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CO2 in haplo-phonolite Melt: Solubility, speciation and carbonate complexation
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Abstract—CO2 solubility was measured in a synthetic iron-free phonolite (haplo-phonolite) by equilibrating
melt with excess CO2 fluid in a piston cylinder apparatus for a range of pressures (1.0– 2.5 GPa) and
temperatures (1300 to 1550°C). The quenched glasses were then analysed using a bulk carbon analytical
method (LECO). The measured solubilities are between 0.65 and 2.77 wt.% for the range of conditions studied
and show a negative correlation with temperature as reported for most other silicate melt compositions.

A range of carbonate species are present within the glass, as well as minor amounts of molecular CO2. FTIR
and NMR analyses suggest that carbonate is present as both ‘network’ and ‘depolymerised’ units as shown for
relatively highly polymerised compositions in the model of Brooker et al. (2001b). The bulk CO2 analyses
were used to calibrate the IR extinction coefficient for the carbonate groups. However, the results show that
the values obtained for the glasses vary with the melt equilibration conditions, presumably because the ratio
of the different carbonate species changes as a complex function of run pressure, temperature and quench rate.
Thus the use of IR may not be a reliable method for the quantification of dissolved CO2 concentrations in
natural glasses of ‘intermediate’ composition.Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

CO2 solubility is an important parameter for all models
which predict the eruptive behaviour of volcanic systems (e.g.
Holloway, 1976; Johnson et al., 1994; Dixon and Stolper,
1995). Even for situations where the concentration is lower
than that of water, CO2 can still play a crucial role in degassing
as the lower solubility may result in vesiculation well before
water saturation, initiating upward mobility and catastrophic
degassing. In addition, CO2 can have a dramatic effect on phase
stability during melting or fractionation, resulting in lavas with
unusual compositions (Eggler, 1989).

There have been numerous measurements of CO2 solubility
in natural and synthetic melts (e.g., Mysen et al., 1975, 1976;
Mysen, 1976; Rai et al., 1983; Fogel and Rutherford, 1990; Pan
et al., 1991; Thibault and Holloway, 1994; Dixon and Stolper,
1995; Dixon, 1997; see review of Blank and Brooker, 1994).
Furthermore, it has been shown that CO2 can dissolve in
silicate melts as both molecular CO2 (CO2

mol) and carbonate
(CO3

2�) species (e.g., Brey, 1976; Mysen et al., 1976; Fine and
Stolper, 1985; Stolper et al., 1987) and that changes in the
silicate species may occur in response to CO2 dissolution
(Verweij et al., 1977; Sharma, 1979; Mysen and Virgo, 1980a,
1980b; Taylor, 1990). In recent years there have been signifi-
cant advances in our understanding of the CO2 solubility mech-
anism and a large number of different species have been
identified using NMR and IR spectroscopies and theoretical
studies (Kohn et al., 1991; Kubicki and Stolper, 1995; Brooker
et al., 1999, 2001a, 2001b). It has also become apparent that
natural magmas compositions which are intermediate between
acidic rhyolite and basic basalt (e.g., phonolite, trachyte, an-
desite or dacite) show a transition from molecular CO2 to
carbonate dominated speciation (Fogel and Rutherford, 1990;
Brooker et al., 2001b). It is therefore important to investigate

these compositions further to determine the relationship be-
tween speciation and the compositional dependence of solubil-
ity.

CO2-rich magmas are particularly common in continental rift
settings (Bailey, 1980; Bailey and MacDonald, 1987) which
have silica-undersaturated, peralkaline volcanic centers. For
these alkali-rich magmas, CO2 is thought to be the essential
component controlling Iherzolite phase stability in the mantle
source. This results in low-silica, primary compositions such as
melilitite and nephelinite (Brey and Green, 1975; Edgar, 1987;
Wallace and Green, 1988) which may then fractionate in sub-
volcanic complexes to give phonolitic compositions. The CO2-
rich nature of these fractionating systems is evident from the
common association with carbonatite magmas (Baker, 1987; Le
Bas, 1987; Kjarsgaard and Peterson, 1991), the most famous
being the active natrocarbonatite volcano, Oldoinyo Lengai
(e.g., Bell and Keller, 1995). How CO2 arrives in the mantle
source region is a matter of debate (e.g., Haggerty, 1989), but
the idea of a metasomatic agent such as carbonatite melt which
stagnates at a thermal ledge and decarbonates to release CO2 is
supported by the unusual trace element enrichment in many
nephelinitic-phonolitic systems (Bailey, 1987) and mantle
xenoliths (e.g. Coltorti et al., 1999).

However, the presence of mantle xenoliths in phonolitic
lavas (Wright, 1966; 1969; Price and Green, 1972; Green et al.,
1974), the widespread occurrence of silica-rich, high-alkali
glass in xenoliths (e.g., McInnes and Cameron, 1994; Coltorti
et al., 1999; Yaxley and Kamenetsky, 1999; Laurora et al.,
2001) and the proven stability of such melt compositions in
mantle assemblages (Draper and Green, 1997) has highlighted
the possibility that some phonolites may be generated directly
within the mantle by melting or fractionation.

Cainozoic phonolites erupted in Kenya and Tanzania exceed
the total volume of phonolite lava found elsewhere in the world
by several orders of magnitude (Lippard, 1973). As well as the
phonolites associated with nephelinites in large strato-volca-
noes, a second type of phonolite is erupted forming large flood
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plateaux without evidence of a more basic, or nephelinitic
parental composition. It has been suggested that these plateau-
type phonolites represent the CO2 induced melting products of
older alkali basalts which ‘underplate’ the base of the crust.
(Hay and Wendlandt, 1995; Kaszuba and Wendlandt, 2000).

