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ABSTRACT

The solubility of a two-component, H2O 1 CO2 fluid in silicate liquids was modeled by
assuming mechanical, thermal, and chemical equilibrium between the fluid and liquid phas-
es. The liquid phase was treated as a 12-component (10 major oxides 1 H2O 1 CO2)
mixture, and its thermodynamic properties were calculated on the basis of a regular and
non-isometric mixing equation for the excess Gibbs free energy. The mole fractions of the
exsolved and dissolved water and carbon dioxide were calculated on the basis of two
chemical equilibrium and two mass-balance equations expressing the conservation of the
exsolved and total mass of volatiles. The model was then calibrated by processing nearly
1000 experimental H2O and CO2 solubility determinations from the literature in natural
and synthetic silicate liquids covering a wide range of pressure-temperature-composition
conditions. The results show that the present model predicts with reasonable accuracy the
solubility of water and carbon dioxide in silicate liquids over the entire range of fluid
phase compositions and for pressures from atmospheric to several hundreds of megapascals
and temperatures from about 1000 to 1900 K. The predicted isobaric-isothermal sections
of the H2O 1 CO2 saturation surface show a transition from essentially Henrian to strongly
non-Henrian behavior as the pressure is increased from tens to hundreds of megapascals,
consistent with the majority of experimental results made at low, medium, and high pres-
sure. The presence of a very small amount of CO2 in the system significantly increases
the volatile saturation pressure, suggesting that in most cases the multicomponent nature
of the fluid phase cannot be neglected when modeling volcanic processes such as magma
chamber and conduit ascent dynamics. The predicted closed- and open-system saturation
conditions differ significantly. Under open-system conditions, the dissolved H2O content
increases and the dissolved CO2 content decreases compared with the closed-system con-
ditions. This results in a more efficient H2O enrichment of the fluid phase with decreasing
pressure under open-system conditions. The present model can be used to investigate the
behavior of volatiles in the volcanic environment provided that the basic assumption of
equilibrium is satisfied.

INTRODUCTION

It has long been recognized that volcanic gases play a
fundamental role in almost all volcanic processes from
the deep regions of magma segregation to the eruptions
at the surface (Tuttle and Bowen 1958; Hamilton et al.
1964; Tait et al. 1989; Papale et al. 1998). The modeling
of the solubility of volcanic gases in liquid magma is
fundamental to the understanding of the chemical and
physical processes that a magma body undergoes
throughout its history, thus for the modeling of most vol-
canic processes. In a previous paper (Papale 1997), the
saturation of H2O and CO2 in silicate liquids was modeled
in the case where only one of the two volatiles is present
in the system. By employing an expression for the ref-
erence state of each dissolved volatile and an equation
for the excess Gibbs free energy of the liquid mixture,
and by processing more than 900 experimental H2O and
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CO2 solubility determinations from the literature covering
a wide range of pressure, temperature, and composition
conditions, it was found that the H2O solubility data are
well reproduced by a regular and isometric mixing equa-
tion for the liquid phase, whereas the CO2 solubility data
agree better with a regular and non-isometric form of the
mixing equation, implying that the binary interaction co-
efficients involving CO2 are pressure dependent. The
characteristics of the saturation surface of each volatile
that are reproduced by such modeling include the change
from retrograde to prograde water solubility with increas-
ing temperature in albitic liquids (Paillat et al. 1992), the
alkali effect of H2O (Holtz et al. 1995), the increasing
CO2 solubility with increasing degree of silica undersat-
uration (Mysen et al. 1975; Dixon 1997), the Henrian
behavior of CO2 in most silicate liquids up to 30–50 MPa
(Dixon et al. 1995), and the linear relationship between
the fugacity in the fluid phase or the activity in the liquid
phase and the square of the mole fraction of the dissolved
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volatile at saturation shown by some unrelated silicate
liquid compositions (McMillan 1994).

The present paper extends the modeling of the solu-
bility of H2O and CO2 in silicate liquids by considering
the more realistic case in which the two volatiles are pre-
sent simultaneously in the system. The objective is dif-
ferent from that of previously published simpler models
(Gerlach 1986; Holloway and Blank 1994; Dixon and
Stolper 1995; Dixon et al. 1995; Dixon 1997), which
were designed to reproduce accurately a subset of the
experimental H2O-CO2 saturation data within a narrow
range of pressure-temperature-liquid composition. In con-
trast, the present model is designed to work in the entire
P-T-composition range defined by the majority of exper-
imental data. This requires a more comprehensive theo-
retical formulation because the objective of the model
prevents the calibration of quantities that are nearly con-
stant in a restricted range of conditions but may vary
widely when the conditions vary significantly.

The new model is then used to predict the combined
H2O-CO2 saturation surface in several liquids of different
composition, and such predictions are compared with the
available experimental data. It will be shown that the
model correctly predicts a mutual effect of H2O and CO2

in reducing their saturation content up to pressures of
several hundred megapascals, as well as an essentially
Henrian behavior of the two volatiles in the liquid phase
at low and constant pressure, and significant deviations
from such behavior at pressures above 0.1 GPa.

DESCRIPTION OF THE MODEL

In this paper, it is assumed that the fluid phase coex-
isting with a silicate liquid contains H2O and CO2 as the
only components, and that the liquid and fluid phases are
in thermodynamic equilibrium. Under these conditions,
the equations describing the mechanical, thermal, and
chemical equilibrium are:

G LP 5 P 5 P (1)

G LT 5 T 5 T (2)

G Lf 5 f (3)H O H O2 2

G Lf 5 f (4)CO CO2 2

where P is pressure, T is temperature, f is fugacity, and
the superscripts G and L refer to the fluid and liquid
phase, respectively. By employing the first two equations
and introducing the fugacity coefficient in the fluid phase
f, activity coefficient in the liquid phase g, and reference
state fugacity f 0, Equations 3 and 4 become:

0Lf y P 5 g x f (5)H O H O H O H O H O2 2 2 2 2

0Lf y P 5 g x f (6)CO CO CO CO CO2 2 2 2 2

where y and x are the mole fractions in the fluid and
liquid phase, respectively. No account is taken of the true
form, molecular or dissociated, of the dissolved volatiles
(this point is extensively discussed in Papale 1997). Equa-

tions 5 and 6 are the basic expressions describing the
equilibrium between the liquid and fluid phases. These
are closed by two mass-balance equations describing the
conservation of the exsolved and total gas, respectively:

y 1 y 5 1 (7)H O CO2 2

T Tx 2 x x 2 xH O H O CO CO2 2 2 2
5 (8)

y 2 x y 2 xH O H O CO CO2 2 2 2

where the superscript T refers to the total mole fraction
of each volatile. The system formed by Equations 5–8
can be solved for xH2O, x , y , and y , for any givenCO H O CO2 2 2

x and x , provided that expressions for f , f ,T T
H O CO H O CO2 2 2 2

g , g , f , and f , are known. A modified Redlich-0L 0L
H O CO H O CO2 2 2 2

Kwong equation of state for pure H2O, pure CO2, and
H2O-CO2 mixtures (Kerrick and Jacobs 1981) is used to
describe the properties of the fluid phase. An expression
for f (where the component i is either H2O or CO2) is0L

i

given in Papale (1997), and it requires the definition of
an equation of state for the reference molar volume vi of
the dissolved volatile in the liquid phase:

P

0L 0L 0 0RT ln f 5 RT ln f (P , T ) 1 v dPi i i i E i
0Pi

T P1 ]vi2 T v 2 T dP dT (9)E E i2 1 2[ ]T ]T0 0T P Pi i

where R is the gas constant. The reference molar volumes
v and v are expressed as a polynomial of the follow-H O CO2 2

ing form:

