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Calculation of metamorphic pressure using the sphalerite—pyrrhotite—pyrite equilibrium
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Abstract

The activity coeflicients of FeS and ZnS in sphalerite in the temperature range 580 to 850°C
can be expressed in terms of a two-constant Margules solution model. The standard state of
FeS in sphalerite is chosen as pure FeS with the sphalerite structure, rather than FeS with the
structure of pyrrhotite. The fit parameters of an ordinary least-squares regression indicate that
the activity of FeS and ZnS in sphalerite can be adequately represented by a solution model in
which the activity is independent of temperature. The excess partial molar free energy at
infinite dilution is given by:

= ex
G

G = 0642 T

G = 1158 T

The solution model can be extrapolated to lower temperatures and will accurately predict
the composition of sphalerite in sphalerite-pyrrhotite experiments. If afgs is allowed to be
constant below 525°C the matrix compositions of sphalerite from published sphalerite-
pyrrhotite-pyrite experiments can be reproduced. If a3 is allowed to vary with temperature
below 525°C the solution model predicts sphalerite compositions between the composition of
the matrix and iron-rich patches in published experiments.

The P-T-X relations of sphalerite-pyrrhotite-pyrite assemblages can be calculated using
published data for the pyrite-pyrrhotite equilibrium and molar volumes and activities from
the sphalerite solution model. Calculated isobars are in agreement with published experiments
at elevated pressures.

Application of the calculated isobars to sphalerite compositions from the Stall Lake Mine,

near Snow Lake, Manitoba, indicates the total pressure of metamorphism was 7 & 1.0 kbar.

Introduction

Kullerud (1953) recognized the potential of the
FeS content of sphalerite as an indicator of the condi-
tions of sulfide deposition. Barton and Toulmin
(1966), Boorman (1967), Scott and Barnes (1971),
and Scott (1973) have investigated the equilibrium
among pyrite, hexagonal pyrrhotite, and sphalerite at
various temperatures and pressures. Einaudi (1968)
calculated the sphalerite-pyrrhotite—pyrite solvus at
one bar from the data of Barton and Toulmin (1966).
Scott (1973) has proposed that in the range from 300
to 600°C and pressures up to 5 kbar, the mole frac-
tion of FeS in sphalerite is independent of temper-
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ature. Scott’s geobarometer has seen widespread use
as an indicator of the total pressure of metamorphism
of sulfide orebodies (Bristol, 1974; Lusk et al., 1975;
Scott, 1976).

In this study the data of Barton and Toulmin
(1966, Table 3) have been used to calculate the activ-
ity coefficients of FeS and ZnS in sphalerite by apply-
ing a two-constant Margules (sub-regular) solution
model. These activity coefficients are combined with
molar volume data and the pyrite-pyrrhotite equilib-
rium to calculate the phase relations of the assem-
blage sphalerite-pyrrhotite-pyrite over a range of
temperatures and pressures. The calculated phase re-
lations can be compared to experimental calibrations
and used to estimate metamorphic conditions in pe-
litic rocks from the Stall Lake mine, near Snow Lake,
Manitoba.
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From mineral zones in pelitic rocks, Froese and
Gasparrini (1975) estimate 5.5 kbar pressure near
Stall Lake. Scott (1976) estimates a pressure of 7 +
0.9 kbar. An adequate estimate of the metamorphic
pressure is necessary for a detailed study of the condi-
tions of silicate-sulfide metamorphism in the Stall
Lake mine.

Determination of activity coefficients for FeS and ZnS
in sphalerite

Standard state

In this paper the standard state of FeS is defined as
follows:

(1) For sphalerite the standard state of FeS is pure
FeS, with the structure of sphalerite, at one atmo-
sphere.

(2) For pyrrhotite the standard state of FeS is pure
FeS, with the structure of pyrrhotite, at one atmo-
sphere.

