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Chapter 1 

Introduction 

In recent years our knowledge of ore deposits, and of the conditions 

under which they were deposited, has been augmented by experimental 

investigations of sulphide, and to a lesser extent, arsenide, oxide, 

selenide, and telluride systems. The physical conditions of formation 

for the gold-silver tellurides were examined in detail in the present 

study. These minerals have a wide geographie distribution and occur in 

several geological environments. The spectacular ores at the gold and 

silver mining camps of Cripple Creek, Colorado, Kalgoorlie, Western 

Australia, and Sacarambu and Offenbanya in Transylvania consisted of 

telluride mineralization. Gold-silver tellurides are also present as 

minor constituents in sorne sulphide ore deposits and quartz-vein-type gold 

deposits. There are as many as 26 such occurrences in the Canadian shield 

alone (Thompson, 1949). 

In crystal-chemical terms tellurides form a link between sulphide 

minerals having metallic and co-valent bonding and synthetic alloys 

having metallic bonding. Thus, experimental determination of phase re­

lations in the Au-Ag-Te system may be of considerable interest to students 

of atomic bonding in several scientific disciplines. 

Numerous inconsistencies exist in the literature with regard to the 

phase relations in the ternary system and additional confusion has been 

caused by misidentifications of natural gold•silver tellurides which have 

similar physical properties. This confusion is compounded by the presence 

of several synthetic phases which have not been reported as naturally 

occurring minerals and also by several of the phases occurring in two or 

more polymorphie forms. The compositional relations of the minerals 

reported in the Au-Ag-Te ternary system are shown in Figure 1. 
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Au 

• 
Krennerite 
(Au,Ag) Te

2 

Te 

.sylvonite 
AUAQTe

4 

• 
Petzite 

/II.JAgle2 

Figure 1. Compositional relations of minerals reported in the Au•Ag•Te 
system shawn in weight per cent. The term empressite has 
been applied to a mineral having the composition AgTe by 
Bradley (1914) and Honea (1964). However, Thompson et al 
(1951) applied the term empressite to a mineral of approximate 
composition Ag5Te

3
,recently renamed stuetzite by Honea (1964). 
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The immediate purpose of this investigation was to re-examine the 

phase relations employing more modern equipment and techniques with 

the hope of solving sorne of the problems reported by earlier workers. 

Secondly, it was hoped to apply this knowledge to the interpretation of 

the physical-chemical environments of deposits containing gold-silver 

tellurides. 

In brief, the present investigation comprises a series of 

isothermal sections at 356°, 335°, and 290°C within the mineralogically 

most important area of the ternary system which are determined in 

greater detail than previously. Phase relations at 170°C were also 

partly clarified. ln addition, the phase relations along the AuTez­

"AgTez" and AuAg3Te 2-AgzTe joins, and the Ag-Te binary were determined 

over the temperature ranges 270°-440°C, 20°-810°C, and 50°-810°C re­

spectively. The x-ray powder diffraction patterns of all phases en­

countered in this investigation were studied and where possible compared 

to natural minerals. 
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Chapter 2 

Previous work in the Au-Ag-Te system 

The binary systems 

Gold-Silver. The phase relations for the Au-Ag system were com­

piled by Hansen and Anderko (1958) from the work of JHneck (1911) and 

Raydt (1912). There is complete so1id solution with no eutectic, gold 

melting at 1063°C and silver at 960.5°C (see appendix, figure A2). 

Go1d-Te11urium. Rose (1908), Pelabon (1909), and Pe1lini and 

Quercigh (1910) studied the gold-tellurium system, and the data from the 

latter are taken as most reliable as they gave the best me1ting points 

of tellurium and AuTe 2 • The AuTez-Te part of the diagram has a simple 

eutectic at 416°C and 88 at. %Te with AuTez melting at 464°C and Te 

(Kracek, 1941, 1963) at 449.8° ± 0.2°C. The Au-AuTe2 portion has a 

eutectic at 447°C and 53 at. %Te (see appendix, figure A2). 

No binary solid solutions were observed by the above investigators; 

nor were any observed by Markham (1960, p. 1157). 

Besides gold and tellurium, the only other compound in the binary 

represented by a mineral species is calaverite, AuTe2 , Thompson (1948). 

The mineral montbrayite AuzTeJ, has not been synthesized. Markham (1957), 

Peacock and Thompson (1946). 

Silver-Tel1urium. The silver-tellurium system has been investi­

gated by several workers; notably Pelabon (1906), Pellini and Quercigh 

(1910a), Chikashige and Saito (1916), Koern (1940), Kracek and Ksanda 

(1940), Thompson et al (1951), Kracek and Rowland (1955), Kiukko1a and 

Wagner (1957), and Kracek and Ksanda (unpublished). 

Only two binary phases were found by al1 these investigators 

except for Kiukkola and Wagner. There was general agreement on the 
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existence of the phase Ag2Te which corresponds to the mineral hessite, 

but the other phase was given various formulae such as AgTe (Fellini 

and Quercigh), Ag7Te4 (Chikashigi and Saito), Ag12Te7 (Koern), Ag5Te3 

and Agz-xTel+x (Thompson et al), Ag5_xTe3 •00 (Donnay et al, 1956), 

Ag12Te7 (Sharma, 1963), and Ag5Te3 (Kracek and Ksanda, unpublished). 

Kiukkola and Wagner show, by means of solid-state titrations at 

250°C and 300°C, that there is evidence for the existence of a third phase. 

The phases were indicated by curves on a plot of the EMF of a cel1 

Ag/Agi/(Ag, Te) vs. Ag/Te ratio. The curves were separated by horizontal 

lines representing two phase fields. They designated the se phases &(, o 

and t corresponding to decreasing Ag content. Regarding compositions 

they say (p. 386), uAt 300°C the Ag/Te ratio ranges from 1.99 to 2.00 

for the oc phase, from 1.88 to 1.91 for the D phase, and from 1.63 to 1.66 

for the (phase." This wou1d correspond to Ag2Te fortX., Agl. 9Te for Ir, 

and Ag5_xTe3 for ( with x less than 0.11. 

The first two analyses of empressite, Bradley {1914), were in 

agreement with the formula AgTe. Subsequent work on material from the 

type locality by Thompson et al (1951) gave a formula closer to Ag
5
Te3 

and this material gave the same x-ray diffraction pattern as synthetic 

Ag5Te3 • This lead Thompson et al to recommend that Ag5Te3 be called 

empressite and that the name stuetzite be dropped. (Stuetzite was the 

name given by Shrauf [1878] for material thought to be Ag4Te and 

determined by Thompson et al to be Ag5Te3). This was the usage current 

until 1964, even though Thompson et al (1951) obtained a totally different 

x-ray diffraction picture, which was not indexed, from one unanalyzed 

sample, from the type locality. Honea (1964) reports that a chemical 

5 
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analysis made on material from the type locality gives the formula AgTe, 

thus substantiating Bradley 1 s early analyses. He further made x-ray 

single crystal and differentia! thermal analysis examinations of this material 

and proposes calling the phase AgTe empressite and the phase AgS•xTe
3 

stuetzite. The Debeye-Scherrer pattern of Honea is similar to the 

pattern of Thompson et al (1951) Which was not indexed. In view of the 

confusion in applying any name to Ag5.xTe3 at the time of writing, the 

chemical composition will be used throughout. 

The phase relations in the Ag•Te binary are derived essentia1ly 

from data provided by Kracek and Rowland (1955) with a few additions 

from Kracek and Ksanda (unpublished). The Te-AgzTe section of the 

diagram has a eutectic at 33.3 at. %Ag and 353 i O.S°C. Ag2Te me1ts at 

960°C. Ag2Te was reported as having two transitions, the 1ower one is 

at 105 ± 25°C on the Te-rich side and 145 ± 3° on the Ag-rich side. The 

second transition is at 689 t 5° on the Te-rich side and 802 ± 3° on the 

Ag-rich side. Ag
5

Te3 melts incongruent1y at 460 ± 5° to form Ag2Te + 

liquid. lt has a transition at 419 ! 5° on the Te-rich side and at 

417 -:!: 2°C on the Ag-rich side. At 295 ! 10°C Ag
5

Te
3 

shows a "distributed 

heat effect". 

On the Ag2Te-Ag side of the binary, a two liquid field exists from 

+ 0 
69.6 to 87.5 at. %Ag above 881 - 3 c. The liquidus extends from the 

+ 0 melting point of Ag to 869 - 3 C Where it forms a eutectic with Ag2Te 

at 87.5 at. %Ag (see appendix, figure A3). 

The room temperature polymorph of hessite is monoclinic (Frueh, 

1959a). Sharma (1963) prepared thin films of Ag2Te by different methods 

of evaporation and investigated by electron diffraction the structural 
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changes vs. temperature. He reports the transition temperature as 

157°C with the structure changing from orthorhombic to face centered 

cubic. Ag5Te3 is hexagonal at room temperature (Thompson et al) 1951). 

AgTe is orthorhombic at room temperature and decomposes to Ag
5

Te3 + Te 

at 210°C (Honea, 1964). 

The ternary system Au•Ag-Te 

This section briefly summarizes al1 the known reports of previous 

work in the ternary system as well as those relating to some chemical, 

crysta11ographic) and physical properties of ternary phases and 

calaverite with Ag in solid solution, as well as some of the reported 

assemblages in the ternary. 

The early work on the liquidus by Fellini (1915) has been superseded 

by the findings of Kracek and Ksanda (1940). They determined the position 

of the ternary eutectic at 330°C where the solid phases tellurium, 

Ag5Te3 and sylvanite coexisted with a liquid of approximate composition 

Au4Ag35Te 61 atomic per cent. Figure 2 is an unpublished liquidus diagram 

from Kracek. 

Markham (1957. 1960) studied the subsolidus phase relations in the 

ternary system. He determined an isothermal section at 300°C based on 

the appearance or disappearance of phases as deduced from Debeye-Scherrer 

x-ray diffraction photographs. At 300°C he found the following three 

phase fields to be stable: calaverite•petzite-gold; petzite-hessite-AuAg; 

petzite-hessite•sylvanite; hessite-Ag5_xTe3-sylvanite; Ag5_xTe3•sylvanite­

tellurium; and sylvanite-calaverite•tellurium. The isothermal section at 

300°C shows limited solid solution between the phases. On the basis of 

runs in the petzite-hessite-sylvanite field at 330°C, Markham determined 
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Figure 2. Liquidus surface of the Au-Ag-Te system after Kracek (unpublished) shown in atomic per 
cent. Note that the point for AuAg3Te2 (petzite) is misplaced, and that the present 
investigation has shown no indication of the phase AuAg2Te3. 
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that the tie-line joining hessite and sylvanite at 300°C changed to an 

Ag5_xTe3-petzite join at 315 ± 10°C. He was unable to synthesize 

krennerite, (Au, Ag)Te2 and speculated that it was the law-temperature, 

low-pressure polymorph of AuTez. 

Phase relations along the join AuTe2-"AgTe2" 

Previous studies by Borchert (1935), Tunel1 and Ksanda (1936), 

and Markham (1957, 1960) indicated that the stability fields of the 

natura1ly occurring phases on this join were far from comp1etely under-
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stood. Further confusion was added by the unreliabi1ity of many reported 

analyses and identifications of these phases because of their great 

similarity in polished sections. This is especially true when no x-ray 

diffraction study was made. 

It is appropriate to outline in tabular form sorne of the 

crystallographic, physical, and chemical properties of the three minerais 

known to occur on the AuTe2-"AgTe2" join. 

TABLE 1 

Crysta11ographic data for calaverite, krennerite, and sylvanite (taken 

from Tune11, 1954, p. 3 and 44). 

0 0 0 x3 Mineral SEace BrouE a A bA cA B Cell content Source 

3 2 4.40 90° 13' 160.4 2(Au,Ag)Te 2 Tunell (un-Calaverite c Zh-c /rn 7.19 5.07 
pub li shed 

Krennerite c4 -P 16.54 8.82 4.46 162.6 8(Au,Ag)Te2 Tunell & 2v ma 
Mura ta 
(1950) 

Sylvanite c4 -P2/c 8.86 4.49 14.62 145° 26' 166.9 2AuAgTe4 Tunell 2h 
(1941) 
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"The structures of calaverite, krennerite, and sylvanite are 

basically similar, although they have three different space-group 

symmetries. In all three minerals each gold and silver atom is 

surrounded by six tellurium atoms, which are not at the same distance, 

however. In calaverite and sylvanite each tellurium atom is surrounded 

by three gold or silver atoms and three tellurium atoms. In krennerite, 

part of the tellurium atoms are surrounded by one gold or silver atom 

and five te11urium atoms, part by five gold or silver atoms and one 

tellurium atom. 11 (Tunell, 1954, p. 4) 

TABLE 2 

Sorne physica1 and chemica1 data for calaverite, krennerite, and sy1vanite. 

Mineral 

Calaverite 

Cale. 
density 

9.26 (2) 

Measured 
density 

9.29 (2) 

9 .10•9 .40 (4) 

9.155 (6) 

wt. % silver (1) 

0.25,0.33 Kirkland Lake area, 
Ontario (3) 

0.40,1.74 Cripple Creek, 
Colorado (5) 

0.77,0.79 Colorado (6) 

0.58-2.3 Kalgoorlie, Aust. (7) 
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2.24,2.56 Red Cloud Mine, Colorado (8) 

Krennerite 8.86 (9) 8.63 (9) 4.87,5.4 Cripple Creek, Colorado (9) 

8.62,8.18 (10) 5.87 Sacarambu, Nagy-Ag (10) 

2.0-6.64 Kalgoorlie, Aust. (11) 

Sylvanite 8.11 or 8.16 (13) 12.49 Cripple Creek, Colorado (13) 
8.17 (12) 

8.24 (4) 9.18-11.77 Kalgoorlie, Aust. (7) 

11.74 Vatukoula, Fiji (7) 

7.943 (8) 11.52, Red Cloud Mine, Colorado 
11.92, (8) 
13.05 

http:9.18-11.77
http:2.0-6.64
http:8.62,8.18
http:2.24,2.56
http:0.77,0.79
http:0.40,1.74
http:9.10-9.40
http:0.25,0.33
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TABLE 2 (cont'd.) 

(1) Most of the reported calaverite analyses with more than 3% Ag 

are by Hillebrand (1895) p. 129 and Genth (1868) p. 314 and (1877) 

p. 118 giving 3.23, 3.52, 3.08, 3.03, and 3.08% respective1y. 

Besides containing many impurities, none of these analyses were performed 

on crysta11ographica11y examined samp1es and so cannat be considered 

too significant as it is quite likely that the calaverite examined 

contained small amounts of krennerite or other silver-rich tellurides. 

(2) Tunell (1954) p. 5; measured density determined pycnometrically. 

(3) Todd (1928) p. 77, 78; these analyses contained over 5% altaite 

and have been recalculated on the assumption thatall the silver 

was contained in the calaverite. 

(4) Thompson (1949) p. 347, 353. 

(5) Penfield and Ford (1901) p. 246. 

(6) Smith (1902) p. 149 - density is the mean of three specimens. 

(7) Markham (1960) p. 1166, 1170, 1469. 

(8) Genth (1874) p. 228, 229 - sylvanite analyses contained also 

quartz, Cu, Pb, Zn, Fe, Se, and S. 

(9) Tunell and Murata (1950} p. 962, 964 - density pycnometrically 

determined, average of five single crysta1s. 

(10) Siptlcz (1885) p. 176 - this material contained 2.29% quartz, 0.33% 

Cu, 0.58% Fe, 0.64% Sb. 

(11) Markham (1960) p. 1169 - most of these values are taken from 

Simpson (1948, 1951, 1952) and had been origina11y given as 

analyses for sylvanite, but thought by Markham to be krennerite 

based on the amount of si1ver • 

(12) 

(13) 

Tunell (1941) p. 459. 

Pa1ache (1900) p. 419, 422 - the density was determined with a 

hydrostatic balance on three specimens. 
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One can make the following observations from the above data: 

(1) The silver content as well as the molar volume increase 

from calaverite through krennerite to sylvanite. 

(2) Calaverite generally contains silver, but less than about 3 wt. %. 

(3) Krennerite generally contains about 4-6 wt. %Ag silver. 

(4) Sylvanite has not been analysed with its theoretical Au:Ag 

ratio of 1:1 which would amount to 13.23 wt. %Ag; but the 

analyses indicate a range from about 9-13 wt. %Ag. 

Much of the uncertainty of the stability fields of these three 

minerais has centered around krennerite. Borchert (1935), on the basis 

of heating experiments on natura1 krennerite, conc1uded that above 184°C 

krennerite was transformed to calaverite and furthermore that all natural 

ca1averite has passed through this inversion. Tunell and Ksanda (1936) 

have shawn, however, that the apparently single crystals of ca1averite 

that they studied have undergone no polymorphie inversion and are not 

paramorphic. 

There remain crystallographic problems connected with calaverite in 

that sorne of the comp1ex faces present have been found to be related to 

certain adventive diffraction spots on the Weissenberg photographs 

(Tunel1 and Ksanda, 1936, Tune11, 1954). A complete explanation has not 

yet been found for the complex faces or the adventive diffraction spots. 

Markham (1957, 1960) cou1d not synthesize krennerite and made sorne heating 

experiments with natural krennerite, calaverite, and runs of krennerite 

composition (2.0 to 8.0 wt. %Ag) at 430°, 400°, 300°, 250° and 150°C. 

On the basis of his results he concluded that krennerite is the law­

temperature, law-pressure polymorph of calaverite and that 11 krennerite is 

always metastable with respect to calaverite. 11 (Markham, 1960, p. 1160) 
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Natural occurrences of calaverite 2 krennerite, and sylvanite 

It is instructive to look at natural assemblages of these minerais 

in arder ta correlate and understand experimental work done in the 

synthetic system. It will become apparent as reported occurrences are 

cited that misidentification is an ever present danger. 

Thompson (1949) lists over eighty Canadian telluride localities. 

He makes the correct distinction of reporting separately those occurrences 

which had been confirmed by x-ray diffraction. In summarized form, his 

findings related to the minerais being discussed are given below. 

17 localities reported calaverite of which 12 were confirmed. 

3 localities reported calaverite plus sylvanite but these 

are unconfirmed. 

2 localities reported krennerite but these are unconfirmed. 

3 localities reported sylvanite but these are unconfirmed. 

1 locality reported calaverite plus krennerite plus sylvanite 

but only the calaverite is confirmed. 

Priee (1933) describes one specimen with the assemblage calaverite­

sylvanite•tetradymite-unknown telluride and shows a drawing of calaverite 

in contact with sylvanite (plate 80). His identifications, however, are 

by means of optical properties, etch, and microchemical tests only, and 

he does state that the sylvanite does not show twinning in all areas. 

There is thus no confirmed evidence of the assemblage calaverite­

sylvanite in these Canadian localities and the presence of krennerite is 

likewise unconfirmed. 

Lovering and Goddard (1950) p. 299, show in the following sentences 
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the reliability of sorne identifications at Cripple Creek, Colorado. "The 

most common telluride is calaverite, but considerable sylvanite and 

krennerite are also present. The term sylvanite is frequently applied 

by the miners to silvery calaverite and the term calaverite to yellowish 

or slightly tarnished crystals, fine aggregates of which may be confused 

with fine grained pale-yellow-pyrite." 

Tunell (1954) p. 1, reports that "By detailed examination with the 

binocular microscope of all the specimens in the collections of Cripple 

Creek ores in the laboratories of the Geological Survey (U.S.) and in the 

National Museum (Washington) the author proved that, contrary to pub­

lished statements, calaverite and krennerite were present in these ores 

in approximately equal abundance. Sylvanite, as had been stated in 

several publications, was found to be present in a much smaller quantity 

than calaverite or krennerite." No mention is made if calaverite and 

sylvanite were found together. 

Kelly (1963), after his extensive examination of polished sections 

from Boulder County, Colorado, has observed that the assemblage calaverite• 

sylvanite is very rare (three out of 195 polished sections). In the very 

few sections where this occurred, identification of the sylvanite was by 

optical means, unconfirmed by x-rays. The identification of the calaverite 

was confirmed by x-ray, but the sylvanite was so fine-grained that pure 

phases could not be extracted for x-ray. The sylvanite in each case 

showed conspicuous poly]amellar twinning and strong bireflectance and was 

identified only on the basis of these properties. 

Markham (1960) reports that calaverite is the most abundant telluride 

at Kalgoorlie and out of the llO telluride bearing specimens examined, he 
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found five specimens where calaverite was in contact with krennerite and 

only two occasions where the calaverite-sylvanite assemblage occurred. 

He based his identifications on x•ray diffraction. The earlier Australian 

workers, Simpson and Stillwell, realized that much of their "sylvanite11 

could be krennerite, and so less weight can be p1aced on their reports in 

this context. Baker (1956, p. 1) reports krennerite from Kalgoorlie 

associated with fringes of smaller grained sylvanite, and with sylvanite­

hessite intergrowths. He also reports that calaverite and petzite could 

not be positively identified by the mineragraphic method employed. 

Bath krennerite and sylvanite have been identified at Vatukoula, 

Fiji Islands, by Markham (1960) and he noted that these are found together 

in several instances. 

It can thus be said that confirmed reports of the assemblage 

calaverite•sylvanite are very rare, whereas the assemblages calaverite­

krennerite and krennerite-sylvanite do occur. 
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Chapter 3 

Materials, methods of s~<thesis, and techniques 

Materials 

Two lots of gold of 99.9995+% purity were obtained from Johnson, 

Matthey, and Mallory Ltd., Montreal and Toronto. The first lot was in 

the form of irregular pellets and the second (unfluxed gold) was a 

powder of approximately 100 mesh grain size. 

Tellurium (in bar form of 99.999+% purity, with Mg, Fe, Cu all 

< 0.0001%) was obtained from the American Smelting and Refining Company. 

Silver rods (99.999+% purity) were obtained from the Consolidated 

Mining and Smelting Company (Cominco 59 grade, lot no. 2706). They con­

tained the following impurities in parts per million: CaO - 0.1, 

Cu - 0.2, Fe - 4.0, Mg - 0.1, Si - 0.1. 

All these materials, as well as bulk quantities of some synthesized 

minerais, were kept in an evacuated dessicator. 

Methods of synthesis 

Most of the runs were performed in simple, sealed tubes of trans­

parent silica glass. The suitability of silica glass as well as the 

evacuation and sealing techniques are described by Clark (1959, p. 8-10). 

A loading technique by addition was evolved to nullify the adherence of 

reagents to the walls of the tubes by electrostatic charges; by using 

glass funnels of different lengths, a humidifier, and having a source of 

gamma radiation (a rich specimen of pitchblende) adjacent to the tube while 

loading. 

The runs were cooled as rapidly as possible in cold water, or an 

ice-water mixture, and their charges were ground or reground in an agate 

mo~under acetone. Hessite, and hessite-rich charges, could not be 
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easily ground due to their malleability. Such charges were crushed in a 

steel mortar immersed in liquid air. Sorne of the runs performed at lower 

temperatures were pelletized in a 5 mm. internai diameter press under about 

21,000 lbs/in2 • For similar periods of heating it was observed that runs 

which had been pelletized gave much sharper x-ray diffraction photographs. 

