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ABSTRACT

Quench=type and DTA experiments conducted in silica
tubes were used to investigate the Ag-Fe-3 system from
liquidus temperatures to below 200°C under the vapor pres=
sures of the system. Several hydrothermal experinents,
also conducted in silica tubes, were performed at tempera-
tures below 300°C.

Ternary liquid-immiscibility fields dominate the phase
relations at high temperatures (>1000°C)., A sulfurerich
twowliquid field, which spans from the Ag=S to the Fe-S joins
above 1083%2°C, is present above 607E2°C in the termary syse
tem., Metal-rich immiscible liquids, which probably origi-
nate on the Ag-I'e join above 1533i2°0, are present in the
ternary system above 906%¥2°C, The assemblage Ag + pyrrho-
tite becomes stable at 955%3°C (a pseudobinary eutectic).
With decreasing temperature, the assemblages argentite +
pyrrhotite and argentite + pyrite becoms stable at 622%2°
and 60T742°C, respectively; the reactions involve ternary
invariant conditions (neither join is pseudobinary). The
asgemblage argentite + pyrrhotite + pyrite becomes stable
at 532i2°c (ternary eutectic near Ages in composition). A
subsolidus invariant reaction at 2I.8%8°C results in the for-
mation of the silver + pyrite assemblage. No ternary solid
phases were encountered in dry experiments above 150°C,

Less than 0.2 at.Z Ag is soluble in pyrite and pyrrho=-
tite at 600°C and less than 0.8 at.% Fe in argentite at

1



500°C, Silver has no measurable effect on 4(10.2) values

of pyrrhotite or the cell dimension of pyrite (§2 o
5.1175£0,00028). The presence of iron lowers the fee = bee
inversion temperature of AgZS from 52° to >100°C, depending
on the assoclated Ag-Fe-S phases; however, the bce = mono.
inversion temperature is not measurably affected.

Heating of sternbergite and argentopyrite (both AgFe283)
sanples has demongtrated instability at 152°C (e.g., partial
breakdown of sternbergite in LjO5 days); rate studies have
shown that a 10°C temperature increase results in approxi-
mately a S=fold increase in breskdown rate.

Fugacities of sulfur over binary and ternary univariant
assemblages were investigated through use of the electrum=
tarnish and pyrrhotite-indicator methods. This study has
demonstrated that binary fugacity data are applicable to ter=
nary assemblages.

Several significant points of geologic interest from
the experimentally determined phase equilibria are diseussed.
The silver deposits of Cobalt, Ontario, are used to demon-
strate the combinedusage of various types of thermodynamie
data to delineate ore~forming conditions. In addition to
geologic applications, a section is devoted to o brief dige
cussion of mierotextures, in the Ag-Fe-S system, of possible

metallurgical importance.



INTRODUGTION

The most common sulfide minerals —— the iron sulfldes,
pyrite (FeSE) and several species of pyrrhotite (Fel_xs) —
occur as major or minor constituents of all silver deposits.
Cormonly associated with these iron gu;f;des, are the eco=
nomically important silver minerals —— argentite and acan-
thite (AgZS) and native silver —— which provide the bulk of
the silver content in the Ni-Co-native silver ore type. Phys-
ico=chemical data on coexisting iron= and silver~sulfide
minerals are important to an interpretation of the environ-
ment of the geologic processes pertaining to the formation
of these deposits. Phase equilibria in the Ag-Fe~S system
provide new and valuable information on silver-mineral
deposition.

The iron-sulfide minerals, in addition to belng asso-
ciated with the silver minerals, commonly contain small,
but economic, quantities of sgilver. Several recent inves-
tigators, notably Sutherland (1967), have been concerned
with the effect of silver upon the phases and phase rela=~
tions in the Fe~S system. In this respect, the solubility
of silver in pyrite ("argentiferous pyrite") and pyrrhotite,
as well as the effect of silver present in solid solution
on the ecell dimensions of pyrite and pyrrhotite, are impor=

tant.

The reported Ag~Fe=3 ternary minerals, sternbergite,



argentopyrite (both AgFesz), frieseite (AngeSSB), and
argyropyrite (Ag3Fe7sll), are not commonly found in ore
deposits containing iron- and silver-sulfide minerals.

They have been described in ores belleved to have been sub=
jected to high temperatures and pressures of metamorphi sm
(e.g., Broken Hill, Australia), as well as in oxidized and
gupergene=-enriched ores (e.g., Joachimsthal, Czechoslovakia).
No thermodynamiec data, which could explain the limited, howe
ever, diverse geologlc occurrences of these various phases,
are present in the literature.

Phase equilibria‘infthe system Ag=Fe=-S have many imme=
dlate applications; however, when these data are used collec=-
tively with other pertinent systems such as Ag=As-S, Fe-As=3S,
Cu=Fe=S, Ag=Bi=-S, etc., valuable knowledge can be obtained
relating to the physical and chemlcal nature of the fluids
responsible for the deposition of the ore minerals.

This investigation was undertaken as part of the sulfide
experimental research program, in the Department of Geologi-
cal Scilences at Lehigh University, under the direcition of Dr,
Gunnar Kullerud, Senior Staff Member, Geophysical Laboratory,
Carnegie Institution of Washington, and Adjunct Professor of
Geochemistry at Lehigh University. This study was preceded
at Lehigh by investigations in the (Co~As-~S and Co-Fe-S sys-
tems, Ph.D. theses on the Ag=Bl=S and Ag=-Bl=-Pb=S systems
(Craig, 1965) and the Ag-As-S system (Roland, 1966), and re=-
cently, by post-doctoral research in the Ag-PbeAs=3S and Age

Pb=Sb=S gystems (Roland, 1968, personal commmnication).



MINERALS IN THE AgeFe=S SYSTEM - -

The chemical compositions of 17 minerals can be plotted
on a composition diagram of the Ag-Fe-S system (Figure 1).
Pertinent crystallographic dataare reported in Table 1,

The eompound Agzs has been described as two distinet

mineral species: cubic argentite and monoclinic acanthite.

Cubic Ag,S is stable only above 177¥1°C where a phase
transition takes place. Below this temperature, the cubic
morphology of the nonquenchable argentite phase is often
preserved but, according to Ramsdell (1943), all room-tem-
perature Ages X=ray powder-diffraction patterns reflect the
monoclinic structure of acanthite, Therefore, usage of
argentite as a mineral name refers to a paramorph of acan=
thite after argentite.

Evidence for the becc = mono. phase transition of AgES
at 177%1°C has been used extengsively as an indicator of the
minimum temperature of mineral deposition in ore deposits.
Ramdohr (1955) stated that the frequent twinning observed
in natural Aggs results from this inversion, and thus, the
presence of twinning indicates initial deposition above
177i1°0; he considered Agzs which is free of twinning as
having formed below this temperature.

Although pyrite is commonly believed to be stoichio-
nmetric Fesz, many authors have reported slight variations

in the cell dimensions which Kullerud and Yoder (1959) bew

lieved are more likely due to presence of impurities (6.8, s

5
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Ni, Co, Cu, As, etc.) rather than variations in the metal to

S ratio. The composition of maracasite is also reported as
F'es2 and has therefore been considered a polymorph of pyrite.
Kullerud (1967a; 1967b) stated that marcasite was not formed
in experiments in the Fe-S and Fe-S=0 systems but commonly
formed in experiments in the Fe-S-0-H system. He concluded,
supporting Buerger's (1934) contention, that marcasite 1s
slightly gulfur deficient, with the structure possibly con-
taining SH™ bonds. These results suggest that marcasite is
not an F982 polymorph and 1s, also, not a phase in the Fe-S
system.

Two minerals, smythite (Erd et al., 1957) and greigite .
(Skinner et al., 196l4), are reported as having the composi-
tion FeBSh' Little is known concerning thelr stability
relations except that they are both probably unstable above
200°c¢,

Independently, Evans et al. (1962, 1964) and Kouvo et
al. (1963) described natural occurrences of a tetragonal com-
pound near FeS composition for which the name mackinawlte
has subsequently been accepted; this mineral 1s identical
to the pféviously described cubic "kansite" (Meyer et al.,
1957). Several specimens of mackanawite analysed by Clark
(1966b) gave a composition (Fe,Ni,Co)l+xS with x < .07. Ber=-
ner (1962b) has synthesized this tetragonal phase in aqueous
Fe-S solutlons demonstrating that N1 and Co are not essential

conmponents of the mackinawite structure.
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Pyrrhotite, Fel-xs’ exists in nature as at least three

distinct mineral species. Carpenter and Desborough (196l)
and Arnold (1967) reported that all naturelly occurring
pyrrhotites possess supercell modifications of the simple
hexagonal NiAs-type cell originally ascribed to pyrrhotite
(Alsén, 1925). Troilite, FeS, has a mupercell with a =V3A,
¢c = 2C (Grgnvold and Hareldsen, 1952),% intermediate pyrrho-
tite (hexagonal Fel_xS) with a = 2A, ¢ = 5C (Carpenter and
Desborough, 196l), and monoclinie pyrrhotite, about Fe788,
a cell with a = 2B, b = 25,_é£d ¢ = h¢ (Bertaut, 1953).

Four minerals containing Ag, Fe, and S as major come

ponents —— the "Silberkiesgruppe" of Ramdohr (1960)

have been described in the literature since 1828.*% Based

on the close similarity between the cell dimensions of argen-
topyrite and sternbergite and a cell content of u(AgFeZS3)
for argentopyrite versus 8(A5F9253) for sternbergite, Murdock
and Berry (1954) suggested that these minerals are dimorphs.
The X-ray diffraction data and physical propertles of these
two minerals are falrly well established; however, for
frieseite and argyropyrite, X-ray data are lacking, reported
compositions are at variance, and the physical and optical

*  Normal lower case symbols are used to denote the crystalla

ographiec axes of the superstructure based on the NiAs
arrangement; upper case symbols are used to denote the
NiAs-type substructure (Wuensch, 1963, p. 157).

ats
3

Palache, et al. (194}) also report a mineral "silberkies"
originally described by Streng (1878), not fs a new mineral
speciles, but as a possible variation of a mineral in the
"gilberkiesgruppe".
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properties are not distinctly different from sternbergite

or argentopyrite.

Argyropyrite was originally deseribed as a mineral with
composition Ag3F97811 (Weisbach, 1877). Most physical pro-
perties are similar to those of sternbergite, but this min-
eral has a prismatic habit similar to argentopyrite. rie-
seite was originally described as a mineral with composition
AngeSSB,wiﬁh all its physical properties identical to stern-
bergite, except that it has a thick-tabular hablt versus
thin-platey for sternbergite. Samples of frieseite and
sternbergite upon X-ray examlnation by Peacock (1942) gave
exactly the same patterns and cell dimensions. If the
differences in composition of argyropyrlite and frieselte
from AgFe283 are due to contamination or poor snalysls,
these minerals may be paramorphs of sternbergite after argen-
topyrite.

The X-ray powder-diffraction tracings of sternbergite
and argentopyrite are in good agreement with those of Berry
and Thormpson (1962) and Murdock and Berry (1954), respec=-
tively. No new information concerning thelr structures was

determined during the present study.



EXPERIMENTAL METHODS

The various experimental methods employed during this
investigation to study particular aspects of phase relations

in the Ag-Fe=-S system are discussed below.
Quench-Type Experimentation

The mejority of experiments involved the use of sealed,
evacuated, silica-glass tubes with minimum vepor volume as
deseribed by Kullerud and Yoder (1959). Such experiments
are commonly referred to as "quench-type" or "silica-tube"
experiments. The equipment necessary for such experimenta=
tion 1s avallable at Lehigh University, Department of Geo-
logical Sciences, and has previously been described in detall
by Craig (1965) and Roland (1966).

One of the baslic assumptions concerning the use of
quench~type experiments is that the nature (e.g., composition
and interrelationships) of the phases present at the annealing
temperature ean be inferred from the products as examined at
roon-temperature. In order to help preserve evlidence of the
highe-temperature phase relations, the slllica tubes, at the
termination of the heating period, are rapidly chilled to
room temperature by immersion in cold water; the temperature
of the tubes reaches 25°C in an estimated 3-5 seconds.
Therefore, in the context of thls study, the term "quench!
is not used to mean an "instantaneous freezing® but is

appllied to the technlique of rapid chilling.

11



12

The attalnment of equilibrium in quench-type experi-
ments 1s commonly hindered by inhomogeneity of the charge
and/or slow reaction rates., To help alleviate these diffi-
culties, two practices were adopted during the present study;
1) many charges were homogenized by partial or complete
melting in sealed, evacuated, sillca tubes In an oxygen-
natural gas flame prior to anneelling at the desired tempera-
ture, 2) frequently, the silica tube of an experiment was
rapidly ehilled to room temperature, the tube opened, the
material carefully ground under toluene® (to prevent oxlda-
tion), the charge resealed in g clean tube, and the tube
again placed at the annealing temperature. Thls procedure
considerebly hastened otherwlse sluggish reactlions, because
the grinding provided an enormous increase in reaction sur-
faces; however, as explained in a later section, this grinding
may have certain deleterious effects as well. Extreme care
was taken wlth grinding with consequent loss of less than 1.0

mg of a 100 mg charge. The materlsl lost was assumed to have
the composition of the bulk charge.

DTA Experimentation

Certain phases in the Ag-Fe~S system are nonquenchable
and cannot be studled by quench-type experiments. Notesable

examples in the Ag-Fe-S system are the becec = fec and bee =

* The charges of early experiments were ground under aceéetone.
However, 1t was found that acetone readily plcks up moise

ture from the atmosphere thus meking it unsultable for this
use.
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mono. trensformations of Agzs. However, the thermel energy

associated with a nonquenchable phase transformation can
often be detected by differential thermal analysis. TFor
this reason, numerous DTA experiments were conducted in the
laboratory of Dr. Gunnar Kullerud of the Geophysical Labora-
tory of the Carnegle Institution of Washington, D. C.,
according to the procedurs descrlbed by Kullerud (1963b). A
detailed deseription of this DTA apparatus and technlque was
given by Craig (1965).

High-Terperature X-Ray Experimentation

A Unicam high-temperature X-ray camera was used during
this study for the examination of the nonquenchable bee and
fce forms of Agas. These experiments were conducted 1in the
Kullerud Laboratory at the Geophysical Laboratory; technical
details eoncerning this apparatus were dlscussed by Cralg
(1965).

Aqueous Experimentation

The reaction rates of many quench«type experiments con-
dueted in the Ag-Fe~S system below about 300°C were extremely
slow i.e., they would require years to attain equlilibrium,
Therefore, other methods of experimentation were conducted
in an attempt to overcome this kinetic factor. Berner
(1962a, 196l.) and Clark and Kullerud (1963) have reported
excellent results with the aqueous preclpitation of sulfide

phases at elevated temperatures. Barnard and Christopher
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(1966a, 1966b) have reported the presence of various salts
(1.e., NaCl, NHhcl) in solution to be very effective in
transporting and recrystallizing sulfide phases. Although
the exact mechanisms of formation and effects of the addi-
tional components (e.g., H,0, various salts) are not com-
pletely known, these methods of aqueous experimentation can
result In feasible reaction periods. If the presence of Héo
does not cause a change in the number or composition of the

solid phases under conslderation, it may be regarded as only

a reaction medium or catalyst for the experiment.

Precipitation Experiments

Several aqueous experiments involved the mixing of
golutions at elevated temperatures. No attempt was made to
exclude alr from the experiments. The components for the
reaction were present as dilssolved salts and, upon mixing
of the solutions of the respective salts, a black precipi-
tate usually formed which was ldentified by X-ray powder-
diffraction analysis., The Teflon-bomb technique (Kullerud,
1962) was also used where it was desirable to mix the solu-
tions at temperatures above 100°C. In this technique, very
limited smounts of alr were enclosed in the reaction vessel

because the bomb was not evacuated before sealing.

Recrystallization Experiments

Aqueous experiments were also conducted using a 2M

NHhCl solution as the reaction medium. Solid phase reactants
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(100 mg charges) the same reactants as used in the

anhydrous experiments

and the salt solution (1.5-2.0

ml) were placed in sealed, evacuated, silica tubes and
annsgled at temperatures below 300°C. The solid products

of such experiments were not analysed for chlorine; however,
several experiments in the Fe-S system duplicated by both
the dry and aqueous recrystallization techniques gave exactly
the same phase relations and.g(lo_z) values for the pyrrho-
tites involved. Thls suggests that either chloride ions do
not enter the pyrrhotite structure, or the effect of chloride
lon contained in the pyrrhotite structure is not of suffi-
clent magnitude to be detected by the X-ray technique used.

The former suggestion ls more plauslble.

Fugacity Determinations

Kullerud and Yoder (1959) reviewed the various methods
of determining fugacities (non-ideal pressures) of sulfur
over gulfide-phase assemblages, An electrum-tarnish method
(Barton and Toulmin, 196li) for measurement of sulfur fuga=-
cities has since been developed and applied to sulfides.
This method has been used to calibrate yet another method
for sulfur=fugaclty determinations

the pyrrhotite-indi-
cator method (Toulmin and Barton, 196l).

Both the electrum-tarnish and pyrrhotite-indicator
methods for determining the fugacities of sulfur in laboraw-
tory sulfide systems were used in the course of this inves-

tigation and are deseribed in much more detail in a later

section (page 89 ).



PREPARATION OF REACTANTS

Reactants used in the preparation of experiments cone=
sisted of either the elements or the binary compounds, Agzs,
FeSa, and Fel-xs’ previously synthesized from the elements,
Elements of the highest avallable purity were used in this
study. Iron was obtained from the Battelle Memorial Insti=-
tute, Columbus, Ohio. The sllver and sulfur were obtained
from the American Smelting and Refinling Company, South Plaine
field, New Jersey.

The iron, bar 83 of 99.995+wt.%4 purlty, was obtained as
a 1 1b. cylinder 1 1/2 inches in dismeter. The suppller's
analyses report S, B, Si, Na, V, Zn, and Zr, as well as 4O
other metallic impurities, as not detected; elements detected
(in ppm) are: 02- 1.8, C- L4, Gr=- 3, Co= 10, Ni- 4, P- 53 all
others total <10 ppm.

Grade A-59 silver, of 99.999%+wt.% purity, was obtalned
as 2 ounce bars., The suppller!s spectrographic analyses
report Au, Bi, Ca, Cd, Cr, In, Mn, Ni, Pb, Sb, Te, and Zn
as not detected; maximum Inpurities of other elements (in
ppm) are: Mg= lj, Si- 2, Fe- 3, Cu~ lj, and Al- 1.

"Special High Purity" sulfur, of 99.999+wt.% purity, was
obtained as fragments. The suppller's spectrographic analy=
ses report Ag, Al, Bi, Ca, Cd, Cr, Cu, Fe, In, Mg, Ni, Pb,
Sb, Si, Sn, Te, and Zn as not detected; Na and Cl are each
listed as 1 ppm on the basig of chemlcal analyses.

Silver and iron were separately treated in a hydrogen-

16
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reduction furnace at 800°C for 3l hours and 850°C for 6-8
hours, respectively, before use. The reduced materlals were
stored in sealed, evacuated, pyrex or silica-glass tubes to
avold oxidatlon.

Silver and sulfur were mixed in an atomic ratio of 2:1
in order to prepare 1 gm charges of Agzs. The charges were
heated in a sealed, evacuated, silica tube at 600%1l0°C for
a period of 3-5 days to Insure complete reactlon. TUpon com=
pletion of the heating, the Agzs was carefully filed and
any flle teeth associated with the Agas woere removed with
a magnet. The AgZS was examined in polished section-for
purity.

Pyrrhotite (of desired composition) was prepared by
weighing into a silica tube, correct proportions of Fe and
S for a 500 mg. charge*. The sealed, evacuated tube was
placed in a furnace at a temperature of 600¥10°C for 2L
hours, then the tube was quenched, the charge carefully
ground wnder toluene, reloaded into a clean tube, and heated
for an additional 72 hours. At the end of the time, the
pyrrhotite was again ground, reloaded, and placed in the
furnace for an additional 244 hours. A representative por-
tion of thls fresh pyrrhotlite was taken from the tube for
examination of composition and purity. A sharp 10.2%% X-ray

* Difficulty with Inhomogeneity was encountered if the
charge welighed more than about 500 mg.

*%Abbreviated Miller-Bravals indices.
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reflection and optical purlity in polished section were used
as Indications of homogeneity. Because pyrrhotite oxldizes
In a few days 1f exposed to alr, thls starting material was
stored in sealed, evacuated tubes or, as in earlier experi-
ments, kept in a vacuum desiececator (pressure approximately
10 mm Hg) until ready for use.

Por the synthesis of pyrite, previously prepared pyrr-
hotite of known composition was mixed with an amount of sul=
fur calculated to give 600-800 mg total,with a bulk composi-
tion of F982 + 0.2-0.3 wt.Z2 S (to compensate for sulfur loss
to the vapor phase). This charge was heated in a sealed,
evacuated, silica tube at 600%10°C for 48 hours, the tube
quenched, the charge carefully ground under toluene (to pre=
vent oxlidation), reloaded into a clean tube wlth an excess
of 0.1 wt.%4 S, and heated for an additional 2l hours. Anothe
er careful grinding preceeded a final 2l} hours of heating.
The excess sulfur present was removed by placing the tube in
a thermal gradient, causing the sulfur to migrate to the
cooler end of the tube., After quenching, the tube was care=-
fully opened, the visible sulfur removed, and the F982 was
ground under 032 to dissolve sulfur and then under alcohol
to dissolve CSZ' The pyrite was stored in a vacuum desic-

cator to prevent molsture contamination and oxidation.,



IDENTIFICATION OF PHASES

The phases encountered durlng thls study were identi-
fied by 1) visual examination, 2) low=power binocular micro-
scope, 3) magnet, L) reflecting microscope, and 5) X-ray
powder-diffraction methods.

1) Visual examination of the charge was used exten-
sively when a liqulid phase was suspected at the temperature
of the experiment. The tube was taken out of the vertical
furnace and immedlately examlned at temperature prior to
chilling. This technique was very useful in detecting the
presence of small amounts of a sulfur-rich liquid which
might otherwise go undetected 1n the room temperature pro=-
ducts.

