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

The activity coefficients 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:

Gf;. : 0.642 r

G f : " :  l . r s8  Z

The solution model can be extrapolated to lower temperatures and wil l accurately predict
the composition of sphalerite in sphalerite-pyrrhotite experiments. If aF3s is allowed to be
constant below 525"C the matrix compositions of sphalerite from published sphalerite-
pyrrhotite-pyrite experiments can be reproduced. If cgls 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 equil ibrium and molar volumes and activit ies 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 a 1.0 kbar.

Introduction

Kullerud (1953) recognized the potential of the
FeS content ofsphalerite as an indicator ofthe 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 600oC 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 sul f ide orebodies (Br is to l ,  1974;  Lusk et  a l . ,1975;
Sco t t , 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 equil ib-
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-
lit ic rocks from the Stall Lake mine, near Snow Lake,
Mani toba.
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From mineral zones in pelit ic rocks, Froese and
Gasparrini (1975) estimate 5.5 kbar pressure near
Stall Lake. Scott (1976) estimates a pressure of 7 I
0.9 kbar. An adequate estimate of the metamorphic
pressure is necessary for a detailed study ofthe condi-
tions of sil icate-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:

( I ) 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 (pf!") is
defined as follows:

/r"fls : !.;""8 + R?'lnl"ds * RZ lnX"fls

and similarly for pyrrhotite:

pBBs : piBg + RIlnTggs * RZlnXSS"

where both sphalerite and pyrrhotite have the appro-
priate crystal structure and 7 .X : a (activity). The
unit activity state (p*) is defined so as to be consistent
with Denbigh ( 197 I , 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. AGo 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 ideal behav-
ior, both as X, - 0 and Xi - I (Denbigh, l97l).

For  the equi l ibr ium:

FeS(pyrrhotite; = p"5,rphalerite) (l)

K,r,, : af!s/aglr and:

Q r r  :  - R 7 l n K , , , -  L V " ( P - l )

: -RT (lnafBs - lnaFls) - AV"(P - l)

To obtain AG?,) it is necessary to find values for
afls. This may be done by expressing the variation of
lnyf!" and ln7iff" with composition, in terms of a
power series, as derived by Carlson and Colburn
(1942) from Margules (1895). By this method:

RI lnrFBs : QGE;" - Cfl"l x;ni

+ 2G:" -Gfl,) x,"gi e)
Rr lnzans = (2Gf:, - GfX.) x;r3

+ 2GE:" - Gfl") xs$ (3)
where Gfi" and Gfi, are the excess free energies of
FeS and ZnS at infinite dilution.

The expressions for RT lny can be substituted into
equi l ibr ium ( l)  and an equat ion in three unknowns,
Ac?,, Gf:" and Gfi" is obtained. Assuming a linear
temperature dependence of the unknowns:

cTl, =sTl, - rsf:.
GE:,:EE;" - zsfl,

A G o r t r  : A l l o - Z A S '

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

cf:" : - rsf:"
cf;, = - rsfl,

A G ? ' ' : A 1 1 ' o - Z A ' S ' '

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 I l3 data points can be written as an
equation in either six unknowns (ln7 is temperature
dependent) or four unknowns (ln7 is independent of
temperature). The 113 equations have been solved for
both models, using ordinary least squares. The R'z
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
(RI Inagls - RZlnXfEr) can be explained by a model
in which ln7 is not a function of temperature. The
solution obtained for the temperature independent
model is:

c-f:" : 0.642 r

Gf : , :  1 .158  z

AGoi'r : 239 - 0'840 7
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Mixing properties of sphalerite solid solutions

Barton and Toulmin equate aFBs with af!s, choos-
ing troilite as the standard state for FeS in sphalerite.
Figure I shows lcfls plotted against lnXfBs. The value
of p$33, plotted on Figure l, 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 pfBB - p$38 is equal to AG?r) (p* : tto
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
( 1e66).