This was interpreted as a closer approach to equilibrium. Pelletized 

runs were also reground and annealed for a few days prior to being x-rayed. 

A more detailed account of the loading, regrinding, and pelletizing 

techniques is described in the appendix. 

Temperature control and measurement 

Most of the runs were heated in horizontal, cylindrical, electric 

furnaces similar to those designed by Dr. G. Kullerud (with a bridge type 

control mechanism) [clark, 1959, p. 11-12). These furnaces maintain a 

constant temperature within ± 1°C over a 3.5 to 5 inch zone measured at 

+ 0 Temperatures were controlled to better than - 2 C and were measured 

with chromel-alumel thermocouples. All temperatures were recorded con-

tinuously on a multi-channel recording potentiometer. Temperatures were 

checked once a week with a Rubicon potentiometer using a reference junction 

at 0°C and were never found to vary more than ~°C. 

Identification of the products 

(i) Reflecting microscope. Polished sections were made of those 

charges which were sufficiently solid; a portion being set in cold setting 

dental plastic and then fastened to a glass slide with vynilite. All 

polished sections were examined under the reflecting miscroscope using oil 

immersion objective lenses. Where phases had distinctive optical proper-

ties, less than one tenth of one per cent could be detected. Unfortunately, 
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many of the phases examined had very similar optical properties. 

Calaverite, krennerite, and sylvanite form one such group; and hessite, 

petzite, and Ag
5

_xTe
3 

form another. 

A more detailed account of the polishing and identification 

techniques of sorne of these phases is described elsewhere (see appendix, 

p. A2). 

(ii) X-ray diffraction. A portion of the original charge was 

examined by x-ray diffraction, and the remainder was stored in the 

original silica glass tube. Various x-ray powder diffraction techniques 

were experimented with as many of the Au-Ag tellurides have very similar 

x-ray diffraction patterns, and the d-spacings of selected reflections 

only varied in the fourth decimal place with increasing solid solution. 

Thus accuracy and reproducibility are very important factors. 

Five different x-ray powder methods were used. The Phillips 

symmetrical back reflection focussing camera was found to be the most 

satisfactory instrument for studying the change in interplanar d-spacings 

of selected reflections. 

The 114.6 mm. Debeye-Scherrer camera was used largely for quali­

tative work, and was superseded by the Guinier-de Wolfe forward re­

flection, focussing, multiple exposure powder camera because this camera 

was able to show the presence of very small amounts of sorne phases {less 

than ~ wt. %in sorne cases). 

A Rigaku-Denki high-temperature x-ray powder diffraction camera was 

used to determine ttansition temperatures and to study the stability fields 

of those phases which could not be quenched. 

Greater detail about each of the x-ray powder diffraction methods 

used is included in the appendix. 
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Chapter 4 

Phase relations in the binary systems 

~ The Au~Ag binary 

No studies were carried out in the Au-Ag binary since the previous 

work is regarded as adequate. 

The Au-Te binary 

The present investigation was concerned with the melting point of 

AuTe2 , the extent of solid solution of Te and of Au in AuTe 2, if any, 

and the stability field of AuzTe3· The melting point of AuTe2 was con-

firmed by placing coarsely ground AuTe 2 in a sealed, evacuated, silica 

glass capsule in a horizontal furnace and examining the contents after 

successive 1°C increments in temperature. The furnace was held at each 

temperature for at least a half hour. AuTe2 was found to melt at 464 ~ 

3°C, in good agreement with the published data (Pellini and Quercigh, 

1910b), although Winkler and Bright (1964, p. 7) report 469 ± 1°C from 

several heating and cooling arrests. 

Runs with AuTez plus excess Te, anQ with excess Au, were heated at 

320°, 350°, and 440°C.* No detectable departure from stoichiometry could 

be discerned for runs with excess Te and excess Au at 320° and 350°C. 

This was established by measuring the d131 reflection of AuTe
2 

and by con­

firming the presence of excess Te or Au with polished sections or the 

Guinier camera. At 440°C, however, there were indications that a small 

amount of Te was taken into solid solution {d131 1.3854), although Au 

solid solution in AuTe 2 could not be detected. The run with the least 

*All phase relations in this study were determined in sealed silica 
or pyrex tubes in which the condensed phases coexisted with the vapor in 
the tube. The vapor pressure is a function of the temperature and 
composition of the charge. 
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excess Te (0.6 wt. %) showed Te in polished section as well as on the 

Guinier film, and it is estimated that 0.3 wt. %Te or less is taken into 

solid solution at 440°C. 

Upon increasing temperature the solid solubility of silver in 

0 
AuTe

2 
decreases sharply to zero at 435 C (see figure 4). This is about 

30°C below the melting point. This behaviour is the result of a 

0 postulated polymorphie inversion in AuTe 2 at 435 C. 

Several runs were examined with the Rigaku-Denki high-temperature 

x-ray powder diffraction camera but gave irreproducible results. The 

first capillary with synthetic AuTe 2 was heated to about 400°C and then ta 

a temperature above the melting point giving the calaverite pattern and 

no pattern, respectively. A week later the same capillary was heated to 

388°, 427°, and 444°C. The patterns were all those of ca1averite although 

at 427°C and, to a greater extent, at 444°C the calaverite pattern was 

"spotty". Six months later this same capi11ary was heated to 444°C and 

gave the following pattern, also "spotty", which is quite distinct from 

the previous calaverite patterns. (see table 3) 

TABLE 3 

X-ray powder diffraction data for a probable high-temperature form of AuTe 2 

Line No.* d obs. hkl a 

1 3.01 100 3.01 
2 2.12 110 2.99 
3 1.51 200 3.02 
4 1.35 210 3.01 
5 1.01 221,300 3.02 
6 0.948 310 2.99 
7.,1 0.867 222 3.00 

8•ll 0.852 320 3.07 
9ol.l 0.815} 321 3.05 

10«.2 0.815 -- =3. 02 a 
*The intensities of the reflections were approximately equal. 
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This same capillary when x-rayed at room temperature gave a pattern 

which was unclear. The capillary was then ground and x-rayed with the 

Guinier camera which showed the patterns of AuTe 2 +Te+ (Au?). Some 

phenomena, as yet unclear, produced an effective breakdown of AuTe
2 

in 

the capillary. However, the pattern indexed in table 3 shows a close 

correlation with the work of Luo and Klement (1962). They investigated 

the Au-Te binary from 5.5 to 60.4 atomic per cent gold by using an 

extremely rapid cooling technique in air from 650-750°C (described in 

Klement, 1961 ). They report a simple cubic, metastable, Au-Te alloy 

existing between 15.3 and 40.4 atomic per cent gold having a lattice 

parameter varying from 3.11 to 2.91 ~ 0.01 K, respectively. Their lattice 

parameter versus gold composition curve (determined by x-raying at 26°C) 

indicates a value of a = 2.97 X for an alloy of AuTe
2 

bulk composition. 

This value can be equated with that postulated for the high-temperature 

polymorph (table 3) which gave a value of a = 3.02 K when x-rayed at 444°C. 

At 388° and 444°C a new capillary of AuTe
2 

gave a good pattern of 

AuTe
2 

and a very spotty, but otherwise normal, pattern of AuTe
2

, 

0 
respectively. Upon further heating to~460 C the charge apparently 

0 melted and exposures at that temperature and 392 C 

patterns of AuTe • 
2 

lded very spotty 

Four hour exposures of a third capillary of AuTe2 were taken on 

0 0 0 0 
successive days at 445 , 447 , 443 , and 436 C. The patterns in all 

cases could be ascribed to AuTe2 but became progressively more spotty with 

time, presumably indicating recrystallization. 

Therefore there are some indications that the AuTe
2 

structure 

breaks down above 435°C, but the process involved is not at present 
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understood. This transition possibly may be related to the development of 

"super structure" reflections of the natural and synthetic mineral as 

discussed in a previous section. This inversion was also suspected by 

Winkler and Bright (1964, p. 9) from differentiai thermal analysis 

endothermic phenomena observed at 435°C. 

Attempts to synthesize Au
2
Te 3 , reported by Peacock and Thompson 

(1946) as the mineral montbrayite, were unsuccessful. Runs with Au2Te3 

composition at 320°, 350°, and 440°C all yielded AuTe
2 

+Au. Runs of 

Au2Te3 composition plus 1% Ag gave AuTe2 + Au + AuAg3Te 2 at 440°C. How­

ever, in studying the gold-rich region around AuAg3Te 2, a new phase was 

detected on the Guinier powder photographs which bears some resemblance 

to the published pattern of Au2Te3 • This problem will be discussed in a 

later section and the x-ray powder data for AuzTe3 is compared with that 

of the new phase in the appendix, table Al2. A run of Au2Te3 composition 

(with 1% Ag) was heated to 315° and 385°C in the high-temperature camera 

but gave only the powder pattern of AuTe2 and Au. 

If Au2Te3 can in fact be synthesized from the pure elements, its 

field of stability is probably below 320°C. However, Luo and Klement 

(1962, p. 1872) note that a metastable gold-tellurium alloy of 37.5 atomic 

per cent Au (Au2Te3 = 40 at. % Au) was relatively more stable than all 

other metastable alloys studied. This might be related to the mineral 

montbrayite. There is only one reported occurrence of montbrayite, from 

the Robb-Montbray Mine, Montbray Township, Abitibi County, Quebec. The 

rarity of this mineral probably indicates that it was formed under unusual 

physical-chemical conditions because the assemblages gold-calaverite, 

and gold-calaverite-petzite are not rare. 
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The Ag-Te binary 

The Ag-Te binary has been investigated by several workers as was 

discussed earlier. Prior to Dr. F.C. Kracek's death, he had prepared 

a manuscript for publication (jointly with Ksanda) which gave greater 

detail (plus sorne additions) on the data reported by Kracek and Rowland 

(1955). However, in a report by Kiukkola and Wagner (1957), the presence 

of a phase intermediate in composition between Ag5_xTe3 and Ag2Te was 

indicated. This meant that further work was necessary on the Ag-Te 

binary. The present writer obtained Kracek and Ksanda's manuscript 

through the kindness of Dr. R.A. Robie with the intention of clarifying 

the above point. 

Thirteen runs of different compositions (56.75 to 62.38 wt. %Ag) 

along the binary were synthesized in horizontal furnaces by heating 

weighed amounts of Ag and Te in sealed evacuated silica glass capsules 

above 950°C. The charges were subjected to various heat and grinding 

treatments as tabulated in the appendix, table A2. Portions of most of 

these runs were ground and transferred into silica glass capillaries 

which were evacuated and sealed for use in the high-temperature camera. 

Most of the runs were performed by letting the camera equi­

libriate to the first temperature over a period of eight hours. After 

exposure for five to seven hours at 35 kilovolts and 20 milliamps with 

filtered Cu radiation, the specimen was progressively heated to higher 

temperatures, but only half an hour to three hours were allowed to attain 

equilibrium at each new temperature. 

Figure 3 represents a detailed section of the Ag•Te binary system 

showing the phase relations as deduced from data obtained with the 
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Rigaku-Denki high-temperature powder diffraction camera and from quenched 

runs in evacuated silica and pyrex glass capsules. The diagram is 

essentially in agreement with the data of Kracek and Ksanda (unpublished) 

together with Kiukkola and Wagner (1957) if data in the former are rein-

terpreted. The estimated error in temperatures delimiting the stability 

fields of the phases is based upon both Kracek and Ksanda's (unpublished) 

data and the present work. 

Severa! anomalous results were ignored in drawing up the phase 

diagram. It was established, for example, that reliable data could not 

be obtained if a capillary was used more than once. Heating the same 

capillary several times is thought to produce inhornogeneity in the charge. 

Even with capillaries used only once, several runs gave anomalous results, 

(e.g. the incongruent melting temperature of Ag5_xTe3 varied in sorne runs 

up to 445°C, the low to high transition in Ag-rich Ag
5

_xTe3 occurred as 

high as 293°C in one run, and the gamma-phase melted incongruently as low 

0 as 437 C in sorne runs). The temperatures and compositional limits as 

drawn in the phase diagram were derived partly from Kracek and Ksanda 1 s 

and Kiukkola and Wagner 1 s work and partly from the present investigation 

and were generally in good agreement. 

The phase diagram indicates the presence of three phases: Ag5_xTe3 , 

the gamma-phase, and Ag2Te. Ag5_xTe 3 melts incongruently above 420 ! 5°C 

to gamma-phase plus liquid. The compositional range of Ag5_xTe 3 is from 

57.95 to 58.39 wt. %Ag at 300°C according to Kiukkola and Wagner (1957). 

The low to high polymorphie inversion in Ag5_xTe3 occurs above 265 t 10°C 

on the Ag-rich side and above 295 t 10°C on the Te-rich side. Delineation 

of the two phase field (Ag5_xTe3 (low) and Ag5_xTe3 (high)) is uncertain 
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Figure 3. 
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and is shown in figure 3 only as a dashed line. The high form of 

Ag5_xTe3 could not be quenched for x-ray at room temperature. There is 

very little difference in the high-temperature x-ray patterns of the 

high and low forms (table 4), yet they can be identified in a series of 

photographe taken with small (10 to 20°C) increments of temperature 

between exposures. 

There has been much confusion in the notation used for polymorphs 

of Ag2Te and Ag5_xTe3 • Both Roman numerals and Greek letters have been 

employed. Throughout this text, the terms low, intermediate, and high 

and their abbreviations 1, i, and h in the diagrams are used (this also 

applies to other minerals such as petzite, etc.). 

The phase intermediate in composition between Ag
5_xTe3 and Ag

2
Te, 

termed the gamma-phase by Kiukkola and Wagner (1957), is stable between 

the temperature limits 120 t 15°C and 460 ± S°C, above which it melts 

to Ag2Te plus liquid. The compositional range of the gamma-phase at 

300°C is from 61.38 to 61.75 wt. %Ag according to Kiukkola and Wagner 

(1957). The low to high polymorphie inversion, heretofore unreported, 

0 
occurs at about 178 C. No detail was obtained for the narrow field con-

taining both the low and high polymorphs, and this field is indicated in 

figure 3 as a dashed line. The evidence for this transition is given in 

table 4 where the high-temperature x-ray patterns for the two polymorphs 

are c ompar ed. 
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TABLE 4 

High-temperature x-ray diffraction patterns for gamma-phase and Ag5_xTe3• 

Run No. 258 (61.08 wt. %Ag} Run No. 378 (58.23 wt. %Ag) 

l -1ow () -high Ag5_xTe3 (1ow} Ag
5

_xTe
3 

(high) 

@ 150°C @ 227°C @ 275°C @ 302°C 

I d meas. I d meas. I d meas. I d meas. 

w* 3.55 w 3.57 

w 3.11 w 3.14 

w 3.03 w 3.02 

w 2.62 vw 2.63 

rn 2.57 vw 2.57 

vw 2.25 rn 2.22 w 2.24 w 2.25 

s 2.18 s 2.18 s 2.17 s 2.18 

vw 2.11 rn 2.13 rn 2.15 

w 2.04 w 2.04 

w 1.95 w 1.95 

vw 1.88 w 1.88 

w 1.35 w 1.36 

.,, w = weak 

vw :::: very weak 

rn - medium 

s = strong 

The transitions in Ag2Te and the temperature of the eutectic are 

those of Kracek and Ksanda (unpublished}. The intermediate and high forms 

• of Ag2Te could not be quenched for x-ray at room temperature • 
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The existence of the gamma-phase was confirmed with the high-

temperature camera, the Guinier camera, and polished sections. Table 4 

shows the x-ray diffraction pattern obtained with the high-temperature 

camera compared with the patterns of Ag
5

_xTe3 • The similarity of the 

patterns, especially of the strongest reflections, made interpretation 

of the films difficult. However, the change from patterns showing 

Ag
5

_xTe3 + Ag2Te in runs of about 61.5 wt. %Ag to gamma-phase above 

120°C is quite distinct. The Guinier x-ray powder diffraction pattern of 

the gamma-phase (see appendix, table A3) indicates that the pattern is 

distinct from those of Ag5_xTe3 and Ag2Te. The gamma-phase could only be 

preserved for x-ray by rapid cooling in ice-water and x-raying as soon as 

possible with the laboratory cooled to 18°C. For the gold free gamma-

phase a noticeable breakdown to Ag
5

_xTe
3 

and Ag2Te could be observed after 

24 hours at 18°C. As will be discussed in a later section, the gamma­

phase can take more than 10 wt. %Au in solid solution, and this apparently 

stabilizes the structure for a longer period at room temperature. 

Polished sections of the gamma-phase were made and described in the section 

entitled "Tie lines within the area bounded by calaverite, sylvanite, 

Ag5_xTe3 , hessite, and petzite." 

Kracek and Ksanda's unpublished data cau easily be reinterpreted to 

substantiate the presence of the gamma-phase. Table 5 gives data from 

their differentiai thermal analysis • 
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TABLE 5 

Se1ected differentiai thermal analysis data from Kracek and Ksanda 

(unpublished). 

Composition range Heating arrest Cooling arrest 
wt. %A 

58.488 to 61.655 122-138°C 70-85°C 

61.655 to 62.295 147° 143° 

131-132° 121-123° 

85-110° 

62.836 wt. % Ag 

Their interpretation is shawn by figure A3 in the appendix. The 

above data can be reinterpreted on the basis of the present work as fo11ows. 

(1) 58.488 ta 61.655 wt. %Ag composition range. 

The heating arrest represents the formation of the gamma-phase. The 

coo1ing arrest represents the breakdown of gamma to Ag5_xTe3 + Ag2Te. 

The larger divergence between the cooling arrest temperature and that ob-

tained with the high-temperature camera is not unexpected since the gamma-

phase can be preserved at room temperature with very rapid coo1ing. 

(2) 61.655 to 62.295 wt. %Ag composition range. 

The highest heating and cooling arrests correspond very well with 

the Ag2Te polymorphie inversion (low to intermediate), indicating negligible 

solid solution in Ag2Te as 145 ± 3°C is the transition temperature on the 

Ag-rich side as weil. The heating arrest at 131-132°C represents the 
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formation of the gamma-phase from Ag5_xTe3 + Ag2Te. The two cooling 

arrests can be interpreted in two ways. They could be attributed to a 

partial, followed by a complete breakdown to Ag
5

_xTe
3 

+ Ag
2
Te. 

Alternatively the highest cooling arrest may be due to a supercooled 

0 
transition in gamma (found at 178 in the present investigation), with 

the lowest temperature representing the final breakdown to Ag5_xTe3 + 

Kracek (1963) and Umino (1926) report the possibility of a solid 

state transition in tellurium. Von Hippel (1948), on theoretical grounds, 

wrote that the hexagonal Te structure could be easily distorted to a 

simple cubic lattice. A capillary with tellurium was x-rayed in the 

0 high-temperature camera from room temperature to 434 C (at intervals of 

approximately 75°C). The pattern remained essentially the same except 

for a progressive enlargement of the lattice and gradual convergence of 

two doublets with increasing temperature. Apparently no transition 

occurs in this temperature range and at pressures less than one atmosphere. 

Attempts to synthesize the phase AgTe, reported as occurring in 

natural ores, originally by Bradley (1914, 1915) and recently confirmed 

by Honea (1964), were unsuccessful as shown in table 6. 
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TABLE 6 

Selected runs heated at 194° and 170°C relating to the Ag-Te binary. 

wt. % Run 
No. Ag Te 

264 45.81 54.19 

265 45.83 54.17 

264A 45.81 54.19 

265A 45.83 54.17 

331 45.80 54.20 

Thermal history 

0 
M; 90 days @ 194 C, G & P 

after 6> 25, and 60 days, 

G after 78 days 

90 days @ l94°C, G & P 

after 6, 25, and 60 days, 

G after 78 days 

after heating at l94°C 

above, G & P, 86 days @ 

174°C, G & P after 42 days, 

G after 85 days 

after heating at 194°C 

above, G & P, 86 days@ 

174°C, G & P after 42 days, 

G after 85 days 

0 86 days @ 170 C, G & P 

after 42 days, G after 85 

da ys 

Products identified 
on Guinier powder 

photographs 

*Te02 was detected in run 265A because the charge was left open to the 

atmosphere for several weeks after heating at 194°C. 
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These attempts to synthesize AgTe were made at temperatures well 

below the upper stability limit of natural AgTe deduced by Honea from 

differentiai thermal analysis as 210°C. Binary compositions equivalent 

to Ag5_xTe3 (58.23 wt. %Ag) and more silver-rich compositions all gave 

the Ag5_xTe3 pattern with about six extra reflections. The three largest 

d-values of these extra reflections cannat be indexed according to pub­

lished patterns of Ag5_xTe3 (see appendix, table A4). These extra re­

flections, which do not accompany the normal Ag5_xTe3 x-ray pattern cannat 

be attributed to any known polymorphs of hessite, gamma-phase, or Ag5_xTe3 • 

It is noteworthy that these reflections correpond fairly closely to 

sorne of the strongest reflections in the pattern for natural AgTe as 

reported by Honea. By a further coincidence, most, if not all of the 

remaining reflections in Honea's AgTe pattern correspond ta reflections 

in Ag5_xTe3 (see appendix, table A4). The reason for these relations is 

not understood at present. It might be noted that the pattern for 

synthetic Ag5_xTe3 , which contains many more reflections than were observed 

by either Berry and Thompson (1962) or by Honea (1964), is in much closer 

agreement ta the cell dimensions and indexing of Berry and Thompson. 

Luo and Klement (1962), using an extremely rapid quenching tech­

nique in air, report the presence of a simple cubic, metastable, Ag-Te 

alloy existing between 20.5 and 30.5 atomic per cent Ag. Between the 

compositions 33.5 and 50.5 atomic per cent Ag, the x-ray patterns of this 

cubic phase became progressively weaker and the pattern of an unidentified 

phase (or phases) became progressively stronger. (A 114.6 mm. Debeye­

Scherrer x-ray film of the 50 at. %Ag-Te alloy, kindly provided by 

H.L. Luo, was examined and identified as Ag5_xTe3 + cubic Ag-Te alloy.) 

In view of the uncertainties remaining in the Ag-Te binary system 

cited above, the writer considers that not enough is known about the phase 

AgTe to include it in the Ag-Te phase diagram at this time. 
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Chapter 5 

Phase relations along the join AuTe 2-"AgTe2" 

The phase diagram> figure 4, shows the phase relations along a 

portion of the join AuTe2-"AgTe2". The solvus curves represent a close 

approach to equilibrium from the solidus down to 320°C. It is considered 

0 
that equilibrium was not reached below 320 C, except possibly along the 

silver-rich solvus of sylvanite, and the interpretation made is guided by 

the apparent reaction rates at the higher temperatures as well as by the 

products formed. This will be discussed in greater detail in a later 

section. Symbols used are those proposed by Chase (1956), unless other-

wise indicated. 

