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Noble Gases in the Murchison Meteorite:

Possible Relics of s-Process Nucleosynthesis

Abstract. The Murchison carbonaceous chondrite contains a new type of xenon
component, enriched by up to 50 percent in five of the nine stable xenon isotopes,
mass numbers 128 to 132. This component, comprising 5 X 1075 of the total xenon in
the meteorite, is released at 1200° to 1600°C from a severely etched mineral fraction,
and probably resides in some refractory mineral. Krypton shows a similar but small-
er enrichment in the isotopes 80 and 82. Neon and helium released in the same
interval also are quite anomalous, being highly enriched in the isotopes 22 and 3.
These patterns are strongly suggestive of three nuclear processes believed to take
place in red giants: the s process (neutron capture on a slow time scale), helium
burning, and hydrogen shell burning. If this interpretation is correct, then primitive
meteorites contain yet another kind of alien, presolar material: dust grains ejected

from red giants.

Noble gases in carbonaceous chon-
drites show complex isotopic patterns,
dating back to the beginning of the solar
system or even beyond. To resolve these
patterns into their components, two
techniques have proved especially use-
ful: extraction of gases by stepwise heat-
ing, and mineral separation by chemical
techniques. We have combined both in
the present study.

One of the more enduring puzzles in
this field is a xenon component enriched
in both heavy and light isotopes (/-4),
which has been attributed to fission of a
superheavy element (5), or to nuclear
processes in a supernova (2, 3). It is
commonly designated by the acronym
CCFXe (for carbonaceous chondrite fis-
sion xenon), although its fission origin
has not yet been proved. This com-
ponent resides mainly in chromite and
amorphous carbon «, 6, 7). These

SCIENCE, VOL. 201, 7 JULY 1978

phases can be isolated by dissolving the
bulk of the meteorite in HCI-HF, and
etching the residue (0.5 to 2 percent)
with oxidizing reagents to remove two
other phases that contain large amounts
of ordinary trapped (or ‘‘primordial’’)
xenon: the organic polymer and ‘‘phase
Q.,” a poorly characterized mineral that
may be an Fe,Cr-sulfide (5, 8).

In our previous study of the Murchi-
son C2 chondrite (7), we were only part-
ly successful in removing trapped xenon,
judging from the modest enrichment in
the heavy xenon isotopes. The highest
136Xe/132Xe ratio was only 0.441, higher
than the ratio in trapped Xe (0.310) but
lower than the highest value found for
the Allende meteorite [0.626 (6)]. We
therefore devised a new procedure for
removal of polymer and Q, involving al-
kaline oxidants such as NaOH + H,0,
or NaClO (9), in addition to the fuming

nitric acid used previously. This proce-
dure indeed dissolved ~ 90 percent
rather than 55 percent of the residue, and
left a sample (designated 1C10) that
yielded a 1*6Xe/**2Xe ratio as high as 0.53
on stepwise heating. But the fractions
released at the highest temperatures
showed some new and totally unexpect-
ed trends.

The large, 800°C xenon fraction (Table
1) seems to consist mainly of trapped xe-
non from the polymer, judging from the
low release temperature and isotopic
similarity to trapped meteoritic xenon
(penultimate line in Table 1). The 1000°
and 1100°C fractions show the usual
traits of CCFXe: enrichments in the
lightest three and heaviest two isotopes,
and little change in the others, relative to
132Xe. But starting with the 1200°C frac-
tion, some new trends appear: isotopes
128 and 130 rise, whereas 129, 131, 134,
and 136 fall, all to more extreme values
than any observed in meteoritic or lunar
samples in the 18 years since John Rey-
nolds founded the field.

Although the two most anomalous
fractions (1400° and 1600°C) are quite
small, the anomaly is not an artifact of
the blank correction. This correction is
only 1 percent for the 1400°C fraction,
and although it is larger (25 percent) for
the 1600°C fraction, even the uncor-
rected ratios are quite anomalous (10).

