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The solubility of carbon dioxide in rhyolitic melts: A quantitative FTIR study
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ABSTRACT

The solubility of CO, in rhyolite liquid has been determined using quantitative Fourier-
transform infrared spectroscopy (FTIR). CO, saturation experiments were conducted along
isotherms at 950 °C, 1050 °C, and 1150 °C at pressures between 500 and 6600 bars. The
band at 2350 cm-!, which represents the antisymmetric stretch of dissolved CO, molecules,
was used for quantitative determinations of CO, concentration.

The isotherm at 1050 °C was investigated in greatest detail. Along this isotherm CO,
solubility is ideal (in the Henrian sense) up to ~2300 bars. Above this pressure deviations
from ideality are prominent, with concentrations less than predicted by extrapolation of
the linear form of Henry’s Law. The effect of increasing temperature is to decrease the
solubility of molecular CO,. The water contents of these glasses were also monitored using
the 3570 cm~' OH- fundamental vibration. Maximum H,O contents were 0.32 wt%.

The solubility of CO, in rhyolite has been modeled with a modified Henry’s Law equation.
The data were regressed to determine the partial molar volume (¥ = 33.04 + 0.78 cm?/
mol) and the heat of solution (A% = —20.32 + 3.18 kJ/mol) of dissolved CO, (reference
T = 1323 K and P = O bars).

CO, diffusion profiles were present in several samples. The diffusion coefficient of CO,
in rhyolite at 1050 °C was estimated in three samples to be 2.4 (£0.5) x 10-* cm%s, in
close agreement with previous work.

A comparison of rhyolite and albite melts at low P and high T shows that the two
compositions dissolve nearly identical amounts of molecular CO,. This implies a CO,
(molecular, hereafter Mol.) solubility mechanism that is comparable in both compositions.
Divergence of CO,(Mol.) solubility in albite and rhyolite at high P and low T is consistent
with accentuated differences in melt structure at these conditions and differences in the
siting of CO,(Mol.) at high CO, concentrations.

Infrared bands attributable to dissolved carbonate complexes were not detected. This is
consistent with the general decrease in the ratio of CO}~ to CO,(Mol.) in the sequence
basalt, andesite, rhyodacite, rhyolite observed in this study. Basait dissolves CO, in the
form of carbonate complexes, whereas rhyolite dissolves CO, in the molecular form. Some-
what more CO, dissolves in rhyolite than in basalt under similar conditions. The common
contention that CO, is more soluble in mafic magmas than in more evolved compositions
is incorrect.

INTRODUCTION

Magma genesis and evolution are often associated with
a fluid phase in which CO, is an important component.
This is particularly true of basaltic magmas, where CO,
is generally the main component of the fluid phase (Dix-
on et al., 1988; Gerlach, 1986; Roedder, 1965). H,O is
an important volatile component in more silicic magmas,
but CO, may be present in significant amounts and could
play a critical role in the genesis, evolution, and eruption
of high-silica magmas. The presence of CO, in silicic
magmas has been confirmed by the analysis of melt in-
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clusions trapped by phenocryst phases (Anderson et al.,
1989; Sommer, 1977) and the analysis of obsidian frag-
ments (Newman et al., 1988). Degassing, which accom-
panied the recent Mount Saint Helens eruptions, also in-
dicates a significant fraction of CO, (1-10 mol%) in the
magmatic fluid (Gerlach and Casadevall, 1986a, 1986b).
Phase-equilibrium studies of the dacite pumice erupted
from Mount Saint Helens on May 18, 1980 (Rutherford
et al., 1985) and the Fish Canyon quartz latite (Johnson
and Rutherford, 1989) are consistent with the magmas
having been in equilibrium with an H,0-CO, fluid. There
is, therefore, ample evidence that CO, dissolves in silicic
as well as basaltic magmas.

It is generally understood that CO, plays an important
role in magmatic processes. Despite this recognition, cur-
rent understanding of the physical and chemical effects
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of CO, upon magma is still in its infancy. This appears
to be an extension of the poor state of knowledge of the
gaseous properties of CO,, where the nonideality of CO,
at high pressures and temperatures is still poorly known
and the behavior of CO, in the presence of other magmatic
fluid species is even less well understood.

With regard to magmatic evolution, the most impor-
tant thermodynamic property of CO, is its solubility in
silicate liquids. A detailed understanding of processes such
as phase equilibrium, magma vesiculation, bubble growth,
magma explosivity, and planetary atmospheric evolution
all require reasonable estimates of CO, solubility. An un-
derstanding of CO, speciation within the silicate molec-
ular structure is also of importance, as it leads to physi-
cally correct solution models and more accurate solubility
predictions.

Although the significance of CO, solubility measure-
ments has long been recognized, advances in this area
were hindered by the lack of a reliable technique for mea-
suring CO, concentrations. Most studies were conse-
quently carried out at very high pressures (>10 kbar),
where CO, solubility is appreciable, and the problems of
CO, detection and analysis were less critical. Recently,
Fine and Stolper (1985) made use of quantitative infrared
spectroscopy (QIS) for determining CO, concentrations
in liquid compositions of geological importance. QIS is a
rapid, nondestructive technique that is capable of high
spatial and compositional resolution. It has been used to
study the solubility behavior of CO, in albite melt at
1450 °C-1625 °C and pressures of 15-30 kbar (Stolper et
al., 1987), and the Henry’s Law behavior of CO, in ba-
saltic melt at 1200 °C and at pressures below 1500 bars
(Stolper and Holloway, 1988).

The purpose of this study is to determine the solubility
of CO, in rhyolite melt under a wide range of P and 7.
Our analytical method makes use of quantitative FTIR
spectroscopy for determining both CO, solubility and
speciation (molecular CO, vs. carbonate). Experiments
were conducted at pressures between 500 and 6600 bars
and at temperatures between 950 °C and 1150 °C. These
experiments cover a pressure range that is governed by
Henry’s Law as well as higher pressure conditions where
significant deviations from Henry’s Law occur. The range
in temperature allows extrapolation of the results to lower
T as well as direct application to high-temperature rhyolit-
ic volcanism. The temperature-pressure range investigat-
ed also allows a comparison of our work with that of
Stolper and Holloway (1988) to address the common per-
ception that CO, solubility is much greater in liquids of
low silica activity (i.e., basalt), than liquids of high silica
activity (i.e., rhyolite; e.g., Eggler and Rosenhauer, 1978;
Carmichael et al., 1974).

EXPERIMENTAL TECHNIQUES
Experimental procedure
Rhyolitic obsidian VNM50-15 from the Brown Uni-

versity collection was used in all experiments. VNM50-
15 is an obsidian fragment from an unknown locality in
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TABLE 1. Electron microprobe analyses and CIPW norm of
VNM50-15 starting material
Oxide Wit% a CIPW Norm
Sio, 76.45 (0.24) q 33.12
TiO, 0.08 (0.05) or 28.22
AlLO, 12.56 (0.13) ab 35.66
Fe,0, N.D. N.D. an 1.24
FeO 1.02 (0.07) ne 0.00
MnO 0.08 (0.07) lu 0.00
MgO 0.06 (0.02) di 0.00
Ca0 0.25 (0.086) ol 0.00
Na,O 4.21 (0.11) mt 0.00
K,0 478 (0.21) il 0.15
Total 99.48

Note: Electron microprobe analysis of starting material VNM50-15 along
with its CIPW Norm. All Fe is calculated as FeO. Parentheses indicate one
standard deviation (1¢) on six microprobe analyses. N.D. = not determined.

the area of the Valles Caldera, New Mexico. It was chosen
because its physical and chemical properties were ideal
for this study. It is vitreous and free from vapor bubbles
and silicate crystals (although occasional Fe-Ti oxide
crystals on the order of a few micrometers across are
present). Its composition (Table 1) is similar to highly
evolved rhyolites such as the Upper Bandelier Tuff (Fo-
gel, 1989) and the Bishop Tuff (Anderson et al., 1989).
Normalized to the granite ternary (quartz-albite-ortho-
clase), VNMS50-15 falls close to the minimum melting
point at 3000 bar for H,O-saturated granite (Tuttle and
Bowen, 1958). The H,O content of VNMS50-15 as deter-
mined by IR analyses is 1366 = 67 ppm by weight (ppmw)
based on six analyses on a sample =17 mm?2.

Rectangular chips of VNMS50-15 glass were cut with a
diamond saw, ground to a weight of between 50 and 150
mg, cleaned with water, rinsed in ethanol, and dried.
Samples were weighed and placed in Ag,,Pd;, tubes weld-
ed shut at the bottom. One chip was used per tube, the
approximate dimensions of which were 2.5 x 2.5 x §
mm. Silver oxalate (Ag,C,0,) was added to the tube in
an amount far in excess of that required to saturate the
sample in CO,. The tube was welded shut and tested for
leaks by weighing the tube, heating to 112 °C for a few
minutes, and then rapidly quenching in H,O. Leakage of
the tube was determined by reweighing and checking for
a H,0 weight gain.

