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Fugacities of sulfurous gases in pyrrhotite-bearing silicic magmas
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Abstract

Thermodynamic data are used to determine the fugacities of sulfurous gases S,, SO, and
H,S along the pyrrhotite saturation surface within the system Fe-S,-0--SiO,. The
fugacities of these species are contoured on diagrams of log f0, versus T (°C). These
diagrams allow the fugacities of sulfurous species for silicic magmas to be estimated
assuming that the temperature and oxygen fugacity are determined from coexisting
magnetite and ilmenite, and the pyrrhotite inclusions represent magmatic conditions. In
cases where the pyrrhotite was analyzed and the fugacities calculated, the results are
consistent. This method is widely applicable because it may be used for any rock for which
iron—titanium oxide data are available and igneous pyrrhotite is present.

Both S, and SO, are highly dependent on fo, and T, decreasing with both variables.
Sulfur ranges from 10 to 10~* bars whereas SO, varies from 10> to 10~3. Hydrogen sulfide is
less variable, ranging between 100 and 10 bars, but it also decreases with log f0, and
temperature.

The initial volatile phases evolved at high temperatures from oxidized magmas are rich in
SO,. Volatile separation depletes the magma in sulfur and causes reduction of the magma
by oxidation of HS™ in the melt to SO, in the vapor phase. Such magmatic volatile phases

can be an important source of sulfur for some types of ore deposits.

Introduction

Sulfur dioxide and hydrogen sulfide have long been
recognized as important, and odoriferous, components of
volcanic emanations. Until recently, the activities of
these species have not been quantified in magmas respon-
sible for major silicic volcanism or plutonism, although
the high SO, activities implied by certain assemblages
were noted by several authors (Popp et al., 1977; Tsu et
al., 1979). The recognition of pyrrhotite as inclusions in
phenocrysts of ash-flow tuffs (Hildreth, 1977; Drexler,
1982; Whitney and Stormer, 1983) allows the activities of
these species to be calculated for some occurrences and
gives us insight into the importance of sulfur in calc-
alkaline silicic magmas prior to near-surface degassing.

When the composition of the pyrrhotite can be careful-
ly determined, the sulfur fugacity can be calculated
(Toulmin and Barton, 1964). This value, combined with
the fugacity of oxygen and water, and temperature deter-
mined from other mineral relationships, allows the fugaci-
ties of SO,, SO, and H,S to be calculated. Unfortunate-
ly, the composition of the pyrrhotite is difficult to
determine with sufficient accuracy (+0.1 mole% FeS)
because of the small size of the inclusions, spontaneous
exsolution on quenching, and the effects of oxidation
during cooling and devitrification. Therefore, the direct
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determination of sulfur fugacity can only be done on the
freshest, least oxidized samples with large inclusions.
The position of the pyrrhotite-magnetite boundary
within the system Fe-0,-S,-SiO, gives an alternative
method of calculating the sulfur fugacity if the tempera-
ture and oxygen fugacity are known, as is the case when
co-existing iron-titanium oxides are present (Buddington
and Lindsley, 1964; Spencer and Lindsley, 1981). This
paper develops diagrams from which the fugacity of
sulfurous species may be determined assuming primary
pyrrhotite inclusions are present, an iron silicate of
known thermodynamic character is present, and the
temperature and oxygen fugacity are known.

Pyrrhotite occurrence

Pyrrhotite in silicic volcanics is found as round inclu-
sions within phenocryst phases (Hildreth, 1977; Drexler,
1982; Whitney and Stormer, 1983). It has been observed
as inclusions within magnetite, mafic silicates, sphene,
and plagioclase. It rarely forms euhedral crystals, with
the dominant morphology being rounded blebs. To date,
it has not been observed or reported within glass. Figure 1
shows typical pyrrhotite inclusions in magnetite. Because
the round blebs are found in iron-free plagioclase as well
as mafic minerals, the shape is an original morphology
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Fig. 1. Typical pyrrhotite inclusions within magnetite from
the Fish Canyon Tuff, Central San Juan volcanic field, Southern
Colorado (Whitney and Stormer, 1983).

rather than the result of reaction with the host. This shape
may be caused by resorption by the melt before inclusion,
or it may be an original growth morphology or pseudo-
morphs after blebs of an immiscible liquid (Whitney and
Stormer, 1983).

The best preserved crystals are found in vitric volcanic
rocks. During cooling and devitrification the pyrrhotite
oxidizes to pyrite and magnetite by reaction with the
atmosphere. An idealized end-member reaction is:

6 FeS + 2 02 =3 FCS2 =P FC304. (1)

Such oxidation can cause an excess of sulfur in the
remaining sulfide and destroy the original composition.
Sulfur rich pyrrhotites with less than 0.47 iron atoms per
formula cannot even be quenched in the laboratory, but
spontaneously exsolve to a mixture of lower temperature
pyrrhotite and pyrite (Corlett, 1968; Barton, 1969; Craig
and Scott, 1974). Therefore, what probably exists in most
cases is a fine-grained intergrowth of two phases. Within
magnetite, reaction with the host occurs quickly as mag-
netite begins to re-equilibrate with the exsolution of
ulvospinel or ilmenite accompanying oxidation. Pyrrho-
tite enclosed within silicate minerals survives longer and
can give reliable results in devitrified samples, but great
care must be used to assure that the composition ana-
lyzed is representative of the original. In many samples,
reliable compositions cannot be obtained.

