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We present a software application, SolEx, to calculate basaltic melt and coexisting vapour compositions

in the system C–O–H–S–Cl. Such a model has great utility in interpreting emitted gas and melt

inclusion compositions, especially through the incorporation of sulphur and chlorine, the most

commonly measured volcanic gas species. We assume that the behaviour of the fluid phase is

controlled by the volumetrically dominant volatile species, H2O and CO2, whereas sulphur and chlorine

partition between the melt and fluid phases. Melt–fluid partition coefficients for S and Cl were

parameterised from measurements by Lesne et al. (2011a, p. 1737). The model of Churakov and

Gottschalk (2003a, p. 2415) was applied to calculate fugacity coefficients and the equilibrium constants

for the reaction imelt-ifluid were thereby deduced. SO2 dominates at oxidation states of DNNO40:5

(Jugo et al., 2010, p. 5926), where this model is applicable.

In the forward model, total volatile inventories and melt composition are specified by the user.

The parameterisation of Dixon (1997, p. 368) is used to predict the partitioning of CO2 and

H2O between vapour and melt phases. An iterative procedure is employed to predict the partitioning

of S and Cl components between fluid and melt phases. Melt and gas compositions and gas volume

fraction are thereby modelled over pressures in the range 5–4000 bar. This approach satisfactorily

reproduces independent literature data on S and Cl behaviour in basalt. SolEx is a user-friendly

software package available for OS X and Windows, facilitating modelling of closed- and open-system

C–O–H–S–Cl degassing in basalts.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The behaviours of water and carbon dioxide fluids in basaltic
melts have been well studied (Dixon et al., 1995; Dixon, 1997;
Moore et al., 1998; Papale, 1999; Papale et al., 2006; Lesne et al.,
2011b, 2011c). The compositions of emitted volcanic gases have
been shown to correlate with different styles of volcanic activity
(Spilliaert et al., 2006b; Edmonds and Gerlach, 2007), so the
combination of thermodynamic or empirical models of volatile
solubilities in melts with studies of volcanic gas emissions is a
promising avenue for the prediction of volcanic activity (Aiuppa
et al., 2007; Aiuppa, 2009). Unfortunately, H2O and CO2, the two
best-modelled volatile species in melts, are the hardest to
measure in emissions due to their relatively high abundances in
ll rights reserved.
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the atmosphere. Sulphur is the most widely measured species,
due to its low atmospheric concentrations and strong absorption
of ultra-violet light. Measurements are typically done either
with correlation spectroscopy (COSPEC, Millan et al., 1969), or
now more regularly with Differential Optical Absorption
Spectroscopy (DOAS, Platt, 1994) or FLYSPEC correlation spectro-
scopy (Horton et al., 2006). Halogen/sulphur ratios, particularly
involving chlorine, are often measured using Fourier transform
infrared spectroscopy (FTIR, Francis et al., 1998), electrochemical
sensors (Aiuppa et al., 2009) or filter packs (e.g. Martin et al.,
2010). Aiuppa et al. (2004) suggested that emitted S/Cl ratios
correlated with magma degassing style, and Burton et al. (2007)
proposed that the composition of gas slugs measured at Stromboli
was dependent on the depth at which the slugs became
chemically isolated from the magma. Measurements of volatiles,
both in emitted gases and melt inclusions trapped within crystals,
therefore have the power to further constrain degassing mechan-
isms, and provide another test for model predictions. A detailed
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model of S and Cl behaviour in H2O- and CO2-bearing basaltic
melts is highly desirable in order to better understand volcanic
gas emissions, and to test models of degassing processes.

We aim to complement the aforementioned studies by devel-
oping a model of COHSCl volatile behaviour that is applicable to
basalts over a wide range of volcanologically relevant conditions.
After calibrating and testing the COHSCl model on one of the
basalts studied by Lesne et al. (2011a), we compare our results to
both of their experimentally studied basalts, and to the studies of
Moretti and Papale (2004), Moune et al. (2009), Stelling et al.
(2008), Chevychelov et al. (2008) and Alletti et al. (2009) in order
to assess to what extent our model is applicable over a wider
spectrum of compositions, oxygen fugacities and temperatures.

1.1. H2O and CO2 models

The reader looking for models of H2O–CO2 behaviour in
silicate melts is already relatively well catered for. Dixon and
Stolper (1995) present the most widely cited model of mixed
H2O–CO2 behaviour, based on a series of experiments on basaltic
liquids (Dixon et al., 1995). Dixon (1997) utilised a 7-component
parameterisation of composition:

P¼�6:50ðSiþAlÞþ20:17ðCaþ0:8Kþ0:7Naþ0:4Mgþ0:4FeÞ, ð1Þ

where Si, etc. represent molar concentrations of the elements. The
computer program VolatileCalc (Newman and Lowenstern, 2002)
is based upon this parameterisation. Newman and Lowenstern
(2002) use the observed dependence of P on SiO2 concentration
for the North Arch Volcanic field (Dixon et al., 1997) to reduce the
parameterisation from 7 components to SiO2 concentration only.
Due to its ease of use, VolatileCalc is probably the most frequently
used mixed H2O–CO2 solubility calculator at present. However,
Lesne et al. (2011c) show that neglecting the effect of alkalis on
CO2 solubility (i.e. by reducing the P parameterisation to SiO2

only) leads to VolatileCalc overestimating saturation pressures
by up to 50% in melts from Vesuvius. Similar discrepancies arise
for many alkaline volcanic suites (e.g. Vetere et al., 2011). It is
therefore very important to include the full 7-component P
parameterisation in models of COH solubility.

An independent approach was taken by Papale (1999) and later
refined by Papale et al. (2006). They performed a multivariate
regression upon all published CO2 and H2O solubility data (subject
to considerations regarding the accuracy and validity of each
experimental approach used), and produced a model based on 29
parameters and calibrated over a remarkably wide range of melt
compositions and P–T conditions. Unfortunately, whilst there are
Table 1
Compositions and experimental conditions of basalts studied.

