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INTRODUCTION

The solubility behavior of S in silicate liquids that coexist
with metal-sulfide phases is of crucial importance for model-
ing the genesis of sulfide ores that are associated with mafic
and ultramafic igneous rocks. Magmatic sulfides are generally
considered to have formed from S-oversaturated silicate mag-
mas. If the S solubility limit of a silicate melt increases as pres-
sure decreases and temperature drops, a sulfide ore would not
separate by a simple saturation and settling-out process, be-
cause the magma will never achieve sulfide saturation. Fur-
thermore, knowledge of the S solubility limits in silicate melts
will improve our understanding of early differentiation pro-
cesses in the Earth and other planetary bodies. The S abun-
dance in the silicate mantle after cessation of the formation of
the planet’s core can potentially provide information about the
nature of the core-forming process. Models of the sulfide satu-
ration limits can be applied to abundances in mantle rocks to
infer possible conditions of core-mantle separation processes.

Sulfur solubility in silicate melt has been shown to be de-
pendent upon temperature, pressure, oxygen fugacity, sulfur
fugacity, and melt composition. In a pioneering study, Fincham
and Richardson (1954) studied the behavior of S in binary and

ternary silicate and aluminate melts under controlled tempera-
ture, oxygen fugacity, and sulfur fugacity conditions at ambi-
ent pressure. Following this pioneering work, Abraham et al.
(1960) and Abraham and Richardson (1960) reported results
of the dependence of dissolved S in binary and ternary silicate
and aluminate slags on oxygen fugacity and sulfur fugacity at
ambient pressure. Haughton et al. (1974) examined multi-com-
ponent silicate liquids and the influence of temperature, oxy-
gen fugacity, and sulfur fugacity on S solubility in silicate melts
at ambient pressure. Wallace and Carmichael (1992) subse-
quently expanded this model to low-pressure conditions.
Poulson and Ohmoto (1990) compiled experimental studies,
mainly from the materials science literature, that investigated
the S solubility limits (SSL) in silicate and oxide melts and
provided a number of parameterizations of the dependences of
SSL on temperature (T), pressure (P), oxygen fugacity (fO2),
sulfur fugacity (fS2), and chemical composition (X) of the co-
existing phases. They also explored SSL-variations under hy-
drous conditions. Poulson and Ohmoto (1990) found complex
correlations among T, P, fO2, fS2, and X that prohibited construc-
tion of a general equation to predict SSL. Poulson and Ohmoto
(1990) used the available experimental data to define three dis-
tinct groups, and they proposed that the speciation of S took
place differently in each group. FeO-content was found to be
the most sensitive compositional parameter. The experimen-
tally derived correlations of the SSL with the FeO-content were
found to be in reasonable agreement with trends observed in
natural melts and in sulfide-saturated natural glasses (see
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ABSTRACT

This study explores the controls of temperature, pressure, and silicate melt composition on S
solubility in silicate liquids. The solubility of S in FeO-containing silicate melts in equilibrium with
metal sulfide increases significantly with increasing temperature but decreases with increasing pres-
sure. The silicate melt structure also exercises a control on S solubility. Increasing the degree of
polymerization of the silicate melt structure lowers the S solubility in the silicate liquid. The new set
of experimental data is used to expand the model of Mavrogenes and O’Neill (1999) for S solubility
in silicate liquids by incorporating the influence of the silicate melt structure. The expected S solu-
bility in the ascending magma is calculated using the expanded model. Because the negative pres-
sure dependence of S solubility is more influential than the positive temperature dependence,
decompression and adiabatic ascent of a formerly S-saturated silicate magma will lead to S
undersaturation. A primitive magma that is S-saturated in its source region will, therefore, become
S-undersaturated as it ascends to shallower depth. In order to precipitate magmatic sulfides, the
magma must first cool and undergo fractional crystallization to reach S saturation. The S content in
a metallic liquid that is in equilibrium with a magma ocean that contains ~200 ppm S (i.e., Earth’s
bulk mantle S content) ranges from 5.5 to 12 wt% S. This range of S values encompasses the amount
of S (9 to 12 wt%) that would be present in the outer core if S is the light element. Thus, the Earth’s
proto-mantle could be in equilibrium (in terms of the preserved S abundance) with a core-forming
metallic phase.
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Poulson and Ohmoto 1990 for references). However, the ex-
perimentally derived relationships between the SSL and tem-
perature and, especially, pressure were less well defined.
Wendlandt (1982) found that the SSL decreased with increas-
ing pressure and increased with increasing temperature. In con-
trast, Mysen and Popp (1980) found increasing S concentration
levels in silicate melts with increasing pressure and tempera-
ture. The most recent study by Mavrogenes and O’Neill (1999)
is in agreement with the findings of Wendlandt (1982) on the
pressure and temperature dependence of S solubility in silicate
liquid.