The small size of the inclusions (often less than 10 wm)
makes microprobe analysis difficult, especially when they
are in iron-bearing phases. Often, only the largest inclu-
sions can be analyzed.

Assuming accurate analyses can be obtained, the sulfur
fugacity can be calculated from the composition of the
pyrrhotite (Toulmin and Barton, 1964). The results of
these calculations are sensitive to the ratio of iron to
sulfur, and thus the analytical uncertainty in microprobe
analyses (approximately =2%) causes more than an order
of magnitude error in sulfur fugacity. This uncertainty

leads to larger errors in SO,, and significant uncertainty
in st

Due to all these problems, it is desirable to develop an
alternative method for use when the original pyrrhotite
composition is altered or accurate analyses are not possi-
ble. The position of the magnetite-pyrrhotite boundary
within the system Fe-0»-S,-Si0, provides such a meth-
od. In volcanic rocks, the temperature and oxygen fugac-
ity are often known as well as any intensive magmatic
variables due to the occurrence of coexisting magnetite
and ilmenite solid solutions (Buddington and Lindsley,
1969; Spencer and Lindsley, 1981). These variables,
combined with the position of the pyrrhotite-magnetite
boundary in the simple system, can be used to estimate
the fugacity of various sulfurous species without relying
on the pyrrhotite analyses. Such a method also allows a
check on the results of pyrrhotite analyses.

Phase diagrams for the system Fe-0,~-S,-SiO,

The most useful diagram for the present purpose is that
in which the fugacities of O, and S, are used as coordi-
nates. The details of constructing such diagrams have
been discussed by many authors (e.g., Garrels and
Christ, 1965; Holland, 1959, 1965). Sources of thermody-
namic data are summarized in Table 1. Isothermal dia-
grams for various temperatures are shown in Figure 2.

The calculation of the pyrrhotite—-magnetite curve is of
special importance for current application. Because pyr-
rhotite varies in composition with changing sulfur fugac-
ity (Toulmin and Barton, 1964), this boundary is slightly
concave to the lower left. It originates at a triple point
(magnetite-triolite-iron), which is metastable above
570°C due to the stability of wiistite and metastable at all
temperatures in the presence of quartz. For our purposes,
however, this triple point may be used as the origin of the
curve throughout the temperature range examined be-
cause the thermodynamic properties of all three phases
are well known. The pyrrhotite-magnetite boundary may
be constructed graphically by determining the slope of the
line for the composition of pyrrhotite stable at a certain

Table 1. Sources of thermodynamic data

Equilibria Source of data

Barton and Skinner, 1979
Barton and Skinner, 1979
Barton and Skinner, 1979
Barton and Skinner, 1979
Barton and Skinner, 1979
Barton and Skinner, 1979

2 Fe + Sy = 2 FeS
3/2 Fe + 0, = 1/2 Fe-0y,

4 Fogy, + 05 = 6 Fe,04

5,=2 s(L)

3 Feaou + 5, = F‘eS2 + 4 l“ezo3

2/5 Fe0, + 8, = FeSy + 2/5 FeS0,

1-2x
S+ 5= 8, = (1-x) FeS,

Fel—x > Toulmin and Barton, 1964
1/2 8, + 0, = 80, Roble et al., 1979
1/2 S, + Hy = K8 Roble et al., 1979
H, + 1/2 0, = H0 Robie et al., 1979
2 Fe,0), + 3 510 Robie et al., 1979

, = 3 Fe 510, + 0,
1/2 5, + 3/20, = S0, Roble et al., 1979
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Fig. 2. Isothermal, quartz saturated, log fo, vs. log f5;
diagrams for the system Fe—0,-S,-Si0,. Calculated as described
in the text and Appendix from sources listed in Table 1. The
sulfide saturation surface is shown in gray. S(L) = sulfur liquid,
Po,, = pyrrhotite solid solution, Fay = fayalite, Mag =
magnetite, Hem = hematite, Py = pyrite.

sulfur fugacity, drawing a short section of the curve as a
straight line, changing the composition of the pyrrhotite,
and repeating the process. Alternatively, the curve may
be calculated using equation (8) of Toulmin and Barton
(1964) and the coordinates of the triple point (see Appen-
dix). Both methods were used and gave satisfactory
results.

These diagrams may be further contoured for fugacity
of SO, and H,S (Fig. 3). To determine H,S some measure
of hydrogen fugacity must be made. It is convenient to
estimate the fugacity of H,O and use its dissociation
constant to give fH, as a function of fo, and 7. As a
consequence, the H,S isopleths vary with water fugacity.
The intersections of the contour lines with the sulfide
boundary on these diagrams may be transferred to an fo,
and T diagram to represent the values along the sulfide
saturation surface.