SiO2 TiO2 Al2O3 FeO Fe2O3

St8.1a 52.12 0.88 16.38 5.82 3.00

MAS1a 52.86 1.25 15.51 9.47 3.86

N72b 50.17 0.92 18.28 4.22 5.15

PST-9c 50.2 0.84 15.2 6.87 0.94

Shoshonited 53.47 0.71 15.48 3.36 5.03

OIBe 49.16 2.29 13.33 9.71 1.31

n-MORBf 49.51 0.90 16.75 8.05

Shoshonite2g 47.8 0.98 16.5 5.88 1.96

a Lesne et al. (2011a).
b Shishkina et al. (2010).
c Pichavant et al. (2009), FeO/Fe2O3 ratio calculated using the model of Kilinc et a

and 2010 bar.
d Vetere et al. (2011).
e Ocean island basalt, the 1921 Kilauea lava of Yoder and Tilley (1962).
f n-MORB average composition of Presnell and Hoover (1987), FeO is assumed to e
g Shoshonite of Moretti and Papale (2004), here calculated with FeO/Fe2O3¼3.
numerous studies of water solubility in basalt, there are still
insufficient measurements of CO2 solubility to form a robust
model of CO2 or mixed H2O–CO2 behaviour over all volcanologi-
cally relevant conditions. The controversial nature of the CO2 data is
evidenced by the fact that the increase of almost 100% in the size of
the experimental database between Papale (1999) and Papale et al.
(2006) had a negligible impact on H2O results but changed the
CO2 results dramatically (Papale et al., 2006). The model of Papale
et al. (2006) is available in the form of a web-based calculator from
http://ctserver.ofm-research.org/Papale/Papale.php.

A review by Moore (2008) details other models of H2O and
CO2 solubilities in basaltic melts. Moore’s conclusion is that if one
wishes to calculate mixed H2O–CO2 solubilities, Dixon’s (1997)
model works best for tholeiitic melts, whereas Papale et al. (2006)
is best for calc-alkaline magmas. We here compare the performance
of Dixon’s (1997) model with experiments from the literature;
experimental melt compositions are given in Table 1. Fig. 1a shows
that the model of Dixon (1997) provided a good fit to the
experimental data of Lesne et al. (2011a), whereas that of Papale
et al. (2006) significantly overestimates CO2 contents of the melt at
pressures greater than 2.5 kbar. Shishkina et al. (2010, Fig. 7) found
an overestimation of pure CO2 solubility by the Papale et al. (2006)
model. Despite the underestimation of total volatile solubility at
43 kbar shown in Fig. 1b, which Shishkina et al. (2010) ascribe to
non-Henrian behaviour at pressures above 2 kbar, they found the
Newman and Lowenstern (2002) implementation of Dixon (1997)
to be a better description of their results. Fig. 1c shows the excellent
agreement of Dixon (1997) with data from Pichavant et al. (2009)
at o3 kbar. Here we again find an underestimation of total COH
solubility at 4 kbar. Good agreement between experiments and
Dixon’s (1997) model was also found for pure H2O (Lesne et al.,
2011b) and CO2 (Lesne et al., 2011c) solubilities in melts of com-
positions matching those found at Vesuvius, Stromboli and Etna
volcanoes. Given its success, in particular at pressures r2 kbar
where most degassing occurs, we employ the model of Dixon
(1997) to model COH solubility in SolEx.

Fig. 1d shows that COH solubilities reported from Vetere et al.
(2011) are significantly underestimated by the model of Dixon
(1997). Comparison with their Fig. 7 shows that the Papale et al.
(2006) model provides a better description of their data at 42 kbar,
whereas Dixon (1997) is still the better model at lower pressures.
Despite being the most alkalic melt tested here (Table 1), it is well
within the range of total alkalis used to calibrate the P parameter-
isation (Dixon, 1997). The only major element outside the calibrated
range for P is Si. Given the good agreement for o52 wt% SiO2

(St8.1, Fig. 1), we therefore discourage applying the Dixon (1997)
MgO CaO Na2O K2O P T (1C )

6.71 10.72 2.47 1.89 �0.053 1150

3.95 8.49 3.08 1.52 �0.508 1150

7.00 11.37 2.33 0.23 �0.377 1250

7.87 12.4 2.29 1.86 0.641 1150

4.88 8.51 3.66 4.72 �0.052 1250

10.41 10.93 2.15 0.5 0.710

9.74 12.50 2.18 0.065 0.205

4.42 12.5 2.42 1.73 0.281 1145

l. (1983) using DNNO¼ þ3:5, the average reported from experiments at 884 bar

qual total Fe.

http://ctserver.ofm-research.org/Papale/Papale.php
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Fig. 1. (a) A comparison of the models of Dixon (1997) and Papale et al. (2006) with experimental data on the St8.1 basalt from Lesne et al. (2011a). Experiments are

at 1150 1C and for a fixed bulk composition (Table 1). The Papale et al. (2006) model overestimates dissolved CO2 concentrations measured in these experiments.

(b–d) A comparison of the Dixon (1997) model with data from Shishkina et al. (2010), Pichavant et al. (2009) and Vetere et al. (2011).
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model of COH solubility, and therefore SolEx, to melts with SiO2

concentrations greater than 53 wt%.

