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Abstract Empirical equations to predict the sulfur con-
tent of a mafic magma at the time of sulfide saturation
have been developed based on several sets of published
experimental data. The S content at sulfide saturation
(SCSS) can be expressed as:

ln XS ¼ 1:229� 0:74ð104=T Þ � 0:021ðPÞ � 0:311 ln XFeO

� 6:166XSiO2
� 9:153X

Na2O + K2O

� 1:914XMgO þ 6:594XFeO

where T is in degrees Kelvin, X is mole fraction and P is
in kbar. The squared multiple correlation coefficient (r2)
for the equation is 0.88. Application of the equation to
data from sulfide-saturated mid-ocean ridge basalts
(MORB) samples show that the SCSS is closely pre-
dicted for primitive MORBs, but that accuracy de-
creases for lower T (<1,130�C) and more evolved
MORB samples. This suggests that because the cali-
brations are based on anhydrous experimental runs done
at temperatures of 1,200�C and above, it is not possible
to extrapolate them to significantly lower temperatures
and hydrous conditions. Because the SCSS of a primitive
MORB magma increases with decreasing P, sulfide
saturation in MORB appears to be a function of the
degree of en route assimilation of S from country rocks
as well as the degree of fractional crystallization in
shallow staging chambers. Application of the equation
to the high-Timpact melt sheet that produced the Sud-
bury Igneous Complex and associated Ni–Cu sulfide
ores indicates that sulfide-saturation was reached at
�1,500�C, well above the start of orthopyroxene crys-
tallization at �1,190�C. This would permit ample time
for the gravitational settling and collection of immiscible
sulfide liquid that produced the high-grade ore bodies.

The development of a platinum group element (PGE)-
enriched layer in the Sonju Lake Intrusion of the Duluth
Complex is thought to be due to the attainment of sul-
fide saturation in the magma after a period of fractional
crystallization. Using the composition of the parent
magma of the Sonju Lake Intrusion the presented
equation indicates that sulfide saturation would have
been reached at �60% crystallization, when iron oxide
was a liquidus mineral; the prediction is in agreement
with field evidence which indicates that PGE-enrichment
occurs in the oxide-rich gabbro zone. Contamination
and mixing processes that may be related to the attain-
ment of sulfide saturation in mafic magmas can also be
evaluated. Mixing of a siliceous melt and a liquid of
olivine tholeiite composition, similar to that thought to
be a reasonable parental composition for many Duluth
Complex intrusions, can induce sulfide saturation at
mixing ratios in excess of �0.1. If the contaminant
contains low quantities of sulfur the mixing ratio re-
quired to promote saturation is reduced. Mixing of
mafic magmas at various stages of fractionation is
evaluated using magma compositions that are thought
to be appropriate for the generation of the Merensky
Reef in the Bushveld Complex. Magma mixing is shown
to be an effective process for the attainment of sulfide
saturation, depending strongly on the sulfur concentra-
tions of the end-member magmas.

Keywords Sulfur Æ Solubility Æ Magmatic sulfide
deposits Æ Nickel Æ PGE

Introduction

Several well-constrained experimental studies have now
been undertaken that address the solubility of sulfur in
magmas. Sulfur is a key element in many geological
processes, including core–mantle differentiation, sulfide
ore genesis, and volcanic degassing. For many processes,
especially those associated with ore genesis, the prime
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factor is the point at which an immiscible sulfide liquid
will separate from a magma, or a solid sulfide mineral
will crystallize. Shima and Naldrett (1995) have referred
to this value as the S content at sulfide saturation (SCSS),
whereas Holzheid and Grove (2002) have referred to this
value as the S solubility limit. Although there is now a
general consensus regarding the major controls on S
solubility in magmas, the prediction of the S solubility
limit remains difficult without knowledge of several
intensive parameters, as well as melt composition. In this
paper we review existing experimental data and appro-
priate discussions that pertain to the solution of S in
mafic magmas, and the prediction of the S content of a
magma at the time of sulfide liquation. We present an
empirical expression that predicts the available experi-
mental data on the limit of S solubility to �10%, as a
function of temperature, pressure, and melt composition.

Background

The solution of S in silicate melts was discussed by
Fincham and Richardson (1954) in terms of reaction
between base metal oxides and either S2� or SO2�

4 . They
proposed that for silicate melts at Po2 less than
�10�3 atm, sulfur concentration was controlled by the
general equilibrium:

SðmeltÞorS
2� þ 1

2
O2 ¼ OðmeltÞorO

2� þ 1

2
S2: ð1Þ

Because free oxygen is unlikely to be present in a melt
(e.g., Hess 1980), and because experimental studies (e.g.,
Haughton et al. 1974; O’Neill and Mavrogenes 2002)
have shown that FeO is an extremely important com-
ponent in controlling S solubility, the solution reaction
is commonly presented as:

FeOðsilÞ þ
1

2
S2 ¼ FeSðsilÞ þ

1

2
O2: ð2Þ

At sulfide saturation an immiscible sulfide liquid may
form and this relationship can be paired with FeS(sil) �
FeS(sulf) to yield the heterogeneous equilibrium:

FeOðsilÞ þ
1

2
S2 ¼ FeSðsulfÞ þ

1

2
O2: ð3Þ

An evaluation of reaction (3) suggests that T (which
affects ln K), log fO2, log fS2, and melt composition
(e.g., XFeO) will be important variables controlling sul-
fide dissolution. These variables were highlighted in the
1-atm study of Haughton et al. (1974), who fit an
equation to describe the S content of their charges in
terms of melt composition. Experimental 1-atm studies
by Danckwerth et al. (1979) were done using high-TiO2

mare basalts, but showed the importance of the same
variables on S solubility. O’Neill and Mavrogenes (2002)
confirmed that temperature, melt composition, and fO2/
fS2 were major controls of S dissolution in melts at
1 atm pressure. They emphasized the overwhelming

control that Fe content has on S solubility in magmas,
and related the concept of sulfide capacity initially pre-
sented by Fincham and Richardson (1954), i.e.,
C{S=(S )Æ(fO2/fS2)

1/2, to the S content of the silicate
melt at sulfide saturation (see Appendix). They noted
that relating expressions for CS and the equilibrium
constant for (3) results in a solution for SCSS that is
independent of fS2 and fO2. O’Neill and Mavrogenes
(2002) also state that the SCSS is dependent on the
activities of FeS and FeO, which will be affected by
variations in fO2/f S2.