The aim of this study is to explore the influence of tem-
perature, pressure, silicate melt composition, and sulfide melt
composition on S saturation and to attempt to reconcile dis-
crepancies among the previous experimental studies. We use
the experimental data on SSL to derive a single expression that
describes the SSL in silicate liquids as function of tempera-
ture, pressure, and silicate melt composition. We also use the
experimental data on SSL and the observed/inferred S abun-
dances in planetary bodies to discuss possible metal sulfide-
silicate segregation processes.

EXPERIMENTS

Experimental techniques
Sulfur saturation experiments were carried out in 1/2'' solid-

medium piston-cylinder apparatuses (Boyd and England 1960)
over a temperature range of 1300 to 1600 �rC and a pressure
range from 0.9 to 2.7 GPa. Starting materials consisted of pow-
dered mixtures of iron sulfide (Fe = 60 at%, S = 40 at%), el-
emental sulfur, and oxide mixes and/or silicate glasses.
Andesite, basalt, and ultramafic silicate starting materials were
chosen to explore the controls of silicate melt composition,
especially the major element oxide contribution, on the S solu-
bility in the silicate liquid. The compositions of the silicate
starting materials are listed in Table 1. In some of the experi-
ments, the starting mixtures were initially enriched in olivine

by adding an oxide mix with the composition of forsterite.
Mixing proportions were approximately 50% metal sulfide +
sulfur and 50% synthetic silicate + forsterite by weight. Start-
ing materials (on average 20 mg) were packed into olivine cap-
sules fabricated from single crystal San Carlos olivine (Fo89–91,
OD = 4.3 mm, ID = 2.2 mm, capsule length = 3.9 mm, “sample”
length = 1.7 mm) to avoid contamination of the sample with
capsule material (e.g., graphite enrichment of the experimen-
tal charge by using graphite capsules). The olivine crucibles
were enclosed in sleeves of solid Al2O3 ceramic and were then
centered using MgO spacers in the hot zone of the graphite
heater. The graphite furnace was contained in a sleeve of pressed
BaCO3 pressure medium. In the first set of experiments, the
olivine crucible was inserted into a 1/4''-diameter MgO sleeve.
The graphite heater failed in most of these experiments within
the first 10 hours, due to severe plastic deformation of the oli-
vine crucible, the MgO sleeve, and finally the graphite heater.
The problem of the failure of the graphite heater was over-
come by the use of the sleeves of solid Al2O3 ceramic surround-
ing the olivine crucibles. The sample pressure was corrected
for friction associated with the assemblies of all experiments.
The temperature of the charge was measured and controlled
using a W3Re97–W25Re75 thermocouple. Experimental run du-
rations were 10 minutes to 25 hours. All piston-cylinder as-
semblies were pressurized cold to about 0.7 GPa, heated to
865 �rC at 100 �rC/min, and pressurized to the final pressure
while the temperature was kept constant at 865 �rC for 6 min-
utes. The temperature was then raised to the experiment tem-
perature at a rate of 50 �rC/min while the final pressure was
kept constant on the sample. Microcracking of the olivine cap-
sule during pressurization resulted in infiltration of some start-
ing material into the wall of the olivine capsule. Nevertheless,
liquid metal sulfide, silicate melt, Ca-pyroxene, and/or olivine
crystals coexisted within the capsule in all experimental charges.
The charges were quenched by turning off the power. The
sample temperature dropped below 500 �rC within the first 10
seconds after turning off the power to the graphite heater and
the sample pressure was released instantaneously. The charges
were mounted in epoxy, cut longitudinally through the center
of the olivine capsule, and polished for electron microprobe
analysis. The samples ranged in size from 1.5 to 2 mm in width
and from 1.3 to 0.5 mm in length depending on experiment
conditions. Experimental conditions are given in Table 2.