2) 'The umopened silica tubes were examined after
quenching with a low-power (0.7-3X objective) binocular
microscope to ascertain as far as possible 1f reaction had
takken place, 1f separation of the charge into two or more
discrete portions had occurred (suggesting inhomogeneity),
or 1f sulfur-rich liquid, as shown by small droplets of
sulfur on the tube walls, was posslbly present at the
annealing temperature of the experiment.

3) Monocliniec pyrrhotite has a higher magnetiec suscep-
tibly than the assoclated phases in Ag-Fe-S and Fe-S experi-
ments, A magnet was used to determine if one of the products
in an unopened tube consisted of monoclinic pyrrhotite, and,
in experiments on the Fe=3S join, thls effeet could even be

19
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used to estimate relative proportions of hexagonal and mono-
clinie pyrrhotite phases.

IL) Representative portions (about 50 mg) of charges
were cast in a clear, cold-setting, mounting medium, Bake=-
lite epoxy resin which hardens in approximately I} hours at
25°C and Geomount plastic whiech hardens in approximately 20-
30 minutes at 25°C were the mounting media used. The mounted
charges were polished with various abrasives on a series of
cloth-covered steel laps using a Sampson-Patmore polishing
machine., The polished sectlons were then examined with a
Leitz Dialux reflecting microscope. Oil-immersionvobjectives,
because of thelr much higher resolution,as compared to alr
objectives, were used almost exclusively.

The optical properties of the synthetie so0lid phases in
the Ag~Fe=S system are ldentical -to the properties of their
natural analoges. Examination of polished sections of experi-
mental charges commonly revealed "liquld textures" -~ evidence
of the presence of liquid at the ammealing temperature. These
textures conslst of fine-grained intergrowths of the appropri-
ate wmary and binary solid phases.

Powder smear-mounts for X-ray powder-diffraction study
were made by grinding the material under toluene and smearing
this powder on a glass slide with an acetone-Duco Cement solu-
tion. Malleable phases were finely filed before smearing on
the glass slide. Diffractometer tracings were obtained using
a North American Phllips X-ray diffraction unit. The radia-
tion used was either nickel-filtered copper ( AK_= 1.5418%)
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or mangsnese-filtered iron (A K. = 1.9373%). When it was
necessary to determine exact interplanar spaclings of a phase,
an internsl standard, silicon (a = 5.14306%, Parrish, 1953) or
fluorite (a = 5.4638%0.00038, Roland, 1966), was incorporated
wlth the sample durlng the grinding for the powder smear
mount. At least 8 sets’of refleetions of the peaks of lnter-
est were obtalned by oscillation from both low to high and
high to low angles with g reversal of the slide after the
fourth osecillation. The goniometer speed was 1/2 degree 26
per minute with a chart speed of 1/2 inch per minute. Com=-
putations of cell dimensions were made using the G.E. 225
computer and a least-squares program, written by Dr. G. W.
Rbland%, which operates on the 28 values of previously in-
dexed lines. ZEach line 1ls accorded a welghlng factor using
the method desecribed by Burnham (1962).

The iron content of the pyrrhotite made in this study,
as well as the metal content of the natural pyrrhotites exa-
mined, were determined aceording to the method of Arnold
(1962) using a graph of Q(10-2) versus atomlc percent iron
in the pyrrhotite based on the data of Toulmin and Barton
(1964). The standard deviation of the measurements of the
20 value of the 10.-2 reflections of the pyrrhotites was

£0,12°, which corresponds to £0.10 at.%Z iron.

*Research Assoclate, Department of Geological Sciences,
Lehigh University.



DATA CONCERNING THE UNARY AND BINARY SYSTEMS

A systematic study of ternary phase relations necessi-
tates a thorough knowledge of the binary systems which in
turn requires a complete understanding of the respective
unary systems (the elements). The wmary and binary systems
are well known at temperatures above approximately 300°C,
However, a number of experiments in the present study were
conducted in the binary systems at temperatures both above
and below 300°C and are reported at the end of the discus-
sion of each gystem.

The Flements
Ag

Kracek (1946) reported the melting point of pure silver,
in the presence of vapor, as 960.5°C. Solid silver occurs
in only one erystalline modiflcation which possesses a face=
centered cublc structure, space group Fm3m (Swanson, et al.,
1953).

Fe

The melting point of pure lron in the presence of vapor
is reported as 1534°C (Hansen and Anderko, 1958). Iron pos-
sesses three structural modifications at one atmosphere
pressure (& stable below 910°C, § stable between 910° and
1390°C, and 8 stable from 1390°C to the melting point)
which are all cubie; the X phase 1is face~centered cubiec

(fee) whereas the ocand § phases are body-centered eubic (bee).

22
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S

Meyer (1965) and Tuller (195l) complled data per-
taining to the phase relations and thermodynamics of pure
sulfur. Bell et al. (1967) determined that low-temperature
sulfur (orthorhombie) inverts to & higher-temperature form
(monoclinie), in the presence of vapor, at 102t1°¢ and that
the triple point of sulfur 1s at 114*1°¢. At all tempera-
tures of experimentation in the present study (above 114°C),
the assemblage liquid S + vapor occurs in the sulfur corner
of the ternary system.

The Binary Systems

Ag-S System

The condensed phase diegram of the Ag-S system ls shown
in Figure 2 based on the data of Kracek (1946) and Hansen
and Anderko (1958). Silver sulfide (Agzs) is the only com=
pound in the system. The maximum limits of solid solution
from Ag,S composition are less than 2.7% 0.2 at.% toward
sulfur at 804£2°C and less than 1.3%0.3 at.% toward silver
at 7h0%3°¢

the compositions of the sulfur-rich mono-
tectic and silver-rich eutectic points, respectively (see
Figure 2). Wagner (1953) reported a maximum variation in
composition of the low-temperature form from Agz.OOOS to
Ag5,002°

Two nonquenchable phase transitions in Ages are ree-
ported. The low-temperature polymorph (acanthite) has a

monoclinie structure (Ramsdell, 1943). The intermediate=
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temperature polymorph (argentite) is body-centered cubic
(bce) (Rehlfs, 1936; Djurle, 1958) and the high-temperature
form is face=centered cubic (fec) (Djurle, 1958).

A recent study was conducted by Sadanaga and Sueno
(1967) on the 177°C inversion in Ag,S. They heated Ag,S by
means of a small furnace attached to the goniometer head of
a Welssenberg camera and observed twin formetion in Agzs at
all temperatures above 152°C. The intensity and number of
twin reflections became greater as the 177°C inversion tem-
perature was approached. Therefore, Agas shows a progrese
sion of twin formatlion with increasing temperature premoni-
tory to the inversion at 177°C.

Present Study.

Experiments were conducted to Investlgate the hypothesls
that twinning is not present in AgZS formed below the 177°C
structural transitlon. Agas was made by direct reaction of
Ag and S at 156%2°C for 6 days and also at 166f3°c for 37
days. The temperature of one experiment at 158°C was closely
monitored and the heat of reaction was not observed to ralse
the temperature of the charge measurably. Examination of
polished sections of the charges at room temperature revealed
numerous Ilnversion-like twinsg; the appearance of Agas formed
at 166X3°C and at 185%2°C for 63 days but quenched to room
temperature before examination was very similar.

The experiments conducted by Sadanaga and Sueno (1967)
showed that twinning exlsts in Ages formed and examined at
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temperatures above 152°C but below 177°C. Experiments con-

ducted during the present study showed that this twinning
i1s preserved upon rapid chilling to room temperature and 1s
similar to the twinning formed in Agzs synthesized above
the inversion temperature. A lower-temperature limlt for
twin formation was not determined during the present study.
However, because Sadanaga and Sueno (1967) used annealing
times on the order of 2l hours and observed twinning at
152°C, it is suspected that longer reaction times will pro=-
duce twinning at terperatures below 152°C. These observa=
tions present serlous doubt concerning the ceriterion of
twinning in Agas as evidence for inltisl deposition as argen=
tite above 177°C as stated by Ramdohr (1960).

Experiments listed in Teble 2 show maximum solid solu-
tion of Ag,S toward Ag of <0.3 at.% Ag at 750%5°C and toward
S of <2.2 at.% S at 700£3°¢c. Experiments conducted to deter=
mine this latter figure were based on the presence of liquid
sulfur as observed 1n the experiments at the annesling tem-

perature.

Table 2. Experiments conduected on the AgZS solid solution.
Reactants At.#Z Comp. Temp.,°C Time, hrs. Products at Temp.

Ag + S 66.7-33.3  T50% 72 AgyS + V
Ag + S 66,8=33.2 750%5 72 Ag,S + V
Ag + S 67,0=33.0 7505 72 Ag,S + Ag + V
Ag + 8 67.2-32.8 7505 72 Ag,S + Ag + V
Ag + S 611, 0=36,0 700%3 93 Ag,S + L
Ag + S 6h.3-35.7  700%3 93 Ag,S + Ly
Ag + S 6h.5-35.5 7003 93 AgpS + L
Ag + S 66.7-33.3  700%3 93 Ag,S + V
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Fe=S System

The condensed equilibrium diagram of the Fe-S system
above approximately 320°C is shown in Figure 3, as repro-
duced from Kullerud and Yoder (1959) and Kullerud (1961).

The solid solution of Fe; S (pyrrhotite) was shown
by Hagg and Sucksdorff (1933) to be due to the omlssion of
Fe from the FeS structure; the cell dimensions are depen=-
dent on the Fe deficiency of the pyrrhotite*. The beta
transformation of Fel-xs’ characterized by a break in mage
netic susceptibility, cell dimenslons, and thermal proper-
ties, 1s variously reported as occurring at 315-318°C
{Roberts, 1935), 320°C (Kullerud, 1967#);>and 325°C (Harald-
sen, 1941). Above this transition temperature, taken as

320i5°c in this study, Fe, _S is reported to possess simple

l-x
hexagonal NiAs structure (Grgnvold and Haraldsen, 1952).
However, Corlett (1968) belleves that pyrrhotites possess
thls simple hexagonal structure above 225t25°C,

Desborough and Carpenter (1965) found that both natue
ral and synthetic pyrrhotite annegled at temperatures above
315110°C but chilled to room temperature before examination,
exhiblit a hexagonal supercell based on the NiAs structure

with a = 24 and ¢ = 7¢°". Below 320%5°C, Fe, _S is reported

l=x

* The solvus curve that forms the sulfur-rich limit of hexae=

gonal pyrrhotite was determined throughout the temperature
range 325°C (52.71 at.% S) to T43°C, where the sulfur con-
tent reached a maximum of 55.1 at.% S (Arnold, 1962).

*Fhis supercell 1s probably a "quench product™ and not
stable at the anneallng temperature.
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to possess several superstructures, all based on the NiAs

structure. Desborough and Carpenter (1965) found that
certain pyrrhotite samples chilled from anneallng tempera-
tures below 315%¥10°C possess a hexagonal supercell with

g = 2A and ¢ = 5C. Bystrém (1945) found that there also
exists a pyrrhotite with monoelinic structure. Thls com-
pound, wlth or near F9788 composition, has a supercell with
& =2B, b=2A, and ¢ = IiC (Bertaut, 1953; Wuensch, 1963).
The upper=stability temperature of monoclinie Fel_xs is vari=-
ously reported as 315°C (Desborough and Carpenter, 1965),
308%5°¢ (clark, 1966a), 305%5°C (Arnold, 1967), and less
than 265°C (Buseck, 1962; Kullerud et al., 1963). Hall and
Yund (1966) belleve that it 1s always a metastable phase.
Corlett (1968), based on high-~temperature precession photo-
graphs, stated the upper-stabllity temperature of the mono=-
clinic structure in air as 225%25°C; above this temperature
all pyrrhotite 1s hexagonal. She reported that rapld cooling

of samples with compositlons between Fe9slo and Fe 88 which

were annealed above 225i25°0 produced a metastable7phase
with a hexagonal supercell, g = 2A and ¢ = 3C¢. Slower
cooling (minutes versus seconds) allowed the simple hexagonal
structure to invert to the monoclinic,

Troillte, FeS, stable below 139°C, l1s also hexagonal
but with a supercell with a =V3A and ¢ = 2C (Grgnvold and
Haraldsen, 1952; Bertaut, 1956).

The phases F9938 (mackinawite) and FeBSH (samythite and
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greigite) == discussed in a previous section -- were not
encountered during the experimental portion of thls study
and are not pertinent to this discugslon.

Phase relations in the FeS-FeSa portion of the Fe=S
gystem below 320°C are not clearly defined at present;
however, the most recent interpretation is shown in Flgure
L.

Present Study.

A cormmon way to speed up otherwise slow reactions is to
regrind the charge to create more fresh surface areas for
reaction. Beecause dupllication of some experiments con-
cerning monoclinic pyrrhotite (abbrev. = m-po) as a phase
gave ambiguous results, the possible effects of grinding
were evaluated.

Figure 5 shows the effect of grinding on the X-ray pow=-
der-diffraction pattern of m-po. A m-po of Fe788 composi-
tion, syntheslzed at 300°C in 3 weeks, was subjected to
various durations of regular hand grinding under toluene.

At the end of each grinding interval, a representative por-
tion of the ground materlial was Xerayed. Examination of
the X-ray tracings reveals that the 408 and [08 reflections
of mwpo, with increased grinding time, become diffuse and
are gradually replaced by a single reflection which has a
Q(10-2) value corresponding to a composition of u6.7t0.1
at.% Fe. However, the intensity (visual estimate) of this

reflection is approximately 2/3 of that obtained from the
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Pigure 5, The effect of grinding on the X-ray powder-diffrac-
tIon pattern of the 1L08-[[08 reflections of monoclinic pyrr=-
hotite. The times represent the duration of the grinding,
by hand, under toluene prior to the X-ray tracling. X-ray
conditions used were Fe wunfiltered radiation at 50kV and
10 mA with a chart rate of 1 inch/minute.




33
unground m=po, Supercell reflectlions, although present,
could not be positively identified because of poor resolu=-
tion. The presence of reflectlions in additlon to those men=
tioned by Desborough and Carpenter (1965 ) were also observed.
It is therefore highly suggestive, although not conclusive,
that the grinding transformed the monoclinic phase into a
hexagonal phase; however, the change may have been one of
Yorystallinity®™, resulting in a loss of resolution of the
408 and [08 reflections.

The thermal effects of grinding are not large. A thermo-
couple placed in the toluene during grinding showed a temw
perature increase of 1/2 to 3/4,°C. The exact nature of the
energy that is put into the system by grinding i1s not known.

Hall and Yund (1966) believe that m-po is unstable and
that the stable phase is low=-temperature hexagonal po (abbrev.
h-po). The change from m-po to h-po during grinding, as noted
gbove, could be interpreted as evidence that this is true.
Grinding might add enough activation energy to drive the
reaction into the stable state (h-po), however, the converse
could also be true == the h-po 1s metastable. The m=po
might be the stable phase in the condensed system whereas
pressures introduced during grinding might transform mepo
into a stable high-pressure modification of h-po.

The implications regarding all experimental work which
incorporates regrinding techniques into the procedure are

noteworthy. The transformation of a phase or assemblage %o
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another may be greatly influenced by the P-T conditions

introduced during grinding.

The loww-temperature hexagonal pyrrhotite-troilite sol-
vus was investigated by both dry and aqueous experimental
techniques. Both types of experiments were based on the
exsolution’of a previously synthesized homogeneous po into
a mixture of troilite and h-po., In the aqueous experiments,
the charge was placed in approximately 2cc of 2m NHﬁCl solu-
tion and sealed under a partial vacuum in a 1 em I.D. siliea
or pyrex glass tube. The dry experiments consisted of nor-
mal "quench-type" experiments. Figure 6 shows a plot of
the experimental results listed in Appendix 5S5a. These data
are in good agreement with the results of Hall and Yund
(1966)., The aqueous and dry experiments are also in close
agreenent,

Several experiments (Appendix 5b) were conducted on the
m=pOo==py sSolvus. The charges consisted of high-temperature
po containing 46.0 at.%4 Fe. This po, upon annealing, ex=
solved py and became monoclinic. The composition of the
monoclinic phase was determined by heating it at 330-350°C
for 5-10 minutes according to the method of Kullerud et al.
(1963); thils transformed the m-po into a hexagonal po of
the same composition whose Q(10-2) was determined. Longer
annealing perlods allow the hexagonal po time to equilibrate
to the py-po solvus. Hall snd Yund (1966) and Clark (1966a),

based on dry experlments, have also found indications that
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system at low temperatures based on experiments conducted
during the present study. Crosses represent the compositions
of the pyrrhotites in the experiments (Appendix 5).
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me-po does have appreciable solld solution from Fe738 COMe=
position toward py as shown in Figure 6. Because no FeBSh
phases (i.e., grelgite or smythite) were among the products
of the experiments at 100%10°C, it 1s suggested that the
upper stabilities of these phases are below this temperature
and both are shown as <100Cin Figure 6.

Heating experiments with m-po (Appendix Se¢) gave a
breakdown temperature of 310%5°C, because me-po sbove thls
temperature quickly (i.e., in minutes) inverts to a hexa-
gonal po having Fe738 composition. This h-po musat be meta-
stable for, 1f annealing is continued, it slowly equilibrates
to a py + po + V assemblage. The initial h-po formed by the
reaction m=po (FeTSS)-—ahppo (Fe788) is nearly nonquenchable,
for if this h-po 1s allowed to cool 30 seconds in alr before
raplid chilling to room temperature, the product was found to
be m=po. The activation energy associated with the break-
down must be very small; these kinetics emphaslze the im-
probability of ever finding a high-temperature po in
nature. The reactlon associasted with the m-po upper-sta-
bility temperature was not shown to be reversible at 310t5°C.
If the po + py + V assemblage, stable above 310°C, is T
annealed at temperatures below 310°C, but above 285%5°C, m-po
does not reform but the h=po of the py + h-po + V assemblage
has equllibrated to a composition which lies on an extension
of the high-temperature po solvus. At 270L10°C the h-po + py

reacts to m=po; beecause of the "inertness" of py however,
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the reaction does not go to completion. Based on the above
data, the upper-stability temperature of m-po is shown as
285%5°¢ on Figure 6.

With experiments on the m-po--h-po solvus which were
believed to contain h-po and me=po, the charges were annealed
at 330=350°C for 5-10 minutes as discussed before. These
mixtures reequilibrated to a one-phase h-po in thig short
time. Therefore, no data were obtained on m-po compositions
in equilibrium wlth h-po during this study.

X=ray powder-diffraction tracings of natural h=-po and
m-po show intense 10¢2 and 408 - [[08 reflections, respec=-
tively; mixtures of these two minerals show two reflections,
10:2 and 408 superposed and the [08. The intensity of this
filrst peak is a function of percentage of h-po present.
During the present study, m-po with mueh larger [08 than
108 reflections was commonly encountered in experiments
above about 200°C. Thls intensity distribution may be a
function of the m-po monoclinicity (i.e., the ﬁ'angle may
change with temperature). At 152E5°C the me-po was "normal®
(.e., IAOB = IﬁOB)‘ A natural specimen of m-po which gave
a larger [[08 reflection was found at Cobalt, Ontarlo and 1s
further discussed on pages 118-119,

The supercell reflections indicated by Carpenter and
Desborough (196l) and Desborough and Carpenter (1965) are
not wholly consistent with the number and position of extra

reflections observed during the present study. The super-
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structures of pyrrhotite will require further investigation.
Based on quench-type experiments, Kullerud and Yoder
(1959) were not able to determine any measurable solid solu-
tion of pyrite from stoichiometric FeSz. However, on the
premise that a small amount of solid solution may affect the
cell dimension of pyrite, several experiments were conducted
during the present study. The two extremes of pyrite solu-
tion were formed by experiments with charge compositions in
the univariant flelds flanking the py + V field (Table 3).
The cell dimension of synthetic pyrite at 25°C have been

variously reported:

5.L165%7 Swanson et al. (1955b
2.4175%0.0003 Lepp (1956) )

5419 £0.002° Kullerud and Yoder (1959)
5.4189%0.0004 Straumenis et al. (196l )
Table 3 shows the cell dimension of synthetic pyrite
based on Xeray measurements at 25°C and refinement by a least-
squares computer program. No measurable differences in cell

dimensions of pyrite in equilibrium with sulfur or with po were
observed and 5250 = 5.&175*.00023 was determined for Fesztx.

Table 3. Cell dimensions of synthetic pyrites.

Charge Composition Temp.,°C  Time, Days a, ol
py + po 662%3 10 5. u176+o 0001
py + arg 662i3 51 5.4175%0.0002
Py + § 66223 5.4175%0.0002
Py 662%3 51 5.u175:o 0001
PY + po 665+3 L1 5,4176+0,0002
Py + 8 665§3 L1 . 1175%0.0002
PY + po 50023 167 5.u175to.oooz
Py + S 500%3 167 5.141'78%0,0003
py + arg 500%3 167 5.4177to 0002
po + 8 50053 167 5, 54175%0.0001
Dy 500%3 167 5,4175%0,0001
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Anisotrople pyrite is commonly observed in many natural
specimens (Ramdohr, 1955) and many causes of the anlsotropy
have been postulated in the literature: a) internal strain,
b) oriented inelusions, c¢) trace-element substitutlon, a)
directional hardness as it may glve rise to submieroscopie,
oriented pits, scecratches, etc. in polished section surfaces,
gnd e) crystal~lattice distortion at the crystal surface,
partly controlled by the orlentation of the underlying late-
tice, as a result of polishing technique (Gibbons, 1967).

During an Investigation of the equilibriwm relations
between pyrrhotite and pyrite, Arnold (1962) found that his
synthetic pyrites were, 1n general, anisotropic, Stanton
(1957) reports that pyrites are intrinsically anisotropiec.
Anisotropy in pyrite, with polarization colors from pink to
light-grey, was encountered in the present investigatlon.
Experiments econducted during the early part of this study
cormonly contained anisotrople pyrite,whereas later experl-
ments to duplicate previous results failed to produce this
feature of the pyrite. The pyrite starting material of the
early experiments was flinely ground and kept in a vial under
atmospheric conditions until ready for use., In the later
experiments, the pyrite was kept in sealed, evacuated pyrex
tubes or in a vacuum desiccator (<10 mm Hg) until ready for
use. Flnely ground materisl has deliquescent properties and
if allowed to set in air will piek uwp a certain amount of
molsture. If this material is then used in an experiment,

a small quantity of Héo is introduced into the charge. It
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1s suggested that the anisotropism of the pyrite may have
been caused by this presence of H20. This water present
at the annealing temperature may have slightly, but not
measgurably, entered the pyrite structure and modified it to
a non-cubic symmetry. Kullerud (personal communication,
1968) arrived at a similar conclusion concerning synthefié

anisotropic pyrite.

