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Abstraet 

Samples of bornite and chalcopyrite between the compositions 

Cu5FeS4 (Bo) and CuF~. ?6 were heated in sealed1 evacuated1 silica 

glass capsules, then chilled in water and studied under a reflecting 

microseope. 

The solvus curves delimiting the two phase region,join Bo80 at 

500 °C to Bo65 at Boo °C and B~0 art 500 OC to Bo25 at 800 OC. Lines 

extending from Bo35 at 8oo °C through Bo28 and & 45 at 500 OC bound 

a field of double e:.œolution. Chalcopyrite exsol ves in borni te as 

lamellae up to 0.004 mm wide, boundary segregations and possibly 

rounded blebs; while bornite e:.œolves in chalcopyrite as irregular 

hair-like structures generally less than 0.001 mm wide. Chalcopyrite 

and bornite lamellae seem to be controlled by the low and high temp. 

erature forms of the respective host minerals. 

Chalcopyrite lamellae grow more rapidly than bornite1 and 

exsolution occurs raster in the pure system than in natural minerals 

(Schwartz, 1931), therefore these data are not directly applicable 

to geothermometry. 
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Introduction 

u Interpre;taltion of textures will be possible: 

only when laboratocy experimenta have examined the, 

processes taking place in ore bodies." 

G.Kullerud: (1955, Pp. 99) 

Chalcopyrite and borni te: rank among ·the most important minerals 

in base metal deposits, excluding iron, and are lmown to occur, even 

if only in minor amounts, in a great variety of mineralised deposits. 

These two minerale commonly ocenr together, and their relationships­

and textures, particularly intergrowths, have puzzled geologists 

through the ages. Stud.ies have prompted much speculation with regard 

to their origin and meaning, but there is no unanimi ty of opinion on 

the interpretation of auch structures. "Wh.ere conclusive evidence is 

lacking, controversy pr&vâls regarding the importance of replacement, 

as opposed to exsolution processe~in forming these structures. 

As yet, experimental investigation of this problam has lagged in 

favour of the pressing need for phase eqllilibrium studies in ~ 

co:mmon sulphide systems. 

1 

In the past ten yeara 1 great atrides have bean made in the, study 

of sulphide systems in general, and th~ Cu-Fe-S system in particular. 

Chalcopyrite and bornit& are isomorphous at temperatures above: 550 °0, 
and because they have mutu&l cations (Cu and Fe), the chances of solid 

sts.te diffusion are high. Rapid cooling however, should be capable· of' 

retarding reordering, and therefore 1 freee in ' intergrow.th structurea­

and ccystal forma present at higher temperatures. 
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A study' of the variation of intergrowth structurea with tempera­

ture, time and mineral compos:ttion is applicable to the interpretation 

of conditions of formation of ore bodies in the following ways:: 

A study' of the types of intergrowth textures wouJ.d reveal those 

:most like~ to result from exsolution in contrast to similar types 

formed by replacelllent processes. Such a distinction must affect the 

interpretation of the paragenesis of the minerals concemed. 

A determination of the sub-solidus Eelations of chalcopyrite and 

bomite may reveal information on the conditions: of formation of the 

minerals. KuJ.lerud (1955) regards pressure in the earth1s crust as 

being of minor importance. On this assumption., a sub-solidus tempera­

ture - composition diagram couJ.d be used to evaluate the appro:x:i:ma:.te 

temperature range of formation. By determining the bulk composition 

of the natural sa:m.ple, the a:mount of materia1 exso1ved could be cor­

related with equivalent am:>unts indicated on the sub-solidus diagram 

in order to reveal the temperature corresponding to that anount. 

Schwartz (1931) and Sugaki (1955) have demonstrated that time 

has an important affect on the a:mount of ma.terial exso1ved be1ow 400 °C 

in natura1 bornite-chalcopyrite samples. Investigations of time and 

cooling effec ts on control1ed synthetic systems may therefore reveal 

information on the nature and rate of exso1ution processes: invo1ved 

and indicate the relative importance of these processes under natural 

conditions of ore formation. 

Synthetic systems., under controlled pbysico-chemica1 conditions, 

form a justifiable basis for investiga ting and interpreting the varied, 

and often apparent.JJ comp1e:x;, procas ses invo1ved in ore genesis. In 
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solid diffusion processes in sulphides, the affects of impurities usually 

constitute a problem about which relativ~ little is known. In the 

Cu-Fe-S system, cu++ and Fe++ are the main cations involved in solid 

diffusion, but it is possible that bivalent ions of similar aize (Co, 

Ni, Zn, Mn) :mey- substitute for these atoms with varied affects. 

The main experimental work to date on bornite•chalcopyrite inter-­

growth textures bas been confined to studying natural samples. To the 

writer1 s knowledge, no work bas been done on the variation of intergrowth 

textures with temperature and time in synthetic bomite-chalcopyrite 

systems. 

The writer bas conducted a series of experimenta on bomite­

chalcopyrite relations within a specifie composition range in an attempt 

to solve soma of the problems conceming the types and distribution of 

intergrowth textures. The experimenta and resulta are discussed in 

pages to t'ollow. 
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Previous Work 

Evidence from naturaù. examples. 

The early observera of borni te and chaJ.copyri te intergrowths e~ 

plained the textures as the result of either replacement or eutectiœ 

crystallisation pro cesses. Replacement intergrow:ths were regarded as 

the most important in view of the greater number of e.mmples ci ted wi th 

•indisputable:" evidence in thei:Jr favour. 11Eutectie11 and tteutectoicf1 

structures were of theoretical interest. 

Overbeck (1916) was one of the first to describe intergrowth text-

ures typical of exsolution processes., however, he interpreted them as 

the result of replacement, despite the distinet evidence: of pinching 

intersections of the intergrow:ths. The se were regarded as anornal.ous:. 

Rogers (1915) recognised the true., nature of exsolution textures:, an<il 

was a leading figure in promoting this explanation. Neverthelesa, these 

new ide as met wi th stiff opposition. 

Schneiderhohn1 s excellent treatment of the subject of exsolution 

textures in 1922 had considerable influence on the controversy. Reports 

of exsolution intergrowths mul tiplierl in Europe. Schneiderhôhn emphao-­

aised the need for experimental research to verify' structures due "to 

unm.:il:!::i..n as diS'tinet from those re sul ting from replacement proceeea:. 

Numerous types of microta:tures have been observed and severail. 

classifications, both descriptive and gene:tic have been suggested. 

Schneiderh ohn (1922) proposed the following classification of segreg­

ation textures. 

1. Emulsion structures - tbose due to the segregation of submicroœ-

* 1Unm:i7dng 1 was used originally by t~he" metaù.lurgists whereas •exsolution• 
!las been adapted more to geological processes. Both terrns are synonymoua. 



copie: to microscopie globules from the parent crysta·l. 

2. Cell, net or mesh structures- those dUe to the migration to, 

and accumulation at,the boundaries of the crystalline grains. 

3. Lamellar or Widmanstatten structures - plate and needle-1~ 

segregations controlled by the structural planes of the parent crystal. 

4. Eutectic structureS'- those comprising an intima.te granular or. 

lamellar intergrowth of two or more kinds of crystals. 

5 

Schwartz (1931; p. 742·) was very careful to distinguish between tha 

origins of the textures, and proposed the following classification with 

criteria for identifying the main groups. 

1. Graphie: intergrowths - eutectiœ and eutec:toid; 

contemporaneou& deposition; 

replacement; 

racrystallisation; 

2. Unmi.::ing textures-. 

3. Irregular rounded structures. 

There is still mueh controversy on the matter, and for further con­

siderations the reader is referred to works by Schneiderhohn (1922'); 

Schwartz (193:1.1 1939, 1942); Sugaki (1951) and Edwards (1954). 

SChwartz produced a classie paper in 1931 describing the resulta 

of some experimental investigations. Using natural samplee, seaù.ed in n­

aauated pyrex or silica tubes, he ehowed that int&rgrowths o~ chalco­

pyrite could be absorbeà dm solid solution wi th borni te when heated for 

one week at temperatures ab<>Ve' 475 °C. Chilling in eold water was suf'fic­

ient t ~o quench the:: solid solution, but s1ower cooling rates enabled the 

chalcopyrite to e::œolve as intergrowths or, if slow enough, as completely 
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segregated masses. The cooling rate and bulk composition were cons.idered 

to be critical factors in aontrolling the type of intergrowth; however, 

reference was only made to composition where the hos;t phase was distinctly 

in excess of the exsolved phase. Schwartz concluded that exsolution text­

ures were uncommon in nature owing to the rapid rate of exsolution and 

the fact that most bornite mineralisation was mesothermal - approximately 

175 °C to 300 °C (Emmons; 1940) - thus forming below the region of 

extensive bornitewchaloopyrite solid solution. Similar textures have 

been observed between bornite and chalcocite, and solid solution here 

extends well down into the mesothermal range. 

Sehouten (1934) extended the controversy by producing lattice inter­

growths through metasomatic processes involving the immersion of bornite 

and chalcopyrite samples in a variety of solutions: at 120 °C. He concluded 

that replacement and solid diffUsion were not necessarily exclusive, but 

could be intimately associated as a complex process involving solid 

solution at higher temperatures. Ray (1930) had demonstrated however, 

that bomite was very unstable in an aqueous environment involving diatilled 

water, copper sulphate solution, ferrous sulphate solution or a combination 

of thesa and deoomposed readily to form chalcopyrite which replaced the 

bornite progressively along specifie directions. 

Sugaki (1951) conducted a series of experimenta using natural inter­

growths of bornite and chalcopyrite from the Akayama Mine, Japan. He was 

able to form solid solutions of bornite and chalcopyrite at temperature• 

appreciably below those demonstrated by Schwartz. At lower temperatures 

greater lengths of time were required for solid solution to oocur, and 

at 300 °C solid :rolution only occ:urred after 175 hours. Sugaki produced 
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a variety of ex:solution patterns, many of which had not been described 

before·. Typical lattiœ intergrowths, wi th ohalcopyri te as tlw exsolvect 

phase, weœ abundant with forms resembling wedges, drops, lenses, den­

dri tic and thread-llke: structures, œlls and fine granular clusters or 

ohains. Sugaki (19$5) .Collowed up this researdl with a quantitative 

study of the variation of chalcopyrite intergrowths in bornite. By heating 

natural samples at specifie temperatures for different lengths of time, 

he was able to show that the variation of thiclmess of the lamellae 

was dependant basically on time· (fig. 1). Increased time caused a slight 

increase in the amount and width of the exsolving chalcopyrite body (figs. 

1 and 2). The se experimenta were conducted in air, and i t is significant 

that a ditferential thermal analysis (D.T .A.), also in ad.r (Frueh; 19$0) 

reveals an emthermic peak between 300 °C and 400 °C (fig 4). This represents 

the dissociation and oxidation of borni te;, and is accompanied by' the 

release of s~ gas. 

In subsequent experimenta: on the diffusion of copper through pyrite 

and chalcopyrite blocks, Sugaki (1956) was able to form mineral zoneer 

decreasing in copper content away flrom the copper plate source. The contact 

between the borni te and chalcopyrite Z'Ones was indistinct and invariably 

markeù by a pinkish eolouration. On cooling, lattice intergrowths of chal­

copyrite exsolved from the bornite, and fine blades of bornita exsolved 

from the pink zones. No further details are given on the specifie form 

and variation of intergrowth structures a cross the zone. 

Evidence hom synthe:tic systeiiUf. 

In 19171 Merwin and Lombard published the resulta of their investig­

ation of the Cu-Fe-S system at a sulphur vapour pressure of 45.5 rmns. 'l'1:ley 
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I. No change in chalcopyrite lamellae. 
II. Chalcopyrite lamellae grow thicker than betore heating. 