Analytical techniques
Back-scattered electron (BSE) imaging and energy-disper-

sive spectrometry (EDS) analyzes were used to distinguish
between the coexisting phases in the experimental charges. The
phases present in each charge are given in Table 2. Quantita-
tive analyzes were obtained by wavelength-dispersive spec-
trometry (WDS) using a JEOL 733 Superprobe electron
microprobe with 15 keV accelerating voltage and a beam cur-
rent of 10 nA. Spot size ranged from 1 to 30 mm depending on
the analyzed phases. The data were reduced with the CITZAF
program (Armstrong 1995). Counting times were 40 s for ma-
jor elements (Mg, Si, Fe) in the silicate phases, and for all com-
ponents in the metal sulfide phases. Longer counting times (up
to 600 s counting on peak) were used for the trace-element
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analyzes of S in the silicate phases.
The liquid metal sulfide quenched into two immiscible liq-

uids that consisted of a mixture of an Fe-rich, S-poor phase
and an Fe-sulfide phase close to stoichiometric MS, where M
is Fe and minor amounts of other metallic elements that were
concentrated in the metal sulfide liquid (i.e., Ni or Co). Aver-
age element concentrations in the metal phases were determined
by measuring the modal abundances of S-poor and S-rich phases
using BSE-image analysis software and recombining the two
phases in the appropriate proportions. Quantitative analyzes of
metal phases that were smaller than 50 mm were obtained us-
ing a larger electron beam spot size (up to 30 mm). Chemical
compositions of the coexisting phases in the experimental
charges are given in Tables 3–5.

EXPERIMENTAL RESULTS

Concentrations of S in the silicate melt range from 750 to
about 3300 ppm over the investigated temperature and pres-
sure conditions (1350–1600 �rC, 0.9–2.7 GPa). The S content
in the silicate liquid remained constant after about 3 hours as
shown by “time-series” experiments indicating an approach to
steady state (Table 2; experiments FeS-SSKOM 5–7,11–13). The
apparent higher S concentrations in the silicate melt in experi-

ments with shorter experiment durations might be related to
finely disseminated metal sulfide droplets in the silicate liquid
that were not agglomerated into larger metal sulfide melt blebs.
In the experimental charges with experiment durations of �u 3
hours, large sulfide melt blebs were always present.

Attainment of equilibrium was also demonstrated by a re-
versal experiment (labeled “R” in Table 2). In this experiment,
the experimental charge was held at constant temperature (1500
�rC) and pressure P1 (1 GPa) for a few hours (5.6 h). The sample
pressure was then increased to pressure P2 (2 GPa; P2 > P1)
while the temperature remained constant. The charge was held
at constant temperature and pressure P2 for 6 hours. The ex-
periment was quenched by turning off the power. As the S
solubility in silicate liquid decreases with increasing pressure
(see below) the S content in the starting silicate liquid (P1) was
higher than the equilibrium S content in the silicate liquid at P2

after increasing the pressure. Thus S migrated from silicate melt
to the metal sulfide, i.e., the S content in the silicate liquid
decreased. The agreement between the S content in the silicate
melt of experiments initially brought up to P2 and the reversed
experiment (P1ÆP2) confirms that equilibrium has been
achieved. Reproducibility of experimental results was tested
by repeating experiments at identical T-P experiment condi-
tions (e.g., experiments FeS-SSKOM 25 and FeS-SSKOM 26;
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experiments FeS-BK 4 and FeS-BK 13).
The experiments carried out at T �u1400 �rC, P = 1 GPa and

at T = 1500 �rC, P < 2.4 GPa contained silicate melt as the domi-
nant phase, along with olivine (ol), and/or pyroxene (px) crys-
tals and a coexisting sulfide phase. The silicate melt quenched
to a homogeneous glass in the center of the charges. In some of
the experiments, quench growth is present as a thin layer around
px and ol crystals and along the inner wall of the olivine cap-
sule (see Table 2). The crystalline phases varied in size within
the charges with crystals as large as 500 ¥ 200 mm to more
typical crystal sizes of 100 ¥100 mm. The silicate glass regions
also varied in size from tiny patches between crystalline phases
and quench growth-free regions as large as 800¥ 400 mm. The
S content of the coexisting crystalline phases (px and ol) is
below the detection limit (d.l. = 80 ppm).

