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TABLE 2.2 Compositional variation of the MSS sulphur-poor boundary 
with temperature (the MSS-pentlandite solvus) 

(data from Naldrett et al, 1967, figs. 7,8) 

  

600° s00°e 
atZ atZ 

s Fe Ni s Fe Ni 
50.0 50.0 - 50.0 50.0 - 
50.0 48.5 1.5 50.0 48.5 1.5 
49.8 46.4 3.8 50.2 46.1 307 
50.3 42.2 7.5 50.6 41.9 75 
50.2 34.7 15.1 50.8 34.1 15.1 
50.3 25.4 24.2 50.5 25.4 24.1 
50.5 16.0 33.5 50.6 16.0 33.4 
50.0 9.7 40.3 50.2 9.7 40.1 
49.9 4.9 45.3 50.1 4.9 45.0 
50.0 - 50.0 50.0 - 50.0 

400°C 300°C 

atZ atZ 

5 Fe Ni s Fe Ni 

50.0 50.0 - 50.0 50.0 - 
50.1 48.4 1.5 50.8 47.7 15 
50.9 45.4 Ly) 51.5 44.8 3.7 
51.1 41.4 7.5 51.6 40.9 7.5 
51.3 33.7 15.0 51.8 Agr 15.0 
50.6 25.3 24.1 50.9 25.2 24.0 
50.8 16.0 33.2 50.9 16.0 33.1 
50.4 9.7 39.9 50.6 9.7 39.7 
50.4 4.8 44,7 50.8 4.8 ihe 

50.4 . 50.0 51.0 = 49.0
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TABLE 2.4 Solid Solution Limits of Pentlandite (from 1. - Misra and 

Fleet (1973a) 2. - Shewman and Clark (1970) 

  

  

  

  

Annealing Fe-Ni Solid Solution Limits S solubility limits 

temp >) 2c in atZ Ni at Fe:Ni = 1:1 

1. 2. Le atzs 2. 

600°C 20.3-42.6 23.7=31.2 46.4 48.1-47.2 

500°C 17.9-38.0 19.3-37.4 47.3-46.8 47.8-46.8 

400°C 1752-393) 17.9-32.0 46.5-46.0 47.6-46.9 

300°C 14.6-33.8 - 46.6-46.2 - 
230°C 15.1-34.1 - 46.5-46.9 - 

TABLE 2.5 Interatomic distances (a) and important bond angles in 
Pentlandites (from Rajamani and Prewitt, 1973) 
(standard deviations in brackets) 
  

Interatomic distances 

  

Atoms Frood Pentlandite Qutokumpu Pentlandite 

M(o) -S2(x6) 2.377(2) 2.373(1) 

M(t)-S1 2.154(1) 2.140(1) 

M(t) -S2(x3) 2.258(1) 2.238(1) 

M(t) -M(t) (x3) 2.531(1) 2.518(1) 

M(t) M(t) (x3) 3.518(1) 3.494(1) 

S1-M (t) (x4) 2.154 (1) 2.140(1) 

S2-M(0) 2.377 (2) 2557301) 

S2-M(t) (x4) 2.258(1) 2.239 (1) 

$2-S2 (x4) 3.362(2) 3.355(2) 

Important bond angles 

$2-M(0) -S2 90.0 90.0 

S1-M(t) -S2 107.18(4) 107. 42(3) 

S2-M(t) -S(2) 111.66 (4) 111. 45(2) 

M(t) -M(t) M(t) 90.0 90.0 

M(t) -S1-M(t) 109.47 109.47 

M(t) -S2-M(t) 68.19 (4) 68.44(3) 

M(t) -S2-M(0) 127.55(4) 127.32(3) 
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Fig. 2.1 Phase relations in the 
condensed Fe-Ni-s 
system at 1100°C (after / 
Kullerud 1963a)     
  Ni Fe is 

  

  
  

Ni Fef\a+y + Fes v s 
a Fig. 2.2 Phase relations in the condensed Fe-Ni-S system at 900°C 

(after Kullerud 1963a) 
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(Fe,Ni)S, 

ots, { (NisFe)s? sy 
Mss+ (Fe Ni)S, 

  

Fea Y Ni 
Fig. 2.3 Phase relations in the condensed Fe-Ni-S system at 650°C 

(after Kullerud 1963a) 
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Zz bn +iss + po bn+tr+ Fe 