2 3 2v 5 a 1 a T 1 a T 1 a T 1 P(a 1 a T 1 a T )i 1 2 3 4 5 6 7

2 31 P (a 1 a T ) 1 a P .8 9 10 (10)

The activity coefficients can be obtained byg and gH O CO2 2

the relation:

E]G
RT ln g 5 (11)i 1 2]ni P,T,nJ±i

where GE is the excess Gibbs free energy of the liquid
mixture, and ni and nj denote the number of moles of
component i and j. The excess Gibbs free energy GE is
expressed as:

m m1
EG 5 N x x w (12)O O i j ij2 i51 j51

where N is the total number of moles in the liquid phase,
m is the total number of components in the liquid phase
(12, made up of 2 volatiles 1 10 major oxides), and wij

are symmetric binary interaction coefficients (wij 5 wji;
wii 5 0) describing the attractive-repulsive behavior of
each pair of components. It was found previously (Papale
1997) that the H2O and CO2 solubility data in the one-
component fluid phase condition are reproduced with rea-
sonable accuracy by using the following relations:
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(0)w 5 w (13)H Oj H Oj2 2

P
(0) (1)w 5 w 1 ln w (14)CO j CO j CO j2 2 20P

where the w (i 5 H2O, CO2) and w terms are(0) (1)
ij CO j2

calibrated by robust weighted linear least-squares regres-
sion (Press et al. 1992), and the wij (i,j ± H2O, CO2) terms
are taken from Ghiorso et al. (1983). The implications of
the different functional form of the interaction coeffi-
cients involving H2O and CO2 and their consistency with
the mechanisms of H2O and CO2 dissolution on a molec-
ular scale are discussed in Papale (1997). By extending
this approach to the two-component fluid phase condition,
and by rewriting the mole fractions in the liquid phase
with the following specification:

xix9 5 (15)i±H O,CO2 2 1 2 x 2 xH O CO2 2

the resulting expressions for are:g and gH O CO2 2

RT ln g 5 (1 2 x )x wH O H O CO H OCO2 2 2 2 2

n
(0)1 (1 2 x )(1 2 x 2 x ) x9wOH O H O CO i H Oi2 2 2 2

i51
i±CO2

2 x (1 2 x 2 x )CO H O CO2 2 2

 n nP (0) (1)3 x9w 1 ln x9wO Oi CO i i CO i 2 20P i51 i51
i±H O i±H O 2 2

n21 n

22 (1 2 x 2 x ) x9x9wO OH O CO i j ij2 2
i51 j5i11

i±H O,CO j±H O,CO2 2 2 2

(16)

RT ln g 5 (1 2 x )x wCO CO H O H OCO2 2 2 2 2

n
(0)2 x (1 2 x 2 x ) x9wOH O H O CO i H Oi2 2 2 2

i51
i±CO2

1 (1 2 x )(1 2 x 2 x )CO H O CO2 2 2

 n nP (0) (1)3 x9w 1 ln x9wO Oi CO i i CO i 2 20P i51 i51
i±H O i±H O 2 2

n21 n

22 (1 2 x 2 x ) x9x9wO OH O CO i j ij2 2
i51 j5i11

i±H O,CO j±H O,CO2 2 2 2

(17)

where w - is an H2O-CO2 interaction coefficientH O CO2 2

whose form (if constant or P-T dependent) is not defined
for the moment. A significant difference between the one-
and two-component fluid phase conditions is that the
presence of a component, CO2, with non-isometric mixing
with the silicate liquid produces a P-dependence of the
activity coefficient of H2O even if the employed w -iH O2

coefficients are not pressure dependent. Another signifi-
cant difference is that the amount of each volatile dis-

solved in the liquid is not determined uniquely by spec-
ifying the P-T-composition conditions (as in the case of
a pure H2O or pure CO2 fluid phase), but also depends
on the total amounts of H2O and CO2 in the system (Eq.
8).

The system of Equations 5–8, with the specifications
given in Equations 9, 10, 16, and 17, can be solved nu-
merically for any fluid phase composition in terms of H2O
and CO2. The system can be reduced to two non-linear
equations, which can be solved by employing a globally
convergent generalized Newton method with backtrack-
ing of the iteration step (Press et al. 1992). It is easy to
verify that if one of the two volatiles, H2O and CO2, is
absent from the system, the model presented here reduces
to the one-component fluid phase model presented in Pa-
pale (1997). This implies that, apart from the H2O-CO2

interaction coefficient w - in Equations 16 and 17 andH O CO2 2

provided that the model is correctly formulated, the mod-
el parameters can be obtained entirely from the regression
of the pure H2O and pure CO2 solubility data in Papale
(1997). This is an important point, since (1) it allows a
proper model calibration even if the two-component sat-
uration data are scarce and (2) it allows a very significant
check of the model formulation by predicting the two-
component fluid phase saturation surface on the basis of
the one-component solubility data. Note that the latter
point does not imply that the present model is a sort of
superposition of the results pertaining to the pure volatile
solubility data, because the activity coefficient of each
dissolved volatile is described in terms of the liquid com-
position including the other dissolved volatile. It is shown
below that this allows an extension of the model predic-
tions far above the limiting conditions of the to-date sim-
pler models, up to the high-pressure field where complex
(non-Henrian) behavior is found experimentally.

In the following section a re-derivation of the CO2-
related model parameters is presented. This re-derivation
is made to account for the well-known large internal in-
consistencies shown by the pure CO2 solubility data, and
represents a correction to the CO2-related model param-
eters calibrated previously (Papale 1997).

RE-DERIVATION OF THE CARBON DIOXIDE-RELATED
MODEL PARAMETERS

It is well-known (Blank and Brooker 1994; Holloway
and Blank 1994) that one of the major challenges in un-
derstanding the mechanisms of CO2 solubility in silicate
liquids is represented by the large inconsistencies shown
by the CO2 solubility data produced by the different au-
thors with different experimental techniques. Indeed, dif-
ferences by a factor of several units can be found in the
literature for very similar experimental conditions. In par-
ticular, the data of Mysen and co-workers (Mysen 1976;
Mysen et al. 1974, 1975, 1976; Holloway et al. 1976;
Eggler and Mysen 1976; Mysen and Virgo 1980a, 1980b)
have been criticized by many authors (see for example
Stolper et al. 1987; Lange 1994) as having low accuracy
because of the 14C b-track mapping technique used in the
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FIGURE 1. Comparison between the experimental and cal-
culated CO2 solubilities for all the CO2 solubility data used in
the regression. Group 1 data (94 points) are represented as
squares, and group 2 data (169 points) as small crosses. Group
1 data: Rai et al. (1983) (6); Stolper et al. (1987) (18); Stolper
and Holloway (1988) (5); Mattey et al. (1990) (11); Fogel and
Rutherford (1990) (18); Pan et al. (1991) (15); Pawley et al.
(1992) (5); Thibault and Holloway (1994) (16). Group 2 data:
Mysen et al. (1974) (7); Brey and Green (1975) (1); Mysen et
al. (1975) (16); Mysen (1976) (41); Mysen et al. (1976) (33);
Eggler and Mysen (1976) (4); Holloway et al. (1976) (17); Brey
(1976) (15); Brey and Green (1976) (5); Mysen and Virgo
(1980a) (16); Mysen and Virgo (1980b) (14).

determination of the CO2 content of the quenched glass.
Unfortunately, these data constitute a considerable part of
the existing experimental determinations of CO2 solubil-
ity in silicate liquids, and represent .60% of the data
employed in the database for the extraction of the CO2

solubility model parameters in Papale (1997). As a con-
sequence of such large inconsistencies among the data,
the comparison between the experimental results and the
model predictions (see Fig. 5 of Papale 1997) shows a
large scattering and the employed robust estimate tech-
nique produces outlying points (i.e., data points that are
automatically excluded by the regression as lying far
from the fit of the main body of data), which include
many recent experimental determinations whose accuracy
is generally considered high. This problem is addressed
in Papale (1997), where an attempt was made to re-derive
the CO2 model parameters by excluding all the data pro-
duced before the 1980s (see the Appendix). Unfortunate-
ly, such an attempt was not successful because the few
remaining data points (94) did not allow the extraction of
stable model parameters, and the model failed to predict
reasonable CO2 solubilities for silicate liquid composi-
tions different from those used in the regression. For this
reason Papale (1997) decided to retain all the data in the
database, and to accept the poor agreement between some
of them and the corresponding model predictions as a
limit imposed by the lack of consistency among the ex-
perimental determinations.