1.2. Sulphur models

Despite playing an important role in degassing processes, few
data are available on the solubilities of S and Cl in hydrous silicate
melts in equilibrium with COHSCl fluids. Data for basaltic systems
are even more sparse, largely due to difficulties in obtaining experi-
mental data at high temperature and controlled oxygen fugacity
(Moune et al., 2009). Sulphur solubilities in basalt have been
parameterised at 1 atm (Wallace and Carmichael, 1992) and at
1 GPa and high T (Jugo et al., 2005; Liu et al., 2007) as a function
of temperature and oxygen and sulphur fugacities (f O2

and f S2
)

assuming saturation in a liquid sulphide phase. Wallace and
Carmichael (1992) found that sulphur dissolves as S�2 for redox
conditions beneath the Quartz–Fayalite–Magnetite buffer and as Sþ6

at DNNO4þ1:2, where DNNO is the difference in oxygen fugacity
(in log units) from the nickel–nickel oxide buffer. In the range
0:8oDNNOo1:2 there is a rapid change in S speciation. These
results are in broad agreement with those of Jugo et al. (2010) who
found a change in S speciation in the range �1oDNNOo1, with
most of the change occurring in �0:5oDNNOo0:5 (Fig. 2).

Scaillet and Pichavant (2005) developed an empirical model of
COHS fluid behaviour in basalts. They combined numerous
experimental datasets, spanning a range of compositions between
intermediate and basaltic magma compositions. However, their
model of sulphur fugacity is only correct to within an order of
magnitude (Scaillet and Pichavant, 2005), which in turn causes a
large uncertainty in predicted S concentrations within magmas.
Moretti et al. (2003) and Moretti and Papale (2004) have pro-
duced a thermodynamic model for COHS fluid behaviour, based
on the Belonoshko et al. (1992) model of fugacities in fluids with
complex compositions, assuming that the magma remains under-
saturated in any liquid or solid sulphur-bearing phases. By virtue
of being calibrated over a wide range of compositions, the
approaches taken by Moretti et al. (2003), Moretti and Papale
(2004) and Scaillet and Pichavant (2005) can lose precision for a
given magma composition but their thermodynamic basis gives
increased confidence in extrapolations. Moretti and Papale (2004)
were able to reproduce observed solubility features and describe
high pressure data well (Moretti and Ottonello, 2005). An inter-
esting corollary of these studies is that they suggest up to 5 wt% of
magma at Stromboli, Etna, Vulcano and Vesuvius volcanoes could
be a free COHS fluid phase (Scaillet and Pichavant, 2005). Such a
high value requires a reduction in estimates of the volumes of
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degassed magma that must be intruded at depth to account for
the observed emitted sulphur fluxes from these volcanoes (e.g.
Allard et al., 1994).

1.3. Chlorine models

Studies on rhyolitic systems have been carried out for
COHCl (Webster, 1997; Webster and Rebbert, 1998) and HOSCl
(Botcharnikov et al., 2004). Webster (1997) found that the
addition of CO2 caused a small increase in the solubility of Cl,
which has been ascribed to an increase in the immiscibility gap
between the hydrous and brine fluid phases (Shmulovich and
Graham, 2004). Such strongly non-ideal behaviour of the fluid has
also been observed in andesitic (Botcharnikov et al., 2007) and
phonolitic and trachytic (Webster et al., 2009) systems. Carroll
(2005) gives a review of Cl-bearing fluid behaviours in evolved
alkaline magmas, and notes that Cl solubility can increase with
decreasing pressure.

Webster et al. (1999) and Webster (2004) showed that basaltic
HOCl fluids do not display immiscibility at Cl concentrations of less
than 2 wt%, while Stelling et al. (2008) found the onset of immis-
cibility at ½Cl�43 wt%. Webster et al. (1999) found that Cl solubility
in basaltic systems is only weakly pressure dependent, but is a
function of melt composition, with more mafic melts having higher
solubilities. Furthermore, the bulk Cl concentrations of most basal-
tic and andesitic magmas are substantially less than those required
for saturation in a Cl-rich brine phase (Webster and de Vivo, 2002).
Instead, the exsolution of CO2–H2O dominated vapours will dictate
Cl (and S) behaviours, with Cl partitioning into that phase. We
describe partitioning by the use of the partition coefficient
Dfl�m

i ¼ ½i�fl=½i�m, where [i] is the mass concentration of species i in
the fluid (fl) and melt (m). Webster et al. (1999) report values of
Dfl�m

Cl between COHCl fluid and andesitic and basaltic melts at
P¼2 kbar and T¼1100 1C of between 0.9 and 6, and for coexisting
fluids with 1 wt% and 11 wt% Cl, respectively. This dependence
of Dfl�m

Cl on fluid composition suggests that the COHCl gas is not
behaving ideally.

Chlorine partitioning is complicated further by the presence
of several chloride species, HCl, NaCl and KCl being foremost
among them. At high pressure Cl behaviour is dominated by NaCl
exchange reactions (Burnham, 1979), whereas HCl is the dominant
aqueous chloride-bearing phase at low pressure. The combination
of exchange reactions leads to complicated, non-linear effects on
chlorine partitioning (Shinohara, 2009, and references therein). For
example, HCl dissolves in silicate melts by reacting with O2� ions
in the melt to form OH� and Cl� (Burnham, 1979). OH� is related
to the dissolution of H2O, meaning so there is interaction between
H2O and HCl behaviours over and above the partitioning behaviour
modelled in this study. Furthermore, Na and K contents of the melt
will affect the stabilities of other chlorides (Shinohara, 2009). All
such effects are beyond the scope of this work. We highlight that
the dominant Cl-bearing phase at low pressure is HCl, and suggest
that given the paucity of aqueous brine phases in the basalts
of interest, the combined effects of chloride salt species are of
secondary importance to the partitioning behaviour we describe.

Alletti et al. (2009) parameterised the partition coefficient of Cl
between melt and COHCl fluids in equilibrium with basalts from
Etna at DNNO¼ 0 and DNNO¼ þ2. They found that the partition
coefficient, DCl, in HOCl bearing systems, with 0.1–2 wt% Cl and
T¼1260 1C, has values of 35–6 with a negative pressure depen-
dence, in accordance with the studies reported by Carroll (2005)
in alkaline magmas. The addition of CO2 to the system seems to
remove the pressure dependence, and reduces the value of DCl

by approximately 50%. Results from Alletti et al. (2009) are not
significantly affected by oxidation state of the melt over the
studied range of 0oDNNOoþ2.
Stelling et al. (2008), also working on Etnean basalts and at
temperatures of 1050–1250 1C, reported similar values of 0:04o
DClo24, with DClo1 for total Cl concentrations of o1 wt%—the
range found in basaltic melts. They noted a distinct dependence of
DCl on fluid composition. Such composition-dependent behaviour
indicates that the fluids are not behaving ideally.

