell which of 
these processes is dominant, not even for 
any one isotope such as 86Kr. 

The Xe pattern in Fig. 5 looks strikingly 
different from the Kr pattern. The heavy 
isotopes are again enriched, but so are the 
light isotopes. No single process can pro- 
duce such a pattern. Fission can account 
for the heavy isotopes and is probably the 
only acceptable explanation for them. But 
it cannot account for the four light iso- 
topes, which are neutron-deficient and 
hence made only in very small yield. Nu- 
clear reactions with charged particles 
could, in principle, make the light isotopes 
preferentially, but all known reactions of 
this type produce more '26Xe than '24Xe, 
and also enhance 78Kr. 

This leaves mass-dependent fractiona- 
tion (13) as the remaining, if still unsatis- 
factory, alternative. The light isotope 124 
lies above the trend line defined by the next 
three isotopes 126 to 130, and so some ad 
hoc explanation must be found for this 
anomaly. (Alternatively, one could assume 
that the fractionation line is defined by 124 
and 126, but this leads to implausibly large 
excesses for 128 and 130.) Moreover, the 
sign of the fractionation is the opposite of 
that for the three lighter gases-the light, 
not the heavy isotopes are enriched. We 
shall return to this problem later on. 

In Situ Decay? 

Granted that the heavy Xe component 
formed by fission, did the fission take place 
in situ-that is, in the chromite-carbon-Q 
grains-or in some earlier locale? Manuel 
et al. (13) took the latter view, because they 
found no difference in the thermal release 
patterns of the lightest and heaviest Xe iso- 
topes. A plot of 124Xe/ '3Xe against '36Xe/ 
'30Xe gave a strong linear correlation (r = 
.98), suggesting that both components re- 
sided in the same mineral. Manuel et al. 
therefore proposed that both components 
were made in some earlier locale (such as a 
26 DECEMBER 1975 
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Fig. 6. Etched chro- 
mite samples are en- 
riched in heavy Kr 
isotopes, due to either 
fission or mass frac- 
tionation. Apparent 
fission yields can be 
found from the x-inter- 
cept of the correlation 
line, on the assumption 
that the fission yield of 
shielded isotope 82Kr is 
zero. The trapped Kr 
component in these 
samples presumably 
lies on a northwest 
extension of the corre- 
lation line; it cannot be 
derived from solar or 
terrestrial Kr by mass 
fractionation (dashed 
line). 
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Fig. 7. (a and b) Xenon in etched Allende separates (chromite-carbon) shows pronounced enrich- 
ment in both light and heavy isotopes, which is masked in unetched samples by the normal trapped Xe in Q. As Q is etched away, samples move along the mixing line to the upper right. Light and 
heavy excesses do not seem to be strictly correlated in the other two host phases of fission Xe (Q, 
acid-soluble minerals) because temperature fractions from bulk meteorites and unetched Allende 
separates [open circles, ellipses, squares (3, 13, 48)] often plot below the mixing line. Apparently light and heavy excesses are independent components, not a single, homogenous component. 
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Table 7. Release of trapped and fission Xe on etching. The composition of the dissolved fraction was 
calculated from the difference between each residue and the preceding sample. For comparison, 
('36Xe/'32Xe)trapped = 0.310. Errors include only the uncertainties in isotopic ratios and weight 
fraction dissolved, not in '32Xe concentration. 

32Xe re- 136Xe/ 32Xe 

Treatment tained (%) Residue Dissolved 

C CS C CS C CS 

None 100 100 0.338 ? .002 0.338 .002 
Aqua regia 43 47 0.354 + .002 0.354 + .003 0.326 ? .004 0.324 ? .005 
HNO3 13 12 0.461 .003 0.476 .002 0.310 .003 0.311 ? .004 
Fuming HNO3 6 0.583 ? .005 0.364 I .005 

supernova or the primitive sun) and then 
mixed in the gas phase before trapping. 
This point of view has also been adopted 
by Black (14). 

Our data certainly support Manuel's ob- 
servation of a close correlation between ex- 
cess light and heavy Xe isotopes (Fig. 7). 
The Allende separates (filled symbols) 
show an excellent linear correlation, over 
an even wider range than Manuel's tem- 
perature fractions of bulk meteorites 
(dashed circles or ellipses). With the ex- 
ception of '2Xe, which is affected by the 
decay of extinct 129I, all isotopes of Xe 
show such a correlation. This argues con- 
vincingly for the presence of only two Xe 

components in our residue: a normal 
trapped component and a component en- 
riched in both the light and heavy isotopes. 

