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Abstract—The solubility of CO2 in dacitic melts equilibrated with H2O-CO2 fluids was experimentally
investigated at 1250°C and 100 to 500 MPa. CO2 is dissolved in dacitic glasses as molecular CO2 and
carbonate. The quantification of total CO2 in the glasses by mid-infrared (MIR) spectroscopy is difficult
because the weak carbonate bands at 1430 and 1530 cm�1 can not be reliably separated from background
features in the spectra. Furthermore, the ratio of CO2,mol/carbonate in the quenched glasses strongly decreases
with increasing water content. Due to the difficulties in quantifying CO2 species concentrations from the MIR
spectra we have measured total CO2 contents of dacitic glasses by secondary ion mass spectrometry (SIMS).

At all pressures, the dependence of CO2 solubility in dacitic melts on xCO2,total

fluid shows a strong posi-
tive deviation from linearity with almost constant CO2 solubility at xCO2

fluid � 0.8 (maximum CO2 solubility of
795 � 41, 1376 � 73 and 2949 � 166 ppm at 100, 200 and 500 MPa, respectively), indicating that dissolved
water strongly enhances the solubility of CO2. A similar nonlinear variation of CO2 solubility with xCO2

fluid has
been observed for rhyolitic melts in which carbon dioxide is incorporated exclusively as molecular CO2

(Tamic et al., 2001). We infer that water species in the melt do not only stabilize carbonate groups as has been
suggested earlier but also CO2 molecules.

A thermodynamic model describing the dependence of the CO2 solubility in hydrous rhyolitic and dacitic
melts on T, P, fCO2

and the mol fraction of water in the melt (xwater) has been developed. An exponential
variation of the equilibrium constant K1 with xwater is proposed to account for the nonlinear dependence of
xCO2,total

melt on xCO2

fluid. The model reproduces the CO2 solubility data for dacitic melts within �14% relative and the
data for rhyolitic melts within 10% relative in the pressure range 100–500 MPa (except for six outliers at low
xCO2

fluid). Data obtained for rhyolitic melts at 75 MPa and 850°C show a stronger deviation from the model,
suggesting a change in the solubility behavior of CO2 at low pressures (a Henrian behavior of the CO2

solubility is observed at low pressure and low H2O concentrations in the melt). We recommend to use our
model only in the pressure range 100–500 MPa and in the xCO2

fluid range 0.1–0.95. The thermodynamic modeling
indicates that the partial molar volume of total CO2 is much lower in rhyolitic melts (31.7 cm3/mol) than in
dacitic melts (46.6 cm3/mol). The dissolution enthalpy for CO2 in hydrous rhyolitic melts was found to be
negligible. This result suggests that temperature is of minor importance for CO solubility in silicic
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melts. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Volatiles dissolved in silicate melts influence dramatically
the chemical and physical properties of magmas. Because of its
high solubility in silicate melts, water is of particular interest
for understanding properties of magmas. CO2 is the second
most abundant volatile in natural magmas. Although CO2 is
usually subordinate in concentration in silicic magmas, it is
often the first component to reach saturation due to its low
solubility in the melt. Even small amounts of dissolved CO2 in
water bearing melts shift the fluid saturation limit to higher
pressures and thus greater depth (Holloway, 1976). Because
vesiculation, initiated by exsolution of CO2-H2O-bearing fluids
from the melt, is the driving force in many eruptive situations,
it is important to investigate the saturation limit of fluids in the
system C-H-O.

Similar to H2O, CO2 dissolves in silicate glasses and melts in
form of at least two different species, as an unreacted molecular
species (CO2 molecules, hereafter referred to as CO2,mol) and
* Author to whom correspondence should be addressed
(h.behrens@mineralogie.uni-hannover.de).
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as species formed by reaction between molecular species and
the silicate framework (carbonate groups). Whereas water spe-
ciation in glasses depends mainly on the total water content but
only weakly on anhydrous composition (e.g., Silver et al.,
1990; Behrens et al., 1996), the speciation of CO2 is found to
be independent on total CO2 concentration but varies strongly
with anhydrous composition of the glass (Fine and Stolper,
1985; Blank and Brooker, 1994; Brooker et al., 2001). In highly
polymerized rhyolitic glasses CO2 is incorporated exclusively
as molecular CO2 (e.g., Blank et al., 1993; Tamic et al., 2001),
whereas only carbonate is present in more depolymerized
glasses (Blank and Brooker, 1994). Glasses of intermediate
compositions such as dacite, andesite and phonolite contain
both types of species (Blank and Brooker, 1994; King and
Holloway, 2002; Morizet et al., 2002).

Although CO2 solubility data (if not specified otherwise, the
term CO2 refers to the total carbon dioxide) are available for a
variety of natural and synthetic melt compositions (Mysen et
al., 1975, 1976; Blank and Brooker, 1994; Dixon et al., 1995;
Jakobsson, 1997; Brooker et al., 1999; Tamic et al., 2001; King
and Holloway, 2002; King et al., 2002; Morizet et al., 2002),

general models to predict the solubility of CO2 in silicate melts
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of mafic to silicic compositions (Spera and Bergman, 1980;
Papale, 1999; Brooker et al., 2001) have large errors. This is
due mainly to the uncertainty of the input data for the thermo-
dynamic models. Especially, the early studies on CO2 solubility
in silicate melts suffer from imprecise analytical techniques.

CO2 solubility in melts equilibrated with mixed H2O-CO2

fluids was investigated only in a few studies. In the pioneering
works of Mysen et al. (1975, 1976), the highest CO2 solubilities
in andesitic, basaltic and albitic compositions were not found in
melts in equilibrium with pure CO2 fluids but for fluids with
mole fractions of CO2 (xCO2

fluid) of 0.6–0.7. Mysen et al. (1975,
1976) suggested that the formation of OH groups depolymer-
izes the melt structure, resulting in an increase of carbonate
groups in the melt. However, as discussed by Tingle (1987),
there may be substantial errors with the 14C �-track autora-
diography which was used by Mysen et al. (1975, 1976) to
determine carbon quantitatively. In more recent studies, IR and
NMR spectroscopy was used to measure CO2 speciation and
concentration in glasses. Rhyolitic compositions (containing
only molecular CO2) were examined by Blank et al. (1993) at
75 MPa and 850°C, and by Tamic et al. (2001) at 200 and 500
MPa and 800 and 1100°C. Basaltic compositions (containing
only carbonate) were studied by Dixon et al. (1995) at 1200°C
and pressures up to 98 MPa. To our knowledge, the effect of
water on CO2 speciation in glasses containing both CO2,mol and
carbonate groups has been systematically investigated only in
the studies of Kohn and Brooker (1994) and King and Hollo-
way (2002) using samples synthesized at higher pressures in
piston cylinder apparatus. Using 13C MAS NMR spectroscopy,
Kohn and Brooker (1994) found a maximum in the ratio of
CO2,mol/carbonate at a water content of 1–2 wt% in albitic and
jadeitic glasses. On the other hand, IR spectroscopy on
andesitic glasses showed a continuous decrease of CO2,mol/
carbonate with increasing water content of the melt from 0 to
3.4 wt% (King and Holloway, 2002).

In this paper, we report new experimental results on the
solubility of CO2 in dacitic melts in equilibrium with mixed
H2O-CO2 fluids at 100, 200 and 500 MPa and 1250°C. To
understand the solubility behavior of CO2 in the melts, we have
also examined the effect of water on the speciation of CO2 in
the quenched dacitic glasses using IR micro-spectroscopy.
However, because the quantification of carbonate concentration
in the glass by IR spectroscopy was found to be too imprecise,
we applied secondary ion mass spectrometry (SIMS) to mea-
sure quantitatively the total CO2 concentration in the samples.
On the basis of the new solubility and speciation data for
dacitic composition and data for rhyolitic composition from
previous studies, a thermodynamic model is proposed to de-
scribe the dependence of the CO2 solubility in silicic melts
(rhyolite to dacite) on temperature, pressure, fugacity of CO2

(fCO2
) and the water content in the melt.

2. EXPERIMENTAL

2.1. Starting Material

The starting composition was a synthetic dry glass with a composi-
tion close to the bulk composition of the dacite of the Unzen Volcano,
Japan (Chen et al., 1993). The homogenous dry glass was synthesized
by melting oxides and carbonates at 1600°C for more than 4 h, grinding

and remelting for additional 4 h at the same temperature. The compo-
sition of the glass, determined by electron microprobe, is given in Table
1 (average analysis using a Cameca microprobe, with 15 kV acceler-
ating voltage, 5 nA beam current and a defocused beam with 10–30 �m
in diameter). On an iron-free basis the dacite has a ratio of nonbridging
oxygen to tetrahedrally coordinated cations (NBO/T) of 0.108.

2.2. Solubility Experiments and Synthesis of Standards for SIMS

In the solubility experiments single glass pieces of 18 to 75 mg were
loaded together with distilled H2O and a CO2 source (oxalic acid
dihydrate or anhydrous oxalic acide) in Au80Pd20 capsules. Then the
capsules were welded shut while cooling the capsules with a water-
soaked and frozen tissue to avoid water or CO2 loss. The total amount
of fluid always was higher than the expected volatile solubility. Single
glass pieces were used to avoid bubbles within the melt which may not
escape during experiment due to high melt viscosity. Such bubbles
containing fluids may be formed when using glass powder. Several
capsules were processed simultaneously in a vertically oriented inter-
nally heated pressure vessel (IHPV) at 1250°C (temperature far above
the liquidus) and pressures of 100, 200 or 500 MPa. Run duration was
68 to 137 h, which is long enough for the small samples (typically 1 �
3 � 4 mm) to allow equilibrium distribution of H2O and a CO2 in the
melt, considering the diffusivity of these volatiles at 1250°C (Watson,
1994; Zhang and Behrens, 2000). At the end of the run the melts were
rapidly quenched to glass by dropping off the capsule assemblage into
the cold part of the furnace (cooling rate of �150°C/s). The detailed
description of the IHPV and of the rapid quench system used for the
experiments is given by Berndt et al. (2002). After the run the fluid
composition in each capsule was determined by gravimetry (see Tamic
et al. 2001).

