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Abstract. Infrared spectroscopy has been used to study the
speciation of CO, in glasses near the NaAlO,-SiO, join
quenched from melts held at high temperatures and pres-
sures. Absorption bands resulting from the antisymmetric
stretches of both molecular CO, (2,352 cm™1) and CO3~
(1,610 cm~* and 1,375 cm ™ 1) are observed in these glasses.
The latter are attributed to distorted Na-carbonate ionic-
complexes. Molar absorptivities of 945 liters/mole-cm for
the molecular CO, band, 200 liters/mole-cm for the
1,610cm™ ! band, and 235 liters/mole-cm for the
1,375 cm ™~ ! band have been determined. These molar ab-
sorptivities allow the quantitative determination of species
concentrations in the glasses with a precision on the order
of several percent of the amount present. The accuracy of
the method is estimated to be +15-20% at present.

The ratio of molecular CO, to CO%~ in sodium alumin-
osilicate glasses varies little for each silicate composition
over the range of total dissolved CO, content (0-2%),
pressure (15-33 kbar) and temperature (1,400-1,560° C)
that we have studied. This ratio is, however, a strong func-
tion of silicate composition, increasing both with decreasing
Na,O content along the NaAlO,-SiO, join and with de-
creasing Na,O content in peraluminous compositions off
the join.

Infrared spectroscopic measurements of species concen-
trations in glasses provide insights into the molecular level
processes accompanying CO, solution in melts and can be
used to test and constrain thermodynamic models of CO,-
bearing melts. CO, speciation in silicate melts can be mod-
elled by equilibria between molecular CO,, CO%~, and oxy-
gen species in the melts. Consideration of the thermody-
namics of such equilibria can account for the observed lin-
ear relationship between molecular CO, and carbonate con-
centrations in glasses, the proposed linear relationship be-
tween total dissolved CO, content and the activity of CO,
in melts, and observed variations in CO, solubility in melts.

Introduction

Stimulated by the important role played by carbon dioxide
in the petrogenesis of a wide range of igneous rocks, partic-
ularly alkaline basic magmas (e.g. Eggler 1973; Wyllie
1979), there has been considerable recent interest in the solu-
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bility mechanisms of CO, in silicate melts. Two contrasting
approaches to understanding these solution mechanisms
have been pursued. The first is an indirect approach that
uses systematic variations in solid-liquid phase equilibria
to infer structural changes that occur in melts when they
dissolve CO,. For example, the liquidus volume of pyrox-
ene, a polymerized phase, enlarges relative to that of olivine,
an unpolymerized phase, when CO, is added to melts. This
has been used to infer that addition of CO, results in in-
creased polymerization of melts (Eggler 1974, 1978; Ku-
shiro 1975). Unfortunately, this intuitively satisfying line
of reasoning has given, at best, only qualitative insights.

The second approach used to understand CO, solution
mechanisms involves spectroscopic techniques. Both infra-
red (Mysen et al. 1975; Brey and Green 1975, 1976, Mysen
1976; Brey 1976; Mysen et al. 1976; Eggler et al. 1979) and
Raman (Verweij et al. 1977; Sharma 1979; Sharma et al.
1979a; Mysen and Virgo 1980a, b; Rai et al. 1983) spec-
troscopy have been used to study CO,-bearing silicate
glasses quenched from melts to elucidate aspects of the spe-
ciation of CO,-bearing melts. These spectroscopic tech-
niques can provide direct, quantitative information on how,
at a molecular level, carbon dioxide is dissolved in silicate
glasses and how it influences the structure of the silicate
framework. In particular, infrared and Raman spectros-
copy can be used to distinguish between carbon dioxide
that is dissolved as carbonate (CO27) ions and that which
is dissolved as molecules of CO, .

Most recent spectroscopic investigations have not taken
full advantage of the quantitative potential of infrared or
Raman spectroscopy. Most investigators have simply noted
the existence of absorption or emission bands and thus of
particular species in the glasses; the intensities of the bands
have not generally been used to determine the concentra-
tions of the absorbing or emitting species. Exceptions in-
clude the work of Verweij et al. (1977) in which the potential
for using Raman spectroscopy to determine the concentra-
tions of CO3~ groups in K,0-Si0,-CO, glasses was dis-
cussed and the work of Sharma and co-workers in which
Raman spectroscopy was used to determine relative concen-
trations of COZ~ ions as a function of pressure and temper-
ature in glasses of sodium melilite, diopside, and akermanite
composition (Sharma 1979; Sharma et al 1979a). In addi-
tion, Mysen (1976) used infrared spectroscopy to estimate
CO2~ concentrations in glasses on the NaAlO,-8i0,-CO,
join. In that study, Mysen concluded that the relative pro-
portions of molecular CO, groups and carbonate groups
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in CO,-bearing glasses are strong functions of silicate com-
position and of the pressures and temperatures from which
melts are quenched to glasses.

In this paper we report the results of experiments de-
signed to more fully develop the potential of infrared spec-
troscopy for quantitative determinations of the concentra-
tions of carbon-bearing species in silicate glasses. We first
determine molar absorptivities (or extinction coefficients)
for absorption bands due to molecular CO, and carbonate
in glasses near the NaAlO,-Si0,-CO, join. Using these mo-
lar absorptivities to measure the concentrations of molecu-
lar CO, and carbonate in glasses, we have investigated the
dependence of the speciation of CO, in sodium aluminosili-
cate glasses on glass composition, on total dissolved CO,
content, and on the pressure and temperature of equilibra-
tion of the melt from which the glass was quenched. The
results provide insights into the solubility mechanisms of
CO, in silicate melts, into the thermodynamics of CO,-
bearing silicate melts, and into the effects of dissolved CO,
on the phase equilibria of silicate melts.

Experimental techniques

Powdered silicate starting materials were prepared at three compo-
sitions along the NaAlO,-Si0O, join: NaAlSi,Oq (jd), NaAlSi;O4
(ab) and NaAlSi,0,, (a composition close to the 1 atm albite-silica
eutectic designated as eu). Glasses of jd composition (batches jd-D
and jd-E) were synthesized by grinding Na,CO,, Al,O; and SiO,
(Johnson-Matthey SpecPure reagents) in agate under ethanol for
6 h followed by melting at 1580° C for 12 h in air at 1 atm. Appro-
priate amounts of SiO, glass were then added to jd-E to prepare
batches ab-E and eu-E. These decarbonated mixtures were ground
under ethanol for 6 h and dried at 850° C in air at 1 atm for 2 days
to remove any hydrocarbon residue or adsorbed CO,. When mix-
tures not dried in this fashion were used as starting materials for
our high pressure experiments, CO, was detected spectroscopically
in the run products even when no CO, was loaded into the charges.
Drying times of more than 1 week resulted in significant Na-loss.
Some Na-depleted compositions were used as starting materials;
these are designated jd-X, ab-X, and eu-X. All starting materials
were stored over dessicant after drying.

Selected glasses of each composition were analyzed for major
elements in order to verify glass homogeneity and to determine
the extent of Na-loss during the drying process. Analyses were
obtained using an automated MAC-5 electron microprobe with
a 15 KV operating voltage, a sample current of 5 nA on brass
and a 40-45 micron spot size (Table 1). The results of these analy-
ses are shown graphically in Fig. 1.

The starting materials were loaded along with known amounts
of silver oxalate (Ag,C,0,) into Pt capsules, which were then
scaled by arc-welding. These Pt capsules were loaded into larger
Pt capsules containing a dry hematite-magnetite buffer. The
amounts of silver oxalate and silicate were weighed on a Cahn
electrobalance to 0.0005 mg precision out of 0.0750-20.0000 mg
total and were chosen to produce vapor-undersaturated melts. The
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Fig. 1. Graphical representation of the starting compositions used.
Ideal stoichiometric compositions are marked by X. The fields
show the range of microprobe analyses, while the solid circles show
the average of all analyses for each sample

silver oxalate was analyzed by gas manometry in the laboratory
of Professor S. Epstein and found to be stoichiometric to within
5% of its nominal total CO, content. It was stored in a light-proof
container over dessicant to minimize decomposition and H,0O ad-
sorption.

The double capsules were held at constant pressure
(15-33 kbar) and temperature (1,400-1,560° C) in a 0.5 inch solid
media piston-cylinder apparatus using a NaCl and pyrex cell. A
hot piston-in technique was used: runs were brought cold to a
pressure 5 kbar below the desired pressure, the temperature was
raised to the final temperature and the final pressure was applied.
Temperature was monitored using W3%Re-W25%Re thermocou-
ples. Pressure was calibrated against the reaction: ab=jd+ gz at
29.5 kbar and 1,100° C (Holland 1980) and a —7% correction ap-
plied. Run times of 30-60 min were chosen as a compromise; short-
er duration runs were very heterogeneous, but longer duration runs
lost significant amounts of CO, (see below). Runs were quenched
by turning off the power to the furnace; quench rates were
150-200° C/s. At the end of most runs, the buffer was examined
and both phases found to be present. CO,-free glasses of each
composition were synthesized at high pressures by running both
unwelded and welded silver oxalate-free inner capsules. Infrared
spectra of these glasses did not differ from the infrared spectra
of glasses of the same compositions prepared at 1 atm in air.