Regardless of whether phonolitic magmas represent the ul-
timate fractionation product of nephelinitic magmas, direct
melting of metasomatised mantle or volatile flux melting of
underplated crust, they have the potential to experience high
activities of CO2. Saturation in the mantle or lower crust may
provide a transport mechanism to the surface. Low confining
pressure in shallow level magma chambers and the general
trend towards lower solubility in more evolved silicic magmas
(e.g. Blank and Brooker, 1994) may lead to saturation at crustal
levels. Whether considering eruptive degassing or the thermo-
dynamic activity of CO2 and its effects on phase relations, it is
clear that CO2 is a highly important component in many pho-
nolitic magmas. A high activity of CO2 is also a prerequisite for
silicate-carbonate immiscibility (Brooker, 1998) and separation
from a phonolite is one of the favoured mechanisms for pro-
duction of the natrocarbonatite erupted at Oldonyo Lengai
(Freestone and Hamilton, 1980). Previous studies of CO2 sol-
ubility in natural magmas are limited to a small range of
compositions and only three data points are available for pho-
nolite (Brooker et al, 2001a). In this study we use new exper-
imental data to investigate CO2 solubility in phonolite over a
large pressure-temperature range which can be applied to con-
ditions relevant to melting in the mantle or at the base of the
crust.

2. EXPERIMENTAL TECHNIQUES

2.1. Starting Materials

The composition chosen for this study is given in Table 1. It is an
Fe-free equivalent to the average of the phonolites listed in Hay and
Wendlandt (1995). These workers have shown experimentally that CO2

could have an important role in the genesis of these plateau-type
phonolites, if they form by melting of the lower crust. The average
natural composition has been modified to remove Fe, Mn and K. The

Fe in Hay and Wendlandt (1995) is all listed as Fe2O3, but the data of
Lippard (1973) suggests this is evenly split (in wt.%) between Fe2O3

and FeO in plateau-type phonolites. As a result, the iron has been
replaced in equal amounts (in wt.%) by Al2O3 and MgO. In addition,
the MnO has been replaced by MgO and the K2O by Na2O (see Table
1). These substitutions assume that the replacement components will
show similar behavior in the melt. The removal of iron and manganese
for our simplified composition is an essential pre-requisite for NMR
analysis which requires samples free of paramagnetic elements. The
absence of iron also removes the experimental difficulties associated
with controlling the Fe2�/Fe3� ratio and Fe-loss to the Pt capsules. The
K2O was removed as this may complicate the interpretation of the IR
spectra; Brooker et al. (1992) have demonstrated that substitution of the
alkali cations in polymerised compositions such as albite or jadeite, can
significantly alter the IR doublet of the network carbonates which are
observed in the quenched glass.

The Fe-free haplo-phonolite composition was prepared from a mix-
ture of oxides and carbonate, ground under acetone in an agate mortar.
Oxides had been previously dried at 1000°C for a few hours and the
carbonate at 600°C. An initial Na-free mix was heated at 1300°C to
form a partially glassy material and Na2CO3 was subsequently added as
sources of both Na2O and CO2. The glass-carbonate mix is preferred to
glass � silver oxalate as this avoids problems of contamination by
metallic silver and allows a rapid approach to equilibrium. For NMR
samples, the same starting material was prepared with a nominally 99%
13C-enriched Na2CO3. Some volatile-free glass was also prepared by
melting the Na-bearing mixture at 1400°C. The measured weight loss
suggests that only CO2 is lost during this final melting and all Na2O is
retained.

The starting material was weighed into Pt capsules, and the open
capsules were heated in the oven at 110°C, fitted with a lid and then
rapidly sealed by arc-welding. Use of this method to reduce the amount
of adsorbed water, results in glasses containing less than 0.3 wt. %
H2O.

Two experiments were also performed using the Fe-bearing phono-
lite starting mix from Brooker et al. (2001a) in Au80Pd20 capsules.

2.2. Experimental Apparatus

Experiments were performed in an end-loaded piston-cylinder appa-
ratus using the precautions and pressurisation method reported in
Brooker et al. (1998). Temperatures were monitored by a WRe3-WRe25

thermocouple and in all experiments, the capsule was surrounded by an
alumina sleeve to avoid contact with the graphite furnace. For the
experiments between 1.0 and 2.0 GPa, a 19 mm talc-Pyrex assembly

Table 1. Phonolite Compositions in wt.% Oxides

Oxide

Plateau phonolites
of Hay and

Wendlandt (1995)

Natural, Fe-bearing
phonolite from

Brooker et al. (2001a)

Haplo-phonolite
composition used

in this study

Glass analysis for typical
sample (YP3, 1500°C

and 2.0 GPa)

Glass analysis for sample
with residual crystals
(YP1, 1300°C and 2.0

GPa)

SiO2 56.65 57.33 56.84 55.95 56.98
TiO2 0.56 0.63 0.56 0.57 0.46
Al2O3 20.16 19.43 23.04 23.90 22.94
Fe2O3 6.01tot 2.85 n/a n/a
FeO 2.24 n/a n/a
MnO 0.28 0.17 n/a n/a
MgO 0.79 1.09 4.08 4.07 4.30
CaO 1.57 2.78 1.58 1.64 1.86
Na2O 7.84 7.95 13.90 13.87 13.46
K2O 6.02 5.35 n/a n/a
P2O5 0.12 0.18 n/a n/a
Total# 100.00 100.00 100.00 100.00 100.00
Peralkalinity* 0.963 0.971 0.992 0.955 0.965
NBO/T$ 0.014 0.039 0.18 0.17 0.19

# All analyses recalculated to give a total of 100%.
* defined here as molar (Na2O � K2O)/Al2O3 ratio
$ Expressed with all Fe as network-former (see Brooker et al., 2001a) and MnO added to MgO. n/a indicates not analysed.
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was used. A tapered graphite furnace was employed to reduce the
temperature gradient along the capsule. Measurements with two ther-
mocouples indicated that the thermal gradient is less than 20°C along
the 14 mm Pt capsule, (in agreement with Kushiro, 1976). For exper-
iments at 2.5 GPa, a 12.7 mm BaCO3 assembly was used. This
assembly also included a tapered furnace giving a thermal gradient of
less than 20°C over a 7 mm capsule length. No pressure correction was
applied for the talc pyrex assembly, a 13% correction was applied to the
BaCO3 cell.