It appears that a new kind of xenon
component is present in the 1200° to
1600°C fractions. This can be verified by
three-isotope plots, such as Fig. 1. On
such a plot, mixtures of » components
fall within an rn-sided polygon of mini-
mum area, whose vertices are the indi-
vidual components. Xenon in carbo-
naceous chondrites normally behaves
like a pseudobinary mixture, with all
samples lying on a straight ‘‘mixing line”’
that joins trapped Xe (from Q and poly-
mer) at the left and CCFXe (from chro-
mite and carbon) off the scale to the right
(11, 12). When air xenon is present, sam-
ples drift below the line, toward the at-
mospheric point.

All Murchison samples ever measured
by us indeed lie on the mixing line, ex-
cept for the 1100° to 1600°C fractions of
Murchison 1C10. This deviation cannot
be due to air xenon, because the points
lie above rather than below the mixing
line. Apparently these fractions contain
a third xenon component, lying some-
where on the upper left in Fig. 1.

The isotopic pattern of this third com-
ponent can be qualitatively inferred from
the 1400° and 1600°C fractions (Table 1).
Isotopes 128 and 130 are obviously en-
riched, and so is the normalizing isotope
132, judging from the parallel decrease of
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the four isotopes 129, 131, 134, and 136.
These four isotopes, as well as the two
light isotopes 124 and 126, must be rare
or absent in the new component; the
amounts still present in these fractions
probably come from the trapped com-
ponent.

Of all plausible astrophysical process-
es, only the s process (neutron capture
on a slow time scale) seems capable of
producing such a pattern, enriched main-
ly in the even-numbered, middle iso-
topes. Fission or the r process (neutron
capture on a rapid time scale) would pro-
duce only the unshielded isotopes 129
and 131 to 136. Spallation of heavier ele-
ments such as Ba or rare earths would
make mainly the light, shielded isotopes
124, 126, and 128.

Accepting the idea that the new com-

ponent represents s-process xenon, we
can try to derive its composition by as-
suming that it contains no **136Xe at all.
The amounts of trapped and fission xe-
non in each fraction are first calculated
from the **Xe/**Xe ratio, making use of
the fact that this ratio differs greatly be-
tween these two components [trapped,
1.22 to 1.29; fission, 0.673 to 0.715 (7)],
and are then subtracted from the gross
spectrum. The resulting patterns for the
new component are given in Table 2, for
two extreme choices of the fission com-
ponent (7). In Fig. 2, the average compo-
sition is compared with the range of the-
oretical estimates for the s process, from
Clayton and Ward (/3). The odd isotopes
have large errors, but the even isotopes
are rather consistent, and the mean, for
both combinations of fission and trapped

Fig. 1. Xenon in min- 1 1
eral residues of the
Murchison meteorite

[(7) and this work].
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components, falls within the range of the
theoretical estimates.

Both the Murchison and the theoreti-
cal values show the same main features:
absence of 124 and 126, predominance of
even over odd isotopes, and increase in
abundance with mass number. We have
no good way of testing our assumption
that isotopes 134 and 136 are absent in
the new component. But it is reassuring
that all three fractions give similar pat-
terns after subtraction of quite different
proportions of trapped and fission xe-
non.

Krypton shows similar but much
smaller anomalies in the 1400° and
1600°C fractions. The effect is blurred by
variations in the trapped and fission com-
ponents, and is readily noticeable only
for 8Kr and perhaps 8Kr in the 1600°C
fraction (Table 3). But these two iso-
topes happen to be the very ones that are
shielded by selenium isotopes and hence
are made mainly by the s process (I4).
The amounts of anomalous #Kr, calcu-
lated by assumptions similar to those for
Xe (I5), are 0.2 = 0.1 x 107 and
0.03 = 0.03 x 107'* cm® STP/g for the
1400° and 1600°C fractions. The 8°Kr/
8Kr ratio in the 1600°C fraction is
0.2 = 0.3. The corresponding 52Kr/***Xe
ratios are 0.3 and 0.2, much below the
solar-system ratio of 24 (14).