III. Chalcopyrite lamellae become :narrower than be.fore heating.or partly 
disappear. 

IV. Chalcop,ri te lamellee disappear entirely. 
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delimited the equilibrium. and solid solution fields of the various· binary 

and ternary minerail.s, and demonstrated that the sulphur pressure over 

borni te and ehalcopyri te was extremely low., even at temperatures of 1000 ° C. 

In a e'losed system wi th restricted vapour spaca;, the los& of sulphur and 

metal atoms to the va.po'tlr' would be very smail.l, probaitfly less than 0.1 wt %. 

Yund and Kullerud e:Xten.Qellli the research, and in 1960 publisheril the: 

preJ.imi.na;ry resulta of their investigation of the: Cu-Fe-S system art 700 °C. 

(fig. 3). They accurately delimited the: various solid solution fields, and\ 

observed that in the' bornite-chalcopyrite relationship, bornite solid sol­

ution.ll'with less than 57 wt. % Cu, and greater than tt.a wt. % Fe, was 

unquenchable and exsolved chalcppyritœ when chilled in water. Solid solut­

ions of both cha1copyri te and borni te exsol ved the minor cons ti tuent, 

but the exsolved bornite was present as fine 1attice intergrowthm- in 

contrast to the coa.rser blades of exso1ved chalcopyrite. Furthermore, 

the chalcopyrite present wi th exsolved borni te was ri cher in copper than 

the chalcopyrite in bornite-free samples. 

Crystail]ograpll;r of borni te and cha1copyri te. 

Both bornite and chalcopyrite have high and 1ow temperature poly-

morphs wi th transformations of the order-disorder type. 

Bornite - is face-centred cubic at high temperatures (a = 5.50 .! 0.01 Î) 

(Morimoto and Kullerud:; 1961) and probably has an antif1uorite structure. 

It is unquenchable and inverts bel.ow; 228 .! 5 °C., to the 1ow temperature 

form. Frueh (1950) notes tha;t the: transformation, as indicated by D. T .A. 

(fig .4) and resistivity measurements, occurs over a range of temperature, 

between 220 °C and 170 °C. With rapid eooling, Morimoto and Kullerud 

observe · that the high temperature form inverts to a metasta.ble form 

which is face centred cubic (a • 10.94!: 0.02 Î) and spa~e group Fd3m or 
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Fig. 3 l'hue relations in the eu-Fe-S System (Yund and KullerudJ 1960) 

StabUi ty Fielde. 

Bo • Bornite'; Cp • ChalcoWTite:J Po • Py.rrhotite. 

1. Bo-Ii«t"Vap. 5. Cp-Py-Po-vap. 10. Bo-Po-Vap. 

2". Do-Cp-Liq-Vap. 6. P;r-Po-Vap. ll. Bo-Po-Fe-Vap. 

3. Op-Liq-v ap. 7. Cp-Po-Vap. 12. Bo-Fe-Cu•Vap. 

4. Op-Py-Liq-Vap. B. Bo-Cp-Vap. 13. Bo-Cu.-Vap. 

9. Bo-Cp-Po-Vap. 

(Phase relations at 700 <>c and vapour pressure of the system) 
The delim1.ted area is enlarged in f"ig. 11 to ahow details applicable to 

the present researCh. 
Shaded areas denote fields or solid solution. 

Fe 
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F4Jm. This changea slowl1' at roorn temperature to the stable low temperature 

form which haa a primitive tetragonal paeudo-body-centred structure 

(a • 10.94 : 0.02 ÎJ o • 21.88 ! 0.04 Î) vith a space group P42d pseudo 

-I42d. 

Chalcopyrite - is face-centred cubic at high temperatures (a • $.29 

+ 0.02 Î - Frueh; 1958) and is isostructural vith the high temperature - \ 
\ 

form of bornite. The high temperature form is quenchab1e but inverts 

slowly - within a year (Frueh) - to the stable low temperature form. The 

inversion temperature ie 547! 5 °C (Yund and Kul1erud; 1961), and a 

D.T.A. of natural chalcopyrite' by Sugaki (1956} reveals a correaponding 

endothermio peak at 550 °C (fig. 4}. The low temperature form of 
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Fig. 4 - Differentia! thermal analysis of bornite and chalcopyrite. 

Bornite measurements vere made in air with a thermal rise'ot 12 °C 
per min. (Frueh; 1950) 

Chalcopyrite measurements were made in a nitrogen atmosphere vith 
a thermal rise of 5 °C per min. (Sugaki; 19$5) 

Endothermic peaks in both minerale represent energy changea resulting 
from polymorphie transformations wh•reas the exothermic peak in 
bornite representa dissociation and oxidation with the release of 

sulphur dioxide gas. 
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chalcopyrite is tetragona:l (a • 5.2:4 A; c = 10.30 A) (Frueh; 1958). '!he, 

order-disorder transformation from high to low temperature forms i~lves 

a alight shrinkage of the lattice as is indicated by the relation : c is 

less than 2a. 'l'his means that the ordered demains no longer have an 

orthogonal relationship but show a slight angular discrepancy in domain 

boundaries - a fact t'hat may well affect the structural control of inter-

growths. 

Studies of chalcopyrite, using neutron diffraction teehniqtJ.es to 

determine the magnetic space lattice,have indicated t'hat chalcopyrite 

conforma more closely to eu+Fe+++s
2 

than cu+~e++s2 • '!his is an important 

consideration where atoms with magnetic moments - Fe = 3.8 Bohr magnetons 

(DollllaU et. aù.; 1958) - are concerned,as it places a restriction on the 

ease of diffusion of such atoms or ions. 

Processes involved in exsolution phenomena. 

Exsolution, or the separation of phases in a crystal, will occur 

along planes common to both phases in order to approach ~ lower energy 

state. Low temperature borni te and chalcopyrite have mutuaù. sulphur and. 

copper planes parallel to (111), (Edwards; 1954), but in view of tha order­

disorder relations of the metal atoms with temperature changes, it is the 

sulphur planes that are most likely to cons ti tu te the eommon contact plane 

on which exsolution occurs. No intergrowths have been observed para:llel. 

to the cubie: (lOO) and pentagonal dodecahedra:l (112) planes. 

In bornite, the.' (111) plane is represented by a well-deve.loped 

cleavage and twin plane, and in chalcopyrite .. it forms a very good parting. 

The mecllanism of intergrowth formation is imperfectly understood 
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but is clearly associated wi th solid d'iffusion wi thin the crystal lat ti ce. 

Sewral types of solid diffusion are known (Smoluehow:ski; 19.51), but Ross: 

(19.54) favours the diffusion of ions in both directions .with a probable 

flow. of electrons in opposite directions to maintain electric neutrality. 

The exsolution of material is closely associated with phase interface 

reactions, and these seem to be controlled directly by the ionie: stabili ty 

at the interface and aœtivation energy of the intermediate or exsolving 

phase, and indirectly by the individual ion or atom mobilities. 

Ez:solved phases are usually present as intergrowths or similar 

structurally related bodies and are metastable, changing in time to f'orm 

larger bodies with lower surface energies. During cchilling, the exsolveil 

phase grows in a manner fav.ouring minimum energy on the surface of separ­

ation. Commonly this growth is coherent with the matrix structure, but 

differences in the nature of the host and exsolving material mq induce 

strains in both crystala (Smoluchowski; 19.51). When the crystal grOlrl;h 

reaches a stage where the strain energy emeeds the activation energy 

required to initiate exsolution, the. exsolved phase changes slowly from the 

transient form to the stable, lower energy structure. 

In eonsidering exsolution phenomena, it is necessary to distinguish 

phases stable at the temperature of the run from those resulting from 

exsolution during chilling. Commonly, stable phases are present as distinct 

bodies wi th forma that bear little or no structural relationship to other 

phases. The stable phase is ohe with minimum free energy, and therefore 

is one in which the surface energy is minimised by the growth of larger 

crystals. It is highly probable however, that exsolution may contribu~ 

material to the stable phase without noticeably altering the shape of that 

phase. 



Experimental Work 

In the study of bornita and chalcopyrite intargrowth textures, 

3.3 ro.ns we:re conductad, each one comprising a maximum of 5 samplas. 

All samples wera sealed in evacua ted silica glass capsulas, and the 

frea space within the capsule was reduced to a minimum. Stock samplas 

of 1.0 gm. were synthesisad from pure elements and checked by X-ray 

diffraction techniques to ensure tha t no other minarals, especiall\1 

pyrrhotite, were present. 0.02 gm. portions were heated in a furnace 

at a given temperature for a specifie length of time and then ~anched 

in either cold water, air or liquid air. 

The sample was then mounted in a plastic pellet, glued to a slide, 

polished and studied with the ~id of a reflecting microscope (Clark, 1959). 

Materials and Equipment 

Element Materials 

The same reagents were used throughout for the synthesis of samples:. 

Iron powder, consisting of irregular grains averaging 0.007 llllllS. 

diameter, was purchased from Johnson Matthey & Co., England. Of the 50 

elements sought as impurities, 42 were not detected by standard spectro­

scopie methods; Ag, Mg and Cu showed less than l ppm. each; Na, Si and 

Ni regis tered 1 ppm. each,; and Mn showed 3 ppm. 

Copper powder, from the same source, consisted of irregular grains 

averaging 0.012 mms. diameter. The powder had been reduced from high 

purity cupric oxide in which Fe was present as 2 ppm,; Na, Ag, Si, Mg, Li, 

Ca, Cd and B showed lesa than 1 ppm. each; and 41 other elements were 

not detected by standard spectrographie methods. 

Spectroscopically pure cr,rstalline sulphur was obtained from the 

American S:melting & Refining Co., New Jersey. A chemical analysis showed 
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on~ traces of Na and Cl. 

Transparent and translueent quartz glass tubing and rode (Vitreosil 

brand) were obtained from Fisher Scientifie Co. Ltd., Montreal. Tubing 

of 5mm. bore and 1. 5 mm. wall thiekness and roda 5 mm. in diame-ter 

were used for all the experimente. The silica glass was ideal for the 

experimental work owing to its high melting point, extremely low thermal 

coefficient of expansion and chemieal inertness. 

Fwmaces 

Two furnaces were used in the course of the experimental work. 

The firat furnace (fig. 7), a Hevi-Duty furnaee, was adapted for 

the experimental womc. Single eircular marialite plates- wi th centra;l 

openings1 sealed by bevelled trap-doors, were fastened to each end of 

the furnace. A quartz tube, 2• I.D. an::J 0.25• wall thielmess, was 

installed as· the furnace ehamber between the marialite ends. The furnace 

-.s used for sorne initial synthesis runs, but owing to its small size 

(6• x 8.5•), very poor insulation and consequently undesirable temperature 

gradient (fig. 6), it was abandoned for the major part of the experimental 

work in favour of a second furnace of more suitable design. 

The second furnace (fig. 8), which was based on a design by Dr. G. 

Kullerud of the Geophysical Laboratory, Washington, was built by the writer. 

It consisted of a metal shell1 188 long, that was sealed by transite ends 

and filled with magnesia powder (fig. 9). The core eomprised two coneentric 

&lundum tubes separated in the centre by a concentric nickel tube which 

distributed the heat more uniformly. The outer alundum tube was wound with 

No. 18 nichrome vire and cemented in place vith a zirconia refractory 

cement. The total resistance was appro:rlmately 29 ohms at room temperature. 
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The furnace was adapted for use in the vertical position to ensure rapid 

ehilling, and the following modifications were made. Bevelled trap-doors 

were affixed to both ends of the furnace to reduce internal convection 

to a minimum (fig. 5). An electrical release circuit was built into the 

upper trap-door sothat the capsule tray could be released while the trap-

door remained clamped in place. The lower trap-door could be swung out 

of position momentarily to enable quenching with no observable effect 

on the furnace temperature. The wiring of the heating element comprised 

a central 8.5" zone with 6 turns per inch flanked below and above by 5" 

and 3" zones respectively, each with 10 turns per inch. The central hot 

zone was displaced slightly upwards with respect to the centre of the 

furnace but was very uniform over a distance of 4" with a range of 1.5 °C 

at 400 °C and 3 °C at 600 °C. To facilitate loading and quenching oper-

Fig. 5 - Diagram illustrating 
the bevelled trap-door seal 
and thermocouple inlets. 

