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diameter of the MSF (27 A) is much smaller 
than the lamellar length of ordinary PE 
crystals (—100 A) (16), the PE chains are 
likely prevented from folding within the 
mesopores. To lend support to the extrusion 
polymerization mechanism, we evaporated 
a reaction mixture of Cp2Ti-MSF with 
MAO in toluene to dryness and exposed the 
residue to ethylene. The SEM images of the 
polymerization mixture (Fig. 6) indicated 
the formation of PE only on the circular 
cross sections of the silica fibers where the 
pore exits are opened. 

When a nonflbrous mesoporous silica such 
as MCM-41 (6) was used in place of MSF as 
the solid support of titanocene, a crystalline PE 
containing a fibrous fraction was obtained (7 7). 
However, it showed ordinary XRD and DSC 
patterns (a single endotherm at 142°C; AH = 
222 J g_1). On the other hand, use of an amor
phous silica-supported titanocene-MAO sys
tem (17) for the polymerization resulted in 
neither fibrous texture nor extraordinary XRD 
and DSC profiles of the product (a single en
dotherm at 140°C; A// = 167 J g"1). 

It has been reported that a fibrous PE with a 
diameter of 0.2 to 0.5 |xm, containing a fraction 
of extended-chain crystals, can be obtained by 
crystallization of PE from a vigorously stirred 
xylene solution (18). In contrast, our approach 
is based on an essentially different conception, 
namely template-assisted extrusion polymeriza
tion. Regularly arranged nanoscopic pores on a 
honeycomb-like solid surface enable in situ for
mation of much thinner (30 to 50 nm) PE fibers 
of extended-chain crystals. The present method, 
using MSF as a nano-extruder, may be widely 
applicable to the production of fabricated crys
talline polymers. Moreover, the use of meso
porous materials of different architectures as 

Fig. 6. (A and B) SEM images of a piece of 
Cp2Ti-MSF, treated with a toluene solution of 
MAO (Al/Ti = 1000), dried under reduced pres
sure, and then exposed to ethylene (10 atm), at 
two different magnifications. 

templates for polymerization is expected to pro
vide common polymers with some new bulk 
properties. 
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gases in naturally occurring materials, their 
chemical inertness, and the presence of dis
tinct identifiable isotopic and elemental com
positions make noble gases ideal tracers for 
many of these investigations (3-5). Recog
nizing the difference between the noble gas 
signature in Earth's present atmosphere and 

Primordial Noble Gases from 
Earth's Mantle: Identification of 
a Primitive Volatile Component 
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Carbon dioxide well gases in Colorado, New Mexico, and South Australia show 
excesses of 124-12»Xe correlated with 129l-derived 129Xe and 20Ne/22Ne ratios 
that are higher than the atmospheric 20Ne/22Ne ratio. The xenon isotopic data 
indicate the presence of a solarlike component deep within Earth. The presence 
of this component in crustal and upper mantle reservoirs may be explained by 
a steady-state transport of noble gases from the lower mantle, which still 
retains much of its juvenile volatile inventory. These measurements also in
dicate that the mantle source of these noble gases in the carbon dioxide well 
gases cannot be the source of Earth's present atmosphere. The variations 
observed in 129Xe/130Xe between solar wind xenon, Earth's atmosphere, and 
mantle samples may be generated by variations of iodine/xenon in terrestrial 
reservoirs, as opposed to rapid early degassing. 
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that in the sun's, Brown (6) proposed that the 
present atmosphere is secondary and was de- 
rived from the degassing of Earth's mantle. 
The rate and extent of this outgassing are 
uncertain, but measurement of the noble gas 
isotopes, 40Ar from 40K [half-life TI,, = 
1250 million years (My)] [for example, (7, 
8)], 129Xe from 1291 (TlI2 = 16 My) [for 
example, (9, lo)], and 131-136Xe fr om 244Pu 

'Lawrence Livermore National Laboratory, Post Office 
Box 808, Livermore, CA 94550, USA. 'Department of 
Geology, Arizona State University, Tempe, AZ 85287, 
USA. 3Department of Geology and Geophysics, Uni- 
versity of Minnesota, Minneapolis, MN 55455, USA. 
4School of Geosciences, University of Wollongong, 
Wollongong, NSW 2522, Australia. 

