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Enrichment and Fractionation of Noble Gases in Bubbles
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Abstract. A model calculation is given to interpret an enormous enrichment of Xe
abundance and a low Ar/Xe ratio, which have been found in the Yamato-74063 Acapulco-
type meteorite, in terms of a bubble hypothesis. Because of preferential concentration of
noble gases in a gas phase, the local Xe abundance is greatly enhanced as bubble volume
increases. The local Ar/Xe ratio decreases rapidly with the increasing bubble volume and
approaches the Ar/Xe ratio in bubbles. With these signatures, we can interpret the large
enrichment in trapped gases and the large elemental fractionation in the Yamato-74063
meteorite. However, data on solubilities (or Henry’s constants) and closure temperatures of
Ar and Xe are not available for silicate crystals such as pyroxene. We need those data for a
quantitative discussion.

1. Introduction

The unique meteorite Yamato-74063, which reveals affinities with Acapulcoin
petrology, mineralogy and chemistry, contains enormous amounts of trapped Ar, Kr
and Xe. The Xe concentration for the bulk meteorite is even higher than that for most
ureilites (TAKAOKA and YOSHIDA, 1991). According to TAKAOKA et al. (1993), the
isotopic composition of Xe, including 2°Xe, is homogeneous among bulk, silicate
and metal fractions, and identical to that of Q-Xe isolated from carbonaceous
chondrites (LEWIS et al., 1975; WIELER et al., 1992), suggesting a carbonaceous-
chondrite-like precursor. The homogeneous 2°Xe isotopic composition indicates
that the gases were acquired from a single gas reservoir after most '2°I had decayed
to 129Xe. The 3¢Ar/132Xe ratio, however, is quite variable. It is 22, 17 and 72 for the
bulk, silicate and metal fractions, respectively. Because the 3¢Ar/!32Xe ratio for the
metal fraction is equal to that of the planetary gas, these observations indicate that
heavy elemental fractionation took place at or after noble gases trapping in the
silicate fraction and that the silicate was enriched in Xe relative to Ar.

What processes caused such enormous enrichment of heavy trapped gases and
large elemental fractionation? To clarify this question, we have analyzed a polished
chip for noble gases by laser micro-probe mass spectrometry, and in addition, we
have investigated the mineralogy of polished thin sections (PTS’s) prepared from the
same chip that was used for the laser micro-probe analysis. Results of the laser micro-
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probe analysis and the mineralogical study indicate that orthopyroxene (opx)
minerals containing tiny metal spherules contain many voids as well as large
amounts of trapped gases (TAKAOKA et al., 1994). The highest Xe abundance re-
leased by a laser shot from such an opx grain amounts to 8.5 x 10-7 cm? 32X e/g with
36Ar/132Xe = 11. The voids range in size from one to several um. They are not ar-
tifacts from the preparation of PTS; indigenous inclusions with opaque minerals on
their walls are found in transmitted light on the surface and the inside of PTS’s.
Originally these voids should be filled with gases or/and fluids. Based on these
observations, TAKAOKA et al. (1994) have proposed that the large amounts of
trapped gases reside in bubbles. KIM and MARTI (1993) have independently sug-
gested that heavy noble gases in Acapulco may have been trapped in inclusions in
metal blebs present in opx or in micro bubbles in opx.

Usually most noble gases in carbonaceous chondrites are trapped in amorphous
carbon (LEWIS et al., 1975), while those in ureilites are trapped in diamond (GOBEL
et al., 1978) and amorphous carbon (WACKER, 1986). When carbon was heated
together with silicates, it should have worked as a reducing agent and should have
been oxidized itself to CO or finally to CO,. Gases trapped in carbon would have
been released to the ambient gas phase or the melt together with CO or CO; that could
have served as a carrier gas. The ambient atmosphere including noble gases could
have been trapped along a fracture of a preexisting crystal and enclosed therein as
a result of rehealing of the fracture, as shown by TAKAOKA et al. (1994). The gases
that were dissolved in the melt would have diffused to grain boundaries. The gas
atoms would have concentrated at grain boundaries to swell up to bubbles in
nanometer scale. Once bubbles originated in mineral grains, noble gases could have
concentrated therein because they were distributed preferentially in the gas phase.

The elemental fractionation and the distribution of noble gases between silicate
melts and coexisting vesicles have previously been studied. JAMBON et al. (1986)
gave the noble gas solubility in basalt melt and the mass balance equation between
melt and coexisting vesicles, and discussed the noble gas fractionation between
them. LUX (1987) reported the experimental results of noble gas solubilities in five
natural silicate melts and found that noble gases contained in bubbles in andesitic
melt were significantly fractionated favoring heavy noble gases. She observed an
enrichment of Xe by a factor of 5 relative to Ar.

2. A Model Calculation

I will present a model calculation to interpret the large enrichment of Xe and the
low Ar/Xe ratio based on the bubble hypothesis. For simplicity, we assume that all
noble gases were trapped by solution in silicates (Henry’s law) and occlusion in
micro bubbles. With the solubility (or Henry’s constant) Sg and the gas pressure Pg
in bubbles at the closure temperature T for gas species G (G = Ar and Xe in the
present case), the contents of Ar and Xe are given by

C(A1) = ParSar + PacVTo/PoTar )
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and

C(Xe) = PxeSxe + Pxe VTo/PoTXe, 2)
where V, P, and T, are the bubble density (i.e., the volume of bubbles per gram), the
standard temperature (273 K) and pressure (1 bar), respectively. From Egs. (1) and

(2), the Ar/Xe ratio (R) for a bulk sample is given by their ratio:
R = C(Ar)/C(Xe). 3)
The Ar/Xe ratio (Ry) in bubbles is the ratio of the second terms of Eqs. (1) and (2):