Figure 1 contains plots based on sulfide-saturated
runs presented by Haughton et al. (1974), Danckwerth
et al. (1979), and O’Neill and Mavrogenes (2002). The
experimental/analytical uncertainty for ln Xs in these
plots is taken from reported literature values. The
uncertainties in the ln(f S2/fO2) and ln XFeO values are
generally within the utilized symbols. The data of
Haughton et al. (1974) and Danckwerth et al. (1979)
show positive relationships between ln XS and ln
(fS2/fO2). The data from O’Neill and Mavrogenes
(2002) show much less variation in ln XSwith the fS2/
fO2 ratio, but illustrate the clear compositional depen-
dency of ln XS. The PAL-synthetic tholeiite and olivine
tholeiite compositions of O’Neill and Mavrogenes
(2002) show an increase in ln XS at higher ln(fS2/fO2)
values, similar to the data of Haughton et al. (1974) and
Danckwerth et al. (1979). What is important is that there
is a measure of consistency between the experiments (see
restrictions for the data from Haughton et al. (1974)
given in Fig. 1 caption), and that the effect of melt
composition on the SCSS is clearly shown. Wallace and
Carmichael (1992) used the data of Haughton et al.
(1974) to derive an empirical expression for sulfide sol-
ubility in mafic magmas in terms of temperature, log
fO2, log f S2, and melt composition. Li and Naldrett
(1993) also presented an algorithm for computing the
amount of S that dissolves in a mafic magma as FeS as a
function of temperature, aFeO, fS2, and fO2.

Another interesting relationship shown by all of the
experiments is illustrated in a ln Xs–ln XFeO plot
(Fig. 1b). All of the data show a steep positive rela-
tionship at ln XFeO values in excess of approximately
�2.5. The plot shows that for all starting melt compo-
sitions the trends tend to flatten, and perhaps show an
upturn at low FeO contents. Because of the importance
of water in low-FeO magmas, these low-XFeO runs are
not particularly relevant geologically. However, the
leveling out of the ln Xs values after showing a steep
slope at high ln XFeO values has been interpreted from
two different approaches. O’Neill and Mavrogenes
(2002) show that the SCSS may strongly depend on XFeO

values at high-FeO contents, but that at lower FeO
values a negative dependency between S and FeO is due
to control by rFeO, which has a negative sign in the
expression for SCSS. Poulson and Ohmoto (1990)
interpret the trend as a function of solution mechanism
and suggest that the slope of �2 at high XFeO values is
produced via a reaction such as:
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2FeOðmeltÞ þ FeSðmeltÞ ¼ 2FeO � FeSðmeltÞ: ð4Þ

Poulson and Ohmoto (1990) proposed another solution
mechanism for the flat portion of the plot, following a
reaction of the form:

FeSðsilÞ ¼ FeSðsulfÞ: ð5Þ

The Poulson and Ohmoto (1990) solution mechanism at
elevated XFeO values is attractive, as it offers a concrete
reason for the increase in the SCSS with FeO content of

the silicate melt. For example, why an increase in the
FeO content of a silicate magma saturated with FeS
(and with buffered fS2 and fO2) should cause additional
sulfide dissolution is not intuitively obvious. However,
the formation of an FeO–FeS complex dictates that
sulfide would dissolve, and the saturation limit must
increase. Whether the solution mechanism represented
by Eq. 4 is correct or not remains an uncertainty, but it
does highlight the probable importance of oxygen in
sulfur dissolution. The highly non-ideal nature of
immiscible Fe–S–O liquids has been highlighted by
Kress (1997, 2000), and this non-ideality may be
responsible for the observed relationships between S and
Fe concentrations.

Figure 1c shows the positive relationship between ln
XFeO and ln(fS2/fO2) observed in the experiments. The
offsets in the trends are attributable to the effects of both
melt composition and temperature [1,200–1,250�C for
Haughton et al. (1974) and Danckwerth et al. (1979) and
1,400�C for O’Neill and Mavrogenes (2002)]. The
ln(fS2/fO2) ratio of the sulfide-saturated mafic melts can
be predicted based on melt composition and tempera-
ture to be within ±5% (Fig. 2) using the following
equation:

ln fS2=fO2ð Þ¼aþb 104=T
� �

þc ln XFeOþ
X

diXi: ð6Þ

where T is in degrees Kelvin, XFeOis the mole fraction of
FeO in the silicate melt and a, b, c, and di are constants
determined from the results of sulfide-saturated experi-
mental runs (Table 1). The summation is over the
number of silicate melt components, ‘‘ i’’.

