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ABSTRACT

Quench-type and DTA experiments conducted in silica 

tubes were used to investigate the Ag-Fe-S system from 

li qui dus temperatures to below 200°0 under the vapor pres­

sures of the system. Several hydrothermal experiments, 

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 sulfur-rich 

two-liquid field, which spans from the Ag-S to the Fe-S joins 

above 1083^2°0, is present above 607^2°0 in the ternary sys­

tem. Metal-rich immiscible liquids, which probably origi­

nate on the Ag-Fe join above 1^33*2° C, are present in the 

ternary system above 906*2° C. The assemblage Ag + pyrrho­

tite becomes stable at 95£-3°0 (a pseudobinary eutectic). 

With decreasing temperature, the assemblages argentite + 

pyrrhotite and argentite + pyrite become stable at 622*2°  

and 607*2°0,  respectively; the reactions involve ternary 

invariant conditions (neither join is pseudobinary). The 

assemblage argentite + pyrrhotite + pyrite becomes stable 

at 532-2°c (ternary eutectic near AggS in composition). A 

subsolidus invariant reaction at 21^8*8°0  results in the for­

mation of the silver + pyrite assemblage. No ternary solid 

phases were encountered in dry experiments above 150°0.

Less than 0.2 at.^ Ag is soluble in pyrite and pyrrho­

tite at 600°0 and less than 0.8 at.^ Fe in argentite at

1
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500°C. Silver has no measurable effect on d(io-2) values

of pyrrhotite or the cell dimension of pyrite

5 .^7^0,00028.). The presence of iron lowers the fee bee 

inversion temperature of from 52° to >100°C, depending 

on the associated Ag-Fe-S phases; however, the bee e mono, 

inversion temperature is not measurably affected.

Heating of sternbergite and argentopyrite (both AgFe^S^) 

samples has demonstrated instability at 152 °C (e.g., partial 

breakdown of sternbergite in Z[05 days); rate studies have 

shown that a 10°C temperature increase results in approxi­

mately a 5-fold increase in breakdown 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 discussed. 

The silver deposits of Cobalt, Ontario, are used to demon­

strate the combinedusage of various types of thermodynamic 

data to delineate ore-forming conditions. In addition to 

geologic applications, a section is devoted to a brief dis­

cussion of microtextures, in the Ag-Fe-S system, of possible 

metallurgical importance.



INTRODUCTION

The most common sulfide minerals --- the iron sulfides,

pyrite (FeSg) and several species of pyrrhotite (Fe^^S) --- 

occur as major or minor constituents of all silver deposits. 

Commonly associated with these iron sulfides, are the eco­

nomically important silver minerals --- argentite and acan­

thite (Ag2S) 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 being asso­

ciated with the silver minerals, commonly contain small, 

but economic, quantities of silver. 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 cell dimensions of pyrite and pyrrhotite, are impor­

tant.

The reported Ag-Fe-S ternary minerals, sternbergite,

3



argentopyrite (both AgFe^S^), frieseite (AggFe^Sg), and

argyropyrite (Ag^Fe^S^^) are not commonly found in ore

deposits containing iron- and silver-sulfide minerals.

They have been described in ores believed to have been sub­

jected to high temperatures and pressures of metamorphism 

(e.g., Broken Hill, Australia), as well as in oxidized and 

supergene-enriched ores (e.g., Joachimsthal, Czechoslovakia). 

No thermodynamic data, which could explain the limited, how­

ever, diverse geologic occurrences of these various phases, 

are present in the literature.

Phase equilibria in the system Ag-Fe-S have many imme­

diate applications; however, when these data are used collec­

tively with other pertinent systems such as Ag-As-S, Fe-As-S, 

Cu-Fe-S, Ag-Bi-S, etc., valuable knowledge can be obtained 

relating to the physical and chemical 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 Sciences at Lehigh University, under the direction 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-Bi-S and Ag-Bi-Pb-S systems 

(Craig, 1965) and the Ag-As-S system (Roland, 1966), and re­

cently, by post-doctoral research in the Ag-Pb-As-S and Ag- 

Pb-Sb-S systems (Roland, 1968, personal communication).



MINERALS IN THE Ag-Fe-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 compound Ag^S has been described as two distinct 

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 AggS 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 bee mono, phase transition of AgoS 

at 177^1°C has been used extensively as an indicator of the 

minimum temperature of mineral deposition in ore deposits. 

Ramdohr (19^) stated that the frequent twinning observed 

in natural AggS results from this inversion, and thus, the 

presence of twinning indicates initial deposition above 

177-1°C; he considered AggS which is free of twinning as 

having formed below this temperature. •

Although pyrite is commonly believed to be stoichio­

metric FeSg, many authors have reported slight variations 

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

lieved are more likely due to presence of impurities (e.g., 

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 

FeSg 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-O-H system. He concluded, 

supporting Buerger's (1934) contention, that marcasite is 

slightly sulfur deficient, with the structure possibly con­

taining SH" bonds. These results suggest that marcasite is 

not an FeSg polymorph and is, also, not a phase in the Fe-S 

system.

Two minerals, smythite (Erd et al., 1957) and greigite 

(Skinner et al,, 1964), are reported as having the composi­

tion Fe^S^. Little is known concerning their stability 

relations except that they are both probably unstable above 

200°C.

Independently, Evans et al. (1962, 1964) and Kouvo e£ 

al. (1963) described natural occurrences of a tetragonal com­

pound near FeS composition for which the name mackinawite 

has subsequently been accepted; this mineral is identical

to the previously described cubic nkansiteM (Meyer et al., 

1957)• Several specimens of mackanawite analysed by Clark 

(1966b) gave a composition (Fe,Nl,Co)l+xS 2 -07» Ber­

ner (1962b) has synthesized this tetragonal phase in aqueous

Fe-S solutions demonstrating that Ni and Co are not essential 

components of the mackinawite structure.
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Pyrrhotite, Fe^^S, exists in nature as at least three 

distinct mineral species. Carpenter and Desborough (1964) 

and Arnold (1967) reported that all naturally occurring 

pyrrhotites possess supercell modifications of the simple 

hexagonal NiAs-type cell originally ascribed to pyrrhotite 

(Alsen, 1925). Troilite, FeS, has a supercell with a = V3A, 

ç = 2Ç. (Grdhvold and Haraldsen, 1952),*  intermediate pyrrho­

tite (hexagonal Fe^^S) with a = 2A, ç. = 5Ç (Carpenter and 

Desborough, 1964), and monoclinic pyrrhotite, about Fe^Sg, 

a cell with a = 2B, b = 2A, and c = 4Ç (Bertaut, 1953)•

* Normal lower case symbols are used to denote the crystall­
ographic axes of the superstructure based on the NiAs 
arrangement; upper case symbols are used to denote the 
NiAs-type substructure (Wuensch, 1963, p. 157 ) •

ww Palache, et al. (1944) also report a mineral ”silberkies” 
originally described by Streng (I878), not as a new mineral 
species, but as a possible variation of a mineral in the 
"silberkiesgruppe".

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

ponents ---  the "Sllberkiesgruppen of Ramdohr (I960) ----

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 4(^0^^g) 

for argentopyrite versus 8(AgFe2S^) for sternbergite, Murdock 

and Berry (1954) suggested that these minerals are dimorphs. 

The X-ray diffraction data and physical properties of these 

two minerals are fairly well established; however, for 

frieseite and argyropyrite, X-ray data are lacking, reported 

compositions are at variance, and the physical and optical
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properties are not distinctly different from sternbergite 

or argentopyrite.

Argyropyrite was originally described as a mineral with 

composition Ag^FeyS^^ (Weisbach, 1877) « Most physical pro­

perties are similar to those of sternbergite, but this min­

eral has a prismatic habit similar to argentopyrite. Frie- 

seite was originally described as a mineral with composition

Ag^Fe^Sgjwith all its physical properties identical to stern­

bergite, except that it has a thick-tabular habit versus 

thin-platey for sternbergite. Samples of frieseite and 

sternbergite upon X-ray examination by Peacock (1942) gave

exactly the same patterns and cell dimensions. If the 

differences in composition of argyropyrite and frieseite

from AgFegS^ are due to contamination or poor analysis, 

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 Thompson (1962) and Murdock and Berry (1954), respec­

tively. No new information concerning their 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 majority of experiments involved the use of sealed, 

evacuated, silica-glass tubes with minimum vapor volume as 

described by Kullerud and Yoder (19^9). Such experiments 

are commonly referred to as "quench-type" or "sillca-tube" 

experiments. The equipment necessary for such experimenta­

tion is available at Lehigh University, Department of Geo­

logical Sciences, and has previously been described in detail 

by Craig (196£) and Roland (1966).

One of the basic 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 can be inferred from the products as examined at 

room temperature. In order to help preserve evidence of the 

high-temperature phase relations, the silica 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 2£OC in an estimated 3-£ seconds. 

Therefore, in the context of this study, the term "quench" 

is not used to mean an "instantaneous freezing" but is 

applied to the technique of rapid chilling.

11
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The attainment of equilibrium in quench-type experi­

ments is 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, silica tubes in an oxygen­

natural gas flame prior to annealing at the desired tempera­

ture/ 2) frequently, the silica tube of an experiment was 

rapidly chilled to room temperature, the tube opened, the 

material carefully ground under toluene*  (to prevent oxida­

tion), the charge resealed in a clean tube, and the tube 

again placed at the annealing temperature. This procedure 

considerably hastened otherwise sluggish reactions, 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 with grinding with consequent loss of less than 1.0 

mg of a 100 mg charge. The material lost was assumed to have 

the composition of the bulk charge.

* The charges of early experiments were ground under acetone. 

However, it was found that acetone readily picks up mois­
ture from the atmosphere thus making it unsuitable for this 
use.

DTA Experimentation

Certain phases in the Ag-Fe-S system are nonquenchable 

and cannot be studied by quench-type experiments. Noteable 

examples in the Ag-Fe-S system are the bee fee and bee
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mono, transformations of AggS*  However, the thermal energy 

associated with a nonquenchable phase transformation can 

often be detected by differential thermal analysis. For 

this reason, numerous DTA experiments were conducted in the 

laboratory of Dr. Gunnar Kullerud of the Geophysical Labora­

tory of the Carnegie Institution of Washington, D. C. ) 

according to the procedure described by Kullerud (1963b). A 

detailed description of this DTA apparatus and technique was 

given by Craig (1965).

High-Temperature X-Ray Experimentation

A Unie am high-temperature X-ray camera was used during 

this study for the examination of the nonquenchable bee and 

fee forms of AgoS. These experiments were conducted in the 

Kullerud Laboratory at the Geophysical Laboratory; technical 

details concerning this apparatus were discussed by Craig 

(1965).

Aqueous Experimentation

The reaction rates of many quench-type experiments con­

ducted in the Ag-Fe-S system below about 300°C were extremely 

slow i.e., they would require years to attain equilibrium. 

Therefore, other methods of experimentation were conducted 

in an attempt to overcome this kinetic factor. Berner 

(1962a, 1962).) and Clark and Kullerud (1963) have reported 

excellent results with the aqueous precipitation of sulfide 

phases at elevated temperatures. Barnard and Christopher
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(1966a, 1966b) have reported the presence of various salts 

(l.e., KaCl, HH^Cl) 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., various salts) are not com­

pletely known, these methods of aqueous experimentation can 

result in feasible reaction periods. If the presence of EgO 

does not cause a change in the number or composition of the 

solid phases under consideration, it may be regarded as only 

a reaction medium or catalyst for the experiment.

Precipitation Experiments

Several aqueous experiments involved the mixing of 

solutions at elevated temperatures. No attempt was made to 

exclude air from the experiments. The components for the 

reaction were present as dissolved salts and, upon mixing 

of the solutions of the respective salts, a black precipi­

tate usually formed which was identified 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°0. In this technique, very 

limited amounts of air were enclosed in the reaction vessel 

because the bomb was not evacuated before sealing.

Recrystallization Experiments

Aqueous experiments were also conducted using a 2M 

NHj^Cl 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.^-2.0

ml) were placed in sealed, evacuated, silica tubes and 

annealed 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 values for the pyrrho­

tites involved. This suggests that either chloride ions do 

not enter the pyrrhotite structure, or the effect of chloride 

ion contained in the pyrrhotite structure is not of suffi­

cient magnitude to be detected by the X-ray technique used. 

The former suggestion is more plausible.

Fugacity Determinations

Kullerud and Yoder (1959) reviewed the various methods 

of determining fugacities (non-ideal pressures) of sulfur 

over sulf ide-phase assemblage s « An electrum-tarnish method 

( Barton and Toulmin, 1961;.) 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-fugacity determinations ---- the pyrrhotite-indi­

cator method (Toulmin and Barton, 196%J.

Both the electrum-tarnish and pyrrhotite-indicator 

methods for determining the fugacities of sulfur in labora­

tory sulfide systems were used in the course of this inves­

tigation and are described in much more detail in a later 

section (page 89 ),



PREPARATION OF REACTANTS

Reactants used in the preparation of experiments con­

sisted of either the elements or the binary compounds, Ag^S, 

FeSg, and Fe^.^S, previously synthesized from the elements. 

Elements of the highest available purity were used in this 

study. Iron was obtained from the Battelle Memorial Insti­

tute, Columbus, Ohio. The silver and sulfur were obtained 

from the American Smelting and Refining Company, South Plain­

field, New Jersey.

The iron, bar 83 of 99.99^+wt.purity, was obtained as 

a 1 lb. cylinder 1 1/2 inches in diameter. The supplier's 

analyses report S, B, Si, Na, V, Zn, and Zr, as well as I|.O 

other metallic impurities, as not detected; elements detected 

(in ppm) are; O^— 1.8, C— Or— 3» Co— 10, Ni— l^f P— 5; all 

others total <10 ppm.

Grade A-59 silver, of 99.999+wt.^ purity, was obtained 

as 2 ounce bars. The supplier's spectrographic analyses 

report Au, Bi, Ga, Cd, Cr, In, Mn, Ni, Pb, Sb, Te, and Zn 

as not detected; maximum impurities of other elements (in 

ppm) are: Mg- 4, Si- 2, Fe- 3, Ou- 4, and Al- 1.

"Special High Purity" sulfur, of 99.999+wt.# purity, was 

obtained as fragments. The supplier's spectrographic analy­

ses report Ag, Al, Bl, Ga, 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 basis of chemical analyses.

Silver and iron were separately treated in a hydrogen-

16
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reduction furnace at 800°C for 3-4 hours and 8^0°G for 6-8 

hours, respectively, before use. The reduced materials were 

stored in sealed, evacuated, pyrex or silica-glass tubes to 

avoid oxidation.

Silver and sulfur were mixed in an atomic ratio of 2;1 

in order to prepare 1 gm charges of AggS. The charges were 

heated in a sealed, evacuated, silica tube at 600*10°0  for 

a period of 3-5 days to insure complete reaction. Upon com­

pletion of the heating, the AggS was carefully filed and 

any file teeth associated with the AggS were removed with 

a magnet. The AggS was examined in polished section for 

purity.

* Difficulty with inhomogeneity was encountered if the 
charge weighed more than about 500 mg.

^Abbreviated Miller-Bravais indices.

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 24 

hours, then the tube was quenched, the charge carefully 

ground under 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 2^. hours. A representative por­

tion of this fresh pyrrhotite was taken from the tube for 

examination of composition and purity. A sharp 10*2**  X-ray
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reflection and optical purity in polished section were used 

as indications of homogeneity. Because pyrrhotite oxidizes 

in a few days if exposed to air, this starting material was 

stored in sealed, evacuated tubes or, as in earlier experi­

ments, kept in a vacuum desiccator (pressure approximately 

10 ram Hg) until ready for use.

For the synthesis of pyrite, previously prepared pyrr­

hotite of known composition was mixed with an amount of sul­

fur calculated to give 600-800 rag total)with a bulk composi­

tion of FeSg + 0.2-0.3 wt % S (to compensate for sulfur loss 

to the vapor phase). This charge was heated in a sealed, 

evacuated, silica tube at 600^10°0 for ^.8 hours, the tube 

quenched, the charge carefully ground under toluene (to pre­

vent oxidation), reloaded into a clean tube with an excess 

of 0.1 wt.# s, and heated for an additional 24 hours. Anoth 

er careful grinding proceeded a final 24 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 FeS2 was 

ground under CS2 to dissolve sulfur and then under alcohol 

to dissolve CS2< The pyrite was stored in a vacuum desic­

cator to prevent moisture contamination and oxidation.



IDENTIFICATION OF PHASES

The phases encountered during this study were identi­

fied by 1) visual examination, 2) low-power binocular micro­

scope, 3) magnet, 4) reflecting microscope, and £) X-ray 

powder-diffraction methods.

1) Visual examination of the charge was used exten­

sively when a liquid phase was suspected at the temperature 

of the experiment. The tube was taken out of the vertical 

furnace and immediately examined 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 in the room temperature pro­

ducts.

2) The unopened silica tubes were examined after 

quenching with a low-power (O.7-3X objective) binocular 

microscope to ascertain as far as possible if reaction had 

taken place, if separation of the charge into two or more 

discrete portions had occurred (suggesting inhomogeneity), 

or if sulfur-rich liquid, as shown by small droplets of 

sulfur on the tube walls, was possibly present at the 

annealing temperature of the experiment.

3) Monoclinic pyrrhotite has a higher magnetic suscep­

tibly than the associated phases in Ag-Fe-S and Fe- 3 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-S join, this effect could even be

19



20

used to estimate relative proportions of hexagonal and mono­

clinic pyrrhotite phases.