In the lower temperature experiments (T < 1425 �rC) con-
ducted at higher pressures (P > 2.4 GPa), silicate melt was
trapped in small silicate melt pockets together with metal sul-
fide blebs. In these dominantly crystalline experiments, it was
still possible to determine the SSL.

The dependence of S solubility on temperature at isobaric
conditions (1 GPa) is illustrated in Figure 1. The S content in
the silicate melt increases with increasing temperature.

The dependence of S solubility on pressure at isothermal
conditions is illustrated in Figure 2. The S content in the sili-
cate melt decreases with increasing pressure. The pressure de-
pendence is more pronounced at lower pressures than at higher
pressures.

The dependence of S solubility on the silicate liquid com-
position at isothermal (1450 �rC) and isobaric (1 GPa) condi-

tions is illustrated in Figure 3. The dependence is plotted as the
concentration of S vs. the nbo/t-value of the silicate liquid, i.e.,
the ratio of non-bridging oxygen anions to tetrahedrally coor-
dinated cations in the silicate that is a measure of the degree of
polymerization of the silicate melt structure (Mysen 1988). Due
to the limited number of experiments on more polymerized sili-
cate liquids, the S solubility dependence on silicate liquids with
lower nbo/t-ratios is not well defined. However, the S content
in relatively polymerized silicate liquids is consistent with the
values obtained by other workers. The S solubility in silicate
liquid shows an increase with higher nbo/t-values. More S dis-
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FIGURE 1. Sulfur concentration in the silicate melt as a function of
temperature at constant pressure (1 GPa).
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solves in depolymerized than in polymerized silicate liquids,
suggesting that S reacts preferentially with the non-bridging
oxygen atoms in the melt. The S solubility seems to achieve a
constant level at nbo/t-values of ~0.9 to 1.6 by excluding FeS-
85-41c, whereas the S content in the silicate melt increases by
a factor of 1.4 within an nbo/t-range of about 0.5 to 0.9. How-
ever, once the nbo/t-value is above 1, the melt composition has
less influence on the S solubility in silicate liquid.

Also plotted in Figure 3 are recalculated S concentrations
in basaltic silicate liquids of FeS-BK experiments of this study
(gray downward triangles) and experiments reported by
Holzheid et al. 2000 (gray cross-haired triangles). Basaltic sili-
cate liquid coexisted with crystalline olivine and metal sulfide
melt in the latter experiments. The data are included in the
Tables. Experimental conditions were 1370 �rC and 1.4 GPa.
The S concentrations are recalculated to 1450 �rC and 1 GPa
using the combined T-P dependence determined in this study
(see below, Equation 2 with fit parameters of Table 7a). Uncer-
tainties in the recalculated S concentrations are within factors
of about 1.4 (FSOs-15–7) and 1.2 (FSOs-15–6). Both experi-
ments further affirm a significant dependence of the S solu-
bility on the nbo/t-ratio in polymerized rather than in
depolymerized silicate liquids.

Because experimental set-ups in all of our experiments were
identical and the mole fraction ratio FeOsilicate liquid/Femetal sulfide is
approximately constant in all experiments, a significant sys-
tematic change in the oxygen fugacity as function of T, P, and
nbo/t can be excluded. The effective oxygen fugacity that had
prevailed during the experiment was calculated after the ex-
periment relative to the Fe-FeO equilibrium (IW) from the ac-
tivities of Fe and FeO in the metal sulfide and silicate phases
according to the following equation:

log fO2
experiment = log fO2

IW + DIW (1)
with DIW = 2 · log (aFeO

silicate liquid / aFe
metal sulfide)

= 2 · log (XFeO
silicate liquid · gFeO

silicate liquid / XFe
metal sulfide ·

gFe
metal sulfide)

where aFeO
silicate liquid and aFe

metal sulfide are the activities of FeO in the
silicate liquid and Fe in the metal sulfide, XFeO

silicate liquid and XFe
metal sulfide

are the mole fractions of FeO in the silicate liquid and Fe in the
metal sulfide, and gFeO

silicate liquid and gFe
metal sulfide are the activity coef-

ficients of FeO in the silicate liquid and Fe in the metal sulfide.

