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Abstract * 

Excesses of ^"Xe relative to the isotopic composition in air 

are observed in some terrestrial samples. Traditionally these 

129x e excesses have been thought to be related to 1 2 " i that was 

present in abundance in the early solar system. We propose an 

alternative hypothesis to explain terrestrial l"Xe excesses based 

on the production of i29j from the spontaneous fission of *^°U. 

*This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. 
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Introduction 

Xe contained in some terrestrial samples shows small excesses of 

^•^Xe relative to the isotopic composition of atmospheric Xe 

(Boulos and Manuel, 1971; Phinney et al., 1978; Smith and Reynolds, 

1981; Allegre et al, 1983). These monisotopic excesses of *-^Xe 

are almost certainly due to the decay of 1 2 9 I (tjy2 " 1 7 m-v-), a 

nuclide present in the early solar system as evidenced by prominent 

excesses of *-"Xe i n raany primitive meteorites (Podosek, 1970). 

rhas variations in *-™Xe relative to other Xe isotopes in 

terrestrial samples are generally taken as evidence of a variation 

in the distribution of primordial 129j j n c ^ e e a r i y earth. 

A typical interpretation of these l"Xe excesses has Xe rapidly 

degassed from the earth's mantle during or shortly after the 

formation of the earth (Bematowicz and Podosek, 1978) . This 

degassing process is presumed to increase the I/Xe ratio in the 

mantle while 129 j ^ s still extant. Subsequent decay of 129j 

produces a monisotopic excess of *-**Xe in mantle Xe relative to 

atmospheric Xe. This situation is analogous to that of radiogenic 

Ar and He except that it requires significant outgassing of the 

mantle shortly after formation of the earth (i.e. within a few 129j 

half-lives). This interpretation also requires that the resulting 

Xe isotopic differences between the mantle and atmosphere be 

maintained over the age of the earth. While this interpretation 



problems. 

lodine-129 is not the only "short-lived" nuclide that affects 

the composition of terrestrial Xe; 2 ^ P u (.t\fl ~ 82 m.y.) was 

present in sufficient abundance such that ^ ^Pu-fission Xe 

noticeably altered the composition of terrestrial Xe (Pepin and 

Phinney, 1978). Given its longer half-life we expect that even 

larger excesses of ^^Pu-fission Xe should be found along with the 

*-2°Xe excesses (cf. Ozima and Podosek, 1983), yet these are not 

observed. Secondly, it is not obvious how mantle Xe can remain 

isolated from atmospheric Xe over the history of the earth. Xenon 

is enriched in sediments (Phinney, 1972; Podosek et al., 1980) so 

unless these sediments are efficiently outgassed at the subduction 

zones, the subduction of these sediments into the mantle should 

bring sizable amounts of atmospheric Xe into the mantle, where it 

would be mixed with mantle Xe. 

Given these difficulties we propose an alternative hypothesis 

for the origin of ^"Xe excesses, namely a non-primordial origin of 
1 2 9 X e generated by the decay of *-29j f r o m cfte spontaneous fission 

of 2 3 8 U . This hypothesis explains the lack of 2 4 4 P u fission 

excesses in raantLe-derived material but requires chemical 

separation of now relatively "long-lived" 129-j f r o r a other Xe 

fission products. 



Occurrence of excess ± z'Xe 

The first hints of -̂̂ "xe excesses were noted by Butler et al. 

(1965) in samples from the Bueyeros fiel-J CO2 gas wells in New 

Mexico. Subsequent measurements by Boulos and Manuel (1971), 

Hennecke and Manuel (1975a), Phinney et al. (1978), and Smith and 

Reynolds (1981) show clear and reproducible excesses of ^"Xe, 

about 10% above air Xe. Excesses of l^Xe-l^Xe are also observed 

and attributed to spontaneous fission of ^ ° U where no more than a 

minor portion of the excess could be due to ^ ^ P u spontaneous 

fission. Phinney et al. (1978) also measured a ^He/^He ratio in 

the CO2 well gas three- times the atmospheric value, implying the 

presence of a primordial mantle component. Thus by association the 

*-"Xe excess was interpreted as a primordial mantle component. The 

other noble gases ar^ quite ordinary in comparison. The elemental 

ratios of Ne, 3°Ar, and Kr match atmospheric noble gas elemental 

ratios although there is some evidence for an enhanced '^Ne/^Ne 

ratio with respect to the Ne composition of air. 