Experiments were conducted in either TZM pressure
vessels or an internally heated pressure vessel (IHPV).
The TZM pressure vessels were used to investigate the
low pressure region below 3000 bars and temperatures
below 1100 °C. The internally heated pressure vessel was
used for pressures greater than 3000 bars or temperatures
in excess of 1100 °C. The pressurizing medium for both
vessels was Ar. For the TZM experiments, pressure was
measured on a bourdon tube Heise gauge (0-7000 bar)
periodically calibrated at the factory. In the IHPV, ex-
periments between 3000 and 6000 bars were measured
on a THI transducer (0-6900 bar) calibrated at the fac-
tory. Experimental pressures in excess of 6000 bars were
measured using a Harwood manganin cell (0O-13800 bar)
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and Foxboro gauge calibrated at the factory. Both IHPV
pressure measuring devices were periodically checked
against the Heise gauge for internal consistency. Reported
pressures are accurate to better than 0.5% of full scale
values.

Temperature was controlled by Eurotherm tempera-
ture controllers accurate to within +3 °C. In the THPV
experiments, the sample sat in a cylindrical Pt container,
the walls of which are 1 mm thick. Pt-Pt,Rh,, measuring
and controlling thermocouples were inserted into a hole
in the bottom of this container. This platinum-block as-
sembly was used to minimize temperature gradients across
the sample. Temperatures are considered to be within =5
°C of that recorded. The TZM assembly consisted of a
TZM alloy pressure vessel with an external inconel sheath.
The charge sat at the bottom of the vessel and graphite
rods took up most of the excess volume so as to minimize
convection. A few bars of Ar pressure were constantly
applied between the pressure vessel and the sheath to
prevent oxidation of the TZM. As a consequence of this
type of assembly, temperatures within the pressure vessel
could not be measured during the experiments; temper-
atures within the vessel were calibrated at 1 atm of Ar
pressure against the temperature in the sheath wall. The
reproducibility of this calibration is =5 °C. Temperatures
in the TZM vessels are thought to be accurate to better
than +10 °C.

IHPV experiments were quenched by turning the pow-
er off and rotating the vessel 90° to disturb its thermal
stability. Quench rates were on the order of 100 °C/s for
the first 2-3 s of the quench. The TZM experiments were
quenched by removing the vessel from the furnace and
quenching in H,O. TZM quench rates were on the order
of 2-3 °C/s and produced glasses indistinguishable from
those produced using the THPV. After the experiment,
the samples were weighed to check for weight loss. Upon
cutting of the noble metal container, an audible hiss ver-
ified the presence of a CO, vapor phase and the integrity
of the capsule. Experimental glasses were also examined
under a binocular microscope for vapor bubbles, the
presence of which lends support for the existence of a
vapor phase during the run.

Vapor bubbles were present in almost all samples.
Generally, these were a few micrometers in diameter, but
bubbles on the order of hundreds of micrometers were
sometimes present. Vesiculation occurred predominantly
along the margins of the sample, and an examination of
glass exteriors showed vapor bubble indentations. Vapor
bubbles within the sample were most often found along
planes, suggesting that bubble formation occurred along
preexisting cracks in the glass sample. These observations
suggest that the presence of vapor bubbles is mainly due
to the physical incorporation of CO, vapor rather than
vesiculation of the liquid upon the quench.

FTIR sample preparation and analytical technique

After preliminary examination, experimental glasses
were cut into wafers and ground in a slurry of alumina
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and H,O. Samples were generally ground to thicknesses
of 100-300 um and were polished on two parallel sides
with alumina either 0.3 or 0.05 um in diameter. FTIR
sections were then examined under a microscope and a
detailed sketch of the section made. Section thicknesses
were mapped using a Mitutoyo digital dial indicator with
a precision of roughly £3 um. This mapping was neces-
sary because of the difficulty in making sections of uni-
form thickness. The fine spatial resolution of the micro-
FTIR puts added emphasis on accurately determining
sample thickness. An average thickness may lead to er-
roneous concentration determinations when spatial res-
olution is on the order of tens of micrometers.

FTIR spectra were performed on the Brown University
IBM Instruments Model IR-98 (IFS-113v) FTIR spec-
trometer. All samples were analyzed with the micro-FTIR
attachment. The microscope is equipped with an objective
lens of 15 x magnification. A set of apertures ranging in
size from 1200-300 um provided spatial resolution from
80-20 um, respectively. Samples were positioned over
apertures on a sample-holder slide. This assembly was
placed on the microscope stage, and an area free from
vesicles was chosen for analyses. In a few cases where
micrometer-sized bubbles could not be avoided, spectra
were taken of several areas relatively free from bubbles,
and the CO, concentration was shown to be independent
of bubble density. Spectra were taken using a globar source,
a KBr beamsplitter, a HgCdTe detector, resolution of 4
cm~, a mirror velocity of 0.396 cm/s and either 128, 256,
or 512 scans.

QUANTITATIVE IR SPECTROSCOPY
Theory

The relationship between concentration and IR band
intensity is given by the Beer-Lambert law:

MW-Abs

= 6
C=10 ed

(1)
where C is concentration in ppm by weight, MW is the
molecular weight of the IR active component in g/mol
(CO, = 44.01, H,0 = 18.02), Abs is the band intensity in
dimensionless absorbance units, p is sample density in
g/L, € is the molar absorptivity or extinction coefficient
of the IR band in L/(mol-cm), and d is the thickness of
sample under the IR beam in cm.

Abs is measured from peak to baseline where the base-
line is interpolated from the surrounding spectral range.
Baseline interpolation is accomplished by drawing a line
tangential to the baseline on both the high- and low-
energy side of the band. In cases where silicate network
vibrations overlap the band of interest or interfere with
the smooth interpolation of baseline, spectral subtraction
of a reference sample devoid of the absorbing species is
used; the spectra of the reference being first normalized
to the thickness of the unknown. Since the bands of in-
terest in this study have smooth, noncomplicated back-
grounds, spectral subtraction was not employed.
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The density of VNM350-15 was measured using a 25
mL pycnometer. H,O was used as the liquid-density me-
dium, being first boiled and set to cool to 25 °C to elim-
inate dissolved O. A density of 997.05 g/L (Weast and
Astle, 1981) was taken as the density of deionized H,O
at 25 °C to which the glass densities were referenced. The
density of seven chips of VNM50-15 cumulatively weigh-
ing 0.89083 g was determined to be 2348 + 10 g/L. All
CO, solubility measurements were determined with this
value. Incorporation of CO, into the experimental glasses
was assumed to have a negligible effect on densities.

Since concentration is inversely proportional to sample
thickness, analyses of an experimental sample at several
thicknesses should retrieve the same total concentration.
A Beer’s Law test was conducted measuring CO, concen-
tration (from the band at 2350 cm™') as a function of
thickness and found to retrieve the same value consis-
tently. The measured relative standard deviation on the
concentration was 4%.

Band assignments

An example of a typical FTIR spectrum of a CO,-bear-
ing rhyolite is shown in Figure 1. The spectral range of
interest is the area between 5000 cm! and 1000 cm™!.
Several bands are present in this spectral region, each of
which will be discussed individually.

The bands at 1375 and 1610 cm-'. The doublet bands
centered on 1375 and 1610 cm ! are caused by the pres-
ence of dissolved carbonate (CO?). CO, in the form of
carbonate appears to be the dominant form of CO, so-
lution in basalt, diopside, and akermanite melts (Fine and
Stolper, 1986; Rai et al., 1983; Sharma et al. 1979). At
high pressures, it has also been shown to be present in
sodium aluminosilicate melts (Stolper et al., 1987; Fine
and Stolper, 1985). Unpublished work from this labora-
tory shows it to be an important species in andesite (56
wi% SiO,) and rhyodacite (66 wt% SiO,) melts produced
at pressures below 3 kbar. None of the rhyolite experi-
ments conducted for this study shows the presence of
carbonate bands. Spectral subtraction of CO,-free stan-
dard rhyolite material shows a flat pattern in this area,
suggesting that if CO, dissolves as carbonate under the
physical conditions investigated, it is present in amounts
below detectability: =~50-100 ppmw.

