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Xe and Ar in high-pressure silicate liquids
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Ansrucr

We investigated the solubility of Xe in liquids of NaAlSirOs, KAlSi3O8, trl'SioOn, and
plagioclase (AbsoAnro) compositions to pressures of 25 kbar and to temperatures of 1600
"C, complementing our previous study of Ar in a wide range of mafic and felsic silicate
liquids (White et al., 1989). The solubility of Xe is about one-third that of the smaller Ar
atom on an atomic basis, ranging up to 1.45 wtVo in KAlSi3O8 liquid at 25 kbar and 1600
.C. As with Ar, the solubility of Xe increases with pressure, is independent of temperature
except in KrSi4O, liquid, where it has a positive temperature dependence, and is strongly
dependent upon the composition of the liquid, being most soluble in polymerized liquids
with a high Si/Al ratio. These results shed light on the solubility mechanisms of molecular
species, such as COr, and they reveal that the noble gases dissolve in specific sites in the
liquid, presumably as do CO, and some other molecular species, and not simply as mi-
crobubbles indiscriminantly sequestered in interstitial sites.

Our range of calculated molar volumes for Xe at 15 kbar is 28.0-29.4 cm3/mol, which
is similar to that of solid Xe, 32-29 cm3/mol at 89 'C between l0 and 20 kbat (Lahr and
Eversole, 1962). Calculations using the Redlich-Kwong equation and corresponding states
theory yield values for the volume of the vapor of 32.5 cm3/mol for Ar and 39.4 cmr/mol
for Xe. Our calculated enthalpies of solution for Ar and Xe are within the range for Ar
and Xe in magmas at I bar (Lux, 1987) and for CO, in NaAlSirO8 at high pressures
(Stolper er al., 1987).

Iurnoouctrotrt

This is a study of the behavior of noble gases in silicate
liquids at high pressures. Previously, White et al. (1989)
presented results for argon silicate systems for a wide
range of felsic and mafic compositions; that was the first
experimental study of these systems. In this paper, we
compare the behavior of Ar with that of the larger Xe
atom.

An understanding ofthe behavior ofthe noble gases in
silicate liquids provides insight into the solubility mech-
anism of other atomic and molecular components, in-
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cluding COr. In addition, the noble gases are significant
components of the atmospheres of the terrestrial planets,
but models of planetary outgassing (e.g.,ZhangandZirrd-
ler, 1989) are based on solubility data ofthe noble gases
obtained only at atmospheric pressure. Our results may
also shed light on other problems involving the noble
gases, such as the "missing" Xe on Earth (Wacker and
Anders, 1984; Ozima and Podosek, 1983).

ExpnnrvrsNTAr, PRoCEDURE

Starting materials

The albite was from the Franciscan Formation of Cal-
ifornia (Luth and Boettcher, 1986). Synthetic sanidine
was prepared by crystallizing KAISi'O' glass hydrother-
mally at 2 kbar and 700 t for 2 weeks. We examined
the product optically to ensure complete reaction and
verified our observations by X-ray diffraction. To prepare
K2SioOe, we melted decarbonated KrCO. and natural
quartzat I barand 1400"Cfor I hr, followedbygrinding
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and re-fusing four times to produce a bubble-free glass.
The plagioclase (AbroAnro) was prepared from a gel (Luth
and Ingarnells, 1965) and crystallized at I bar and 1000
'C. We ground all starting materials and stored them in
a vacuum desiccator over KOH; their compositions are
tabulated in Whire et al. (1989, their Table l).

Preparation of capsules

About 5 mg of starting material were loaded into a pt
capsule 2 mm in diameter and l0 mm long, with one end
sealed by welding. Tho other end of the capsule was partly
crimped, and the capsule was dried for at least 2 h. Glass
starting materials were dried at 400.C to prevent loss of
alkalis; crystalline materials were dried at 900 .C.

