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Solubility of carbon dioxide in albitic melt
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ABSTRACT

Infrared spectroscopy has been used to measure the concentrations of molecular CO,
and carbonate in albitic (NaAlSi,O,) glasses quenched from melts equilibrated with CO,
vapor at high pressures (15-30 kbar) and temperatures (1450-1625 °C). At constant tem-
perature, the concentrations of carbonate and molecular CO, as well as the COZ-/CO,
ratio increase with increasing pressure under vapor-saturated conditions. The second de-
rivative of these species concentrations with respect to pressure under vapor-saturated
conditions at constant temperature is positive over the range of conditions studied. At
constant pressure under vapor-saturated conditions, the solubility of molecular CO, de-
creases with increasing temperature, but the concentration of carbonate increases. The net
effect is that total CO, solubility is nearly independent of temperature. According to our
results, CO, solubility and speciation change gradually over the range of conditions that
we have studied and do not indicate major or abrupt structural changes in albitic melts
in this P-T range.

Our results can be described thermodynamically in terms of two reactions. The first,
CO,(vapor) = CO,,molecular(melt), describes the heterogeneous equilibrium between melt
and vapor. The second, CO,,molecular(melt) + O>(melt) = CO3-(melt), models the ho-
mogeneous equilibrium between melt species. Volume and enthalpy changes of these two
reactions have been constrained by our solubility and speciation data. We emphasize that
the solubilities of volatile components that dissolve in melts in several different forms
must be treated by such coupled heterogeneous and homogeneous equilibria and that
spectroscopic methods provide direct insights into them.

INTRODUCTION

The solubility of CO, in both natural and synthetic
silicate melts has been studied extensively in recent years.
There have been several motivations for these studies.
First, solubility measurements give upper limits on the
amounts of CO, that can dissolve in magmas at various
temperatures and pressures. Such data are essential if we
are ever to understand the degassing behaviors of mag-
mas as they ascend (e.g., Moore, 1979; Spera and Berg-
man, 1980; Mathez, 1984). Moreover, information on
the pressure and temperature dependence of CO, solu-
bility and spectroscopic studies of quenched CO,-satu-
rated melts may provide insights into the mechanisms of
CO, dissolution (e.g., Mysen, 1976; Rai et al., 1983) and
into the structures and properties of silicate melts (e.g.,
Mysen, 1976, 1977).

It is known that CO, dissolves in silicate melts in at
least two microscopic forms: molecules of CO, and car-
bonate ion complexes (Mysen, 1976; Fine and Stolper,
1985, 1986). CO, solubility (i.e., the concentration of CO,
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in a melt in equilibrium with CO, vapor) is the sum of
the concentrations of the various forms of dissolved CO.,.
Full understanding of the effects of pressure, temperature,
and silicate composition on the solubility of CO, in melts
must therefore take account both of the heterogeneous
equilibrium between melt and vapor and of the homo-
geneous equilibria between various melt species. Mea-
surements of the concentrations of the different forms of
dissolved CO, in vapor-saturated melts thus have the po-
tential to provide greater insights into the thermody-
namics of solubility and into the microscopic mecha-
nisms that contribute to observed variations in solubility
than do simple measurements of bulk dissolved CO, con-
tents that give no direct information on speciation.

In this paper, we report new measurements of the sol-
ubility of CO, in albitic melt at pressures of 15-30 kbar
and temperatures of 1450-1625 °C. Bulk CO, concentra-
tions were determined by summing the concentrations of
dissolved carbonate ions and molecules of CO, in glasses
quenched from melts equilibrated with CO,-rich vapor
at high temperatures and pressures. The concentrations
of the individual C-bearing species in the glasses were
determined by infrared spectroscopy, in which the inten-
sities of absorptions due to the presence of these species
were measured. The albitic composition was chosen be-
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TaBLE 1. Average of five microprobe analyses
of the albitic glass used in this study
Analyzed Ideal

Na,O 10.38 11.82

ALO, 20.43 19.44

Sio, 69.66 68.74

Total 100.47 100.00

Note: Microprobe conditions were acclerating volt-
age, 15 kV; sample current, 5 nA on brass; beam size,
40-50 um. Also given is an analysis of stoichiometric
albite.

cause it is a traditional and simple starting point for mod-
eling real magmatic systems, because previous measure-
ments of solubility and speciation are available in the
literature for comparison (Brey, 1976; Mysen, 1976; My-
sen et al., 1976; Mysen and Virgo, 1980), and because we
have previously calibrated the infrared technique for
quantitative determination of the concentrations of
C-bearing species in albitic glass (Fine and Stolper, 1985).

EXPERIMENTAL TECHNIQUES

The synthesis of CO,-bearing glass samples is discussed in
detail elsewhere (Fine and Stopler, 1985, 1986), but is reiterated
briefly here. Starting material of approximately albite (NaAl-
Si,05) composition was synthesized by grinding Johnson-Matth-
ey Specpure Na,CO,, Al,O,, and SiO, in an agate mortar for 6
h, followed by melting at 1580 °C for 12 h in air at 1 atm. This
decarbonated glass was ground under ethanol for 6 h and dried
at 850 °C in air for 2 d to remove adsorbed water and hydro-
carbon residue. An electron-microprobe analysis of the decar-
bonated glass is given in Table 1. Although microprobe analyses
of soda-rich glasses are difficult because of Na mobility under
the electron beam, the glass appears to be deficient in Na,O
relative to stoichiometric albite, probably owing to Na volatili-
zation during decarbonation and drying. The compostion that
we studied is consequently slightly peraluminous (3.4% norma-
tive corundum) and enriched in silica relative to stoichiometric
albite.

Powdered silicate starting material and silver oxalate (Ag,C,O,)
were weighed into Pt capsules that were then sealed by arc-weld-
ing. Amounts of each were chosen using published solubility
data to produce vapor-saturated melts with a minimum of excess
vapor. These Pt capsules were in turn loaded into larger Pt cap-
sules containing sintered hematite and run in a 0.5-in. (1.27-cm)
piston-cylinder apparatus using an NaCl and Pyrex pressure me-
dium at a variety of pressures (15-30 kbar) and temperatures
(1450-1625 °C) using the procedures described in Fine and Stol-
per (1985).

During run conditions, the silver oxalate presumably disso-
ciates to Ag metal and CO,. Upon quenching, glasses containing
disseminated Ag and dissolved CO, are formed. No quench crys-
talline carbonates were observed. The glasses are often yellow or
bluish-orange, probably owing to finely disseminated Ag (Sew-
ard, 1980). All of the glasses contain bubbles from 5 to 100 um
in diameter that are assumed to contain gaseous or liquid CO,;
the bubbles tend to occur in streaks and clusters distributed
throughout the sample. We have interpreted the presence of these
bubbles as an indication of vapor-saturated conditions during
the experiments.

A few vapor-saturated and undersaturated CO,-bearing glass-
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Fig. 1. Spectrum of a CO,-bearing albite glass (TJ-36) scaled
to a thickness of 50 um. The six absorption bands discussed in
the text are indicated by arrows. The lower spectrum is of a CO,-
free albite glass (ABC-12: 1400 °C, 20 kbar, 0.19 wt% H,0) scaled
to the same thickness.

es were prepared for us by A. L. Boettcher of the University of
California. These samples were prepared in a 1-in. (2.54-cm)
piston-cylinder apparatus using dried crystalline albite plus sil-
ver oxalate as starting materials.

A few albitic and jadeitic glasses were synthesized at pressures
of 100 to 1000 bars at 1200 °C in an internally heated Ar pres-
sure vessel in J. R. Holloway’s laboratory at the Arizona State
University. These samples were uniformly charged with bubbles
up to 20 pm in size.