After quenching, the inner capsules were sectioned and doubly-
polished plates of the bubble-free glasses were prepared. In most
samples disseminated Ag metal gave the glass in the bottom of
the capsule an orange color or blueish-orange streaked appearance.
The thickness of each glass plate was measured using a micrometer

Table 1. Analyses of glass compositions used. Microprobe techniques are described within the text

Starting batch jdideal  jd-D jd-E jd-X abideal ab-E ab-X euideal eu-E eu-X
Na,O 15.33 14.52 13.81 12.66 11.82 11.28 10.80 9.62 9.80 9.25
A1203 25.22 2547 24.85 24.80 19.44 19.34 19.28 15.83 15.07 1593
Sio, 59.45 60.10 61.43 62.42 68.74 69.66 69.81 74.55 74.80 75.46
Total 100.00 100.09 100.09 99.88 100.00 100.38 99.89 100.00 99.67 100.64
# of analyses 12 4 6 7 7 6 3




Table 2. Comparison of wt. % CO, loaded into Pt capsules contain-
ing albite glass with total carbon (reported as wt. % CO,) content
of the quenched glass analyzed using the 2C(d,p,)!3C nuclear
reaction. Run conditions were: 1.4 MeV deuterons, 15 nA beam
current, 0.5 mm beam diameter, and 10 min irradiation times. Hil-
ton calcite, from San Diego Co., Calif. was used as a standard,
weighted by (dE/dX)~!. Sensitivity at sample depths from 1 to
4 microns, eliminating surface contamination, and a detection limit
of 100 ppm is estimated (Livi et al. 1984; Fine et al. 1985)

Sample # CO, loaded CO, analyzed
(wt. %) (wt. %)
ABC-53 0.67 0.69
ABC-54 0.38 0.32
ABC-55 0.20 0.19
ABC-58 0.40 0.36

or dial indicator. The plates were placed over metal apertures
150-1,000 microns in diameter and their transmission infrared
spectra were obtained. Spectra were gathered on a Perkin-Elmer
180 infrared spectrophotometer in the linear absorbance mode over
the frequency range 4,000cm™' to 1,200 cm ™', The sample
chamber was purged with high purity N, while each spectrum
was recorded. Spectra were recorded on chart paper and digitized
with a Tektronix 4052 computer. The spectra of anhydrous, decar-
bonated glasses of each composition were then computer sub-
tracted from these spectra. Both absorption intensities and inte-
grated absorption intensities were determined from the back-
ground-subtracted digital data. The precision of absorbance data
obtained in our laboratory is estimated to be about 0.01 (1g) at
an absorbance of 0.5 (Stolper 1982a).

Many of the glasses synthesized early in this study were not
suitable for caliberation of absorption band intensities versus spe-
cies concentration because they either were synthesized from melts
held at pressure and temperature for less than 60 min or the final
step in the drying procedure was not performed and the glasses
were dark, presumably containing either graphite or a hydrocarbon
residue. In the latter case, total dissolved carbon contents were
presumed not to be accurately known. The infrared spectra of
these glasses were still taken and data obtained from these samples,
discussed below, were still useful.

After infrared spectra were taken, some of our albite glasses
were independently analyzed for total carbon wusing the
12C(d, py)*°C nuclear reaction. This technique, used by Filleux
et al. (1977), Oberheuser et al. (1983), and Mathez et al. (1984),
is discussed more fully in Livi et al. (1984) and Fine et al. (1985).
It allowed us to independently determine the total C contents (with-
in 5% relative certainty) of the same pieces of glass on which
spectra were taken. These analyses show that after 1 h long runs,
the amount of C analyzed after the run was within 10% of the
amount loaded into the capsule (Table 2).

A few glasses were prepared using starting materials consisting
of CO,-free glass and Na,COj; enriched with 90% !*C as a CO,
source rather than Ag,C,0,. These glasses were enriched in Na
and compositionally not on the NaAlO,-SiO, join. CO,-bearing
ab and jd glasses prepared in the laboratory of Professor
A. Boettcher were also used in the study. They were prepared using
Na,CO; or Ag,C,0, as CO, sources and were run at a variety
of pressures and temperatures.

Experimental results

Band assignments

The spectra of a CO,-free and a CO,-bearing jadeite glass
are shown in Figure 2. Four strong absorption bands are
present in the CO,-bearing glass at frequencies of higher
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Fig. 2. Infrared spectrum (solid line) of a jadeite glass (JDC-84)
containing 0.80 wt. % total dissolved CO, as measured by infrared
spectroscopy. Band assignments are given. The dashed line is the
spectrum of a CO,-free jadeite glass synthesized at 1 atm. The
silicate background has not been subtracted from either spectrum,
hence the spectra go offscale at approximately 1,200 cm ™! due
to aluminosilicate vibrations

4000 1500

than 1,200 cm ! that are not present in the CO,-free glass.
Although their relative intensities vary with CO, content
and glass composition (Figs. 3, 4, and 5 and Table 3) the
locations of these four bands are essentially identical in
all of the CO,-bearing NaAlO,-SiO, glasses that we have
examined. At wavenumbers lower than 1,200 cm ™~ !, the vi-
brations of the aluminosilicate networks comprising these
glasses result in absorption bands that go offscale.

The broad band at approximately 3,550 cm™* is due
to the stretching of —OH groups (Stolper 1982a) and was
used to quantitatively measure the amount of H,O dis-
solved in each glass using a molar absorptivity of 80 liters/
mole-cm. Water contents of the CO,-bearing glasses
quenched from melts at high pressure typically range from
0.2 wt. % to 0.5 wt. % H,O. We believe these levels of dis-
solved water to be unavoidable in experiments of this type,
independent of drying procedure or the use of a double-
capsule, buffered assembly. Water concentrations are high-
er in CO,-bearing glasses than in those without CO,. This
suggests that adsorbed H,O on the silver oxalate and/or
hydrogen that diffuses through both the buffer and Pt cap-
sule wall and reacts with CO, to produce H,O and reduced
carbon species during the experiments ware responsible for
most of the water in these nominally anhydrous runs. Ab-
sorptions due to dissolved hydrocarbons or CO were not
observed in any of our spectra. If reduced carbon is pro-
duced by reaction of hydrogen and dissolved CO, in our
experiments, it is either not detectable via infrared spectros-
copy (e.g., graphite) or diffuses out of our capsules (Watson
et al. 1982). Preliminary experiments conducted in our labo-
ratory and in the laboratory of Professor Boettcher have
indicated that run lenghts of 3 or more hours result in
significant depletions in spectroscopically measured total
dissolved CO,. If substantial carbon is lost or substantial
reduced carbon is produced in shorter runs, it could modify
some of the conclusions presented here. However, graphite
is not observed in most of our run products and we have
tried to minimize both the hydration of the glasses and

1
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Table 3. Data obtained during this study

Sample #  Start- P T Dura- CO, H,0* Den- Thick- | Band Abd" Integr! [Band Abs’ Integr! | Band Abs® Integr!
ing (kbar) (°C) tion loaded (Wt %) sity® ness loca- Abs. loca- Abs. loca- Abs.
comp. (min) (wt. %) (g/) (cm) tion tion tion

NC 2 euwE 25 1450 30 1.81¢  0.37 2440 0.0055 [2350 1.80 67.96 (1657 0.09 11.17 |1379 0.11 6.60

NC 3 euwE 25 1450 60 1.35¢ 0.4 2440 0.0043 |2353 0.11 419 (1650 0.01 1.44 (1424 0.02 241

NC 4 euw-E 25 1450 60 045  0.29 2440 0.0058 {2353 0.88 24.84 [1656 0.04 4.02 |1358 0.04 4.42

NC 6 euwE 25 1450 60 090° 042 2440 0.0063 [2355 0.96 3503 (1650 0.07 826 {1361 0.08 7.55

NC 7 euwE 25 1450 60 0.60¢  0.26 2440 0.0067 {2352 1.06 30.92 |1660 0.05 5.00 |1407 0.07 7.00