In the previous study with Ar (White et al., 1989), we
loaded the Ar as a liquid. For the present study, we load-
ed the Xe as a gas, using the technique developed by
Boettcher et al. (1989). The advantages ofthis system are
(l) all air is evacuated from the capsule and sample before
the gases are loaded; (2) all HrO is evacuated from the
sample and capsule, and the noble gases are free of HrO
and are not exposed to air during any part ofthe proce-
dure (3) the amount ofgas or gases loaded into the cap-
sule is easily controlled. To compare this procedure with
that using liquid Ar, we conducted several experiments
with gaseous Ar. We typically loaded -0.3 mg of gas into
each capsule, which was always sufficient to saturate the
liquid. The Xe and Ar, obtained from Matheson Gas
Products, each contained <0.5 ppm HrO and only trace
amounts of other components. Each capsule was sealed
into a Pt capsule 3.5 mm in diameter with -270 mg of
sintered hematite. The hematite reacted to form magne-
tite + HrO during the experiment and buffered the fr, at
very low values.

Experimental procedure

All experiments were performed in a piston-cylinder
apparatus, with 2.54-cm furnace assemblies composed of
NaCl, Pyrex, graphite, BN, and MgO (Boettcher et al.,
l98l). The capsules were positioned horizontally in the
furnace assembly, with temperature monitored by pt-
Pte'Rhr' thermocouples, encased in 99.80/o-alumina ce-
ramic, in contact with the top of the capsule. The hot
piston-in technique was used to bring the experiments to
final conditions, increasing the pressure to 900/o of the
final pressure, increasing the temperature to 900/o of the
final temperature, then increasing the pressure, and lastly
the temperature, to the final values. The pressure was
controlled to -0.1 kbar and the temperature to -3 oC.
The experiments were terminated by shutting off the
power to the furnace, resulting in quench rates of 150-
200'C/s.

The outer capsule was weighed, punctured, and re-
weighed to check if vapor had leaked from the sample
capsule before or during the experiment. The buffer was
removed from the sample capsule and examined optically
to ensure that >500/o hematite remained in the bufer.
The sample capsule was then weighed, punctured, and

reweighed to demonstrate the retention of vapor and va-
por saturation during the experiment.

Experimental products were examined optically to en-
sure that the liquid was saturated with Xe, as indicated
by bubbles, and to estimate the percentage of liquid. In
most cases, the products were 1000/o quenched liquid
(glass) containing bubbles ofvarious sizes, depending on
the viscosity of the liquid. Bubbles visible in the micro-
scope were large enough to be avoided during the micro-
probe analysis. Although we examined each sample with
a petrographic microscope (and scanning electron micro-
scope, in some cases), the presence of submicroscopic
bubbles cannot be ruled out.

We used two methods to demonstrate the attainment
of equilibrium. First, we performed experiments using
different durations to ensure that similar results were ob-
tained (e.9., compare nos. 299 and 373 with nos. 334 and
336). Second, we conducted experiments (e.g., no. 319)
under conditions known from previous experiments to
produce given solubilities of Xe, and then we lowered the
pressures (and in some cases the temperatures) to con-
ditions known from other experiments (e.g., no. 375R) to
produce lower solubilities.

Analysis of experimental products

We determined the compositions of all of the glasses
(quenched liquids), including the concentrations of dis-
solved Xe and Ar in the glasses, using the electron mi-
croprobe. The concentrations of the major elements are
indistinguishable from those of the starting materials.
There is no apparent preferential loss ofK from the glass
with increasing temperature, ruling out partitioning of K
into the vapor phase as a reason for the temperature de-
pendence of the solubility of Ar in K,SioOn. In addition,
the proportion of vapor is small, precluding significant
dissolution of the silicate into the vapor. Postexperimen-
tal glass compositions of KrSioOn are difrcult to obtain
because ofthe hygroscopic nature ofthe glass and partial
devitrification in some cases.