The use of a specific composition of basalt gives confidence
when recreating Etnean processes, though raises the question of
how applicable the study is to other volcanoes, given that Cl
solubility is dependent on silicate magma composition (Métrich
and Rutherford, 1992; Webster et al., 1999).
2. Modelling approach

Sulphur and chlorine form relatively minor components in
typical basaltic volatile inventories, subordinate to water and
often to carbon dioxide (e.g. Dixon et al., 1991; Webster et al.,
1999 and references therein; Métrich et al., 2001; Hauri, 2002;
Spilliaert et al., 2006a; Sadofsky et al., 2008; Collins et al., 2009).
Given the relatively low S and Cl contents of typical basaltic melts,
we suggest that their behaviour can be modelled with a standard
trace-element approach. That is, we assume that the concentra-
tions of S and Cl do not affect the behaviour of the volumetrically
dominant volatile components, H2O and CO2. This assumption is
in agreement with the findings of Wallace and Carmichael (1992),
who concluded that as magma ascends, H2O and CO2 begin to
exsolve due to the decrease in pressure, and a certain proportion
of S fractionates into the vapour so that its concentration in the
melt is progressively depleted.

We therefore use existing models of H2O and CO2 behaviour to
describe the fluid phase, and determine partition coefficients,
Dfl�m

i . The partition coefficient may be a function of fluid compo-
sition (e.g. Stelling et al., 2008), so it is desirable to model the
equilibrium constant, Ki, of the reaction ifl-im:

Ki ¼
f fl

i

am
i

¼
Gfl

i PXfl
i

gm
i Xm

i

¼
Gfl

i P½i�fll
gm

i ½i�
m ¼

Gfl
i PDil
gm

i

, ð2Þ

where f fl
i is the fugacity of i in the fluid, ai

m is the activity of i in
the melt, Gfl

i is the fugacity coefficient of i, gm
i is the activity

coefficient of i, Xi is the molar concentration of i in fluid or melt,
P is the pressure in bar and l is the ratio of fluid molar mass to melt
molar mass. We define melt and fluid molar masses as the weighted
means of the molar masses of their component oxides (and chloride
in the case of HCl). Gfl

i and gm
i are assessed in Section 3.2, and Ki is

parameterised in Section 3.3.
3. Algorithms employed in SolEx

3.1. COH behaviour

The model of Dixon (1997) is based on the Modified Redlich–
Kwong equation of state (Holloway, 1977), though at the modelled
pressures (o4 kbar) and temperatures (� 1200 1C) differences in
fugacities calculated using various alternative equations of state
are not significant (Dixon, 1997). The activity of H2O is taken to be
the activity of molecular H2O in the melt (Holloway and Blank,
1994). The amounts of carbonate and molecular H2O dissolved in
tholeiitic melts coexisting with pure carbon dioxide or H2O vapour
at 1200 1C can be calculated from the following equations (Dixon
et al., 1995):

Xm
CO2�

3
ðP,T0Þ ¼ Xm

CO2�
3
ðP0,T0Þ

f CO2
ðP,T0Þ

f CO2
ðP0,T0Þ

exp
�DV0,m

r ðP�P0Þ

RT0

" #
ð3Þ
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Fig. 3. A comparison of the COH-solubility model of Dixon (1997), upon which this work is based, with those of Newman and Lowenstern (2002) and Papale et al. (2006),

for typical ocean island (OIB) and mid-ocean ridge (n-MORB) basalts (see Table 1 for compositions). Comparisons are for a closed system 4 wt% H2O and 5000 ppm CO2 at

1150 1C. There is good consistency between different models of H2O behaviour, but CO2 profiles exhibit significant variability.
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and

Xm
H2O,molðP,T0Þ ¼ Xm

H2O,molðP0,T0Þ
f H2OðP,T0Þ

f H2OðP0,T0Þ
exp

�V0,m
H2OðP�P0Þ

RT0

" #
, ð4Þ

where Xm
i ðP,T0Þ is the mole fraction of carbonate or molecular H2O in

melt saturated with vapour with a fugacity of carbon dioxide or water
of f iðP,T0Þ at pressure, P, and temperature, T0 ¼ 1473:15 K; P0 ¼

1 bar; f iðP0,T0Þ ¼ 1 bar; Xm
CO3
ðP0,T0Þ ¼ 3:8� 10�7 and Xm

H2O ðP0,T0Þ ¼

3:28� 10�5 (Dixon, 1997); V0,m
H2O is the molar volume in the standard

state and is assumed to be constant and equal to the partial molar
volume of H2O in the melt (12 cm3 mol�1; Dixon et al., 1995);
DV0,m

r ¼ V0,m
CO3
�V0,m

O2
¼ 23 cm3 mol�1 (Pan et al., 1991) and V0,m

CO3

and V0,m
O2

are the molar volumes of the melt species in their standard
states and have been taken to be independent of P and T in
deriving Eq. (3) (after Pan et al., 1991) and R is the gas constant
(83.15 cm3 bar mol�1 K�1).

A regular solution model (Silver and Stolper, 1989) is used
to calculate the concentration of hydroxyl groups in the melt.
The mole fraction of total H2O dissolved in the melt, XB ¼

XH2Oþ XOH�=2, is calculated and the mass fraction of H2O in the
melt is given by ½H2O�=wt%¼1801:5XB=ð36:6�18:6XBÞ.

