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Pyrite (

 

FeS

 

2

 

) and pyrrhotite (

 

Fe

 

1 – 

 

x

 

S

 

) often occur at
Ag-bearing ore occurrences and deposits with native
silver (Ag) or acanthite (

 

Ag

 

2

 

S

 

), a low-temperature
modification of argentite. Intergrowths of these miner-
als were established, for example, in pyrite samples
from the Texas Gulf Sulfur’s Kidd Creek deposit, Tim-
mons, Ontario [1].

The significant (~20%) positive volumetric effect of
the reaction between pyrrhotite and argentite with the
formation of pyrite and native silver is, probably, the
greatest effect for metal–sulfide equilibria. As a result, a
5000 bar pressure on solid phases increases the tempera-
ture of native silver formation approximately by 50 K
[1]. Hence, the pyrite–pyrrhotite–argentite–silver assem-
blage may be considered a potential geobarometer.

The phase relations in the Ag–Fe–S system have
been studied with the method of solid-phase annealing
at the pressure of natural vapor [1]. The metallic silver–
pyrite assemblage is stable below 

 

521 

 

± 

 

8

 

 K. At a higher
temperature, this assemblage gives way to the argent-
ite–pyrrhotite–pyrite assemblage, but phase relations
remain principally unchanged up to 805 K. Less than
0.1 at % of Ag can dissolve from sulfides and argentite.
The 

 

Fe

 

1 – 

 

x

 

S

 

 compositions in the 

 

Ag

 

2

 

S + 'FeS' + FeS

 

2

 

assemblage at >

 

521 

 

± 

 

8

 

 K are identical to those in the
binary 'FeS' + 

 

FeS

 

2

 

 assemblage [2, 3].

The phase relations in which we are interested in the
Ag–Fe–S system are described with a solid-phase reac-
tion

 

(1)FeS2 cr( ) 2Ag cr( )+ 'FeS' cr( ) Ag2S cr( ),+=

 

where all phases except pyrrhotite occur in the standard
state (their activity is equal to unity).

Reaction (1) was realized in the completely solid
galvanic cell

 

(A)

 

with a common gas space in argon atmosphere.
The electromotive force (EMF) of the cell is related

to the free energy of the reaction by the equation

 

, (2)

 

where 

 

∆

 

G

 

 is the free energy of reaction (1); 

 

n

 

 is the num-
ber of electrons that participate in the electrochemical pro-
cess (

 

n

 

 = 2 for reaction (1)); F = 96 484.56 C · mol

 

–1

 

 is
the Faraday constant; and 

 

E

 

 is the EMF of the galvanic
cell, mV.

Zero EMF of the cell (

 

E

 

(A)

 

 = 0) corresponds to the
equality of the chemical potentials of silver in both
parts of the cell or, in other words, to the formation of
metallic silver in the system at a constant pressure
(four-phase assemblage).

The pyrite–pyrrhotite mixture was synthesized in
several stages in evacuated (

 

~10

 

–4

 

 bar) ampules made of
quartz glass. The sample system (working electrode)
was prepared as a mixture of 'FeS', 

 

FeS

 

2

 

, and 

 

Ag

 

2

 

S

 

 in a
molar proportion of 1: 1: 1 and approximately 400 mg
in mass. This mixture was pressed into pellets 6 mm in
diameter under a load of 1.0–1.2 t. The design of the cell
and EMF measurement method are described in [4].

The experiments at atmospheric pressure in the
argon atmosphere were carried out previously [5] with
temperature titration, i.e., by setting a constant equilib-
rium EMF value at a given temperature. Equilibrium
was deemed to be achieved when the EMF values and
temperature remained 

 

±

 

0.02

 

 mV and 

 

±

 

0.15

 

 K, respec-
tively, over a few hours (sometimes, days).

The experiment at high gas pressure does not differ
principally from that at atmospheric pressure or at the
pressure of natural vapor in vacuum. The study at
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1000–5000 bar was performed in a high-pressure vessel
[6] that allows working under high 

 

pT

 

 conditions (up to
10 kbar and 1400 K, respectively). Commodity argon
from a gas cylinder without additional refinement was
used as a pressure-transmitting medium.