Run durations were at least 2 hours to ensure equilibrium (Mysen
et al., 1976). The bulk starting powder contained 9 wt% CO2 and
this produced an excess fluid for all the conditions investigated, as
illustrated by a large vesicle at the top of each experimental charge.
The temperature quench rate for the piston cylinder apparatus was
timed at approximately 100°C/s to 1000°C, falling to around 60°C/s
from 1000 to 500°C (below the estimated glass transition tempera-
ture). Isobaric quenching ensured that quench (decompression) bub-
bles were not formed and the glasses are clear and crystal free
(unless otherwise stated) with only occasional large vesicles
(�200�m). The diffusion data of Watson (1994) suggests that the
amount of the CO2

tot reaching the melt-fluid interface during the
quench is insignificant.

2.3. Analytical Techniques

Recovered glasses were analysed for total CO2 content using a
LECO C/S 300 analyser. This involved heating the samples (mixed
with iron and tungsten granules) to �1800°C in a stream of pure
oxygen so that all dissolved CO2 was released. This CO2 was then
analysed with a flow-through infrared cell. The accuracy of the
LECO measurements, as determined by relevant calibrations and
repeat analyses, was always better than �0.1 wt.% over the range
0.5 to 3 wt.% total dissolved CO2, including errors related to any
sample inhomogeneity. For most samples, replicate analyses were
performed. As the error of the analysis is inversely proportional to
the sample mass, the results of replicate analyses were weighted by
multiplying the result for each aliquot by the mass, summing and
finally dividing by the total mass of sample. A complete listing of
analyses for each aliquot, including their masses is given in the
Appendix.

Selected sections of glass from the top, middle and bottom of the
capsule were analysed by FTIR. Mid-IR spectra were obtained for
100 �m diameter spots through doubly polished plates of glass
using a microscope attached to a Nicolet 800 Fourier transform
infrared spectrometer operating between 6000 and 650 cm�1. A KBr
beamsplitter and MCT detector were used to collect 256 scans at a
resolution of 4 cm�1 (data points every 2 cm�1). The microscope
was enclosed within a box and purged with high purity nitrogen to
reduce fluctuations in the atmospheric water and CO2. The thickness
of the sample was measured afterwards by a digital travel gauge
with an accuracy of �1 �m. The thickness of each sample was
chosen to give peak intensities below 1.8 absorbance units, as higher
values are considered unreliable for quantitative purposes. After the
instrumental background was subtracted, the spectrum of a volatile-
free haplo-phonolite glass was also subtracted before performing
any integrations, leaving CO2 related peaks as the difference. For
some subtractions a linear baseline correction was also applied. The
area of the CO2

mol peak at 2351 cm�1 and the total area of the
carbonate doublet at 1300 to 1670 cm�1 were integrated and used
for quantitative purposes. Derivation of extinction coefficients also
requires a knowledge of the sample density and this was determined
for a number of glasses using a Berman balance, weighing the
sample in air and in toluene; the precision and accuracy of this
technique are within �1% for samples �10 mg (as determined by
measurement of quartz and calcite standards).

The 13C magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra were obtained at frequency of 75.432 MHz using a
Bruker MSL 300 spectrometer with an external magnetic field of 7.05
T. The chemical shift was referenced to tetramethylsilane (TMS). The
area under an NMR peak is directly proportional to the concentration of
the species and thus gives direct quantitative information on the
CO2

mol/(CO2
mol � carbonate) ratio.

Fragments of glass from some charges were also mounted, polished,

and analysed by electron microprobe. Due to the high sodium and
volatile content of these glasses it proved difficult to confirm the
nominal oxide totals for volatile-free glasses and the correct shortfall
for the CO2-bearing glasses using standard electron microprobe tech-
niques, but the data were internally consistent and samples appeared to
be homogeneous. SEM images show no evidence of small bubbles
suggesting that the isobaric quenching prevented exsolution.

Fig. 1. Experimental solubility data for haplo-phonolite determined
using LECOTM bulk carbon analysis. a) The data plotted as a function
of temperature. b) The solubility at 1300°C shown as a function of
pressure and compared with an Fe-bearing natural phonolite composi-
tion (2.0 GPa data point from Brooker et al., 2001a). The solubility
error bars include both analytical and experimental error and are based
on the standard deviation of the 15 analyses of 5 experiments at 2.0
GPa and 1300°C. The error in temperature is �15°C determined from
measurements of thermal gradient. The estimated error in pressure is
�2%/�10% for the 19 mm assembly and �5% for the 12.7 mm
assembly.
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3. RESULTS

3.1. Solubility Data

CO2 solubilities measured by LECO bulk analysis are listed
along with the run conditions in Table 2 and plotted in figure 1.
The value of solubility given for each pressure and temperature
is the weighted average of all analyses (as described in section
2.3 and listed in the Appendix). Experiments at 1300°C and 2.0
GPa as well as 1400°C and 2.0 GPa have been replicated to
show the possible experimental error (see Appendix). In addi-
tion, two reversal experiments were performed to further rep-
licate the 1400°C, 2.0 GPa experiment. In the first of these, the
sample was held at 1500°C before lowering to 1400°C. As the
solubility at 1500°C is lower (see Fig. 1), this required a
significant re-absorption of CO2 from the excess fluid interface
and diffusion into the whole of the charge. This appears to have
occurred within 3 hrs. In contrast, the reversal to 1400°C from
1300°C required the exsolution of CO2 (to form bubbles). This
process should be more rapid, but the measured concentration
was much higher than the two direct synthesis runs or the other
reversal. This may simply be an artifact of the experimental and
analytical errors in this study, but super-saturation is observed
in basaltic systems at lower pressures (Bottinga and Javoy,
1990) and might be expected as a consequence of this experi-
mental procedure (e.g., Sparks et al., 1994).

For some low temperature runs, small amounts of corundum
and spinel were identified (see Table 2) but these minor phases
have no measurable effect on the glass composition determined
by electron microprobe analysis (Table 1). They are therefore

unlikely to have any significant effect on the measured CO2

solubility. IR spectroscopy showed that two samples which
were synthesised from the starting material with the natural
abundance of C isotopes, contained �10% 13C (see Table 2).
This suggests that there was some contamination of the
Na2CO3 starting material for these particular runs, as Na2

13CO3

was present in the laboratory. This leads to a potential problem
with the LECO analyses, as this instrument is designed to
analyze carbon at its natural isotopic abundance. After ensuring
that the contribution from any 13C in the LECO analysis is
insignificant, a correction of �10% was applied to the mea-
sured solubility for these contaminated samples.