As White et al. (1989) did in their study of Ar solubil-
ity, we determined the concentrations of dissolved Xe
and Ar in the glasses using calibration curves. Operating
conditions were I 5-kV accelerating voltage, I 2-nA beam
current, a l0-prm beam diameter, and 40-s counting times
on peak and background positions. We determined the
number of counts for the elements adjacent to Xe (or Ar)
in the periodic table using standards of known composi-
tion; see White et al. for details about the determination
of Ar. For Xe, we used as standards metallic Te, CsI (I),
CsCl (Cs), and barite (Ba). We then calculated the nor-
malized counts for the pure elements (Te, I, etc.) and
plotted them against their atomic numbers (Fig. l), and
we determined the counting rate for l00o/o Xe by least-
squares regression. The calibration curve is highly repro-
ducible during tho course of a day and from day to day,
giving us confidence that this technique is reliable. Some
of the samples were analyzed two or three times over
periods of weeks, and the results were always reproduc-
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TABLE 1. Experimental results for the solubility of Xe in silicate
liquids

Expt. rfc) Wt%Xe(+2o)
t

(min) Results
P

(kbar)

U)

U

N

ti

z

G355
G356
G354
G338
G339
G340
G299
G373
G304
G385
G300
G31 1
G353
G357
G387R-
G369
G368
G370

G367
G333
c349
G345
G346
G348
G323
G332
G375R-'
G347
G320
G31 9
G31 8
G374
G321t

G381
l :ARI

G334
G336
G329
G358
G352
G301 +
G359
G361
G380
G378
c328
G328A$

G330
uJo I

6 1000
6 1200
6 1400
9 1000
I 1200
9 1400

12 1200
12 1200
12 1300
12 1300
12 1400
15 1200
15 1400
20 1200
20 1200
20 1400
25 1200
25 1400

6 1400
I 1400
I 1500

12 1400
12 1500
12 |500
15 1400
15 1500
15 1500
15 1600
20 1400
20 1500
20 1600
25 1500
25 1600

6 1500
9 1500

12 1400
12 1400
12 1500
12 1500
12 1600
15 1500
15 1500
15 1600
20 1500
20 1600
25 1600
25 1600

0.22(2)
0.29(5)
0.40(10)
0.36(5)
0.48(5)
0.70(7)
0.63(9)
0.67(6)
0.78(10)
0.es(8)
0.78(9)
0.81(7)
1.08(8)
1 .1 9(1 2)
1.07(6)
1.50(7)
1.44(s)
1 .81(8)

0.28(71
0.3s(s)
0.47(6)
0.58(s)
0.51(6)
0.63(5)
0.88(7)
0.82(5)
0.82(6)
0.8s(s)
0.97(8)
0.98(1 0)
0.99(7)
1.61(7)
1 .24(1 5)

l(,si.o,
3 0 0 0  L + v
1 8 0 0  L + V + O X L

8  L + V + O X L
3 0 0 0  L + v + o x l
1 8 1 0  L + V + O X L

6 0  L + v
7 2 0  L + V + O X L

1 8 0 0  L + V
3 6 0  L + V + O X L
3 6 0  L + v
1 2 0  L + V

1 8 0 0  L + V + O X L
2 4 0  L + V

1 4 4 0  L + V
1 2 0  L + V
1 8 0  L + V

1 4 4 0  L + v
180 L  +  V

NaAlSi"O"
7  L + V

1 3  L + v
3  L + V

180 L  +  V
9  L + V

2 3  L + V
9 0  L + v
3 0  L + V
3 1  L + V

c  L f  v

1 0 2 0  L + V
3 0  L + v
6  L + V

3 0  L + v
5  L + V

T e l X e C s B a
Fig. 1. Electron microprobe counting rates normalized to

1000/o concentrations vs. atomic number for elements adiacent
to Xe in the periodic table (see text).