Fig. 1 One-atmosphere data for sulfide-saturated samples from
Haughton et al. (1974), Danckwerth et al. (1979), and O’Neill and
Mavrogenes (2002): a ln XS –ln(fS2/fO2), b ln XS –ln XFeO, and
c ln(fS2/fO2) –ln XFeO. One-atmosphere data for Series I sulfide-
saturated samples from Haughton et al. (1974) were utilized, with
the following restrictions. For duplicate runs, samples with the
lowest FeO content in the silicate liquid were chosen. This is based
on the premise that samples with the lowest FeO (sil) would have
more FeS (sulfide liquid), and would record a closer approach to
equilibrium. Series II data of Haughton et al. (1974) were shown by
O’Neill and Mavrogenes (2002) not to record equilibrium, and
have been excluded in our analysis. The same is true for samples
from Buchanan and Nolan (1979). For clarity the average MORB
and DB/3-synthetic tholeiite runs of O’Neill and Mavrogenes
(2002) are not shown, but they are similar to olivine tholeiite

Fig. 2 Predicted vs observed ln(fS2/fO2) in silicate melts for
sulfide-saturated experimental runs performed at 1 atm. The
equation has been generated by forward stepwise linear regression
and yields an r2 value of 0.94. Although ln XS was considered as a
variable its coefficient was too low to be significant. The plot
illustrates the strong relationship between fO2/fS2, melt composi-
tion, and temperature
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Prediction of the sulfur content of a mafic magma
at sulfide saturation

One-atmosphere

Despite the different approaches taken in describing S
solubility and the SCSS in a mafic magma, the experi-
mental data summarized in Figs. 1 and 2 provide an
exceptional framework for an empirical evaluation of
the SCSS. O’Neill and Mavrogenes (2002) present an
equation (their equation 27) for SCSS at 1 atm that
depends on ln K for Eq. 3, melt composition, and cFe.
We have derived an expression using forward stepwise
linear regression that relates the SCSS to temperature
and melt composition as follows:

lnXS ¼ aþ bð104=T Þ þ c lnXFeO þ
X

diXi; ð7Þ

where the coefficients and variables are as described for
Eq. 6 and are given in Table 2. An r2 (squared multiple
correlation coefficient) value of 0.95 is returned from the
regression (Fig. 3). This expression does not explicitly
involve either fO2 or f S2. The reason for this is that at
sulfide saturation the f S2/fO2 ratio of the melt can be
expressed as a function of melt-composition and tem-
perature (Fig. 2), in agreement with the compositional
dependency of the CS value reviewed by O’Neill and
Mavrogenes (2002).

Variable pressures

The effect of pressure on S solubility in mafic magmas
has been shown to be significant. Experimental studies
by Mavrogenes and O’Neill (1999) and Holzheid and
Grove (2002) confirmed earlier results by Helz (1977),
Huang and Williams (1980), and Wendlandt (1982) for

anhydrous compositions, which showed an inverse
relationship between pressure and the SCSS. The results
of these studies differ from those of Mysen and Popp
(1980) for CaMgSi2O6 and NaAlSi3O8 melts where a
positive pressure dependency for the SCSS was deter-
mined. Although considerable amounts of speculation
have been offered to explain the discrepancies between
the studies, no definitive reasons have emerged.

Mavrogenes and O’Neill (1999) fit their experimental
results at variable pressures to the following equation:

ln SðppmÞ ¼ A=T þ Bþ CðP=T Þ þ ln asulfideFeS : ð8Þ

Holzheid and Grove (2002) also present an equation for
predicting the SCSS at variable pressures. They modified
the Mavrogenes and O’Neill (1999) equation by adding
a term that evaluates the ratio of non-bridging oxygens
to tetrahedrally coordinated cations and takes into ac-
count the effect of melt polymerization on S solubility.

Equation 7 can be modified to describe the SCSS at
variable pressures by adding a pressure term:

ln XS ¼ aþ bð104=T Þ þ cP þ d ln X sil
FeO þ ReiXi; ð9Þ

where P is in kilobars and regression coefficients a–e are
as listed in Table 3. Equation 9 can be calibrated using
the experiments of sulfide-saturated systems performed
at high pressures by Mavrogenes and O’Neill (1999),
Holzheid and Grove (2002), and Jugo et al. (2005)
(Table 3). The silicate liquid compositions of Wendlandt
(1982) are not reported (although presumably were
international standards), and the results of Li and Agee
(1996, 2001) must be treated separately because the
sulfide liquids of their experiments contained significant
amounts of Ni (8–17 wt%). The experiments of Holz-
heid and Grove (2002) also contain variable amounts of

Table 1 Best fit parameters for Eq. 6

Coefficient Value Standard error

a �6.470 2.352
b 3.864 0.316
c �1.574 0.174
d SiO2 �3.544 0.854
dNa2O+K2O �38.752 7.598
d FeO �6.510 2.770

Table 2 Best fit parameters for Eq. 7

Coefficient Value Standard error

a 2.181 0.552
b �1.234 0.056
c �0.427 0.061
d SiO2 �4.280 0.567
d TiO2 3.198 0.842
d FeO 11.223 1.031

Fig. 3 Predicted vs observed ln XS in silicate melts for sulfide-
saturated experimental runs performed at 1 atm
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Ni and Co. We have excluded runs where the sulfide
liquid contained in excess of 1 wt% (Ni+Co), and also
the experiments of Mavrogenes and O’Neill (1999)
where the computed aFeS

sulfidewas �0.5. A total of 45
experimental results at high pressures (17 from Mavr-
ogenes and O’Neill 1999; 15 from Holzheid and Grove
2002; 13 from Jugo et al. 2005), along with the 66 runs
done at atmospheric pressure, were used to calibrate
Eq. 9 using forward stepwise linear regression analysis.
The squared multiple correlation coefficient (r2) of the
samples is 0.88. The ranges of pressure, temperature,
and melt compositions of the samples used for calibra-
tion are listed in Table 4. The predicted and observed ln
XS values are compared in Fig. 4. The error of predic-
tion from Eq. 9 is less than 10%.