In the present paper, the extension of the modeling to
the two-component H2O 1 CO2 fluid phase conditions
allows the inclusion in the database of many recent ex-
perimental data [seven from Blank et al. (1993) and six
from Dixon et al. (1995)], producing 26 additional lines
in the design matrix (each experimental determination of
H2O 1 CO2 solubility produces two equilibrium equa-
tions, one for H2O and one for CO2; Eqs. 5 and 6). The
recent data of Jacobsson (1997) on the H2O 1 CO2 sat-
uration in an icelanditic melt at P 5 1 GPa and T 5 1673
K are not included in the database, because at this high
pressure the uncertainty in the predicted amount of dis-
solved H2O is large (Papale 1997) and results in a poor
constraint on the CO2-related model parameters. The data
produced before the 1980s are included in the database
for the regression of the CO2 model parameters but they
are processed in a different way, by arbitrarily increasing
the associated experimental uncertainties by one order of
magnitude (after having verified that by increasing them
by more than a factor of 10 does not change the model
predictions significantly). The total number of lines in the
design matrix (i.e., the total number of independent ob-
servations used to constrain the model parameters) is 289,
produced by 263 CO2 and 13 H2O 1 CO2 saturation
determinations.

By itself, the scarcity of data on the H2O 1 CO2 fluid
saturation in silicate liquids is not a major limit on the
regression procedure. Such data are absolutely necessary
only to evaluate one model parameter, i.e., the cross-vol-
atile interaction coefficient w - in Equations 16 andH O CO2 2

17. If the model is formulated correctly, its theoretical
framework allows the calibration of all the other model
parameters based on only the pure H2O and pure CO2

solubility data. In contrast, the H2O 1 CO2 saturation ex-
periments are fundamental to evaluate the model predic-
tions. If the model is able to reproduce the main features
of the saturation surface in one- and two-component fluid
phase conditions by comparison with the existing data
and with the predictions of other simpler models working
in restricted regions of the P-T-composition space, then
we can conclude that the theoretical framework of the
model captures the relevant physics of fluid-liquid equi-
librium and the objective of the model is achieved.

The details of the robust estimate technique employed
for the regression are illustrated in Appendix 1, and a
synthetic description of the database is reported in Ap-
pendix 2.

RESULTS

Carbon dioxide
Figure 1 compares calculated and experimental solu-

bilities for all the data used in the regression. The data
are divided into two groups: group 1 (squares), which
includes the recent experimental determinations; and
group 2 (small crosses), which includes data produced
before the 1980s. Most of the group 1 data are reproduced
within 15% of accuracy, whereas the group 2 data are
highly dispersed. It is worth noting that in those cases
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FIGURE 2. Comparison between the experimental group 1
(filled symbols) and group 2 (open symbols) data and the model
predictions from Papale (1997) and from the present paper (lines)
on the CO2 solubility in a diopsidic liquid at 2 GPa as a function
of temperature. Group 1 data from Rai et al. (1983). Group 2
data from Mysen et al. (1974), Mysen et al. (1976), Holloway et
al. (1976), and Mysen and Virgo (1980a, 1980b). See text for
discussion.

FIGURE 3. Comparison between the experimental (symbols)
and calculated (lines) CO2 solubility in a rhyolitic liquid as a
function of pressure at two different temperatures of 1323 and
1423 K. Experimental data and liquid compositions from Fogel
and Rutherford (1990).

FIGURE 4. Comparison between the experimental data and
the model predictions on the CO2 solubility in silicate liquids of
leucititic (filled symbols) and tholeiitic (open symbols) compo-
sition as a function of temperature and at different pressures from
0.1 to 2 GPa. The different symbols refer to different pressures
(numbers in the figure, in GPa). Experimental data and liquid
compositions from Thibault and Holloway (1994) (leucitite) and
Pan et al. (1991) (tholeiite).

where the experimental conditions allow a direct com-
parison, the group 1 and group 2 data are highly incon-
sistent. This is well illustrated by the example of Figure
2 for liquids of diopsidic composition and P 5 2 GPa.
The model predictions obtained by using the model pa-
rameters from Papale (1997) and those from the present
paper are also shown on this figure. It can be seen that
the group 1 data produce a negative T-dependence of the
CO2 solubility, whereas the group 2 data show a strong
positive T-dependence and significant internal disagree-
ment at both low and high temperatures. The use of the
model parameters from Papale (1997) produces a sub-
stantial agreement with the 14C b-track determinations
that dominate the database, whereas the present parame-
ters produce CO2 solubilities that agree well with the
more recent determinations from Rai et al. (1983) based
on high-temperature mass spectrometry.

Figure 3 compares the model predictions with the ex-
perimental data from Fogel and Rutherford (1990) on the
CO2 solubility in a rhyolitic liquid as a function of pres-
sure at temperatures of 1323 and 1423 K. The agreement
is fairly good, and both the model and the data produce
a slight negative T-dependence for the dissolution of CO2.

In Figure 4, the predicted T-dependence for the disso-
lution of CO2 in silicate liquids of leucititic and tholeiitic
composition at pressures from 0.1 to 2 GPa is compared
with the experimental data from Pan et al. (1991) and
Thibault and Holloway (1994). The agreement is good,
and the experimental CO2 data are well reproduced by
the model in a wide range of P-T conditions. Both the
data and the model produce a larger CO2 solubility in
leucititic than in tholeiitic liquids at equal P-T conditions,
an essentially null effect of temperature in tholeiitic liq-

uids up to 1.5 GPa pressure, and a progressively increas-
ing negative dependence on temperature with increasing
pressure in leucititic liquid.

To verify the stability of the model predictions over a
wide compositional range, Figure 5 illustrates calculated
CO2 solubilities in several liquid compositions different
from those considered in the database. The model cor-
rectly predicts larger CO2 solubilities for more SiO2-un-
dersaturated compositions, as well as differences in the
predicted CO2 contents of up to one order of magnitude
between the SiO2-undersaturated leucititic and nephelin-
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FIGURE 5. Predicted CO2 solubility as a function of pressure
in several liquids of compositions different from those used in
the regression of the model parameters. a: silicate liquid com-
positions, all at T 5 1500 K. The stippled area indicates the
predicted CO2 solubility field of liquids from basalt to rhyolite
of calcalkaline associations [compositions from Baker (1982),
Table 2 nos. 1, 2, 7, and 8]. Other liquid compositions from
Barker (1983): nephelinite Table 13–1 no. 2, morb1 and morb2
(tholeiites) Table 11–2 nos. 1 and 2, and D’Amico et al. (1987):
alkali basalt, hawaiite, mugearite, benmoreite, and trachite Table
8 nos. 1, 2, 3, 4, 5. Leucititic composition from Thibault and
Holloway (1994). The dashed lines are the results of model cal-
culations reported in Dixon (1997) for the CO2 solubility in a
leucititic (upper long-dashed line) and tholeiitic (lower short-
dashed line) liquid at T 5 1473 K. b: carbonatitic liquid com-
positions from Barker (1983): sodium carbonatite and calcite car-
bonatite Table 13–3 nos. 4 and 1, respectively.