Representative portions (about £0 mg) of charges 

were cast in a clear, cold-setting, mounting medium. Bake­

lite epoxy resin which hardens in approximately 4 hours at 

25° C and Geomount plastic which hardens in approximately 20­

30 minutes at 2£°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 sections were then examined with a 

Leitz Dialux reflecting microscope. Oil-immersion objectives, 

because of their much higher resolution,as compared to air 

objectives, were used almost exclusively.

The optical properties of the synthetic solid phases in 

the Ag-Fe-S system are identical to the properties of their 

natural analoges. Examination of polished sections of experi­

mental charges commonly revealed ’’liquid textures” — evidence 

of the presence of liquid at the annealing temperature. These 

textures consist of fine-grained intergrowths of the appropri­

ate unary 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 Philips X-ray diffraction unit. The radia­

tion used was either nickel-filtered copper ( A K*  = 1.5418Î)
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or manganese-filtered iron ( = 1.93738). When it was

necessary to determine exact interplanar spacings of a phase, 

an internal standard, silicon Parrish, 19^3) or

fluorite (a^ = 5.^38^0.00038., Roland, 1966), was incorporated 

with the sample during the grinding for the powder smear 

mount. At least 8 sets of reflections of the peaks of inter­

est were obtained by oscillation from both low to high and 

high to low angles with a reversal of the slide after the 

fourth oscillation. 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. 

Roland^, which operates on the 26 values of previously in­

dexed lines. Each line is accorded a weighing factor using 

the method described 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 according to the method of Arnold 

(1962) using a graph of versus atomic percent iron

in the pyrrhotite based on the data of Toulmin and Barton 

(196%J« The standard deviation of the measurements of the 

26 value of the 10-2 reflections of the pyrrhotites was 

io,12°, which corresponds to io.10 at.^ iron.

*Research Associate, 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 unary 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 system.

The Elements

Kracek (1946) reported the melting point of pure silver, 

in the presence of vapor, as 960.500. Solid silver occurs 

in only one crystalline modification which possesses a face­

centered cubic structure, space group Fm3m (Swanson, et al., 

1953).

Fe

The melting point of pure iron 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, S' stable between 910° and 

1390°0, and & stable from 1390°C to the melting point ) 

which are all cubic; the phase is face-centered cubic 

(fee) whereas the ©cand & phases are body-centered cubic (bee).

22
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S

Meyer (196$) and Tuller (19$4) compiled data per­

taining to the phase relations and thermodynamics of pure 

sulfur. Bell et al. (1967) determined that low-temperature 

sulfur (orthorhombic) inverts to a higher-temperature form 

(monoclinic), in the presence of vapor» at 102-1°C and that 

the triple point of sulfur is at 114±1°C. 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 diagram of the Ag-S system is shown 

in Figure 2 based on the data of Kracek (1946) and Hansen 

and Anderko (1958). Silver sulfide (Ag^S) is the only com­

pound in the system. The maximum limits of solid solution 

from AggS composition are less than 2.7- 0.2 at.# toward 

sulfur at 80Z|i2°C and less than 1.3^0.3 at.# toward silver 

at 740-3*0  — — 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 Agg ^^S to 

^2.002S'

Two nonquenchable phase transitions in AggS are re­

ported. The low-temperature polymorph (acanthite) has a 

monoclinic structure (Ramsdell, 1943)• The intermediate-
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temperature polymorph (argentite) is body-centered cubic 

(bcc) (Rahlfs, 1936; Djurle, 1958) and the high-teoperature 

form is face-centered cubic (fee) (Djurle, 1958).

A recent study was conducted by Sadanaga and Bueno 

(196?) on the 177°C inversion in AggS. They heated AggS by 

means of a small furnace attached to the goniometer head of 

a Weissenberg camera and observed twin formation in Ag^B 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, AggS shows a progres­

sion of twin formation with increasing temperature premoni­

tory to the inversion at 177°0. 

Present Study.

Experiments were conducted to investigate the hypothesis 

that twinning is not present in AggS formed below the 177°C 

structural transition. AggS was made by direct reaction of 

Ag and 3 at 156^2°0 for 6 days and also at 166^3*0  for 37 

days. The temperature of one experiment at 158°0 was closely 

monitored and the heat of reaction was not observed to raise 

the temperature of the charge measurably. Examination of 

polished sections of the charges at room temperature revealed 

numerous inversion-like twins; the appearance of AggS formed 

at 166^3°0 and at 18^12°C for 63 days but quenched to room 

temperature before examination was very similar.

The experiments conducted by Sadanaga and Bueno (1967) 

showed that twinning exists in AggS formed and examined at
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tender attire s above 1^2° 0 but below 177° G. Experiments con­

ducted during the present study showed that this twinning 

is preserved upon rapid chilling to room temperature and is 

similar to the twinning formed in AggS synthesized above 

the inversion temperature. A lower-temperature limit for 

twin formation was not determined during the present study. 

However, because Sadanaga and Sueno (1967) used annealing 

times on the order of 2^. hours and observed twinning at 

1^2°C, it is suspected that longer reaction times will pro­

duce twinning at temperatures below 1£2°G. These observa­

tions present serious doubt concerning the criterion of 

twinning in AggS as evidence for initial deposition as argen­

tite above 177^0 as stated by Ramdohr (I960), 

Experiments listed in Table 2 show maximum solid solu­

tion of AggS toward Ag of <0.3 at.# Ag at 750t^°C and toward 

S of <2.2 at.# S at 7OO-3°C. Experiments conducted to deter­

mine this latter figure were based on the presence of liquid 

sulfur as observed in the experiments at the annealing tem­

perature.

Table> 2. Experiments conducted on the AggS solid solution.

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

Ag + S 66.7-33-3 72°-2 72 AggS + V

Ag + S 66.8-33.2 720^2 72 AggS + V

+ S 67.0-33.0 750-5 72 Ag2S + Ag + V

Ag + s 67.2-32.8 72O-2 72 AggS + Ag + V

Ag + S 61|., O-36.O 700^3 93 AggS + Ls

Ag + s 64.3-32-7 700^3 93 AggS 4- Ls

Ag + s 64.2-32-2 70013 93 AggS + LS

Ag + S 66.7-33-3 700I3 93 AggS + 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 omission of 

Fe from the FeS structure; the cell dimensions are depen­

dent on the Fe deficiency of the pyrrho tlte\ The beta 

transformation of Fe^.^S, characterized by a break in mag­

netic susceptibility, cell dimensions, and thermal proper­

ties, is variously reported as occurring at 315-318*0  

(Roberts, 1935), 320°0 (Kullerud, 1967a), and 325°0 (Harald- 

sen, 19lp-). Above this transition temperature, taken as 

320±5°C in this study, Fe^^S is reported to possess simple 

hexagonal ITlAs structure (Gr/nvold and Haraldsen, 1952). 

However, Corlett (1968) believes that pyrrhotites possess 

this simple hexagonal structure above 225^25°C.

* The solvus curve that forms the sulfur-rich limit of hexa­
gonal pyrrhotite was determined throughout the temperature 
range 325°C (52.71 at.# S) to 743°0, where the sulfur con­
tent reached a maximum of 55-1 at.# S (Arnold, 1962). 

^Thls supercell is probably a ’’quench product” and not 
stable at the annealing temperature.

Desborough and Carpenter (1965) found that both natu­

ral and synthetic pyrrhotite annealed at temperatures above 

315^10° C but chilled to room temperature before examination, 

exhibit a hexagonal supercell based on the MAs structure 

with a = 2A and c = 7Ç « Below 320^5°0, Fe^^S is reported
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to possess several superstructures, all based on the NiAs 

structure. Desborough and Carpenter (196^) found that 

certain pyrrhotite samples chilled from annealing tempera­

tures below 31^10°C possess a hexagonal supercell with 

a = 2A and e = 5£« Bystrom (19^) found that there also 

exists a pyrrhotite with monoclinic structure. This com­

pound, with or near Fe^Sg composition, has a supercell with 

a = 2B, b = 2A, and £ = 42 (Bertaut, 1953; Wuensch, 1963). 

The upper-stability temperature of monoclinic Fe^^S is vari­

ously reported as 315°0 (Desborough and Carpenter, 1965), 

3O8±5°C (Clark, 1966a), 305^5°0 (Arnold, 1967), and less 

than 265°C (Buseck, 1962; Kullerud et al., 1963). Hall and 

Yund (1966) believe that it is always a metastable phase. 

Corlett (1968), based on high-temperature precession photo­

graphs, stated the upper-stability temperature of the mono­

clinic structure in air as 225-25°C; above this temperature 

all pyrrhotite is hexagonal. She reported that rapid cooling 

of samples with compositions between Fe^S^Q and Fe^Sg which 

were annealed above 225^25°0 produced a metastable phase 

with a hexagonal supercell, a ~ 2A and ç = 30,. Slower 

cooling (minutes versus seconds) allowed the simple hexagonal 

structure to invert to the monoclinic,

Troilite, FeS, stable below 139°C, is also hexagonal 

but with a supercell with a =Y3A and c = 2C (Gr/nvold and 

Haraldsen, 1952; Bertaut, 1956).

The phases Fe^Sg (mackinawite) and Fe^S^ (smythite and 
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greigite) — discussed in a previous section — were not 

encountered during the experimental portion of this study 

and are not pertinent to this discussion.

Phase relations in the FeS-FeSg portion of the Fe-S 

system below 320°C are not clearly defined at present; 

however, the most recent interpretation is shown in Figure 

4. 

Present Study.

A common way to speed up otherwise slow reactions is to 

regrind the charge to create more fresh surface areas for 

reaction. Because duplication 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 Fe^Sg composi­

tion, synthesized 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 material was X-rayed. Examination of 

the X-ray tracings reveals that the ^08 and #08 reflections 

of m-po, with increased grinding time, become diffuse and 

are gradually replaced by a single reflection which has a 

-(102) value corresponding to a composition of 46. 7-0.1 

at.^ Fe. However, the intensity (visual estimate) of this 

reflection is approximately 2/3 of that obtained from the
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Figure 2» The effect of grinding on the X-ray powder-diffrac­
tion pattern of the 4.08-^08 reflections of monoclinic pyrr­
hotite. The times represent the duration of the grinding, 
by hand, under toluene prior to the X-ray tracing. X-ray 
conditions used were Fe unfiltered radiation at £0kV and 
10 mA with a chart rate of l inch/minute.
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unground m-po. Srpercell reflections, although present, 

could not be positively identified because of poor resolu­

tion. The presence of reflections in addition 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 

"crystallinity", resulting in a loss of resolution of the 

408 and Ç08 reflections.

The thermal effects of grinding are not large. A thermo­

couple placed in the toluene during grinding showed a tem­

perature increase of 1/2 to 3/4-°0. The exact nature of the 

energy that is put into the system by grinding is 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 

above, 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 is metastable. The m-po 

might be the stable phase in the condensed system whereas 

pressures introduced during grinding might transform m-po 

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 to
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another may be greatly influenced by the P-T conditions 

introduced during grinding.

The low-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 NB^Cl solu­

tion and sealed under a partial vacuum in a 1 cm I.D. silica 

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 £a. These data 

are in good agreement with the results of Hall and Yund 

(1966). The aqueous and dry experiments are also in close 

agreement.

Several experiments (Appendix £b) were conducted on the 

m-po—py solvus. The charges consisted of high-temperature 

po containing %6.0 at.# 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); this transformed the m-po into a hexagonal po of 

the same composition whose <1(10.2) was determined. Longer

annealing periods allow the hexagonal po time to equilibrate 

to the py-po solvus. Hall and Yund (1966) and Clark (1966a), 

based on dry experiments, have also found indications that
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m-po does have appreciable solid solution from Fe^Sg com­

position toward py as shown in Figure 6. Because no Fe^S^ 

phases (i.e., grelgite or smythite) were among the products 

of the experiments at 100±10°C, it is 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 5c) gave a 

breakdown temperature of 310^5*0,  because m-po above this

temperature quickly (i.e., in minutes) inverts to a hexa­

gonal po having Fe^Sg composition. This h-po must be meta­

stable for, if annealing is continued, it slowly equilibrates 

to a py + po + V assemblage. The initial h-po formed by the 

reaction m-po (Fe?Sg) —>h-po (Fe^Sg) is nearly nonquenchable, 

for if this h-po is allowed to cool 30 seconds in air before 

rapid 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 emphasize the im­

probability of ever finding a high-temperature po in

nature. The reaction associated with the m-po upper-sta­

bility temperature was not shown to be reversible at 310"5°0« 

If the po + py + V assemblage^ stable above 310°C, is 

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 equilibrated to a composition which lies on an extension 

of the high-temperature po solvus. At 270^10*0  the h-po + py 

reacts to m-po; because 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°0 on Figure 6.

With experiments on the m-po—h-po solvus which were 

believed to contain h-po and m-po, the charges were annealed 

at 330-350°° for 5-10 minutes as discussed before. These 

mixtures reequilibrated to a one-phase h-po in this short 

time. Therefore, no data were obtained on m-po compositions 

in equilibrium with h-po during this study.

X-ray powder-diffraction tracings of natural h-po and 

m-po show intense 10*2  and l^OB - Ç08 reflections, respec­

tively; mixtures of these two minerals show two reflections, 

10*2  and ^O8 superposed and the Ç08. The intensity of this 

first peak is a function of percentage of h-po present. 

During the present study, m-po with much larger Ç08 than 

408 reflections was commonly encountered in experiments 

above about 200°C. This intensity distribution may be a 

function of the m-po monoclinicity (i.e,, the angle may 

change with temperature). At 152-5°° the m-po was "normal” 

(i.e., = Içqq ). A natural specimen of m-po which gave

a larger Ç08 reflection was found at Cobalt, Ontario and is 

further discussed on pages 118-119. .

The supercell reflections indicated by Carpenter and 

Deshoreugh (1964) 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 FeSg. 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 fields flanking the py + V field (Table 3)• 

The cell dimension of synthetic pyrite at 25° C have been 

variously reported:

5.4165^? Swanson et al. (1955b)
5.4175*0.0003  Lepp (19^)
5.419 *0.002  Kullerud and Yoder (1959)
5.4189*0.0004  Straumanis et al. (1964)

Table 3 shows the cell dimension of synthetic pyrite

based on X-ray 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 a^o = 5.4175**0002%  was determined for 

Table 3. Cell dimensions of synthetic pyrites.

Charge Composition Temp.,°C Time, Days a25°^

py + po 662±3 10 574176*0.0001

py + arg 662±3 51 5.4175*0.0002

py + s 66213 10 5.4175*0.0002

py 662±3 5.4175*0.0001
py + po 665*3 41 5.4176*0.0002
py + s 665*3 41 5.4175*0.0002
py + po 500*3 167 5.4175*0.0002
py + s 50013 167 5.4178*0.0003
py + arg 500±3 167 5.4177*0.0002
po + s 500±3 167 5.4175*0.0001

py 500±3 167 5.4175*0.0001
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Anisotropic pyrite is commonly observed in many natural 

specimens (Ramdohr, 1955) and many causes of the anisotropy 

have been postulated in the literature: a) internal strain, 

b) oriented inclusions, c) trace-element substitution, d) 

directional hardness as it may give rise to submicro sc op ic, 

oriented pits, scratches, etc. in polished section surfaces, 

and e) crystal-lattice distortion at the crystal surface, 

partly controlled by the orientation of the underlying lat­

tice, as a result of polishing technique (Gibbons, 1967).

During an investigation of the equilibrium relations 

between pyrrhotite and pyrite, Arnold (1962) found that his 

synthetic pyrites were, in general, anisotropic, Stanton 

(1957) reports that pyrites are intrinsically anisotropic. 

Anisotropy in pyrite, with polarization colors from pink to 

light-grey, was encountered in the present investigation. 

Experiments conducted during the early part of this study 

commonly contained anisotropic pyrite,whereas later experi­

ments to duplicate previous results failed to produce this 

feature of the pyrite. The pyrite starting material of the 

early experiments was finely 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. Finely ground material has deliquescent properties and 

if allowed to set in air will pick up a certain amount of 

moisture. If this material is then used in an experiment, 

a small quantity of ^0 is introduced into the charge. It 



is suggested that the anisotropism of the pyrite may have 

been caused by this presence of H^O. This water present 

at the annealing temperature may have slightly, but not 

measurably, entered the pyrite structure and modified it to 

a non-cubic symmetry. Kullerud (personal communication, 

1968) arrived at a similar conclusion concerning synthetic 

anisotropic pyrite.

Ag-Fe 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 

solid solubility of Fe in Ag of less than 0,001 wt,# at 

1000°0, Fink and deMarchi (1938) indicated a solubility of 

Ag in Fe of less than 0.13 at.^ at 95^°O. 

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 

temperature is given as 958^3°0 as compared with the melting 

point of 960.5*0  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 4.

Table 4« Experiments conducted on the Ag-Fe join.

Reactants Comp.,at.# Temp,, ° C Timej min. Products at Temp.

Ag-Fe 99.0-1.0 956±2 450 Fe + Ag + V
Ag-Fe 99.0-1.0 960±2 420 Fe + Lao . + V
Ag-Fe 99.5-0.5 960±2 4560 Fe + h!! + V

Ag *-  Fe 95.0-5.0 20 Fe + Ag8* V
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THE TERNARY SYSTEM

Previous Data

The Ag-Fe-S system had received little attention prior 

to this study. Luder (1924) confirmed the eutectic melting

of AgoS and FeS at 610°C and 89 wt.^ Ag^S that had previously 
2

been reported by Friedrich (cited in Luder). Luder presented 

new cooling-curve data showing that a liquid-immiscibility 

field recedes from the Ag-Fe join 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 AggS to FeS (stable below 610°C). These are shown in 

Figure 8.