Ry = (PacTxe)/ (PxeTar)- )]

For a low bubble density, in which case most noble gases were trapped by solution
in silicates,

SG >> VTo/Ts (G = Ar and Xe). (5)

From Egs. (1), (2) and (5), the gas pressure in bubbles equilibrated with the gas
content dissolved in silicates can be approximated by

Ps=C(G)/S; (G = Arand Xe). 6)

In a noble gas analysis such as laser micro-probe mass spectrometry, a very

small amount of sample is probed, and the local bubble density in the sample is not

constant but highly variable spot by spot. The local gas abundance C(G)y in the sample
probed by laser pulse(s) is given by

C(G)L = P6Sc + (PcTo/Tg)(vi/w) (G = Ar and Xe), (7)

where w and v are the sample weight fused by laser shot(s) and the volume of
bubbles contained in it, respectively. Using Egs. (6) and (7), we have

C(G)L = C(G)[1 + (To/TcSc)(vi/w)] (G = Ar and Xe). ®)
From Eq. (8), the local Ar/Xe ratio (Rr) is:
Re = R[1 + (To/SarTar)(v/w)V/[1 + (To/SxeTxe)(vL/W)]. €))
3. Solubility and Closure Temperature
As indicated by Egs. (8) and (9), the local gas abundance and the local elemental

ratio depend on the solubility, the closure temperature and the local bubble density.
Since there are no solubility data available for the opx crystal, we may tentatively use
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Fig. 1. Plot of the Xe solubility to Ar solubility ratio against ionic porosity (IP) (CARROLL and STOLPER,
1993). Ionic porosity is 45.5% and 50.5% for komatiite and silica melts, respectively.

the solubility data for enstatite melt (KIRSTEN, 1968), in which the Xe solubility was
inferred by extrapolating the He, Ne and Ar data. Recently, CARROLL and STOLPER
(1993) have presented the relationship between solubility and ionic porosity for a
wide range of silicate melt composition. According to these authors, the larger gas
atoms are more sensitive to changes in the melt composition than the smaller ones:
The ultramafic melt of low ionic porosity decreases in the Xe solubility more than
in the Ar solubility, compared with silica-rich melts of high ionic porosity. Con-
sequently the Sx./Sa; ratio is systematically lower for the ultramafic melt than that
for the silica-rich melt. Figure 1 displays this trend in a plot of the Sx./Sa, ratio vs
the ionic porosity. It shows that the ratio varies between 0.1 and 0.7, depending on
the ionic porosity or the silica content.

The temperature dependence of the solubility for silicate melts is moderate
(JAMBON etal., 1986; ROSELIEB etal., 1992) ornegligible (WHITE et al., 1989). Some
authors reported, however, appreciable increases in solubilities for He and Ne
(BARRER and VAUGHAN, 1967; SHELBY, 1976) and for Ar (CARROLL and STOLPER,
1991, 1993) with decreasing temperature. Assuming the Ar diffusion coefficient for
rhyolite at 800°C (CARROLL and STOLPER, 1993), it takes about one year for Ar to
approach solubility equilibrium in mm-sized grains. In experimental studies, silicate
samples are heated usually for at most a few tens of days. The heating time is long
enough for most gases to approach solution equilibrium above the melting point of
silicates, but it is too short for heavy gases to approach the equilibrium state at
subsolidus temperature. This makes a precise determination of the solubilities for
heavy noble gases in silicate crystals difficult, and data are scarce.

The closure temperature is available for Ar in some minerals that are used for
K-Ar dating but not for pyroxene. The closure temperatures of radiogenic “0Ar are,
for example, 490 to 578°C for hornblende (HARRISON, 1981) and much lower for
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plagioclase (BERGER et al., 1979). For Xe, the closure temperature is not available.
Since we presume that the Ar closure temperature for pyroxene is not higher than that
for Xe, but is similar to or higher than that for hornblende, we tentatively employ 873
K (or 600°C) for Ta,, and 873 K and 1135 K (or 862°C) for Txe.

The Ar/Xe ratio is given by Rs = (ParSar)/(PxeSxe) for silicates without bubbles
and Ry = (ParTxe)/(PxeTar) for bubbles. Therefore, we obtain the closure tempera-
ture ratio as a function of the solubility ratio by measuring the Ar/Xe ratio for a
silicate sample with no bubbles and that for bubbles contained in it:

Txe/Tar = (Ro/Rs)(Sar/Sxe). (10)
4. Implication for Y-74063

Figure 2 shows plots of the local Xe abundance and the local Ar/Xeratio against
the local bubble density (vi/w). The local Xe abundance increases in proportion to
the local bubble density. The local Ar/Xe ratio decreases very rapidly with the
increasing local bubble density and approaches the Ar/Xe ratio in bubbles. With the
Ar solubility for enstatite (KIRSTEN, 1968), the Xe solubility that was inferred from
the relationship between the ionic porosity and the Sxe/Sar ratio (CARROLL and
STOLPER, 1933) and the closure temperatures given in the previous section, the local
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Fig. 2. The local Ar/Xe ratio (Ry) and the local Xe content (Cy) plotted against the local bubble density
(vL/w), in comparison with the bulk ratio and content, respectively. They are given by Egs. (8) and
(9), and S, =2 x 10~ cm®/g bar (KIRSTEN, 1968) and Sx/Sa; = 0.15 (see Fig. 1) were used. Lines
marked as (1) and (2) were calculated on Ta; = Tx. = 873 K, and T, = 873 K and Tx. = 1135 K,
respectively. The rapid decrease in the Ar/Xe ratio is to be noticed.