NC 10 eu-E 25 1450 67 1.25¢  0.39 2440 0.0043 |2353 1.30 38.01 |1652 0.06 6.93 [1370 0.05 5.06
NC 13 eu-X 25 1450 60 0.00 0.14 2440 0.0167 |2354 0.19 411 4
NC 15 eu-X 25 1450 60 0.55 0.24 2440 0.0074 |2354 1.33 38.18
NC 17 eu-X 25 1450 60 0.25 0.18 2440 0.0083 2353 1.08 29.58
NC 19 eu-X 25 1450 60 0.43 0.27 2440 0.0044 | 2355 1.04 27.79
NC 20 eu-X 25 1450 60 0.20 0.38 2440 0.0073 | 2354 0.85 22.28
NC 21 eu-X 25 1450 60 0.36 0.39 2440 0.0075 | 2353 1.46 38.92
ABC 14 ab-E 25 1450 30 ° 0.10 2530 0.0200 |2355 0.03 0.14 |¢ a
ABC 22 ab-E 25 1450 60 0.65° 0.21 2530 0.0060 [2356 1.38 44.70 [1620 0.14 1798 |1383 0.16 10.90
ABC 23 ab-E 33 1450 60 1.83°  0.65 2530 0.0026 |2354 1.29 37.18 |1614 0.16 21.22 |1372 0.16 11.57
ABC 24 ab-E 33 1450 60 0.52¢ 022 2530 0.0056 | 2355 0.72 21.18 (1620 0.09 11.70 {1372 0.12 8.58
ABC 25 ab-E 33 1450 60 1.03°  0.39 2530 $.0037 {2355 1.17 3634 |1618 0.15 20.13 1377 0.17 11.27
ABC 27 ab-E 27 1450 60 0.64° 0.39 2530 0.0046 [2353 041 10.63 [1619 005 6.16 |1373 0.05 3.83
ABC 29 ab-E 15 1450 60 1.02°  0.86 2530 0.0030 {2354 038 872 1606 0.05 530 1377 0.03 1.80
ABC 30 ab-E 15 1450 60 0.78¢ 049 2530 0.0036 {2352 0.41 1117 1611 0.04 415 |1382 0.05 4.13
ABC 33 ab-E 25 1560 30 0.65¢ 0.27 2530 0.0046 |2354 0.78 21.97 |1618 0.06 7.54 (1374 0.09 6.92
ABC 35 ab-E 25 1560 30 0.44° 021 2530 0.0067 | 2354 0.83 23.17 |1622 0.07 8.59 [1376 0.13 11.41
ABC 53 ab-E 25 1450 60 0.67 0.14 2530 0.0045 {2353 1.43 36.60 (1625 0.07 929 [1374 0.13 10.36
ABC 54  ab-X 20 1450 60 0.38 0.16 2510 0.0055 {2353 0.75 1891 [1626 0.04 442 |1377 0.07 5.27
ABC 55 ab-X 20 1450 60 0.20 0.16 2510 0.0081 |2353 0.48 11.63 |1622 0.02 241 (1380 0.10 9.62
ABC 56 ab-X 20 1450 60 0.49 0.30 2510 0.0051 [2356 1.06 2833 |1619 0.04 3.87 |1378 0.06 5.28
ABC 57 ab-X 20 1450 60 0.97 0.29 2510 0.0040 | 2354 0.97 2521 |1663 0.06 7.85 |1384 0.09 6.87
ABC 58 ab-X 20 1450 60 0.40 0.18 2510 0.0070 | 2352 1.07 2846 |1610 0.06 894 (1374 0.09 6.83
ABC 62 ab-X 20 1450 60 0.94 0.35 2510 0.0036 |2353 1.37 36.49 (1606 0.08 10.50 |1375 0.10 6.51
ABC 64 ab-X 20 1450 60 0.75 0.15 2510 0.0058 [2352 1.85 49.55 |[1616 0.13 19.18 (1379 0.7 11.22
IDC 67 jd-D 25 1400 30 0.99¢  0.26 2600 0.0053 | 2353 0.76 19.52 [1605 0.24 27.92 |1377 0.27 20.05
IDC 68 jd-D 25 1400 30 0.58¢  0.39 2600 0.0073 |2353 0.57 13.56 |1605 0.29 30.00 [1378 0.32 22.54
IDC 69 jd-D 25 1400 30 1.64° 0.42 2600 0.0033 12353 0.86 20.92 |1607 0.32 3538 (1375 0.35 24.39
IDC 72 jd-D 25 1400 30 0.33¢  0.37 2600 0.0080 (2353 0.44 9.61 (1604 021 21.68 |1378 0.24 16.60
IDC 73 jd-D 25 1400 30 0.26°  0.50 2600 0.0062 |2352 0.34 810 |[1603 0.21 21.22 [1388 0.24 17.40
JDC 74 jd-D 25 1400 30 0.13°  0.60 2600 0.0071 {2353 0.26 7.16 |1606 0.15 16.35 |[1384 0.19 14.36
IDC 76 jd-D 25 1400 30 0.00°  0.65 2600 0.0049 12352 0.23 4.66 |1643 0.05 483 [1397 012 7.83
JDC 84 jd-D 25 1450 30 1.56° 0.35 2600 0.0044 {2352 0.71 19.64 |1611 0.30 33.56 |1380 0.31 23.28
JDC 85 jd-D 25 1450 30 0.34°  0.24 2600 0.0089 |2352 0.31 1013 |1612 0.18 1895 (1378 0.17 11.54
JIDC 86 jd-D 25 1450 30 1.11°  0.30 2600 0.0055 |2353 0.79 22.07 [1610 0.36 38.19 |1382 0.38 26.28
IDC 89 jd-D 25 1450 30 0.72¢  0.32 2600 0.0027 | 2355 0.38 10.64 |[1612 0.18 2149 (1376 0.18 13.87
IDC 90 jd-D 25 1450 30 1.21¢ 0.33 2600 0.0052 )2353 0.66 16.76 [1613 0.28 31.42 [1381 0.26 20.26
IDC 91 jd-D 25 1450 30 0.12°  0.30 2600 0.0041 | 2348 0.05 1.80 (1625 0.04 505 (1378 0.04 2.70
JIDC 103 jd-X 25 1450 60 0.33 0.28 2600 0.0066 |2353 0.65 17.62 (1623 0.08 8.57 [1383 0.05 2.79
JDC 108 jd-E 25 1450 60 0.96 0.13 2600 0.0041 | 2354 0.98 24.81 |1609 0.33 37.52 |1374 0.39 27.99
IDC 110 jd-E 25 1450 60 0.00 0.11 2600 0.0104 |4 d d
JDC 111 jd-E 25 1450 60 0.17 0.12 2600 0.0115 {2354 0.34 9.16 1607 0.16 19.44 1378 0.17 10.45
IDC 112 jd-E 25 1450 60 0.54 0.14 2600 0.0139 12354 1.23 36.61 |1603 0.60 69.58 |1380 0.64 43.98
IDC 113 jd-E 25 1450 60 0.39 0.18 2600 0.0059 2353 0.51 1290 |1617 0.19 21.71 |1372 0.19 12.94
IDC 114 jd-E 25 1450 60 0.66 0.16 2600 0.0072 |2354 046 11.47 1622 0.20 25.60 |1371 0.25 18.58
IDC 116 jd-E 25 1450 60 0.56 0.12 2600 0.0109 {2353 1.17 33.11 1607 0.54 61.82 1380 0.60 42.42
BOET2582¢ jd 20 1450 15 SAT.® 0.43 2600 0.0018 | 2354 0.63 14.05 |1595 0.33 36.05 |1379 0.32 20.95
BOET2990%  ab 20 1450 360 1.00°  0.49 2510 0.0053 |2354 1.12 28.76 |1631 0.08 12.57 |1363 0.09 6.42
BOET2995% ab 20 1450 60 1.00 0.20 2510 0.0032 | 2355 1.22 3521 |1612 0.08 10.61 (1369 0.09 6.11

(TR =T - N = A - A Y
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H,O contents determined using the method of Stolper (1982a) and an extinction coefficient of 80 liters/mol-cm

Densmes either obtained or extrapolated from Kushiro (1978)

Glasses were dark, presumably containing graphite and other reduced carbon species, so that total CO, contents are unknown
Band intensity too low to characterize

Vapor saturated, Na,CO, used as a CO, source rather than Ag,C,0,

Total loaded CO, content believed unknown due to long run length (see text)

Samples prov1ded by Professor A. Boettcher

Absorbance

Integrated absorbance (cm 1)

- T o®m oM oe oo g R



ABSORBANCE
v
n e N e N e

C-108 0.96% 3
WC-16 056%
44//\\‘;m0ﬂ3 039% 3

J0G-11! 017%

2508 2309

WAVENUMBER, em™
Fig. 3. Background subtracted spectra, from 2,500-2,200 cm ™! and
all normalized to 100 microns sample thickness, of four jadeite
composition glasses containing variable amounts of total dissolved
CO,. Sample numbers and total dissolved CO, contents are shown.
The band at 2,352 cm ™~ ! increases in a regular fashion with increas-
ing total dissolved CO,

obvious depletions of the glasses in spectroscopically ob-
servable carbon by run lengths of only 1 h. We emphasize
that despite the most rigorous precautions, water seems to
be unavoidable in these piston-cylinder experiments. In fact,
water contents seerh to be largely independent of our drying
procedures and even the experiments conducted by Profes-
sor Boettcher utilizing special precautions to ensure dry
conditions (Boettcher et al. 1981) contain dissolved water.
Even C-free runs contain water. Our only consolation is
that we are able to precisely measure water concentrations.

The sharp band at 2,352 cm ™! is attributed to the v,
antisymmetric stretch of molecular CO, (Mysen et al. 1975;
Mysen et al. 1976; Mysen 1976; Brey 1976). We believe
for several reasons that this molecular CO, is homogen-
eously dissolved at molecular scale, probably as weakly
bond units located in holes or cages in the overall glass
structure, rather than present as trapped fluid inclusions:
The intensity of this band increases in a regular fashion
with increasing total CO, content (Fig. 3). Our glasses are
bubble-free when viewed at high power (500 x) with an
optical microscope and their total dissolved CO, contents
are much lower than published CO, solubilities (Mysen
1976). Finally, the location of the band is slightly shifted
from that of gaseous CO, at 2,349 cm ™! (Nakamoto 1978).
When bubbled glasses are intentionally prepared and run,
a double band suggestive of both gaseous CO, in bubbles
and dissolved CO, is observed. Other arguments suggesting
structurally bound CO,, including SEM observations, are
presented by Mysen et al. (1976).

The v, antisymmetric stretch of a free, undistorted car-
bonate group (D, symmetry) results in a degenerate ab-
sorption band at ~1,415cm™!. Distortion of the CO3"
group (to C,, on C, symmetry) results in a loss of the
degeneracy and the appearance of two bands (White 1974;
Nakamoto 1978). Following Brey and Green (1975), we
attribute the broad bands at 1,610 cm™* and 1,375 cm ™!
to the v, stretch of distorted carbonate groups. Sharma
(1979), Sharma et al. (1979a), and Mysen and Virgo
(1980a) assigned analogous bands in other glass composi-
tions the same way.

The constancy of the splitting of the v, mode
(~235 cm ') of carbonate ions in the glasses that we have
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studied suggests that the local environment of the carbonate
group does not vary much over the range of Na,0O, Al,O;,
Si0,, and CO, contents of the glasses that we have studied.
The degree of splitting we observe is much larger than that
generally caused by symmi. .y lowering in crystalline car-
bonates (White 1974), but Nakamoto (1978) notes that ei-
ther a unidentate (C,) or bidentate (C,,) carbonate complex
(a carbonate ion coordinated to a metal atom) could have
approximately the required splitting. The details of the ob-
served splitting presumably provides important information
on the local environment of COZ™ ions in the glasses, but
we are unable to completely decipher these details at this
time. Nevertheless, the large splitting that we observe is
consistent with previous suggestions that carbonate ions
are coordinated with sodium atoms in sodium aluminosili-
cate glasses (Mysen and Virgo 1980b). That the local car-
bonate environment is almost certainly dependent upon,
if not dominated by, the charge-balancing or network modi-
fying cations of the melt (Holloway et al. 1976) is confirmed
by the fact that the v, bands of CO3~ groups in a wide
range of CO,-bearing glasses with dominantly divalent net-
work modifying cations, including basaltic glasses, glasses
in the system Ca0-Al,0,-Si0,, and diopside and akerman-
ite glasses (Rai et al. 1983; Sharma 1979; Sharma et al.
1979a; Fine and Stolper 1985) are split almost identically,
but quite differently from the Na-bearing aluminosilicate
glasses that we have studied.

Although we suggest that carbonate is present in our
glasses as distorted sodium carbonate ionic-complexes, alu-
minium may also play an important role in the local envi-
ronment of carbonate groups. This is suggested by the fact
that the v, carbonate bands of Al-poor Na,0-Al,0;-5i0,
glasses, and of Na,0-SiO, glasses that we have examined
(unpublished results) are, as in crystalline Na,CO,, not
split to the extent observed in this study, if at all. The
precise nature of the interaction between aluminium and
sodium in the distortion of carbonate in our glasses cannot
be addressed with our results and will require study of a
wider range of silicate compositions on the Na,0-Al,0;-
Si0,-CO, join.