The bands at 1600 and 1820 cm~'. Newman et al. (1986)
attributed these bands to aluminosilicate network vibra-
tions. Their work involving rhyolitic compositions sim-
ilar to that used in this study found these bands did not
correlate with H,O content. This study shows no corre-
lation of the intensity of these bands with CO, content.
FTIR spectra of the compositional sequence basalt (49
wt% Si0O,), andesite (56 wt% SiO,), rhyodacite (66 wt%
Si0,), and rhyolite (76 wt% SiO,) show a clear growth of
these bands. They are barely existent in basalt but grow
in intensity and definition with increasing melt polymer-
ization (SiO, content). Although most silicate network
vibrations are present at energy levels below 1200 cm™!,
the combination of factors listed above tends to support
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Fig. 1. Typical FTIR spectrum of a CO,-saturated experi-

mental glass. Band assignments are indicated above the respec-
tive bands. The experimental glass (BF147) contains 2860 ppmw
CO, and 1921 ppmw H,0.

the suggestion of Newman et al. (1986). We suggest, how-
ever, that because of the high energy levels of these bands,
they may be combination or overtone bands of the alu-
minosilicate network.

The band at 2287 cm'. This band has been assigned
to the v, antisymmetric stretch of *CO, molecules (Stol-
per et al., 1987; Fine and Stolper, 1985). It appears as a
small band just off the shoulder of the high intensity band
centered at 2350 cm~'. Stolper et al. (1987) determined
the extinction coefficient of this band (e,,s,) for molecular
CO, in albite glass. Their value for ¢,,; of 11.7 L/(mol-
cm) was determined for the total CO,(Mol.) in albite melt
instead of the molecular *CQ, it represents. At low CO,
concentrations this band is not very intense, but it is gen-
erally useful for the determination of high CO, concen-
trations. .

The band at 2350 cm~!. This band represents the »,
antisymmetric stretch of dissolved '2CO, molecules (Fine
and Stolper, 1985). It is a sharp narrow band that is often
the dominant spectral feature for glasses with moderate
to high CO, concentrations. Its extinction coefficient in
sodium aluminosilicate melts has been determined by Fine
and Stolper (1985). They investigated the speciation of
CO, along the join NaAlO,-Si0O, studying the NaAlSi,O,
(jadeite), NaAlSi,O, (albite), and NaAlSi,O,, glass com-
positions. A single value for e,;5, of 945 + 45 L/mol-cm)
was determined for all three compositions.

The band at 2350 cm™! is used in this study as the
principal band for the determination of CO, solubility in
rhyolite glasses. Since the only calibration for e,,s, in sil-
icate compositions is for the NaAlO,-SiO, join, there is
some concern that the value of 945 L/(mol-cm) may not
be appropriate to rhyolitic compositions. There is, how-
ever, reason to believe that the value of ¢,;5, established
for the NaAlO,-SiO, join is either directly applicable or
quite close to e,;5, in rhyolite. Fine and Stolper (1985)
showed that within the portion of the sodium-aluminosil-
icate join they investigated, ¢,;5, was independent of SiO,
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concentration. In addition, the composition NaAlSi,O,,
in their study is roughly that of the albite-silica eutectic
at 1 atm. The addition of orthoclase to the albite-silica
system produces the granite ternary into which sample
VNMS50-15 projects with less than a 3% residual (Table
1). The combination of these factors suggests that the
only influence, if any, on changing e,,s, for rhyolitic com-
positions from that determined for the sodium-alumi-
nosilicates is the substitution of K,O for Na,O in the
silicate structure. The addition of minute amounts of FeO,
MgO, MnO, TiO,, and CaO that total to no more than
3% is unlikely to have an effect on e,;5,.

The broadly similar behavior of K,0O and Na,O in sil-
icate glasses and crystals as well as molecular similarities
suggests that e, is little affected by the K,O for Na,O
substitution. It is more intuitively satisfying, however, to
note that the species under discussion is dissolved in the
silicate melt in the molecular form—i.e., CO, appears to
be trapped in holes in the melt and is not bonded to the
aluminosilicate network. Although holes have potential
fields, an alkali substitution is less likely to affect dis-
solved molecular species that would respond to changes
in the size and shape of the holes they occupy than to
affect species bonded to the network, which would re-
spond to changes in composition and network structure.
The extinction coefficients for the molecular and OH-
forms of H,O in albite (Silver and Stolper, 1989) and
rhyolite (Newman et al., 1986) glasses support this idea.
For rhyolite and albite glass, the extinction coefficients
for OH- (4500 cm™') are 1.73 and 1.13 L/(mol-cm),
whereas the extinction coefficients for the bands repre-
senting molecular H,0O are 1630 cm™! = 55 and 49 L/(mol-
cm) and 5200 cm~! = 1.61 and 1.67 L/(mol-cm), respec-
tively.

Ultimately, the value of the extinction coefficient used
in the Beer-Lambert Law affects only the magnitude of
CO, solubility. The ratio of two glasses of constant density
with concentrations C, and C, yields

C, Abs/d,

C,” dbsyd,’ &)

demonstrating that CO, concentrations determined rela-
tive to each other are not dependent upon ¢ and can be
used with confidence. If indeed e,,s, is shown to be sig-
nificantly different in rhyolite than in albite glass, abso-
lute CO, concentrations can be redetermined with the
Beer-Lambert law and the updated value of e,;s,.

The band at 3570 cm~'. The fundamental OH- stretch-
ing vibration produces this broad band (Stolper 1982a).
H,O in the form of both H,O(Mol.) and OH- contributes
to the intensity of this band. It is highly asymmetric with
the maximum peak intensity occurring around 3570 cm~.
This band is used in this study as the fundamental band
for the determination of H,O contents of the experimen-
tal glasses. Since total H,O contents of experimental sam-
ples in this study were less than 0.32 wt% and bands
attributable solely to molecular H,O (5200 cm ! and 1620
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cm™') were not detected, the H,O contents represented by
the band at 3570 cm™! represent only OH- groups. The
extinction coefficient in rhyolitic glasses for low H,O con-
tents representing only OH- groups is 88 £ 2 L/(mol-
cm) (Dobson et al., 1989).

The band at 3710 cm . Stolper et al. (1987) attributed
this band to a combination of the », and », modes of
12CQ,. It is a low intensity band off the high energy shoul-
der of the OH- band at 3570 cm'. The extinction coef-
ficient, €;,,, was determined in their study to be 13.9
L/(mol-cm) in albite glass.

The band at 4500 cm'. This band was assigned to the
combination mode of Si-OH groups by Stolper (1982a).
Newman et al. (1986) determined a value of 1.73 L/(mol-
cm) for e, in rhyolite glass. At low H,O contents this
band supplies the same information as does the band at
3570 cm™'; the latter is used in this study because it is
more intense.

The band at 4700 cm~!. This band appears to be cor-
related to total CO, concentration. It is absent in the
VNM50-15 starting material. At high CO, concentrations
it appears as a roughly symmetric, narrow band begin-
ning only a few wavenumbers from the high energy base-
line of the 4500 cm~! band. To our knowledge this band
has not been identified in IR spectra of geological melts.
We tentatively assign it to the first overtone of the 12CO,
band at 2350 cm~".

Evaluation of uncertainty

Precision. The Beer-Lambert law describes the rela-
tionships among species concentration, band intensity,
density, and sample thickness. The effect of the uncer-
tainty in each of these variables contributes to the cu-
mulative analytical precision. An uncertainty of +3 um
was assigned to the measured thickness, and a standard
deviation of +10 g/L was determined for the density
measurements. To find the standard deviation (l¢) of
band-intensity measurements, 12 spectra were taken on
the same spot of sample BF-153C. A band intensity of
1.5032 was determined for the CO, peak at 2350 cm~!
with an absolute standard deviation of £0.0145 or a rel-
ative standard deviation of +0.96%. Considering only
the uncertainty in band intensity, these measurements
translate into a CO, concentration of 2867 + 28 ppmw.
The precision of measured intensity is even better for the
H,O band at 3570 cm~!, where for the 12 spectra an av-
erage band intensity of 0.21809 was determined with an
absolute standard deviation of +0.00152 or a relative
standard deviation of 0.70%. This translates into an H,O
content of 1829 = 13 ppmw.