Excess ^"Xe is also observed in the glassy margins of mid-

oceanic ridge basalts (MORB) (Staudacher and Allegre, 1982; Allegre 

et al. 1983). The size of the anomalies are variable with excesses 

relative to 1 3 0 X e ranging up to about 10%. The absolute 

concentration varies between 1CW to 10° excess atoms of •*• Xe per 

gram of rock. The heavy Xe isotopes show small enrichments 

probably due to the spontaneous fission of 2 3 8 U , although the data 
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are not precise enough to rule out a moderate contribution from 
2 ^ p u . The fission excesses seem to be roughly correlated with the 

"'Xe excesses (Staudacher, 1987). These samples also have high 
3He/ 4He ratios, 8 to 9 times that of air He. The 4 0 A r / 3 6 A r ratios 

are observed to be as high as 25,000. In general the noble gas 

elemental abundances of MORB samples are quite different from 

atmospheric noble gases (Dymond and Hogan, 1973; Kirsten et al., 

1981; Ovinia and Zashu, 1983), the most notable being the 2 0 N e / 3 6 A r 

ratio, which is about a factor of 100 higher than air. 

Excesses of Xe have been found in several other places 

associated with mantle activity. Staudacher and Allegre (1982) 

observed a "'Xe excess in a granodorite from the Pikes Peak 

batholith. Hennecke and Manuel (1975b) observed *-"Xe excesses in 

phenocrysts from Hawaiian basalts and Kanoeka and Takaoka (1978) 

noted some excesses in other ultramafic xenoliths. 

However, the occurrence of excess "'Xe is not a universal 

attribute of presumably mantle-derived samples. For example, 

Kennedy et al. (1985) frequently observed an elevated 3He/^He ratio 

in Yellowstone gases, which they conclude is most likely a 

primordial mantle component, but none of the samples analyzed for 

Xe showed any excess •'•"Xe. Also, Allegre et al. (1983) have 

observed glasses from Hawaiian basalts that have extremely high 
3He/ 4He ratios (2.3xl0"5 - 3.1xl0"5) without any excess 1 2 9 X e . 

However, the lack of excess ^ 2 9Xe is generally not conclusive and 

can be blamed on atmospheric contamination since the potential for 

contamination of Xe is very much greater than that for He. 
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Allegre et al. (1983) have argued that the MORB and Hawaiian 

basalt data can be explained by a layered mantle. In this model 

the upper layer is largely outgassed (this outgassing occurring 

early in the history of the earth) and is the source of the MQEB 

samples having high 1 2 9 X e / 1 3 0 X e and 4 0 A r / 3 6 A r ratios. Presumably 

this portion of the mantle would also be the source of the CO2 well 

gas (Staudacher, 1987). In. this model the lower mantle is the 

source of the Hawaiian basalts possessing high ^He/^He and low 

^Ar/^ Ar ratios and atmospheric Xe ratios. These ratios are talcen 

as evidence that this region of the mantle still retains much of 

its volatile inventory. Presumably, the Yellowstone gases are also 

derived from this region of the mantle. While this model does 

account for many of the isotopic ratios observed in mantle-derived 

samples and is consistent with other lines of evidence pertaining 

to the structure of the mantle (cf. Turcotte and Kellogg, 1986 and 

referenr.es therein) it does not fully account for the presence of 

excess ^'Xe, This model has the problems mentioned earlier, 

namely preserving the Xe isotopic composition of the upper mantle 

over the age of the earth and the lack of Pu-fission excesses. 

The observation of "'Xe excesses which are not accompanied by 

excesses of Pu-derived Xe is a serious problem. Plutonium-244 has 

a considerably longer half-life than ^ I and 2 4 4 p u _ £ i s s i o n X e i s 

observed in lunar samples (e.g. Drosd et al., 1972), meteorites 

http://referenr.es
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(cf. Podosek, 1972), and in the terrestrial atmosphere (Pepin and 

Phinney, 1978). On the Moon for example, I-derived Xe is always 

observed in conjunction with Pu-derived Xe (Behrmann et al., 1973; 

B<vrnatowicz et al. , 1980; Swindle et al-, 1985 for a review of this 

topic). 