There are other interpretations of the bands at
1,610 cm ™! and 1,375 cm ™! found in the literature. Often,
the high energy bands has either not been recognized or
not assigned to any C-bearing species (Mysen et al. 1975;
Mysen 1976; Mysen et al. 1976). Mysen (1976) and Mysen
et al. (1976) also suggest that in some instances, these bands
may be due to HCO; . Rai et al. (1983) conclude that the
analogous doublet in CO,-bearing diopside glass is due to
two distinct carbonate sites in the glass. None of these sug-
gestions can be readily reconciled with our observations
that although the intensities of both bands increase with
increasing total dissolved CO, (Fig. 4), their intensities are
approximately equal to each other (1.17 absorbance,¢;,=
absorbance, 5,5) regardless of total dissolved CO, content,
silicate composition, or total dissolved H,O (Fig. 6). We
also note that the doublets in the diopsidic glasses of Rai
etal. (1983), in the akermanite glasses of Sharma et al.
(1979), and in basaltic glasses and glasses in the system
Ca0-Al1,0,-Si0,-CO, (Fine and Stolper 1985) mimic to
within a few wavenumbers the splitting observed in the
infrared spectrum of distorted CO3~ groups in scapolite.
Scapolite contains only a single carbonate site (Papike and
Stephenson 1966), rather than two carbonate sites or
HCOj groups.
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increase with increasing total dissolved CO,, yet their intensities
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Table 3 presents the quantitative results obtained during
this study, including the run conditions of all syntheses,
the exact locations, intensities and integrated intensities of
all of the aforementioned absorption bands, and the thick-
ness and density of each sample studied.

Three other bands of low intensity were also observed
during the course of this study. The band at 1,610 cm™*
is distorted due to the presence of an unassigned, broad,
low intensity absorption band centered at ~ 1,680 cm 1.
Another band, at approximately 3,700 cm ™, appears preli-
minarily to vary directly with the intensity of the
2,352 ¢m ™! band. It may be a combination of the v, (Ra-
man active only)+ v; modes of molecular CO, . The intensi-
ty of a small band at 2,286 cm ~* also varies directly with
the intensity of the 2,352 cm ™! band. We assign this band
to the v, antisymmetric stretch of molecular **CO,. Both
of these bands are potentially useful for the determination
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Fig. 6. Intensity of the carbonate absorption band at 1,375 cm™
versus the intensity of the carbonate absorption band at
1,610 cm ™!, both normalized to 100 micron sample thickness, for
all of the samples studied. The silicate composition of each glass
is indicated. The intensities of both bands are approximately equal
(1.17 absorbance, ¢,,=absorbance, 5,) regardless of silicate com-
position, total CO, concentration, dissolved H,O content, or the
pressure and temperature from which the glass was quenched
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Fig. 7. Spectra of 12C- (top) and 90% *3C- (bottom) enriched jadeite
glasses. The lowered ratio of the intensities of the molecular CO,
bands to the intensities of the carbonate bands in the **C enriched
glass are due to the additional Na,O added to the glass

of molecular CO, concentrations in glasses enriched in this
component.

All of the band assignments attributed to C-bearing spe-
cies are consistent with the spectra of *3*CO,-enriched
glasses (Fig. 7). The band at 2,352cm™! is offset to
2,286 cm ! as expected (Nakamoto 1978, p. 116), and the
bands at 1,610 cm™! and 1,375 cm™! are lowered in fre-
quency 50 cm ™! and 35 em ™ * respectively. The unidentified
band at 1,680 cm™! is also offset ~50 cm ™!, indicating
that it too is due to a C-bearing species.

Calibration of band intensities versus species concentration

The Beer-Lambert law expresses the relationship between
absorption band intensity and the concentration of either



Table 4. Calculated molar absorptivities and integrated molar ab-
sorptivities for infrared absorption bands due to C-bearing species

Band Assignment Molar Integrated molar
(cm™ Y absorptivity® absorptivity?
(liters/mole-cm)  (liters/mole-cm?)
2,352 molecular CO, 945445 25,2004-1,200
1,610 Cco%- 2004 15° 24,100 + 1,900
1,375 COz- 235+20° 16,800 + 1,500

* FErrors in these reported values were calculated assuming uncer-

tainties of +10% total loaded CO,, of +2% estimated density,
of 4 0.02 absorbance units, and of + 3 microns sample thickness.
To the extent that reduced carbon species are present in these
glasses or that the experiments lost carbon, the molar absorptivi-
ties have been underestimated

These values are revised from the values of 300-400 liters/mole-
cm presented in a preliminary report (Fine and Stolper 1984)
due to improved background subtraction of our spectral data

CO, or CO3 :
44.01 x absorbance 1
c= X — ¢))
dxp &

where ¢ is the weight fraction of either CO, or CO3™ (ex-
pressed as a weight fraction of CO,), 44.01 is the molecular
weight of CO, in g/mole, absorbance is expressed in absorb-
ance units, d is the sample thickness in cm, p is the sample
density in g/liter, and ¢ is the molar absorptivity (or extinc-
tion coefficient) in liters/mole-cm. If integrated absorbances
are measured instead of absorbances, the integrated molar
absorptivity is substituted for molar absorptivity in Eq. (1).
The total amount of carbon dissolved in a glass as molecu-
lar carbon dioxide and carbonate can be readily determined
via infrared spectroscopy using Eq. (1) provided that the
molar absorptivities of the band due to molecular CO, and
one of the carbonate bands are known.

Molar absorptivities (and integrated molar absorptivi-
ties) for the 2,352 ¢m™* 1,610 cm ™ !, and 1,375 cm ™' bands
are listed in Table 4 and were determined by the following
procedure: An equation was written giving total dissolved
CO, as the sum of dissolved molecular CO,, based on
the absorbance of the 2,352 cm™! band, and of CO, dis-
solved as carbonate, based on the absorbance of the
1,610 cm ™! band, for each of the 20 glasses for which total
CO, contents were believed to be accurately known (see
Table 3). The molar absorptivities of the 2,352 cm™" and
1,610 cm ™! bands were then determined based on these
20 equations using a least squares method similar to that
given by Albarede and Provost (1977) by which errors could
be assigned to all of the parameters given in Equation (1)
and to the best fit molar absorptivities. Three glasses (NC-
15, ABC-57, and JDC-114) were anomalous, probably due
to either errors in sample weighing or CO, loss during syn-
thesis, and were ultimately rejected from the fitting proce-
dure. The best fit value of the ratio of the extinction coefi-
cients of the 1,610 cm™! and 1,375 ¢cm ™! bands was deter-
mined from the data shown in Figure 6 and the molar ab-
sorptivity of the 1,375 cm ™" band given in Table 4 is based
on this ratio. The ratios of the integrated absorbances to
absorbances for each of these bands were also determined
by least squares and the integrated molar absorptivities
listed in Table 4 are based on these ratios.
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Fig. 8. Comparison of total CO, contents based on amount of
silver oxalate loaded into the capsule and based on summing spec-
troscopically determined molecular CO, and CO3~ concentrations
using the bands at 2,352 cm ™! and 1,375 cm ™', Molar absorptivi-
ties are from Table 4. A line of loaded CO,=measured CO, is
shown for reference. Samples shown are those used to determine
molar absorptivities by least squares; the close correspondence of
the data to a 45° line reflects the internal consistency of our calibra-
tion procedure. (Samples shown are NC-13, 17, 19, 20, 21; ABC-53,
54, 55, 56, 58, 62, 64; JDC-103, 108, 110, 111, 112, 113, 116,
and BOET-2295)

Our procedure for determining molar absorptivities is
based on two critical assumptions. First, molar absorptivi-
ties are assumed to be constant over the range of composi-
tions studied and second, all dissolved CO, is assumed to
be present as either molecular CO, or carbonate. The inter-
nal consistency of these assumptions can be tested by com-
paring total CO, concentrations, obtained by summing
spectroscopically determined molecular CO, and carbonate
concentrations, with the amounts of CO, originally loaded
into the capsules. Figure 8 shows that the spectroscopically
determined values adequately reproduce the total amount
of CO, originally added to these glasses over the range
of silicate compositions studied.

Infrared spectroscopy thus appears to be a useful tool
for the measurement of CO, concentrations in glasses along
the NaAlO,-SiO, join to low levels of total dissolved car-
bon. Estimated detection limits are 25 ppm molecular CO,
and 75 ppm CO3~ for a 200 micron thick piece of glass.
Thicker samples would, from Eq. (1), have lower detection
limits, but absorption bands due to aluminosilicate vibra-
tions would tend to overwhelm the bands at both
1,610 cm ™' and 1,375 cm ! in thicker specimens. Precision
of relative CO, and CO3~ concentration measurements is
estimated to be on the order of several percent based on
uncertainties in absorbance, density, and sample thickness
measurements. As reflected by the scatter to the data in
Fig. 8, accuracy is estimated to be +15-20% at this time.
As noted above, we think that uncertainties in loaded CO,



112

Table 5. Concentrations (in wt. %) of molecular CO,, CO2~, and total CO, based on spectroscopic measurements. CO3 ™ concentrations
are given as wt.% CO, dissolved as CO2~ and are based on the intensity of the 1,375 cm™! band. The mole fractions of molecular
CO, and CO%™ are also given. Mole fractions are computed on the basis of moles of assumed mixing species (i.e. CO,, Co3-,

and O)