itic liquids and the SiO2-saturated or oversaturated liquids
of the calcalkaline suite (stippled area in Fig. 5a) (Hol-
loway and Blank 1994). Along the hawaiite-mugearite-
benmoreite-trachyte evolutionary trend, the predicted
CO2 solubility decreases by about 1 order of magnitude
(Fig. 5a), whereas within the SiO2-saturated calcalkaline
liquids and at constant temperature, the predicted CO2

solubility is larger for rhyolitic than for basaltic liquids.
The two dashed lines represent the CO2 solubility at 1473
K for a leucititic (upper long-dashed line) and a tholeiitic

liquid (lower short-dashed line), as calculated in Dixon
(1997). The agreement with the present model predictions
is fairly good, with the curves for the leucititic liquid
showing #7% deviation and that for the tholeiitic liquid
lying between the two calculated curves labeled ‘‘morb1’’
and ‘‘morb2.’’

In Figure 5b, the predicted CO2 solubility is shown as
a function of pressure at T 5 800 K for two different
liquids of carbonatitic composition. The model correctly
predicts very large CO2 solubilities, consistent with the
measured CO2 contents between 11 and 36 wt% in car-
bonatitic lavas at atmospheric pressure (Barker 1983).

Water 1 carbon dioxide
The expressions for the activity coefficients of dis-

solved H2O and CO2 (Eqs. 16 and 17) contain an H2O-
CO2 interaction term that must be determined in the two-
component fluid phase conditions. For this purpose,
various expressions corresponding to different possible
forms of P-T dependence have been hypothesized in the
present work, and the corresponding coefficients have
been extracted by least-squares regression of the experi-
mental data. The model predictions produced by using
any of the employed expressions for w - differ byH O CO2 2

,0.1% from those obtained by putting w - 5 0. As aH O CO2 2

result, the first term in the right-hand side of Equations
16 and 17 has been neglected.

Several sets of experimental data in the literature refer
to the combined H2O 1 CO2 solubilities in silicate liquids
(e.g., Morey and Fleischer 1940; Kadik et al. 1972; Eg-
gler 1973; Mysen et al. 1975; Mysen 1976; Eggler and
Rosenhauer 1978; Eggler and Kadik 1979; Blank et al.
1993; Dixon et al. 1995). Unfortunately, very few of them
are useful either for the calibration of the model param-
eters or for a comparison with the model predictions. In-
deed, many of the above-referenced papers do not report
the composition of the gas phase at equilibrium or the
total amount of each volatile employed in the experi-
ments, which prevents the use of the present model.

A notable exception is the study of Blank et al. (1993)
and, to a lesser extent, Dixon et al. (1995), which refer
to a rhyolitic composition at T 5 1123 K and P 5 75
MPa, and tholeiitic composition at T 5 1473 K and P in
the range 30–100 MPa, respectively. In both cases, the
total amounts of H2O and CO2 employed in the experi-
ments are known and, with the exception of some of the
experiments from Dixon et al. (1995), the relative abun-
dance of H2O and CO2 in the fluid phase at equilibrium
with the silicate melt was measured. In those cases where
the fluid phase composition was not measured, Dixon et
al. (1995) recalculated it on the basis of an assumed Hen-
rian behavior of H2O dissolved in molecular form and an
equation from Silver and Stolper (1989) relating the ac-
tivity of molecular H2O in the melt to its fugacity in the
coexisting fluid. However, this procedure produces dis-
crepancies of up to a factor of 2 in the mole fraction of
volatiles in the fluid phase with respect to the mass-bal-
ance calculations. This has been attributed by the authors
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FIGURE 6. Comparison between the experimental and pre-
dicted H2O 1 CO2 saturation conditions for liquids of rhyolitic
(open squares) and tholeiitic (filled squares) compositions at T
5 1123 and 1473 K, respectively. Experimental data and liquid
compositions from Blank et al. (1993) (rhyolite) and Dixon et
al. (1995) (tholeiite).

to open-system conditions relative to H2 during some of
the experiments. In comparing these experimental results
with the present model predictions, it was decided to
adopt the fluid phase compositions obtained from the
mass-balance calculations for two reasons: (1) because
the fluid compositions given by Dixon et al. (1995) are
model-dependent rather than measured quantities, they
cannot be regarded as ‘‘data’’ in a strict sense; and (2)
because the recalculated values are based on the mea-
sured quantities of H2O dissolved in molecular form but
these were not corrected for the temperature of re-equil-
ibration of the reaction H2Omol 1 O22 ↔ 2OH2. Indeed,
recent results based on kinetic studies of this reaction in
rhyolitic and albitic liquids (Zhang et al. 1995), in-situ
infrared spectroscopy in haplogranitic (Nowak and Beh-
rens 1995), and peraluminous sodium (Shenn and Kep-
pler 1995) melts, as well as comparisons between the
measured H2O speciation at room temperature and the
determined glass transition temperature in liquids along
the join NaAlSi3O8-KalSi3O8 (Romano et al. 1995), have
all shown that the equilibrium constant for the reaction
between molecular and dissociated H2O is very sensitive
to temperature and that the quenched glasses in many
experiments preserve an H2O speciation that corresponds
to a temperature much lower than the experimental tem-
perature. These results imply that most of the conclusions
based on the speciation of H2O as measured in quenched
glasses should be reconsidered.

Figure 6 compares the combined H2O 1 CO2 solubility
determinations from Blank et al. (1993) and Dixon et al.
(1995) with the model predictions. The agreement be-
tween the calculated and experimental compositions of
the fluid phase is excellent for both rhyolitic and tholeiitic
composition liquids (Fig. 6c). Agreement is good for the
dissolved CO2 and rhyolitic composition but not very sat-
isfactory for the dissolved CO2 in a tholeiitic composition
liquid (Fig. 6b). In the case of the dissolved H2O (Fig.
6a), the average discrepancy between the model predic-
tions and the data is 13% for the rhyolitic and 30% for
the tholeiitic liquid. The disagreement between the pre-
dicted and measured dissolved volatile content for some
conditions related to the tholeiitic liquid composition may
be the consequence of an uncertainty in the effective
amount of total H2O in the system during the experi-
ments, as discussed above. However, it should be noted
that the H2O solubility model is far more accurate for
silicate liquids containing small amounts of Fe and Mg
oxides, due to the far larger amount of experimental data
available on liquids of haplogranitic rather than of basal-
tic composition (see Papale 1997). Correspondingly, the
H2O 1 CO2 solubility model predictions are also expected
to be more accurate for chemically evolved liquids.

Figure 7 compares the model predictions and the re-
sults of the calculations from Gerlach (1986) on the com-
bined H2O 1 CO2 1 S solubility in a Kilauean tholeiite
as a function of pressure at T 5 1420 K. As can be seen
from the figure, the present model agrees well with the
results of those calculations. Both the present model and
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FIGURE 7. Comparison between the predictions of the pre-
sent model (lines) and those from the model of Gerlach (1986)
(symbols) for a Kilauean tholeiitic liquid at T 5 1420 K and P
from 10 MPa to atmospheric. (a) Predicted contents of H2O 1
CO2 at saturation. (b) Total exsolved volatiles (wt% with respect
to the total magma 1 initial volatiles). Liquid composition from
Harris and Anderson (1983). Total amount of H2O and CO2 ini-
tially in the system: H2O 5 0.30 wt%, CO2 5 0.65 wt% (Gerlach
1986).