The immediate, but too hasty, con- 
clusion is that the light and heavy Xe ex- 
cesses were homogenized before trapping 
in the meteoritic minerals. The correct 
conclusion is that the correlation is merely 
a mixing line between the gas contained in 
Q and the gas contained in chromite-car- 
bon. This explains the correlation but 
leaves the question of previous homoge- 
nization unanswered. Note that because 
most of the Xe in Allende is contained in Q 
and chromite-carbon, this conclusion is 
also valid for the correlation observed in 

temperature fractions of the bulk meteor- 
ite (13). 

We are thus left with the problem of de- 
ciding the relative merits of the two mod- 
els: previous homogenization or in situ fis- 
sion (coupled with some ad hoc mechanism 
for the light isotopes, such as mass frac- 
tionation during trapping in chromite). 
Two tests are available, each of which 

appears to favor the in situ fission model. 
First, according to the homogenization 

model all three components would be 
trapped from a gas phase. Whether the 
trapping took place in one or two stages, 
all components should occupy identical 
crystallographic sites. Thus the normal 
trapped component, which comprises most 
of the gas in Q and even chromite, should 
be inseparable in a given mineral from the 
light and heavy excesses. In Table 7 we list 
the measured 136/132 ratios for the Xe re- 
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maining after various acid treatments, cor- 
responding to increasingly complete re- 
moval of the normal trapped Xe. This ratio 
increases as Q dissolves, and the Xe in 
chromite-carbon becomes more dominant. 
Also listed are the calculated ratios for the 
Xe released under these treatments. The 
136/132 ratio in the first -55 percent of 
the gas lies noticeably above the trapped 
ratio of 0.310, but declines to this value in 
the second fraction, comprising 30 to 35 
percent of the gas. Such preferential early 
release of excess '36Xe relative to normal 
trapped Xe is not consistent with the ho- 
mogenization hypothesis. It would, of 
course, be interesting to see whether the 
light Xe excesses are also independent, but 
because of the extreme dilution by normal 
trapped Xe, the data are not accurate 
enough to tell. 

The second test is to look for deviations 
from a strict correlation of light and heavy 
Xe. Previous homogenization predicts no 
such deviations, whereas in situ fission ad- 
mits two possible reasons for such devia- 
tions: variations in the ratio of progenitor 
to light trapped Xe, and a radiation-dam- 
aged track leading to the fission Xe atom. 
For this test we use unetched samples (bulk 
meteorites and unetched separates) that 
contain the two remaining host phases of 
fission Xe: Q and HF,HCl-soluble miner- 
als. Both phases also contain very large 
amounts of trapped Xe, and we must 
therefore limit ourselves to temperature 
fractions in which the heavy Xe is en- 
hanced. Eight fractions of '3Xe/ 
'32Xe > 0.39 were available: six from bulk 
meteorites [open circles or ellipses in Fig. 7 
(3, 5, 48)], and two from the unetched sepa- 
rate 1CS [open squares (48)]. 

These temperature fractions from 
unetched samples do not all fall on the 

mixing line between Q and chromite-car- 
bon. Fifteen of the 16 points in Fig. 7 fall 
below the line, 11 by more than 1 standard 
deviation. Part of the tendency toward a 

rough correlation must, of course, be due 
to the chromite-carbon, which still ac- 
counts for a major fraction of the heavy Xe 

(43 percent, compared to 24 and 33 percent 
for Q and acid-soluble minerals). Thus it 

appears that the ratio of light to heavy Xe 

is not constant in these minerals, contrary 
to the predictions of the homogenization 
hypothesis. 

Although a case has been made for the 
independence of the heavy and light com- 
ponents, no direct evidence on this point is 
yet available for chromite, the phase rich- 
est in the light component. Etching experi- 
ments on chromite have not yet been per- 
formed, and a four-step heating experi- 
ment on 3CS2 failed to show a separation 
of light and heavy excesses (open dia- 
monds in Fig. 7). No conclusions can be 
drawn from this negative result, because 
no separation would be expected unless 
chromite and carbon registered fission 
tracks, and retained them up to the tem- 
peratures where gas release becomes sub- 
stantial. No data exist for chromite, but 
graphitic carbon is too conductive to 
record tracks. 