Figure 8. Schematic diagram showing tielines between AggS 

and FeS (below 610°C) and between Ag and FeS (stable to 

above at least 910°C) as determined by Luder (192^).

42
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Results of This Study

Quenching experimentation in this study was initiated 

at high temperatures where reaction rates are rapid (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 he 

described in detail because they contribute to an under­

standing of the low-temperature relations and because they 

may have important metallurgical applications. The scheme of 

presentation is as follows: first the 1200°C isotherm is con­

sidered and next, the developments in relations with decreasing 

temperature are derived. Experimental data from this study 

are discussed in appropriate sections.

The 1200° Isotherm.

Qualitative data on the extent of liquid immiscibility 

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 740-2°0 (Kracek, 1946) and in the Fe-S 

system above ÎOÔ^-^O (Kullerud, 1961). A continuous two- 

liquid field has been shown in Figure 9 crossing the ter­

nary system from the Ag-S join to the Fe-S join at 1200°C. 

Although no experiments were conducted on this liquid immis­

cibility in the present study, it is known that such rela­

tions occur in many other sulfide-type systems, e.g., Ag-Bi-S
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(Craig, 1962), Cu-Fe-S (Kullerud, 1964), Fe-Pb-S (Brett and 

Kulleriid, 196?). The shape of the boundaries of this two- 

liquid field are shown as convex outward as based on the 

theoretical considerations of divariant field shapes dis­

cussed by Williamson and Morey (1918). Tielines in the 

metal-rich two-liquid field are drawn schematically, al­

though some data on their relative orientations are reported 

by Luder (1924). The critical point of sulfur is at 1040-^°0 

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 addition of Ag and Fe to sulfur 

liquid will have a large effect on the critical points 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 

( subcritic al) has been shown in equilibrium with most of the 

ternary phase assemblages in Figure 9.

Initial modifications with decreasing temperature of the 

phase relations at 1200°C are caused by reactions occurring 

in the Fe-S system. The developments involved are shown in 

Figure 10 as depicted on a liquidus-surface diagram and 

accompanying isothermal sections. At 1192^2*0,  pyrrhotite 

crystallizes from a homogeneous liquid on the Fe-S join (Point 

A of Figure 10) and the dlvariant field po + L , . «■+ V 
po-ricn

^Subscripts are used to differentiate liquids of various com­

positions, e. g., L , . refers to a pyrrhotite-rich 
liquid, refers to a^ternary liquid phase.
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S system at 11^0°, 1010°, and 990°C.
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expands into the ternary system. Immiscible liquids are ab­

sent below 1083^3°C on the Fe-S join, disappearing by crys­

tallization of the pyrrhotite-rich liquid (Lpo-rich? pyrr­

hotite and sulfur-rich liquid (Lg) in the presence of vapor. 

The four phase assemblage po + ^po^^h + Lg + V is invariant 

in the binary system but extends as a univariant assemblage 

from the invariant point 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 schematic plot of liquidus relations 

resulting in the development of Point D. This point is a

ternary singular point"? and the reaction involved can be

written Lt = LAg_rlch + po in the presence of vapor. Two

experiments (Table 5) were conducted at 990^10°C, one with 

a composition on the Ag-FeS join, and the other with a com­

position within the Ag + Fe + FeS field. These experiments

show that at this temperature the join po + Ljjg.rfoh is

stable. The temperature of the singular reaction at Point

D is 1OO4.±3°C, as determined by quench-type and DTA experi­

ments (listed in Table £ and Appendix I).

Singular points are distinguished by singular, particular, 
or critical values of the Phase Rule variables P, T, and 
X but are not truly invariant in a ternary system. A de­
tailed discussion of this concept is provided by Ricci 
(1951, P. 26).

Throughout the text, all reactions are written with the 
high-temperature assemblage on the left-hand side of the 
equation.



Table 5. Experiments to determine the temperature of the 
singular reaction: -rich + ?° ln the
presence of vapor. 15

Reactants At,# Coup,
Temp., 
°C

Time, 
Min, Products at Temp.

Fe-FeS + Af; 95-5 99015 70 LAg-rloh * + V

FeS + Ag 80-20 99015 70 LAg-rioh + p0 + V

FeS + Ag 50-50 106515 10 ^Ag-rlch + Lpo + V

FeS + Ag 50-50 104015 10 LAg-rlch + LPo + V

FeS + Ag 50-50 101015 10 ■^Ag-rich + ^po +

FeS + Ag 50-50 99015 10 ^Ag-rlch + p° * V

Point G in Figure 10 represents the composition where 

Fe 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 + 

Lf. + V. The ternary liquid field in this assemblage de­

creases in size with decreasing temperature (see Figure 11) 

and disappears through ternary monotectic crystallization,

e Fe + FeS + in the presence of vapor, which

occurs at 96^3°0. DTA and quench-type experiments used to 

determine this temperature are described in Appendixes 1 

and 4a.

Silver solidifies at 960,5°0 and the eutectic on the

Ag-Fe join at 958-3°0 results in the withdrawal of the sil­

ver-rich liquid (L&g_ricb) into the ternary 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-rioh = *8  + FeS, in the
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Figure 11. 
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Schematic representation of the monotectic reac
= F*  + p®8 + LAg_I.lch, in the presence of vapor, at

presence of vapor, followed by ternary eutectic crystalliza­

tion of Ag-rich liquid to Fe + Ag + FeS, These crystalliza­

tion events are shown in a series of isotherms in Figure 12. 

Both reaction points must lie very near to pure Ag in com­

position, The temperature of the singular reaction of the 

Ag-FeS 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°0• 

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

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

Ag+FeS 26-74 960*3 Ih p0 + L Ag-rich + V

Ag+FeS 26-74 956*2 Ih po * LAg-rich * V

Ag+FeS 26-74 952*3 po + Ag + V

Ag+FeS+Fe 80—10—10 957-2 2h » + M + Lu<floh + V

Ag+FeS+Fe 80-10-10 948*2 2h Fe + FeS + Ag + V
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Figure 12. 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 c are at 

succeedingly lower temperatures designated as T^, Tg, and T



Development of the Ag + arg + po + V Field

With the establishment of Ag-FeS tielines, the metal­

rich 2L + V assemblage is confined to the Ag-AggS-FeS com­

positional field as shown in Figure 13a.

Several DTA experiments, listed in Table 7, were con­

ducted during the investigation of the Ag + arg + po + V 

field. The thermal effects recorded at high temperatures 

depend upon the heating cycle (i.e., 1st or 2nd). During 

the 1st 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 indicative of the total bulk 

composition. For this reason, only the data obtained during 

the 1st heating cycle pertains to the bulk composition of

the experiments.

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

the development of

Composition, at.# Thermal Effect,°C"
Fe S heating cooling Interpretation

65.0 5.0 30.0^ 519
623
910

518
619

AggS - bcc fee 
Ag t  Lt # arg + po 
see text

622
905

619^ _ 
898*™

55.0 15.0 30.0** 518
622
935

518 
62k

AggS - boc e fee
Ag Lt arg + po 
see text

^.o 25.0 30.0** no data 
92g

<800°c
& Ag-rich + + ^t

937 see text

*The thermal effect of quartz is omitted. 
^Starting materials: Ag, Fe, and S.

-^-^-Supercooling of liquid.
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Figure 13« Schematic 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 reactions which were 

recorded in the DTA experiments. The thermal effect at 

9^2°C was investigated by experiments conducted above and 

below this temperature. The results are interpreted as

evidence for an invariant point, + po e Ag +

in the presence of vapor, at 941-3°0 as shown schematically 

in Figure 13a-b. In addition, the compositions of several 

experiments conducted at approximately 920°0 (Table 9) are 

plotted in Figure 13c. At this temperature the tieline from 

Ag to ternary liquid of the Ag + + po + V field passes

through a point of approximately Ag^Q Fe^ at.^ (see 

Figure 13e). Experiments, also listed in Table 8 and plotted 

in Figure 13d, demonstrate that this immiscible liquid field 

is not present in the system at 903^2°C.

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

Composition, at.#
Tenp,,°C Time Products at Temp.Ag, Fe s

50.0 22.5 27.5 952^2 Ih ^Ag-rich + + po + V
$0.0 22.5 27.5 948-2 18h LÎt-rich + Lt + po + V
$0.0 22.5 27.5 939J2 19h Ag + Lt + po + V
50.0 22.5 27.5 938*2 ldl8h Ag + Lt + po + V
§0.0 22.5 27.5 930*2 Ih Ag + Lt + po + V

55.0 15.0 30.0 918*2 Ih Ag + Lt + V
60.0 15.0 25.0 920±2 IhlOm Ag + Lt + V
50.0 22.5 27.5 921*2 3d3h Ag + Lt + po + V
70.0 5.0 25.0 920*2 ThlOm Ag + Lt + ^Ag-rich + V

79.0 1.0 20.0 903*2 Ih Ag + Lt + V
78.0 2.0 20.0 903±l Ih Ag + Lt + V
70.0 5.0 2^.0 903*1 IhlOm Ag + Lt + V
57.0 13.0 30.0 903*2 Ih Ag + Lt + V
53.0 17.0 30.0 903^2 Ih Ag + Lt + V
65.0 15.0 20.0 900*5 Ih Ag + Lt + po + V



The sequence of events shown in Figure 13 is: a ter­

nary reaction, po + I'^g.pich e + ^t' Presence of

vapor, with the formation of Ag + ^^g.rich + ^t + field, 

subsequent change in composition of the ternary liquid of 

this assemblage with the resultant expansion of the Ag + 

L. + V field, and the disappearance of the 2L + V field at 
t

906*2° C on the Ag-AggS join.

The 935° 0 thermal effect on heating (Table 7) is ex­

plained as due to passage of the charge from the Ag + +

V to the Ag + L. + La „ , , + V field. The 910°C effect t Ag-rlch 

represents the same development at a composition closer to 

the Ag-AggS join. No unexplained thermal effects below 

906*2° C were detected in the DTA experiments. The Ag-rich 

liquid withdraws to the Ag-AggS join and is last present 

at the binary monotectic temperature of 906*2° C. This 

development is apparently unusual for sulfide systems; how­

ever, a similar feature occurs in the Fe-M-S system 

(Kullerud, 1963a).

Below 906*2°0,  the phase relations in the Ag-AggS- 

Fe^^S portion of the system remain unchanged to 838*2°0,  

except for a small composition change of the ternary liquid 

of the Ag + + V field toward the Ag-S join. The phase

argentite (AggS^) crystallizes from a homogeneous liquid in

°It is realized that this phase should be labeled Agg±xS 
because of the solid solution field of Ag?S. However, for 
brevity, Aggt^S in synthetic phase assemblages will be 
written as arg or AggS.



the Ag-S system at 838^2°C (Kracek, 1946), and the divar­

iant field, arg + + V, forms. Below the binary eutec­

tic temperature of 804-2°C, liquid is not present on the 

Ag-AggS join but has receded into the ternary system with 

the resultant formation of the Ag + arg + + V field.

These developments are illustrated by the liquidus-surface 

diagram and the schematic isotherms of Figure 1£. The ter­

nary liquids of the univariant fields flanking the Ag + L. + 
U 

V divariant field change composition, with decreasing tem­

perature, as schematically shown in Figure 14.

Atomic Percent

Ag

Figure 14. Schematic diagram depicting the composition 

change of the ternary liquids associated with the univar­

iant fields flanking the Ag + L. + V field. 
U
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36

Atomic Percent

32

30 % S

po

po

---------- >Fe
T = 830*0

-----------^Fe
T = 810*0

Figure 1^, Schematic liquidus-surface diagram and selected 
isothermal 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 assem­

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°C.

Composition, at,#

Table 9. Experiments on the invariant reaction at 62212°C.

-Ag- Fe _ 3 Temp.,°C Time Products at 'Temp.

53-0 10.3 36.7

O
'
 
O
\
 
0̂
 
o
\
 
0̂
 

M
M
H
H
O
 

v
i
o
u
x
o
 
O
 

1
+
1
+
:
+
;
+
!
+
 

h
)
 
t
u
 
r
o
 
r
u
 
r
o l/2h 
l/2h 
l/2h 
l/2h 
l/2h

Ifo liquid 
No liquid 
No liquid 
No liquid 
Liquid- Ag; + po + L^ + V

88

54.1
54.1
70.0
70.0

10.3
10.3
9.4
8

36-7
36.7
36.5
36.5
22.0
22.0

630±2 
626^2 
622^2 
620±2 
620^2 
625^2

2d22h 
12h 
l/2h 
Ih 
5d 
Ih

Ag + po + 
Ag + po + 
Liquid
No liquid 
No liquid 
Liquid

% + V 
+ V

61.0 
po =

4.0 35.0
48.4 at.# Fe

626^2 16d Ag + arg 4■ L-b + V

42.5 
po =

17.5 40.0
48.0 at.# Fe

62612 6d Ag + po + Lt + V

42.5 
po =

17.5 40.0 .
47.5 at.# Fe

628±2 16dlh Ag + po + Lt + V

42.5 
po —

17.5 40.0 „
47.0 at.# Fe""

628±2 2dlh Lt + po + V

Starting materials are AggS and Fen -S with an approximate 
bulk composition as indicated.
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Development of the Ag + arg + po + V field was found 

to involve a ternary invariant point: Ag + L.|. -t arg + po, 

in the presence of vapor, as shown in Figure 16. The pyrr­

hotite composition in this univariant field slightly below 

622-2°C is %8.6±0.1 at.# Fe (see pages 10^-108). The ter­

nary liquid involved in this reaction must lie on the sulfur­

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 possibility of a ternary 

eutectic associated 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 arg-po 

join as the charges become more sulfur rich (Fe content of 

the pyrrhotite decreases from 48.6 at.#) and, thereby, demon­

strate that argentite can coexist with pyrrhotite at 622-2°C 

only when the pyrrhotite contains ^.8.6 at.# Fe. Below this 

temperature liquid is absent on the metal-rich side of the

arg-po join.

Table 10. DTA experiments on arg-po assemblages.

Composition, at.# Thermal Effect,°C"
Ag Fe S heating cooling Interpretation
50 12 38**

po = 4-9.0 at.# Fe
£18 
623

517
620

AggS - bcc st fee 
Ag + a arg + po

50 12 38**
po = 4.8.4. at.# Fe

611 a AggS - bcc e fee 
liquid

50 12 38**

po = 4-8.0 at.# Fe
514­
607

a AgpS - bcc 3± fee 
liquid

50 12 38**
po = 4-7*5  at.# Fe

£06 
59£

50 4
614

AgpS - bcc e fee 
liquid

' The thermal effect of quartz is omitted. 

Starting materials: Ag^S + Fe^^S,
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740°>T>622°C 622°>T>607°C

Figure 16. Schematic diagrams illustrating the invariant 
reaction at 622*2° G associated with the development of 
the Ag + arg + po + V field,

AggS - FeS Join

The AggS-FeS join was investigated because of the re­

ported eutectic between these two compounds at 610°0 and 

74'2 mol.# AggS (Friedrich, 1909 in Luder, 1924). The 

existence of this eutectic was not confirmed in this study, 

nor does AggS ever exist stably with stoichiometric FeS. 

Figure 17 shows the phase relations between AggS and FeS and 

Appendix 2 lists the pertinent experiments along this "cut". 

The reported thermal effect at 610°C would appear to be due 

to the development of a Ag + L. + V tieline across a line 
V

joining AggS to FeS at 622-2°G and 87^2 mol.# AggS (Point 

X in Figure 17). Possibly, the discrepancy between these 

two temperatures is due to the supercooling of the metallic 

liquids as commonly observed in DTA experimentation.
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Figure 17. Condensed phase relations on the AggS-FeS join. 

Points represent compositions of experiments listed in 

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

As the po + L„ + L. + V field expands into the ternary 
b v

system with decreasing temperature, the composition of the 

metal-rich liquid (L^; Point B of Figure 10c, page 1^6) 

follows an approximate straight-line path connecting the 

monotectic compositions on the FeS and AggS joins (Points B 

and E of Figure 10b, respectively). This conclusion is 

based on experiments conducted at 800° and 700°0 (Appendix 

4 and 3).

Pyrite, FeSg, is a stable phase in the Fe-S system be­

low its incongruent melting temperature of 743^2°C (Kullerud 

and Yoder, 19^9). Experiments listed in Table 11 demonstrate 

that tielines from pyrite to a ternary liquid phase become 

stable at about the same temperature (742-3°C). This 

development is shown schematically in Figure 18.

Time,

Table 11. Pyrite stability in the Fe-S and Ag-Fe-S systems.

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

FeSg 100 7#3 121 py + V

FeSp + AgpS 89-21 740*3 121 py + Ls + Lt + V

FeSg 100 74^2 51 po + Ls + V

FeSg + AggS 89-21 742*2 po + Lg + Lt + V

The Lg + + V field is unstable between argentite and

sulfur below 740-2°0; below this temperature, an AggS-rich 

liquid withdraws into ternary space and the arg + L„ + L. + 

V field (Figure 1$, a and e) is stable in the ternary system. 