FIGURE 8. Predicted H2O 1 CO2 saturation conditions in a
rhyolitic liquid at T 5 1123 K as a function of pressure for
different ratios of H2O and CO2 in the system. (a) H2O content
at saturation (assumed total H2O content 5 5 wt%) for total CO2

contents from 0 to 2 wt%. (b) CO2 content at saturation (assumed
total CO2 content 5 2 wt%) for total H2O contents from 0 to 5
wt%. Liquid composition from Blank et al. (1993).

the simpler model of Gerlach (1986) suggest that most of
the available H2O is retained in the liquid magma up to
a very shallow depth (Fig. 7a), and that a significant in-
crease in the amount of the released gas only occurs when
the magma approaches the surface (Fig. 7b).

Figure 8 shows the predicted H2O and CO2 contents in
a rhyolitic liquid at T 5 1123 K, P from 0.3 GPa to
atmospheric, and different amounts of total H2O and CO2

in the system. Note that the progressive addition of one
volatile to the system results in a decrease in the dis-
solved amount of the other one. For example, for a total
H2O content of 5 wt%, the addition of as little as 0.1 wt%
of CO2 has the effect of shifting the saturation pressure
from about 0.18 to 0.28 GPa (Fig. 8a). Larger quantities
of CO2 bring about larger increases in the saturation pres-

sure. The addition of 0.1 wt% H2O has a very small effect
on the amount of dissolved CO2, whereas larger quantities
significantly reduce it (Fig. 8b).

The H2O 1 CO2 saturation model can be used in both
closed- and open-system conditions. In the first case
(closed system), it is assumed that the total amount of
each volatile in the system remains constant as the P-T-
composition conditions are changed. The curves in Fig-
ures 7 and 8 were calculated by assuming closed-system
conditions as well as those labeled ‘‘closed’’ in Figure 9.
The figure refers to liquids of rhyolitic and tholeiitic com-
position at T 5 1123 and 1473 K, respectively, P from
0.2 GPa to atmospheric, and total initial amounts of H2O
and CO2 of 5 and 0.2 wt% (rhyolite) and 2 and 0.2 wt%
(tholeiite). Under open-system conditions (curves labeled
as ‘‘open’’ in Fig. 9), it is assumed that thermodynamic
equilibrium is maintained at each point in P-T space, but
during each P-T step, the fluid phase is free to escape
from the system so that the total volatile content is re-
duced progressively. In Figure 9, the curves correspond-
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FIGURE 9. Predicted H2O and CO2 saturation contents of the
liquid and composition of the gas phase in closed- and open-
system conditions for two different liquids of rhyolitic and tho-
leiitic composition at T 5 1123 and 1173 K, respectively, and P
from 0.2 GPa to atmospheric. In each diagram the curves be-
tween those labeled as ‘‘closed’’ and ‘‘open’’ are calculated by
assuming a loss of 10 (near the closed system curve) and 30

wt% of the fluid phase, respectively, at each calculation step.
The symbols represent the calculations made by assuming that
the conditions progressively shift toward those pertaining to open
conditions as the pressure is decreased. Liquid compositions
from Blank et al. (1993) (rhyolite) and Dixon et al. (1995) (tho-
leiite). See text for explanation.

ing to a loss of 10 and 30 wt% of the fluid phase at each
pressure step are also shown. The closed-system assump-
tion may be appropriate when considering the rapid as-
cent of a viscous magma during explosive eruptions or
the evolution of magma in a magma chamber with sealed
walls, whereas the open-system assumption may repre-
sent a better approximation for the slow ascent of low-
viscosity basaltic magma or the degassing of a magma
body below the Earth’s surface. It is worth noting that
the basic assumption of equilibrium must be satisfied to
apply the present model to real situations. As apparent
from Figure 9, the predicted saturation curves are signif-
icantly different for open- or closed-system conditions.
The predicted amount of H2O in the liquid is enhanced
and that of CO2 is reduced under open-compared with
closed-system conditions (Figs. 9a and 9b). This produces
important differences in the composition of the coexisting
fluid phase. Indeed, in both closed- and open-system con-
ditions, the fluid is predicted to become progressively en-
riched in H2O as the pressure decreases. However, this

H2O enrichment is more prominent under open-system
conditions where, at a pressure that depends on the spe-
cific conditions and that varies from ;50–120 MPa in the
examples of Figure 9, CO2 may be completely exsolved
(Figs. 9a and 9b) and the fluid phase made up of pure
H2O (Figs. 9c and 9d). A loss of only 10 wt% of the fluid
phase at each P step is sufficient to produce a significant
change in its composition, and a loss of 30 wt% produces
conditions that resemble those of the open system. Also
shown in Figure 9 (filled squares) are the results of cal-
culations made by assuming that the mass of fluids lost
from the system increases progressively as the pressure
decreases. This situation is likely to be a better approxi-
mation of real conditions during the slow ascent of mag-
ma because the permeability and fracturization of country
rocks normally increase as the depth is reduced allowing
a progressively larger mass of fluid to escape from the
magma. In this case, the calculated curves diverge pro-
gressively from those pertaining to the closed toward
those pertaining to the open system, until the fully open
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FIGURE 10. Pressure-temperature fields covered by the H2O,
CO2, and H2O 1 CO2 saturation models. The full line is a fifth-
order polynomial approximation of the pressure limit as a func-
tion of temperature above which the CO2 solubility model pro-
duces a steep decrease of the predicted CO2 solubility. The
crosses represent the P-T conditions corresponding to the exper-
imental CO2 solubility determinations used to constrain the CO2

model parameters (references in the caption of Fig. 1).

system curve is reached (depending on the assumed rate
of increase of fluid loss).

DISCUSSION

The poor internal consistency of the CO2 solubility da-
tabase used in the regression procedure to extract the CO2

model parameters represents a main difficulty for the
modeling of the CO2 solubility in silicate liquids. The
large differences in the predictions obtained by using the
model parameters from Appendix Table 1 and those from
Papale (1997) (Fig. 2) reflect the high sensitivity of the
model to the experimental constraints. The data from re-
cent CO2 solubility determinations (group 1) appear to be
internally consistent (Blank and Brooker 1994; Holloway
and Blank 1994), and are reproduced by the model with
reasonable accuracy. However, the number of such data
(94) compared with the number of model parameters ex-
tracted by regression (31, see Appendix 1) has required
the inclusion in the database of the less-accurate group 2
data. This situation contrasts markedly with the large
number (492) of internally consistent data used for the
extraction of the H2O model parameters (Papale 1997),
and produces a significantly greater accuracy of the H2O-
solubility compared with the CO2-solubility predictions.

A limit to the use of the CO2-solubility model origi-
nates from the fact that when the pressure is increased
over a critical value that depends on temperature (and at
a second order on liquid composition), the model predicts
an unreasonably steep decrease of the CO2 solubility. This
critical pressure is shown as a function of temperature in
Figure 10. Note that very few experimental data utilized
in the database refer to conditions above this critical pres-
sure, possibly because at such P-T conditions the tenden-

cy of liquids to partially crystallize becomes too large to
be controlled during the experiments. The critical line in
Figure 10 thus represents an upper limit for the applica-
tion of the CO2 solubility model. Also shown in Figure
10 is the upper limit for the application of the H2O sol-
ubility model (from Papale 1997). The intersection of the
two fields gives the P-T region where the H2O 1 CO2

model can be applied. This includes most of the P-T con-
ditions relevant to the volcanic environment.