The copper wire for releas­
ing the capsule tray is 
connected to the two screws 
in the trap-door base. 
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Fig. 8 - Second furnace 
mounted in the travelling 
cage. 

The Honeywell Pyr-0-vane 
controller used for reg­
ulating the temperature 
is mounted on the wall. 

The desiccator used for 
storing pure materials 
a~nd ff,Vllthetic stock 
samples is shown at the 
base of the furnace stahd. 
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Fig. î - First furnace prepared 
for calibration of temp­
erature gradients. 

In the foreground is the 
Leeds and Northrup~ pot­
entiometer and relay switch 
used for controlling the 
temperature in the furnace. 
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Fig. 9 - Structural details of the second furnace. 
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ations, the furnace has been mounted in a cage which travels on bearings 

between vertical runners. 

Temperature control Instruments 

Two types of temperature control mechanism ...... s were used with the 

first and second furnaces respectively. The firat furnace was connected 

via a relay switch to a Leeds and Northrup recording potentiometer capable 
0 

of c.ontrolling the temperature to ! 10 c. Regulated current was fed to 

the second furna.ce element through a Honeywell Pyr-0-Vane controller 

equipped wi th a burn-out protection deviee. An adjustable on-off type 

control circ.uit provided temperature control within ! 3 °01 and the 

instrument had a measuring sensitivity of 0.15% of scale span. 

Furnace temperature-s were measured with chromel-alumel thermocouples 
0 

calibrated at 100°0 (manufacturer's tolerances 0.75% max. from 277 C to 

871 °C). Chromel-al.umel leads ccmpletej the measuring-control circuit to 

the second furnace, and all temperatures: were read to the nearest degree 

off the Pyr-0-Vane scale panel. For more sensitive temperature measure• 

ments a Leeds and Northrup portable potentiometer was used. 

Apparatus for analzsing products 

a) X-raz Diffraction • Two methods were used to test for undesirable 

minerals in the synthesis of stock material. 

(i) A small portion of material was finely ground under 

acetone in a mullite mortar and pestle and then smeared on a 

glass alide with an acetone-glue mixture. The mount wa.s rotated 

from 2Q • 25° to 80° on a General Electric XRD-3 X-ray diffractometer 

using iron radiation. Crystalline phases giving reflections 

sufficiently distinctive from the background intensity were then 

identified from the diffraction peak pattern. 



Fig. 10 Nonius Guinier focussing camera used for 
analysing the synthetic stock samples for 
the presence of minerals ether than 
bornite and chalcopyrite. 

A check 1-Jas made on another portion of sample 

using a more sensitive Nonius Guinier focussing X-ray diffraction 

camera and Co Kac radiation (Fig . 10) . The material v-ras finely 

ground and then transferred to the sticky surface of mylar press-

ure sensitive · tape pasteà a cross the windm·Js of mount to form 

a layer of uniform thickness. The sample was then exposed for 

eight hours. The interplanar spa-cings were measured and 

correlated with mineral patterns . 
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b) Reflecting Microscope A Cooke Troughton and Simms reflecting 

microscope was used solely for t he identification and analysis of polished 

mineral and intergrowth textures. It provided yet a third check on the 

puri ty of t he mineral compositions. Lov.r po1-mr (44 X) was sui t able for 

general microchemical tests, but for an analysis of the intergrowth 
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textures and phase relations oil immersion techniques with a magnification 

of 380 X were necessary. Graduated and grid oculars were used for the 

statistical analyses. 

General 

All pure elements and synthesised materials were kept in a desiccator 

to prevent oxidation and contamination of the products. 

A Zeiss reflex camera positioned above the microscope with the aid 

of a retort ring or lens adaptor, was used for recording all the figures. 

Experimental Procedure 

The relative quantities of Cu, Fe and S required to form the 

desired minerals were computed from data given in the Cu-Fe-S phase 

equilibrium diagram of Yund and Kullerud (1960). Sample proportions were 

calculated for 10% intervals along a line between stoichiometric bornite 

and a selected value of chalcopyrite (Cu Fe s1•761) in the centre of the 

chalcopyrite solid solution field at 700°C (Fig. 11). This line passes 

through the fields of bornite solid solution, bornite-chalcopyrite two- phase 

region and chalcopyrite solid solution. It just avoids the bornite-chalcopyrite-

pyrrhotite equilibrium field in the same diagram. 

Weighing Procedures Two methods were used in charging the capsule tubes -

silica tubes sealed at one end. 

Initially the elements were weighed out individually in a specially 

moulded pyrex glass tray and transferred to the tube via a glass funnel. 

In each step the material adhering to the walls of the tray, funnel and 

tube ·Has tapped free, and the 1-1alls of the tube were cleaned wi th an acetone 

tainted pipe cleaner. The weight of material in the tube was recorded. 

The quantities of subsequent elements added were corrected and recorrected 

for lasses during transfer so that the final quantity of material in the tube 
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was in the desired proportions correct to 0.2 mgms. for approximately 1 gm. 

samples. In transferring the material, Cu and Fe suffered moderate though 

comparable losses whereas the loss of S was negligible. Cn heating the 

material, the layers of Fe and Cu formed layers of pyrite and chalcocite 

respectively. Regrinding the material for subsequent runs was greatly 

hampered by the markedly contrasting hardnesses of the two minerals and 

occasionally resulted in the loss of material by spattering. Accordingly, 

a method was adopted ~ùereby the correct proportions of Cu and Fe were 

weighed into the glass tray and then carefully mixed using a stainless 

steel spatula. The mixture was then transferred to the capsule tube as 

before, the differential loss of Cu and Fe being regarded as negligible. 

Sulphur was added to give the desired metal to sulphur proportion. 

* PreEaring caEsules - A 1.5 cm. length of silica rod was placed on top 

of the charge to reduce vapour volume. 

Keeping the sample end of the tube wrapped in a wet cloth to prevent 

heating and oxidation of the sample, the tube was necked down to capillary 

size just above the rod using an oxy-acetylene torch (Fig. 12). The tube 

was then evacuated wi th a Cenco hyvac pump capable of producing a vacuum 

of 0.2mm. Hg. After approximately 5 minutes, the capillary was sealed, 

and the tube was collapsed onto the rod to further reduce vapouD space. 

An attempt was made to increase the rate of quenching of the sample 

by preparing an evacuated pyrex capsule as above and enclosing it in a silica 

tube necked down but open at both ends. The generation of steam destroyed 

both tubes,and further investigations were abandoned. 

SY?:thesis runs Samples were kept at 800°C for a period of approximately 

*5 mm. diameter rod was •etched 1 in hydrofluoric acid to give a 
tight sliding fit. 
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48 hours and then quenched. The material was then ground to a fine 

powder ( .. 325 mesh) with a mullite morta.r and pestle, initia.lly under 

acetone but later dry owing to complications and material lasses, and 

sealed in a new capsule. Oxidation of the material appeared to be of 

minor importance, and no oxides were detected in the final products. 

The process was repeated until the sample appeared to be homogeneous . 

Experimental runs - 0 . 2 gm. portions· of the sample were aealed in 

capsules in which pow:ler~ silica glass: (-150 +200 mesh) had been packed 

to reduce the vapour space in t.l-J.e bowl of the tube between the sample 

and the rod. The samples: lvere heated at 500, 600, 700 or 800 °C for a 

specifie length of time and then dropped onto a fibre- glass mat or into a 

can containing cold water (approximately 10°C) or liquid air (- 193 OC). 

Fig. 12 - Apparatus for preparing capsules . 

The vacuum pump is connected via a control 
stop-cock to a necked dow.n, partly completed 
e,apsule. The bar above the o:xy-acetylene 
torch serves as a hand rest to facilitate 
necking, sealing and shrinking operations . 

Stop.-cock 

Capsule 

Vacuum pump 

Oxy-acetylene 
torch 
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Mounting the sample for analysis - Sample particles were separated from 

the crushed glass packing by handpicking under a binocular microscope 

with the aid of a sintple water diffusion suction pump and several glass 

nozzles with different sized openings. The sample was ~en placed in a 

steel pellet press (fig. 13) with sorne dental plastic and compress~ fo~ 

5 minuteS' to harden. The res·ultant pellet ~s oriented and mounted in 

vinylite glue on a glass slide, and a second slide was used to align the 

bevelled pellet surface with the farthest edge of the glass slide mount 

(fig . 13 bottom diagram, and fig . 14). The mounted section~ then 

polished dry on thin cardboard sheets covered with progressively finer 

abrasives and mounted on a putty cane, using a sample press in contact 

with the pellet-glass slide alignment plane, for examination under the 

reflecting microscope. 

Fig. 14 - Sealed capsules, pellet press and mounted 
samples illustrate three stages involved in the 
preparation of samples for analysis under the 

reflecting microscope. 



Analysis of the products - In addition to the X-ray and microscope 

identification apparatus alreaqy discussed, the reflecting microscope 

was used solely in the following analyses and s tudies. 
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a. Intergrowth and phase patterns - Oil immersion with a magnification 

of 380x was used for the majority of descriptions and identifications of 

chalcopyrite-bornite phase relations and intergrowth patterns. Without 

oil immersion, the intergrowths of bornite in chalcopyrite were barely 

vi si ble, even wi th high po'h-rer magnification. For quantitative determinations 

of intergrowth widths and lengths, a calibrated graduated ocular was used. (fig.l5). 

Vol~~e determinations were made applying Delesse•s area/volume principles 

to quadrant estimates (Chayes; 1956) or if greater ac~1racy was required 

a point-counting technique described in the next section was used. 

b. Rèlative proportions of phases and structures present - A deter­

mination of the proportions of phases and textures present necessitated 

a statistical analysis of the features. Owing to the high magnification, 

mechanical and integrating stage techniques proved hopelessly insensitive 

and were abandoned in favour of the following 2 methods similar to those 

described by Chayes (1956). 

A Rosiwal 1 s a.nalysis, used in initial determinations, was found to 

have insufficien~ reproducibility. The technique was abandoned in favour 

of the Chayes analysis, in which a grid ocular was used in place of the 

mechanical stage to position the intercepta (Fig. 16). The grid was 

oriented at 45° to the intergrowth direction, and phases and/or specifie 

textures falling beneath each grid intercept were recorded on a point counter. 

Complications of orienting the intergrowth directions, especially the tri­

angular lattices, with relation to the grià system were not eliminated, but 

the results were favourably reproducible. Investigations using the correct 



Fig. 15 - Graduated ocu1ar used in the Rosiwa1 's 
ana1ysis and in the measurement of the thick­
nesses of intergrowths.(Sample run E5oa>* 

0.0 0.05 O.lmm 
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Fig. 16 - Grid ocu1ar used for the Chayes ana1ysis. Lattice inter­
growths or segre6ations of chalcopyrite (light grey) in a single 
bornite crystal (out1ined) are ana1ysed by recording th~ phase 
and structure beneath each cross-hair. (Samp1e run E5oa~ 

* See appendix 
0.0 0.05 0.1 mm 

Sc::J1e 
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orientation with respect to each intergro :th direct i on of a s i ngle crystal 

and then averaging the results demonstrated that where one intergrowth 

direction was dominant, a ~ngle anal~i~ orienting the grid system at h5° 

to the dominant intergrowth gave results comparable with the average 

figure. As far as possible, only crystals showing good orthogonal lattices 

or triangular lattices with a dominant direction were used in the analysis. 