Fleet (1975) chose the same standard state as this
study and graphically integrated the Gibbs-Duhem
equation at 850oC 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 allls, but the difference between the activities over
most of the compositional range is insignificant. The
free energy of mixing

AG'* : XF'!s RZ lnTf!5 Xf!5
+ XZB" Rf lnrEBs XiBs

and the excess free energy of mixing

AG"" : XZP,3 RT ln7iffs * XiSs Rf lnrfSt

are compared at 850'C and I atm to those deter-
mined bv Fleet in Fisure 3. The difference between

-1.0 -2.0
t- vSPtt ^FeS

Fig. l. The standard state of FeS in sphalerite is chosen so that
the value of af!" is unity for pure FeS sphalerite. The standard
state chosen by Barton and Toulmin (1966) means thataf!5 is not
unity at unit concentration.

02 o4_"po6 08
^ZnS

Fig. 2. A plot of activity us X!fls at 850"C and I atm. Activities
c a l c u l a t e d  b y  F l e e t  ( 1 9 7 5 )  a r e  s h o w n  b y  b r o k e n  l i n e s .
Compositions from 0.0 to 0.45 XEBr 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 a$!s us. XtBs to perform the
graphical integration.

4lr
Fig. 3. Free energy ur XEli" at 850"C and I 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 XEHs 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):  o

ao : 5.4093 + 0.0005637 (7oFeS) E
- 0.000004107 (7oFeS)'z.

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

9
Volume (cms) : 23.831 + 0.1452 Xtgs

- 0.5366 Xf83 - 0.006835 Xf83

The volume equation was differentiated to obtain:

y- :0.74s2 - 1.0731 xFB,- 0.02051 xFtg.
dXfB"

This differential was evaluated at XtBs : 0 and XgBs
: I 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 XFts
: I 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 theGs* term to allow the calcu-
lation of activity coefficients at any pressure, since:

0.2 o4_"p ffi og
^FeS

Fig. 4 Volume us. composition of sphalerite, showing the
relat ionship of molar volume (l ,ap), part ial  molar volume at
inf inite di lut ion E"8p) and excess part ial  molar volume at inf ini te
difution (VEP - Vw').

AG|, at any temperature is:

A d " ' : 2 3 9 - 0 ' 8 4 0 ' "  ( 6 )

For a given pyrrhotite composition equilibrium (l)
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 aFSs on the pyrite-pyrrhotite solvus is calcu-
lated by a method similar to that of Froese and
Gunter (1976). The solvus implies the equilibria:

G3* :03* + W3* and:

d f i " :0 .642 l -  +  o .o l3 l  P

cT : " : l . l 58 r+o .o l3oP
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 l) at 25oC, AV, for equilibrium
( l )  i s :

Zf8" - 2T3s = 24.033 cm3 - 18.198 cm8 :
5.835 cms (0.1394 cal/bar).

Table l .  Molar  volumes, part ia l  molar  volumes, and excess part ia l

molar volumes for ZnS and FeS aL infinite dilutron

,,sP .,sP'Fes  ' zns

" .3  
24 .033 23 .831

ca l lbar  0 ,5741 0 .5693

(4)

(s)

-sp -sp -.pt* -"pt*
'FeS 'ZnS 'FeS 'ZnS

FeS
pyrrhotite

trS
(in pyrrhotite)

+ V2 32 : FeSz Q)
pyrite

Vz S, (8)
(in vapor)

2 4 . 5 7 6  2 4 . 3 8 L  0 . 5 4 4
0 . 5 8 7 1  0 . 5 8 2 4  0 . 0 1 3 0

0 .  5 5 0
0 . 0 1 3 1

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

l )
(e)

AG?'r : Vz RTlnfSz * RZln aF3s - AV"(P -
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and for equilibrium (8)

AGlrr : RZln aj's - V2 RT ln/S, - AV"(P - l)
(10)

From (9), AG!7, 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?r, -
R 7ln afl$ can be treated as a constant equal to -1, RT
ln /Sr, at one atmosphere. Assuming a.!g is inde-
pendent of pressure and using AV" = -O.ilSS 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 agls for
the pyrite-pyrrhotite solvus can be calculated at
higher pressures by selecting arbitrary pyrrhotite
compositions and iterating for /Sr.