The quenched glasses were sectioned with a diamond saw,
ground into plates 30-250 pm in thickness, and polished on both
sides in a slurry of Al,O; and H,O. Sample thickness was mea-
sured with a digital dial indicator. The polished glass plates were
placed over metal apertures 50-1000 um in diameter. The sam-
ples were then examined microscopically to determine whether
bubbles were present in the region exposed by the aperture. In
most cases, spectra were obtained on bubble-free or nearly bub-
ble-free regions. In some cases, however, bubble-rich regions
were purposely examined so that we could examine the spectro-
scopic signature of CO, contained in bubbles.

Transmission infrared spectra were obtained on the regions of
the samples exposed by the metal aperture using both a Perkin-
Elmer 180 infrared spectrophotometer and a Nicolet Instru-
ments 60SX Fourier transform infrared spectrometer (FTIR).
These machines yielded quantitatively similar results, but the
FTIR is quicker and has the advantage of smaller potential beam
sizes (less than tens of micrometers). Infrared spectra on the FTIR
were obtained using a HgCdTe, detector, KBr beamsplitter, glo-
bar source, a mirror velocity of 1.57 ¢cm/s, and 1024 to 8192
scans.

INFRARED SPECTROSCOPY OF CO,-BEARING GLASSES
Band assignments

Typical spectra of a CO,-bearing and a CO,-free albitic
glass are shown in Figure 1. Six absorption bands are
present in the CO,-bearing glass that are not observed in
the CO,-free glass.

2352 cm'. This sharp, intense band is due to the v,
antisymmetric stretching mode of '2CO, molecules dis-
solved in the glass (Fine and Stolper, 1985). The band is
slightly asymmetrical; it can be approximated as the sum
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of two nearly Gaussian bands, one at about 2350 cm™!
(FWHM = full width at half maximum = 19 cm™') and
a second band at about 2370 cm~! (FWHM = 15 cm™!)
with about 15% of the intensity of the first band. The
position and shape of the band in bubble-free glasses
change little between room temperature and liquid-nitro-
gen temperature. This contrasts with the spectra of bub-
ble-rich samples, which at room temperature have an ab-
sorption maximum at about 2358-2366 cm™!, sometimes
with a shoulder at 2340-2350 cm™', and often showing a
conspicuous dip in the baseline of the spectrum centered
at about 2310 cm™!. At liquid-nitrogen temperature, the
band at ~2360 cm™' is split into three sharp peaks at
2337, 2352, and 2366 cm~' plus a sharp peak at 2281
cm!, and the anomalous baseline in this region of the
spectrum is no longer present. We presume that this spec-
trum is characteristic of crystalline CO, within the bub-
bles at low temperatures.

2287 em . This weak band on the sloping tail of the
band at 2352 cm™! is attributed to the v, antisymmetric
stretch of dissolved molecules of *CO, (Fine and Stolper,
1985). No attempt has been made to model its shape, but
its FWHM is approximately 20 cm~' and changes little
between room temperature and liquid-nitrogen temper-
ature, though the background is flatter under these con-
ditions because of a narrowing of the band at 2352 cm™!
in this vicinity.

For bubble-rich samples at room temperature, this band
is usually a poorly defined shoulder on the 2)CO, band at
2352 cm™, and it is often difficult to see because of the
distortion of the baseline of very bubble-rich glasses de-
scribed above. It is sometimes resolvable into two weak
bands in bubble-rich samples: one at 2310 cm™! and a
second at 2275 cm*. These two bands may be the '*CO,
equivalents of the '2CO, bands observed at ~2360 cm™!
and ~2345 cm™' in bubble-rich samples. In bubble-rich
samples at liquid-nitrogen temperatures, however, the
broad bands in this region are replaced by a distinct band
at 2281 cm . In samples containing significant CO, both
in bubbles and in the enclosing glass, the spectrum again
shows a broad shoulder in this region at room tempera-
ture, which resolves into bands at about 2290 and 2284
cm™! at liquid-nitrogen temperature. The band at higher
wave numbers is assigned to dissolved molecules of *CO,
and the one at lower wave numbers to frozen '*CO, in
the bubbles.

3710 cm. This weak band is due to the presence of
molecules of CO,, as indicated by its strength in bubble-
rich samples synthesized at low pressures and the excel-
lent (r = 0.98) correlation of its intensity with the '*CO,
band at 2287 cm™' in bubble-free glasses. We tentatively
assign this band to a combination of the », and », modes
of 2CO, molecules (Nakamoto, 1978; Fine and Stolper,
1985). In bubble-free specimens, the band shape changes
very little between room temperature and liquid-nitrogen
temperature; in bubble-rich specimens, the band sharp-
ens considerably at liquid-nitrogen temperature.

3550 cm!. This broad, asymmetric band is attributed
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to the stretching of OH groups and water molecules dis-
solved in the glass (Stolper, 1982a). It appears to be dif-
ficult to completely exclude water from glasses synthe-
sized at elevated pressures and temperatures in solid
media piston-cylinder apparatuses (Fine and Stolper,
1985). This is particularly true in CO,-bearing experi-
ments, which systematically have higher water contents
than glasses synthesized without CO..

1600-1700 cm and 1375 cm'. These bands are at-
tributed to CO, dissolved in the form of distorted CO3~
ionic complexes (Fine and Stolper, 1985). The shapes of
these bands change little between room and liquid nitro-
gen temperatures. The band between 1600 and 1700 cm™
is clearly a composite; we have found that it can be ap-
proximated as a sum of two nearly Gaussian components,
one at 1670-1680 cm~ (FWHM = 70-80 cm™!) and
another at 1600-1610 cm~! (FWHM = 70-80 cm™!). The
relative intensities of these two components are variable,
but are usually within about 20% of each other for the
albitic glasses reported on in this paper. The same two
components are present in CO,-bearing jadeitic glasses,
but the component at 1600-1610 cm™! is typically about
50-80% larger than the one at 1670-1680 cm™!. This is
apparent in the spectra presented in Fine and Stolper
(1985). In both albitic and jadeitic glasses, the band at
1375 cm™ can be approximated by a single Gaussian
component (FWHM = ~70 cm~'). Following our earlier
interpretation (Fine and Stolper, 1985, and references
therein), these bands, including the component at 1670~
1680 cm™, are interpreted as splittings of the »; stretching
vibrations of distorted sodium carbonate ionic com-
plexes. We do not have specific assignments or interpre-
tations of the observed spectral components in terms of
the local structural details of the dissolved carbonate ion-
ic complexes responsible for them, but similar spectral
features observed in nitrate glasses have been analyzed
in some detail (Furukawa et al., 1978).

At elevated water contents, we would expect to observe
an absorption at 1630 cm~' due to molecular H,O. We
have not observed such a component in the spectra of
the glasses included in this study, nor have we observed
a correlation between total water content and the ratio of
the integrated intensities of the 1600-1700-cm™! and
1375-cm~' bands that we would expect to accompany
such a component. On the basis of the total water con-
tents of our CO,-saturated glasses, the observed relation-
ship between total water and molecular H,O contents of
albitic glasses, and the molar absorptivity of the 1630
cm~! band in albitic glasses (L. A. Silver and E. Stolper,
in prep.), the intensity of the 1630-cm~' molecular H,O
band would be expected in all cases to be less than 10%
of the intensity of the carbonate bands at 1600-1700 cm™".