The neon data (Table 4) show much
larger anomalies, which are best visual-
ized in a graph (Fig. 3). Meteoritic neon
usually can be represented as a mixture
of three components: solar or ‘‘Ne-B”’
(*Ne/**Ne =~ 13), planetary or ‘‘Ne-A”’
(**Ne/**Ne =~ 8.2), and cosmic-ray-pro-

Table 1. Xenon in severely etched residue 1C10 of the Murchison meteorite (9, 41). The '*¢Xe; is possibly fission-derived '*¢Xe. Corrections for
hot blanks were negligible up to 1200°C, and were applied only to the 1400° and 1600°C fractions, where they comprised 1 and 25 percent of the

observed '**Xe signal (10).

Tem- CO?)C(GIll(t)r_a:glon 124¥ e 126 o 128¥ 129¥ o 130X e 1B1Y e 134Y o 136X o
N re cm? STP/g)*
O 182X e 136X ¢, B2Xe = 100
800 861 6.7 0.4382 0.3970 8.095 105.31 15.94 82.16 37.97 31.55
*.0056 +.0051 +.084 +.38 *.10 *.27 *.14 *.15
1000 273 S5 0.6560 0.4788 8.605 104.67 15.769 83.13 50.52 50.56
+.0013 +.0099 +.098 +.37 *.074 +.39 +.25 +.31
1100 144 33 0.661 0.513 8.88 104.59 16.47 83.01 52.17 53.06
*.014 *.021 *.10 *.56 +.14 +.56 *.27 *.29
1200 50 10 0.588 0.449 8.80 101.63 16.90 81.48 48.33 48.70
+.012 +.016 +.15 +.56 +.19 +.34 +.34 *42
1400 10.9 1.3 0.4931 0.417t 10.07 94.2 20.38 75.82 40.22 38.30
+.29 *1.2 *.45 +.93 +.36 +.28
1600 1.6 0.08 0.559% 0.450% 10.97 71.7 22.4 62.5 30.4 27.2
+.86 +6.9 +1.6 +5.7 +1.8 +1.6
Total 1341 106 0.5126 0.4283 8.328 104.85 16.041 82.35 42.44 38.42
+.0039 +.0045 +.059 +.26 +.068 +.20 *.11 *.12
Solar 0.478 0.427 8.31 104.8 16.50 82.28 36.94 29.99
Trapped (7) 0.453 0.410 8.09 103 16.3 81.8 37.5 30.8
Air 0.357 0.335 7.14 98.3 -15.17 78.77 38.82 33.00

*STP, standard temperature and pressure.
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tAverage of first two peak height measurements only.
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duced or ‘‘cosmogenic’” (**Ne/*'Ne/
22Ne =~ (.85/0.92/1.00), off scale to the
right in Fig. 3. Several minor com-
ponents have also been postulated, of
which ‘‘Ne-E,” characterized by very
low but poorly known 20/22 and 21/22 ra-
tios, is the most interesting, being lo-
cated in what may be interstellar grains
e6).

Most Murchison points fall within the
A-B-cosmogenic triangle, although a few
temperature fractions and an HNO;-sol-
uble fraction (Q) are slightly displaced
toward the Ne-E corner. But the 1200°
and 1400°C fractions of 1C10 fall well be-
low the triangle, and hence must contain
a component rich in 22Ne. The collinear
trend of the 1000° to 1200°C fractions,
which points toward the origin, suggests
that this component could be a pure ?Ne
spike. However, the trend of the 1200°
and 1400°C fractions alone implies a
more conventional Ne-E component,
with finite amounts of the other two iso-
topes but a 21/22 ratio below the present
upper limit of 0.0211 (/6). Experimental-
ly, these two possibilities are hard to dis-
tinguish, because even small amounts of
the ubiquitous trapped and cosmogenic
neon components would add enough
20Ne and ?!'Ne to a pure 22Ne spike to dis-
place it from the origin. But whatever the
nature of this anomalous neon com-
ponent, it shows up in the same fractions
where the anomalous Kr and Xe are
found [although at higher temperatures

Table 2. Isotopic composition of new xenon
component in Murchison meteorite sample
1C10. Calculated values for s-process nucle-
osynthesis are given in the last four lines.