The standards for the ion microprobe were synthesized at 1250°C
and 500 MPa in the IHPV using dacitic glass powder (400–500 mg),
water and silver oxalate as a CO2 source (Table 2). The silver oxalate
was isolated from the external capsule wall by wrapping it into an
additional Au80Pd20 foil to avoid alloying of silver with the Au80Pd20

capsule, which can lead to a leakage. The amount of added H2O and a
CO2 (Table 2) was below the solubility of these volatiles for these
conditions. Thus, the formation of bubbles in the run products was
avoided, even if glass powder was used as starting material. Water and
glass powder were filled in two portions into the Au80Pd20 capsules,
which subsequently were welded shut while cooling the capsules. To
decompose the silver oxalate and to ensure a homogeneous CO2 and
water distribution, the capsules were stored horizontally for more than
8 h at 200°C in an oven.

Both the solubility experiments and the synthesis of glass standards
were performed at intrinsic oxygen fugacities (buffered by the IHPV).
At 1250°C, the oxygen fugacity corresponds to that buffered by the
QFM assemblage (quartz-fayalite-magnetite) � 4.7 log units if cap-
sules are water-saturated (pure H2O-fluid). No iron loss by diffusion

Table 1. Composition of the starting glass (in wt%).

Element DC dacite

SiO2 65.84
TiO2 0.66
Al2O3 15.44
FeO 4.73
MnO 0.07
MgO 2.14
CaO 4.89
Na2O 3.68
K2O 2.55
H2Oa 0.020

a The water content was derived from the peak height of the IR
absorption band at 3550 cm�1 using a molar absorption coefficient of
62 L · mol�1 · cm�1 from Stolper (1982) for silicate glasses.
into the Au80Pd20 capsule is observed at this oxidizing oxygen fugacity
(Berndt et al., 2002).
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3. ANALYTICAL

3.1. Karl-Fischer Titration (KFT)

The water content of glasses (Cwater) from the solubility experiments
were measured after thermal extraction using Karl-Fischer titration
(Behrens, 1995). Single wafers of 10–20 mg were wrapped tightly in a
Pt foil to avoid explosion during heating. To account for unextracted
water in the samples after analysis, 0.13 � 0.07 wt% H2O were added
to the quantity measured by KFT. This value was found to be typical
for polymerized rhyolitic glasses (Leschik et al., 2004) as well as for
depolymerized soda-lime silicate glasses (Behrens and Stuke, 2003).

3.2. CO2 Titration

The concentration of CO2 in glasses used as SIMS standards was
determined by pyrolysis and subsequent coulometric titration (Deltro-
mat 500, Deltronic). The method is based on the quantitative reaction
of CO2 with an alkaline (pH �10) barium perchlorate solution: Ba2� �
CO2 � 2 OH� � BaCO3 � H2O, resulting in a decrease of the pH
value of the solution. To compensate the change of the pH value, OH�

is generated by electrolysis (coulometric titration): 2H2O � 2 e� �
2OH� � H2. The amount of CO2 which reacted with the Ba(ClO4)2

solution can be directly calculated from the charge needed to generate
hydroxyl ions (1 coulomb corresponds to 0.228 mg CO2). A detailed
description of the method is given in Behrens et al. (2004).

The sample is heated in a combustion tube to 1200°C to extract CO2.
This CO2 is transported by an air stream to the titration cell connected
with the coulometer electronics. The air stream was previously purified
by oxidizing hydrocarbons in an oven at 800°C and adsorbing all CO2

in a trap with soda lime pellets.
For a typical measurement duration of 90–120 s the background CO2

value is 5.5 � 2.2 �g. Based on 30 repeated measurements of rock
powders with known carbon contents, the maximum uncertainty is
estimated to be �12.8 �g CO2 (180–540 �g CO2 were released from
the samples, see Table 2). To obtain measurements with a precision
better than 5% relative, sample weights of more than 100 mg at 2500
ppm CO2 or 250 mg at 1000 ppm CO2 are needed.

CO2 bulk analysis may suffer from at least three sources of error: (i)
CO2 trapped in bubbles, (ii) carbon species adsorbed on the glass
surface, and (iii) unextracted CO2 in the glasses after analysis due to a
too low temperature of combustion (Blank, 1993; King et al., 2002;
Behrens et al., 2004).

To (i): Bubbles were not found in the experimental products because
the charges were undersaturated with respect to both the H2O and CO2.

To (ii): Our analytical procedure involves a single heating step and,
therefore, we can not distinguish carbon species adsorbed on the glass
surface from those dissolved in the glass. No CO2 was detected by IR
spectroscopy on polished fragments of the starting glass. On the other
hand, CO2 titration of the powdered starting glass yields a CO2 content

Table 2. Synthesis conditions and a

DC186

mg glass loaded 400.11
mg H2O loaded 0.00
mg Ag2C2O4 loaded 2.33
wt% H2O in glass by mass balance 0.00
ppm CO2 in glass by mass balance 1633
Run conditions
Run duration 68.2 h
mg glass used for CO2 titration 258.68
ppm CO2 by CO2 titration 2544 � 103
wt% water by (t) 0.51 � 0.06
NIR spectroscopy (b) 0.53 � 0.06

a Two sections for IR spectroscopy and SIMS were taken from the
correspond to positions of the hanging capsule during synthesis). Total
using the calibration of Ohlhorst et al. (2001).
of 81–143 ppm. We attribute this concentration of CO2 as a carbon
contamination adsorbed on the surface of the glass powder. The quan-
tity of adsorbed CO2 is similar to that found by Blank (1993) for
rhyolitic glasses (34–165 ppm) using incremental heating to 600°C and
subsequent CO2 manometry.

To (iii): After CO2 titration a foamy glass is obtained in which
bubble-free volumes are too small to be analyzed by micro-beam
techniques. Hence, no direct information is available about unextracted
CO2 after titration for dacitic glasses. We assume that the quantity of
unextracted CO2 is similar to that in rhyolitic glasses. Using IR mi-
crospectroscopy, 230 � 28 ppm of unextracted CO2 were found in
decarbonated rhyolitic glasses after remelting at 1200°C and 500 MPa
(Behrens et al., 2004).

We conclude that the adsorbed CO2 on the surface is approximately
compensating the unextracted CO2 after analysis and did not correct the
measured CO2 concentrations in the standards. The error of this ap-
proach is roughly � 200 ppm.

3.3. IR-Spectroscopy

Doubly polished glass plates of 130–230 �m thickness were pre-
pared from solubility samples for MIR spectroscopy to investigate CO2

speciation. Two fragments were collected from each SIMS standard in
a distance of 10 mm or more to check the homogeneity and the
composition of the glass batches. Total water content was measured on
thick sections (ca. 0.5 mm) by NIR spectroscopy using the absorption
coefficients determined by Ohlhorst et al. (2001) for the composition
used in this study. The thickness of each glass plate was measured with
a digital micrometer (Mitutoyo; precision �2�m).

IR spectra were recorded with a Bruker IFS 88 FTIR spectrometer
coupled with a microscope IR-Scope II (Operation conditions: MCT
narrow range detector for both MIR and NIR; globar light source and
KBr beamsplitter for MIR; tungsten lamp and CaF2 beamsplitter for
NIR). Spectral resolution was 1 cm�1 in MIR and 4 cm�1 in NIR. To
minimize effects of varying CO2 contents in the atmosphere, the
sample stage of the IR microscope was shielded and purged with dry air
(Tamic et al., 2001). Typically 20 scans were sufficient to obtain MIR
spectra with a good signal/noise ratio. Short times between measure-
ment of background spectra and sample spectra lower the error due to
changes of CO2 concentrations in the air stream. Longer measurements
with up to 500 scans do not enhance significantly the precision of the
spectra. Only one or two sample spectra were recorded after back-
ground measurement.

To quantify the variation of CO2 in the beam path, we have com-
pared in total 200 spectra collected without sample. These spectra were
recorded in two ways over a period of several days: (1) series of 10 to
110 spectra were successively measured without opening the sample
chamber of the IR microscope; (2) one or several blanc spectra were
collected directly after a sample spectrum. At our measurement con-
ditions, the intensity of the atmospheric CO2 doublet at �2350 cm�1

varied randomly with time by �0.008 absorbance units and �0.40

al results for the SIMS standards.a

DC182 DC184

498.00 469.59
10.24 27.30

1.75 1.33
2.02 5.49

966 750
T � 1250°C, P � 500 MPa

17.7 h 65.4 h
307.60 362.10

1364 � 55 1316 � 53
(t) 2.21 � 0.06 (c) 5.25 � 0.09
(b) 2.18 � 0.06 (b) 6.49 � 0.10

, the center (c) or the bottom (b) of the glass pieces (top and bottom
ontent was calculated from peak heights of the NIR combination bands
nalytic

top (t)
water c
integral absorbance units (1 � values). The corresponding variation of
CO2 content, e.g., �8 ppm (peak height) or �27 ppm (peak area) for
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a 100 �m thick sample, is considered to be the precision of CO2

absorbance measurement.

3.4. Secondary Ion Mass Spectrometry (SIMS)

In SIMS, a beam of ions is accelerated and focused onto the surface
of a sample. The incoming ions sputter atoms from the surface of the
sample. Some of these atoms are ionized (secondary ions) in the
process and are analyzed by mass spectrometry. Historically, the ion
probe measurements of volatiles have suffered from high backgrounds
and poor detection limits, particularly for hydrogen and carbon (Ihinger
et al., 1994). However, due to technical improvements in the last years,
SIMS has become a powerful micro-analytical tool for precise mea-
surements of the abundance and isotopic compositions of volatiles in
silicate minerals and glasses (Deloule et al., 1995; Hanon et al., 1998;
Hauri et al., 2002).