Band intensities

Quantitative measurements of band intensities were
made of most of the absorption bands on each of the glass
samples. These measurements were made on each spec-
trum after the spectrum of a CO,-free albite glass, scaled
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TaBLE 2. Molar absorptivities and integrated molar absorptivi-
ties for relevant infrared absorption bands in albitic

glass
Band € e
{cm) Species (L/mol-cm) (L/mol-cm?)
3710 molecular CO, 139+ 1.1 485 + 40
35504 OH, H,0 70 £ 2 35000 + 500
2350 molecular 2CO, 945 + 45 25200 = 1200
2287 molecular *CO, 11.7 £ 1.08 —
1610¢ carbonate 199 + 17 27300 + 2300
1375 carbonate 235 + 20 16300 + 1400

Note: Values determined as described in the text. Errors for €5, and
€475 @valuated as described in Fine and Stolper (1985). All others based
on propagation of these errors with the standard errors obtained by regres-
sion of band intensities against the 2350-cm~' or 1375-cm~' band inten-
sities; i.e., the best-fit ratio of intensities of the 2350- and 3710-cm-' bands
is 68 with a standard error of 4, S0 €10 = €5/68 = 13.9, and the error
ON €40 iS 13.9 x [(4/68) + (45/945)]72,

Species concentrations (as weight percent of CO, that would be released
from the sample if all of the species were converted to CO, and removed)
can be calculated as follows: ¢ = (absorbance x 44.01)/(density x thick-
ness x ¢, where density is in g/L and thickness is in cm. If integrated
absorbance is used, ¢ is replaced with ¢'. For water contents, 44.01 is
replaced by 18.02.

~ From Silver and Stolper (in prep.).

® This value has been refined since our preliminary report of this work
(Johnson et al., 1985). The concentrations listed in Table 3 are based on
the extinction coefficients given here and superceded previously reported
values.

¢ This refers to the maximum peak height or total integrated intensity of
the group of bands between 1600 and 1700 cm.

to the thickness of the CO,-bearing glass, had been nu-
merically subtracted from it. This resulted in a spectrum
with a relatively flat background from which the peak
heights and areas of the bands at 3550, 2350, 1600-1700,
and 1375 cm~! could be readily determined. The band at
3710 cm~' sits on the high-energy tail of the band at 3550
cm™}; its intensity and integrated intensity were deter-
mined after the 3550 cm~! band had been approximately
nulled out by numerical subtraction of the spectrum of a
water-bearing, CO,-free albitic glass. The 2287-cm! band
due to *CO, sits on the low-energy tail of the 2CO, band
at 2352 cm™'. Unfortunately, we do not have spectra of
12CO,-bearing glasses that contain no *CO,, so the shape
of the low-energy tail of the 2CO, band on which the
13CO, band sits is not unambiguously known. Conse-
quently backgrounds for this band were drawn by hand.

Although intensities of all six of the absorption bands
could, in principle, be measured from each spectrum, in
practice, there are several limitations. The first is that
absorbances greater than 1.5-2.0 cannot be reliably mea-
sured on our instruments. Hence, for very intense ab-
sorptions, intensities cannot be determined precisely. This
is usually the case for the '2CO, band at 2352 cm™!; sam-
ples would have to be unrealistically thin (i.e., less than
a few tens of micrometers) in order for this absorption to
be on scale for the concentrations of molecular CO, in
most of the vapor-saturated glasses that we synthesized.
Consequently, the bands at 3710 and 2287 c¢cm™! were
used nearly exclusively in this study for determining mo-
lecular CO, concentrations. In the case of the carbonate
bands, these sit on the high-energy tail of the prominent
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aluminosilicate bands in the mid-infrared. If the samples
are thicker than 200 um or so, the background can be so
intense that the carbonate absorptions are off scale. Thin
samples (<100 pm) can also present problems because
interference fringes are sometimes present in the spectra
of such specimens and these limit the accuracy with which
absorption intensities can be measured, particularly for
weak absorptions.

Determination of extinction coefficients

In order to determine the concentration in the glass of
the species responsible for a particular absorption, we
must know the band intensity, the sample thickness, the
glass density (estimated in this study from the data of
Kushiro, 1978, on CO,-free albitic glasses quenched from
melts at temperatures and pressures similar to those of
our study), and the extinction coefficient (or molar ab-
sorptivity) of the band in question. The extinction coef-
ficient is the constant of proportionality between the in-
tensity of the absorption and the number of absorbers per
unit area in the path of the infrared beam. It must be
determined empirically by determining the intensity of
the absorption band in samples in which the concentra-
tion of the absorber is known. Molar absorptivities and
integrated molar absorptivities have been previously de-
termined for the molecular '2CO, band at 2352 cm! and
for the carbonate bands at 1600-1700 and 1375 cm™! by
Fine and Stolper (1985) using a series of synthetic CO,-
bearing glasses near the jadeite-silica join. Details of the
procedure used to determine these coefficients and of its
uncertainties are given in that paper. The values of these
constants used in this paper are listed in Table 2; the
integrated molar absorptivities for the carbonate bands,
which were determined as in Fine and Stolper (1985) by
the best-fit ratio of the integrated band intensity to the
peak height for each band, are slightly different from those
given in Fine and Stolper (1985) since we have enlarged
the data set used in determining this ratio by including
the data obtained in this study. The best-fit value of the
ratio of the intensities of the 1375- and 1600-1700-cm~!
carbonate bands has also been updated by the data ob-
tained in this study.

The molar absorptivity for the 3710-cm~! band listed
in Table 2 was determined by regressing the intensity of
this band with that of the 2352-cm~! band for seven un-
dersaturated albitic and jadeitic CO,-bearing glasses from
the study of Fine and Stolper (1985). Unfortunately, when
the 2352-cm~! band is on scale, the 3710-cm~! band is
very weak, and this ratio could be more tightly con-
strained. The integrated molar absorptivity of the 3710-
cm™! band and the molar absorptivity of the 2287-cm™!
13CO, band were determined by regressing the integrated
intensity of the 3710-cm~' band and the peak height of
the 2287-cm™' band against the intensity of the 3710-
cm~! band. Note that the extinction coefficient of the 2287-
cm~! band is used to give the total dissolved molecular
CO,, not just the dissolved molecular '*CO,, and thus can
only be used when the '*C/'>C ratio is normal. We also
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note that the ratio of the band at 2352 cm~' due to mo-
lecular ?CQO, to the band at 2287 cm~' due to molecular
13CO, is, according to our preferred value, 80 + 5, which
1s similar to their abundance ratio of 89; though there is
no a priori reason that these ratios should be identical, it
is encouraging that they are similar.

Accuracy and precision

Figure 2 compares the “actual” concentration of CO,
(based on the amount of CO, included in the syntheses
of these standard glasses) with the concentration of CO,
obtained by summing the concentrations of dissolved
carbonate and molecular CO, in the set of glasses used
by Fine and Stolper (1985) to determine the molar ab-
sorptivities of the bands at 2352, 1600-1700, and 1375
cm~'. The close correspondence between these two values
demonstrates the feasibility of determining total dis-
solved CO, concentrations in glasses along the jadeite-
silica join using infrared spectroscopy.

In a few cases, Fine and Stolper (1985) noted significant
deviations between the amounts of CO, loaded into ex-
periments and the concentration of dissolved CO, deter-
mined spectroscopically in quenched glasses recovered
after the experiments. The measured concentration was
in every case lower than the amount loaded into the ex-
periment. Using the finer spatial resolution possible with
the Nicolet FTIR, we have explored possible causes of these
deviations. Figure 3 demonstrates that a typical under-
saturated CO,-bearing glass of the sort used in the cali-
bration procedure is zoned, with higher dissolved CO,
and lower H,O contents in the core of the sample than
in the rim next to the enclosing Pt capsule. Though other
explanations are possible, we suggest that this is due to
diffusion of H into the Pt capsule followed by reaction
of the H with dissolved CO, to form some H,O and
reduced C species. The reduced C species either then re-
mains in situ or diffuses as atomic C out of the Pt capsule
as suggested by Watson et al. (1982). This can account
for the systematically higher dissolved water contents of
glasses synthesized with CO, over those without CO,, the
positive correlation between run length and dissolved
water content and its negative correlation with dissolved
CO, content that has been observed for undersaturated
glasses (see Table 3 for the results of experiments con-
ducted by A. L. Boettcher), and the fact that undersatu-
rated glasses occasionally contain significantly less CO,
than was loaded into the capsule prior to synthesis. As
shown in Figure 3, however, the concentration measured
in the center of the capsule by infrared spectroscopy is
essentially identical to the amount loaded into the cap-
sule, giving us added confidence in the accuracy of our
primary calibration.