If the uncertainty assigned to the thickness is treated
as a standard deviation, this value along with the stan-
dard deviation in measured absorbance and density can
be used to evaluate a total precision for measured con-
centration. For all the experimental samples, the result is
a precision between 1.3 and 3.2% for CO, and the pre-
cision on measured H,O is essentially the same. The fac-
tors affecting precision in order of decreasing importance
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TaBLE 2. Experimental results
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Experiment
no. Dura- P foo, a Abs Cco, CcO, Abs H,O H,0 Com-
(BF) tion (h) {bars) (bars) {um) (2350 cm™)  (ppmw)  (ppmm) (3570 cm")  (ppmw) (ppmm)  mentst
T=1950°C
134 69 1010 1315 146 0.43958 597 878 0.23667 1414 5079 T
152 328 1510 2290 170 0.81413 950 1397 0.21891 1123 4036 T
130 48 1993 3509 163 1.17733 1433 2095 0.48750 2608 9316 T
T=1050°C

111 15 504 566 375 0.35583 188 277 0.48583 1130 4065 T
123 46 1000 1291 275 0.68083 491 722 0.40500 1284 4615 T
124 42 1500 2241 248 0.99600 797 1173 0.31917 1122 4033 T
108 62 2025 3531 160 0.98533 1221 1794 0.24750 1349 4842 T
142 192 2040 3572 195 1.14994 1170 1723 0.15819 707 2544 T
128 43 2490 4977 121 0.94375 1547 2268 0.25600 1845 6607 T
139 70 3529 9545 157 1.59500 2015 2948 0.40167 2231 7973 |
153 96 4324 14699 103 1.35357 2607 3815 0.22167 1877 6711 |
153C% 96 4324 14699 104 1.50320 2867 4195 0.21809 1829 6538 |
145 96 5496 25913 141 2.06500 2905 4242 0.38683 2393 8536 |
148 75 6612 42862 100 1.87083 3711 5398 0.35938 3134 11137 |
164 60 P, = 2000 3461

108 P, = 1000 1291 169 0.51051 599 883 0.11383 587 2115 T

T=1150°C

136 36 2029 3473 131 0.74333 1125 1657 0.10042 669 2407 |
149 96 3487 8941 136 1.22750 1790 2630 0.16667 1069 3838 |
131 16 4500 15192 174 2.05000 2337 3432 0.20333 1019 3656 |
147 77 5514 24416 148 2.13400 2860 4183 0.32604 1921 6864 I

Note: All concentrations calculated with a density of 2348 g/L.
* Calculated from the HSMRK equation of state (see text).
** d = thickness.

1T =T2ZM, | = IHPV.

} Not included in thermodynamic calculations.

are thickness, density, and absorbance; although the rel-
ative uncertainty in thickness changes dramatically with
sample thickness. It is assumed that the uncertainties in
measured absorbance of all other samples are identical to
BF-153C. Although this is surely a simplification, it is
probably a good approximation for most of the measured
concentration range. Spectra of samples taken weeks apart
fall within this range of precision.

Accuracy. The accuracy of these FTIR concentration
measurements is difficult to evaluate. Contributing fac-
tors are the uncertainty in the extinction coefficient, sam-
ple heterogeneity, and the lack of suitable CO, standards
of similar composition. The lack of rhyolite standards is
a problem that cannot be addressed at this time, although
if they were available, the current research would prob-
ably not be needed. As far as sample heterogeneity is
concerned, almost all major heterogeneities were attrib-
utable to diffusion gradients. The procedure for deter-
mining equilibrium composition, including a more de-
tailed description of sample heterogeneities, is outlined
below (see Kinetics of CO, Solubility). Nevertheless, sev-
en analyses were taken at seven places near the rim of
sample BF-153 with sample thicknesses ranging from 97
to 106 um. An average concentration of CO, at 2607 +
92 ppmw (3.5%) and of H,O at 1877 + 68 ppmw (3.6%)
was obtained. This is comparable to the standard devia-
tions determined for multiple spot analyses of homoge-
neous samples.

The extinction coefficient of the band at 2350 cm~' has
been assigned a value of 945 + 45 L/(mol-cm) (Fine and
Stolper, 1985). If the arguments presented previously for
use of this extinction coefficient with rhyolitic composi-

tions are accepted, the accuracy of CO, concentrations
due to the uncertainty in e, is quantifiable. The +45
L/(mol-cm) uncertainty in e, is a standard error (Stol-
per et al., 1987). Conversion into standard deviation yields
an absolute standard deviation of =201 L/(mol-cm) or a
relative standard deviation of +21%. Similarly, the rel-
ative standard deviation of measured H,O content re-
sulting from the uncertainty in e, is =11% (Dobson et
al., 1989).

EXPERIMENTAL RESULTS
The data

Results of CO,-rhyolite experiments tabulated for each
isotherm are presented in Table 2. The isotherm at 1050
°C was the most extensively studied and gives the most
detailed information on both the Henry’s Law region and
the nonideal (in the Henrian sense) region. The isotherms
at 950 °C and 1150 °C are most useful in delineating the
effects of temperature on CO, solubility. In the diagrams
that follow CO, concentrations are reported in ppm mole
fraction (ppmm) or ppm weight fraction (ppmw). Fugac-
ities of CO, were calculated with the hard-sphere modi-
fied Redlich-Kwong (HSMRK) equation of state of Ker-
rick and Jacobs (1981).

Henry’s Law and nonideal regions

The portion of the 1050 °C isotherm adhering to Hen-
ry’s Law is shown in Figure 2, where CO, concentration
is plotted against f.,, for experiments up to 3.5 kbar. The
figure shows a highly correlated linear trend between fco,
and dissolved CO, up to an f.,, of roughly 3550 bars (P
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Fig. 2. Solubility of CO, in rhyolite melt as a function of fo,
for the low pressure region along the isotherm at 1050 °C. X,
and W, are the mole and weight fractions of CO, in the melt
in ppm, respectively. Error bars are 5% uncertainty encompass-
ing precision of analyses and homogeneity. At low fc,, CO, sol-
ubility follows the linear form of Henry’s Law. This is shown on
the diagram by a straight line going through the region that be-
haves ideally.
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Fig. 3. Solubility of CO, in rhyolite melt as a function of f..,,
for the entire experimental region investigated. The isothermal
solubility curves represent a least-squares regression through all
the data. The experimental data show the strong deviation in
CO, solubility from Henry’s Law.

Xco, (ppmm)

Fig. 4. CO, solubility as a function of total pressure. Iso-
thermal solubility curves represent a least squares regression
through all the data. The isotherms are roughly linear at low P
and deviate from linearity at high P.

~ 2050 bars). The first evidence of nonideality appears
in the experiment with an f.,, of 4977 bars (P = 2490
bars), indicating that nonideality begins between 2050
and 2490 bars total pressure.

The nonideal region of CO, solubility is clearly distin-
guishable at pressures greater than ~2500 bars (feo, =
5000 bars). This is shown in Figure 3, where fc., is plotted
against ppmm CO, for the entire experimental pressure
range. For the temperatures of this study, the overall
pressure dependence is roughly linear at low P and some-
what less than the linear prediction at high P (Fig. 4).

The experiments confirm a decrease in CO, solubility
with increasing temperature. This is portrayed in Figures
3 and 4, where fc,, and P vs. ppmm CO, are contoured
for temperature, respectively. This effect is similar to that
observed for molecular CO, solubility in albite glass as
determined by IR spectroscopy (Stolper et al., 1987).
Sharma (1979) also reported a negative correlation be-
tween 7" and CO, solubility (in the form of CO32-) in di-
opside and sodium melilite glasses using relative carbon-
ate solubility as determined by Raman spectroscopy.

CO, solubility and H,O concentration

The H,O concentrations of all experimental glasses
produced in this study are low, ranging from 500 to 3200
ppmw. There appears to be a positive correlation between
CO, and H,0 concentration (Fig. 5); however, the highest
H,O contents on the isotherm at 1050 °C may be partly
caused by the crystallization of feldspar in two experi-
ments. BF-145 and BF-148, the two highest P experi-
ments, contain =5 and 20% crystals concentrated on the
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Fig. 5. CO, solubility vs. H,O content of experimental sam-

ples. The starting composition is given by the arrow on the di-
agram.

rim of the sample, respectively. A sample held at 7600
bars produced 70% crystals of feldspar and quartz, but a
glass homogeneous in CO, was not found.

Although a positive correlation between CO, and H,O
is suggested by our data, little can be made of this cor-
relation at this time. The experiments in this study were
not designed to control for f,;,,. The H,O concentration
of the experimental glasses is a function of the low initial
H,O concentration of the starting material (1366 ppmw),
duration of the experiment (Table 2; compare BF-108
with BF-142 and BF-123 with BF-164), H, entering or
leaving the sample during the experiment, and partition-
ing of H,O between fluid and silicate liquid at extreme
degrees of dilution. Calculations using the final H,O and
CO, content of the glasses suggest that less than 1 mol%
H,O was present in the fluid phase. One possibility for
the positive correlation is the effect of increasing pressure
on H,O solubility. Higher pressures may favor the solu-
bility of H,O in the liquid over the vapor.