With decreasing temperature, this field does not rapidly
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py
py

po po

FeFe

7%2>T>7%O°c743>T>742°c

Atomic
Percent

Figure 18. Schematic phase relations associated with the 

ternary reaction po + Lg # py + in the presence of 

vapor, at 742*3° 0»

increase in size, extending less than 2 at.# Fe into the 

ternary system at 700°0 (see page 66).

The composition of the ternary liquid of the py + 2L + 

V field lies on the metal-rich side of the arg-py (AggS-FeS^ 

join, whereas, the ternary liquid of the arg + 2L + V field 

lies on the sulfur-rich side (see Figure 20, page 66). With 

decreasing temperature, this latter ternary liquid composi­

tion crosses the arg-py join (Figure 19), the 2L + V field 

continually narrows and a ternary reaction: L„ + L. ;± arg + 
D v 

py, in the presence of vapor, results in the formation of 

the arg-py join at 607-2°G.
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Figure 19. Schematic phase relations associated with the 

development of the arg + py + V assemblage at 60712*0,

Experiments conducted in the investigation of the arg + 

py + Lg + V field (Table 12) above the invariant temperature, 

607^2°0, contain a liquid phase (L^) which, during rapid 

cooling, crystallizes to dendrites of arg + py + a maroon­

colored interstitial "phase"*.  If the experiment is 

allowed to cool in air, reaching 2^*0  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 is approximately 1/3 

that of the rapidly-cooled one. The observation suggests a

""Phase" is used in this context to mean a homogeneous- 
sppearing product which may not be a phase in the true 
sense.
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reaction: L. + L„ arg + py which, i#on cooling of the charge, 
u D

uses up L„. Such a reaction is valid if the ternary liquid 
D

has a composition in the arg-py-po field. Indexed X-ray pow­

der-diffraction tracings of charges containing the maroon 

phase show no unidentified reflections, further supporting 

the conclusion that the maroon-colored product is not a dis­

tinct 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 607^2°o*

Composition, mol.^ Temp.,°C Time Products at Temp.

ESS2

79 21 618±2 6d py + Ls + Lt + V

82 18 612*2 2d Ls + Lt + py(?) + V

82 18 610*2 9h Ls + Lt + py(?) + V

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

86 14 602*2 lid arg + py + V

60 40 596*2 3d arg + py + V
Ag Fe S*

57 3 40 618*2 4d arg + Lg + + V

40 io £o 615^2 3d py + Ls + Lt + V

40 2 58 611*2 2d arg + Ls + + V

40 2 58 609*2 4d arg + Lg + + V

40 2 $8 605*2 2d arg + py + Ls + V

40 io 50 596*2 3d arg + py + L_ + V 
D

^Starting materials were AggS, FeSg, and s.
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The 700°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 

position of the homogeneous L + V field in the region near 

AggS composition at this temperature.

Development of the arg + py + po + V Field 

With the establishment of arg-po and arg-py tielines 

at 622± and 607^2°C, respectively, the L% + V field is 

restricted to the arg-py-po composition field as shown in 

Figure 21a. It persists to 532^2°C where it is involved in 

a ternary eutectic crystallization as schematically shown 

in Figure 21 a and b. This eutectic temperature was deter­

mined as 532-2°0 by quench-type (Table 13) and DTA (Appendix 

1) experiments. The eutectic composition is Ag^ Fe? 

within -2 at.^.

Table 13. Experiments to determine the temperature of the
eutectic reaction, I 
sence of vapor.

- arg + py + po, in the pre-

Composition, at.# 
Ag Fe S

Temp,,° C Time Products at Temp,

40 16 %* 525*1

540±i

Ih 
Ih 
Ih 
Ih

No Melt 
No Melt 
Possible Melt 
Melt

40 16 44 511.1*2 12d py + po + L% + V
52 9 39 535-2 17d py + po + Lt + V
40 16 44 530^2 31d arg + py + po + V

"“Charge consisted of pieces of previously melted reactants.
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Figure 20. Condensed phase relations in the system Ag-Fe-S at 700° G, The points 
represent the compositions of experiments listed in Appendix 3»
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Atomic Percent

607°>T>532°C

FeS2 (py)

« V V ■■ V . V V V

Fe
532°>T>320°C

Figure 21. Schematic diagram of the eutectic reaction at 
532T2u  c and the subsolidus phase relations from 532° to 
320°c in the Ag-Fe-S system.

The liquid present in experiments conducted at tempera­

tures above $32°C, upon rapid chilling, crystallizes to an 

intimate intergrowth of pyrrhotite and pyrite in a ground­

mass of argentite (see Plate 4, page 1£1). This eutectic 

texture consists of alternating zones of argentite and 

pyrrhotite-pyrite and closely resembles a fingerprint. 

Slower cooling in air, reaching 2£°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 essen­

tially unchanged 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 uni variant 

fields, and 2) the fee # bee Inversion in argentite.

Summary of Li qui du a Relations

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

liquid, Lg, is the only liquid remaining 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 is a polythermal projection with cotectic 

crystallization paths depicting the course of events accom­

panying the cooling of the various liquids in the system. 

This diagram represents a convenient summation of the equili­

brium events previously discussed.

Ternary Solid Solutions of Binary Phases

The binary phases in the Ag-Fe-S system do not extend 

appreciably 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 uncertainty 

in weighing of 0.1 wt.# of an element in 100 mg. of a com­

pound is ^-.1 wt.#. 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.
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pyrite

Table 14. 

a.

po Coup., 
at.# Fe

Experiments conducted on the ternary solid solu­
tion of binary phases.

Experiments conducted on the Ag solubility in
pyrrhotite.

At.# Ag
Time Product at Tenp.added Temp. ,0

46.00
46.00

0.34 
0.26

% 58d
58d

po + + py(?) + V
po + Lt + V

46.1 0.10 600±3^ 38a po + Lt(?) + V
46.86 0.43 6OO±3* 58d po + + V
46.86 0.26 6OO^^ 58d po + Lt + V
47.00 0.10 600%" 38d po + Lt + V
47.85 0.43 600±3 58d po + Lt + V
47.8g 0.26 600±3;* 58d po + Lt + V
48.05 0.10 600% 38d po + Lt(?) + V
49.75 0.25 600%, 58d po + Ag + V
49.75 0.10 600±3 38d po + Ag + V

* 18 hrs. at 970°0 prior to anneal at 600°C + regrind at 30d
**16 hrs. at 990°C prior to anneal at 600°C + regrind at 2Od

b. Experiments conducted on the Ag solubility in

Coup. , at. # Temp.,° C Time Products at Tenp.
^2— ^eSg

0.30 99.70 600±3 74d py + arg + V
0.15 99.85 6OO±3 74& py + arg + V
0.30 99.70 5oo±5 16 7d py + arg + V

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

Coup. at.# Reactants Tenp. ,°C Time Products at Temp,

65.0 1.0 34.0 (1) 701±2 6d arg + L + V
99.0 1.0 (2) 498-3 12d arg + py + po(?) + v
98.3 1.7 (3) 500J5 89d arg + po + V
96.0 4.0 (4 5oo±3 114d arg + po + V
96.0 4.0 (5) 600±5 173& arg + po + V
97.5 2.5 (2) 600±5 173d arg + py(?) + V
98.7 1.3 (2) 600±5 173d arg + V

(1) 1Ig + Fe + S (melted in torch); (2) 1lg?S + FeS?; (3) AgpS ■

Fe1-TS (47.O at.# Fe); (4) AggS + S (46.5 at.# Fe);

(5) AggS + Fe1-xs (48.5 at.# Fe).
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as given (e.g., c.l at,^ Ag in pyrrhotite at 600±3°c), the 

amount is reported with the uncertainty of weighing taken 

into consideration (e.g.,<.2 at.^ Ag in pyrrhotite at 600±3°C).

The solubility of Ag in pyrite at 60013°C as determined 

by quench-type experiments is less than 0.2 at.^. Because 

the cell edge of pyrite, as reported in Table 1$, is not mea- 

ably affected by the presence of argentite, the solubility 

is probably much less than this amount, and in fact, no ex­

solution of any phase from pyrite was observed during this 

study. The solubility of Ag in pyrrhotite of various com­

positions at 60013*0  is also less than 0.2 at.#. The 

values of the pyrrhotites in experiments containing 0.1 at.# 

Ag were identical to the starting 5(jq »2) and Ag was

observed in polished sections, 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.

Comp 
ge3g 

90.0 10.0

99.7 0.3

Teng)., ° C 

66213 

£00t£

Time, days

51

167

Product at Temp.

py + Lt + V
(&2£o = 5-4174*0.0003%)

py + arg + V
(a2£o = 5.4175*0.0002%)

Limited solubilities of pyrrhotite and pyrite in argen­

tite are clearly evidenced in polished sections. Pyrrhotite 

and pyrite exsolved from argentite upon cooling are distinctly 

finer grained than these phases interpreted as being stable 

at the annealing temperature. Based on this assumption, the 
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solubility of Fe in argentite is derived to be less than 

0.8 at.# at £00±5°C and less than 1.0 at.# at 6OO±3°C. 

Pyrrhotite Compositions.

The composition of pyrrhotite in equilibrium with pyrite, 

vapor, and either ternary liquid or argentite was determined 

during the course of this study. The pertinent data are re­

ported in Table 23 and shown on Figure 32 in the section on 

fugacity determinations (pages 10^-108). These experiments, 

coupled with solubility data, demonstrate that the presence 

of Ag as a third component does not have a measurable effect 

on the 10.2) values (i.e., the composition) of pyrrhotites

and that the composition of pyrrhotite in the po + py + Ag- 

bearing phase + V field is predictable from Fe-S phase data.

Effect of Fe on the Ag^S Inversions.

The AggS compound exists in three polymorphic forms. 

The inversion from the low-temperature monoclinic form to 

the intermediate-temperature bee form occurs at 177^1°C 

(Kracek, 19^6). AggS also has a high-temperature fee modi­

fication. The temperature of this inversion is composition 

sensitive; ^86*3*0  for Agg^S ia equilibrium with Ag and 

622^3°C for Agg^8 in equilibrium with Lg (Kracek, 1946 ).

The fee # bee Inversion of AggS in the univariant field 

arg + py + Lg + V occurs at $68i2°C — lowered from 622-3°C 

on the Ag-S join. This temperature was determined by both 

DTA (Appendix 1) and quench-type (Table 16a) experiments. 

Experiments by the latter technique, annealed at temperatures
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Table 16. Experiments conducted on the fee # bee AggS 
inversion in the Ag-Fe-S system.

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

Composition, at.# Temp.,°C Time Nature of Ag^S after Quench 
r . s“(l) — — ------- (see text]

40 10 50 555*2 3d Not Cracked
40 10 50 575*2 3d Cracked
40 10 50 596±2 3d Cracked
21 8 60 543*2 49 d Not Cracked
21 8 60 579*2 8d Cracked

b. Experiments conducted in the Ag + arg + po + V 
field.

Composition at.# Terao..°C Time Nature of Exsolution in Ag^S

55 15 30 51^2 M
55 15 30 525=2 M
60 10 30 506±2 4d
60 10 30 524*2  4d

c. Experiments conducted 
field.

Composition, at.# Temp.»°C Time

po + Ag(?)
po + Ag
po
po + Ag

in the arg + py + po + V

Relative Amounts of Exsolved
Ze 8 (3) Py + PO in Ag^S__________

50 11 39 472*2 4d> 4930 C
d------

exper. exsolves more
50 11 39 493Ï2 3dJ
20 30 50 472=2 44 4930 C exper. exsolves more
20 30 50 493=2 3dJ
25 25 50 470*2 loây 500° c exper. exsolves more
25 25 50 500*2 8dJ

Starting Materials: (1) AggS + FeS^ + S (2) Ag + AggS + Fe^^S 

(48.4 at.# Fe) (3) AggS + FeS2 + Fe^S (46.5 at.# Fe).

above 568°C, contain argentite with a unique texture. A sin­

gle grain of argentite contains many fine fissures. The 

material in the cracks is a maroon-colored material and is 

interpreted to be an exsolution 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 63-64 as resulting from 

crystallization of the liquid involved in development of the 

arg + py + Lq + V field. Experiments conducted at tempera- 
o 

tures below £68°C do not contain argentite with a fissured 

texture and the amount of exsolved material is less (approxi­

mately 1/4). Therefore, this cracking observed in the argen­

tite is interpreted as resulting from the fee bee inversion 

which apparently involves a considerable volume change within 

the ternary system.

The fee s*  bee inversion in the univariant field Ag + 

arg + po + V occurs at £18-2° c as determined by DTA (Table 

7, page £1) and queneh-type (Table 16b) experiments. DTA 

experiments showed that the magnitude of the thermal effect 

at £18°G increases as the composition of the charge becomes 

more Agg^-rlch suggesting a reaction with a composition near 

AggS. Experiments conducted at temperatures just above and 

below this inversion temperature contained approximately the 

same amount of exsolved pyrrhotite. However, the high-tempera­

ture charge contained exsolved Ag as well; this larger solu­

bility is compatible with the phase relations of an inversion 

such as depicted in Figure 23.

The fee st boo inversion in the argentite of the arg + 

py + po + V field occurs at 481±2*  C as determined by DTA 

(Appendix 1), high-temperature X-ray camera (Table 17), and
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Figure 23. Schematic diagrams illustrating the fcc z bec 
inversion in AggS in the Ag-Fe-S system.

queneh-type (Table 16a) experiments. DTA experiments showed 

that the size of the thermal effect at ^.8112°C increases as 

the composition of the charge becomes more AggS-rich. Unl­

earn X-ray powder-camera experiments (Table 1?) were made at 

and ^O-lO°O and showed weak bcc (200 and 211) and

fee (220) AggS reflections, respectively. Quench-type experi­

ments showed that the amount of exsolution of pyrrhotite and 

pyrite from AggS is less (approximately 1/2) in runs below 

481*2*0  than above. A cut through the ternary system from 

AggS into the arg + py + po + V field would look similar to 

Figure 23b.

The bcc 5*  mono, inversion of AggS in Ag-Fe-S assemblages 

was not observed to be measurably different (1.e., 176*3° C) 

from the pure compound (DTA experiments, Appendix 1).
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Tenp.,°C 

490±10

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

—obs^—
2.69

Cause of Reflection

py-po
2.45 py
2.29 py
2.18
2.08

arg fee 220 
po

1.75 po

#0±10 po 
po-py 
py-arg bcc 200 
po 
arg bcc 211 
po

It is apparent from the above discussion that iron has

a large effect on the fee st bcc inversion temperature, whereas 

the bcc st mono, inversion is not measurably changed. Barton 

and Skinner (1966, 1967) state that reactions involving 

large AH values will be less effected by small amounts of 

impurities than reactions with small A H, such as certain

polymorphic transitions. The A H. for the fee # bcc and 
trans, — ——

bcc st mono. inversions of pure AggS are 100-200 (Rosenqvist, 

1949) and Up.0 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 thermodynamically by reference to Figure 24. This 

diagram shows schematically a free energy (AG) versus tem­

perature (1/T) plot of the three polymorphic forms of AggS, 

the inversions of which involve two greatly different AH. 
trans.

values. The presence of iron as a third component changes
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Temp

Ip
to 
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nip

fl

Figure 24. Schematic free energy versus temperature diagram 

showing the apparent effect of iron on inversion points of 

AggS polymorphs. Subscripts p and d refer to pure Ag^S 

and AggS doped with iron. X and Y designate the inversions 

of pure AggS and X* and Y», the inversions of iron-bearing 

AggS. I, II, and III refer to fee, hoc, and monoclinic 

structures of AggS, respectively.
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the position but not the relative slopes of the three curves. 

The amount of change is assumed to be directly related to 

the magnitude of iron soluble in the phase. Therefore, the 

change ln^ G for the fee phase is greater than for the bee 

phase which is greater than the mono, phase. Figure 21± ex­

plains the fact that although the fee a bee inversion tem­

perature of AggS is greatly affected (i.e., about 100° 0 

lowering) by iron in solid solution, the bee mono, inver­

sion remains relatively unchanged.

Phase Relations Between 320° and 200°C

A transition in pyrrhotite taire s place at 320° C. Below 

this temperature, pyrrhotite has a hexagonal superstructure, 

2A£C, based on the NiAs-type subcell. For purposes of dis­

cussion, monoclinic pyrrhotite, Fe^Sg, is considered stable 

on the Fe-S join below 310°G. Based on theoretical con­

siderations, two reactions must occur, with decreasing tem­

perature, between 310° and 2%.8°C; 1 ) tielines are estab­

lished between m-po and arg (Figure 2$a) and 2) tielines 

are established, by a reaction; arg + h-po st Ag + m-po, in the 

presence of vapor, from Ag to monoclinic pyrrhotite (Figure 

2£b). Neither of these temperatures were experimentally 

determined.

One of the most 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 2^ b and c. Experiments listed in Table 18 show this
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Ag

arg

Fe
Ag

m-po

a  h-po

~ 260°0

arg + h-po + V Ag + m-po

Fe

S

arg

c)

JZ.

py

Fe

Atomic Percent

T 4 248 C

m-po 
h-po

248±S°C

arg + m-po + V # Ag + py

Figure 2^. Schematic presentation of the phase relations 

associated with the development of the Ag + py + y join 

at 21|.8±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.
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footnote

Table 18. Experiments 
and 200°C.

in the Ag-Fe-S system between 3OO0

Reactants Temp.,° C Time?days Products at Temp."