The extents of the solid solution fields were determined by con-

structing d-value versus composition curves from the measurements of the 

interplanar spacings of selected reflections at various compositions and 

temperatures. It was soon apparent that there were few reflections which 

satisfied all the requirements of this method and the reflections finally 

used were selected after considerable trial and error. The d-value versus 

composition curves for calaverite, krennerite, and sylvanite are given in 

figures 6, 7, and S,respectively. The maximum weighing error is estimated 

+ to be - 0.2 wt. %. As the fit on the curves indicates, it is probably 

considerably less. 

The calaverite d-value versus silver content curve 

The calaverite d131 reflection (according to indexing by Tunell 1954 , 

see appendix, table Al4) was measured on the x-ray diffractometer. An 

appropriate amount of interna! standard (LiF, a = 4.0270 g) was mixed with 

the sample and the diffractometer was set to oscillate four or six times 

over the region to be measured. The goniometer rotation was ~0/minute and 
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the chart speed about 1 inch/degree. The standard and unknown reflections 

were measured with a scale to the nearest 0.01° 29 at their centers of 

gravity (visually estimated at 1/3 peak height). A better d-value versus 

composition curve might be obtained using the Phillips back reflection 

camera, but this was discovered only after most of the calaverite curve 

was completed and did not justify doing it again. The runs were x-rayed 

from two to eleven times each and an examination of those which were x-

rayed eleven times gave a standard deviation of 0.0004 Î. The points 

plotted in figure 6 represent the means of all the d-values obtained for 

a particular composition. Because a straight line fits the points relatively 

+ 0 
well, it is estimated that the error for each point is less than - 0.0004 A. 

Most of the runs approached equilibrium by being continuously heated 

at one temperature. Some checks were made, however, by reaching equi-

librium on cooling. For example, run 239 (0.46 wt. %Ag) was originally 

synthesized at 440°C and, after being x-rayed, was ground and heated at 

350°C and the resulting product fits the curve very well. Likewise run 86 

(1.96 wt. %Au) was synthesized at 382°C and fits the curve which was 

constructed from runs synthesized at 350°C. 

The krennerite d-value versus silver content curve 

The Phillips symmetrical back reflection focussing camera was used 

to establish the curves for both krennerite and sylvanite (figures 7 and 8, 

respectively). The films were corrected for shrinkage against the fiducial 

marks. The index of the krennerite reflection measured is not certain; 

it could be the (0.11.0) or the (2.11.0), or combinations of (0.11.0), 

(1.11.0), (2.11.0), (12.9.0), (14.8.0), and (16.8.0) (see appendix, figure 

A4 for typica1 x-ray pattern). These are al1 reflections given in Tunell 
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and Murata (1950) as having a d-value of 0.80 K and similar intensities. 

The reflection measured, in the present study, is well resolved into~1 

and~2 and all readings taken are the mean of measured« 1 and measured~2 • 

It is estimated that each measurement is in error by no more than ± 

0.0001 ~ (based on obtaining a standard deviation of 0.000095 K for 

measurements on ten films of the (422) reflection of LiF). 

For most of the curve (figure 7) equilibrium was approached in one 

direction only with runs at 350°C. The close fit of three runs at 320°C 

0 
and one at 365 C indicates that this curve must represent a close approach 

to equilibrium. The three runs at 335°C plotted in the krennerite-

sylvanite field were synthesized in different ways. The run having the 

d-value closest to the mean of all three and the run with the largest d-

value were brought to equilibrium on cooling. The run having the smallest 

d-value was only heated at 335°C. However, the run with the value closest 

to the mean was heated for the longest period (90 days versus 60 and 45 

days for the largest and smallest d-values) and probably indicates the 

closest approach to equilibrium. The runs at 305°C plotted in figure 7 

are not at equilibrium, and x-raying after 30 and 120 days did not indicate 

any change in d-values greater than the probable measuring error. However, 

there was a stronger krennerite pattern on the Guinier films after 120 days 

heating. To reach equilibrium at 305°C would be prohibitively long. 

The sylvanite d-value versus silver content curve 

The sylvanite reflection measured for the d-value versus composition 

curve (figure 8) is not as well resolved as the reflection for krennerite 

(see appendix, figure A4 for typical x-ray pattern), and its intensity is 

weaker. The hkl for sylvanite could be either (4.5.S) or combinations of 
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(4.5.8), (ll.O.Ï6), and (9.0.6) using the data given in Tunell (1941). 

The accuracy of the measurements are considered to be less than that of 

krennerite and are estimated to be ± 0.00015 Î. Equilibrium was approached 

from two directions. Most of the curve was constructed from runs syn-

thesized at 320°C. The earlier runs were kept continuously at that 

temperature, but the later ones were first melted and then heated at 320°C. 

Phase relations along the AuTe2-"AgTe2" join 

The solvus curves in figures 4 and 5 were constructed with the aid 

of the d-value versus composition curves (figures 6, 7, and 8) as well as 

by using appearance or disappearance of phases on Guinier powder photo-

graphs. The Guinier focussing camera can indicate the presence of very 

small quantities of sorne phases (e.g. 0.5 wt. %Au, 1.25 wt. % krennerite, 

0.2 wt. %Te can be detected in AuTe2). The curves are considered correct, 

within t 0.2 wt. % Ag, down to 320°C. Below that temperature equi1ibrium 

was not always reached and the curves are tentative. 

The incongruent melting points of krennerite, (382 ± 5°C), and 

sy1vanite, (354 ± 5°C), were obtained by x-raying synthetic krennerite and 

sylvanite after 1° and 2°C temperature increments of the charges placed 

in a horizontal furnace.(approximately one hour was allowed for temperature 

stabilization). The data obtained were checked by the reverse procedure 

using decreases in temperature. 

0 
A11 the runs below 382 C were designed to contain excess te11urium 

to facilitate weighing. The composition of the charge, during the weigh-

ing procedure, was determined using the lever law on a ternary diagram 

with 50 cm. sides. The exact composition was later calcu1ated by con\ 

verting all weights to atomic per cent and keeping the metal tellurium 
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ratios at 1:2. The excess tellurium varied from 0.1 to 15.0 wt. %. The 

starting materials for all the runs on this join were AuTe2, Ag, and Te. 

Reactions are much slower when Au is one of the primary components. 

Calaverite solvus curve. All the preliminary work on this solvus 

curve was done with runs containing excess tellurium. Because of this the 

silver solid solution field disappears above 405°C. It was then decided 

to weigh all the runs above 382°C within 0.1 wt. % of the AuTe2-"AgTe 2" 

join because the liquidus field, as shawn in figure 2, must affect the 

composition of runs with excess tellurium at temperatures above 405°C. 

The results indicate, however, that the silver solid solution field now 

disappears at about 435°C, still about 30°C below the melting point at 

464°C. The work in the Au-Te binary indicates that less than 0.3 wt. % 

Au or Te goes into solid solution in AuTe2, even at 440°C. 

Above 400°C the liquidus field approaches the AuTe2-Te binary and 

intersecta it at 425°C. It is suggested that, as the tie lines from the 

liquid field to AuTe2 (containing sorne Ag in solid solution) are unknown, 

the solvus curve i s 
0 

not well defined above 400 C at present. The re 

is a further complication in that the d-values of the three runs at 440°C 

are lower than the value given by AuTez with no silver. This cannat be 

explained at present, other than it must be associated with the high-

temperature polymorph of AuTe 2 discussed previously. 

A run to check the spacing curve below 382°C (figure 6) was heated 

at 375°C with no excess tellurium and the d-value obtained was within the 

experimental error of runs with excess tellurium. This, together with 

the fact that good d-value versus composition curves were obtained, even 

though the amount of excess tellurium varied randomly, indicates that the 
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curve obtained is generally reliable. The maximum silver to be taken into 

solid solution by calaverite is estimated to be about 2.8 t 0.2 wt. % 

and occurs between 320° and 290°C. The runs in table 7 at 270°C indicate 

a silver content of about 3.0 wt. %, but it is considered that these runs 

are not at equilibrium. 

TABLE 7* 

Selected runs along the AuTe -"AgTe 11 

2 2 join relating to the reaction rates 

at 270°C. 

Run wt. % 
No. Ag Thermal his tory Products Remarks 

185 2.80 M· 
' 

86 days, G & P after 43 cl+ Te not heated 

days, G after 83 days long enough? 

208 2.82 M; 86 days, G & P after 43 cl+ Te not heated 

days, G after 83 days long enough? 

254 2.85 M; 86 days, G & P after 43 cl not heated 

days, G after 83 days long enough? 

298A 3.08 M; 84 days, G & P after 43 cl >> sv + Te non-equilibrium? 

days, G after 82 days 

167 3.50 M; 168 days, G & P after cl > sv + Te non•equilibrium? 

65, 83, and 126 days, G 

after 166 days 

166 3.63 M· 
' 

168 days, G & P after cl 7 sv + Te non-equilibrium? 

65, 83, and 126 days, G 

after 166 da ys 

*Key to symbols used in this and subsequent tables: 
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TABLE 7 (cont'd.) 

The first number in the thermal history column refers to total heating 

period in days (excluding time heated above melting point). 

M = initially melted and pelletized before subsequent heating (generally 

melted @ 700°-970°C for 1-3 days) 

G = ground in mortar 

P = pelletized in pellet press 

cl calaverite, kr = krennerite, sv sylvanite, 

pet = petzite, hs = hessite, Te = tellurium 

"x" = "x" phase, ~ = gamma-phase 

For all compositions quoted, the second demical place is of only partial 

significance. 

A maximum silver content of 2.8 wt. % corresponds well with the more 

reliable of the data on natural calaverites given in table 2. 

Krennerite solvus curvei. The stability field of krennerite is out­

lined from its incongruent melting point at 382 ± 5°C to 320°C. The most 

silver-deficient krennerite (3.35 ± 0.2 wt. %Ag) is stable at temperatures 

near the melting point. The solid solution field of this phase broadens 

rapidly on the silver-rich side with decreasing temperature until the maxi­

mum silver content of 6.2 ± 0.2 wt. % is reached at 350°C. Below 350°C 

the solvus curves on both the silver•poor and silver-rich limits approach 

each other and could coalesce at 200°C at an estimated composition of 

about 4.5 wt. %Ag corresponding approximately to a formula Au4AgTe
10 

(which would actually have about 4.96 wt. %Ag) (see figure 4). An alterna­

tive interpretation of the behaviour of the krennerite solvus below 320°C 
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is shawn in figure S. Bath interpretations are also in fairly good agree­

ment with those reliable analyses of natural krennerite listed in table 2. 

The two differing interpretations for the krennerite solvus curve below 

320°C will be discussed later in the section on 'Reaction rates on the 

AuTe2-"AgTe2" join.' 

Sylvanite solvus curves. The sylvanite solvus curve is rather flat 

in the region between 350° and the incongruent melting point of this phase 

at 354 ± 5°C. The exact composition of sylvanite at the melting point 

is estimated to be at 7.4 t 0.25 wt. %Ag by projecting the solvus curves 

from bath sides of the solid solution field. The solvus curve on the 

silver-poor side attains its lowest silver content of 6.7 wt. %Ag at 

290°C. The highest silver content obtained for sylvanite (12.0 wt. %) 

was synthesized at 270°C. On projection to temperatures below 270°C, the 

solvus curve on the silver-rich side approaches 13.23 wt. %Ag~ which is 

the silver content of stoichiometric AuAgTe4 • 

The range of silver compositions of natural sylvanites shawn in 

table 2 is from 9.18 to 13.05 wt. %. As noted before~ six of the fifteen 

analyses for sylvanite given by Simpson (1948, 1951, 1952) were regarded 

by Markham (1960, p. 1169) as representing krennerite~ and of these, three 

have a composition between 6.0 and 6.64 wt. % Ag. It is thus difficult 

to give tao much weight to the reported analyses of sylvanite, but they 

do indicate that silver-poor sylvanites are relatively rare in natural ores. 

Reaction rates on the AuTe2-"AgTe 2
11 join 

Examination of the products of runs on the AuTe2• 11AgTe2
11 join 

indicates that the reaction rates are very dependent on bath time and 

solid diffusion. The Guinier focussing camera was employed to identify 
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the phases present. lnitia11y, the 114.6 mm. Debeye-Scherrer camera was 

employed, but it was discovered that a phase in amounts less than 5-10 

wt. % cou1d not easi1y be detected in this way, and that the similar dis­

tribution and close spacing of the lines on the powder photograph of the 

phases made positive identifications difficult. With the Guinier camera, 

however, less than 0.5 wt. % Te mixed with AuTe2 is detectable. 

The greater importance of solid diffusion in runs when the reacting 

grains are closely packed than when the grains are loose1y packed is 

shawn by runs 328a and 328b in table 8. Run 328 was divided into two parts 

after the first grinding, only one half of Which was pelletized. The 

presence of calaverite in run 328a compared to the development of the 

single phase krennerite in the pelletized run subjected to the same heat 

treatment is considered good evidence that solid diffusion across close 

packed grains is the more important process in these reactions. A similar 

conclusion is reached by comparing runs 114A and 270 in table 9. 

An examination of the data in table 8 shows that, for short heating 

periods, i.e. 5•9 days at 350°C and with only one grinding operation, one 

phase more than is allowed by the Phase Rule will be present. This is 

proof of non-equilibrium conditions (see runs no. 45, 42, 44, and 41) • 

46 



47 

TABLE 8 

Selected runs along the AuTe2- 11AgTe2
11 join relating to the reaction rates 

at 350°C. 

Run wt. % 
No. Ag Thermal history Products Remarks 

52AA 2.78 50 days,G after 5 and 47 days cl > kr + Te equilibrium 

45 3.30 5 days,G after 2 days cl >kr+ sv+ Te non-
equilibrium 

42 4.10 9 days,G after 2 days cl 7 kr+ sv+ Te non-
equilibrium 

92 4.12 16 days,G after 3 and 10 days kr + Te equilibrium 

44 4.36 5 days,G after 2 days cl > kr + sv+ Te non-
equilibrium 

72 4.36 15 days,G after 5 and 9 days kr + Te equilibrium 

328a 4.53 5 days,G after 2 kr>> cl+ Te ne ar 
equilibrium 

328b 4.53 5 days,G & P after 2 days kr + Te equilibrium 

13 4.56 15 days,G after 5 and 9 days kr + Te equilibrium 

41 4.59 4 days,G after 2 days sv7kr+ cl + Te non-
equilibrium 

37 5.04 5 days,G after 2 days kr+ sv+ Te non• 
equilibrium 

111 5.06 13 days,G after 2 and 6 days kr + Te equilibrium 



TABLE 9 

Selected runs along the AuTe2-"AgTe 2" join relating ta the reaction rates 

at 320°C. 

Run wt. % 
No. Ag Thermal history Products Remarks 

48 

88 3.52 10 days, G after 2 and 8 days cl >sv + Te non-equilibrium 

95 4.01 16 days, G after 2 and 10 da ys cl '") sv + Te non-equilibrium 

250 4.00 M· 
' 29 days, G & P after 6 kr / Te »> cl very close to 

days; G after 18 days equi librium 

143 4.44 14 days, G a ft er 2 and 8 days cl + sv+ Te non-equilibrium 

114A 4.45 32 days, G after 7, 14, and cl + sv+ Te non-equilibrium 
21 days 

270 4.46 32 days, G & P after 4 and kr + Te equilibrium 
15 days, G after 26 days 

122 5.10 16 days, G after 6 and 14 days sv ::> cl + Te non-equilibrium 

268 5.01 32 days, G & P after 4, 15 kr + Te equilibrium 
days; G after 26 days 

75 5.21 15 days, G after 5 and 9 da ys sv ., kr+ Te non-equilibrium 

76 6.00 15 days, G after 5 and 9 da ys sv )' kr+ Te non-equilibrium 

273 5.96 32 days, G & P after 4, 15 kr ") sv + Te equilibrium 
days; G after 26 days 

Tables 9 and 10 show simi1ar reaction rates, except that it is further 

evident that the first two phases ta form are ca1averite and sy1vanite 

(neglecting tellurium). For example, runs 88 and 95 are definite1y in the 

calaverite + krennerite and the krennerite fields, respectively, and yet 

bath contain calaverite + sylvanite. Thus sylvanite has a tendency to 

form more readily than krennerite under these experimental conditions. 



Further proof that sylvanite forms relatively readily at low temper-

0 atures is given by a run with 12.02 wt. %Ag heated at 270 C for 51 days, 

ground after 1 days and then ground and pelletized after 36 days. The d­

value of the product was 0.80633 ± 0.00015 K which gave a close fit on the 

d-spacing versus composition curve (figure 8). The remainder of the run 

was melted at 500°C for 6 hours, then ground, pelletized and heated at 

0 270 C for 11 days. The resulting d-value was 0.80650 ± 0.00015 R which 

is close to the first value obtained but does not fit on the curve as well. 

Only sylvanite and tellurium could be detected in both cases. 

TABLE 10 

Selected runs along the AuTe - 11AgTe 11 join relating to the reaction rates 2 2 

Run wt. % 
No. Ag Thermal history Products Remarks 

308 4.04 M· 
' 35 days, G & P after 7 & cl + sv + Te non-

19 days; G after 28 days equilibrium 

308 4.04 M; 35 days as above then G cl + kr ) sv + Te non-

& P, lOO days, G & P after equilibrium 

19 & 50 days, G after 98 days 

91A 4.12 73 days, G after 3, 45, 60 & c 1 + kr + sv + Te non-

70 da ys equilibrium 

299 4.25 M· 
' 41 days, G & P after 15 & cl + sv / kr + Te non-

25 days; G after 34 days equilibrium 
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299 

115p 

304 

304 

116 

310 

310 

TABLE 10 (cont'd.) 

4.25 M; 41 days as above then G & P, cl + sv ? kr + Te non-

4.51 

lOO days, G & P after 19 & 50 

days, G after 98 days 

56 days, G after 6, 14 & 20 

days, P after 42 days 

4.48 M; 35 days, G & P after 7 & 

19 days; G after 28 days 

4.48 

4.86 

4.83 

4.83 

M; 35 days as above then G 

& P, lOO days, G & P after 

19 & 50 days, G after 98 days 

22 days, G after 7 & 14 days 

M; 35 days, G & P after 7 & 

19 days; G after 28 days 

M; 35 days as above then G & 

P, 100 days, G & P after 19 & 

50 days, G after 98 days 

equilibrium 

cl + sv + Te non-

equilibrium 

cl > sv ) kr + Te non­

equilibrium 

cl ) kr ;; sv + Te non-

equi librium 

cl + sv+ Te non-

equilibrium 

cl + sv ) kr + Te non­

equilibrium 

kr + sv > cl + Te non­

equilibriœn 

Three-phase assemblages of calaverite,krennerite, and sylvanite 

50 

indicating non-equilibrium were observed in some runs at 305°C and in most of the 

runs at 290°C over the composition range 3~-6 wt. %Ag. The longest heating 

periods at these temperatures (including several grindings and pelletizing) 



were 120 days and 140 days, respectively, while the longest heating 

period at 270°C for runs in that composition range was 160 days. 

0 
Calaverite and sylvanite were the only two phases present at 270 C. These 

data can probably be interpreted in two ways. 

Since it was established from runs at 350° and 320°C that the first 

two phases to form in this composition range are calaverite and sylvanite 

and, further, that krennerite takes progressively longer to format lower 

temperatures, it is possible that krennerite would form at 270°C and 

lower temperatures after a much longer heating period. The rarity of the 

assemblage calaverite-sylvanite in nature (if it is really present at all~), 

as was discussed in a previous section, would support such a suggestion. 

This is the interpretation shown in figure 4. 

On the other hand, although the runs at 305°C are not quite at 

equilibrium, the position of the silver-poor krennerite solvus obtained 

from the d-spacing versus composition curve, figure 7, curves sharply from 

about 3.7 wt. %Ag at 320° to 4.5 wt. %Ag at 305°C. If these data are 

acceptable, then it is conceivable that the krennerite field may contract 

0 
abruptly, terminating just below 290 Cas shown in figure 5. This would 

indicate that krennerite is always metastable at room temperature and will 

not form below 270°C. The rarity of the assemblage calaverite•sylvanite, 

especially when compared to the relatively abundant presence of krennerite 

in nature, gives greater support to the phase relations as indicated in 

figure 4. However, this problem is still open for further work, and 

further detailed examination of natural assemblages of these minerals is 

badly needed. 

Much of the above data conflicts with Markham1 s (1957, 1960) find-

ings. He determined the maximum solubility of silver in calaverite to be 
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3 t 1 wt. % at 300°C, by noting the first appearance of sy1vanite on 

powder photographs using 57.54 mm. and 114.83 mm. Debeye-Scherrer type 

powder cameras. He reports no krennerite at that temperature and esti-

mated the one phase sy1vanite field to extend from about 10.3 to 12.35 

wt. %Ag. It should be noted, however, that these runs were heated at 

300°C for only 11 or 15 days and that the only grinding was done directly 

after weighing of the three elements. (It is unclear how gold and silver 

could be ground.) Markham's unsuccessful attempts to synthesize krennerite 

0 0 0 0 0 at 430 , 400 , 300 , 250 , and 150 C from runs in the krennerite range 

of compositions (2.0-8.0 wt. %Ag) and the behaviour of natural krennerite 

and ca1averite at some of these temperatures can be reinterpreted in the 

light of the present investigation, making it unlikely that krennerite is 

the low-temperature, low-pressure polymorph of calaverite. At 430° and 

400°C a11 Markham's runs produced calaverite (to be expected as krennerite 

melts incongruently at 382°C to form calaverite plus liquid). At 300°, 

0 0 
250 , and 150 C natural krennerite remained unchanged (to be expected as 

krennerite is stable at those temperatures according to figure 4). Like-

wise runs of krennerite composition at 150°C began to form calaverite 

(also to be expected as these were only heated for 7 days, and the sylvanite 

was probably not identified on the powder photographs). 

The effect of other elements on the stability and solid solution 

field of krennerite has not been studied. 
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Chapter 6 

The phase diagram~ figure 9, was constructed from data obtained 

using a Rigaku-Denki high-temperature x-ray powder diffraction camera. 

Fifteen runs of different compositions along this join were synthesized 

in horizontal furnaces by heating weighed amounts of AuAg3Te2 and Ag2Te 

in sealed, evacuated, silica glass capsules above 950°C; grinding and 

pelletizing the charges and then heating them at 440°C for 10 to 14 days. 

Polished sections of runs along the join showed petzite and hessite com-

bined in irregular intergrowths with about~ wt. %of Au (see figure 13). 

Runs having a composition between AuAg3Te2 and Ag2Te, when quenched from 

440°C, gave the diffraction patterns of the low temperature polymorphs of 

hessite and petzite only if x-rayed after several weeks. Extra reflections, 

representing metastable phases,are observed if x-rayed immediately after 

quenching. Portions of these fifteen runs were ground and transferred 

into silica glass capillaries which were evacuated and sealed for use in 

the high-temperature camera. 

