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Abstract

The solubilities of S and Cl have been determined at 850 8C, 200 MPa, and fO2 ~NNO in a rhyodacitic melt of the Unzen

volcano in equilibrium with a fluid phase of mixed composition (H–O–Cl–S). The partitioning of Cl between silicate melt and

fluid shows a strong deviation from ideal behavior. The Cl content of melts coexisting with fluids containing up to 50 mol% Cl

is approximately 0.85 wt.%. With the addition of sulfur, the Cl concentration decreases by 0.2 wt.% Cl (2 wt.% S added in the

system; ~50 mol% Cl in fluid). This effect is most probably explained by a more ideal mixing of the Cl-bearing species in S-

bearing fluids. However, changes of melt composition with the addition of S (depletion of iron) can also influence Cl solubility.

The solubility of sulfur in the melt is a complex function of the activity of fluid components, the FeOtot content of the melt, and

the speciation of S. With increasing S content in the system from 0 to 2 wt.% S, the amount of pyrrhotite (Pyr) increases (up to

2.2 vol.%), the FeOtot content of the melt decreases (from 2.8 to 0.9 wt.% FeOtot), and S solubility increases slightly (up to 100

ppm). At the investigated conditions in the Cl-bearing systems, S solubilities up to 200 ppm have been determined, indicating

that the addition of Cl to the system enhances S solubility.

The influence of Cl on the solubility of S can be related to nonideal mixing in the fluid, in particular, the increase in activity

of S-bearing fluid species and a decrease of H2S/SO2 ratios in the fluid. The first effect leads to higher solubility of sulfide in the

melt and the second one favors the dissolution of additional sulfate in the silicate melt at studied conditions.
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1. Introduction

Volcanic gases contain mainly H2O, CO2, SO2,

H2S, HCl, and, to a lower extent, HF (e.g., Giggen-

bach, 1996; Symonds et al., 1994). At the onset of

magma degassing, all these volatiles will be involved

in different extents to the formation of a multi-
(2004) 207–225
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component fluid phase due to different solubilities of

the volatiles in the melt and due to the mixing

properties of the fluid phase. Thus, modeling the

degassing of natural magmas requires the under-

standing of the solubilities of volatiles in melts in

equilibrium with complex mixed fluids.

Although sometimes present in small amounts

when compared with water, C-, Cl-, and S-bearing

species play an important role in magmatic and

degassing processes. However, there are very few

data concerning the solubility of carbon, sulfur, and

chlorine in hydrous silicate melts in equilibrium with

multicomponent fluids (containing C, Cl, and S). The

lack of solubility data is related to difficulties in

controlling the fugacities of volatiles in the experi-

ments. Moreover, the interpretation of experimental

results in such complex systems containing multi-

component fluids requires the knowledge on the

properties of simple systems containing pure and

binary fluids. In the past decade, our understanding of

such simple fluid-melt systems has been largely

improved, especially for felsic melts (e.g., Carroll

and Webster, 1994; Holloway and Blank, 1994;

Scaillet et al., 1998; Tamic et al., 2001; Webster and

De Vivo, 2002; Moretti et al., 2003; Scaillet and

Pichavant, 2003; Behrens et al., in press). Investiga-

tions on volatile solubilities in melts coexisting with

C–O–H–Cl-bearing fluids suggest that the increasing

abundance of CO2 in the aqueous fluid has either

insignificant (Webster, 1997) or small positive effect

on the solubility of chlorine in the melt, probably due

to a decrease in the mean dielectric constant of the

fluid phase and an increase in activity of chlorine in

the fluid (Webster and Holloway, 1988). This is

related to an enlargement of the P-T-X range of the

immiscibility gap in H2O–salt fluid systems with the

addition of CO2 (e.g., Joyce and Holloway, 1993;

Duan et al., 1995, 2003; Shmulovich et al., 1995;

Shmulovich and Graham, 2004).

To our knowledge, the solubility of volatiles in

melts coexisting with H–O–Cl–S-bearing fluids has
Table 1

Chemical composition of starting rhyodacitic glass in wt.%

SiO2 TiO2 Al2O3 FeOtot MnO MgO C

69.95 0.50 14.21 3.57 0.12 1.44 4

a #Mg=Mg/(Mg+Fe), where Fe is a total molar amount of iron in sili
b Molar Al2O3/(CaO+Na2O+K2O) ratio.
not been investigated systematically so far. The

behavior of such mixed fluids is of increasing interest

because the concentrations and ratios of sulfur and

chlorine volatile compounds in magmas and volcanic

gases are often used in volcanology to reconstruct the

evolution of magmatic systems (e.g., Metrich et al.,

1993; Symonds et al., 1994; Francis et al., 1995; Self

and King, 1996; Thordarson et al., 1996; Mori et al.,

1993; Mori and Notsu, 1997; Harms and Schmincke,

2000; De Hoog et al., 2001; Edmonds et al., 2001;

Webster et al., 2001; Aiuppa et al., 2002; Davis et al.,

2003). As a step towards natural fluid-melt systems,

we conducted the first experiments on the solubility of

sulfur and chlorine in a rhyodacitic melt in equili-

brium with mixed aqueous fluids at P=200 MPa,

T=850 8C, and log fO2=NNO. Such melt composition

and conditions were chosen to understand the

behavior of volatiles during recent eruption of Unzen

volcano, Japan.
2. Experiment

2.1. Starting materials

The starting material is a synthetic analogue of a

rhyodacitic silicate melt (Table 1), which corresponds

to the groundmass composition of the magma erupted

by Unzen volcano in 1991–1995 (Nakada and

Motomura, 1999; Sato et al., 1999). It was prepared

from a mixture of oxides (SiO2, TiO2, Al2O3, Fe2O3,

MnO, and MgO) and carbonates (CaCO3, Na2CO3,

and K2CO3), ground in a rotary mortar. The powder

was melted for 2 h in Pt crucibles at 1600 8C, 1 atm in

air (log fO2=�0.68 ). The melt was quenched to glass

by placing the crucible into a water bath. Then, the

glass was ground again in the agate mortar and

remelted for 0.5 h to improve the homogeneity of the

batch. The homogeneity of the silicate glass was

verified by electron microprobe (Table 1). The glass

was finally crushed in the mortar and sieved to the
aO Na2O K2O Total #Mga A/CNKb

.05 3.16 2.75 99.75 0.42 0.915

cate glass.
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grain sizes of b100 and 100–200 Am. The two

fractions were mixed together in a volume ratio ~1:1

to minimize the free volume in the experimental

capsules and to reduce the incorporation of atmos-

pheric nitrogen into the charge. The obtained starting

glass powder was stored in a desiccator.