Carbonate solubility is strongly dependent on melt composi-
tion, which is parameterised as P (Section 1.1), but negligibly
dependent on temperature (Pan et al., 1991). The molar propor-
tion of carbonate at reference conditions P0, T0 is given by

XCO2�
3
¼ 7:94� 10�7

ðPþ0:762Þ ð5Þ

and converted to a mass fraction by

½CO2�=ppm¼ 104
½4400XCO2�

3
=ð36:6�44XCO2�

3
Þ�: ð6Þ

Assuming that CO2 and H2O dominate the vapour phase and
that these species mix ideally, then, following Dixon et al. (1995),
at vapour saturation the activities, a, of the species satisfy

am
H2O=a0,m

H2Oþam
CO2�

3
=a0,m

CO2�
3

¼ 1 ð7Þ

and

am
H2O=a0,m

H2O ¼ Xfl
H2O, ð8Þ

am
CO2�

3
=a0,m

CO2�
3

¼ Xfl
CO2
: ð9Þ

The denominators of Eq. (7) are constant for a given melt
composition, P and T. The model can then be iterated, sequentially
moving more volatile from fluid to melt, until equilibrium is
achieved.
This implementation is very similar to that of Newman and
Lowenstern (2002), but with the addition of the full 7-component
parameterisation of composition. We also calculate iteratively
from the no-exsolved-vapour condition to find the equilibrium
vapour composition for each pressure, rather than using the
solution at each pressure as a starting point for the next pressure.
The partitioning behaviour is a function of pressure, so this
solution scheme results in a modest increase in accuracy com-
pared to Newman and Lowenstern (2002). Fig. 3 shows a
comparison between the results of Newman and Lowenstern
(2002), Papale et al. (2006) and this study for a typical ocean
island basalt (OIB, a 1921 lava from Kilauea, Hawaii, studied by
Yoder and Tilley, 1962) and mid-ocean ridge basalt (an average
n-MORB composition from Presnell and Hoover, 1987, previously
used by Workman and Hart, 2005); compositions are given
in Table 1. The H2O behaviour is similar in all three models, but
significant variability is shown in CO2 solubility. We point out
that SolEx behaves similarly to the model of Papale et al. (2006)
in the OIB example and similarly to that of Newman and
Lowenstern (2002) for n-MORB; SolEx is close to the best avail-
able model (as identified by Moore, 2008) in both cases. This
suggests that SolEx is appropriate for use on a wide range of
basaltic compositions.

3.2. Non-ideality of fluid and melt phases

Churakov and Gottschalk (2003a,b) present a model based on a
perturbation theory to generate equations of state (EOS) that can
be used for any given volatile species. The advantage of this
approach is that complex mixtures can be treated (because all the
species have the same form of EOS, simple mixing rules can be
applied), provided that the relevant data (Lennard–Jones potential
coefficients, polarisability and dipole moments) are available.
We use their mixed fluid model to calculate fugacity coefficients
for H2O, CO2, SO2 and HCl in the fluid phase. By calculating
fugacities we can account for the non-ideality of the fluids, and
calculate equilibrium constants from measured partition coeffi-
cients (Eq. (2)).

Lesne et al. (2011a) showed that the partitioning of S is
modestly composition dependent, and therefore non-ideal. For
example, their Fig. 8 shows that there is a minimum in Dfl�m

S

of � 1 at 1000–2000 bar in St8.1 melt whereas the minimum is
� 5 in MAS1 melt. We note that the non-ideality highlighted by
Lesne et al. (2011a) is very close to being within their uncertain-
ties, so, in the interests of simplicity, we therefore assume mixing
of S and Cl in the melt to be ideal (gm

S ¼ gm
Cl ¼ 1) on the grounds

that its neglection is unlikely to significantly degrade our results.
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3.3. Sulphur behaviour under reducing conditions

Various authors have studied the behaviour of sulphur in
COHS fluids under reducing conditions. Scaillet et al. (1998) and
Keppler (2010) attempted to establish the value of DS in COHS
systems at oxygen fugacities of DNNOo�1 for andesitic to
rhyolitic systems. We attempted the same exercise from data
presented by Moune et al. (2009). However, sulphur tends to
precipitate as pyrhotite or an immiscible FeS phase under reduced
conditions. Moretti and Baker (2008) show that increasing pres-
sures encourage S into FeS phases, whereas increased H2O con-
centrations favour S dissolution in the silicate melt. The combined
effect in H2O-rich basalt is that increased pressure causes more S
to be dissolved in the melt as the dissolved H2O concentration is
increased by the increased pressure (Dixon et al., 1995). Moretti
and Baker (2008) conclude that, due to changes in oxygen
fugacity, H2O-poor basalts will become undersaturated in FeS
phases during isothermal ascent.

The uncertainties inherent in estimating the modal abundance
of S-bearing phases and the concentrations of S within them make
establishing reliable estimates of DS highly problematic, and may
explain the several orders of magnitude and opposite pressure
dependencies observed by Scaillet et al. (1998) and Keppler
(2010). Even utilising a subset of experiments described by
Moune et al. (2009) as being free of S-bearing solid phases,
evidence of S saturation was manifest. In light of these uncertain-
ties, we refrain from using any of the above studies to parameter-
ise the behaviour of an H2S species. Dedicated experiments are
required at S concentrations sufficiently low to prohibit saturation
in S-bearing solid phases, over a range of pressures and at f O2

sufficient to maintain most S in the reduced state. We hope to
include the results of such studies in future releases of SolEx.

3.4. S and Cl partitioning

We empirically parameterise Ki (Fig. 4) as a function of
pressure, P, using the experimental results (St8.1, at 1150 1C,
DNNO¼ þ1:62þ2:0 and composition shown in Table 1) reported
in Lesne et al. (2011a) for S and Cl. There are large uncertainties in
Di, and so in Ki, because of the mass balance calculations used to
establish the composition of the fluids. The mass of each species
in the fluid is the difference between the mass added and that in
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the melt, which is typically (for S and Cl) the relatively small
difference between two relatively large numbers. The analytical
uncertainties, whilst tolerably small in both initial sample and
melt compositions, combine to produce uncertainties of up to
(and sometimes exceeding) 7100%. The experiments of Lesne
et al. (2011a) were designed to alleviate these problems as much
as possible. The consistent trends in the derived values of KS with
pressure give added confidence in their validity.