Now that a$3s 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 ( I ) is calculated at the
desired pressure and temperature using AV": 0.1394
cal/bar and the relationship ACP : -RT lnK -
AV"(P - l), Knowing K,,, and agls at the desired
temperature and pressure, aFBs can be calculated
from:

a f l s : K ' r . a F 3 "

From (4) and (5) Gfi" and Gfl" may be calculated
and substituted into equation (2) to obtain y$8". As-
suming arbitrary sphalerite compositions (Xf!"), a
second value for aFBs is obtained and XFBs may be
iterated until both values of afSs 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 aF3s 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-

24 22 20 18 t6 14 12 10
lvlOLE PERCBIIT FeS lN SPHALERITE

Fig. 5. Calculated isobars using the solution model and the
pyrite-pyrrhoti te equi l ibr ium from Toulmin and Barton (1964)
agree well with the experimental brackets from Scott (1973). The
dashed I bar solvus isobar has been calculated assuming afls :

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 I l3 points used, most predicted compositions
are within approximately 2 mole percent FeS of the
experimental composition, except l0 runs. No obvi-
ous reason can b€ found to exclude these runs, so
they have been included in the f,nal 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, l97l) is anomalous, but
the compositions of sphalerites in the 555oC 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 af3s
and temperature from Scott and Barnes'Table I were
used to predict sphalerite compositions coexisting
with pyrrhotite. All runs except 320 (3 mole 7o FeS
too low), 508, and 5ll (excluded by Scott and
Barnes) are within 2 mole percent FpS of the mea-
sured and pressure-adjusted sphalerite compositions
in Scott and Barnes (1971, Table l). The results are
shown in Table 4.

The assemblage sphalerite-pyrite-pyrrhotite is of

500
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Table 2. Fit  of the solut ion model to the data of Barton and Toulmin (1966)

Run + on -  po  MoleZ FeS sPha ler l te
' F e S  

i n D u t  c a l c .  d i f f .
n on ^ po MoleZ FeS sPhaler i te

'Fes  
i nDu t  ca l c .  dL f f .Run

28A
294
30A
J T A

5 Z A

33A
34A
35A
J O A

374
38A
SL2
15A
I O A

17A
18A
19A
64A
65A
66A
40A
4 t A
43A

288
298
30B
1 l  R

) L D

33B
34B
358
36B
378
388
15B
r ob
17B
18B
19B
648
b) I t

66B
428
4 3 8
4 4 b

28C
29C
30c
31C
J L V

? a a

J C U

35C
J O L

5 t v

38C

8 5 0  1 . 0 0 0  5 6 . 6 0
8 4 8  0 . 5 2 5  2 5 . 7 0
8 5 0  1 . 0 0 0  5 5  . 9 0
8 5 0  0 . 9 8 2  5 4 . 0 0
8 5 0  0 . 9 s 5  5 3 . 0 0
8 5 0  0 . 8 9 8  4 8 . 5 0
8 5 0  0 . 8 2 4  4 3 . 1 0
8 s 0  0 . 7 6 9  3 7 . 4 0
8 5 0  0 . 6 9 6  3 3 . 7 0
8 5 0  0 . 6 3 0  3 1 . 0 0
8 5 0  0 . 6 1 0  2 8 . 6 0
8 5 8  0 . 4 2 0  1 6 . 2 0
8 4 7  0 . 7 6 7  3 8 . 9 0
8 4 7  0 . 8 1 0  4 3 . 3 0
8 4 7  0 . 8 5 2  4 7  . 4 0
8 4 7  0 . 9 4 8  5 1 . 2 0
8 4 7  0 .  9 7 8  5 3 . 7 0
8 s 0  0 . 9 4 0  4 6 . 0 0
850 0 .827 43 .20
8 5 0  0 . 7 5 1  3 8 . 3 0
8 4 8  1 . 0 0 0  5 5 . 9 0
8 4 8  0 . 9 4 1  5 1 . 9 0
8 4 8  0 . 6 2 3  3 0 . 5 0