  

    
     io Se 30 40 50 60 

Cu+bn Cut+bn+Fe Tron 
Fig. 2.7 Phase relations in the central portion of the Cu-Fe-s system at 600°C (after Cabri, 1973). 
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  CuFeS5 CuFe,S, 

Composition 

Fig. 2.9 Schematic free energy-composition diagram for ordered 
chalcopyrite, ordered low cubanite and disordered ISS at low 
temperature ( <210°C). (After Putnis and McConnell, 1981). 
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Fig. 2.10 a & b. Time-temperature-transformation diagrams for cation-ordering 
transformations in ISS of composition~CugFe,S, ¢ (modified 
after Putnis, 1978) 

-20=



Fig. 2.11b      
  

Fig. 2.lla The Ni-As-type 
structure of MSS 
smaller circles 
represent metal atoms, 
larger circles the 

sulphur atoms 

Fig. 2.11b The arrangement of 

(a) octahedral (b) 
tetrahedral and (c) 

trigonal bipyramidal 
holes (sites) in a 
close packed hexagonal 
sulphur sublattice. 
(both after Kjeshus and 

Pearson, 1965). 

  

Fig. 2.12 The crystal 

structure of 
pentlandite 
(a) the face 
centred cubic 
(Fm3m) unit cell 
of pentlandite; 
(b) the cube 
cluster of 
tetrahedrally 
coordinated 
cations occurring 

in pentlandite 

(after Rajamani 
and Prewitt, 

1973).   —21—



Fe,Sp FesSio FeS2 
Fig. 2.13 Diagrams illustrating the superstructures of an ordered 
distribution of vacancies in (a) the 4C monoclinic pyrrhotite structure 
(~Fe7S,) (b) the 5¢ "hexagonal' pyrrhotite structure (~Fe, S) ) (ce) the 6c 
hexagonal pyrrhotite structure (~Fe,,S,,). Only the cation layers are 
shown; filled circles are Fe atoms, open circles represent vacant 
sites.(after Putnis and McConnell, 1981). 
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Fig. 2.14 Low temperature phase relations in the Fe-S 
system (after Kissin and Scott, 1982). 
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Fig. 2.15 Schematic free energy vs. composition diagram for 
some of the ordered structures at low temperature 
( <100°C). The assemblage 2C+4c (FeS+Fe7Sg) is assumed 
to be more stable than the ordered 'hexagonal' 
pyrrhotite structures. (after Putnis and McConnell, 

1981). 
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Figs. 3.1 to 3.19 Photomicrographs and schematic diagrams 
illustrating variations in the form and development of 

different MSS/pentlandite textures from the synthesis 
and isothermal annealing experiments 

The initial composition of the MSS sample is indicated 

by its Fe/Ni and M/S ratios. Annealing times and 
temperatures are also indicated. 
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Fig. 3.8 Representative grain aggregates of MSS sample with 

initial composition Fe/Ni 5, M/S 0.966 annealed at 
300°C for (a) lhr, (b) 100hrs (both photographs x500, 
f.o.v- 300 pm, PPL, Oil) 
Growth with increased annealing time results in 

(i) an increase in the dimensions and numbers of 
linear blades present at MSS grain boundaries. 

(ii) an increase in the width and continuity of rim 
pentlandite together with the development of less 
indented boundaries with the adjacent MSS grains. 

(iii)an increase in the width of the minor cells round 
"sub-grains' located at the grain boundaries and 
within coarser grains. 

Compare Figs. 3.8a,b with textural types developed in 
same sample at lower temperatures, increased AT (Fig. 

3.18b) 
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Summary: of variation in development of platy lamellae as 
illustrated by Figs. 3.15a, 3.16c, 3.17 to 3.19 

10/1.000 300°C/100hrs 3/0.966 300°C/100hrs 
Fig. 3.15a WP>> PA Figs. 3.16c, 3.17b 

PEtt<WS: 

3/0.946 300°C/100hrs 2/0.964 300°C/100hr 
Fig. 3.18a PLirreg. tt Fig. 3.17a PLtt 

inc. Fe/Ni, dec. SSpn 
  

  

inc. AT inc. SSpn 

5/0.946 200°C/2664hrs 3/0.946 200°C 
Fig. 3.18b Figs. 3.19b,1hr;c, 10hr; 
WS>PEtt d, 100hrs 