Fluid phase composition

As previously mentioned, the H,O contents of the
glasses indicate that the fluid phase contained only very
small amounts of H,O. It is possible, however, that con-
ditions within the noble metal capsule were too reducing
and produced substantial CO as well as CO,. Several fac-
tors lead us to believe this was not a problem. First, some
of the experimental glasses contained large bubbles of
trapped fluid. FTIR spectra of these bubbles (accompa-
nied by a computer-normalized subtracted spectra of a
bubble-free portion of the glass) show a peak for gaseous
CO,. In contrast, spectra of bubbles in experimental
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Fig. 6. Mole percent CO, and CO in the gas phase of the
graphite-C-O system vs. pressure. Contoured isotherms indicate
that for most of the experimental conditions, the lowest possible
CO, content of the gas phase was 70%. Graphite was not de-
tected in any of the experimental products, implying that the
CO, content of the fluid was greater than that of the graphite-
C-O system. Other information suggests that the amount of CO
in the fluid phase was minimal (see text).

rhyolitic glasses encapsulated with graphite and silver ox-
alate contain a peak centered about 2160 cm~! that we
attribute to gaseous CO. This suggests the relative ab-
sence of substantial gaseous CO in the vapor phase of the
CO, solubility experiments. Second, if f,, conditions
within the charge had been too low, graphite would have
precipitated. Graphite has not been observed in any of
our experimental products. Additionally, graphite-C-O
fluid equilibria constrain the maximum amount of CO
possibly present within the capsule. Figure 6 is a plot of
the mol% CO, of the fluid in equilibrium with graphite
for the three isotherms investigated in this study. Fluids
in the graphite-C-O system become richer in CO, with
increasing P and decreasing 7. As illustrated, most of the
experiments at 1050 °C have a minimum allowable molar
CO, content of the gas in excess of 70%. Since graphite
has not been found in any of the CO, solubility experi-
ments, Figure 6 gives a minimum estimate of the con-
centration of CO, in the experimental fluids.

Kinetics of CO, solubility

With few exceptions, experimental glasses were re-
moved from the capsules in the exact shape they were
cut. This undoubtedly resulted from the very high vis-
cosity of the rhyolitic melt. This observation implies that,
other than mixing caused by vapor bubble infiltration,
very little mixing of the melt occurred during the exper-
iment and that the primary mechanism of equilibration
was diffusion.

Many of the glasses from-experiments of short duration
contained diffusion profiles. Most experiment durations
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TaBLE 3. CO, diffusion in rhyolite at 1050 °C
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Experiment P t Rim CO, Core CO, a
(BF) (bar) (s) (ppmm) (pPmm) (cm) Dt & Log,, D
123 1000 165 600 722 273 0.168 0.163 —7.56
124 1500 151200 1173 342 0.140 0.140 -7.74
128 2490 154 800 2268 759 0.164 0.145 -7.60
Average -7.63

Note: Core and rim concentrations of CO, and relevant parameters for calculation of the diffusion coefficient of CO, in rhyolitic mett. Melt geometry
is assumed to approximate a cylinder. The distance between measured rim and core concentrations = a, the duration of the experiment = ¢, and the

dimensionless parameter Dt/&? is taken from Crank (1985).

were at least 48 h (Table 2). These long experiment times
produced CO, diffusion profiles that extended over many
hundreds of micrometers, often a millimeter, into the
glass. In no case was a diffusion profile produced where
the CO, concentration at the core of the sample reached
a zero background —the amount of CO, in the VNM50-
15 starting material. The core CO, concentration was al-
most always more than Y% the rim content. Apparently,
the high melt viscosity helped keep the vapor phase ex-
posed to the entire exterior of the melt.

Although experiments were done that produced ho-
mogeneous rim-to-rim CQ, profiles, water often re-
mained higher at the cores than at the rims. This is con-
sistent with the exponential drop in H,O diffusivity with
total H,O in rhyolite glass (Shaw, 1974). The magnitude
of this diffusivity decay at very low H,O contents (<0.5
wit%) is unknown, but our data suggest that the desorp-
tion of H,O from rhyolite glass might be slower than the
sorption of CO, into rhyolite glass at these 7, P, X,(melt)
and Xy,o(melt).

For the experiments that contained diffusion profiles,
the rim CO, concentrations were accepted as the equilib-
rium concentrations. The spot size analyzed in all FTIR
spectra was never greater than 80 um. Rim compositions
were, therefore, averages of roughly the outer 80 um of
the sample. In these cases, spectra were also taken of the
second 80 um away from the rims and were found to
have CO, contents only slightly (a few percent if at all)
lower than the rim contents. One sample, BF-153, con-
tained higher CO, concentrations in the core than at the
rim. In this case, rim concentrations were still accepted
as equilibrium concentrations. The cause of this reverse
gradient is still not understood; however, both core (BF-
153C) and rim (BF-153) compositions are presented in
Table 2. Electron microprobe analyses of samples con-
taining CO, diffusion profiles showed no major-element
compositional heterogeneities.

With the realization that these experiments were not
optimally designed to extract diffusion information, cer-
tain simplifying assumptions can be made to extract a
qualitative value for the diffusivity of CO, into rhyolite
melt at 1050 °C. We first assume charge geometry was
cylindrical and that diffusion proceeded into the sample
from all directions. Additionally it is assumed that the
area of analyses was unaffected by diffusion into the lig-
uid from the top and bottom of the cylinder. Having
made these assumptions, knowledge of the experiment

duration as well as the CO, concentration as a function
of rim-to-core distance enables one to calculate the dif-
fusion coefficients. The method reported in Crank (1985)
for diffusion into a cylinder is used. Table 3 gives core
and rim CO, concentrations of three experiments and
other relevant information required for the calculation of
D, o50-c; the diffusion coefficient of CO, in rhyolite at 1050
°C. The average value of D, s, for the three experiments
is 2.4 (£0.5) x 1078 cm?¥/s. These values compare favor-
ably with that of Watson et al. (1982) for diffusion of CO,
into a sodium aluminosilicate of composition 60% SiO,,
30% Na,O and 10% Al,O, by weight. Their expression
for D, uncorrected for pressure (negligible at P-T dis-
cussed here) yields 5.6 x 10-8 cm?s. In view of the ap-
proximations made to retrieve D,ys-c, the agreement be-
tween the two studies is excellent.

THERMODYNAMICS OF CO, SOLUBILITY
Henry’s Law solubility

At extreme levels of dilution, the solubility of a volatile
component within a liquid obeys Henry’s Law. For the
solubility of CO, in rhyolite liquid at constant T it is
given as

fcoz = 3)

where fco, is the fugacity of CO, in bars, X, is the mole
fraction of CO, in the liquid, and ky is the Henry’s Law
constant. This equation expresses a linear relationship
between CO, solubility and fugacity. Figure 2 shows that
CO, solubility in rhyolite obeys this law up to approxi-
mately 2300 bars total pressure; however, some concav-
ity is apparent and results from the effect of pressure (see
below). The Henry’s Law constant determined with a
least-squares regression of the data between 0 and 2000
bars for the isotherm at 1050 °C is k;; = 1.939 (+£0.074)
x 10¢ bar.

Above 2300 bars the linear form of Henry’s Law
(Eq. 3) is no longer applicable and must be modified to
account for the effect of pressure. This is accomplished
with the thermodynamic equality

d1n foo, _ 7
8P ).x RT

to obtain the Krichevsky-Kasarnovsky equation (Praus-
nitz et al., 1986):

Xc02 i kH

@
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where ky is the Henry’s Law constant at reference pres-
sure P, and 7 is the partial molar volume at infinite di-
lution of CO, in the liquid. Similarly, the following ther-
modynamic equality is used to modify Henry’s Law to
account for changes in temperature:

aT ©

(a 1nfc02) k- h
PX

where, 4+ and /4 are the molar enthalpy of CO, in the

ideal gas state and the partial molar enthalpy of CO, in

rhyolite, respectively. Henry’s Law is then given by the

expression:

Jeor \ _ WP — P) E‘h*l_L
ln(Xco) =Inky + g + R \T T Y

and can be rearranged to yield:

Jeo, | P —-P) Arf1 1
kP, T) e"p[ RT R <T T)] ®)

where A# is the heat of solution of CO, given by & — A*
at P, and ky(P,, T) is the Henry’s Law constant at P, and
T.. At reference P and T, k, is simply equal to f..,(P,,
T/ Xco,(P,, T,), making Expression 8 identical with that
used by Stolper et al. (1987) for CO, solubility in albite
melt.

Although the choice of P, and T, is somewhat arbitrary,
there are factors that influence their selection. We select
P, = 0 for the following reasons: First, Prausnitz et al.
(1986) pointed out that as X; — 0, P tends toward Ps, the
saturation vapor pressure of the solvent. If we set P, =
P, Equation 8 is made more intuitively satisfying and
directly expresses the functionality of the solubility pro-
cess; the direct correlation of CO, solubility with P in
excess of Ps. The value of Ps for rhyolite melt is unknown
but is assumed to be close to 0 bars. Second, the selection
of reference P only affects the Henry’s Law constant and
the enthalpy of solution. The partial molar volume of
CO, in the melt is not affected by this selection. Although
two of the constants change with P,, the correlation coef-
ficient, or the goodness of fit, does not change. T, was
selected as 1323 K since the isotherm at 1050 °C was
investigated most thoroughly. For details and comments
on the regression process see Appendix 1.