ible (see footnotes to Table l; in addition, we analyzed
the product of experiment G41 I , which contains Ar and
Xe and is not listed in the tables, on September 18, Sep-
tember 19, and October 16, 1989, yielding 0.360/o Ar and
0.640lo Xe, 0.360/o Ar and 0.630/o Xe, and 0.360/o Ar and
0.650/o Xe, respectivel9. We igrored ZAF corrections, but
the 2o/o error that we assigned should encompass these
uncertainties. White et al. tested the calibration curve by
analyzing U.S. Geological Survey standard W-l diabase
glass for KrO. The recommended value for KrO is 0.64
wto/o (Flanagan, 1973); the value of White et al. (1989)
for KrO using the calibration curve is 0.63 + 0.06 wto/o
(average often analyses), and their value is 0.66 + 0.03
*10/o (average of three analyses) by quantitative wave-
length-dispersive analysis. It is clear that our calibration
technique is a credible method of analysis for small ele-
mental concentrations and that ignoring the matrix cor-
rections at these low amounts does not afect the results
beyond the error that we have assigned. We believe that
this accuracy also applies to the measurement of low con-
centrations of dissolved Xe and Ar.

We determined the peak positions for Xe and Ar X-rays
using a high beam current (>60 nA) on one ofour glasses
known to contain an appreciable amount of dissolved
gas. An example of an energy-dispersive spectrum for
KAlSi3O8 glass is shown in Figure 2. At least six points
were analyzed in each glass. We calculated the concen-
tration of Xe or Ar by dividing the average counts (+2o/o)
by the counts for 1000/o Xe and Ar from the calibration
curve standardization. The error was calculated by add-
ing the 2o/o enor on the sample counts to that determined
from the calibration curve, resulting in the uncertainties
listed in Table l.

To remove all contamination from the sample capsules
before they were opened, we boiled them in dilute HCI
for about I h. To ensure that this procedure did not affect
the sample, we analyzed splits of the product of experi-
ment no. 328, one boiled and one not; the results are
similar (Table l).

As discussed by White et al. (1989), NaAlSi.O* and

1 5
25

1 500
1 600

KAlSi3O6

2  L + V  0 . 2 9 ( 8 )
5  L+V 0 .47(71

3 0  L + V + X r  0 . 6 1 ( 6 )
87  L+V 0 .58(6)
1 0  L + v  0 . 5 3 ( 7 )
1 5  L + V  0 . 6 1 ( 7 )
1  L+V 0 .62(6)

1 9  L + V  0 . 6 6 ( 7 )
30  L+v  0 .87(6)
5  L+v  0 .89(7)

3 0  L + v  1 . 2 3 ( 8 )
5  L + V  1 . 1 4 ( 6 )
5  L + V  1 . 4 2 ( 1 3 )
5  L + V  1 . 4 5 ( 1 7 )

AbeAn-
3 0  L + V
1 0  L + V

0.47(3)
0.83(4)

Note: phases in italics are present in trace proportions.
. The experiment was reversed from 23 kbar and 1400'C to 20 kbar

and 1200 €. The exoeriment remained at 23 kbat and 1400 € for 120
min. lt took 15 min to drop the pressure to 20 kbar. After 120 min at the
final conditions, the experiment was quenched.

.. The exoeriment was held for 30 min at 20 kbar and 1500 "C. lt took
10 min to drop pressure from 20 to 15 kbar, and then the experiment was
held for 1 min at 15 kbar and 1500'C.

t The sample was analyzed twice with reproducible results: on May 9,
1989, it equaled 1.24(15) and on June 14, 1989, it equaled 1.23(11).

+ The sample was analyzed twice with reproducible results: on April 6,
1 989, it equaled 0.66(7) and on July 1 1 , 1 989, it equaled 0.66(5).

$ The same experimental product as G328, but it was boiled in HrO for
/rU mln.
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Energy-dispersive spectrum of Xe-saturated KAlSi3Os glass (experiment G328). The Xe peaks correspond to 1.4 wto/o

KAlSi3Os liquids are viscous, and the quenched Ar- and
Xe-saturated glasses always contain bubbles, particularly
at lower pressures, where the viscosities are higher.
KrSi4O, is far less viscous, and there are far fewer bub-
bles. These bubbles result from entrapment of the gas in
the interstices of the powdered starting materials when
melting begins. The bubbles do not result from dissolu-
tion from the liquid, and they are easily avoided during
analysis with the microprobe.