7 9 0  1 . 0 0 0  5 5 . 8 0
7 8 0  0 . 5 0 8  2 r , 6 0
7 9 0  0 . 9 9 8  5 3 . 8 0
7 9 0  0 . 9 8 2  5 2 . 8 0
7 9 0  0 . 9 6 6  5 3 . 4 0
7 9 0  0 . 8 8 2  4 7  . 8 0
7 9 0  0 . 8 0 5  4 1 . 5 0
7 9 0  0 . 7 6 5  4 0 . 4 0
7 9 0  0 .  7 0 1  3 3 . 0 0
7 9 0  0 . 6 1 1  3 2 . 6 0
7 9 0  0 . 5 9 6  2 7  . 2 0
8 0 1  0 . 7 5 2  3 7 . 3 0
8 0 1  0 . 8 0 1  4 1 . 0 0
8 0 1  0 . 8 4 9  4 4 . 7 0
8 0 1  0 . 9 5 0  5 0 . 5 0
8 0 1  0 . 9 7 8  5 1 . 2 0
7 8 0  0 . 9 3 9  5 0 .  s 0
7 8 0  0 . 8 3 7  4 2 . 5 0
7 8 0  0 . 7 1 0  3 3 . 2 0
7 8 0  0 . 9 1 9  5 2  . 0 0
7 8 0  0 . 6 6 2  2 9 . 9 0
7 8 0  0 . 5 5 5  2 4 . 7 0

7 3 8  1 . 0 0 0  s 5 . 5 0
7 3 8  0 . 4 9 3  2 2 , 6 0
7 3 8  1 . 0 0 0  5 3 . 7 0
7 3 8  0 . 9 8 0  5 5 . 8 0
7 3 8  0 . 9 4 8  5 2 .  1 0
7 3 8  0 . 8 7 3  4 7 . 3 0
7 3 8  0 . 8 1 9  4 4 . 1 0
7 3 8  0 . 7 8 2  3 9 . 3 0
7 3 8  0 . 6 7 3  3 1 . 6 0
7 3 8  0 . 5 8 6  2 7 . 2 0
7 3 8  0 . s 3 1  2 5 . 6 0

s s . 5 5  - 1 . 0 5
2 3 . 6 3  - 2 . O 7
5 5 . 5 5  - 0 . 3 5
5 4 . 2 9  0 . 2 9
5 2 . 4 7  - 0 . 5 3
4 8 . 4 0  - 0 . 1 0
4 3 . 2 2  0 . r 2
3 9 . 4 0  2 . 0 0
3 4 . 4 5  0 , 7 5
3 0 . t 2  - 0 . 8 8
2 8 . 8 4  0 . 2 4
L t , t o  r . ) o

3 8 . 8 4  - 0 . 0 6
4 2 . 2 3  - r . 0 7
4 5 . L 6  - 2 . 2 4
5 1 . 8 9  0 . 6 9
q ?  o o  n  , q

5 1 . 3 5  5  . 3 5
4 3 . 4 3  0 . 2 3
3 8 .  1 7  - 0 . 1 3
5 5  . 5 3  - 0 .  3 7
5r .4L  -0 .49
2 9 . 6 6  - 0 . 8 4

) ) . r J  - u . o /
2 2 . 4 3  0 . 8 3
< / ,  o o  1  1 q

5 3 . 8 8  1 . 0 8
5 2 . 7 6  - 0 . 6 4
4 6 . 9 1  - 0 .  8 9
4 r . 5 6  0 . 0 6
3 8 . 8 r  - 1 . 5 9
3 4 . 5 0  1 . 5 0
2 8 . 6 7  - 3 . 9 3
2 7 . 7 4  0 . 5 4
3 7 . 9 9  0 . 6 9
4 1 . 3 5  0 . 3 5
4 4 . 6 8  - 0 . 0 2
5 t . 7 3  r . 2 3
5 3 . 6 8  2 . 4 8
5 0 .  8 1  0 . 3 1
4 3 . 7 1  r . 2 r
3 5 . 0 s  1 . 8 5
4 9 . 4 2  - 2 . 5 8
3 1 . 8 9  r . 9 9
2 5 . r 9  0 . 4 9

s 4 . 7 2  - 1 . 7 8
2 l . . 4 4  - r - . 1 6
5 4 . 7 2  r . 0 2
) J . J 4  - L . + O

5 1 . 1 3  - 0 . 9 7
45.93  - r .37
4 2 . 2 0  - 1 . 9 0
3 9 . 6 6  0 . 3 6
3 2 . 4 0  0 . 8 0
2 6 . 9 r  - O . 2 9
2 3 . 6 2  - 1 . 9 8