The precision of the infrared determinations of species
concentrations is difficult to assess in general. Under op-
timum circumstances, the precision will be on the order
of a few percent based on potential uncertainties in mea-
sured absorbances (typically 0.005 for an absorbance of
0.1 with the FrIr based on the reproducibility of individ-
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Fig. 2. Comparison of total CO, contents of undersaturated
sodium aluminosilicate glasses synthesized by Fine and Stolper
(1985) based on (1) the amount loaded into the capsule and (2)
infrared spectra using the extinction coefficients given in Table
2. This figure has been updated from the work of Fine and Stol-
per (1985) by re-analyzing samples with the FTIR and in partic-
ular by analyzing the central portions of the samples when pos-
sible. The three symbols in parentheses show samples that appear
to have lost significant CO, during synthesis; it is likely that these
samples came from near the capsule wall. These three samples
were not used in the determination of extinction coefficients.

ual measurements), in estimated density (+2%), and
sample thickness (+3 pm) and varies from sample to
sample. However, as discussed above, a number of fac-
tors (interference fringes in thin samples, ambiguities in
background subtractions, nonlinearity of absorbances for
very intense absorptions) may degrade the precision for
any individual measurement. On the basis of repeated
measurements of identical spots on several samples and
multiple measurements of individual species concentra-
tions on a single spot (e.g., we could make six potential
measurements of molecular CO, concentration from any
spectrum: peak heights and integrated intensities of the
bands at 3710, 2352, 2287 cm™!), typical uncertainties
(10) for the samples reported on in this study are on the
order of 0.1 wt% or better for dissolved molecular CO,,
0.02 wt% for CO, dissolved as carbonate, and 0.01 wt%
for dissolved water. The poorer precision of the molecular
CO, determinations is due to the low intensities of the
3710- and 2287-cm~! bands used in nearly every sample
reported on in this study to determine molecular CO,
concentrations. If thicker samples, much thinner samples
(bringing the 2352-cm~!' band on scale), or *C-enriched
CO, were used (increasing the intensity of the 2287-cm™
band), the precision of the molecular CO, concentrations
could be improved considerably, and we recommend that
efforts be made in future studies to do one or more of
these things.

RESULTS

The conditions of the experiments and the measured
H,O, molecular CO,, carbonate, and total dissolved CO,
contents of the quenched glasses are listed in Table 3.
The pressure and temperature dependence of the molec-
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TasLE 3. Summary of experimental results

Dura- Wit%
Starting T tion CO, H,08 Molecular CO,? COg®° Total CO,°
Run material® (°C) (min) loaded (wt%) (wt%) (wt%) (wt%)
15 kbar
TJ41 Ab(C) 1450 65 19 0.61 (12,12, 0.03) 0.59 (3, 5, 0.04) 0.18 (9, 34,0.02) 0.77 (0.04)
ALB2965 xtal 1450 120 5 0.14 (2, 2, 0.03) 0.707 (2,1, —) 0.16 (1,2, 0.01) 0.86 (0.01)
ALB2998 xtal 1450 180 1 0.33(1,1,—) 0.60" (1,1, —) —E —E
TJ42 Ab(C) 1525 60 24 0.72 (4, 4,0.01) 0.55 (3, 4, 0.03) 0.21 (3,9,0.02) 0.76 (0.04)
20 kbar
TJ37 Ab(C) 1450 60 2.3 0.65(1,1, —) 1.12(1,1, =) 0.27 (1,2,0.01) 1.39
TJ48 Ab(C) 1450 60 —F 0.14 (1,2, 0.01) 0.99 (3, 5, 0.09) 0.27 (3,9,0.01) 1.26 (0.10)
ALB2995¢ xtal 1450 60 1 0.20 (3, 3, 0.07) 0.72(3, 5, 0.03) 0.20 (3, 8,0.01) 0.92(0.03)
ALB2982¢ xtal 1450 180 1 0.34 (3, 3,0.01) 0.58 (1, 3, 0.09) 0.18 (1,2, 0.01) 0.76 (0.10)
ALB2990° xtal 1450 360 1 049(1,1, —) 0.39(1,1, —) 0.14 (1, 3,0.01) 0.53
TJ4 Ab(A) 1525 100 24 0.42 (5, 5, 0.01) 0.95 (5, 13, 0.06) 0.28 (3, 10, 0.01) 1.23 (0.06)
TJ5 Ab(A) 1625 60 29 0.28 (3, 3, 0.00) 0.80 (3, 5, 0.03) 0.31 (3,10,0.02) 1.11(0.04)
25 kbar
TJ12 Ab(A) 1450 60 2.0 0.34(2,2,0.01) 1.26 (4,10, 0.07) 0.39 (3,10, 0.01) 1.65 (0.07)
TJ15 ADb(A) 1525 65 2.2 0.44 (4,4,0.02) 1.08(2,4,0.12) 0.42 (4,12,0.01) 1.50(0.12)
TJ22 Ab(C) 1625 60 2.0 042(1,1,—) 1.13(1, 3, 0.05) —E —E
TJ36 Ab(C) 1625 60 2.2 0.56 (6, 6, 0.03) 1.05 (6, 14, 0.13) 0.47 (6, 22,0.02) 1.52(0.13)
30 kbar
TJ32 Ab(C) 1450 60 2.6 0.67(1,1,—) 1.44(1, 3, 0.04) 0.504(1,1, —) 1.94
TJ33 Ab(C) 1450 65 2.7 0.69(1,1,—) 1.35(1, 3, 0.07) 046 (1,1, —) 1.81
TJ43 Ab(C) 1450 60 3.4 0.54 (4, 4, 0.02) 1.42(4,8,0.11) 0.54 (2,6, 0.03) 1.96 (0.11)
TJ40 ADb(C) 1525 90 3.0 0.76 (2, 2, 0.07) 1.28 (2, 4, 0.05) 0.72% (2, 6, 0.03) 2.00 (0.06)
TJ39 ADb(C) 1625 70 3.0 0.67 (3, 3, 0.04) 1.21 (2, 3, 0.05) 0.63 (4,9, 0.06) 1.84 (0.08)

~ Two separate batches of albitic glass starting material [Ab(A) and Ab(C)] were used. The ALB samples were prepared from crystalline (xtal) albite.
& ¢ (m,, M, o): cis the average concentration in weight percent; n, is the number of separate spots or fragments for which spectra were obtained; n,
is the number of measurements of concentration determined for this sample. n, = n, since several measurements of species concentration can usually
be obtained from one spectrum. ¢ is the error of the reported concentration (the mean of the n, separate measures of concentration) given by 1o of

the distribution of the n, measurements.
¢ This is the amount of CO, dissolved as carbonate.

® ¢ (0): cis the sum of the amount of CO, dissolved as molecular CO, and as carbonate. ¢ is the error in this concentration based on the 1s errors

in the two species’ concentrations.
E Concentration not determined.
F Not known, but the sample contains excess vapor in bubbles.

¢ These three samples were loaded with the same amount of CO, (1 wt%) and held at run conditions for different lengths of time. Note the decreasing
CO, and increasing H,O content with time. ALB2982 and 2990 do not have bubbles. Bubbles (<10 xm) are present but uncommon in ALB2995.

" These values are based on spectra of less than optimal quality.
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Fig. 3. Concentration profiles for dissolved CO3~, molecular
CO,, total CO,, and water in sample ABC-58 (Fine and Stolper,
1985). A map showing the approximate location of each mea-
surement is also shown. The glass used is a horizontal section of

ular CO, content, carbonate content, and total dissolved
CO, content are displayed in Figures 4 and 5.

The effects of pressure. Molecular CO, and carbonate
concentrations, and consequently total CO, content, in-
crease with increasing pressure at constant temperature.
The ratio of carbonate to molecular CO, also increases
under vapor-saturated conditions with increasing pres-
sure at constant temperature.