The chemical potential of FeS in sphalerite (ufs) is
defined as follows:

piks = ur® + RT Invy#ks + RT InX¥s
and similarly for pyrrhotite:
KB = pid + RT InvyBes + RT InXpgs

where both sphalerite and pyrrhotite have the appro-
priate crystal structure and v-X = a (activity). The
unit activity state (u*) is defined so as to be consistent
with Denbigh (1971, p. 270) for pyrrhotite and sphal-
erite, so that at unit concentration the activity is
equal to unity at any pressure and temperature of
interest. AG® refers to a standard state at one atmo-
sphere. This choice of unit activity state is consistent
with the observation that a component i of a real
solution is normally found to approach 1deal behav-
ior, both as X; — 0 and X; — 1 (Denbigh, 1971).
For the equilibrium:

FeS(pyrrhotite) = FeS(sphalerite) )]
K1, = afbs/apls and:
Gy = —RTInKy, — AV(P—1)

~RT {Inags — Inap3s) — AVy(P — 1)

To obtain AGY, it is necessary to find values for
affs. This may be done by expressing the variation of
Inyf8s and Inygls with composition, in terms of a
power series, as derived by Carlson and Colburn
(1942) from Margules (1895). By this method:

RT Invyggs = (2G°§:s - GUE);S) X

+ 2GEes —Gns) X35 )
RT Inygs = (2GFeS - GZnS) 55
+ 2(Gan - Gciges) XFeS (3)

where G¢. and G%., are the excess free energies of
FeS and ZnS at infinite dilution.

The expressions for RT Iny can be substituted into
cqu111br1um (1) and an equation in three unknowns,
AGY,,, GFeb and GZhb is obtained. Assuming a linear
temperature dependence of the unknowns:

7 €X

GFeb _Hoio‘eb - TSFeb
G?ns =H%,s TSOEnb
AG%, = AH® — TAS®

and each of the experimental determinations in Table
3 of Barton and Toulmin (1966) can be expressed as
an equation in six unknowns. If Invy is assumed to be
independent of temperature then:

= ex = ex
G?BS == TS?eS
= ex = ex

G?ns - TSQEnS

AGYH, = AH® — TAS .

and each experimental determination may then be
expressed as an equation in four unknowns.

Data at 1104, 1001, 1000, and 925°C in Table 3 of
Barton and Toulmin (1966) have been excluded be-
cause of the presence of wurtzite in some experimen-
tal runs. Data at 555°C were excluded because Bar-
ton and Toulmin report difficulty in obtaining
equilibrium. Run 42A was also excluded because
Scott and Barnes (1971) report it as aberrant. Each of
the remaining 113 data points can be written as an
equation in either six unknowns (Iny is temperature
dependent) or four unknowns (Iny is independent of
temperature). The 113 equations have been solved for
both models, using ordinary least squares. The R?
value, calculated for a least-squares fit with no con-
stant term, for both the temperature dependent and
independent models is 0.9976, indicating that 99.76
percent of the variation in the dependent variable
(RT Inagds — RT InX§Ps) can be explained by a model
in which Iny is not a function of temperature. The
solution obtained for the temperature independent
model is:

GEy =0.642T
GOEBS
A(;0(1)

1.158 T
239 - 0840 T
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Mixing properties of sphalerite solid solutions

Barton and Toulmin equate af3s with agfs, choos-
ing troilite as the standard state for FeS in sphalerite.
Figure [ shows uf8 plotted against InX 8. The value
of ufpg, plotted on Figure 1, shows that to apply a
solution model in which the activity of a component
is unity at unit concentration, the choice of standard
state for FeS in sphalerite clearly cannot be troilite.
The difference u#s8 — ukPg is equal to AGY,, (u* = u°
at one atmosphere). This difference can be used to
convert the standard state for sphalerite in this paper
to the standard state chosen by Barton and Toulmin
(1966).