(T,,, = 82 My) [for example, (II)] offers a 
means to investigate these issues. Excesses of 
129Xe relative to atmospheric Xe have been 
detected in CO, well gases from deposits in 
Harding County, New Mexico (12-16), and 
in other mantle-derived samples (1  7-25). 

The short half-life of '291 potentially plac- 
es temporal constraints on the timing of pro- 
cesses responsible for the provenance of the 
Xe isotopic signatures in terrestrial noble gas 
reservoirs. Specifically, if the difference be- 
tween atmospheric Xe and Xe from mantle- 
derived samples in 129Xe/'30Xe ratios is at- 
tributed to degassing, it must have occurred 
early in Earth's history, before much of the 
'291 decayed. Alternatively, these isotopic 

differences could be attributed to intrinsic 
heterogeneities in the I/Xe ratio in terrestrial 
reservoirs. 

For models assuming a uniform starting 
IiXe ratio, the existence of '29Xe excesses 
predicts the presence of 244Pu-derived Xe 
daughters. However, in a reanalysis of the 
Harding County CO, well gas, Phinney et nl. 
(15) observed that the fission Xe excess rel- 
ative to atmospheric Xe could be ascribed to 
U rather than Pu decay. This apparent lack of 
Pu-derived Xe is difficult to reconcile with 
the presence of '291-derived Xe in presumed 
mantle reservoirs and the abundances of Pu, 
U, and I in other solar system materials (26). 
The progenitor of the fission Xe in other 

Table 1. Isotopic composition of Xe from C 0 2  well gases. Samples of CO, was released from the charcoal and further purified by successive exposure t o  
were collected in double-ended stainless steel bottles (500 ml). The bottles metal alloy getters. Sensitivity and mass bias were determined from multiple 
were thoroughly purged and filled t o  the supply-line pressure of -4.1 x lo6 runs of air (0.005 cm3 STP). The final measurements were performed on, 
Pa, providing 2 X lo4 cm3 of gas at standard temperature and pressure (STP). pulse-counting VG5400 noble gas mass spectrometers. Matched air and CO," 
Typical sample size for analysis was < I 5  cm3 STP, a small fraction of the total samples were repeatedly analyzed, and the average deviations of the C02-Xe 
available gas. For Xe analysis, a small amount of C 0 2  was expanded into a isotopic ratios relative t o  air-Xe were determined. The uncertainties reflect 
known volume for pressure measurement. Carbon dioxide was removed by a measurement uncertainty but do not include uncertainties in the air-Xe 
Ti sublimation pump. Xenon was collected on activated charcoal at -80°C, composition. For the analysis of Ne, the air standard consisted of 50% air and 
and nonsorbing gases were evacuated (except when Ne was analyzed). The Xe 50% He t o  better match the He/Ne ratio of the C 0 2  samples. 

Sample 1 2 4 ~ ~ 1 1 3 2 ~ ~  126xe/132xe 128xe/132xe 129xe/132xe 130xe/132xe 13lxe/132xe 134xe/132xe 136xe/l32xe 

Caroline, Australia 0.003557 0.003307 0.07090 1.05920 0.14940 0.77945 0.40564 0.35278 
-i- 0.000015 i 0.000015 -i- 0.00007 -i- 0.00053 '1 0.00010 i 0.00039 '1 0.00020 '1 0.00018 

Sheep Mountain, CO 0.003490 0.003247 0.07010 1.00410 0.14838 0.77601 0.41 140 0.36073 
+- 0.000015 i 0.000014 -i- 0.00007 -i- 0.00050 '1 0.00010 i 0.00039 '1 0.00021 i 0.00018 

McElmo Dome, CO* 0.003476 0.003231 0.07017 0.97745 0.14883 0.77892 0.40514 0.35276 
'1 0.000015 '1 0.000014 i 0.00007 i 0.00049 '1 0.00010 -i- 0.00039 '1 0.00020 '1 0.00018 