2.2. Experimental method

Fifty milligrams of powdered silicate glass was

mixed with various amounts of elemental sulfur

powder (0–1 mg) and loaded in 15-mm-long (inner

diameter of 2.8 mm) gold capsules. Five microliters

of pure water or aqueous HCl solution (0.9–33

wt.% HCl) was added to the charge in the capsules

and quantified by measuring the weight gain. The

initial amount of Cl in the 33 wt.% HCl solution

was verified using a Mettler DL25 Titrator. The

amounts of S, Cl, and water added to the dry

silicate glass are listed in Table 2 for each experi-

ment. The amounts of S were chosen so that the

fractions of S in relation to the silicate glass are

close to 0.5, 1, and 2 wt.%. Capsules were welded

shut and heated overnight in an oven at 110 8C to

homogenize fluid distribution inside the capsule and

check for leaks.
Table 2

Starting mass relations in the experimental runs

Run number Mass glass

(mg)

Mass HCl

(mg)

Mass S

(mg)

M

(m

S-100 49.78 – 0.30 –

S-101 49.93 – 0.69 –

S-102 49.93 – 1.07 –

ClS-88 49.89 4.95 0.26 0

Cl-51 50.78 4.99 – 0

ClS-79 49.86 5.01 0.25 0

ClS-80 49.93 4.99 0.50 0

ClS-78 50.25 5.03 1.00 0

Cl-52 50.70 5.08 – 0

ClS-104 49.90 5.05 0.56 0

Cl-53 50.37 5.19 – 0

ClS-103 49.60 5.24 0.25 0

ClS-76 50.37 4.63 0.51 0

ClS-75 50.32 5.14 1.00 0

Cl-72 50.01 5.25 – 1

ClS-74 49.84 4.62 0.25 1

ClS-105 48.81 5.78 0.55 1

ClS-73 50.12 5.38 1.00 1

a Calculated from the Cl and H2O concentrations in the HCl solution
Experiments were carried out in conventional

horizontal cold seal pressure vessels (CSPV) made of

an alloy containing mainly Ni. The vessels were

pressurized with water. Temperature was controlled

with an external Ni–CrNi thermocouple (vessels are

calibrated for temperature) and the variations were less

than 5 8C. The accuracy in temperature is estimated to

beF10 8C. Pressure was measured with a strain gauge

manometer and controlled manually. The pressure

variations were 5 MPa. All experimental runs were

quenched isobarically with a flux of compressed air.

The oxygen fugacity inside CSPVs was buffered

through the reaction of water with the Ni/NiO solid

oxygen buffer (charged as a mixture of Ni and NiO

powders). The use of water as pressure medium and

the Ni-bearing alloy of the vessel allowed to keep the

fO2 conditions at the Ni/NiO buffer for long duration

in the CSPVs. The constant fO2 value means also

constant fugacity of hydrogen in CSPV due to the

reaction of buffer assemblage with water. Furthermore,

the fH2 is also fixed inside the experimental capsules

due to the diffusion of hydrogen through the capsule

walls at high temperature. Thus, the use of NNO

external buffer imposes the constant hydrogen fugacity

in the experimental charges which governs, in turn,

redox reactions among melt, mineral, and fluid phases.
ass Cla

g)

Mass H2O
a

(mg)

Bulk added

Cl (wt.%)

Bulk added

S (wt.%)

4.94 0.00 0.55

4.95 0.00 1.24

4.96 0.00 1.91

.05 4.90 0.09 0.47

.14 4.85 0.25 0.00

.14 4.87 0.25 0.45

.14 4.85 0.25 0.90

.14 4.89 0.25 1.78

.28 4.80 0.50 0.00

.28 4.77 0.50 1.01

.58 4.61 1.04 0.00

.61 4.63 1.11 0.45

.52 4.11 0.94 0.92

.57 4.57 1.01 1.77

.76 3.49 3.18 0.00

.55 3.07 2.83 0.46

.94 3.84 3.52 1.00

.80 3.58 3.19 1.77

.



Table 3

Mineral assemblages and composition of silicate glass (wt.%F1r) after experiments at 850 8C and 200 MPa

Run numbera nb SiO2 TiO2 Al2O3 FeO* MnO MgO CaO

S-100

0.0% Cl 4 65.79F0.12 0.47F0.03 13.76F0.16 2.50F0.11 0.12F0.10 0.70F0.09 3.06F0.18

0.55% S

S-101

0.0% Cl 6 65.72F0.80 0.47F0.05 14.22F0.40 1.93F0.26 0.08F0.10 0.72F0.04 3.06F0.21

1.24% S

S-102

0.0% Cl 13 66.56F0.88 0.47F0.05 13.89F0.25 1.70F0.25 0.10F0.07 0.67F0.05 3.00F0.10

1.91% S

ClS-88

0.09% Cl 10 65.12F0.12 0.47F0.04 13.44F0.16 2.47F0.11 0.02F0.09 0.68F0.09 3.29F0.18

0.47% S

Cl-51

0.25% Cl 16 66.69F0.23 0.36F0.02 14.02F0.14 2.54F0.24 0.11F0.04 0.53F0.05 3.12F0.12

0.0% S 16

ClS-79

0.25% Cl 19 67.23F0.46 0.43F0.03 13.82F0.17 2.33F0.18 0.11F0.06 0.67F0.04 3.08F0.07

0.45% S

ClS-80

0.25% Cl 18 67.94F0.49 0.44F0.02 13.91F0.16 1.92F0.13 0.10F0.05 0.70F0.04 3.01F0.12

0.90% S

ClS-78

0.25% Cl 15 68.26F0.53 0.47F0.02 13.77F0.13 1.13F0.12 0.10F0.07 0.70F0.03 2.86F0.08

1.78% S

Cl-52

0.50% Cl 16 66.09F0.30 0.40F0.02 14.03F0.16 2.78F0.16 0.13F0.05 0.69F0.05 3.37F0.09

0.0% S

ClS-104

0.50% Cl 9 65.99F0.35 0.46F0.05 13.81F0.27 2.15F0.16 0.12F0.08 0.90F0.10 3.35F0.15

1.01% S

Cl-53

1.04% Cl 16 66.01F0.36 0.45F0.02 14.07F0.13 2.72F0.13 0.11F0.05 0.79F0.04 3.64F0.10

0.0% S

ClS-103

1.11% Cl 10 65.95F0.35 0.49F0.05 13.70F0.17 2.41F0.20 0.09F0.10 0.93F0.06 3.66F0.18

0.45% S

ClS-76

0.94% Cl 16 68.72F0.43 0.43F0.02 13.39F0.14 1.69F0.14 0.10F0.05 0.66F0.04 2.95F0.09

0.92% S

ClS-75

1.01% Cl 17 69.93F0.32 0.46F0.03 13.23F0.12 0.87F0.11 0.06F0.05 0.69F0.04 2.87F0.08

1.77% S

Cl-72

3.18% Cl 15 68.65F0.25 0.51F0.02 13.33F0.15 2.30F0.17 0.08F0.05 0.86F0.22 3.14F0.10

0.0% S

ClS-74

2.83% Cl 16 69.28F0.36 0.51F0.01 13.28F0.12 1.96F0.12 0.08F0.05 0.86F0.03 3.10F0.09

0.46% S

ClS-105

3.52% Cl 8 67.34F0.69 0.47F0.05 13.87F0.24 0.92F0.14 0.06F0.08 1.29F0.09 3.53F0.08

1.00% S

ClS-73

3.19% Cl 17 69.57F0.29 0.50F0.03 13.39F0.09 0.86F0.09 0.09F0.05 1.09F0.04 3.02F0.09

1.77% S
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Na2O K2O Cl S Total H2O
c #Mgd A/CNKe Determined phasesf,g

2.88F0.03 2.55F0.09 – 0.006F0.001 91.83F0.23 6.8F0.5 0.33 1.053 Gl (92.8), Hb (6.6), Pyr (0.6)

2.92F0.36 2.73F0.14 – 0.010F0.005 91.83F1.78 6.5F1.8 0.40 1.067 Gl (92.0) Hb (6.8), Pyr (1.1),

Pl (trace amounts)

2.87F0.60 2.69F0.14 – 0.010F0.004 91.97F1.22 5.9F1.2 0.41 1.061 Gl (92.1), Hb (5.3), Pyr (1.7),

Pl (1.0)