Fig. 3.17a 

Fig. 3.17b 

Fig. 3.17c 

PLtp WS: 

Intersecting sets of platy lamellae (PL) in a 
triangular trellis distribution. The lamellae have 
linear parallel side margins, taper at their 
intersections and commonly terminate against the MSS 

grain boundaries. Note the three wider lamellae with 
regular indented crenulate margins located on the 

right margin of the central MSS grain (x1000, f.o.v., 

150 um, PPL, Oil) 

Intersecting sets of platy elongate lamellae in a high 
anisotropy MSS grain. Acute angles between the 

sets ~80° and ~48°. The lamellae taper gently along 
their length to acicular terminations within the 
grain. Wiry seriate lamellae irregularly distributed 
within the 'PEtt network'. (x750, f.o.v., 
140 ym, PPL, Oil) 

Coarse grained MSS sample. PNX78 annealed at 300°C for 
100hrs. Very closely spaced triangular trellis of 
very fine PL lamellae. (?Grain sized induced 

nucleation of PL lamellae, see Section 4.4.8) (x750, 
f.o.v. 140ym, PPL, Oil) 
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Fig. 3.17c 
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Fig. 3.18a 

Fig. 3.18b 

Fig. 3.19a 

Fig. 3.19b,c 

Pl lamellae irregularly distributed forming an 
irregular triangular trellis within the host MSS. 

grains. Variation in numbers of lamellae present in 
individual grains probably a function of sectioning 
(cf 3.194). Clusters of numerous lenticular lamellae 
also present within the grains and numerous sinuous 

blades at the majority of grain boundaries (x500, 
f.o.v-, 300 um, PPL, O11). Compare with Fig. 3.17a 
where the decreased Fe/Ni ratio results in the 
development of a regular PL triangular trellis; and 

with Fig. 3.17b where the increased M/S ratio results 
in a regular PE triangular trellis and wiry seriate 
lamellae, at the same annealing temperature (300°C). 

Dominantly wiry seriate forms within the MSS grains 

including wiry dendrites and rosettes in the two 
coarsest grains (lower margin). Irregular network of 
PE lamellae terminating within the grains also present 
but development restricted by the wiry seriate 
forms. (x500, f.o.v., 300 ym, PPL, Oil). This is the 
same composition as represented by Figs. 3.18a,b 
annealed at lower temperature 200°C (increased 
AT ). This results in: (i) a decrease in the 

proportion of heterogeneously nucleated blades and 
rims, (ii) an increase in the number of homogeneously 
nucleated lensoidal forms, and their more even seriate 
distribution within the MSS grains. 

  

Same composition and annealing conditions as Fig. 
3.18a. MSS grain sectioned at the right 'depth' to 
show best development of PL triangular trellis. (x600, 
f.o.v. 116 um, PPL, 011) 

,d Same composition as Fig. 3.18a and Fig. 3.19a but 
annealed at lower temperature 200°C for (b) Ihr (c) 
10hrs, (d) 1000hrs. Illustrates the progressive 
development of a closely spaced regular triangular 
trellis of numerous PL lamellae. Fig. 3.19d by a 
marked increase in width and lesser increase in 
numbers of the very fine lamellae originally present. 

Fig. 3.19a,b. Note that on their first appearance they 

still traverse the MSS grains and terminate at the 

grain boundaries. 

(Magnifications and f.o.v. (b) x750, 95 wm; (c) «500, 

200 wm; (d) x500, 300um) 

Compared with Figs. 3.18a, 3.19a the decreased 
annealing temperature results in the development of a 

more regularly spaced Pltt network and a decrease in 

heterogeneous types such as blades. 

Compared with 3.18b the decreased Fe/Ni ratio at the 
same annealing temperature results in the development 

of the PL lamellae in preference to wiry seriate 
forms. 
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Fig. 3.18a 

Fig. 3.18b  



Fig. 3.19b 

Fig. 3.19d  
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TABLE 4.1 A Bibliography of useful Publications on Solid State Phase 
Transformations 

TEXTBOOKS 

Chadwick G.A. (1972) Metallography of Phase Transformations 
Christian J.W. (1975) The Theory of Transformations in Metals and Alloys 
Martin, J.W., and Doherty, R. D. (1976) Stability of Microstructures in 

Metallic Systems 

Porter, D. A., and Easterling, K. E. (1981) Phase Transformations in 
Metals and Alloys 

Putnis, A. and McConnell, J. D. C. (1980) Principles of Mineral Behaviour 
Shewmon, P. G., (1969) Transformations in Metals. 