28D 704
29D 704
32D 704
33D 704
34D 704
35D 704
36D 704
37D 704
38D 704
G3 700

15D 700
16D 700
1 7 D  7 0 0
18D 700
19D 700
20D 700
64C 700
66C 700
4 2 C  7 0 0
43C 700
44C 700

28E' 640
29I' 640
308 640
31E 640
32E' 640
33E 640
348 640
35E 640
36E 640
37E 640
38E 640
G 6  6 5 0

P31 636
15E 636
Ib ts  oJo

1 7 E  6 3 6
18E 636
19E 636
20I. 636

c l l  600
t_5F 600
15F 600
1 7 F  6 0 0
18F 600
19F 500
20F 600
28E 580
3 1 F  5 8 0
32F 580
33F 580
34F 580
3 5 F  5 8 0
3 6 F  5 8 0
3 7 F  5 8 0
38F 580
608 580

l _ . 0 0 0  5 4 . 7 4
o . 4 7 6  2 0 . 4 0
0 . 9 5 5  4 8 . 0 0
0 . 8 6 0  4 6 . 3 0
0 . 8 2 1  4 2 . 3 0
0 , 7 3 4  3 5 . 1 0
0 . 6 6 9  3 1 . 5 0
0 . 5 6 6  2 5  . 7 0
0 . 5 0 9  2 4 . 4 0
0.  397 16  .  l -0
0 . 7 4 2  3 5 . 4 0
0 . 8 0 5  4 2 . 3 0
0 . 8 3 4  4 3 . 7 0
0 . 9 4 0  4 9 . 2 0
o . 9 6 7  5 4 . 5 0
0 . 3 9 7  L 7  . 9 0
o , 9 2 4  4 4 . 0 0
0 . 7 0 9  3 2 . 6 0
0 . 8 5 5  4 5 . 3 0
0 . 6 0 5  2 7 . 6 0
o . 4 7 5  2 1 . 3 0

1 . 0 0 0  5 2 . 7 0
0 . 4 4 r  1 7 . 9 0
1 . 0 0 0  5 2 . 7 0
0 . 9 7 5  5 1 . 6 0
0 . 9 5 4  5 0 . 1 0
0 . 8 6 7  4 5 . 2 0
0 . 8 1 1 -  4 1 . 6 0
0 . 7 5 8  3 4 . 5 0
0 . 6 6 2  3 1 . 1 0
0 . 5 4 5  2 5 . 8 0
0 . 4 7 9  2 r . 6 0
0 . 4 2 8  1 7 . 3 0
0 . 4 3 4  1 8 . 6 0
0 . 7 1 6  3 4 . 7 0
0 . 7 5 8  3 8 . 9 0
0 . 7 9 3  4 5 . 3 0
0 . 9 4 5  4 9 . 2 0
o . 9 6 7  4 8  . 0 0
o . 4 3 4  1 8 . 1 0

0 . 4 5 5  1 8 . 3 0
0 . 7 2 5  3 1 . 5 0
0 .  7 8 1  3 8 .  9 0
0 , 8 2 6  4 0 . 2 0
0 . 9 3 4  4 5 . 7 0
0 . 9 6 9  4 9 . 2 0
0 . 4 5 5  1 5 . 8 0
1 . 0 0 0  5 2 . 1 0
0 . 9 8 3  5 1 . 5 0
0 . 9 5 1  5 2  . 0 0
0 . 8 5 0  4 5 . 7 0
0 . 7 8 4  4 2 . 0 0
0 . 7 3 0  3 4 . 1 0
0 . 6 2 9  2 9 . 6 0
o.527 22 .L0
0 . 4 5 0  2 0 . 8 0
0 .460 17  .  80

54.44  -0 .26
2 0 . 3 8  - 0 . 0 2
5 t . 3 4  3 . 3 4
4 4 .  t 6  - L . ) Z

4 2 . L 0  - 0 . 2 0
3 6 . 2 2  0 . L 2
3 L . 9 6  0 . 4 6
2 5 . 5 5  - 0 . 1 5
2 2 . 2 3  - 2 . L 7
] - 6 . 2 0  0 . 1 0
J O .  / J  f . J J