Temper-
ature 128 129  130* 131 132
°C)
1200 037 —-05 =1 1.2 2.6
+20 =1.7 *1.3 =16
1400 043 0.08 =1 0.53 1.92
*+.07 *40 +.31 =*.37
1600 047 —-02 =1 0.2 2.5
*.12 *0.9 *7 =8
Meant 043 0.03 =1 0.51 2.04
*+.06 =*=.36 *+.28 *.33
Meant 0.43 044 =1 0.28 2.02
+.06 +.38 +22 +.35
“@2) 047 0.18 =1 027 1.5
(3,43) 033  0.14 =1 0.39 2.50
(3,44) 0.60 022 =1 0.24 1.50
(3,45) 0.79 033 =1 0.39 1.60

*Concentrations of the new component in the vari-
ous temperature fractions, in units of 1071 cm3 13°Xe
per gram, are: 1100°C, 0.66; 1200°C, 0.88; 1400°C,
0.69; and 1600°C, 0.17. tThe first mean is a
weighted mean of the data in the table. The second
mean refers to an analogous set of data, calculated
for a different fission component [Murchison 2,
based on a strongly mass fractionated trapped com-
ponent, instead of Murchison 1, based on a lightly
fractionated component (7)]. Evidently the final re-
sults are essentially similar for both choices of fis-
sion component.
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Table 3. Krypton in severely etched residue 1C10 of the Murchison meteorite (9, 41). Correc-
tions for hot blanks were negligible up to 1200°C, and were applied only to the 1400° and 1600°C
fractions, where they comprised 3 and 40 percent of the observed #Kr signal (10).

Temper- %Kr Kr 80Ky 82Ky 83K r 86K r
ature (x 1071
(§(©) cm 3 STP/g) 84K = 100
800 2730 0.607 3.999 20.066 20.218 31.12
+.012 *.055 *.087 +.065 +.33
1000 384 0.544 3.737 19.23 19.95 32.18
+.015 *.071 *.11 *.13 +.35
1100 166 0.545 3.683 19.41 20.211 32.33
*.014 *.065 *+.11 *.081 *+.35
1200 57 0.565 3.651 19.40 20.39 31.78
*.033 +.080 *.28 *.20 +.38
1400 9.7 0.68* 3.27 19.89 20.07 31.49
*.10 +.50 *.23 +.51
1600 1.3 0.71* 4.39 22.2 19.0 32.0
*.1 +.46 *2.1 *2.1 *3.1
Total 3348 0.596 3.945 19.927 20.189 31.31
+.010 *.046 *.072 +.055 +.27

*Average of first two peak height measurements only.

than Ne-E in other meteorites (16)]. In
stellar nucleosynthesis, neon is made by
helium burning rather than by the s
process, but both processes are believed
to take place in red giants (I7).

Argon shows a slight rise in the 3¢Ar/
38Ar ratio with increasing temperature
(Table 4), but the ratios for the 1400° and
1600°C fractions agree with the solar and
terrestrial value of 5.32 within the limits
of error. Helium, on the other hand,
shows a significant trend. The ‘He/*He
ratios for the 800° to 1100°C fractions rise
from 6900 to 10,100, well above the so-
lar value of 2500. The drift toward higher
values may represent release of small
amounts of cosmogenic 3He., judging
from the concurrent release of cosmo-
genic *'Ne, (Fig. 3). A correction for
3He, can be estimated from the 2'Ne,
content, but since He diffuses faster than
Ne, this correction can only be applied
to all three fractions combined. Pro-
ceeding in the conventional manner (7)
we find 2'Ne, = 1.8 X 107® cm® STP/g,
which, assuming (®*He/>'Ne), = 3, yields
SHe. = 9 x 1078 cm?® STP/g, or 7 per-
cent of the observed ®*He. The cor-
rected *He/*He ratio in the 800° to 1100°C
interval thus is 8400, close to the ratio of
7000 = 1000 for ‘‘planetary’’ helium
as).