Figure 4 summarizes the various reactions encountered
in the Fe-0,-S,-Si0; system projected onto a log fo—T

7

diagram. Also shown are the approximate fo,~T condi-
tions for various pyrrhotite-bearing volcanic rocks. Most
of these magmas are moderately oxidizing, with the
exception of the Bishop Tuff. All fall within the calculated
stability field of pyrrhotite, which is consistent with the
observed paragenesis. Several occurrences show a more
reducing trend at lower temperatures than would be
expected from simple movement along magmatic buffer
curves that are controlled by fixed ferric/ferrous ratios in
the melt (Sack er al., 1980). Carbon species oxidation—
reduction lie at far more reducing conditions than these
rocks indicate, and thus methane, graphite, or carbon
monoxide play trivial roles in these silicate melts.
Figure 5 shows the fugacity of sulfur contoured on the
same log fo,—T diagram. The f5; isopleths are flatter than
the simple buffer curves of Figure 4, and are probably
flatter than the more complex buffers that control silicate
magma crystallization. Therefore, lowering temperatures
lead to lowering sulfur fugacities. The approximate range

Fig. 3. Isothermal log fo, versus log f5, diagrams contoured
for log f50, and log fH,s. Stability fields are the same as in Fig. 2,
with contours calculated using data from Robie et al. (1979).
Fugacity of H,O is 2000 bars.
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Fig. 4. Log fo,~T diagram for the sulfide-saturated equilibria.
Reactions involving FeSO, are only approximately known and
are labeled as follows: A. FeSO,+ S(L) = pyrite; B. FeSO, =
magnetite + pyrite; C. FeSO, = magnetite + S(L). Conditions
for various pyrrhotite-bearing volcanic rocks are shown. B =
Bishop Tuff, Hildreth (1977, 1979); FC = Fish Canyon Tuff,
Whitney and Stormer (1983); J = Julcani vitrophyres, Drexler
(1982); SH = St. Helens ash, Melson and Hopson (1981). All of
the above were recalculated from coexisting iron-titanium
oxides using the equations of Spencer and Lindsley (1981) and
Stormer (1983). Also shown is the approximate conditions of the
El Chichén ash. Although ilmenite is absent, the presence of
sphene in place of ilmenite restricts the possible oxygen fugacity.

Phenocryst assemblage and approximate conditions taken from
Lubhr et al. (1982).

of values is 10 to 1072 bars at 950°C down to 107! to 10~
bars at 700°C.

Figure 6 shows a similar projection of SO, contours. In
this case, the curves are even more closely spaced so that
a small decrease in oxygen fugacity makes a drastic
decrease in f50,. A change of 0.5 log fo, changes log f50,
by 1.0 at constant log f5,. The fugacity of SO, tends to
decrease with decreasing temperature along standard
magmatic buffer curves, with an average range of values
decreasing from 10° to 10~ at 950°C to 10 to 1072 at
700°C.

The fugacity of H,S (Fig. 7) is much less variable,
always between 10 and 100 bars, and is dependent on
water fugacity. The diagram shown here is for 2000 bars
JH0. Values may be corrected to other water fugacities
by adding the term log (fi1;0/2000) to the raw values. The
JH,s again tends to decrease with decreasing temperature
along magmatic buffer curves, but the change is much
smaller in magnitude.

Sulfide Saturation
Surface

—s0 50
T(°C)

Fig. 5. Log fo, vs. T diagram portraying contours of constant
log f5, on the sulfide saturation surface. Reaction lines are the
same as in Fig. 4.

Perturbations caused by pressure and solid solution

Pressure correction

The pyrrhotite-magnetite curve is shifted slightly by
changes in confining pressure. This effect is a result of
two factors: the change in the origin of the curve con-

Sulfide Soturation
Surface

800 500
T(°C)

Fig. 6. Log fo, vs. T diagram portraying contours of constant
log f50, on the sulfide saturation surface. Reaction lines are the
same as in Fig. 4.
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Fig. 7. Log fo, vs. T diagram portraying contours of constant
log fi1,s on the sulfide saturation surface for a water fugacity of
2000 bars. To convert to other water fugacities add the term log
JH,8/200. Reaction lines are the same as in Fig. 4.

trolled by the magnetite—iron and troilite—iron equilibria,
and the change in pyrrhotite composition for a specific
sulfur fugacity resulting in a change in the slope of the
curve. The first effect is by far the most significant, and is
the only one causing significant perturbations at crustal
pressures (see Appendix for detailed derivation of the
curve).

The equilibria controlling the starting point of the curve
can be corrected for confining pressure by adding a PAV
term to the Gibbs free energy of the reaction. These terms
for both equilibria are listed in Table A-2 (Appendix) as a
function of temperature. The shift in the boundary itself
in terms of the change in log f5; per kilobar at constant log
Jo, is tabulated in the fourth column of Table A-2 (see
appendix for derivation and tabulation). This value will be
represented in subsequent equations as the parameter
(A).