Most of the runs were performed by letting the camera equilibrate 

to the first temperature over a period of eight hours. After exposure for 

three ta five hours at 35 kilovolts and 20 milliamps with filtered Cu 

radiation, the specimen furnace was progressively heated to higher temper-

atures, but only half an hour to three hours were allowed to attain equi• 

librium at each new temperature. The phase diagram is considered to be 

only an approximation because some inversion temperatures were found to 

0 
be lower by more than 10 C when the camera furnace was progressively cooled. 

The temperatures indicated on figure 9 are considered to be correct within 

± 15°C. The lowering of the hessite low ta intermediate inversion is 

schematic only. 
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The phase diagram indicates continuous solid solution between the 

highest form of AuAg3Te2 (stable from 319°C to the beginning of melting 

at approximately 735°C) and the highest form of Ag2Te (stable from 

802° to its melting point at 960°C). This solid solution field, termed 

pet-hsss in figure 9, extends beyond AuAg3Te2 to about 32 wt. %Au at 

304°C as indicated on the diagram. A new phase, designated "x", is stable 

along this join from 2.5 to 14.5 wt. %Au within the approximate temper­

ature limits 50° to 415°C. The solid solution fields of AuAg3Te 2 (low 

and intermediate) on the gold-rich side are interpreted as being less 

than one weight per cent, based on observing sorne gold and calaverite 

in polished sections quenched from 290° and 170°C (more Au than cl). 

Similarly, on the silver-rich side of AuAg3Te2, the solid solution fields 

of the low and intermediate forms are interpreted as being less than 

one weight per cent. No llx" phase could be detected in run 199 (see 

0 table 15) quenched from 270 C, but this is thought to be due to the simi-

larity of the petzite intermediate and "x" phase x-ray patterns, but nx" 

phase and sorne hessite were observed in a run having 22.8 wt. % Au 

quenched from 440°C. The constant temperatures for the petzite low to 

intermediate inversion, as determined with the high-temperature camera, 

are taken to indicate negligible solid solution. Difficulty was also 

experienced in interpreting patterns for the two-phase assemblage; 

intermediate AuAg3Te2 plus "x'' phase on high-temperature camera films, 

as their diffraction patterns are similar. These two were the only two 

high-temperature forms along this join which could be quenched and 

x-rayed at room temperature. 

The temperature ranges of the stability fields of AuAg3Te2 (petzite) 

and As2Te (hessite) polymorphs are tabulated in table 11. 
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TABLE 11 

Temperature ranges of the stability fields of petzite and hessite polymorphs. 

AuAg:}Te 2 AgTe2 * 
Pol;y:mor:eh Tem:e. stabüit::2: field Tem:e. stabilit;y: field 

low 25° to 210°C 25? to 145°C 

intermediate 210° to 319°C 145° to 802°C 

high 319° to 735°C 802° to 960°C 

* Data from Kracek and Ksanda (unpublished) for Ag2Te-Ag 

Frueh (1959b, p. 701) reported that natural petzite transformed to 

a higher form between 150° and 250°C and further recorded a personal 

communication from Drs. F.C. Kracek and c.J. Ksanda indicating that this 

transition had been determined by differentia! thermal analysis as 210° 

t 10°C (confirmed by the present study). The x•ray powder data obtained 

for intermediate petzite is compared to that obtained by Frueh (see 

appendix, table A5) and is similar. The pattern was not indexed; however, 

a much better pattern was obtained with the Guinier camera after rapid 

quenching in ice and is given in the appendix, table A6. 

The diffraction patterns of the high temperature forms of petzite 

and hessite are very similar, except that more reflections are visible 

with increasing gold content. This is probably due to the better scatter-

ing effect of gold and/or to the fact that this form occurs at lower 

temperatures on the gold-rich side of the join so that the larger angle 

reflections could be missing because of thermal agitation. Frueh (1961, 

p. 658) reports the reflections observed for natural Ag2Te using a 
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Unicam high•temperature camera at 825°C. These are compared below with 

patterns obtained for AuAg3Te 2 and Au0 •472Ag 3 •528Te2 • The patterns 

correspond quite closely except that more reflections were obtained for 

the gold-bearing solid solutions. 

TABLE 12 

x-ray powder diffraction data for the high-temperature solid solution 

0 
Frueh @ 825 C 

Ag2Te 

hkl d 

llO 3.74 

200 2.65 

211 2.16 

220 

310 

321 

330,411 

0 
a=5.29 A 

@ 363°C 

Au0.472Ag3.528Te2 

d 

3.68 

2.61 

2.14 

1.85 

1.65 

1.40 

1.23 

0 
a=5.22 A 

l 

3 

2 

10 

3 

1 

~ 

~ 

d 

3.66 

2.61 

2.14 

1.85 

1.65 

1.40 

0 
a=5.20 A 

The beginning of melting of AuAg3Te2 (in the form of pet-hs solid 

solution) was established at 735° ± 10°C by observing the first sign of 

melting in coarsely ground AuAg3Te2 in an evacuated silica capsule placed 

in a horizontal furnace. No change was observed at 730°C but at 740°C 

all the fragments became rounded, and no further change could be observed 
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The extension of the pet•hs field to about 32 wt. %Au is based ss 

on high-temperature camera data at three compositions more gold-rich 

thau AuAg3Te2 (see figure 9), as well as two other more gold-rich compo• 

sitions. This interpretation was guided by the data obtained from 

Guinier patterns and polished sections for quenched runs. This will be 

discussed in more detail in the section entitled 11Tie lines within the 

area bounded by calaverite, sylvanite, Ag5_xTe3 , hessite, and petzite." 

The intermediate polymorph of Ag2Te was indexed by Rahlfs (1935, 

p. 178), and his indexing compares closely with the present observations 

(table 13). 

TABLE 13 

High-temperature x-ray powder diffraction data for intermediate polymorph 

of Ag2Te. 

250°C 
Present study 

Rahlfs*@ Ag2Te (with 2.86 
Ag2Te Ag2Te @ 302°C wt. %Au) @ 363°C 

d hkl d 1 d 

111 3. 77 2 3.76 

2.32 220 2.32 10 2.32 

1.98 311 1.98 4 1.98 

1.64 400 1.64 1 1.65 

1.52 331 1.51 ~ 

1.34 422 1.34 2 1.34 

1.26 511,333 

1.23 

a=6.57 X a""6. 55 X 0 
a=6.56 A 

* Corrected using Ag as internai standard, Kx units which are 

equivalent to X when only using two decimal places. 
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A large section of this join consista of a new phase stable 

between 50 ~ 20°C and its incongruent breakdown above 415 ± 20°C to 

petzite-hessite solid solution and intermediate Ag2Te. The gold con­

tent of this phase, termed the 11x 11 phase, extends from about 2.5 to 14.5 

wt. % on the join. The 11x11 phase gave a high temperature powder pattern 

which could be indexed as face-centered cubic with a = 14.97 R, or 

orthorhombic with a= 7.5 Î, b = 6.8 R, c = 6.0 K. The latter tentative 

indexing is tabulated in table A7 in the appendix. This phase, however, 

was quenched in ice and the Guinier powder photograph shows a very large 

number of reflections. Although the strongest reflections fit the high­

temperature indexing, this pattern could not be indexed as easily. This 

pattern is compared to the intermediate temperature form of AuAg3Te2 in 

the appendix, table A6. 

Table 14 summarizes data for all phases on the join Ag2Te•AuAg3Te 2• 

It is noted that the calculated specifie gravities decrease with an in• 

cresse in temperature or an increase in the Ag:Au ratio. The symmetry 

of most phases increases with increasing temperature. The substitution 

of Au for Ag, or vice versa, and the ease of movement of the Au or Ag atoms 

within Te frameworks are consistent with the data obtained and with the 

difficulty of quenching most of the high temperature phases • 
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TABLE 14 

Selected data for all phases present on the AuAg3Te2~Ag2Te join. 

Cale. 
S.G. 

No. of 
Symme- :f,ormula 
try wts./cell 

(1) low form 
room temp. 

intermediate 
0 form@ 302 C 

(2) high form 
@ 825°C 

intermediate 
form@ 363°C 

11xu phase 

high form 
@ 363°C 

intermediate 
form 

(3) low form 
@ 25<YC 

a=8.09 
b=4.48 
c=8.69 
p=l23°20' 

6.55 

5.29 

6.56 

a=7.5 
b=6.8 
c=6.0 

5.22 

5.2 

1 

10.38 

(1) Frueh (1959a) natural material 

(2) Frueh (1961) natural material 

(3) Frueh {1959b) natura1 materia1 

271.4 

281.01 

148.04 

282.30 

306 

142.2 

140.6 

? 

1118.38 

8.21 

8.11 

7. 70 

8.18 

7. 72 

P2/c. 

f.c.c. 

b.c.c. 

f.c.c. 

ortho­
rhombic 

8.51 b.c.c. 

9.16 b.c.c. 

? ? 

9.20 b.c.c. 

The only high temperature phases on this join which cou1d be pre-

served long enough to give an x-ray powder pattern at room temperature 

4 

4 

2 

2 

2 

1 

1 

? 

8 

were the petzite intermediate polymorph and the "x" phase. The technique 
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used was to drop the capsule containing the powdered material in ice 

water as rapidly as possible using heated tongs and then to mount it on 

the Guinier sample bolder and x-ray it immediately. The x-ray laboratory 

was kept cool at 18°C during the 10 hour exposures. It was observed, for 

example, that the "x" phase would begin to break down giving low hessite 

after thirteen hours at room temperature. Also the slightest pressure 

on grinding the material would speed the breakdown to low petzite plus 

low hessite. The data obtained from such runs quenched from 270° and 170°C 

are summarized in tables 15 and 16-

TABLE 15 

Runs quenched in ice from 270°C and x-rayed immediately (10 hour exposure). 

Products identified 
Run wt. % on Guinier powder 
No. Formula Au Ag Te photographs 

346 35.73 33.26 31.01 pet (low) ) cl (low) + Au + pet (int) 

182 AuAg3Te2 25.39 41.71 32.89 pet (low) )) pet (int) 

199 20.97 45.38 33.64 pet (low) ">) pet (int) 

340 15.37 50 .. 05 34.58 pet (low) > pet (int) + "x" phase 

279 12.73 52.23 35.02 "xu phase + pet (low) 

280 7.75 56.38 35.86 "x" phase ':>) pet (low) 

281 4.81 58.83 36.36 "xli phase > hs (1ow) + trace? pet (low) 

282 2.86 60.45 36.68 hs (low) » pet (low) 

155 Ag2Te 62.83 37.16 hs (law) 
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TABLE 16 

Runs quenched in ice from 170°C and x•rayed immediately (10 hour exposure). 

Products identified 
Run wt. % on Guinier powder 
No. Au Ag Te photographs 

278 17.80 48.00 34.20 pet (low) ') "x" phase + hs (low) 

279 12.73 52.33 35.02 pet (1ow) ., "x" phase + hs (1ow) 

339 7.54 56.55 35.90 "x" phase "')pet (low) + hs (1ow) 

281 4.81 58.83 36.36 "x" phase + hs (1ow) + trace1 pet (low) 



• 

Chapter 7 

Tie lines within the area bounded by 

calaverite, sylvanite, Ag5_xTe3 , hessite, and petzite 

Markham (1960, p. 1161) states that the hessite-sylvanite join 

(present at 300°C) changes to a petzite-Ag5_xTe3 join above 315 ± 10°C. 

This conclusion was based on the results of two runs at 330°C whose 

compositions lay within the petzite•hessite-sylvanite field. The compo-

sitions of these runs are given by Markham (p. 1155), who is evidently 

in error, since these compositions lie on either side of the proposed 

petzite•Ag
5

_xTe
3 

join and yet bath are reported to contain petzite + 

sylvanite + Ag5_xTe3 • 

Runs having bulk compositions approximating to 9.0 wt. %Au, 

50.0 wt. %Ag, and 41.0 wt. %Te were weighed and heated at 290°, 320°, 

335°, and 350°C for periods of over thirty days (including severa1 

grinding operations). Debeye-Scherrer films of these runs were not 

conclusive; petzite and sylvanite were definitely present together with 

either or bath hessite and Ag5_xTe 3 • The Guinier photographs (taken 

months later) showed the four phases: petzite, sylvanite, hessite, and 

Ag5_xTe3 • This was considered to be a non-equilibrium assemblage and 

indicated that a more thorough study of the tie 1ines in this part of 

the ternary system was necessary. 

Isothermal sections at 356°, 335°, and 290°C for this part of the 
ternary system 

. 0 Isothermal sections of th1s part of the ternary system at 356 , 

335°, and 290°C are shawn in figures 10, 11, and 12, respectively. 

Runs heated at 170°C gave the same data as at 290°C. The exact campo• 

sitions of the runs shawn in the figures, their thermal history, and 

their products as identified on Guinier x-ray photographs are tabulated 
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Key to Figure 10 

Phases present at 356°C in equilibrium with vapor. 
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Figure 10. 
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Weight pe r cent Ag 
Phase relations in the central portion of the Au-Ag-Te system at 356°C in equilibrium with 
vapor. Solid circles represent bulk compositions of some runs at 356°C. 
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Key to Figure 11 

Phases present at 335°C in equilibrium with vapor. 
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Figure 11. Phase relations in the central portion of the Au-Ag-Te system at 335°C in equilibrium with 

vapor. Solid circles represent bulk compositions of sorne runs at 335oc. 



Key to Figure 12 

Phases present at 290°C in equilibrium with vapor. 
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Figure 12. Phase relations in the central portion of the Au-Ag-Te system at 2900C in equilibrium with vapor. 

Solid circles represent bulk compositions of sorne runs at 290°C. 



in the appendix, tables AB, A9, and AlO. All the runs, except where 

indicated, were rapidly quenched in ice water and x-rayed immediately. 

The tie lines shown indicate the approximate positions of the two- and 

three-phase fields. The reactions in this part of the ternary are con-

sidered to be faster than those on the AuTe2-"AgTe2" join. The extent 

of the solid solution fields of calaverite, krennerite, and sylvanite 

are taken from figure 4. The liquid fields are very approximate and one 

is taken from figure 2. The tie lines to the AuAg solid solution 

are guided by the results obtained by Markham (1960, p. 1159). 

The gamma-phase 

These isothermal sections do not necessarily indicate which as-

semblages would be expected in natural ores if equilibrated to relatively 

law temperatures. However, special conditions during crystallization 

and/or the stabilizing effect of other elements might enable sorne of the 

phases which are metastable at 25°C, such as the gamma-phase, to be 

preserved. Polished sections were made of two runs heated in pellet form 

0 
at 335 C in which the gamma-phase was preserved. 

TABLE 17 

0 Selected runs heated at 335 C containing gamma-phase. 

Products 
Run wt. % identified 
No. Au Ag Te on Guinier film 

371C 4.69 57.76 37.55 Y only 

375 39.40 60.60 ~ / Ag5_xTe3 + hs (law) 

Stable 
assemblage 
at 335°C 
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In polished section run 371C consisted mostly of gamma-phase with 

approximately 10% Ag5_xTe3 and 0.5% Ag2Te, while run 375 consisted of 

Ag5_xTe3 and gamma-phase in approximately equal proportions, with less 

than 0.5% Ag2Te. 

Employing oil immersion objective lenses the gamma-phase appears 

bluish-grey in polished section (very similar to petzite) and is isotropie. 

With one exception, reactionsto standard etch reagents were very similar 

to those published for Ag
5

_xTe
3 

and hessite. FeC13 etches the gamma-

phase grey-black with iridescent edges, whereas both Ag5_xTe3 , hessite 

and petzite become iridescent only. 

TABLE 18 

Etch reactions for gamma-phase. 

HN03 brown tarnish in 20 sec. 

HCl 

KOH 

HgC12 

FeC13 

KCN 

- iridescent in small circular patches7 {60 sec.) 

- negative (60 sec.) 

- iridescent {slowly, 60 sec.) 

- etches grey-black with iridescent edges (rapidly) 

- slowly iridescent (60 sec.); most of this rubs off easily 

The reactions with FeC13 were clearly observed in run 375 where 

grey-black patches of etched gamma-phase are set within iridescent Ag
5

_xTe
3

• 

Discovery of a second ternary eutectic 

The isothermal sections at 356° and 335°C indicate the development 

of a new liquid field within the calaverite-petzite-Au field. 
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All quenched runs within the Au + petzite + calaverite field heated 

between the temperature limits 440° and 305°C gave the x-ray patterns 

of Au+ calaverite + petzite + an unknown phase. This unknown phase (or 

phases) gave two patterns, termed for convenience A and B, which sorne­

times appeared together and sometimes separately. The x•ray data for 

A and B are given in the appendix, table Al2 .. (compared with the published 

pattern for Au
2

Te
3 

[montbrayite] ). Though there are sorne similarities 

in the patterns, they are significantly different. 

Data on the runs in Which phases A and B occur and their thermal 

history are tabulated in the appendix, table Al3. Polished sections 

were made of most of the above runs. The only conclusions that could be 

drawn from the available data are as follows: 

(1) Patterns A and B (and the unknown phase seen in polished 

sections which is attributed to them) do not occur in runs heated at 290°C 

or below. 

(2) Polished sections indicated at least four phases present in 

all runs which showed either pattern A or B, or both, on x-ray photo­

graphs, indicating a non-equilibrium assemblage. 

(3) In polished section the phase corresponding to pattern A is 

strongly anisotropie and bireflectant and only occurs within petzite 

grains, while the phase corresponding to pattern B is similar and can 

only be distinguished in runs where pattern A is absent. By contrast 

petzite is isotropie (figure 14). 

(4) All the above runs which had been heated to 356°C produced a 

regulus when quenched, indicating the development of a liquid. Exami­

nation of polished sections revealed that the liquid probably was mostly 

of calaverite composition with sorne Au and petzite (figures 15 and 16). 
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Figure 13. The assemblage hessite-petzite synthesized at 440°C. Hessite 
{light coloured, approximately 70% by weight) forms an 
irregular intergrowth with petzite. Grain boundaries are 
very indistinct and are practically invisible unless an oil 
immersion lens is used. Black areas are pits and scratch 
marks. All photomicrographs, unless otherwise stated, are 
taken with plane polarized light and oil immersion objective 
lenses. 

Figure 14. Lamellar-like exsolution of phase A in large petzite grain 
synthesized at 356°C. Two, and possibly three orientations 
of lamellae are shown. Also present are three grains of 
gold with a minor amount of c~laverite associated with the 
largest grain. Black areas are pits. 
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Figure 15. Same po1ished section as figure 14, but at 1ower magnification. 
Rounded grains of petzite contain 1ame11ae of phase A and 
very sma11 amounts of go1d and ca1averite. These are sur­
rounded by an intergrowth of ca1averite•go1d-petzite formed 
by crysta11ization from a 1iquid. The petzite in the crystal-
1ized liquid shows no lamellae. Black areas are pits. 

Figure 16. Same as figure 15, but greater magnification showing detail 
of groundmass surrounding large rounded petzite grains. 
Calaverite forms b1aded or acicular crystals in a petzite 
groundmass whi1e gold occurs in rounded irregular grains. 
Crossed nicols. 
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(5) Runs 346 and 376 gave the strongest patterns for A and B. 

(6) The composition of phase A in figures 14, 15, and 16 was de-

duced from an estimation of the volume per cent of A in the petzite 

grains. This percentage was then applied to the phase relations in 

figure 9 and an approximate composition arrived at of 42 Au, 28 Ag, and 

30 Te, a11 in weight per cent, by using the lever law.-

Heating runs 342, 345, 346, and 376 in the high-temperature camera 

demonstrated that the pet-hsss extends to more go1d-rich compositions 

than AuAg3Te2 , and that calaverite disappeared above 304°C. This is in 

agreement with the above observations and indicates that a 1iquid field 

t 335° and 356°C · th · h · fi 10 occurs a ~n e appro~mate areas s own ~n gures 

and 11. 

The breakdown of the pet-hs (of compositions more gold-rich than ss 

AuAg3Te 2) on quenching is thought to produce phases A and B which are 

probably metastable Au-Ag-Te phases of differing compositions. These 

always occur within petzite and are observed as anisotropie phases in 

petzite in polished sections (figure 14). 

It is interesting to note that two writers have described aniso-

tropic phases in natural petzite. According to Uytenbogaardt (1951, 

p. 37), 11Helke (1934) distinguished between an isotropie, greyish-violet 

variety (~-petzite) and an anisotropie modification ql-petzite) showing 

great resemblance to hessite. However, no further details such as 

transition point, etc., are given." Hawley (1948, p. 111) reported 

sorne petzite grains from the Kirkland Lake area as showing anisotropism 

and a fine grid of twin lame1lae at about right angles. The above ex-

amples indicate that phases A and B might occur in natural ores. Further 

work is obviously needed on this problem, and electron microprobe traverses 

across phases A and B could be very helpful. 
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Chapter 8 

The application of the experimental data 

to natural occurrences of go1d-si1ver te1lurides 

The phase relations in the pure synthetic Au•Ag-Te system were 

determined in the presence of vapor. The information presented in 

figures 3, 4, 5, 9, 10, 11, and 12 is, for this reason, applicable in 

the strictest sense only when vapor occurs as a phase. Vapor may not 

always be present during ore deposition, so that the P-T regions in the 

absence of vapor should be considered as well. The effect of rock 

pressure and partial pressures (P 
8 

< Ptotal) on the phase relations of 

sulphide systems has been discussed by Kullerud (1959) and Kullerud and 

Yoder (1959) and similar effects might be expected in te11uride systems. 

Univariant equilibria are commonly shifted 15° to 20°C/1000 atmospheres 

confining pressure. 

The coexisting phases in both natural and artificial systems are 

determined only by (1) the bulk compositions, (2) the temperatures, and 

(3) the pressures. Though the range of reaction temperatures extends 

to lower values in nature than can generally be successful1y investigated 

in the laboratory, the 1aboratory data may be extrapolated to 1ower 

temperatures using P-T projections. However, until many related systems 

are investigated, the application of experimental data from the Au-Ag-Te 

system requires certain simplifying assumptions. 

The environment of ore deposition is much more complex, chemical1y, 

than the three pure components studied in this system. The presence 

of other components will only affect the phase relations concerned if 

they enter into the composition of one or several of the minerals formed. 

Likewise, water, if soluble in a melt, will lower the melting temperature 
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of that phase. There is virtually no reliable data on trace elements in 

the gold-silver tellurides. Little is known about the substitution of 

Se and S for Te in these tellurides, but there are statements reporting 

relatively high Se contents (e.g. ~l and 0.08% by Simpson, 1912, and 

1.13% and 0.20% by Krusch, 1901 ) from Kalgoorlie tellurides while no 

Se mineral has, to the writers' knowledge, been positively identified. 

(Stillwell, 1931, gives evidence on the possibility of aguilarite 

(Ag2S,Ag
2
Se) in altaite and naumanite (Ag2Pb)Se in the gold-silver tellu­

rides, but this is not considered to be conclusive.) 