As an additional check on our analytical procedure, our
colleague Mark Harrison analyzed some of our experi-
mental products for Xe and Ar using mass spectrometry.
A -0.1-mg fraction was fused for l0 min at 1550 "C in
a double-vacuum resistance furnace (Harrison and Fitz
Gerald, 1986), split, and expanded into a Nuclide RSS-
90-4.5 mass spectrometer operated as a manometer. The
aoAr peak height was compared with air-Ar aliquots be-
fore and after analyzing the unknowns, permitting accu-
racies of better than + 3ol0. For the determination of Xe,
the St. Severin meteorite was used as a standard, per-
mitting accuracies better than +590. The product of ex-
periment no. 412 of White et al. (1989), which contained
0.77 + 0.05 wto/o Ar determined by the microprobe,
yielded 0.77 wto/o with mass spectrometry. Similarly for
Xe, we determined by microprobe analyses that the prod-
uct of experiment G317, which is not listed in Table 1,
contains 0.350/o Xe. Harrison's results using mass spec-
trometry are 0.310/0.

As an additional check, we reproduced a KAlSirO, ex-

periment performed by White et al. (1989: their experi-
ment no. 412 at 1500'C and 15 kbar for 60 min); we
loaded the Ar as a gas (our experiment no.297 at similar
conditions but for 30 min) as described above, whereas
they loaded it in liquid form. Their microprobe analyses
ofno.4l2 and ours ofno.297 both yielded 0.77 + 0.05
wto/o Ar.

We originally intended to investigate a wide range of
felsic and mafic compositions, as in the earlier study of
Ar, but we were unable to analyze accurately Ca-rich
products (e.g., plagioclase richer in Ca than AbroAnro) on
the microprobe because of interference between the Xe
and Ca peaks.

Rnsur,rs
Experimental data for NaAlSirOr, KAlSi3O8, K2SioOe,

and AbroAnro compositions are presented in Table I and
in Figures 3 and, 4. The concentration of Xe rncreases
approximately linearly with pressure for all four compo-
sitions. The solubility of Xe in NaAlSirO, and KAlSirO,
liquids is independent of temperature within experimen-
tal uncertainty, as is true for Ar (White et al., 1989); how-
ever, the solubility of Xe in I(rSioO, increases isobarically
with increasing temperature, as shown by the isotherms
in Figure 4. These isotherms are remarkably similar to
those for Ar in KrSioOn at 1200 and 1400 oC. The tem-
perature independence of the solubility of Xe and Ar in
our aluminosilicate liquids at high pressure is similar to
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Fig. 3. Concentrations of Xe vs. pressure (polythermal).

that for He, Ne, Ar, Kr, and Xe in basaltic liquids (Jam-
bon et al., 1986, their Fig. 2) at atmospheric pressure,
adding credence to the applicability ofour results to nat-
ural systems.

For KAlSirOr-Xe (Fig. 3) and KAlSi3Or-Ar (White et
al., 1989, their Fig. 5A), there are negative inflections in
the curves just above 15 kbar. This pressure is approxi-
mately that of the singular point on the solidus of sani-
dine, below which it melts incongruently to leucite +
liquid and above which it melts congruently (Lindsley,
1966; Boettcher et al., 1984). The SiO, content of the
liquid decreases with increasing pressure up to the pres-
sure of the singular point. That would be expected to
decrease the solubility of Xe and Ar with increasing pres-
sure (as discussed below), but this concept is not sup-
ported by the positive curvature ofthe solubility curves
for Xe and Ar in that pressure region. Also, the shape of
the Xe-NaAlSi,O, curve is similar to that of Xe-KAl-
SirOr, as are those for Ar-NaAlSirO. and Ar-KAlSi3O8.
These inflections may reflect coordination changes of Al
in the liquids at - I 5 kbar, but that is not supported by
our previous work on the melting of KAlSirO, (Boettcher
et al.. 1984).