Fleet (1975) chose the same standard state as this
study and graphically integrated the Gibbs-Duhem
equation at 850°C using the data of Barton and Toul-
min, accepting their assumption of non-temperature
dependence of af®s. Figure 2 shows the activities
determined by Fleet compared to this study. There
are minor differences in the ZnS-rich area, especially
for agbg, but the difference between the activities over
most of the compositional range is insignificant. The
free energy of mixing

AG™ = X RT Invils X8
+ X%s RT InyfBs X2s
and the excess free energy of mixing
AG™ = X8 RT Inyg8s + X38s RT Inyf8s

are compared at 850°C and 1 atm to those deter-
mined by Fleet in Figure 3. The difference between

-1.0 -2.0
In Xpog

Fig. 1. The standard state of FeS in sphalerite is chosen so that
the value of agy is unity for pure FeS sphalerite. The standard
state chosen by Barton and Toulmin (1966) means that agly is not
unity at unit concentration.

ACTIVITY

02 04 0.6 0.8
X3P
ZnS
Fig. 2. A plot of activity vs X$5s at 850°C and 1 atm. Activities

calculated by Fleet (1975) are shown by broken lines.
Compositions from 0.0 to 0.45 X3hs are metastable.

Fleet’s values and those in this study is always less
than 50 calories for a given sphalerite composition.
The very slight differences between this study and
Fleet’s are probably related to the extrapolation of a
smoothed curve for apds vs. X%s to perform the
graphical integration.

(kcal /mole)

FREE ENERGY

Xzhs

Fig. 3. Free energy vs X$5s at 850°C and 1 atm from this study
(solid lines) compared to Fleet (broken lines). G** is the excess free
energy of mixing, G™ is the free energy of mixing. Compositions
from 0.0 to 0.45 X$8, are metastable.
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Determination of pressure dependent activity coeffi-
cients and the effect of pressure on the sphalerite-
pyrite—pyrrhotite equilibrium

To calculate the molar volume of FeS and the
partial molar volumes of FeS and ZnS in sphalerite,
volumes were calculated in 5 mole percent intervals,
from 0 to 55 mole percent FeS, from the expression in
Barton and Toulmin (1966):

a, = 54093 + 0.0005637 (%FeS)
— 0.000004107 (%FeS)>.

A polynomial was fitted to the volumes obtained at
the twelve points to give:

Volume (cm®) = 23.831 + 0.7452 X3P
— 0.5366 X285 — 0.006835 Xgr8

The volume equation was differentiated to obtain:

4V =0.7452 — 1.0731 XBs— 0.02051 Xg8i.

dX s
This differential was evaluated at X85 = 0 and X
= | to obtain the partial molar and excess partial
molar volumes at infinite dilution, listed in Table 1.
The polynomial for the volume was evaluated at X
= 1 to obtain the molar volume of FeS sphalerite.
The relationship between molar volume, partial mo-
lar volume, excess partial molar volume, and compo-
sition is shown in Figure 4.

The excess partial molar volume at infinite dilution
may be included in the G#* term to allow the calcu-
lation of activity coefficients at any pressure, since:

G=* =Us* + V<" and,;
G, =0642 T + 0.0131 P )
G = 1.158 T + 0.0130 P (5)

Using the molar volume of FeS pyrrhotite, obtained
from the straight line fit by Froese and Gunter (1976)
to the data of Fleet (1968), and the molar volume of
FeS sphalerite (Table 1) at 25°C, AV, for equilibrium
(1) is:

VEss — VR = 24.033 cm® — 18.198 cm® =
5.835 cm® (0.1394 cal/bar).

Table 1. Molar volumes, partial molar volumes, and excess partial
molar volumes for ZnS and FeS at infinite dilution

sp sp spS¥ sp¥
ySP Sp Fo g vmp vmp
Fes Zn$S Fe§ ZnS FeS ZnS
cm3 24.033 23.831 24.576 24.381 0.544 0.550
cal/bar 0.5741 0.5693 0.5871 0.5824 0.0130 0.0131

3

cm

VOLUME

0.2 0.4x sp 06 0.8
FeS
Fig. 4 Volume vs. composition of sphalerite, showing the
relationship of molar volume (¥*°), partial molar volume at

infinite dilution (V<) and excess partial molar volume at infinite
dilution (V<* — Vo).