Harding County, N M  0.0035 1 1 0.003303 0.07044 1.05980 0.14838 0.77549 0.41359 0.36279 
-i- 0.000021 -i- 0.000020 +- 0.00010 '1 0.00052 '1 0.00014 '1 0.00041 -i- 0.00027 '1 0.00025 

MORBt 0.0035 16 0.003221 0.06993 1.0731 1 0.14765 0.77700 0.40927 0.35731 
-i- 0.000035 +- 0.000036 '1 0.00023 i- 0.00198 -i- 0.00037 -i- 0.00156 '1 0.00077 -i- 0.00063 

Atmosphere (54, 55) 0.003537 0.003300 0.07136 0.9832 0.15136 0.7890 0.3879 0.3294 
'1 0.00001 1 '1 0.000017 '1 0.00009 i 0.0012 t 0.0001 2 -i- 0.001 1 '1 0.0006 -i- 0.0004 

Solar (56) 0.00488 0.00423 0.08475 1.0420 0.8272 0.36658 0.29852 0.16611 
-i- 0.00004 -i- 0.00014 '1 0.00101 '1 0.0090 -i- 0.00091 '1 0.0053 i 0.00250 '1 0.00187 

238U (57) - 0 -0 -0 -0 -0 
0.1 5493 1.45775 1.76056 

'1 0.00594 i 0.03324 '1 0.03100 
"Pu (58) 

-0 -0 - 0 - 0 - 0 
0.27772 1.041 32 1.11982 

'1 0.01 728 -i- 0.01 597 -i- 0.01630 

*This analysis was performed on a 1.5-liter gas sample using a VG5400 mass spectrometer with a Faraday cup for ion current measurement. ?The MORE value was derived from 
a subset of the data presented by Kunz etal. (25). We used the weighted mean of 11 of 38 reported Xe compositions that are relatively radiogenic (136Xe/'30Xe > 2.35) and also 
contain enough Xe so that the precision of analysis was relatively high (130Xe > 8 X 10-l4 crn3 STP/g). 

Fig. 1 (Left). 12'Xe/ 
130Xe versus 128Xe/ 
130Xe for CO, wel l  
gases. Also shown is 
the isotopic composi- 
t ion for atmospheric 
Xe (air). There is a 
correlation between the 
excess 12'Xe and lZ8Xe. 
This correlation also 
exists between 12'Xe 
and 124*126Xe. Vertical 
and horizontal error 
bars show the measure- 
ment uncertainty ( lo). 
Fig. 2 (right). lZ8Xe/ 
130Xe versus lZ4Xe/ 

i Sheep Mt 

0.0240 1 Caroline To solar wind I 

P . 
Sheep Mt. x" 

5 
Harding Co. 

McElmo Dome 

0 . 0 2 3 0 ~ ~ ~ ~ 1 ~ ~ r 8 ~ t ~ 1  
0.470 0.472 0.474 0.476 0.478 

lmxe/'%e 

130Xe for CO, well gas- 
es. This trend can be interpreted as a mix between solar Xe (56) and atmospheric Xe. Vertical and horizontal error bars show the measurement uncertainty ( lo ) .  
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mantle-deri~ed samples is nlore difficult to 
resol1.e: h o ~ e v e r .  ICunz et a / .  (25) haye iden- 
tiiled Pu-derived Xe in selected mid-ocean 
ridge basalts (h4ORBs) and conclude that 
2 4 4 P ~  fission contributes 30 ? 10?b of the 
total fission ""Xe. Although this finding is 
important. it ne~~er thi less  underscores the ap- 
parent laclc of '44Pu-derived Xe in terrestrial 
reservoirs. A reservoir having a chondritic 
Z - I ~ P ~ , - 3  ' 'U signature produces -30 tinles 

nlore '4"Pu-ilssion Xe than "SL-fission Xe 
during 4.55 X 10" years. 