! " # $%&* + Extended
2 @3 I #3 " D- '&$ nbo/t
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FIGURE 2. Sulfur concentration in the silicate melt as a function of
pressure at constant temperature. Black squares represent experiments
with SSKOM-silicate at 1500 �rC. The open square illustrates the reversal
experiment (see text for more detail). Gray symbols illustrate
experiments at 1450 �rC (upward triangles) and 1425 �rC (downward
triangle at 1.5 GPa) and are marked (“†”) in Table 2.

FIGURE 3. Sulfur concentration in the silicate melt as a function of
the composition of the silicate melt at constant temperature (1450 �rC)
and pressure (1 GPa). The compositional variations in FeO-containing
silicates are expressed as nbo/t values, i.e., the ratio of non-bridging
oxygen atoms to tetrahedrally coordinated cations. The gray triangles
are data of this study and the gray cross-haired triangles are data from
Holzheid et al. (2000), both recalculated to 1450 �rC and 1 GPa. The
combined T-P dependence (see Table 7a) was used for recalculation.
The S solubility in depolymerized silicate liquids is higher than in
more-polymerized silicate liquids, suggesting that S reacts
preferentially with non-bridging O atoms in the silicate melt.
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We adopted the activity model of Li and Agee (1996), who
assumed that the activity coefficients of FeO in the silicate liq-
uid and Fe in the coexisting metal sulfide are close to unity.
The calculated oxygen fugacities relative to the IW buffer are
listed as DIW in Table 2. No systematic change of DIW as func-
tion of T, P, and nbo/t can be observed. The variation in S con-
centrations in silicate liquids, as graphically illustrated in
Figures 1–3, therefore reflects largely the influence of T, P,
and nbo/t on the S solubility in the silicate liquids at an oxygen
fugacity approximately 1 to 2 log units below the IW buffer.

DISCUSSION

Comparison with literature data
Experimental studies on SSL in silicate liquids at elevated

temperatures and pressures are summarized in Table 6.
In all hydrous experiments (Luhr 1990; Carroll and Ruther-

ford 1987) and anhydrous, FeO-free experiments (Mysen and
Popp 1980), oxygen fugacities were superimposed on the ex-
perimental charges by solid-buffer assemblages. Crystalline
anhydrite (CaSO4) coexisted with solid and liquid silicate phases
in experiments at oxidized conditions (Fe2O3-Fe3O4, MnO-
Mn3O4 buffers), whereas molten FeS was present in the reduc-
ing experiments (Ni-NiO , quartz-fayalite-magnetite buffers).

In anhydrous, FeO-containing experiments (Wendlandt
1982; Markus and Baker 1989; Jana and Walker 1997;
Mavrogenes and O’Neill 1999; this study) Fe sulfide melt co-
existed with solid and liquid silicate phases. These experiments
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were not buffered with a solid oxygen buffer assemblage. How-
ever, the intrinsic oxygen fugacities of the assemblages were
influenced by the different capsule material used in the stud-
ies. Graphite was used by Wendlandt (1982), Markus and Baker
(1989), and Jana and Walker (1997), whereas olivine was used
as capsule material in this study. Pure Fe metal and FeIr alloys
(Fe40Ir60, Fe20Ir80) were used by Mavrogenes and O’Neill (1999)
to impose three distinct oxygen fugacities relative to the IW
buffer on the experimental charge (2 log units of fO2 below IW,
0.5 and 2 log units of fO2 above IW).

Despite the differences in the experimental parameters (e.g.,
hydrous vs. anhydrous, oxygen fugacities, FeO-content in the
silicate liquid), an increase in the SSL in the liquid silicate
phases with increasing temperature was observed in all experi-
mental studies, with the exception of the study of Jana and
Walker (1997), who report no significant effect of temperature
on the SSL in the liquid silicate. The S concentrations in the
silicate liquids reported by Jana and Walker (1997) vary by
factors of up to 1.4 in experiments with identical experiment
conditions (T, P). This variation might reflect the lack of re-
producibility of these experiments.