To correct the values of log f5, obtained from Figure 5
for pressure, a term must be added that has approximate-
ly the magnitude A - P where P is confining pressure in
kilobars. Both log 50, and log fH,s must be corrected by
adding a term A/2 - P (see Appendix for derivation).

Solid solution in magnetite and pyrrhotite

Solid solution in magnetite, dominantly in the form of
ulvospinel, shifts the magnetite—pyrrhotite boundary to
higher sulfur fugacities by decreasing the activity of
magnetite. Similarly, solid solution of other cations for
iron in pyrrhotite shifts the boundary to slightly lower

sulfur fugacities (less than 0.05 log f5; for natural pyrrho-
tites). These changes can also be modelled by considering
the effects of such solid solutions on the magnetite—iron
and troilite~iron starting point for the curve (see Appen-
dix). If these shifts in the curve are given as changes in log
/5 for a fixed log fo,, they take on the following values
(see Appendix for derivation).

2
A(IOg fSZ)Solid Solution = 2 IOg Qpo — '3—108 Amag (2)

To a good first approximation, the an,,; may be replaced
by the mole fraction of magnetite in the magnetite solid
solution calculated by an appropriate method (see for
example Stormer, 1983). The deficiency of iron in the
pyrrhotite is already accounted for in the algebraic
expression for the curve (see Appendix). Therefore, the
only parameter affecting the activity of pyrrhotite is the
substitution for iron. In addition, the ap, may be replaced
by the number of moles of iron divided by the total
number of cations. The resulting correction takes the
form:

2
A(log f52)solia Solution = 2 log X2 — o log XF%, 3)

where

XEO E= _NL (4)
® N Cations
The corrections for both log f50, and log fH,s are 1/2 the
value for log fs, (see Appendix for detailed derivation).

Procedure for calculating fugacities

In order to obtain the most accurate estimates of
fugacity for S,, SO,, and H,S from the figures described
in the previous section, the following procedure should be
followed:

1. Carefully examine polished sections to insure that
pyrrhotite appears to be a primary phase in equilibrium
with the phenocryst assemblage.

2. Determine the composition of coexisting magnetite
and ilmenite solid solutions using standard microprobe
techniques or other analytical methods.

3. Calculate the temperature and oxygen fugacity of
equilibrium using the most recent solution model for
magnetite-ilmenite solid solutions and an appropriate
method for calculating mole fractions (currently Spencer
and Lindsley, 1981 and Stormer, 1983 are recommended).

4. Plot the coordinates derived on Figures 5, 6, and 7 to
obtain raw values of log f3,, log f50,, and log fi1,s. These
values will be referred to as (log f8,)’, (log f50,)’, and (log
JHS)'.

5. If possible, estimate the probable water fugacity and
total confining pressure on the magma during phenocryst
equilibration. In many cases only crude approximations
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are available, but because the perturbations are small the
results are still satisfactory.

6. If possible, determine the approximate composition
of the pyrrhotite to check for the presence of significant
copper or nickel substituting for iron.

7. Correct the raw values according to the following
equation:

log fs; = (log f%;)' + A - P(kbar)
2
Y log X¥efo;r 2 log XE2 (5)
A
log f50, = (log f50,)’ + ? - P(kbar)

1
"3 log XFef;t log XE2 (6)

fibo A
+ — - P(kbar)
2000 2

log fH,s = (log fi,s)' + log

1
T3 log X'Fefo;t log XR2. (7)

The values of A for these equations should be selected for
the appropriate temperature from Table A-2. Other pa-
rameters are as defined in previous sections.

Calculations for specific occurrences

Table 2 summarizes the results for a number of silicic
rocks for which pyrrhotite was reported as a primary
phase. Values in parenthesis were calculated from the
pyrrhotite analyses and are approximate values due to the
uncertainties previously described. In each case, these
values vary by an order of magnitude depending on the
actual analysis used. The correlation between the two
methods is therefore good within the uncertainty inherent
in both methods. The corrections for pressure, solid
solution, and water fugacity are small, generally less than
0.2 log units. Therefore, even in cases where these

variables are poorly known, the raw values for fugacities
are still useful estimates.

The uncertainties in both methods are significant and
should be considered in comparing data from different
sources. When calculating the sulfur fugacity directly
from the pyrrhotite composition, it must be assumed that
the analysis represents the original bulk composition and
no exsolution or oxidation has changed the bulk composi-
tion significantly. Such occurrences are rare, but assum-
ing this is the case the normal uncertainty in microprobe
analyses is still +2% of the amount present. This error in
pyrrhotite composition translates into approximately a
+1.5 uncertainty in log f5, at moderately high oxygen
fugacity. The calculation of log f50, and log fii,s are less
certain because the values of fo, and fH,0 must be
estimated from other mineralogical relationships.