Stebbins and McMillan (1989) proposed that there is a
structural change in KrSiuOn liquid at l5-20 kbar. Figure
4 for Xe-K,SioO, and Figure 10B of White et al. (1989)
for Ar-KrSioOn show no radical changes in the slopes of
the melting curves in this pressure interval, although the
data for Xe are consistent with a change between 10 and
15 kbar. To detect structurally related changes in the liq-
uids, it would be preferable to perform experiments closer
to liquidus temperatures (e.9., at 1000'C).

There are notable similarities between our results for
Xe and previous results for Ar. The solubility of Xe is
similar in KrSioOn and KAlSi3Os liquids, especially above

Pressure Kbar

Fig. 4 . Concentrations of Xe vs. pressure at I 400 and I 200 "C'

- 15 kbar, as is the case for Ar. Also, Xe and Ar are each
more soluble in KAlSirO' than in NaAlSirOr above - l5
kbar. For the system Xe-KAlSirO', our data are consis-
tent with a negative curvature above -20 kbar, but we
find no evidence for a maximum in the solubility of Xe
above this pressure, similar to the findings of White et al.
(1989) for Ar-KAlSirOr. Although KrSi4Oe is partially
depolymerized (0.5 NBO/T), the absence of Al accounts
for the high solubility of Xe, as well as of Ar (White et
al.) in KrSioOn liquid. The solubility of Xe in AbroAnro
tiquid (Fig. 3) decreases markedly with an increasing
CaAlrSirO, component, similar to the case for Ar (White
et al.). Liquids along the Ab-An join are fully polymer-
ized, and the decrease in the solubility of Xe and Ar can
be ascribed solely to the increase in t4lAl.

An important goal of this work is to examine similar-
ities between the solubility mechanisms in the noble gas-
es and those of molecular species, including CO, and HrO.
The speciation of these components is difficult to deter-
mine and to control experimenta[, and knowledge of
the behavior ofnoble gases in silicate liquids could pro-
vide insight into that of these molecular species. For ex-
ample, the results with Ar (White et al., 1989) support
the conclusions of Mysen (1976) and Fine and Stolper
(1986) that molecular COr, like Ar, is more soluble in
polymerized liquids than in depolymerized liquids.

Similarly, for compositions in the system NaAlOr-SiOr,
the solubility of Ar in these liquids increases with an in-
creasing Si-Al ratio (White et al., 1989), paralleling the
trend ofthe proportion of molecular CO, (relative to total
C) (Fine and Stolper, 1985). Likewise, the ratio of mo-
lecular HrO to OH- increases with increasing K./Na, as
well as with increasing Si/Al (Silver et al., 1990), which
are parameters also fuvoring the solubilities of the noble
gases. Thus, as a general rule, the solubilities ofthe noble
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TABLE 2. Best-fit parameters for Xe and Ar. (Eq. 2)
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NaAlSi.O"
KAlSi3Os
K,Si4Oe

1 600
1 600
1400

10.4 28.5 8.2 22.8
10.7 28.0 7.2 20 6
16.2 29.4 12 0 22.6

1 5
I A

t 5

Po To aHg" vet aHl, vi,
(kbar) fC) (kJ/mol) (cm3/mol) (kJ/mot) (cms/mot) oooooo

i t t t t*r*

N2 coZ H2O

Fig. 5. Relative sizes of some atoms and molecules calculat-
ed from van der Waals radii.

plete description of the assumptions and derivations see
Stolper et al. (1987).

If the concentrations of Xe in the quenched glasses are
equivalent to those in the liquid at P and 4 then we can
calculate values for XS" and X"". Substitution of the other
parameters into Equation 2 provides an equation of state
to calculate the solubility of Xe at any P and T. Table 2
lists our values of Vg^" and AI1ft" for Xe in liquid Na-
AlSi3Os, KAlSi3O8, and trlrSioO, compositions using a
multiple linear, least-squares regression program. For
comparative purposes, we also list Z[, and AfI!* from
White et al. (1989).