REVIEW PAPERS — GENERAL THEORY 

Aaronson, H. I. et al. (1974) On Differences between Phase Transformations 
in Metals and Silicates. 

Champness, P.E. and Lorimer G. W. (1976) Exsolution in Silicates. 
McConnell, J. D. C. (1971) Electron Optical Study of Phase 

Transformations. 
McConnell, J. D. C. (1976) Microstructures of Minerals as Petrogenetic 

Indicators. 
Yund, R. A. and McCallister, R. H. (1970) Kinetics and Mechanisms of 

Exsolution. 

REVIEW PAPERS —- DIFFUSION 

Birchenhall, C. E. (1961) Mechanisms of Diffusion in Solids. 

Birchenhall, C. E. (1973) Diffusion in Oxides and Sulphides. 
Birchenhall, C. E. (1974) Diffusion in Sulphides. 
Gjostein, N. A. (1973) Short Circuit Diffusion. 
Gleiter, H. and Chalmers, B. (1972) Grain Boundary Diffusion. 
Manning J. R. (1973) Theory of Diffusion. 

Mechanisms and rates of Diffusion in Specific Systems 

Condit, R. H. et al. (1974) Self Diffusion of Fe and § in Ferrous 
Sulphide. : 

Hobbins, R. R. (1970) Self Diffusion of Fe in Single Crystals of Ferrous 
Sulphide and Magnetically Saturated Fe. 

Klotsmann, S. M. et al. (1963) Temperature dependence of the anisotropy of 
Ni and § self diffusion in Ni-MSs. 

REVIEW PAPERS — NUCLEATION AND GROWTH MECHANISMS 

Aaron, H. B. et al. (1970) Diffusion Limited Phase Transformations. 

Aaron, H. B. and Kotler, G. R. (1971) Second Phase Dissolution. 
Aaronson, H. I. et al. (1971) Origin of Microstructures from 

Precipitation. 
Aaronson, H. I. et al. (1970) Mechanisms of Diffusional Growth of 

Precipitate crystals. 
Hinz, W- (1977) Nucleation and crystal growth. 
Nicholson, R. B. (1970) Nucleation at Imperfections. 
Polmear, I. J. (1966) Nucleation from Supersaturated Solid Solutions. 
Russell, K. C. (1970) Nucleation in Solids. 
Uhlmann, D. R. (1977) Glass Formation. 
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TABLE 4.1 Continued... 

REVIEW PAPERS — SPINODAL DECOMPOSITION 

Cahn, J. W. (1968) Spinodal Decomposition. 
Hilliard J. E. (1970) Spinodal Decomposition. 

Mechanisms 

Greenwood, 

Mechanisms 

Carpenter, 

Champness, 

Goldstein, 

Grange, R. 

Putnis, A. 

Putnis, A. 

Putnis, A. 

of Coarsening 

C.W. (1969) Particle Coarsening. 

of Exsolution (and ordering) in Specific Systems 

M. A. (1980) Mechanisms of exsolution in Sodic Pyroxenes. 
P. E. and Lorimer G. W. (1973) Precipitation in an 
Orthopyroxene. 
J. I. and Ogilvie, R. E. (1965) The growth of the Widmanst&tten 
Pattern in Metallic Meteorites. m 
A. and Keifer, J. M. (1941) Transformation of austentite on 
Continuous Cooling and its Relation to Transformation at 
Constant Temperature. 
(1974) Electron Optical Observations of the a Transformation 
in Troilite. 
(1977) Electron Microscope study of Phase Transformations in 
Cubanite. 
(1978) Talnahkite and Mooihoekite: the Accessibility of Ordered 
Structures in the Metal-rich Region round Chalcopyrite. 

Yund, R. A. and Hall, H. T. (1970) Kinetics and mechanisms of Pyrite 
Exsolution from Pyrrhotite. 
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= 4, WIRY FORMS - 

Developed at high M/S ratios wrt solvus. Particle habit: extremely 
attenuated oblate spheroids elongate parallel to the basal plane with 
"corrugated' upper and lower surfaces. Particle forms: High anis. grns: 
wiry lamellae elongate sinuous lamellae with numerous hem. cap protrusions 
at right angles to direction of elongation. Lamellar width, spacings and 
size of protrusions progressively increase, as MSS grns sectioned 
progressively closer to basal plane. In weakly ‘anisotropic grns elongate 

coarser in width 'dendrites', protrusions more spheroidal. In basal grns, 
clusters of blebs or elongate rosettes. 