Based on the low-pressure experimental determinations
of the saturation surface of a two-component H2O 1 CO2

fluid in silicate liquids, it has been suggested (Blank et
al. 1993; Dixon et al. 1995; Dixon and Stolper 1995;
Holloway and Blank 1994) that the amount of dissolved
H2O and CO2 at low pressure can be obtained from the
solubilities of pure H2O and pure CO2 at the same con-
ditions and at a reduced fugacity corresponding to that in
the two-component H2O 1 CO2 fluid. In this view, the
effect of the two-component nature of the fluid phase is
just that of diluting each volatile in the fluid, whereas no
significant effect is produced by the simultaneous pres-
ence of the two volatiles in the liquid. This behavior can
be expressed by an isobaric-isothermal form of the Hen-
ry’s law for the dissolved H2O and CO2:

xi 5 Hi f (P, T, x9 5 constant)G
i (18)

where H is the Henry’s constant, which depends on pres-
sure, temperature, and composition, x9 indicates the sili-
cate liquid composition as normalized without volatiles,
and i 5 H2O or CO2. Equation 18 implies that x (orH O2

x ) is neglected in the expression of the activity coef-CO2

ficient of dissolved CO2 (or H2O), Equation 17 (or Eq.
16). At a pressure of 1 GPa, the H2O 1 CO2 saturation
data of Jacobsson (1997) show an essentially constant
amount of CO2 in an icelanditic melt at 1673 K despite
a three-fold variation in the CO2 fugacity in the fluid
phase at equilibrium. This implies that Equation 18 does
not hold at that condition, i.e., the liquid-fluid equilibrium
cannot be described by Henry’s law at 1 GPa. At higher
pressures between 2 and 4 GPa, the results of Mysen and
co-workers (Mysen 1976; Mysen et al. 1976), although
less accurate as discussed above, show that the amount
of dissolved CO2 at isobaric-isothermal conditions may
increase significantly when H2O is added to a pure CO2

fluid, which is contrary to the predictions of Henry’s law
as defined in Equation 18. Thus, the picture that emerges
from the experimental data on H2O 1 CO2 dissolution in
silicate liquids is that with increasing pressure, the equi-
librium condition progressively moves from Henrian to
strongly non-Henrian. In Figure 11 fugacity-composition
relationships are shown based on the present model for
rhyolitic and tholeiitic liquids at T 5 1123 and 1473 K,
respectively, and P 5 0.01, 0.1, 0.3, and 0.5 GPa. In each
diagram of the figure, the normalized dissolved volatile
content, x , is plotted against the normalized fugacity in*i
the fluid phase, f (i 5 H2O or CO2), where the nor-*Gi

malization is made with respect to the one-component



487PAPALE: H2O-CO2 SOLUBILITY IN SILICATE MELTS

FIGURE 11. Predicted normalized H2O and CO2 contents as a function of the normalized fugacity of the corresponding component
in the fluid phase at equilibrium for two different liquids of rhyolitic and tholeiitic composition at T 5 1123 and 1473 K, respectively,
and four different pressures from 0.01 to 0.5 GPa. In each diagram the solid line corresponds to Henrian behavior as given by
Equation 18. Liquid compositions from Blank et al. (1993) (rhyolite) and Dixon et al. (1995) (tholeiite). See text for the details of
the normalization.

fluid phase at the same P-T-liquid composition
conditions:

Gx fiH O1CO iH O1CO2 2 2 2Gx* 5 ; f * 5 (19)i i Gx fipure i ipure i

A Henrian behavior like that of Equation 18 would plot
in the diagrams of Figure 11 along the diagonal solid
lines. As evident in the figure, the predicted behavior of
H2O and CO2 is not strictly Henrian at any considered
pressure, but at low pressure or for some given range of
dissolved H2O and CO2, it may effectively approximate a
Henrian behavior. This is well shown in Figure 11a,
which refers to 0.01 GPa. At 0.1 GPa (Fig. 11b), the
behavior is still nearly Henrian for the rhyolitic compo-
sition but shows significant negative deviations for CO2

in a tholeiitic composition. At larger pressure the devia-
tions—either positive or negative—become significant for
CO2 in both rhyolitic and tholeiitic compositions, whereas
H2O continues to show small positive deviations from
Henrian behavior (Figs. 11c and 11d). The results of the
modeling agree with those from Blank et al. (1993) on
rhyolitic liquids at 75 MPa and partly with those from
Dixon et al. (1995) on tholeiitic liquids at 30–100 MPa

pressure. The deviations from Henrian behavior in Figure
11 do not result from an H2O-CO2 interaction in the liquid
phase because, as explained above, this interaction is ne-
glected in the present model. Rather, the deviations arise
from the fact that each dissolved volatile effectively mod-
ifies the liquid composition by modifying the mole frac-
tions of all the other components. From a molecular point
of view, this means that the average number of ions (or
molecules) of each given species surrounding, for ex-
ample, the molecules of the dissolved CO2 (either molec-
ular CO2 or carbonate ions) is progressively reduced
when more H2O is dissolved in the liquid. This is ex-
pressed in Equations 16 and 17 by the dependence of the
activity coefficient of each volatile on the mole fraction
of the other dissolved volatile. Thus, when two volatile
components are present, a dilution effect similar to that
occurring in the fluid phase also occurs in the liquid
phase, and its importance increases with increasing pres-
sure, i.e., with increasing amount of dissolved volatiles.

Many of the above results pertaining to rhyolitic and
tholeiitic liquids, which are used extensively in the pre-
sent paper to illustrate the model predictions are embod-
ied in the two diagrams of Figure 12. In these diagrams,
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FIGURE 12. Predicted dissolved amount of CO2 and compo-
sition of the fluid phase at equilibrium, as a function of the dis-
solved amount of H2O in two liquids of rhyolitic (a) and tholeiitic
(b) composition at T 5 1173 and 1473 K, respectively. In each
diagram the numbers on the descending solid lines represent the
pressure (GPa). The first three unlabeled lines at the bottom of
each diagram refer to P 5 0.01, 0.03, and 0.06 GPa, respectively.
The ascending solid lines join all the points in the diagram in
equilibrium with a fluid of the same composition, given in values
of y . The dashed lines in the lower part of each diagram rep-H O2

resent the calculations from Holloway and Blank (1994) and Dix-
on and Stolper (1995) made by assuming a Henrian behavior of
H2O and CO2 in the liquid as defined in Equation 18, and cor-
respond to P 5 0.1 and 0.2 GPa (rhyolite) and P 5 0.06 and 0.1
GPa (tholeiite); the composition of the fluid phase pertaining to
the ascending dashed lines is the same as for the present calcu-
lations. Liquid composition from Blank et al. (1993) (rhyolite)
and Pawley et al. (1992) (tholeiite).