Escape of Fission Fragments? 

One major problem for the in situ hy- 
pothesis is the fine grain size of the gas- 
bearing minerals. The chromite-carbon 
grains in 3C1 are only about 0.3 um in di- 
ameter, and although we have never recog- 
nized Q under the optical or scanning elec- 
tron microscope, the absence of large par- 
ticles suggests that it, too, is fine-grained 
(at least after our separation). But the 
range of fission fragments is 7 um, and so 
if the tiny grains of Q and chromite-carbon 
were evenly dispersed throughout the me- 
teorite, they should contain only 0.5 per- 
cent, not 67 percent, of the total fission Xe 
in the meteorite. In terms of the in situ hy- 
pothesis this requires that at least part of Q 
was clustered in aggregates larger than 7 
,m and was surrounded by a layer of chro- 
mite-carbon thick enough to catch most of 
the escaping fission fragments. The chro- 
mite in our residue contains 14 percent of 
the Cr in the meteorite, and so if all the 
chromite has a uniform content of fission 
Xe, then 14 percent of the Cr in the mete- 
orite must be clustered. Of course, if only a 
fraction of the chromite contains any fis- 
sion Xe, then a correspondingly smaller 
fraction of the Cr must be clustered. 

A microprobe search showed that much 
of the Cr is in fact dispersed. No clusters 
were found in an area where between one 
and six would be expected (depending on 
the chromite-carbon ratio in the cluster). 
The meteorite contains a uniform back- 

ground of 0.5 + 0.1 percent Cr203, com- 

pared to 0.52 percent in the bulk analysis 
(24), and the few rare, Cr-rich particles as- 
sociated with sulfides are generally too 
small (< 3 ium). However, Larimer and 
Holdsworth (49) have found a number of 

promising features: large (15 to 20 um) 
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spheres of fine-grained chromite surround- 
ing cores of Ni-rich pentlandite. They 
occur in large (70 to 80 um) Mg- and 
Cr-rich olivine crystals, and are always 
connected to the matrix by fractures. Evi- 
dently chromite clusters of the right size do 
exist, although it has not yet been shown 
that they contain fission Xe, and are suffi- 
ciently abundant. 

The Ne data further constrain the pos- 
sible distribution of chromite. Chromite 
sample 3C1, although depleted in the prin- 
cipal target elements Mg, Al, and Si, had a 
spallogenic 2'Ne concentration nearly 
equal to that of the bulk meteorite. This 
21Ne must have recoiled into the chromite- 
carbon from closely associated matrix or 
olivine no more than - 1 ,um away [for a 
discussion of an analogous case see (19)]. 
The requirement that - 67 percent of the 
fission Xe be caught by chromite-carbon 
+ Q makes this close association nearly 
impossible for matrix but tenable for oli- 
vine. 

Fission Spectrum of Progenitor 

Potentially, the new data can provide a 
much improved estimate of the fission 
spectrum of the progenitor, because the 
etched chromite separates contain a great- 
er proportion of fission Xe than even the 
most enriched temperature fractions of 
bulk samples (dashed circle in Fig. 8). This 
advantage is offset by the even greater en- 
hancement of the anomalous light Xe. Al- 
though obviously of different nuclear ori- 
gin, it has remained closely coherent with 
the fission Xe in chromite (Fig. 7) and is 
therefore still too poorly defined for treat- 
ment as a separate component. Accord- 
ingly, we have treated the Xe in chromite 
as a mixture of fission Xe with a single 
trapped component. Since our analysis is 
based on only the 43 percent of the total 
Xe that resides in chromite, the neglected 
light component looms larger in our spec- 
trum (Fig. 2 and Table 8) than in previous 
estimates (1, 13, 50). 

The heavy isotopes show linear correla- 
tions on three-isotope plots such as Fig. 8, 
and can therefore be treated as simple bi- 
nary mixtures of a trapped component 
similar to AVCC Xe (star) and a fission 
component off scale to the lower right. The 
fission yield of each isotope iXe relative to 
'36Xe is found from three-isotope plots of 
'3Xe/iXe against '3Xe/iXe (for example, 
Fig. 8). The intercept of the correlation line 
with the x-axis gives ('36Xe/iXe)f of the 
pure fission component, on the assumption 
that the fission yield of the shielded isotope 
13"Xe is zero and that all '31Xe comes from 
a single trapped component. As noted 
above, we have misgivings about the latter 
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Table 8. Fission Xe component in carbonaceous 
chondrites. The fission component was obtained 
from the intercept of three-isotope correlation 
lines, as discussed in the text. The composition 
of the trapped component was assumed to lie at 
the intersection of the correlation lines with a 
mass fractionation line passing through solar Xe 
[analysis BEOC 12001 on lunar soil (45)]. The 
isotopic ratios relative to '32Xe were: '24Xe 
(0.00446), '26Xe (0.00404), 128Xe (0.0814), 129Xe 
(?), '3"Xe (0.162), 3'Xe (0.817), '32Xe (- 1.00), 
'34Xe (0.375), and '36Xe (0.310). 