2.78F0.04 2.60F0.09 0.084F0.005 0.006F0.002 91.00F0.31 7.4F0.5 0.33 1.005 Gl (95.0), Hb (4.1), Pyr (0.5),

Pl (0.3)

2.62F0.18 2.72F0.07 0.219F0.013 – 92.93F0.49 6.5F0.5 0.27 1.085 Gl (91.5), Opx+Hb (5.8),

Pl (2.7)

2.43F0.21 2.76F0.09 0.225F0.008 0.013F0.004 93.10F0.89 7.3F0.9 0.34 1.098 Gl (91.2), Hb (4.8), Pl (3.6),

Pyr (0.4)

2.54F0.23 2.79F0.07 0.226F0.007 0.016F0.004 93.60F0.83 6.8F0.8 0.39 1.098 Gl (92.1), Pl (3.5), Hb (3.2),

Pyr (1.2)

2.41F0.51 2.87F0.07 0.220F0.018 0.014F0.006 92.81F1.00 7.6F1.0 0.53 1.122 Gl (88.2), Pl (5.6), Hb (4.1),

Pyr (2.0)

2.66F0.11 2.61F0.07 0.459F0.014 – 93.20F0.49 6.2F0.5 0.31 1.053 Gl (94.6), Opx+Hb (3.8),

Pl (1.5)

2.93F0.22 2.66F0.07 0.361F0.041 0.016F0.006 92.74F0.36 6.8F0.5 0.43 1.001 Gl (95.5), Hb (3.6), Pyr (0.9)

2.60F0.22 2.55F0.08 0.655F0.015 – 93.58F0.37 5.9F0.5 0.34 1.030 Gl (96.7), Opx+ Hb(2.3),

Pl (1.0)

2.80F0.25 2.42F0.14 0.660F0.025 0.014F0.007 93.15F0.58 6.3F0.6 0.41 0.987 Gl (97.4), Hb (2.2), Pyr (0.4)

2.45F0.19 2.83F0.08 0.567F0.020 0.018F0.006 93.81F0.63 6.6F0.6 0.41 1.075 Gl (90.7), Hb (4.2), Pl (4.0),

Pyr (1.1)

2.51F0.16 2.85F0.07 0.511F0.021 0.017F0.005 94.00F0.46 6.4F0.5 0.59 1.064 Gl (86.9), Pl (6.1), Hb (4.8),

Pyr (2.2)

2.33F0.14 2.48F0.09 0.854F0.025 – 94.54F0.42 5.9F0.5 0.40 1.090 Gl (92.6), Pl (4.2), Opx (3.1)

2.32F0.11 2.51F0.08 0.793F0.018 0.016F0.006 94.70F0.48 5.7F0.5 0.44 1.091 Gl (92.2), Pl (4.6), Opx (2.7),

Pyr (0.4)

2.43F0.13 2.03F0.10 0.805F0.037 0.018F0.010 92.77F0.82 6.9F0.8 0.71 1.100 Gl (98.0), Hb (1.4), Pyr (0.7)

2.28F0.08 2.43F0.07 0.658F0.032 0.020F0.005 93.89F0.33 6.5F0.5 0.69 1.128 Gl (90.7), Pl (4.3), Opx (3.7),

Pyr (1.4)
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All experiments were performed at T=850 8C and

P=200 MPa. Such conditions are close to those

prevailing in the magma chamber of Unzen volcano

after magma mixing (e.g., Venezky and Rutherford,

1999; Sato et al., 1999; Holtz et al., in press). At those

conditions and for the investigated melt composition,

the amount of added aqueous fluid was enough to

ensure fluid saturation in all runs.

The duration of the experimental runs was 120F5

h. In previous studies, run duration of 2–5 days was

found to be sufficient to achieve equilibrium in

hydrous Cl- or S-bearing felsic magmas at conditions

similar to our experiments (e.g., Carroll and Ruth-

erford, 1987; Malinin et al., 1989; Shinohara et al.,

1989; Luhr, 1990; Metrich and Rutherford, 1992;

Webster, 1992; Signorelli and Carroll, 2000).
3. Analytical methods

3.1. Electron microprobe

The run products were composed of minerals

(plagioclase, Pl; orthopyroxene, Opx; hornblende,

Hb; pyrrhotite, Pyr) and glass (Gl). A Cameca SX-

100 electron microprobe was used to identify the

minerals and to analyze the compositions of the

glasses. Glass analyses were conducted with 15 kV

acceleration potential, 6-nA beam current, a defo-

cused electron beam (10–20 Am diameter), and peak

counting times of 2–5 s (for major elements).

Sodium and potassium were analyzed first for 2 s

to minimize their migration. The alkali loss was

determined in sample Cl-72 as a function of

counting time (from 2 to 90 s). The obtained curve

(counts/second vs. time) was fitted and extrapolated

to the zero time. The difference between Na2O and

K2O concentrations calculated at zero-time and

those determined after 2-s measurements is less

than the analytical error given in Table 3 (this error
Notes to Table 3:
a Sample number and bulk concentrations of Cl and S (wt.%) added
b Number of electron microprobe analyses.
c Water content of the melt (wt.%) determined using the by-differenc
d #Mg=Mg/(Mg+Fe), where Fe is the total molar amount of iron in g
e Molar Al2O3/(CaO+Na2O+K2O) ratio of experimental glasses.
f Gl=glass; Opx=orthopyroxene; Hb=hornblende; Pl=plagioclase; Pyr=
g Modal proportions of phases (vol.%) determined by image analysis
corresponds to the one r deviation of the analyses).

Thus, the alkali loss was neglected at our analytical

conditions.

Pyrrhotite crystals were analyzed at 15 nA beam

current and focused beam. For the sulfur analyses,

the wavelength of the SKa radiation was estimated

in silicate glasses (Carroll and Rutherford, 1988)

and pyrrhotites, and the peak position was compared

with the standards (BaSO4 and ZnS). Due to low

sulfur concentration in the glasses, the observed

peaks were broad and the height of the peaks was

low. However, the SKa peak position in the glasses

was found to be close to that of sulfur bound as

sulfide, which is reasonable at fO2 buffered with

NNO (Carroll and Rutherford, 1988). Chlorine and

sulfur were measured as the last elements, and the

counting times for S and Cl were 100 to 200 s and

60 to100 s, respectively. Using standards for S and

Cl (NaCl), multiple measurements were made for

each sample (5–20 analyses) to reduce possible

analytical errors and to check for homogeneity. The

relative analytical errors for sulfur determination are

high mostly due to the low sulfur concentrations,

slightly above the detection limit of 40 ppm.

Chlorine can be measured more precisely because

its concentration in the melt is about one order of

magnitude higher than the detection limit of 300

ppm. The microprobe analyses were not calibrated

against additional standard silicate glasses with

known amount of chlorine and sulfur. However,

the analytical conditions were identical for all

measured glasses. It implies that, even if the

absolute values of Cl and S concentration may

have a systematic error, the relative changes are

measured accurately.

3.2. Analyses of backscattered electron (BSE) images

The analyses of backscattered electron (BSE)

images of the experimental products have been used
to the system.

e method after microprobe analyses.

lasses.

pyrrhotite.

(see text).
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to determine the modal proportions of glass and

mineral phases in our samples. It was possible to

distinguish all mineral phases, except for Opx and Hb

because these phases have almost identical brightness

in backscattered electrons images. Therefore, in this

study, the amount of Opx and Hb was determined as a

whole (Opx+Hb). Because crystals in the experimen-

tal products are not oriented preferentially and are

distributed homogeneously (see Fig. 1), the modal

proportions determined from a two-dimensional anal-

ysis can be extrapolated to the volume of the sample.