The reproducibility of the absolute intensities of secondary ions
detected by SIMS in general is low. Hence, it is convenient to measure
the ratio of the peak intensity of the isotope of interest to that of another
isotope with well known concentration (e.g., 28Si in silicates, e.g.,
Reed, 1989). The so-defined ion yield for each isotope depends not
only upon the properties of the isotope itself (mainly the ionization
potential) but also on the matrix. Matrix effects are especially large for
hydrogen incorporated in silicate glasses but noticeable variations of
the ion yield with composition are observed also for carbon (Hauri et
al., 2002). Hauri et al. suggested that in their SIMS measurements the
matrix effects for carbon is correlated with the ratio of Na2O/(Na2O �
CaO). To avoid matrix effects we have used standards of same bulk
composition as used in the solubility experiments. Because dissolved
water may also have a large effect on the ion yield in SIMS (Brenan et
al., 1995; Wiedenbeck et al., 2001) we have synthesized standards with
various water contents.

3.5. Sample Preparation for SIMS

Glass fragments used for SIMS were always taken directly adjacent
to samples used for IR spectroscopy. Samples for SIMS were mounted
with a resin in small holes drilled into a glass slide. Polishing the slices
with diamond paste can lead to a carbon contamination on the surface.
To avoid this contamination the slices were cleaned with distilled water
in an ultrasonic bath and repolished with an alumina paste (a layer of
�2 �m thickness was removed). After the first measurements we
repolished the sample with a cerium oxide paste to ensure that there
was no contamination from carbon. After polishing the samples were
coated with gold.

3.6. Measurement Conditions

The total 12C concentration in the glasses was measured with the ims
1270 ion microprobe at the CRPG in Nancy (France). Carbon forms
negative ions readily and SIMS is an effective method for 12C isotope
measurement (e.g., McKeegan et al., 1985; Zinner et al., 1989). A
primary beam of 133Cs� ions, which enhances the secondary ion yield
of electronegative isotopes (Storms et al., 1977), was used to sputter
secondary ions from the sample. The primary Cs� beam was acceler-
ated to 10 kV and focused with four lenses in a spot of around 50–60
�m diameter. The entry slit was 150 �m, the exit slit was 300 �m, the
field aperture was 3000 �m and the energy window was open at 60 eV.
The mass resolution power (M/�M) was around 5000–6000. Due to
implantation of Cs� ions and extraction of both negatively charged
secondary ions and electrons, the sample surface becomes positively
charged. A NEG (Normal incidence Electron Gun) which produced an
electronic cloud just in front of the sample is used to compensate the
charge on the sample.

Before the measurement the samples were presputtered for 2 min
with a scanning beam of 50 �m size and 20 nA. The measurements
were performed with a point beam of 50 �m diameter and 5 nA
centered in the presputtered region. The secondary 12C-ions were
counted with an electron multiplier (counting time 5 s) and the 28Si-
ions were measured with a Faraday cup (counting time 3 s), the
counting time on the background was 1 s. Counts were corrected for the

dead time of the electron multiplier and the background. 20 cycles were
measured with a total analysis time of �8 min.
4. RESULTS

4.1. MIR Spectroscopic Investigation of CO2

Figure 1a shows IR spectra of selected CO2 bearing dacitic
glasses in comparison to the starting glass synthesized in air.
The sharp absorption band at 2348 cm�1 is attributed to the �3

asymmetric stretching vibration of CO2,mol dissolved in the
glass (Fine and Stolper, 1985). This peak is distinct from that
for free gaseous molecular CO2, which would rise to a doublet
of unresolved rotational structure centered at �2350 cm�1

(Brooker et al., 1999). The band system at �1530 cm�1 and
�1430 cm�1 is attributed to the �3 asymmetric stretching
vibration of carbonate groups (Blank and Brooker, 1994).
Broad features with a maximum intensity at around 1800 cm�1

are overtones related to the aluminosilicate framework
(Brooker et al., 2001). The band at 1630 cm�1 in the spectra of
water-rich glasses is assigned to the fundamental bending mode
of H2O molecules.

The concentration of CO2,mol (CCO2,mol
) in ppm by weight

was determined from both the peak height (A2348) and peak
area (A*2348) of the absorption band at 2348 cm�1 after sub-
tracting a linear baseline. In the case of peak height the Lam-
bert-Beer law can be written as

CCO2,mol
�

44.01 · A2348

� · d · �2348

· 106 (1)

where � is the density of the glass (g/L), d the thickness of the
section (cm) and �2348 is the linear molar absorption coefficient
(L · mol�1 · cm�1) sometimes referred to as the molar absorp-
tivity or the extinction coefficient. The molar absorption coef-
ficients for the molecular CO2 band in iron-bearing dacitic
glasses are not known. In a first approximation, we have
evaluated peak areas using an integral molar absorption coef-
ficient of 16700 � 1000 L · mol�1 · cm�2 which was deter-
mined for an iron-free dacite-analog composition by Nowak et
al. (2003). To quantify CO2,mol from absorbance we have used
a linear absorption coefficient of 830 L · mol�1 · cm�1 which
was derived for the same dacite-analog composition from two
spectra and carbon speciation data from Nowak et al. (2003,
their fig. 1 and table 1).

The quantification of the carbonate in the MIR spectra of
dacitic glasses is more difficult because the weak carbonate
bands are superimposed by the silicate network bands and by
the molecular water band at 1630 cm�1. For basaltic and
andesitic glasses a curved baseline fitted to the network bands
on both sides of the carbonate doublet is a suitable approach to
quantify the intensity of the carbonate bands (Dixon et al.,
1995; King and Holloway 2002). In more alumina-rich glasses
(such as dacitic glasses) such simple method does not work due
to the complexity and intensity of the superimposed band
system. Furthermore, the background features change slightly
from experiment to experiment because of changing contents of
molecular water and variation in oxygen fugacity, which influ-
ences iron speciation (although the hydrogen fugacity is ap-
proximately constant in the IHPV, the oxygen fugacity in the
capsule varies due to different water activities).

As reliable theoretical modeling of the background is not
possible, contributions of the superimposed bands only can be

removed by subtracting a spectrum of a carbonate-free sample.
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However, when subtracting the spectrum of the starting glass
which is essentially free of CO and H O, the contributions of

Fig. 1. (a) Midinfrared spectra of dacitic glasses scaled to a thickness of
100 �m. Spectra are plotted with an offset for clarity. The spectrum of a
volatile-poor glass synthesized in air is shown for comparison. (b) Difference
spectra calculated by subtraction of the spectrum of the air-melted glass from
that of H2O-CO2 bearing glasses. Water content of the sample increases
from bottom to top. Note that the H2O bending vibration is too strong to
be resolved in the two water-rich samples (as indicated by arrows in b).
2 2

network vibrations can not be eliminated completely (Fig. 1b).
The difference spectra show a minimum at �1870 cm�1 which
becomes more pronounced with increasing water content, in-
dicating that the intensity of the network vibrations in this
spectral range is negatively correlated to the H2O content of the
glasses. This explains also the drop in absorbance on the
low-wavenumber side of the carbonate bands. As a conse-
quence, even a semiquantitative evaluation of the carbonate
bands is possible only for CO2-rich and water-poor dacitic
glasses when using an air-melted glass as the reference. We
have tentatively evaluated the two difference spectra of glasses
with the highest CO2 contents plotted in Figure 1b. The absor-
bance at 1530 cm�1 normalized to 100�m is 0.196 for
DC186(c) and 0.152 for DC95 when the absorbance at �2300
cm�1 is chosen as reference. These values of A1530/100�m
translate to concentrations of CO2 dissolved as carbonate of
2000 and 1600 ppm, respectively, when using an �1530 value of
170 L · mol�1 · cm�1. The value of �1530 is an average
determined for the two samples with dacite-analog composition
shown in figure 1 of Nowak et al. (2003). For DC186(c) the
total CO2 content determined by IR (considering CCO2,mol

from
Table 4) agrees within 10% with the value determined by
coulometric titration. On the other hand, the deviation between
IR data and SIMS measurements is larger (35%) for the more
hydrous sample DC95. We conclude that an improvement of
the IR spectroscopic determination of carbonate concentrations
can be achieved only when using CO2-free glasses with the
same water contents, synthesized and quenched under the same
conditions as the CO2-bearing sample. However, such an ap-
proach is extremely expensive and it is not guaranteed that it
will work in practice.

4.2. Determination of CO2,total Contents with SIMS

4.2.1. Quality of the Internal Standards

The three glasses prepared as internal SIMS standards are
bubble and crystal free. Two sections were prepared from each
glass and each section was analyzed by NIR spectroscopy to
determine the water content (Table 2). Water was homoge-
neously distributed in the two samples with low Cwater (DC182
and DC186) but the water content analyzed by IR is slightly
higher than estimated by mass balance (Table 2). The sample
with a nominal Cwater of 5.5 wt% (DC184) is inhomogeneous
with respect to dissolved water. We attribute this to the forma-
tion of liquid water pools in the pore space of the glass powder
before and in the beginning of heating up during the high
pressure synthesis. Initially, temperature varies by up to 50°C
degree along the capsule (35 mm) and water pools may pref-
erentially be formed in the colder part of the capsule. At run
temperature water diffusivity is too slow (Zhang and Behrens,
2000) to equilibrate the batch within synthesis times of several
days. CO2 concentration in the glasses measured by CO2 titra-
tion also was significantly higher than predicted by mass bal-
ance of starting materials (Table 2). We attribute these in-
creased volatile contents of the glasses to adsorbed water and
CO2 on the starting materials. Conclusions about CO2 distri-
bution in the standard glasses are not possible from CO2

titration (only one analysis per sample) but homogeneity of
CO is indicated by the internal consistency of SIMS data
2

during one analytical session (see below). We suppose that the



4692 H. Behrens et al.
initial temperature gradient on the capsule has only minor
influence on CO2 distribution because CO2 is in gaseous state
already at the beginning of heating, in contrast to H2O.