The common presence of tellurium in base metal sulphide deposits 

can be attributed to trace amounts of tellurium within sulphide minerais 

if no tellurides are observed. Trace amounts of tellurium are reported 

occurring in galena (Oftedahl, 1959, Hawley et al, 1951, and others), in 

chalcopyrite (Dr. S. Barabas, persona! communication), and in pyrite 

(Vathrushev, 1940). Sindeeva and Godovikov (1959) report experimenta 

in which up ta 2.8 wt. %Te isomorphously replaced S in PbS and also S 

substituted in PbTe ta a similar extent. This only took place when a 

minimum of 10 at. % PbTe was heated with PbS above fusion. However, 

Sindeeva (1964) reports that careful optical examination of natural ores 

has revea~ed that Te occurs as microscopie segregations in the majority 

of cases and not within the structure of sulphide minerais. Much remains 

to be done concerning these problems, and the trace element content of 

gold-silver tellurides. 

Theoretically, the experimental data can be applied in the follow­

ing manner, assuming no complications due to the presence of foreign 

elements: (1) for coexisting phases, the limits of solid solution may be 
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used to make estimates of the temperature of formation, (2) the stability 

limits determined for sorne of the assemblages can give a measure of the 

physical conditions prevailing during deposition, and (3) a natural 

mineral assemblage containing the same phases as a synthetic mineral 

assemblage is suggestive of phase-equilibrium. 

Limitations in applying the experimental data to gold-silver tellurides 

A few specifie examples will show the limitations of applying such 

criteria to the Au-Ag tellurides. 

(1) There are few assemblages which may be used for making esti-

mates of the formation temperature, from a practical point of view. 

Assemblages such as calaverite-krennerite or krennerite-sylvanite which 

would be useful generally have fields of small compositional extent. 

The extent of the silver solid solution in sylvanite might prove useful 

when sylvanite occurs in the presence of a more silver-rich phase. 

Furthermore, the tellurides must be sufficiently abundant in arder to 

obtain enough material for measuring the relatively weak reflections used 

for the composition determinative curves or to determine their campo-

sitions by other means. 

(2) The presence of krennerite gives an upper limit for its 

formation temperature of 382 t 5°C, whereas the upper limit for the 

formation of sylvanite is 354 ± 5°C. The presence of an anisotropie 

phase within petzite (produced by the breakdown of pet-hs more Au-rich 
SB 

+ 0 than petzite)gives a lower limit of 304 - 15 C for its formation. These 

values must be subject to sorne small corrections with increasing con-

fining pressure. However, the presence of water or other volatiles, if 

soluble in the breakdown liquid, would presumably lower the three 

temperatures noted above. 
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(3) Most univariant assemblages in the system contain at least 

one metastable phase which may break down to form two or more phases. 

This complicates the interpretation of natural assemblages, which appear 

relatively simpler. The hessite-sylvanite and sylvanite-petzite inter-

growths reported to be cornmon at Kalgoorlie (Stillwell, 1931, and 

Markham, 1960) can be explained in three ways: (a) The minerais formed 

below approximately 120°C, i.e. below the stability field of gamma-

phase, and at these temperatures tie lines probably extend from sylvanite 

to petzite and to hessite. (b) These intergrowths consist of three 

and/or four, and not two phases, with sorne undetected Ag5_xTe3 and/or 

petzite formed on the breakdown of the gamma-phase. Stillwell (1931, 

p. 150) states when referring to hessite and petzite, "Well-polished 

sections are required to detect the faint change in colour at the con-

tact of these two minerais and to reveal the faint bluish tinge of 

petzite in contrast with hessite. Both minerals appear bluish in con-

trast with krennerite or sylvanite •••.• " He reported no Ag Te
3

, but 
5-x 

Markham (1960, p. 1171) reports the association Ag
5

_xTe
3 

+ sylvanite 

from one specimen. (c) The gamma-phase has been preserved, but not 

recognized, as it is similar to petzite. 

Markham's (1960, p. 1170) explanation that sylvanite-hessite and 

sylvanite-petzite intergrowths may be interpreted as due to exsolution 

of an original homogenous phase above 300°C is contradicted by the phase 

relations determined in the temperature range from 290°C to above the 

melting point of sylvanite at 356°C. 

Natural assemblages of Au-Ag•Te minerals 

ln order to make sorne first-hand observations on these minerais, 

specimens were obtained representative of various telluride deposits. 
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The specimens commonly contained ore minerals unrelated to the Au-Ag-Te 

system, which were identified in many cases but were not studied in 

detail. The samples obtained were of two kinds. Those obtained from 

the Royal Ontario and Peter Redpath Museums and the Department of Geo-

logical Sciences at McGill University were hand picked by the writer 

from hand specimens in order to obtain material for x-ray only. All 

other samples obtained consisted of telluride-bearing ore fragments 

which were polished for optical examination and confirmed by x-ray. 

The data on natural calaverites studied are shown in table 19. 

The calaverite samples were carefully hand picked with the binocular 

microscope and x•rayed, employing the diffractometer~ in the same way 

as the synthetic runs to obtain the d131 value. All hand-picked minerals 

were checked with the Guinier camera to confirm the identification, as 

well as to detect other minerals, if present. 

TABLE 19 

Specimens of natural calaverite examined*. 

wt. %Ag 
from+ 

dl31 
curve -

Sample + 0 0.2 wt. % 
No. Locality - 0.0004 A Figure 6 

ROM-Ml8767 Cri pp le Creek, Colorado 1.3864 0.92 

McG-2972R2 Cri pp le Creek, Colorado 1.3866** 1.00 

ROM-Ml9301 Cresson Mine, 1.3878 1.46 
Cripple Creek, Colorado 

PRM-F716 Independence Mine, 1.3880** 1.54 
Cripple Creek, Colorado 

PRM-NS716A Cri pp le Creek, Colorado 1.3880** 1.54 

Intimately 
associated 
metallic 
minerals 

Au 

80 



• 

• 

TABLE 19 (cont 1 d.) 

ROM-El924 Cri pp le Creek, Colorado 1.3890 

ROM-M22591 Cri pp le Creek, Colorado 1.3899 

PRM-F712 Victor, Colorado 1.3898** 

PRM-F711 Victor, Colorado 1.3898** 

McG•2972R3 Calaveras County, 1.3889** 
California 

L-9 Lama que Mine, 1.3878 
Bourlamaque, Quebec 

ROM•M21755 Nagyag, Transylvania 1.3884 

ROM-Ml3812 Kalgoor lie, Australia 1.3912 

ROM-E2569 Kalgoorlie, Australia 1.3933*** 

* Abbreviations used: 

ROM - Royal Ontario Museum 

USNM- U.S. National Museum 

PRM • Peter Redpath Museum, McGill University 

L94 

2.30 

2.24 

2.24 

1.90 

1.46 

1. 70 

2.80 

3.80? 

81 

(single crystal) 

(single crystal) 

tellurbi smuth, 
Au, cp, pet 

McG - Department of Geological Sciences Reference Collection, 

McGill University 

L - Lamaque Gold Mines Ltd. 

** d131 measured on Guinier film. 

*** d
131 

measured on Guinier film and with the diffractometer. 

All the above d131 values fit the experimental data very well except 

for sample ROM-E2569 from Kalgoorlie. This was a conchoidally fractured 

piece of calaverite (about 180 mg.) which appeared very pure under the 
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binocular microscope. A portion was ground and x•rayed bath with the 

diffractometer and the Guinier camera. A few extra reflections were 

observed on the Guinier photograph, none of which could be identified 

(see appendix, table Al4). A polished section was made on about 20 mg. 

of the material and a few small impurities were observed. The total 

impurities by volume measured on three grains in the section were 0.13, 

0.24, and 0.30%. Assuming a similar specifie gravity and allowing for 

errors in measurement and randomness of the impurities, it is estimated 

that these do not constitute more than 0.5 wt. % of the sample and 

probably less. The principal impurity was medium mauve-grey in colour, 

very soft, and isotropie. Etch tests gave the following results: 

1:1 HN03 - negative (after two minutes) 

FeC13 - positive - tarnished black (30 sec.) 

HgC13 - negative (after two minutes) 

KOH - negative (after two minutes) 

KCN - negative (after one minute) 

These indicate coloradoite (HgTe). However, the coloradoite pattern 

could not be recognized among the extra reflections reported previously. 

The other impurities were too small to do any tests. One was greyish 

white and anisotropie, and the other dark mauve-grey and isotropie. 

X-ray fluorescence and optical emission spectrographie analyses 

were performed on the sample. The former indicated only Au, Ag, and Te. 

The latter was performed through the kindness of Dr. S. Barabas at the 

Noranda Research Center, Pointe Claire, Quebec, and gave indications of 

Hg, Sb, Cu, and Pb. The Hg would correspond to coloradoite and the Sb, 

Cu, and Pb could come from one or a combination of tetratredrite 
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(5cu2S.2(Cu,Fe)S~2Sb2s3 with occasional Ag, Zn, Bi, Hg, and Te), altaite 

(PbTe), seligmanite (2PbS.Cu2S.As
2
s
3
), and nagyagite (Au(Pb,Sb,Fe) 8(S,Te)

11
). 

All four minerais were reported by Stillwell (1931) and Markham (1960) 

in Kalgoor1ie ores. An analysis was performed on the remainder of the 

sample by Dr. Barabas and associates at the Noranda Research Center with 

the following results: 

wet analysis fire assay 

Au 37.1% 37.2% 

Ag 3.06 

Te 55.9 

Se not detected (<O. 03) 

The check on the gold is very good. Because of the smal1 size of 

samp1e and the small amount of Ag present an error of 10% might be 

+ assumed giving a Ag content of 3.06 - 0.3%. Ana1ysis for selenium was 

performed because of Simpson's (1912, p. 171) statement that a11 the 

tellurides at Kalgoorlie contain about ~% Se as well as two analyses 

reported by Krusch (1901, p. 200) where he reports 1.13 and 0.20% Se 

in calaverite and sylvanite, respectively. Selenium would not have been 

detected by the spectrograph or by x-ray fluorescence. No selenium was 

detected by the chemical ana1ysis, which will not detect quantities below 

0.03%. 

Since the analyzed quantities do not total 100%, the results were 

recalculated below, based on two different sets of assumptions. 

(1) (2) 

Au 37.33% 38.65% 

Ag 3.07 3.18 

Te 59.60 58.17 

100.00 100.00 
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In case (1) above, it was assumed that there was 0.5% impurity, 

and that all the remaining loss was Te. (The assumption that ail the 

losa was Te was suggested by Dr. Barabas because of the unusual campo-

sition of the sample.) In case (2) above, it was assumed that all three 

elements were correct and that there were 3.89% impurities (which is 

much larger than the writer's estimate from polished sections). When 

plotted on the ternary diagram only case (2) is reasonably close to 

the AuTe - 11AgTe 11 join. It is considered that neither calculation need 
2 2 

be correct, and so it is still not established whether calaverite can 

contain more than 3% Ag. Likewise, it is not known what the effect of 

impurities such as Hg, Pb, Sb, and Cu may have on the 131 reflection. 

The association calaverite-krennerite was observed in two samples, 

USNM-C703 and 84511 from Offenbanya, Transylvania,and Lafayette Mine, 

• Cripple Creek, Colorado, respectively. lt was extremely difficult to 

distinguish between the two minerais in polished section as grain 

boundaries are not easily visible under plane polarized light, but 

there may be small differences in bireflectance. Under crossed nicols, 

however, interlocking grains could be observed. These were confirmed 

by x-rays, but unfortunately not enough material was available to measure 

the 131 reflection of calaverite or the reflection used for the krennerite 

d-value versus composition curve. 

The data in tables 20 and 21 show good correspondence with the 

experimental resulta. Unfortunately, severa! krennerites and sylvanites 

examined had reflections which were too poor to measure. One of these 

contained the assemblage krennerite-sylvanite from Nagyag (PRM-NS717A). 

Another sample (PRM~F713) from the Stanislaus Mine, California, labeled 
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f calaverite, contained the assemblage petzite + krennerite + unknown 

mineral. A sample from Boulder County, Colorado (ROM•M4041), labeled 

sylvanite, actually contained tellurium + unknown mineral. One 

krennerite sample (McG-2972Rl) from Cripple Creek, Colorado, gave an 

anomalous d-value which would indicate less than 3 wt. % Ag if applied 

to the d-value versus composition curve (figure 7). An optical 

emission spectrographie analysis of the sample indicated several im-

purities (Cu, Mg, Si) and many more which could not be identified. 

Polished sections, however, showed less than one per cent gangue and 

metallic mineral inclusions. It is hoped to study this sample in greater 

detail at some future date and to obtain a chemical analysis. 

TABLE 20 

• Specimens of natural krennerites examined. 

dhkl* wt. %Ag from 

+ 0 
curve 

Sample No. Locality - 0.0001 A (figure 7) 

McG .. 2973R3 Cri pp le Creek, Colorado 0.79906 3.43 

PRM•F717 Nagy ag, Transylvania 0.80012 4.21 

ROM-M23798 Kalgoorlie, Australia 0.80029 4.56 

ROM-E2793 Cri pp le Creek, Colorado 0.80066 4.90 

ROM-Ml5783 Nagy ag, Transylvania 0.80125 5.46 

* Measured with the Phillips symmetrical back reflection camera • 
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TABLE 21 

Specimens of natural sylvanites examined. 

dhkl* 
wt. %Ag from 

+ 0 
curve 

Samp1e No. Locality - 0.00015 A (figure 8) 

PRM-F709 Offenbanya, Transylvania 0.80617 11.83 

PRM-F708 Offenbanya, Transylvania 0.80619 11.85 

* Measured with the Phillips symmetrical back reflection camera. 

The assemblage sylvanite-petzite was also observed in samples from 

Nagyag, Transylvania (USNM-R919). The petzite consisted of a few ir-

regular, and sometimes lens-like grains within the sylvanite. The 

experimental1y determined phase relations do not permit this assemblage, 

0 at least not at temperatures above 170 C. It is very likely that tie 

line changes occur below that temperature, but it is also possible that 

the gamma-phase or Ag5_xTe3 and hessite were present in small quantities 

and not detected. 

Five telluride hand specimens were obtained from the 2l-34N 

stope, Horne Mine, Noranda, where telluride mineralization was found 

associated with a syenite porphyry dike in massive sulphides (mostly 

pyrite with some chaknpyrite). Eighteen polished sections were pre• 

pared and the fol1owing minerals observed: chalcopyrite, pyrite, altaite, 

petzite, gold, hessite, sphalerite, and tellurbismuth. The sulphides 

and gangue are partly replaced by the tellurides. Petzite and altaite 

occur in greater quantities than gold and hessite. The association 

petzite-gold is common (figure 17) and hessite is observed in the 
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Figure 17. The natural assemblage gold-petzite from the Horne Mine, 
Noranda, Quebec, with minor pyrite. 

Figure 18. The natural assemblage gold•calaverite-petzite-altaite 
(USNM•C703) from Offenbanya, Transylvania. 
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assemblages hessite-petzite-gold and hessite-altaite. Nothing could 

be determined about telluride paragenesis from the observed textures. 

Specimens from the Sigma Mines Quebec Ltd., Bourlamaque, Quebec, 

contain the associations gold-petzite-tellurbismuth and tellurbismuth-

al tai te. 

Specimens obtained from the Lamaque Gold Mining Co. Ltd., Bourla-

maque, Quebec, contain the associations tellurbismuth-petzite-gold-

pyrrhotite and pyrite-calaverite-petzite-tellurbismuth. The d131 

value for calaverite given in table 19 indicates a silver content of 

about 1.46 wt. %. 

Polished section examination of fragments of telluride-bearing 

ore from Offenbanya, Transylvania (USNM-C703) revealed the following 

assemblages: gold-calaverite-petzite-altaite (figure 18) and ca1averite-

krennerite-petzite-a1taite. The native gold only occurs in the polished 

section containing no krennerite, but since the fragments used in both 

polished sections came from the same sample enve1ope, it appeared 

possible that the association go1d-krennerite might occur. This as-

semblage has only been authoritatively reported in a specimen from 

Kalgoorlie (Markham, 1960, p. 1174) where weissite containing filaments 

of free gold penetrated along cleavage directions of krennerite and 

partly replaced it. This is not considered to be an equilibrium as-

semblage. 

To test the possibility of a krennerite-gold assemblage, a series 

of runs were prepared with the following approximate bulk composition 

(in wt. %): 42.5 Au, 15.0 Ag, 42.5 Te, and were heated at 356°, 335°, 

• 0 0 0 0 0 320 , 305 , 290 , 270 , and 238 C. To insure that equilibrium was 
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attained, or to determine which were the equilibrium assemblages, two 

runs were prepared at each temperature employing different starting 

materials. In one case the starting materials were calaverite + gold + 

petzite, and in the other they were krennerite + gold + petzite. Runs 

quenched from 356° to 305°C showed calaverite + petzite + gold + an un• 

known phase/or phases (phases A and B, believed to be metastable corn-

pounds formed from the breakdown of petzite-hessite solid solution), 

while the runs at 290° and 270°C showed only calaverite + petzite + 

gold. At 238°C the run with calaverite as starting material remained 

unchanged, but where krennerite was the starting material, approximately 

half the krennerite had broken down to calaverite after 53 days, indi-

cating conclusively that the assemblage krennerite + gold is unstable 

at temperatures from 356° to 238°C. It seems unlikely that the 

krennerite-gold assemblage would become the stable assemblage at temper-

0 
atures below 238 C. 

This information further points to the possibility that tellurium• 

rich telluride suites such as that of Vatukoula (coupled with the rarity 

of native gold) and the native gold-rich telluride suites such as that 

of Kalgoorlie (coupled with the extreme rarity of native tellurium) are 

a function of the bulk composition of the ore-bearing fluids and not, 

necessarily, of temperature. Markham concluded that temperature was 

the major factor when he proposed krennerite as the low temperature 

polymorph of calaverite in his isothermal section constructed from as• 

semblages observed at Vatukoula. Similarly, the natural occurrence of 

three-phase assemblages such as calaverite + gold + petzite and calaverite + 

krennerite + petzite observed in this study from Transylvania, as well 
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as the common occurrence of the assemblage sylvanite + petzite + hessite 

reported by Markham from Kalgoorlie and the Ag
5

_xTe
3 

+ hessite + petzite 

and hessite-Ag5_xTe3 assemblages reported by Honea (1964) from Colorado, 

all show that Korzhinskii's modification of the mineralogical phase 

rule as discussed by Markham (1960, p. 1461-1463) and C1oke (1963) does 

not necessarily apply to the gold-silver-tellurium ternary system. 

The assomption that tellurium behaves as a "perfectly mobile'' component 

is not borne out by the natural occurrence of the four different "prohi­

bited" assemblages (Cloke, 1963, p. 1166) reported above. A glanee at 

the isothermal sections in figures 10, ll,and 12 shows that several of 

the three-phase assemblages which do not include tellurium (these would 

be prohibited if tellurium behaved as a "perfectly mobile 11 component) 

have a rather small compositional extent so they would be expected to be 

relatively rare in natural ores. 

One specimen (USNM-87511) from the Lafayette Mine, Cripple Creek, 

Colorado, showed a twinned crystal of krennerite in polished section 

(figures 19 and 20). This specimen was originally labeled krennerite 

and calaverite, but all x-ray diffraction photographs showed only krennerite. 

The twinned crystal shows two types of twinning, a simple type consist-

ing of two large individuals, and a lamellar twinning in one of them. 

The lamellae are all in optic orientation. Ralf of the large twin con­

taining the lamellae was removed and a 114.6 mm. Debeye-Scherrer photo­

graph showed only the krennerite pattern. The remainder of the crystal 

was removed (as deeply as possible) and a Guinier photograph was taken 

which showed only krennerite present. This is taken to indicate that 

krennerite can be twinned and observed in polished sections, and that 
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this might explain misidentifications in published accounts where any 

twinned material was called sylvanite without x-ray confirmation. 

Twinned krennerite has only been reported once before, from the La Plata 

district, Colorado (Galbraith, 1940), but his identifications were 

solely by microchemical and etch tests • 
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Figure 19. Twinned krennerite crystal (UsmM-87511) from the Lafayette 
Mine, Cripple Creek district, Colorado. Two types of 
twinning shown. Black areas are pits and air bubbles. 
Crossed nic~ls. 

Figure 20. Same as figure 19, but greater magnification showing detail 
of the lamellar twinning. Crossed nicols. 
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Chapter 9 

Note on the x-ray powder diffraction patterns 
of calaverite, krennerite, and sylvanite 

Guinier powder patterns comparing synthetic calaverites and natural 

calaverites with Tunell's (1954) pattern are tabulated in the appendix, 

table Al4. Tunell lists only four extra reflections (down to an inter-

planar spacing of 1.30 R) observed on a 114.6 mm. Debeye-Scherrer powder 

photograph of natural calaverite and called these "superstructure" lines. 

There are considerably more extra reflections observed on the Guinier 

powder photographs of both synthetic and natural calaverites. Most of 

these extra reflections correspond to extinction positions required by 

the space group proposed by Tunell. Most of the extra reflections observed 

in the present study, however, could be accounted for by changing the 

space group to P21 or P2l/m. Sorne of these extra reflections correspond 

to a calculated zero relative intensity according to Tunell's structure • 

Another possibility is that sorne, or all of these extra reflections are 

additional 11superstructure 11 reflections. 

It is evident that both the space group and structure of calaverite 

need further study and that Tunell 1 s data probably represents a pseudo-

cell. The basic cell probably has a space group based upon a primitive 

lattice. 

The x-ray powder data from Guinier photographs of synthetic 

0 krennerite (4.53 wt. %Ag synthesized at 350 C) and natural krennerite 

from Kalgoorlie (ROM-23798) are compared with the pattern for krennerite 

given by Tunell and Murata (1950) in the appendix, table Al5. The 

patterns compare favourably, especially considering the relatively broad 

solid solution field of krennerite. It should be noted, however, that 
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thirteen reflections were observed which had been given a calculated 

relative intensity of zero by Tunell and Murata. As these reflections 

are not simply contradictions of the extinction position requirements 

of the space group, it is suggested that small refinements in the 

structure are required to account for these extra reflections. The x­

ray powder pattern taken by Tunell and Murata with filtered Co radiation 

detected two of the thirteen reflections mentioned above. 

X-ray powder data from Guinier photographs of synthetic sy1vanite 

(10.09 wt. % Ag synthesized at 320°C) and natural sylvanite from 

Offenbanya, Transylvania (PRM-F708) are compared with the pattern for 

sylvanite given by Tunell (1941) in the appendix, table Al6. The three 

patterns agree very well, though the interplanar spacings for the natural 

sylvanite are generally slightly larger than those of the synthetic 

sylvanite. This is consistent with a greater silver content for the 

natural sy1vanite (approximately 1.76% Ag) as was indicated previously 

by the interplanar spacing versus composition curve. However, synthetic 

sylvanites sometimes show two weak reflections which do not fit the 

indexing (6.12 & 5.99 X). One of these reflections (6.12 R) a1so appears 

in some patterns of natural sylvanite. 
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Chapter 10 

Features in the Au•Ag-Te system that merit further investigation 

Although phase relations in the Au-Ag-Te system have now been 

studied in greater detail than in the past, the present investigation 

indicates that there are still areas within the system that merit further 

research. These may be summarized as follows: 

(1) Further data on the nature of the AuTe
2 

inversion (at about 

435°C) and on the stability field of Au2Te3 would complete our knowledge 

of the Au-Te binary. 