The size of the crystal was found to be a critical factor. Small 

host crystals (less than 0.07 mm. diameter) showed a marked segregation of 

the miner constituent to the boundary (fig. 17). It was necessary there-

fore to confine the above investigation to crystals of comparable sizes 

larger than approximately 0.07 mm. diameter. 

Fig. 17 - The effect of crystal size on the exsolution 
relations between bornite (dark grey) and chalcopyrite 
(light grey) is revealed by the marked segregation of 
the latter to the boundaries of smaller crystals. 

(Sample run F7oa>* o.o 0.05 mm 

* See appendix. 
Sc ale 
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Results 

General Observations. 

When the capsules were opened after heating there was an unmistakable 

odour of hydrogen sulphide. No condensation of sulphur on the walls of 

the capsules was detected with a binocular microscope. Sulphur losses 

from 0.02 gm. samples of bornite and chalcopyrite were calculated for a 

temperature of 700 °C and sulphur vapeur pressure of 60 mm. and found to 

be 0.08 and 0.06 Weight percent respectively. A line joining these values 

(fig. 11) intersected the bornite-chalcopyrite-P,yrrhotite stability field. 

However, a careful study of samples c, D and E failed to reveal the 

pres:ence of pyrrhotite. It was concluded therefore that the sulphur 

vapeur pressure over bornite and chalcopyrite was extremely low, in the 

order of 30 mm. at 700 °C, and resulted in a loss of sulphur to the 

vapour phase in the confined system of less than 0.01 weight percent. 

In most of the runs the sulphides were observed to cement silica 

fragments together (fig. 18) thus demonstrating rapid solid diffusion 

and recrystallisation at high temperatures. This was further exemplified 

by the growth of euhedral crystals (fig. 19). 

Types of Textures. 

Solid solution - The regions of bornite and chalcopyrite solid solution 

deviate from the homogeneous phase only in the vicinity of the solvus 

curve. Bornite frequently becomes yellowish in colour and often noticeable, 

though indistinct, irregular yellow patchea are discernable in it (fig. 20). 

Occaaionally fine chalcopyrite intergrowths form within these areas. 

Chalcopyrite becomes pinkish in colour with an intensity that 



Fig. 18 - Sulphides (S) cementing 
silica fragments (Q) used to 
reduce vapour space in the 
capsule. ( Sample run J80a) ~~ 
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Fig. 21 - Sample comp­
osition in the two­
phase region near 
the chalcopyrite 
sol vus curve showing 
fine borni te s truc t­
ures in the lighter 
coloured chalco­
pyrite. These are 
best illustrated in 
the upper right cor- * 
ner.(Sample run I80b) 
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* See appendix. 

Fig. 19 - Sulphide crystals grown 
at 800 °0 over a period of 
164 hours. (Sample run D80ct)* 
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Fig. 20 - Irregular 
yellow patches of 
chalcopyritia material 
formed in darker bor­
nite with a composition 
on the solid solution 
margin of the bornite 
solvus curve. The 
borni te is lighter in 
colour than samples 
nearer Cu5FeS4 at the 
same temperature. 

(Sample run C50a)* 

o.o o.o5 mm 

Sc ale 



33 

frequantly varias slightly batwaan adjacent crystals. Fine lamellaa of 

exsolvad bornite have been detected in some crystals but usually o:nly with 

difficulty (fig. 21). 

The change in mineral appearance in compositions near the solvus 

curve seems to represent an increasing instabili~ of the hpst material 

with respect to the minor phase. The colour change probably indicates a 

metastable, supersaturated condition that has been quenched in by rapid 

cooling, only limi ted ex:solution having occurred in those areas where inter­

growths are present. The yellowish patches in the bornite may represent 

quenched zones of transient~ disordered~ differentiated material analogous 

to the Preston-Guinier zones observed by Smoluchowski (1951) in alloys. 

Exsolution textures - In contrast to the variety of structures noted by 

Sugaki (1951) at low temperatures, only four types of textures have been 

observed in the present series of experimenta. Of these, the first three 

mentioned refer to the exsolution of chalcopyrite from bornite. 

a) Lattice intergrowth textures - These constitute the most important group 

and occur in all samples, except a few chalcopyrite-rich varieties, showing 

exsolution textures (figs. 22 & 23). In form, the chalcopyrite segregations 

are elongated, lens•shaped bodies which occur as separate forma or else as a 

network wi th pinching intersections. The intergrowths conform to two main 

patterns: i) Orthogonal ... the most common type in which the exsolved 

bodies are roughly perpendicular to each other but rarely intersect. 

ii) Triangular - in this type, the intergrowths intersect a.t angles 

ranging from 40° to 75 ° with an average of approximately 60°. 

The individual intergrowths vary in size and distribution from 

uniform examples to those where one or two directions predominate. There 



Fig. 22 ~ Well developed triangular lattice inter­
growth~ of chalcopyrite formed in the darker 
coloured bornite in a sample from the 5ub-solvus 
two- phaee region near the bornite solvus curve. 
(Sample run D60a)* 

0.0 0.05 mm 

Sc ale 

Fig. 23 - Lattice intergrowths chalcopyrite in the 
darker coloured bornite showing the different 
orientations of exsolution lamellae in adjacent 
crystals (outlined) of the same bornite mass. 
(Sample run D50a)* o.o o.o5 mm 

* See append ix. Sc al~ 

34 
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does not seem to be any consistency in this relation~hip and often one 

intergrowth direction is completely absent . 

No single crystal has been observed to contain both orthogonal 

and triangular intergrowths . Apparent contradictions have been found, on 

closer examination, to represent separate adjacent crystals (fig . 2J). 

The widths of the intergrowths var.y from sample to samwle and even 

within each sample but with no apparent comdstency. F'requently noticeably 

thick (0 . 004 mm.) and thin (0.001 mm. ) lamellae occur within the same 

crystal, and often they are paralld to each other. In other crystals, 

more noticeably in the central pe.rt of the two-phase region (fig . Jl), 

there is a complete gradation from fine to coarse lattice intergrowth~. 

In yet other examples, fine intergrowths are missing altogether. 

b) Emulsion textures or blebs - (Schneiderhohn; 1922)- Blebs of chalco-

pyrite with smooth lensoid to irregular outlines have been observed in 

Fig . 24 - Lattice intergrowth~ and elongated 
emulsion blebs of chalcopyrite in a darker 
bornite matrix. (Sample run D50a)* 

o.o 0 . 05 mm 

Sc al e 
* See à.ppend ix. 
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most samples (fig. 24). Their prominence is more noticeable in samples 

from the central part of the two-phase region. The blebs may occur in 

the centree of the bornite crystals or else adjacent to the margins where 

they merge with segregation textures. Frequently the blebs taper off into 

lattice-like structures, but in these cases they are rarely associated 

with more than one direction (fig. 29). 

c) Segregation textures - In most samples with bornite as the major phase 

there is a rim or partial rim of chalcopyrite around the individual crystal 

margina (figs. 17 and 25). In mineral masses these rime generally demark 

the contact between adjacent. crystals (fig. 26), and the amount of segreg­

ated material varies with the size of the individual crystals. In crystals 

of similar size, greater than approximately 0.07 mm. diameter, comparable 

amounts of segregated material occur in addition to the intergrown chalco­

pyrite. As the size of the bornite crystal decreases proportionally 

greater amounts of chalcopyrite segregate to the margin at the expense of 

the intergrowth material, and the ratio of chalcopyrite to bornite becomes. 

exceedingly erratie (fig. 17). 

d) Exsolved bornite textures - The exsolution of bornite from chalcopyrite 

is manifested mainly as a maze of fine, irregular to sub-parallel lattice 

intergrowths less than 0.001 mm. thick (fig. 27). Rudimentary orthogonal 

and triangular textures an! present, but there is poor consistency in the 

form and distribution of these arrangements. Textures involving exsolut­

ion or bornite from chalcopyrite are confined to a limited composition 

and temperature range (fig. 31) and occur mainly in massive chalcopyrite 

host material. Several examples of double exsolution have been observed 

(fig. 28) where chalcopyrite lamellae exsolved from bornite have re­

exsolved fine intergrowths of bornite on reaching a state of supersaturation 



Fig. 25 - Bornite crystal containing coarse 
lenticular lamellae of lighter coloured chalco­
pyrite and displaying moderate segregation of 
chalcopyrite at the crystal boundary. 
(Sample run E60b)* 

0. 0 0 .05 mm 

Sc ale 

Fig. 26 - Bornite mas3 showing the formation of 
lattice intergrowths within crystals and the 
exsolution of segregation textures along the 
crystal mar gins . (Sample run E70b)* 

0.0 0. 05 mm 
* See appendix. 1 1 

Sc al e 
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Fig. 28 - Double ex-
3clution texture 
show~ng the initial 
exsolution of chal­
copyrite from the 
darker bornite and 
the sub~equent ex­
solution of fine 
bornite intergrowths 
in the chalcopyrite 
lamellae (See arrow~ 
(Sample run H50b)* 

o.o o.o5 mm 

Sc ale 
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Fig. 27 - Chalcopyrite 
crystal containing 
numerous oriented 
to irregular hair­
like intergrowths 
of darker bornite. 
(Sample run H60a)* 

o.o o.o5 mm 

Saale 

Fig. 29 - Nixed textures 
showing lighter col~ 
oured chalcopyrite 
as separate masses (A) 
and as bleb (B) and 
lattice-like exten­
sions (C) exsolved 
from the darker bornite. 
(Sample run G60a)* 

o.o 0.05 mm 

Sc ale 

* See appendix. 
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at lower temperatures. The approximate limita of this field are shawn 

in figure 31. 

Discussion - In considering the various intergrowth textures mentioned, it 

is necessary to keep the following points in mind : (a) the relative rates 

of exsolution of the respective phases, (b) the change in exsolution tex­

tures with decreasing temperature and (c) the polymorphie transformations 

of the minerals concerned with decreasing temperature. 

Schwartz Ü931) noted that in natural samples, the rate of exsolution 

of chalcopyrite from borni te was appro:rlmately twenty-four times faster 

than the exsolution of bornite from chalcopyrite. When cooled from 600 °C 

to room temperature in 24 hours, chalcopyrite was still present as coarse 

lattice intergrowths and in some cases had partly segregated to the bound­

aries of the respective bornite crystals. The writer obtained segregation 

of chalcopyrite to crystal margina in 15 minutes with a synthetic sample 

cooled in air from 800 °C to room tempera ture. Even allowing for a slight 

difference in temperature conditions, a comparison of the resulta appears to 

demonstra.te that exsolution and solid diffusion are far more rapid in this 

synthetic system than in the equivalent natural minerals - approx:imately 

ninety-five times more rapid. A possible explanation for this discrepancy 

is tbat impurities in natural samples inhibit the diffusion of copper and 

iron atoms by reducing the relative number of vacancies required to promote 

atomic, or conversely "vacancy," diffusion (Smoluchowski, 1951). 

The effects of decreasing temperature on exsolu.tion processes may 

be referred to figure 30 which is based on the writer' s research. HO and 

NP represent the solvus curves separating a central two-phase field from 

solid solution fields of bornite and chalcoP.rrite on either aide. It is 
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a~Hnuned that suffici.ent time i! available for the system to aohieve equil-

ibrium as the temperature fall!!!. 

A bornite eolid solution snmple cooled along AC will begin to exsolve 

chaicopyrite of composition Q when the .temper~ture reach~s R. With de-

creasing temperature the composition~ of the bornite and chalcopyrite phases 

change along RO and QP respectively. The proportion of exsolving chalco-

pyrite with respect to the bornite host is given by the ratio x : y. 