Using the method described in this paper there are two
important sources of error. The most important is the
uncertainty in oxygen fugacity and temperature inherent
in the magnetite—ilmenite geothermometer. According to
Spencer and Lindsley (1981) this error is 40 to 80° and 0.5
to 1.0 log fo,. These, however, are not independent as
analytic errors cause movement of both variables. Their
estimated uncertainty, when plotted on Figure 5, yields
an uncertainty of less than +1.0 in log f5,. A second
source of error is in the position of the pyrrhotite~
magnetite curve. During the course of this study, various
thermodynamic parameters were used to calculate the
curve. In no case was the discrepancy more than +0.2 in
log f5,. The combined uncertainty using the magnetite—
pyrrhotite boundary therefore appears to be equal to, or
less than, the analytic uncertainty inherent in the analysis
of pyrrhotite. More importantly, the current method is
applicable to cases where the pyrrhotite has exsolved or
oxidized, and may be applied in any case where primary
pyrrhotite is present and fo, and temperature can be
estimated.

Using the diagrams of this study, maximum limits can
even be placed on the fugacity of these sulfurous gases in

Table 2. Fugacity of sulfurous species in parent magmas for some pyrrhotite-bearing silicic volcanic rocks.

Log E Log fSOg Log szs

T(C)  Log f02 Uncorr. Corr. Uncorr. Corr. Uncorr. Corr. st f302 fHZS
Bishop ?70 144 -2.9 2.7 -1.,6 -1.5 +1.47  +1.62 0.002 0.03 36
(0.005) (0.10) (40)
Fish Canyon 800 -11.6 -0.2 +0.2 +2.,1 +2.2 +1.69 +1.88 1.6 160 76
(2.0) (150) (80)
Julcani 880 - 9.8 +0.8  +0.9 +3.2  +3.2 +1.78  +1.73 8 1600 54
(5) (350) (35)
St. Helens 950 -10.2 -0.6 -0.4 +1.2 +1.3 +1.71  +1.52 0.4 20 33
E1l Chichén 850 -11.0 -0.2 0.0 +2.0 +2.1 +1.71  +1.67 1.0 125 47
Note: All fugacities are in bars. Numbers in parentheses are average values calculated from chemical analyses of

pyrrhotite. All other estimates determined as described in this paper. Data recalculated from the following

sourcesi
Melson and Hopson (1981); El Chichdn, Luhr et al.

estimated in different ways by varlous authors.
the phenocryst assemblage.

(1982).

Bishop, Hildreth (1977); Fish Canyon, Whitney and Stormer (1983); Julcani, Drexler (1982); St. Helens,
al A1l temperatures and lo
the original data using the expression of Spencer and Lindsley (1981) and Stormer (1982).
El Chichén data is only approximate due to the lack of ilmenite in

f0, values recalculated from
Fugacity of water




WHITNEY: SULFUROUS GASES IN PYRRHOTITE SILICIC MAGMAS 75

volcanic rocks that do not have primary pyrrhotite. The
absence means their fugacity falls below the boundary. It
therefore appears that the current method is at least as
accurate as calculations based on microprobe analyses of
pyrrhotite, and is much more widely applicable.

Role of sulfurous gases in silicic magmas

Examination of Figures 5, 6, and 7 demonstrates that
SO, and H,S are the dominant sulfurous species in gases
equilibrated with pyrrhotite-bearing magmas. Calcula-
tions of SO; fugacity show it to be from 2 to 10 orders of
magnitude less than SO,, so that it is never a dominant
species. The values obtained for SO, may be quite high
for oxidizing magmas, and in some cases it may be a
dominant component of the gaseous phase. Hydrogen
sulfide is far less variable, generally being in the tens of
bars. It is significant for all conditions of fo, and 7.

Under closed system conditions, the fugacities of all
sulfur species decrease with decreasing temperature
along normal magmatic buffer curves through the precipi-
tation of pyrrhotite. This pattern permits pyrrhotite to
remain stable; however, separation of the volatile phase
severely alters this process.

As a silicic magma rises toward the surface, early
volatile phases will have approximately the fugacities
calculated for the parent magma. The magma, however,
probably has a rather low abundance of sulfur dissolved
in the melt (Burnham, 1979). Therefore as early volatile
phases separate, the melt is rapidly depleted in sulfur.
Under oxidizing conditions, the amount of SO, in early
volatile emanations may be rather large, but very little of
this component can be derived from a sulfur-poor melt.
Any sulfide in contact with the melt would probably react
to release sulfur. This process may explain why pyrrho-
tite is not reported in the glass of silicic volcanic rocks,
but is only included in other phases. Certainly, the
majority of the sulfur dissolved in the melt would be
released during degassing accompanying eruption, so that
whole-rock sulfur values of tuffs are much lower than the
values in the parent magma.

Although there is no direct evidence as to the sulfur
species present in the melt, Burnham (1979) has hypothe-
sized that the dominant one is HS™ based on H,O and
CO, as analogs for H,S and SO, respectively. This as-
sumption awaits experimental confirmation, but if it is
true, separation of an SO,-rich gas phase would take
oxygen from the melt to form SO,, causing a reduction in
fo; even at constant temperature. This phenomenon may
explain why analyses from Julcani and the Fish Canyon
Tuff (Fig. 4) show a trend to lower oxygen fugacities at
low temperatures greater than would be expected for
common magmatic buffer curves.