Sulfur bonding with cations other than iron

The importance of Fe–S–O bonding appears to over-
shadow other possible combinations in Fe-rich basaltic
melts. However, the relatively high values for S solu-
bility in Fe-poor melts (e.g., values in excess of
1,000 ppm: Fincham and Richardson 1954; Carroll and
Rutherford 1985; Bradbury 1983), strongly indicates
that bonding of S with other cations is feasible. In
high-fO2 magmas, Carroll and Rutherford (1985)
proposed Ca2+–SO4

2�complexing to explain high S
contents that accompany anhydrite saturation. How-
ever, dissolved S values may also exceed 1,000 ppm in
Fe-poor melts at low fO2 values (Fincham and Rich-
ardson 1954; O’Neill and Mavrogenes 2002), which
suggests that complexing agents other than Fe2+ must
also be involved.

Chalcophile elements such as Ni, Cu, and Co parti-
tion strongly into an immiscible sulfide liquid (e.g.,
Peach et al. 1990; Gaetani and Grove 1997; Li et al.
2003a, b), which will affect the aFeS in the sulfide liquid.
Accordingly, the SCSS is expected to vary in response to
the concentration of chalcophile elements in a silicate

magma. Figure 5 compares the predicted and measured
values of the SCSS for high-pressure silicate liquids that
coexist with sulfide liquids that contain from 8 to
17 wt% Ni (Li and Agee 1996, 2001) and (Ni+Co) from
5 to 9 wt% (Holzheid and Grove 2002). The measured S
contents in the silicate melts of Li and Agee (1996, 2001)
are up to 20% higher or lower than the predicted values;
these data are difficult to interpret and provide no clear
insight into the effect of Ni on S solubility limits. The
measured S concentrations in the silicate melts of
Holzheid and Grove (2002) agree well with predicted
values for the SCSS, and suggest that at least for these
compositions the effect of 5–9 wt% (Ni+Co) on the S
solubility limit is not large. Data from Ripley et al.
(2002a) clearly illustrate the effects of the composition of
the sulfide liquid on the S content of a coexisting basaltic
silicate glass. A systematic decrease in observed ln XS

values relative to predicted ln XSvalues correlates with
an increase in Cu content of the sulfide liquid from 9 to
77 wt% (Fig. 5). Samples with Cu concentrations in the
sulfide liquid less than �12 wt% Cu fall within 4% of
the values calculated from Eq. 9. The systematic de-
crease in observed ln XS values is in accord with the
decrease in the aFeSof the sulfide liquid.

Of particular importance for H2O-bearing magmas is
the potential role of H2–S bonding. Burnham (1979)
proposed that S may dissolve in hydrous magmas as
HS� in a manner analogous to at least some H2O (as
OH�). Bradbury (1983) demonstrated that the S content
in hydrous albite melt (values up to 2,000 ppm)

Table 3 Best fit parameters for Eq. 9

Coefficient Value Standard error

a 1.229 0.537
b �0.740 0.054
c �0.021 0.002
d �0.311 0.093
eSiO2 �6.166 0.412
e(Na2O+K2O) �9.153 1.440
eMgO �1.914 0.459
eFeO 6.594 1.116

Table 4 Ranges of experimental P, T, and silicate melt composition (wt%) used for the calibration of Eq. 9

P T(�C) SiO2 TiO2 Al2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O

Range 1 b–90 kbar 1,200–1,800�C 38.9–67.6 0–15.3 6.9–22.8 0–1 0–2.23 0.8–25.7 0–0.3 3.1–22.6 6.0–17.1 0–6.4 0–1.6

Fig. 4 Predicted vs observed ln XS for silicate melts of sulfide-
saturated experiments using synthetic basalts of 1 bar to 90 kbar
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increased with increasing activity of H2S and pressure,
and decreased with increasing Fe content of the melt.
Caroll and Rutherford (1985) also showed that S solu-
bility increased with pressure in hydrous, dacitic magma.
Bradbury (1983) proposed the following reaction to
explain the dissolution of pyrrhotite in hydrous Na-
AlSi3O8 melt:

FeSðpoÞ þO2�ðmÞ þH2OðvÞ ¼
FeOðmÞ þ SH�ðmÞ þOH�ðmÞ: ð10Þ

A similar reaction for melt species may be:

FeS � FeOðmÞ þO2�ðmÞ þH2OðmÞ
¼ 2FeOðmÞ þ SH�ðmÞ þOH�ðmÞ ð11Þ

Gorbachev and Kashiceva (1986) performed a series of
experiments on basaltic to picritic melts in equilibrium
with a sulfide liquid and either an H–O–S or H–O–C–S
vapor at temperatures of 1,250 and 1,350�C. They found
that at each temperature the SCSS for the silicate melts
increased slightly with increasing P up to 15 kbar, but
decreased progressively with P above this value. The
reasons for the changes in the SCSS with Pin their
experiments are unknown, but it is clear that additional
experiments that address the SCSS for hydrous, basaltic
magmas are needed. The lower pressure results for hy-
drous magmas are opposite to the high-pressure results
for anhydrous basaltic systems discussed above. Deci-
phering the systematics of S solubility and P variations
in both hydrous and anhydrous mafic to intermediate

magmas is essential for evaluations of S degassing phe-
nomenon and sulfide ore genesis.

Experimental values for SCSS compared to data
from sulfide-saturated seafloor basalts

Another method for evaluating the SCSS is to utilize
natural samples that represent quenched basaltic liquids.
The common presence of immiscible sulfide globules in
mid-ocean ridge basalts (MORB) indicates that these
basaltic liquids are saturated or nearly saturated with
sulfide liquid at the time of eruption (Mathez 1976;
Wallace and Carmichael 1992). Mathez (1976) suggests
that pillow lavas that erupt at ocean depths in excess of
�2,000 m have not undergone extensive degassing and
that quenched pillow rinds preserve near-liquidus phase
relations. For this reason quenched submarine glasses
are the best natural samples available for the study of
equilibria in sulfide-saturated basaltic liquids.

