
Reports 

Elements 112 to 119: Were They Present in Meteorites? 

Abstract. Chondrites contain a small fission xenon component of unexplained 
origin. Evidence on the geochemical behavior of this component suggests that it 
was not derived from an actinide element (Z = 89 to 103), or from a transition 
metal between Z = 104 and 111, but from a more volatile progenitor. The most 
likely candidates are the superheavy elements between Z = 112 and 119, whose 
lighter congeners (mercury, tellurium, lead, and the like) are known to be strong- 
ly fractionated in meteorites. 

Meteoritic and terrestrial Xe differ 
in the abundances of isotopes 131 to 
136 (1-6). This difference is almost 
certainly due to spontaneous fission of 
an extinct transuranium nuclide (4, 7). 
In some, highly differentiated, meteorite 
classes (iron meteorites, Ca-rich achon- 
drites), Pu244 with a half-life of 82 X 
106 years is the most likely source: the 
proportions of fission-derived Xe iso- 
topes resemble the estimated fission-yield 
curve of Pu244, and the amounts are 
no greater than expected from the 
abundance of Pu244 on a model of 
"continuous" nucleosynthesis for -1010 
years: pu244/U238 % 0.018 (3, 8, 9). 

The situation in more primitive me- 
teorites (chondrites) is less clear-cut. 
A fission component is undoubtedly 
present, but its yield pattern is unlike 
that of Pu244 or, for that matter, of any 
known heavy element. Instead of peak- 
ing out or declining between Xe134 and 
Xe136, the curve rises by a factor of 
-1.4 (2, 4, 6). Moreover, the amounts 
of fission Xe (relative to U) are embar- 
rassingly large: up to two orders of 
magnitude higher than in achondrites, 
and an order of magnitude higher than 
expected for Pu244/U238 equal to 
0.018 (3). A high ratio would imply 
that a major part of planetary matter 
was synthesized just prior to the forma- 
tion of the solar system. This assump- 
tion leads to numerous difficulties (3, 
9). An alternative parent nuclide is 
needed, but none of the known transu- 
ranic nuclides have the required combi- 
nation of long half-life and dominant 
spontaneous-fission decay mode. 

One can attempt to infer the nature 
of the parent nuclide from its geochem- 
ical behavior. A useful clue would be 
the correlation of its Xel36 daughter 
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(Xefl36) with other trace elements. Re- 
grettably, there are only a few meteor- 
ites in which Xef?36 and all the trace 
elements of interest have been deter- 
mined. We shall therefore plot Xef136 
and the trace elements not against each 
other but against a common reference 
standard, Xe132. It is almost entirely 
nonfission-derived and represents 
trapped primordial gas (10). 

In Fig. 1 Xef136 is plotted against 
Xe132. Ten of the points are Berkeley 
measurements, eight being from Rowe 
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Fig. 1. Fission-derived Xerlf1 in chondrites 
correlates with primordial Xe'82. Symbols 
refer to classification scheme of Van 
Schmus and Wood (22); C, carbonaceous; 
E, enstatite; and L,LL, ordinary chondrites. 
Points connected by dashed lines represent 
separated chondrule and matrix fractions 
of the same meteorite, with the matrix (or 
bulk meteorite) always lying highest. 
Berkeley data are from (1, 2, 5, 11); Chic- 
ago data, from (12). 

(5) and two from Krummenacher et 
al. (11). The remaining fifteen are Chi- 
cago measurements (12). 

Evidently Xef136 correlates rather 
well with primordial Xe132, as already 
noted by Rowe. We can dismiss the 
most obvious explanation: that the pres- 
ent distribution of Xef136 was estab- 
lished after decay of its progenitor and 
hence reflects the geochemical character 
of Xe, not of its progenitor. Strong 
evidence for decay in situ comes from 
the Berkeley experiments, where three 
to ten separate xenon fractions were 
evolved at successively higher tempera- 
tures. The isotopic composition varied 
from fraction to fraction, with the 
most fission-derived Xe generally ap- 
pearing at 600?C or above. Evidently, 
the xenon has not been isotopically 
homogenized. 