Sample # P (kbar) T(°C) CO, (mol.) Cco%- CO, (Tot.) Xco, Xeoz-
NC 2 25 1450 0.62 0.15 0.78 0.0046 0.0011
NC 3 25 1450 0.05 0.04 0.08 0.0004 0.0003
NC 4 25 1450 0.29 0.05 0.34 0.0021 0.0004
NC 6 25 1450 0.29 0.10 0.39 0.0021 0.0007
NC 7 25 1450 0.30 0.08 0.38 0.0022 0.0006
NC 10 25 1450 0.58 0.09 0.67 0.0042 0.0007
NC 13 25 1450 0.02 0.00 0.02 0.0002 0.0000
NC 15 25 1450 0.34 0.00 0.34 0.0025 0.0000
NC 17 25 1450 0.25 0.00 0.25 0.0018 0.0000
NC 19 25 1450 0.45 0.00 0.45 0.0033 0.0000
NC 20 25 1450 0.22 0.00 0.22 0.0016 0.0000
NC 21 25 1450 0.37 0.00 0.37 0.0027 0.0000
ABC 14 25 1450 0.00 0.00 0.00 0.0000 0.0000
ABC 22 25 1450 0.42 0.20 0.62 0.0032 0.0015
ABC 23 33 1450 0.91 0.46 1.37 0.0068 0.0034
ABC 24 33 1450 0.24 0.16 0.40 0.0018 0.0012
ABC 25 33 1450 0.58 0.34 0.92 0.0043 0.0025
ABC 27 27 1450 0.16 0.08 0.24 0.0012 0.0006
ABC 29 15 1450 0.24 0.08 0.32 0.0018 0.0006
ABC 30 15 1450 0.22 0.11 0.32 0.0016 0.0008
ABC 33 25 1560 0.31 0.15 0.46 0.0023 0.0011
ABC 35 25 1560 0.23 0.14 0.37 0.0017 0.0011
ABC 53 25 1450 0.59 0.22 0.81 0.0044 0.0016
ABC 54 20 1450 0.25 0.10 0.35 0.0019 0.0007
ABC 55 20 1450 0.11 0.09 0.20 0.0008 0.0007
ABC 56 20 1450 0.39 0.09 0.47 0.0029 0.0006
ABC 57 20 1450 0.45 0.17 0.62 0.0034 0.0012
ABC 58 20 1450 0.28 0.10 0.38 0.0021 0.0007
ABC 62 20 1450 0.71 0.21 0.91 0.0053 0.0015
ABC 64 20 1450 0.59 0.22 0.81 0.0044 0.0016
JDC 67 25 1400 0.26 0.37 0.62 0.0020 0.0028
JIDC 68 25 1400 0.14 0.32 0.46 0.0011 0.0024
IDC 69 25 1400 0.47 0.717 1.23 0.0036 0.0059
JIDC 72 25 1400 0.10 022 0.32 0.0008 0.0017
IDC 73 25 1400 0.10 0.28 0.38 0.0008 0.0021
IDC 74 25 1400 0.07 0.19 0.26 0.0005 0.0015
IDC 76 25 1400 0.08 0.18 0.26 0.0006 0.0014
IDC 84 25 1450 0.29 0.51 0.80 0.0022 0.0039
IDC 85 25 1450 0.06 0.14 0.20 0.0005 0.0011
IDC 86 25 1450 0.26 0.50 0.76 0.0020 0.0038
DC 89 25 1450 0.25 0.48 0.73 0.0019 0.0037
IDC 90 25 1450 0.23 0.36 0.59 0.0017 0.0028
IDC 91 25 1450 0.02 0.07 0.09 0.0002 0.0005
IDC 103 25 1450 0.18 0.05 0.23 0.0014 0.0004
IDC 108 25 1450 0.43 0.69 1.12 0.0033 0.0053
IDC 110 25 1450 0.00 0.00 0.00 0.0000 0.0000
IDC 111 25 1450 0.05 0.11 0.16 0.0004 0.0008
JDC 112 25 1450 0.16 0.33 0.49 0.0012 0.0026
IDC 113 25 1450 0.15 0.23 0.39 0.0012 0.0018
IDC 114 25 1450 0.11 0.25 0.37 0.0009 0.0019
JDC 116 25 1450 0.19 0.40 0.59 0.0015 0.0031
BOET 2582 20 1450 0.63 1.29 191 0.0048 0.0099
BOET 2990 20 1450 0.39 0.13 0.52 0.0029 0.0009
BOET 2995 20 1450 0.71 0.21 0.92 0.0053 0.0016

concentrations and problems with CO,-loss during our ex-

periments represent the major source of this scatter.

The extinction coefficients given in Table 4 have been
used to obtain the amounts of molecular CO, and CO3%~
dissolved in each of the glasses synthesized in this study.

The results are presented in Table 5.

Speciation of carbon dioxide in silicate glasses

Figure 9 shows molecular CO, versus carbonate concentra-
tions for jd-E, ab-E, and eu-E glasses synthesized at
1,450° C and 25 kbar with up to 1.1 wt. % total dissolved
CO,. For each silicate composition, the ratio of molecular
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Fig. 9. Molecular CO,, concentration versus the concentration of
CO, dissolved as CO3~ for glasses on the NaAlSi,04Si0,-CO,
join quenched from melts held at 1,450° C and 25 kbar. Concentra-
tions are spectroscopically determined. The trends defined by each
composition as a function of total CO, content are outlined and
reproduced in Figs. 10-12. (Data points are for NC-2, 3, 4, 6,
7, 10, ABC-14, 22, 27, 53, and JDC-84, 85, 86, 89, 90, 91, 108,
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Fig. 10. Molecular CO, versus CO, dissolved as carbonate for
glasses quenched from melts held at 1,450° C and pressures other
than 25 kbar. The pressure of each run is marked. Trends are
for glasses equilibrated at 1,450° C and 25 kbar (Fig. 9). Filled
data points are from samples synthesized in the laboratory of A.
Boettcher. (Data points are for ABC-23, 24, 25, 29, 30, and BOET
2582, 2990, 2995)
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CO, to CO?%~ dissolved in the glasses varies little over the
range of total CO, contents studied. The ratio is, however,
a strong function of silicate composition, increasing with
increasing silica and decreasing soda and alumina content
along the NaAlQ,-Si0, join. CO, dissolves in jd glass pre-
dominantly as CO3™; the ratio of molecular CO, to CO,
as COZ™ is approximately 0.6. In ab and eu glasses, molecu-
lar CO, predominates; the ratios are approximately 2.3 and
5, respectively. Glasses prepared from compositions that
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Fig. 11. Molecular CO, versus CO, dissolved as carbonate for
glasses quenched from melts held at 25 kbar and temperatures
other than 1,450° C. The temperature of each run is marked.
Trends are for glasses equilibrated at 1,450° C and 25 kbar (Fig. 9).
(Data points are for ABC-33, 35, and JDC-68, 69, 72, 73, 74,
76)
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Fig. 12. Molecular CO, concentration versus the concentration of
CO, dissolved as CO3~ for glasses on the NaAlO,-8i0,-CO, join
comparing the data of Mysen (1976) with our results (shaded re-
gions). Mysen’s data points are labelled with the pressure and tem-
perature of the melt prior to quenching. There is essentially no
correlation between the two data sets
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lost Na during the initial drying processes (jd-X, ab-X, eu-X)
have higher, but still constant molecular CO, to CO3™ ra-
tios. The ratio is 3.4 in jd-X glasses and 2.7 in ab-X glasses.
Eu-X glasses contain negligible CO3 ™.

We have also studied glasses of ab-E, ab-X and jd-E
compositions quenched from melts held at pressures and
temperatures other than 1,450° C and 25 kbar. While there
is some variation suggesting a slight increase in the ratio
of molecular CO, to carbonate with decreasing temperature
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and pressure (Figs. 10-11), the variations are minor for
each of the compositions we have studied. The pressure
and temperature dependence that we have observed is small
when compared to previously reported results (Mysen 1976
and Fig. 12). We conclude that the speciation of CO, in
glasses on the NaAlO,-Si0O, join is not strongly dependent
on pressure and temperature over the 15-33 kbar,
1,400-1,560° C ranges.

The ratios of molecular CO, to CO3~ of the ab and
jd CO,-bearing glasses synthesized in the laboratory of
Professor A. Boettcher are similar to those of our CO,-
bearing ab-E and jd-E glasses (Fig. 10). Since these glasses
were synthesized using both Na,CO; and Ag,C,0, as CO,
sources and were held at melt conditions for a variety of
run lengths, we take this correspondence to be indicative
of equilibrium between CO, species in the glasses we have
studied.

Since none of our runs were anhydrous, it is difficult
to assess the role of H,O in the CO, speciation trends
we observe. Previous workers (Eggler and Rosenhauer
1978) have stated that H,O enhances the formation of
CO3~. We see no relationship between the ratio of molecu-
lar CO, to CO}™ and the H,O contents of the samples
that we have studied. However, the water contents of our
glasses are low; higher water contents may well influence
the speciation of CO,.

Discussion

Comparison with previous spectroscopic investigations

Our results are comparable with those of Mysen (1976),
who used infrared spectroscopy to investigate CO, dissolu-
tion in glasses quenched from vapor-saturated melts on the
NaAlO,-5i0,-CO, join. Mysen et al. (1976) also reported
infrared studies of CO,-bearing NaAlSi;Og glass. In
addition, Brey (1976) studied CO,-bearing glasses on the
NaAlSi;04-CaAl,Si, 0y join with infrared spectroscopy,
and Raman spectroscopy was used to investigate glasses
in this system by Mysen and Virgo (1980b). In all of these
studies, as in ours, glasses were synthesized by quenching
from melts held at high pressures and temperatures in
piston-cylinder apparatuses. The pressures and tempera-
tures from which the melts were quenched were similar in
all of these investigations. One difference between these pre-
vious studies and ours is that they focussed on saturated
systems whereas most of the glasses that we examined were
quenched from vapor-undersaturated melts.

There is little disagreement about the existence of both
molecular CO, and carbonate in CO,-bearing sodium alu-
minosilicate glasses, although Brey (1976) states, without
supporting evidence, that the molecular CO, is a quenching
phenomenon. We confirm the conclusion of Mysen (1976)
that the speciation of CO, in silicate melts is strongly depen-
dent on silicate composition, with the ratio of molecular
CO, to carbonate increasing with increasing silica content
on the NaAlO,-8iO, join. There is, however, little quantita-
tive correspondence between our measured molecular CO,
and carbonate contents and those reported by Mysen (1976)
(Fig. 12). We see no evidence of the strong pressure and
temperature dependence of CO, speciation that Mysen
(1976) reported. Finally, we find essentially constant car-
bonate to molecular CO, ratios for each silicate composi-
tion as total dissolved CO, content increases; Mysen and

Virgo (1980b) reported that the CO%~ to molecular CO,
ratio increases with total dissolved CO, in albite glasses.

Why are our results so different from those of Mysen
(1976)? The total CO, contents of the glasses studied by
Mysen tend to be at the high end of those studied by us,
since his experiments were vapor-saturated while most of
ours were not. The P-T conditions and total CO, contents
of these two studies overlap, however, and the results
should be comparable. We suspect the explanation of the
discrepancies between results lies principally in differences
in analytic techniques. Mysen (1976) used a mixture of
Ba'*CO; and Na,CO; as a CO, source and measured the
total dissolved carbon content of each of his glasses by
p-track counting. Then, using the intensity of the 7.2 micron
(~1,375 cmn " ! in this study) carbonate band, which he cali-
brated using mixtures of powdered CO,-free silicate glass
and Na,CO; embedded in KBr discs, he determined the
concentration of CO%~ dissolved in each glass. Molecular
CO, concentrations were determined by the difference be-
tween the total carbon content and the COZ™ content.