Ag-Feo System

The phase relations in the Ag-Fe system based on data
compiled by Hansen and Anderko (1958) and Elliot (1965) are
shown in Figure 7. Tammann and Oelsen (1930) reported a
s01id solubility of Fe in Ag of less than 0,001 wt.% at
1000°C, Fink and deMarchi (1938) indicated a solubility of
Ag in Fe of less than 0.13 at.% at 950°C.

Present Study.

In the present study it was determined that the presence
of Fe does not measurably (i.e., %3°C) lower the freezing
point of Ag on the Ag=-Fe join. Therefore, the Ag-Fe eutectic
terperature is given as 958%3°C as compared with the melting
point of 960.5°C for pure Ag. The liquid (i.e., the eutectic
composition) at this temperature contains more than 99.5 at.?
based on appearance of phase experiments listed in Table .
Table I, Experiments conducted on the Ag-Fe join.

Reactants Comp.,at.Z Temp.,°C Time, min., Products at Temp.

Ag = Fe 99.0-1.0 956%2 1150 Fo + Ag + V
Ag = Fe 99,0~1,0 960%2 120 Fo + Ly, + V
Ag - Fe 99.5=0.5 960%2 11560 Fe + Lpg + V

Ag . Fe 95.0-5.0 9553 20 Fe + Ago+ V
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Figure 7. Condensed phase relations in the Ag-Fe system. Thls
diagram ig based on the compilations of Hansen and Anderko
(1958) and Elllot (1965) and the experiments listed in Table L.



THE TERNARY SYSTEM
Previous Data

The Ag=Fe-S system had recelved little attention prior
to this study. ILUder (1924) confirmed the eutectic melting
of Ag,S and FeS at 610°C and 89 wt.% Ag,S that had previously
been reported by Friedrich (cited in Iuder). Luder presented
new cooling-curve data showing that a liquid-immiscibility
field recedes from the Ag-Fe joln into the ternary system
with decreasing temperature and occupies a large region of
the metal-rich portion of the system above 910°C. The only
stable tielines observed during his study were those from
Ag to FeS (reported stable above at least 910°C) and those

from Ag,S to FeS (stable below 610°C). These are shown in

Pigure 8.

Figure 8. Schematic diagram showing tielines between Ag,S
and FeS (below 610°C) and between Ag and FeS (stable to
above at least 910°C) as determined by Luder (192l).

L2
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Results of This Study

Quenching experimentation in thils study was initiated
at high temperatures where reaction rates are rapld (hours)
relative to those at low temperatures where many months may
be required to attain equilibrium. Although of limited geo-
logic significance, the high-temperature relations will be
described in detail because they contribute to an under=-
standing of the low-temperature relations and because they
may have important metallurgical gppllcations. The scheme of
presentation is as follows: first the 1200°C isotherm 1s con-
sidered and next, the developments in relations with decreasing
temperature are derived. Experimental data from this study

are dlscussed in appropriate sections.

The 1200° Isotherm.

Qualitative data on the extent of liquid immliscibility
at 1200°C (Figure 9) can be gained from consideration of the
binary phase relations and the DTA data reported by Luder
(1924). Immiscible metal= and sulfur-rich liquids occur in
the Ag-S system above T740%2°C (Kracek, 19/46) and in the Fe-S
system above 1083i3°c (Kullerud, 1961). A conbtinuous two=-
liquid field has been shown in'Figure 9 crossing the ter-
nary system from the Ag-S join to the Fe-S joln at 1200°C.
Although no experiments were conducted on this liguld irmise
c¢lbility in the present study, it is known that such rela-
tlons occur in many other sulfide=-type systems, e.g., Ag=Bli=S
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(Craig, 1965), Cu-Fe-S (Kullerud, 196l), Fe-Pb-S (Brett and
Kullerud, 1967). The shape of the bowndaries of this two=
liquid field are shown as convex outward as based on the
theoretical consideratlons of divariant field shapes dis=-
cussed by Williamson and Morey (1918). Tlelines in the
metal-rieh two-~liquld field are drawn schematicsally, al=-
though some data on their relative orientatlions are reported
by Luder (192l4). The eritical point of sulfur is at 1040%5°¢
and 118 bars (Rassow, 1920), and therefore, a supercritical
gas phase has been shown as the stable phase in the sulfur-
corner of Figure 9. The additlon of Ag and Fe to sulfur
liquid wlll have a large effect on the crltical polnts of
ternary liquids because the critical points of Ag (>>1900°C)
and Fe (>>3200°C) are so much higher in temperature than the
critical point of sulfur. For this reason, a vapor phase
(suberitical) has been shown in equilibrium with most of the
ternary phase assemblages in Figure 9.

Initial modificatlons with decreasing temperature of the
phase relations at 1200°C are caused by reactions occurring
in the Fe-S system. The developments lnvolved are shown in
Flgure 10 as depicted on a liquidus-surface dlagram and
accompanying isothermal sections. At 1192%2°C, pyrrhotite
crystallizes from a homogeneous liquid on the Fe-S join (Point

A of Figure 10) and the divariant field po + ppo-rich%+ v

*Subscripts are used to differentiate liquids of various com=

positions, e. g., LBO_r refers to a pyrrhotite-rich
liquid, L, refers tB°a"t€hnary liquid phase.
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Figure 10, a) Schematlic liquidus-surface diasgram of a portion
of theé Ag-Fe-S system. The points designated by letters are
explained in the text. b-d) Schematic isotherms of the Ag=-Fe-
S system at 1150°, 1010°, and 990°C.
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expands into the ternary system. Immisclble llqulds are ab=-

sent below 1083i3°c on the Fe-S join, disappearing by erys-
tallization of the pyrrhotite-rich liquid (Lpo-rich) to pyrr-
hotite and sulfur-rich liquid (LS) in the presence of vapor.

The four phase assenblage po + Lp + Ls + V is invariant

o=rich
in the binary system but extends as a unlivariant assemggdge
from the inveriant polnt to lower temperatures in the ternary
system (since the addition of Ag as a third component adds

a degree of freedom).

Figure 10 shows a schematlc plot of liquidus relations
resulting in the development of Point D. This point 1s a
ternary singular point* and the reactlon involved can be
written L, = LAg~r1ch + po~* in the presence of vapor. Two
experiments (Table 5) were conducted at 990%¥10°C, one with
a compogition on the Ag-FeS join, and the other with a com=
position within the Ag + Fe + FeS fleld. These experiments

show that at this temperature the join po + L is

Ag=rich
stable. The temperature of the singular reaction at Point
D is 1004£3°C, as determined by quench-type and DTA experi-

ments (llsted in Table 5 and Appendix 1).

* Singular points are distingulshed by singular, particular,
or critical values of the Phase Rule variables P, T, and
X but are not truly Invariant ln a ternary system. A de-
tailed dlsecussion of this econcept ls provided by Ricel
(1951’ p- 26) .

*%Throughout the text, all reactions are written with the
highetemperature assemblage on the left-hand side of the
equation,
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Table 5. Experiments to determine the temperature of the
slngular reactlon: Lt = LAg-rich + po 1n the
presence of wvapor,

Terp., Time,

Reactants At.% Comp, °c Min, Products at Temp.
Fe-FeS + Ag  95-5 990%5 0 Dy pgen* Ly * Y
FeS + Ag 80=-20 990%s 0 Lygpien* PO+ 7V
FeS + Ag 50~50 106525 10 Lpgerich ¥ Ipo * ¥
FeS + Ag 50-50 1040;5 10 Ly, rgen * Ipo * ¥
FeS + Ag 50-50 101o+5 10 Ly pen * Ipo * V
FeS + Ag 50=50 990=5 10 LAg-rich + po + V

Point C in PFlgure 10 repregsents the composition where
Fo and FeS crystallize eutectically at 988%2°C. Below this
temperature, the binary metal-rich liquid recedes into the
ternary system generating the univariant field Fe + FeS +
Lt + V. The ternary lliquid field in this assemblage de-
creases In size with decreasing termperature (see Figure 11)
and disappears through ternary monotectic crystallization,
Lt = Fe + FeS + LAg-rich’ in the presence of vapor, which
occurs at 965%3°C, DTA and quench-type experiments used to
determine this termperature are described in Appendixes 1
and lia.

Silver sollidifies at 960.5°C and the eutectic on the
Ag-Fé join at 958%3°C results in the withdrawal of the sil-
ver-rich liquid (LAg-rich) into the termary system as shown
in Figure 12, It is anticipated that the univariant field
Ag + Fe + FeS + V probably develops with decreasing tempera-
ture by a singular reaction: LAg-rich = Ag + FeS, in the
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Figure 11l. Schematie representation of the monotectic reac-
322%505? = Fe + FeS + LAg-rich’ in the presence of wvapor, at

presence of vapor, followed by ternary eutectic crystallizae-
tion of Ag=rich liquid to Fe + Ag + FeS, These crystallliza-
tion events are shown 1In a series of lsotherms in Figure 12.
Both reaction points must lie very near to pure Ag in come
position, The temperature of the singular reaction of the
Ag=FoS join was determined, both by DTA (Appendix 1) and
quench~type experiments (Table 6), as 955%3°C and, although
not investigated thoroughly, the ternary eutectic tempera-
ture is at most only a few degrees below 955°C,

Table 6. Experiments conducted on the upper stability of
the Ag-FeS assemblage.

Reactants Comp.,at.# Temp.°C Time Products at Temp.

Ag+FeS 26=Tl 96042‘-_3 b po+ Ly, yep +V
Ag+FeS 26=TL 956=2 lh po + LAg-rich + vV
Ag+FeS 26=7l  952%3  2h po + Ag + V

AgtTostFo  80-10-10 9572  2h Fe + FeS+ Ly, .40 + 7
Ag+Fes+Fe  80-10-10  948Z2 2h Fe + FeS + Ag + V
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Figure l2., Schematic isotherms of a portion of the Ag-Fe-S
system depicting developments involved in formation of the
Ag + Fe + FeS + V field. Sections a, b, and ¢ are at
succeedingly lower temperatures designated as Tl, T,, and T

3.



51
Development of the Ag + arg + po + V Fileld

With the establishment of Ag-FeS tielines, the metal-
rich 2L, + V assemblage 1s confined to the Ag-Agzs-Fes come=
positional field as shown in Figure 13a.

Several DTA experiments, llsted in Table 7, were con-
ducted during the investigatlion of the Ag + arg + po + V
field. The thermal effects recorded at high temperatures
depend upon the heating cycle (i.e., 1lst or 2nd). During
the lst heating, Ag-rich liquid segregated to the bottom of
the tube. Therefore, on the 2nd heating, the charge was not
homogeneous and the different portions of the charge gave
thermal effects which were not lndicative of the total bulk
composition., For this reason, only the data obtained during
the lst heating cycle pertaing to the bulk composition of

the experiments.

Table 7. DTA experiments to investigate the development of
the Ag + arg + po + V field.

Composition, at.% Thermal Effect,®C”
Ag  TFe S heating cooling Interpretation
s
65.0 5.0 30.0° 519 518 Ag,S - bee = fec
623 619, ... AgS+ Ly = arg + po
910 g%g"" see text
£20
622 619, ...,
905 898"
55,0 15,0 30.0°" 518 518 Ag,S = bee = feo
622 62l Ag™+ Ly = arg + po
: 935 e see text
45.0 25.0 30.0°F  no data <800°C
g%% - Lag-rich + Po=Ag + Ly
937 —— see text

+#The thermal effect of quartz ls omltted.
#%Starting materials: Ag, Fe, and S.
s#xuSupercooling of liquid.
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Pigure 13, ©Schematlc phase relations associated with devel-
opment of the Ag + arg + po + V field. Points represent
compositions of experiments listed in Table 8,
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Quench=type experiments, listed in Table 8 were con=-
ducted to determine the nature of the reactlons which were
recorded in the DTA experiments. The thermal effect at
9L2°C was investigated by experiments conducted above and
below this temperature. The results are interpreted as
evidence for an invariant point, LAg-rich + po = Ag + Lt’
in the presence of vapor, at 941%3°C as shown schematically
in Pligure l3a~b. In addition, the compositlions of several
experiments conducted at approximately 920°C (Table 9) are
plotted in Figure 1l3¢. At this temperature the tleline from

Ag to ternary liquld of the Ag + L, + po + V fleld passes

t
through a point of approximately AgSO Feeo 330 at.%4 (see
Figure 13e¢). Experiments, also listed in Table 8 and plotted
in Figure 134, demonstrate that this immiscible liquid field
is not present in the system at 903%t2°C.

Table 8. High-temperature experiments conducted in the
Ag-Agzs-FeS composition field.

Composition, at.%

Az Fe - S Term, ,°C Time Products at Temp.
50.0 22.5 27.5 9s2ta 1h Lpge + Ly + po + V
50.0 22,5 27.% oL8t2 18h Lﬁé-ﬂiﬁg + LE +po + V
50.0 22,5 27.5 93952 19h Ag + Ly + po + V
50.0 22.5 27.5 938=2 1418h Ag + Ly + po + V
50.0 22.5 27.5 930%2 1n Ag + Ly + Do + V
55.0 15,0 30.0 918%2 1h Ag + Ly + V
60.0 15.0 25.0 92012 1nlom Ag + Lg + V
50,0 22.5 27.5 921%2 3d3h Ag + Ly + po + V
70.0 5,0 25,0 920%2 Thlom  Ag + Ly + Lpgapien + V
79.0 1.0 20.0 9032 1h Ag + Ly + V
78.0 2.0 20.0 903 1h Ag + Ly + V
70.0 5,0 25,0 903%1 1hl0m  Ag + Ly + V
57.0 13.0 30.0 903%2 1h Ag + Ly + V
53.0 17.0 30.0 903%2 1h Ag + Ly + V
65.0 15.0 20.0 900%5 1h Ag + Ly + po + V
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The sequence of events shown in Figure 13 1s: a ter-
nary reaction, po + LAg-rich.z Ag + Lt’ in the presence of
vapor, with the formation of Ag + LAg-rich + Lt + V fleld,
subsequent change in composition of the ternary liquid of
this assemblage with the resultant expanslon of the Ag +
Lt 4+ V field, and the disappearance of the 2L + V fleld at
906%£2°C on the Ag-Ag,S Jjoin.

The 935°C thermal effect on heating (Table 7) 1s ex=
plained as due to passage of the charge from the Ag + Lt +
V to the Ag + Lt + L

Ag~rich
represents the same development at a composition closer to

+ V field. The 910°C effect

the Ag-Agas join. ©No umexplained thermal effects below
906%2°¢ were detected in the DTA experiments. The Agw=rich
liquid withdraws to the Ag-AgZS join and is last present
at the binary monotectic temperature of 906%¥2°C. This
development 1s gpparently unusual for sulfide systems; how-
ever, a similar feature occurs in the Fe~N1l-3 system
(Kullerud, 1963a).

Below 906%2°C, the phase relations in the Ag-Ag,S-
Fe, .S portion of the system remain unchanged to 838%2°¢,
except for a small compositlon change of the termary llquld -
of the Ag + Lt + V field toward the Ag=S Join. The phase

argentite (Agzs*) erystallizes from a homogeneous liquid in

¥It 1s realized that this phase should be labeled Agog,S
because of the solld solution field of Agis Howeveér, for

brevity, AgoixS 1n synthetic phase asgemb aées will be
wrltten as arg or Agas.
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the Ag-S system at 838%2°C (Kracek, 1946), and the divar-
lant field, arg + Lt + V, forms, Below the binary eutec=
tic temperature of 804%2°C, 1iquid is not present on the
Ag-Agas Join but has receded Into the termary system wlth

the resultant formation of the Ag + arg + L, + V fleld.

t
These developments are illustrated by the liqulidus-surface
dilegram and the schematic 1lsotherms of Figure 15. The ter-
nary liquids of the wmivariant flelds flanking the Ag + Lt +
V divariant field change composition, with decreasing teme-

perature, as schematically shown in Pigure 1l.

S Yy
Atomlc Percent j/?é??;gfffzzz?po
Po
Tho°>T>622°C
Ag AV} iV} \1: Fe

Figure 1L. Schematic diagram depicting the composition
change of the ternary liquids assocciated with the univar-
iant filelds flanking the Ag + L, + V field.

t



%
34
Ag,S g0l 850
(afg) / g0 22 Atomic Percent
3 32
V) 30258
©
S
Ag,S
c)@ﬂéé
po
)
A8 7 = 810°C
Ag.S
(ard) Ag,S
) po o} (axg) po
Ag >Te A A/Fe
T < 80> Ti0°C . T < 70> 622°C

Figure 15, Schematic liquidus-surface diagram and selected
i1sothermal sections of a portion of the Ag-Fe-S system,
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Table 9 lists the experiments which were conducted to

determine the temperature and nature of the reaction asso=

ciated with the development of the Ag + arg + po + V agssenm-

blage. Preliminary to these experiments, the charges were

melted in the flame of an oxygen-natural gas torch, After

such melting, the tubes were opened and the charges were

broken into small fragments which were used as reactants in

quench- type experiments.

The temperature of the experi=-

ments was raised in intervals and signs of insipient melting,

as indicated by welding of the chips, were looked for. The

temperature of appearance of liquid within the Ag + arg +

po + V field was determined in this way as 622%2°¢,

Table 9. Experiments on the invariant reaction at 622t2°c,

Composition, at.%

Ag Fe S Temp.,°C Time Products at Temp.

53.0 10.3 36.7 600%2 1/2h No 1liquid

610%2 1/2h No liquid

615to 1/2h Wo 1iguid

620%2 1/2n No liquid

625t2 1/2h ILiquid- Ag + po + Ly + V
53.0 10.3 36.7 6302 2322h Ag + po + Li + V
53.0 10.3 36.7 626$2 12h Ag + po + L: + vV
sh.1 9.4 36.5 625=2 1/2h Liquid
54.1 9.4 36.5 6zo§2 1h No liquid
70.0 5.0 25.0 620%2 5d No liquid
70.0 5.0 25,0 625E2 1h Liquid
61.0 4.0 35,0 6262 16d + arg + Ly + V
po = I8.l4 at.% Fe A8 & t
42.5 17.5 L40,0 626%2 6d +po+ L, +7V
po = 18,0 at.% Fe et r t
b2.5 17.5 40.0 628%2 16d1h +po+ L, +V
po = LL.7.5 at.% Fe” A8+ P t
42.5 17.5 10.0 628%2 5dlh Ly +po + 7V

po = ;7.0 at.% Fe™

*Starting materlals are AgoS and Fe
bulk composition as indicated.

1.xS with an approximate
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Development of the Ag + arg + po + V field was found

to involve a termary invariant point: Ag + Lt 2 arg + po,

in the presence of vapor, as shown in Figure 16, The pyrr=
hotite composition in this wnmivarlant field slightly below
622i2°C.is 48.6%0.1 at.% Fe (see pages 104-108). The ter=-
nary liquid involved in this reactlon must lle on the sul fur-
rich side of the arg-po join for this reaction to be valid.
Experiments listed in Table 9 demonstrate this statement.

In order to completely rule out the possibillity of a ternary
eutectic associgted with the formation of the Ag + arg + po +
V field, several DTA experiments (Table 10) were performed.
These experiments show a decrease in stability of the argepo
join as the charges become more sulfur rich (Fe content of
the pyrrhotite decreases from 8.6 at.%) and, thereby, demon=-
strate that argentite can coexist with pyrrhotite at 622¥20¢
only when the pyrrhotite contalns /8.6 at.% Fe. Below this
temperature liquid 1s absent on the metal-rlich side of the

arg=-po Jjoin,
Table 10, DTA experiments on arg-po assemblages.

Composition, at.% Thermal Effect, og*
Ag T'e S heating cooling Interpretation
50 12 3877 518 517 Ag,S = bee = fee
= 19.0 at.% Fe 623 620 Agt+ Ly = "= arg + po
50 12 38"” 51 516 AgoS - bcc = fec
= 148.I at.% Fe 61 62 1iquid
50 12 38%* 51l 512 Ag»S = bee = fec
= 8.0 at.% Fe 607 621 1igwid ——
50 12 38 o 506 50 Ag»S = bee = fee
po = L7.5 at.% Fe 595 61l 1i§uid

¥ The thermal effect of quartz 1s omitted.

**Starting materlals: Ages + Fel_xS.
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Figure 16, Schematic diagrams illustrating the invariant
reaction at 622t2°C assoclated with the development of
the Ag + arg + po + V field,

éges - FeS Join

The AgZS-FeS join was investigated because of the re-
ported eutectic between these two compounds at 610°C and
4.2 mol.% Ag,S (Friedrich, 1909 in Lider, 1924). The
exlstence of thls eutectic was not confirmed in this study,
nor does Agzs ever exlst stably with stolchiometric FeS.
Figure 17 shows the phase relations between Agzs and FeS and
Appendix 2 lists the pertinent experiments along this "euth,

- The reported thermsl effect at 610°C would appear to be due
to the development of a Ag + Lt + V tleline across a line
joining As,S to FeS at 622£2°C and 872 mol.% Ag,S (Polnt
X in Figure 17). Possibly, the dlsecrepancy between these
two temperatures ls due to the supercooling of the metallic

liquids as commonly observed in DTA experimentatlon.
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Figure 17. Condensed phase relations on the Aggs-FeS join,
Points represent composltions of experiments listed in

Appendix 2.
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Development of the arg + py + ;S + V Field

As the po + L, + Lt + V field expands into the ternary

S
system with decreasing temperature, the composition of the
metal=rich liquid (Lt; Point B of Flgure 1lOc, page 1i6)
follows an approximate straight-line path connecting the
monotectic compositions on the FeS and Ag,S joins (Points B
and E of Figure 10b, respectively). This conclusion 1is
bagsed on experiments conducted at 800° and 700°C (Appendix

I and 3).