4.2.2. Evolution of the 12C/28Si Ratio with Time

During the measurements on standard and experimental
glasses, the 12C/28Si ratio (counts of 12C/counts of 28Si) did not
remain constant with time. Four different trends were observed:

(1) The 12C/28Si ratio continuously decreased with time (Fig.

Fig. 2. Typical evolution of the 12C/28Si ratio during SIMS measure-
ments. (a) SIMS standard DC186u containing 2565 ppm CO2,total and
0.51 wt% water. The trends measured at different times during one
analytical session are representative for glasses with high CO2 contents
(more than 2000 ppm CO2,total). (b) Glass obtained after solubility
experiment DC197 containing 1376 ppm CO2,total and 1.94 wt% water.
The trend is typical for glasses with CO2,total 	 2000 ppm.
2a, first and second series).
(2) The 12C/28Si ratio remained constant in the first 10–15
cycles before slightly decreasing (Fig. 2a, third series).

(3) The 12C/28Si ratio increased for 10–15 cycles and sub-
sequently decreases (Fig. 2b).

(4) In two glasses the 12C/28Si ratio firstly increased and
remained constant after approximately 15 cycles.

The variation of 12C/28Si ratio within one measurement was
always below 20% relative. The trends seem to be correlated
with the CO2 content of the glasses. Measurements on glasses
with more than 2000 ppm show trends (1) and (2), measure-
ments on glasses with less than 1000 ppm CO2 showed trends
(3) and (4). At intermediate CO2 contents (1000–2000 ppm)
trends (1), (2) and (3) were observed. However, the evolution
of 12C/28Si with time may not only depend on the CO2 content
but also on other parameters such as synthesis pressure and
water content which influence the density of the glass.

The shape of our experimental curves (12C/28Si vs. time)
may result from: (1) surface contamination, and/or (2) elec-
tromigration of 12C caused by charging (Wilson et al., 1989),
and/or (3) a preferential sputtering of 12C from the sample
relative to 28Si (Deloule et al., 1995).

(1) Possible contamination of the surface was checked by
repolishing the samples with cerium oxide paste after the first
tests. The following measurements on the samples did not show
significant differences with the former ones, indicating that
contamination was a minor problem in our measurements. This
is supported by the evolution of the 12C/28Si ratio which varies
systematically with the CO2 content of the glasses. In particular
the initial increase of the 12C/28Si ratio observed for some
samples is not expected in the case of surface contamination.
We infer that presputtering using an ion beam of relatively high
energy was sufficient to remove any carbon contamination
from the sample surface.

(2) Charging of the sample surface can result from the poor
electrical conductivity of the glasses. The surface charge may
initiate a variation of 12C/28Si due to charge-driven diffusion of
ionized carbon (or hydrogen) to the surface (Note that enrich-
ment or depletion of H2O also can have an effect on the
12C/28Si ratio, because of the changing matrix effect). It is also
possible that the secondary-ion beam became unstable due to
charge buildup and the intensity dropped because it was par-
tially deflected from the mass spectrometer slits (Hervig et al.,
1989).

Sample charging probably can be reduced by using a nega-
tive O� primary beam instead of a Cs� beam. Then positive
charging due to the emission of secondary electrons can be
neutralized by the incoming negative O� ions. Pan et al. (1991)
successfully used an O� primary beam in their measurements
of CO2 in basaltic glasses. A disadvantage of using a negative
ion primary beam is, however, the relatively low sputtering
yield of C� ions. In the study of Pan et al. CO2 contents were
in the range of 7000–15,000 ppm so that this has been a minor
problem. However, the amounts of CO2 in our samples are
much smaller (down to a few tens ppm of CO2). To reduce
charging of the surface we used a flood gun as described above.

(3) A preferential sputtering of 12C relative to 28Si would
increase the 12C/28Si ratio at the beginning of the profile, until
the surface layer becomes depleted in 12C (Deloule et al.,
1995). This trend could be the result of degassing of CO under
2

vacuum due to heating of the surface by the high energy ion
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beam or by electromigration of carbon due to buildup of a
surface charge (thus process (3) is not necessarily independent
from process (2)). Following this explanation, the continuous
decrease of the 12C/28Si ratio observed in CO2-rich glasses
indicates a very high mobility of carbon so that the surface of
the samples is relatively depleted in 12C already within the 2
min of presputtering. On the other hand, the initial increase of
the 12C/28Si ratio observed for CO2-poor glasses suggests a
lower mobility of carbon in CO2-poor glasses so that prefer-
ential sputtering of 12C relative to 28Si still is visible in the first
measurement cycles.

4.2.3. Calculation of the Ion Yield from Standard Glasses

Considering the different trends of the 12C/28Si ratio, we
decided to use always the same analytical procedure (2 min
presputtering and 20 measurement cycles) and to use the aver-
age of the 12C/28Si ratios corrected for background to calculate
the ion yield and the CO2 contents in the solubility samples.

The ion yield of 12C relative to 28Si is defined by:

ion yield �
(N12C�

⁄ N28Si�
) · (92.23 ⁄ 98.9)

Cc ⁄ CSi

(2)

where N13C�
and N28Si�

are the number of counts on 12C and 28Si
measured with the ion probe in standard glasses, 92.23 and 98.9
are the relative abundance of the mass 28Si in natural silicon
and12C in natural carbon, respectively, and CC and CSi are the
concentrations of C and Si in mol per gram of glass measured
by independent methods (C by CO2 titration and Si by electron
microprobe).

To define the ion yield as a function of Cwater, the standard
glasses (DC186(b), DC182(t) and DC184(c)) were measured at
the beginning of each analytical session. Up to four measure-
ments performed in distances of 1–2 mm agree within analyt-
ical error indicating a good homogeneity of the sections. Within
one analytical session all measurements on the standard glasses
gave consistent ion yields, except for one outlier at the first day
(Fig. 3). It can be noted that the ion yield changes from day to
day due to changes in measurement conditions so that a cali-
bration is required for each analytical session. A strong matrix
effect on the ion yield due to dissolved water is evident from
both analytical sessions. The ion yield decreases with the water
content of the glass, e.g., a sample with 5 wt% water has a
18–20% lower relative sensitivity factor than a dry sample. To
evaluate the SIMS data of glasses from solubility experiments,
the relationship between ion yield and water content was de-
termined by linear regressions for each session (first day: ion
yield � 0.184–0.0067 � wt% H2O; second day: ion yield �
0.207–0.0082 � wt% H2O).

The total carbon concentration in the sample is calculated by

Cc �
(N12C�

⁄ N28Si�
) · (92.23 ⁄ 98.9)

ion yield ⁄ CSi

(3)

and the concentration of carbon in terms of ppm CO2 is
obtained by
CCO2,total
� 44.01 · 106 · Cc (4)
4.2.4. Reproducibility and Uncertainty of the Carbon
Content

The deviation of the CO2 content in the standard glasses
measured by SIMS and by CO2 titration was up to 4.5%
relative, which is close to the error of CO2 titration (4%),
except of the outlier in the first session with a deviation of 9%
relative. One or two points with distances between 0.5 and 1.5
mm were analyzed on the experimental glasses (Table 3). The
largest deviation between two SIMS analysis on the same glass
measured during 1 d was 2.5% relative. On sample DC197 one
point was measured in the first analytical session and another
one in the second analytical session. The CO2 contents from
both measurements deviate by 5% relative which is within the
analytical error. The good agreement of duplicated measure-
ments indicate a high reproducibility in our measurements.
Errors in CO2 content were calculated by error propagation
considering the standard errors of the 12C and 28Si intensities,
the error in the CO2 content of the SIMS standard and the
standard error of the linear regression of ion yield vs. water
content. To account for the different trends of 12C/28Si vs. time,
we include the largest value for 1 � standard deviation of ion
yield values observed in our measurements (4% relative, in the
second series shown in Fig. 2a) as an additional error in the
calculation. The resulting overall error in the CO2 contents of
the solubility sample varies from 8 to 15% relative.

4.2.5. CO2 Solubility in Dacitic Melts

CO2,total varies nonlinearly with xCO2

fluid and it is almost con-
stant in the x CO2

fluid range of 0.8–1 (Table 3, Fig. 4). The maxi-
mum CO2 solubility (corresponding to the solubility of pure
CO2 fluid) is 795 � 41, 1376 � 73 and 2949 � 166 ppm at
100, 200 and 500 MPa, respectively. The variation of the
maximum CO solubility in dacitic melts with pressure also

Fig. 3. Ion yield of 12C relative to 28Si as a function of water content
for two SIMS sessions.
2

appears to be nonlinear, but the number of data points is not
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sufficient to resolve properly the pressure dependence (Fig. 5).
Tentatively, we have used a second order polynomial to de-
scribe the pressure effect at 1250°C: ppm CO2 � 7.8240 · P -
0.0039 · P2 where P is in MPa.