The temperature, pressure, and EMF were measured
with a universal, multichannel high-precision digital
device attached to a PC [7]. The measurement accuracy
was 

 

±

 

0.005

 

 mV (range 0–16 mV) for the temperature
channel and 

 

±

 

0.03

 

 mV (range 0–500 mV) for the EMF
channel. The input resistance of the channels for EMF
measurements was 

 

10

 

12

 

–10

 

13

 

 

 

Ω

 

. The cell temperature
was measured with a chromel–alumel thermocouple at
atmospheric pressure and with a Pt/Pt (10 wt % Rh)
thermocouple in the high-pressure vessel. The pressure
was determined by readings of a D-1000 strain meter,
which was calibrated to 2000 bar with a deadweight
pressure tester. The error of measurements (

 

2

 

σ

 

) was
3 bar, and sensitivity was not worse than 1 bar. Thus,
the uncertainty of pressure determination within a
range of 1–5000 bar was not higher than 10 bar.

The experiments in the high-pressure vessel were
carried out with temperature titration: the pressure was
changed approximately by 1000 bar after the establish-
ment of equilibrium EMF at a given temperature; in so
doing, we assumed that the given temperature and con-
stant EMF are retained. The temperature is a limiting
factor of equilibrium, while the equilibrium response of

the potential of the cell to the change in pressure was
practically instantaneous. The duration of controlling
the measurements at each pressure after achievement of
temperature equilibrium was no less than 60 min.

The figure presents the results of measurements in
cell (A) at atmospheric pressure (more than 130 points
with a step of 5 K) as two linear equations (

 

∆

 

r

 

C

 

p

 

) = 0)
that correspond to the stability field of high-temperature
(

 

γ

 

) and low-temperature (

 

β

 

) pyrrhotite in reaction (1):

 

(3)

(4)

 

The errors in the experimental data were determined
with the least square method for a 

 

2

 

σ

 

 confidence inter-
val.

The temperature of the type 1 phase transition 

 

T

 

βγ

 

 =
601 

 

± 

 

2

 

 K is determined from the joint solution of Eqs. (3)
and (4). The enthalpy of the phase transition is 

 

∆

 

βγ

 

H

 

 =
–2

 

F

 

(

 

∂∆

 

E

 

(A)/

 

∂

 

T

 

)

 

p

 

 · 

 

T

 

βγ

 

 = 4020 

 

± 

 

200

 

 J · mol

 

–1

 

.
It is known that the composition and activity of pyr-

rhotite on the pyrite–pyrrhotite equilibrium line virtu-

E A γ,( ) mV( ), 311.7 1.1±( )–=

+ 0.5968 0.0017±( ) T , 601 T K( ) 723< <( ),⋅

R2 0.9999,=

E A β,( ) mV( ), 290.9 1.4±( )–=

+ 0.5621 0.0025±( ) T , 518 T K( ) 601< <( ),⋅

R2 0.9998.=
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Experimental relationship of cell (A) EMF vs. temperature. Circles are experimental points obtained at atmospheric pressure. Devi-
ations of experimental points from the calculated isobars are apparent, because the pressures are slightly distinct from those divisible
by 1000. The inset demonstrates the relationship of the stability temperature of four-phase assemblage vs. total pressure. (1) Exper-
imental data, Eq. (9); (2) calculation for the four-phase assemblage with participation of troilite (FeS) [9]; (3) calculation for the
four-phase assemblage with participation of monoclinic pyrrhotite (Fe7S8) [9].
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ally do not depend on pressure [3]. Hence, the temper-
ature and thermal effect of phase transition in pyrrhotite
do not depend (at a first approximation) on pressure as
well.

The equilibrium in cell (A) was established very
rapidly and is reproducible within the entire studied
T–p range. It is probably explained by the presence of
silver sulfide, which is an ionic conductor with semi-
conductor properties [8]. The relatively high mobility
of Ag ions and electron conduction promote the fast
establishment of equilibrium between pyrrhotite,
pyrite, and Ag2S.

The instant equilibrium response of EMF to pres-
sure changes at a constant temperature confirms that the
composition and activity of FeS in pyrrhotite are inde-
pendent of pressure.

The accuracy of experimental data obtained at atmo-
spheric pressure is definitely higher than the accuracy
of the results obtained in the high-pressure vessel
owing to the smaller number of points and shorter time
assigned to the establishment of equilibrium. Thus, the
relationship E(T, 1 atm) (3) was chosen as the basic one
for the determination of functional relationships
between EMF versus temperature and pressure. The
effect of pressure on the EMF of the cell was found as
an additional function cr · (p – 1), where cr is related to
variation of the molar volume of reaction (1) by equa-
tions

(5)

In the general case, ∆rVm is a function of temperature
and pressure. The thermal and baric coefficients for all
phases in reaction (1) are unknown. For relatively low
pressure and temperature, ∆rVm(1) may be assumed, at
a first approximation, as a constant and this assumption
is commonly accepted for estimation of the pressure
effect. In our experiment, the integral effect of pressure
was determined in situ and the accuracy of the experi-
mental data on ∆rVm(1) obtained at a pressure is a priori
not worse than the accuracy of the reference data on
∆rVm(1) for normal conditions.