Figure 1a shows the solubilities plotted as a function of
temperature between 1300°C and 1550°C for each pressure
studied. The total range of measured CO2 solubility in this
haplo-phonolite melt is 0.65 to 2.77 wt.%. At 2.5 and 2.0 GPa
the solubility clearly decreases with increasing temperature as
reported previously for albite (Stolper et al., 1987), diopside
(Rai et al., 1983), ol-leucitite (Thibault and Holloway, 1994),
and other compositions (Brooker et al., 2001a). However, such
a trend is less clearly defined at 1.0 and 1.5 GPa between
1300°C and 1550°C. The data also show an increasing degree
of pressure dependence of solubility at lower temperature.

Figure 1b shows the data for 1300°C together with data on
the Fe-bearing composition plotted as a function of pressure. It
is assumed that the solubility at 0 GPa is 0 wt%, to constrain the
form of the pressure dependence. Given the significant depen-
dence of CO2 solubility on composition, the results for the
natural, Fe-bearing phonolite (1.0 and 1.5 GPa this study, 2.0

Table 2. Solubility Data Obtained by LECO™.

Experiment
Pressure
(GPa)

Temperature
(°C)

Run duration
(h)

Solubility
(wt.% CO2)a Notes

YP12 1.0 1300 2 0.78
YP34 1.0 1350 3 0.65
YP10 1.0 1400 3 0.73
YP35 1.0 1450 3 0.67
YP07 1.0 1500 3 0.72
YP39 1.0 1550 3 0.75
YP11 1.5 1300 3 1.41
YP31 1.5 1350 3 1.23c 13C present
YP09 1.5 1400 3 1.17
YP32 1.5 1450 3 1.17c 13C present
YP06 1.5 1500 2 1.11
YP33 1.5 1550 3 1.08
YP01-YP04-YP22-YP27-YP46 2.0 1300 3 1.99d Crystals present
YP28 2.0 1350 3 1.91 Crystals present
YP02-YP66 2.0 1400 3 1.66d

YP20 2.0 150031400 6 1.74 Reversal
YP21 2.0 130031400 6 1.93 Reversal
YP29 2.0 1450 4 1.78
YP03 2.0 1500 3 1.56
YP30 2.0 1550 3 1.65
YP48b 2.5 1300 3 2.77
YP62b 2.5 1350 3 2.46
YP50b 2.5 1400 3 2.29
YP60 1.5 1300 3 0.85 Fe-phonolite
YP61 1.0 1300 3 0.56 Fe-phonolite

a Weighted average of several LECO analyses (see Appendix).
b Experiments performed in 12.7 mm assemblies.
c Includes 10% correction to account for the presence of 13C in the sample (see text)
d Average of several runs (see Appendix)
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GPa from Brooker et al., 2001a) are in reasonable agreement
with the haplo-phonolite, following a similar trend, but with 25
to 30% lower solubility. The slightly lower solubility may
result from the lower NBO/T of the natural composition (Table
1) consistent with the NBO/T relationship noted by Brooker et
al. (2001a), an interpretation which holds true whether or not
Fe2� and Fe3� are assigned to network forming or network
modifying roles (see Mysen, 1988). Alternatively the lower

solubility could be due to the lower Al/Si ratio in the natural
compositions (Table 1) as this ratio is known to significantly
affect solubility in polymerised compositions along the albite-
jadeite-nepheline join (Brooker et al., 1999). Similar arguments
may explain the similarity between CO2 solubilities for the
haplo-phonolite and those reported for tholeiite at 1.0 and 1.5
GPa (Pan et al., 1991), even though the NBO/T of tholeiite is
significantly higher (0.34 vs. 0.18). The relative importance of
NBO/T and Al/Si in controlling solubility is related to the
nature of the carbonate groups which may be present, as dis-
cussed below.

3.2. Infrared Results

A typical mid-IR spectrum of the haplo-phonolite is shown
at the bottom of Figure 2a and compared to spectra for other
selected compositions. In this figure, the molecular CO2 peak is
located at about 2351 cm�1 (Fine and Stolper, 1985; Brooker et
al., 1999) and is slightly asymmetric. Carbonate species are
represented by a complex doublet between 1670 and 1300
cm�1 (Fine and Stolper, 1985; Brooker et al., 1999). The
haplo-phonolite and the natural Fe-phonolite glasses both show
a CO2

mol/(CO2
mol � carbonate) ratio which is intermediate in

character between more basic compositions such as basalt or
nephelinite, which contain only carbonate (Fine and Stolper,
1985), and more acidic compositions, such as rhyolite which
contain only molecular CO2 (Fogel and Rutherford, 1990).

The other distinguishing feature of the IR spectra of carbon-
ate-bearing glasses is the value of ��3, the splitting of the �3

carbonate doublet, which is thought to reflect the distortion
experienced by carbonate groups in different configurations
(Blank and Brooker, 1994; Brooker et al., 2001b). The splitting
is highest in nominally fully polymerised compositions (NBO/
T � 0) due to the presence of highly distorted ‘network’
carbonates (T-carb-T) where two of the carbonate oxygens are
shared with the Si and/or Al tetrahedra which form the alumi-
nosilicate framework (Fine and Stolper, 1985; Kohn et al,
1991; Kubicki and Stolper, 1995; Tossell, 1995). Brooker et al.
(1999, 2001b) suggested that ��3 for these network carbonates
increases from 225 cm�1 for Al-carb-Al groups, to 295 cm�1

for Si-carb-Si. The change in the relative importance of these
groups as a function of the bulk Al/Si ratio can be seen for Ab,
Jd and Ne in Figure 2a. A smaller ��3 of 80 to 90 cm�1 is
observed in most depolymerised natural compositions such as
the Ca-nephelinite (Fig 2a), and is thought to represent a less
distorted carbonate group which is linked to the framework via
a non-bridging oxygen (represented as NBO-carb by Brooker et
al., 2001b). The ��3 for haplo-phonolite is somewhat different
from the natural phonolite composition (Fig. 2a). The splitting
for the natural phonolite is only slightly wider than that of
depolymerised compositions such as Ca-nephelinite (��3 of
101 � 3 vs. 80 cm�1), but the split for the haplo-phonolite
(��3 � 130 � 7 cm�1) is intermediate between depolymerised
and fully polymerised compositions. Furthermore the high fre-
quency edge of the doublet for both phonolite compositions
extends to much higher frequency than for Ca-nephelinite.