AGY, at any temperature is:
AG°y, =239 — 0840 T (6)

For a given pyrrhotite composition equilibrium (1)
and the pyrite-pyrrhotite solvus from Toulmin and
Barton (1964) can be used to obtain the composition
of sphalerite coexisting with pyrite and pyrrhotite at
any temperature and pressure.

First ap2s on the pyrite-pyrrhotite solvus is calcu-
lated by a method similar to that of Froese and
Gunter (1976). The solvus implies the equilibria:

FeS + %S, = FeS, )
pyrrhotite pyrite
s = %S, 8)
(in pyrrhotite) (in vapor)

At one atmosphere, fS, and ap3s can be obtained
from the expressions in Toulmin and Barton (1964),
using the corresponding composition of pyrrhotite
coexisting with pyrite. It is assumed that aR3s is inde-
pendent of pressure for any pyrrhotite composition.
For equilibrium (7)

AG%, = % RT InfS; + RT In aB3s — AV(P — 1)
)
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and for equilibrium (8)

AGY% = RTIn a® — ¥ RT InfS, — AV(P — 1)
(10)

From (9), AG%, can be calculated at any temper-
ature for pyrrhotite compositions on the solvus and
adjusted to any pressure using AV, = 0.1372 (Froese
and Gunter, 1976), allowing the calculation of S, at
any pressure. For equilibrium (8) the term AG%, —
RTIn a3 can be treated as a constant equal to —4 RT
In fS,, at one atmosphere. Assuming a8 is inde-
pendent of pressure and using AV, = —0.3455 cal/
bar (Froese and Gunter, 1976), the equilibrium sulfur
fugacity for (8) may be calculated at any pressure.
Since equilibria (7) and (8) must apply simultane-
ously, the values of /S, must be equal, and ap2s for
the pyrite-pyrrhotite solvus can be calculated at
higher pressures by selecting arbitrary pyrrhotite
compositions and iterating for fS,.

Now that aps can be calculated at any pressure
and temperature the composition of sphalerite co-
existing with pyrite and pyrrhotite is obtained in the
following manner.

The equilibrium constant for (1) is calculated at the
desired pressure and temperature using AV, = 0.1394
cal/bar and the relationship AG* = —RT InK —
AV (P — 1). Knowing K, and a3s at the desired
temperature and pressure, afls can be calculated
from:

agds = Koy - afds

From (4) and (5) G%., and G%., may be calculated
and substituted into equation (2) to obtain y£8s. As-
suming arbitrary sphalerite compositions (X8s), a
second value for agbs is obtained and X§8s may be
iterated until both values of af are equal. This
provides the composition of sphalerite in equilibrium
with pyrite and pyrrhotite. Calculations performed
by Scott (1973) required estimated thermal expansion
and compressibility data to obtain a calculated 5 kbar
isobar which agreed with the experimental data. The
isobars at 2.5, 5, and 7.5 kbars in Figure 5 were
calculated without thermal expansion and compres-
sibility and are in excellent agreement with the experi-
mental brackets given by Scott (1973).

Fit of the solution model to experimental data

The solution model can be used with input values
for ap2s and temperature, at one bar, to predict the
composition of sphalerite. Table 2 shows the compo-
sitions of sphalerite predicted by the solution model,
compared with the experimentally measured compo-

500

24 22 20 18 % 14 12 10
MOLE PERCENT FeS IN SPHALERITE

Fig. 5. Calculated isobars using the solution model and the
pyrite-pyrrhotite equilibrium from Toulmin and Barton (1964)
agree well with the experimental brackets from Scott (1973). The
dashed 1 bar solvus isobar has been calculated assuming afs =
0.48, as in Scott and Barnes (1971). Closed circles are the
compositions of iron-rich patches in one-atmosphere experiments
from Scott and Barnes (1971).