Chilling the sample decreases the time available for solid diffusion 

dnd therefore tends to reduce the extent of exsolution1 depending on the 

rate of exsolution of the phase concernedo This restriction becomes in-

creasingly important as the temperature fall~ and tends to inhibit the 

diffusion of the exsolving phase to the margin of the host mineral. Exsolved 

bodies therefore occur within the host material in forms that are usually 

controlled by both rninerals, the parent generl"lly being the more influentialo 

The r~te of solid diffusion, and therefore exsolution, is dependant 
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large~ on the state of the sample during cooling. At low temperature~, 

solid diffusion is inaufficiently rapid to swell existing intergrowths, 

and local nucleation occurs with the formation of small intergrowths 

interspersed between the larger pre-existing ones. The writer's obser­

vations indicate that fine intergrowths become increasingly dominant near 

the s.olvus curves ... espeeially the bornite one. It is suggested that the 

paucity of chalcopyrite with respect to bornite near the bornite solvus 

curve resulta in a distance between adjacent intergrowths that is groa.t 

enough to faveur nucleation of new bodies in preference to long-distance 

solid diffusion. Furthermore, samples cooled through the solvus curve, 

especial~ vith lowe~ temperature interse~tions, have a limited time in 

which to exsolve the incompatible phase. 

The above considerations are supported by the freq~ent occurrence 

of thin lattice intergrowths between~and parallel t~distinctly thicker 

lamellao in the composition range mentioned. 

The effect of analysis of three.-dimensional structures (specifical~ 

lattice intergrowths of chalcopyrite in bornite) by a two.-dimensional plane 

(the polished section) warrants further consideration at this stage. 

In a random orientation of three-dimenaional planar structures, a 

complete range of lattiee intersections from 0° to 90° would be expected 

on the transcutting polished surface. Furthermore, the thicknesses of the 

intergrowths should range from the true width to increasingly broader 

apparent widths as the angle of intersection of the polished surface with 

the individual intergrowth planes becomes more acute. The fact that only 

a small range of thicknes&es and angles of intersection of lattice inter­

growths bas been observed in the synthetic bornite-chalcopyrite system is 

significant, and the following suggestion seems to constitute the most 
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plausible explana tien. 

Bornite, as the host mineral of the intergrowths, is isometric with 

a habit dominated by the development of hexa.hedral (100), dodecahedral (110) 

and more rarely octa.hedra.l (111) forma. The cleavage and exsolution planes 

are represented by the octa.hedral form. 

As indicated in the present experimenta, crystallisation is rapid 

and appears to be accompanied by the for.mation of good cr.rstal faces (figs. 

18 and 19). During the compression of the semi-solid dental plastic in 

the construction of pellets, crystal faces of minerals in contact with the 

block piston surface very likely become oriented parallel to the piston 

surface (fig. 13). Time and again in the polished section, crystal masses 

appear to have been ruptured as if conforming wîth a more compatible 

orientation to the piston surface. 

The preferred orientation of faces of the hexa.hedral and dodecahed• 

ral forms parallel to the piston surface appears to be responsible for the 

restricted angle o:r intersection of lattice intergrowths, and possibly forma 

trlangular and orthogonal intersections respectively. The same process 

should also restrict the variation in thicknesses of the intergrowths. 

Slight deviations from the above preferred orientations most probably 

renect an incomplete reorientation of the individual crystals owing ei ther 

to minor obstructions on the piston surface or else to an incomplete sep­

aration of the crystal masses. Neither factor detracts however from the 

tendency of crystals to assume a preferred orientation during the con­

struction of pellets. Furthermore, the prealignment of the pellet surface 

with the edge of the glass slide (page 27) faveurs the removal of a 

ll:inimum amount of sample material during polishing processes. 
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In the consideration of blebs, segregation textures and chalcop,yrite 

areas stable at high temperatures, it is difficult to assessthe relative 

importance of solid diffusion. It is very probable however, that chalco­

pyrite masses adjacent to bornite crystals increase in volume during 

cooling owing to the addition of material by exsolution processes. 

The distinction between exsolved chalcop,yrite blebs within bornite 

crystals and separate chalcop,yrite masses also constitutes a problem that 

bas been difficul t to resolve. Excellent examples of both occur in nearly 

all samples containing bornite and chalcopyrite, bu.t separate masses are 

more conspicuous in the central part of the two-phase region (fig. 31). 

Gra.da tiens between the extremes are common. The following considera. tiens 

may have an important bearing on this problem and the formation olt bleb 

and lattice intergro~hs in general. 

Buerger (1948) notes that ra.pid diffusion in isostructural crystals 

faveurs the formation of blebs rather than lattice intergrowths owing to 

the presence of a large num.ber of planes mutually compatible for exsolution. 

Bomite and chalcopyrite are face-centred cubic and isostructural at high 

temperatures, but only the high-tempera.ture form of chalcopyrite is 

quenchable. The high-temperature form of bomite is stable above 230 °C, 

therefore above this temperature, exsolved chalcop,yrite may be expected 

to occur as blebs. Lattice intergrowths cannot be excluded however, and, 

although further information is general~ lacking on this aspect, it is 

suggested hare that both bleb and lattice structures may form during cooling 

in the elevated temperature range. Examples such as the elongated blebs 

in figure 24 most likely represent intermedia te structures formed between 

the two extremes. Below the inversion temperature (230 °C) of bomite to 



the meta.sta.ble .:f'ace-centred cubic .:f'orm with a larger unit cell, exsolved 

chalcopyrite most probabJ.y .:f'orms lattice intergrowths in accordance with 

the considerations discussed on page 12. 

Exsolution structures .:f'ormed at elevated temperatures may persist 

in the lower temperature ranges in a metastable condition. If solid 

di.:f'.:f'usion is rapid enough however, such structures, which are incompatible 

with those of the host mineral, will try to change to a more compatible, 

lower energy form. Accordingly, bleb structures should tend ei th er to 

diminish in size as lattice intergrowths form in their place, or elsa to 

form lattice-like intergrowth extensions with, or without, a diminution 

in the size of the bleb. Resulta of' the present investigation indicate 

that the latter process is probabJ.y the more important (.:f'ig. 29). 

The considerations discussed above impJ.y :- a) that solid diffusion 

in the bornite-chalcopyri te synthe tic system is an important process and 

occurs fairly rapidly in water-chilled samples, even at temperatures below 

230 °C, and (b) that chilling is insufficiently rapid to prevent extensive 

solid diffusion at low temperatures. The rate of cooling decreases expon­

entially as the temperature falls, and the insulating properties of the 

vitreosil capsule walls (thermal conductivit,y 0.0035 cals/sec/cm/cm2joc) 

most probably sustain temperatures at a leval sufficiently high to facil­

itate solid diffusion for a limited period of time. 

A chalcopyrite-rich sample chilled from a high temperature retains 

its face-centred cubic structure in a metastable condition at room temp­

erature. In the elevated temperature range, the slow rate of exsolution 

of bornite from chalcopyrite probably favours the formation of lattice 

intergrowths rather than blebs. Such intergrowths would most likeJ.y be 
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controlled by the numerous mutual planes of the two cryatals and therefore 

form a maze of intersecting structures. At temperatures below that of 

ths inversion of bornite to the low-temperature form, bornite would ideally 

tr,y to attain a lower energy state and therefore exsolve along planes in 

the parent chalcopyrite most compatible with this. The rate of exsolution 

of bornite from chalcopyrite is extremely sluggish however (espeoially 

at low temperatures), and this situation is unlikely to arise. 

Resulta of the present experimental investigation support these 

iàeas, and the maze of fine, exsolved bornite intergrowths observed so 

consistently probably represent structures: present during exsolution at 

elevated temperatures. With prolonged time, or an extremely slow cooling 

rate, good lattice intergrowths, eimilar to those observed by Schwartz 

(1931) and others in natural chalcopyrite-rich samples, may form parallel 

to the planes of the octahedral (111) form. 

Sub-solidus phase and texture relation. 

Resulta of the examination of samples heated at different temper­

atures for a limited period of time (approximately 30 hours) and chilled 

in cold water are represented in figure 31. Several areas with different 

textural relationships are discernable in the sub-solvus region. 

Segregation and emulsion bleb textures are present thnoughout the 

two-phase region but decreas~ in importance in the vicinity of the solvus 

curves. In one sample (D8oa*- D at 800 °0) they are completely lacking. 

In view of the difficulties involved in distinguishing between modifications 

of exsolved bleb structures and stable chalcopyrite masses (see page 43), 
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it has been practically impossible to determine the correct positions of 

the solvus curves. It seems probable however, that the true solvus' curves 

lie just inside the two-phase regions of figures 31 and 33. As a result 

therefore, although not shown in these figures, the true solvus curves 

are most likely bordered on their solid solution margina by narrow zones 

containing exsolution textures formed only during cooling. 

Lattice intergrowths occur throughout the two-phase region, and 

three distinct fields have been recognised: 

a) Chalcopyrite exsolved from bornite. Gradations from fine (0.001 mm.) 

to coarse (0.004 mm.l intergrowths occur, but variations between cr,ystals 

in the same sample make i t difficul t to define specifie trends. In 

general, fine intergrowths are more prominent in the vicinity of the 
• 

bornite solvus curve, and the contrast between fine and coarse lattice 

intergrowths is most noticeable here. 

b) Bornite exsolved from chalcopyrite. All samples: marginal to the 

chalcopyrite solvus curve display the fine bornite exsolution pattern 

described previously. The intergrowth texture becomes increasingly finer 

towards the chalcopyrite sol vus curve and in some sam.ples is discerned 

only with difficulty (fig. 21). With an increase in the bornite content 

the exsolved bornite texture becomes more irregular and patchy (fig. 29). 

c) Mixed intergrowth textures. The above fields overlap over a small 

area between bornite 28 and 45 wt.% at $00°0 and bornite 35 wt.% at 700°0 

(fig. 31). Samples within this area reveal double exsolution features 

in which chalcopyrite lamellae exsolved from bornite re-exsolve fine 

bornite intergrowths within their boundaries (fig. 28), The upper limit 

of this field is uncertain and has been left in abeyance for lack of 
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II - Transition solvus zone ot BoJ lighter, mottled ,-ellow coloration. 
III - Transition solvus .:>ne of CpJ pinkish coloration. 
IV - 'IWo phase field marginal to Cp solid solution; dominated by fin& 

irregular euolved Bo intergrowths. 
·V - Two phase field marginal to Bo solid solutionJ dominated by 

euolved Cp lattice intergrowtha. 
VI - Hain tvo phue exeolution field containing exsolved Cp as lattioa 

intergrowtha, emulsion bleba, segregation tatures and separate 
masses. 

VII - Mixed field of exaolved Bo and Cp. 
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further information between samples Gand H at,700 °C and 800 °C. 

The relative amounts of bornite and chalcopyrite have been estim­

ated in approximately equidimensional cr.ystals, and the results are shown 

in figure 31. An analysis of the chalcopyrite : bornite ratio reveals an 

apparent increase with decreasing temperature (see also fig. 32). The 

significance of this trend is questionable however, in view of the ~epand­

ance of the ratio on the shape of the solvus curve. Values along compos­

ition I for instance, indicate a reversed trend dependent on the shape of 

the chalcopyrite solvus curve (fig. 31). 

An idealised diagram of the sub-solidus textura.l relationships, 

based on present experimental investigations, is givem in figure 33. 

Bornite and chalcopyrite solid solution phase boundar.y positions 

at 700 °C, as determined by Yund and Kullerud (1960) (fig. 11), show minor 

discrepancies with the positions of the solvus curves plotted in figure 31. 