Sulfur solubilities in FeO-containing systems decrease with
increasing pressure at constant temperatures (Wendlandt 1982;
Mavrogenes and O’Neill 1999; this study). The pressure de-
pendence observed in our study and also by Mavrogenes and
O’Neill (1999) is more pronounced at lower pressure than at
higher pressures. Mysen and Popp (1980) reported an increase
in S solubility with increasing pressure in both FeO-free sili-
cate liquids that they studied (diopside and albite). Diopside
melt dissolves significantly more S than albite melt, suggest-
ing that S reacts preferentially with non-bridging oxygen. This
inference is in agreement with the observation of higher SSL
in less-polymerized FeO-containing silicate liquids (Haughton
et al. 1974). An increase in the S content in the silicate liquid
with pressure, as found by Mysen and Popp (1980), is in agree-
ment with the S solubility dependence on pressure in hydrous
experiments with FeO-concentrations greater than 10 wt% in
the silicate liquid (Table 6; Carroll and Rutherford 1985). De-
spite some controversial observations and interpretations (Kohn
et al. 1992, 1994; Sykes and Kubicki 1993, 1994), water rup-
tures intertetrahedral linkages in silicate melt structures and
depolymerizes the silicate melt. As the water solubility increases
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with increasing total pressure in water-saturated melts at iso-
thermal conditions (e.g., Dingwell 1986; Burnham 1994 and
references therein), the silicate melt at the highest pressure in
the study by Carroll and Rutherford (1985) is less polymerized
than it is at lower pressures, allowing more S to be dissolved in
the silicate liquid at higher than at lower pressures. This depo-
lymerization mechanism influences the pressure dependence
of S solubility in hydrous silicate melt. It is the influence of the
increased H2O solubility rather than the effect of the total pres-
sure that leads to an increase in the S content. However, the S-
solubility dependence on pressure observed by Mysen and Popp
(1980) is the opposite of all other results in anhydrous assem-
blages (Wendlandt 1982; Mavrogenes and O’Neill 1999; this
study). This difference might be related to the different cap-
sule materials used in the studies and their influences on the
stable S species in the coexisting solid and liquid silicate phases.
Mysen and Popp (1980) used boron nitride, which imposes very
reducing conditions on the experimental charge (T.L. Grove,
unpublished data). The different fO2–fS2 conditions and the ab-
sence of FeO in the silicate liquid studied by Mysen and Popp
(1980) may have altered the stable S species in the melt, e.g.,
dissolution of S2– vs. Fe-S-O-species in silicate melts. This spe-
ciation might cause the drastic differences in the absolute SSL
and the different pressure observations described in the solu-
bility studies.

Based on the thermodynamic equilibrium relation between
FeO in the silicate liquid and FeS in the metallic sulfide,
Mavrogenes and O’Neill (1999) derived the following equa-
tion (their Equation 10) to calculate the expected SSL in liquid
silicate at certain T-P-conditions.

ln S = A / T + B + C (P/T) + ln aFeS
sulfide (2)

where the S-content in the silicate liquid is in ppm, tempera-
ture T in Kelvin, and pressure P in bar.

We fit our experimental SSKOM and BK data to Equation 2,
assuming the activity of FeS in the metallic sulfide, aFeS

sulfide, to

be around 1 as our metallic sulfides are close to stoichiometric
FeS (see also Mavrogenes and O’Neill 1999). The fit excluded
the 3 time-series experiments and the subliquidus experiments.
The results of the non-linear least-squares regression of the
SSL in liquid silicate are listed in Table 7a. Fit parameters of
the experimental results on the SSL in anhydrous, FeO-con-
taining systems (Mavrogenes and O’Neill 1999; Wendlandt
1982) are also listed in Table 7a. The empirically derived pa-
rameter of all three studies agree within 1s except for Grand
Ronde Basalt (Wendlandt 1982) with a slightly higher B pa-
rameter and Mt. Hood Andesite (Wendlandt 1982). However,
even these exceptions agree within 2s. The reason for the
gradual change in agreement between the Wendlandt-data and
our study (or that of Mavrogenes and O’Neill 1999) might be
attributed to the significant change of the SSL in polymerized
silicate liquids (nbo/t-ratios <0.9; see Fig. 3), as at least the
three silicate starting materials used by Wendlandt (1982) have
nbo/t-ratios from 0.2 to 0.7 with nbo/tGoose Island Basalt > nbo/tGrand

Ronde Basalt >> nbo/tMt. Hood Andesite. Unfortunately, the silicate liquid
compositions of the experimental products are not reported by
Wendlandt (1982).