sitions used to calculate the least-squares regression.
Of the 113 points used, most predicted compositions
are within approximately 2 mole percent FeS of the
experimental composition, except 10 runs. No obvi-
ous reason can be found to exclude these runs, so
they have been included in the final calculations.
Table 3 shows the compositions of sphalerite pre-
dicted by the solution model for experimental runs
not included in the regression. Run 42A (also ex-
cluded by Scott and Barnes, 1971) is anomalous, but
the compositions of sphalerites in the 555°C runs, 60
C and 44E, are well described by the solution model.

The extrapolation of the solution model to lower
temperatures can be tested by comparison with the
data of Scott and Barnes (1971). The values of afSs
and temperature from Scott and Barnes’ Table | were
used to predict sphalerite compositions coexisting
with pyrrhotite. All runs except 320 (3 mole % FeS
too low), 508, and 511 (excluded by Scott and
Barnes) are within 2 mole percent FeS of the mea-
sured and pressure-adjusted sphalerite compositions
in Scott and Barnes (1971, Table 1). The results are
shown in Table 4.

The assemblage sphalerite-pyrite~pyrrhotite is of
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Run

28A
29A
30A
31A
32A
33A
34A
35A
36A
37A
38A
SL2
15A
16A
174
iBA
19A
64A
65A
66A
40A
41A
43A

28B
298
30B
31B
32B
33B
34B
35B
36B
378
388
158
16B
178
18B
198
64B
658
668
428
43B
44B

28C
29C
30C
31C
32C
33C
34C
35C
36C
37C
38C

850
848
850
850
850
850
850
850
850
850
850
858
847
847
847
847
847
850
850
850
848
848
848

790

790
790
790
790
790
790
790
790
790
801
801
801
801
801
780
780
780
780
780
780

738
738
738
738
738
738
738
738
738
738
738
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Table 2. Fit of the solution model to the data of Barton and Toulmin (1966)

po
8Fes

1.000
0.525
1.000
0.982
0.956
0.898
0.824
0.769
0.696
0.630
0.610
0.420
0.761
0.810
0.852
0.948
0.978
0.940
0.827
0.751
1.000
0.941
0.623

1.000
0.508
0.998
0.982
0.966
0.882
0.805
0.765
0.701
0.611
0.596
0.752
0.801
0.849
0.950
0.978
0.939
0.837
0.710
0.919
0.662
0.555

1.000
0.493
1.000
0.980
0.948
0.873
0.819
0.782
0.673
0.586
0.531

Mole7 FeS sphalerite

input

56.60
25.70
55.90
54.00
53.00
48.50
43.10
37.40
33.70
31.00
28.60
16.20
38.90
43.30
47.40
51.20
53.70
46.00
43,20
38.30
55.90
51.90
30.50

55.80
21.60
53.80
52.80
53.40
47.80
41.50
40.40
33.00
32.60
27.20
37.30
41.00
44.70
50.50
51.20
50.50
42.50
33.20
52.00
29.90
24.70

56.50
22.60
53.70
55.80
52.10
47.30
44.10
39.30
31.60
27.20
25.60

calc.

55.55
23.63
55.55
54.29
52.47
48.40
43.22
39.40
34.45
30.12
28.84
17.76
38.84
42.23
45,16
51.89
53.99
51.35
43.43
38.17
55.53
51.41
29.66

55.13
22.43
54.99
53.88
52.76
46.91
41.56
38.81
34.50
28.67
27.74
37.99
41.35
44.68
51.73
53.68
50.81
43.71
35.05
49.42
31.89
25.19

54.72
21.44
54.72
53.34
51.13
45.93
42.20
39.66
32.40
26.91
23.62

diff.