Early-formed magmatic volatiles rich in SO, may be
important sources of sulfur for metallic ore deposits.
These volatile phases would also preferentially concen-
trate chlorine from the magma, which would help trans-

port metallic elements in solution. Oxidizing magmatic
conditions evidenced by the early formation of sphene
would be beneficial to the formation of such solutions.

One important question is the source of sulfur for these
silicic magmas. In the exceptional case of El Chichén, the
high SO, content may have been derived by assimilation
of sulphates from evaporites in the upper crust (Luhr et
al., 1982). In other cases, sulfides deposited in volcanic
crust by hydrothermal circulation at ocean ridges may be
an important source of sulfur. If the examples studied so
far are typical, then many calc-alklaine magmas were
saturated with pyrrhotite at an early stage and must have
had a sulfide-rich protolith. Altered oceanic crust also
helps explain the oxidized conditions of these magmas, as
oxidation accompanies both the reduction of sulphate in
sea water in hydrothermal systems, and the conversion of
pyrite to pyrrhotite during metamorphism (Whitney and
Stormer, 1983).

Conclusions

The fugacity of sulfurous gases in pyrrhotite-bearing
magmas can be estimated from temperature and oxygen
fugacity with an accuracy equal to, or better-than, calcu-
lations based on analyses of the pyrrhotite composition.
In addition, the method outlined herein is not affected by
the small size of the pyrrhotite or exsolution and oxida-
tion accompanying eruption and deposition.

The sulfur fugacity in pyrrhotite-bearing magmas is
between 10 and 10~ bars and decreases with temperature
and oxygen fugacity. The fugacity of sulfur dioxide is
between 10° and 1073 bars, also decreasing with tempera-
ture and oxygen fugacity. Hydrogen sulfide fugacity is
less variable, between 10 and 100 bars, but is dependent
on water fugacity,

The initial volatile phase evolved at high temperatures
from oxidized magmas is rich in SQ,. Separation of the
volatile phase rapidly depletes the melt of sulfur, greatly
lowering the whole-rock sulfur content and may reduce
the oxygen fugacity in the melt below that expected for
buffer curves controlled by constant ferric—ferrous iron
ratios.

All volcanic materials should be carefully studied to
identify the occurrence of pyrrhotite as it appears to be
rather common in a number of calc-alkaline silicic rocks.
Its occurrence has important consequences for the origin
and evolution of such magmas.
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Appendix: Thermodynamlc Determinatlon of the
Pyrrhotite-Magnetite Boundary

The position of the magnetite-pyrrhotite boundary within the
system Fe—Sz-OZ may be determined algebralcally assuming that one
point on the curve is known, and that the composition of the pyrrho-
tite is known relative to the sulfur fugacity.

The reaction of the curve may be written in the form
(8) 3Fe S+ 2x0,=x Fe0, + 3/2 s,

where x is the mole fraction of FeS in a formula unit of pyrrhotite
within the system Fe-S. The slope of the magnetite-pyrrhotite
boundary on the log fsz-log f02 dlagram can be derived from the

equilibrium constant equation:

(9) 1og K = 3/2 lcg fg, + x log Bnag ~ 2x log fo, - 3 log &0 ¢

(10) 2x log fp, = - log K + 3/2 log 5, »
assuming that the activity of magnetite and pyrrhotite are unity in
Differentiating ylelds the slope of the

the formulas as wrltten.

curvel

d(1og f0,)

(11a) TR AR 2. or (11b) .a(log fo,) = 72 Allog £5,)
2

Integrating (11b) from some starting point (o) to some end point (n)

wlll determine the change in log foz along the curve:

(Log fo,), (1og T5,),
(12) 5 da(log f5,) = S ﬁ d(log fg,)
(108 fo,), (log £5,),
(1og £s,),
(13)  (Log f02)1'1 - (108 foz)o = 5 Ig d(log fsz)
(1og fs,)

Since the log f52 1s known as a function of mole fraction of pyrrho-
tite (N in equation 8 of Toulmin and Barton, 1964), the chain rule
may be used to change the variable of integration:

d(1og £s,)
(1) dlog fs,) = —gr—= &
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Nn is 1.0 and we get the following resulti:
(1) (log fog), - (108 fog), = | 2 22
log fo - (log fp = —y— dv . 1000
2’n 2’0 : x  av (22) (rog £5,), - (log Tg,), = -637(5= - 1)(2In N - N+ 1)
o
-1
The log fg, 1s glven by Toulmin and Barton (1964, equation 8) asi + 29.42 [ 2 Tanh™ V1505581 ¥
1- 0.9981 N “]
- - 0.04
(16) 1og fg, = (70.03 - 85.83 N)(X%0 - 1) + 39.3yT-0.9981 ¥ - 11.91, 0.9981 %, or
1000
where T is in %K and N is the mole fraction of FeS in pyrrhotite (23) (Log fOz)n = -6k.37%( T DE NN+ 1)
wlthin the system FeS-S;. However, since Toulmin and Barton defined + 29,42 [2 Tanh'1V1_—O.99 TH - yl-g.gggi N _ 0-043,’]
N within the system FeS-Sp, rather than FeS-S as done in equation (8), ( )
+ (log fp .
the x in equation (15) must also be replaced by its equivalent in 2o
terms of N. This equallty takes the form The oxygen fugacity of the starting point is controlled by the
reaction
x A
(172) N =y s (170)  x=37F . (24)  3/2 Fe+ 0, = 1/2 Fe0,
Differentlating equation (16) and substituting the results along with with the oxygen fugacity given by
AG
(17b) into (15), we get the followingi (25) 1log fo, = 2.903 7 ¢ AG = -131,699 + 36.93 T(°K)

(18) a(log fSZ) 555, {5% for AG in calories (Barton and Skinner, 1979). Substituting AG into
—a L = e - 1) -

VIo.998T N (25) we got
N (26) (108 f,), = ‘@'-%124 8.069
2-N 1000 19,613
1 log i - (log £ = ST [-8 B3 - 1) - dN
(19 ( o8 02)" (208 02)0 SNog g N ) 5-83( T ) ¥1-0.9981 ]J Substituting this result into (23), we get
(27) 1og f0, = -64.37(320 _ 1)(2 1n N - N + 1) + 29.42(2 Tann™ }VT-0.5981 W
N H N
n n n
(20) =-6.378% - I\ Zav -\ av| - || —2_—— a L0998 Ny 4,78y - 284777
X X V-0, 990% W "
2 # Na Combining the i/T terms to simplify the expression, we obtain the
)
® 1 following equation for oxygen fugacity as a function of N along the
- ———
Y1-0.9%81 N curve:
N
o
1000
. (28) 1og o, = [-28.777 - &4.37(2 1n W - N + 1)}(F= - 1)
1000 & -1
21) = -6h. —-1[21 N—N] - 14,71 -4 T 0. _ V10 9981 &
(21) 37(5F )] 21n ) 7 [ anh™* {1-0.9981 N svognlialz azEp V0 BT i e AL 8'922921 ) _ 21,99 .
o .
N
n
_ (2 V1-0.5981 NJ 0 Equations (16) and (28) then specify both sulfur and oxygen fugaclty
-0.9981
o as functions of N, Substituting values of N allows points along the
If we use the magnetite-trollite-iron triple point as a starting point ourve to be caloulated. By choosing sufficlent numbers of N values,
for integration, since this point is well determined thermodynamicaily the curve may be determined to any required precision. Table A-1
and the composition of the pyrrhotite is stolchiometric, then N, 1ists examples of velues osloulated using equations (16) and (28).
Table A-1. Fugacity of oxygen and sulfur along the pyrrhotite-magnetite boundary.
NFeE in Pyrrhotite
1.00 0.99 0.98 0.97 0,96 0.95 0. 9% 0.93 0.52 0.91 0.90
600C
Log f02 -24,89 -22.85 -21.58 -20.53 -19,61 -18.75 -17.97 -17.21 -16.48 -15,78 -15.09
Log fsz -13.11 - 9.8 - 8.14 - 6.82 -~ 5.67 - .64 - 3.69 - 2.8 - 1.97 - 1.18 - 0.42
700°C
.Log f02 -21.50 -19.54 -18.3% -17.37 -16.53 -15.77 -15.06 -14.39 -13.75 -13.14 -12.55
Log fS2 -10.64 - 8.04 - 6.49 - 5.26 - 4,21 - 3.28 - 2.4 - 1.65 - 0.92 - 0.23 + 0.42
800°C
Log f02 -18.75 -16.85 -15,71 -14,81 -14.04 -13.33 -12.70 -12.10 -11.53 -11.00 ~10.50
Log ng - 9.13 - 6.61 - 5.4 - 4,00 - 3.03 - 2.18 - 142 -0.71 - 0,06 + 0.54 + 1,12
9000C
Log f02 -16.46 ~-14,61 ~13.53 -12,68 -11,96 ~-11.32 -10.74 -10.20 - 9.69 - 9.21 - 8,75
Log fs2 - 7.89 - 5.42 - 4,02 - 2.95 - 2.05 - 1.27 - 0.57 + 0.06 + 0.65 + 1,18 + 1.69

Note: Many of the above points are metastable due to the stability of other compounds such as wustite, fayalite,
pyrite, or sulfur liquid.
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Ereapuze Oorreotion

The effect of pressure oa the pyrrhotite-magnetite boundary may
best be estimated by oaloulating the shift of the triple point, iron-
magnetite-trollite, from which the ouzve originates. The effects of
Pressure on the slops of the ourve are dependent on the change in
compoasition of the pyrrhotite ;‘oz a glven sulfur fugmcity. This
variation 1s not known, but would cause a change in the boundary which
is an order of magnitude less than thet caused by the shift in the
origin and can therefore be ignored.