4 0 . 9 8  - L . 3 2
4 2 . 9 6  - 0 . 7 4
5 0 . 2 7  1 . 0 7
5 2 . t 3  - 2 . 3 7
L 6 . 2 0  - 1 . 7 0
4 9 . t 7  5 . r 7
3 4 . s 4  1 . 9 4
44.4L  -0  .89
2 7 . 9 0  0 . 3 0
2 0 . 3 2  - 0 . 9 8

5 3 . 8 5  1 . 1 5
1 8 . 2 9  0 . 3 9
5 3 . 8 5  1 . 1 5
5 2 . 1 4  0 . 5 4
5 0 . 7 0  0 . 6 0
4 4 . 7 5  - 0 . 4 s
4 0 . 9 4  - 0 . 6 6
3 7 . 3 9  2 . 8 9
3 1 . 1 4  0 . 0 4
2 4 . O 3  - L . 7 7
2 0 . 3 2  - 1 . 2 8
1 7  . 6 4  0 . 3 4
t 7 . 9 L  - 0 . 6 9

3 4 . 5 9  - 0 . 1 1
37.36  - r .54
3 9 . 7 0  - 5 . 5 0
5 0 . 0 5  0 . 8 5
5 r - . 5 5  3 . s 5
1 7  . 9 1  - 0 . 1 9

1 8 . 8 8  0 . 5 8
3 4 . 9 2  3 . 3 2
3 8 . 6 1  - 0 . 2 9
4 r . 6 2  r . 4 2
4 8 . 9 5  3 . 2 5
5 1 . 3 3  2 . r 3
1 8 . 8 8  2 . 0 8
< a  t t  1  1 ' ,

5 2 . 0 7  0 . 5 7
4 9 . 9 0  - 2 . 1 0
4 3 . 0 5  - 2 . 6 5
3 8 . 6 4  - 3 . 3 6
3 5 . 0 9  0 . 9 9
2 8 . 7 2  - 0 . 8 8
2 2 . 7  2  0  . 6 2
1 9 . 0 7  - L . 7 3
1 9 . 0 7  L . 2 7
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primary interest and the high-pressure experimental
data ofScott are reproduced by the calculated isobars
in Figure 5. The calculated I bar curve lies between
the composition of the matrix and iron-rich patches
in Scott  and Barnes'(1971, Figures 7 and 9,Table2)
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 aF3s : 0.48 is
assumed constant below 525'C as in Scott and
Barnes. They obtain aF3" 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 550oC, on a graph of aFBs ur. mole
percent FeS in sphalerite. The fitted curve was then
extrapolated to approx. 20 mole percent FeS (see
Figure l, Scott and Barnes, l97l) to obtain aFBs :
0.48 and constant below 525oC 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 500oC,
log/S, from Scott and Barnes and Toulmin and Bar-
ton are similar. At 325oC, log/S, from Toulmin and
Barton is 0.3 log/Sr lower than log/S, from Scott and
Barnes, but the difference is within the 0.35 lo9/S,
error estimated by Toulmin and Barton. This minor
variation in log/S, is responsible for the discrepancy
between aFBs : 0.48 (Scott and Barnes) and aFBs :
0.55 (Toulmin and Barton) at 325oC.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 sohalerite solution model

T ' c D O

! e 5

MoleZ FeS sphaler i te
l n n ' , r  F r 1  r  A i  F t

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  o c
"i'es

Molez FeS sphalerite
{ n n r r f  - ^ 1  ^ d l f f .

311
312
320
326

327
331
351
352

0 . 6 7 8
0 . 7 0 5
o . 7  6 7
0  . 675

0 .  600
0 .634
0. 604
0 . 6 7 0

0.824
0 . 8 0 1
0 . 8 1 0
0  . 685

3 2 . 0 0
33 .  50
3 8 . 6 0
3 0 . 1 0

26 .70
2 7 . 5 0
27  . 40
31 .  00

39 .70
46 .20
45 .  90
31 .  70

487
487
396
445

524
5 8 1
4 3 1
421

31.  03  -0 .97

3 2 . 7 t  - 0 . 8 9

3 5 . 5 0  - 3 . 0 0

30.47  -O.37

2 6 . 6 L  - 0 . 0 9

2 9 . 0 3  - 1 . 5 3
26.14  -L .26

2 9 . 9 9  - 1 . 0 1

3 9 . 3 8  - 0 . 3 2

36.77  -9 .41

3 7 . 3 3  - 8 . 5 7

30.04  - r .66

505
508
5 1 1
515

408
331
331
J J I

Pressure during metamorphism at the Stall Lake mine

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

chlorite * muscovite : biotite
* staurolite + quartz + HrO

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 t I kbar from the isobars
calculated in this study. The pressures estimated us-
ing the calibration of Scott ( 1973) or the calculations