FIGURE 13. Predicted amount of dissolved CO2 at high pres-
sure (0.6–1 GPa) and composition of the fluid phase at equilib-
rium, as a function of the dissolved amount of H2O for the same
rhyolitic composition as in Figure 12 and T 5 1400 K. Expla-
nation as in the caption of Figure 12.

the descending full lines represent the predicted equilib-
rium contents of H2O and CO2 in the liquid at the indi-
cated temperature and several different pressures from 10
MPa to 0.5 GPa. The ascending full lines join all the
equilibrium distributions of H2O and CO2 in the liquid
corresponding to the same values of y in the coexistingH O2

fluid phase. The low-pressure curves (up to 0.2 GPa) in
Figure 12 substantially agree with the corresponding
curves from Dixon and Stolper (1995), Dixon (1997), and

Holloway and Blank (1994) (dashed lines in the figure),
which were calculated by assuming a Henrian behavior
of H2O and CO2 in the liquid as defined in Equation 18.
In contrast to these earlier models, the present H2O 1
CO2 saturation model allows predictions to be made up
to several tenths of GPa. Figure 13 shows the case of a
rhyolitic liquid at pressure from 0.6 to 1 GPa. As evident
in this figure, the predicted effect of the addition of water
to a pure CO2 fluid at high pressure is not simply that of
reducing the dissolved amount of CO2. At a pressure from
0.6 to 0.8 GPa, this effect progressively changes from a
decrease to an increase in the amount of dissolved CO2.
At 0.7 GPa, the calculated dissolved CO2 is about con-
stant in a range of fluid phase compositions from y 5CO2

1.0 to ;0.6, which corresponds to a two-fold variation in
the CO2 fugacity in the fluid phase. At a pressure of 0.9–
1 GPa, the addition of a small amount of H2O to pure
CO2 produces a 13–25% increase in the amount of dis-
solved CO2 up to y ;0.5.H O2

The present model does not pretend to be accurate at
such high pressures, as it was shown in Papale (1997)
that the accuracy of the H2O solubility predictions pro-
gressively worsen as the pressure approaches 1 GPa. This
is clearly shown by the fact that, when applied to an ice-
landitic melt at 1 GPa and 1673 K, the present model
correctly predicts the CO2 solubility at about 1.2 wt% and
a strong non-Henrian behavior of the H2O 1 CO2 fluid-
liquid equilibrium. However, the addition of H2O up to
y ;0.4 produces a 30% decrease in the amount of dis-H O2

solved CO2, whereas the experimental results from Ja-
cobsson (1997) produced a constant amount of dissolved
CO2. This discrepancy is also related to the fact that, as
discussed in Papale (1997), the accuracy of the predic-
tions about the dissolved H2O decreases when the liquid
composition becomes more mafic, due to a lack of pub-
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lished H2O solubility data for mafic liquids. Nonetheless,
the present model predicts that as pressure increases from
,0.1 GPa to several tenths of GPa, a progressive shift
from essentially Henrian to non-Henrian behavior occurs
(Fig. 11); the present model also predicts a progressive
change from negative to positive slopes of the equilibri-
um curves in Figures 12 and 13 close to the pure CO2

side of the diagrams. This predicted behavior corresponds
to the observed essentially Henrian low-P experimental
results of Blank et al. (1993) and Dixon et al. (1995), to
the high-P non-Henrian results of Jacobsson (1997), and
to the very high-P strongly non-Henrian results of Mysen
(1976) and Mysen et al. (1976). According to Jacobsson
(1997), such non-Henrian behavior is produced by the
structural and compositional changes that accompany the
dissolution of large amounts of H2O in the silicate liquid
at high pressure. The present model confirms this hy-
pothesis, by including the important modifications of the
excess Gibbs free energy and thus of the activity-com-
position relationships of CO2 due to the dissolution of
large amounts of H2O. This modeling result is obtained
thanks to a description of the excess Gibbs free energy
of the silicate liquid as a complex function of liquid com-
position including dissolved volatiles, thus accounting for
the dependence of the activity of each volatile on the
amount of the other dissolved volatile (Eqs. 16 and 17).
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APPENDIX 1: LEAST-SQUARES REGRESSION
PROCEDURE

As explained in the text, the CO2-related model param-
eters are calibrated by least-squares fitting of many ex-
perimental determinations. The basic assumption under-
lying least-squares regression is that each data point has
a measurement error that is distributed as a normal
(Gaussian) distribution around the ‘‘true’’ value. On this

basis, the estimation of maximum likelihood of a given
set of model parameters corresponds to the minimization
of chi-square x2 given by:

2N b 2 b(x , p , · · · , p )i i 1 M2x 5 (A.1)O [ ]si51 i

where bi is the measured dependent variable that is a
function of the independent variable xi and of M model
parameters p1, ···, pM, si is the standard deviation of the
ith data point, and the summation is extended to N data
points. However, the minimization of x2 does not guar-
antee that the adopted model is really a good one. Indeed,
it is the chi-square probability function, P(x2, n), where
n 5 N-M is the number of degrees of freedom (i.e., the
number of observations in excess of those necessary to
determine the model parameters), which gives a quanti-
tative measurement of the goodness-of-fit. P(x2, n) cor-
responds to the probability of observing a value of chi-
square larger than the calculated x2 for a random sample
of N observations with n degrees of freedom, and is given
by (Bevington 1969):

`1 22 2 (n22)/2 2(x /2) 2P(x , n) 5 (x ) e d(x ) (A.2)E
2xn

n/22 G1 22

where G(n/2) is the gamma function evaluated at n/2. The
chi-square probability function has the limiting values
P(0, n) 5 1, P(`, n) 5 0. Values of P(x2, n) that approx-
imate both limiting values are in general symptoms of
some troubles with the model or the data, and are a typ-
ical consequence of a bad estimate of the measurement
error associated with the data and expressed by their stan-
dard deviation. This point is crucial in the present case.
Indeed, least-squares regression as a means of extracting
model parameters is more efficient the more its basic as-
sumption is satisfied, i.e., the more the measurement er-
rors are normally (or randomly) distributed. In such con-
ditions the standard deviation, si , associated with each
data point is given by:

1/22
]bis 5 Dq (A.3)Oi j1 2[ ]]qj j

where qj is the jth system variable (e.g., pressure, temper-
ature, and so on) with experimental uncertainty Dqj. In
the present case, the large internal inconsistency of CO2

solubility data (see for example Fig. 2) is evidence of the
occurrence of systematic rather than random measure-
ment errors. This results in a departure from the ideal
condition for application of least-squares regression tech-
niques, and yields model predictions that show both small
errors for many data points and large errors for some of
them. This last case leads to the notion of outliers, i.e.,
data points that lie out of the fit of the main body of data.
In the attempt to include these points in the fit, the least-
squares regression may result in a wrong estimate of the
model parameters. This occurs even if the outlying points
are a small fraction of the data points in the database.
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APPENDIX TABLE 1. Parameters of the carbon dioxide
solubility model

Parameter Calibr. value

v(0)
CO 2SiO2 2

v(0)
CO 2TiO2 2

v(0)
CO 2Al O2 2 3

v(0)
CO 2Fe O2 2 3

v(0)
CO 2FeO2

v(0)
CO 2MnO2

v(0)
CO 2MgO2

v(0)
CO 2CaO2

v(0)
CO 2Na O2 2

v(0)
CO 2K O2 2

v(1)
CO 2SiO2 2

v(1)
CO 2TiO2 2

v(1)
CO 2Al O2 2 3

v(1)
CO 2Fe O2 2 3

v(1)
CO 2FeO2

v(1)
CO 2MnO2

v(1)
CO 2MgO2

v(1)
CO 2CaO2

v(1)
CO 2Na O2 2

v(1)
CO 2K O2 2

2296 439.65
27825 041.4

1292 698.7
755 789.44

2295 239.84
8418 180.9
744 380.60

2684 410.66
2905 549.57

812 898.73
30543.036
768 639.85

2158 145.12
286808.309

39992.274
21074 901.1
284669.749

46429.353
71860.047

2115 526.30
a1

a2

a3

a4

a5

a6

a7

a8

a9

a10

1.3089 3 1024

23.1556 3 1027

2.4984 3 10210

25.9574 3 10214

2.5991 3 10213

22.8705 3 10216

8.2935 3 10220

24.4169 3 10224

9.8291 3 10228

1.1255 3 10233

ln f (P , T )0L 0 0
C O C O CO2 2 2

T *0
C O 2

P *0
CO2

24.161 808
1400

0

Note: Units are I.S.
* Not calibrated by regression.