Three or four BSE images with a size of 300�300 or/

and 600�600 Am have been processed for each

sample to evaluate possible errors of this method.

The reproducibility of the percentage volume of

silicate glass in the charges was always within F3

vol.%, in most cases, even within F1 vol.%. The

relative error of glass proportions resulting from the

reproducibility mentioned above is 3%. In contrast,

the relative error of the proportions of solid phases is

higher because of their small proportions in the run

products [at most F74% for Pl, F44% for (Opx+Hb),

and F80% for Pyr].
Fig. 1. The backscattered electron images of experimental products (sam

changes in the proportions of melt and crystals, in mineral assemblages, an

sulfur in the melt (indicated in wt.% in labels). See also text and Table 3
3.3. Mass balance calculations

The modal proportions of glass and mineral phases

were transferred into mass proportions, taking into

account the densities of the phases (using values after

Deer et al., 1992). This allows mass balance calcu-

lation of the composition of the fluid phase, which

was in equilibrium with the silicate melt. The mass

balance calculations were necessary because with the

experimental strategy used in this study, the exact

composition of the fluid phase cannot be determined

directly (small amounts of fluid were used to

minimize the effect of incongruent dissolution of the

silicate components in the fluid) and because the fluid

phase composition added to the starting dry glass is

different from that in the run products due to

differences in solubilities for H2O, Cl, and S.

The water content of the melt was determined

using the bby-difference methodQ. In doing so, we

assume that the difference to 100% in electron

microprobe analysis is caused exclusively by the

presence of unmeasured H2O. To improve the method,

the difference values were corrected using a hydrous
ples number Cl-51, Cl-52, Cl-72, ClS-79, and ClS-80) illustrating

d in the size of the minerals with increasing contents of chlorine and

for description and modal proportions of phases.
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rhyodacitic glass (5.9 wt.% H2O) for which the water

content was measured by KFT analysis. The error of

the by-difference method is large due to high

uncertainty in counting statistics of electron microp-

robe for major element composition and the typical

error is more than F0.5 wt.% (e.g., Devine et al.,

1995). Although the error of the total in our microp-

robe analyses is lower for some samples (Table 3), we

assume that a minimum error of F0.5 wt.% has to be

considered in general for this method.

Sulfur is present in melt, fluid, and pyrrhotite. The

S contents of the melt and pyrrhotite were measured

by electron microprobe. Thus, knowing the propor-

tions of melt and pyrrhotite, the concentration of S in

both phases, and the amount of bulk added sulfur, it is

possible to calculate the mass of S contained in the

fluid phase. This calculation is valid if it is assumed

that no sulfur is incorporated into the capsule. In this

study, the sulfur content in the capsule was not

determined. The analyses of S in Au capsules after the

experiments performed at 900 8C, similar fO2, 1 wt.%

S added, and run duration of 5 days show that some

sulfur can be incorporated into the capsule but that the

distribution of S is strongly heterogeneous (with

maximum values up to 500 ppm; F. Parat, personal

communication). Because of this heterogeneous S

distribution, it is impossible to calculate the amount of

S dissolved in the noble metal. In the discussion of

our results, the loss of sulfur into the capsule was not

considered, implying that the calculated absolute S

concentrations in the fluid are overestimated. Never-

theless, the results can be used to discuss the data as a

function of relative variations of fluid compositions.

Chlorine is partitioned between melt and fluid(s)

only. No Cl-bearing mineral phase was found at the

studied conditions. The concentration of Cl incorpo-

rated into amphiboles is usually b0.1 wt.% (see also

Sato et al., in press) contributing less than five relative

percent to the total Cl content of the system. Hence, it

was neglected from mass balance calculations.

Although we have no analytical constraints on the

fluid phase relations, fluid immiscibility (i.e., a H2O-

rich fluid coexisting with a Cl-rich brine) is not

expected at our experimental conditions for the

H2O–Cl-bearing system (according to the data for

the H2O–NaCl fluids reported by Chou, 1987;

Anderko and Pitzer, 1993, and to the data for

phonolite–H2O–Cl system of Signorelli and Carroll,
2000). Furthermore, to our knowledge, there are no

literature data on the effect of S on the mixing

properties of H2O–Cl fluids, and the previous

experimental studies show no evidence of fluid

unmixing in H2O–S-bearing systems (e.g., Carroll

and Webster, 1994). The possible presence of two

fluids at experimental conditions is discussed below.

Nevertheless, assuming that Cl is mainly incorporated

in melt and fluid(s), the mass balance calculation

gives the bulk amount of Cl in the fluid phase(s).
4. Results

4.1. Experimental products

At the studied temperature and pressure, all

experimental products contain glass, fluid phase, and

minerals. The run product glasses are slightly vesic-

ular, and the proportion of vesicles varies in a range of

0.1 to 12.5 vol.%. The vesicularity increases with

increasing bulk Cl and S contents, whereas the size of

the vesicles increases significantly with increasing

bulk Cl (Fig. 1). Most experimental products contain

Hb and Pl minerals (Table 3). In some charges, few

large Opx are observed (Fig. 1). All S-bearing charges

contain Pyr in addition to the three main mineral

phases. The dependence of mineral assemblages and

proportions of glass and mineral phases on the H2O, S,

and Cl content of the melt is complex. The S-free and

Cl-bearing systems usually contain all three main

mineral phases (Hb, Opx, and Pl), which are also

observed under H2O-saturated conditions (no S, no Cl,

850 8C, 200 MPa). It must be noted, however, that Hb

is not present in the three products of experiments with

high added Cl content (Cl-72, ClS-74, and ClS-73),

whereas Opx becomes stable. In general, it can be

noted that the amount of Opx+Hb decreases, while the

proportion of Pl increases with increasing bulk Cl and

S concentrations in the system. However, the scatter-

ing is very high, and four samples (S-100, ClS-104,

ClS-103, and ClS-105) do not contain Pl at all. The

proportion of Pyr progressively increases with increas-

ing bulk S.

The total amount of crystals is approximately 10

vol.% at water-saturated conditions in the Cl–S-free

system. It slightly decreases with increasing Cl and S

content in the melt (note, however, that the relative
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proportion of minerals vary, compare plagioclase

content in exp. Cl-52 and Cl-72 shown in Fig. 1). It

must be noted also that the size of the Hb and Pl

increases with Cl concentration in the melt (Cl-

51YCl-52YCl-72 in Fig. 1), whereas the size of

Hb is almost independent on S-content (Cl-51YClS-

79YClS-80 in Fig. 1). This illustrates that the

changing activities of volatiles in the system influence

both the phase assemblage and reaction kinetics

(crystal nucleation and growth) at given P and T.