Pyrite, Fes2, is a stable phase in the Fe-S system be-
low 1ts incongruent melting temperature of T43%2°C (XKullerud
and Yoder, 1959). Experiments listed in Table 11 demonstrate
that tlelines from pyrite to a ternary liquid phase become
stable at about the same temperature (T742%¥3°C). This
development is shown schematically in Figure 18.

Table 11, Pyrite stabllity in the Fe-S and Ag-Fe=-S systems.

Reactants Comp., at.4 Temp.,°C Tiﬁ:: Products at Temmp.
PeS, 100 7103 121 py + V

FeS, + Ag,S  89-21 7h0%3 121 Py + Lg + Ly + V
Fes, 100 Tu5E2 51 po+ Lg+V

FeS, + Ag,S  89-21 Th5E2 51  po+ Lg+ L, +V

The LS + Lt + V field is wnstable between argentite and
sulfur below 7h0i2°0; below this temperature, an Agzs-rich
llquid withdraws into ternary space and the arg + LS + Lt +
V field (Figure 15, a and e) is stable in the ternary system.
With decreasing temperature, this field does not rapidly
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Figure 18, Schematic phase relations assoclated with the
ternary reaction po + LS = py + Lt’ in the presence of
vapor, at 742%3°C.

increase in slze, extending less than 2 at.%4 Fe into the
ternary system at 700°C (see page 66),.

The composition of the ternary liquld of the py + 2L +
V field 1lles on the metal-rich side of the arg-py (Ag,S-FeS,)
join, whereas, the ternary liquid of the arg + 2L + V fleld
lies on the sulfur-rich side (see Figure 20, page 66). With
decreasing temperature, this latter ternary liquld composi-
tlon crosses the arg-py join (Figure 19), the 2L + V field
continuglly narrows and a ternary reaction: LS + Lt 2 arg +
Py, in the presence of vapor, results in the formation of

the argepy joln at 607%2°c.
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Pigure 19, Schematlc phase relations gssoclated with the
development of the arg + py + V assemblage at 607%t2°C.

Experiments conducted in the investigation of the arg +
PY + Lg + V fleld (Table 12) above the invarlant temperature,
607E£2°C¢, contain a liquid phase (Lt) which, during rapid
cooling, crystallizes to dendrites of arg + py + a maroon-
colored interstitial "phase" . If the experiment is
allowed to cool in alr, reaching 25°C in about 8-10 minutes,
the maroon "phase" is completely absent, having recrystallized
to arg + py + po. Also, the amount of sulfur-rich liquid
present in the slowly-cooled experiment 1s approximately 1/3
that of the rapldly-cooled one. The observation suggests a

¥Phase" is used in this context to mean a homogeneous-

gppearing product which may not be a phase in the true
sense.
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reaction: L, + L, = arg + py which, upon cooling of the charge,

t S
uses up LS. Such a reaction is valid if the ternary liquid
has a composition in the arg-py-po fleld. Indexed X~-ray pow-
der-diffraction tracings of charges containling the maroon
phase show no wnidentified reflections, further supporting
the concluslion that the maroon-colored product 1s not a dis=-
tinet phase in the Ag-Fe-S system. It may be a metastable

phase or a "quench" product consisting of a fine=grained

intergrowth of the binary compounds.

Table 12. Experiments conducted on the reaction L, + L
arg + py, in the presence of vapor, at 687i2°8.

o<

Compogition, mol.% Tenp. ,°C Time Products at Temp.

Az,S FeS,

79 21 6182 6d PY + Lg + L+ V

82 18 612%2 2d Lg + Ly + py(?) + V

82 18 6102 9h Ly + Ly + py(?) + V

82 18 606%2 2d arg + py + V

86 1y 602t2 114 arg + py + V

60 1o 596%2 3d arg + py + V
Az Fe S
57 3 L0 618%2 Ld arg + Lg + Ly + V
10 10 50 6152 3d Py + Lg + Ly + ¥
140 2 58 611%2 24 arg + Lg + L + V
40 2 58 60912 La arg + Lg + L, + ¥
140 2 58 605%2 2d arg + py + Lg + V
10 10 50 596%2 3d arg + py + Lg + V

*Starting materlals were Ag,S, FeS,, and S.
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The T00°C Isotherm

The phase relations in the Ag-Fe-S system at 700°C are
shown in Figure 20 as based on the results of experiments
listed in Appendix 3. This isotherm is introduced at this
point to illustrate the mutual relationships of the various
univariant fields just discussed. It also emphasizes the
poaition of the homogeneous I + V field in the region near
AgZS composition at this temperature.

Development of the arg + py + po + V Field

With the establishment of arg-po and arg-py tlelines
at 622 and 607t2°C, respectively, the Ly + V fleld is
restricted to the arg-py=-po composition field as shown in
Figure 2la. It persists to 532*2°C where it is involved in
a ternary eutectic crystallization as schematically shown
in Flgure 21 a and b, This eutectic temperature was deter-
mined as 532£2°C by quench-type (Table 13) and DTA (Appendix
1) experiments. The eutectic composition is Ag56 Fe7 837
within £2 at.4.
Table 13. Experiments to determine the temperature of the

eutectic reaction, Lt = arg + py + po, in the pre=-
sence of vapor.

Composition, at.% Temp,,°C Time Products at Temp,
Ag Fe S

110 16 NN 52531 1h No Melt
53051 1h No Melt
53551 1h Possible Melt
5ho¥a 1h Melt
1o 16 Iy shi¥o 12d Py + po + Li + V
52 9 39 535+;2 174 Py + po + Lz +V
40 16 Iy 530=2 31d arg + py + po + V

*Charge consisted of pleces of previously melted reactants.
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Figure 20, Condensed phase relations in the system Ag-Fe=S at 700°C., The polnts
represent the composgitionsof experiments listed in Appendix 3.
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Figure 21. Schematic diagram of the eutectic reaction at
32F2°c and the subsolidus phase relations from 532° %o
320°¢ in the Ag-~Fe-3S system.

The liqulid present in experiments conducted at tempera-
tures above 532°C, upon rapid chilling, crystallizes to an
intimate intergrowth of pyrrhotite and pyrite in a ground-
mass of argentlte (see Plate li, page 151). This eutectic
texture consists of alternating zones of argentite and
pyrrhotite~pyrite and closely reserbles a fingerprint.
Slower cooling in air, reaching 25°C in about 8-10 minutes,
almost completely erases this texture as a result of the
coalescence of pyrrhotite and pyrite into rounded blebs.
Similar textures have been described from the Fe=-Pb-S sys=

tem (Hewitt, 1938; Brett and Kullerud, 1967).
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The phase relations in the Ag-Fe-S system remain esgsen-

tially wnchanged from 532° to approximately 320°C, The only
changes, discussed on pages 72-78, are: 1) the compositional
variations of pyrrhotite in the two ternary wnivariant

fields, and 2) the fcc = bee inversion in argentite,

Sumary of Liquidus Relations

Below the ternary eutectic at 532%¥2°C, sulfur-rich

liquid, LS’ 1s the only liquid remalilning in the system.

This liquid is present to a temperature slightly below

114°C, the melting point of pure sulfur. The low solu=
bility of Ag and Fe in sulfur-rich liquid known from binary
data suggests that the composition of this liquid is >99 at.%
sulfur within this temperature range.

Figure 22 1s a polythermal projection with cotectice
~crystallization paths depicting the course of events aceom-
penying the cooling of the various liqulds in the system.
Thlis dlagram represents a convenient summation of the equill-

brium events previously discussed.

Ternary Solid Solutions of Binary Phases

The binary phases in the Ag-Fe-S system do not extend
appreeiably into the ternary system, as shown by quench=type
experiments listed in Table 1., The amounts of charges used
in most of the experiments was 100-200 mg. The wncertainty
in weighing of 0.1 wt.% of an element in 100 mg. of a come
pound is <f.1 wt.4. Therefore, although a solid solution
would appear to be less than the at.# of the third element
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Figure 22, Polythermal liquidus diagram of the Ag-Fe-S

system depicting cotectic crystallization paths.

1533°

Fe
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Table 1lli. Experiments conducted on the ternary solid solu-
tion of binary phases.

a. Experiments conducted on the Ag solubllity in

pyrrhotite.

po Comp., At.% Ag

at.% Fe added Termp.,°C Time  Product at Temp.
1,6,00 0.3 6oo$3§ 584 po + Ly + py(2) + V
116,00 0.2 600%3;,  58a  po + Ly + ¥
e:Be S.do e A mormlDT
s ol ek 38 RIRIy
17.85 0.43 60083  E8a po+ Ly + V
47,85 0.26 600'-!-'_‘5;;r 58d po + Ly + V
48.05 0.10 600$3* 384 po + Lg(?) + V
19.75 0.25  600¥3% 584 po+ Ag+ ¥
49.75 .10 600=3 38a po + Ag + V

* 18 hps. at 970°C prior to anneal at 600°C + regrind at 30d4.
%16 nrs. at 990°C prior to anneal at 600°C + regrind at 20d4.

b. Experiments conducted on the Ag solubllity in

pyrite.
Comp., at.% Terp.,°C Time Products at Temp.
Az-5 Fes,
0.30 99.70 600%3 7hd Py + arg + V
0.15 99.85 60013 Thd  py + arg + V
0.30 99.70 500%5 1674 py + arg + V

¢c. Experiments conducted on the Fe solubility in
argentite.

Comp., at.# Reactants Temp.,°C Time Products at Temp.
65.0 1.0 30.0 (1) 70112 6d arg + L+ V

99.0 1.0 (2) 198%3 124 arg + py + po(?) + V
98.3 1.7 (3) 5005  89d arg + po + V

96.0 4.0 (L) 500=3 1144 arg + po + V

96.0 1.0 (5) 600%5 173d arg + po + V

97.5 2.5 (2) 600%5 173d arg + py(?) + V

98.7 1.3 (2) 600%y 173d arg + V

(1) Ag + Fe + S (melted in torch); (2) Ag,S + FeS,; (3) Ag,S +
Feq .S (47.0 at.Z Fe)s (L) Ag,S + Feq S (46.5 at.% Fe);
(5) AzS + Fe;__S (48.5 at.% Fe).
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as glven (e.g2., <.l at.% Ag in pyrrhotite at 600%3°C), the
amomt 1s reported with the uncertainty of weighing taken
into eonsideration (e.g.,<.2 at.% Ag in pyrrhotite at 600%3°¢),

The solubility of Ag in pyrite at 600%3°C as determined
by quench~-type experiments is less than 0.2 at.%4. Because
the cell edge of pyrite, as reported in Table 15, is not mea=
ably affected by the presence of argentite, the solubility
is probably much less than this amount, and in fact, no exw
solution of any phase from pyrite was observed during this
study. ‘The solublility of Ag in pyrrhotite of various com=
positions at 600%3°C is also less than 0.2 at.Z. The d(;4,)
values of the pyrrhotites in experiments containing 0.1 at.%
Ag were ldentlcal to the starting 9(10-2) values and Ag was
observed in pollshed sectiomns, further suggesting that the
amount of Ag solid solution may be considerably less than

0.2 at.%.

Table 15. Cell edge of pyrite in the Ag=Fe-S system,

%ggp., at.% Temp.,°C Time, days Product at Temp.
FoS, AE,S
90.0 10.0 662%3 51

Py + + V
(3pge & 5.4174%0.00038)
99.7 0.3 500%g 167 py + arg + V
(2550 = 5.14175%0.0002%)

Limited solubilities of pyrrhotite and pyrite in argens=
tite are clearly evidenced in polished sections. Pyrrhotite
and pyrite exsolved from argentite wpon cooling are distinetly
finer grained than these phases interpreted as being stable
at the annealing temperature. Based on this assumption, the
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golubllity of Fe in argentite is derived to be less than

0.8 at.% at 500%¥5°C and less than 1.0 at.% at 600%3°C.

Pyrrhotite Compogitions,

The composition of pyrrhotite in equilibrium with pyrite,
vapor, and elther ternary liquid or argentite was determined
during the course of thls study. The pertinent data are re-
ported in Table 23 and shown on Figure 32 in the section on
fugacity determinations (pages 104-~108). These experiments,
coupled with solubllity data, demonstrate that the presence
of Ag as a third component does not have a measurable effect
on the 9110-2) values (i.e., the composition) of pyrrhotites
and that the composition of pyrrhotite in the po + py + Age

bearing phase + V fleld 1s predictable from Fe«S phase data.

Effect of Fe on the Ag,.S Inversions,.

The Agzs compound exlsts in three polymorphlc forms.
The inversion from the low-temperature monoclinle form to
the intermediate-temperature bee form ocecurs at 177%¥1°C
(Kracek, 1946). Ag,S also has a high-temperature fcc modi-
fleation. The temperature of this inversion is composition
sensitive; 586%3°¢ for Ag,,,S in equilibrium with Ag and
622%3°C for Ag, .S in equilibrium with Ly (Kracek, 1946).

The fee = bee inversion of Ag,S in the univarlant fleld
arg + Py + Ly + V occurs at 56852°C == lowered from 622%3°C
on the Ag=S join. This temperature was determined by both
DTA (Appendix 1) and quenchetype (Table 16a) experiments.
Experiments by the latter technique, ammealed at temperatures
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Teble 16. Experiments conducted on the fecc # bee Agas
inversion in the Ag=-Fe-S system,

a. Experiments conducted in the arg + py + LS + V
field.

Composition, at. ) Temp.,°C Time Nature of Ag. S after Quench
Fe S '

Ag < (see text)
10 10 50 555%2 3d Not Cracked
140 10 50 o752 3d Cracked
10 10 50 596§2 3d Cracked
21 8 60 513=2 419d TNot Cracked
21 8 60 579%2 8a Cracked
b. Experiments conducted in the Ag + arg + po + V
field.
Composition, at.? Temp.,°C Time Nature of Exsolution in Ag.S
i Fo 52

55 15 30 siyE2 La po + Ag(?)
gg §g 30 52552 ld ©po + Ag

30 5062 d po
60 10 30 sal2 Id po + Ag
¢c. Experiments conducted in the arg + py + po + V
fleld.
Composition, at.% Temp.,°C _Time Relative Amounts of Exsolved
Ag Fo _S (3) py + po in Agzs
50 11 39 I.72%2 I1d: 493°C exper. exsolves more
50 11 39 193%2 3d
20 30 50 L72k2 Iy 1,93°C exper. exsolves more
20 30 50 n93t2 3d
25 25 50 170%2 10 500°C exper. exsolves more
25 25 50 500%2 84
Starting Materials: (1) Ag,S + F382 + 3 (2) Ag + AgZS + Fel-xs

(48.4 at.% Fe) (3) Ag,S + FeS, + Fey S (46.5 at.% Fe).

above 568°C, contain argentite with a wnique texture. A sine-
gle grain of argentite contains megny fine flssures. The
materlal in the cracks 1s a maroon-colored material and is
interpreted to be an exsolutlion product. Slow cooling of the
charge, reaching 25°C in about 8-10 minutes, resulted in re-

crystallization of this maroon "phase" to a fine-grained
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mixture of argentite, pyrite, and possibly pyrrhotite. This

maroon product is identical in appearance to the maroon-
colored "phase™ described on pages 63-6lL as resulting from
crystallization of the liquid involved in development of the
arg + py + BS + V fleld. Experiments conducted at tempera=-
tures below 568°C do not contain argentite with a flssured
texture and the amount of exsolved material is less (spproxie
mately 1/I1). Therefore, this cracking observed in the argen-
tite is Interpreted as resulting from the fcec = bec inversion
which apparently involves a considerable volume change wlthin
the ternary system.

The fee = bee inversion in the umivariant field Ag +
arg + po + V occurs at 518%2°¢ a3 determined by DTA (Table
7, page 51) and quench-type (Table 16b) experiments. DTA
experiments showed that the magnitude of the thermal effect
at 518°C increases as the composition of the charge becomes
more Agas-rich suggesting a reaction with a composition near
Ag,S. Experlments conducted at tempsratures just above and
below this Inversion temperature contained gpproximately the
same amount of exsolved pyrrhotite. However, the high;tempera-
ture charge contained exsolved Ag as well; this larger solu-
bility 1s eompatible wlth the phase relations of an inversion
such as depicted in Flgure 23.

The fce = bece inversion in the argentlite of the arg +
Py + po + V field occurs at 81%2°C as determined by DTA

(Appendix 1), high-temperature X-ray camera (Table 17), and
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To) g+ fee
v + po + V
" 518°
3}
[+
rss
Ag + bece
+ po + V
Y

Ag

Figure 23. Schematic dlagrams 1llustrating the fec = bee
inversion in Agzs in the Ag-Fe~S system.

quench-type (Table 1l6a) experiments. DTA experiments showed
that the size of the thermal effect at 81%2°C increases as
the composition of the charge becomes more Aggs-rich. Thi-
cam X=ray powder=camera experiments (Table 17) were made at
150£10° and 490%10°C and showed weak bece (200 and 211) and
fee (220) Ag,S reflections, respectively. Quench-type experi-
ments showed that the amount of exsolution of pyrrhotite and
pyrite from Ag,S 1s less (approximately 1/2) in runs below
181%2°C than above. A cut through the ternary system from
Agzs into the arg + py + po + V field would look similar to
Pigure 23b.

The bee = mono., Inversion of Ag,S in Ag-Fe-S assemblages
was not observed to be measurably different (i.e., 176%3°C)
from the pure compound (DTA experiments, Appendix 1).



76

Table 17. High-temperature X-ray diffractlon data of the
assemblage arg + py + po + V using Cu unfiltered

radiation.
Tenp.,°C Qobs,_g_ Cause of Reflection
190%10 2.69 Py=po
2.55 Py
2.29 Py
2.18 arg feec 220
2.08 po
1.75 PO
l;.SOilO 3.05 po
2.6 PO=DY
2.43 py~erg bee 200
2,076 po
2.00 arg bee 211
1. 7ll-9 po

It 1s apparent from the above discussion that iron has
a large effect on the fee = bec inverslon temperature, whereas
the bec = mono. inversion is not measurably changed. Bari:on
and Skinner (1966, 1967) state that resctions involving
large A H values will be less effected by small amounts of
impurities than reactions with small A H, such as certain
polymorphlc transitlons, The AH. . g, for the foc = bec and
bee = mono, inversions of pure AgZS are 100.200 (Rosenqvist,
1919) and 110 cal/mole (Richardson and Jeffes, 1952) respec=
tively., The differences in the magnitudes of the changes in
inversion temperatures caused by the presence of iron can be
explained thermodynamlcally by reference to Figure 2l, This
diagram shows schematically a free energy (AG) versus tem=
perature (1/T) plot of the three polymorphic forms of Ag,S,
the inversions of which involve two greatly different AH

trans,
values. The presence of iron as a third component changes
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Figure 2li. Schematic free energy versus temperature diagram
ghowing the apparent effeet of iron on inversion points of
Agas polymorphsg. Subscripts p and 4 refer to pure Agzs
and Aggs doped with iron, X and Y designate the inversions
of pure Agzs and X! and Y!, the inversions of iron~bearing
Agzs. I, IT, and III refer to fce, bece, and monoclinie
gtructures of Agzs, respectively.
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the position but not the relative slopes of the three curves.

The amount of change 1s assumed to be directly related to
the magnitude of iron soluble in the phase. Therefore, the
change ind G for the fec phase 1s greater than for the bee
phase which is greater than the mono. phase. TFigure 2l ex-
plains the fact that although the fec = bee inversion tem-
perature of Ag,S is greatly affected (i.e., about 100°C
lowering) by iron in solid solution, the becec = mono. Ilnver-

sion remalns relatively imchanged.

Phase Relations Between 320° and 200°C

A transition in pyrrhotite takes place at 320°C. Below
this temperature, pyrrhotite has a hexagonal superstructure,
2A5C, based on the NiAs=type subcell., For purposes of dis-
cussion, monoclinic pyrrhotite, Fe7SB, is considered stable
on the Fe=S join below 310°C. Based on theoretical con-
siderations, two reactions must occur, with decreasing tem-
perature, between 310° and 248°C: 1) tielines are estab-
1lighed between m=po and arg (Figure 25a) and 2) tielines
are established, by a reactionsarg + h-po = Ag + m-po, in the
presence of vgpor, from Ag to monoclinie pyrrhotite (Figure
25b). Neither of these temperatures were experimentally
determined.

One of the mosgt important developments in the Ag-Fe-S
system concerns the reaction: arg + m=po = Ag + py, in the
presence of vapor, and is diagrammatically presented in

Figure 25 b and ¢. Experiments listed in Table 18 show this
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S S
~ 260°C
arg + h-po + V &% Ag + m-po
a) / m~po b)
P h—po
arg.— arg ¢«
Fe o
A
/ g
Ag
S
248tg8%C
c) arg + m=-po + V = Ag + py

ry

=po
h-po

Atomic Percent

T ¢ 248°C

Fe

Figure 25, Schematic presentation of the phase relations
asgoclated with the development of the Ag + py + V joln
at 2Ii8+8°C in the Ag-Fe-S system. Vapor (V) is placed
on the side of the equation with the condensed phases
which are stable to higher temperatures.

Fe



80
Table 18, Experiments in the Ag-Fe-S system between 300°

and 200°C.
Reactants Temp.,°C Time,days Products at Terp.
+ (1) 300%5 32 Ag + py + arg + po
25 + gg (1) 2005 10 no reaction
arg + me=po (1) 200%i% 103 arg + mepo + Ag + py
Ag + Py (1) 265%3 32 Ag + Py + arg + m-po
arg + m=po (1) 265ig 103 no reaction
Ag + DpY (1) 238$ 103 no reaction
arg + m=po (1) 238=8 103 arg + m=po + Ag + py
Ag + py (1) 25623 152 Ag + DY + arg + me~po
arg + mepo (1) 2L,0%3 88 arg + m=po + Ag + DY
Ag + py (1) 2n5%3 75 no reaction
arg + me-po (1) 245%3 75 no reaction
arg+py+Fes (2) 2328 33 arg + py + m=po + Ag
Ag+pyinm=po (2) 225%8 6 no reaction
arg+py+Fes (2) 2oo§5 103 arg + Py + m=po + Ag
Agtarg+py (3) 20055 103 no reaction
Ag + py (L) 265%3 33 Ag + py + arg + m-po
see (5) 225% 28 decrease in arg + m-po
footnote

%These products are nonequllibrium assemblages, from incomw

plete reactions. Vapor 1s an additional phase in gll assem=
blages.