Lamellae seriate distribution, rosettes more evenly dispersed throughout 

  

basal’ grns. Initially, interlamellar spacings relatively large and 
irregular, lamellae, dendrites and rosettes relatively coarse - WIRY 

SERIATE FORMS. With increase in M/S ratio, particle size decreases, 
numbers of particles increase and more regularly and closely spaced - 

WIRY PERVASIVE FORMS. Apart from these differences wiry seriate and 
wiry pervasive forms develop in similar manner with time. 

WL 

Ultrafine thread-like 
filiar lamellae 
irregularly distributed 
in large NOs. Weakly 
anis grns lamellae 
slightly wider with 
more crenulate margins. 
Basal grns: numerous 
minute blebs 
irregularly dispersed. 

wS4/WP4 

Slight increase in 
number of particles. 
Continued coarsening 
of particles perp. to 
their elongation 
direction+progressive 
increase in size hem. 
caps protrusions on 
lamellae and spheroidal 
blebs on dendrites + 
progressive increase 

in width and decrease 
in spacing. No filiar 
lamellae now present. 

increase in dimensions 
of rosettes. 

WS2/WP2 

Marked increase in NOs of 
lamellae/blebs present. 
Lamellae - seriate distrib 
slight increase in width 
greater increase in 
length, more sinuous in 
form. Increase in size 
blebs + impingement 
adjacent blebs. 

WS5/WP5 

Increase in size hem. 
caps, spheroidal blebs 
+ increase in width 
lamellae dendrites + 
slight decrease in 
interlamellar spacing. 
Increase in size of 
rosettes. 

WS3/WP3 

Progressive increase in 
numbers of lamellae and - 
blebs. Initiation of 
development of hem. caps 

on margins lamellae 
accompanied by marked 
increase in width. 
Spheroidal protrusions 
lamellae weakly anis.grns 
+ dendrites. Progressive 
impingement and 
overgrowth blebs + 

rosettes, 

ws6 
Very minor local 
impingement between 
lamellae in adjacent 
rows + development 
minute clots. Otherwise 
little increase in 
dimensions particles. 

AT ANY STAGE between Wl and W4 wiry 
seriate distribution may develop into 
wiry pervasive if sufficient increase 
in the number of 

-45- 

particles present.
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Table 4.3e Continued... ’ x Fe/Ni 2 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

SAMPLE TIME 
TEMP. NUMBER 20 MINS 1 HOURS 10 HOURS 100 HOURS 316 HOURS 1000/2664 HRS 

= W/S = 0.986 (50.35 at%S) Te ~600°C 410°C 
500°C 60 we3 we3/4 we4 we4 

400°C 60 we3/4 we4 we4/5 WPS weS 

300°C 60 wed wed WPS WPS WP6 WP6 

200°C 60 We2 We3 wP4/5 WPS WPS WP6 

M/S 0 0.966 (50.87 at%S) Tc ~ 480°C 
R2/3m R3m R3/4m R4/Sm R5m 

400°C 59 BLA BL5 (BLE)  BL5/6(BL£) BL7(BL£)  BL7(BL£) 
LL2n LL2m LL3m LL3m LiAn 
PL PL PL PL PL 
c6 c7 c8 c8 c8 

[350°C 59 1O0hr] 20.25% PLtt> WS4 > Rim > BL/ > (G.B.) 

ws2 WS3 ws4 ws4/5 WsS wsS 
300°C 59 BL8 TE PLtt PLtt PLtt PLtt 

R3m ELS BLO BL1O BL1O BL1O 
PL Rom Rém R4m RSm RSm 

wS2 WP2 i) WPS WPS WPS 
200°c 59 Pett™ PEtt™ Pett™ PEtt™ Pett™ PEtt™ 

M/S = 0.946 (51.4 at%S) Tc ~ 380°C 420°C 
400°C 58 N.D. N.D. N.D. N.D. N.D. N.D. 