Also shown in Figure 2a is a spectrum for the composition
Jd � 0.5MgO from Brooker et al. (2001b). This composition
represents the depolymerisation of Jd (NBO/T � 0) by addition
of 0.5 moles of MgO. The resulting NBO/T of 0.167 and MgO

Fig. 2. a) The FTIR spectrum of haplo-phonolite (this study) com-
pared with spectra of other selected compositions (Brooker et al., 1999;
2001b). The spectra represent samples of different thickness but are
scaled for optimal presentation. The spectrum of a volatile-free haplo-
phonolite is shown as a dashed line. b) The variation in the carbonate
doublet splitting (from 123 cm�1 to 136 cm�1) for three haplo-phono-
lite samples synthesised at 1300°C but at different pressures (1.0, 1.5
and 2.0 GPa). This is compared with the carbonate splitting for the
Fe-bearing phonolite which is 104 cm�1.
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content of 4.75 wt% are very similar to the haplo-phonolite of
this study. Brooker et al. (2001b) noted that the �3 splitting for
Jd � 0.5MgO was surprisingly wide (��3 � 168 cm�1) com-
pared to Jd depolymerised by an equivalent molar amount of
CaO (��3 � 70 cm�1) as well as other depolymerised com-
positions. These authors suggested that a Mg-carb-T network
carbonate might be responsible, having a distortion intermedi-
ate between Al-carb-Al which is dominant in Ne (Fig. 1a), and
the NBO-carb observed in other depolymerised compositions.
It is not possible to simulate the haplo-phonolite in Figure 2a by
combining the spectra of Ne and a highly depolymerised com-
position, but the ��3 and characteristic shape can be simulated
by a 25/75 mixture of the spectra for Ca-nephelinite and Jd �
0.5MgO. The relatively high MgO concentration in the haplo-
phonolite compared with the natural phonolite composition
could therefore explain the larger splitting and wider base to the
carbonate doublet in the IR spectra.

Compared to the natural Fe-bearing phonolite, the haplo-
phonolite carbonate doublet also appears to have a more equal
intensity for the two doublet peaks. Brooker et al. (2001b) have
suggested that the higher intensity of the 1550 cm�1 peak in the
natural composition might be due to an additional single peak
component at 1460 cm�1 which is a feature of highly peralka-
line compositions. Although the ‘peralkalinity’ (as defined in
Table 1) is very similar for these two compositions, any Mg
assigned to tetrahedral coordination (as suggested above) may
also require Na to charge balance, effectively reducing the
peralkalinity in the haplo-phonolite.

A more subtle feature of the carbonate doublet is shown in
Figure 1b which illustrates the spectra obtained for haplo-
phonolite synthesised at different pressures. The separation of
the two peak maxima changes from 136 cm�1 to 123 cm�1

possibly reflecting a change in the relative abundances of
different types of carbonate groups (e.g. Mg-carb-T vs. NBO-
carb groups) for glasses quenched from different run condi-
tions.

It should be noted that none of the IR (or NMR) spectra of
samples included in this study showed any detectable evidence
of reduced carbon species such as CO or CH4 which would
result from diffusion of hydrogen through the capsule (from the
dehydration of the talc assembly parts). Samples prepared
during the course of this study which did show evidence of
hydrogen infiltration were not used in the solubility dataset.

3.3. NMR Results

Three 13C enriched samples synthesised at 2.0 GPa and
1300°C, 1350°C and 1550°C were analysed by NMR and are
shown in Figure 3a. The narrow peak at 125 ppm is assigned to
CO2

mol and the broad asymmetric resonance at 150 to 170 ppm
is assigned to carbonate (Kohn et al., 1991; Brooker et al.,
1999). There is a small but significant variation in the propor-
tion of CO2

mol decreasing from 4 � 1% at 1300°C, to 3 � 1%
at 1350°C and 2.2 � 1% at 1550°C. A similar change in
CO2

mol/(CO2
mol�carbonate) with run temperature has been

observed for other compositions (Stolper et al., 1985; Brooker
et al., 1999). This effect would not normally be predicted, given
the relatively constant quench-rate (and Tg) for all run temper-
atures (see section 3.4).

Figure 3b shows the carbonate spectrum for the haplo-

phonolite compared to a more depolymerised composition (so-
damelilite) and the fully polymerised composition nepheline.
The haplo-phonolite clearly shows intermediate behaviour con-
sistent with the observations made using the IR spectra. The
asymmetry of the broad carbonate peak indicates that there is
more than one type of carbonate present in this composition.
Figure 3c shows a four peak fit for the carbonate peak of the
1300°C, 2.0 GPa sample. The shifts of the fitted peaks are
168.4, 165.3, 160.5 and 155 ppm, with widths of 4.6, 5.9, 5.6
and 6.0 ppm and areas of 35.3, 54.7, 8.6 and 1.4% respectively.
To obtain this fit the positions, widths and intensities of 3 peaks
were completely free but a small peak at 155 ppm with a fixed
width and intensity was forced to be present to satisfactorily fit
the low frequency tail. A fit of the carbonate region for the
1550°C and 2.0 GPa sample gives similar results within error.
The lack of resolution in the spectra means that these fits are
not unique, but they do provide one possible solution which can
be compared with IR data of other samples. If more than four
different types of carbonate are present in this complex multi-
component composition, it is unlikely that any detailed infor-
mation could be extracted from fitting the spectra.