(1) Composition = Ag36‘ Fésy o 542.43 (2) Composition =
Agyg 7 Fes3 3 Sy, o3 (3) Composition = Agey o Foyg o S30 o3

(}4) natural Ag + py; (5) product from previous experiment.
invariant temperature to be 2Ii8E8°C., Because of the slow
reaction rates at these temperatures, appearance of phase(s)
was used as criterion for this reaction., Experiments with
Ag28-F67SB reactants at temperatures below 248%8°¢C, commonly
contained Ag but no pyrite when examined by X=-ray and in
polished section. Either the pyrite was finely disseminated,
making detectlon difficult or, more probably, monoclinic
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pyrrhotite has a stable or metastable solid solution fleld

which extends to the sulfur-rich side of Fe788 composgition
(see page 35).

The temperature 2u8i8°c is the wper-stability limit
of Ag + py in the presence of vapor. Table 18 lists two
experiments conducted with a natural assemblage of Ag + pY¥y
from a specimen collected at Timmons, Ontario, Canada. The
reaction times (28-33 days) involved demonstrate the fea=-
8ibility of readjustment of a natural Ag + py assemblage
to arg + po and vice versa.

The phase relations as shown in Flgure 25¢ are shown
present at approximately 200°C. No termary solid phases
were encountered in the Ag=Fe=S system‘at or above this teme

perature.

Phase Relations Below 200°C

Numerous experiments conducted by both dry and aqueous
techniques were performed below 200°C., Because of the slow
reactlon rates, only signs of reaction were looked for which
would indicate that the starting assemblage was metastable
under annealing condlitlons.

Dry Experiments.

"Quench=type" experiments (Table 19a) were conducted in
an attempt to determine the presence of any ternary phases
in the system., Various starting materials were used, ine
eluding the breakdown products of natural sternbergite

annealed at 500°C. One experiment at 100%¥5°C consisting of



Table 19.

a. Dry experiments

82

Experiments conducted on the phase relatlons
below 200°cC,

Reactants Temp.,°C Time Results
arg=py=po 177i3 111d arg going to Ag
Ag=py=po 177%¥3 111ld no reaction
stern. breakdown 152t5 ;054 arg going to Ag
APgZ=pY=pPO 1525 2214 arg going to Ag
Ag-py=po (pellet) 15245 2344 no reaction
arge=po=3S 100%5 1674 formation of Ag & pYy
Ag=po=-py 10035 1564 no reaction
Ag=po-py (pellet) 100¥5 2594 arg-like rime on Ag & Py
stern. breakdown 100t5 2024 arg going to Ag
Ag=po=py 100%5 3584 no reaction

b. Agqueous experiments

Ag=po=py + 2m NHﬁCI 100310 201@ arg-like rim on Ag & DY
stern. breakdown 100%¥10 2024 no reaction

Ag-arg-py + 2m NH; C1 100%10 2024 no reaction

arg=po=3S + 2m NH&Cl 100£10 3774 formation of Ag and py
arg=po + 2m NE,C1 100%10 2014 formation of Ag and py
cp + .4m AgNO, 25t3 984 ppt. Ag

op + .025m Ag,S0y 25%3 974 ppt. Ag

cb + .Im AgNo, 25i3 96d ppt. Ag

cb + .025m Ag,S0; 2583 1094 ppt. Ag

po + .025m Agzsoh 25i3 784 ppt. Ag

a pressed pellet of Ag + m-po + py contained a thin reaction

rim of an arg~like phase on some of the Ag and py grains.

This experiment suggests that the assemblage Ag + m-po + py

1s not stable at 100°C; however, no concrete conclusions can

be drawn from this experiment.

All of the other dry experi-
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ments listed in Table 19a were negative (l.e., no evidence
for a +ternary phase).

Agqueous Experiments.

Several types of aqueous experiments, lncluding precipl-
tation and recrystalllization methods, were conducted and are
summarized in Table 19b.

The precipltation experiments consisted of mlxing solu-
tions of various comblnations of the salts: AgNOB, Agzsou,
Fes0,, FeS0,«7H0, FeCl,-4H,0, Fe(NHh)z(SOu)zcéﬂéO, (NHu)zs,
and (Nﬂﬁ)ZSx to glve an Ag:Fe:S ratio of 1:2:3. Difficulty
was encowmmtered in keeping the Ag+ in solution long enough
to react with the other ions. Ag usually precipitated imme-
dlately and underwent gradual reaction with the solution to
form Agzs. Several experiments resulted in black amorphous
precipitates which erystallized to mixtures of Ag, AgZS, Py,
AgFeSZ(?), and Ag or Fe salts. No conclusive results were
obtained concerning low-temperature phase relations of the
Ag~Fe=S gysten.

The recrystallization experiments (Table 19b) consisted
of plseing various solid-phase reactants In a sealed silica
tube containing gpproximately 2ml of 2m NHhCl solution, This
salt solution did not appear to speed up the reaction rates
appreciably over those of dry experiments. Perhaps the two
ends of the reaction tube should have been at different teme
peratures,effecting a "driving" force for solution, trans-

portation, and deposition of the phases. One experiment with
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a charge consisting of Ag + m-po + py contalned reaction rims
on some of the Ag and py grains similar to the argentite-like
phase of the dry experiment described above (Table 19a). This
additional support for the metasteble nature of the Ag + mwpo +
Py assemblage at 100°C may be an expresslon of metastable me~po.
This would lend support to the contention of Hall and Ywnd
(1966) who believe that monoclinie pyrrhotite is never stable.

Several experiments (Table 19b) were also conducted in
an attempt to replace the Cu atoms of chalcopyrite (0uF982)
and cubanite (CuFeZS3) with Ag., The chalcopyrite or cubanite
was placed in an Erlenmeyer flask with 20-25 ml of an Ag-salt
solution and mixed continuocusly on a shaker table. Here, as
wilth the preciplitation experiments, the Ag present in solu-
tion was easily removed as a pure Ag phase with no apparent

replacement of the Cu of the sulfide.

Experiments with Natural Sternbergite and Argentopyrite

The breaskdown temperatures of nabtural sternbergite and
argentopyrite (both AgFesz) were investigated by quench-type
experiments. The speclimens used were not pure and contalned
small amownts (<5%) of pyrite, proustite, and possibly other
minerals, The starting materials were finely ground under
toluene and split into portions to insure similar charges
for each experiment. Evidence of breakdown was looked for
by 1) magnet, 2) X~ray diffractometer tracings, and 3)
polished=-gsection examination.

Experiments conducted in the 230° to 150°C temperature
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range show that sternbergite and argentopyrite inlitlally
break down to arg + m-po + py + V developing a eutectoldal
texture., However, AgFees3 composition lies in the Ag + m-po +
py + V field, and sternberglite and argentopyrite should bresak
down to this assemblage at temperatures below 248%f8°¢, Ir
the initial breakdown product is replaced at the annealing
temperature for additional time, the argentite phase decreases
in amount with a corresponding formatlion and increase 1in Ag
and pyrite. Thils phenomenon 1s explained by "Ostwald'!s step
rule"! (Ostwald, 1902) which can be stated as translated from
German: --”In general, one finds the rule that, with the
breakdown of an unsitable state [phase], a given chemlcal com=-
position will form not the most stable state, but rather the
adjacent, that ls, transitory state, whlich can be reached
directly from the exlsting one with the least loss of energy.”--
It would appear that the formation of arg + m-po + py‘+ V in-
volves such an intermediate level of free energy. However,
the fact that the breakdown products are metastable is not
lmportant to the following discussion.

Data from experliments listed in Table 20 were used to
construct the reaction curve shown in Figure 26. The break-
down of sternberglte and argentopyrite are zero=order reace
tions, l.e., the rate is independent of the concentrations.
This breakdown curve is linear on a log time versus T plot,
which is to be expected when the rate-controlling mechanism

(probably nucleatilon in this case) is the same over the
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temperature range of Investigation.
=E
ﬁ%
k=Ae

This is the Arrhenius equatlon for the rate constant,

k = rate constant (sec'l), A = frequency factor (sec/mole),
R = wniversal gas constant (cal/mole-°K), T = temperature
(°K) E, = asctivation energy (Keal/mole). From the log time
versus T plot, where °C not °K has been used, (Figure 26),
the value of k can be read directly at several different
temperatures. If a plot of 1n k versus 1/T (°K) is made, 2
straight line results which has a slope of -Ea/R. In this
manner it was determined that the activation energy (Ea) for
the breakdown of sternbergite is 66.6%1.0 Keal/mole. Activa=
tlon energies for the decompositions of pyrite and chalcocite
are reported as 26.8 Kcal/mole (Samal, 1965) and 59.8 Kcal/
mole (Pavlyuchenko and éamal, 196l), respectively.

A limited number of breakdown experiments were conducted
on argentopyrite. The activation energy was not determined
precisely$ however, the breakdown data obtalned suggest a
value similar to that for sternberglite. The reaction rate
at a given temperature is approximately 3 to I times faster
than for sternbergite breakdown.

Sternbergite and argentopyrite, reported as possible
polymorphs of AgF°283’ were both observed to break down at
152i3°c. The breakdown products and activation energies are

ldentical, suggesting the same rate-controlling mechanism.
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Tgble 20, Experiments on the breakdown of natural stern-
bergite and argentopyrite.

Sternberglite - Roepper Collection, Lehigh University,
Joachimsthal, Czechoslovakia.

Temp.,°C Time, Days Estimated % Breakdown
2LsE 9 100
2%?13 Iy 100
233141 0.1 100
215%o 0.17 100
200%2 5 100
190%2 0.1 0]
190%2 0.45 50
190%2 0.75 80
190%2 g.s 100
188%2 2 100
180%2 0.5 0m?
178%2 27 80
1773 93 >90
17255 27 30110
1703 0.5 0
15253 1 0
152%2 5 0
152&2 10 0
152%3 149 0
15253 101 0
152%3 219 0=%
152%5 1,03 10-20

Argentopyrite-National Museum #R 9630,
Andreasberg.
177+3 >75
17783 %% 100
152%2 12 0
15252 102 20-30
152=3 196 >75

Therefore, because argentopyrite breaks down faster than
sternbergite at a given temperature, it is suggested that
argentopyrite 1s the lower temperature phase.

It 1s an empirical fact that many reactions near room
temperature, approximately double their velocities for a 10°C

rise in temperature (Daniels and Alberty, 1955). However, in
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the case of argentopyrite and stermbergite, a 10°C tempera-
ture increase results in approximately a five-fold inerease

in breakdown rate.

Fugecity Determinations

Richardson and Jeffes (1952) pointed out that, for most
reactions of geologlc and metallurgic importance, the Glibbs
free energy (AG) can be expressed as a linear function of
temperature. Because AG = RTlnfS, therefore, lnfS (which
equals AG/RT) is a linear function of 1/T. These facts make
it convenient to use a log fS versus 1/T plot to present
pressure-temperature equilibria,

The vapor which 1s in equilibrium with liquid sulfur 1s
cormposed of various mclecular species == 82, Sh’ 86’ and SB'
The equllibrium constants for these species, as well as data
for undersaturated sulfur vapor, are given by Braiwme et al.
(1951). At any given temperature, the mol. percent of S,
species in the vapor lncreases greatly as the total fugacity

(f., ) 18 decreased from the sulfur-condensation curve into

S
thetundersaturated vapor region (see Figure 27). Line 3 of
Figure 27 demonstrates this; the reglon to the low-pressure
side of this line consists almost entlirely of 82 species.
The amount of sulfur occurring as specles other than 82 is
negligible (<1 mol.%) and the vapor may be considered to
behave ldeally (Brawme et al., 1951). Most univariant

curves for varlous sulfide assemblages of importance to ore

petrology lie in this region.
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Figure 27. Conslderatlons of sulfur species 1n sulfur vapor.
1) 8; = §; curve expressed as fg, = Ts, + g, + Ty, + Tgq
after West (1950); 2) ng component of fst assoclated with
the SL + SV curve; numbers show fsz/fst in percent at selec-
ted temperatures; 3) undersaturated portion of the diagram
where fg, = 0.9 fg,, based on data of Braune et al. (1951).
The region below thls curve consists of > 90 mol.% 82 species
in the wvapor.

Sulfur-fugacity data in the present investigation were
obtained through use of the electrum~-tarnish and pyrrhotite-~
indicator methods as presented by Barton and Toulmin (196l)
and Toulmin and Barton (196l), respectively. Brief discus-
sions of some of the principles and assumptions underlying

these methods are given below along with the results from the

prresent study.
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Electrum=Tarnlsh Method.

Equllibrium between Ag and AgZS*,in the presence of
vapory in a closed system containing only Ag and S determines
a wivariant curve, Ag + Ag,S + V, in P=T=X space (Figure 28)

wilth an association reaction:

. x = 2 -l -1
hAg(g) * Sp(g) = 288,843 K = (a4g,S)%- (akg) '(fsg)

where K = equilibrium constant, a = activity, and f = fugacity.

At a given temperature, a certain T is necessary to tarnish

S
Ag (i,e., form AgZS) and form the eqiilibrium mivarliant assem-
blage Ag + Agzs + V. The data concerning this curve, compiled
by Richardson and Jeffes (1952), can be read directly off the
log fsz versus 1/T plot of Figure 28.

If silver is diluted with gold (Au) in solid solution
(electrum), the activity of silver diminishes, thereby in-
ereasing the sz necessary to tarnish the alloy. A series
of curves (several shown in Figure 28) for the tarnish of
electrum, dependent on the mol. fraction of Ag in the elec=-
trum, were calibrated by Barton and Toulmin (196l;) using the
two=bulb, liquid=~sulfur procedure of Allan and Lombard (1917).
One bulb contained pure sulfur and was held at a given low
temperature; the other bulb whiech was held at a higher tem-

perature contained a plece of electrum of known composition,

The temperature at which a sulfide tarnish appeared or dis=

*ﬁg§+xs is the correct formula for silver sulfide in equili=-
r

un with Ag, However, for brevity thls silver sulfide
will be written Agzs.
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appeared on the electrum were determined to 5 to 10°C. Uslng
the data of West (1950), assuming that the vapor was essen-
tiglly pure sulfur, the total pressure of all sulfur species
over the liquid sulfur was assumed to equal PSZ over the
electrum + tarnish + V assemblage. On the further assumptlon
that the gas ls ideal, the partlial pressure of 82 species
equals its fugacity. In this manner, several calibration
points on the curve assoclated with each composition of elecw=
trum were determined resulting in log fsz versus 1/T plots
of the respective curves.

The electrum-~tarnish method, as used during the present
study, consisted of placing a small piece (1-2 mg.) of elec-
trum of known cormposltion in a sealed, evacuated silica tube
along with, but mechanically separated from, a larger amownt
(100 mg.) of a wnivariant sulfide assemblage (e.g., pPo + py +
V) whose fs2 was to be determined (see Figure 29).%¥ The tem-
perature was then ralsed or lowered in lncrements and the
regsulting development or decomposition of a sulfide tarnish
on the electrum was observed visually., In this manner, it
is usually possible to bracket the equilibrium temperature,
of the electrum-sulfide tarnish, produced by the vapor from

the sulfide assemblage, within a 10-20°C intervel. This

The bulk composition of the condensed phase assemblage
changes slightly due to the loss of S to form the equili-
brium vapor; however, it is the number of phases, and not
the amount, which governs the degrees of freedom. Thus,

the fugaclity is constant over the assemblage regardless of
the relative amownts of the phases.
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tarnish interval is noted on the appropriate electrum tar-
nish curve of Figure 28. The fsz associated with this tare
nish, assumed to be also the equillbrium fugacity of the
mivariant assemblage, is found by reference to the electrums=
tarnish curves of Barton and Toulmin (196l;). If several
experiments are performed using varlous known compositions
of electrum, several "points" are determined through which
a straight line or smooth curve can be drawn. Because of
the shallow slopes of the log fsz versus 1/T curves of the
various electrums with respect to the slope of the univariant
curve being determined (see Figure 28), the ¥5-10°C precision
is sufficient for the precise fitting of a smooth curve to
the data on a log scale. The total uncertainity of the cali-
brated electrum curves 1s reported as iO.l3 log fS wmits
(Barton and Toulmin, 196l ); therefore, any univariant curve
determined using this technique will be about 0,13 log fq
units.

glass wool
glass rod

‘ £0 <

charge//// \electrum

Flgure 29, FElectrum=tarnish silica-tube arrangement used in
the present investigation,

Discussion of Assumptions. A complete evaluation of the
various asssumptions and principles underlying the electrum-

tarnish method will not be attempted here; however, several
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points are worthy of discussion.

The Allan and Lombard method (1917) for the determinae
tion of sulfur fugacities was used by Barton and Toulmin
(196L.) to establish thelr electrum-tarnish curves. The cone=
tainer for these determinations consisted of a sealed, eva=
cuated tube with liquid sulfur at one end (at Tl) and the
electrum at the other (T2). The PSt over liquid sulfur was
assumed (with a few exceptions at high temperatures) to be
equal to P82 over the electrum. The electrum temperature
was always higher (i.e., hundreds of degrees C) than that of
the liquid sulfur with the result that mol. fractions of SB’
S¢ s Sh’ and 82 species in the vapor (i.e., the mean molecular
welght of sulfur vapor) must decrease drastically from the
low to the high temperature portions of the tube. Thus,
thls procedure, based on gradients of temperature and partial
pressures (mole fractions) of the respective sulfur specles,
is not an equilibrium method. Barton and Toulmin (196l )
determined only one point on the Ag + Agzs + V curve which
plots on the accepted curve (Richardson and Jeffes, 1952),
suggesting that the disequillibrium factors just mentioned
apparently do not have an appreclable net effect on the emplri-
cal curves obtained. This calibration scheme should be cross-
checked by other methods and at several temperatures.

The tarnish in the electrum-tarnish experiments behaves
in a variety of ways. Barton and Toulmin (196]i) mentioned

several of these, and certain problems concerning tarnish
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development experienced during the present study are dlg~
cussed below., Sometimes a tarnish will appear at anomalously
low fsz. Barton and Toulmin (196L.) suggest that this tar-
nish probably oceurs because of the metastable composition
of one phase in the univariant assemblage -=-=- e.g., po of an
initial FeS + py charge; the equilibrium pyrrhotite 1s not
FeS but some Fel_XS composition on the pyrite-pyrrhotite sol-
vus, Preequilibration of the charge before the addition of
the electrum reduces the occurrence of this metastable tar-
nish. The appearance of tarnish observed during the present
study may be deseribed by such terms as fllms, spots, clusters,
pox, etc. Some types of spottedness may be due to slight
compositional inhomogeneltles of the electrum, the tarnish
occurring at silver-rich regions. In the present study, cer-~
tain tarnish pecularities were correlated with the condition
of the surface of the electrum chip. Pleces of electrum cub
up with a razor blade possessed smooth surfaces; those cut
with dull wire cutters gave rough, striated, ridged surfaces.
Tarnish commonly occurred at temperatures of 10-15°C less
with electrum possessing rough surfaces than with smoothe
surfaced electrum, The tarnish asppeared umevenly along the
crests of the ridges and other angular projections., This
surface phenomenon can be explained by consideration of
energy distribution on the surface of the electrum chip.

The reglons of the surface with the smallest internal radii

of curvature wlll have the highest chemical potentials (sur-
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face energy) and be the most chemically active. This may
lead to preferred, and possibly metastable, tarnish forma-
tion on the sharpest portions of the surface.

The nonstoichliometry of the "Agzs" tarnish results in
the activity of Agzs being less than one. Because the elec=-
trum=tarnish curves were empirically determined, the actual
consilderation of activity is not lmportant to the accuracy
of these curves.

Yund (personal commmication as per G. Kullerud, 1967)
found that the (Ag, Au)ZS field actually contains intermediate
compounds showing that this sulfide-tarnish field is not homo=-
geneous as depicted by Barton and Toulmin (1964). The pre-
sence of these phases apparently did not affect the electrum=
calibration curves measurably. The calibration of the elec=-
trum was based on "reaction = no reaction" eriteria, and the
nature of the reaction phase (tarnish) was probably assumed
to be (Ag, Au)2S posslbly resulting in non-detection of any
intermediate phases.

Pyrrhotite~Indicator Method.

This method for the determination of sulfur fugaclities
was developed by Toulmin and Barton (1964). In the pure Fe=S
system the composition of pyrrhotite 1s fixed at a given teme

perature and a glven fs . The log f

S
2 2
various pyrrhotite compositions were determined by Toulmin

versus 1/T plots for

and Barton (196]) using the eleetrum-tarnish method described
above, The pyrrhotite-indlcator method conslsts of heating
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a univariant assemblage whose fsz is to be determined, with
synthetic pyrrhotites of sultably chosen compositions in a
sealed, evacuated, silica tube. The pyrrhotites and the
assemblage are mechanieally separated as shown in Filgure 30
so that sulfur, because of its high vapor pressure, but not
silver or iron, can pass freely between all phases in the
tube, The experiment ls annealed at a given temperature
wlth the result that the compositions of the pyrrhotites and
the phases in the univarisnt assemblage (but not the number of
phases) change until they are all in "equilibrium" with sul-
fur vapor. The pyrrhotite composlitions are then determined
and the fugacity of sulfur 1s obtained from Toulmin and
Bartont's date (196L). Initisl pyrrhotite compositions were
selected to bracket an estimated final composition; therefore,
the pyrrhotite compositions converge toward the final come-
position, and at the end of the amnealing period, the com-
positions were usually measurably equal. This was taken as
evidence that equilibrium with respect to sulfur in the vapor
phase was attained throughout the tube. The total uncertainty
of the pyrrhotite~indicator method ls reported as 10.35 log

fSZ mits (Toulmin and Barton, 196l).

glass wool

glass rod

sulfid;\\\\\po

assemblage

po

Figure 30, Pyrrhotite-indicator silica~tube arrangement used
in the present investigation.
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Discussion of Assumptions. The inherent assumption in this
method 1s that the chemleal potential of sulfur is equal in
all phases, whereas, the chemical potentials of the metal.
components may or may not be equal. This 1s due to the fact
that many metals (e.g., silver and iron in this study) are
transported mainly by solid diffusion and to only a small
extent in the vapor phase in silica-tube experiments. To
check on the effect of thisg possible disequlilibrium, the
composition of the pyrrhotite in the umivarlant assemblage
arg + py + po + V was compared to the composition of the
pure pyrrhotite indicators on either side of the glass wool
(Table 21). All three pyrrhotite compositions, as indicated
by Q(lOoZ) values, were found to be measurably equal. This
demonstrates that, although, the chemical potential of sil=-
ver {and iron) may not be equal in all the pyrrhotites, the
disequilibrium effect upon the pyrrhotite~indicator composi-
tions ls not measurgble. As previously discussed, the
effeect of silver on pyrrhotite 9(10-2) values 1s not measur-
sble by techniques used during this study. The pyrrhotite-
indicator method was modified for further use during this
study. No mechanlcally-separated pyrrhotite portions were
needed in the experiments becsuse the pyrrhotite composition
of any assemblage in the Ag-Fe~S system is indlcative of the

fugacity of sulfur present at the anneallng temperature.
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Table 21. Experiments conducted to check disequilibrium
effect of the po-indicator method in the Ag-Fe-S

gystem.
Tenp vy o

Starting Materials °c Time Products
po=indicator wnivariant po~-indicator po comp.

comps. assemblage comps. in agsem.