Xcoz =

Thermodynamic results

Table 4 gives the values determined for ky, 7, and Ah.
The uncertainties given are the standard error of the es-
timates. The partial molar volume at infinite dilution is
determined to be 33.04 + 0.78 cm3/mol. This compares
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TaBLE 4. Solution model parameters

o o oo [ HP-P) Mh(1 1
T kP, T) P RT R\T T.
P, = O bars; T, = 1050 °C
ku(P., T} v Ah
Xeo," Fluid** (10¢ bars) {em3/mol) (kJ/mol)

Oxide HSMRK 1.106 + 0.038 33.04 £ 0.78 —20.32 + 3.18
Eq-Ox HSMRK 2.196 + 0.075 32.88 + 0.79 —20.64 + 3.19
Oxide MRK 1.080 + 0.039 30.41 + 0.83 —-16.71 + 3.38

Note: Uncertainties are reported as standard errors.
* Oxide = mole fraction oxide basis. Eq-Ox = mole-fraction equal O
basis (see text).
** HSMRK = Hard sphere modified Redlich Kwong model of Kerrick and
Jacobs (1981). MRK = Modified Redlich Kwong model of Holloway (1977).

favorably with the work of Spera and Bergman (1980),
who used the data of Mysen et al. (1976) and Mysen
(1976) to determine the partial molar volume of CO, in
albite, jadeite, and nepheline glasses to be 35-30 cm3/
mol. These partial molar volumes are not directly com-
parable since, in addition to being of different composi-
tion, the glasses were produced at high 7" and P (1460 °C
< T < 1620 °C and 10 kbar < P < 30 kbar), and con-
tained large fractions of CO, dissolved as carbonate. A
further complication is that the validity of the data pre-
sented by Mysen et al. (1976) has been called into ques-
tion. Stolper et al. (1987) indicated problems with the
experimental and analytical techniques of Mysen et al.
(1976). The experiments of Mysen et al. (1976) were also
shown to be inconsistent in the determination of CO, and
CO3- in albite with the Stolper et al. (1987) IR measure-
ments. The partial molar volume presented here deviates
somewhat from that of Stolper et al. (1987), who deter-
mined a value of 28.6 cm3/mol for CO, in albite melt.
This value was determined with a regression through their
data obtained in roughly the same P and 7 range as that
of Mysen et al. (1976) and using the same analytical tech-
niques as that used in this study.

One of the assumptions of the CO, solubility model is
that v is not a function of P. Krichevsky and Kasarnovsky
(1935) suggested that ¥ may follow a simple relation with
P such as

7P=v—gP &)

where 7° is the partial molar volume at O pressure and 8
is the coefficient of compressibility. Incorporation of this
expression did little to improve the model and verified
the initial assumption of the constancy of ¥ with P.
Strictly speaking, the use of oxide mole fraction as the
basis for calculating CO, concentration implies within the
context of the solution model that all oxide components
mix ideally in the melt. Although this implicit assump-
tion is probably incorrect, the use of a more reasonable
model does not significantly change the thermodynamic
results. In accordance with the model of Stolper et al.
(1987), the melt can be envisioned as an ideal mixture of
O atoms, molecular CO,, and carbonate molecules. Since
carbonate complexes were not detected in this study,
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CO3~ need not be included; however, H,O in the form of
OH- ions should be included. This model assumes that
melt O atoms, and molecular CO, molecules are each
indistinguishable and that, in addition, OH- ions are in-
distinguishable and mix ideally with both melt O atoms
and CO, molecules. Stolper et al. (1987) pointed out some
drawbacks of these assumptions, one of which is that in
actuality there are probably many types of distinguish-
able O atoms in the melt. The advantage of this type of
model is that the number of components is diminished,
making the ideal mixing assumption more realistic.

X0, was recalculated on this new basis by first putting
all the melt-oxide components (excluding CO,) on an equal
O basis (multiplying the moles of each melt-oxide com-
ponent by r, where r is the number of O atoms in the
component, e.g., 2 for SiO,, 3 for ALO,). One half of the
moles of H,O (representing OH") was subtracted from
the total moles of melt O atoms (Stolper, 1982b). The
mole fraction of CO, was then recalculated and the model
parameters redetermined. These are given in Table 4 along
with the first set of parameters. A comparison of the two
parameter sets shows that 7 and A# are so slightly affected
by this coordinate change that the standard errors of the
two sets overlap. The main change is in the Henry’s con-
stant, which nearly doubles. From a mathematical per-
spective the differences in the parameter sets are straight-
forward. The basis change of components mainly affects
the magnitude of X, whereas the variation of X, with
changes in P and T remains unaffected. It is the expo-
nential term that controls these progressions, implying
that the two data sets should give approximately the same
v and Ah. The Henry’s constant, however, is defined by
Je0,(Pe, T)/ Xco,(P,, T,) and should be directly affected by
changes in component selection. With the case at hand,
recasting of the oxide components on an equal O basis
results in a decrease in X,,, which demands an increase
in k. From a thermodynamic standpoint, the Henry’s
constant is directly related to the activity coefficient of
the component, and activity coefficients must change with
changes in basis components.

Equation 8 makes use of the f-,, as well as the solubility
data reported in Table 2 to determine the thermodynam-
ic constants ky, ¥, and AA. Obviously then, the least-
squares values determined for these constants depend
upon the correct determination of fc,, as well as the sol-
ubility data. Although the HSMRK equation of state
(EOS) of Kerrick and Jacobs (1981) was used for this
purpose, it is important to investigate the effects of a
different f.,, on the thermodynamic constants. For this
purpose we redetermined ky, ¥, and A/ using the fc,, cal-
culated with the Modified Redlich Kwong (MRK) equa-
tion of state of Holloway (1977). The results (Table 3)
show that the three constants are somewhat different, al-
though not radically, from those calculated previously.
Interestingly, 7 (30.4 cm?*/mol) is now much closer to v
in albite (28.6 cm3/mol) and results from the fact that the
latter was determined with the MRK EOS (Stolper et al.,
1987). The HSMRK model is considered to retrieve fco,
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values superior to those obtained from the MRK model;
Kerrick and Jacobs (1981) compared the two models.
Two other points concerning the use of this model are
pertinent to this discussion. First, since different equa-
tions of state yield different f,, and, hence, different CO,
solubility constants, the use of Equation 8 is restricted to
CO, solubility determinations with either one of these
equations of state. Use of Equation 8 with f.,,, determined
with a third EOS may yield erroneous CO, solubilities.
The solubility constants must be redetermined when the
EOS of the fluid is changed because different fugacities
are obtained from different equations of state. This situ-
ation exists because the lack of accurate PV'T data at high
P and T for CO, necessitates the use of an EOS with
extrapolation capabilities. Second, since it is difficult to
place an error on the fc,, calculations, the reported un-
certainties on the model constants do not reflect errors in

Jeo,

DiscussiON
The absence of carbonate

The lack of detectable CO2~ species in CO,-saturated
rhyolite glasses at pressures of up to 6.6 kbar is consistent
with a trend of a decreasing ratio of CO3;~ to CO,(Mol.)
with increasing silica activity (as;0,) observed by Fine and
Stolper (1985) for glasses along the NaAlO,-SiO, join.
Unpublished data from this laboratory on basalt, andes-
ite, and rhyodacite melts equilibrated with a graphite-
CO-CO, fluid show the same relationship between
CO2-/CO,(Mol.) and activity of silica (4s,,). The basaltic
glasses contain dissolved carbonate with no detectable
CO,(Mol.), whereas the andesite and rhyodacite contain
both COz- and molecular CO,, with the latter increasing
at the expense of the former in the more evolved liquids.

Because the basalt-rhyolite petrogenetic sequence in-
volves numerous chemical trends, it is uncertain whether
the apparent correlation between a0, and CO;~/
CO,(Mol.) simply masks a more direct correlation of oth-
er cations such as Na,O and CaO with CO3-/CO,(Mol.).
The speciation data for the sodium-aluminosilicate sys-
tem (Fine and Stolper, 1985) are also ambiguous in this
respect, since the correlation of decreased CO3-/CO,(Mol.)
with increased SiO, activity demonstrated in this system
could equally well be due to decreases in Na,O, ALO;, or
NaAlO, activity.