To verif!: that the excess ""Xe observed 
in the Harding County CO, \\-ell gas is nlore 
than a local phenonlenon and to determine 
the Xe conlposition of the gas. we perfornled 
high-precision isotopic nleasurenleilts on 
CO, from Hasding County, Sheep klountain. 
and McElnlo Donle in Colorado and fro111 
Caroline in Australia (27) .  The samples se- 
lected for this lvorlc represent a 1-arie& of 
geophysical and geochemical conditions. 
possibly reflecting different origins for the 
CO, \\ell gas. The Caroline; Harding County. 
and LIcElino Doine sanlples are all principal- 
ly associated n it11 \ olcanic activity. The CO, 
from Sheep hlountain is clerked from the 
decomposition of limestones. due to the in- 
trusion of magma. 

All of the CO, saml)les har-e excesses of - 
'"Xe (Table 1 and Fig. 1) relati\~e to atmo- 

Table 2. Neon isotopic composition. The data for 
Harding County are from Phinney e t  ai. (15). 

Location 'ONel"Ne "Nel"Ne 

Caroline, Australia 11.9 
= 0.2 

Sheep Mountain, CO 10.4 
i 0.2 

McElmo Dome, CO 9.0 
= 0.2 

Harding County, NM 11.6 
? 1.1 

spheric Xe. and all contained fission Xe. In 
addition to ""Xe from ""I and ilssion Xe. 
\ve abseil-ed variations in the light Xe iso- 
topes ( 124-12" Xe) that are correlated ~vith the 
\,ariation in ""Xe (Figs. 1 and 2). Although 
nuclear processes can psoduce ""Xe and 
131-136 I Xe. the lariations in "'-"" Xe can- 
not be explained by this means. Processes in- 
v o l ~ i n g  mass-dependent fractionation could 
be responsible for excesses of "'-"" Xe rel- 
ati1-e to air Xe: hon-e\er. they would not be 
expected to produce correlated excesses of 
I : ~ - I ~ S X ~  and li'Xe. the latter being a nu- 

clear decay component. 
A simple explanation of these data is that 

they indicate the presence of a prirniti\ e res- 
ervoir containing Xe that possesses the iso- 
topic composition of solar Xe, \vhicl~ is en- 
riched in the light Xe isotopes relathe to 
Ealth's atmosphere. This explanation is con- 
sistent with the trends observed in the Ne 
isotopic compositions. All of the CO, gases. 
except those from h~lcElmo Dome. have 
"Ne$'"e ratios higher than the atmospheric 
"Ne'"Ne ratio. \vhich suggests a solar co111- 
position (Table 2 and Fig. 3 ) .  High 2"Ne/'2Ne 
ratios have been obse r~ed  in other mantle- 
deri\ ed sanlples (22.  24, 28-31). The Ne 
isotopic compositions from Caroline and 

J 

MORE Carol~ne - 

Hardng Co - 

Air 1 Sheep Mtn. - 

- hlcEmo Dome 4 - 
l , > , l , , , l , , , l , , , -  

.02 0.04 0.06 0.08 0.10 0.12 
"~e/"Ne 

Harding County gas wells resenlble MORB 
Ne isotopic compositions. The Harding 
County and the Caroline C 0 2  well gases also 
h a ~ e  high 'He/4He ratios. about three times 
the atmospheric ratio (1.7, 27).  High 'He:"He 
ratios are generally regarded as the manifes- 
tation of a primitive conlponent that is still 
extant in Earth's inantle (32, 33). 

Key issues in the e\olution of Earth's 
noble gas inventory are the mechanism and 
timing of the processes responsible for the 
tenestrial noble gas signatures. Although the 
specific nlechanis~n of the incorporation of 
solar noble gases in East11 is not lu1onrn [com- 
pare (34 )  and (35)],  the presence of unfrac- 
tionated solarlilce Xe and Ne in a nlantle 
rese l~oir  is direct evidence that solar noble 
gases were the dominant reservoir from 
which Earth acquired its noble gas signature. 
Earth may not be alone in this respect: mea- 
surements by Otl (36)  indicate the presence 
of solarlilce Xe in Chassigny. a basaltic me- 
teorite ascribed to nlartian ~o lcan ic  activity. 