In the case of Ar, the calculated molar volumes are
slightly larger than the volume of solid Ar extracted from
shock and diamond-anvil measurements at similar pres-
sures (19 cm3/mol, Ross et al., 1986; Zha et al., 1986).
For Xe, our range of calculated volumes, 28.0-29.4 cm3/
mol, is approximately that for solid Xe, 32-29 cm3/mol
at 89 "C between l0 and 20 kbar, respectively, reported
by Lahr and Eversole (1962). Calculations using the Red-
lich-Kwong equation and corresponding states theory yield
values for the volume of the vapor of 32.5 cm3/mol for
Ar and 39.4 cm3/mol for Xe. Our calculated enthalpies
of solution for Ar and Xe are within the range for Ar and
Xe in magmas at I bar (Lux, I 987) and CO, in NaAlSirO,
at high pressure (Stolper et al., 1987).

Coucr,usroNs

We investigated the solubility of Xe in liquids of
NaAlSi3O8, KAlSi3O8, &Siooe, and plagioclase (AbroAnro)
compositions to pressures of 25 kbar and temperatures
to 1600 "C. The solubility of Xe is about one-third that
of the smaller Ar atom on an atomic basis, ranging up to
1.45 wto/o in KAlSirO, liquid at 25 kbar and 1600 "C. As
with Ar (White et al., 1989), the solubility of Xe increases
with pressure, is independent of temperature, except in
IlSi4O, liquid where it has a positive temperature de-
pendence, and is strongly dependent upon the composi-
tion of the liquid, being most soluble in polymerized liq-
uids with a high Si-Al ratio. These results reveal that the

Rn

. Ar data from White et al. (1989)

gases and molecular species are strongly enhanced in
highly polymerized liquids with a high Si/Al ratio.

TrrnnuooyNAMrcs

White et al. (1989) developed a thermodynamic model
for Ar in a wide variety of silicate liquids. This model
was based on the approach formulated by Silver and Stol-
per (1985) and Stolper et al. (1987) for rhe dissolution of
HrO and CO, in silicate liquids. In their models, the het-
erogeneous equilibria between HrO or CO, molecules in
the vapor and molecular HrO or CO, in the liquid are
considered separately from the homogeneous equilibria
between the dissolved volatile components and the liq-
uid.

Because the noble gases presumably dissolve as molec-
ular units and do not react with silicate components in
the liquid, it is instructive to compare the results for Ar
and Xe with those for molecular CO, and HrO. Because
we are interested in the equilibrium

pl" :  p ! "  ( l )

where the superscripts refer to vapor and liquid and wish
to compare our results for dissolved Xe and Ar with anal-
ogous data for dissolved molecular CO, and HrO, we are
utilizing the equation for the heterogeneous vapor-liquid
equilibrium derived in Stolper et al. (1987).

After modification, the condition of the equilibrium
given in Equation I becomes

ln(X".f\/X\"f*") : -(A}I*"/RXl /T - l/To)
-(^vyJRne - Po). (2)

The superscript zero refers to a standard reference state
arbitrarily chosen to be 15 kbar and 1600 "C for Na-
AlSi3Os and KAlSirOr, and 15 kbar and 1400 .C for
K,SioOe. The mole fraction of Xe in the liquid, X$" and
X*", is based on the number of moles of Xe in the liquid
divided by the sum of the molar amounts of Xe * Or-
(Fine and Stolper, 1985). We calculated f,. in the vapor
at P and ?", using the modified Redlich-Kwong equation
of state (Holloway, 19771' Feny and Baumgartner, 1987)
using data for the corresponding states parameters for Xe
(2"., : 289.8 K P"n,: 58.0 atm) from Chao and Green-
korn (1975). 2ft" is the standard-state molar volume of
Xe in the liquid; AII{" is the molar enthalpy of solution
of Xe at the reference pressure and temperature. Equation
2 assumes that Xe mixes ideally in the liquid (i.e., a*.:
X*"), that Z!." is independent of P and Z, and that
A.FI!." is independent of temperature. For a more com-



noble gases dissolve in specific sites in these liquids, pre-
sumably as do CO, and other molecular species, and not
simply as microbubbles indiscriminately sequestered in
interstitial sites.