The *He/*He ratios for the 1200° and
1400°C fractions decline sharply, to 2300
and 500 (Table 4). The neon data tell us
that this drop is not due to cosmogenic
3He,., because there is little ?'Ne and
even less ?'Ne, in these fractions, and
3He, should have escaped before 2!Ne,
anyway. [This argument would not hold
if diamond were the host phase, because
meteoritic diamond has a high (®*He/
21Ne), production ratio and a high release
temperature (I9). However, there is no

diamond in Murchison.] Apparently the
low “He/*He ratio is an integral part of
the isotopic anomalies in the high-tem-
perature fractions of 1C10.

There are few astrophysical processes
that will produce ®He without unob-
served side effects such as *!Ne; inter-
estingly, one of them is hydrogen shell
burning in red giants (I7, 20). For stars of
1 to 1.5 solar masses, *He/*He ratios as
low as 200 are attained (20). Thus all four
isotopic anomalies found in Murchison
1C10 can be assigned, with varying de-
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Fig. 2. New xenon component (circles) shows
three attributes of xenon synthesized by the s
process [rectangles; from (13)]: predominance
of even over odd isotopes, increase in abun-
dance with mass number, and rarity or ab-
sence of the very light and heavy isotopes,
124 to 126 and 134 to 136. Solar xenon (cross-
es) shows quite a different trend, with the odd
isotopes 129 and 131 being more abundant
than their even neighbors, 128 and 130.
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Table 4. Helium, neon, and argon in severely etched residue 1C10 of the Murchison meteorite (9, 41). The data have been corrected for spectrom-
eter background and hot blanks. The latter were determined at 1200°, 1400°, and 1600°C; the 1200°C value was also used at the lower temper-
atures. Errors shown include the uncertainties in these corrections as well as the statistical error (1 standard deviation) in the linear extrapolation
of isotope ratios to zero time. For helium, peak heights of the two isotopes were used in the extrapolation instead of the isotope ratio. Errors
shown for the concentrations are due to instrument background and blank only, and do not include the absolute uncertainties (He, =20 percent;

Ne and Ar, + 10 percent).

Temper- 4 ‘He 20 21 36Ar 36 10
ature He 3He (X107 cm? 22Ne Ne Ne (x10°8 Ar Ar
°C) *He STP/g) *Ne *Ne cm? STP/g) AT SAr
800 6,900 46 318,000 55 8.23 0.02701 3350 5.423 0.098
+] +2,000 *.1] +.00063 +.038 +.001
1000 8,000 76 611,000 135 8.78 0.03438 620 5.275 0.012
+] +2,000 +.12 +.00085 +.037 +.002
1100 10,100 12 121,000 103 7.42 0.02977 310 5.234 0
+] +2,000 +.10 +.00061 +.037
1200 2,250 16 36,000 30 5.244 0.02056 100 5.344 0.001
+] +2,000 +.079 +.00096 +.038 +.010
1400 500 7 3,200 9.5 3.270 0.0160 14 5.385 0
*] +2,000 +.078 +.0010 +.064
1600 0 0.4 3.6 0.058 1.2 5.49 45
*0.1 *1.6 +.023 *.] +.72 +]2
Total 6,940 157 1,089,000 333 7.78 0.02998 4395 5.386 0.089
+310 *3 +5,000 +.10 +.00061 +.038 +.003