5. DISCUSSION

5.1. Speciation of CO2

As shown in Figure 6a, the ratio of CO2,mol (measured by IR
spectroscopy) to CO2,total (measured by SIMS) in dacitic
glasses strongly decreases with increasing water content. Up to
30% of carbon dioxide is dissolved in molecular form in
water-poor glasses but less than 3% in glasses containing more
than 3 wt% water (Table 4). This trend is consistent with data
of King and Holloway (2002) for andesitic glasses. On the
other hand, synthesis pressure and total CO2 content appears to
have a minor influence on CO2 speciation. The same CO2,mol/
CO2,total ratio is observed in dacitic glasses synthesized at
different pressures and thus containing different amounts of
dissolved CO2 (Fig. 6b). This observation is consistent with
results of previous studies. For instance, Fine and Stolper
(1985) found only a minor dependence of the CO2,mol/carbon-
ate ratio in sodium aluminosilicate glasses on CO2,total (0–2%),
pressure (1.5–3.3 GPa) and temperature of synthesis (1400–
1560°C).

It is noteworthy that the variation of carbon speciation in
dacitic glasses with Cwater can not be explained by a depen-
dence of the molar absorption coefficient for the CO2,mol band
on water content. Published values of �2348 in aluminosilicate
glasses differ by less than a factor of 1.5 (Fine and Stolper,

Table 3. Results of CO2 sol

Sample
P

(MPa) x CO2
fluid

DC95 500 0.926

DC101 500 0.801

DC102 500 0.565

DC103 500 0.335

DC199 200 0.947

DC198 200 0.927

DC197 200 0.763

DC196 200 0.400

DC195 200 0.155

DC156 100 0.825
DC155 100 —

DC154 100 0.546
DC153 100 0.192
DC152 100 —

a Total water content of glasses was measured using Karl-Fischer tit
(SIMS). When two points were analyzed by SIMS, both data are give
pure H2O and CO2 from Pitzer and Sterner (1994).
1985; Blank, 1993; Morizet et al., 2002; Behrens et al., 2004)
whereas the CO2,mol/CO2,total ratio in dacitic glasses varies by
more than one order of magnitude. Furthermore, it was shown
for rhyolitic glasses that water (in the range 0.5 to 7 wt%) does
not affect �2348 (Behrens et al., 2004). Additional support for
negligible variation of �2348 with water content is given by the
constant effective width (19.3 � 1.3 cm�1, calculated as
A*2348/A2348) and position (2348 � 1 cm�1) of the molecular
CO2 band.

A crucial point for interpreting the trend in Figure 6a is
whether or not the CO2 speciation measured in glasses at room
temperature corresponds to the equilibrium speciation in the
melt at the experimental conditions. This question is still dis-
cussed controversially. In several studies it was observed that
the speciation in CO2-bearing glasses depends at least to some
extent on the run temperature (Stolper et al., 1987; Brooker et
al., 1999; Morizet et al., 2002). This is a surprising result
because for H2O speciation it is evident that the equilibrium
speciation can not be frozen in from temperatures far above the
glass transition (Zhang et al., 1997; Behrens and Nowak, 2003).
As outlined by Dingwell and Webb (1990), the exchange
frequency of bonds between bridging oxygens and tetrahedral
cations is a rate controlling step for both water species reaction
and structural relaxation. Thus, the timescale of water species
interconversion can not be slower than the timescale for relax-
ation of the silicate network. However, this may not be the case
for carbonate groups which are bound as a bridge between
tetrahedral cations. Ab initio calculations of Kubicki and Stol-
per (1995) have shown that the activation energy for expelling
CO3

2� from that silicate network is much higher than that for
incorporation of CO into the network. From this result they

in dacitic melts at 1250°C.a

CO2
ar)

KFT Cwater

(wt%)
SIMS CO2,total

(ppm)

211 1.57 � 0.10 2920 � 436
2859 � 427

090 3.47 � 0.11 2949 � 445
2949 � 445

756 5.29 � 0.12 2557 � 391
2596 � 397

421 6.80 � 0.12 2119 � 335
2124 � 335

092 0.55 � 0.11 1317 � 136
1319 � 136

028 1.00 � 0.11 1346 � 139
1312 � 136

515 2.05 � 0.10 1408 � 147
1344 � 141

410 3.61 � 0.10 943 � 101
945 � 101

604 4.81 � 0.10 568 � 61
564 � 61

045 1.19 � 0.18 795 � 66
1.44 � 0.14 698 � 58

709 � 59
718 2.02 � 0.11 669 � 56
283 3.12 � 0.11 456 � 39
— 3.64 � 0.13 320 � 28

KFT) and total carbon dioxide using secondary ion mass spectrometry
is calculated after Aranovitch and Newton (1999), using fugacities of
ubility

f
(b
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suggested that the carbonate species present at high tempera-
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ture might be retained metastably during quenching. However,
as discussed by Brooker et al. (1999), a much higher energy
barrier of 350–400 kJ/mol is required to bring the character-
istic timescale of the carbonate reaction into the range of
experimental quench so that the high temperature speciation
would be fully preserved. They suggested that the speciation
measured in the glass at room temperature probably represents
an intermediate situation between complete preservation of the
high temperature speciation and complete reequilibration dur-
ing quenching right down Tg. According to Brooker et al.
(1999) only a small fraction of carbonate groups probably has

Fig. 4. Total carbon dioxide dissolved in dacitic melts at 1250°C.
Solid lines are third order polynomials fitted to the experimental data.
Dashed lines are trends for rhyolitic melts at 1100°C, 200 and 500 MPa
from Tamic et al. (2001) and at 850°C, 75 MPa from Blank et al.
(1993).

Fig. 5. Pressure dependence of CO2 solubility in rhyolitic and dacitic
melts. The dashed line corresponds to the maximum CO2 solubility in
melts equilibrated with H2O-CO2 fluids (Tamic et al., 2001). The

dashed-doted lines are for equilibrium with nominally pure CO2-fluids
after Fogel and Rutherford (1990).
a sufficiently slow reaction kinetic to be quenched into the
glass. Thus, the major part of carbon species probably is
reequilibrated during quench.

Another explanation for the apparent memory on the synthe-
sis conditions might be small differences in water content of the
melts as suggested by Nowak et al. (2003). Dissolved water
strongly influences the glass transition temperature of alumina-
rich melts (Hess and Dingwell, 1996; Richet et al., 1996) and
may also selectively stabilize carbon species. The water content
of the albitic glasses studied by Stolper et al. (1987) varies from
0.14 to 0.76 wt%. Brooker et al. (1999) estimated the water

Fig. 6. Variation of the relative abundance of molecular CO2 in
dacitic glasses with (a) total water content of the glasses and (b) total
CO2 content. Data for each pressure are obtained in a single experi-
ment.
contents in their glasses along the join NaAlO2-SiO2 to be at
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0.30 � 0.05 wt% but no details are given. Morizet et al. (2002)
do not report H2O contents of their haplo-phonolitic glasses.

On the other hand, annealing experiments indicate that car-
bon speciation in CO2-bearing glasses may be readjusted rap-
idly even below the glass transition (Morizet et al., 2001;
Nowak et al., 2003). The studies consistently show that the
relative abundance of molecular CO2 in jadeitic, albitic and
iron-free dacitic glasses increases with temperature which con-
trasts to earlier suggestions based on glasses quenched from
high temperature (Stolper et al., 1987). The timescale for the
CO2 species reaction (CO2 � O2� � CO3

2�) was found to be
below 100 min in iron-free dacitic glasses at 500°C (Nowak et
al., 2003) and below 500 min in jadeitic glasses at 400°C
(Morizet et al., 2002). The relatively fast reaction implies that
the CO2 species reaction may be decoupled from the structural
relaxation of the melt and a (metastable) species equilibrium
can be achieved several tenth to hundred degrees below the
glass transition temperature Tg within several hours or days.
However, when using a rapid quench as in our study, the
experimental timescale (�10�2 s) seems to be too short to
readjust CO2 species concentrations significantly below Tg.
Therefore, we assume that species concentration in our glasses
basically reflects the equilibrium speciation near the glass tran-
sition. Since an increasing water content lowers the viscosity
and thus lowers the fictive temperature, the observed trend for
CO2 speciation in dacitic glasses may simply reflect the vari-
ation in Tg. To test this hypothesis, we estimated the glass
transition temperature of the dacitic melts as a function of water
content. According to Scherer (1984) at a cooling rate of 150
K/s, Tg corresponds to the temperature at which the melt
viscosity equals 109.12 Pa · s. Using the viscosity models for
rhyolitic melts (Hess and Dingwell, 1996) and iron-free
andesitic melts (Richet et al., 1996) T can be bracketed for our

Table 4. MIR spectr

Sample Thickness (cm) A2348

DC186(t) 0.0190 0.548
DC186(c) 0.0190 0.691
DC182(t) 0.0198 0.154
DC182(b) 0.0198 0.259
DC184(c) 0.0195 0.035
DC184(b) 0.0195 0.008
DC95 0.0197 0.282
DC101 0.0192 0.168
DC102 0.0191 0.044
DC103 0.0189 0.010
DC199 0.0144 0.154
DC198 0.0134 0.089
DC197 0.0142 0.048
DC196 0.0148 0.016
DC195 0.0145 0.006
DC156 0.0129 0.043
DC155 0.0131 0.034
DC154 0.0234 0.046
DC153 0.0234 0.010
DC152 0.0234 0.003

a A2348 and A*2348 are the peak height and peak area, respective
concentration are based only on the uncertainties in density, thickness
absorption coefficients derived for an iron-free dacite-analog composi
g

hydrous dacitic melts. The calculated Tg values for a melt
containing 4 wt% H2O varies from 516°C (rhyolite) to 543°C
(andesite). According to Nowak et al. (2003), the CO2,mol/
CO2,total ratio in dry iron-free dacitic glasses is 0.361 and
0.395, respectively, at these temperatures. Both values are
significantly higher than the measured ratio of 	0.03 (Fig. 6a).
It is unlikely that the small difference in bulk composition of
the dacites used in our study and in the study of Nowak et al.
(2003) accounts for the large difference between experimental
and calculated CO2,mol/CO2,total values. Thus we conclude that
the low CO2,mol/CO2,total ratios in the water-rich melts are due
to a stabilization of carbonate by hydrous species or by a
modification of the glass structure induced by dissolved water.
This explanation is supported by data of Kohn et al. (1991) who
measured the CO2 speciation in a hydrous and an anhydrous
albite glass by NMR spectroscopy. In the hydrous albite glass
with 6 wt% water the overall carbonate to CO2,mol ratio is much
larger than in the anhydrous glass.