The numerical procedures that are designed appositely to
prevent the inconveniences due to the presence of out-
lying points in the database constitute the object of the
robust estimate techniques (Press et al. 1986). These tech-
niques are based on the identification of such outliers and
their processing in a different way. In the present paper,
a numerical procedure was designed that automatically
identifies and excludes the outliers from the database.
This procedure consists of the following steps.

(1) Estimation of the standard deviation, si , for all data
points by using Equation A3 with q equal to P and T.
The data for which the experimental uncertainties in the
nominal P and T are not indicated have been included by
assigning uncertainties similar to those reported for other
solubility experiments made with similar apparatus in the
same P-T range.

(2) Identification of the less-accurate data, based on
the abundant literature indicating that the pre-1980 CO2

solubility data are affected by systematic errors. An ex-
perimental uncertainty ten times larger than the nominal
uncertainty was assigned to these data.

(3) Extract the model parameters by minimization of
the x2 value given by Equation A1.

(4) Find the outliers, and repeat step 3 by excluding
them from the database. In this paper a given data point
is treated as an outlier if its squared weighted residual—

i.e., its contribution to the x2 value—is larger than 3. In
the case that no outliers are found, move to the following
step.

(5) Calculate the chi-square probability function P(x2,
n) from Equation A2. A rule of thumb is that a typical
value of P(x2, n) for a ‘‘moderately good’’ fit is 0.05 ,
P(x2, n) , 0.95, corresponding to x2 ø n (Press et al.
1986). If the value of the chi-square probability function
falls inside these limiting values, then the least-squares
regression procedure is terminated, otherwise all the stan-
dard deviations are multiplied by a convenient factor and
the procedure is repeated from step 3.

The result of the above procedure is reported in Ap-
pendix Table 1. Obviously, this procedure rules out the
possibility of an independent measurement of the ‘‘good-
ness-of-fit,’’ since the original standard deviations of the
experimental data are altered until the normalized chi-
square x2/n is about 1. On the other hand, in the present
case such measurement is not meaningful even if the orig-
inal standard deviations are retained, since as explained
above (and illustrated in Fig. 2) in many cases such de-
viations are just related to the reproducibility of a given
solubility measurement with that experimental apparatus
and technique, while other techniques may produce large-
ly different results.

The inclusion of data points with large assigned errors
also produces large standard deviations of the calibrated
model parameters, which in many cases are on the same
order of magnitude as the model parameter itself. On the
other hand, if only the accurate post-1980 CO2 solubility
data are processed, the calibrated model parameters are
associated with much smaller standard deviations (from
1 to 3 orders of magnitude less than the calibrated value)
but the model predictions become unstable to small com-
positional changes, i.e., the model reproduces with in-
creased degree of confidence the database but it loses the
capability to extend its predictions to different composi-
tions. The present calibration thus represents a sort of
compromise between accuracy and generality. The valid-
ity of the model in a wide spectrum of conditions can be
assessed by comparing the model predictions with the
experimental data, or by evaluating the capability of the
model to predict features of the H2O 1 CO2 saturation
surface that are being reconstructed from the experimen-
tal data, as the progressive deviation from Henrian be-
havior as defined in Equation 18 when the pressure is
increased from less than one to several tenths of GPa.

APPENDIX 2: SYNTHETIC DESCRIPTION OF THE
EMPLOYED DATABASE

The database employed in the regression of the CO2-
related model parameters corresponds to that described in
Papale (1997) with the addition of 26 constraints pro-
duced by 13 H2O 1 CO2 fluid saturation determinations
from Blank et al. (1993) on a rhyolitic liquid and from
Dixon et al. (1995) on a tholeiitic liquid. As reported in
the text and in Appendix 1, the total number of experi-
mental constraints used in the calibration is 289, 120 of
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APPENDIX TABLE 2. Synthetic description of the employed
database

Oxide Abundance (wt%) P (MPa) T (K)

SiO2

TiO2

Al2O3

Fe2O3

FeO

MnO

MgO

CaO

Na2O

K2O

37.0–77.7
(37.0–77.7)
0.07–2.96

(0.07–2.96)
11.1–23.9

(4.71–36.7)
0.19–2.84

(0.19–4.60)
0.19–10.3

(0.19–10.3)
0.04–0.26

(0.04–0.40)
0.05–14.9

(0.05–37.3)
0.25–29.1

(0.25–48.3)
1.89–13.7

(1.89–21.5)
0.14–6.85

(0.14–16.9)

31–4000
(31–4000)
31–1513

(31–4000)
31–4000

(31–4000)
31–3000

(31–3000)
31–3000

(31–3000)
31–77

(31–3000)
31–1513

(31–4000)
31–4000

(31–4000)
31–4000

(31–4000)
31–1513

(31–4000)

1173–1885
(1173–2063)
1173–1813

(1173–1973)
1173–1885

(1173–2063)
1173–1623

(1173–1923)
1173–1623

(1173–1923)
1173–1623

(1173–1923)
1173–1837

(1173–2003)
1173–1853

(1173–2063)
1173–1853

(1173–2023)
1173–1813

(1173–1973)

Note: For each oxide the abundance, pressure, and temperature range
covered by a minimum frequency of 0.05 of group 1 data in the database
is indicated. Numbers in parentheses indicate for each oxide the total
range of abundance, pressure, and temperature.

which are high-quality group 1 data produced after 1980.
The fraction of data made on natural compositions is
0.41, which increases to 0.71 as long as only the group
1 data are considered. Appendix Table 2 reports the re-
sults of a P-T-composition distribution analysis of the da-
tabase, which are needed to define the field of calibration
of the model. For each oxide, the total range of abun-
dance, pressure, and temperature in the database is re-
ported (in parenthesis) in the table, as well as the range
covered by a minimum frequency of 0.05 (corresponding
to about 15 experimental constraints) obtained by evalu-
ating only the group 1 data in the database. To assign
such frequencies, the total ranges pertaining to each oxide
have been divided into 5 classes that are equally spaced

for oxide abundance and temperature, and equally spaced
on a log-scale for pressure. As an example, consider the
case of MgO. The numbers in the table indicate that such
an oxide is present in the database with a compositional
range from 0.05 to 37.3 wt%, and at pressure and tem-
perature conditions from 31 to 4000 MPa and 1173 to
2003 K, respectively. If we look at only the group 1 data
(which, as explained in Appendix 1, represent a heavier
constraint on the calibration of the model parameters),
and consider as a calibration range the range of classes
where the frequency of the group 1 data with respect to
the total data is at least 0.05, then the calibration range
for the MgO-related model parameters is 0.05–14.9 wt%,
31–1513 MPa, and 1173–1837 K.

As in the table, the field of calibration of the CO2-
related model parameters is large. Compositions range
from silica-undersaturated to supersaturated liquids, pres-
sure ranges from a few tens to thousands of megapascals,
and temperature ranges from #1200 to 1600–1900 K.
This large range of conditions ensures that the calibration
is adequate for the objective of the model. As long as the
model is applied within the calibration range defined in
Appendix Table 2, its theoretical framework allows an
interpolation between experimental data points in a P-T-
10 major oxides space. Outside this range, the model pre-
dictions fall in the field of extrapolation, and the model-
ing results are more confident the closer the conditions
are to the calibration limits and the larger the calibration
range is. For example, use of the model to predict the
H2O-CO2-liquid equilibrium for an Etnean tholeiite at 400
MPa pressure and 1300 K temperature can be regarded
with a certain confidence even if the tholeiite contains up
to 4 wt% Fe2O3, whereas the results of an application to
a nephelinitic liquid with #5 wt% Al2O3, $5 wt% Fe2O3,
and $18 wt% MgO should be viewed with caution.
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