-1.05
-2.07
-0.35
0.29
-0.53
-0.10
0.12
2.00
0.75
-0.88
0.24
1.56
-0.06
-1.07
-2.24
0.69
0.29
5.35
0.23
-0.13
-0.37
-0.49
-0.84

-0.67
0.83
1.19
1.08

-0.64

-0.89
0.06

-1.59
1.50

-3.93
0.54
0.69
0.35

-0.02
1.23
2.48
0.31
1.21
1.85

-2.58
1.99
0.49

-1.78
-1.16

1.02
-2.46
-0.97
~1.37
-1.90

0.36

0.80
-0.29
-1.98

Run

28D
29D
32D
33D
34D
35D
36D
37D
38D

15D
16D
17D
18D
19D
20D
64C
66C
42C
43C
44C

28E
29E
30E
31E
32E
33E
34E
35E
36E
37E
38E

P31
15E
16E
17E
18E
19E
20E

G11
15F
16F
17F
18F
19F
20F
28F
31F
32F
33F
34F
35F
36F
37F
38F
60B

T °C

704
704
704
704
704
704
704
704
704
700
700
700
700
700
700
700
700
700
700
700
700

640
640
640
640
640
640
640
640
640
640
640
650
636
636

636
636
636
636

600
600
600
600
600
600
600
580
580
580
580
580
580
580
580
580
580

pO
3Fes

1.000
0.476
0.955
0.860
0.821
0.734
0.669
0.566
0.509
0.397
0.742
0.805
0.834
0.940
0.967
0.397
0.924
0.709
0.855
0.605
0.475

1.000
0.441
1.000
0.975
0.954
0.867
0.811
0.758
0.662
0.545
0.479
0.428
0.434
0.716
0.758
0.793
0.945
0.967
0.434

0.455
0.725
0.781
0.826
0.934
0.969
0.455
1.000
0.983
0.951
0.850
0.784
0.730
0.629
0.527
0.460
0.460

Mole7 FeS sphalerite

input

54.70
20.40
48.00
46.30
42.30
36.10
31.50
25.70
24.40
16.10
35.40
42.30
43.70
49.20
54.50
17.90
44,00
32.60
45.30
27.60
21.30

52.70
17.90
52.70
51.60
50.10
45.20
41.60
34 .50
31.10
25.80
21.60
17.30
18.60
34.70
38.90
45.30
49.20
48.00
18.10

18.30
31.60
38.90
40.20
45.70
49.20
16.80
52.10
51.50
52.00
45.70
42.00
34.10
29.60
22,10
20.80
17.80

cale.

54.44
20.38
51.34
44.78
42.10
36.22
31.96
25.55
22.23
16.20
36.73
40.98
42.96
50.27
52.13
16.20
49.17
34.54
44,41
27.90
20.32

53.85
18.29
53.85
52.14
50.70
44.75
40.94
37.39
31.14
24.03
20.32
17.64
17.91
34.59
37.36
39.70
50.05
51.55
17.91

18.88
34.92
38.61
41.62
48.95
51.33
18.88
53.22
52.07
49.90
43.05
38.64
35.09
28.72
22.72
19.07
19.07

diff.

-0.26
-0.02
3.34
-1.52
-0.20
0.12
0.46
~-0.15
-2.17
0.10
1.33
-1.32
-0.74
1.07
-2.37
-1.70
5.17
1.94
-0.89
0.30
-0.98

1.15
0.39
1.15
0.54
0.60
-0.45
-0.66
2.89
0.04
-1.77
-1.28
0.34
-0.69
-0.11
-1.54
-5.60
0.85
3.55
-0.19