Wallace and Carmichael (1992) analyzed 61 basaltic
glasses from both spreading centers and seamounts for
their major element compositions, S contents, tempera-
ture, fO2, and f S2. Forty-four of those samples were
collected from water depths greater than 2,000 m and
are not thought to have undergone significant degassing.
The major element compositions of these samples are
not listed in Wallace and Carmichael (1992), but were
obtained upon request from the authors and are tabu-
lated in Li et al. (2001a).

Of particular significance is a comparison of experi-
mental results with data from the natural samples. Fig-
ure 5 illustrates that Eq. 9, based on experimental
results, accurately predicts the SCSS for primitive
MORB liquids, but does not predict the SCSS for
evolved MORB liquids. The evolved liquids are char-
acterized by high TiO2 (>2.8 wt%), high FeO
(>14 wt%), low temperature (<1,130�C), and up to
1 wt% H2O (Wallace and Carmichael 1992; Li et al.
2003a). Experimental data are not available at temper-
atures less than 1,200�C, and extrapolation to the low T
and hydrous conditions of the evolved MORB glasses is
thought to be the primary reason for the discrepancy.

The experimental data on the SCSS have important
ramifications with respect to the interpretation of sul-
fide-saturated MORB magmas. Lesher and Stone (1996)
estimated a depleted mantle S concentration in the range
of 150–215 ppm. Melting from 10% to 20% (Langmuir
et al. 1992) will produce a MORB liquid with �1,000–
2,000 ppm S. The experimental results of Mavrogenes
and O’Neill (1999) and Holzheid and Grove (2002) show
that such a melt should be saturated in sulfide. Figure 6
illustrates the change of the SCSS with pressure pre-
dicted from Eq. 9. The plot indicates that a MORB li-
quid that is sulfide-saturated at its source will not be so
when it reaches the surface (Fig. 6). Both Mavrogenes
and O’Neill (1999) and Holzheid and Grove (2002) have
emphasized that a mantle-derived mafic magma should
arrive at the surface sulfide-saturated only if the magma

Fig. 5 Comparison of observed vs predicted ln Xs in silicate melts
of various sulfide-saturated systems. The predicted ln XS values
were obtained from Eq. 9. The high-pressure samples of Li and
Agee (1996, 2001) contain high concentrations of Ni in the sulfide
liquid and show departures of up to 20% from the predicted values.
The MORB samples from Wallace and Carmichael (1992) and Li
et al. (2003a) which do not fall in the shaded interval are evolved,
some with up to 3.75 wt% TiO2
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had undergone extensive fractional crystallization or if
assimilation of country rock S occurred en route to the
surface.

The data from seafloor basalt glasses (Wallace and
Carmichael 1992; Mathez 1976; Li et al. 2003a) supply
strong evidence for the importance of these processes.
As noted above, at its source a MORB liquid is expected
to contain �1,000–2,000 ppm S. The experimental data
indicate that approximately one half of this amount
could be present as immiscible sulfide liquid (Fig. 6).
Entrainment of immiscible sulfide droplets into a rising
MORB magma might be envisioned as a means to
generate at low pressure a magma that is just saturated
with sulfide and contains �1,000 ppm dissolved S. That
such a process does not occur is strongly suggested by
the platinum group element (PGE) contents of most
MORB. Crockett (1979, 2002) summarized the PGE
data from mafic and ultramafic rocks, and emphasized
that the strongly depleted nature of MORB indicates
that PGEs were collected by sulfide liquids that re-
mained at depth. In order for seafloor basalts to erupt
with sulfide globules present, assimilation of S from the
oceanic crust must occur en route to the surface, and/or
fractional crystallization must occur in shallow staging
chambers. Layered gabbros in the oceanic crust are
known to contain sulfide minerals (e.g., Alt 1994), and
selected assimilation of S from this source could bring
the S contents of primitive MORB liquids to those re-
quired to achieve sulfide saturation.

The data of Wallace and Carmichael (1992) and Li
et al. (2003a) also illustrate the effects of fractional
crystallization on S contents and saturation of residual
basaltic liquids. Figure 7 illustrates the increase in S
content of residual liquids due to fractional crystalliza-
tion, and observed SCSS of MORB (Table 5). Less than
10% of crystalllization is required to induce sulfide
saturation in a MORB liquid. The S contents of a
basaltic liquid produced as a result of fractional crys-
tallization far exceeds those required to achieve sulfide
saturation. An initial sulfide-saturated basaltic liquid
should easily maintain sulfide saturation during frac-
tional crystallization.

Application to ore genesis

Equation 9 can be used to monitor the SCSS during
cooling and isobaric fractionation of a mafic magma. Of
particular interest is the segregation of immiscible sulfide
liquid that may have accompanied cooling of the impact
melt sheet that gave rise to the Sudbury Igneous Com-
plex and its associated Ni-sulfide mineralization. Keays
and Lightfoot (2004) have recently presented a model
based in part on the enhanced solubility of S in high-
temperature magmas. Lightfoot et al. (2001) estimated
that the composition of the impact-generated melt sheet
was that of a quartz diorite with �60 wt% SiO2,
7.5 wt% FeO, and 500 ppm S (Table 5). Ivanov and
Deutsch (1997) have estimated that the impact sheet was

Fig. 6 The SCSS vs depth (pressure) for a mid-ocean ridge basalt,
sample K-17-20, Galapagos 95.5�W (Table 5, from Wallace and
Carmichael 1992). The temperature of the magma when it reaches
the surface is 1,200�C according to MELTS (Ghiorso and Sack
1995), and the adiabatic gradient is assumed to be 3�C/kbar. The
ratios of FeO/Fe2O3 have been adjusted to correspond to log fO2

of QFM-2. The depth for the initial generation of a primitive
MORB liquid is from Green et al. (1979) and Presnall et al. (2002)