3Meteore 1'Xe '32Xe '34Xe Refer- Meteorite 
136Xe '36Xe '36Xe ence 

Allende* 0.156 0.092 0.671 This 
+.011 +.015 ?.017 work 

Renazzo 0.13 0.16 0.72 (1) 
?.10 ?.10 ?-.04 

Various 0.17 0.22 0.71 (50) 
+.02 +.07 ?.01 
-.03 -.02 

Allende- 0.21 0.41 0.71 (13) 
800?C +.08 ?4.10 .05 

*An excess of the light isotopes was also present, with 
ratios 124Xe/l6Xe = 0.010, '26Xe/'"3Xe = 0.004, and 
22Xe/'3"Xe = 0.029. 

assumption, because the light component 
accompanying the fission Xe is enriched 
in the isotopes 124 to 128 (Fig. 5) and 
probably contains some excess 130 as well. 
It should really be treated as a second 
trapped component. However, we have not 
yet found a satisfactory way to determine 
the isotopic composition of this com- 
ponent. 

The trapped component in these samples 
must lie on the correlation line in Fig. 8, 
somewhere beyond the last point on the 
left. We assumed that it fell at the intercept 
of the correlation line with the mass frac- 
tionation curve of solar Xe. Its composi- 
tion is given in Table 8. 
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The values for '13Xe and especially '32Xe 
of the fission component are lower than 
earlier estimates. A review of the older 
data shows that the temperature fractions 
of highest 136/132 ratio, which had the 
greatest influence on the slope, often had 
lower 130/132 ratios than our samples. 
Perhaps they contained an admixture of 
terrestrial-type Xe, from an atmospheric 
or meteoritic source (1). On the other 
hand, it is possible that our samples were 
enriched in '30Xe from the light com- 
ponent. This would make our calculated 
fission yield of '32Xe too low. 

Origins: Supernova 

One apparent advantage of a supernova 
is its ability to produce both light and 
heavy isotope anomalies. This ability is not 
crucial, though, as the light and heavy iso- 
tope anomalies are not strictly correlated. 
Another advantage of a supernova origin is 
the less severe constraint it places on the 
half-life. The progenitor need only survive 
long enough to condense on solid grains; if 
these grains are large enough (> 7 um) 
and have a gentle enough temperature his- 
tory, they will preserve the fission Xe in- 
defintely, until their eventual incorporation 
in the meteorite (17, 18). 

The second advantage may not be great, 
however. Cameron (51) has noted that an 
expanding supernova envelope is not a 
suitable milieu for condensation of grains. 
Temperatures are too high in the early 
stages of expansion, and they remain high, 
by shock heating, as the gas sweeps up in- 
terstellar material. Grains are likely to 
form only after the material has been 

v. .,, I I I 

0.30 0.40 0.50 0.60 
136Xe/ 32Xe 

Fig. 8. Correlation plot for heavy Xe isotopes. Linear trend suggests that all Xe fractions are binary mixtures of a fission component (off scale at right) and a trapped Xe component lying near the inter- 
section of the correlation line with the mass fractionation curve of solar Xe (dashed line). Fission 
yield of '32Xe relative to '36Xe is determined from x-intercept, on the assumption that the fission 
yield of 13"Xe is zero. Dashed circle (800?C) indicates the most fissiogenic composition observed by 
previous authors in stepwise heating experiments on bulk meteorites (5). 
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greatly diluted by ordinary interstellar 
matter. Judging from the conditions in old 
supernova remnants (Vela and the Cygnus 
Loop) this may take on the order of 105 
years, and so the half-life must be at least 
as long. For comparison, if the progenitor 
is to reach the solar system in live form 
and in sufficient abundance, its half-life 
must be no less than 1.6 x 107 years (52). 