The ratio of CO3~ to CO,(Mol.) may also be a function
of the competition between CO3- and Al** for charge
balancing cations such as Na*!' (Brearley and Montana,
1989). If this paradigm is correct, it suggests that the ratio
of CO2- to CO,(Mol.) is sensitive to the agpaitic index
K* (K,0 + Na,0/Al,0;) of the melt. For K* < 1 (per-
aluminous region) aluminum is in excess of alkalis, a con-
dition that favors low ratios of CO%?~ to CO,(Mol.) be-
cause of stiff competition between CO3~ and Al* for
charge-balancing cations. When K* is greater than unity
(peralkaline region), charge-balancing alkalis are in excess
of aluminum, implying higher ratios of CO3%~ to CO,(Mol.)
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resulting from free alkali cations not used by Al** for
charge balancing. This idea is supported by the CO, sol-
ubility data in the system Na,O-SiO, (Eitel and Weyl,
1932), which show high concentrations of CO, in solution
at low pressures (8 wt% at 1250 atm and 1100 °C) in
sodium-metasilicate glasses. The dominant form of CO,
in these glasses is presumably carbonate and can reason-
ably be attributed to the absence of aluminum (K* = o0)
which frees up Na for complex formation. This reasoning
suggests that measurable quantities of carbonate would
be present in peralkaline rhyolites of high K*.

Irrespective of the mechanism, these observations
clearly indicate that the forward reactions in the equilib-
ria

CO%~ = COxMol.) + Oy
Ofiy + €03~ = COMol) + 204

(10)
(11

are favored with progressive evolution in the basalt-rhy-
olite petrogenetic sequence. [0°, O-, and O?>- represent
bridging, nonbridging, and free melt O atoms, respec-
tively (Hess, 1980).]

The experiments presented here were all carried out at
pressures below 6.6 kbar. We have no doubt that carbon-
ate is present in these experimental glasses; albeit at levels
below FTIR detection (roughly 50-100 ppmw for the
techniques presented here). A progressive increase in
pressure above 6.6 kbar should eventually bring carbon-
ate levels above IR detectability limits. This contention
is supported by the data of Fine and Stolper (1985), which
indicate the presence of carbonate in CO,-undersaturated
experiments on NaAlSi,O,, glass at 25 kbar.

Rhyolite vs. albite

A comparison of CO, solubility in rhyolite and albite
melts sheds some light on the solubility mechanism of
CO,(Mol.) in silicate melts. Figure 7 shows the solubility
of CO,(Mol.) in albite and rhyolite as a function of P
contoured for 7. The solution model of Stolper et al.
(1987) was used to extrapolate their high P-T data down
to the regions of this study. (CO, concentrations are com-
pared on an equal O basis.) The CO,(Mol.) solubility in
the two compositions is remarkably similar; no signifi-
cant departures exist up to 5 kbar. Departures in
CO,(Mol.) solubility between the two compositions be-
come more acute with decreasing 7" and increasing P.
Interestingly, total CO, solubility in albite is only slightly
higher than CO,(Mol.) solubility, with CO3~ composing
only 2-3 mol% of total CO, at these pressures and tem-
peratures.

The uniformity of CO,(Mol.) solubility in rhyolite and
albite melt at low pressures implies a similar, if not iden-
tical, solubility mechanism in the two compositions. This
is probably the result of similarities in rhyolite and albite
melt structures. Although rhyolite is more SiO,-rich than
albite, as far as CO,(Mol.) solubility is concerned the ba-
sic melt structures are the same. This is supported by the
data of Taylor and Brown (1979), who determined the
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Fig. 7. CO, solubility as a function of pressure for rhyolite
and albite. The isothermal curves for rhyolite were generated
from the solution model in this study. The curves for albite were
calculated from the CO, solubility model of Stolper et al. (1987).

radial distribution functions (RDF) for albite, anorthite,
and orthoclase glasses and compared them with the RDF
of pure SiO, glass. They showed that the RDF of albite
and orthoclase melts are quite similar to SiO, melt, in-
dicating that their basic melt structures are comparable.
Rhyolite should also share this basic melt structure, since
it falls within the SiO,-NaAlSi;O,-KAlSi,O, system.

The similarity in albite and rhyolite CO, solubility sug-
gests that molecular CO, occupies the same sites in the
two melts and that the solution mechanisms for these
sites are comparable. Deviations from this behavior
would be expected at high P and low T, conditions that
tend to accentuate differences between melt structures and
could lead to differences in solubility. This is exactly what
is predicted for the two compositions (Fig. 7). These
deviations could also be attributed to increased CO,(Mol.)
solubility at high P and low 7. At high CO,(Mol.) melt
concentrations the siting of CO,(Mol.) may differ in the
two compositions, manifesting itself as differences in sol-
ubility.

Rhyolite vs. basalt

The data presented here and those of Stolper and Hol-
loway (1988) can be used to compare the relative solu-
bilities of CO, in rhyolite and basalt. The solubility of
CO, in basalt at 1200 °C and 1000 and 1500 bars of total
CO, gas pressure is 390 and 577 ppmw, respectively
(Stolper and Holloway, 1988). This translates into 565
and 836 ppmm. With the solubility model presented here,
the corresponding CO, solubility in rhyolite is 731 and
1100 ppmm, respectively. This contrast between CO, sol-
ubility in basalt and rhyolite is shown in Figuré 8, where
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Fig. 8. Calculated CO, solubility in basalt (Stolper and Hol-
loway, 1988) and rhyolite (this study) vs. CO, partial pressure.
Error bars are standard errors. The solubility of CO, in rhyolite
is greater than that in basalt. CO, dissolves in rhyolite solely in
the molecular form, whereas in basalt it dissolves exclusively in
the form of carbonate ions.

CO, solubility is plotted against P, for 1200 °C. This
demonstrates that on a molar basis CO, solubility in rhy-
olite is somewhat greater than in basalt, a situation that
is true on a weight percent basis as well. Considering the
uncertainty in the two data sets, the solubility of CO, in
basalt and rhyolite is, at the least, comparable.

The comparison of CO, solubility data for basaltic and
rhyolitic melts (Fig. 8) illustrates the two main differences
in the behavior of CO, in these diverse liquids. First, the
difference in CO, solubility between rhyolite and basalt
is manifested in its mode of speciation. At low pressure,
CO, dissolves in basalt as carbonate, whereas in rhyolite
it dissolves in the molecular form. Second, the solubility
of CO, in rhyolite is comparable to and somewhat greater
than that in basalt at the same P and 7. This demon-
strates that the decrease in silica activity between rhyolite
and basalt does not cause an increase in CO, solubility.
This contrasts with the conclusions of many workers that
CO, solubility decreases with increasing silica content
(Eggler and Rosenhauer, 1978; Holloway et al., 1976;
Mysen et al., 1976; Carmichael et al., 1974; Eggler, 1973).
We reach this conclusion in spite of the conflict with some
earlier works since (1) our analytical technique for rhyo-
lite solubility is essentially identical to that of Stolper and
Holloway (1988), who made the latest basalt solubility
measurements, (2) the new data are based upon measured
CO, concentrations and not implied from phase equilib-
ria or other information, and (3) the accuracy of beta
track autoradiography for CO, concentration measure-
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Fig. 9. CO, solubility as a function of temperature. Isobaric
curves were calculated from the CO, solution model. The effect
of temperature upon CO, solubility increases with increasing P
and decreasing 7.

ments (Tingle and Aines, 1988) casts doubt on conclu-
sions based upon data generated by this technique (e.g.,
Mysen et al., 1976). At this time, however, we can only
make this comparison between basalt and rhyolite at
pressures below 1500 bars.

Application to rhyolitic volcanism

The experimental data reported in this study is to our
knowledge the first low-pressure solubility data for CO,
in rhyolite melts. With the aid of the CO, solubility mod-
el, it is possible to extrapolate the results of this study to
temperatures of rhyolitic volcanism in order to make es-
timates of magmatic CO, concentrations. The model can
also be inverted to retrieve intensive parameters from
known concentrations of CO, in rhyolite melt.

Our CO, solublity data have great potential for deci-
phering the evolution of rhyolitic magmas if the volatile
contents of melt inclusions can be determined. In this
vein, the relationship describing CO, solubility as a func-
tion of T and P is quite significant. The relationship be-
tween Peo, and CO, concentration is roughly linear at low
P (Fig. 4). An a priori knowledge of magmatic P, and
CO, concentration can yield magmatic T; however, a very
accurate estimate of P would be required since the mag-
nitude of the CO, solubility temperature effect is not large
(Fig. 4). Unfortunately, magmatic P is rarely known with
such accuracy. Conversely, knowledge of magmatic 7"and
CO, concentration can yield P. Although the effect of T
on CO, solubility is not drastic, it is still sufficiently great
to require temperature estimates of high quality. Figure
9 shows the relationship between X, ,(Melt) and temper-
ature as a function of P. At high 7 and low P (8.X,/87),
is close to 0. At moderate to high P and low T (0Xo,/
dT), is quite significant.
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The fluid phase associated with rhyolitic magmatism
usually contains a large, if not dominant, fraction of H,O.
At a given P and T H,O will dissolve preferentially to
CO, in rhyolite melt. The heterogeneous equilibria be-
tween fluid and magma with respect to CO, and H,O are

COypuiay = COAMOL) ey
H,04.i0= H;OMOL)iei

(12)

(13)

and the homogeneous equilibria within the melt are:
CO,(Mol.) + O%,, = CO%-
H,O(Mol.) + Oy, = 20H".