grees of certainty, to red giants: Kr and
Xe to the s process, Ne to helium burn-
ing, and He to hydrogen shell burning.
We cannot say much about the miner-
alogical location of the anomalous com-
ponent. X-ray diffraction of 1C10
showed mainly chromite and minor spin-
el, with indications of some amorphous
material: presumably residual organic
polymer or amorphous carbon. Chromite
and polymer can be ruled out as carriers
on the basis of other Murchison samples,
where these phases had been enriched or
depleted (6, 7). The polymer outgasses at
=< 800°C (7), whereas chromite loses its
highly distinctive xenon component
mainly at 1200° to 1400°C (7). Spinel and
amorphous carbon have not been studied
in Murchison, but at least in the C3V
chondrite Allende they have the wrong
properties. Allende spinel contains only
negligible amounts of noble gases (6),
whereas Allende carbon contains a
CCFXe component (4, 6) and releases its
gases at ~1000°C when chromite is pres-
ent, apparently because of a chemical re-
action with chromite (21). However, we
do not consider it safe to generalize from
one meteorite class to another, and
therefore regard spinel and amorphous
carbon as definite candidates. A third
candidate is hibonite, CaAl;,0,y. Al-
though not detected in our sample, it oc-
curs in Murchison in trace amounts (22),
and would probably survive our chem-
ical treatment. Further work is obviously
needed to resolve this matter. In any
event, since chromite accounts for about
80 percent of the similar sample 1C59 (7),
which represented 0.17 percent of the
meteorite, the host phase of the new
component probably comprises no more
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than 3 X 107 of the mass of the meteor-
ite.

One or the other of these minerals is
likely to be among the first phases to
condense from the expanding envelope
of a red giant. Pressures in the con-
densation region are estimated to be 1 to
10% dyne/cm? (23), so that condensation
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Fig. 3. Most Murchison samples lie within a
triangle bounded by solar, planetary, and cos-
mogenic neon. However, the 1200° and
1400°C samples of 1C10 fall well below the tri-
angle, and may contain a component rich in
22Ne, similar to Ne-E (16) at the bottom of the
graph. A possible composition lies below the
1C10, 1400°C point, along a tie line through
Ne-A; but even a composition at the origin—
that is, pure 2Ne—is not excluded.

models for the solar nebula apply (24).
At C/O ratios < 0.9 and pressures of 100
dyne/cm?, Al,Oj3 (a close analog of hibo-
nite) condenses at 1679°K and changes to
spinel at 1444°K (24). At higher C/O ra-
tios, carbon becomes the first major con-
densate at = 1800°K, whereas Al,O; and
spinel appear only at 1150° and 1120°K
(25). These condensates will be returned
to the interstellar medium by a stellar
wind or as a planetary nebula (/7). Fur-
ther opportunities for condensation and
ejection exist during the supernova stage
26).

We must also ask why the alkaline oxi-
dizing treatment revealed a new com-
ponent that had not been seen in the
acid-oxidized sample 1C5. A comparison
of the xenon release patterns of 1C5 and
1C10 (Fig. 4) provides an answer. First
consider *2Xe (Fig. 4a). Whereas the al-
kaline treatment had only a moderate
effect in the 800° to 1200°C interval,
depressing 1C10 by factors of 2 to 4, it
reduced the 1400° to 1600°C fractions by
a factor of 40, thus enabling the tiny
anomalous component to show through.
An analogous plot for CCFXe (Fig. 4b)
shows that this ‘‘unmasking’’ effect was
due not only to the intended removal of
73 percent of the trapped *?Xe in poly-
mer but also to the unintended removal
of 47 percent of the '**Xe; in chromite,
and, most important, to a shift of the
chromite release peak to lower tempera-
tures. Apparently the chemical treat-
ment somehow weakened the chromite,
causing it to release its gases at a lower
temperature. The ratio '*6Xe/'*2Xe (Fig.
4c) illustrates these changes from still
another aspect.