The effects of temperature. The concentration of mo-
lecular CO, under vapor-saturated conditions decreases
with increasing temperature at constant pressure, but the
concentration of carbonate increases slightly. These two
effects counterbalance each other, leading to a total CO,
solubility that is nearly independent of temperature un-
der isobaric conditions. The ratio of carbonate to molec-
ular CO, increases with increasing temperature under va-
por-saturated conditions at constant pressure.

—
a piston-cylinder run. Each analyzed spot is 100 um in diameter.
Note that the total CO, concentration at the capsule’s center is
very similar to the amount loaded into the capsule.
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(a) Molecular CO,, (b) CO, dissolved as carbonate, and (c) total CO, concentrations vs. temperature for CO,-saturated

albitic melts. Error bars are lo for the distribution of measurements for each sample; when only one measurement was available
or the error is smaller than the symbol, no error bar is shown. See Table 3 for the errors on each measurement. Lines are calculated

values based on the fits to Equations 4 and 7.

The effects of water. Two pairs of experiments equili-
brated at the same temperatures and pressures (TJ-37
and TJ-48; TJ-41 and ALB2965) contain different
amounts of dissolved water, yet their dissolved molecular
CO, and carbonate contents and hence their total dis-
solved CO, contents are, within error, the same. This
suggests that at least at low water contents, CO, solubility
and speciation are not strongly dependent on water con-
tent.

We note that the water contents of all of our run prod-
ucts are disturbingly high. We have discussed the possible
sources of this water in these nominally anhydrous runs
at length previously (Fine and Stolper, 1985, and above).
We reiterate that we believe that it is unavoidable in pis-
ton-cylinder experiments because of a combination of ad-
sorbed water on the starting materials (particularly the
silver oxalate) and diffusion of hydrogen into the capsules
during run conditions. We doubt that previous studies of
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and (c) total CO, concentration vs. pressure for CO,-saturated
albitic melts. Error bars as discussed for Fig. 4. Curves are cal-
culated values based on the fits to Equations 4 and 7.

CO, solubility using analogous methods of glass prepa-
ration have been successful in establishing anhydrous
conditions cither.

Sample heterogeneity. For most samples, spectra were
obtained on several different bubble-free regions of the
glass, allowing us to assess sample homogeneity. Table 3
lists the number of spots analyzed for each species on
each sample. The standard deviation of the distribution
of analyses is typically similar to their precision, indicat-
ing that the samples are usually homogeneous to the level
that we are capable of determining. There are a few ex-
ceptions, but only in a few cases is the standard deviation
greater than about 10% of the value of the mean. Note
that the homogeneity of the vapor-saturated samples con-
trasts with the marked zoning of undersaturated experi-
ments (see Fig. 3). CO, may have been lost continuously
by reduction in the vapor-saturated experiments much as
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it was in the undersaturated experiments, but the excess
CO, present in bubbles throughout the vapor-saturated
experiments probably approximately buffered the activ-
ity of CO, in these experiments.

Achievement of equilibrium. The experiments were not
reversed, so equilibrium has not been proved. However,
our run lengths were 1-1.5 h, greatly in excess of the 10
min or so that Mysen (1976) demonstrated to be suffi-
cient to reach a time-independent result, which he in-
ferred to be indicative of the attainment of equilibrium.
The two vapor-saturated experiments included in this
study that were conducted by A. L. Boettcher (ALB2965
and 2998) were held at pressure and temperature for 2
and 3 h, respectively, and are similar to our 1-h experi-
ment (TJ-41) held at the same run conditions.

Molecular CO,: dissolved or in bubbles? We are fre-
quently asked if we can be certain that the molecules of
CO, that we detect spectroscopically are dissolved in the
glass rather than present as bubbles or inclusions. Spectra
were obtained only on regions of glass that, on the basis
of examination with an optical microscope, are bubble-
free or contain no more than a handful of bubbles. With
the help of Ian Hutcheon, we have demonstrated with a
scanning-electron microscope that regions that appear
bubble-free with an optical microscope are free of bub-
bles down to a scale of a few hundred &ngstroms. In ad-
dition, we have demonstrated, as described above, that
the infrared spectra of CO, bubble-rich samples differ sig-
nificantly from those of optically bubble-free samples at
room temperature, and that the spectra of bubble-free
samples show negligible changes between room temper-
ature and liquid-nitrogen temperature whereas bubble-
rich specimens show dramatic changes over this temper-
ature range, presumably owing to the freezing of the CO,
in the bubbles. Unfortunately, these observations only
rule out the presence of CO, in relatively large (100 A?)
bubbles. We cannot prove that molecular CO, is not pres-
ent in smaller clusters that are not readily visible and do
not behave like a bulk, separate phase. However, since
dissolved CO, molecules would probably be located in
“holes” in the melt structure and possibly in clusters, at
this level the distinction between bubbles and dissolved
CO, may be a semantic one. Nevertheless, the simple
patterns in our results [e.g., regularities in the concentra-
tion of molecular CO, with pressure and temperature and
in the ratio of molecular CO, to carbonate with pressure,
temperature, and melt chemistry (Fine and Stolper, 1985)]
strongly suggest that the concentrations of molecular CO,
that we observe are controlled by thermodynamics, rath-
er than by the vagaries of some mechanism of physical
entrapment.

THERMODYNAMIC TREATMENT

Our data can be used to constrain a thermodynamic
description of the solubility of CO, in silicate melts, in
much the same way that Spera and Bergman (1980) did
for previous measurements of CO, solubility in silicate
melts. However, in that case, only bulk solubility was
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considered, whereas our data permit a separation of the
heterogeneous equilibrium between melt and vapor and
the homogeneous equilibrium between C-bearing species
in the melt.

Vapor-melt equilibrium

Let us first consider the heterogeneous equilibrium be-
tween CO, in the vapor and molecular (mol.) CO, in the
melt. This may be described by the reaction

CO,(vapor) = CO,,mol.(melt). )
The condition of equilibrium is
p’éacl));l' - F’gg;,mol. . (2)

This can be readily modified into the following relation
that allows the activity of molecular CO, in melt satu-
rated with CO, vapor at any P and T to be calculated
provided that it is known at some reference pressure (P,)
and temperature (7,):

.f‘CO2(P’ 7-)
f(‘:Oz(P 0> TO)
. _ Vodgze,lxﬁmx.(P = B o)
exp{ RT

AHYPY[1 1
1), o

%8, mor (P T) = A, ot (Po, 1)

where a7) ., (P, T) and aZg' ., (P, Tp) are the activities
of molecular CO, in the vapor-saturated melt at P and T
and at P; and T, respectively, relative to a standard state
of pure CO, molecules at the pressure and temperature
of interest (Fine and Stolper, 1985); fco,(P, T) and Jeo(Po,
T,) are the fugacities of CO, in the vapor at P and 7 and
at Py and To; Vgge: | is the molar volume of molecular
CO, in the melt in its standard state and has been taken
to be independent of P and T in deriving Equation 3;
AH(P,) is HY(CO,,mol.,melt) — H%(CO,,vapor) at P, and
T,, where HY(CO,,vapor) is the enthalpy per mole of CO,
vapor at a pressure sufficiently low for the vapor phase
to be perfect at 7, and H%(CO,,mol.,melt) is the molar
enthalpy of molecular CO, in the melt in its standard
state at P, and T,. Note that in deriving Equation 3, AH®
has been assumed to be independent of temperature,
but it is a function of pressure [AHY(P) = AHYP,) +
Vegss, (P = Py).