Brooker et al. (1999) have observed peaks with similar shifts
in nominally fully polymerised compositions such as albite,
jadeite and nepheline. The 165 ppm peak was assigned to the
network carbonate species Al-carb-Al, the 160 ppm to Si-
carb-Al and the 155 ppm peak to Si-carb-Si. As noted in section
3.2 the IR spectra for the haplo-phonolite is clearly not a simple
mixture of the network carbonate groups present in Ab, Jd and
Ne, together with the NBO-carb groups of depolymerised com-
positions such as Ca-Nephelinite; the fact that peaks close to
165, 160 and 155 ppm are found for the phonolite glass is
therefore probably a coincidence. The NMR spectrum for the
carbonate in the Jd � 0.5MgO composition is not available, so
it is not known if the 165 and 160 ppm components (or some
other fitted peaks) might be related to the Mg-carb-T group.
The 168 ppm peak is probably related to NBO-carb which is
dominant in more depolymerised composition such as sodame-
lilite (NBO/T � 0.67) in Figure 3b. This is consistent with the
IR data and the conclusions of Brooker et al. (2001a, 2001b)
who suggested that the dissolution mechanism of CO2 for
highly (but not fully) polymerised compositions such as pho-
nolite would involve both ‘network’ and ‘depolymerised’ car-
bonate species.

4. DISCUSSION

4.1. Thermodynamic Treatment of Solubility Data

One way to model CO2 solubility over a wide range of P, T
conditions is to develop a thermodynamic model based on a
limited number of experimental data points, then derive key
parameters such as K, �H and �V for the given composition.
Simple thermodynamic models have been developed for rhyo-
lite (Fogel and Rutherford, 1990), tholeiite (Fine and Stolper,
1985; Stolper and Holloway, 1988; Pan et al., 1991), and
ol-leucitite (Thibault and Holloway, 1994). Based on the spec-
tra for quenched glasses, the haplo-phonolite presented in this
study appears to be dominated by carbonate species (�96%),
and to make a comparison with the data of previous authors we
have attempted to model our data assuming the solubility
mechanism can be described by the following reaction:
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CO2
� fluid	 � O2��melt	

K
ª CO3

2��melt	 (1)

The corresponding equation for this reaction as a function of
pressure, temperature and thermodynamic parameters is:

XCO3
2�

�m	

XO2�
�m	 *f�CO2	

� K0*exp� � �V0

R*T
*�P � Po	 �

�Ho

R

*�1

T
�

1

T0�� (2)

Where:

Xi
(m) is the molar fraction of the i species in the melt (this is
approximately equal to the activity if ideal mixing is as-
sumed).

�H0 and �V0 are the change in molar enthalpy and molar
volume.

K0 is the equilibrium constant for Eqn. (1) at P0 and T0.
P0 and T0 are chosen as 0.1 GPa and 1473°K respectively.
f(CO2) is the fugacity of CO2 in bars in the fluid phase.

Using Eqn. (2) it is possible to obtain best fits for the
different thermodynamic parameters using the entire haplo-
phonolite solubility data set in Figure 1. This data set is

Fig. 3. a) NMR spectra of three haplo-phonolite samples showing the change in CO2
mol/(CO2

mol � carbonate) as a
function of run temperature at 2.0 GPa. b) Comparison of the carbonate region of haplo-phonolite glass with spectra for
other compositions. The width and position of the peak for phonolite (NBO/T � 0.18) are intermediate between that for
nepheline (NBO/T � 0) and sodamelilite (NBO/T � 0.67). c) The results of fitting the carbonate region of the NMR
spectrum of the 1300°C sample with 4 Gaussian peaks. The dotted curve is the experimental spectrum, solid lines are the
fitted Gaussians and their sum, the upper line is the residual.
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reproduced in Figure 4 along with lines calculated using these
‘best fit’ parameters. Values for K0, �H0 and �V0 are listed in
Table 3 and are compared to values obtained for tholeiite and
ol-leucitite. Note that we have calculated the fugacity of CO2

using the equation of state of Frost and Wood (1995), whereas
the studies of tholeiite and ol-leucitite used the equation of state
of Saxena and Fei (1987), but over the P/T range investigate
here there is no significant difference in the values obtained
with either method. The values of �V0 and �H0 take into
account the pressure and temperature dependence respectively.
The similar values for �V0 suggests that the pressure depen-
dence of the CO2 solubility is similar in all compositions. The
intermediate �H0 value implies a temperature dependence in-
termediate between those for tholeiite and ol-leucitite. How-
ever, the model does not appear to accurately predict the
variation in temperature dependence as a function of pressure
(Fig. 4). One mechanistic explanation for the failure of the
model could involve the fact that there are several carbonate
groups present (as shown by the spectroscopic data), each with
unique values of K0, �H0 and �V0 and that the relative abun-
dances of these groups in the glass may reflect changes in the

melts equilibrated over a range of P and T (Fig 2b). It is also
possible that the molecular CO2 species plays a more important
role in the melt, but is converted to carbonate during quenching
(see section 4.3).

It should be noted that if taken literally, Eqn. (1) implies a
reaction between CO2 and a free oxygen (O2�), even though
the abundance of free oxygen in glasses is known to be ex-
tremely low for relatively polymerised compositions such as
phonolite (Maekawa et al., 1991; Yokokawa et al., 1999). In
fact, it is not clear which types of oxygen are actually involved
in the dissolution mechanisms, with non-bridging oxygens
(O�) favoured for reaction to produce NBO-carb and bridging
oxygens (O0) for network carbonate. When complex rearrange-
ments of the silicate structure are also considered, it is unlikely
that a reaction as simple as Eqn. (1) will be adequate for
intermediate compositions such as phonolite.

4.2. IR Extinction Coefficients

FTIR is often used to investigate the concentration of various
dissolved volatile species in glasses using the Beer-Lambert
approximation:

C �
MW � abs

� � d � �
(3)

where C is the concentration, MW is the molecular weight, abs
is the peak intensity or area, � is the glass density (g.L�1), d the
thickness of the sample (cm) and � is the extinction coefficient
(L.mol� 1.cm�2 for the integrated area, L.mol�1.cm�1 for the
peak height). The extinction coefficients for dissolved CO2

species are known to be composition dependent (e.g., Ihinger et
al., 1994; Dixon and Pan, 1995; Brooker et al., 1999) and thus
require calibration for each composition.