It seems likely that the new anomalies
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of Xe, Kr, Ne, and He are related to
some of the other isotopic anomalies re-
cently discovered in carbonaceous chon-
drites, involving O (27), Mg (28), Si (29),
Ca (30), S 31), Ba (32), Nd (32, 33), and
Sm (33). All of the earlier anomalies have
been found in high-temperature miner-
als, and although the host phase of the
new anomaly has not yet been identified,
a high-temperature mineral seems again
to be implicated by the high release tem-
peratures and by the elimination of other
known constituents of the sample. Such
refractory phases are expected to be the
first stellar condensates (24, 26), and
have the best chance of surviving forma-
tion of the solar system without melting
or vaporization. Thus one might expect
them to retain evidence of presolar nu-
clear processes (27, 34).

By the same token, the CCFXe anom-
alies are not likely to be presolar.
CCFXe is more abundant (1072 rather
than 5 X 1075 of the total Xe in the mete-
orite); it occurs in the matrix, not the
high-temperature inclusions; its host
phases chromite, carbon, and Q are sec-
ondary, low-temperature minerals; and
these phases or their associated trace
elements such as Pb or Os have typical
solar-system, not exotic, isotopic com-
positions (6, 35). Thus carbon, one of the
main carriers of CCFXe, has a *C/**C ra-
tio of 90.4 (6), well within the terrestrial
range of 88 to 94 but much above the typ-
ical ratio of ~ 40 for interstellar clouds
(36). The origin of CCFXe must probably
be sought in local processes in the early
solar system (4-6).

A potentially interesting clue is the
low 82Kr/'3Xe ratio of the new com-
ponent: 0.2 to 0.3, two orders of magni-
tude below the solar-system value of 24,
Much or all of the difference may reflect
a chemical effect, namely preferential
trapping of Xe. This effect has been seen
in terrestrial shales [6- to 800-fold de-
crease in Kr/Xe below the atmospheric
value (37)] and in meteoritic minerals
[~ 10- to 25-fold decrease below the so-
lar ratio (7)]. It is conceivable, however,
that part of the difference has a nuclear
cause: an s process involving neutron
fluences higher than that which made the
bulk of the solar-system nuclides [4.8
neutrons per iron seed nucleus (38)].
Such a process would enhance the Ba-
Xe peak relative to the Sr-Kr peak.

Some late-type stars indeed show such
enhancements. Three CH stars that are
strongly enriched in heavy elements
have Ba/Y ratios 6 to 13 times greater
than solar (14, 39), apparently because of
the operation of an s process with 70
neutrons per Fe nucleus (39). Whether
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crease in '**Xe/**2Xe on etching. A shift of the 1C10 peak to lower temperatures is also evident.

such an unusual s process needs to be in-
voked for Murchison may be learned
from measurements of other, less vola-
tile elements in the Ba and Sr peaks. It
would be surprising if this turned out to
be the case, because it would mean that
ejecta from a single red giant in the solar
neighborhood dominated over the aver-
age interstellar background. Moreover,
high 3He/*He ratios are produced only in
stars of low mass, which evolve very
slowly (20) and thus would not, except
by a rare coincidence, have reached the
red giant stage just wher the solar sys-
tem was about to form.

The new anomalies constitute the first
evidence for unhomogenized s-process
matter in primitive solar-system matter,
previous anomalies having been attrib-
uted to the r process or to explosive nu-
cleosynthesis in a supernova. Indeed,
since the new anomalies are large and
unambiguous, it may be profitable to re-
consider earlier interpretations, now that
evidence for an additional process has
been found.

After four decades dominated by the
dogma of an isotopically and chemically
uniform early solar system, isotopic
anomalies are now being discovered in
primitive meteorites at an accelerating
pace. It is remarkable that products of
one or mote stellar nucleosynthesis
events have survived in meteorites, and
although the signals are often small, spo-
radic, and entangled with each other, the
number of anomalies already exceeds
the number of possible processes. Thus
there is hope that unique and specific an-
swers to the nuclear prehistory of the so-
lar system will ultimately emerge. Mean-

while, credit must be given to workers
who anticipated the survival of presolar
matter in meteorites (3, 16, 34, 40), al-
though not all their expectations have
been borne out.