Fig. 7 Comparison of the SCSS with residual S enrichment during
fractional crystallization for a primitive MORB (sample K-17-20
from Galapages 95.5�W, Wallace and Carmichael 1992). Frac-
tional crystallization is simulated assuming 0.2 wt% H2O in the
initial liquid, QFM-1, 1 kbar, and 1�C increments using MELTS
(Ghiorso and Sack 1995). The SCSS in the silicate melt is calculated
from Eq. 9
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initially superheated, with a temperature of �1,700�C.
At a pressure of 1 kbar this melt would be capable of
dissolving �1,600 ppm S, and would therefore not be
sulfide-saturated. On cooling, sulfide saturation would
be reached at �1,225�C; an immiscible sulfide liquid
would separate and could accumulate by gravitational
settling prior to the initiation of orthopyroxene crystal-
lization at �1,188�C (Fig. 8). Using a revised estimate of
the S content of the combined felsic and mafic norites at
Sudbury of 1,070 ppm (Keays and Lightfoot 2004),
sulfide saturation may have been achieved at a temper-
ature close to 1,500�C (Fig. 8). Dense immiscible sulfide
liquid would be expected to accumulate near the base of
the magma well before the silicate liquidus was reached,

which is consistent with the observed geological rela-
tionships.

Other examples of applications of Eq. 9 in the area of
ore genesis include the computation of sulfide saturation
levels during mantle melting, fractional crystallization,
and magma mixing. We have illustrated previously how
Eq. 9 may be utilized to compute sulfide saturation
levels during the fractional crystallization of a mafic
magma. This may be an important process for reef-type
PGE deposits where metal enrichment also occurs dur-
ing the process. The Sonju Lake Intrusion (SLI) of the
Duluth Complex, MN, provides an example of a rela-
tively low-grade reef-type PGE occurrence. Enrichment
in PGEs occurs at a well-defined interval in the layered
sequence that comprises the SLI (Miller and Ripley
1996; Fig. 9). Miller and Andersen (2002) have referred
to such enrichment in tholeiitic layered intrusions as the
‘‘Skaergaard’’ type, named after the PGE reefs that have
been detected in the Skaergaard Intrusion. Miller (1999)
has proposed that the PGE enrichment in the SLI is
correlative with the attainment of sulfide saturation in
the magma as a result of fractional crystallization. The
magma that produced the SLI was relatively evolved
with an initial FeO content of �13 wt% (Table 5).
Figure 10 illustrates the computed SCSS values during
fractional crystallization of the parent magma using Zr
as an index of crystallization. Our calculations indicate
that sulfide saturation should be achieved when mag-
netite (or a Ti-bearing Fe-oxide such as titanomagnetite)
joins plagioclase and clinopyroxene as a liquidus phase.
The S content of the parent magma of the SLI is poorly
constrained; for this reason we show several paths for S
content during crystallization as a function of initial S
concentration from �300 ppm to 780 ppm. Our pre-
diction of when sulfide saturation should have been
achieved in the Sonju Lake magma matches field evi-
dence which indicates that it was attained when titano-
magnetite was a liquidus mineral at �60%
crystallization (within the oxide gabbro unit, Fig. 10).

The addition of S to a magma is a process that has
been shown to be essential for many Ni–Cu–PGE

Table 5 Compositions and calculated liquidus temperatures of selected magmas

Parental melt SiO2 TiO2 Al2O3 Cr2O3 FeOtotal MnO MgO CaO Na2O K2O T�C

MORBa 49.61 0.83 16.04 9.24 9.89 11.68 2.32 0.03 1240
Basaltic andesiteb 55.87 0.37 12.55 0.14 9.15 0.21 12.65 7.29 1.53 0.77 1336
B3magmac 50.70 0.41 16.03 0.03 9.14 0.17 9.21 11.14 2.52 0.23 1241
SICd 60.00 0.89 15.50 7.47 0.13 4.30 6.10 2.70 1.90 1188
SLIe 47.60 2.28 14.00 12.82 8.30 9.40 2.47 0.55 1225
Ol tholeiitef 49.50 0.80 18.20 8.40 0.13 8.80 11.40 2.38 0.19 1245
Minimum meltg 75.89 0.28 12.99 1.46 0.31 1.02 3.11 4.85 1039

aMid-ocean ridge basalt: sample K-17-20 from Galapagos 95.5�W (Wallace and Carmichael 1992), anhydrous, QFM, 1 kbar.
bChill phase of the Lower Zone of the Bushveld Complex (Harmer and Sharpe 1985), 1 wt% H2O, QFM, 2 kbar.
cChill phase of the Main Zone of the Bushveld Complex (Sharpe 1981), QFM, 2 kbar.
dAverage compositions of 49 marginal zone samples from the Worthington offset Sudbury Igneous Complex (SIC) (Lightfoot et al. 2001),
anhydrous, QFM, 1 kbar.
eBulk composition of the Sonju Lake Intrusion (SLI) (Miller and Ripley 1996), anhydrous, QFM, 2 kbar.
fAverage composition of olivine tholeiite basalts from the Duluth area (Brannon 1984), anhydrous, QFM, 2 kbar.
gS-type minimum melt (White and Chappell 1977), anhydrous, QFM, 2 kbar