(2) The stability field of AgTe and an explanation for the "extra 

reflections" in x-ray powder patterns of silver-rich Ag5_xTe3 would be 

useful points for further study. More detailed work on the Ag-Te system 

to determine more closely the composition limits of all phases is 

necessary. Equipment unavailable to the writer, such as that used by 

Kiukkola and ~agner (1957) would be helpful. 

(3) The discovery of a new ternary eutectic indicates that con-

siderable more detailed work is necessary in certain areas of the liquidus 

diagram. 

(4) Considerable study is required to determine the extent of 

gold solid solution in the gamma-phase, as well as to delineate the gold­

rich gamma-phase stability field at lower temperatures. 

(5) The effect of pressure on the phase relations, though probably 

not very pronounced, would provide useful information for more accurate 

application of the synthetic data to natural assemblages. 

(6) A study of the degree of substitution of Se or S for Te and 

vice versa is also necessary as well as an experimental determination of 

the effects of trace elements on the determinative curves of the gold-
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silver tellurides. This might explain the anomalous d-values obtained 

on one natural calaverite and one natural krennerite. 

(7) Further study on the formation rate and stability of krennerite 

below 290°C would be useful in determining whether krennerite is stable 

at room temperature. 

(8) There exist crystallographic problems associated with several 

of the phases present in the Au-Ag-Te system. The elucidation of the 

"superstructure" of calaverite and possible refinements in the structures 

of krennerite and sylvanite are one example. Similarly, the indexing of 

the gamma-phase and the "x" phase would be another. 
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Chapter 11 

Conclusions 

It is anticipated that many of the findings of this experimental 

study will be applicable to natural assemblages, permitting a better 

understanding of the conditions of formation of certain telluride deposits. 

The major conclusions of this study may be summarized as follows: 

(1) The Au-Te binarz. There is no detectable solubility of Au 

in AuTe2 but limited solubility of Te (~0.3 wt. %) occurs above about 

440°C. Above about 435°C no silver is taken into solid solution by 

AuTe
2

, reflecting a probable transition at that temperature. 

(2) The Ag•Te binary. The "gamma-phase", intermediate in compo­

sition between Ag
5

_xTe
3 

and Ag
2
Te, is stable from 120 ± 15°C to 460 ± 

5°C, above which temperature it melts incongruently to Ag
2
Te plus liquid. 

Ag5_xTe3 melts incongruently above about 420 ± 5°C to gamma-phase plus 

liquid. 

(3) The AuTe2- 11AgTe2" join. The incongruent melting temperatures 

+ 0 + 0 of krennerite (382 - 5 C) and sylvanite (354 - 5 C) may be taken as 

maximum formation temperatures for these minerais. The relatively 

extensive solid solutions of calaverite, krennerite~ and sylvanite 

restrict the divariant regions between them. Krennerite is interpreted 

as being a single mineral entity with a relatively large solid solution 

field and an approximate formula Au4AgTe10 • Sylvanite has a very 

extensive solid solution field extending from stoichiometric AuAgTe4 

(13.23 wt. %Ag) to about 6.7 wt. %Ag. 

The association calaverite-sylvanite, rarely reported in the 

literature, is considered to be a non-equilibrium assemblage or may re-

flect misidentification. 
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(4) The AuAg3Tez-Ag2Te join. Petzite has three polymorphs, with 

transitions at 210 ± 10°G and 319 ± 15°G. The highest polymorph, which 

forms a complete solid solution field with hessite, extends to compo-

sitions about seven wt. %more gold-rich than stoichiometric petzite. 

The breakdown, on quenching, of the gold-rich petzite•hessite solid 

solution forms metastable phases of differing compositions, within petzite. 

A large section of the j oin consists of a new phase, the "x" phase, 

stable between 50 t 20°C and its incongruent breakdown above 415 ± 20°G 

to high plus intermediate hessite solid solutions. The gold content of 

the 11 x11 phase varies from about 2.5 to 14.5 wt. % on the join. 

(5) The Au•Ag-Te system. Although no attempt was made to study 

the liquidus, a previously unreported ternary eutectic was discovered 

occurring at 304 ! l0°G and the very approximate composition of 50 Au, 

15 Ag, 35 Te weight per cent. 

(6) Geological applications of the experimental work. Several 

of the phase relations indicated by the experimental study serve to 

delimit the temperature conditions of formation of natural Au-Ag-Te 

minerais. In addition, natural assemblages indicate that there is no 

justification for assuming that Te behaved as a 11 perfectly mobile" 

component in telluride deposits. 
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Chapter 13 

Claim to original work 

Phase relation and associated studies in the Au-Ag•Te system 

have been made by several workers as indicated in Chapter 2. Markham 

(1957, 1960) made the first systematic attempt to determine the sub-

solidus phase relations in a single isothermal section. Three new 

0 0 0 
isothermal sections at 290 , 335 , and 356 C are presented which are 

different in many respects from Markham 1 s 300°C isothermal section. 

This is because Markham was unable to synthesize krennerite and to 

quench and identify the new high-temperature phases present in the 

ternary system. 

The phase relations along the join AuTe
2

-"AgTe
2

11 are determined 

in detail for the first time, as well as along the join AuAg
3
Te2-Ag2Te 

where new phases were discovered. A second ternary eutectic, within 

the area bounded by calaverite-petzite-AuAg solid solution, was also 

discovered. 

The work on the Ag-Te binary confirmed the occurrence of a previ-

ously indicated new phase. Stabilities of phases and assemblages were 

considerably revised and clarified • 
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APPENDIX 

1. Methods of Synthesis 

The majority of the runs were performed using 3 mm. internai 

diameter simple sealed, evacuated tubes of transparent silica glass. 

For larger charges various diameters up to seven mm. were employed. 

A loading technique was developed to minimize the adherence 

of reagents to the walls of the glass tubes due to electrostatic 

charges. This was particularly bad during the winter months and a water 

vaporizer was employed to increase the relative humidity while weighing. 

The glass tubes were cleaned the night before with a pipe cleaner 

moistened with a drop of acetone. Pyrex glass funnels of several 

different lengths were employed so that the charge was dropped as close 

to the sealed end of the tube as possible. The tube was then weighed 

after the addition of each reagent. In sorne cases, the second and third 

reagents were weighed separately on a watch glass and then swept with a 

camel's hair brush into the funnel. It was also found that a very rich 

piece of pitchblende placed next to the tube while loading produced 

enough gamma radiation to neutralize sorne of the electrostatic charges 

within the tube. A three eighth inch long silica glass rod was placed 

tightly against the charge. 

The majority of the runs were quenched in cold water after a 

few days heating in a furnace, ground in an agate mortar, and reloaded. 

This grinding procedure was generally repeated at least twice, and the 

runs below 350°C were generally also pelletized in a small hydraulic 

press with a 5 mm. bore. Acetone was used to lubricate the cylinder of 

the press and a pressure of about 21,000 lbs/in2 was sufficient to 

Al 



produce good pellets. The pistons were made of drill rod, but these 

generally bent after about twenty compressions. 

Sorne of the low temperature runs were heated for over two 

months, whereas only four to six days were necessary for runs above 

400°C. In sorne of the low temperature runs, such as at 270° and 290°C, 

the charge was first melted for 6 to 48 hours and then quenched, ground, 

pelletized and put in at the lower temperature. 

For pelletized runs below 320° pyrex tubing was satisfactory 

and less costly. 

Bul~ quantities of minerals were prepared at 800° to 990°C and 

kept at those temperatures for about four days. 

2. Identification of the Products 

(1) Reflecting microscope. 

A portion of a charge was placed in an 1/8" steel press with 

sorne Acrylic Dental plastic. After squeezing in a vise for approximately 

five minutes, the hardened plastic pellet was extruded from the press 

and fastened to a glass slide with vynilite. The polishing was first 

done dry on various grades of emery paper and then wet using a gamma 

alumina suspension (Fisher, Grade B) on a "Garn al" polishing cloth mounted 

on a glass plate. As mentioned previously, there are several phases 

with very similar optical properties. The characteristics which help 

to distinguish between them optically are not always evident when the 

grain size is small or when there is only a small percentage of one phase. 

In the calaverite•krennerite-sylvanite group, sylvanite 

exhibits the strongest anisotropism and bireflectance, but its dis­

tinguishing feature is the lamellar twinning when present. Krennerite 
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and calaverite are very similar, but krennerite can show (001) cleavage, 

whereas calaverite has no cleavage. 

Petzite and hessite are sometimes similar in appearance and 

can be distinguished by their polarization figures; petzite shows an 

isometric cross whereas hessite gives two separate isogyres. The 

polarization figure of Ag5_xTe3 is similar to the one of hessite except 

for distinct bluish dllipersion colours on the concave side of the isogyres. 

This is best seen in white light. 

(ii) x-ray diffraction techniques. 

Five different x-ray powder diffraction techniques were tested, 

using Cu radiation, with the following results: 

(a) The 114.6 mm. Debeye-Scherrer camera was found to be 

time consuming and of insufficient resolution and accuracy. Exposures 

of up to eleven hours were sometimes necessary at 35 kV and 20 mA. 

(b) The "Nonius" Guinier focussing camera was found to be 

rapid, had an acceptable accuracy (± 0.0004R) in the 55° to 70° 29 range, 

but was of limited application since the higher diffraction angles are 

not obtained. However, it was found very useful for qualitative work 

as it could detect small amounts of sorne phases (less ~ wt. % in sorne 

cases). Exposures of 10 hours at 40 kV and 15 mA were necessary. 

(c) The x-ray diffractometer, although slower, yields 

results comparable in accuracy to the Guinier camera, and has a larger 

29 range. A G-E diffractometer was employed for the preliminary work 

on the calaverite solvus, while later additional work was done with a 

Phillips diffractometer. The results could be correlated. Unfortunately 

at the larger 29 angles the intensities of the reflections became too 
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weak, necessitating another method to determine the solvus curves of 

krennerite and sylvanite. 

(d) A Phillips symmetrical, back reflection, focussing camera 

was employed in the 140° to 150° 28 range and gave better results at 

the higher angles than work done at the lower 28 angles with the 

diffractometers. As single coated film could not be obtained, the back 

side of the film was covered with masking tape while in the developer 

so the calibration notches and reflections were distinct. The exposure 

times varied from about 2~ hours in the one phase fields up to about 4 

hours in the two phase fields at 35kV and 20 rnA. Best results were 

obtained by using no filter at the x-ray source but employing a nickel 

foil taped to the camera housing so as to fit immediately adjacent to 

the film. The camera was evacuated during exposure. 

(e) A Rigaku-Denki high temperature camera was used to 

determine transition points, sorne melting points, and the stability 

fields of the non-quenchable high temperature forms and phases stable 

only at high temperatures. A circuit with the furnace winding acting as 

one arm of a Wheatstone bridge was the principle of the temperature 

controlling apparatus. A platinum- platinum+ 13% rhodium thermocouple 

was placed just beneath the sample and below the x-ray bearn. The 

thermocouple temperatures were calibrated against sample temperatures 

by determining the melting or transition points of Cu2s, Agi, HgS, 

NiS, Zn, Te, CuS and Ni7s6• Table Al shows the purity of the reagents 

used to determine the calibration curve (Figure Al) as well as the 

references used. 
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TABLE Al 

Reagents used for high-temperature camera calibration curve. 

Element Grade 

Cu 99.999+% (spec. pure) American Smelting & 
Refining Co. 

S 99.999+%, American Smelting & Refining Co. 

Ag 99.999+%, Consolidated Mining & Smelting 

Compound Reference 

cu2s Yund (1963) 

CuS Kullerud & 
Yund (1960) 

AS 

Co., Cominco 59 grade, lot #2706 

I Fisher Certified Reagent (lot #731036, 
99.985%) 

Agi Scheer & 
Yhiting (1963) 

Hg Engelhard, triple distilled, C.P. U.S.P. HgS Eidel & 
Tunell (1963) 

Ni 99.977%, International Nickel Co. of Canada 
(carbonyl) hydrogen reduced 

NiS Kullerud & 
Yund (1962) 

Ni7S6 Kullerud & 
Yund (1962) 

Zn 99.997%, Consolidated Mining & Smelting Co. Zn Kracek (1963) 

Te 99.999+%, American Smelting & Refining Co. Te Kracek (1941, 
1963) 

The sample was ground and placed in 0.3 mm. I.D. and 0.01 mm. wall 

thickness silica glass capillaries which were evacuated and sealed. 

One end of the capillary was then cemented within a hollow ceramic 

tube holder with Sauereisen No. 8 cement. It required about eight hours 

for the sample temperature to become steady after which it would main-

tain the temperature within t 2°C for more than two days. 

Exposures were of three to four hours duration at 35 kV and 20 rnA. 

It was very important that the camera be continuously evacuated. The 

flow of cooling water to the camera was about 250 cc/min. but rela-

tively large variations did not affect the temperature significantly. 
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TABLE A2 

Selected runs heated at 335°C relating to the Ag-Te binary (quenched 

in ice water and x-rayed immediate1y). 

Run 
No. Au 

wt. % 

Ag Te Ag:Te Thermal history 

Products identified 
on Guinier powder 

photographs 

301E 3.99 54.00 42.01 1.52 M; 16 days, G after Ag5_xTe3 
3 days 

381 

380 

379 

378 

291 

294 

257 

56.75 43.25 1.55 M; 7 days, G after 
6 days 

57.25 42.75 1.58 M; 7 days, G after 
6 days 

57.73 42.27 1.61 M; 13 days, G after 
4 and 6 days 

58.23 41.97 1.65 M; 13 days, G after 
4 and 6 days 

58.49 41.51 1.66 M; 1 day@ 440°, 9 
days @ 395°, G & P 
after 3 and 4 days; 
G, 1 day @ 335°C 

58.76 41.24 1.68 M; 18 days@ 395°C; 
G, 1 day @ 335°C 

60.09 39.91 1.81 M; 10 days@ 375°C; 
G, 14 hours @ 335°C 

371C 4.69 57.76 37.55 1.82 M; 8 days, G after 
7 days 

258 61.08 38.92 1.85 M; 10 days@ 375°C; 
G, 14 hours @ 335°C 

372C 3.05 59.43 37.52 1.87 M; 8 days, G after 
7 days 

259 61.37 38.63 1.88 M; 10 days @ 375°C; 
G, 14 hours @ 335°C 

Ag Te
3 5-x 

Ag5_xTe3 + trace hs 
(1ow) 

Ag5_xTe 3 + trace hs 
(1ow) 

o) hs (low) + 
(trace Ag5_xTe3?) 

~ > hs (low) 

0 >~ hs (low) + 
(trace Ag5_xTe3?) 
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TABLE A2 (cont'd.) 

260 61.57 38.43 1.90 M· 
' 10 days @ 375°C; l> + hs (1ow) 

G, 14 hours @ 335oc 

261 61.87 38.13 1.92 M· 10 days @ 37 5°C; o + hs (1ow) ' G, 14 hours @ 335°C 

262 62.10 37.90 1.94 M· 
' 

10 days @ 375°C; hs (1ow) > 6 
G, 1 day @ 335°C 

263 62.38 37.62 1.96 M· 10 days @ 375°C; hs (1ow) >) 0 
' G, 0 1 day @ 335 C 



TABLE A3 

X•ray powder data from Guinier* photographs using CuK~1 radiation for 

0 " gamma-phase, d-values in Angstroms. Runs quenched in ice water from 

335°C and x-rayed immediately at 18°C. (t1 = 61.08 Ag, 38.92 Te 

wt. %, (2 = 4.69 Au, 57.76 Ag, 37.55 Te wt. %) 

01 
(1) 

0'2 
(2) 

I ob s. d meas. I obs. d meas. 

~ 11.14 
~ 8.51 2 8.47 

~ 8.10 
2 7.65 

1 6.93 3 6.86 
1 6.68 

~ 5.39 
1 5.31 1 5.26 

k 2 5.13 
~b** 4.43 

2b 3.86 2 3.85 
1 3.76 3 3.77 
3 3. 72 3 3.70 
2 3.66 3 3.64 
2 3.62 2 3.62 
3 3.53 3 3.52 
2 3.41 3 3.41 
2 3.38 1 3.39 
2b 3.31 3b 3.30 
lb 3.20 1 3.20 
3 3.09 4 3.09 

2 3.06 
3 3.01 5b 3.02 

1 2.96 
~ 2.94 

3b 2.91 2 2.91 
3 2.81 
lb 2.83 

8 2.69 6 2.69 
1 2.67 2 2.66 
3 2.63 4 2.63 
1 2.61 ~ 2.61 

lb 2.58 
lb 2.54 
~ 2.52 

2 2.52 4 2.51 
~ 2.49 2 2.48 
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10 
1 
6 

6 
4 

4 
1 
2 

~b 
1 
lb 

2.47 
2.46 
2.43 
2.41 
2.38 

2.21 
2.18 
2.161 

2.149 
2.120 

2.095 
2.070 
2.059 

1.930 

1.910 
1.878 
1.856 

TABLE A3 (cont'd.) 

2.46 

3 2.37 
~ 2.29 
~ 2.28 
~ 2.26 
7 2.22 

10 2.20 
2 2.18 
2 2.169 
6 2.164 
7 2.150 
Sb 2.126 
~ 2.115 
~ 2.108 
~ 2.099 
4 2.091 
1 2.071 
3 2.056 
~ 2.035 
lb 2.022 
~ 1.994 
~ 1.975 
~ 1.968 
~ 1.956 
~ 1.936 
2 1.923 
1 1.917 
2b 1.906 
3 1.883 
3 1.851 
1 1.840 
2 1.822 

Ref1ections with sma11er d-va1ues are too broad or too weak or both -

not measured. 

* Guinier forward reflection focussing camera. 

** Signifies broad reflection. 

(1) A few reflections of hessite (low) ignored as well as one 

(2) Only gamma-phase reflections observed on film. 
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All 

TABLE A4 

x-ray powder diffraction data for synthetic and 

natura1 Ag5_xTe3 compared to natura1 AgTe. 

Nat ur al 
Ag5-xTe3 (3) Natural 

Natural Synthe tic (Empressite I) Ags-xTe3 {4) 
AgTe (1) Ags-xTe3 {2) Berry & Thompson (Stuetzite) 

Honea ~1964l Present Stud:ï ~1962) Honea ~1964l 
I d meas. I d meas. hk1 I d meas. d cale. I d meas. d cale. hk1 

3b* 11.72 100 11.68 5 11.59 11.59 100 
4 10.04 1 10.15 

1 6.86 101 6.86 6.82 101 
~ 5.27 111 5.27 5.24 111 
1 4.81 201 4.81 1 4. 77 4.78 021 

1 4.37 3 4.41 120 ~ 4.40 4.41 4 4.37 4.38 210 
4 4.02 1 3.97 012 ~ 3.97 [ 3. 98 3.97 102 
6 3.81 3 3.91 121 3.92 3 3.88 3.89 211 

4 3.58 112 1 3.56 [ 3. 59 6 3.56 3.57 112 
5 3.53 031 3.54 6 3.52 3.52 031 

022 ~ 3.40 [ 3.43 3.41 022. 
6 3.33 4 3.37 220 3.37 5 3.35 3.35 220 

2 3.23 130 ~ 3.23 3.24 2 3.21 3.21 310 
5 3.18 1 3.17 

4 3.12 221 3.13 5 3.11 3.11 221 
1 3.04 6 3.05 122 2 3.04 [ 3.06 7 3.03 3.04 212 
~ 2.97 4 3.02 131 3.03 3.00 131 

4 2.89 [ 1 2.91 040 2.92 2.90 040 
~ 2.86 302 2.87 2.85 302 

3 2.85 2 2.82 003 ~ 2.83 2.83 3 2.82 2.82 003 
10 2.70 2 2.80 

~ 2.75 041 2.76 2.74 041 
2 2.67 320 2.68 2.66 320 
6 2.63 222 1 2.64 2.64 7 2.62 2.62 222 

2 2.60 1 2.60 113 2.61 2.60 113 
7 2.57 132 5 2.55 [ 2.57 Sb 2.55 2.56 132 
6 2.55 231,140 2.55 2.54 321,140 

2 2.51 1 2.54 023 2.54 2.53 023 
2b 2.43 1 2.43 141 2.44 2.42 141 

3 2.40 042 2.40 ~ 2.39 2.39 042 
2 2.37 213 2.38 ~ 2.37 2.37 213 

4 2.32 3b 2.33 050 2.33 3 2.32 2.32 500 
1 2.29 3 2.28 033 2.29 2 2.27 2.28 033 

3 2.26 232 2.26 4 2.24 2.25 322 
4 2.24 051 1 2.24 [ 2.25 2.24 051 

8 2.23 ~ 2.22 330 2.25 2.23 330 
2 2.20 240 2.21 2.19 240 
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TABLE A4 (cont'd.) 

3 2.18 10 2.18 142 r 2.18 lOb 2.16 2.17 412 
6 2.17 331 10 2.17 2.17 2.16 331 

5 2.14 4 2.163 223 2.16 2.15 223 
4 2.12 2 2.127 241 [ 2.14 6 2.11 2.12 421 

4 2.118 133 2 2.12 2.13 2.12 133 
1 2.095 004 2.12 2.11 004 
3.a 2.084 014 2.08 2.08 014 

052 [ 2. os 4 2.03 2.03 052 
5 2.04 3 2.044 151 1 2.04 2.04 2.02 511 
4 2.01 3 2.032 043 2.03 2.02 043 

114 2.02 2.01 114 
1 1.982 332 1.986 1.972 332 

1 1.962 3.a 1.962 242 1.958 1.944 242 
060 [ 1.947 5 1.931 1.933 323 

4 1.943 233 1 1.933 1.945 1.931 600 
3 1.920 1 1.917 340 1.920 3 1.900 1.905 340 

3 1.907 124 3.a 1.910 1.911 1.903 214 
2 1.888 152 1.881 3 1.865 1.867 512 
3 1.877 341 

3.a 1.873 [ 1.873 1.858 431 
1: 1.864 2 1.866 250 1.871 1.855 520 2 

3.a 1.856 034 1.862 
3.a 1.833 2 1.823 251 1.827 3.a 1.816 1.812 521 
1 1. 796 2 1.796 224 1. 795 3.a 1.790 1.790 053 
1 1.771 2 1. 770 134 1.774 1. 786 224 • 2b 1. 757 2 1. 757 333 1. 760 3,ab 1. 757 1. 765 314 

2 1.708 252 1. 711 1.756 062 
2 1.699 3.a 1.699 1. 707 044 

4 1.681 513 1.684 1.699 522 
2 1.674 1.674 513 

* Signifies broad. 