The Xe data from the CO, well gases 
address the tinling of Xe fractionation. Atmo- 
spheric Xe appears to be related to a solarlilce 
Xe composition (37)  through mass fraction- 
ation One group of scenarios proposes hy- 
drodynalnic escape-induced loss of volatiles 

Fig. 3. 2'Ne/22Ne versus 20Ne/22Ne for 
CO, wel l  gases. Also shown are the Ne 
isotopic compositions of atmospheric 
Ne and solar wind Ne. The Harding Coun- 
t y  data are f rom Phinney e t  a[. (15). 
Isotopic compositions w i th  20Ne/22Ne 
values higher than the atmospheric ra- 
t io  (air) may indicate the presence o f  a 
"solar-type" reservoir o f  Ne in the man- 
t le. Values displaced t o  the right of the 
solar-air mixing line generally reflect nu- 
cleogenic production of "Ne. The MORB 
trend line is from Sarda et a1 (59). The 
21Ne/22Ne ratio in al l  samples indicates 
"Ne excesses due t o  180(a,n)21Ne reac- 
tions (57). 

Table 3. Decomposition of Xe from CO, well gases into underlying compo- mined with a Monte Carlo simulation. The quoted uncertainties are strongly 
nents. The component decomposition was calculated by minimizing the sum correlated. The error correlation coefficients, c,, are similar for all of the 
of the squared weighted deviations of the measured value with respect to a decompositions and are as follows: air - SW = -0.95, U - Pu = -0.94, air 
mixture of the assumed four underlying components. We used seven isotope - U = 0.80, SW - U = -0.77, and SW - Pu = 0.82, where c, = 

ratios: lZ4Xe, lZ6Xe, lZ8Xe, 130Xe, 13'Xe, '34Xe, and 136Xe relative to 13'Xe. The cr,/(nx2ny2)112. The subscripts refer to the different components: air, solar 
deviations were inversely weighted by the calculated variance in the devia- wind (SW), 23W fission (U), and 2 4 4 P ~  fission (Pu); nx2 is the variance in x, cry2 
tion. The uncertainties reported for the decomposition results were deter- is the variance in y ,  and n, is the covariance of x and y. 

Fraction from Fraction from solar Fraction from Fraction from 
Sample 

244P~l (2"4P~ + 
air (13'Xe) wind (13'Xe) 2 3 8 ~  ( 132 X I  2 4 4 P ~  (13'Xe) 23QU) (136Xe) 

Caroline, Australia 0.9102 
-t 0.01 40 

Harding County, NM 0.9076 
+ 0.0092 

Sheep Mountain, CO 0.9556 
+ 0.0083 

McElmo Dome, CO 0.9835 
-t 0.0040 

MORB (25) 0.9384 
-t 0.0249 
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from Earth. hlechanisms proposed for trig- 
gering hydrodynamic escape are intense ul- 
traviolet radiation bo~nbardment by the pri- 
nlordial sun ( 3 7 - 4 3 )  or giant impacts ( 4 4 ) .  

Alternatively. Onillla alld Igarashi (4.5) ar- 
gued that Xe nlass fractionation. driven by 
gravitational loss, occurred on the accreting 
planetesimals before their incorporation into 
Ealth's mantle. The presence of a primiti~ e 
reservoir of Xe in Ealth's nlantle fa\-ors sce- 
narios in nhich  the fractionation of atmo- 
spheric Xe occurred after Earth's accretion. 

Fronl the decon~position of the well gas 
Xe into four possible components (atmo- 
sphere, solar. Pu, and Xe). we detern~ined 
that the fraction of fission Xe attributable to 
Pu is <ZO% in the CO, well gases (Table 3) .  
For the data of TCunz e f  (11. (2.5). n e  calculated 
that -30?b of the ""e-fission Xe is due to 
'41Pu. This value is higher than that gi\ en by 
Kunz ct ill. ( 2 7 )  and reflects the addition of 
solar Xe into the calculation. Al t l~ougl~ the 
uncertainties preclude a definitix-e conclu- 
sion, the L'IORB samples appear to 11ax.e a 
greater fi-action of fission Xe from '"Pu 
re1atix.e to the CO, me11 gases. Tt is possible 
that the C 0 2  well gas sanlples have contribu- 
tions of fission Xe from crustal "%. The 
presence of a cl-t~stal U-deri\ ed conlponent is 
supported b) the presence of nucleogenic 
"Ne in all of the sanlples (Fig. 2) .  