4.2. Major-element composition of glasses

The major-element compositions of the glasses are

listed in Table 3. The experimental glasses contain

less CaO than the starting material as a result of Hb

and Pl crystallization. As expected, an increasing

amount of added sulfur results in an increase of

pyrrhotite content in the experimental products at the

expense of FeOtot concentration of the melt (see #Mg,

Table 3). For systems with 0.5 wt.% S, the addition of

Cl does not affect significantly the FeOtot content of

the melt (for systems with less than 0.25 wt.% bulk

Cl). The lowest FeOtot contents were found for

systems rich in both Cl and S (CIS-75, CIS105, and
Table 4

The composition of the fluid phase and relationship between Cl and S am

Run number Cla (mol%) Sa (mol%) H2O
a (mol%) Clfl/Clmb

S-100 – 2.9 (1.8) 97.1 (1.8) –

S-101 – 7.2 (2.8) 92.8 (2.8) –

S-102 – 10.3 (2.8) 89.7 (2.8) –

ClS-88 0.3 (0.3) 2.9 (0.9) 96.9 (0.9) 0.4

Cl-51 1.1 (0.3) – 98.9 (0.3) 0.6

ClS-79 1.2 (0.4) 2.2 (2.5) 96.6 (2.6) 0.8

ClS-80 1.1 (0.4) 2.3 (1.3) 96.7 (1.4) 0.6

ClS-78 1.3 (0.5) 8.5 (2.8) 90.1 (3.1) 0.9

Cl-52 1.8 (0.4) – 98.2 (0.4) 0.5

ClS-104 3.2 (0.7) 7.1 (1.6) 89.7 (2.0) 1.2

Cl-53 7.0 (0.9) – 93.0 (0.9) 1.3

ClS-103 8.2 (1.3) 3.5 (2.2) 88.3 (2.7) 1.6

ClS-76 9.8 (2.1) 3.7 (2.0) 86.5 (3.3) 2.4

ClS-75 8.3 (0.8) 6.2 (1.0) 85.5 (1.6) 2.1

Cl-72 46.5 (7.1) – 53.5 (7.1) 6.8

ClS-74 51.9 (10.2) 5.0 (1.7) 43.0 (11.1) 7.9

ClS-105 51.7 (13.2) 11.3 (3.3) 37.0 (16.0) 9.3

ClS-73 43.1 (5.7) 16.9 (3.0) 40.0 (7.9) 8.9

a Concentrations are calculated from mass–balance relationships in ex
b Ratios are calculated from molar concentrations of Cl and S in the
c Ratio of moles (M) of S incorporated in dense phases [melt (m) and
d Fugacity of sulfur is calculated from the composition of pyrrhotites
CIS-73). The amount of Na2O in the melt decreases

slightly with the increasing Cl content in the system,

probably due to Pl crystallization and extraction of Na

into the fluid phase [formation of Na–Cl-bearing

species by the reaction H+(f l)+Na+(m)=Na+(f l)+

H+(m)]. However, there is no systematic variation of

the degree of peraluminosity with increasing Cl

content of the melt (see A/CNK, Table 3).

4.3. H2O, Cl, and S contents of melt and fluid phases

The concentrations of water, chlorine, and sulfur

analyzed in the silicate rhyodacitic glasses after the

experiments are listed in Table 3 (in wt.%). The

CH2O
m (Ci

m=wt.% of component i in the melt) varies

in a range of 5.7–7.6 wt.%. The chlorine content of

the melt (CCl
m) shows clearly a positive dependence

on the bulk Cl in the system, while the variation of S

in the melt (CS
m) with bulk added sulfur is more

complex due to the presence of at least three sulfur-

bearing phases. Thus, for the multiphase systems in

our experiments, it is more appropriate to investigate

the partitioning of volatiles between the different

phases. The volatile speciation in the fluid phase is not

known in detail. For simplicity, fluid composition
ong phases (F1r)

Sfl/Smb Cl/S (f l)b Cl/S (m)b Mp S/Mm Sc Log f S2
d

59 – – 73 �0.89

84 – – 90 �0.92

108 – – 133 �1.27

63 0.1 (0.1) 13 (4) 65 �0.87

– – – – –

22 0.5 (0.6) 16 (5) 32 �2.30

18 0.5 (0.3) 13 (3) 59 �2.36

84 0.2 (0.1) 14 (6) 120 �1.50

– – – – –

55 0.5 (0.1) 21 (8) 44 �0.92

– – – – –

30 2.3 (1.5) 43 (22) 19 �1.04

26 2.6 (1.5) 29 (10) 52 �2.30

44 1.3 (0.3) 27 (8) 106 �1.58

– – – – –

35 10.4 (4.1) 45 (17) 20 �2.27

83 4.6 (1.8) 41 (23) 27 �0.18

104 2.5 (0.6) 30 (8) 52 �1.88

perimental products (see text).

fluid and melt phases.

pyrrhotite (p)].

using the equation of Toulmin and Barton (1964).



Fig. 2. The relationship between the molar proportion of H2O in the

fluid phase and the H2O concentration in the silicate melt. Different

symbols characterize samples with different bulk content of S as

described in the legend; the error bars are 1r deviations. Dotted line

represents the distribution of H2O between rhyolitic melt and H2O–

CO2-bearing fluid calculated for given T and P using the model of

Tamic et al. (2001). Solid lines are XH2O
fl vs. CH2O

m trends of S-poor

(1) and S-rich (2) systems. Note that those lines are interpretative

and give only qualitative information, however, implying a strong

nonideality of the systems.

Fig. 3. The solubility of Cl in silicate melt versus Cl content of the

fluid phase, where different symbols represent experiments with

different amounts of bulk added S as noted in the legend. The error

bars are 1r variations. Solid lines are interpretative representing S-

free and S-rich systems. Note that increasing S content of the fluid

negatively affects Cl solubility in the melt. The value of Cl-

saturation of the rhyodacitic melt (star) is calculated using the model

of Webster and De Vivo (2002). The dashed line is assumed to be a

Cl distribution between the fluid and the melt in an ideal system.
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obtained by mass balance is expressed in terms of

mol% of H2O (XH2O
fl ), S (XS

fl), and Cl (XCl
fl ; Table 4).

The dependence of water solubility in the melt on

the H2O content of the fluid phase is shown in Fig. 2.

Despite the fact that determined values have large

analytical errors, the data suggest that water solubility

in the melt is almost constant, even at low mole

fraction of H2O in the fluid phase (down to 40 mol%).

This solubility trend strongly deviates from that of

H2O–CO2–rhyolite system at same pressure (H2O

solubility vs. XH2O
fl is calculated after Tamic et al.,

2001, and shown as a dotted line in Fig. 2). The four

points in Fig. 2 with the low H2O contents in the fluid

correspond to the samples with the highest bulk Cl

contents. We interpret the high water solubility in the

melt observed for these samples as due to the

nonideality of mixing of Cl-bearing aqueous fluids,

as already mentioned by Webster et al. (1999). The
low precision of the analytical technique for H2O

determination does not allow to verify a dependence

of CH2O
m on the S content in the system due to the

small variation of sulfur content in the fluid (max-

imum 17 mol% S in fluid, Table 4). However, the

higher H2O melt concentrations in S-rich systems than

in S-poor systems suggest that S may enhance slightly

melt H2O solubility in Cl-rich systems (compare solid

lines 1 and 2 for S-poor and S-rich systems,

respectively).

Fig. 3 shows the Cl concentration in the melt as a

function of Cl content in the equilibrium fluid phase.

With increasing Cl in the fluid, the solubility of Cl in

the melt increases nonlinearly. There is a strong

increase of CCl
m with the first additions of Cl to the

system (up to 10 mol% in the fluid) but little changes

with further XCl
fl increase. To characterize the Cl-

saturated silicate melt, the expected Cl concentration

in the melt in equilibrium with a fluid composed only

by Cl species (100 mol% Cl) has been calculated

using the model of Webster and De Vivo (2002). The

obtained value of 1.4 wt.% Cl is assumed to be the

maximum Cl content for our rhyodacitic melt at the

studied T and P (star in Fig. 3).