Offsetting these advantages are several 
major difficulties. Chromite is a fairly rare 
mineral (0.6 percent of chondritic matter), 
located in the middle of the condensation 
sequence (23, 53). Unlike materials from 
the extreme ends of the condensation se- 
quence, it cannot be separated from its 
complement of silicates, metal, and so 
forth by partial volatilization or con- 
densation-in fact, the retention of anom- 
alous Xe requires that the incorporation in 
the solar system was gentle. Thus it should 
be accompanied by a large complement of 
exotic metal, silicate, and so forth (about 
100-fold for solar composition). Coming 
from an environment that produced large 
isotopic anomalies in Xe, these phases 
should display some isotopic anomalies of 
their own, particularly among r-process, p- 
process, and radiogenic isotopes. Yet care- 
ful studies of the Rb-Sr, U-Pb, 291I-129Xe, 
and 244Pu-fission-Xe systems (54) have 
failed to show any anomalies attributable 
to an alien component. The only in- 
dications of such a component have been 
found in high-temperature, Ca,Al-rich in- 
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clusions from Allende, which show small 
variations in the isotopic compositions of 
O and Mg (15, 16). However, chromite and 
Q are associated with the matrix, not with 
these inclusions. A similar argument can 
be made for carbon, which, moreover, 
tends to associate with catalytic substrates 
(55). 

A whole complex of problems is posed 
by the trapped noble gases, because the 
present study has shown that they reside in 
the same rare minerals as the fission Xe. 
Thus, if the fission Xe is extrasolar, the 
trapped gases are also. This leads to sev- 
eral problems. 

First, the gases are too abundant for 
trapping in a tenuous supernova envelope 
or interstellar cloud. As we shall see, the 
high concentrations are an embarrassment 
even for an environment as dense as the so- 
lar nebula (pressure = 10-' atm), making it 
necessary to assume that noble gases are 
five to eight orders of magnitude more sol- 
uble in Q than in the one mineral for which 
data exist, magnetite (43). The problem is 
aggravated by another five to ten orders of 
magnitude if the trapping is to take place 
in an interstellar cloud of correspondingly 
lower density. (Ion implantation obviates 
this difficulty, but produces the wrong ele- 
mental pattern unless the plasma fortui- 
tously happens to have "planetary" com- 
position; see Fig. 3.) 

Second, it would be necessary to explain 
how a minor, exotic mineral came to be the 

2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 
1000/ T 

Fig. 9. Magnetite, a possible analog of chromite and mineral Q, shows the right relative solubili- 
ties for noble gases, although the absolute solubilities are too small by five to eight orders of magni- 
tude (43). The light gases show a much smaller dependence of solubility on temperature, with the re- 
sult that their ratios to heavy gases (for example, 20Ne/36Ar) are a sensitive function of temperature. 
Ratios of 4.3 and 0.05, as for chromite and Q, could be attained at 6800K and 4600K. It remains to be 
seen, however, whether chromite and Q indeed have the required high solvent capacity for noble 
gases. 
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dominant source of noble gases in this me- 
teorite (and, by extension, other meteorites 
and planets). The elemental ingredients of 
this mineral were available in ample supply 
in the solar nebula, and so were noble 
gases. 

Third, the isotopic composition of Ar, 
Kr, and Xe in Q is exceedingly close to that 
of the same elements in indisputably local 
samples: solar wind, the earth's atmo- 
sphere, and hundreds of meteorites. Ac- 
cording to current views of stellar nucle- 
osynthesis, these isotopic compositions are 
not universal, but vary appreciably from 
place to place. It would be surprising if the 
same exotic environment called upon to 
produce the fission Xe in Q were also able 
to supply large amounts of commonplace 
Ar, Kr, and Xe of essentially solar isotopic 
composition. 

Further evidence on this point has been 
obtained by Tatsumoto (56). He showed 
that the Pb in Q has a very nonradiogenic 
isotopic composition, close to that of pri- 
mordial solar-system Pb. Inasmuch as so- 
lar-system Pb represents only one of many 
possible compositions, this resemblance fa- 
vors a local rather than an exotic origin of 
Q and its associated Xe. 

Origins: Solar Nebula 

Our main clue to the origin of fission Xe 
is the context in which it is found. From 
the present study, we have learned that it is 
contained in chromite-carbon and in min- 
eral Q (presumably an iron-chromium sul- 
fide). The higher concentration in Q sug- 
gests that Q, not chromite, was the original 
host phase of the progenitor. The greater 
lability of the fission Xe on etching sug- 
gests that the decay occurred in situ. 