Ag + py (1) 300±5 32 Ag + py + arg + po
Ag + py (1) 200±^ 103 no reaction
arg + m-po (1) 200±5 103 arg + m-po + Ag + py

Ag + py (1) 265±3 32 Ag + py + arg + m-po
arg + m-po (1) 265-3 IO3 no reaction
Ag + py (1) 238*8 103 no reaction
arg + m-po (1) 238±8 IO3 arg + m-po + Ag + py

Ag + py (1) 256±3 152 Ag + py + arg + m-po
arg + m-po (1 24043 88 arg + m-po + Ag + py
Ag + py (1) 245t3 75 no reaction
arg + m-po (1) 245*3 75 no reaction

arg+py+FeS (2) 232*8 33 arg + py + m-po + Ag
Ag+py+m-po (2) 225^8 63 no reaction
arg+py+FeS (2) 200*5 103 arg + py + m-po + Ag
Ag+arg+py (3) 200*5 103 no reaction

Ag + py (4) 265*3 33 Ag + py + arg + m-po
see (5) 225± 28 decrease in arg + m-po

wThese products are nonequilibrium assemblages, from incom­
plete reactions. Vapor is an additional phase in all assem­
blages.

(2) Composition -(1) Composition = Ag^ 

^16.7 F&33'3 S^0.0j

(4) natural Ag + py; (5)

^®21.2 ^42.4*

Composition = Ag^O.O Pe10.0 ^0.0 

product from previous experiment.

invariant temperature to be 240-8°C. Because of the slow 

reaction rates at these temperatures, appearance of phase(s) 

was used as criterion for this reaction. Experiments with 

AggS-FOySg reactants at temperatures below 248*8° O, commonly 

contained Ag but no pyrite when examined by X-ray and in 

polished section. Either the pyrite was finely disseminated, 

making detection difficult or, more probably, monoclinic
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pyrrhotite has a stable or metastable solid solution field 

which extends to the sulfur-rich side of Fe^Sg composition 

(see page 35).

The temperature 2^8-8°C is the upper-stability limit 

of Ag + py in the presence of vapor. Table 18 lists two 

experiments conducted with a natural assemblage of Ag + py 

from a specimen collected at Timmons, Ontario, Canada. The 

reaction times (28-33 days) involved demonstrate the fea­

sibility of readjustment of a natural Ag + py assemblage 

to arg + po and vice versa.

The phase relations as shown in Figure 25c are shown 

present at approximately 200°C. Ko ternary solid phases 

were encountered in the Ag-Fe-S system at or above this tem­

perature.

Phase Relations Below 200°C

Kumerous experiments conducted by both dry and aqueous 

techniques were performed below 200°C. Because of the slow 

reaction rates, only signs of reaction were looked for which 

would indicate that the starting assemblage was metastable 

under annealing conditions.

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, in­

cluding the breakdown products of natural sternbergite 

annealed at 5°°OC. One experiment at lOO-5°C consisting of



82

a. Dry experiments

Table 19. Experiments conducted on the phase relations 
below 200°C.

Reactants Tenp.,°C Time Results

arg-py-po 177-3 llld arg going to Ag

Ag-py-po 177*3 Hid no reaction

stern, breakdown 152-5 405a arg going to Ag

arg-py-po 152-5 221d arg going to Ag

Ag-py-po (pellet) 152±5 234a no reaction

arg-po-S ioo±$ 16 7d formation of Ag & py

Ag-po-py ioo±5 156d no reaction

Ag-po-py (pellet) ioo±5 259d arg-like rime on Ag & py

stern, breakdown ioo±5 202d arg going to Ag

Ag-po-py iool5 358a no reaction

b. Aqueous experiments 

Ag-po-py + 2m NR. Cl 100^10 201d arg-like rim on Ag & py

stem, breakdown 100±10 202d no reaction

Ag-arg-py + 2m NH^Cl 100±10 202d no reaction

arg-po-S + 2m NH^Cl 100±10 377d formation of Ag and py

arg-po + 2m NH^Cl 

cp + ,lpn AgNOj

100±10 201d formation of Ag and py
25*3 98d ppt. Ag

cp + ,02£m AggSO^ 25^3 97d ppt. Ag

cb + ,lpn AgNO^ 2 5*3 96d ppt. Ag

cb + ,02^m AggSO 25*3 109d ppt. Ag

po + ,025m AggSO^ 25*3 78d 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 

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

be drawn from this experiment. All of the other dry expert-
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ments listed in Table 19a were negative (i.e., no evidence 

for a ternary phase).

Aqueous Experiments.

Several types of aqueous experiments, including precipi­

tation and recrystallization methods, were conducted and are 

summarized in Table 19b.

The precipitation experiments consisted of mixing solu­

tions of various combinations of the salts: AgUO^, 

FeSOPeSO^.7H2O, PeOl^.^O, Pe(NH^)2(S0^)2.6H20, 

and (NB^gS^. to give an Ag:Fe:S ratio of 1:2:3. Difficulty 

was encountered in keeping the Ag+ in solution long enough 

to react with the other ions. Ag usually precipitated imme­

diately and underwent gradual reaction with the solution to 

form Ag2S. Several experiments resulted in black amorphous 

precipitates which crystallized to mixtures of Ag, AggS, py, 

AgFeSgl?), and Ag or Fe salts. No conclusive results were 

obtained concerning low-temperature phase relations of the 

Ag-Fe-S system.

The recrystallization experiments (Table 19b) consisted 

of placing various solid-phase reactants in a sealed silica 

tube containing approximately 2ml of 2m NB^Cl 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 tem­

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 contained 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 metastable nature of the Ag + m-po + 

py assemblage at 100°C may be an expression of metastable m-po. 

This would lend support to the contention of Hall and Yund 

(1966) who believe that monoclinic pyrrhotite is never stable.

Several experiments ( Table 19b) were also conducted in 

an attempt to replace the Cu atoms of chalcopyrite ( CuFeSg) 

and cubanite (CuFe?SQ) with Ag. The chalcopyrite or cubanite 

was placed in an Erlenmeyer flask with 20-25 ml of an Ag-salt 

solution and mixed continuously on a shaker table, Here, as 

with the precipitation 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 breakdown temperatures of natural sternbergite and 

argentopyrite (both AgEe^S^) were investigated by quench-type 

experiments. The specimens used were not pure and contained 

small amounts (<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-section examination.

Experiments conducted in the 230° to 150°C temperature 
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range show that sternbergite and argentopyrite initially 

break down to arg + m-po + py + V developing a euteotoidal 

texture. However, AgFepS- composition lies in the Ag + m-po + 

py + V field, and sternbergite and argentopyrite should break 

down to this assemblage at temperatures below 24-8i8oC. If 

the initial breakdown product is replaced at the annealing 

temperature for additional time, the argentite phase decreases 

in amount with a corresponding formation and increase in Ag 

and pyrite. This phenomenon is 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 unstable state [phase ], a given chemical com­

position will form not the most stable state, but rather the 

adjacent, that is, transitory state, which can be reached 

directly from the existing 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 

important to the following discussion.

Data from experiments listed in Table 20 were used to 

construct the reaction curve shown in Figure 26, The break­

down of sternbergite and argentopyrite are zero-order reac­

tions, i.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 nucleatiion in this case) is the same over the
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circles represent complete breakdown, whereas, the open circles represent stable 
sternbergite at the annealing conditions. Intermediate degrees of breakdown 
are shown as incompletely shaded circles.
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temperature range of investigation.

Ea

k = A e

This is the Arrhenius equation for the rate constant, 

k = rate constant (sec"^), A = frequency factor (sec/mole), 

R = universal gas consrant (cal/mole-°K), T = temperature 

(°1^ E& = activation energy (Kcal/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 In k versus 1/T (°K) is made, a 

straight line results which has a slope of -E /R. In this 

manner it was determined that the activation energy (E&) for 

the breakdown of sternbergite is 66.6^1.0 Kcal/mole. Activa­

tion energies for the decompositions of pyrite and chalcocite 

are reported as 26.8 Kcal/mole (Samal, 1965) and 59.8 Kcal/ 

mole (Pavlyuchenko and Samal, 1964), respectively.

A limited number of breakdown experiments were conducted 

on argentopyrite. The activation energy was not determined 

precisely; however, the breakdown data obtained suggest a 

value similar to that for sternbergite. The reaction rate 

at a given temperature is approximately 3 to 4 times faster 

than for sternbergite breakdown. 

Sternbergite and argentopyrite, reported as possible 

polymorphs of AgFe^S^, were both observed to break down at 

152-3°C. The breakdown products and activation energies are 

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

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

Temp.,°C Time, Days Estimated % Breakdown

2^3 9 100
4 100

233^1 0.1 100
21^2 0.17 100
200^2 $ 100
190±2 0.1 0
190-2 0.42 20
190±2 0.72 80
190±2 4.2 100
188±2 28 100
180±2 0.2 0-?
1?8±2 27 80
177^3 93 >90
172±5 27 30-40
17O±3 0.2 0
1^2±2 1 0
1^2±2 2 0
1^2±2 10 0
1^2±3 49 0
1^3 101 0
152^3 219 0-?
1^2±5 403 10-20

Argentopyrite-National Museum #R 9630,
Andreasberg.

177±3 14
177-3 38
122±2 12
12252 102
122^3 196

>72 
100 
0 
20-30
>72

Therefore, because argentopyrite breaks down faster than 

sternbergite at a given temperature, it is suggested that 

argentopyrite is the lower temperature phase.

It is an empirical fact that many reactions near room

temperature, approximately double their velocities for a 10°C 

rise in temperature (Daniels and Alberty, 19^). However, in



89 

the case of argent op yr11e and sternbergite, a 10°C tempera­

ture increase results in approximately a five-fold increase 

in breakdown rate.

Fugacity Determinations

Richardson and Jeffes (1952) pointed out that, for most 

reactions of geologic and metallurgic importance, the Gibbs 

free energy (a G) can be expressed as a linear function of 

temperature. Because AG = RTlnfg, therefore, lnfg (which 

equals AG/RT) is a linear function of 1/T. These facts make 

it convenient to use a log fg versus 1/T plot to present 

pres sure-temperature equilibria.

The vapor which is in equilibrium with liquid sulfur is 

composed of various molecular species — S^, S^, S&, and Sg. 

The equilibrium constants for these species, as well as data 

for undersaturated sulfur vapor3 are given by Braune et al. 

(19^1). At any given temperature, the mol. percent of Sg 

species in the vapor increases greatly as the total fugacity 

(f- ) is decreased from the sulfur-condensation curve into 
st 

the undersaturated vapor region (see Figure 27). Line 3 of 

Figure 27 demonstrates this; the region to the low-pressure 

side of this line consists almost entirely of Sg species. 

The amount of sulfur occurring as species other than Sg is 

negligible (<1 mol.^) and the vapor may be considered to 

behave ideally (Braune et al., 1951). Most univariant 

curves for various sulfide assemblages of importance to ore 

petrology lie in this region.
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Figure 27. Considerations of sulfur species in sulfur vapor.

1) = Sy curve expressed as f^ = f^ + fs + f^ + fSg

after West (195°)Î 2) fg^ component of fg^ associated with 

the S& + Sy curve; numbers show fg^/fg^ in percent at selec­

ted temperatures; 3) undersaturated portion of the diagram

where fg^ = 0.9 fg^^ based on data of Braune et al. (19^1). 

The region below this curve consists of > 90 mol.^ S^ species 

in the vapor.

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 (1964) 

and Toulmin and Barton (1964), respectively. Brief discus­

sions of some of the principles and assumptions underlying 

these methods are given below along with the results from the 

present study.
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Electrum-Tarn!sh Method.

Equilibrium between Ag and AggS'% in the presence of 

vapoiy in a closed system containing only Ag and S determines 

a univariant curve, Ag + AggS + V, in P-T-X space (Figure 28) 

with an association reaction:

ZlAg(s) + Sgfg) 2Ag2S(s); K = (aAggS)2» (aAg)’^ (f^)”1

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

At a given temperature, a certain f_ is necessary to tarnish 
s2

Ag (i.e., form Ag2S) and form the equilibrium univariant assem­

blage Ag + AggS + V. The data concerning this curve, compiled 

by Richardson and Jeffes (19^2), can be read directly off the 

log fa versus 1/T plot of Figure 28.
S2

If silver is diluted with gold (Au) in solid solution 

(electrum), the activity of silver diminishes, thereby in­

creasing the f„ necessary to tarnish the alloy. A series 
û2

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 (1964) 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 which was held at a higher tem­

perature contained a piece of electrum of known composition. 

The temperature at which a sulfide tarnish appeared or dis-

*Ag2+xS is the correct formula for silver sulfide in equili­

brium with Ag. However, for brevity this silver sulfide 
will be written AggS.
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appeared on the electrum were determined to 5 to 10° C. Using 

the data of West (19^0), assuming that the vapor was essen­

tially pure sulfur, the total pressure of all sulfur species 

over the liquid sulfur was assumed to equal Pg over the 

electrum + tarnish + V assemblage. On the further assumption 

that the gas is ideal, the partial pressure of species 

equals its fugacity. In this manner, several calibration 

points on the curve associated with each composition of elec­

trum were determined resulting in log fQ versus 1/T plots 
b2 

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 composition in a sealed, evacuated silica tube 

along with, but mechanically separated from, a larger amount 

(100 mg.) of a uni variant sulfide assemblage (e.g., po + py + 

V) whose f- was to be determined (see Figure 29)." The tem- 
S2 

perature was then raised or lowered in Increments and the 

resulting 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 interval. 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 fugacity is constant over the assemblage regardless of 
the relative amounts of the phases.
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taraish interval is noted on the appropriate electrum tar­

nish curve of Figure 28. The f- associated with this tar- 
b2

nish, assumed to be also the equilibrium fugacity of the 

uni variant assemblage, is found by reference to the electrum— 

taraish curves of Barton and Toulmin (1964). If several 

experiments are performed using various 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 fq versus 1/T curves of the
2 .

various electrums with respect to the slope of the univariant 

curve being determined (see Figure 28), the ^f>-10°C precision 

is sufficient for the precise fitting of a smooth curve to 

the data on a log scale. The total uncertain!ty of the cali­

brated electrum curves is reported as -0.1J log fa units
S2

(Barton and Toulmin, 1964); therefore, any univariant curve 

determined using this technique will be about ±0.13 log fQ 
b2 

glass wool 
\ ,glass rod

charge^ 'electrum

Figure 29» Electrum-tarnish silica-tube arrangement used in 
the present inve stigation.

Discussion of Assumptions. A complete evaluation of the 

various assumptions 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 determina­

tion of sulfur fugacities was used by Barton and Toulmin 

(19610 to establish their electrum-tarnish curves. The con­

tainer for these determinations consisted of a sealed, eva­

cuated tube with liquid sulfur at one end (at T^) and the 

electrum at the other (T_). The PQ over liquid sulfur was 
2 bt

assumed (with a few exceptions at high temperatures) to be

equal to P_ over the electrum. The electrum temperature 
b2

was always higher (i.e., hundreds of degrees C) than that of 

the liquid sulfur with the result that mol. fractions of S$,

S6' and Sg species in the vapor (1.e., the mean molecular 

weight of sulfur vapor) must decrease drastically from the 

low to the high temperature portions of the tube. Thus, 

this procedure, based on gradients of temperature and partial 

pressures (mole fractions) of the respective sulfur species, 

is not an equilibrium method. Barton and Toulmin (!9^) 

determined only one point on the Ag + AggS + V curve which 

plots on the accepted curve (Richardson and Jeffes, 1952), 

suggesting that the disequilibrium factors just mentioned 

apparently do not have an appreciable net effect on the empiri­

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 ( 1961[) mentioned 

several of these, and certain problems concerning tarnish 
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development experienced during the present study are dis­

cussed below. Sometimes a tarnish will appear at anomalously 

low fo . Barton and Toulmin (1964) suggest that this tar- 
S2 

nish probably occurs because of the metastable composition 

of one phase in the uni variant assemblage — e.g., po of an 

initial FeS + py charge; the equilibrium pyrrhotite is not 

FeS but some Fe^^S 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 described by such terms as films, spots, clusters, 

pox, etc. Some types of spottedness may be due to slight 

compositional inhomogeneities 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. Pieces of electrum cut 

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-l£°C less 

with electrum possessing rough surfaces than with smooth­

surfaced electrum. The tarnish appeared unevenly 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 regions of the surface with the smallest internal radii 

of curvature will 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 nonstoichiometry of the "AggS" tarnish results in 

the activity of AggS being less than one. Because the elec­

trum-tarnish curves were empirically determined, the actual 

consideration of activity is not important to the accuracy 

of these curves.

Yund (personal communication as per G. Kullerud, 1967) 

found that the (Ag, Au)gS 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" criteria, and the 

nature of the reaction phase (tarnish) was probably assumed 

to be (Ag, Au)gS possibly resulting in non-detection of any 

intermediate phases. 

Pyrrhotite-Indicator Method.