The presence and variation in the relative proportion or Xe 

isotopes from both *44p u a n d 129j o n t ^ e s u r f a c e D f lunar grains 

indicates that these grains were exposed to an ancient lunar 

atmosphere and that the composition of this atmosphere was changing 

over time owing to the difference in the ^*Pu and *•"! half-lives 

(this variation has been used as a chronometer). Likewise, the 

presence of Pu- and I- derived Xe in the Earth's present atmosphere 

(Pepin and Phinney, 1978) requires the presence of ^ ^ ? u and 129j 

in the earth's mantle U.5 b.y. ago. Based on estimates of 

terrestrial inventories of l-'i and " ° U w e c a n aiso conclude that 

significant amounts of 24''Pu and *-29j should have been present in 

the early Earth. We can calculate hackwards from the o^serjed 

ratio of excess *"Xe to excess * 3°Xe ^ n cjj e terrestrial atmosphere 

(cf. Pepin and Phinney, 1978) to estimate the relative sizes of 

l"Xe and 1 3 6 X e excesses that might be observed in tr-s mantle. As 

pointed out by Ozima and Podosek (1983) such calculatioi-o indicate 

rather large 1 3°Xe excesses relative to ^ 9 X „ excesses. Such 

excesses of 1 3 6 X e clearly have not been observed in any terrestrial 

sample. 

There are ways for the "primordial" model to accommodate the 

lack of Pu-fission Xe, but they tend to be artificial. The 
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simplest fix is to add another reservoir (e.g. Ozima et al., 1985) 

with a larger ^^®Xe excess, either an older reservoir (less 129j 

decay"* or a reservoir wicb a chemically enhanced I/Pu ratio. As 

always this reservoir must regain intact over the history of the 

Earth. 

Considering the first case, undegassed en.r*:atit-.e chondrites (£6 

in particular) would be a choice for such a reservoir. These 

meteorites have large *-"°Xe excesses 
( X 2 9 X e / 1 3 0 X e 

ratios of about 

10, Kennedy et al., (1987)). In principle these chondrites are 

capable of producing the 10% excesses observed in terrestrial 

samples without disturbing other Xe isotopic ratios. 

For che second case we could appeal to rapid formation of an 

early crust, into which a portion of mantle z*^Pu is placed (and 

subsequently releases its fission Xe tc. the atmosphere) . The 

similarity of heavy Xe isotopes between the mantle and atmosphere 

requires that the fractional removal of Xe from the mantle equal 

the fractional removal of Pu. If Pu is removed more rapidly than 

Xe there would be heavy Xe isotope deficits in the mantle relative 

to the atmosphere. Equal fractional ::emoval of Pu and Xe from the 

early mantle might be reasonable considering them to both be 

incompatible elements, however, to produce the ' Xe excesses 

observed in mantle samples requires that I be preferentially 

retained in <:he mantle relative Co Pu and Xe. 
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Non-Primordial Model 

The fundamental assumption underlying both these models is that 

the excess 1 2 9 X e results from the decay of primordial 1* 9I. 

Howe\-er, 129]; £ s p r o cjuced by spontaneous fission of "°u". The 

yield for this particular reaction is quite small and not well-

tneasured. We have adopted a value of lxl0"4 atoms per fission (cf. 

Wetherill, 1953), a factor of 600 less than the number of 1 3 6 X e 

atoms per fission. Given thir low a production rate the first 

question to ask is whether there is enough U present in or near the 

excess "-29Xe bearing reservoirs to account for its presence. 

First consider MORB samples. If we assume that excess l 2"Xe is 

present in all MORB at a concentration of 10^ atoms/g, then a. MORB 

mass of 10*'- g (equivalent to a 1 km thick layer over all the ocean 

floor) produced in 2x10 8 yr implies a production rate of 5x10 

atoms of *-"I yr" . The flux of He out of mid-ocean ridges is 

estimated to be about 3xl0 5 kg/yr (Craig et al., 1975) or 5 x 1 0 3 1 

atoms of ^He yr"*-. The relative production of 1 2 9 I from 

spontaneous fission of 2 3 ® U to that of ^He production from 2 3 8 U , 
2 3 5 U , and 2 3 2 T h (Th/U - 4) is about 3xlO" : L 2. If l 2 9 I was 

transported to the mid-ocean ridge with the same efficiency as ^He, 

the 1 2 9 I flux would be 1.5xl0 2 0 atom 1 2 9 I yr" 1, or about a factor 

of 3 below the amount required in the 1 km sheet. We conclude the 
1 2 9 X e excess in MORE need be more local than global, in particular 



we fall orders of magnitude short of producing a significant 1 2 9 X e 

excess within the mantle as a whole. 

A similar calculation can be done for the Buejrros CO2 gas 

field, which is estimated to have a volume of cm-' STP. This 

gives a total inventory of about 1 0 " atoms of excess ^°Xe. The 

formation from which the CO2 comes is about 200 My old. For this 

length of time sufficient U is present in a piece of crust of the 

order of (10km) 3. 