Assuming that the melt can be treated as an ideal mix-
ture of CO, molecules, carbonate groups, and oxygen at-
oms (Fine and Stolper, 1985), we have

0288 s (P, T) = X251 (P, T)
azsh- (P, T) = X23-(P, T)
azs' (P, T) = X5 (P, ),

where the mole fraction of each species is simply the
number of moles of that species in the melt divided by
the total number of moles of all three species in the melt
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(see Fine and Stolper, 1985). This choice of activity-com-
position relationship is analogous to the one we have used
for water-bearing melts (Stolper, 1982b; Silver and Stol-
per, 1985). It is unambiguous since it is independent of
the formula unit chosen for the C-free silicate, but it does
not take into account the difference in size between the
various species, the facts that there are probably many
distinguishable sorts of oxygens in the melt and that they
probably mix as polymeric groups rather than as individ-
uals, and that CO, may mix on sites different from the
other species. However, the particular choice of activity-
composition relationship will probably make little differ-
ence in the determination of the thermodynamic param-
eters since the concentrations of C-bearing species are
low.

Given this choice of activity-composition relationship,
Equation 3 becomes

Jool P, T)
fg:oz(P o 1)

_ V%‘On;}l;ol.(P - P, o)
RT

AHO(Py)| 1 1
4], o

where Vg5 | is now the partial molar volume of molec-

ular CQO,; in the melt and H°(CO,,mol.,melt) is now the
partial molar enthalpy of molecular CO, in the melt. If
we know X, .., for a vapor-saturated melt at a reference
pressure and temperature and have values for Vggot
and for AH® at the reference pressure, Equation 4 can be
used to calculate X35, in vapor-saturated albitic melt
at any other P and 7.

Using our data on the concentrations of molecular CO,
and carbonate as a function of P and T and the modified
Redlich-Kwong equation of state of CO, vapor (Hollo-
way, 1977), we have obtained values for the parameters
in Equation 4 by least squares. These values are given in
Table 4. The reference temperature and pressure were
taken as 1450 °C and 20 kbar. The partial molar volume
of molecular CO, given by this regression is 28.6 cm?/
mol. This is somewhat lower than the value of 33-35 cm3/
mol determined by Spera and Bergman (1980) for the
partial molar volume of CO, in albitic melt based on the
data Mysen et al. (1976). It is also lower than the molar
volume of the CO, vapor under these conditions (34-40
cm?/mol), but similar to the b parameter for CO, mole-
cules in the Redlich-Kwong equation of state (29.7 cm?/
mol).

XglCe)l;,mol P, 1= Xg(e)l;,mol (Po, Ty)

-exp

Molecular CO,-carbonate equilibrium

Let us now consider the homogeneous equilibrium be-
tween CO, molecules, carbonate groups, and the silicate
framework in albitic melt. We will describe this via the
following reaction:

CO,,mol.(melt) + O>~(melt) = CO;~(melt). (5)
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TasLE 4. Best-fit thermodynamic parameters
for Equations 4 and 7

CO,(vapor) = CO,,molecular(melt)

P, = 20 kbar
To = 1450 °C
X2 ot (Po, To) = 0.0067 + 0.0002
Vager, (P, T)=28.6 + 0.5 cm®/mol
AH® (P,) = 9200 = 1600 cal/mol

CO,,molecular(melt) + O (melt) = CO3-(melt)

P, = 20 kbar
T, = 1450 °C
K; (P, T;) = 0.27 = 0.01
AW (P, T)= —3.9 + 0.8 cm¥mol
AHP (P,) = 13500 + 3000 cal/mol

We recognize this as a gross oversimplification since it
does not specify the structural changes that take place in
the silicate framework of the melt as this reaction pro-
ceeds. In the absence of any concrete information on the
details of this reaction, we will describe the homogeneous
equilibria with this generalized equation plus the as-
sumption of ideal mixing of the CO, molecules, carbon-
ate groups, and oxygen atoms described above. Though
this treatment, in which basically all of the oxygens in
the melt will be considered to be indistinguishable and
equally available for reaction with molecules of CO,, is
an oversimplification, the thermodynamic parameters
derived from it are not expected to depend strongly on
the details because the concentrations of the C-bearing
species are low (Fine and Stolper, 1985); that is, similar
derivative parameters (e.g., AV, AH) would be obtained
regardless of the details of the reactions being modeled.
The condition for equilibrium for Reaction 5 is

BEoyma T HOE = ESE (6)

This can be rearranged to give

AVYP — P,
K(P, T) = KAP,, To)exp{—%
_ame)[t Lo
R T T’
where
agsh- mely

Kg= b i 8
¢ agg;.mol- agzel-l Xg(e)l;,mol. nglj ( )

Py(bars) and T,(K) are a reference pressure and temper-
ature; P and T are some other pressure and temperature;
AT? is the volume change of the components of Reaction
5 in their standard states, which is equal to the volume
change of the reaction given our assumption of ideal mix-
ing and was taken to be independent of P and 7 in de-
riving Equation 7; AH%(P,) is the change in enthalpy of
the components of Reaction 5 in their standard states at
P,, which is equal to the enthalpy change of the reaction
at P, given the assumption of ideal mixing. AH? was as-
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sumed to be independent of temperature in deriving
Equation 7, but it is a function of pressure.

Using our data on the concentrations of molecular CO,
and carbonate as a function of P and 7, we have obtained
values for the parameters in Equation 7 by least squares.
These values are given in Table 4. The reference temper-
ature and pressure were taken as 1450 °C and 20 kbar.
The negative volume change of this reaction and the pos-
itive enthalpy change are reflections of the increases in
the carbonate to molecular CO, ratio observed with in-
creasing pressure and temperature.

Calculation of CO, solubility and speciation in
albitic melts

The parameters given in Table 4 can be used to cal-
culate CO, solubility and speciation in vapor-saturated
albitic melts as a function of pressure and temperature.
First, Equation 4 is used to calculate Xco,mq. for a given
set of values of P, T, and f.o,- Then, Equation 7 is used
to calculate K at this P and T. Given X&g! ., + X3} +

melt = 1, and the value of X&g! ., derived from Equation
4, the calculated value of K. can be readily used to de-
termine X3 and melt.

Weight percentages of molecular CO, and of CO, dis-
solved as carbonate as well as total dissolved CO, con-
tents were calculated for the pressure and temperature
range covered by our experiments using the parameters
given in Table 4 and compared to our measured values
in Figures 4 and 5. Not surprisingly, since these were the
data used to constrain the thermodynamic parameters
given in Table 4, the calculations are a good fit to the
data; the mean of the absolute value of the deviation
between measured and calculated molecular CO, concen-
trations is about 0.07 wt% and for carbonate it is about
0.03 wt%. These deviations are comparable to our pre-
cision at a l¢ level. The maximum deviations (0.22 wt%
for molecular CO, and 0.06 wt% carbonate [except for
TJ-40, which was excluded from the fitting procedure])
are at the 20 to 3o level.

The calculated total CO, solubility at 1 bar and 1450
°C is about 0.5 ppm by weight, about 90% of which is
dissolved as molecules of CO,.

Calculation of the CO,-saturated solidus of albite

Using the procedures and data given in Silver and Stol-
per (1985) plus the parameters listed in Table 4, we have
calculated the effect of CO, on the melting of crystalline
albite. The calculated freezing-point depression (i.e., the
difference in temperature between the dry solidus and the
beginning of melting of albite in the presence of CO, va-
por) increases from 4 °C at 5 kbar, to 13 °C at 15 kbar,
to 25 °C at 25 kbar. These values are consistent with the
data reported by Eggler and Kadik (1979) and Boettcher
et al. (1987).

COMPARISON WITH PREVIOUS STUDIES

There have been several previous studies of CO, sol-
ubility in albitic melts. Mysen et al. (1976) used both
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Fig. 6. Total CO, solubility vs. temperature for various pressures from this work and the literature. Error bars from this work
as described for Fig. 4. Error bars from Mysen et al. (1976) and Mysen and Virgo (1980) are as reported by them in their data
tables. Lines are calculated values based on the fits to Equations 4 and 7.