One limitation of the procedure employed by Mysen
(1976) is that uncertainties in bulk CO, content determined
by f-track mapping and in carbonate concentration deter-
mined by infrared spectroscopy propagate into estimations
of molecular CO, content. One potential problem is that
all of the carbon detected by f-tracking may not be dis-
solved or present as oxidized species. Other possible uncer-
tainties associated with the use of f-track mapping for bulk
carbon analysis have been discussed by Brey (1976) and
Rai et al. (1983).

There are also uncertainties associated with Mysen’s
(1976) determination of carbonate concentrations via infra-
red spectroscopy. Infrared spectra were obtained on discs
of KBr in which powdered glasses were embedded. Numer-
ous studies (Duyckaerts 1959; Tuddenham and Lyon 1970;
Russell 1974; Wong and Angell 1976) have indicated that
extreme care must be taken with KBr pellets and that quan-
titative results are difficult to obtain. Our experience has
confirmed that KBr spectra are often quite difficult to inter-
pret, especially in the case of these CO,-bearing glasses,
in which relevant band intensities are quite low. Particle
size has a large effect on absorption spectra and care must
be taken to reproducibly grind samples. Grinding can, in
some cases, structurally alter the material of interest. Ad-
sorption of gases on both the KBr and the ground sample
may also be significant (Barker and Torkelson 1975). It
is clear that many of the earlier studies that used infrared
spectroscopy on KBr pellets to study volatile speciation
in glasses suffered from these difficulties. Therefore, many
of the conclusions drawn from them are suspect. In particu-
lar, the conclusions that molecular CO, is a detectable con-
stituent of nearly all C-bearing glasses, including basic com-
positions such as diopside and several natural rock compo-
sitions (Mysen et al. 1975; Mysen et al. 1976), and that
its concentration varies systematically with conditions of
melt equilibration were almost certainly artifacts. In the
case of diopside, molecular CO, has not been detected by
Raman spectroscopy (Sharma 1979; Mysen and Virgo
1980a; Rai et al. 1983). We have studied one of the glasses
synthesized by Rai et al. (1983) [Di #89] and conclude, us-
ing a molar absorptivity for the 2,352 cm ™! band of 945
liters/mole-cm, that the concentration of molecular CO,
is less than 25 ppm by weight. We have also failed to detect
any molecular CO, in synthetic CO,-rich basaltic glasses



or in glasses in the gystem Ca0-Al,0;-Si0,-CO, (Fine and
Stolper 1985). A combination of adsorbed CO, and incom-
plete purging of the sample chamber (Brey 1976) may have
been responsible for the spurious molecular CO, observed
in the spectra of Mysen et al. (1975, 1976). Examination
of the spectra of Mysen et al. (1975), Mysen et al. (1976),
and Mysen (1976) suggests that water adsorbed on the KBr
was probably also a problem, resulting in major absorptions
at ~3,500 and ~ 1,600 cm ™~ 1. Eggler et al. (1979) also sug-
gest that adsorbed acetone can produce significant absorp-
tions in spectra of powdered materials.

There may also be problems with the procedure used
by Mysen (1976) to calibrate the intensity of the
~1,375 cm ™! carbonate band. The carbonate band is split
by ~200cm™! in NaAlO,-Si0, glasses and only slightly
split in Na,CO, (White 1974), suggesting that caution
should be used in equating the integrated molar absorptivi-
ties for the carbonate groups in these two systems. Indeed,
our measured integrated molar absorptivity for the
1,440 cm ™! (actual location) band in Na,CO, (determined
using KBr pellets).is ~ 36,500 liters/mol-cm?, more than
twice the value we have obtained for the 1,375 cm ™! band.
We are also puzzled by the fact that Mysen’s (1976) calibra-
tion curve for the ~1,400cm™' carbonate band (his
Fig. 10) is not linear and does not pass through zero and
that the area he measures to determine concentration is
described in his text as “transmittance”, whereas absorb-
ance would be the usual measurement used for determining
the CO3~ concentration.

By taking our spectra on doubly-polished glass plates,
we have avoided the problems associated with KBr pellets.
Most important, however, is the fact that we measure mo-
lecular CO, and carbonate band intensities simultaneously
in each glass plate. Thus, even if our determinations of
molar absorptivities are in error, leading to inaccuracies
in the measured concentrations of the various species, the
ratios of band intensities, and thus variations in the relative
proportions of dissolved C-bearing species, can be precisely
determined. This contrasts with the approach used by My-
sen (1976) in which the concentration of molecular CO,
was determined by difference between independent determi-
nations of total dissolved CO, and carbonate concentra-
tions. Using Mysen’s approach, meaningful determinations
of the relative proportions of molecular CO, and carbonate
depend on both the accuracy and precision of the total
CO, and carbonate concentrations. We believe that these
factors explain the differences between the two data sets
in Fig. 12.

One final potential advantage of our technique over the
use of KBr pellets is that the infrared beam may be aimed
at particular spots in the sample. Glasses may be checked
for homogeneity or diffusion gradients and glass pockets
interstitial to crystals can be analyzed. The size of the
“spot”” that can be analyzed will depend on the spectrome-
ter and will be ultimately limited by diffraction, but spot
sizes on the order of a few tens of microns or better are
achievable with modern instrumentation.

Our results indicate that at relatively low concentrations
of CO, in silicate glasses, the ratio of molecular CO, to
carbonate in a glass varies little with total dissolved CO,
content. Using Raman spectroscopy, Mysen and Virgo
(1980b) found that over a similar range of pressure, temper-
ature and CO, content, the ratio of carbonate to molecular
CO, increased with increasing total CO, content for albite
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glasses. It is difficult to evaluate this conclusion since Mysen
and Virgo (1980b) give no quantitative details. There is
neither a demonstration of a linear variation in band inten-
sity with species concentration, nor a discussion of the pre-
cision and accuracy of their determinations of band intensi-
ties, nor a consideration of their detection limits for CO,
and CO%~ in glasses. The band at ~1,075 cm ! that they
use to infer CO3~ concentration is deeply buried among
three silicate bands, and its intensity can only be determined
by deconvolution procedures. This probably means that the
detection limit and precision for CO3~ concentrations de-
termined by this procedure are poor. Apparently confirm-
ing this, they saw no COZ~ in an albite glass containing
0.68 weight percent total CO,, whereas in equivalent glasses
that we have studied, carbonate is readily detected. It also
appears from Fig. 3 of Mysen and Virgo (1980b) that the
intensity of the band at ~1,378 cm ™! that they have as-
signed to molecular CO, increases roughly in proportion
to their CO3~ band between 2.05 wt. % and 3.20 wt. % to-
tal CO,. Their data might be consistent with a roughly
constant molecular CO, to carbonate ratio. Thus, the ap-
parent discrepancy between the Raman spectroscopic re-
sults of Mysen and Virgo (1980b) and our infrared results
may simply reflect the fact that infrared spectroscopy is,
at this stage, more useful as a tool for measuring the concen-
trations of C-bearing species in silicate glasses. A similar
conclusion was reached by Stolper (1982a) regarding mea-
surement of the concentrations of water and hydroxyl
groups in glasses.

Speciation of CO, in silicate melts

Although our spectroscopic measurements are on CO,-
bearing glasses quenched from melts, our principal interest
is in the behavior of CO,-bearing melts. Throughout the
remainder of this paper, we will assume that the speciation
of CO, that we have measured in glasses accurately reflects
that of the melts from which they were quenched. Support
for this assumption comes from numerous comparisons be-
tween the properties of melts and glasses at 1 atm (e.g.,
Taylor et al. 1980; Seifert et al. 1981; Okuno and Marumo
1982; Aines et al. 1983) and from the fact that the specia-
tion of water in glasses quenched from melts does not ap-
pear to be affected by quenching provided that quenching
is done rapidly (Stolper et al. 1983).

Water, like carbon-dioxide, dissolves in silicate glasses
and melts both in molecular form and as ions (hydroxyl
in the case of water and carbonate in the case of carbon
dioxide) produced by reaction between the molecular spe-
cies and oxygen atoms of the silicate melt (Stolper 1982a).
The homogeneous equilibrium between melt species has
been described as follows for water-bearing melts:

H,O0 (molecular)+ 0*~ =20H" 2)

with an equilibrium constant:

m 2
Kl — — (GOH;‘) (3)
(a32-) (aHZO,mol)
where g™ refers to the activity of each of the melt species.
At very low concentrations of dissolved water, the concen-
tration of unreacted oxygen is essentially the same as in
anhydrous melt, because it has not decreased either by dilu-
tion with molecular water or by extensive conversion to
hydroxyl groups, and a3:- can be treated as constant. The
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activities of hydroxyl and molecular water can be approxi-
mated by their mole fractions (Stolper 1982b) and there-
fore:

(X3’
(X I]220, mol)

Therefore, at low total water concentrations the concen-
tration of molecular water in melts is expected to be propor-
tional to the square of the concentration of hydroxyl
groups. This is related to the oft-quoted ““square-root” rela-
tionship between the fugacity of water in melts and its mole
fraction at low total water contents (Stolper 1982b).

A similar treatment can be applied to the equilibrium
between molecules of CO, and carbonate in melts. The
homogeneous equilibrium between melt species can be de-
scribed with the following sort of reaction:

CO, (molecular)+ 0%~ =CO3~, Q)

~ (aB:-)(K,)~constant. “)

with an equilibrium constant:

_ (ago?, ") 6
(agz“) (atgoz,mol) . ( )

We can envision CO, solution as the mixing of CO, mole-
cules with C-free silicate melt species. These react according
to reaction (5), producing carbonate, until the equilibrium
constant K is satisfied.

It is likely that not all oxygens in silicate melts are
equally reactive with molecular CO, to produce carbonate.
Thus, for each distinguishable type of oxygen in the melt,
a reaction such as (5) can be written, each having its own
value of K (Eq. 6). Many of the oxygen species in silicate
melts may be effectively inert with respect to CO,. K in
Eq. (6) would be approximately zero for these oxygen spe-
cies. For purposes of discussion, we will assume that one
reaction of the form of Eq. (5) is dominant and thus that
0%~ in Eq. (5) refers to a subset of the oxygens in the
melt (e.g., to the bridging, non-bridging, or free oxygens
in the sense of Toop and Sammis 1962). Thus afz- will
be less than 1 for CO,-free melts and will probably vary
with the silicate composition of the melt.