(1) Orthorhombic, Pmnm or Pmn, a= 8.90, b = 20.07, c = 4.62 K from 

Empress Josephine mine, Kerber Creek district, Colorado. 

(2) 58.23 wt. %Ag. Pattern obtained with a Guinier forward reflection 

focussing camera using Cul{p(l radiation, and LiF as interna1 

standard (a= 4.0270 Î). 

(3) Hexagonal, P6/mmm, a = 13.49, c = 8.48 R from Empress Josephine 

mine, Kerber Creek district, Colorado. 

(4) Hexagonal, C6/mmm, a = 13.38, c = 8.45 R from May Day mine, • La Plata district, Colorado. 



Al3 

TABLE AS 

High-temperature x-ray powder diffraction data for intermediate form 

of petzite. 

Frueh (1959b) Present Study 
@ 250°C @ 228°C 

I d meas. I d meas. 

2 3.802 
6 3.121 ~ 3.07 
3 2.797 
9 2.392 3 2.36 

10 2.254 3b* 2.25 
2 2.156 3b 2.20 
5 2.071 2 2.02 
1 1.955 
4 1.495 2 1.33 
5 1.247 2b 1.24 
2 0.943 2b {0.913 
1 0.921 

• 2 0.839 2 0.835 
5 0.791 5 0.787 

til+~ 

* signifies broad 

• 



• 

• 

TABLE A6 

X-ray powder data from Guinier photographs using CuK~1 radiation for inter­

mediate po1ymorph of petzite and "x" phase quenched in ice from 270°C. 

Petzite (intermediate) "x" phase Au0•2aAsJ.z'Te2 
I* d meas. I** d meas. 

~ 8.539*** 3 8.036 
1 6.950 2 6.577 
lb 3.867 1 6.505 
~ 3. 716 1 5.657 
1 3.524 1 4.612 
1 3.427 1 3. 744 
1 3.357 4 3.750 
1 3.317 2 3.562 
2b 3.110 2 3.420 
~ 3.068 2 3.392 
2b 3.027 2 3.246 
3b 2.947 1 3.137 
~ 2.921 1 3.118 
~ 2.902 4 3.032 
2b 2.706 3 3.015 
1 2.670 4 3.005 
2 2.640 1 2.820 
1 2.614 4 2.754 
1 2.552 3 2.668 
~ 2.494 1 2.657 
2 2.229 1 2.575 
3b 2.211 2 2.530 
3b 2.169 3 2.512 
3 2.154 3 2.461 
lb 2.080 1 2.453 
lb 2.061 1 2.399 

1 2.316 
1 2.293 
~ 2.264 
1 2.254 
1 2.246 
9 2.224 
9 2.213 

10 2.200 
3b 2.166 

* Relative intensity taking strongest low petzite reflection as 10 

(petzite (low) reflections not recorded). 

** Relative intensity taking strongest "x11 phase reflection as 10 

(petzite (low) reflections not recorded) • 

***For measured d-values, the third decimal place is only of partial 

significance down to d 2.000, and the fourth decimal down to 

d = 1.6000. 
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TABLE A7 

High-temperature x-ray powder data for "x" phase (Au0 •28Ag3 •72Te 2) 

at 261°C. Tentatively indexed as orthorhombic, a= 7.5 ~' b = 6.8 g, 

c = 6.o R. 

I d meas. hk1 

3.75 200 

3.42 020 

1 3.02 002 

1 2.54 220 

lOb* 2.23 221 

1 2.18 130 

2b 2.11 302 

2. 07 321 

* b signifies broad reflection 



TABLE AS 

Selected runs heated at 356°C relating to the area bounded by 

cl-sv-Ag5_xTe3-hs-pet (quenched in ice water and x-rayed immediately 

Run wt. % 

No. Au Ag Te Thermal history 

372D 3.05 59.43 37.52 after heating @ 335°C, 
G, 7 days 

374D 4.18 58.72 37.10 after heating @ 335°C, 
G, 7 days 

371D 4.69 57.76 37.55 after heating @ 335°C, 
G, 7 days 

373D 6.70 56.89 36.41 after heating @ 335°C, 
G, 7 days 

366D 7.08 55.27 37.65 after heating @ 335°C, 
G, 7 days 

370D 8.47 57.51 34.02 after heating @ 335°C, 
G, 7 days 

362D 24.22 35.44 40.34 after heating@ 335°C, 
G, 7 days 

368D 21.86 35.91 42.23 after heating @ 335°C, 
G, 7 days 

369D 21.36 35.09 43.55 after heating @ 335°C, 
G, 8 days 

364D 20.07 34.22 45.71 after heating @ 335°C, 
G, 7 days 

327AA 20.39 29.98 49.63 M; @ 350°C for 20 days 
then @ 356°C for 7 days 

326AA 18.00 29.99 52.01 M; @ 350°C for 20 days 
then @ 356°C for 7 days 

*301G 3.99 54.00 42.01 M; G & P, 7 days, 
G, 6 days 

Products identified 
on Guinier powder 

photographs 

a> hs (low) 

i( + hs + "x" ;;> pet (low) 

"x" >lf > pet (low) 

Ag5_xTe3 (low) + ~ > 
pet (low) 

hs (low) :> pet (low) > 
11x" + Au 

pet (low) + cl > .Y 

cl ::> pet (low) + 2r 

kr ;;. pet (low) + (!{ 

kr +o > pet (low) 

kr + sv + pet (low) + 
Ag5_xTe3 (low) + Te >d' 

kr + sv + pet (low) + 
Ag5_xTe3 (low) + Te > d-

Ag5_xTe3 (low) 

Al6 



Al7 

TABLE AS (cont'd.) 

365D 5.31 49.99 44.70 after heating @ 335°C, Ag5-xTe3 (low) "'?Te>) 
G, 7 days (sv) 

"1~*350 42.48 14.84 42.67 10 days G & P, 5 days cl + pet (low) + Au 
+ (A + B) "J(*'J( 

~·~k**356 42.86 15.07 42.06 10 days G & P, 5 days cl + pet (low) +Au+ (A) 

295D 24.86 27.10 48.04 after heating @ 290°C, kr+ pet (low) + 0 
G, 7 days 

176D 30.99 30.09 38.92 after heating @ 290°C, cl + pet (low) > pet 
G, 7 days (int) + (A) :> ~ 

174D 31.02 30.07 38.90 after heating @ 335°C, cl + pet (low) pet 
G, 7 days (int) + (A) :> r 

377D 61.95 11.23 26.82 after heating @ 335°C, cl + pet (low) + Au ) (A) 
G, 5 days 

376D 45.51 24.95 29.54 after heating @ 335°C, pet (low) +Au+ (A) + 
G, 5 days trace cl 

346D 35.73 33.26 31.01 after heating @ 335°C, (A + B) + pet (low) > Au 
G, 2 days + trace cl 

* actually heated @ 350°C 

** starting materials were kr + pet + Au 

*** see Tables Al2 and Al3 

**** starting materials were cl + pet + Au 



• 

TABLE A9 

Selected runs heated at 335°C relating to the area bounded by 

cl-sv-Ag5 _xTe3-hs-pet (quenched in ice water and x-rayed immediately 

at 18°c). 

Al8 

Run 
No. 

wt. % 

Au Ag Te Thermal history 

Products identified 
on Guinier powder 

photographs 

372C 3.05 59.43 37.52 M; 8 days, G after 7 days 

374C 4.18 58.72 37.10 M; 8 days, G after 7 days 

371C 4.69 57.76 37.55 M; 8 days, G after 7 days 

373C 6.70 56.89 36.41 M; 8 days, G after 7 days 

ir.) hs (low) 

hs (1ow) + o + "x" ;> 

pet (low) 

l + "x" + pet (low) 

366C 7.08 55.27 37.65 M; 11 days, G after 10 days pet (low) + Ag5_xTe3 
(1ow) + ~ 

370C 8.47 57.51 34.02 M; 8 days, G after 7 days hs (low) > pet (low) 

362C 24.22 35.44 40.34 M; 11 days, G after 10 days pet (low) + cl.>~ 

368C 21.86 35.91 42.23 M; 8 days, G after 7 days cl > pet (low) + ~ 

369C 21.36 35.09 43.55 M; 7~ days, G after 7 days kr::> pet (low) + ?f 

364C 20.07 34.22 45.71 M; 11 days, G after 10 days pet (low) + o + 
kr+ sv 

367C 20.48 33.64 45.88 M; 8 days, G after 7 days kr )" sv + pet (low) + 0 

327B 20.39 29.98 49.63 M; 58 days, G & P after 20 sv+ pet (low) + o 
& 36 days, G after 56 days 

326B 18.00 29.99 52.01 M; 58 days, G & P after 20 
& 36 days, G after 56 days 

Ags-xTe3 (low) + sv 
+ (trace pet 
(1ow)) 

301E 3.99 54.00 42.01 M; 16 days, G after 3 days Ag5_xTe3 (low) 

365C 5.31 49.99 44.70 
1
M; 11 days, G after 10 days Ag5~xTe3) Te ) sv 

174C 31.02 30.07 38.91 M; 12 days, G after 11 days 
1 

pet (low) + pet (int) 
+ cl + (B) 



Al9 

TABLE A9 (cont'd.) 

• *349 42.17 14.91 42.85 21 days, G & P after 6 days, pet (1ow) + cl + 
G after 20 days Au + (B) 

**355 42.21 15.30 42.46 21 days, G & P after 6 pet (low) + cl + 
days, G after 20 days Au + (B) 

346A 35.73 33.26 31.01 M· 
' ll,tz days, G after pet (1ow) + Au + 

11 days (A + B) 

***171 8.74 50.23 41.03 40 days, G & P after pet (1ow) + sv + 
10 days hs (low) + 

Ag5_xTe3 (low) 

**~'<295 24.86 27.10 48.04 M· 
' 43 days, G after kr+ hs (low) + pet 

19 da ys (low) 

377 61.95 11.23 26.82 M; 9 days, G after 1 & cl + pet (low) + 
8 days Au > (A+ B) 

376 45.51 24.95 29.54 M; 9 days, G after 7 & (B > A) + pet (low) > 
8 days Au + cl 

* starting materia1s were kr + pet + Au 

~·'* starting materials were cl + pet + Au 

*** these runs were only x-rayed sorne weeks after quenching, so that 

any metastable phases had broken down • 

• 
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TABLE AlO 

Selected runs heated at 290°C relating to the area bounded by 

cl-sv-Ag5_xTe3-hs-pet (quenched in ice water and x-rayed immediate1y 

at 18°C). 

wt. % 
Products identified 

Run on Guinier powder 
No. Au Ag Te Thermal histor:r Qhotogra12hs 

372B 3.05 59.43 37.52 M· 
' 14 days, G after 12 da ys if+ hs (low) 

374B 4.18 58.72 37.10 M· 
' 

13 days, G after 11 da ys ?( + hs (1ow) > pet 
(1ow) + "xli 

371B 4.69 57.76 37.55 M· 
' 14 days, G after 12 days 0 

373B 6.70 56.89 36.41 M· 
' 13 days, G after 12 days "x"> o + pet (low) 

366B 7.08 55.27 37.65 M· 
' 15 days, G after 13 days tf 

370B 8.47 57.51 34.02 M; 14 days, G after 12 da ys hs (1ow) + pet (low) 
+ Au >> "x" 

362B 24.22 35.44 40.34 M· 
' 

15 days, G after 13 da ys cl + pet (low) > r 

368B 21.86 35.91 42.23 M· 
' 14 days, G after 12 da ys cl+ pet (low) +?s' 

369B 21.36 35.09 43.55 M· , 14 days, G after 12 days cl + pet (low) + ~ 

364B 20.07 34.22 45.71 M· 
' 15 days, G after 13 days sv + 0 ;:> pet (1ow) 

367B 20.48 33.64 45.88 M; 14 days, G after 12 days sv + 'f..) pet (low) 

327E 20.39 29.98 49.63 M· 
' 92 days, G & P after 30 sv + pet (low) + Îf 

& 71 days, G after 91 days 

326E 18.00 29.99 52.01 M; 92 days, G & P after 30 sv + Ag5_xTe3 (low) + ~ 
& 71 days, G after 91 days 

301B 3.99 54.00 42.01 M; 59 days, G & P after 8 Ag5-xTe3 (1ow) 
& 18 days, G after 52 days 

365B 5.31 49.99 44.70 M; 15 days, G after 13 days Ag5·xTe3 (low) > Te> sv 

176 30.99 30.09 38.92 0 (20 days @ 380 C) then G & cl + pet (low) .>Au 
P, 18 days, G after 12 days 

• 



• 

• 

TABLE AlO (cont'd.) 

*358 42.15 15.69 40.95 37 days, G & P after 2 days, cl + pet (low) + Au 
G after 35 days 

**352 42.97 16.09 40.94 37 days, G & P after 2 days, cl + pet (low) +Au 
G after 35 days 

345A 30.67 37.30 32.03 M; 16 days, G after 14 days Au+ pet (1ow) + 
pet (int) ;> cl 

295A 24.86 27.10 48.04 after heating@ 335°C, M; 
16 days, G after 14 days 

377B 61.95 11.23 26.82 after heating@ 335°C, G, 
7 days 

376B 45.51 24.95 29.54 after heating@ 335°C, G, 
7 days 

* starting materials were cl + pet + Au 

** starting materials were kr + pet + Au 

kr > pet (1ow) + 

pet (low) + cl + Au 

pet (low) + cl + Au 

A21 
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TABLE All 

Selected runs heated at 170°C relating to the area bounded by cl-sv-

Ags-xTe3-hs-pet (quenched in ice water and x-rayed immediately at 

Run 
No. 

wt. % 
Au Ag Te Thermal history 

Products identified 
on Guinier powder 

photographs 

372A 3.05 59.43 37.52 M; 23 days, G after 21 days a) hs (low) 

374A 4.18 58.72 37.10 M; 16 days, G after 14 days 0;> hs (law) > "x" 

371A 4.69 57.76 37.55 M; 23 days, G after 21 days oonly 

373A 6.70 56.89 36.41 M; 16 days, G after 14 days '0 +pet (law) + "x" 

366A 7.08 55.27 37.65 M; 52 days, G after 50 days r ::>) pet (low) 

370A 8.47 57.51 34.02 M; 23 days, G after 21 days hs (law)> pet (law)' 
"x" + Au 

362A 24.22 35.44 40.34 M; 52 days, G after 50 days cl + pet (law) ::> ~ 

363A 28.24 29.64 42.12 M; 52 days, G after 50 days cl> pet (low) >Y 

368A 21.86 35.91 42.23 M; 23 days, G after 21 days cl + pet (law) + l 

369A 21.36 35.09 43.55 M; 23 days, G after 21 days cl + pet (law) + ~ 

364A 20.07 34.22 45.71 M; 52 days, G after 50 days sv + cl + pet (law) + r 

367A 20.48 33.64 45.88 M; 23 days, G after 21 days cl + sv + ~ + pet (law) 

365A 5. 31 49.99 44.70 M; 52 da ys, G after 50 da ys Ag5_xTe3 > Te » sv 

292B 9.03 50.02 40.95 After heating @ 350°, G & P, '0? sv > "x" + pet (law) 
53 days, G after 51 days 

175B 31.33 30.06 38.61 After 26 days@ 380°, G & P, pet (low) +Au> cl 
53 days, G after 51 days 

295B 24.86 27.10 48.04 After heating@ 33~ G & P, 
53 days, G after 51 days 

kr > pet (low) + ~ 

342A 28.26 39.30 32.44 After heating @ 440°, G & P, pet (low) + Au >> cl 
53 days, G after 51 days 
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TABLE A12 

X-ray powder data for unknown phases A and B from Guinier photographs 

compared with natura1 Au2Te3 (monbrayite). 

Run 346* Run 355* Run 355* Au2Te3 
@ 335°C @ 335°C @ 335°C Peacock & 

Pattern A & B Pattern A Pattern B Thom12son {1962l 
I d meas. I d meas. I d meas. I d meas. 

masked by a petzite ref1ection 1 7.50 
1 5.28 4 5.28 
4 5.05 masked by a ca1averite reflection 
1 4.68 5 4.68 
5 4.38 5 4.37 2 4.48 

3a 4.08 
3 3.70 masked by a calaverite reflection 3a 3.82 
lb 3.49 5 3.48 3a 3.53 
1 3.31 4 3.31 1 3.23 
4 3.03 2 3.02 8 2.98 
1 2.90 3 2.80 8 2.93 
10 2.73 masked by petzite 2 2.73 
5 2.52 5 2.52 5 2.52 
3 2.49 10 2.49 3a 2.48 
2 2.45 1 2.45 5 2.45 1 2.38 
1 2.41 
4 2.29 masked by petzite 3 2.29 1 2.28 
5 2.22 4 2.21 9 2.26 
5 2.19 masked by a ca1averite ref1ection 
6 2.15 6 2.15 
2b 2.11 5 2.12 1 2.12 
2 2.08 10 2.09 
3 2.06 1 2.04 
1 2.05 
1 2.04 1 1.98 
2 1.95 5 1.95 1 1.91 
3 1.85 1 1.86 3a 1.86 

2 1.85 3a 1.84 
4b 1.77 3a 1. 79 
1 1. 76 
3b 1.74 masked by a calaverite reflection 2 1.72 
3b 1.67 masked by a calaverite ref1ection 2 1.70 
2 1.61 
2 1.60 
3 1.59 
1 1.58 

2 1.49 
2 1.46 

* See Table Al3 for compositions and thermal histories. 



TABLE A13 

Se1ected runs heated at 440° to 290°C relating to the presence of an 

unknown phase (or phases) in the area bounded by calaverite-petzite-Au. 

Run 
No. 

*350 

Il 

Il 

**356 

**355 

Il 

Il 

**348 

Il 

*351 

**358 

Au 

'42.48 

" 

Il 

42.86 

Il 

42.21 

Il 

Il 

44.43 

n 

42.47 

42.15 

wt. % 

Ag 

14.84 

Il 

Il 

15.07 

Il 

15.30 

" 

Il 

14.52 

Il 

15.31 

15.69 

Te 

42.67 

Il 

Il 

42.06 

Il 

42.46 

Il 

Il 

41.03 

Il 

42.22 

40.95 

Thermal history 

10 days @ 356°C; G & P 
after 5 days 

after heating as above, 
reground and x-rayed 

reground; heated for 1 
day @ 356°C 

10 days @ 356°C; G & P 
after 5 days 

reground; heated for 1 
day @ 356°C 

20 days @ 335°C; G & P 
after 6 days 

after heating as above, 
ground, heated 1 day 
@ 335°C 

after heating as above, 
reground and x-rayed 

38 days @ 320°C; G & P 
after 6 days, G after 
31 days 

after heating as above, 
reground and x-rayed 

45 days @ 305°C; G & P 
after 6 days, G after 
30 days 

37 days @ 290°C; G & P 
after 7 days, G after 
35 days 

Products identified 
on Guinier 

film 

pet + Au + cl + A + B 

pet + Au + cl + A + B 

pet + Au + cl + A 

pet + Au + cl + A 

pet + Au + cl + A 

pet + Au + cl + A 

pet + Au + cl + B 

pet + Au + cl + B 

pet + Au + cl + B 

pet + Au + c 1 + B 

pet + Au + cl + trace B 

pet + Au + cl 

A24 
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TABLE A13 (cont'd.) 

342 28.26 39.30 32.44 M; 4 days @ 440°C pet +A+B )Au 

Il Il Il Il after above heating; pet +Au+ trace cl 
G, 1 day @ 290°C 

345 30.67 37.30 32.03 M· 
' 14 days @ 440°C pet + A ) trace (Au + cl) 

Il Il Il " after above heating; pet + (B ) A) ;> Au+ 
0 cl G, 2 days @ 356 C trace 

Il Il Il tt after above heating; pet + (A+ B) ?>Au+ 
G, 2 days @ 335°C trace cl 

Il If Il Il after above heating; pet+ cl +Au 
G & P, 25 days @ 290°C, 
G after 23 days 

346 35.73 33.26 31.01 M· 
' 14 days @ 440°C pet + A > Au + trace cl 

Il Il Il Il after above heating; pet + (A + B) >Au+ 
G & P, 25 days @ 335°C, trace cl 
G after 24 days 

Il Ir Il " after above heating; pet + (A + B) ;;>Au+ 
G, 2 days @ 356°C trace cl 

376 45.51 24.95 29.54 M; 9 days @ 335°C, pet+ (B :> A) "? (cl +Au) 
G after 7 days 

Il Il Il " after above heating; pet + A+ ( Au + cl trace?) 
G, @ 356°C for 2 days 

Il fi " " after above heating; pet + cl + Au 
G, @ 290°C for 7 days 

371 61.95 11.23 26.82 M; 9 days @ 335°C, cl + pet +Au? (A + B) 
G after 7 days 

Il Il tt " after above heating; cl +Au + pet 
G, @ 290°C for 7 days 

* starting materials were kr + pet + Au 

starting materials were cl + pet + Au 

for all other runs shawn starting materials were Au + Ag + Te 



TABLE Al4 

Calaverite patterns from Guinier powder photographs using Cu~ 1 radiation compared to Tunell's (1954) data. 

Interplanar spacings Xn Il (d) given in gstroms. Films corrected for shrinkage using LiF (a = 4.0270 R) as 

internal standard. 

No. 86 Natural calaverite Natural calaverite Natural calaverite 
No. 70 (Au,Ag) Te2 (Cripple Creek) (Calaveras,Calif.) (Kalgoorlie) 
AuTe 2 1.96% Ag Tune11 (1954) McG-2972R3 ROM .. E2569 

I ob s. d meas. I ob s. d meas. I cale. I ob s. d cale. d meas. hkl I ob s. d meas. I ob s. d meas. 

~ 8.619 
~ 6.067 ~ 6.096 1 6.088 ~ 6.093 
~ 5.907 ~ 5.954 ~ 5.898 

o.oo 7.19 lOO 
7 5.067 7 5.094 1.88 1 5.08 4.98 001 6 5.088 6 5.076 

~ 4.627 
o.oo 4.40 010 ~ 4.406 

~ 4.211 ~ 4.235 o.oo 4.15 lOI k 2 4.211 k 2 4.206 
o.oo 4.14 101 ~ 4.153 

2 3.891 2 3.915 ~ 3.83 ss? 3 3.903 2 3.923 
3 3.758 3 3. 777 0.34 1 3.75 3.74 llO 4 3. 770 3 3. 784 

0.01 3.60 200 
o.oo 3.32 011 

1 3.202 1 3.200 k 2 3.30 ss? 2 3.211 2 3.214 
0.00 3.02 111 

10 3.016 10 3.032 10.00 10 3.01 2.99 111 10 3.021 10 3.031 

9 [ 2.934 9 [ 2. 945 
8.09 [2. 94] 2.91 201 

9 [ 2. 934 9 [2.948 0.19 7 2.93 201 
~ 2.674 
1 2.566 1 2.575 0.00 2.78 210 1 2.569 1 2.571 
1 2.538 1 2.536 0.04 2.53 002 1 2.537 1 2.531 

0.00 2.44 21I 

> 
N 
0\ 



TABLE A14 (cont'd.) 