Coïncidence of the bornite curve is fairly close, but the chalcopyrite 

curve is displaced substantially towards the chalcopyrite end-member. A 

possible explanation of the latter discrepancy is that the solvus curve 

plotted in figure 31 is nearer the chalcopyrite end-member than the true 

solvus curve in accordance with the discussion on page 47. The same 

reasoning however, does not account for the discrepancy in the bornite 

curve as plotted, but it should be noted that the difference in positions 

of these boundaries at 700 °C falls within the error of plotting the 

curve. A steeper bornite solvus curve would satisfy the phase relations 

in the diagram and also include the solvus point indicated by Yund and 

Kullerud. An interesting implication of this explanation is that the 

exsolution 30nes marginal to the solvus curves, as suggested on page 47, 



shouJ.d be na.rrow adjacent to the steep bornite curve and Illlch broader 

adjacent to the flatter chalcopyrite solvus curve. The rate of exsolution 

of the phases concerned wouJ.d very likely affect the widths of these ex­

solution zones, but the relative positions of the solvus boundaries at 

700 °C in figure 31 seem to support the above suggestion as an explan­

ation of the discrepancies observed. An alternative explanation for the 

discrepancy in the chalcopyrite solvus curve is that sample H is more 

deficient in sulphur than has been assumed. As indica ted in figure ll, a 

slight losa in sulphur wouJ.d displace the chalcopyrite sol vus curve a 

considerable distance towards the chalcopyrite end-member. 

A tentative sub-solidus diagram for the binary system borni te 

(Cu_5FeS4) - chalcopyrite (CuFe~. 76) is suggested in figure 34. The 

relationships above the temperature range investigated by the writer are 

based on work by Grieg, Jensen and Merwin (1955, P• 132). The extension 

of the bomite solvus curve below 500 °C represents a very tentative 

suggestion by Sugaki (19551 P• 126). In view of the sharp inflection 

indicated at 500 °C, the writer feels that little significance can be 

a ttached to Sugaki 1 s re sul ts as applied here, and further work must be 

done on synthetic systems to delimit the extension of the solvus curves 

below 500 oc. 

Chilling affects 

A sample of composition D (near the transition region of the lllJlvus 

curve) was chilled from 800 °C in cold water, liquid air and air at room 

temperature to test the influence of the rate of cooling. 

Wh en chilled in cold wa. ter ( 800 °C to 15 °C) and liquid air ( 800 °C 



Fig. 36 - Sample 
chilled in liquid 
air from 800°C to 
.... 193°C in a few 
seconds. 

Resultant textures 
are very similar 
to those of fig. 36. 
(Sample run D80c)* 

o.o 
1 

Sc ale 

0.05 mm. 
1 
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Fig. 3 5 - Sample 
chilled in water 
from 800°C to 11 °C 
in a few seconds. 

Distinct lattice 
intergrowths of 
chalcopyrite have 
been exsolved from 
the darker bornite. 
(sample run D80a)* 

o.o 
( 

Sc ale 

0.05 mm. 
1 

Fig. 37 - Sample 
cooled in air from 
800°C to 23°C in 
15 minutes. 

All chalcopyrite 
has exsolved at the 
crystal boundaries 
forming good segreg­
ated textures. 
(Sample run D80b)* 

o.o 
1 

Sc ale 

o.o5 mm. 
1 1 

* See appendix. 
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to -193 °0), the sample did not show any noticeable difference in the tJ~e 

or amount of exsolution texture (figs. 35 and 36). The sample cooled in 

air (800 °C to room temperature in 15 minutes) showed c~mplete exsolution 

of chalcopyrite to the margins of the bornite cr.ystals (fig. 37). 

These results demonstrate : (a) the high rate of solid diffusion 

in the bornite-chalcopyrite synthetic system, and (b) the very efficient 

insulating properties of the 'vitreosil' glass. 

Time effects. 

To study the effects of time on exsolution phenomena, observations 

were made firstly,on changes in samples heated at different temperatures 

for different lengths of time and then ehilled in water, and secondly, on 

changes in samples at room temperature and in contact with the atmosphere 

over a period of one year. 

Samples heated for different periods of time. - Samples of compositions 

D,E,F,G,H and I (spanning the sub-solvus exsolution field, fig. 31) were 

used in the investigation. Both bornite-rich and chalcopyrite-rich 

samples, though heated for different lengths of time, showed little 

difference in the resultant type and form of the exsolution texture for 

the specifie sample (figs. 38 to 41). The fine nature of the bornite 

intergrowths with respect to the thicker lines of the occular grid made 

analyses difficult and often unreliable, and statistical studies have 

therefore been confined mainly to the more readily observed chalcopyrite 

intergrowths exsolved from bornite host material. General observations 

on approximately equidimensional bornite-rich orystals indicated that 

there might have been a slight increase in the amount of chalcopyrite 



Fig. 38 - Bornite- rich sample heated at 800 °C 
for 34 hours then chilled in water 
Lattice intergrowths of chalcopyrite have 
formed in the darker bornite. (Sample run D80a)* 

o.o 0.05 n~. 

Sc ale 

Fig. 39 - Same sample heated at 800°C for 164 hours then chilled 
in water. The lattice intergrowths are very similar to those 
of fig . 38 but appear to be associated in places with thicker 
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forms resembling elongated bleb- like structures. (Sample run D8od)* 

o.o o.o5 mm. 

* See appendix. Sc ale 



Fig. 40 - Chalcopyrite-rich sample heated at 700°C 
for 17 hours then chilled in water. Bornite 
intergrowths have exsolved from chalcopyrite as 
fine, discontinuous, dark grey lamellae (see arrow) . 
(Sample run I70a)* o.o 0.05 mm 

Sc ale 

Fig. 41 - Same sample 
quenched in water. 
to those of figure 

heated at 700°C for 125 hours then 
Resultant textures are very similar 

40. (Sample run I70b)* 

* See appenQix. 

o.o 
1 

Sc ale 

e.o5 mm. 
1 
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form.ed during an extended period of heating. Accordingly., an analysis., 

using the adapted Chayes point-counter method described previously, was 

made to test the variation of the following parameters: 

Total bomite . Total chalcopyrite • 

Total bomite . Total crystal area . 
Chalcopyrite intergrowths· • Total b.ornite . 

Corrected chalcopyrite intergrowths . Total bornite • 

The last mentioned measurement was made in an attempt to distinguish 

between exsolved lattice and bleb-segregation material. Difficulties 

were often encountered in distinguishing between some of the exsolution 

textures • especially emulsion blebs from adjoining segregation textures, 

and thick lattice intergrowths from elongated, oriented, emulsion blebs. 

The resulta or statistical analyses of samples D and E for temperatures 

ranging from 500 oc to 700 °C, and duration of heating ranging from 17 

to 168 hours, are indicated in figures 42 and 43. 

Ideally a large number of samples are required for an accurate 

statistical analysis. Only a small number (usually lesa than 10) of 

equidimensional crystals larger than 0.07 mm. diameter were available 

in each sample in the analysis. It has been necessary therefore, to 

apply Bessel 1s correction for small numbers (Moroney, 1957) in order to 

obtain the best estimate of variance. 

Significance tests using Snedecor's Variance Ratio test and Stud-

ent's t test show that time statistically has an insignificant effect 

on the variation of texturai relationships. Sample E at 700 OC shO'tt'S 

the most significant variation, and a sample calculation pertaining to 

the total chalcopyrite : total bornite ratio is given on pages 59 and 60. 
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SamEle calculation of statistical analzses of texture relations 

in sulphides heated for different periode of time then chilled. 

Data from Chazes ana~ses: E70a* E70b* 

17 hours 125 hours 

Crystal samples** 1 2 3 4 1 2 3 4 

Bomite 57 47 53 50 38 83 80 52 
Coarse intergrowths 7 6 ll 13 9 27 30 10 

Fine intergrowths 6 5 5 1 2 2 0 1 
Emulsion blebs 2 0 0 2 1 1 0 6 

Segregation material 6 2 5 2 10 5 7 2 
Total 78 60 74 68 61 118 117 71 

In order to evaluate the effect of time on the total chalcopyrite 

total bornite ratio • perhaps the most meaningful parameter • it is 

necessary to determine if there is a significant difference between the 

results of the two compositions indicated in the tables above. 

The Student's t test, which is based on the Null Hypothesis, that 

all samples are derived from the same parent population, is a sensitive 

test suitable for use in the present problem. 

In order to obtain the beat estimate of population variance for 

the Student 1s t distribution, it is desirable, in view of the small 

number of samples analysed, to pool the individual sample variances. A 

logical initial step therefore is to test the significance of the 

difference between sample variances to see if it is low enougb to show 

that the sample -variances could be independant estimates of the same 

population. This is readily done using the following test. 

Snedecor's F test (Variance Ratio testJ Moroney, p. 234) 
F • Greater estimate of the variance of the population 

Lesser estimate of the variance of the population 

* See appendix for composition. 
** In this ca1culation, sample refers to the number of crystals anal­

ysed in the sulphide compositions indicated above. 

. • 



(Sampltt calculation continued). 
E70a 

Calculation of variance: 
Sample 1 2 3 

Total chalcopyrite 21 13 21 
Total bomite 57 47 53 

Ratio values {x lOO) x•• 37 28 39 
Mean of ratio values i 1 • 35 

Number of samples n'• 4 

Std. dev. (s') • 

Therefore variance (s•) 2 • 17.5 

4 
18 
50 

36 

E70b 

1 2 

22 35 
38 83 

x• • 58 42 
x• •41 
n• • 4 

(s") • 1.58 

(s•) 2 • 57.5 

3 
31 
80 

46 

60 

4 

19 
52 
31 

Apply Bessel's correction for small numbers to obtain the best estimate 
of variance: , 

(â•)2 = <n~-1)(s•) 2• 23.3 (s") 2 • 76.6 

F • Greater variance • 76.6 • 
3 3 Lesser variance 23.3 • 

1% level of variance ratio = 29 
5% level of variance ratio = 9.3 

Since the observed value is noticeably less than the 5% value, 

the difference between the sample variances is sufficiently insignificant 

to warrant further investigation by the t test as follows: 

Student's t test (Moroney, p.227). t = Difference of means 
Std. error of diff. of means 

Assuming the Null Hypothesis1 it is necessary to pool the sample 

variances 1n order to obtain the best estimate of the population variance. 

n'(s')2+n"(s 11 )
2 4xl7.5 + 4x57.5 · Best estim. of pop. var. (â) 2 • • • 50 

n' + n• - 2 · 4 + 4 .. 2 

Beet estim. of pop. std. dev. {ô') • 7.07 

Best estim. of std. error of diff. of means (êrw) • ~;.~,+ :..•7.07/t+t•s.o 

Therefore t • +(x': x•) • +{35 S 41) "' 1.2 Degrees of freedom •4+4-2 •6 
O'w 

For 6 degrees of freedom, reference to the graph for Student's t 

distribution (Moroney, p.230) shows that the above t value is well below 

the 5% level of 2.5. Conclusion: There is no significant difference 

between the total chalcopyrite : total bomite ratio in E?Oa and E70b. 
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The insignificance of the effect of time indicates that at elevated 

temperatures the relative abundances of bornite and chalcopyrite rapidly 

reach a state of eq:uilibrium. For a specifie sample, exsolution is dep­

endant on the rate of cooling, Which is uniform for the experimenta con­

sidered, and therefore does not affect the relative amounts of bornite 

and chalcopyrite formed in that sample by exsolution processes. 

Changes in samplea at room t~perature. - A re-examination of samples 

after one year has revealed a few interesting textural changes. Most 

samples within the sub-solvus field show little change in texture -

ineluding chalcopyrite-rich varieties Which should have reordered to the 

law-temperature, tetragonal form in this period of time (Frueh; 1958). 

Bornite-rich samples quenched from near the solvus curve (D at 800 OC) 

show some interesting changes (figs. 44 and 45). Yellow chalcopyrite 

shadow zones aeem to be slightly enriehed with fine chalcopyrite lattice 

intergrowths. More noticeab~, fine stringers of chalcocite sometimes 

occur in the centers of the chalcopyrite intergrowths. Where small 

cracks are present in the bornite crystals, fine threads of chalcocite, 

bordered by a thin chalcopyrite zone on the side adjacent to the bornite, 

occur in a persistent relationship (fig. 45). 