0.58
3.32
-0.29
1.42
3.25
2.13
2.08
1.12
0.57
-2.10
-2.65
-3.36
0.99
-0.88
0.62
-1.73
1.27
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primary interest and the high-pressure experimental
data of Scott are reproduced by the calculated isobars
in Figure 5. The calculated 1 bar curve lies between
the composition of the matrix and iron-rich patches
in Scott and Barnes’ (1971, Figures 7 and 9, Table 2)
experiments at temperatures below 525°C. Table 5
and the dashed curve in Figure 5 show the fit of the
solution model to the matrix compositions in sphaler-
ite-pyrite-pyrrhotite assemblages if apls = 0.48 is
assumed constant below 525°C as in Scott and
Barnes. They obtain af3s by plotting matrix sphaler-
ite compositions and a curve fitted to the data of
Barton and Toulmin (1966) over a temperature range
from 1104 to 550°C, on a graph of aBs vs. mole
percent FeS in sphalerite. The fitted curve was then
extrapolated to approx. 20 mole percent FeS (see
Figure 1, Scott and Barnes, 1971) to obtain aRls =
0.48 and constant below 525°C because of the con-
stant matrix compositions. Craig and Scott (1974)
state that the experiments of Schneeberg (1973) con-
firm their choice of the pyrite-pyrrhotite equilibrium,
Figure 6 shows the data of Schneeberg, compared
with the data of Toulmin and Barton (1964, Table 5)
and the curve drawn by Scott and Barnes. At 500°C,
logfS, from Scott and Barnes and Toulmin and Bar-
ton are similar. At 325°C, logfS, from Toulmin and
Barton is 0.3 logfS, lower than logfS, from Scott and
Barnes, but the difference is within the 0.35 logfS,
error estimated by Toulmin and Barton. This minor
variation in logfS; is responsible for the discrepancy
between aPss = 0.48 (Scott and Barnes) and aBs =
0.55 (Toulmin and Barton) at 325°C. It is apparent
that very small variations in the pyrite-pyrrhotite
equilibrium can cause large changes in the equilib-
rium FeS content of sphalerite.

Table 3. Fit of the data from Barton and Toulmin (1966, Table 3)
not used to calculate the sphalerite solution model

T °C aPo MoleZ FeS sphalerite )

FesS input calc. diff.
33L 1104 0.907 49.80 50.31 0.51
35L 1104 0.794 39.80 42.23 2.43
36L 1104 0.764 38.50 40.11 1.61
28L 1000 1.000 56.60 56.43 -0.17
31L 1000 0.990 54.20 55.73 1.53
32L 1001 0.946 54.10 52.62 ~1.48
341 1001 0.827 42.20 44.17 1.97
283 925 1.000 58.10 56.01 -2.09
353 925 0.776 39.80 40.25 0.45
36J 925 0.729 36.80 37.00 0.20
373 925 0.665 31.10 32.69 1.59
42A 848 0.806 54.60 41.95 -12.65
600 555 0.472 19.00 19.60 0.60
44E 555 0.472 19.70 19.60 -0.10

Table 4. Fit of the sphalerite solution model to the low-
temperature data of Scott and Barnes (1971, Table 2) for
experiments in which sphalerite and pyrrhotite coexist

T °C po MoleZ FeS sphalerite

2Fes input calc. diff.
311 487 0.678 32.00 31.03 -0.97
312 487 0.705 33.60 32.71 -0.89
320 396 0.767 38.60 35.60 -3.00
326 445 0.675 30.10 30.47 -0.37
327 524 0.600 26.70 26.61 -0.09
331 581 0.634 27.50 29.03 -1.53
351 431 0.604 27.40 26.14 -1.26
352 427 0.670 31.00 29.99 -1.01
505 408 0.824 39.70 39.38 -0.32
508 331 0.801 46.20 36.77 -9.43
511 331 0.810 45.90 37.33 -8.57
515 351 0.685 31.70 30.04 -1.66

Pressure during metamorphism at the Stall Lake mine

From the intersection of the kyanite-sillimanite
transition, calculated from the data of Richardson et
al. (1968), and the equilibrium:

chlorite + muscovite = biotite
+ staurolite + quartz + H,O

from Hoschek (1969), Froese and Gasparrini (1975)
estimate the pressure of metamorphism at Stall Lake,
in the Snow Lake area, to be approximately 5.5 kbar.
Using the aluminosilicate data from Holdaway
(1971) would give a pressure of 6 kbar. Figure 7
shows calculated isobars from this study, isobars
drawn by Scott from experimental brackets, and
sphalerite compositions from pyrite-pyrrhotite bear-
ing rocks reported by Bristol (1974). From these data
the total metamorphic pressure is 7 + 0.9 kbar using
Scott’s isobars, and 7 + 1 kbar from the isobars
calculated in this study. The pressures estimated us-
ing the calibration of Scott (1973) or the calculations