The continuous increase of CCl
m with XCl

fl shown in

Fig. 3 suggests that only one fluid phase was present
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in the system. If two fluids would have been present

(brine and vapor), CCl
m should be fixed because the Cl

activity does not change with XCl
fl (e.g., Carroll and

Webster, 1994). On the other hand, the melt compo-

sition (see Table 3) and, probably, the relative

abundance of species in the complex fluid vary also

with the Cl content of the system. Hence, on the basis

of our analytical results, it is not possible to exclude

fluid immiscibility for intermediate XCl
fl. In any case,

the strong nonlinear evolution of CCl
m with increasing

XCl
fl indicates that the conditions are very close to

those at which two fluid phases coexist. When

compared with the S-free system (at similar mole

fraction of Cl in the fluid), the addition of sulfur has a

negative effect on the CCl
m (compare solid lines in Fig.

3). However, for systems with low bulk Cl contents,

the effect of S on Cl solubility in the melt cannot be

properly resolved.

The solubility of S in the melt as a function of S

content of the fluid and bulk Cl in the system is

presented in Fig. 4. Although the analytical error of

sulfur determination in the melt is high, sulfur

solubility shows systematically a small nonlinear

positive dependence on S in the fluid. At the same

mole fraction of S in the fluid, sulfur concentrations in

Cl-bearing melts are higher by up to a factor of two

than in Cl-free melts. Even Cl-poor systems show

higher S solubilities than Cl-free ones do, indicating
Fig. 4. The solubility of S in silicate melt versus S content of the

fluid phase. The symbols are different bulk content of Cl described

in the legend. The error bars are 1r variations. Solid lines are

interpretative trends of the evolution of S content of the melt with

increasing S in the fluid. Note a systematic increase in S solubility

in the melt (up to two times) in Cl-bearing systems.
that, first additions of Cl have an effect on the

solubility of S.

4.4. Sulfur fugacity

Sulfur fugacity was calculated from the composi-

tion of pyrrhotites, measured by electron microprobe

in experimental products, using the equation of

Toulmin and Barton (1964). The obtained values

are presented in Table 4. Sulfur fugacity in exper-

imental runs varies from log fS2=�0.18 to �2.36

and shows no clear dependence on the fluid or

system composition. However, it can be noted that

there is a large error on sulfur fugacities calculated

from the microprobe analyses of pyrrhotite (e.g., as

discussed by Whitney, 1984). Thus, the sulfur

fugacities given in Table 4 can only be considered

as rough estimations.
5. Discussion

5.1. Distribution of H2O, Cl, and S between fluid and

melt

The results given in Tables 3 and 4 and

presented in Figs. 2–4 show that the distribution

of H2O, Cl, and S between the fluid and the silicate

melt is complex in systems containing multicompo-

nent fluids. All systems are characterized by a

deviation from ideal distribution. The high CH2O
m

values cannot be explained by changes in melt

composition and must be related to high water

activities in the fluid. The enhanced water activity

in an H–O–Cl-bearing system is not surprising

because the properties of the salt-water fluid at

studied experimental conditions are expected to be

near critical. Due to analytical errors, it is difficult

to predict the effect of S on H2O solubility in Cl-

free melts from our data because the variation in

XS
fl is too small.

The nonlinear relationship between CCl
m and XCl

fl

(in S-free systems) is consistent with previous

results for silicate–salt–H2O-bearing systems (e.g.,

Carroll and Webster, 1994; Webster et al., 1999),

indicating nonideal mixing in the fluid. The

decrease of CCl
m with increasing XS

fl (at constant

XCl
fl) can be explained by an effect of S on the
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properties of the fluid phase; that is, an exchange

of H–O species in the fluid by S-bearing species

decreases the nonideality of mixing. Alternatively,

the dissolution of S in the melt and changes in bulk

melt composition (e.g., due to Fe depletion) may

have a strong influence on the dissolution mecha-

nisms of Cl in silicate melts (as discussed in detail

by Webster and De Vivo, 2002).

The nonlinear dependence of CS
m on XS

fl could

be due to the (1) nonideality of mixing in the fluid,

(2) changes in the dissolution mechanisms of S in

the melt, and/or (3) changes in melt composition.

From previous studies, there is no evidence for

strong nonideal interactions among H–O–S species

(e.g., Carroll and Webster, 1994), and the partition

coefficient of sulfur between the fluid and the melt

was found to be independent on the S content in

Fe-free rhyolite at reduced conditions (Keppler,

1999). Hence, the curvature of the solid line in

Fig. 4 is interpreted to be the result of variations in

the abundance of S in the system, the speciation of

sulfur, and the melt composition (i.e., FeOtot

content).

The increase in CS
m with the addition of small

amounts of Cl to the fluid indicates that the

distribution of volatiles in Cl-bearing systems may

depend significantly not only on the composition

of phases but also on the mixing properties of

the fluids. Therefore, the interpretation of the

solubility of S in the melt as a function of Cl

content of the system requires a detailed analysis

of both the compositions and properties of

volatiles in all coexisting phases (see following

sections).

5.2. S and Cl solubilities in melts as a function of

H–O–Cl–S fluid composition

The Cl and S solubilities in melts as a function of

the H2O–S–Cl fluid composition are presented in

Fig. 5. In this figure, the fluid composition (calcu-

lated in mole proportions of Cl, S, and H2O) is

reported on triangular diagrams. The numbers in Fig.

5 (Cl and S) next to each symbol represent the

concentrations of Cl and S in the melt in wt.% and

ppm, respectively. These concentrations have been

used to draw the isopleths of constant Cl and S

contents in the melt.
The shape and position of S solubility isopleths

are very different from those of Cl (compare Cl

and S in Fig. 5). In most of the diagram (part with

high Cl concentration in the fluid in Fig. 5 (S)),

sulfur solubility increases with increasing sulfur in

the fluid. However, it can be noted that, for a

given water content in the fluid, a maximum sulfur

solubility is observed for a S/Cl ratio in the fluid

close to 1 (along the dotted line in Fig. 5 (S)).

One further observation is that, for a given S/H2O

in the fluid, sulfur solubility may first increase and

then decrease with increasing Cl content in the

fluid.

5.3. Effect of mineral proportion and melt composi-

tion on chlorine and sulfur distribution

In the case of Cl solubility, the effect of melt

composition is supposed to be low because the

changes in melt composition are small. From the

analysis of the diagrams in Fig. 5, it is obvious

that the solubility of Cl in the melt is related

neither to the sulfur content of the melt nor to the

proportion of pyrrhotite nor to the FeOtot concen-

tration (compare shape and position of isopleths).

Thus, we conclude that the CCl
m is mainly

controlled by the composition of the fluid

phase(s). Because pyrrhotite is always present in

the S-bearing experimental products, the crystal-

lization of pyrrhotite must influence the partition-

ing of S between the melt and the fluid due to

changes in the melt and/or fluid composition

(Scaillet et al., 1998). The analysis of BSE images

indicates that the amount of pyrrhotite varies in

the experimental products with Cl, S, and H2O

contents in the fluid (from 0 to 2.2 vol.% of the

condensed phases; Fig. 5 (Pyr)). The shape of the

isopleths for constant amount of pyrrhotite (curves

in Fig. 5 (Pyr)) is similar to the shape of the

curves for constant sulfur content of the melt

(compare S and Pyr in Fig. 5). The increase of

pyrrhotite content in the charge is related, in turn,

to a decrease of FeOtot content in the coexisting

melt, as illustrated in Fig. 5 (FeO; see also Table

3). Thus, the increase in sulfur solubility could be

simply due to a decrease in FeOtot. Such a

negative correlation between CS
m and FeOtot was

observed in dry mafic systems with FeOtot up to



Fig. 5. Triangular plots of the solubilities of chlorine (Cl) and sulfur (S) in the melt, the proportion of crystallized pyrrhotite (Pyr), and the

concentration of FeOtot (FeO) in the melt as a function of mixed fluid (H2O–Cl–S) composition on the molar basis. The numbers shown close to

data points are Cl, S, and FeOtot concentrations in the melt (wt.%, ppm, normalized wt.%*, respectively) and Pyr proportions (vol.%). Solid

lines represent estimated isopleths of component concentrations in the melt or proportion in the system. Different symbols are different bulk S

content. The dotted line in the diagram (S) is fluid composition with Cl/S molar ratio equal to 1.
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4–6 wt.% (e.g., O’Neil and Mavrogenes, 2002).