These results most probably refiect the effects of oxidation at 

room temperature, because the mounted samples were stored in contact with 

the atmosphere. The oxidation of bornite tc chalcopyrite and chalcocite 

probably conforma with the following reaction : 



* See appendix. 

Fig. 44 - Homogeneous bornite-rich crystal 
shortly after chilling in colà water. 
No intergrot~hs of chalcopyrite are visible. 
(Sample run C80a)* o.o o 05 • mm. 

Sc ale 

~lg. 45 - Bornite-rich sample one year later 
showing oxiàation features along cracks and 
cleavage planes. Chalcocite (Cc:white) is 
rimmed by chalcopyrite (Cp) adjacent to the 
darker bornite (Bo). (Sample run C80b)* 

o.o 0.05 mm. 

Saale 
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Application of results. 

The resulta of the present experimental work are applicable, either 

directly or indirectly, to two main fields of economie geology in the 

following manner. 

In the study of natural sulphide deposits. 

Application can only be made with caution in view of the radically 

different environmental conditions of naturally occurring deposits in 

contrast to those used in the writer 1s research. Natural bornite occurs 

most commorily in mesothermal environments (170 °C to 300 °C - Edwards, 1954) 

and appears to coincide with a paragenetic break between the earlier formed 

sulphides,such as pyrite, chalcopyrite, sphalerite and galena, and the 

later formed copper sulphides (Ray, 1930). The present series of exper­

imenta were conducted at temperatures well above the mesothermal range, 

but some of the resulta outline basic principles very likely involved in 

the formation of natural ore textures. 

A comparison of the resulta of the p:n-esent experimenta with those 

of other research workers using natural eopper-iron sulphides indicates 

that solid diffusion processes in natural minerals are very much slower 

than those observed in the equivalent synthetic systems. This relation­

ship may possibly be extended to include other sulphide systems. Impur­

ities in natural samples are the most probable cause of this discrepancy, 

but other factors,such as confining pressure and the nature of the ore 

solution, cannot be ignored. The persistance of natural intergrowths 

under conditions tha~ experimental work indicate~ should have caused 

complete segregation of the minerals concerned, further emphasises the 
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practical importance of these factors. 

Resulta of the present investigation show that lattice intergrowths 

with pinching intersections, segregation textures and ver,y probably bleb 

structures can be formed by exsolution processes. Although this does not 

refute the activity of other processes, sueh as replacement, it must be 

considered as important positive evidence in favour of exsolution in the 

exsolution-replaeement dilemma (page 4) and its associated problem of 

ore paragenesis. It is significant in this respect that textures ver,y 

similar to the exaolution varieties mentioned above have been observed 

frequently in natural minerals and in the products of experimental inves­

tigations of natural sulphide systems. 

Oxidation of bornite-rich samples,with the liberation of sulphur 

dioxide, causes the formation of textures that could readily be mistaken 

for a paragenetic replacement series. This observation is directly 

applicable, as a limiting fs.ctor, to the interpretation of textures in 

natural eopper-iron sulphide deposits, and it may possibly even be ex­

tended to include other sulphide systems. 

The practieal application of the bornite-chalcopyrite system to 

geothermometry has not been realised in the present research, but several 

interesting, pertinent features have been recognised and are considered 

below. 

An evaluation of sub~solidus relations gives a basis for determining 

temperatures of mineral formation, provided that the amount of material 

exsolved during eooling (exsolution textures) ean be distinguished 

accurately from the amounts of the relative phases present at the temp­

erature of formation. 
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For a sample formed in the solid solution region, the minor phase 

is present only in exsolution textures. Subsequent heating therefore 

will yield a mininn.un temperature of formation which is reached when all 

the exsolved material is reabsorbed by the host mineral. For a sample 

formed in the two-phase region, all material exsolved during cooling will 

likewise be reabsorbed when the temperature of formation is reached during 

subsequent heating. This should yield a phase ratio that can be correl­

ated with the relative amounts of the phases indicated in the sub-solidus 

diagram to confirm the temperature of formation (see fig. 30 and discussion 

on page J9). Identification of the exsolved material is imperative, 

because continued heating usually increases the solvant powers of the 

host mineral and therefore enables solid solution of the miner phase 

originally present at the temperature of formation. 

An advantage of the above method is that a sub-solidus diagram is 

not essential for a determination of the temperature, or minimum tempera­

ture of formation. The presence of such a diagram however, provides a 

check on the temperature of formation when used in conjunction with a 

bulk composition analysis of the sulphide. Alternatively, it provides a 

reaey means for evaluating the bulle composition of the sulphide in the 

following mannar. Identification of a predetermined minimum temperature 

of formation on the correct solvus curve, or a determination of the rel­

ative amounts of the phases present at the temperature of formation M for 

example, point R, or the m tio x : y in figure JO - enables a rapid eval­

uation of the bulk composition of the sulphide - AC projected in figure JO. 

The direct application of the above techniques to natural sulphide 

deposits faces maey problems, not least of which is the general inability 
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to distinguish between the resultant p:roducts of p:rocesses co:mmonJ.,y active 

in the formation of ore textures - exsolution, replacement, oxidation, 

primar.y deposition etc. Furthermore, sub-solidus relations and p:rocesses 

in natural samples proba.bly deviate from those indicated in pure, synthetic 

systems. The extent of deviation is largely unknown and therefore inhibits 

the application of observations of synthetic products, and especially those 

of copper-iron sulphides, to the interpretation of natura.l ore textures. 

Another aspect of sub-solidus phase relations that may be applicable 

to geothermometry in natural sulphide deposits is the determination of 

appro:ximate temperatures, or temperature ranges, of formation from exsol­

ution textures present in natural samples. The conunon occurrence of 

exsolution textures in natural bornite-chalcopyrite samples indicates 

that these textures persist in a metastable form under pressure and temp~ 

erature conditions present at the earth' s surface. By establishing the 

thermal sta.bility limits of the various sub-solidus textures present in 

natural samples, it should be possible to equate the bulk composition of 

a sample with the textures observed in that sample to determine the 

approxima te range of tempera ture of formation. An ana.logy of this applic­

ation may be dmwn with reference to figure 33 on the ~ssumption that the 

diagram representa sub-solidus textural relations able to persist in a 

metastable form under surface conditions of temperature and pressure. 

Seven textural fields have been recognised in figure 33 and any sample of 

a composition represented on the diagram may be expected to contain text­

ures present at temperatures below, but not above, its temperature of 

formation. For example, a sample comprising 70% chalcopyrite may contain 

textures of regions III, IV and VII if fomed at approximtely 900 °C, but 
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only textures of region VII ~ be expected if it for.med at 500 °C. 

Much work will have to be done on studies of natural and synthetic 

systems before this method can be applied satisfactorilY, but once 

perfected, it should provide a useful check on approximate temperatures 

of formation of natural sulphide deposits. 

In the study of synthetic systems. 

Present results indicate that s.ynthetic systems comprising a few 

pure components provide an ideal situation in which basic processes, such 

as solid diffusion, appear to be developed to a high degree. Rigid 

control of composition and environment therefore, shçuld enable a system­

atic analysis of the affects of changes of different physico-chemical 

parameters. Theoretically the results of such studies should be applicable 

ul tima tely, when na tural envirol:'lr~V3 nts can be simula te à in the labo ra tory, 

to a reliable interpretation of textures observed in natural sulphides. 

The practical complications of the physical and chemical changes involved 

are enor.mous however, and may even def'y this ultimate goal. 

Exsolution textures orùy form during cooling. The rate of cooling, 

and general rate of change of the physical environment, therefore, should 

have an important affect on the final produc1B of synthetic systems, and 

especially those featuring rapid solid diffusion. It is necessary then, 

when comparing resulta, to ensure that environmental changes have been 

been identical for the products under consideration. In the writer's 

research, seme deliberate digressions from the water-chilling technique 

used for most of the experimenta supported this fact. Had different 

cooling methods been employed, it seems certain that the final sub-solidus 

exsolution texture relations would have differed, even radically, from 
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those observed. 

Results of the present research indicate that erystallographic forms 

and polymorphie changes of the respective host and exsolved phases seem 

to have an important effect, in some instances, on the form and tempera­

ture range of certain exsolution textures. The effects appear to be 

governed by the rate of solid diffusion (whieh is dependent mainly on 

the specifie synthetic system and crystallographic structures involved) 

and also by the rate of cooling (which may be controlled). 

In a consideration of the final products of synthetic systems, all 

the features discussed so far should be taken into account, and special 

attention should be paid to the rate of solid diffusion which appears to 

be a predominant process on which most other exsolution features depend. 
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Conclusions 

A preliminar,y investigation of exsolution textures and processes in 

the synthetic bornite-chaleopyrite s.ystem has revealed the following features. 

1) A grid-ocular/point counter analytical technique is suitable for a 

quantitative study of phase relations in the polished section. 

2) Lattice intergrowths of chalcopyrite in bornite and vice versa, emul­

sion blebs and segregation textures- appear to represent the main produets 

of exsolution. Near the solvus curves·, bornite and chalcopyrite become 

yellowish-orange and pinkish, resp~ctively1 and frequently bornite contains 

irregular yellowish patches· apparently representing the incipient exsolution 

of chalcopyrite. Statistical analyses of the phases are often complicated 

by the difficulty of distinguishing between different textural forma {e.g. 

coarse lattioe intergrowths and elongated emulsion blebs) and defining the 

precise boundaries of some of these textures. 

3) The sub-solidus textural relations observed appear to be controlled 

by the rate of ehilling. Restricted solid diffusion during chilling in 

the lower temperature ranges seems to be responsible for the predominance 

of finer lattice intergrowths in compositions near the solvus curves. 

Near the bornite so~vus curve, the occurrence of fine cha~copyrite ~aths 

parallel to coarser varieties probably implies that local nueleation coeurs 

in preferenc~ to long-distance s:olid diffusion. 

A oomparison of the resulta of other research work {Yund and Kullerud; 

1960) with those plotted in figure 31 (p. 46) indicates that the correct 

positions of the solvus curves, and especially the chalcopyrite one, are 

probably displaoed slightly towards the centre of the two-phase region. 

This modification implies that in figures 31 and 33 there is a narrow zone 
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comprising only exsolution textures on the solid solution side of both 

solvus curves. 

4) The formation of exsolution textures appears to be controlled mainly 

by solid diffusion within individual crystals. Exsolution of chalcopyrite 

from bornite is raster than the reverse process - approximately 24 times 

as fast in natural systems (Schwartz; 1931). The rate of exsolution of 

chalcopyrite from bornite in synthetic systems appears to be approximately 

95 times as fast as the same process in natural systems. Impurities such 

as Co, Ni, Zn and Mn most likely inhibit solid diffusion in natural samples. 

5) The relations of exsolution textures in the synthetic bornite-chalco­

pyrite system appear to be affected by the following factors : 

a) The rate of cooling appears to control the extent of solid diffusion. 

Rapid chilling in a few seconds favours the formation of chalcopyrite èxsol­

ution textures within the bornite host whereas slower cooling over approx­

imately 15 minutes results in the segregation of chalcopyrite at the host 

crystal margins. 

b) The insulating properties of the silica glas~ capsules appear to 

cause a uniform rate of exsolution in rapidly chilled samples. As temper­

ature drops off exponentially with time, solid diffusion at the lower 

temperatures may be maintained for a relatively long period. 

c) The relative crystallographic symmetry of the host and exsolving 

phases seems to control the form of some exsolution textures. The high­

temperature, isostructural, face-centred cubic forms of bornite and chal­

copyrite seem to favour the exsolution of chalcopyrite as bleb and/or 

lattice structures and the exsolution of bornite as a maze of fine inter­

growths. Below approximately 230 °C, the law-temperature, face-centred cubic 

form of bornite appears to favour the exsolution of chalcopyrite only as 
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lattice intergrowths within the bornite crystal. 

d) In bornite crystals less than approximately 0.07 mm. diameter, seg­

regation textures appear to form at the expense of other exsolution textures. 

e) During the compression of sample material in the construction of 

polished section pellets, crystal faces of bornite appear to be preferentially 

oriented parallel to the surface of the pellet press block piston (see fig. 