Table 5. Fit of data from Scott and Barnes (1971, Table 2) for the

equilibrium among sphalerite-pyrite-pyrrhotite at one bar, using

matrix compositions and a constant activity of FeS in pyrrhotite =
0.48 below 525°C

T °¢ 4P MoleZ FeS sphalerite

FeS input calc. diff.
348 534 0.480 20.10 19.93 -0.17
349 527 0.480 21.60 19.90 -1.70
353 425 0.480 20.90 19.34 -1.56
354 428 0.480 20.60 19.36 ~1.24
361 529 0.480 20.60 19.91 -0.69
362 529 0.480 19.90 19.91 0.01
364 384 0.480 20.60 19.08 ~1.52
513 354 0.480 21.00 18.87 -2.13
521 402 0.480 21.10 19.20 -1.90
526 399 0.480 20.70 19.16 -1.52
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Fig 6. A plot of log fS, vs. temperature shows that a small
change in log /S, of approximately 0.3 log units will account for
the difference, at 350°C, in gp3s = 0.48 from Scott and Barnes
(1971, shown by the solid curve and calculated using the matrix
compositions of sphalerite, and afls = 0.55, as a function of
temperature from Table 5 (solid circles) of Toulmin and Barton
(1964). The vertical bars are the experimental work of Schneeberg
(1973)
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Fig. 7. Calculated isobars from this study (solid curves) are
comparable to the experimentally determined isobars from Scott
(1973), shown by the dashed curves. The open square with the bar
represents the range of compositions of sphalerite coexisting with
pyrite and pyrrhotite reported by Bristol (1974) from the Stall
Lake mine near Snow Lake, Manitoba.

in this study are slightly higher than pressures esti-
mated from pelitic assemblages.

Conclusions

A Margules (sub-regular) solution model can be
applied to the data of Barton and Toulmin (1966)
and used with measured and estimated thermody-
namic properties and the pyrite-pyrrhotite equilib-
rium to calculate the P-T-X phase relations of the
assemblage sphalerite-pyrite-pyrrhotite. The solu-
tion model, based on data from 850 to 580°C, can be
extrapolated to higher and lower temperatures and
adequately predicts sphalerite compositions at lower
temperatures from the experiments of Scott and
Barnes (1971). For sphalerite-pyrite-pyrrhotite, the
shape of the 1 bar solvus is dependent on the pyrite-
pyrrhotite solvus data used in the calculations. If a2s
is kept constant at 0.48 below 550°C, as in Scott and
Barnes, the solution model will predict sphalerite
compositions approximately the same as the matrix
compositions for sphalerite in Scott and Barnes
(1971, Table 2). If apls is allowed to vary with tem-
perature below 550°C (i.e. calculated from Toulmin
and Barton), then the solution model predicts sphal-
erite compositions between the compositions of the
iron-rich patches and the matrix compositions from
Scott and Barnes (1971). Both assumptions are con-
sistent with the data of Barton and Toulmin (1966) or
the data above 500°C from Scott and Barnes (1971).
Isobars calculated for higher pressures, based on val-
ues of apds as calculated from Toulmin and Barton
(1964), are in agreement with experimental work at
higher pressures from Scott (1973).

The calculated isobars can be applied to sphalerite
compositions from Stall Lake, Manitoba, and predict
pressures in general agreement with pressures esti-
mated from pelitic assemblages by Froese and Gas-
parrini (1975) and pressures estimated from the
sphalerite geobarometer by Scott (1976).
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