The sulfur fugacity of the triple point 1s defined by the
reaction

(29) 2Fe+ S, =2 Fes

2
(30) (10g £5,), = - log k = 2%(;333_1?1‘

where AG is defined at 1 bar pressure. To model a change in pressure,

a PAV tem may be added to the AG of the reaction,

P__AG avy(p-1)
Gl Qo fs5,), = 3505/ * 2503 °F

where 4V, is the change in volume of the solids in reaction (29).

The ehift in sulfur fugacity is therefore equation (31) minus (30)1

AVy(P-1)  AV,P
(32)  Alleg f82)§ ~ TS Zﬁ

where the last approximation is appropriate for large P (100 bars or so).
The oxygen fugaoity of the triple point is also offset, which

will give an apparent ohange in sulfur fugecity for a specific oxygen

value. Thls shift takes the form

(33)  3/2Fe+ 0y = 1/2 Feg0,

() (108 Zgp)y = - log K = mf‘TGmr

AVy(P-1) AV
(35)  Allos foz)z - ﬁ-ﬁf— s ET:;PRT .

For our purposes, it is useful to represent both changes as s shift
in log fg, at a fixed log fo,. The shift in (log £02)° must there-
fore be offset by a change of log fSZ along the curve, which near the
starting point wlll be that for stoichiometric FeS:

d(log fsz) P
(36) A(1og fg,) + W‘A(LOG foz)o =0
(37) AQog t5,) = - 4/3 4108 £,)7 .

Adding the effects of equations (32) and (37) we obtain the followlng:

(38) A(10g £5,)5.,,1 = Allog £s,)% - 4/3 80108 55,07

AViP AV2P

7505 - Y3735 -

P
(39) &og £5,)4 400 =
Since the compressibilities and thermel expanslons are minor

correction for solids at crustal pressures, they may be 1gnored and
the volumes at 1 bar and 25 °C substituted without significant
error (Barton, 1970). The values of both terms, and the resulting
A(lcg fsz)zota.'l. calculated in this way are tabulated in Table A-2
as a functlon of temperature for a 1000 bar change in pressure. In
the equations of this paper, the A(10g fg,) . . per kilobar will be
given the symbol (A).

Table A-2. Pressure effect on the pyrrhotite-magnetite

boundary

4V4x1000 4 V5x1000 4 (log fsz)total

(%) 2.303 RT 2.303 RT per kilobar (A)
600 0.133 0.070 0.040
700 0.119 0.062 0.036
800 0.108 0.057 0.032
900 0.099 0.052 0.030
1000 0.091 0.047 0.028

Note: Volume data from Robie et al. (1979).

Effect of Selld Solutions in Pyrrhotite and Magnetite

The effect of solid solution of other catlons in place of iron
in pyrrhotite and magnetite can also be modelled by considering the
offset of the origin of the curve, namely the iron-magnetite-troilite
triple point. In the case of pyrrhotite, the effects of ilron defi-
ciencies are already considered in the integration, so the dominant
effect to evaluate is the substitution of iron. The effect of
pyrrhotite solld solution on sulfur fugacity thus becomess
#0) (1og fsz)o = - log K+ 2 10g ap.g
(1) Alog f5,), = 2 log agyg -

To a good approximation, the apeg M2Y be replaced by the mole fraction
of iron in the iron site

K
Fe PO
(82) e o
Fes Nca.tions Fe

Therefore the effect of substitutlon for iron on sulfur fugacity is

(3)  AQleg £5,), = 2 1og x};g )

and those for 802 and H,S become

2
- - po
(44)  A(log fSOZ) = Alog szs) = log Xgo .

Solid solution in magnetite will cause a change in the oxygen
fugacity of the triple point, and thus the magnetlte-pyrrhotite curve.
From equations (33) and (34), this relationship becomes
(85}  (log f()z)o = - log K + 17/2 log a'FeBOLL

_ - mag
(v6)  Allog £o,), = 1/2 log ap, o = 1/2 log pa %

34 4
where Xpo8  1s the mole fraction of Fe.0, in magnetite as defined by
Fejob 34

an appropriate solution model, for example Stormer (1983). For our
purposes, 1t is convenient to represent this shift in oxygen fugacity
as 1is equlvalent offset of sulfur fugacity along the magnetite-

pyrrhotite boundary, as was done in the pressure correction (36 and 37).
7 d(log fsz)
(&7)  Allog fs,) + 3 Tt %, +4(log fo,) = 0

(48)  Allog fs,)- -4/3 Allog fo,) = -2/3 log "335% .

The equivalent shifts in log fSOZ and log szs are

= = - mag
(49)  A(log fg0,) = Allog fy,s) = -1/3 1og X oy
In an analogous manner, the change in posltion of the fayalite -
pyrrhotite curve can be calculated for use in compositions which
contain fayalite rather than magnetite. Amalogous curves can also
be calculated for other iron-silicate-pyrrhotite assemblages as long

as all phases can be characterized themmodynamically.