This method for the determination of sulfur fugacities 

was developed by Toulmin and Barton (1964). In the pure Fe-S 

system the composition of pyrrhotite is fixed at a given tem­

perature and a given f_ . The log fa versus 1/T plots for 
b2 s2

various pyrrhotite compositions were determined by Toulmin 

and Barton (1964) using the electrum-tarnish method described 

above. The pyrrhotite-indicator method consists of heating
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a uni variant assemblage whose f- is to be determined, with 
b2

ssynthetic pyrrhotites of suitably chosen compositions in a 

sealed, evacuated, silica tube. The pyrrhotites and the 

assemblage are mechanically separated as shown in Figure 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 is annealed at a given temperature 

with the result that the compositions of the pyrrhotites and 

the phases in the univariant assemblage (but not the number of 

phases) change until they are all in "equilibrium" with sul­

fur vapor. The pyrrhotite compositions are then determined 

and the fugacity of sulfur is obtained from Toulmin and 

Barton*  s data (1961[). Initial pyrrhotite compositions were 

selected to bracket an estimated final composition; therefore, 

the pyrrhotite compositions converge toward the final com­

position, and at the end of the annealing 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 is reported as -0.35 log 

f_ units (Toulmin and Barton, 196fy).
b2

^lass wool

------- glass rod 

po// I sulf  ide^-- po

assemblage

Figure 30. Pyrrhotite-indicator silica-tube arrangement used 
in tke present investigation.
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Discussion of Assumptions. The inherent assumption in this 

method is that the chemical potential of sulfur is equal in 

all phases, whereas, the chemical potentials of the metal 

components may or may not be equal. This is 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 this possible disequilibrium, the 

composition of the pyrrhotite in the univariant 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 2) faLiies, 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 is not measurable. As previously discussed, the 

effect of silver on pyrrhotite £(io »2) values is not measur­

able by techniques used during this study. The pyrrhotite­

indicator method was modified for further use during this 

study. No mechanically-separated pyrrhotite portions were 

needed in the experiments because the pyrrhotite composition 

of any assemblage in the Ag-Fe-S system is indicative of the 

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

Temp., 
Starting Materials °C Time Products"

po-indicator univariant po-indicator po comp,
comps, assemblage comps. , in assem,

%6.0 at.% Fe arg+py+po $00^3 49d 4^'45 at.^Fe
47.0 at.% Fe 46.50 at.^Fe 46.55

’"'The uncertainty 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 fugacity of sulfur. 

Because the pyrrhotite-indicator method was derived from the 

electrum-tarnish method and has considerable potential as a 

sulfur barometer, it was considered important to cross check 

some of the results of Toulmin and Barton (1964).

The f „ over the uni variant assemblage py + po + V at 
s2 

various temperatures was determined using electrums of five 

compositions (Table 22) prepared according to the procedure 

of Barton and Toulmin (1964). With mechanical mixtures of 

po and py, problems concerning the metastable formation of 

electrum tarnish were encountered. Therefore, po + py mix­

tures were allowed to equilibrate for approximately 1 month 

at temperatures of 650, 5£°, 500, 47^, and 450°0 prior to use 

in the fugacity determinations. The results of the fugacity
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Fugacity experiments to determine the py + po + V 
curve.

Table 22.

in electrum
Pre-equil.^ 
Tenp.,°C "

Temp., 
°C

Time, 
hrs. Tarnish vs. No Tarnish

0.10 650 550*2 42 X
0.10 6£0 660±2 60 X
0.10
0.10

6£0
6^0

8%
36 X

X

0.10 650 647±2 194 X went to

0.20 550 56°*3 74 X
0.20 550 $80*2 88 X
0.20 #0 $60±2 49 x
0.20 #0 585*3 98 X
0.20 550 $$0-$ 720 X went to X

O.3O 500 $0$±2 162 X
0.30 §00 $2$±$ 6$4 X
0.30 §00 504*3 180 X
0.30 §00 52015 713 X
O.3O $00 $001$ 720 X went to X
0.30 §00 $03±2 144 X
0.30 $00 516*2 192 X
0.30 §00 §02±2 216 X went to X

0.35 475 460*3 611 X
0.35 475 490±3 574 X
0.35 475 465*3 342 X
0.35 475 490±3 582 X
0.35 475 460±3 720 X went to X

0.40 450 42015 746 X
0.40 450 455*5 582 X
0.40 450 430*3 510 X
0.40 4$o 455^3 $88 X
0.40 450 420±3 744 X went to X

^This is the temperature at which the py + po charge was pre-
equilibrated for 30 days before incorporation into the fuga­
city experiment.

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

Table 22 and diagrammed in Figure 28, page 92. The experi­

ments are reported as ’’tarnish or no tarnish”, and the reac- 
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tlons 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 f versus 1/T plots 
b2 

of the various electrum compositions, as compared with the 

curve being determined, allow a fit for electrum-tarnish 

data with a precision of £10-20°0,

The po + py + V curve shown in Figure 28 is not measur­

ably different from the curve determined by Toulmin and 

Barton (196Zj.) except below approximately 320°0. The beta 

inversion in pyrrhotite at 320£^°0 terminates the stable 

portion of the measured po + py + V curve. For the purposes 

of discussion, the low temperature Fe-S phase relations are 

assumed to be those shown by Kullerud, 1967a (see page 31).

Figure 31 presents a schematic plot, based on theoreti­

cal considerations, of the uni variant curves around the in­

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 likewise, the 

py + m-po + V curve must lie above py + h-po + V metastable 

curve. Toulmin and Barton (1964) state that the position of 

the py + h-po + V curve cannot be definitely fixed from their 

data; however, they give data of 300£^°C and approximately 

-11.5 log f„ for a point on this curve and state that the 
s2 

curve may cross the Ag + Ag^S + V curve at about 200°0. If 

monoclinic pyrrhotite is stable to 310°0, the point they have 

determined is for the py + m-po + V curve, and it would be
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Figure 31« Schematic P-T diagram of univariant curves asso- 
elated with the invariant points at 320° and 310*0 in the
Fe^^S portion of the Fe-S system.

this curve which would cross the Ag + Ag^S + V curve, 

'It is also noteworthy to consider Point M of Figure 3^

which represents the intersection in P-T-X space of the 

metastable 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 reaction 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 + Ag^ + V curve 

at this temperature. The assumption is made that the Ag + 

AggS + V curve is correct and the py + m-po + V curve is
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drawn to intersect it at 248°C«

For reactions in which all activities other than that 

of sulfur are constant --  no solid solution --- log f_
b2 

versus 1/T plots will be linear. The gradually changing 

solid solubility of pyrite in pyrrhotite with temperature 

causes the a^g to vary in pyrrhotite associated with the 

py + po + V uni variant curve (e.g., a^g at 700° 0 = 0.40, 

350°C = 0.£6). The effect of this changing activity is to 

cause the curve to deviate from a linear relationship by 

being concave toward higher values of log f_ . Toulmin and 
*2

Barton (1964) showed this curve to have a larger 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 method, as stated previously, 

was modified for use during the present study. Because the 

assemblages of interest in the Ag-Fe-S system contain pyrrho­

tite, the mechanic ally-separated pyrrhotite 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 con­

verge on a final equilibrium composition. Experiments con­

ducted in the uni variant 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 compositions of pyrrhotite in univariant 
fields of the Ag-Fe-S system,

a. Compositions of po in the arg + py + po + V field.

Starting po Comp, 
At.% Fe^

Temp., 
°C Time

Final po Coup. 
At.^ Fe±0.1

po Coup. from 
Binary Data

$0.-0 700^2 8d 45.40 45*35
$0:0 600±2 19d 46.0$ 46.00
$0.0 $00±3 24d 46.4^ 46.55
46.0 ?00±3 99d 46.$0 46.55
47.0 500^3 99 d 46.$$ 46.55
$0.0 400g 6?d 46.81 47.00
$0.0 400% $0d 46.80 47.00
46.$ 4oo*5 $0d 47.18 47.00
47.5 400% $0d 46.9$ 47.00
$0.0 350*5 96d 47-28 47.15
46.5 350*5 96d 46.97 47.15

"All charges consisted of mechanical mixtures of arg, py, and po.

b. Compositions of po in the Ag + arg + po + V field.*"""'

$0.0 700Ï3 8d 48.60 48.70
48.0 620^3 31d 48.60 48.55
$0.0 600±3 34d 48.60 48.$0
48.0 600^3 49d 48.43 48.$0
49.0 600±3 49 d 48.55 48.50
$0.0 5oo±5 3$ d 48.55 48.30
$0.0 5oo±5 34d 48.45 48.30
48.0 5oo±5 49d 48.37 48.30
49.0 $00±$ 49d 48.45 48.30
47.5 400*3 $9d 48.02 48.0$
48.4 400*3 $9d 48.11 48.0$
$0.0 350*5 96d 48.00 47.90
47.0 3$0±$ 96d 47.82 47-90

^"All charges consisted of mechanical mixtures of Ag, arg,
and po.

,rAll charges consisted of mechanical mixtures of Ag, Fe, and po.

c. Compositions of po in the Ag + Fe + po + V field.*""" ’*■

$0.0 855^5 3d $0.00 $0.0
49.75 802^3 2d $0.10 $0.0
50.0 802±3 2d 50.0$ $0.0
50.0 700^3 2d $0.00 $0.0
$0.0 700^3 2d $0.08 $0.0
48.0 596±3 7d 49.90 $0.0
$0.0 596±3 7d 49.9$ $0.0
49.$ 498±$ 38d 49.9$ $0.0
$0.0 498±$ 38d $0.10 $0.0
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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 composi­

tion in the respective binary field.

A graphical presentation of pyrrhotite compositions in 

the various fields of the Ag-Fe-S and Fe-S systems is 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 (1964). The presence of liquid above £32^2°C in the 

ternary assemblage does not measurably affect the pyrrhotite 

composition; in fact, liquid significantly shortens the time

required for attainment of equilibrium. 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 deter

raination of these reference points is based on the principle

that the composition of pyrrhotite is fixed at a given tem.

perature and f„ . At a given temperature, the 
b2

log fq
S2

associated with the Ag-AggS curve is 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 f^ 
3 2

data of Toulmin and Barton (1964). The

is obtained from the

close correspondence
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Figure 32. Compositions of pyrrhotites 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 
compositions as determined by experiments listed in Table 23. 
The squares represent pyrrhotite compositions on the pyrite­
pyrrhotite solvus as determined by Arnold (1962) and Toulmin 
and Barton (1964). 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 a precision of *0,10 at^ Fe.
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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 fugacity of 

sulfur over a binary univariant assemblage, the complete log 

f_ versus temperature data for the Ag-Fe-S system can be 
S2

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

2 4.

Presentation of P-T-X Data

In the present study, fQ -T-X data for the Ag-Fe-S sys- 
3 2

tem were determined ( Table 2Z|J. These data are presented be­

low in two different graphical forms illustrating certain 

principles of phase chemistry.

It is only possible to draw a complete P-T-X diagram of 

a system 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 diagram for systems containing 

more than two components.

If composition is 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-Fe-S system on which 

the log f g data (compiled in Table 211) for the univariant 
b2 

assemblages have been superposed,

in order to restrict the compositional variable of a 

ternary system to one dimension, a cut can be chosen to pass
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Ag + arg + po + V Field

arg + py + po + V Field

Ag + arg + py + V Field

Ag + py + po + V Field

arg + py + L„ 4- V Field

Ag + Fe + FeS + V Field

Temp.> ° C Los_fs

600 - 6.9
#0 - 7.5
^00 - 0.3
4# - 9.1
400 -10.0
350 -11.1
300 -12.4
2£0 —14.0

530 — 3.8
500 - 4.4
450 -5-7

400 - 7.4
350 - 9.2
300 -11.4
250 -14.0

248 -14.0
200 -12.9
l£0 -18.4

248 -14.O
200 -17.1
l^O -20.9

600 - 0.1
550 — 0.2
Joo - 1.0
450 - 1.2
400 — 2.1
350 — 2.8
300 - 3-7
250 -4*7
200 — 2.8
150 — 6.0

600 -12.2
500 -14.8
400 -18.0
300 -22.0
200 -27.8
100 —36.8

Table 24. Log data over univariant assemblages in the b2

Ag-Fe-S system. These data were obtained from

Figure 39 as explained in the text.
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through the system (e.g., Figure X-X1 ). 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 s Ag 

+ py (2%8±8°C) at Figure 34 depicts such

a cut and the accompanying log f„ -X plots.
S2

The step-like change of fa with composition illustrates 
S2

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 vari­

ance is reduced to zero and the vapor pressure cannot vary 

over the assemblage, regardless of the relative proportions 

of the condensed phases.

Figure 34 also depicts another principle of phase 

chemistry, Two fields with 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 34, 

the fugacity of 8g species is 99.9+^ of the total sulfur 
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pressure 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 species 

other than increases (see Figure 27, page 90). It is

assumed that the fa of the arg + py + L„ + V assemblage is 
S2 &

not significantly different from the f„ 
b2

of the pure L_ + V 
o

assemblage.



GEOLOGIC APPLICATIONS

Introduet ion

In recent years several publications have been devoted 

to the application of experimentally determined sulfide sys­

tems to ores. Inherent in these attempts are certain basic 

scientific principles and certain 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 various para­

meters which control mineral stabilities. The experimenta­

list tries to create certain mineral assemblages in the lab­

oratory under rigidly controlled conditions and to define 

these assemblages in terms of the most significant physical­

chemic al variables. He must evaluate the presence of cer­

tain fugitive components such as water, and thereby reduce 

natural assemblages to their least complicated form. With 

the necessary precautions, 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 compositions of any of the minerals or phases. 

These inactive components may greatly affect the kinetics 

concerned with the attainment of equilibrium; however, they 

114
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cannot affect the' state of this equilibrium. In sulfide 

systems, the presence of volatiles such as water can influ­

ence phase relations involving melts; the magnitude of this 

effect is largely dependent on the solubility of the vola­

tile in the liquid. In contrast, these volatiles cannot 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 vapor pressure associated with most metals is low, with 

the result that the composition of the vapor in most sulfide 

systems is almost entirely sulfur. Therefore, the vapor 

pressure of sulfur is effectively equal to the total pressure. 

In nature this is never attained. Kullerud and Yoder (1959) 

discuss this fact and illustrate the principle that vapor 

pressures of sulfur less than total pressure simply lower 

the upper stability 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 assemblage may be 

sufficient to prevent the formation of a vapor phase. The 

effect of total or confining 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 (i.e., slopes of 

10-20°C/Kbar Pt).

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 verification before 

extensive application 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 is applicable to both hydrous and anhydrous systems 

is necessary for a correlation between mineral stabilities 

and the composition of aqueous solutions. Several recent 

papers have discussed this problem, notably those by Barnes 

and Kullerud (1961), Gustafson (1963), Barton and Toulmin 

(196%.), and Holland ( 196^ ), and have emphasized the fact 

that partial pressures of various molecular species provide 

this parameter. In many sulfide systems the composition of 

the vapor phase makes the partial pressure of sulfur a con­

venient variable to determine. Applications of thermody­

namic studies of sulfides are not restricted to reactions 

involving a vapor phase but are valid regardless of the 

chemical form in which sulfur is present---as HS" in aqueous 

solution, Sg or H^B in a gas or vapor, etc. (Barton and
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Toulmin, 1962^). The activity of a gas hy definition is nu^ 

merically equal to its fugacity. 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 is a limiting parameter of the ore-forming fluid.

The application of data from any one ternary sulfide 

system cannot solely determine the possible conditions 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-S system are not known with certainty. How­

ever, several points of significance have evolved during the 

present study.

The upper stability of monoclinic pyrrhotite is uncertain; 

several experiments conducted at temperatures above 285° C would 

seem to indicate that the pyrite-hexagonal pyrrhotite mineral 

pair is present, thereby, negating the presence of monoclinic 

pyrrhotite above that temperature. It is therefore suggested 



118

that the upper stability of monoclinic pyrrhotite is below 

28£°C. This supports the findings of Kullerud et al. (1963) 

on natural monoclinic pyrrhotites. It would also appear 

that monoclinic pyrrhotite, which usually is referred to as 

having composition, forms measurable solid solution 

towards pyrite. This conclusion was also reached by Hall and 

Yund (1966).

Carpenter and Desborough (1961^) stated that all pyrrho­

tites observed in nature possess 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 Fe^Sg 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°0 for 15 minutes converted to hexagonal pyrrhotite. These 

data suggest that the activation energy of this transforma­

tion is very small and emphasizes 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

served to have 408 and Ç08 X-ray diffraction peaks with un­

equal intensities. Commonly, an assemblage of hexagonal 
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pyrrhotite and monoclinic pyrrhotite results in a larger 

^.Oô than Ç08 peak. This increased intensity is a result of 

a superposed 10*2  reflection from the hexagonal pyrrhotite 

and ^.O8 reflection of the monoclinic phase. However, charges

of Fer,Sa composition annealed at temperatures of 22^2^C 

commonly possessed monoclinic pyrrhotite with a £08 peak (the 

higher angle 26 reflection) larger than the lower angle 08 

peak. Experiments conducted at 1^0°C contain monoclinic 

pyrrhotite with approximately equal l[O8-^O8 reflections. The 

exact meaning of these intensity differences are not known;

Kullerud (1967a) stated that this variation in relative 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 synthetic products. During the present In­

vestigation, numerous specimens collected at Cobalt, Ontario, 

were examined and monoclinic pyrrhotite was found which 

yielded an X-ray powder-diffraction pattern with %O8-QO8 re­

flections with intensity differences similar to those ob­

served with the synthetic Fe?Sg formed at 22^°C.