5.2. CO2 Solubility

5.2.1. Effect of Melt Composition on CO2 Solubility

The maximum CO2 solubility in dacitic melts equilibrated
with H2O-CO2 fluids is comparable to data for rhyolitic to
basaltic melts (Fogel and Rutherford, 1990; Mattey, 1991; Pan
et al., 1991; Dixon et al., 1995; Tamic et al., 2001; King et al.
2002). The experimental data indicate that the solubility of CO2

varies only weakly with melt composition in this compositional
range. A more detailed analysis of the effect of melt composi-
tion on CO2 solubility in rhyolitic to basaltic melts is not
possible due to discrepancies between the data sets. For in-
stance, Mattey (1991) reported a much lower CO2 solubility of
0.45–0.51 wt% in a MORB basalt at 1.0 GPa and 1200–

on dacitic glasses.a

2,mol (ppm)
om A2348 A*2348 (cm�1)

CO2,mol (ppm)
from I.I.2348

10 � 14 11.29 652 � 15
70 � 16 14.40 841 � 17
66 � 11 3.32 185 � 12
80 � 11 5.20 290 � 12
39 � 10 0.70 40 � 11

9 � 9 0.15 9 � 9
05 � 15 5.40 302 � 12
87 � 12 3.12 180 � 12
50 � 11 0.76 44 � 12
11 � 11 0.13 8 � 8
26 � 15 2.95 224 � 16
41 � 16 1.79 147 � 17
72 � 15 0.87 67 � 15
23 � 15 0.41 31 � 15

9 � 9 0.26 20 � 15
71 � 17 0.77 65 � 17
55 � 16 0.61 51 � 17
42 � 9 0.84 40 � 10

9 � 9 0.20 10 � 9
3 � 3 0.04 2 � 2

he band at 2348 cm�1 in IR absorption spectra. Errors in CO2,mol

orbance but do not consider the (unknown) uncertainty in using molar
owak et al., 2003).
oscopy

CO
fr
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1400°C than found by Pan et al. (1991) in a tholeitic basalt at
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1.0 GPa and 1300–1500°C (0.77 wt%). Furthermore, the value
of 0.3 wt% given for CO2 solubility in an intermediate
(andesitic) melt at 1300°C and 1.0 GPa (King and Holloway,
2002) appears to be relatively low compared to data for basalt
(Mattey, 1991; Pan et al., 1991) and extrapolated data for
rhyolite (Fogel and Rutherford, 1990). The discrepancy in the
data is probably due to experimental and analytical difficulties,
i.e., in the control and analysis of the fluid composition and in
the calibration of the analytical method for CO2 quantification
in glasses.

In both rhyolitic and basaltic melts equilibrated with H2O-
CO2 fluids a Henrian behavior was observed at pressures below
100 MPa (Blank et al., 1993; Dixon et al., 1995). Data of Tamic
et al. (2001) for CO2-solubility in rhyolitic melts at 800°C, 200
MPa are also consistent with a Henrian behavior (Fig. 7a), but
at higher pressure or higher temperature deviations from simple
proportionality between fCO2

and CCO2,total
is evident (Figs.

7a,b). Our results for dacitic melts at 1250°C and pressures of
100–500 MPa show also a nonlinear variation of the total CO2

concentration in the melt with CO2 fugacity (Fig. 7c). A strong
increase of CO2 solubility with water content of the melt was
found also for andesitic melts equilibrated with C-H-O fluids at
1.0 GPa and 1300°C (King and Holloway, 2002). A possible
interpretation of these trends is that at least at high temperatures
and pressures CO2 solubility is strongly enhanced by dissolved
H2O.

5.2.2. Thermodynamic Treatment

Dissolution of CO2 in silicate melt can be treated as a
two-step process, a heterogeneous reaction of the fluid with the
melt and a homogeneous reaction between carbon species in
the melt (Holloway and Blank, 1994). The heterogeneous re-
action can be expressed as:

CO2
fluid ↔ CO2,mol

melt (5)

Assuming ideal mixing of CO2 molecules, carbonate groups
and oxygen atoms and hydrons species, the equilibrium con-
stant K1

K1 �
xCO2,mol

melt

fCO2

, (6)

The mole fraction of molecular CO2, xCO2,mol

melt , is defined as

xCO2,mol

melt �
nCO2,mol

melt

nCO2,mol

melt 	 nCO3
2�

melt
	 nwater

melt 	 nO2�
melt , (7)

where ni is the number of moles of the CO2,mol, carbonate,
water or oxygen per unit mass of sample. Choosing for instance

Fig. 7. Dependence of the total CO2 content dissolved in the melt on
the CO2 fugacity for (a) rhyolitic melts at 75 and 200 MPa, (b) rhyolitic
melts at 500 MPa and (c) dacitic melts at 1250°C and various pressures.
Dotted lines indicate Henrian behavior for rhyolite at 75 MPa, 850°C
and 200 MPa, 800°C. Other lines are fits using the models for hydrous
melts. The strong decrease in CO2 solubility predicted by the model for

high CO2 fugacity is attributed to the promoting effect of dissolved
H2O on CO2 solubility.
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a unit mass of 100 g, the mole number of oxygen corresponds
to (100-wt% H2O-wt% CO2)/(molecular weight of the anhy-
drous glass calculated on one-oxygen basis). In Eqn. 6 we do
not distinguish hydrous species (OH and H2O). The main
reason for doing so is that otherwise the number of variables
becomes too large to constrain a thermodynamic model by the
experimental data. It is noteworthy that the value of x CO2,mol

melt

does not change when hydrous species are considered in the
calculation because the increase of hydrous species is compen-
sated by a decrease in O2�,melt according to the reaction
H2Omelt � O2�,melt � 2 OHmelt. Provided that the molecular
CO2 solubility obeys Henry’s law (xCO2,total

melt is proportional to
fCO2

), K1 can be written as

K1 � K1

 · exp ��VCO2,mol

melt (P � Pref)

RT
�

�HCO2,mol




R �1

T
�

1

Tref
��

(8)

where K°1 is the equilibrium constant at a reference temperature
Tref and reference pressure Pref, VCO2,melt

melt is the molar volume of
CO2 molecules in the melt and �H°CO2,mol

is the enthalpy for
reaction 5.

The homogeneous speciation reaction in the melt can be
expressed as

CO2,mol
melt 	 Or

2�,melt ↔ CO3
2�,melt , (9)

with the equlibrium constant

K2 �
xCO3

2�
melt

xCO2,mol

melt · xOr
2�

melt (10)

xCO3
2�

melt is defined analog to xCO2,mol

melt and xOr
2�

melt denotes to the
mole fraction of reactive oxygen in the melt. Usually all oxy-
gens in the melt are assumed to be indistinguishable and
equally available for the reaction with CO2,mol (e.g., Stolper et
al., 1987; Holloway and Blank, 1994). The pressure and tem-
perature dependence of K2 can be expressed as

K2 � K2

 · exp ���V
(P � Pref)

RT
�

�H


R �1

T
�

1

Tref
�� (11)

where �V° is the reaction volume and �H° is the reaction
enthalpy of reaction 9. The total CO2 content in the melt is

xCO2,total

melt � xCO2,mol

melt 	 xCO3
2�

melt (12)

xCO2,total

melt � (1 	 K2 · xOr
2�

melt) · K1 · fCO2
(13)

If K2 is negligible (CO2,mol is the dominant carbon species as
in rhyolitic melts), Eqn. 13 simplifies to

xCO2,total

melt � K1 · fCO2
(14)

On the other hand, if CO2,mol is negligible as in tholeitic,
basanitic and leucitic melts, the total carbon content is calcu-
lated as

melt
xCO2,total

melt � xOr
2� · K1 · K2 · fCO2

(15)
5.2.3. Modeling Hydrous Melts

The approach outlined in the previous section accurately
describes the CO2 solubility behavior in nominally dry melts
and in melts equilibrated with H2O-CO2 fluids at pressures
	100 MPa (Holloway and Blank, 1994; Dixon et al. 1995). At
these conditions the CO2 solubility obeys Henry’s law. Hy-
drous rhyolitic and dacitic melts, however, show clearly a
nonlinear variation of xCO2,total

melt with CO2 fugacity (Figs. 7a,b)
which indicates an enhancement of CO2 solubility by dissolved
water. Possible explanations for this behavior are (i) either that
OH groups formed by dissolution of H2O increase the number
of reactive oxygens in the melt and (ii) or that one or both of the
equilibrium constants K1 and K2 depend on water content of the
melt. Explanation (i) suggests that carbonate becomes increas-
ingly more abundant with increasing water content which is
consistent with speciation data for dacitic glasses. However, IR
spectra yield no evidence for any carbonate in hydrous rhyolitic
glasses (Tamic et al., 2001). A weak, unresolved carbonate
doublet may be present in the spectra and the absorption
coefficient for the carbonate band system in rhyolitic glasses is
probably low (Brooker et al., 1999) found decreasing absorp-
tion coefficients for CO2,mol and carbonate bands with increas-
ing polymerization in glasses along the NaAlO2-SiO2 join).
Hence, it can not be excluded that a minor portion of CO2,total

is bond as carbonate in rhyolitic glasses. However, at the high
temperatures of the solubility experiments the concentration of
carbonate is expected to be negligible due to the progradely
increasing abundance of CO2,mol (Morizet et al., 2001; Nowak
et al., 2003). Hence, we conclude that dissolved H2O increases
K1 in silicic melts or in other words CO2 molecules are stabi-
lized in the melt by hydrous species. K2 may be also affected by
hydrous species but we can not constrain this in our thermo-
dynamic model due to the absence of CO2 speciation data for
hydrous melts. The functional relationship between water con-
tent of the melt and K1 is not known from theory. As a simple
approach we have chosen a log-linear relationship

K1
o � K1

o,d · exp (k · xwater
melt ) (16)

where K1
o,d is the equilibrium constant for the dry melt at Tref

and Pref, x water
melt is the mol fraction of H2O dissolved in the melt,

and k a constant. It is noteworthy that the exponential variation
of K1 corresponds to a linear change in free energy with
composition. Combining Eqn. 7, 12 and 15 gives

xCO2,total

melt � (1 	 K2 · xOr
2�

melt) · fCO2
· K1


,d

� exp �k · xwater �
VCO2,mol

melt (P � Pref)

RT
�

�HCO2,mol




R �1

T
�

1

Tref
��

(17)

To test the thermodynamic model we have firstly analyzed data
for rhyolitic melts which dominantly or exclusively incorporate
molecular CO2. In the next step we will deal with dacitic melts
which contain both CO2,mol and carbonate.