In this study we have bulk solubility data from LECO
analyses and quantitative speciation data from NMR spectra,
therefore the IR extinction coefficients for both CO2

mol and
carbonate species can be calculated if the glass density is
known. Densities were determined for glasses quenched from
1.0 GPa (1350, 1450 and 1550°C) and fall within the range
2498 to 2501 g.L�1, those at 1.5 GPa (1300, 1350, 1450 and
1550°C) are 2515 to 2526 g.L�1 and two glasses from exper-
iments at 2.0 GPa (1350, 1450°C) are 2542 and 2546 g.L�1.
There is no discernible systematic variation in density with run
temperature; this is the expected consequence of all glass
structures recording a similar Tg during quenching.

4.2.1. Molecular CO2 extinction coefficient

The CO2
mol/(CO2

mol � carbonate) ratio was determined
from the NMR spectra for samples synthesised at 2.0 GPa and
1300, 1350 and 1550°C. The ratios were combined with the
total dissolved CO2 data from bulk analysis to obtain the
absolute concentration of CO2

mol for these three glasses. The
absorbance, thickness, molecular weight, measured glass den-
sity and this absolute concentration of CO2

mol were then used
to obtain the extinction coefficient of CO2

mol species using
Eqn. (3). The resulting values are not very accurate because the
absolute concentration of CO2

mol is very low (0.02 to 0.08
wt%) in the haplo phonolite. The values obtained for the linear
extinction coefficients are 796 � 250, 772 � 250 and 875 �

Fig. 4. Modeling of the CO2 solubility data for the haplo-phonolite
following the thermodynamic method of Pan et al., (1991). The lines
represent the best fit to the experimental data according to the param-
eters given in Table 3.

Table 3. Thermodynamic Parameters for Carbonate Dissolution

Parameters
Haplo-Phonolite

(this study)

Tholeiite
(Pan et al.,

1991)

Ol-Leucitite
(Thibault and

Holloway 1994)

ln K0 �15.04 �14.83 �13.36
�H0

r (kJ.mol�1) �17.21 5.2 �28.15
�V0

r (cm3.mol�1) 22.77 23.14 21.53

All parameters were calculated using the method described by Pan et
al. (1991) and Thibault and Holloway (1994) using P0 � 0.1 GPa and
T0 � 1473°K as the standard state.
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250 L.mol�1.cm�1 at 1300, 1350 and 1550°C respectively.
Given the large error, these values are in the same range as
those determined for albite (945 L.mol�1.cm�1, Fine and Stol-
per, 1985) and rhyolite (1066 L.mol�1.cm�1, Blank, 1993). In
subsequent calculations an average of all these values (890
L.mol�1.cm�1) will be assumed.

4.2.2. Carbonate extinction coefficient

The concentration of carbonate in each glass was obtained by
subtracting the concentration of CO2

mol (calculated from IR
using the extinction coefficient of 890 L.mol�1.cm�1) from the
total dissolved CO2 concentration (from bulk analysis). The
integral extinction coefficient (�) was then calculated for the
area of the carbonate doublet using the known concentration,
density and molecular weight and the measured absorbance and
thickness. The same spectrum of a volatile-free haplo-phonolite
was subtracted from all CO2-bearing spectra, but this appeared
to fit the “background” equally well in all cases. As illustrated
in Figure 5, the carbonate extinction coefficients derived in this
way show surprisingly large systematic variations as a function
of pressure and temperature. Figure 5a shows the extinction
coefficient for the carbonate doublet as a function of run
temperature for the 1.0 GPa experiments and similar trends are
observed at other pressures. The calculated values of � decrease
from 1300 to 1450°C then increase to 1550°C and the magni-
tude of the change is larger than any possible error (for instance
related to the background subtraction).

Figure 5b shows the change in calculated extinction coeffi-
cient as a function of run pressure for a temperature of 1550°C.
It is important to note the decrease in the value of � with
increasing run pressure is far more significant than the change
in glass density, which only varies by about 1% per 0.5 GPa. As
with the run temperature-induced changes shown in Figure 5a,
the changes in � are larger than any error and are probably
related to the change in relative abundance of different carbon-
ate species as shown by IR data (figure 2b), with each sub-
species of carbonate having its own value of �. This explana-
tion requires that differences in speciation must be retained to
some extent through the quenching process, to give samples
with different (but unresolved in the IR spectra) carbonate
species and hence different average carbonate � values (see
section 4.3). An additional effect is that the viscosity of the
melt probably decreases with increasing pressure (e.g.,
Kushiro, 1976). This would decrease Tg, and could explain
why different relative concentrations of carbonate species with
different extinction coefficients are present in the glasses
quenched from different pressures.

It must therefore be concluded that IR is not currently a
reliable method for determining CO2 concentrations in glasses
of ‘ intermediate’ magma composition. It is clear that a more
detailed comparison of NMR and IR spectra, in samples pre-
pared at different conditions, is required to investigate this
problem further.

4.3. Glass Versus Melt Speciation

The data from this study support previous observations (e.g.
Stolper et al., 1987; Brooker et al., 1999) that the speciation
preserved in CO2-bearing glasses depends to some extent on

the run temperature. This result is surprising, as any difference
in the speciation at run conditions, should not be apparent in the
glass structures. One would expect the speciation for all sam-
ples to be ‘ frozen in’ at the same Tg because the quench rate for
the piston cylinder apparatus does not vary significantly with
run temperature. In this study it has also been found that the
nature of the carbonate group (shown by �v3) and the carbon-
ate IR extinction coefficient both depend on the run tempera-
ture. These two observations can be explained readily if (i) a
range of carbonate species with a temperature dependent equi-
librium are present in the melt; and (ii) the equilibrium is
partially quenchable. The possibility of completely quenching
the equilibrium species distribution from high-temperature
seems very unlikely, as it implies some very slow exchange
process in the melt. It is probable that only a relatively small
fraction of the C-bearing species would have sufficiently slow

Fig. 5. The calculated integral extinction coefficients for the carbon-
ate doublet plotted in a) as a function of temperature at 1.0 GPa, and in
b) as a function of pressure at 1550°C. Error bars represent the range
of values obtained for repeat analyses of the same sample.
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kinetics. Although much more work is required to understand
these effects in haplo-phonolite, new information on the tem-
perature dependence of the speciation equilibrium has become
available very recently, from annealing experiments on jadeite
glass (Morizet et al., 2001). These results suggest that the
relative concentration of CO2

mol in silicate melts may be much
higher than that observed in quenched glasses. Thus the slow
exchange process, referred to above, might be related to a large
activation energy for the conversion of CO2

mol to one (or more)
specific carbonate types during cooling. A higher CO2

mol con-
tent in the haplo-phonolite melt is also one possible explanation
for the relatively poor fit of the thermodynamically predicted
solubility (Fig. 4) which is based on an assumption that the
solubility mechanism is dominated by carbonate formation, as
in Eqn. (1).