The coefficients of the equation

(6)

where cr(T, p) is a constant, may be found in several
ways. To calculate this coefficient, we used only the
experimental points (E, T, p) obtained at a pressure of
about 5000 bar. As a result, a numerical relationship
between EMF, temperature, and total pressure has been
obtained for reaction (1) in the field of γ-pyrrhotite sta-
bility:

(7)

cr p 1–( )⋅ E T p,( ) E T 1 atm,( )–=

=  ∆rVm T p,( )– p 1–( )/n F.⋅ ⋅

E T p,( ) a bT cr T p,( ) p 1–( ),⋅+ +=

E A γ,( ) T p,( ) mV( ) =

311.7– 0.5968+ T⋅ 5.343 10 3– p 1–( ).⋅ ⋅–=

The double root of the mean-square deviation (2σ) of
the experimental data from the analytical relationship is
1.3 mV, which corresponds to an uncertainty of 2 K or
180 bar.

In the EMF versus temperature plot (figure), the
experimental data are supplemented by E(T) relation-
ships calculated for pressures of 1000, 2000–5000, and
8750 bar from Eq. (7). The figure also shows the EMF–
temperature relationship for reaction (1) at 1 atm as
Eqs. (2) and (3), as well as all experimental points.

The lines of E(T) dependence for the pressure values
divisible by 1000 atm were extrapolated to the field
below the temperature of β–γ transition in pyrrhotite. If
we assume that the temperature and enthalpy of this
transition do not depend on pressure, the relationship
E(T, p) at a temperature below 601 K may be obtained
by substitution of the relevant side of Eq. (3) in Eq. (7)
by Eq. (4):

(8)

The temperature values at which metallic silver
starts to form depending on pressure are shown by tri-
angles. Equations (9) and (10) also indicate the pressure
(p4), at which the four-phase assemblage E(T, p) = 0 exists
depending on temperature:

(9)

(10)

Equation (9) is applicable to the calculation of the
pressure at which the four-phase assemblage with the
participation of β-pyrrhotite exists at a temperature
below 601 ± 2 K, while Eq. (10) is used for calculation
of p4 at a temperature above 601 K in the four-phase
assemblage with γ pyrrhotite. When the pyrite–γ-pyr-
rhotite–argentite assemblage is cooling at a pressure of
8750 ± 180 bar, the phase transition of pyrrhotite coin-
cides with onset of metallic silver formation.

The T–p relationships of metallic silver formation
were also calculated for the troilite (FeS) + pyrite +
argentite + silver and the monoclinic pyrrhotite (Fe7S8) +
pyrite + argentite + silver assemblages in order to com-
pare the results with experimental data. All values for
these calculations were taken from handbook [9]. The
temperatures of metallic silver formation T4 (p = 1 atm)
in our experiment and in the calculation with the partic-
ipation of troilite virtually coincide at atmospheric
pressure. However, the experimental line has a steeper
slope. By comparison, the change in the standard molar
volume is 0.7906 ± 0.005 J · bar–1 for the reaction with
the participation of stoichiometric pyrrhotite and
0.9036 ± 0.006 J · bar–1 for the reaction with the partic-
ipation of monoclinic pyrrhotite. At the same time, the
change of the molar volume for the studied reaction (1)

E A β,( ) T p,( ) mV( )

=  290.9– 0.5621 T 5.343 10 3– p 1–( ).⋅ ⋅–⋅+

p4 β( ) 1–( ) 105.21 T 517.5–( ),⋅=

518 T K( ) 601< <( ),

p4 γ( ) 1–( ) = 111.69 T 522.3–( ), T K( ) 601>( ).⋅
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calculated from Eqs. (7) and (8) is 1.031 ± 0.09 J · bar–1

(inset in figure).
Thus, if the temperature of native silver formation in

association with iron sulfide(s) may be established
independently, for example, from fluid inclusions, the
experimentally obtained Eqs. (9) and (10) may be used
as geobarometers. Thereby, it must be kept in mind that
silver is stable at any pressure at a temperature below
518 K.

The established kinetic attributes of these reactions
have self-dependent implications for experimental
studies. The occurrence of silver sulfide as one of the
phases of the sample system (electrode) of a galvanic
cell accelerates the achievement of equilibrium and
thus substantially widens the temperature range of
investigations. The high accuracy, relative simplicity,
and possibility to control the achievement of equilib-
rium during the run are also obvious advantages of the
EMF method.
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