Chlorine partition coefficients are of order 1. The small mass of
fluid compared to melt means that very little Cl leaves the melt,
exacerbating the uncertainties. A value of DCl ¼ 0 is within uncer-
tainty of the results of Lesne et al. (2011a). Volcanoes release
significant quantities of HCl, so DCl must be non-zero. We therefore
do not parameterise KCl as a function of pressure, but simply
calculate the average value of DCl. The success of our model in
reproducing melt compositions justifies the approach, but the large
uncertainties must be taken into account when modelling coexist-
ing gas Cl contents; further experiments with a larger fluid to melt
ratio would help improve the model precision. Low pressure
(o50 bar) experiments would also be of benefit to constrain Cl
degassing at near-surface conditions. Despite these shortcomings
of the experiments we have confidence in the trends, but absolute
values of ½Cl�fl may err by hundreds of per cent.

The best-fit values for partition coefficients used in SolEx are

log KS ¼ 431:69P�0:0074946
�410:49þ2:7426� 10�3P

�1:4891� 10�7P2,

KCl ¼ 0:31: ð10Þ

The trend in KS (Fig. 4) merits some comment; KS is large at
low pressures and decreases with increasing pressure. This con-
forms with expectation; at constant T, the Gibbs free energy
equation takes the form:

dln Ki

dP
¼�

DVi

RT
, ð11Þ

so a negative gradient is predicted for positive DV . KS has a
minimum at � 1000 bar, and then increases with increasing
pressure. Effects in the fluid are taken account of in the modelling
of the fugacity coefficient, so the minimum in KS must be
controlled by the melt phase. Lesne et al. (2011a) carefully assessed
the oxidation state of their melts, and have ruled out a changing
oxidation state of the melt (as H2O is dissolved/exsolved), and
consequent change in S speciation, as a source of this behaviour.
We speculate that there is a change in coordination or complexa-
tion of SO2�

4 in the melt phase at � 1 kbar that gives rise to this
change. If such a change is dependent on the H2O–CO2 content of
the melt, then the parameterisation will change as total volatiles
change. This is not accounted for in the current model, and there
are insufficient relevant independent datasets to test this. The
agreement with the model of Moretti and Papale (2004) is
probably the best cause for confidence that this is not a large effect.
4. Evaluation of performance

The H2O–CO2 calculations in SolEx are calibrated over a wide
range of basaltic and alkali-basalt compositions, spanning nephe-
linites, tholeiites and ocean island basalts. The parameterisations
of fugacity coefficients (Churakov and Gottschalk, 2003a,b) are
applicable over the full range of fluid compositions modelled. The
S and Cl partitioning algorithms have been calibrated on a single
composition, that of St8.1 (Table 1), for pressures o4 kbar and
temperatures around 1150 1C. It is therefore imperative to test
SolEx with independent experiments and at other temperatures
and compositions. Unfortunately, there are few experiments in



Table 2
Total volatile contents used in the experiments of Lesne et al. (2011a).

All experiments were performed at 1150 1C.

Experiment H2O (wt%) CO2 (ppm) S (ppm) Cl (ppm) DNNO

St8.1 A 3.44 4600 1930 2040 1.6–2.4

St8.1 B 3.67 4890 3560 1570 1.6–2.0

St8.1 uncertainty 70.15 7150 767 763

MAS1 A 2.71 7410 595 1700 0.66–0.75

MAS1 B 2.86 6850 1400 1420 0.68–0.82

MAS1 uncertainty 70.15 7710 7180 7110
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the literature with S and Cl as dilute components in a fluid phase,
as most previous studies have focused on S and Cl solubilities.
We have therefore performed our parameterisation on a subset of
the data of Lesne et al. (2011a) so that we can use the remainder
as independent tests. We also compare our model to the few
relevant studies we could find in the literature.

Fig. 5 shows that SolEx reproduces the experimental trends of
Lesne et al. (2011a) well for both of their studied compositions. Only
the St8.1 B experiments (Table 2) were used in the parameterisation,
leaving other experiments to be used as independent tests of the
model. The St8.1 B experiments are not reproduced perfectly,
despite being the basis of the S–Cl parameterisation, because the
parameterisation used measured H2O and CO2 concentrations to
calculate partition coefficients whereas the model results use the
COH solubility model of Dixon (1997) to predict H2O and CO2 con-
centrations within the melt. The discrepancy in St8.1 B comes from
the modest imprecision of the COH model. Both S and Cl concentra-
tions within the melt are described to within analytical uncertainty
(1s errors) for all of the experiments of Lesne et al. (2011a), with the
exception of some S experiments in the MAS1 B series. Fig. 5c shows
that repeated experiments at identical P, T conditions give differing
results, i.e. fall outside 1s errors of each other. This highlights that
there is experimental uncertainty in addition to the analytical errors,
and illustrates that it is not necessarily the model that is in error
here—the mass balance calculations amplify any errors in the
experimental technique. There is also a discrepancy in the higher
pressure MAS1 A experiments. Although only the 3 kbar experiment
falls outside 1s error of the model, there is what seems to be a
systematic offset from the modelled trend. Introducing a composi-
tionally dependent activity coefficient for the melt, gm, did not
significantly improve the performance of the model overall
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Fig. 5. Comparison of SolEx with experimental data from Lesne et al. (2011a); compos

Table 2. Error bars represent 1s uncertainties. Dotted lines show uncertainties on mode

only St8.1 B experiments were used to calibrate SolEx.
(Section 3.2), though it did improve the fit here. Improved composi-
tional parameterisation of gm would improve the performance of
SolEx, but at present we feel there are insufficient experimental data
to justify such an approach.