5.2.4. CO2 Solubility in Rhyolitic Melts

Experimental data on CO solubility in rhyolitic melts are
2

summarized in Table 5. Fogel and Rutherford (1990) studied
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Table 5. Data used in thermodynamic modeling of CO2 solubility in rhyolitic melts and predictions of the solubility models.a

P
(MPa)

T
(K) x CO2

fluid
fCO2
(bar)

Cwater

(wt%) xwater

CO2,mol

(ppm) x CO2,total

melt (�104)
x CO2,total

melt (�104)
predicted by model H

Tamic et al. (2001)
Ech1 200 1073 0.692 2427 2.93 0.0517 834 6.02 5.59
Ech7 200 1073 0.625 2208 3.20 0.0563 738 5.31 5.22
Ech6 200 1073 0.498 1796 3.81 0.0667 580 4.15 4.48
Ech2 200 1073 0.484 1751 3.94 0.0689 623 4.47 4.42
Ech8 200 1073 0.409 1507 4.13 0.0721 553 3.96 3.86
Ech9 200 1073 0.322 1221 4.61 0.0802 413 2.94 3.27
Ech10 200 1073 0.212 845 5.02 0.0871 255 1.81 2.34
Ech66 200 1373 0.959 3203 0.54 0.0097 922 6.79 6.94
Ech65 200 1373 0.878 2938 1.41 0.0252 931 6.81 6.89
Ech64 200 1373 0.774 2605 2.05 0.0364 878 6.38 6.47
Ech63 200 1373 0.670 2278 2.46 0.0435 781 5.66 5.88
Ech62 200 1373 0.570 1967 2.85 0.0503 711 5.14 5.26
Ech17 200 1373 0.460 1625 3.53 0.0620 588 4.22 4.62
Ech18 200 1373 0.367 1332 3.87 0.0677 553 3.97 3.90
Ech19 200 1373 0.274 1030 4.37 0.0762 413 2.95 3.14
Ech20 200 1373 0.201 781 4.67 0.0812 351 2.54 2.45
Ech37 500 1073 0.572 13521 5.18 0.0898 1783 12.65 13.08
Ech38 500 1073 0.547 13020 5.32 0.0921 1835 13.01 12.76
Ech39 500 1073 0.354 9156 6.49 0.1113 1458 10.24 9.91
Ech75 500 1373 0.963 18191 0.50 0.0089 2415 17.78 17.06
Ech74 500 1373 0.896 16959 1.14 0.0204 2388 17.50 16.88
Ech73 500 1373 0.873 16544 1.35 0.0241 2476 18.11 16.78
Ech72 500 1373 0.866 16418 1.82 0.0324 2222 16.19 17.39
Ech59 500 1373 0.860 16310 2.45 0.0434 2344 17.00 18.28
Ech71 500 1373 0.858 16274 2.18 0.0387 2336 16.97 17.81
Ech58 500 1373 0.735 14118 3.29 0.0579 2257 16.25 16.98
Ech57 500 1373 0.606 11937 3.91 0.0684 2204 15.80 15.24
Ech22 500 1373 0.500 10178 5.09 0.0883 2037 14.47 14.41
Ech56 500 1373 0.422 8882 5.21 0.0903 1932 13.71 12.71
Ech61 500 1373 0.308 6929 6.53 0.1120 1554 10.91 11.10
Ech24 500 1373 0.298 6751 6.70 0.1147 1686 11.83 10.97
Ech41 500 1373 0.246 5802 7.04 0.1203 1466 10.26 9.70
Ech36 500 1373 0.143 3731 8.19 0.1387 825 5.73 6.86

Blank et al. (1993)
2 75 1123 0.680 574 1.88 0.0334 342 2.48 1.90
3 75 1123 0.520 457 2.24 0.0397 228 1.66 1.55
4 75 1123 0.060 69 3.34 0.0587 20 0.15 0.25
5 75 1123 0.180 187 3.23 0.0568 70 0.51 0.70
7 75 1123 0.370 344 2.28 0.0404 172 1.25 1.19
9 75 1123 0.910 749 0.51 0.0092 452 3.33 2.19
10 75 1123 0.720 603 1.35 0.0241 357 2.61 1.91

Fogel and Rutherford (1990)
134 101 1223 1308 0.14 0.0025 465 3.43 3.47
152 151 1223 2238 0.11 0.0020 739 5.46 5.07
130 199.3 1223 3429 0.26 0.0047 1115 8.23 6.77
111 50.4 1323 564 0.11 0.0020 147 1.08 1.76
123 100 1323 1275 0.13 0.0023 382 2.82 3.47
124 150 1323 2206 0.11 0.0020 621 4.58 5.19
108 202.5 1323 3479 0.14 0.0024 950 7.02 7.05
142 204 1323 3520 0.07 0.0013 911 6.69 7.49
128 249 1323 4920 0.19 0.0033 1204 8.89 8.75
139 352.9 1323 9472 0.22 0.0040 1568 11.58 12.55
153 432.4 1323 14650 0.19 0.0034 2029 14.99 15.38
153C 432.4 1323 14650 0.18 0.0033 2232 16.49 15.38
136 202.9 1423 3441 0.07 0.0012 875 6.47 7.21
149 348.7 1423 8929 0.11 0.0019 1394 10.29 12.79

data from Fogel and Rutherford (1993) not used in fitting
145 549.6 1323 26070 0.24 0.0043 2261 16.70 19.62
148 661.2 1323 43006 0.31 0.0056 2889 21.32 23.63
131 450 1423 15251 0.10 0.0018 1819 13.44 16.54
147 551.4 1423 24588 0.19 0.0035 2226 16.44 20.49

a Fugacities of pure CO2 fluids were calculated after Pitzer and Sterner (1994). Activity coefficients for mixed H2O-CO2 fluids were calculated after
Aranovich and Newton (1999). All CO solubility data are based on IR spectroscopy. Data were recalculated using � � 1214 L · mol�1 · cm�1
2 2348

(Behrens et al., 2004).
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melts equilibrated with essentially pure CO2 at temperatures
950, 1050 and 1150°C and pressures from 66 to 660 MPa.
Blank et al. (1993) measured CO2 solubility in rhyolitic melts
in equilibrium with H2O-CO2 fluids at 850°C and 75 MPa.
Similar experiments were performed by Tamic et al. (2001) at
800 and 1100°C and 200 and 500 MPa. In all studies CO2

concentration in the glasses was measured by IR spectroscopy
using the band at 2348 cm�1. Data of Fogel and Rutherford
(1990) are based on the absorption coefficient �2348 of 945 L ·
mol�1 · cm�1 determined by Fine and Stolper (1985) for
sodium aluminosilicate glasses whereas Blank et al. (1993) and
Tamic et al. (2001) have used the �2348 value of 1066 L · mol�1

· cm�1 determined for rhyolitic glasses by Blank (1993). For
internal consistency the CO2 contents of all studies were recal-
culated on the basis of the �2348 value of 1214 L · mol�1 · cm�1

determined by Behrens et al. (2004).
For simplicity we assume that the fluids are composed only

by H2O and CO2. After Churakov (personal communication,
based on the equations of state published in Churakov and
Gottschalk, 2003) CO is negligible under the relatively oxidiz-
ing conditions in hydrous systems studied by Blank et al.
(1993) and Tamic et al. (2001). On the other hand, up to 30
mol% CO might have been present in the water-poor fluids of
Fogel and Rutherford (1990). The effect of this dissolved
silicate material in the fluid on activities in the CO2-H2O
system is perhaps quite significant, but completely unknown.
Hence, we can not account for it in our modeling. Fugacities of
pure fluids were computed uniquely after Pitzer and Sterner
(1994). Activity coefficients of H2O and CO2 in binary H2O-
CO2 fluids were calculated after Aranovich and Newton (1999)
using molar volumes of pure H2O and CO2 from Pitzer and
Sterner (1994). Note that a different computation method for
fugacities was used by Holloway and Blank (1994).