+ .

16.0 at.% Fe arg+py+po 50053 1594 Ub6.L5 eb.%Fe
7.0 at.% Fe 116,50 at.%Fe L6.55

%Theypncertainty of po compositions of the products is 10
at.% Fe.

Results from the Present Study.

Experiments conducted during the present investigation
utilized both the electrum~tarnish and pyrrhotite-indicator
methods for the determination of the fugaclty of sulfur.
Because the pyrrhotite~indicator method was derived from the
electrum=tarnish method and has conslderable potential asg a
sulfur barometer, 1t was conslidered important to cross check
some of the results of Toulmin and Barton (196l).

The fsa over the umivariant assemblage py + po + V at
various temperatures was determined using electrums of flve
compositions (Table 22) prepared according to the procedure
of Barton and Toulmin (1964.). With mechanicel mixtures of
po and py, problems concerning the metastable formation of
electrum tarnish were encountered, Therefore, po + py mixe
tures were allowed to equlllbrate for approximately 1 month
at temperatures of 650, 550, 500, 475, and L50°C prior to use
in the fugacity determinations., The results of the fugaclty
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Table 22. Fugaclty experiments to determine the py + po + V

curve,

Nag Pre-squil.,, Temp., Time,

in electrum Terp.,°C ~ °c hrs. Tarnish vs. No Tarnish
0,10 650 650E2 2
0.10 6§o 66082 20
0.10 650 6l T7E2 50
0.10 650 665L2 36 X
0.10 650 6l TE2 19y X went to
0.20 550 560%3 7 X
0,20 550 £80%2 8
0.20 550 T60%2 19 X
0.20 550 58 -l-3 98 X
0.20 550 550 720 X went to X
0.30 500 505E2 162 X
o.go 500 525ts 651 X
0.30 500 oL 180 X
0.30 500 520¥0 713 X
0.30 500 500ts 720 X went to X
0.30 500 503%2  1hl X
0.30 500 516L2 192 X
0.30 500 502t2 216 X went to X
0.35 I ueo§3 611 X
0.35 W75 190¥3 574
0.35 L75 L4653 332 b
0.35 L5 490=3 582 X
0.35 L.75 1160%3 720 X went to X
0.40 150 j20%5 L6 X
0.40 1450 h55$5 5%2
0.L0 150 43053 510 X
0.40 1,50 45553 588 X
0,40 1150 1120%3 i X went to X

%This is the temperature at whiech the py + po charge was pree~
equllibrated for 30 days before incorporation into the fuga=

clty experlment.

experiments on the univariant curve po + py + V are given in

Table 22 and dlagrammed in Figure 28, page

92.

The experi=

ments are reported as "tarnish or no tarnish", and the reac=
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tions are shown to be reversible. The data bracket a tem=
perature range on each tarnish curve. As previously men=
tioned, the shallow slopes of the log fsz versus 1/T plots
of the various electrum cormpositions, as compared with the
curve being determined, allow a flt for electrum-tarnish
data with a precision of f10-20°C,

The po + py + V curve shown In Figure 28 1s not measur=
ably different from the curve determined by Toulmin and
Barton (196l.) except below spproximately 320°C. The beta
inversion in pyrrhotite at 320¥5°C terminates the stable
portion of the measured po + py + V curve. For the purposes
of dlscussion, the low temperature Fe-3 phase relations are
~ assumed to be those shown by Kullerud, 1967.(see page 31).

Flgure 31 presents a schematic plot, based on theoretl-
cal considerations, of the univariant curves arouwnd the ine
variant points at 320° and 310°C in the Fe=S system. The
Py + h=po + V curve must lie above the metastable extension
of the py + po + V curve discussed above, and likewlse, the
Py + m=po + V curve must lle above py + h-po + V metastable
curve. Toulmln and Barton (196l.) state that the position of
the py + h=po + V curve cannot be definitely fixed from their
data; however, they give data of 300%5°C and approximately
-11.5 log fsz for a point on this curve and state that the
curve may cross the Ag + Agzs + V curve at about 200°C, If
monoclinic pyrrhotite is stable to 310°C, the point they have

determined is for the py + m=po + V curve, asnd it would be
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Pigure 31, Schematliec P=T diagrem of wmivariant curves asso-
clated with the invariant points at 320° and 310°C in the
Fel-xs portion of the Fe=S system.

this curve which would cross the Ag + Agzs + V curve.

‘It 1s also noteworthy to eonsider Point M of Figure 31
which represents the intersection in P=T=X space of the
netastable extensions from the invariant points associated
with the stabilities of monoclinic and low-temperature hexa-
gonal pyrrhotites. Point M represents the metastable trans-
formation of m=-po to hexagonal pyrrhotite of the same com-
position.

The invariant reactlon arg + m=po = Ag + py, In the pre-
sence of vapor, at 2)8i8°C gives a control point for the py +
m-po + V curve which must intersect the Ag + Agas + V curve
at this temperature., The assumptlon 1s made that the Ag +

Agzs + V curve 1s correct and the py + m-po + V curve is
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drawn to intersect it at 2L8°C,

For reactions in which all activitles other than that
of sulfur are constant --- no solid solution =-- log fs2
versus 1/T plots will be linear. The gradually changing
solid solubility of pyrite in pyrrhotite with temperature
causes the 8o s to vary in pyrrhotite assoclated with the
py + po + V ﬁhivariant curve (e.g., 8mas at 700°C = 0.40,
350°C = 0.56)., The effect of this changing activity is to
caugse the curve to deviate from a linear relationship by

being concave toward higher values of log £ Toulmin and

3.
Barton (196l1) showed this curve to have a 1a§ger degree of
concavity than was determined during the present study.
According to the present experimental results, this curve is
nearly linear (Figure 28, page 92 ).

The pyrrhotite=indicator ﬁethod, as stated previously,
was modified for use during the present study. Because the
assemblages of interest in the Ag-Fe-S system contain pyrrho-
tlte, the mechanically-separated pyrrhotlte phase was omitted
from the charges. In addition, a check on the attainment of
equilibrium was conducted by preparing two experiments with
initial pyrrhotite compositions bracketing the expected
equilibrium composition under the same heating conditions.
Thus, the pyrrhotite compositions could be observed to cone
verge on a final equillibrium composition. Experiments con=

ducted in the univarlant fields arg + py + po + V, Ag + arg +
po + V, and Ag + Fe + po + V (Table 23) demonstrate that the
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Table 23. The composgitions of pyrrhotite in univariant
flelds of the Ag-Fe=S system,

a. Cormposlitlions of po in the arg + py + po + V fleld.

Starting po Corp. Temp., Final po Comp, ©po Comp. from

At.% Fe* °¢c Time _At.%4 Fel0.1 Blnary Data
0.0 700%2 84 45 .40 5.35
go:o 600%t2 19d 116.05 ﬁé.go
50,0 500%3 244 4é6.45 116,55
46.0 500-3 994 16.50 16.55
L7. 500=3 994 6.55 46.55
50,0 | 1100%5 674 [16.81 L7.00
50.0 | 1,00%5 50d 116,80 L7.00
L16.5 1100ES 504 17,18 L,7.00
47.5 40055 50d 16.95 147.00
50.0 35055 964 L7.28 L7.15
116.5 35085 964 16.97 47.15

®a11 charges conslsted of mechanical mixtures of arg, py, and po.
b. Compositions of po in the Ag + arg + po + V field.””

0.0 700% 84 8.60 8.70
ﬁa.o 620t§ 31d ﬁB.eo ﬂbgss
50.0 60013 34d 148,60 18.50
18,0 600£3 ;94 48.143 1,8.50
19.0 600%3 L9od 48.55 18.50
50,0 500%5 354 48.55 18.30
50,0 500%5 344 18.45 118.30
18.0 00% 194 18.37 1,8.30
9.0 5oo§5 1od L8.545 8.30
47.5 100%3 594 18.02 8.0
u8.1 100t3  ©og 18.11 48.05
50.0 35015 964 48.00 117.90
1L7.0 350t 964 u7.82 17.90

%%All charges consisted of mechanical mixtures of Ag, arg,
and pO.

c. Compositions of po in the Ag + Fe + po + V field. "™

50,0 855$5 3d 50.00 50.0
19.75 80223 2d 50.10 50.0
£0,0 700%3 24 50,00 50.0
50,0 700%3 2d 50,08 50,0
48,0 596%3 7d 119.90 50.0
B o ok BE 2o
50.0 198t 384 50.10 50,0

¥*¥A11 charges consisted of mechanical mixtures of Ag, Fe, and po.
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phase relations in the Fe-S system are not measurably
affected by the presence of Ag as a third component. This
is readily apparent (Table 23) by comparison of the pyrrho-
tite composition in a ternary field to that of the composgi-
tion 1in the respective binary field.

A graphical presentation of pyrrhotite compositlons in
the various fields of the Ag-Fe-S and Fe-S systems 1s shown
in Figure 32, The compositions of pyrrhotite in the arg +
py + po + V assemblage (right-hand solvus of Figure 32) are
measurably equal to the pyrrhotite of the binary assemblage,
py + po + V as determined by Arnold (1962) and Toulmin and
Barton (196l). The presence of liquid above 532%¥2°C in the
ternary assemblage does not measurably affect the pyrrhotite
compogition; in fact, liquid significantly shortens the time
required for attainment of equillbrium., The compositions of
pyrrhotite in the Ag + arg + po + V field are shown by the
left=hand solvus of Figure 32. Several reference composi-
tions are shown through which a curve is drawn. The deters
mination of these reference polnts is based on the principle
that the composition of pyrrhotite is fixed at a given tem=
perature and fSE. At a given temperature, the log fsz
associated with the Ag-Agas curve 1s read off Figure 28, On
the assumption that iron-solubility in the Ag phases will
have a negligible effect on this curve, the composition of
pyrrhotite at this particular T and fS is obtained from the

data of Toulmin and Barton (196l;)., The close correspondence
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Figure 32, Compositions of pyrrhotltes in ternary assem-
blages of the Ag-Fe~S system., The positions of the ternary
fields are projected onto the Fe-S binary join for purposes
of presentation. The solid circles represent pyrrhotite
compogitions asg determined by experiments listed in Table 23.
The squares represent pyrrhotite compositions on the pyrite-
pyrrhotite solvus as determined by Arnold (1962) and Toulmln
and Barton (196l). The crosses represent pyrrhotite compos-
itions in the Ag + arg + po + V field as predicted from
binary considerations (explanation in text). The pyrrhotite
compositions were determined with s precision of 0,10 at% Fe.

of the experimentally determined values to the theoretical

values demonstrates that the amount of ternary solid solution
of the binary phases is not sufficient to cause sulfur fugac-
ities over the ternary phase assemblages to differ measurably

from those predictable from binary consideration.
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With the knowledge that in this particular system, the
third component does not measurably affect the fugaeity of
sulfur over a binary umivariant assemblage, the complete log
£ versus temperature data for the Ag-Fe-S system can be

S
2
read directly off Figure 28. These data are compiled on Table

21;—‘
Presentation of P=T=X Data

In the present study, f, =T=X data for the Ag=Fe=S sys-

S
tem were determined (Table 2h§. These dataare presented be-
low In two different graphical forms 1llustrating certain
principles of phase chemistry.

It 1s only possible to draw a complete P=~T-X dlagram of
a syatem if each parameter (i.e., P,T,X) requires one dimen-
sion (one orthogonal axis)., Therefore, it is not possible
to construct a complete P=T=X dlagram for systems containing
more than two components. |

If composition 1s allowed two dimensions and temperature
one, the familiar T-X plot of a ternary system results. It
is common to show T-X data as a series of isothermal sections;
because the equilibrium vapor pressure over each assemblage
is different, these sections are polybaric. Figure 33 shows
a plot of several isotherms of the Ag~=FewS system on which
the log fS2 data (compiled in Table 2Ii) for the univariant
assemblages have been superposed.

In order to restrict the compositional variasble of 2

ternary system to one dimension, a cubt can be chosen to pass
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Table 2L, Log fSZ data over univariant assemblages in the
Ag-Fe~S system, These data were obtalned from

Figure 39 as explained in the text.
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Figure 33. Polybaric, isothermal sections of the Ag-Fe=S
system with log fsz(atm.) data indicated for the various
univariant filelds.
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Figure 3li. Schematic isotherms of the Ag~Fe-S system at
500° and 200°C with accompanying log fsz versus compos=-
ition diagrams along the compositional cut x-x!.
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through the system (e.g., Figure 3, X-X'). With this pro=-
cedure, the compositional variable can be restricted to two
components (one independent variable) and a P-X plot can be
constructed at various selected temperatures.

A compositional cut in the Ag=Fe=S system was chosen to
pass from sulfur through the reaction point of arg + m-po =2 Ag
+ py (21,8%8°¢C) at Ag36-&F821-28h2-u' Figure 3l depicts such
a cut and the accompanying log fsa-x plots.

The step~like change of fS2 with composition illustrgtes
the principle that at a given temperature, the vapor pressure
over a univariant field is constant (independent of composi-
tion). A univariant assemblage, by definition, possesses
one degree of freedom and if temperature is fixed, the variw
ance 1s reduced to zero and the vapor pressure cannot vary
over the assemblage, regardless of the relative proportions
of the condensed phases.

Figure 3l also depicts another principle of phase
chemistry, Two fields wilth the same degrees of freedom can=
not be ajoining but must be separated by assemblages with a
variance of one above or below that of the fields in con=-
sideration. For example, univariant fields are separated by
divariant assemblages. Examination of these graphs will
show that the size of the "steps" vary greatly but the se=
quence is for "flat-rise~flat=...",

At the temperatures used for the graphs of Figure 3l,

the fugacity of S, species is 99.9+% of the total sulfur
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pregsure in all fields except those involving sulfur=-rich
liquid as a phase. As the sulfur fugacity approaches the
sulfur-condensation curve, the percentages of sulfur specles
other than 8, increases (see Figure 27, page 90). It is
assumed that the fS of the arg + py + Ls + V assemblage 1s

2
not significantly different from the fS of the pure LS + V

2
assemblage.



GEOLOGIC APPLICATIONS

Introduectlion

In recent years several publications have been devoted
to the application of experimentally determined sulfide syse
tems to ores. Inherent in these attempts are certaln basie
scientific prineciples and certaln necessary assumptions.
Many geologists seem reluctant to accept the results of in-
vestigations based on synthetic minerals, especially if
these minerals were produced In dry systems. This aversion
is a result of incomplete understanding of the varlious para-
meters which control mineral stabillities. The experimenta-
list tries to create certain mineral assemblages in the lab-
oratory umder rigidly controlled conditions and to define
these assemblages In terms of the most significant physical-
chemical variables. He must evaluate the presence of cer-
tain fugitive components suech as water, and thereby reduce
natural assemblages to thelr least complicated form. With
the necessary precauvtions, the laboratory derived data can
be used to limit the physical-chemical environment of ore
genesis,

The phase relations as determined in "pure" anhydrous
systems are unchanged by the presence of water or other com=
ponents provided these elements and compounds do not parti-
cipate in the compositlons of any of the minerals or phases.
These inactive components may greatly affect the kineties

concerned with the attainment of equllibrium; however, they

11



115
cennot affect the state of this equilibrium, In sulfide
systems, the presence of volatiles such as water can influe
ence phase relations involving melts; the magnitude of this
effect 1s largely dependent on the solubility of the vola-
tile in the liquid. In contrast, these volatiles camnot in=-
fluence subsolidus equilibria if they do not appear as com=
ponents in the solid phases. Therefore, the presence of non=-
participating (i.e., inactive) volatiles is immaterial.

Vapor is an inherent phase in silica-tube experiments.,
The vagpor pressure assoclated with most metals 1s low, with
the result that the composition of the vapor in most sulflde
systems is almost entirely sulfur. Therefore, the vapor
pressure of sulfur ls effectively equal to the total pressure.
In nature this is never attained. EKullerud and Yoder (1959)
discuss this faet and 1llustrate the principle that vapor
pressures of gsulfur less than total pressure simply lower
the upper stgbility of a phase(s). Therefore, the tempera=
tures of reactions points determined by silica-tube techni-
ques provide maxima for the lower-temperature and minima
for the higher-temperature assemblages, In the presence of
vapor.

The total pressure over a natural agssemblage may be
gsufficient to prevent the formation of a vapor phase. The
effect of total or confinlng pressure upon a reaction in-
volving only condensed phases can be expressed by the Cla-

peyron equation. The vaporless curves for sulfide and sul=-
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fide~type phase assemblages commonly reflect only small
pressure effects on the reactions involved (l.e., slopes of
10-20°C/Kbar Py).

Trace amounts of elements in sulfide systems usually do
not affect phase equilibria significantly. The effects can
be evaluated in a semi-quantitative manner by careful con-
siderations but may require experimental verlfication before
extensive gpplication of the phase data.

One of the principle objectives of an investigation
such as the present study is to determine the physical-chemi-
cal nature of the ore-forming fluids that resulted in the
mineral assemblages of a deposit. A thermodynamic variable
which 1s applicable to both hydrous and anhydrous systems
is necessary for a correlation between mineral stabilities
and the compogition of agueous solutions. Several recent
papers have discussed this problem, notably those by Barnes
and Kullerud (1961), Gustafson (1963), Barton and Toulmin
(196l1), and Holland (1965), and have ermphasized the fact
that partial pressures of various molecular species provide
thils parameter. In many sulfide systems the composition of
the vapor phase makes the partial pressure of sulfur a con-
venlent variable to determine. Applications of thermody-
namle studies of sulfides are not restricted to reactions
involving a wvapor phase but are valid regardless of the
chemical form in which sulfur is present——as HS™ in agqueous

solution, 32 or HZS in a gas or vapor, etec. (Barton and
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Toulmin, 196l). The activity of a gas by definition 1s nu=
merically equal to its fugaclity., Thus, the fugacity of sul-
fur over a sulfide assemblage is equal to the activity of
sulfur necessary for the equilibrium formation of that assem-
blage and 1s a limiting parameter of the ore-forming fluid.

The application of data from any one ternary sulfilde
system cannot solely determine the possible condltions of
ore formation. These data must be integrated with informa=-
tion on other systems, non-sulfide as well as sulfide. There=-
fore, in the following sections, several significant points
of geologic interest from the present investigation will be
discussed briefly with appropriate examples from nature, The
silver deposits of Cobalt, Ontario,will be discussed at some
length and used to demonstrate the combined usage of various
types of thermodynamic data in an effort to delineate ore-
forming conditions.

| Binary Phases

The phase relations in the low~temperature (i.e., <320°¢C)
portion of the Fe~3 system are not known with certainty. How=
ever, several points of significance have evolved during the
present study.

The upper stability of monoelinic pyrrhotite is uncertain;
several experiments conducted at temperatures above 285°C would
seem to indicate that the pyrite~hexagonal pyrrhotite mineral
pair is pregent, thereby, negating the presence of monocliniec

pyrrhotite above that temperature. It is therefore suggested
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that the upper stabllity of monoclinic pyrrhotite 1s below
285°C¢, This supports the findings of Kullerud et al. (1963)
on natural monocliniec pyrrhotites. It would also appear
that monoclinie pyrrhotite, which usually is referred to as
having Fe788 composition, forms measurable solid solution
towards pyrite. Thls conclusion was also reached by Hall and
Yund (1966).

Carpenter and Desborough (196ly) stated that all pyrrho-
tltes observed in nature pogsess low-temperature superstruc-
tures. This necessitates that pyrrhotites originally de=
posited at high temperature reequilibrate upon cooling, and
thus, serious doubt is cast on the use of the pyrrhotite geo~
thermometer of Arnold (1962). Obviously, an explanation of
the occurrence of these low~temperature phases involves con-
sideration of reaction kinetics. A charge of hexagonal pyrr=
hotite of Fe788 composition, formed at 600°C, placed at 300°C
for 15 minutes, was observed to completely convert to the
monoclinic phase., Likewise, monoclinic pyrrhotite placed at
330°C for 15 minutes converted to hexagonal pyrrhotite. These
data suggest that the activation energy of this transforma-
tion is very small and emphaslzes the doubt of ever finding
a pyrrhotite phase in nature which has not reequilibrated to
a low=temperature phase(s).