Having shown that it is plausible that there is enougb U in the 

source regions to account for l"Xe excesses we now turn to the 

more difficult problem of enriching the I-derived * 2*Xe i n a f e w 

samples. 

If the I29j excess comes about as the result of in situ "O-p 

decay then the "°Xe excesses would be about a factor of 600 higher 

than the *-™Xe excesses. Thus it is necessary to separate fission-

derived 1 2 9 i from fission-derived Xe. Here the half-life of 129j 

plays the key role. The spontaneous fission products of " ° u f o r 

masses 131-136 decay to Xe in a matter of days (136 in a few 

minutes), whereas the mass 129 chain faces a long delay at 1"I. 

It is somewhat ironic that in this model, it is the "long" half-

life of 1 2"i that we are concerned with. 

The basic plan for the non-primordial model becomes: 1) separate 

fission l29j f r o m fission "l"^*>Xe, and 2) strongly enrich the 

fission 129-[ j_n s o m e reservoir and allow it to decay to *-2"xe. 

Let us first consider the CO2 well gases. To attribute the 

excess 1 2 9 X e i n c l i e CQ^ w e i ] _ g a s e s to 2 3 8 u spontaneous fission 
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requires a factor of about 3000 enrichment of 129j relative to 

fission ^"Xe. Such an enrichment may be possible owing to the 

difference in chemistry of these two elements. Iodine can be 

fractionated from U since I readily goes into solution. Fabrey-

Hartin et al. (1985) measured the 129 I^127 I r a t i o s as high as 10" 

*-*• in old wat^r not in direct contact with a significant amount of 

U, whereas the atmospheric equilibrium value has a ^•'•°l/*-*'7. ratio 

of 6xl0* 1 3. This indicates that ^ 9 j f r o r a 238n; n a s been 

transported away from its place of origin. The following scenario 

could be proposed for the CO2 well gas. First form a carbonate 

deposit rich in I with a large l-"l/l27j r a t j _ 0 (marine sediments 

frequently reach lOOppm I concentrations). Consider CaCO? with 106) 

ppm of I, a 1 ^ 9 I / 1 2 7 I ratio of 1 0 " 1 1 , and sufficient time to allow 

the 1 2 9 I to decay. If 100% of the CaCC^ is converted to CO2 + Xe 

then the ratio of to CO2 is about a factor of 10 lower than 

that observed in the well gas. In this model, a mantle heat source 

would supply the heat for converting CaC(>3 to CO2 and 

simultaneously supply the excess 3He. It is possible that an 

preferential release of Xe would raise the excess ^"Xe/cc^ ratio. 

The 1 2 9 X e in MORB samples could also be explained by non-

primordial ""i decay, however a different mechanism is required 

for separating 1 2 9 I from fission Xe. A possible mechanism would be 

the partitioning of I and Xe in melts. Iodine is almost 

exclusively partitioned into the melt whereas some Xe will stay in 

the residual material. Recently Hiyagon and Ozima (1986) have 

shown that the distribution coefficient for Xe is substantially 
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larger than the corresponding values for the other nobl-a gases. A 

factor of 3000 enrichment in 1 2 9 I over fission-produced ^^Xe in 

the MORB samples would be necessary to explain the observed *-"Xe 

excesses in these samples. 

In summary, we have proposed that the excess •LZ'Xe observed in 

terrestrial samples could be explained by -^"i decay from " " u 

spontaneous fission given a suitable ineans of fractionating the I 

from fission-produced Xe (possible mechanisms are solubility of I 

in water and differences in behavior during partial melting of 

mantle-derived samples). Possible tests of the hypothesis proposed 

here would be the discovery of ^"Xe excesses in CO2 samples of 

'known crustal origin, unlike the Harding County samples, whose 

origin is not well known. Further studies of mantle-derived 

samples are necessary; especially studies looking for halogen 

enrichments and possible correlations of I or 129j with excess 

*-2"Xe. if the observed -""Xe excesses are not due to primordial 
1 2 9 I decay then the 1 2 9 X e / L 3 0 X e ratio cannot be used as a 

constraint for models of degassing and structure of the mantle. If 

however, the excess •'-"Xe is due to the decay of U followed by a 

fractionation of I from Xe then a clock based on live ^-2^I-excess 

• L 2 9Xe might be possible. Such a clock might be useful for 

constraining the chronology associated with the generation of MORB. 
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