A second possibility can also be ex- 
cluded: that the correlation arose from 
diffusion loss of both kinds of Xe after 
the decay of the progenitor. The Berke- 
ley heating experiments show that 
Xef136 is released more readily than is 
Xe'32, implying residence in less reten- 
tive sites. Hence a partial Xe loss would 
lead to disproportionate loss of Xefl36. 
It could neither create nor maintain a 
45? correlation such as that in Fig. 1. 
We therefore feel justified in assuming 
that these meteorites have remained 
closed systems since the decay of the 
Xef'3 progenitor. The correlation in 
Fig. 1 then reflects the geochemical 
behavior of the progenitor. 

No correlation of this kind would be 
expected for an actinide parent nuclide. 
Figure 2 shows data for the two long- 
lived actinide elements, U and Th. 
Their "signature" is altogether different: 
their abundances remain constant, while 
Xe132 varies by three orders of magni- 
tude. Such constancy is shown by all 
other nonvolatile elements in chondrites 
(13). It seems safe to assume that the 
remaining actinides behave similarly. 

On the other hand, volatile elements, 
such as In, Hg, Bi, Cd, and Kr, do cor- 
relate with Xe132. Figure 3 shows the 
data for In, an element for which a 
large number of measurements are 
available. The points scatter consider- 
ably, largely because of sampling and 
experimental errors. Unlike the data in 
Fig. 1, those in Fig. 3 were determined 
on separate samples. Variations by fac- 
tors of 2 to 4 are not uncommon among 
replicate In and Xe measurements, and 
so it is not surprising that the correla- 
tion is not perfect. Nonetheless, the 
overall trend is similar to that in Fig. 1. 

The correlation between a metal and 
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Fig. 2. In chondrites U and Th are virtu- 
ally constant, and show no correlation 
with Xe. This behavior is typical of non- 
volatile elements, and may be expected of 
the remaining actinides; U, Th data are 
from (23); Xe data, from (12, 24) and 
references cited therein. 

a noble gas is, at first thought, surpris- 
ing. It has been known for some time, 
however, that some 2 dozen volatile 
elements show parallel depletion trends 
in chondrites (13). These trends have 
been explained by a two-fraction 
model, according to which chon- 
drites are a mixture of a high-tem- 
perature fraction (the chondrules) that 
has lost its volatiles and a low-tempera- 
ture fraction (the matrix) that has re- 
tained them (13, 14). In terms of this 
model, the decrease from right to left 
in Fig. 3 may reflect both a smaller 
matrix content and a higher accretion 
temperature, leading to less efficient 
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Fig. 3. Indium, like other volatile ele- 
ments, correlates with Xe'32. Since Xef"36 
also shows this behavior (Fig. 1), it prob- 
ably is derived from a volatile progenitor. 
Open symbols represent In measurements 
from (25); solid symbols, from (15, 26). 
The Xe measurements are from (12) and 
(24). The scatter in In data probably 
represents real differences among classes, 
but the possibility of systematic errors 
between the laboratories cannot be ruled 
out. 

trapping of volatiles. Variants of this 
model, involving a third fraction, have 
been proposed (15). 

The fact that Xef136 correlates with 
Xe132, while U and Th do not, suggests 
that the parent nuclide is not an acti- 
nide but a more volatile element. This 
also follows from a second line of evi- 
dence: distribution of Xef136 between 
chondrules and matrix. 

In three meteorites where chondrules 
and matrix (or bulk meteorite) were 
measured separately, Xef136 was found 
to be depleted in the chondrules by a 
factor of up to 10 (Fig. 1). There are 
no known mineralogical reasons why 
chondrules should be lower in actinides 
than is the matrix; in fact, Fleischer 
(16) has shown that chondrules often 
are enriched in uranium. It seems more 
likely that the depletion of Xef136 is 
due to volatility of its progenitor. 