Fig. 8 Calculated SCSS with cooling of the Sudbury impact melt.
The composition of the impact melt is taken from Lightfoot et al.
(2001, Table 5). The silicate liquidus temperature is calculated for
1 kbar and fO2 of QFM using MELTS (Ghiorso and Sack 1995).
The SCSS has been calculated using Eq. 9. The values of 500 ppm
S and 1,070 ppm S, are estimates of the S content of the bulk melt
(Lightfoot et al. 2001) and a weighted average of felsic and mafic
norite (Keays and Lightfoot 2004)
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deposits, including Noril’sk (Grinenko 1985; Li et al.
2003b), Voisey’s Bay (Ripley et al. 2002b), the Duluth
Complex (Ripley 1981; Arcuri et al. 1998), and those

associated with komatiites (Lesher and Keays 2002). The
attainment of sulfide saturation in some magmas that
host reef-type PGE deposits by the addition of S-bearing
fluids to a magma has been proposed by Boudreau and
Meurer (1999) and Willmore et al. (2000). The result of S
addition to a magma in terms of sulfide saturation is
readily evaluated by Eq. 9 and will not be considered
further. However, contamination processes that involve
mixing between a mafic magma and a Si-rich melt de-
rived by partial melting of country rocks (magma silici-
fication or felsification) has been proposed as a
mechanism to induce sulfide saturation in the absence of
any sulfur contributed by the country rocks (Irvine 1975;
Li and Naldrett 1993; Lightfoot and Hawkesworth
1997). The estimation of the temperature of the con-
taminated magma is not an easy task, but in many cases
(e.g., Ripley 1999) the oxygen isotopic compositions of
coexisting minerals indicate not only that contamination
has occurred, but also that equilibration occurred at
temperatures in excess of 1,000�C. A possible implication
of such observations is that mixing of the mafic magma
and the melt derived from a country rock contaminant
was complete before crystallization began.

Figure 11illustrates mixing between an olivine tho-
leiite magma (a potential parental magma for many
intrusions of the Duluth Complex; Miller and Ripley
1996) and a siliceous melt. The composition of the melt
is similar to the ‘‘S-type’’ minimum melt of White and
Chappell (1977) and to that produced by Hoffer and
Grant (1980) in experimental studies of the partial
melting of pelitic rocks (Table 5). These melt composi-
tions were used by Ripley and Alawi (1988) to model
partial melting of pelitic xenoliths by Duluth Complex
magma. The diagram illustrates that the slopes of the

Fig. 9 Pd, Pt, and Au vs
stratigraphic height in the Sonju
Lake Intrusion (after Park et al.
2004). Miller (1999) has
suggested that the peaks in the
concentrations of Pt and Pd
correspond to the attainment of
sulfide saturation in the magma.
This occurs after iron –titanium
oxide has become a liquidus
mineral. sl Sonju Lake
Intrusion, f country rocks
of the Finland Granophyre,
mt melatroctolite, d dunite,
g gabbro, fg oxide gabbro, ad
apatite diorite, md
monzodiorite, gmd quartz
ferromonzodiorite,
g micrographic granite

Fig. 10 The sulfur content at sulfide saturation vs Zr concentration
for the estimated parent magma of the Sonju Lake Intrusion
(Table 5, from Miller and Ripley 1996). The crystallization
sequence was computed using MELTS (Ghiorso and Sack 1995)
and the SCSS by Eq. 9. The S content in fractioned magma is
shown for a variety of initial values. For any reasonable estimate of
the initial S content of the Sonju Lake magma it is seen that sulfide
saturation is reached after �60% crystallization, when magnetite
has joined plagioclase and clinopyroxene as a primocryst mineral.
This prediction corresponds well to the observed peaks in Pt and
Pd in the oxide gabbro unit of the Sonju Lake Intrusion, shown in
Fig. 9
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SCSS curve for the mixed magma at less than �40%
contamination are steeper than those of the lines for S
concentration. At high degrees of mixing with a S-free
contaminant, sulfide saturation will be induced. With
contamination of �10% and less this outcome is far less
certain. Without consideration of the errors associated
with the calculation of the SCSS, contamination of 10%
and less may not cause the attainment of sulfide satu-
ration. When the ±10% error of prediction is consid-
ered it is possible that even low degrees of mafic magma
contamination by a siliceous, sulfur-poor melt could
cause sulfide saturation. If the contaminant also con-
tains sulfur then even very low amounts of contamina-
tion should lead to sulfide saturation.

The mixing of distinct mafic magmas represents a
similar process to that described previously, but the
composition of the ‘‘contaminant’’ is far less siliceous.
Mixing of magmas is a process that has received con-
siderable attention as a possible mechanism for initi-
ating sulfide saturation in the mixed magma, and has
been proposed as an integral process in the formation

of high-grade PGE deposits such as those of the
Merensky Reef in the Bushveld Complex and the JM
Reef in the Stillwater Complex (e.g., Campbell et al.
1983; Naldrett and von Gruenewaldt 1989). Li et al.
(2001a) presented an equation to predict the sulfur
content at sulfide saturation in a mafic magma, and
utilized it to evaluate the role of magma mixing in the
generation of sulfide and chromite mineralization in the
Bushveld Complex. Cawthorn (2002) questioned
the validity of the approach utilized by Li et al.
(2001a), and based on phase equilibria and sulfur sol-
ubility constraints disputed the importance of magma
mixing in producing a sulfide-saturated magma. There
are three problems with the equation to predict the
SCSS used by Li et al. (2001a): (1) the calibration was
based on data collected from MORB only, and not on
experimental results, (2) an incorrect assumption was
made, namely that the SCSS was linearly related to
temperature and FeO content of the magma, and (3)
the temperature dependency of the equation was arbi-
trarily set. As long as the pressure, temperature, and
composition of a magma produced in a mixing process
can be established, Eq. 9 will permit the sulfide content
at sulfide saturation over a relatively broad composi-
tional range to be estimated. In Fig. 12a we show the
SCSS of a basaltic andesite that is proposed by Barnes
and Maier (2002) to be one of the magmas that pro-
duced the Merensky Reef of the Bushveld Complex
(Table 5). Fractional crystallization of this magma will
lead to sulfide saturation (e.g., path A–B) in a manner
similar to that described above for the SLI. In our
example, at �30% crystallization when plagioclase
becomes a liquidus mineral, a pulse of tholeiitic basalt
(magma B3), the second magma proposed by Barnes
and Maier (2002) to be involved in the genesis of the
Merensky Reef enters the chamber. Figure 12b illus-
trates the SCSS of several magma mixtures and indi-
cates that if the basaltic magma which mixes with the
remaining, fractionated, basaltic andesite contains in
excess of �800 ppm S, sulfide saturation will be
maintained at low f (fractional abundance of tholeiitic
basalt) values. Mixing of 67% of fractionated basaltic
andesite (point C of Fig. 12a) with 33% of tholeiitic
basalt containing �920 ppm S (point C of Fig. 12b)
will cause oversaturation of sulfide in the mixed mag-
ma. Mixtures with f values up to �0.8 will be sulfide-
oversaturated, with maximum oversaturation at a ratio
of fractionated basaltic andesite to primitive tholeiitic
basalt containing 920 ppm S of �60/40. Sulfur that
may be added to the mixed magma from the fluid being
expelled from a crystallizing pile below the zone of
mixing may add to the extent of oversaturation. Any
compositional changes in the mixed magma brought
upon by the incorporation of a S-bearing fluid would
necessitate the computation of the SCSS for the
appropriate magma composition.