However, FeOtot is not the only factor controlling

CS
m because, at constant FeOtot, the sulfur sol-

ubility is systematically higher in Cl-bearing than

in Cl-free melts (Fig. 6). Thus, an additional factor

needs to be considered to explain the variation in

sulfur solubility.
5.4. Mixing properties of the fluid phase as a factor

controlling Cl and S solubility

It is well known that H2O–(Na,K)Cl fluids show

a strong tendency for unmixing with activity

coefficients H1 for H2O, NaCl, and KCl (e.g.,

Chou, 1987; Anderko and Pitzer, 1993). Adding



Fig. 6. The relationship between S solubility and FeOtot concen-

tration in the melt. The error bars for S contents of the melt are

shown in Fig. 4, whereas the maximum error for FeOtot

concentrations is about 0.3 wt.% (see Table 3). Although all

trends are negative, Cl-bearing melts show strong enrichment in S

even at the same FeOtot content. Arrows show the relative

proportions of sulfide (S2�) and sulfate (SO4
2�) sulfur species

dissolved in the melt.
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CO2 to the system increases the nonideality of

mixing, and the activity coefficients for H2O and

alkali chlorides grow (e.g., Joyce and Holloway,

1993; Duan et al., 1995, 2003; Shmulovich et al.,

1995; Shmulovich and Graham, 2004). Our results

indicate that the effect on the activities of fluid

components is different when sulfur is added

instead of CO2. Changes in the concentrations of

dissolved species in the coexisting silicate melt

suggest that the addition of S may increase slightly

the water activity in Cl-rich fluids (Fig. 2) but, in

contrast to carbon dioxide, decreases the activity of

Cl-bearing species (Fig. 3). The different behavior

can be rationalized by considering the speciation of

carbon and sulfur in the fluid. At relatively

oxidizing conditions, as in our experiments, CO2

is the most abundant carbon species (e.g., Holloway

and Blank, 1994; Tamic et al., 2001; Churakov and

Gottschalk, 2003). Other carbon species (e.g., CO

and CH4) with relative abundance of a few percent

or less are of minor importance. SO2 and H2S are

the dominant sulfur species in fluids equilibrated

with pyrrhotite-bearing magmas (Whitney, 1984)

and the most important redox components in

volcanic gases (so-called bsulfur bufferQ, Giggen-

bach, 1987) and, possibly, in magmatic systems

(Matthews et al., 1994). The SO2–H2S equilibrium
depends on water activity, as well as on hydrogen

(or oxygen) fugacity

H2Sþ 2H2O ¼ SO2 þ 3H2 ð1Þ

CO2 is a linear molecule without a permanent dipole

moment and has a low potential to stabilize ions in

fluids. On the other hand, both H2S and SO2 have

permanent dipole moments and, hence, are much

better suited to complex with ions such as Cl� and

Na+ in dense fluids. Therefore, the tendency for

mixing of H2O–Cl fluids decreases when sulfur is

added but increases when carbon is added.

The nonideality of mixing in the fluid can

explain, in general, the higher sulfur solubilities in

silicate melts in Cl-bearing systems than in Cl-free

systems. However, if sulfur is dissolved exclusively

as sulfide, it can be expected that the sulfur

solubility is limited by the concentration of FeOtot

in the melt due to the formation of pyrrhotite. The

higher concentrations of S in Cl-bearing compared

with Cl-free melts at constant FeOtot (see Fig. 6)

indicate that other S species must be present in the

melt besides sulfide.

5.5. Possible factors controlling sulfur solubility in

the melt

Sulfur can be dissolved in silicate melts in form of

at least two species, sulfide and sulfate (e.g., Carroll

and Webster, 1994). The relative abundance of species

depends strongly on oxygen fugacity

S2�ðmÞ þ 2O2ðf lÞ ¼ SO2�
4 ðmÞ ð2Þ

In hydrous systems, H2O serves as a source and H2 as

a sink for oxygen according to the reaction

H2O ¼ H2 þ 1=2O2 ð3Þ

In this case, the dissolution mechanisms for sulfur can

be described by the following reactions (e.g., Burn-

ham, 1979)

H2Sðf lÞ þ O2�ðmÞ ¼ H2Oðf lÞ þ S2�ðmÞ ð4Þ

SO2ðf lÞ þ O2�ðmÞ þ 1=2O2ðf lÞ ¼ SO2�
4 ðmÞ ð5Þ

Spectroscopic studies indicate that S2� is bound to

tetrahedral cations and plays a similar role as non-

bridging oxygens (Asahi et al., 2003). In contrast,



Fig. 7. The ratio of molar Cl and S concentrations in the fluid versus

the molar ratio of Cl and S concentrations in the melt. The dashed

line is an exponential function for the data. Numbers represen

FeOtot concentrations (wt.%) in the melt.
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SO4
2� is incorporated on interstitial sites similar to

other large incompatible anions such as Cl�1 (Tsuji-

mura et al., 2003; Stebbins and Du, 2003).

At log fO2bNNO, the solubility of sulfur is

strongly dependent on melt FeO content (Haughton

et al., 1974; Katsura and Nagashima, 1974; Wend-

landt, 1982; Carroll and Rutherford, 1985, 1987;

Luhr, 1990; O’Neil and Mavrogenes, 2002) due to the

formation of pyrrhotite

H2Sðf lÞ þ FeOðmÞ ¼ FeSðpyrÞ þ H2Oðf lÞ ð6Þ

Reactions (4) and (6) can explain the increase in

sulfur content with decreasing FeOtot for the chlorine-

free system but not the increase of sulfur solubility

with the addition of chlorine at constant FeOtot

content of the melt (Fig. 6).

The transition from sulfide to sulfate being the

dominant sulfur species in the melt is close to NNO

oxygen buffer (e.g., Carroll and Webster, 1994;

Moretti et al., 2003). Although NNO is used as an

oxygen buffer in the autoclave, the oxygen fugacity

in the experimental capsules varies as a function of

the fugacities of volatile species involved in redox

reactions because the capsule wall is permeable to

hydrogen and not to oxygen. According to the

reactions (1) and (3), the increase in H2O fugacity

when adding Cl imposes an increase of fO2 and SO2/

H2S ratio because fH2 was fixed in the experiments.

In other words, the addition of Cl to S-bearing

systems will shift the redox conditions to more

oxidized. Our results do not allow to calculate the

exact fugacities of all volatile species, and the

variations of the redox states cannot be estimated

quantitatively. Nevertheless, at the studied redox

conditions, small differences in fO2 may have a large

effect on sulfur speciation because the transition from

sulfide to sulfate stability occurs over an fO2 interval

of only two log units.