@-track radiography and gas chromatography to measure
CO, solubility in albitic melts at 5-30 kbar and 1350—
1700 °C. In a companion paper, Mysen (1976) reported
molecular CO, and carbonate concentrations based on
infrared spectroscopy. Brey (1976) reported a single mea-
surement at 1450 °C and 30 kbar using gas chromatog-
raphy and also reported some infrared spectroscopic re-
sults. Mysen and Virgo (1980) used 8-track radiography
to measure CO, solubility at 10-30 kbar and 1450-1750
°C; they used Raman spectroscopy to measure relative
molecular CO, and carbonate concentrations.

All previous measurements of total CO, solubility un-
der nominally anhydrous conditions, which should be di-
rectly comparable to our results, are shown in Figure 6
along with our data and our best-fit solubility function
based on the parameters given in Table 4. Measurements
of molecular CO, and carbonate concentrations from this
study are compared with those of Mysen (1976) in Figure
7. In this section, we discuss these different data sets.

Total solubility measurements. As shown in Figure 6,
there is a conspicuous lack of correspondence between
the several reports of total CO, solubility in albitic melts.
In general, our values are less than those of Mysen et al.
(1976) and Mysen and Virgo (1980), but the deviations
are not systematic. For example, at 1450 °C and 30 kbar,
there is reasonable agreement between the four reported
values: 1.6 wt% (Mysen et al., 1976), 2.1 wt% (Brey, 1976),
2.06 wt% (Mysen and Virgo, 1980), and 1.8-2.0 wt% based
on three experiments from this study. Similarly, at 1525-
1550 °C and 30 kbar, our value of 2.0 wt% is bracketed
by the values of 1.8 wt% reported by Mysen et al. (1976)
and 2.31 wt% reported by Mysen and Virgo (1980). How-
ever, under most other conditions, our values tend to be
lower than those of Mysen et al. (1976) and Mysen and
Virgo (1980), even excluding the gas chromatographic val-
ues that Mysen et al. (1976) rejected as probably being
too high because of trapped bubbles.

We have considered several possible explanations for
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in the results of Mysen (1976) compared to those in this work.

the differences between our results and those of Mysen et
al. (1976) and Mysen and Virgo (1980) that would reflect
problems with our experiments or analyses: (1) The fact
that we obtain similar results whether we analyze our
experiments or those conducted by A. L. Boettcher sug-
gests that differences are not due to some peculiarity of
our solid-media apparatus or of our starting material. We
note that run number ALB2998 (15 kbar, 1450 °C, 1%
CO, loaded) contains widespread bubbles up to 30 um in
diameter, suggesting—in agreement with our results but
conflicting with those of Mysen and his co-workers—a
solubility of less than 1 wt% CO, under these conditions.
The presence of uncommon, small (<10-um diameter)
bubbles in AL2995 (20 kbar, 1450 °C, 1% CO, loaded)
would suggest solubilities even lower than those we have
reported for 20 kbar, but rare, small bubbles may not
necessarily reflect vapor saturation (Burnham and Jahns,
1962). (2) Our experiments were run much longer than
those of Mysen and his co-workers, but it is hard to see

how this would lead to lower values under some condi-
tions but not under others. (3) If there were problems
with our calibration, deviations would be expected to be
systematic. (4) A final possibility is that under some con-
ditions there are forms of C other than molecular CO,
and carbonate dissolved in our glasses that we fail to
detect by infrared spectroscopy. We note that if the mys-
tery species were a reduced form of C, this could explain
the zoning and in particular the apparent C-deficiency
observed near the rims of undersaturated experiments
(Fig. 2). However, if a mystery species is the reason for
the observed deviations, its concentration does not ap-
pear in vapor-saturated samples to be correlated with dis-
solved water content (as would be expected if it were
related to an influx of H) and would have to be highest
at low pressures and at high temperatures.

There is nothing obviously wrong with either our mea-
surements or those of Mysen et al. (1976) and Mysen and
Virgo (1980) using 8-track radiography, so the cause of
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the deviations between these two data sets cannot be as-
signed. We note, however, that contrary to the statement
in Mysen and Virgo (1980), their data are not in very
good agreement with the earlier measurements by the
same technique first reported by Mysen et al. (1976). This
is apparent in Figure 6, where experiments conducted
under identical conditions have CO, concentrations mea-
sured by Mysen and his co-workers differing by more
than 0.5 wt% and experiments conducted under similar
conditions (i.e., differing in temperature by 50 °C) differ
by almost 0.9 wt%. At 10 kbar, the earlier solubilities are
the high ones; at 30 kbar it is the reverse. There clearly
is some lack of reproducibility in the CO, solubilities re-
ported by this group. Since our solubility values typically
deviate from theirs by 0.5 wt% or less, perhaps the de-
viations between our data sets refiect the fact that the
precision of the 8-track measurements is poorer than has
been reported.

In summary, we are reasonably confident of our results,
and there appears to be a lack of reproducibility in the
B-track results reported by Mysen et al. (1976) and Mysen
and Virgo (1980). Nevertheless, we cannot track down
with certainty the cause of the discrepancies between our
results and those in the literature and conclude that this
will only be resolved through the use of an independent
technique for measuring dissolved CO, contents.

Temperature dependence of solubility. As shown in
Figures 4 and 6, our results show a negligible to slightly
negative dependence of total CO, solubility on tempera-
ture. A similar result was inferred by Brey (1976) for
albitic melt. Similar results have been found in investi-
gations of CO, solubility in several other silicate melt
compositions (Pearce, 1964; Faile and Roy, 1966; Shar-
ma, 1979; Rai et al., 1983). Mysen et al. (1976) found a
similar result at about 10 kbar for albitic melt, but found
a strong positive temperature dependence of CO, solu-
bility at higher pressures (Fig. 6). We have found no sim-
ple explanation for the discrepancy between our results
and those of Mysen et al. (1976) and Mysen and Virgo
(1980) and again suggest that an independent technique
be used to resolve it, while pointing out that the results
of these two studies by Mysen and his co-workers using
identical techniques are not entirely consistent given their
reported error bars.

Molecular CO, vs. carbonate concentrations. We have
found that pressure and temperature have an effect on
the ratio of dissolved molecular CO, to carbonate (i.e.,
AH? and AV? are nonzero in Eq. 7). However, as shown
in Figure 7, the variations in this ratio with pressure and
temperature are gradual and small compared to the re-
sults of Mysen (1976). We had previously concluded (Fine
and Stolper, 1985), on the basis of data from glasses with
lower total CO, concentrations than those studied by My-
sen (1976), that the large range in CO*CO3~ ratios that
he reported and the nongradual changes that he found in
this ratio with pressure and temperature were artifacts of
his use of the imprecise KBr pellet technique for his in-
frared determinations of carbonate concentrations, and
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we reiterate that conclusion here. Qur results do not sup-
port the earlier suggestions (Mysen, 1976; Mysen et al,,
1976) that there are abrupt changes in melt polymeriza-
tion over the 15-30-kbar range that lead to dramatic
changes in CO, speciation and solubility. Our results in-
dicate that there is a subtle, gradual increase in the ratio
of carbonate to molecular CO, over this pressure range
and that most of the increase in total CO, solubility is
due to the increasing concentration of molecular CO,
driven by the difference in volume between CO, in the
vapor and CO, molecules in the melt.

The effects of water on CO, solubility. Previous studies
have indicated that CO, solubility in albitic melt in-
creases by about 0.8 wi% when the water content in-
creases from zero to about 8-9 wt% (Eggler, 1973; Mysen,
1976; Eggler and Kadik, 1979). This is thought to be due
to increased concentrations of dissolved carbonate com-
plexes under hydrous conditions. Our data show no de-
tectable enhancement of molecular CO, solubility or car-
bonate concentration under vapor-saturated conditions
as the dissolved water content increases from about 0.1
to 0.7 wt%. If the increase is CO, solubility were linear
with water content, the CO, content would be expected
to increase by about 0.05 wi% as the water content in-
creases from 0.1 to 0.7 wt%,; this could probably be de-
tected if the increase were entirely in the carbonate con-
centration. More work will be needed to determine the
exact nature of the relationship between dissolved water
and CO, contents of vapor-saturated melts at low water
contents.