Both Q and chromite contain a charac- 
teristic suite of noble gases and trace ele- 
ments, whose presence must be accounted 
for. We shall try to see whether conven- 
tional models of the solar nebula can ex- 
plain the noble gas data, and at the expense 
of what assumptions. 

A possible scenario for the formation of 
chromite and Q has been discussed in the 
companion article (23). Both minerals may 
have originated from Cr-bearing FeNi 

grains (53) that had condensed from the 
nebula between 1400? and 12000K. On 
cooling, the grains reacted first with H^O 
between 800? and 5000K to form chromite, 
and then with H2S at 5000 to 4500K to 
form Q. Carbon formed concurrently, per- 
haps by catalytic decomposition of CO on 
grain surfaces. It has been proposed (42, 
43) that minerals forming in the nebula at 
such low temperatures would trap noble 

gases in dislocations or anion vacancies. 
We shall try to determine whether this 
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process can account for the observed ele- 
mental and isotopic patterns in Q and 
chromite. 

Elemental patterns. Noble-gas solubil- 
ities in chromite have not been measured. 
However, data are available for another 
spinel, Fe304 (43), which should be at least 
qualitatively similar to those for chromite, 
in view of the structural similarity of the 
two minerals and the high Fe3+ content of 
the chromite (32). 

In magnetite, He and Ne have much 
smaller heats of solution than do Ar, Kr, 
and Xe: -2.4 and -2.2 kcal/mole, com- 
pared to -15.2, -13.0, and -12.5 kcal/mole 
(43). Consequently the solubilities of He 
and Ne rise by only a factor of 5 between 
700? and 3500K, while the solubilities of 
the heavy gases rise by a factor of 105 (Fig. 
9). The ratio of a light to a heavy gas in the 
solid is thus a sensitive function of temper- 
ature. This is illustrated in Fig. 9, which 
shows 2?Ne/36Ar in magnetite equilibrated 
with a gas of solar 2"Ne/36Ar ratio (39). 

Qualitatively, this graph accounts for 
the Allende data. A high 20Ne/36Ar ratio 
(4.3) and low 36Ar content (126 x 10-8 cm3 
STP/g), as for chromite 3CS4, would be 
expected for magnetite equilibrated at 
680?K. A low 20Ne/36Ar ratio (0.05) and 
high 36Ar content (35,000 x 10-8 cm3 
STP/g), as for Q (Table 6), would be ex- 
pected for a temperature of 460?K. 

Of course, these numbers are merely il- 
lustrative, because they refer to magnetite, 
not chromite, carbon, or Q. The temper- 
ature coefficients of solubility should be 
similar for all four minerals, because heats 
of solution, being dependent mainly on 
atomic properties of the noble gases, will 
always tend to show the same dichotomy 
between light and heavy noble gases. Abso- 
lute solubilities, on the other hand, depend 
on the abundance of anion vacancies and 
other lattice defects large enough to trap 
noble gases; these will differ from mineral 
to mineral. Indeed, we must assume that 
they are four to six and five to eight orders 
of magnitude higher in chromite-carbon 
and Q, respectively, than in magnetite, 
because the measured distribution co- 
efficients for magnetite fail by this mar- 
gin to account for the gas contents of the 
Allende samples, at a nebular pressure of 
10-5 atm. (Alternatively, the pressure may 
have been four to eight orders of magni- 
tude higher, but we consider this unlikely.) 

It does not seem unreasonable that the 
abundance of trapping sites and solubilities 
should be higher by such factors. The satu- 
ration concentration for Xe in magnetite at 
500?K is 3.1 x 1014 atom/g, or about 10-4 
the number of O2- vacancies and 3 x 10-8 
the total number of 02- sites (43). Sulfides 
have a double advantage over magnetite: 
normal (single) anion vacancies are large 
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enough to accommodate Xe, and the tend- 
ency toward nonstoichiometric composi- 
tion may yield a much higher abundance of 
vacancies, up to 0.1 or even greater. Chro- 
mite likewise has a tendency toward non- 
stoichiometry; moreover, the Allende 
chromite was highly disordered, as shown 
by the fact that lattice spacings contracted 
by about 1 percent after acid treatment. 