(14)
(15)

The two basic unknowns in the formulation of these equi-
libria are the extent of ideality of CO,-H,O mixing in the
fluid phase, and the effect of dissolved H,O and CO, on
their mutual solubilities in the silicate melt. The lack of
thermochemical data on CO,-H,O fluid mixtures at high
P and T necessitates reliance on the predictive capacities
of reasonably formulated equations of state. The HSMRK
EOS of Kerrick and Jacobs (1981) predicts an extreme
degree of nonideality between mixtures of these two gas-
es. For small X% the activity coefficient of CO, is pre-
dicted to be quite high. The same is true for the activity
coefficient of H,O for small X@id. This further compli-
cates the situation since CO, can reach high degrees of
dilution (Xfid < XTwid) at magmatic conditions.

Currently, there is no consensus as to the effects of
dissolved CO, and H,O on their mutual solubilities in
silicate melts. As a first approximation these effects can
be assumed to be negligible. In actuality, since total dis-
solved CQO, is quite low, both in an absolute sense as well
as relative to H,0O, it is more likely that the effects of H,O
upon CO, will be more profound than the effects of CO,
upon H,O.

The solubility model describes the behavior of CO,
solubility in rhyolite for all coexisting fluid-phase com-
positions that contain CO,. When the fluid phase is pure
CO,, the solubility of CO, in rhyolite follows the behavior
described by the model lines, shown as a function of P,
T, and fc,, in the preceding diagrams. When the fluid
phase is a mixture of CO, and some other species, CO,
does not follow these curves. At constant 7 and P Equa-
tion 8 simplifies to

fEOz

Xcoz = kP, T) (16)

where ky(P, T) is the Henry’s constant at the specific P
and T of interest and is given by

ID._
ke(P, T) = k,(P,, T)exp [——V( RTP') + %h <% - %)]
17)

X, 1s linear with changes in f,, with the slope equal to
1/ky(P, T). At constant T and P, the dilution of CO, fluid
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Fig. 10. The CO, saturation curve for 700 °C and pressures
up to 3 kbar. At constant T and P, the presence of species other
than CO, in the fluid decreases CO, solubility in direct propor-
tion 10 feo,[Xco, = feo/kn(P, T)}. This type of mixing behavior
is shown in the diagram for 3 kbar and 700 °C (3 kbar mixing
line). If ideal mixing of a fluid containing 30% CO,-70% H,O
(mol%) is assumed, the CO, solubility is found at point I. If one
assumes HSMRK mixing of the fluid, the CO,-solubility of the
same fluid is found at point R.

with another fluid species causes f.,, to be lowered and
in a strict sense is given by

f?:/[c')xz = dco, f“é‘b’; (18)

where 4., is the activity of CO, in the fluid phase; thus,
the accuracy of CO, solubility predictions under mixed
fluid conditions is severely constrained by our ability to
determine a..,. The replacement of a4 with X% as in
the ideal mixing rule of Lewis and Randall can lead to
questionable results.

The above discussion is illustrated in Figure 10, where
both the CO, saturation curve and the 3 kbar CO, mixing
line are plotted as a function of f, for T'= 700 °C. At
these conditions the dilution of fluid CO, with another
fluid species such as H,O displaces CO, contents down
along the 3 kbar mixing line and not along the pure CO,
saturation curve. Assuming ideal mixing, the predicted
CO, solubility of a fluid containing 30% CO,-70% H,O
(mol%) is 1316 ppmm (point I: ffuc = 2384 bars). As-
suming HSMRK behavior for the same fluid composi-
tion, the predicted CO, solubility would be 1594 ppmm
(point R: f¥x = 2887 bars) or 21% higher. The disparity
becomes even greater with decreasing X ¢, increasing P,
and decreasing 7. Of course, the HSMRK EOS uses em-
pirical mixing rules, and as such adds an element of un-
certainty to these calculations. Additionally, if the solu-
bility of H,O affects the activity coefficient of CO, in the
melt, the 3 kbar mixing line is distorted and would no
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longer accurately represent CO, mixing conditions at 3
kbar. Clearly, the extent of ideality of the fluid mixing
properties is a crucial element in the determination of
CO, solubility under mixed volatile conditions and is a
major consideration in the application of volatile solu-
bility estimates to determine magmatic intensive param-
eters.

CONCLUSIONS

1. CO, solubility in rhyolite at 1050 °C follows a linear
Henry’s Law behavior to pressures of =2300 bars. Above
this pressure CO, solubility rapidly becomes nonideal and
deviates from the linear form of Henry’s Law.

2. Results of experiments along the 950 °C, 1050 °C,
and 1150 °C isotherms show a decrease in CO, solubility
with increasing temperature.

3. H,O concentrations below 0.32 wt% do not affect
the speciation of CO, in rhyolite melt. A positive corre-
lation between CO, solubility and H,O content cannot be
ruled out; however, the lack of f,,, control during the
experiments, including other factors, makes this correla-
tion suspect.

4. The diffusion of CO, into rhyolite appears to be the
main mechanism for CO,(fluid)-rhyolite equilibration.
Diffusion of CO, into rhyolite is slow; the diffusion coef-
ficient at 1050 °C is =2.4 (+0.5) x 1078 cm?/s.

5. CO, solubility data can be described by an extended
Henry’s Law model that considers the effects of pressure
and temperature. These are related to the partial molar
volume at infinite dilution and the heat of solution of
molecular CO, in rhyolite melt. The values of 7 and Ak
were determined to be 33.04 + 0.78 cm?® and —20.32 +
3.18 kJ/mol, respectively.

6. CO, dissolves in rhyolite melt in the molecular form;
CO2- was not detected in any of the experimental prod-
ucts. This observation follows the general trend of an
increasing ratio of CO,(Mol.) to CO}~ in the sequence
basalt, andesite, thyodacite, rhyolite, with basalt showing
no detectable molecular CO,.

7. CO,(Mol.) solubility in rhyolite and albite appear to
be identical at low P and high 7. This implies a similar
solubility mechanism in the two compositions. Diver-
gence of CO,(Mol.) solubility in albite and rhyolite at
high P and low T is consistent with accentuated differ-
ences in melt structure at these conditions and differences
in the siting of CO,(Mol.) at high CO, concentrations.

8. A comparison of CO, solubility in rhyolite and ba-
salt at low pressures and 1200 °C shows that CO, is some-
what more soluble in rhyolite than in basalt. Solubility
differences between the two magma types are primarily
differences in speciation: CO, dissolves in basalt as car-
bonate complexes and in rhyolite as molecular CO.,.

9. CO, solubility data, along with H,O solubility data
and T estimates, can be used to make magmatic intensive
parameter estimates from melt inclusion volatile deter-
minations. For a given P and 7, if rhyolite is in equilib-
rium with a CO, fluid mixture, CO, solubility is described
by a cord extending from O solubility at fo,, = O bars to
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the pure CO, saturation surface on an X,-fco, diagram.
The solubility is found along this cord by determining the
correct feo, of the fluid mixture.
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APPENDIX 1. LEAST-SQUARES REGRESSION

The experimental data were fitted to Equation 8 with the SAS
procedure NLIN, a nonlinear least-squares routine (since Equa-
tion 8 is nonlinear) allowing constants k;, ¥, and Ak to vary so
as to produce optimized values. P, and T, could have been cho-
sen to be one of the experimental conditions and k,, determined
as foo,/ Xco, from the data, a procedure that forces the least-
squares regression through the reference conditions. Considering
the error associated with any one point, or even a series of ex-
perimental points, leads to the conclusion that this type of fitting
process does not produced optimum results.

Equation 7 is the linearized form of Equation 8 and could
serve as the basis for a linear least-squares regression of In{f.o,/
Xco,) vs. P for the entire data set in a manner similar to that
used by Spera and Bergman (1980). The problem with this tech-
nique is the difficulty in fitting the data in the low pressure re-
gion, since the quantity In(feo,/Xco,) is quite sensitive to small
errors in X,. Deviations from linearity are accentuated in this
region, and since the low pressure region is an end point of the
In(fz0,/Xco,) Vs. P line, it has a dominating effect upon the re-
gression. This leads to a poor correlation of all the data and an
underestimation of the partial molar volume term. In point of
fact, the partial molar volume term should be controlled mostly
by the high pressure region, where the effects of P on solubility
are most important. Use of Equation 8 with the nonlinear least
squares routine does not overly weight the data in the low pres-
sure region and successfully reproduces the data with low resid-
uals.