DiscussioN

Given the unexplained discrepancies between our mea-
surements of CO, solubility and those of Mysen et al.
(1976) and Mysen and Virgo (1980), we are reluctant to
overinterpret the details of our results. There are, how-
ever, two important points that we believe will stand in-
dependent of the resolution of these discrepancies.

The first is that understanding of the total solubility of
a volatile component such as CO, depends critically on
an understanding of the speciation of this component in
the melt. Because the total solubility of CO, is the sum
of the CO, dissolved as molecules of CO,, as carbonate,
and perhaps in other forms as well, modeling of the vari-
ations in solubility of CO, must consider the effects of
temperature, pressure, and melt composition both on the
equilibria between vapor and molecular CO, and between
the various dissolved species. For example, in albitic melt
the solubility of molecular CO, decreases with increasing
temperature, the concentration of carbonate in equilib-
rium with the dissolved molecular CO, increases with
increasing temperature, and the sum—the total solubility
of CO,—displays almost no temperature dependence.
However, in other melt compositions, the competition
between the temperature dependencies of Reactions 1 and
5 may balance out differently. For example, in molten
Si0,, which probably dissolves CO, nearly entirely as
molecular CO, (Fine and Stolper, 1985), there will be no
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carbonate with its concentration showing a positive tem-
perature dependence, so a negative temperature depen-
dence of solubility would be expected. In contrast, for
Jadeitic and nephelinitic melts, in which carbonate dom-
inates over molecular CO,, the positive temperature de-
pendence of dissolved carbonate concentration could
overwhelm the negative temperature dependence of the
concentration of the minor species, molecular CO,, with
the net result being a positive temperature dependence of
the bulk CO, solubility.

Treatments of the solubilities of other volatile com-
ponents such as water and SO, that can dissolve both as
molecular species and as species formed by reaction with
the silicate framework (e.g., hydroxyl groups, sulfate
groups) will require similar considerations both of het-
erogeneous equilibia between vapor and molecular species
in the melt and of homogeneous equilibria between melt
species. In most cases, the temperature dependence of the
solubility of the molecular species is expected to be neg-
ative, reflecting the usually positive enthalpy of vapori-
zation of such species (i.e., things usually boil when heat
is added to them). For very large molecular species, how-
ever, the temperature dependence may well be positive,
reflecting the energetic costs of forcing such molecules (or
atoms, in the case of the heavy rare gases) into holes in
the melt structure into which they do not quite fit. In
addition, the difference in enthalpy between these molec-
ular species in the gas phase and in the melt, even if
positive at low pressure, will tend to decrease as pressure
increases from 1 bar, so that the temperature dependence
tends to become less negative, and may even become
positive, as pressure increases. Indeed, the temperature
dependence of water solubility may switch from negative
to positive with increasing pressure (e.g., Kennedy et al.,
1962; Khitarov and Kadik, 1973), and this could reflect
such an effect. In any case, the temperature dependence
of water solubility reflects a competition between the sol-
ubility of molecular H,O and the homogeneous equilibria
between molecular water and hydroxyl groups, which are
probably favored by increasing temperature (Stolper et
al., 1983), and thus is probably similar to the case we
have described for CO, solubility.

The second point that we want to make has to do with
the pressure dependence of CO, solubility. Note in Figure
5 that the solubility of CO, does not increase linearly with
pressure, as is often supposed to be its normal behavior
(e.g., Harris, 1981; Des Marais and Moore, 1984). In fact,
according to our results, the rate of increase in solubility
increases with increasing pressure over the pressure range
that we have investigated. Although a small part of this
shape is due to the increasing ratio of carbonate to mo-
lecular CO, with increasing pressure (i.e., to the negative
AV? of Reaction 5), this shape is also observed for the
molecular CO, solubility.

We would be mistaken if we interpreted this as unusual
behavior reflecting changes in melt structure over this
pressure range (e.g., Mysen, 1976). In fact, note that the
calculated molecular CO, solubility based on Equation 4
and the parameters given in Table 4 also display this
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behavior. The second derivative of the activity of a mo-
lecular species (in vapor-saturated melt) with respect to

pressure is given by
2
Vv L5 Vm
_ 9
e |

¢a_ [1ar
drr~ %\RT dP

where V¥ is the molar volume of the vapor and V™ is the
molar volume of the molecular species in the melt in its
standard state (which is taken as a fictive form of the pure
molecular species at P and 7). If the partial molar volume
of the species in the melt is zero and the gas is ideal, the
second derivative is zero, and the activity of the species
is proportional to pressure. If the partial molar volume
is positive and the gas is ideal, the second derivative will
be negative at pressures less than 2R7/V™, At elevated
pressures where the gas is nonideal, though the first term
in Equation 9 is always negative, it becomes small and if
the partial molar volume of the species in the melt is
small relative to the molar volume of the vapor, the sec-
ond term, which is always positive, overwhelms the first
and the second derivative is positive. Based on our data,
the partial molar volume of molecular CO, (28.6 cm?¥/
mol) is small relative to the volume of the vapor in the
15-30-kbar range; consequently, the second derivative is
positive in this pressure range. The point is that the shapes
of solubility curves and other phase boundaries can only
with difficulty be used to infer microscopic behaviors and
that, in particular, the rapid increase in CO, solubility
observed between 15 and 30 kbar does not necessarily
signal anomalous changes in melt structure or polymeri-
zation over this pressure range.

SUMMARY

1. Infrared spectroscopy has been used to measure dis-
solved molecular CO,, carbonate, and water concentra-
tions of albitic glasses quenched from melts equilibrated
with CO,-rich vapor at 15-30 kbar and 1450-1625 °C.

2. At constant temperature, the molecular CO, and the
carbonate concentrations of vapor-saturated albitic melts
increase with increasing pressure. For each species and
their sum (i.e., the total dissolved CO,), the second de-
rivative of concentration with respect to pressure is pos-
itive over the 15-30-kbar range. The ratio of molecular
CO, to carbonate dissolved in albitic melts decreases with
increasing pressure at constant temperature.

3. At constant pressure, the concentration of molecular
CO, in vapor-saturated albitic melts decreases with in-
creasing temperature, but the concentration of carbonate
increases. The sum of the concentration of these two
species (i.e., the total dissolved CO, concentration) is ap-
proximately independent of temperature at constant
pressure under the conditions that we have investigated.

4. Thermodynamic analysis of the solubility data that
we have presented requires the consideration of two equi-
libria. The first, CO,(vapor) = CO,,mol.(melt) (Reaction
1), describes heterogeneous equilibrium between vapor
and melt. The second, CO,,mol.(melt) + O*(melt) =
CO?%-(melt) (Reaction 5), describes homogeneous equilib-
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rium between melt species. Our data on the variations in
the concentrations of dissolved molecular CO, and car-
bonate under vapor-saturated conditions can be well de-
scribed by Reactions 1 and 5 if at 20 kbar and 1450 °C,
the partial molar volume of molecular CO, in albitic melt
is 28.6 cm3/mol, the difference in enthalpy between dis-
solved molecular CO, and pure CO, gas at low pressure
is 9.2 kcal/mol, the volume change of Reaction 5 is —3.9
cm?/mol, and the enthalpy change of Reaction 5 is 13.5
kcal/mol.

5. There are significant, nonsystematic discrepancies
between CO, solubility in albitic melt and its pressure
and temperature dependence as measured by us and as
measured using 8-track radiography by Mysen et al. (1976)
and Mysen and Virgo (1980). These will have to be re-
solved by future work. The reports by Mysen (1976) of
substantial variations in the ratio of molecular CO, to
carbonate in CO,-saturated albitic glasses in the pressure
and temperature range investigated in this study can,
however, be discounted. This ratio varies gradually over
this range of conditions and only by relatively small
amounts. Our data do not suggest major or abrupt changes
in melt structure or polymerization over this range of
conditions.
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