We can assess the dependence of S-solubility on the silicate
liquid composition by adding an nbo/t parameter. Equation 2
then becomes

ln S = A / T + B + C (P/T) + D nbo/t + ln aFeS
sulfide (3)

where the S-content in the silicate liquid is in ppm, tempera-
ture T in Kelvin, pressure P in bar, and aFeS

sulfide ~ 1.
We fit our experimental data for SSKOM, BK, AD, 85–41c,

I-10-08, and SB to Equation 3. The three time-series experi-
ments and the subliquidus experiments are again excluded. As
Mavrogenes and O’Neill (1999) reported the chemical com-
positions of their experimental products, we also fit their data
to Equation 3. The results of both non-linear least-squares re-
gressions of the S solubility limits in liquid silicate as function
of T, P, and nbo/t are listed in Table 7b. The empirically de-
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rived parameter of both studies agree within ~1s. In addition,
we combined both studies and fit the larger dataset to Equation
3. The parameter of the single non-linear least-squares regres-
sion is also listed in Table 7b.

Implications of the sulfur solubility limits for sulfide
saturation in primitive mantle-derived melts

The variation of the sulfur solubility limit in an ascending
magma with an nbo/t-ratio >0.9 is shown in Figure 4. The T-P
change during the ascent based on an adiabatic decompression
melting path of 30 �rC/GPa from McKenzie and Bickle (1988)
is plotted as a black curve. The inferred depth for magma seg-
regation of MORB picrite (2 GPa, 1430 �rC) from Green et al.
(1979) was used as the starting T-P conditions at the beginning
of the ascent. The expected S-solubility during adiabatic de-
compression melting is calculated using the regression para-
meters given in Table 7a. The negative pressure dependence of
sulfur solubility is more influential than the positive tempera-
ture dependence along the adiabatic uplift path. Therefore, adia-
batic decompression melting will lead to S undersaturation, if
the initial melt is S saturated. This confirms the findings by
Mavrogenes and O’Neill (1999). A primitive magma that is S
saturated in its source region will become S undersaturated as
it ascends to shallower depth. In order to precipitate magmatic
sulfides, the magma must first cool and undergo fractional crys-
tallization to reach S saturation. Thus, resupply of primitive
magma into an open-system magma chamber is not likely to
trigger S saturation, in fact the opposite will happen. This find-
ing has implications for models of ore formation that rely on
injections of primitive magma into evolving magma chambers.
Furthermore, the S capacity of polymerized melts is lower than
that of depolymerized melts (e.g., primitive magmas). Mixing
of polymerized and depolymerized magmas could trigger S
saturation but it would be the result of the influence of the po-
lymerized melt in lowering the S capacity of the magma mix-
ture. These constraints are important for models of S saturation
in magmatic sulfide deposits that call upon magma mixing to
trigger the S saturation of the magma (e.g., Irvine et al. 1983).

Implications of the sulfur solubility limits for metal-
silicate separation scenarios

If a terrestrial magma ocean was saturated with respect to a
metal sulfide phase, the average S content in that magma ocean
can be also inferred from the results of the experimental stud-
ies. Li and Agee (1996) experimentally determined liquid al-
loy (FeNiCoS-bearing alloy)-liquid silicate (Allende CV3
meteorite) partition coefficients at pressures of 2 to 20 GPa.
Based on their findings, Li and Agee (1996) concluded that the
absolute and relative abundances of Ni and Co in the present-
day terrestrial mantle are consistent with an alloy-silicate equi-
librium at high pressures. They therefore implied the presence
of a magma ocean with a minimum depth of 750 km (~23 GPa)
at the time of terrestrial core formation. We will use the com-
bined T-P dependence of the S solubility measured in this study
(Table 7a) to extrapolate the S solubility to the conditions of a
magma ocean with a depth of 750 km. The expected S concen-
tration in a terrestrial magma ocean is graphically illustrated

as function of temperature and pressure in Figure 5. We used
the temperature vs. pressure phase diagram for the Allende CV3
carbonaceous chondrite (Agee et al. 1995) to calculate the S
solubility at the liquidus and solidus conditions of the magma
ocean. Because carbonaceous chondrites are assumed to be one
of the major building blocks of the Earth, the T-P relationship
of the Allende CV3 meteorite is appropriate for an analogue of
the T-P relations of a terrestrial magma ocean. Because the pres-
sure dependence of the S solubility in silicate liquids is more
pronounced at lower pressure than at higher pressure, the de-
crease of the expected S concentration in the magma ocean as
function of pressure, i.e., depth of the magma ocean, is more
pronounced at the shallower part of the magma ocean than at
the base of the magma ocean. To account for the difference in
the slope of the S solubility as function of pressure, the magma
ocean has been divided into two parts. The integrated S con-

 FIGURE 4. Calculated S solubility limits in an ascending magma
as a function of temperature and pressure. The T-P change during the
ascent is based on a liquid adiabatic gradient of 30 �rC/GPa. The S
solubility limit in a silicate liquid decreases with increasing temperature
and pressure. The ascending magma will therefore arrive at the surface
S undersaturated although the silicate was S saturated in its source
region. This is even the case for the magma with the higher S
concentration in the magma’s source region and a faster uplift rate.