The first element beyond the actinide 
series expected to be slightly volatile is 
element 111, eka-gold. The next eight 
elements, 112 to 119, ought to be 
highly volatile, by analogy to their con- 
geners Hg, T1, Pb, Bi, Po, At, Rn, and 
Fr. The first four of these are strongly 
fractionated in meteorites, and so are 
the lighter congeners (Te, I, Xe, and 
Cs) of the last four, radioactive ones 
(13). 

There are strong reasons for suspect- 
ing an "island of stability" (better, 
"longevity") near closed neutron shell 
184. Seaborg (17) has reviewed the 
evidence and suggests that several rela- 
tively long-lived "superheavy" nuclides 
may exist in the range Z = 104 to 124, 
N = 174 to 194. The doubly magic 
nuclide 114298 is an especially promis- 
ing candidate, since it is also expected 
to be f-stable (18). Half-lives for 
spontaneous fission are estimated to 
range all the way up to 1019 years and 
those for a-decay, up to 108 years (17, 
19). In fact at least one cosmic-ray pri- 
mary particle of Z = 103 ?4 has appar- 
ently been detected (20). This suggests 
that at least one nuclide in this region 
has a half-life comparable to the age 
of cosmic rays, several million years. 

A superheavy progenitor of fission 
xenon in chondrites might resolve some 
of the difficulties mentioned in the intro- 
duction. Only a rather small amount of 
such a superheavy element (which we 
denote by the symbol G) would be 
needed to account for the highest ob- 
served value of Xef136/U238, 6 X 10-5. 
The ratio G/U238 at the start of Xef'36 
retention is 

-t(X -X ) 

G/U2as)t = (G/U23)o e 0a (1) 
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where subscripts 0: and t refer to end 
of nucleosynthesis and start of Xef136 
retention, while XG and Xu are the 
decay constants of G and U238. If 
xenon retention began T years ago, 
then the present Xe136/U238 ratio is re- 
lated to (G/U238)t by the expression 

6 X 10-5 = (Xef136/U238)pres = 

-t(X -x ) -Tx Tx 
(G/U2)oe G U (1-e )e Uys (2) 

Here y is the fission yield of Xef136; s 
is the fraction of decays by sponta- 
neous fission. The most favorable case is 
t = 0; y = 0.05, s = 1. With T 
- 4.7x 109 years, and XG>>10-1 
year1-, we obtain a minimum (G/U238)0 
of 6X10-4. Let PG and Pu be the pro- 
duction rates of elements G and U238 in 
nucleosynthesis, which we assume to 
proceed at a constant rate for T years 
(9). At the end of this process 

(G/U238)o, mi= 6 X 10-' = 

-TX 

XuPG/XPu(--e ) (3) 

If we set T = 1010 years and PG/PU = 

1, we obtain XG,max=3.3 X 10-7 year-1, 
corresponding to a minimum half-life 
of 2.1 X 106 years. A more realistic, 
lower production ratio (or a significant 
delay between end of nucleosynthesis 
and start of Xef136 retention) would 
require a longer half-life. 

As far as can be judged, the fission 
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Fig. 4. Mercury (specifically the strongly 
bound component released above 450?C) 
(21) also shows a correlation with Xe, 
although several points are grossly dis- 
cordant. In one respect the fit is better 
than that for In (Fig. 3), and for Pb, Bi, 
T1, I, Xe209, and others: the points for E3 
to E5 and C4 chondrites do not fall sys- 
tematically above the correlation line. 
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yield curve of a nuclide with mass 
'-300 should not be inconsistent with 
the fission-derived Xe spectrum in chon- 
drites. Probably one peak .will remain 
at the 82-neutron shell near mass 140 
or 145. The second peak will then be 
at mass 155 to 160. With a width of 
some 30 mass units, the two peaks will 
blend to a large extent. Xe134 and 
Xe136 will be on the upward slope of 
the peak. A yield ratio of -1.4, as 
observed in chondrites, is not inconsis- 
tent with this picture. 