13; p. 26). This preferential orientation is believed to be responsible 

for the restricted range of angles= of intersection and lamellae widths of 

the chalcopyrite lattice intergrowths. 

6) Resulta of the present researoh reveal prinoiples applicable to the 

ultimate study of natural sulphide deposits as follows : 

a) A systematic study of the affects of controlled physico-chemical 

changes on synthetio systems may provide a means of simulating and inter­

preting exsolution textures observed in natural sulphide systems. 

b) The temperatures of formation of sulphide deposits can be determined 

by reheating the sample and observing the temperature at whioh exsolution 

textures are reabsorbed by the host mineral. For initially homogeneous 

samples only a minimum temperature determination is possible, but for a 

sample formed in the sub-solidus two-phase region an exact temperature of 

formation may be determined1 provided that exsolved material can be dis­

tinguished accurately from material stable at the temperature of formation. 

c) Exsolution textures have been observed frequently in natural sulphide 

deposits. It is possible that a determination of the sub-solidus texturai 

relations in natural sulphides will provide a means of evaluating a temp­

erature range of formation by correlating the textures and composition of 

the sample with those plotted in specifie areas of the sub-solidus temp­

erature - composition diagram. 
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As a final conclusion it should be noted that relatively little is 

known of the processes responsible for most textures observed in sulphide 

systems. Numerous problems confront the investigator, but only by over­

coming these with systematic investigations of synthetic, and possibly 

natural, systems can the resulta of experimental research be used to 

interpret the genesis and formation of natural sulphide deposits. 

Suggestions for further investigations. 

The following are suggestions for future investigations which may 

enable a clearer understanding of the behaviour of aulphide aystems and 

especially the bornite-chalcopyrite system. 

1) Analyse samples intermediate between those used in the present research 

to enable a more precise location of the solvus curves and a clearer deter­

mination of the sub-solidus texture relations illustrated in figures 31 

and 33. 

2) Determine the exact rate of cooling of the capsule interior b.f sealing 

a thermocouple {preferably platinum to prevent oxidation during sealing) 

in an evacuated capsule and then chilling it in cold water, air and liquid 

air. 

3) Determine the effect of different cooling rates on sub-solidus bornite­

chalcopyrite relations by chilling the samples in media with different 

themal conductivities and at different temperatures. 

h) Use higb-temperature X-ray camera techniques or a polished section 

heating stage and inert atmosphere to study the phase relations of bornite 

and chalcopyrite as a fUnction of temperature. This should enable an 
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accurate determination of the sol vus curves and. serve as a me ans of eval­

uating the amount of exsolved material observed in synthetic or natural 

samples at room temperature - a fact that is probably complicated by the 

entry of exsolved material into 'stable phase' structures without noticeably 

altering their shape. 

5) Using techniques similar to those described by Sugaki and Tashiro (1956)~ 

determine the rate~ and if possible mechanism~ of solid diffusion of Cu 

and Fe atoms in the s,ynthetic bornite•chalcopyrite system. 

6) Evaluate the affects of different impurities on the bornite-chalcopyrite 

system by using synthetic samples containing controlled amounts of impurity. 

This type of study constitutes an important~ though possibl.y tedious~ means 

of investigating conditions likely to simulate those present in natural 

sulphide deposits. 

7) Extend the present research to an investigation of sub-solidus phase 

relations and exsolution processes below 500 °c. The restriction of exper­

imental research to the sub-500 °C. temperature range is probabl.y of great 

practical importance in view of the reduced technical complications and 

more realistic application to natural environments. Further.more~ resulta 

of the present investigations indicate that the time required for phases 

to reach equilibrium prier to quenching is unlikely to hamper research 

until systems become considerabl.y more complex. 

8) Extend the present research to investigations of other sulphide and 

sulphosalt systems. Such studies of phase relations and processes under 

Controlled physico-chemical conditions should facilitate the interpret­

ation of textures observed in the equivalent natural deposits. They may 

also provide a means of assessing the expeoted behaviour of the constituent 

elements where these ooour as impurities in ether sulphide systems. 
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9) Investigate the affects of known solutions (simulating natural solutions) 

on the predetermined textures or specifie sulphide ~stems. Such studies, 

rollowing up on investigations by Ray (1930) and others, should elucidate 

the affects of other processes such as replacement. The resultant textures 

may then be compared with those obtained by exsolution to evaluate the 

relative importance or the respective processes on the formation of 

textures observed in natural sulphide deposits. 
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Abbreviations: 

Appendix 

List of e;periments 

1} Sa!ple - Letter A • composition (see figures 11 and 3li • Cu5FeS4 
(A60a} Figure 60 • temperature x Io•l • 600 OC~x 10- • 

Letter a • order of the experiment • first one for A60. 

2) Observations M Bo = bornite; Cp • chalcopyrite; i/g • intergrowth; 
Fine la.mellae • approxi.mate1y 0.001 mm. thick; 

Coarse la.mellae = approximate1y 0.004 mm. thick. 

Percentages indicated below are only approximate values. 

Sample Time in T8mp. Observations on polished sections. 
hrs mins C 

A80a 40 00 800 On.ly Bo. 

C80a 35 30 800 Only Bo - yellowish in colour. 

D80a 34 00 800 Bo with 5% Cp as fine lattice i/g. 

E80a 35 30 800 Bo with 20% Cp as lattice i/g + b1eb & good segreg-
ation textures. 

F80a 34 00 800 Bo with 30% Cp as medium-fine lattice i/g + a few 
irregular sma11 blebs. 

G80a 38 00 800 Bo with 45% Cp as irregular patches, blebs and 
lattiee i/g. 

H80a 40 00 800 Cp with 25% Bo as patches i: fine irregular i/g. 

I80a 36 30 800 ~ Cp - pinkish-yellow in colour. 

J80a 239 00 800 Only Cp. 

K80a 40 00 800 Only Cp. 

A70a 17 00 703 Only Bo. 

C70a 17 00 703 Only Bo. 

D70a 17 00 703 Only Bo - ye1lowish in co1our with vague mottled 
tones. 

E70a 17 00 703 Bo with 20% Cp as lattiee i/g + miner blebs and 
segregation textures. 

F70a 17 00 703 Bo with 35% Cp as lattioe i/g + a few Cp patehes 
with lattice i/g extending away from them. 

G70a 17 00 698 Bo r Cp; Bo as irregular patohes with Cp lattioe 
i/g & b1ebs. 

H70a 17 00 698 Cp with 20% Bo as smal1 irregular patches & miner 
fine irregular i/g. 
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Samp1e Tille in Temp. 
hrs mins °C 

Observations on po1ished sections. 

I70a 17 00 698 Cp (pinkish) with 5% Bo as scattered patches, 
1enses & minor very fine irregular i/ g. 

J70a 239 00 700 Only Cp. 

K70a 17 00 698 Only Cp. 

A60a 24 00 601 Only Bo. 

C60a 24 00 601 Only Bo. 

D60a 24 00 601 Bo with 15% Cp as lattice 1/g & minor b1ebs. 
E60a 24 00 601 Bo with 30% Cp as irregular patches, coarse 1att1ce 

1/g &minor segregation textures. 

F60a 24 00 601 Bo with 45% Cp as irregular patches & coarse 
latt1ce i/g. 

G60a 24 00 605 Cp patches, b1ebs è coarse Iattice 1/g with hO% Bo 
as tine irregu.lar 1/g & scattered patcbes. 

H60a 24 00 605 Op with 20% Bo as tine irregular i/g + scattered 
irregular patches. 

I60a 24 00 605 Cp with 5% Bo as minor patches & tine irregular i/g. 

J60a 176 00 608 Only Cp. 

K60a 24 00 605 Only Cp. 

A50a 36 00 508 On1y Bo. 

C50a 36 00 508 Dominant1y Bo w1 th poorly detined yellowish zones 
& lattice-like structures. 

D50a 36 00 508 Bo with 20% Cp as 1attice i/g & segregation textures. 

E!)Oa 36 00 508 Bo with 40% Cp. as 1att1ce 1/g & mino~ segregation 
textures. 

F50c 36 00 508 Bo with 40% Cp as lattice 1/g & segregation textures. 

G50a 36 00 498 Bo f. Cp; Cp as patches & minor coarse il g conta1ning 
tine irregular i/g of Bo. 

H50a 36 00 498 Cp with 20% Bo as fine irregu1ar i/g & minor patches 
sometimes containing 1attice 1/g ot Cp. 

I50a 36 00 498 Cp wi th 10% Bo as tine irregular 1/ g. 

J50a 274 30 500 Pinkish Cp with minor very fine 1rregular 1/g ot Bo. 

K50a 36 00 498 On1y Cp. 

Time and coo11n,s ewriments. 

F50a 00 06 498 Bo with 35% Cp as fine-medium 1att1ce i/g & 
scattered b1ebs. 
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Samp1e Tim.e in Temp. Observations on po1ished sections. 
hrs mins oc 

F50b 10 00 508 Bo with 30% Cp as fine 1attice i/g & minor b1ebs. 
D80b 15 00 802 (Coo1ed in air) Bo with 10% Cp as segregation textures. 

D80c 12 00 804(Chilled in 1iquid air) Bo with 10% Cp as lattice i/g 
& minor blebs. 

C80b 16400 799 Chly Bo with a yellowish, mott1ed co1ouration. 

D8od 164 00 199 Bo with indistinct ye11owish patches often containing 
fine lattice i/g of Cp. 

E80b 164 00 199 Bo with 30% Cp as 1attice i/g, minor blebs & 
segregation textures. 

H80b 164 00 199 Cp with 20% Bo as fine irregular 1/g. 

I80b 164 00 799 Cp with very minor fine i/g of Bo. 

C70b 125 00 105 Only Bo. 

D70b 125 00 705 Bo with scattered fine 1attice i/g of Cp. 

E?Ob 125 00 705 Bo with 25% Cp as coarse 1attice i/g, minor b1ebs 
& segregation textures. 

H70b 125 00 705 Cp wi th min or Bo as fine irregular i/ g & small 
scattered patches. 

I70b 125 00 705 Cp w1 th minor Bo as very fine irregular i/ g. 

C60b 156 00 598 Bo with scattered fine 1attice i/g of Cp. 

D60b 156 00 598 Bo with minor Cp as 1attice 1/g & scattered b1ebs. 

E60b 156 00 598 Bo with Cp as coarse 1attice i/g & segregation 
textures. 

H60b 156 00 598 Capsule incomp1ete1y evacuated and samp1e predom-
inant1y oxidised to cuprite & magnetite. 

I60b 156 00 598 Cp with Bo as fine irregular i/g & scattered patches 
sometimes containing 1attice i/g of Cp. 

C50b 168 00 509 Only Bo - sometimes with a yel1owish mott1ed tone. 

D50b 168 00 509 Bo with minor Cp as fine & coarse 1attice i/g, 
b1ebs & segregation textures. 

E50b 168 00 509 Bo with Cp as lattiee i/g, scattered b1ebs & 
minor segregation textures. 

H50b 16800 509 Cp with Bo as fine irregu1ar i/g & sma11 scattered 
patches. 

I50b 16800 509 Cp with Bo as fine irregu1ar i/g. 
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