Monoclinic pyrrhotites made during this study were ob=
gserved to have 408 and [[08 X-ray diffraction peaks with un-

equal intensitlies. Commonly, an assemblage of hexagonal
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pyrrhotite and monoclinic pyrrhotite results in a larger
;08 than [[08 peak. This increased intensity is a result of
a superposed 10.2 reflection from the hexagonal pyrrhotlte
and 108 reflection of the ﬁonoclinic phase. waever; charges
of Fe.Sg composition annealed at temperatures of 225i25°C
commonly possessed monoclinic pyrrhotite with a [08 peak (the
higher angle 28 reflection) larger than the lower angle 108
peak. Experiments conducted at 150°C contain monoclinic
pyrrhotite with approximately equal [}08=l108 reflections. The
exact meaning of these intensgity differences are not knowng
Kullerud (1967) stated that this variation in relstive inten-
sities may be due to structural changes (e.g., ordering) in
the pyrrhotite and that the relative intensities may be re=
lated to the temperature of formation. This observation is
not confined to synthetie products. During the present in-
vestigation, numerous speclmens collected at Cobalt, Ontario,
were examined and monoclinic pyrrhotite was found which
vielded an X-ray powder=diffraction pattern with 408-]J08 re-
flections with intensgity differences similar to those ob-

served with the synthetic Fe Sg formed at 225°C.

Careful examination of Zhe pyrrhotites at Cobalt,
Ontario, also revealed the mineral smythite, of reported
FeBSh composition (Erd et al., 1957). Smythite was observed
In assemblages containing monoclinlic pyrrhotites; as well as
other sulfldes and non-sulfides. The X=ray data for this

new occurrence of smythite are reported in Table 25 and com-



Table 25. Xwray powder-~diffraction data for smythite
from Cobalt, Ontarlo.

20+8
0210
20-11

d(obs. ) I
(Erd et al.,1557)
11.5 6
5.75 1/2
3.82 2
3.00 6
2.36 1/2
2.86 1/2
2.83 2
2.75 %

2.56

2'1'-5 2
2.29 1/2
2.26 6
2.16 L
1.979 7
1.897 8
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pared to the Xe=ray data for smythite from the flrst des-
cribed occurrence collected from a geode at Bloomington,
(Erd, et al., 1957). An important feature of the Cobalt
smythlite is the complete absence of basal reflections. Dr.
H, T, Evans, Jr. (personal communication, 1967) belleves
that this 1s due to some disorder in the atomic sites. Re=
search concerning this new occurrence of smythite, a revis
gion of the amythite structure, the mineral associlations,
stabllity, ete. is underway.

Agueous experiments (page 35) conducted during the pre-
sent study suggest that smybthite is not stable in the Fe=S
system at 100£10°C or above, Samples of metal-deficient
pyrrhotite synthesized at high temperature, exsolved pyrite
and monoclinic pyrrhotite, at 100%¥10°C. This does not come
pletely negate the possibility of smythite stabillty at this
temperature, however. The py + m-po may be exsolving meta-
stably and the kinetic factor of nucleation may be hindering
the formation of smythite.

Smythite should be much more common in nature than obe
served to date. It is optlcally and physically indistine
quishable from monoclinic pyrrhotite and would be identifled
as pyrrhotite if not submitted to X-ray diffraction analysis.
Also, smythite should form from monoclinic pyrrhotite + py=~
rite deposited above 100°C, by reequilibration with decreasing
temperature; however, pyrite at these low temperatures is

reluctant to partiecipate in any reaction. If smythite cannot
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form by reequilibration but must be deposited from a solu-
tion at some temperature <100%¥10°C, the presence of this
mineral in an ore assemblage is noteworthy. Another expla=-
nation for the paucity of smythite in nature may be found
in the kinetics of 1ts nucleatlon., Perhaps, smythite nucle=-
ates so slowly that metastable monoclinic pyrrhotite + pyrite
are deposited instead.

The presence of silver in sollid solution was not obw-
served to have any measurable effect on the phase relatlons
in the Fe=S system. Ternary reactiong involving pyrite and
pyrrhotite were not observed to differ markedly in reaction
rates from binary reactions, the @(10-2) values of pyrrhotite
in po + py + Ag-bearing phase + V assemblages are the same
as on the Fe=S join, and the melting point of pyrite in the
presence of an Ag=bearing phase 1ls not measurably different
from Th3t2°c,

The term "argentiferous pyrite'" is well established in
the llterature and refers to pyrite which is thought to con-
tain an gppreciable amount of silver In solild solution.
Petruk (196l.) described a pyrite concentrate from a Bolivian
mine which contained 163 oz. Ag/ton; this would correspond
to about 0.8 at.% Ag in s0lid solution. Data from the pre=
sent study demonstrate that the Ag solubility in pyrite at
600°C 1s considerable less than 0.2 at.%; in fact, the
amount of Ag in solid solution is too small to influence
the cell dimension of pyrite. The term "argentiferous™ is
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incorrectly applled to pyrite, and close examlnatlon with oil-
immersion objectives of well-prepared polished sections of
"apgentiferous™ pyrite reveals the presence of an admixed
silver=bearing phase. A sample of the Bolivian pyrite con-
centrate was obtained from W. Petruk and examinstion of
polished sections revealed the presence of small inclusions
of sphalerite and questlonable native Ag. Speclmens of
pyrite from Texas Gulf Sulfur's Timmons, Ontario, deposit
show many small sgpecks of native Ag which could go completely
unnotlced by a cursory optical examination,

The inversion of Agzs from a bec to monoclinie struc-
ture at 177%1°C produces inversion twinning, The presence
of twinning in natural Agzs has been used as criterion for
initial deposition above this temperature (i.e., as argen-
tite). 'The present study has shown that twinning is also
developed in AgZS well below thlis inversion temperature and
%s retained upon coolingto room temperature. These data
negate the use of twinning in Agzs as evidence for formation
of argentite until such time as criterla are established to
distinguish inverslon twinning from this lower=tempersture
twinning.

The inversion of Agot. S from a fee = bee structure
occurs at 586=-622%3°C on the Ag-~S join. During the present;
the presence of iron was observed to lower this inversion
greatly——e.g., Ag2+xs from 586i3°0 on the binary join to
518%2°C in the ternary system. However, the effect of iron

on the monoclinic = bee Inversion was not measurable and
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this inversion remains at 176%3°C in the presence of an
iron-bearing phase.
Ternary Phases

The ternary minerals sternbergite and argentopyrite
(both AgFeZSB) are stable somewhere below 152°C (see page 86).
Samples of these minerals were broken down in silica tubes
at 200°C and the products annealed at 100£10°C for 358 days,
at which time there was no evidence of reaction of the pro=
ducts to reform the AgF9283 compounds.

The invariant reasction Ag + py + po = AgFegsB,associated
with the formation of the AgFeZS3 phase; is also of geologic
significance. The temperature of thls invariant point, here
stated as less than 152°C, is a minimum for the Ag + py + po
assemblage in nature, During the present study, examination
of ore speclmens and the literature concerning Ag-bearing
oress; showed no well-documented occurrence of this assemblage
in nature., Instead, various assemblages of stermberglte
and/or argentopyrite and one or two of these minerals co=-
exist. This observation suggests that the Ag + py + po de=-
posited in nature has reequillibrated to a low=temperature
assemblage containing AgFe283 cormpound.,

The "silberkies™ minerals are commonly reported (Rame
dohr, 1955, 1960) as among the last to form in the paragenc=
tic sequence of sllver-bearing deposits. These minerals are
stated to be much more common than previously reported or

believed (Ramdohr, 1960; personal cormmumnication, 1967); they
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may have been frequently overlooked or misidentified because
of their small grain size and/or optical properties, which
are similar to pyrrhotite and marcasite. The "sgilberkies™"
minerals are common in meny typical epithermal deposits.
However, they have alsc been reported from deposits classed
a8 hypo- and mego=thermgl., The deposits of Broken Hill,
Australia, (mentioned previously) believed to have been
formed at high temperatures and pressures, contaln seattered
grains of sternbergite (Stillwell, 1953). The presence of
this mineral shows that the ore-forming processes were still
active far below the temperatures of the initial formation

of the early mineral phases.

Ternary Assemblages

Several invariant reactions in the Ag-Fe-S system are
of geologic significance. The temperatures of 622%2°¢,
607E2°C and 532%2°C, the upper stabilities, in the presence
of vapor, of arg + po, arg + py, and arg + py + po, respece
tively, are generally higher than those attained during de-
position of typical silver ores. Becsuse these reactions
involve termary liquids, water, if soluble in this liquid,
may lower the temperatures at which the reactions occur and
they may have limited applicability.

The deposits at Broken Hill, New South Wales, Australia,
ores of Pb, Zn,>and Ag, are often clited as examples of hypo-
thermal ore deposits, Ramdohr (1950, 195l) believed that

these ores, subsequent to initial deposition, have been meta-
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morphosed at high temperatures and pressures. He observed
antimony which he interprets as having been partially
melted, as well as pyrargyrite which had been completely
melted, indicating a temperature of approximately 630°C.
Edwards (1956), based on iron and manganese content of
sphalerite, concluded a temperature of 600°C or higher, in
agreement with Kullerud (1953), who estimated 620°C (with-
out correction for pressure). TUnder conditions such as
these, an arg + py + po assemblage could be expected to
melt, Such an assemblage would probably consist mainly of
pyrite and pyrrhotite with little argentite and the amount
of liquid generated would be small; however, this liquid
would be very rich in silver. This melt could concelvably
undergo moveme t, thereby, effecting a remobilization of
some gulfide minerals as well as bringing about an enriche
ment of silver. Thus, sulfide fluids may, indeed, play an
irportant part in ore genesis as postulated by Brett and
Kullerud (1967).

The reaction arg + po = Ag + py, in the presence of
vapor, which occurs at 2318°C is important for several rea~
sons, A8 a general rule, it is exceptional in sulfide sys=-
tems that a metal is stable with a disulfide, particularly
pyrite., Most metals are very "sensitive™ to even low fuga-
cities of sulfur as would be depicted by an log fsa versus
1/T plot of the appropriste M + MS + V curves (e.g., Fe +

Fe3S + V, Figure 39, page 12). Therefore, their sulfida-
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tion curves do not approach the po + py + V curve., Other
metals, such as copper, which do not have strong affinities
for sulfur, have ternary compounds which block tielines to
pyrite, Silver 1s not as chalcophile as most other metals
with the result that the Ag + Agzs + V curve crosses the
po + py + V curve., The silver deposits at Pachuca and Real
del Monte, Chihuahua, Mexico contain appreciable amounts of
native silver (Geyne, 1963), particularly in the "oxidized"
zone, This silver is considered secondary, having been deo=
rived from argentite and other silver-bearing minerals.

Some of the native silver 1s undoubtedly secondary; however,
a lack of appreciation of the silver sulfidation curve has
possibly led some geologists to conclude that almost all the
silver, some present in Ag + arg + py assemblages, is a prow
duct of meteoritic ground-water reductlion of silver-bearing
minerals.,

A minimum-temperature indicator is provided by the
assemblage arg + po. Examination of numerous polished sec-
tions of specimens from worldwide localities, as well as a
search of pertinent literature, falled to reveal the welle
documented existence of this assemblage in nature. Either
reequilibration of previously formed arg + posor original
deposition of Ag + py can account for this observation.

The feoasibility of reequilibration was demonstrated for

natural specimens (page 80 ).

The assemblage Ag + py is not particularly common in
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nature; but, it is important in some magsive sulfide de=
posits (e.g., Texas Gulf Sulfur!s Kidd Creek Deposit,
Northern Ontario, Canada). It is not necessary that silver
and pyrite be deposited simultaneously for application of
this invariant temperature (2418°C) to ores. The phase rela-
tions define the stability of the Ag + py assemblage and are
not concerned with the paragenetic sequence of the phases
involved. Much of the native silver found at the Kidd Creek
deposit occurs as stringers, veinlets, and blebs in pyrite.
It is evident from the present study that, regardless of
the formation of the other minerals of this massive sul=-
fide deposit, the Ag + py assemblage formed below 2L8°C at

an fs of less than 10'1u atm,
2

Ore=-Forming Solutions

The conditions of ore formation must be intimately re-
lated to the nature of the ore-forming fluids; the fugacities
(activities) of the components involved in formation of a
mineral assemblage can be used as limiting parameters of
this solution and can describe the chemistry of formation
of any given assemblsge directly and quantitatively.

It should be realized that the fugacity of any component
does not tell us the concentration of that component in the
ore~forming solution, Figure 35 (after Barnes and Kullerud,
1961) illustrates this statement. The £, can be seen to

S
2
vary greatly in this diagram, whereas the sum of the sulfur
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Figure 35, Distribution of predominant aqueous species and

Psz (contoured in atm,) at (£S) = 0.1 m and 250°C (after
Barnes and Kullerud, 1961),

species (i.e., HS™, S, H,S, ete.) at all points is constant
(€8s = 0.1 m).

Several methods are possible for presenting thermody-
namic data on the formation and stabilities of minerals.
Diagrams of log fsz versus 1/T provide a useful frame of
reference upon which various curves representing univariant

equilibria may be superposed to form a grid. This type of

plot 1s simllar to the petrogenetic diagrams as originally
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developed by N, L. Bowen (1928) and presently in common use
by oxide and silicate petrologists. An example of such a
plot is shown in the next section on Cobalt, Ontario.

Activity versus activity plots are phase dlagrams whose
axes are the activities of two components of a three compons-
ent system. The detalls of construction of such graphs are
covered by Garrels (1960) and Garrels and Christ (1965) and
nunerous exarmples are given by Gustafson (1963) and Holland
(1959, 1965). Such diagrams are based on the principle
that the fugacity of an element is numerically equal to its
activity., TFigure 36 was constructed as an aSZ/aAg plot of
the Ag=Fe=3 system at several temperatures as derived from
the data compiled in Table 2L, page 109. The activities of
components in an ore~forming solution responsible for depo=-
gition of a particular assemblage can be read dlrectly off
the fligure.

By plotting the activities of the three components of
a ternary system on orthogonal axes, it is possible to con-
struct a "saturationesurface™ diagram such as depicted in
Figure 37. Gustafson (1963) has discussed the possibility
of the interpretation of such models as an ald to an under=
standing of the paragenesis of mineral assemblages.

Consider a hypothetical ore~forming solution containing,
among other things, silver, iron, and sulfur. The wvarious
other possible components of the fluid phase, such as H.O,

2
002, C1™, ete., are here considered as inactive for they do
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not enter into the solid phases. The saturation surface
shown in Figure 37 encloses a volume of space. Inside this
volume the solution is wmdersaturated and no solid phases
containing silver, iron, or sulfur are present. The volume
above this surface 1s supersaburated, a disequilibrium situa-
tion, and will not be considered here. It 1s assumed that
an ore phase is preclpitated whenever the saturation surface
for that phase 1s intersected ===~ that is, the solubility
product is reached., For example, Point B of Figure 37 repre=
sents the point where pyrrhotite begins to precipitate from
a solution originally at Point A. It can be assumed that
the activities (fugacities) of the ore components are con-
trolled by the external environment (e.g., composition of
the fluld, temperature and pressure gradients, diffusion
and reaction with the wall rocks). These are the factors
which control the movement of A to B to C.s«.Point A is in-
side the volume and is consequently undersaturated. The
path A=B=C=D explains the sequential formation of pyrrhotite,
then py + po, and finally arg + py + po. It should be remen-
bered that the pyrrhotite forming along path B-C is con-
stantly changing composition. As the activities of the comw
ponents in solution move toward Point C, the pyrrhotite at
B becomes unstable and redissolves and pyrrhotite at B! pre-

2,

precipitates, etc.”

s
A

In general, 1f the activities of the components are lowered
so that the activity product (solubility product) of some
previously precipitated phase is no longer satisfied, that
phase should go back into the fluid phase and be replaced
by the currently stable phase(s).
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At temperatures below 2118°C¢, Point D of Figure 37 will
be situated so that the precipitated assemblage will be
Ag + py + m=po as diagrammed on Figure 38. This portion of
the diagram is most applicable to nature.

The complemented use of "saturationesurface" dlagrams
of several different systems can add to our knowledge of ore
agsemblages and their paragenesis, The principles of con-
struction of such plots are simple and should be used to con-
struct diagrams for other systems. However, a necessary pre-
requisite for their construction is a thorough lkmowledge of
the activities (fugacitles) within the systems involved.
Many of these data, unfortunately, are elther entirely
lacking or need to be revised. The "saturation-surface™
diagrams of the Ag=Fe=-S system serve to 1llustrate the con=-
struction of this type of phase diagram and demongtrate the
application of fugacity and temperature data as an ald to

the understanding of ore-forming processes,
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Cobalt, Ontarioc

The Cobalt district, Ontario, Canada, one of the most
productive silver camps in the world, has been selected to
demonstrate the applications of various types of experimen-
tal data to ores. Several mines in this district were
visited and the specimens collected were subsequently in-
vestigated in the laboratory.

Geology.

The Cobalt distriet is underlain by three rock types.
Oldest to youngest, these are: 1) Keewatin metavolcanics
with interbedded iron formation; 2) Cobalt series gediments,
consisting of boulder conglomerate, greywacke, slate, and
quarzite; and 3) the Niplasing dlabase which is present as
a s1ll about 1000 feet thick. The detailed geologic setting
of Cobalt is described by Thompson (1957).

The silver veins at Cobalt are fault and joint fillings
varying from a fraction of an inch to over 12 inches in wildth.
Attitudes are nearly vertical with strikes, in general, N to
NW, and the veins are up to several hundred feet, in both
vertical and horizontal extent. A set of poste=ore fault
veins cross and displace (on the order of inches) the major
ore veins, and vary in attitude from vertical to horizontal.
It is generally believed that both types of veins are gene=-
tically related to the diabase, although the exact nature
of this association 1s not definite. Thompson (1957) be-

lieves that the ore~forming solutions were derived from the
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magma which solidified to form the diabase sill.
Mineralogy of the Veins

The deposits consist of mineralized carbonate velns in
which the mineral assoclations gradationally change from the
central portions to the terminal portions and edges (Petruk,
1966). The central portions consist mainly of native silver

and cobalt=nickel-iron arsenides and sulfarsenlides in a car-
| bonate matrix (commonly calcite, but often dolomite or
siderite with rare quartz). In contrast, the terminal por-
tions and edges are generally much higher in sulfide content
but lower in native silver and the cobaltenickel arsenides.
The exact paragenesis is not agreed upon; however, a general
trend may be stated as;early calcite, Co=~Ni=Fe arsenides and
sulfarsenides with native silver, and more sulfides in car=
bonate matrix,

Metalllec Minerals and Assemblages

The metallic minerals in the veins at Cobalt occur in
a wlde variety of textures which have been described by
Petruk (1966)., The principle metallic minerals are native
silver, safflorite, cobaltite, loellingite, arsenopyrite,
and skutterudite. Important accessory minerals are dyscra-
site, bismuth, "argentite", ruby silvers, stephanite, chale
copyrlte, pyrrhotite, pyrite, sphalerite, niccolite, rammelsw
bergite, galena, and breithauptite., Varlous ore-mineral
assemblages and thelr implied temperatures of formation are

listed in Table 26. Some of the more important assoclations



138

Temperature
Mineral Assemblage Impl%gation Reference
asp + Py < ugltlgo Clark, 1961
proustite < h9st1e Roland, 1966
proustite + arg < 169%3° Roland, 1966
Ag + asp < l0foge Taylor, unpublished
gnematildite + Ag < 380° Cralg, 1965
Ag + Bi < 262° Potrenko, 1906
Ag + DY < 218%8° this study
xanthoconite < 192%10° Hall, 1966
proustite + Ag < 192%8° Roland, 1966
"gilberkies" < 152%g° this study
mekinstryite < 94.4%1,5°  Skimmer et al., 1966
smythite < 100° this study, Kullerud, 1967a
Ag + Ag,Sb > L00° Somanchi & Clark, 1966
Ag + Ag=Sb phases > 275=350° Carpenter & Fisher, 1932
gn-matildite .. > 215%15° Craig, 1965
arg (cubes) > 177%1° Kracek, 1946

Table 26. Minerals and assemblages found at Cobalt, Ontario
and the temperature implications re§arding their
formation (uncorrected for pressure).

are discussed below

The common assemblage native silver + arsenopyrite was
deposited both early and late in the depositional sequence.
It is stable below 4L0%25°C (Taylor, data to be published
elsewhere), in the presence of vapor. The invariant reac-
tion: po + lo + arg = asp + Ag which oceurs at thls tempera-
ture is illustrated in Figure 39. ZXnowledge of this invari-
ant termperature provides an additional point (¥25°C) on the
po + lo + asp wnlvariant curve and allows extrapolation of

this eurve from 702°C (the upper-stability temperature of
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arsenopyrite) to lower temperatures anc pressures of sulfur
(see Figure 39, page 1112).

Various minerals and assemblages of the Ag=-Sb system
are common in the Cobalt deposits. Carpenter and Flsher
(1932) described exsolution intergrowths of AgBSb (dyscra=
site) and antimonial silver and, based on homogenization
experiments, concluded that the temperature of formation
was above 275«350°C. Somanchi and Clark (1966) recently
reported the occurrence of an Ag6Sb mineral with antimonlal
silver. They interpreted this assemblage as having origl-
nally precipitated at a temperature "“well above™ LL00°C.

The native silver + pyrite assemblage was observed in
polished sections examined during this study and has also
been reported by Bell and Thompson (192L) from a similar
silver deposit 20 miles SE of Cobalt. This assemblage was
intermediate to late in the depositional sequence at Cobaltby
its temperature of formation must have been below 2l8%8°¢,
in the presence of vapor (this study).

Ramdohr (1955) reported the presence of "sgilberkies" in
the Cobalt district. Examination of numerous polished sec-
tlons, during the present study, has revealed the rare occur=
rence of one of the Ag-Fe-S ternary minerals but the very
fine grain size did not permit Xeray identification of the
exact species. Breakdown experiments in this study showed
that both sternbergite and argentopyrite, the only two well-

documented "silberkies" minerals, are stable at some tempera=
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ture below 152%5°¢C.

Skinner (1966) described a phase Cu, gAg, 55, from the
Cobalt distriet, which he named meldnstryite (Skinmer et al.,
1966), This mineral is present as pure masses and single |
crystals with native silver and stromeyerite. It breaks
down at 9L.5¥1.5°C to jalpaite and a cation-disordered hexa-
gonal compound, Cu0.96Agl.OhS' It'is wnlikely that these
two phases were originally present in exactly the correct
amounts and in such close contact that they could reequilia
brate on cooling to produce pure masses of mckinstrylte.
This suggests that the mckinstryite at Cobalt only formed
directly from solution below 9L°C.