The relationships between the activities of molecular
CO,, carbonate, various types of oxygen atoms in the melt,
and melt composition are not obvious and are not likely
to be simple. In this discussion, we envision the melt to
be a mixture of CO, molecules, carbonate groups, and oxy-
gen atoms, analogous to the model developed by Stolper
(1982b) for molecular water, hydroxyl groups, and oxygen
atoms in hydrous melts. In the latter case, an ideal mixture
of these species was assumed, giving activities equal to mole
fractions. In the case of a mixture of CO, molecules, car-
bonate groups, and oxygen atoms, the fact that the each
species has a different size complicates the relationship be-
tween activity and composition even for ideal (in the sense
that all configurations are energetically equivalent) mix-
tures. In these situations, volume fractions have greater sig-
nificance than mole fractions (Flory 1944; 1953, Chapter
XII; Guggenheim 1952, Chapter X). For the simple analysis
given here, however, we will assume that activity equals
mole fraction for each species, keeping in mind that this
is only an approximation. Mole fraction in this context
refers to the number of moles of a particular mixing species
in the mixture over the total number of species. For exam-
ple, for a melt consisting of 1 mole of CO, molecules,

3moles of CO3~ groups, and 1 mole of NaAlSi,Og
(6 moles of O), X¢o, met =0.-1 and Xg2-=0.3.

If we consider only low total CO, contents, such that
af:—, the activity of the reactive oxygen species, can be
treated as approximately constant and the activities of the
carbon-bearing species can be approximated by their mole
fractions, Eq. (6) can be approximated by:

(%E(:Z r;)1) = (ag2-) (K)~constant. -

Our observation that for each composition there is an
approximately linear relationship between the concentra-
tion of molecular CO, and carbonate up to ~2% total
CO, (Figs. 9-11) is thus precisely what we would expect
based on homogeneous equilibrium between melt species.

Although the CO,/CO3" ratio increases as silica in-
creases along the NaAlO,-Si0, join, it is not clear whether
this should be attributed to decreasing soda and alumina
or to increasing silica. Our experiments on silicate composi-
tions that lost sodium during extended drying at 800° C
(ab-X, jd-X, and eu-X) point to a major role for the sodium
concentration. Even the relatively minor soda losses experi-
enced by these compositions (resulting in slightly
peraluminous bulk compositions) result in dramatic in-
creases in the ratio of molecular CO, to carbonate in the
glasses. Indeed, this is how we were first alerted that these
compositions were depleted in soda.

The observed variations in speciation with melt compo-
sition can be readily rationalized in terms of Eqs. (6) and
(7). Suppose that the equilibrium constant K in Eq. (6)
does not vary over the range of compositions that we have
studied. It is then clear from Eq. (7) that at low total dis-
solved CO, contents, the ratio of CO%~ to molecular CO,
would increase with increasing soda content, provided that
the basicity of the melt (i.e., the activity of reactive oxygens,
ag:~) increases with increasing soda content. This would
be the case, for example, if CO, molecules reacted primarily
with non-bridging oxygens or free oxygens (Toop and Sam-
mis 1962; Pearce 1964; Wagner 1975), since in both cases
the concentrations of these oxygens are expected to be cor-
related with Na,O content.

As it is written, reaction (5) does not explicitly take
into account the changes in the speciation of the C-free
aluminosilicate matrix of the melt that accompany forma-
tion of carbonate (e.g. changes in degree of polymerization,
etc.) However, a linear relationship between X&,:- and
XTo,,ma 18 €xpected to hold at low total CO, contents for
each silicate composition regardless of the details of the
reactions describing the molecular CO,-carbonate-oxygen
interactions. The linearity results from the fact that one
carbon dioxide molecule is converted into one carbonate
group and from the approximation that the activities of
the oxygen species are constant. For example, a linear rela-
tionship would also be expected to hold at low CO, concen-
trations if reaction (5) were replaced by:

CO, (molecular)+20~ =C0O2%™ +0° ®)

where O~ and O° refer to non-bridging and bridging oxy-
gens, respectively, in the sense of Toop and Samis (1962).
This is the kind of reaction proposed by Eggler and Rosen-
bauer (1978) for the production of carbonate groups in
diopside and other basic melt compositions.

At high total dissolved CO, contents the relationship
between the concentration of molecular CO, and carbonate



is expected to deviate from linearity when the approxima-
tions that ag2- in Eg. (6) or that a,_ and a,. in the equiva-
lent expression for Eq. (8) are constant break down. Under
these circumstances, we would expect that the molecular
CO,/carbonate ratip would begin to increase with increas-
ing total CO,, as in the case of the solution of water, where
the ratio of molecular water to the square of the hydroxyl
concentration eventually begins to increase as water content
increases (Stolper 1982b). Just where the expected deviation
from linearity would become noticeable is unclear, but it
must be at >1% total CO, in the compositions that we
have studied (Fig. 9). If a reaction such as that described
in Eq. (8) describes the molecular level interactions between
molecular CO, and carbonate in sodium aluminosilicate
melts, the linear relationship could extend to relatively high
total CO, contents. In such a case, the activity of the major
species O° might be changed little by the addition of small
amounts of carbonate and the activity of O™, a minor spe-
cies, might be buffered by interactions with other C-free
melt species and change very little even after substantial
molecular CO, has been converted to CO3 ™. This will be
true for any carbonate-producing reaction involving rela-
tively minor oxygen species whose concentrations might be
essentially buffered by the concentrations of major species
not greatly affected by the addition of carbonate or molecu-
lar CO,.

Spera and Bergman (1980) analyzed available data on
the pressure and temperature dependence of CO, solubility
in silicate melts using a thermodynamic model of CO,-bear-
ing silicate melts in which the activity of CO, dissolved
in the melt was assumed to be proportional to the mole
fraction of total dissolved CO,. Our results also suggest
that the relationship between activity and composition in
CO,-bearing melts can be approximated as linear. This fol-
lows from the fact that the activity of CO, in the melt
can be assumed to be roughly equal or proportional to
the mole fraction of dissolved molecular CO,, which is in
turn approximately proportional to total dissolved CO, be-
cause carbonate and molecular CO, contents are propor-
tional. Our results can thus explain why Spera and Berg-
man’s “ideal” model for the relationship between acq, and
the mole fraction of total dissolved CO, is so successful
at explaining phase equilibrium data.

Spera and Bergman (1980) also used available solubility
data to determine I7COZ, the partial molar volume of CO,
in silicate melts, for a number of melts including albite,
jadeite, and nepheline. Recall that most of the dissolved
CO, in albite is molecular CO,, whereas most in nepheline
is expected to be carbonate. That Spera and Bergman (1980)
found I7CQ2 to be essentially identical for these melts despite
the difference in their speciation suggests that the volume
change accompanying reactions such as (5) and (8) are mi-
nor. This is consistent with our observation that CO, spe-
ciation is only weakly dependent on pressure.

Solubility of CO, in silicate melts

The equilibrium between silicate melt and CO,-bearing va-
por can be modelled by the following heterogeneous equi-
librium:

COYP°r = COF" (molecular) 9)
with an equilibrium constant:
am mo am mo. Xm 2. Mo
0, = C0,, mol _ 4C0,.mol A COz.mol (10)

avcoz b COZZ}%OZ fe coz/f%o2
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where agg, me a0d alg, tefer to the activities of molecular
CO, in the melt and CO, in the vapor. The fugacity of
CO, in the vapor is f,, and of CO, in pure CO, vapor
is f&o,- The standard state for CO, in the vapor is pure
CO, vapor at pressure and temperature; i.e., ago, is 1 at
all pressures and temperatures for pure CO, vapor and
less than one if the vapor contains other constituents. The
standard state for molecular CO, in the melt is a fictive
form of pure CO, at pressure and temperature such that
the activity coefficient of molecular CO, in the melt ap-
proaches 1 as its concentration approaches zero. The recip-
rocal of Kqo, can thus be regarded as a Henry’s law con-
stant and the approximation given in Eq. (7) (afo, ma™~
X Co,,mo) Will be strictly true as long as Henry’s law holds.

If K¢, is only weakly dependent on melt composition
for melts near the NaAlO,-SiO, join, this would mean that
the mole fraction of molecular CO, (XTo, no) Would be
similar in all melts equilibrated with pure CO, vapor at
a given pressure and temperature. The total CO, solubility
is the sum of CO, dissolved as molecular CO, and carbon-
ate; therefore since the amount of dissolved carbonate at
constant X, . increases from silicate to jadeite (Fig. 9),
we would anticipate from our results that CO, solubility
should also increase in this order. This is precisely what
is observed (Mysen 1976). In our view, variations in the
solubility of CO, in each of these water-poor melts as func-
tions of pressure and temperature would be due mostly
to variations in Ko, as a function of pressure and tempera-
ture, because CO, speciation is only weakly dependent on
pressure and temperature.

It should be possible, given the measured solubility of
CO, in one melt composition at a given pressure and tem-
perature, to use our CO, speciation data to calculate the
solubility of CO, in other melt compositions at the same
pressure and temperature. Our speciation data suggest that
the ratio of the solubility of total CO, in albite melts to
that in jadeite melts should be ~0.54. Mysen (1976) re-
ported that this ratio ranged from 0.65 at 1,625° C and
20 kbar to 0.90 at 1,450° C and 10 kbar. We consider the
agreement to be satisfactory given the possible uncertainties
in Mysen’s measurements and our own absolute CO,/CO3~
measurements. Our analysis also suggests that pure silica
liquid would dissolve CO, essentially entirely as molecular
CO,; the solubility of CO, will then be ~70% of that
in albite melt, assuming that at saturation X ¢, . i the
same in all melts. Based on the data of Mysen (1976), this
suggests a solubility of 1.2 wt.% CO, in metastable silica
melt at 20 kbar, 1,625°C and 1.7 wt.% at 30 kbar,
1,625° C. The results of Boettcher (1984) on phase equilib-
ria in the system Si0,-CO,-H,O also suggest a nontrivial
solubility of CO, in silica melts.