The chxactelistic PLLI ratio derived from 
the Xe in the C 0 2  well gases indicates that the 
Xe in Eart11's present atmosphere was not es- 
tracted fi-om the same source as the Xe in the 
CO, n ell gases. Ozinla rt (11. ( 4 6 )  and L'larty 
(21) argued; on the basis of the derix.ed Pu,I 
ratio from the Harding County CO,. that anno- 
spheric Xe was not derived from the same 
resell-oir as the Xe fi-om the CO, n.ell gas. and 
our data stl.engthen their conclusions. Given 
accretionar)- time scales of tens of lnillions of 
years for Earth's nlantle ( 4 7 ) ,  a considerable 
anlount of time exists for the decay of ""I to 
"'Xe in objects before accretion. Longer ac- 
cretionaly time scales xvould allo~v for less in- 
colyoration of lix-e "'1 into Earth. Accord~ngly. 
much of the "'Xe xve o b s e ~ ~ e d  may ha! e been 
produced before accretion. 

A long-standing enlgnla in the study of ter- 
restrial xenology is the apparent lack of Pu- 
derix.ed Xe. gix,en the presence of I-deli\-ed Xe. 
The association of the Xe in the CO, well gases 
xvith a primitix.e resenoir suggests a possible 
resolution. The identification of lnost radiogen- 
ic noble gas components is made possible be- 
cause of the degassing of \.olatiles before the 
decay of the radionuclides. If a primitive nlantle 
r e s e ~ ~ o i r  has retained nlost of ~ t s  volatiles. as 
has been suggested for H e .  or if lnost of the 
primordial noble gases mere not outgassed until 
after decay of the radiogenic species. then the 
fission conlpol~el~ts are effecti\.ely nlasked by 
the plimordial noble gases. Accordingly; it 
seems plausible that Earth inherited its full 

complement of Pu. and much of the Xe derived 
fi-om Pu decay still resides in the loner mantle. 
its Xe daughters ollly barely detectable. 

Our prefel~ed inteq~retation indicates that 
the source region of the CO, \\-ell gases is 
characterized by nlaterials that are slightly 
richer in I relative to primordial Xe \vhen 
conlpared to the reserx~ir  fronl \ ~ h i c h  the 
atmosphere ~ 1 - a ~  deri\ ed. It 1s impostant that 
there are lneteorite classes characterized by 
high T'Xe ratios, specifically the enstatite 
chondrites ( 3 5 .  48). A~llollg meteorites; the 
enstat~te chondr~tes h a ~ e  O ~ s o t o p ~ c  abun- 
dances that nlost closely match those of Ealth 
(49) It has been suggested that much of the 
Earth accreted fionl a reduced component. 
such as the enstatlte chondrltes ( 7 0 ,  jl). Be- 
cause the enstatite chondrites are rich in Xe 
and 1, only a small amount of such lnaterial 
n.ould be required to produce the differences 
in I Xe that lye propose. 

The existence of prinlordial noble gas. 
including He, Ne. and Xe. in mantle emana- 
tlons can be explained as a flux. albeit low, of 
jm-enile x,olatiles out of a primitix ~ola t i le -  
rich reserx,oir. Our measurements are consis- 
tent xvith the recent nlodels that propose the 
stead) -state transport of noble gases. includ- 
ing Xe. from the loxver mantle into the upper 
nlantle ( 5 2 .  5 3 ) .  For this lower nlantle isoto- 
pic signature to renlain intact. there must be 
limited n l i ~ i n g  of the juvenile noble gases 
\vith atnlospheric noble gases ox-er the history 
of Earth. The variations obserx.ed in ""e 
""Xe betxveen solar wind Xe, Earth's atmo- 
sphere. and nlantle sanlples may be generated 
by ~ar ia t ions  of I Xe in Earth's reserx-oirs ra- 
ther than b j  r a p ~ d  early degassing 
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