FIGURE 5. Calculated S solubility limit in a terrestrial magma ocean.
The range of the S content in a magma ocean extending to a depth of
750 km (P = 23 GPa) will be close to the S content in the present-day
Earth’s bulk mantle if the light element in the core is exclusively S.



HOLZHEID AND GROVE: SULFUR SATURATION IN SILICATE MELTS236

centration in the magma ocean was calculated based on the
averaged S contents of both parts. The range of averaged S
contents of the part of the magma ocean that extends from the
surface to a pressure of 14 GPa is ~800 to ~1800 ppm. The 800
ppm value reflects the S content at the T-P conditions slightly
higher than the solidus conditions of the magma ocean. The S
content at the liquidus T-P conditions of the magma ocean is
1800 ppm. The mass proportion of the first part is ~58% rela-
tive to the entire magma ocean. The range of averaged S con-
tents in the part that extends from 14 GPa to 23 GPa (42% of
the entire magma ocean) is ~300 ppm at T-P conditions slightly
higher than the solidus conditions of the magma ocean and ~425
ppm at the liquidus T-P conditions of the magma ocean. The
averaged minimum S concentration of the entire magma ocean
would be ~590 ppm and the averaged maximum S concentra-
tion would be ~1225 ppm. The calculated S concentration as-
sumes equilibrium of the magma ocean with metallic liquids
like those in our experiments under oxygen fugacity conditions
similar to those of our experiments.

If the lower density of the Earth’s metallic core is exclu-
sively due to the presence of S as the light element, the metal
sulfide that formed the core would contain 9–12 wt% S (Ahrens
1979). The S concentration of a silicate magma ocean in equi-
librium with a metal sulfide melt containing S abundances in
this range would be ~175 to ~370 ppm. Note that these values
are within the range of estimates from our sulfide-saturation
model for a magma ocean that was in equilibrium with a metal
sulfide melt. The nature of the light element(s) that is (are)
sequestered in the Earth’s core is a matter of debate. The lower
density of the metallic core may be due to the presence of sev-
eral light elements, e.g., C, O, N, Si, and H, in addition to some
S. Dreibus and Palme (1996) estimated from cosmochemical
constraints a maximum S content of the Earth’s core of 1.7
wt%. A magma ocean that was in equilibrium with a metallic
liquid that contains only 1.7 wt% sulfur would have a S con-
centration between ~30 and ~60 ppm.

The upper and lower limit of the expected S content in a
terrestrial magma ocean that is in equilibrium with a metallic
liquid that contains 9–12 wt% sulfur agrees well with the esti-
mates of the S content in the present-day Earth’s bulk mantle.
Calculation of the expected S content in a magma ocean that is
in equilibrium with a metallic liquid that contains only 1.7 wt%
sulfur is lower than the mantle estimates of O’Neill (1991) and
McDonough and Sun (1995), but agrees with the estimated
mantle S content of Dreibus and Palme (1996).

Estimates of the S content in the present-day Earth’s bulk
mantle range from ~124 ± 90 ppm (Dreibus and Palme 1996)
to ~250 ± 50 ppm (McDonough and Sun 1995). O’Neill (1991)
estimated an average S content in the upper mantle of ~200
ppm. An average S content in the upper mantle of ~200 ppm is
covered by all three estimates for the S content in the present-
day Earth’s bulk mantle. The S content in a metallic liquid that
is in equilibrium with a hot magma ocean that contains ~200
ppm S ranges from 5.5 to 12 wt% S, assuming an equilibrium
distribution of sulfur between the magma ocean and the metal-
lic liquid as outlined in the preceding model. Our experimental
results may provide an estimate of the S content in the metallic
phase that formed the Earth’s core.
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