Careful examination of the pyrrhotites at Cobalt, 

Ontario, also revealed the mineral smythite, of reported 

Fe^S^ composition (End et al., 1957). Smythite was observed 

in assemblages containing monoclinic pyrrhotite; as well as 

other sulfides and non-sulfides. The X-ray data for this 

new occurrence of smythite are reported in Table 25 and com-
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Table 2$. X-ray powder-diffraction data for smythite 
from Cobalt, Ontario,

d(obs.)& I d(obs.)X I
hk«l (Erd et al. ,1527) (thi3 study)

00-3 11.5 6 ■

00-6 5.75 1/2 — *

00-9 3.82 2 —

10-1 3.00 6 2.98 6
01-2 2.96 1/2 2.96 1
00-12 2.86 1/2 00

10.4 2.83 2 2.82 4
01.5 2.75 4 2.74 2
10-7 2.56 6 2.26 6
01-8 2.42 2 2.46 1
00-15 2.29 1/2 —

10-10 2.26 6 2.24 4
01-11 2.16 4 2.12 2
10-13 1.979 7 1.983 2
00-18 — BO

01-lh. 1.897 8 1.903
10-16 OB OB OB BO

11-0 1.732 10 1.732 10
H-3 1.712 1/2
01-1? 1.687 1/2
11-6 1.672 4 1.664 2
00-21 e* OB

11-9 1.277 1/2 OB

10-19 1.246 1/2 1.549 1
02-1 ■ BO BO

20-2 1.496 1/2 1.499 1
01-20 1.496
11-12 OB —

02-4 BO BO

20-5 1.462 1/2 BO

00-24 1.43$ 2
02-7 OB * —

20-8 1.427 6 1.427 3
02-10 1.372 1/2 1.373 1
20-11 1.351 1/2 1.349 1/2
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pared to the X-ray data for smythite from the first des­

cribed occurrence collected from a geode at Bloomington, 

(Erd, et al., 1957)• An important feature of the Cobalt 

smythite is the complete absence of basal reflections. Dr. 

H. T. Evans, Jr. (personal communication, 1967) believes 

that this is due to some disorder in the atomic sites. Re­

search concerning this new occurrence of smythite, a revi­

sion of the smythite structure, the mineral associations, 

stability, etc. is underway.

Aqueous experiments (page 35) conducted during the pre­

sent study suggest that smythite is not stable in the Fe-S 

system at 100il0°C or above. Samples of metal-deficient 

pyrrhotite synthesized at high temperature, exsolved pyrite 

and monoclinic pyrrhotite, at 100±10°C, This does not com­

pletely negate the possibility of smythite stability 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 ob­

served to date. It is optically and physically indistin­

guishable from monoclinic pyrrhotite and would be identified 

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 participate 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°0, the presence of this 

mineral in an ore assemblage is noteworthy. Another expla­

nation for the paucity of sraythite in nature may be found 

in the kinetics of its nucleation. Perhaps, smythite nucle­

ates so slowly that metastable monoclinic pyrrhotite + pyrite 

are deposited instead.

The presence of silver in solid solution was not ob­

served to have any measurable effect on the phase relations 

in the Pe-S system. Ternary reactions involving pyrite and 

pyrrhotite were not observed to differ markedly in reaction 

rates from binary reactions, the values of pyrrhotite

in po + py + Ag-bearing phase + V assemblages are the same 

as on the Pe-S join, and the melting point of pyrite in the 

presence of an Ag-bearing phase is not measurably different 

from ^^-2°O,

The term nargentiferous pyrite” is well established in 

the literature and refers to pyrite which is thought to con­

tain an appreciable amount of silver in solid solution, 

Petruk (196/j.) described a pyrite concentrate from a Bolivian 

mine which contained I63 oz. Ag/ton; this would correspond 

to about 0.8 at.# Ag in solid solution. Data from the pre­

sent study demonstrate that the Ag solubility in pyrite at 

600°C is 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 applied to pyrite, and close examination with oil­

immersion objectives of well-prepared polished sections of 

Margentiferousn pyrite reveals the presence of an admixed 

silver-bearing phase. A sample of the Bolivian pyrite con­

centrate was obtained from W. Petruk and examination of 

polished sections revealed the presence of small inclusions 

of sphalerite and questionable native Ag. Specimens of 

pyrite from Texas Gulf Sulfur1s Timmons, Ontario, deposit 

show many small specks of native Ag which could go completely 

unnoticed by a cursory optical examination. 

The inversion of Ag^S from a bee to monoclinic struc­

ture at 177-1°0 produces inversion twinning. The presence 

of twinning in natural Ag^S 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 Ag^S well below this inversion temperature and 

is retained upon cooling to room temperature. These data 

negate the use of twinning in AggS as evidence for formation 

of argentite until such time as criteria are established to 

distinguish inversion twinning from this lower-temperature 

twinning.

The inversion of Agg^B from a fee a bee structure 

occurs at ^86-622±3°C on the Ag-S Join. During the present, 

the presence of iron was observed to lower this inversion 

greatly--- e.g., Agg^S from 586±3°C on the binary Join to 

£18±2°C in the ternary system. However, the effect of iron 

on the monoclinic * bcc inversion was not measurable and



this inversion remains at 176^3°C in the presence of an

iron-bearing phase.

Ternary Phases

The ternary minerals sternbergite and argentopyrl t e

(both AgFegS^) are stable 

Samples of these minerals

somewhere below 1^2°C (see page 86)

were broken down in silica tubes

at 200°C and the products annealed at 100^10*0  for 3^ days

at which time there was no evidence of reaction of the pro-

ducts to reform the AgFe^S^ compounds.

The invariant reaction Ag + py + po AgFe9S_« associated

with the formation

significance. The

of the AgFegS^ phase, is also of geologic 

temperature of this invariant point, here

stated as less than 1£2°C, is a minimum for the Ag + py + po 

assemblage in nature. During the present study, examination 

of ore specimens and the literature concerning Ag-bearing 

ores,showed no well-documented occurrence of this assemblage 

in nature. Instead, various assemblages of sternbergite 

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 reequilibrated to a low-temperature

assemblage containing AgFegS^ compound

The "silberkies" minerals are commonly reported (Rarn-

dohr, 193#, I960) as among the last to form in the paragene-

tic sequence of silver-bearing deposits, These minerals are

stated to be much more common than previously reported or 

believed (Ramdohr, I960; personal communication, 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 "silberkies" 

minerals are common in many typical epithermal deposits. 

However, they have also been reported from deposits classed 

as hypo- and me so-thermal. The deposits of Broken Hill, 

Australia, (mentioned previously) believed to have been 

formed at high temperatures and pressures, contain scattered 

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°C, 

607^2°C and 532-2°0, the upper stabilities, in the presence 

of vapor, of arg + po, arg + py, and arg + py + po, respec­

tively, are generally higher than those attained during de­

position of typical silver ores. Because these reactions 

involve ternary 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 cited as examples of hypo­

thermal ore deposits. Ramdohr (1950, 1954) 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 (19^6), based on iron and manganese content of 

sphalerite, concluded a temperature of 600°0 or higher, in 

agreement with Kullerud (1953), who estimated 620°C (with­

out correction for pressure). Under 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 conceivably 

undergo moveme t, thereby, effecting a remobilization of 

some sulfide minerals as well as bringing about an enrich­

ment of silver. Thus, sulfide fluids may, indeed, play an 

important part in ore genesis as postulated by Brett and 

Kullerud (196?).

The reaction arg + po & Ag + py, in the presence of 

vapor, which occurs at 2^.8 °C is important for several rea­

sons. As 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 f_ versus 
, S2

1/T plot of the appropriate M + M^S + V curves (e.g., Fe + 

FeS + V, Figure 39, page 11^2). 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 is not as chalcophile as most other metals 

with the result that the Ag + AggS + V curve crosses the 

po + py + V curve. The silver deposits at Pac hue a 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 de­

rived from argentite and other silver-bearing minerals.

Some of the native silver is 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 pro­

duct of meteoritic ground-water reduction 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, failed to reveal the well- 

documented existence of this assemblage in nature. Either 

reequilibration of previously formed arg + po,or original 

deposition of Ag + py can account for this observation. 

The feasibility 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 massive 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 (2ÀJ.8°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 2^0°C at 

an fo of less than lO~^ atm, 
b2

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 assemblage 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 f can be seen to
s2

vary greatly in this diagram, whereas the sum of the sulfur
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Figure 3^. Distribution of predominant aqueous species and 

^2 (contoured in atm.) at (Ss) = 0.1 m and 2^0°G (after

Barnes and Kullerud, 1961).

species (i.e., HS“, S“, H^S, etc.) at all points is constant 

(Ss = 0.1 m).

Several methods are possible for presenting thermody­

namic data on the formation and stabilities of minerals. 

Diagrams of log f„ versus 1/T provide a useful frame of 
b2 

reference upon which various curves representing univariant 

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

plot is similar 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 diagrams whose 

axes are the activities of two components of a three compon­

ent system. The details of construction of such graphs are 

covered by Garrels (I960) and Garrels and Christ (196^) and 

numerous examples are given by Gustafson (1963) and Holland 

(19^9, 1965). Such diagrams are based on the principle 

that the fugacity of an element is numerically equal to its 

activity. Figure 36 was constructed as an a$ /a^ plot of 

the Ag-Fe-S system at several temperatures as derived from 

the data compiled in Table 2page 109. The activities of 

components in an ore-forming solution responsible for depo­

sition of a particular assemblage can be read directly off 

the figure.

By plotting the activities of the three components of 

a ternary system on orthogonal axes, it is possible to con­

struct a "saturation-surface" diagram such as depicted in 

Figure 37. Gustafson (1963) has discussed the possibility 

of the interpretation of such models as an aid 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 various 

other possible components of the fluid phase, such as H^O, 

COg, Cl", etc., are here considered as inactive for they do



131

0 1 LS 01

py

-S ■ 2% 
po

5- 5a
py

CM
CO 

d

to 
o

-10 -

-20

0 i

-5 -

-10 -

Ag -10-
T = 4^0°C

22 
Fe

-10 

log

0

a

5a
py

2X 
po

CM 
M 

d

to 
o -15 -

T = 350°C

-20

-25

-15

po 
Fe

-10 -5 0

log

S'-15' 

cd 

to 
O

-20"

25

30

Figure 36

py 
po

T = 2^0°C

po

Fe

-10

108 aAg

0

Ag

isotherms of

the Ag-Fe-S system, in the 250° 0 

isotherm, the m-po phase was 

omitted for simplicity. The area

labelled 

solution 

ition of 

function

po represents the solid 

field where the compos- 

pyrrhotite varies as a 

of log a^.



132

not enter into the solid phases. The saturation surface 

shown in Figure 37 encloses a volume of space. Inside this 

volume the solution is undersaturated and no solid phases 

containing silver, iron, or sulfur are present. The volume 

above this surface is supersaturated, a disequilibrium situa­

tion, and will not be considered here. It is assumed that 

an ore phase is precipitated whenever the saturation surface 

for that phase is 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 fluid, 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.v.-.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 remem­

bered that the pyrrhotite forming along path B-C is con­

stantly changing composition. As the activities of the com­

ponents in solution move toward Point C, the pyrrhotite at 

B becomes unstable and redissolves and pyrrhotite at B’ pre­

precipitates, etc.w

" In general, if 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 21}.8°0, 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 “saturation-surface” diagrams 

of several different systems can add to our knowledge of ore 

assemblages 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 knowledge of 

the activities (fugacities) within the systems involved. 

Many of these data, unfortunately, are either entirely 

lacking or need to be revised. The ”saturation-surface” 

diagrams of the Ag-Fe-S system serve to illustrate the con­

struction of this type of phase diagram and demonstrate the 

application of fugacity and temperature data as an aid to 

the understanding of ore-forming processes.
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Cobalt, Ontario

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 district is underlain by three rock types. 

Oldest to youngest, these are : 1) Keewatin metavolcanics 

with interbedded iron formation; 2) Cobalt series sediments, 

consisting of boulder conglomerate, greywacke, slate, and 

quarzite; and 3) the Niplssing diabase which is present as 

a sill 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 width. 

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 post-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 is 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 veins in 

which the mineral associations 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 sulfarsenides 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 cobalt-nickel arsenides. 

The exact paragenesis is not agreed upon; however, a general 

trend may be stated as, early calcite, Co-M-Fe arsenides and 

sulfarsenides with native silver, and more sulfides in car­

bonate matrix.

Metallic Minerals and Assemblages

The metallic minerals in the veins at Cobalt occur in 

a wide 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, chal­

copyrite, pyrrhotite, pyrite, sphalerite, niccolite, rammels­

bergite, galena, and breithauptite. Various ore-mineral 

assemblages and their implied temperatures of formation are 

listed in Table 26. Some of the more important associations
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Mineral Assemblage

asp + py 

proustite 

proustite + arg 

Ag + asp 

gn-matildite + Ag 

Ag + Bi 

Ag + py 

xanthoconite 

proustite + Ag 

’’silberkies” 

mckinstryite 

smythite 

Ag + Ag^Sb 

Ag + Ag-Sb phases 

gn-™atild^Saoln. ; 

arg (cubes)

Temperature 
Implication

< 491-12°
< 49^1°

< 469±3°

< 44o*25°

< 38O0

< 262°

< 248±8°

< 192±10°

< 192±8°

< 152±5°

< 94-4*1.5°

< 100°

> 4oo° 

>"275-350°

> 215*15°

> 177*1°

Reference

Clark, 1961

Roland, 1966 

Roland, 1966 

Taylor, unpublished 

Craig, 1965 

Petrenko, 1906 

this study 

Hall, 1966 

Roland, 1966 

this study

Skinner et al., 1966 

this study, Kullerud, 1967a 

Somanchi & Clark, 1966 

Carpenter & Fisher, 1932 

Craig, 1965 

Kracek, 1946

Table 26. Minerals and assemblages found at Cobalt, Ontario 
and the temperature implications regarding 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 440*25° C (Taylor, data to be published 

elsewhere), in the presence of vapor. The invariant reac­

tion; po + lo + arg # asp + Ag which occurs at this tempera­

ture is illustrated in Figure 39. Knowledge of this invari­

ant temperature provides an additional point (*25°C)  on the 

po + lo + asp univariant curve and allows extrapolation of 

this curve from 702°C (the upper-stability temperature of
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arsenopyrite) to lower temperatures ano. pressures of sulfur 

(see Figure 39, page U|2).

Various minerals and assemblages of the Ag-Sb system 

are common in the Cobalt deposits. Carpenter and Fisher 

(1932) described exsolution intergrowths of Ag^Sb (dyscra­

site) and antimonial silver and, based on homogenization 

experiments, concluded that the temperature of formation 

was above 27^-3$0°C. Somanchi and Clark (1966) recently 

reported the occurrence of an Ag^Sb mineral with antimonial 

silver. They interpreted this assemblage as having origi­

nally precipitated at a temperature "well above" ^00°C.

The native silver + pyrite assemblage was observed in 

polished sections examined during this study and has also 

been reported by Bell and Thompson (192^) from a similar 

silver deposit 20 miles SE of Cobalt. This assemblage was 

intermediate to late in the depositional sequence at Cobalt; 

its temperature of formation must have been below 2I|8±8°C, 

in the presence of vapor (this study),

Hamdohr (1955) reported the presence of "silberkies" in 

the Cobalt district. Examination of numerous polished sec­

tions, 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 X-ray 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 the

Cobalt district, which he named mckinstryite (Skinner et al., 

1966). This mineral is present as pure masses and single 

crystals with native silver and stromeyerite. It breaks 

down at 94.4±1.^°C to jalpaite and a cation-disordered hexa­

gonal compound, CuQ g^Ag^ ^S. It is unlikely that these 

two phases were originally present in exactly the correct 

amounts and in such close contact that they could reequili­

brate on cooling to produce pure masses of mckinstryite. 

This suggests that the mckinstryite at Cobalt only formed 

directly from solution below 94°C.

During this study an apparent two-phase pyrrhotite was 

observed in some of the ore specimens collected in Cobalt, 

X-ray powder-diffraction patterns showed the two phases to 

be monoclinic pyrrhotite and smythite, Fe^S^. Smythite was 

originally described by 3rd at al. (1957) from a geode at 

Bloomington, Indiana and this occurrence at Cobalt is only 

the second reported occurrence in North America. Low-tem­

perature experiments conducted during this study suggest

that any Fe.S phase on the Fe-S 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°C.

The author has also examined crystals of Ag^S which 



display cubic morphology and are thus correctly called argen­

tite*  According to the data of Kracek (1946), cubic Ag^ 

must be deposited at temperatures above 177°C, and thus, its 

presence indicates a minimum temperature of formation for 

this mineral and other contemporaneous minerals at Cobalt. 

Argentite is usually considered to have formed in the late- 

intermediate to late stages of mineral deposition at Cobalt.

Galena and matildite (AgBiSg) intergrowths, interpreted 

as an exsolution texture, have been described by Ramdohr

(1938). Craig (1965) reported that this exsolution is indiea' 

tive of formation of a solid-solution 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°C.

In summary, formation of the silver ores at Cobalt prob­

ably occurred at temperatures from above 4^0°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. This would require 

a thorough study of the mineral paragenesis and was not 

undertaken in this study.

Ore-forming Conditions

Various methods of presentation of data can be used to 

discuss the important parameters concerned with the forma-
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Figure 39. Log fg^ versus 1/T diagram of the sulfidation 

curves (univariant curves) of several minerals and assem­

blages.

tion of an ore deposit. Two of these methods will be uti­

lized in this discussion, and will be shown that one compli­

ments the other.

Phase relations can be depicted on a log fQ versus 1/T 
S2

plot such as shown in Figure 39. One of the most important
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curves on the diagram is the sulfur condensation curve. 