B. SRINIVASAN*, EDWARD ANDERS
Enrico Fermi Institute and Department
of Chemistry, University of Chicago,
Chicago, Illinois 60637
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Seismic Amplitude Measurements Suggest Foreshocks Have

Different Focal Mechanisms than Aftershocks

Abstract. The ratio of the amplitudes of P and S waves from the foreshocks and
aftershocks to three recent California earthquakes show a characteristic change at
the time of the main events. As this ratio is extremely sensitive to small changes in
the orientation of the fault plane, a small systematic change in stress or fault config-
uration in the source region may be inferred. These results suggest an approach to
the recognition of foreshocks based on simple measurements of the amplitudes of

seismic waves.

Significant progress has been made in
the recognition of long-term recurrence
patterns of large earthquakes (/), and
promising results are slowly accumulat-
ing which suggest that intermediate-term
changes (years to months) in regional
seismicity, strain, and electromagnetic
measurements may provide intermedi-
ate-term precursors (2, 3). However, the
fact remains that short-term precursors
(days to hours) will be needed to allow
evacuation of unsafe structures, if signif-
icant reductions are to be made in loss of

life and human suffering. The recent Chi-
nese success in predicting the Haicheng
earthquake (4 February 1975, magnitude
M = 7.3) was based on the use of long-,
intermediate-, and short-term pre-
cursors. The imminent prediction was
based partly on the recognition of a
swarm of small to moderate earthquakes
near Haicheng as a potential foreshock
sequence ). However, foreshocks do
not always occur; estimates on their fre-
quency vary widely 3, 5, 6), and they
are usually recognizable as foreshocks
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only in hindsight. To use foreshocks in a
predictive mode, one must distinguish
them from background seismicity and
earthquake swarms (7).

In earlier work along the line reported
here, Nersesov and his colleagues found
large changes in the orientation of focal
mechanisms over a large region prior to
thrust earthquakes in Central Asia (8).
Similar changes have recently been re-
ported prior to an earthquake of magni-
tude 5 in the Central Aleutians (9). A ret-
rospective study of the Haicheng fore-
shocks indicates that they were dis-
tinguishable from similar earthquake
swarms on the basis of remarkably con-
sistent focal plane solutions ¢, 10). Oth-
er possible changes in compressional or
shear wave amplitudes, or both, before
large earthquakes have been reported
from Kamchatka and China (I1).

We summarize here work on small
foreshocks to three moderate California
earthquakes (Fig. 1, a to d) which shows
that the mean nodal plane orientations
were different from those of comparable
aftershocks (/2). In each case the in-
ferred changes were small (5° to 10°) and
were inferred from changes in the ratio
of compressional to vertically polarized
shear-wave amplitudes (P/SV), as re-
corded from nearby short-period vertical
seismometers. Unfortunately, it was not
possible to find small earthquakes prior
to the foreshocks at the same location
with which to establish ‘‘normal’” back-
ground values. Therefore, it is not pos-
sible to assess whether our observations
would have been of use in identifying the
foreshocks as such in advance, but only
that they can be used to distinguish fore-
shocks from aftershocks. Our observa-
tions do demonstrate, however, a simple
procedure for monitoring small changes
in the fault plane orientations of local
earthquakes. This procedure may pro-
vide an approach to the observation of
stress changes at depth preceding, ac-
companying, and following large earth-
quakes, a problem that lies directly at the
core of the earthquake prediction ques-
tion.

The Oroville earthquake (local magni-
tude M, = 5.7) occurred at 2020 Green-
wich mean time (G.M.T.) on 1 August
1975, in the western foothills of the
Sierra Nevada, 15 km south of the town
of Oroville, California. The aftershocks
occurred within a planar band striking
north-south and dipping steeply to the
west; fault plane solutions indicate pre-
dominantly normal dip-slip motion on
this plane (13). The main shock was pre-
ceded by 58 recorded foreshocks over a
period of 4 weeks, starting on 28 June.
They ranged from M| = 0.5toM = 4.7
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