We stress that any mixing model (two-component or
multi-component) can only be as accurate as are the
end-members that are utilized. The estimation of tem-

Fig. 11 Plot of the sulfur content of a contaminated mafic magma
vs fractional abundance (f) of a S-free, Si-rich contaminant. The
composition of the mafic melt is that of an olivine tholeiite
(Brannon 1984), which is a potential parental magma for several
intrusions of the Duluth Complex. The contaminant is taken as the
‘‘S-type’’ minimum melt of White and Chappell (1977), calculated
on an anhydrous basis (Table 5). The liquidus temperatures of the
mafic and silicic melts are 1,245 and 1,039�C. Partial melting of a
pelitic rock with 2–4 wt% H2O could lead to the production of a
Si-rich melt at temperatures much lower than 1,038�C, but isotopic
data often indicate that mixing occurred at elevated temperatures,
prior to crystallization. The diagram indicates that sulfide
saturation will be attained in the magma at high degrees of
contamination, and may be unlikely at degrees of contamination
less than �5 –10%. Points A and E are the sulfide saturation values
for the end-members; points B, C, and D represent sulfur
concentrations of three olivine tholeiite liquids; point F is the S
concentration of the contaminant, taken as 0 ppm. Mixing of a
siliceous melt and an olivine tholeiite will promote the attainment
of sulfide saturation only if the mafic magma has a S concentration
in excess of that represented by point D
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perature for a hybrid magma may also be difficult.
Temperature is not an additive parameter, and even if
crystallization is not induced by the mixing process,

enthalpy data would be needed to estimate the temper-
ature of the mixed magma. Figure 12b illustrates the
need to compute the SCSS for the bulk composition of
magma mixtures, as pointed out by Cawthorn (2002).
Figure 12b also illustrates that if a mixed magma is
sulfide-saturated or not is critically dependent on end-
member compositions and mixing proportions, as well
as pressure and temperature. For example, only small
variations in the S content of an incoming magma may
make a significant difference with respect to the mixed
magma being sulfide undersaturated or oversaturated.

Conclusions

Experimental data from Haughton et al. (1974), Danc-
kwerth et al. (1979), Mavrogenes and O’Neill (1999),
Holzheid and Grove (2002), O’Neill and Mavrogenes
(2002), and Jugo et al. (2005) can be used to calibrate
expressions for the prediction of the sulfide content of
mafic magmas at the time of sulfide saturation. These
empirical equations depend on temperature, pressure,
and melt composition, and are strictly applicable to
anhydrous mafic magmas at temperatures between 1,200
and 1,600�C and fO2 conditions below QFM where
sulfide is the predominant S species. The squared mul-
tiple correlation coefficients (r2) for the regressions are
greater than 0.88. Examples of processes which may be
important for ore genesis, and to which the equations
may be applied, include mantle and crustal melting,
fractional crystallization, magma mixing, and contami-
nation. Additional experimental studies are required to
evaluate the systematics of S saturation in hydrous mafic
magmas.
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Appendix

predictedXS ¼
moles S

molesmagma + moles S

moles S ¼ ðXSÞðmolesmagma from columncÞ
ð1� XSÞ

Using Eq. 9, the predicted ln XS from this composition
at a pressure of 1 bar and 1,200�C is �6.17, corre-
sponding to XS=0.002, and 0.0032 mole of S. This
equates to 0.1024 g of S or for a 100 g sample,
0.1024 wt%. Weight percent multiplied by 10,000 is
ppm, therefore the predicted S content at sulfide satu-
ration for this melt is 1,024 ppm.

Fig. 12 a Sulfur content at sulfide saturation as a function of
percent crystallization (Zr as an index) for a basaltic andesite
thought to be involved in the formation of the Merensky Reef
(Table 5). The crystallization sequence was determined using
MELTS (Ghiorso and Sack 1995) at 2 kbar, QFM, and 1 wt%
H2O in the initial magma. Depending on the initial sulfur content
of the magma, fractional crystallization (e.g., path A–B) may lead
to rapid sulfide saturation. b The SCSS of hybrid magmas
produced by mixtures of fractionated basaltic andesite (point C
of a) and a tholeiitic basalt (magma B3) proposed to be a second
magma involved in the genesis of the Merensky Reef (Table 5). The
fractional abundance of tholeiitic basalt in the mixture is fbasalt. The
sulfur content of the mixed magma will lie on tielines between
the sulfur content of the resident fractionated magma (here
�480 ppm) and the sulfur content of the added tholeiitic basalt.
In this example a sulfur content of �800 ppm (see point D) in the
tholeiitic basalt would be required to maintain sulfide saturation in
the mixed magma at low f values. If the sulfur content of the
tholeiitic basalt were greater than 800 ppm, f values in excess of
�0.1 would lead to sulfide undersaturation in the mixed magma
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