Solubility mechanisms of CO, in silicate melts

We regard silicate melts as dynamic, with the homogeneous
equilibria between oxygen species continually readjusting
as they are perturbed by the addition of CO, or other com-
ponents. Thus, even if only a single kind of oxygen actually
reacts with molecular CO, to form carbonate, the concen-
trations of other oxygen species will be affected as they
act to buffer the single reactive oxygen species. Thus, even
if the concentrations of the different oxygen species could
be determined, it may be extremely difficult to specify which
classes of oxygen are directly involved in carbonate-produc-
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ing reactions and which are passively responding to these
reactions. There has, however, been considerable specula-
tion about the structural role played by the oxygens that
react with CO, molecules to produce carbonate groups and
about the structural changes that occur in the silicate frame-
work of these melts when reactions such as (5) proceed.

It is widely believed, based on Raman spectra (Mysen
and Virgo 1980b; Sharma et al. 1978, 1979b), X-ray scat-
tering data (Taylor et al. 1979), and thermochemical studies
(e.g. Navrotsky et al. 1982), that NaAlO,-SiO, glasses and
melts are nearly fully polymerized in the sense that every
oxygen is shared between two silicate and/or aluminate tet-
rahedra. It is difficult to envision how CO, molecules can
react with a melt in which there are only bridging oxygens
to produce carbonate. One possibility is for the resulting
carbonate ion to participate in the bridge between adjacent
tetrahedra by forming silicon- or aluminium-bearing car-
bonate complexes (Sharma et al. 1979a). An example of
such a structure might be:

CO, + [=(Si, A)—O—(Si, Al)=]
= =(Si, A1)~o\C _O—(8i, A=

I
0

Carbonate concentration decreases as silica is added to
melts, suggesting that oxygens bridging two Si tetrahedra
do not react with CO, molecules in this way. However,
we cannot rule of the formation of such structures between
Al and Si tetrahedra or between two Al tetrahedra. In these
cases, sodium atoms that provided charge-balance for the
bridging oxygens prior to reaction with CO, molecules
would probably be associated with the newly formed struc-
ture in some way. We have no data indicating if complexes
like this are present in our glasses, but do note that these
CO3~ groups would undoubtedly be highly asymmetric and
that this unusual environment could, in principle, account
for the splitting of the v; carbonate band that we observe.

Another possibility is that bridging oxygens are re-
moved from the silicate-aluminate network when they react
with CO, molecules to produce carbonate ions. In such
cases, structural and charge balance considerations are usu-
ally taken to require local rearrangements in the silicate
and aluminate framework. For example, Mysen and Virgo
(1980b) suggested that reaction of CO, molecules with
bridging oxygens to produce carbonate groups is accompa-
nied by the generation of octahedrally-coordinated alumi-
num. Other configurations, such as five-fold or three-fold
coordination of aluminum (McKeown et al. 1984) or alumi-
num triclusters (Lacy 1963) could also be generated by such
reactions. None of these reaction products has been posi-
tively identified by spectroscopy in CO,-free or CO,-bear-
ing glasses, although their concentration may be expected
to be quite high in very carbonate-rich aluminosilicate
glasses. Mysen and Virgo (1980b) include weak bands they
interpret as reflecting the presence of octahedrally-coordin-
ated aluminum in their deconvolutions of the Raman spec-
tra of CO,-rich glasses.

We doubt that CO,-free melts on the join NaAlO,-SiO,
are fully polymerized. The undoubtedly contain non-bridg-
ing and even free oxygens at some concentration level, prob-
ably some non-tetrahedrally coordinated aluminum
(Boettcher et al. 1982, 1984), and perhaps aluminum triclus-

ters. It may be that molecules of CO, react with two non-
bridging oxygens to produce a bridging oxygen and a car-
bonate group in much the same way that carbonate groups
are thought to be produced in depolymerized melts such
as diopside (Eggler and Rosenhauer 1978). Alternatively,
free oxygen could react with CO, to form carbonate com-
plexes (Tomlinson 1953; Pearce 1964; Wagner 1975). Only
small amounts of non-tetrahedrally coordinated aluminum
or of aluminum triclusters would be required to produce
enough non-bridging or free oxygens to account for the
observed concentrations of COZ~ groups in the glasses we
have studied. In addition, as reactive oxygens are consumed
and carbonate ions are generated, the concentrations of
the reactive oxygens might be regenerated to some extent
by the equilibria between these and the major oxygen spe-
cies; relatively large amounts of carbonate could be pro-
duced by reaction of CO, molecules with non-bridging or
free oxygens even if the concentrations of these species in
melts are small.

We emphasize that most of these and the equivalent
statements of previous workers are highly speculative. Reli-
able and sensitive techniques for quantitatively determining
both the concentrations of different types of oxygens and
local configurations in glasses are needed before statements
about changes in melt structure that accompany carbonate
formation can be made with confidence.

Water versus CO, speciation

There are some important differences between the behavior
of water and carbon dioxide in silicate melts that can be
evaluated in light of the previous discussion of homoge-
neous equilibria in melts. In contrast to the case of carbon
dioxide, the speciation of water in melts shows very little
dependence on silicate composition. For example, varia-
tions in the proportions of molecular water and hydroxyl
groups between melts on the NaAlSi,-SiO, join or between
these and melts on the CaAlSi,O4-SiO, join appear to be
minor (L.A. Silver and E. Stolper, unpublished results)
whereas CO, speciation varies dramatically over this com-
position range. Likewise, total water solubility is only weak-
ly dependent on silicate composition, whereas carbon diox-
ide solubility is strongly dependent on melt composition
(Eggler and Rosenhauer 1978).

Mono- and divalent cations probably play roles in the
solubility mechanisms of water in the silicate melts in which
they are present. However, these roles appear to be minor
compared to those that they play in the case of CO, solubili-
ty, where such cations seem to be essential for the formation
of carbonate groups and where energetic differences be-
tween different metal-carbonate complexes may dominate
both the speciation and solubility behavior of CO3~ in
melts. In other words, all of the oxygens in silicate melts
can be regarded as nearly equally available for reaction
with water molecules via Eq. (2). Although the OH groups
formed by such a reaction may be associated with the Na,
Ca, etc. in melts that contain such cations, these metal hy-
droxide complexes seem to be energetically similar. The
result is that variations in K, in Eq. (4), which is an expres-
sion of the variation in the free energy differences between
these species in the melt, are minor and K values of 0.1-0.3
seem to satisfy most hydrous systems. In contrast, it seems
likely that only certain types of oxygens are available for



reaction with CO, molecules in Eq. (5). Thus, even if K
in Eq. (6) is constant for a series of melts, the carbonate
to molecular CO, ratio can vary from melt to melt due
to variations in the activity of the reactive oxygen species
(ag2— in Eq. (6)). In addition, the energetics of the reaction
(i.e., the stability of the carbonate complex relative to the
left hand side of Eq. (5)) may depend dramatically on the
cations present in the melt; that is, K for reaction (5) may
be strongly dependent on the mono- and divalent cations
that are present and perhaps on other compositional fac-
tors. The strong composition dependence of CO, speciation
and solubility in melts may thus be viewed as a combination
of the variations in concentrations of “reactive” oxygen
species (i.a., adz— in Eq. (6)) and of the equilibrium con-
stants of the homogeneous equilibria governing the interac-
tions between CO, and CO2~ (i.e., K in Eq. (6)) with melt
composition.

Conclusions

1. Infrared spectroscopy can be used to quantitatively de-
termine the concentrations of molecular CO, and carbonate
groups in silicate glasses. If doubly-polished glass plates
are used instead of powders embedded in KBr pellets, spe-
cies concentrations can be measured with a precision on
the order of several percent of the amount present. This
technique has the potential for analyzing individual spots
with diameters on the order of 10 pm. The absolute accura-
cy of species concentrations measurements is currently lim-
ited to about 4 15-20% in the glasses that we have studied,
but this can be improved with suitable standards.

2. Glasses in the system Na,0-Al,0;-Si0,-CO, near
the NaAlSi,04-Si0,-CO, join that have been quenched
from melts at 15-33 kbar, 1,400-1,560° C contain both
carbonate and CO, molecules. Carbonate groups are in
distorted environments very different from those in crystal-
line carbonates. The carbonate groups may be in the form
of Na-carbonate ion-complexes.

3. There is an approximately linear relationship be-
tween molecular CO, and carbonate concentrations for
each of the silicate compositions we have studied, up to
at least 1% total dissolved CO,. The molecular CO, to
carbonate ratio is strongly dependent on the silicate compo-
sition of the glass, with the proportion of molecular CO,
increasing as silica is approached on the NaAlSi,04-Si0,
join. Compositions that differ only in their soda concentra-
tions have different molecular CO, to carbonate ratios, with
those that have lower Na,O contents having higher ratios.
The strong dependence of CO, speciation on glass composi-
tions contrasts with the situation for the speciation of water
in glasses.

4. The speciation of CO, in glasses quenched from
melts is only weakly dependent on the pressure or tempera-
ture at which the melt was equilibrated over the 15-33 kbar,
1,400-1,560° C range. This is similar to results for water
speciation, but contrasts with previously reported results
for CO,.

5. We propose that the speciation of CO, in silicate
melts in controlled by homogeneous equilibria between
CO, molecules, carbonate groups, and oxygen atoms in
the melts. The approximately linear relationship between
molecular CO, and carbonate concentrations can be readily
understood by considering the thermodynamics of such
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equilibria. The strong dependence of the molecular CO,
to carbonate ratio can also be accounted for if the melt
is considered to contain several different oxygen species,
only some of which react with molecular CO, to produce
carbonate. The observed compositional dependence is con-
sistent with the hypothesis that soda concentration is the
major factor controlling the availability of oxygens for reac-
tion with molecular CO, to form carbonate and that the
carbonate is dissolved as sodium carbonate complexes.

6. Observed variations in total CO, solubility with melt
composition can be understood using our measured species
concentrations and simple thermodynamic considerations.
The approximately linear relationship between the activity
of CO, in melts and the mole fraction of total dissolved
CO, that has been proposed by Spera and Bergman (1980)
can also be readily understood using our results.

7. Our results demonstrate that infrared spectroscopic
measurements of species concentrations in glasses provide
a direct approach to developing a quantitative understand-
ing of the molecular level interactions involved in the solu-
bility of CO, in silicate melts and of the thermodynamic
properties and phase equilibria of CO,-bearing silicate
melts.
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