We also compare results from SolEx to the model of Moretti and
Papale (2004) and experimental measurements of Stelling et al.
(2008), Alletti et al. (2009) and Chevychelov et al. (2008). The latter
three studies investigate chloride solubilities in basalts from
Mt. Etna, Italy, at a variety of temperatures (1050–1250 1C) and
pressures (10–2000 bar). This allows further tests of the composi-
tional and pressure parameterisations for chlorine, and testing of
the applicability of the temperature independence assumed in the
partitioning behaviour. Fig. 6 shows that SolEx reproduces the
experimental chlorine concentrations well over the full range of
pressures and temperatures. Results are consistent with the results
for S concentration in the shoshonitic melt modelled by Moretti and
Papale (2004). Pino et al. (2011) present results from the model of
Moretti and Papale (2004) for a Strombolian basalt. The trends of the
two models are in general agreement, but results diverge at low
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pressures. The large amount of exsolved CO2 at low pressures
combined with our empirical, compositionally independent model
of KS leads to lower predictions of dissolved S concentration by SolEx.
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Fig. 6. (a) Comparison of SolEx with experimental data from P¼10–2000 bar,

T¼1200–1260 1C, 0oDNNOoþ2 (Alletti et al., 2009); P¼2000 bar, T¼1200 1C,

DNNO¼ 0 (Chevychelov et al., 2008) and P¼2 kbar, T¼1050–1250 1C, DNNO¼ 0

(Stelling et al., 2008). (b) Comparison of SolEx (solid line) with the model of Moretti

and Papale (2004) for shoshonitic composition melt (Table 1) with H2O¼4.0 wt%,

CO2¼1.0 wt%, S¼5000 ppm. (c) Comparison to Moretti and Papale (2004) model

results presented by Pino et al. (2011) with composition given in Table 3,

þ0:5oDNNOoþ1:0, H2O¼3.7 wt%, CO2¼2.44 wt%, S¼1500 ppm.

Table 3
Melt compositions (in wt%) for Stromboli pumice sample ST82 calculated for varying m

from their Table 2. FeOT signifies total Fe, cast as FeO.

F (%) SiO2 Al2O3 FeOT MgO CaO Na2O

100 48.6 14.7 7.2 8.3 13.1 2.2

96.7 48.5 14.9 7.3 8.0 12.9 2.2

89.2 48.4 15.8 7.4 7.3 12.1 2.4

84.9 48.3 16.4 7.4 6.8 11.6 2.5

81.0 48.2 16.9 7.4 6.3 11.1 2.6
This reduction in S is due to the big increase in KS that Lesne et al.
(2011a) observe at Po1000 bar (Fig. 4). This comparison between
the SolEx and the model of Moretti and Papale (2004) emphasises
both the reliability of the general trends and the caution with which
quantitative model predictions must be interpreted.

No crystallisation was apparent in the preceding studies. If
crystallisation occurs, it serves to concentrate the volatiles in the
melt, and to alter the melt composition. Care must be taken to
utilise the correct melt composition and volatile inventory when
using any solubility model. We provide an example of such a
calculation in Section 5.1. The same applies to the precipitation of
an immiscible sulphide phase, which must also be accounted for
independently to the application of SolEx.
5. Application of SolEx

SolEx is available for Mac OS X, and Windows machines. The user
specifies P, T conditions, redox condition (as DNNO), melt composi-
tion and total (initial) volatile contents. The melt composition can be
entered as the mass proportions (wt%) of 7-components; SiO2, Al2O3,
CaO, K2O, Na2O, MgO, FeO. Note that Fe2O3 does not feature in the
parameterisation. Alternatively, the simplified compositional para-
meterisation of Dixon et al. (1997) can be used, and the composition
simply entered as the weight fraction of SiO2. (Note that this one-
component has only been tested for one suite of North Arch basalts,
Dixon et al., 1997.) The model is applicable for basalts with
o53 wt% SiO2.

Closed-system degassing, where the vapour and melt are assumed
to remain in equilibrium at all depths, and open-system behaviour,
where the vapour is lost (or chemically isolated) from the melt
immediately upon exsolution, can both be modelled. The output
includes dissolved H2O, CO2, S and Cl concentrations as functions of
pressure. Fig. 5 illustrates example outputs for melts of St8.1 and
MAS1 compositions. Mass and molar proportions of the fluid, together
with the fluid volume percentage, are also calculated. The output is in
the form of a tab delimited text file, SolEx_output.txt, that is written
to the directory from which SolEx was run (Windows) or to the
Desktop (OS X). Upon clicking the Isobars button, H2O–CO2 isobars
are calculated at 4, 3, 2, 1, 0.5 and 0.25 kbar for the selected melt
composition, and output as SolEx_isobars.txt. These output files can
be opened in any spreadsheet or text editor, and further calculations
or graphical plots performed from third party programs.

5.1. An example application: Stromboli degassing

To illustrate the utility of SolEx in modelling volcanic degassing
processes, we calculate S and Cl concentrations in a basalt. Métrich
et al. (2010) studied a Ca-rich Stromboli basalt, and calculated a
crystallisation path. We use their pumice sample ST82 as a test
case; melt fractions, F, and associated melt compositions are given
in Table 3. Métrich et al. (2010) used the CO2–H2O composition of
the melt to estimate the pressure of melt inclusion entrapment.
However, such an approach assumes that the included melts are
saturated in volatiles, an assumption that is difficult to verify in
elt fractions, i.e. crystal contents up to 19%, after Métrich et al. (2010). Data taken

K2O P ½H2O�0 ½CO2�0 ½S�0 ½Cl�0

1.6 0.913 2.20 2900 3500 1500

1.6 0.838 2.28 2999 3619 1551

1.8 0.631 2.47 3251 3924 1682

1.9 0.478 2.59 3416 4122 1767

2.0 0.332 2.72 3580 4321 1852



0

1

2

3

4

5

H
2O

 /w
t%

0 1000 2000 3000 4000
P /bars

0

1000

2000

3000

4000

5000

C
O

2,
 S

, C
l /

pp
m

Closed Open
H2O
CO2
S
Cl

Fig. 7. Comparison of open- and closed-system calculations, performed on a basalt

of OIB composition (Table 1) at T¼1150 1C with initial volatile contents

H2O¼4 wt%, CO2¼5000 ppm, S¼3000 ppm, Cl¼1500 ppm. In open-system con-

ditions, the CO2-rich fluid generated at high pressures is immediately lost, meaning

that less H2O dissolves in the fluid and H2O concentrations remain higher.