Our results for Xe add credence to our earlier conclu-
sion based on Ar data that the noble gases provide a
useful model for the solubility and solubility mechanism
of species such as molecular CO, and molecular HrO and
that there is a site within the liquid structure that incor-
porates these atomic and molecular species. Direct mea-
surements of the solubilities of molecular CO, and HrO
are complicated because these components also dissolve
in silicate liquids as ions, e.g., (CO.)' and (OH) . The
absolute solubility of Ar in NaAlSi,O, liquid (White et
al., 1989) is similar to that of molecular CO, (Stolper et
al., 1987). As shown in Figure 5, the calculated sizes of
the Ar atom and the CO, molecule are comparable; Xe
is larger, which probably explains the much lower solu-
bility.

It is of interest that the solubility of Xe, as is the case
for Ar, is similar in KalSi.O, and NaAlSi.O, liquids, sug-
gesting that the solubilities of molecular CO, in these liq-
uids are also nearly equal. This is not unexpected, as both
of these liquids are fully polymerized, have the same Al-
Si ratio, and presumably have the same distribution of
charge-balancing cations in their structures. However, be-
cause of the relatively large melting point depression of
sanidine produced by CO, relative to that of albite, and
because CO, is more effective in reducing the viscosity of
KAlSi,O, liquid than that of NaAlSi.O,liquid at25kbar
(White and Montana, 1990), we conclude that KAlSi.O,
liquid dissolves a larger percentage of total C as (CO.)'-.
Thus, it appears that KAlSijO, and NaAlSirO, liquids
dissolve similar amounts of molecular or atomic species
(e.g., HrO, COr, and the noble gases), but KAlSi.O, dis-
solves more (COr)'- and, therefore, more total C.

From information in the present and previous studies,
we can make the following generalizations regarding the
solubilities of the noble gases and other volatile compo-
nents:

1. The noble gases and molecular CO, are more solu-
ble in Si-rich liquids (e.g., in NaAlSirO, vs. CaAl,Si,Or)
(e.g., this work; White et al., 1989; Fine and Stolper, 1985).

2. The noble gases and molecular CO, are more solu-
ble in the more polymerized liquids (e.g., White et al.,
1989; Mysen, 1988).

3. The solubilities of the noble gases and C [CO, and
(COr)'-l are dependent upon the composition of the sil-
icate liquid (e.g., this work; Mysen, 1988). This phenom-
enon contrasts with that of HrO, since HrO can occupy
many structural sites regardless of the structure or the
cations (e.g., Burnham, 1981). Also, HrO is much more
soluble than the noble gases and the C species (e.g., Mc-
Millan and Holloway, 1987).

4. Unlike that of the noble gases, the speciation of C
in silicate liquids [CO, vs. (CO.)' ] is a function of the
composition of the liquid (e.g., Fine and Stolper, 1985);
the speciation of HrO in the liquid is relatively indepen-
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dent of the composition of the liquid (e.g., Silver and
Stolper, 1985), although it is more varied and complex
than those of these other components.

Zhang and Zindler (1989) proposed a model for the
origin of the atmosphere of the Earth in which they used
a mole ratio of Ar/Xe in magma equal to 3 (based on
the data of Jambon et al., 1986), which is in agreement
with our values obtained using pure Xe and pure Ar.
Jambon et al. used mixtures of He, Ne, Ar, Kr, and Xe,
but the proportions of Xe were very small (ArlXe : 1.07'
105 to 1.66.103). The composition of the liquid is obvi-
ously an important variable in these studies, and it would
be worthwhile to continue this work using mafic com-
position and mixtures of the gaseous components to cast
light on natural systems.
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