Table 5.  Fi t  of  data f rom Scott  and Barnes (  1971. Table 2)  for  the
equilibrium among sphalerite-pyrite-pyrrhotite at one bar, using
matr ix  composi t ions and a constant  act iv i ty  of  FeS in pyrrhot i te :

0.48 below 525"C

re5

Molez FeS sphaler l te
l n p u t  c a l c .  d l f f .

33L 1104
351 1104
35L 1104
28L 1000
31L 1000

32L 1001
34L 1001
28J 925
35J 925

36J 925
37J 925
42A 848
600 555
44E 555

0 .907
0 . 7 9 4
o . 7  6 4
1 .000
0 .990

0 .  946
o.427
1. 000
0 . 7 1 6

o . 7 2 9
0 .  665
0 .  806
o . 4 7  2
0  - 4 7 2

4 9 . 8 0
3 9  . 8 0
3 8 .  5 0
56.60
5 4 . 2 0

5 4 . 1 0
4 2 . 2 0
5 8 , 1 0
3 9 .  8 0

3 6  . 8 0
3 1 . 1 0
5 4 . 6 0
1 9 . 0 0
1 9 .  7 0

5 0 .  3 1
4 2 . 2 3
4 0 .  1 1
56.43
5 5 . 7 3

52.62
4 4 . I 7
5 6 . 0 r
4 0 . 2 5

3 7  . 0 0
32.69
4 1 . 9 5
1 9  . 6 0
1 9 . 6 0

0 .  5 1
2 . 4 1
1 .  6 1

-0 .  17
1 .  5 3

- 1 . 4 8
1  0 ?

- 2 . 0 9

0 . 4 5

0 . 2 0
1 .  5 9

-]-2.65

0 . 6 0
-0 .  10

T " C

348
349
3s3
354
361

534
527
425
428
529

0 .480
0 .  480
0 .480
0 .  480
0 .480

0 .  480
0 .480
0 .  480
0 .480
0 .  480

20 .10
2 1 . 6 0
20.90
20.60
2 0 . 5 0

19 .  90
20.60
21 .  00
21 .  r 0
20 .70

362 529
364 384
513 354
52r 402
526 399

1 9 .  9 3  - 0 .  1 7
1 9 . 9 0  - 1 . 7 0

19 .34  -1 . .  55
r v .  J o  - L .  z 4

1 9 . 9 1  - 0 . 6 9

1 9 .  9 1  0 .  0 1
1 9 . 0 8  - L . 5 2

1 8 , 8 7  - 2 . r 3

1 9 . 2 0  - 1 . 9 0

1 9 . 1 6  - L . 5 2
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Fig 6. A plot of log /S, us. temperature shows that a small
change in log/S,  of  approximately 0.3 log uni ts wi l l  account for
the difference, at 350oC, in aFBs = 0.48 from Scott and Barnes
(1971, shown by the sol id curve and calculated using the matr ix
composi t ions of  sphaler i te,  and 4FBs = 0.55,  as a funct ion of
temperature from Table 5 (solid circles) of Toulmin and Barton
( 1964). The vertical bars are the experimental work of Schneeberg
(  1973 )

2 2 2 0 1 8 1 6 1 / - 1 2 1 0
MOLE PERCENT FeS lN SPHALERITE

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 wi th 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,  Mani toba.

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 580oC, 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 I bar solvus is dependent on the pyrite-
pyrrhotite solvus data used in the calculations. Ifa$3s
is kept constant at 0.48 below 550oC, 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).  I f  aF3s is al lowed 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 500oC from Scott  and Barnes (1971).
Isobars calculated for higher pressures, based on val-
ues of ag!" 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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