During this study an apparent two-phﬁse pyrrhotite was
observed in some of the ore specimens coliected in Cobalt.
X=ray powder-diffraction patterns showed the two phases to
be monoclinic pyrrhotite and smythite, FbBSh. Smythite was
originally described by Erd et al. (1957) from a geode at
Bloomington, Indiana and this occurrence at Cobalt is only
the second reported occurrence in North America, Low=teme
perature experiments conducted during this study suggest
that any F‘eBSlL phase on the Fe~3S join is stable only below
about 100°C. Because much of the smythite is present as

"single pure masses and also small crystals, it is probably
that this mineral was deposited directly from solution be=-

low 100°cC,

The author has also examined crystals of Ages which
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display cubic morphology and are thus correctly called argenw

tite. According to the data of Kracek (1946), cublc Ag,S
must be deposited at temperatures above 177°C, and thus, 1its
presence indicates a minimm temperature of formation for
this mineral and other contemporsneous minerals at Cobalt.
Argentite 1s usually considered to have formed in the late=
intermediate to late stages of mineral deposition at Cobalt.

Galena and matildite (AgBiSe) intergrowths, interpreted
as an exsolution texture, have been described by Ramdohr
(1938). Cralg (1965) reported that this exsolution is indica=
tive of formation of a solid-solutlon phase stable above
215¥15°C, This exsolution product also coexists with native
silver. Craig (1965) showed experimentally that a solid
solution with the composition of galena-matildite in a 1:1
proportion has a maximum temperature of coexistence with sil=-
ver of approximately 380°¢.

In summary, formation of the silver ores at Cobalt probe=
ably occurred at temperatures from above 1J00°C to below 100°C.
The various mineral assemblages lead to ambiguous results
with regard to temperatures of formation if they are not
interpreted in time=space relationships. Thls would require
a thorough studyrof the minersal paragenesis and was not
undertaken in this study.

Ore-forming Condlitliong

Various methods of presentation of data can be used to

discuss the important parameters concermed with the forma-
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Figure 39, Log fg_ versus 1/T diagram of the sulfidation
curves (wivariant curves) of several minersls and assem=
blages.

tion of an ore deposit. Two of these methods will be utl-

lized in this discussion.and will be shown that one compli-

ments the other.
Phase relations c¢an be depiected on a log fS versus 1/T

2
plot such as shown in Figure 39. One of the most important
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curves on the dlagram is the sulfur condensation curve.
This curve marks the upper limit of sulfur fugaclty per-
taining during most geologic processes. Another important
curve is that for the assemblage Fe + FeS + V., Most sule
fide deposits formed at fugacities of sulfur above this
curve, for native iron is not a common terrestrial mineral.
Therefore, the reglon of geologic interest lies between
these limiting curves. 7

Most of the silver in the Cobalt deposits 1s present
in the form of native silver with only a minor amount as
argentite. The region of Figure 39 which is compatible
with deposition of native silver is located below (i.e., on
the sulfuredeficient side) the Ag + arg + V curve. Arseno=
pyrite and loellingite commonly coexist with native silver
throughout the paragenetic sequence. The curve asp + lo +
po + V which originates at T702%2° ¢ (Clark, 1961) and 103
atn. fS2 (Barton, personal communication; 1967) intersects
the Ag + arg + V curve at L1j0%25°C (Taylor, see above) and
has been extrapolated to lower temperatures as a linear
function. The ruled area of Figure 39 represents the
region of fsz and temperature within which Ag + asp can
stabily coexlist; this region involves rather narrow limits
of fs2 (activity). This plot illustrates'the importance
of fugacity data in phase equilibria studies as an aid to

deciphering depositional environments.

Sulfide minerals, pyrite, chalcopyrite, galena, sphale-
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rite, ete., are not common, but are locally abundant at
Cobalt. They occur in a carbonate matrlx which 1s calclte
and/or siderite in assoclation with argentite and native
silver., These facts are considered in Figure j0, For pur-
poses of the following discussion, a temperature of 250°C
will be chosen to represent a temperature of deposition
not imcompatible with the mineral assemblages at Cobalt.

Holland (1965) presents a compilation of thermodynamic
data from which log fgq /log f, Plots can be drawm for

2 2
various reactions of geologle interest. The C=CO, curve

2

provides an important restriction on f02 because the absence
of carbon minerals (l.e., graphite) at Cobalt and the abunw
dance of carbonates requires that all considerations be con=
fined to the CO2 side of this curve. Similarly, the lack of
native sulfur glso restricts this discussion to the region
below the SL-Sv curve. Figure 4O shows these two bounding
curves, as well as several other curves of interest.

It was determined during the present investigation that
Ag + py are stable below 2I,8°C. Therefore, the curve which
defines the Fes2-FeCO assemblage must approach the Ag-AgES

3

curve at 250°C, This requires an f = 10° atm. at 250°C,.

002

At lower fugacities, F‘eCO3 does not plot within the area
outlined by the 0-002 and SL--Sv curves. At values above
10° atm., the Fesg--FeCO3 curve 1s displaced more than three

orders of magnitude toward higher fs values and i1s not near
2
the Ag-AgZS curve.
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Considerations of the minerals and mineral assemblages
deposited at Cobalt at a temperature of 250°C and fCOZ = 10°
atm., result in the placing of certain restrictlons upon
deposition as shown in Figure 4O, Based on the further
agsumption that the fugacity of water in a vapor phase 1in
equilibrium with en ore-forming solution at 250°C is about
110 atm. (i.e., the same as the vapor pressure of pure water

at 250°C) and not correcting for Ptofal’ a number of impor-

tant parameters of the solution may be determined:

Temp. = 250°C £, = 10~ atm.
(assumed) So -38
fo = 107 atm,
2 13
foo = 107 atm.
2
fCO 10° atm.
2
fH2 101  atm,
£ & 102 atm.
2 1.6
fH O= 10™°" atm,

2
All of the species caleulated are not necessarily presents
however, those that are, will have the fugacities (= activi=-
ties) given above, Further, if the £S = 0.1 m in the solu-
tion, reference to Figure 35, page 129, would suggest that
the major sulfur species in the solution is HS™ at'a pH of
about 8.

Note that the fS2 = 10~ atm., obtained by ihspection
of the log fsa/iog f02 plot of Figure j0 is in agreement
with the value which would be obtailned by consideration of
the Ag + asp assemblage at 250°C on the log fS2 versus 1/T
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plot of Figure 39.

Because ore=-forming solutions may vary in composition
from place to place at any given time, it 1s difficult to
make generalizations concerning asz, &g aAg’ etc. For
consideration of temperatures different from 250°C, it is
only necessary to recalculate the various parameters of
interest. Also, little thermodynamic data are available
concerning the arsenide minerals (safflorite, loellingite,
etc.), which are very important at Cobalt, making 1t diffi=-
cult to estimate arsenic fugacities (fAs)' The preceeding
analysis of the Cobalt deposits has involved an aﬁproach to
a better understanding of an ore-forming environment, and
the results are open to all the inaccuracies that are in-
herent in the thermodynamic data. However, the general

agreement in the data is noteworthy.



METALLURGICAL IMPLICATIONS
Introduction

In recent years, metallurgists have become increasingly
interested in the study of eutectic‘textures. The micro=-
scopic examination of a cooled eutectic charge reveals the
presence of two or more phases usually intimately grown toget=
her. By controlling the soildiflcation process, it is
possible to enhance certaln properties of eutectic inter-
growths, For instance, Albright and Kraft (1966) and
Albright et al. (1967) applied controlled solidification
techniques to mixtures of iron and troilite (FeS) to create
a eutectic texture which consisted of a parallel array of
needles and rods of magnetic iron in a sulfide matrix, This
microtexture has certain characteristics which may be of
importance in the production of permanent magnets.

Kraft (1967) discussed many of the fundamentals of con-
trolling eutectic solidification and emphasized that the
field of controlled eutectic textures is stlill in its in-
fanecy. The controlled microtextures may possess certain
magnetic, electrical, optical, thermal, and mechanlcal pro=-
perties giving directional features to almost all of the
crystalline properties of solids.

AgeFe=3 Microtextures
During the course of the present investigation, it was
observed that many of the experiments involving melts re-

sulted in distinctive intergrowths of phases in the Ag-Fo-S
158
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system, Several of these mlcirotextures appear to be similar
to those produced by Albright and Kraft (1966) and Albright
et al, (1967) during studies of solidificatlion characteris-
tics of the Fe~FeS eutectic. _

Intergrowths of phases such as ferromagnetic Fe and
antiferromagnetic pyrrhotite with soft, malleable phases
such ag silver and argentite possess magnetic, electrlcal,
metallographic, and crystallographic characteristies which
may have possibilities for industrial applications especl=
ally in the fields of electronics and solid-state physics.

Solidification of the melts in experiments conducted
during the present investigation was not directionsally con-
trolled by intentional temperature gradlents or slow cooling
rates. The experimental charges were rapidly chilled from
the annealing temperature to 25°C by immersion of the silica
tubes in cold water. During the 3=5 second cooling time,
the liquid nearest the wall of the tube cooled faster than
the interior of the charge. In most experiments this slight
difference in cooling rate, was sufficient to set up a tem-
perature gradient which produced effects similar to those
observed with controlled solidification (Kraft, 1967). That
is, certain phases were oriented with respect to the gradient
direction.,

Photos of some of the interegting quench micprotextures
observed as a result of crystallization from melts in the

Ag-Fe-S-system are shown below.
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Plate 1. Eubtectic intergrowth of argentite (gray) and
silyver (white). The charge (Ag73827) was annealed at
839%3°C for 2 1/2 days prior to Quenching. (x 1600 oil)

s
]

Plate 2., Eutectic~like intergrowth of pyrrhotite (gray)
and silver (white) resulting from crystallization of a
pyrrhotite~rich liquid., The charge (50Ag + 50FeS) was
ammealed at 1010%5°C for 20 minutes prior to quenching.
(x 510 oil)



Plate 3. Inbtergrowth of silver (white) and pyrrhotites
argentite (dark gray) resultlng from crystalllzatlon
of a silver-rich liguid., The charge (Ag g 382 7)

2
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was annealed at 952= C for 1 hour prior enching,
(x 2110 oil)
Plate Eutectice intergrowth of argentite (gray ground~

mass) and pyrrhotite (lighter=colored stringers) an
pyrite (white to 11§ht gray). The charge (Ag FeloS
was annealed at 630=5°C for 12 days prior to quenchlﬁ
(x 1600 o0il)
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Appendix 1

DTA EXPERIMENTS WITHIN THE Ag-Fe-S SYSTEM

Composition, at.¥ Thermal Effect °c¥ TInterpretation
Ag e g Reating cooling

40,0 10.0 50.0(1) 568 - Agzs fee = bee
607 565" arg + py = Ly + Lg
54,0 3.0 §3.0(1) 608 560°%  arg + py = Ly + Lg
- 651 liquidus surface
45.6 10.2 In.2(1) 565 562 Ag,S fec = bee
608 585" L, + Ly = arg + py
5.7 6.0 39.3(2) - 560 Ag,S fee = bee
605 566" Ly + Lg = arg + py
47.5 10,0 L2.5(3) 176 - Ag,S bee = mono.
1182 481 Ag,S fee = bee
532 530 arg=-py=po eutectic
20.0 29,0 51.0(3) 1482 181 Ag,S fee * bee
533 534 arg-py-po eutectic
52.0 9,0 39.0(3) 178 - Ag,S bee = mono,
481 481 Ag,S fee = bee
532 531 arg=py=po eutectic
65.0 5,0 130,0(4) 519 518 Ag,S fecc = bee
623 619 Ag + L, = arg + po
60,0 20,0 20.0(5) 954 935 Ag + po upper stability
o0l - Lt = LA,g-r:’Lch + po
70.0 20,0 10.0(6) 95i 950 L, = Ag + Fe + po
965 968 Ly = Fe + po + LA,g-rich
20.0 50,0 30.0(6) 955 - L‘b = Ag + Fe + po
96l - L, = Fe + po + LAg-rich »
955 - L, ® Ag + Fe + po
965 - Ly = Fe + po + LAg-rich

3% The thermal effect of the quartz internal standard 1s omitted.
s#=rSupercooling of the lliquid phase.

Starting materials: 1) Ag§s Fe3p, and S3 2) Ag§s and FeSoj

3) AgpS, FeSp, and FeS; L) Ag,S, Ag, and FeS; 5) Ag and FeS:
6) Ag, Fe, and Fes.
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Appendix 2

Experiments conducted on the AgES-FeS join,
8., Experiments within the po + Lt + V field.

Composition, mol.% Tenp.,°C Time, days
AZoS FeS
58.7 41.3 750%2 6
6,7 33.3 750%2 5
b. Experiments within the Ag + po + Lt + V field.
58,7 41.3 71082 3
58.7 1.3 719%2 %
8.3 91.7 7oo§2
58.7 41.3 70052 12
68,0 32.0 700§2 3
71.0 29,0 700%2 I
75.0 25,0 650L2 5
gs.o 22.0 650%2 [
1.0 19.0 650%2 5
.2 25.8 630%2 7
™h.2 25.8 625&2 1
¢c. Experiments within the arg + Ag + po + V field.
Th.2 25.8 620%2 I
Th.2 25,8 61552
1%.2 86.8 600%2 1§
d. Experiments within the Ag + po + V field.
IL.0 96.0 700%2 5
1.5 98.5 700%2 10
3.8 96,2 600%2 18
e. Experiments within the Ag + Lt + V field.
Tl 0 26.0 7002 3
80.3 19.7 680%2 I
83.0 17.0 6L 5%2 9
85.0 15,0 6L5%2 9
f. Experiments within the arg + Lt + V field.
95.0 5.0 652 9
g. Experiments within the ]:.:£ + V field.
BT W To0 2
[ ) 3
78.2 21.8 70052 1&
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Appendix 3

Experiments conducted to determine 700£3°C isotherm.

a. Experiments within Lt + LS + V fleld.

Composition at.%

Ag Fe S Time, days
29.5 0.5 70.0 3
28,5 1.5 70.0 10
27.0 3.0 70.0 10
25.5 %.5 70.0 10
2L.0 .0 70,0 10
20.0 L.L 5.4 8
38.0 9.0 53,0 T
62.0 1.0 37.0 6
55. Ox 5.0 0.0 7
ll-?‘ 9-5 Ll'2'8 3
Ll.9 10.9 Lh.2 T

Using AgpS + FeSp as starting materials; the remaining
experlments were prepared from elemental Ag, PFe, and S.

b. Experiments within py + L_ + L_ + V fileld.

t S
Composition at.%

Ag Fe S Time, days
L1.0 12.0 L7.0 T
B2 m: gt
36.0 1.0 0.3 7
33.0,, 17.0 50,0 6
31.5%  17.6 50.9 7
21.8% 22,1 55,8 7
13.8, 25.4 59.8 7

5.3 30.6 6li.1 7
20,0 22.5 57.5 6
22.0 8.0 70,0 6

Using AgoS + FeSp as starting materials; the remaining
xperlments were prepared from elemental Ag, Fe, and S.
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¢. Experiments within py + Lt + V field.
Composition at.%

Az Fe S Time, days
37.5% 16.0 16.5 6

*Using Fe32 + Agzs as starting materials.

d. Experiments within py + po + Lt + V field.

Conposition at.?

Ag Fe S Time, days
35-5; 17.5 L7.0 7
29‘00. 23'5 14'7'5 7
26.5, 22.5 51.0 6
2.5, 22.5 53.0 6
25,00, 25,0 50,0 7
16.3;, 29.5 5h.2 1%

8.0, 38,0 51,0

8.0% 37.0 55.0 8

8.,0" 36,0 56,0 8

*Elemental Ag, Fe, and S were used as starting materlals,
e. IExperiments within po + Lt + V fleld.
Composition at.%

Ag Fe S Time, days
v :
16.3% 33.7 £0.0 1
8'0-'. 1}3.0 14'9'0

8.0, 42.0 50.0 8
8.0;:. 3905 5205 7
3.0% L5.0 52,0 8
2.0, 46,0 52,0 7
.5 45.0 50.5 7

*Elemental Ag, Fe, and S were used as starting materlals.
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f. Experiments within Ag + po + Lt + V fleld
Composition at.%

Ag, Fe S Time, days
.0 6.0 20,0 10
2.5 7.5 20,0 10
71..0 2.0 20.0 6
60,0 15.0 25,0 10
57.3 1.1 28.6 20
I A
47.0 17.5 35.5 6
l;3.0_.,r 19,0 38.0 3
52.4., 10,7 36,9 L
50,7° 11.9 37.3 3
51.1 11.7 35.2 3
L8.1 13.9 38.0 17
L45.3 16,0 38.7 17
42,0 18.5 39.5 3
140.0 20,0 0,0 l%

8.0 Ls.o 48,0

%Using AgsS+ FeSp as starting materials; the remaining
experiments were prepared from elemental Ag, Fe, and S.

g. Experiments within Ag + Lt + V fleld.
Composition at.%
Ag Fo S Time, days
77,0 3.0 20,0 10
75.5 3.5 20.0 10 .
. _% 05 35'0 3
. 9.5 36.5 3

%Using AgoS + Fe3 as starting materials; the remaing
experiments were prepared from elemental Ag, Fe, and S.

h. Experiments within Ag + arg + Lt + V field.
Composition at.%

Ag Fe S Time, days

8.5% 1.5 20.0 10

7.0% 2.5 30.5 6
6l..5 L.0 31.5 6

*&lemental Ag, Fe and S were used as starting materisals.
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1. Experiments within arg + Lt + V field.

Composition at.%

Ag Fe S Time, days
63.0" 1.0 33,0 3

¥ emental Ag, Fe, and S were uvsed as starting materials.
j. Experiments within homogeneous liguid (Lt) + V field.
Composition at.%

Ag Fe S Time, days
58.6% .0 37.3

56.2 %.8 36.0 118L
60¢O 510 35‘0 3

*Using AgoS + FeS, as starting materlals; the remaining
experiments were prepared from elemental Ag, Fe, and S,

k. Experiments within the Ag + po + V fleld.

Composgition at.%

Ag Fe S Time, days
.9 .1 9.0

o B

50.0 g?:o %E:o {

£0.0 25,0 28,0 7

%Using AgoS + FeS as starting materials; the remaining
experiments were prepared from elemental Ag, Fe, and S.

l. Experiments within the Ag + FeS + Fe + V fleld.

Composition at.%

Ag Fe S Time, days
33.6" 49.6 16.8 11
20,0 50.0 30.0 8

8.0 L.7.0 L5.0 6

%USing AgoS + Feo as starting materlals; the remaining
experlments were prepared from elemental Ag, Fe, and S.
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éEBendix g

Experiments conducted on Lt positions of po + LS + Lt + V
field.

Composition, at.% Temp.,°C Time, Days Products at Temp.
Az~ Te _S_

20 10 70 798%2 I Lg + Ly + 7V
15 15 70 798%2 I Lg+ Ly + po + 7V
16 30 S 803%3 L Lg+ L, + po+ 7V
20 30 50 803%3 i L, +po+V
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Appendix 5

Experiments in the Fe-S system below 320°C.

a. Experiments conducted on the trollite--h-po solvus.

Starting Material Type of Comp.h=po at.%
po comp., at.%Z Fe Experiment Temp.,°C Time Fe(=0,10 at.%)

9.5 Dry 12115 a 19.35

ﬁé 0 Dry 100%5 314 18.65

19.0 bry . 70510 634 118,30

9.5 Aqueous” 120%5 5d 49.35

19,0 Aqueous 100=5 174 18.60

19.0 Aqueous 70%10 L7d 48.35

%Reaction medium was 2¢ce of 2nm NHuCl.

b. Experiments conducted on the mepo-=py solvus.

Type of Products at Temp.
Experiment” Temp.,°C Time, days {po in at.% Fe)

Dry 300%3 6 m=po(116.70) + py
Dry 200i5 15 m=po(}}6.50) + py
Dry 200%5 93 m-po(hé L4o) + p
Dry 100%30 93 m~po(}46.35) + py
Dry » 100¥10 202 mepo (116, 30) + Py
Aqueous™* 205510 116 m=po(46.15) + py
Aqueous 10010 93 m=po(}6.30) + py

“ a1l starting materials consigsted of high-temperature h-po

of L6 at.% Fe.
Reaction medium was 2cc of 2m NHﬁCl.

c. Miscellaneous experiments

Starting , Type of Terp., Time, Products at Temp.
Materials "~ Experiment °C Days (po in at.% Fe)
po(L7.0)4py  Dry 296%3 40 hepo(l47.30)+py
po(l47.0) Dry 296%3 4O  hepo(47.35)+py
po(l7.0) Dry 2950 7  hepo(l7.30)+m=po(?)
pO(u8-0)+py Dry 295%y 7 hepo(}7.50)+py
po(l8.0) Dry 295kl 87 he=po(}7.95)
po(L6.5)+arg  Dry 295%] 47 mepo(L6.7 )+argtpy

po(16.5( Dry 2951y L7 mepo(L6.75)+py
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Appendix 5-c, continued

Starting s Type of Temp., Time, Products at Temp.
Materisls '~ Experiment _°G Days (po in at.% Fe)
po (7.5 ) Dry 270510 36  hepo(47.4) ,
po(}47.0) Dry 270%10 36 hepo + mepo”
PO(lL7)"‘};Y Dry 270%10 36 m-pomé 60 )+py
po(L6.5 Dry 270=10 36 mepo”

po(L47.5) Dry 225%10 79  he=po(l7.50)
po(47.0) Dry 225%10 79  m-po’

po(l6.5) Dry 22510 79 mepo”

po(ly7.0) Dry 1525 167 he=po + m-po
po(L46.7) Dry 15285 167 m-po
po(48.0)+py Aqueous™" 205%10 L6 tho(hT 8)+py
po(h .0) Agueous 205i10 26 m-po

po(l18.5) Agqueous 100%10 h=po(L8.45)
m-po (146.7) Dry 305%3 67 No reaction
m-po (446.7) Dry 315%2 13  he=po(ly7.30)+py

vy 08 reflection larger than 408.

g‘,Reaction medla was 2ce of 2m NHjCl.
“The pyrrhotite (po) of the starting material is the high-
temperature form; h-po of the products is the low-tempera=
ture form.
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