This curve marks the upper limit of sulfur fugacity per­

taining during most geologic processes. Another important 

curve is that for the assemblage Fe + FeS + V. Most sul­

fide deposits formed at fugacities of sulfur above this 

curve, for native iron is not a common terrestrial mineral. 

Therefore, the region of geologic interest lies between 

these limiting curves.

Most of the silver in the Cobalt deposits is 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 sulfur-deficient 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 702±2° C (Clark, 1961) and 10“^ 

atm. fo (Barton, personal communication, 196?) intersects 
S2 

the Ag + arg + V curve at 44°*2£°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 f_ and temperature within which Ag + asp can 
S2 

stabily coexist; this region involves rather narrow limits 

of f_ (activity). This plot illustrates the importance 
b2 

of fugacity data in phase equilibria studies as an aid to 

deciphering depositional environments.

Sulfide minerals, pyrite, chalcopyrite, galena, sphale-



rite, etc., are not common, but are locally abundant at 

Cobalt. They occur in a carbonate matrix which is calcite 

and/or siderite in association with argentite and native 

silver. These facts are considered in Figure 40. For pur­

poses of the following discussion, a temperature of 2£0°C 

will be chosen to represent a temperature of deposition 

not incompatible with the mineral assemblages at Cobalt.

Holland (196^) presents a compilation of thermodynamic

data from which log f _ /log fA plots can be drawn for 
S2 °2

various reactions of geologic interest. The C-CO^ curve

provides an important restriction on fn because the absence 
u2

of carbon minerals (i.e., graphite) at Cobalt and the abun­

dance of carbonates requires that all considerations be con­

fined to the CO^ side of this curve. Similarly, the lack of 

native sulfur also restricts this discussion to the region 

below the S^-S^ curve. Figure 40 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 248°0. Therefore, the curve which

defines the FeSg-FeCO^ assemblage must approach the Ag-AggS

curve at

At lower

outlined

2^0oC. This requires an f^ = 10° atm. at 2£0°C 

fugacities, FeCO^ does not plot within the area 

by the C-COg and S^-S^ curves. At values above

10° atm., the FeSg-FeCO^ curve is displaced more than three 

orders of magnitude toward higher fQ values and is not near
S2

2
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Figure 40» Mineral Equilibria at 2^0°C and = 10° atm, 

No silica present. The ruled area represents the region

of mineral deposition at Cobalt, Ontario, Diagram is 

based on thermodynamic data from Holland (1965).
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Considerations of the minerals and mineral assemblages 

deposited at Cobalt at a temperature of 2^0°C and f^ = 10° 

atm. result in the placing of certain restrictions upon 

deposition as shown in Figure 40» Based on the further 

assumption that the fugacity of water in a vapor phase in 

equilibrium with an ore-forming solution at 2^0°C is about

40 atm. (i.e., the same as the vapor pressure of pure water 

at 2^0°C) and not correcting for ptotal, a number of impor­

tant parameters of the solution may be determined:

Temp. = 2£O°C 
(assumed)

f„ = lO"1^ atm.

2 oR 
f0 = 10""J° atm. 

faA = 10“13 atm.
DU g

fC02= 10° 

f„ = 10“^ atm. 
% .0

fg s= 10 atm.
2 16

fH20= 10° atm.

All of the species calculated are not necessarily present; 

however, those that are,will have the fugacities (= activi­

ties) given above. Further, if the £3 = 0.1 m in the solu­

tion, reference to Figure 3$, page 129, would suggest that 

the major sulfur species in the solution is HS" at a pH of 

about 8.

ITote that the fQ = 10"^ atm. obtained by inspection 
S2

of the log fQ /log fn plot of Figure 4° is in agreement 
S2 °2

with the value which would be obtained by consideration of 

the Ag + asp assemblage at 2^0°C on the log fa versus 1/T 
S2
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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 is difficult to 

make generalizations concerning a^ , a$ , aAg*  e$c* For 

consideration of temperatures different from 2^0°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 it diffi­

cult to estimate arsenic fugacities (f^). The proceeding 

analysis of the Cobalt deposits has involved an approach 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 solidification process, it is 

possible to enhance certain properties of eutectic inter­

growths. For instance, Albright and Kraft (1966) and 

Albright et al. (196?) 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 still in its in­

fancy. The controlled microtextures may possess certain 

magnetic, electrical, optical, thermal, and mechanical pro­

perties giving directional features to almost all of the 

crystalline properties of solids.

Ag-Fe-S 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-Fe-S 

1Z|.8
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system. Several of these mictotextnres appear to be similar 

to those produced by Albright and Kraft (1966) and Albright 

et al. (1967) during studies of solidification characteris­

tics of the Fe-FeS eutectic.

Intergrowths of phases such as ferromagnetic Fe and 

antiferromagnetic pyrrhotite with soft, malleable phases 

such as silver and argentite possess magnetic, electrical, 

metallographic, and crystallographic characteristics which 

may have possibilities for industrial applications especi­

ally in the fields of electronics and solid-state physics.

Solidification of the melts in experiments conducted 

during the present investigation was not directionally con­

trolled by intentional temperature gradients or slow cooling 

rates. The experimental charges were rapidly chilled from 

the annealing temperature to 2^°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 interesting quench mi cl»o textures 

observed as a result of crystallization from melts in the 

Ag-Fe-S system are shown below.
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Plate 1. Eutectic intergrowth of argentite (gray) and 
silver (white), The charge (Agy^Sgy) was annealed at 
839-3°0 for 2 1/2 days prior to quenching, (x 1600 oil)

Plate 2, Eutectic-like intergrowth of pyrrhotite (gray) 
and silver (white) resulting from crystallization of a 
pyrrhotite-rich liquid. The charge (£OAg + £0FeS) was 
annealed at 1010i£°C for 20 minutes prior to quenching, 
(x £10 oil)
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Plate 3» Intergrowth of silver (white) and pyrrhotite*  
argentite (dark gray) resulting from crystallization 
of a silver-rich liquid. The charge (Ag^QFegoSgY) 
was annealed at 95>2-2°0 for 1 hour prior^ro quenching, 
(x 2^0 oil)

Plate 11. Eutectic intergrowth of argentite (gray ground­
mass) and pyrrhotite (lighter-colored stringers) and 
pyrite (white to light gray). The charge (Ag^Ee^ko) 
was annealed at 630^°C for 12 days prior to quenching, 
(x 1600 oil)
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Appendix 1

DTA EXPERIMENTS WITHIN THE Ag-Fe-S SYSTEM

^Supercooling of the liquid phase.

CoinpositioHj) at. % Thermal Effect,°C* Interpretation

-A8- Fe S'__ heating cooling

40.0 10.0 5o.o(i) 568 AgpS fee # bee

607 56^ arg + py s Lt + Lg

54.0 3.0 43.0(1) 608 560** arg + py = + Lg

» 651 liquidus surface

45.6 10.2 44.2(1) 565 562 AggS fee * bee

608 585^ Lt + Ls arg + py

54.7 6.0 39.3(2) * 560 AggS fee st bee

605 566** Lt + Lg arg + py

47.5 10.0 42.5(3) 176 AggS bcc st mono.

482 481 AggS fee st bcc

532 530 arg-py-po eutectic

20.0 29.0 51.0(3) 482 481 AggS fee - bcc

533 534 arg-py-po eutectic

52.0 9.0 39.0(3) 178 AggS bcc st mono.

481 481 AggS fee # bcc

532 531 arg-py-po eutectic

6^.0 5.0 30.0(4) 519 518 AggS fee st bcc

623 619 Ag + st arg + po

60.0 20.0 20.0(5) 954 935 Ag + po upper stability

1004 Lt 56 LAg-rich + po

70.0 20.0 10.0(6) 954 950 st Ag + Fe + po

30.0(6)

965 968 Lt » Fe + po +

20.0 50.0 955 st Ag + Fe + po

964 Lt = Fe + po +

955 # Ag + Fe + po

965 Lt = Fe + po + LAg_rlch

% The thermal effect of the quartz internal standard is omitted

Starting materials: 1) Ag?S, FeSg, and S; 2) AgoS and FeSg; 
3) AggS, FeSo, and FeS; 47 AgoS, Ag, and FeS; 5) Ag and FeS; 
6) Ag, Fe, and FeS.
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Experiments conducted on the AggS-FeS join.

a. Experiments within the po + L^_ + V field.

Composition, mol.# Temp.,° C Time, days

58.7 41.3 750^2 6
66.7 33-3 750-2 5

b. Experiment s within the Ag + po + L. + V field. 
V

58.7 41.3 710±2 3
58.7 41.3 719*2
8.3 91.7 700±2

58.7 41.3 700±2 12
68.0 32.0 700±2 3
71.0 29.0 700±2 4
75.0 25.0 6?0±2 5
78.O 22.0 6^012 5
81.0 19.0 6?0±2 5
74.2 25.8 630*2 7
74-2 25.8 62^*2 1

c. Experiments within the arg + Ai5 + po + V field.

74.2 25.8 620*2 4
74.2 25.8 615*2
13.2 86.8 600*2

1^

d. Experiments within the Ag + po + V field.

4.0 96.0 700*2 5
1.5 98.2 700*2 10
3.8 96.2 600*2 18

e. Experiments within the Ag + L. + V field.V

74.0 26.0 700*2  3
80.3 19.7 680*2  4
83.O 17.0 645*2  9
85.0 15.0 645*2  9

f. Experiments within the arg + + V field

95-0 5.0 645*2  9

g. Experiments within the L. + V field.
91.5 8.5 700*2  3
85.7 14.3 700*2  3
78.2 21.8 700*2  18
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Appendix 3

Experiments conducted to determine 7OO±3°C isotherm.

a. Experiments within L. + L„ + V field. V M

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 U.S 70.0 10
24.0 6.0 70.0 10
20.0 4.4 75.4 8
38.0 9.0 53.0 7
62.0 1.0 37.0 6
55.^. 5.0 40.0 7
47.6“ 9.5 42.8 3
44-9 10.9 44-2 7

“Using AggS + FeSg as starting materials; the remaining 
experiments were prepared from elemental Ag, Fe, and S.

b. Experiments within py + L. + Le + V field. 

Composition at.#

Ag Fe s Time, days

41.0 12.0 47.0 7
U2.5$ 12.^ 45.0 6
40.7 13.0 46.3 3
36.0 14.0 50.0 7
33.0,. 17.0 5 0.0 6
31.5^ 17.6 50.9 7
21.8: 22.4 #.8 7
13.8; 25.4 59.8 7
5.3 30.6 64.I 7
20.0 22.5 51.5 6
22.0 8.0 70.0 6

“Using AggS + FeSg as starting materials; the remaining 
experiments were prepared from elemental Ag, Fe, and S.
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e. Experiments within py + + V field.

Composition at.#

S Time, days

U6.5 6

As Fe

31.16.0

*Using FeS2 + Ag2S as starting materials.

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

Composition at,#

Time, days

35.5% 17.5 47,0 7
29.0: 23.5 47.5 7
26. £ 22.5 51.0 6
24.5: 22.5 53.0 6
25.0: 25.0 50.0 7
16.3: 29.5 54.2 14
s.o; 38.O 54.0
8.0: 37.0 55.0 8
8.0“ 36.0 56.0 8

^Elemental Ag, Fe, and S were used as starting materials.

e. Experiments within po + + V field.

Composition at.#

Fe s Time, days

33.5, 22.2 44.0 7
37.0 21.0 42.0 3
16.3; 33.7 20.0
8.0^ 43.0 49.0
8.0; 42.0 20.0 8
8.0; 39.5 52.2 7
3.0; 45.0 22.0 8
2.0;: 46.0 22.0 7
4.5" 45.0 50.5 7

’‘Elemental Ag, Fe, and S were used as starting materials.
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f. Experiments within Ag + po + + V field

Composition at,#

Ag Fe S Time, days

74.0 6.0 20.0 10
72.5 7.5 20.0 10
71.0 9.0 20.0 6
60.0 15.0 25.0 10
57.3 14.1 28.6 20
53.5 15.5 31.0 7
50.0 17.0 33.0 7
47.0 17.5 35.5 6
43.0. 19.0 38.O 3
52. 10.7 36.9 4
50.7 11.9 37.3 3
51.1 11.7 37.2 3
48.1 13.9 38.0 17
45.3 16.0 38.7 17
42.0 18.5 39.5 3
40.0 20.0 40.0 14
8.0 44.0 48.0 Ô

“Using AgjS+ FeSg as starting materials; the remaining 
experiments were prepared from elemental Ag, Fe, and S.

g. Experiments within Ag + L. + V field.
U

Composition at.#

Time, daysFe s

77,0 3.0 20.0 10
75.5 4.5 20.0 10 .

5.5 35.0 3
54.0 9.5 36.5 3

^Using AggS + FeS as starting materials; the remaing 
experiments were prepared from elemental Ag, Fe, and S.

h. Experiments within Ag + arg + L, + V field.

Composition at.#

Ag Fe S Time, days

78.^ 1.5 20.0 10
67.0: 2.5 30.5 6
64-5 4.0 31.5 6

^Elemental Ag, Fe and S were used as starting materials.
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1. Experiments within arg + + V field.

Composition at,#

Time, days

3

^Elemental Ag, Fe, and S were used as starting materials.

j. Experiments within homogeneous liquid (L^) + V field.

Composition at.^

Time, days

58.6*
56.2 36.0

35-060.0

*Using AggS + FeSg as starting materials; the remaining 

experiments were prepared from elemental Ag, Fe, and S.

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

Composition at.^

As Fe S Time, days

3.9* 47.1 49.0 5
8.0 46.0 46.0 8
8.0 45.0 47.0

50.0 25.0 25.0
50.0 25.0 25.0 7

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

1. Experiments within the Ag + FeS + Fe + V field.

Composition at,#

Time, days

33.6
20.0
8.0

49.6
50.0
47.o

11
8
6

"Using AggS + Fe as starting materials; the remaining 
experiments were prepared from elemental Ag, Fe, and S.
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Appendix 4

Experiments conducted on L. positions of po + Lg + + V
field.

Composition, at.# Tenp. ,°C Time, Days Products at Tenp. 
Ap; ^e S

20 10 70 798±2 4 Ls + Lt + V

15 15 70 798^2 4 Ls + Lt + po + V

16 30 54 803^3 4 Ls + Lt + po + V

20 30 50 803^3 4 Lt + po + V
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Appendix $

Experiments in the Fe-S system below 320*0.

Experiments conducted on the troilite--h-po solvus.

Starting Material Type of 
po comp?, at.^ Fe Experiment

Comp, h-po at.^
Fe(XQ,10 at.%)Temp.,° 0 Time

49.5 Dry iziÿ 14d 49.35
49.0 Dry ioo±5 31d 48.65
49.0 Dry 70±10 63d 48.30
49.5 Aqueous" 120±5 5d 49.35
49.0 Aqueous look 17d 48.60
49.0 Aqueous 70±10 47d 48.35

.%»
Reaction medium was 2cc of 2m W^Cl.

b. Experiment;3 conducted on the m--po—py solvus.

Type of 
Experiment" Temp.,°C Time, days

Products at Temp, 
(po in at.# Fe)

Dry 300±3 6 m-po(46.70) + py
Dry 200±5 1s m-po(46.5°) + py
Dry 200±5 93 m-po(46.40) + py
Dry 100±10 93 m-po(46.35) + PJ
Dry 100±10 202 m-po(46.30) + py
Aqueous"" 205±10 46 m-po(46.45) + py
Aqueous 100±10 93 m-po(46.30) + py

All starting materials consisted of high-temperature h-po 
of 46 at.# Fe.

Reaction medium was 2cc of 2m ML.Cl.

c. ^Miscellaneous experiments

Starting Type of Temp., Time, Products at Temp.
Materials""" Experiment °C Days (po in at.# Fe)

po(47»0)+py Dry 296±3 40 h-po ( 47.3° )+p  y
po(47.0) Dry 296±3 40 h-po(47.35)+py
po(47.0) Dry 29g4 Ï7 h-po(47.30)+m-po(?)
po(48.0)+py Dry 295^4 87 h-po(47.4°)+py
po(48.0) Dry 295^4 87 h-po(47.95)
po(46.5)+arg Dry 29g4 47 m-po(46.7 )+arg+py
po(46.5( Dry 295*4 47 m-po (46.75 )+P y
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Appendix 5-e, continued

Type of
Experiment

Temp., 
°C

Time, 
Days

Products at Temp 
(po in at.# Fe)

po(47.5) Dry 270^10 36 h-po(47.4)
po(zj.7,0) Dry 270±10 36 h-po + m-po'
po(47)fpy 
po(46.^)

Dry 
Dry

270±10
270-10

s m-po(Z|.6.60)+py 
m-po'"

po(47*2) Dry 225$10 79 h-po^7^°>
po(47.0) Dry 225^10 79 m-po^
po(46.^) Dry 22^10 79 m-po"

po(47.o) Dry 152±5 167 h-po + m-po
po($6.7) Dry 152 ±5 167 m-po

po(48.0)4py Aqueous 20^±10 46 h-po[47-8)+py
po(47.0) Aqueous 20^410 46 m-po'"
po(48.^) Aqueous 100±10 63 h-po (48.^)

m-po^6.7) Dry 3O§±3 67 No reaction
m-po(I|.6.7) Dry 31^2 13 h-po(47«30)+py

Ç08 reflection larger than l|.O8.
* Reaction media was 2cc of 2m Ol CI.

^The pyrrhotite (po ) of the starting material is the high- 
temperature form; h-po of the products is the low-tenpera- 
ture form.
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