Isotopic patterns. The principal trend to 
be explained is the strong fractionation in 
chromite, with its curious reversal at Xe. 
But the lack of such a fractionation in Q 
also needs to be explained. 

The chromite trend essentially parallels 
the planetary noble gas pattern, which has 
been discovered, piece by piece, over the 
last 15 years (6, 19, 36, 44, 45, 57) and has 
remained unexplained during all this time. 
The obvious explanation, by Ockham's ra- 
zor, is that the fractionation occurred dur- 
ing trapping of the gases. If the trapping 
indeed took place by crystal growth at low 
temperatures, then this process must be ca- 
pable of fractionating isotopes, to a degree 
that differs from mineral to mineral. 

No systematic experimental study of 
this process has been made. Magnetite ap- 
parently causes no isotopic fractionations 
greater than 1.5 percent per mass unit for 
Ne and Ar (43) and probably also Kr and 
Xe (58). Uranium oxides, on the other 
hand, fractionated Xe by up to 5 percent 
per mass unit at about 600?C (59). Both en- 
richments and depletions were observed. 

Clearly, the problem cannot be regarded 
as solved until appropriate model experi- 
ments have been carried out on chromite, 
carbon, and Q. Such experiments will have 
important implications not only for mete- 
orites, but also for the inner planets. Vari- 
ous authors have argued that the inner 
planets acquired their volatiles from a 
"thin veneer" of carbonaceous chondrite 
material (60). Now that three host miner- 
als of noble gases have been identified, it 
should be possible to arrive at a better un- 
derstanding of this process. 

Summary 

We have isolated the host phase of an 
enigmatic Xe component in the Allende 
meteorite, which may have been produced 
by spontaneous fission of an extinct super- 
heavy element. The fission Xe resides in a 
minor fraction comprising 0.5 percent of 
the meteorite, and consisting of chromite, 
an unknown Cr,Fe-mineral (Q, possibly a 
sulfide), and amorphous carbon. More 
than one-half of the trapped noble gases in 
the meteorite are located in these three 
minerals. Mineral Q contains gases of es- 
sentially solar isotopic composition (most 
of the Ar, Kr, and Xe, and some He and 

Ne) while chromite-carbon contains gases 
of strongly fractionated isotopic composi- 
tion (Ne, Ar, Kr enriched in heavy iso- 
topes, and Xe enriched in light isotopes). 
Both gas components, and the progenitor 
of the fission Xe, may have been trapped in 
these minerals when they formed from the 
solar nebula. 
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from the abundance of fission xenon in me- 
teorites of different accretion temperature. 
The obvious next step (5, 7) was to study 
the distribution of fission xenon among 
various meteoritic minerals, and compare 
it with that of other trace elements. This 
distribution might reveal some further 
chemical properties of the progenitor, such 
as oxidation state, ionic radius, and 
geochemical character (that is, tendency to 
form oxides, sulfides, or free metal). 

This experiment finally became feasible 
with the isolation of a mineral fraction 
from the Allende C3 chondrite that was 
enriched nearly 200-fold in fission xenon, 
as described in the companion article by 
Lewis et al. (8). A mass spectrometric 
study of the noble gases in this fraction is 
reported in (8). This article describes a ra- 
diochemical study of the same fraction. 
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Eleven years after Reynolds and Turner 
(1) discovered excess '13t-36Xe in the Re- 
nazzo meteorite, the source of the xenon 
remains unidentified. Presumably it is an 
unknown transuranium element that de- 
cayed by spontaneous fission. But none of 
the known transuranium elements, includ- 
ing extinct 82 x 106 year 244Pu, produces 
xenon of this peculiar isotopic composition 
(2-4). 

Only one clue to the chemical nature of 
this element has been available: its vol- 
atility. The fission-produced xenon occurs 
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solely in primitive, volatile-rich meteorites, 
and Anders and Heymann (5) therefore 
suggested that the progenitor of the xenon 
was to be sought among elements 112 to 
119, the only transuranium elements ex- 
pected to be volatile (6). Anders and Lari- 
mer (7) later revised the range to 111 to 
116, after estimating the condensation 
temperatures of superheavy elements in 
the solar nebula. 

These arguments were based on the dis- 
tribution of the free element between nebu- 
lar gas and meteoritic solids, as inferred 
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Results 

We have analyzed seven Allende sam- 
ples for 26 trace elements by radio- 
chemical neutron activation analysis, using 
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