Following the discussion above, the difference in S

content of Cl-free and Cl-bearing systems could be

interpreted as the bexcessQ sulfate content of the melt

(note, however, that SO4
2� can be also present as a

minor component in the Cl-free system at studied

redox conditions). However, fugacities of volatiles

and speciation of S and Fe in the melt need to be

constrained to interpret quantitatively the distribution

of Cl and S between the melt and the fluid(s).
Another possibility to explain the bexcessQ sulfur in
Cl-bearing systems is that sulfur and chlorine form S–

Cl-bearing complexes in the melt. The reaction can be

written as

S2� þ xCl� ¼ ½S� Clx�ð2þxÞ� ð7Þ

The formation of S–Cl-bearing complexes in the

melt should increase the total solubility of both

components in the silicate melt. Because the solubility

of Cl is two orders of magnitude higher than that of S,

the relative increase in solubility is expected to be

much larger for S than for Cl. However, S–Cl

components usually are unstable in the presence of

water (e.g., reaction SCl2+H2O=2HCl+SO2) and,

hence, it is unlikely that S–Cl complexes can exist

in hydrous silicate melts.

5.6. Implications for Cl and S contents in fluid-

bearing magmatic systems

Our results can be used to estimate the compo-

sition, and especially the Cl/S ratio, of fluids

coexisting with melts if the Cl/S ratio of the melt

is known (e.g., the volatile contents of melts prior to

eruption can be constrained using glass inclusions in

minerals). As shown in Fig. 7, the molar Cl/S ratio

in fluids coexisting with melts is much lower than

that of the melt. Hence, sulfur is partitioned
t
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preferentially into the fluid phase compared with Cl,

as expected from studies on solubilities of H–O–Cl

and H–O–S fluids in melts. This has implications on

the evolution of degassing magma. The first

exsolved fluids will have high S contents, but the

Cl/S ratio in the fluid will increase with ongoing

magma degassing. However, this scenario is valid

only in absence of S-bearing crystalline phases

(pyrrhotite and/or anhydrite), which can buffer the

concentration of S in the melt. In our experiments,

the amount of S incorporated in pyrrhotite is 20–120

times larger than that in the melt, although pyrrhotite

is only a minor phase (see Table 3), as illustrated in

Fig. 8. This supports the idea that pyrrhotite may

exert a strong control on the budget of S in

magmatic systems as suggested by Scaillet et al.

(1998).

The relationship between Cl/S (fluid) and Cl/S

(melt) is nearly exponential (dashed line in Fig. 7)

due to the strongly nonideal behavior of Cl-bearing

fluids. Therefore, the Cl/S ratio in the fluid can be

predicted only at low values of Cl/S (melt), but not at

high values (N40), because of the large variation of

Cl/S (fluid) with Cl/S (melt) in the later case. A

relationship between Cl and S fluid/melt partitioning

and FeOtot is not evident from our data (see numbers
Fig. 8. The MS
p/MS

m ratio [=(mole of sulfur in pyrrhotite)/(mole of

sulfur in melt)] versus FeOtot content of the melt. Lines show trends

with similar bulk concentrations of Cl in the system. Increasing Cl

in the system favors S distribution between dense phases in respect

to melt. Remarkable is the high proportion of S incorporated into the

pyrrhotite (which is a minor phase in the system), indicating that the

presence of pyrrhotite affects significantly the budget of S in

magmatic system.
close to the symbols in Fig. 7). However, it can be

expected that changes in the hydrogen fugacity will

shift the partitioning curve. Assuming constant total

iron in the melt, an increase in fH2 will produce a

higher proportion of ferrous iron in the melt and,

hence, it will reduce the solubility of sulfide (see

reaction (6)). Furthermore, the concentration of

dissolved sulfate is expected to be lower at more

reducing conditions. Thus, the curve in Fig. 7 will be

shifted to the right. However, if the total iron in the

melt decreases due to the formation of pyrrhotite, the

sulfide solubility will increase and compensate the

effect of increasing fH2.

The Cl/S ratios in fluids can vary significantly in

volcanic systems (e.g., Symonds et al., 1994;

Edmonds et al., 2001; Aiuppa et al., 2002), and the

Cl/S solubility ratios need to be determined to model

magma degassing (e.g., Aiuppa et al., 2002). The data

obtained in this study represent a first attempt to

determine such solubility ratios. Because of the

nonideality of Cl-bearing fluids in the investigated

P-T-X range, the application of the data is restricted

to dacitic compositions (similar to Unzen dacite,

Nakada and Motomura, 1999) and P-T-fO2 condi-

tions close to 200 MPa, 850 8C, and NNO. In the

case of Unzen volcano, the Cl/S molar ratio in the

mixed magma prior to eruption is estimated to be

about 6–10 using the data on S contents in glass

inclusions (Satoh et al., 2003) and Cl partitioning data

between amphibole and melt (Sato et al., in press). In

the matrix glass of the eruptive products, Cl/S is

about 11–15 (according to the data of Yamaguchi,

1997, considering an S content of 50 ppm). From Fig.

7, the estimated Cl/S ratios in the fluid with Cl/S in

the melt between 6 and 15 should be below 1. This is

consistent with the Cl/S ratio of 0.2–0.5 determined

in volcanic gases of Unzen (Mori et al., 1993; Ohba

et al., 1994).

Another example that can be discussed on the

basis of our experimental data is the Soufrière Hills

volcano (Montserrat), which has similar eruption

style, magma storage conditions, and melt composi-

tions than Unzen volcano (e.g., Barclay et al., 1998;

Devine et al., 1998, 2003; Rutherford and Devine,

2003). In this case, Cl/S variations in fluids and melts

are much more significant (Edmonds et al., 2001).

The Cl/S ratio in volcanic gases ranges from 0.3 to

3.6 (calculated from HCl/SO2 ratio only; Cl/Stotal
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ratios are lower because of additional H2S). Glass

inclusions and matrix glass show a broad range of Cl/

S values from 3 to 65. The Cl/S fractionation trend in

Fig. 7 indicates that large variations of Cl/S in fluid

can be expected for the determined Cl/S in melts.

However, the excess sulfur problem still remains

unsolved in the case of Soufrière Hills volcano

(Edmonds et al., 2001) because the Cl/S ratio in

fluids is much lower than expected from Cl/S values

for the melt.
6. Conclusions

Our new results indicate that the solubilities of

Cl and H2O in rhyodacitic melts are mainly

controlled by the activities of volatiles, which, in

turn, are strongly influenced by the mixing proper-

ties of the fluid phase at given P and T. At

magmatic conditions, the interaction between Cl-

bearing fluid species is strong, resulting in enhanced

activity coefficients of species and favoring a

tendency of fluid immiscibility. Thus, the solubilities

of both Cl and H2O in the silicate melt can increase

with the addition of Cl to the system. Remarkable is

that the addition of S to the system decreases the

solubility of Cl. Thus, S-bearing species reduce (in

contrast to CO2) the nonideality of the Cl-bearing

aqueous fluid.

On the other hand, the solubility of S in the melt is

a complex function of fluid composition, the FeOtot

content of the melt, and, finally, the speciation of S in

the melt. The addition of Cl enhances S solubility up

to two times due to (1) the increase in activity

coefficients of S-bearing fluid species and (2) the

boxidizingQ effect of Cl on the fH2-buffered system

caused by an increase in water fugacity. The first

factor results in a higher solubility of sulfide in the

melt, an increase of the amount of crystallized

pyrrhotite, and a depletion of FeOtot in the melt. The

second factor favors the dissolution of S as additional

sulfate in the melt.

These observations emphasize the complexity of

the fluid–melt–mineral systems containing multicom-

ponent volatiles. Thus, an application of results

obtained in simple systems, containing single or

binary fluids, to model natural processes (i.e., magma

degassing) should be treated with caution.
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