CONCLUSIONS

The solubility of carbon dioxide in a synthetic iron free
phonolite melt has a positive pressure dependence and a vari-
able, but negative temperature dependence consistent with the
majority of recent studies on natural compositions. Solubility
trends are in reasonable agreement with those for an Fe-bearing
phonolite of Brooker et al. (2001a), but the replacement of FeO
by MgO may have introduced some subtle differences in the
carbonate complexation. A low solubility for CO2 in phonolite,
compared with potential parental compositions such as nephe-
linite (see Brooker et al, 2001a), implies that a high activity of
CO2, (and hence saturation) is easily reached by fractionation
as well as decompression. Exsolution may give a suitable
transport mechanism for magma ascent from the mantle, al-
though any isobaric cooling may cause re-absorption of the
exsolved fluid phase.

CO2 speciation in phonolite glass is dominated by carbonate
with several different types of complex being observed in both
the FTIR and NMR spectra. Changes in the relative abundances
of the different carbonate species as a function of equilibration
pressure and temperature suggests the speciation in the melt
may be significantly different from the glass with complex
changes during quenching. This may be the cause of non-
unique values of thermodynamic solubility parameters and IR
extinction coefficients.
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Appendix

Sample Mass of analyzed sample (mg) wt.% CO2

1.0 GPa, 1300°C, Weighted solubility � 0.78 wt.%CO2

YP12 104.69, 54.59, 38.42 0.78, 0.78, 0.79
1.0 GPa, 1350°C, Weighted solubility � 0.65 wt.%CO2

YP34 40.4, 29.9, 63.4 0.66, 0.69, 0.62
1.0 GPa, 1400°C, Weighted solubility � 0.73 wt.%CO2

YP10 103.16, 56.35 0.70, 0.79
1.0 GPa, 1450°C, Weighted solubility � 0.67 wt.%CO2

YP35 28.3, 29.1, 46.1 0.70, 0.64, 0.67
1.0 GPa, 1500°C, Weighted solubility � 0.72 wt.%CO2

YP07 100.8, 41.63 0.72, 0.72
1.0 GPa, 1550°C, Weighted solubility � 0.75 wt.%CO2

YP39 93.86, 19.73 0.75, 0.75
1.5 GPa, 1300°C, Weighted solubility � 1.41 wt.%CO2

YP11 121.96, 51.57, 60.62 1.42, 1.39, 1.39
1.5 GPa, 1350°C, Weighted solubility � 1.12 wt.%CO2

YP31 50.38, 45.56, 66.1 1.09, 1.14, 1.14
1.5 GPa, 1400°C, Weighted solubility � 1.17 wt.%CO2

YP09 117.47, 62.07, 68.85 1.18, 1.15, 1.18
1.5 GPa, 1450°C, Weighted solubility � 1.06 wt.%CO2

YP32 49.68, 47.55, 76.81 1.07, 1.13, 1.02
1.5 GPa, 1500°C, Weighted solubility � 1.10 wt.%CO2

YP06 111.56, 52.63, 71.03 1.11, 1.11, 1.09
1.5 GPa, 1550°C, Weighted solubility � 1.08 wt.%CO2

YP33 34.1, 40.18, 66.7 1.10, 1.05, 1.08
2.0 GPa, 1300°C, Weighted solubility � 1.99 wt.%CO2

YP01 102.41, 61.48, 70.88 1.96, 1.95, 1.95
YP04 108.76 1.87
YP22 31.66, 32.06, 41.48, 32.45 2.01, 1.93, 1.94, 1.93
YP27 24.85, 39.38, 39.99, 21.5, 34.78 2.01, 2.22, 2.06, 2.14, 2.23
YP46 24.51, 27.57 1.92, 2.14

2.0 GPa, 1350°C, Weighted solubility � 1.90 wt.%CO2

YP28 51.85, 50.76, 62.53 1.96, 1.88, 1.88
2.0 GPa, 1400°C, Weighted solubility � 1.66 wt.%CO2

YP02 105.84, 50.77, 83.88 1.65, 1.56, 1.63
YP66 84.4, 103.4, 28.0 1.66, 1.69, 1.83

2.0 GPa, 1450°C, Weighted solubility � 1.78 wt.%CO2

YP29 52.78, 44.23, 78.92 1.86, 1.76, 1.74
2.0 GPa, 1500°C, Weighted solubility � 1.56 wt.%CO2

YP03 103.5, 48.29 1.55, 1.59
2.0 GPa, 1550°C, Weighted solubility � 1.65 wt.%CO2

YP30 52.57, 36.8, 76.64 1.63, 1.68, 1.64
2.5 GPa, 1300°C, Weighted solubility � 2.77 wt.%CO2

YP48 23.84, 44.86 2.80, 2.76
2.5 GPa, 1350°C, Weighted solubility � 2.46 wt.%CO2

YP62 40.7 2.46
2.5 GPa, 1400°C, Weighted solubility � 2.29 wt.%CO2

YP50 16.22, 17.29 2.25, 2.34
2.0 GPa, 1500-1400°C, Weighted solubility � 1.74 wt.%CO2

YP20 101.36, 49.07, 54.45 1.76, 1.72, 1.72
2.0 GPa, 1300-1400°C, Weighted solubility � 1.93 wt.%CO2

YP21 100.79, 49.45, 83.58 1.90, 1.97, 1.95
1.5 GPa, 1300°C, Natural phonolite, Weighted solubility � 0.85 wt.%CO2

YP60 42.1 0.85
1.0 GPa, 1300°C, Natural phonolite, Weighted solubility � 0.56 wt.%CO2

YP61 44.5 0.56
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