0.00 2.44 211 
1 2.416 1 2.418 0.00 2.40 300 1 2.418 1 2.421 

0.00 2.39 102 
1 2.333 1 2.337 o.oo 2.39 102 ~ 2.335 1 2.336 
lb 2.269 1 2.291 ~ 2.31 ss? 1 2.279 1 2.290 
5 2.202 5 2.220 5. 71 5 2.20 2.19 020 4 2.210 4 2.217 

o.oo 2.196 012 
o.oo 2.170 30! 

2 2.127 2 2.131 0.00 2.163 301 2 2.133 1 2.138 

[ 2.103 
7 2.110 4.18 [ 2. 105] 310 7 2.108 7 2.115 

9 - o.oo 9 2.104 2.09 120 -
[ 2.102 112 [2.102 [ 2.104 8 3.16 2.102 7 8 

0.45 2.098 112 
7 [ 2.070 7 [ 2. 072 1.89 6 [2.076] 2.06 202 7 [ 2. 070 5 2.075 

4.80 2.068 202 6 2.071 
2 2.025 0.17 ~ 2.019 2.01 021 2 2.027 1 2.053 

~ 1.9540 ~ 

ll.9443 [1.9511 
1.12 [ 1. 945] 31Ï 

[ 1. 9482 [ 1.9538 3 3 o.oo 3 1.944 1.94 12I 
4 4 o.oo 1.942 121 

0.04 1.941 31.1 
0.00 [1.878] 220 

1 1.8789 1 1.8830 o.oo ~ 1.878 1.87 21:2 1 1.8823 
o.oo 1.872 212 

~ 1.8645 ~ 1.8653 
2 1.8549 2 1. 8571 1 1.8573 1 1.8622 
2 1.7990 3 1.8026 0.74 ~ 1. 798 1. 79 400 2 1. 7995 2 1.8057 
4 1. 7614 4 1.7648 2.73 4 [1.761] 1. 75 22I 4 1.7658 4 1. 7707 
~ 1. 7506 ~ 1. 7531 0.05 1.759 221 ~ 1. 7557 1 1. 7606 

~ [1. 7406 1 [ 1. 7416 
o.oo 1. 745 30Ï 

~ [ 1. 7456 1 I 1. 7481 0.00 l. 736 302 
2 1. 7233 2 l. 7280 ~ 1.72 ss? 2 1. 7268 1 1. 7299 



TABLE A14 (cont 1 d.) 

4 [ 1.6935 4 [ 1.6978 0.04 [1.696] 4or 4 [ 1. 6953 4 [ 1. 6997 3.12 4 1.692 1.69 401 
4 1.6899 4 1.6907 2.11 1.690 003 4 1.6895 3 1.6889 

o.oo 1.664 410 
o.oo 1.662 022 ~ 1.6663 
o.oo 1.647 103 
o.oo 1.644 103 

1 1. 6182 lb 1. 6142 0.04 1.622 312 1 1.6230 ~ 1.6343 
o.oo 1.621 320 
o.oo 1.620 12~ 
o.oo 1.618 122 
0.02 1.616 312 ~ 1.6241 

~ 1.5833 1 1.5854 o.oo 1.583 41Ï ~ 1.5864 ~ . 1.5894 
0.00 1.579 411 
o.oo 1.577 013 l,_ 

~ 1.5540 ~ 1.5571 o.oo 1.545 32Ï ~ 1.5521 ~ 1.5568 
- - o.oo 1.543 321 -

4 [ 1.5417 4 [ 1.5449 1.16 1 [ 1. 542] 1.54 113 4 [ 1. 5441 [ 1.5439 0.02 1.540 113 3 

[ 1.5298 [1.5305 
0.03 1.532 203 

[ 1. 5314 2 2 0.58 1.527 203 
2 

1 1. 5290 

5 [ 1.5092 5 [ 1. 5138 0.87 5 1.510 1.50 222 5 [ l. 5136 4 [1.5150 1.69 1.507 222 
~ 1.4730 1 1.4778 

3 1.4699 3 1.4726 1.11 [ 1.469] 402 3 1.4699 2 1.4732 
o.oo 1 1.466 1.46 030 

2 1.4463 2 1.4518 0.07 1.460 402 2 1.4517 1 1.4564 
0.00 1.445 213 
0.00 1.442 213 
o.oo 1.437 500 

2 1.4399 2 1.4448 0.12 ~ 1.437 1.44 130 2 1.4448 1 1.4493 
1 1.4006 1 1.4052 0.00 1.410 031 ~ 1.4048 ~ 1.4107 



TABLE A14 (cont'd.) 

o.oo 1.392 412 
2 1.3929 2 1.3974 0.31 1.391 420 2 1.3961 1 1.4009 

0.00 1.388 412 
o.oo 1.384 soi 
o.oo 2 1.382 1.38 13Ï 
o.oo 1.382 303 

3 1.3840 3 1.3890 1.55 1.382 131 3 1.3889 2 1.3933 
0.00 1.381 501 
0.00 1.378 303 
0.00 1.366 322 .:.. 

0.00 1.366 510 
0.00 1.363 322 ... 
o.oo 1.358 2;20 ~ 1.3573 

~ 1.3457 2 1.3465 0.02 
[ 1.343] 

421 
[ 1.3445 

3 1.3488 
Sb [ 1.3412 3b [ 1.3432 1.40 4 1.341 1.34 421 Sb 3 [ 1.3439 0.95 1.339 023 

[ 1.3233 
1.11 1.320 511 

[ 1.3215 4b 0.64 1.319 313 4b 3 [ 1.3259 
0.22 5 1.318 1.32 511 

7b 1.3180 o.oo 1.317 123 
o.oo 1.316 123 

4b 1.3194 1.49 1.315 313 3b 1.3183 3 1.3188 
o.oo 1.313 23I 
o.oo 1.312 231 
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TABLE Al5 

Comparison of x-ray powder data from Guinier photographs with Tunell 

and Murata (1950) for Krennerite. Film corrected for shrinkage using 

LiF (a 4.0270 R) as internal standard, Cu~ radiation. 

Run ffo328 
~4.53 wt. % Ag) ROM 23798 ** Tunell & Murata ~1950) 

I d meas. K I d meas. lt I cale. d cale. K hkl 

o.oo 16.54 100 
1 8.843 *** 1 8.704 0.03 8.82 010 

o.oo 8.27 200 
2 7.887 2 7.828 0.02 7.79 110 
4 6.049 4 6.067 0.61 6.04 210 

o.oo 5.51 300 
5 4.692 5 4.692 0.68 4.69 310 
1 4.482 1 4.477 0.10 4.46 001 

o.oo 4.41 020 
o.oo 4.31 101 

~ 4.216 ~ 4.231 0.01 4.26 120 
~ 4.153 ~ 4.144 o.oo 4.14 400 
2 4.001 2 3.998 0.18 3.98 011 
2 3.945 2 3.946 o.oo 3.93 201 

o.oo 3.89 220 
4 3.894 4 3.887 0.55 3.87 111 
2 3.761 2 3.751 0.14 3.75 410 
2 3.605 1 3.603 0.15 3.59 211 

o.oo 3.47 301 
o.oo 3.44 320 
o.oo 3.31 500 
0.02 3.23 311 

2 3.148 2 3.150 o.oo 3.14 021 
1 3.106 1 3.100 0.09 3.10 510 
1 3.096 ~ too weak 0.02 3.08 121 

10 3.044 9 3.046 10.00 3.03 401 
0.00 3.02 420 

9 2.949 10 2.948 3.62 2.94 030 
1 2.903 1 2.900 0.03 2.93 221 
1 2.880 ~ 2.877 0.04 2.89 130 

0.02 2.87 411 
0.00 2.76 230 
o.oo 2.76 600 

2 2. 736 1 2.735 0.00 2.73 321 
0.00 2.66 501 

~ 2.653 ~ 2.648 0.02 2.65 520 • ~ 2.638 ~ 2.638 0.00 2.63 610 
1 2.602 1 2.600 0.01 2.59 330 
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TABLE A15 (cont 1 d.) 

1 2.555 1 2.552 0.00 2.54 511 
1 2.509 1 2.504 0.00 2.50 421 
1 2.465 1 2.461 0.03 2.45 031 
1 2.437 1 2.434 0.04 2.43 131 
~ 2.401 1 2.403 0.00 2.39 430 

0.00 2.36 700 
3 2.350 2 2.351 o.oo 2.35 231 

o.oo 2.35 601 

* * 0.02 2.34 620 
0.01 2.28 710 
0.01 2.28 521 

1 2.271 1 2.271 0.19 2.27 611 
0.07 2.24 331 

6 2.240 5 2.241 1.97 2.23 002 
0.00 2.21 102 
0.00 2.20 040 

~ 2.189 ~ 2.190 0.02 2.19 530 
0.00 2.18 140 

3 2.163 2 2.161 o.oo 2.16 012 
0.00 2.15 202 
o.oo 2.14 112 

1 2.133 1 2.134 0.14 2.13 240 
10 2.1173 10 2.1182 5.42 2.11 431 

0.09 2.09 212 
0.00 2.09 701 
o.oo 2.08 720 
0.02 2.07 621 

8 2.0703 8 2.0724 1.59 2.07 800 
0.00 2.07 302 

4 2.0504 4 2.0536 0.39 2.04 340 
2 2.0374 2 2.0406 0.21 2.03 711 

0.00 . 2.01 810 
2 2.0214 1 2.0224 0.15 2.01 312 

0.00 2.00 630 
0.00 1.99 022 

2 1.9820 2 1.9830 0.23 1.98 041 
0.01 1.98 122 

4 1.9688 4 1.9690 0.01 1.97 531 
0.08 1.96 402 

2 1. 9511 2 1.9502 0.57 1.96 141 
0.21 1.94 440 
0.04 1.93 222 

2 1.9239 2 1.9261 0.10 1.92 241 
0.05 1.92 412 

~ 1.8904 ~ 1.8897 o.oo 1.89 721 
1 1.8785 1 1.8807 0.02 1.88 801 

0.00 1.87 322 
0.00 1.87 820 
0.01 1.86 341 
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TABLE A15 (cont'd.) 

0.00 1.85 502 
0.00 1.84 900 

4 1.8380 4 1.8401 0.03 1.84 730 
0.04 1.84 ' 811 
0.00 1.83 631 

2 1.8159 1 1.8156 0.24 1.83 540 
2 1.7993 2 l. 7998 0.04 1.81 512 

0.00 1.80 910 
0.00 1. 79 422 
0.00 1. 78 441 

8 1. 7823 5 l. 7844 1.52 1. 78 032 
0.02 1.77 132 
0.00 l. 76 050 
o.oo 1. 75 150 

2b 1. 7416 2 1.7429 0.00 l. 74 232 
o.oo 1. 73 602 
0.00 1.73 821 
0.01 1.72 250 

lb 1. 7157 2 l. 7293 0.02 1.72 640 
0.01 1.71 522 
0.01 1. 70 731 
0.01 1. 70 612 
0.00 1. 70 901 

• o.oo 1. 70 541 
o.oo 1. 70 920 
0.01 1.69 332 

8 1.6935 8 1. 6957 1.28 1.69 830 
0.01 1.68 350 

~ 1.6732 0.02 1.67 911 
1 1.6445 ~ 1.6486 o.oo 1.65 10.0.0 
1 1.6386 ~ 1.6406 0.00 1.64 051 
~ 1.6313 ~ 1.6320 0.06 1.63 432 

0.02 1.63 151 
0.05 1.63 10.1.0 
o.oo 1.62 702 
o.oo 1.62 450 
0.02 1.61 622 
o.oo 1.61 740 
0.02 1.61 251 

1 1.6118 ~b 1.6138 0.16 1.61 641 
0.00 1.60 712 
0.01 1.59 921 

1.5843 1.5864 0.01 1.58 831 
0.00 1.57 351 
0.00 1.57 042 

lb 1.5733 1.5741 0.01 1.57 532 
0.01 1.56 142 
o.oo 1.56 930 

1 1.5554 1.5562 0.01 1.55 550 
0.00 1.55 10.0.1 
o.oo 1.55 10.2.0 
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TABLE A15 (cont 1 d.) 

~ 1.5461 0.09 1.54 242 
o.oo 1.53 10.1.1 

~ 1.5272 ~ 1.5298 0.00 1.52 451 
0.00 1.52 722 

7 1.5210 5 1. 5219 1.11 1.52 802 
0.34 1.52 741 

2 1.5132 1 1.5141 0.28 1.51 342 
0.00 1.51 840 
0.00 1.50 11.0.0 
0.00 1.49 812 
o.oo 1.49 632 

1 1.4991 ~ 1.4989 0.03 1.49 003 
0.01 1.48 650 

~ 1.4857 ~ 1.4861 0.05 1.48 11.1.0 
0.00 1.48 103 

4b 1.4727 4b 1.4741 0.02 1.47 931 
0.01 1.47 551 
0.17 1.47 442 
0.01 1.47 013 
0.11 1.47 10.2.1 
0.19 1.47 060 
0.00 1.46 203 
0.01 1.46 160 
0.04 1.46 113 
0.00 1.45 260 
0.02 1.44 213 
0.00 1.44 10.3.0 
0.00 1.44 303 
o.oo 1.43 822 

2 1.4325 2 1.4335 0.08 1.43 841 
0.00 1.43 11.0.1 
0.00 1.42 11.2.0 
0.03 1.42 732 
0.00 1.42 360 
0.00 1.42 902 

1 1.4220 * 0.17 1.42 542 
o.oo 1.42 313 
o.oo 1.41 750 

1.4145 1.4155 0.02 1.41 651 
0.00 1.41 940 
o.oo 1.41 023 
0.01 1.41 11.1.1 
o.oo 1.40 123 
0.00 1.40 912 

2 1.4051 2 1.4058 0.83 1.40 403 
0.01 1.40 061 
0.01 1.39 161 

1.3937 ~ 1.3961 0.03 1.39 223 
0.00 1.38 052 
o.oo 1.38 460 
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TABLE Al5 (cont'd.) 

0.00 1.38 413 
0.00 1.38 12.0.0 

~ 1.3869 1.3889 0.01 1.38 152 
o.oo 1.38 261 
o.oo 1.37 10.3.1 
o.oo 1.37 323 
0.03 1.36 252 
0.02 1.36 642 
0.01 1.36 12.1.0 
0.00 1.36 11. 2.1 
0.00 1.36 503 
0.02 1.35 361 
0.00 1.35 922 

4b 1.3505 4b 1.3517 1.18 1.35 832 
0.01 1.35 751 
0.13 1.35 941 
0.01 1.34 352 
0.01 1.34 560 
o.oo 1.34 850 
o.oo 1.34 513 
0.00 1.34 11.3.0 
o.oo 1.33 423 
0.00 1.33 10.0.2 

1 1.3321 ~ 1.3344 0.03 1.33 033 
4b 1.3252 4b 1.3271 0.34 1.32 461 

0.01 1.32 133 
0.06 1.32 10.4.0 

4b 1.3197 4b 1.3212 0.70 1.32 12.0.1 
0.00 1.32 12.2.0 
0.06 1.31 10.1. 2 
o.oo 1.31 452 

* Masked by LiF reflection. 

** Sample from Ka1goor1ie, Austra1ia. 

*** For measured d-values, the third decimal place is only of partial 

significance down to d = 2.000, and the fourth decimal ~own to 

d = 1.6000 • 

• 
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TABLE A16 

Comparison of x-ray powder data from Guinier photographs with Tunell 

(1941) for Sylvanite. Film corrected for shrinkage using LiF 

(a = 4.0270 R) as interna! standard, Cu~1 radiation. 

Run :f/:137 10.09wt%A PRM F. 708 id( 

I d meas. R I d meas. I cale. hkl 

0.0 8.398 lOI 
0.0 8.294 001 

3 7. 360 *'-k* 4 7.372 0.2 7.309 10;2 
1 6.125 ~ 6.125 
1: 2 5.992 
5 5.073 6 5.064 0.7 5.082 lOO 
2 4.496 2 4.507 0.2 4.489 010 

0.0 4.416 20~ 
0.0 4.371 103 

1 4.189 1 4.184 0.1 4.198 202 
1 4.156 1 4.160 0.1 4.147 002 

0.0 3.958 ni 
4 3.960 4 3.960 0.7 3.947 Oll 
4 3.835 4 3.843 0.6 3.825 112 
1 3.673 1 3.676 0.1 3.654 204 

0.1 3.364 110 
0.0 3.310 20I 
0.0 3.291 101 

2 3.150 2 3.156 0.1 3.148 213 
o.o 3.132 113 
0.1 3.066 212 

10 3.051 10 3.051 9.9 3.046 012 
10 2.985 10 2.985 3.9 2.986 304 

0.1 2.948 lOlj: 

0.0 2.833 21Zï. 
0.0 2.819 305 
o.o 2.799 303 
0.0 2.799 205 
0.0 2.764 003 
0.0 2.664 211 

2 2.657 2 2.661 0.1 2.654 111 
2 2.531 2 2.531 0.1 2.541 200 
1 2.485 1 2.485 0.1 2.486 314 
2 2.474 2 2.475 0.2 2.464 114 

0.0 2.436 30Ù 
o.o 2.409 302 
0.0 2.390 102 

2b 2.390 2b 2.394 0.3 2.387 315 
0.0 2.375 215 
0.1 2.374 31.3 
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TABLE Al6 (cont'd.) 

0.3 2.353 013 
4 2.245 4 2.247 2.0 2.244 020 

0.0 2.228 405 
1 2.205 ~b 2.210 0.1 2.211 210 

0.0 2.208 4oo 
0.0 2.199 lOS 
0.0 2.185 20b 

2 2.168 1 2.170 0.1 2.168 12I 
8 2.149 8 2.150 0.7 2.166 021 

0.1 2.145 122 

8 2.1141 9 2 .114] 
4.1 2.141 316 
3.5 2.126 312 

1 2.109 0.5 2.110 112 
4 2.088 5 2.090 1.2 2.099 404 
6 2.077 7 2.076 2.6 2.074 004 
2 2.051 2 2.052 0.3 2.053 120 

0.0 2.051 407 
0.0 2.040 307 
0.0 2.017 301 
0.0 2.010 201 
0.0 2.001 22) 

2 2.0003 k 2 2.0003 0.1 1.997 123 
0.0 1.996 415 

4 1.9809 Sb 1.9850 1.7 1.981 4lb 
0.0 1.979 222 
0.0 1.974 115 

~ 1. 9779 0.3 1.973 022 
0.0 1.964 21o 
0.0 1.912 224 
o.o 1.901 414 
0.0 1.884 403 

~ 1.8913 1 1.8941 0.1 1.882 014 
0.0 1.867 103 

1 1.8858 1 1.8849 0.1 1.865 417 

3 1.8554] 3 1. 8563 J 0.2 1.857 22I 
0.1 1.857 317 
0.0 1.854 121 

4 1.8346 4 1.8389 0.1 1.839 31I 
0.0 1.834 211 

1 1. 8312 0.6 1.827 40S 
4 1.7929 4 1. 7937 1.9 1.794 324 

0.0 1. 788 507 
0.1 1.785 124 
0.0 1.770 soo 
0.0 1. 767 207 
0.2 1.755 325 
0.1 1. 751 225 

3 1. 7548 2 1. 7563 0.5 1. 751 323 
1 1. 7478 lb 1.7463 0.1 1. 747 106 
1 1. 7440 0.4 1. 742 023 

0.1 1. 738 413 
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TABLE A16 (cont 1 d.) 

0.1 1.726 508 
0.0 1.724 113 

4 1.7206 5 1. 7228 1.5 1.712 308 
1 1. 6972 ~ 1.7015 1.0 1.694 300 
3 1. 6872 5 1.6858 0.1 1.692 418 

0.0 1.682 220 
0.0 1.679 sos 
o.o 1.659 005 
o.o 1.655 402 
0.0 1.651 517 

1 1.6586 0.1 1.651 326 
1 1.6539 ~b 1.6559 0.1 1.647 516 

0.0 1.645 202 
0.0 1.644 217 

lb 1.6410 2b 1.6417 0.2 1.643 322 
0.0 1.636 122 
0.0 1.628 ur:; 
0.0 1.611 51S 
0.0 1.607 509 
0.0 1.600 409 
o.o 1.600 318 
0.1 1.585 310 

1 1.5805 2b 1.5793 0.3 1.581 425 
~ 1.5750 1 1.5690 0.1 1.574 426 

0.0 1.573 515 
0.0 1.571 125 
0.0 1.566 226 

~ 1.5589 ~ 1. 5595 0.1 1.556 015 
4 1.5466 4 1.5472 1.2 1.553 412 

0.1 1.545 212 
k 2 1.5368 0.1 1.545 504 
3 1.5305 2 1. 5316 0.8 1.533 42z;: 

0.2 1.529 104 
3 1.5260 4 1.5271 1.7 1.523 024 

0.0 1.514 427 
0.0 1.513 519 

lb 1.5160 lb 1.5176 0.4 1.510 3Û 
o.o 1.508 419 
0.1 1.500 32Ï 
0.0 1.497 221 

2 1.4979 ] 3v.b. 1.4942] 
0.2 1.496 030 
0.3 1.493 608 
0.0 1.474 208 
0.0 1.472 131 

~b 1.4752 0.5 1.472 031 
0.0 1.471 609 
0.0 1.466 607 

1 1.4691 ~b 1.4691 0.1 1.465 132 
o.o 1.461 s.o.fo • 0.0 1.460 514 
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TABLE A16 (cont'd.) 

• 0.0 1.456 309 
0.0 1.447 114 
0.0 1.446 107 
0.0 1.446 40Ï 
0.0 1.443 423 
o.o 1.442 301 
0.1 1.435 123 
o.o 1.434 130 
0.1 1.416 233 
0.5 1.416 428 
0.0 1.416 61S 
0.1 1.415 133 
0.0 1.409 6. O. ÏO 
0.0 1.409 232 
0.6 1.407 032 
0.0 1.400 21S 
0.1 1.399 4 .0. ÏO 

* Tune1l's Kx units converted to K. 

** Sample from Offenbanya, Transylvania. 

*** For measured d-va1ues, the third decimal place is on1y of partial 

significance down to d = 2.000, and the fourth decimal down to 

d = 1.6000 • 

• 
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Figure A3. Phase relations in the binary system Ag-Te in equilibrium 
with vapor by Kracek & Ksanda (unpublished). 
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Typical x•ray diffraction photograph for krennerite obtained with the Phillips 
symmetrical back reflection camera. The ~l and ~2 reflections measured for 
the determinative curve (figure 7) are indicated. 

Typical x-ray diffraction photograph for sylvanite obtained with the Pbillips 
symmetrical back reflection camera. The Kà reflection measured for the 
determinative curve (figure 8) is indicate • 
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