If the progenitor of fission Xe in 
chondrites was indeed a superheavy 
element, it may be possible to charac- 
terize this element more closely by fur- 
ther trace element correlations. Little 
can be said from the present data 
except that the correlation of XefT36 
with Xe and Hg is somewhat better 
than that with Au, In, T1, Pb, Bi, Te, 
I, and Cs. Enstatite chondrites, though 
low in both Xefl36 and Xe132, are high 
in these eight elements (as well as 
Xe129 from the decay of extinct I129) 
and hence fall consistently above the 
correlation line (for example, Fig. 3). 
Only on Xefl36-Xe and Hg-Xe plots 
(Figs. 1 and 4) do they and the C4 
chondrites seem to follow the trend of 
the other meteorites. [The mercury con- 
tent plotted here is the tightly bound 
component released above 450?C (21), 
which is more likely to be indigenous 
than the more abundant, low-tempera- 
ture component.] The Hg-Xe correla- 
tion is badly marred by four aberrant 
points in the upper left and lower 
right of the diagram. Possibly these 
deviant points are due to contamination 
or to low Hg retentivity in very fine- 
grained meteorites. We tentatively as- 
sume that some explanation of this 
sort applies and that the correlation is 
real. But the reverse possibility must 
be kept in mind. 

It is difficult to draw any quantitative 
conclusions from the apparent correla- 
tion of Hg and Xe. The condensation 
behavior of these two, elements is less 
well understood than that of most 
others (13); little more can be said 
than that both are outstandingly vola- 
tile. The most simpleminded interpre- 
tation is that the progenitor was a 
congener of Hg or Xe. The latter pos- 
sibility is unlikely, however. Trapping 
efficiencies of heavy noble gases from 
the solar nebula seem to have been no 
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others (13); little more can be said 
than that both are outstandingly vola- 
tile. The most simpleminded interpre- 
tation is that the progenitor was a 
congener of Hg or Xe. The latter pos- 
sibility is unlikely, however. Trapping 
efficiencies of heavy noble gases from 
the solar nebula seem to have been no 
greater than 10-4 to 10-5 (13). Even if 
the efficiency was as high as 10-2 for 
element 118, a rather high abundance 
in the nebula would be required to 
account for the observed Xef136. This, 
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in turn, would imply a minimum half- 
life in the range of 108 to 109 years 
according to Eq. 3. Moreover, element 
118 would presumably be trapped in 
the same mineralogical sites as Xe, in 
which case its decay product, Xef136, 
should diffuse at the same rate as Xe132, 
contrary to observation. 

These objections do not apply to 
eka-mercury, element 112. From the 
graph given by Nilsson et al. (19), the 
half-lives for a decay and spontaneous 
fission of element 112296 can be es- 
timated to be -106 and 1013 years, with 
an uncertainty of several orders of mag- 
nitude in either direction. Its a-decay 
daughter, 110292, would decay pre- 
dominantly by spontaneous fission (tl/2 
~ 105 years), its half-life for a decay 
being close to 108 years. Nonetheless it 
would be premature to identify the pro- 
genitor of Xefl36 with element 112 on 
the basis of a simple chemical analogy. 
We can state with some confidence that 
the progenitor was highly volatile, but 
inasmuch as boiling points and heats of 
vaporization tend to decrease with in- 
creasing Z in the right-hand portion of 
the periodic table, elements 113 to 117 
and element 119 cannot be ruled out. A 
more specific identification of the pro- 
genitor must hence be postponed until 
its geochemical character is established 
in more detail, from a study of the dis- 
tribution of Xef136 among various mete- 
oritic phases (27, 28). 

EDWARD ANDERS 
Enrico Fermi Institute, 
University of Chicago, 
Chicago, Illinois 60637 

DIETER HEYMANN 

Department of Geology, 
Rice University, Houston, Texas 77001 
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Glaciation in Southern Argentina 
More than Two Million Years Ago 

Abstract. In southern Argentina till 
beds interbedded with lava flows were 
deposited by ice that extended at least 
40 kilometers east of the present crest 
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