0

1000

2000

3000

S
 /p

pm

0 1000 2000
P /bar

Large Scale Eruptions 
Medium Scale Eruptions
Small Scale Eruptions
Strombolian Activity

0

1000

2000

C
l /

pp
m

0 1000 2000
P /bar

0

1

2

3

4

H
2O

 /w
t%

0 1000 2000
P /bar

Fig. 8. A comparison of SolEx model results with data from Métrich et al. (2010),
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convecting systems such as Stromboli (Witham, 2011a,b). In order
to avoid this assumption, we model the evolution of volatile
concentrations within the melts by performing closed-system
degassing profiles given the full range of crystallinities and
corresponding melt compositions given in Table 3. We assume
that all four volatile species behave incompatibly, such that the
total mass of each volatile component in the melt plus gas is
increased by a factor of 1=F.

When crystallisation is accounted for, we can model almost all
the S and Cl melt inclusion data as being due to the closed-system
degassing with simultaneous crystallisation of up to 19% by assum-
ing starting volatile content ½i�0 of ½H2O�0 ¼ 2:2 wt%, ½CO2�0 ¼

2900 ppm, ½S�0 ¼ 3500 ppm and ½Cl�0 ¼ 1500 ppm (Fig. 8a,b). How-
ever, Fig. 8c shows that such a simple model cannot explain the
H2O contents of the melt inclusions. These trends have been pre-
viously explained to be due to buffering by a CO2-rich fluid fluxing
through the system (e.g. Rust et al., 2004; Métrich et al., 2010;
Blundy et al., 2010), diffusion of H2O through the host crystal
(Gonnermann and Manga, 2005) or mixing between volatile-rich
and volatile-poor magmas (Witham, 2011a,b).

Fig. 9 shows that the S/Cl ratio of the fluid phase is highly
dependent on pressure. Assuming that emitted gases represent
an equilibrium fluid from some depth, it is therefore possible to
deduce the pressure of equilibration of a gas emitted from a
volcano from the S/Cl or CO2/S ratio, as previously noted by
Burton et al. (2007). SolEx provides a simple platform on which to
perform such analysis.
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6. Summary

SolEx is a computer program, written to run under OS X and
Windows, that predicts the behaviour of mixed COHSCl fluids in
basaltic (o53 wt% SiO2, amphibole absent) systems based on the
models of Dixon (1997) for H2O–CO2 behaviour in basalt, the
Churakov and Gottschalk (2003a,b) equation of state for non-ideal
behaviours of sulphate and chloride in the fluid phase, and a
parameterisation of experiments from Lesne et al. (2011a) for S
and Cl partitioning between basaltic melt and a coexisting fluid
phase. H2S partitioning is not modelled due to an absence of
relevant data, so SolEx is only applicable under conditions of
oxygen fugacity greater than 0.5log units above the nickel–nickel
oxide (NNO) buffer.
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SolEx can be used to predict degassing behaviour in both open-
and closed-systems. Designed for use on basaltic systems, we find
that SolEx performs well compared to other models for tholeiitic
and calc-alkaline basalts, and matches relevant experimental data
well. Given the relative lack of constraint on the compositional
and temperature dependencies of S and Cl partitioning, we advise
caution when applying SolEx to conditions far from those of its
calibration. We hope to improve the range of calibration of the
model in future releases.
Acknowledgements

We kindly thank R. Moretti and J. Lowenstern for insightful
reviews that added to the clarity and completeness of the manu-
script, and P. Papale for supplying the code for the model of
Papale et al. (2006). T. Lei (http://hxxland.com) designed the
SolEx logo and generously authorised its use. This research was
funded by NERC grant NE/F004222/1.
Appendix A. Supplementary data

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.cageo.2011.09.021.
References

Aiuppa, A., 2009. Degassing of halogens from basaltic volcanism: insights from
volcanic gas observations. Chemical Geology 263, 99–109.

Aiuppa, A., Federico, C., Giudice, G., Giuffrida, G., Guida, R., Gurrieri, S., Liuzzo, M.,
Moretti, R., Papale, P., 2009. The 2007 eruption of Stromboli volcano: insights
from real-time measurement of the volcanic gas plume CO2=SO2 ratio. Journal
of Volcanology and Geothermal Research 182, 221–230.

Aiuppa, A., Federico, C., Giudice, G., Gurrieri, S., Paonita, A., Valenza, M., 2004.
Plume chemistry provides insights into mechanisms of sulfur and halogen
degassing in basaltic volcanoes. Earth and Planetary Science Letters 222,
469–483.

Aiuppa, A., Moretti, R., Federico, C., Giudice, G., Gurrieri, S., Liuzzo, M., Papale, P.,
Shinohara, H., Valenza, M., 2007. Forecasting Etna eruptions by real-time
observation of volcanic gas composition. Geology 35, 1115–1118.
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Spilliaert, N., Allard, P., Métrich, N., Sobolev, A.V., 2006a. Melt inclusion record of

the conditions of ascent, degassing, and extrusion of volatile-rich alkali basalt
during the powerful 2002 flank eruption of Mount Etna (Italy). Journal of
Geophysical Research 111, B04203.
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