To compare our approach to their thermodynamic modeling,

Table 6. Model parameters for CO

H&B94 Model D M

input data water-poor
melts

dry a
me

Data source F&R90, B93 F&R90, B93 F&R
T0

samples unknown 21 54
ln K1

o –14.44 (�0.06) –14.74 (�0.05) –14.7
� Ho (kJ/mol) –27.1 (�1.0) –25.1 (�3.7) –9.4
� Vo (cm3/mol) 28.1 (�0.8) 28.1 (�1.5) 26.3
k — —
Pref (MPa) 0.1 0.1 0.1
Tref (°C) 850 1000 1000
standard error of estimate

of XCO2,total (�104)
not given 0.60 1.71

r2 not given 0.9911 0.930

Notes. Numbers in parentheses are 1� errors of the parameters deri
a � Ho obtained by fitting was statistically not significant (�0.5 (�
b K2 was calculated using the speciation data of Nowak et al. (2003
* In K1

o,d is given. Column H&B94 refers to the parameters derived b
Note that these authors have calculated fugacities at pressures up to 40
at higher pressure using the corresponding equation of state of Saxena
(1993), T01 � Tamic et al. (2001).
we have refitted the data of Fogel and Rutherford (1990) and
Blank et al. (1993) using the model D (Eqn. 17, K2 � 0, k �
0, D refers to “dry” melts). Samples of Fogel and Rutherford
which were largely crystallized or which yield absorbances of
the IR band at 2348 cm�1 larger than 2 were not considered in
the fit. Parameters derived from our fitting are in good agree-
ment with those obtained by Holloway and Blank (1994) (Ta-
ble 6). The difference in lnK1 is due mainly to the use of
different �2348 values (factor of 1066/1214 in CO2 solubility).
However, it has to be noted that CO2 solubility in most hydrous
rhyolitic melts from Blank et al. (1993) (their samples 3, 4, 5
and 7) is systematically overestimated by the fit. Applying
model D to melts equilibrated with H2O-CO2 fluids at 200 and
500 MPa (Tamic et al., 2001) systematically underestimates the
CO2 solubility by up to a factor of 1.8. The discrepancy is
especially large at low fCO2

. Including the data of Tamic et al.
(2001) in the fit does not improve the predictions for hydrous
melts (Model D=). There is still a large discrepancy to the
experimental data of Tamic et al. at low fCO2

(up to a factor of
1.7). The model H (Eqn. 17, K2 � 0, k � 0, H refers to hydrous
melts) is based on data of Blank et al. (1993) and Tamic et al.
(2001). This model reproduces all data of Tamic et al. within
8% relative except of two outliers at low x CO2

fluid (Table 5). The
linear trend in the data of Blank et al. (1993), however, is not
reproduced. At 75 MPa and 850°C the model H underestimates
the CO2 solubility in rhyolitic melts at xCO2

fluid 	0.4 but it
overestimates the CO2 solubility at higher x CO2

fluid. Data of Fogel
and Rutherford (1990) for water-poor melts are reproduced
within 20% relative except of one experiment (the one with
lowest CO2 content, Table 4). This agreement is relatively good
considering the large decrease in CO2 solubility towards dry
melts predicted by the model and considering that the fluid
composition was not analyzed in that study. Including the data
of Fogel and Rutherford in the model (Model H=) decreases the

lity in rhyolitic and dacitic melts.a

e Dacite

= Model H Model H= Model Hb

rous hydrous melts dry and hydrous
melts

hydrous melts

, B93, T01 F&R90, B93,
T01

this study

40 54 12
08) –14.84 (�0.05)* –14.76 (�0.04)* –14.37 (�0.08)*

0a –2.5 (�1.4) 0
31.7 (�1.2) 32.1 (�1.2) 46.5 (�2.7)
5.20 (�0.31) 4.44 (�0.36) 5.83 (�0.81)
0.1 0.1 0.1
1000 1000 1250
0.72 0.91 1.07

0.9891 0.9805 0.9798

m the regression.
/mol) and, hence, it was set to 0 for model H.
iron-free dacitic composition (ln K2 � �1.559 � 3488/1).

way and Blank (1994) from CO2 solubility data of Blank et al. (1993).
using the modified Redlich-Kwong equation of Holloway (1987) and
i (1987). F&R90 � Fogel and Rutherford (1990), B93 � Blank et al.
2 solubi

Rhyolit

odel D

nd hyd
lts
90, B93
1

1 (�0.
(�2.7)
(�2.0)

—

1

ved fro
1.3) kJ
) for an
y Hollo
0 MPa
and Fe
fit quality (Table 6). We prefer model H to model H= for
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hydrous rhyolitic melts because of the uncertainty in the fluid
composition in the study of Fogel and Rutherford.

The partial molar volume of CO2 in hydrous rhyolitic melts
(31.7 � 1.2 cm3/mol) is in good agreement with the value
found for water-poor melts (28.1 � 1.5 cm3/mol). Our model
for the hydrous melt indicates that the dissolution enthalpy for
CO2 is negligible. This contrasts to the �H° value of �27.1
kJ/mol found for water-poor rhyolitic melts (Holloway and
Blank, 1994). However, it should be noted that the value for
water-poor melts is based mainly on the data of Fogel and
Rutherford (1990) for which the fluid composition is unknown.
The decrease in CO2 solubility with increasing temperature
observed in that study can be simply due to an increasing
abundance of CO (see fig. 6 of Fogel and Rutherford, 1990).

The reproduction of the experimental data for CO2 solubility
in rhyolitic melts by our new thermodynamic model (H) is
similar to the purely empirical calculation model of Liu et al.
(2004). The model of Liu et al. (2004) has the advantage of an
easier calculation procedure. However, an extrapolation to
other P-T conditions then used in the experiments is more
uncertain in the empirical approach.

5.2.5. CO2 Solubility in Dacitic Melts

Data for dacitic melts were fitted by Eqn. 17 using the equilib-
rium constant for the CO2 speciation reaction (ln K2 � �3.849 �
3488/T) of Nowak et al. (2003). It is noteworthy that this can be
only a first approach because (i) K2 was measured nearby and
below the glass transition (500–700°C) and, hence, a large ex-
trapolation towards higher temperature is required and (ii) the
dependence of CO2 speciation on water content has not been
determined.

The agreement between predicted and measured CO2 solubility
is very good at high pressure and high xCO2

fluid (less than 10%
deviation). At low xCO2

fluid and low pressure the predicted CO2

solubility is lower than the measured values (by 21% at 200 MPa,
xCO2

fluid � 0.16 and by 45% at 100 MPa, xCO2

fluid � 0.19). This suggests
that our model for hydrous melts can not be extrapolated towards
lower pressure (note also the deviation of the 75 MPa data from
Blank et al., 1993, to the model for hydrous rhyolite). The partial
molar volume of CO2 of 46.5 � 2.7 cm3/mol calculated by model
H for hydrous dacitic melts is significantly larger than for other
melt compositions (21.7–28.1 cm3/mol for ryholtic, tholeiitic,
basanitic and leucitic melts; Holloway and Blank, 1994). In other
words this means that the pressure dependence of CO2-solubility
is more pronounced for dacitic melts.

6. CONCLUSIONS

New CO2 solubility data are presented for dacitic melts equil-
ibrated with H2O-CO2 fluids at 1250°C and pressures of 100, 200
and 500 MPa. SIMS was calibrated to quantify the total carbon
content of the quenched glasses using self-made glass standards.
The relative sensitivity factor for 12C/28Si was found to decrease
systematically with water content of the glasses. Due to variations
in SIMS measurement conditions calibration lines have to be
determined for each analytical session.

A strong nonlinear correlation between CO2 solubility and xCO2

fluid

was found for dacitic melts similar to previous findings for rhy-

olitic melts (Tamic et al., 2001). The trend indicates a non-Henrian
behavior of CO2 solubility in equilibrium with H2O-CO2 fluids.
Our interpretation of this result is that dissolved H2O strongly
promotes the dissolution of CO2 in the melts.

A thermodynamic approach is proposed to predict CO2 sol-
ubility in hydrous silicate melts:

xCO2,total

melt � (1 	 K2 · xOr
2�

melt) · fCO2
· K1


,d · exp �k · xwater

	
�VCO2,mol

melt (P � Pref)

RT
�

�HCO2,mol




R �1

T
�

1

Tref
��

In this approach an exponential variation of CO2 solubility with
the mole fraction of water in the melt is assumed. The proce-
dure to calculate the CO2 solubility at given P, T and x CO2

fluid is
(i) estimate the water solubility in the melt for these condi-

tions (e.g., using the model of Tamic et al., 2001, for rhyolitic
melts).

(ii) calculate fCO2
for these conditions using the molar vol-

umes and fugacities of pure fluids after Pitzer and Sterner
(1994) and activity coefficients for the fluid components after
Aranovich and Newton (1999).

(iii) insert the model parameters from Table 6 and the values
calculated in (i) and (ii) in the equation above (set xOr

2�
melt � 1).

Using the data in Table 6 the CO2 solubility can be calcu-
lated for rhyolitic and dacitic melts at high pressure. For inter-
mediate compositions the calculated values may be interpolated
using the SiO2 content. An application of the model at very
high xH2O

fluid (�0.9) and very low xCO2

fluid (�0.05) is not recom-
mended because the experimental data do not constrain these
ranges. Furthermore, extrapolation of the model to pressures
below 100 MPa may have a significant error. Although the
temperature dependence of CO2 solubility was not determined
for dacitic melts, an extrapolation towards lower temperature
(	1250°C) probably only has a small error. The negligible
dissolution enthalpy for CO2 found for hydrous rhyolitic melts
implies that temperature has only a minor influence on CO2

solubility in silicic melts.
It has to be emphasized that a basic assumption in our

modeling is that dissolved water has a direct (reactive) effect on
dissolved carbon dioxide. The variation in melt composition by
dissolution of water is considered only indirectly by introduc-
ing the model parameter k to describe the variation of the
equilibrium constant K1 with water content. Hence, our mod-
eling gives insights to the dissolution mechanisms of H2O and
CO2 for a particular melt composition but the results are not
directly transferable to other melt compositions. An alternative
is to consider the melt in its whole accounting for interaction
between all melt components of the multicomponent liquid.
The potential of such a generalized model for predicting H2O
and CO2 solubilities in silicate melts has been demonstrated by
Papale (1999). At present, however, such models suffer from
insufficient input data and a direct access to the computation
routine is not available.
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