[350°C 77 100hr ] PLtt > R4m 

ae PLtt PLtt 10 PLtt PLtt 6 
300°C 58 R3m Rm Rém R5m R5m RSm 

BLA BIA BL6 BLT BL7 BL7 
LL2m LL2n 113m LiAn LL4m LiAn 

a 29%" 
PLtt PLtt PLtt PLtt PLtt PLtt 

200°C .58 BLS(BLE) BLS(BLE) — BL6( BLE) BLO(BLE) — BL7. BL7 
wo: wi ws2* ws2* ws3* ws3* 

H/S = 0.930 (51-8 at%S) Te ~ 350°C 430°C 
[350°C 64 100hr ] PLtt > R4m > BLS( BLE) 

16%" 
PL PL PL PLtt 20 PLtt PLtt 15 

300°C 64 R3n RSm RSm R5m/6m I R&m/6m RSm/&m 
BL4( BLE) BL5(BL£) BL5( BLE) BL6( BLE) BL7( BLE) BL7 
c7 c7 c8 8 c8 8 

PLtt 10 PLtt 6 PLtt 4 PLtt 4 PLtt 4 PLtt 4 
200°C 64 R2m 3m Rim BL7* BLY* BL7* 

c7 8 c8 R5m bl RSm RSm 

BLA* ELS* BL6*™ 8 3 a 
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Table 4.5 Examples of Variations in the Total Volume of Pentlandite 
Exsolved with MSS Composition and Annealing Temperature 

  

  

INITIAL MSS COMPOSITION TEMP °C TOT. VOL. OF 

Fe/Ni M/S SAMPLE Pn EXSOLVED 

24 0.965 PNX65 300 3% 
200 11% 

24 0.982 PNX66 300 5% 
200 11% 

10 0.934 PNX61 200 9% 

10 0.949 PNX49 300 8% 
200 14% 

5 0.930 PNX62 300 6% 
200 19% 

5 0.946 PNX52 300 19% 
200 42% 

5 0.966 PNX16 400 3.54% 
PNX53 300 39% 
PNX53 200 47% 

5 0.973 PNX17 400 6.64% 

3 0.930 PNX63 300 9% 

200 21% 

3 0.946 PNX55 300 27% 
: 200 50% 

3 0.966 PNX21 400 72% 
PNX56 300 43% 

  

x Data from quantitative image anlaysis, accuracy ~ +0.5 vol%. 
obtained from point counting of enlarged photographs of representative 
grain aggregates, accuracy ~ +10% of volume present. 
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THE NUCLEATION RATE ON TEMPERATURE 
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KEY to Figs 4.4 and 4.5 
<Fig 4.4 T-T-T-X diagrams illustrating the variation in the development 
“of heterogeneously nucleated types. 
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Figure 4.5 T+T-T-X diagrams illustrating variations in the 
development of lensoidal and platy lamellar forms. 

4.5a MSS compositions of differing M/S ratios with initial 
Fe/Ni ratio = 10. 
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Figure 4.5 T+T-T-X diagrams illustrating variations in the 
development of lensoidal and platy lamellar forms. 

4.5a MSS compositions of differing M/S ratios with initial 
Fe/Ni ratio = 10. 

  

TIME 
20m Ihe 1Ohrs OOhrs 316hrs 1000hrs 2664hrs 

TEMP °C 1 idl 1 1 1 1 L 

1S 1 ws 
Biss Mis yr00a) Be ean nt 

WSs 4004 —— NNAXNN WDNR OAL wD HOOD Sip iem e) Moiy em ivy re el heute 

- Neh 

300 SSN NOD DR ON 8 2 8 80 WP oe ner is eh eee oO mals. 6.6 
4 6 8 a As 8 4 4 4 4 

200-4 —--- NAN DS VRE DHOH AW? a [s © © @ «© «6 
AAS a a 4) 

MIS 0.975 

350~ 

~ ~e oNe ONO LL 4 PS PS Py Gr ods oe 

250-4 aoa 

a SS NNT NO NR eR DD OD] OO QS Ss wre) 6 oe fs “slo ss S 
a4 4 4 £4 A&A & A A APA 

350 

MIS 0.949 

250-4 — aN en 

4 ANN Te Oe eS 
! Nese ° 

150 

MIS 0.930 

25044   150. 

— Nm we whl 

-59-



  

Fig. 4.5b MSS compositions of differing initial M/S ratios with 

: initial Fe/Ni = 3. 
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TEMP °C 

A 

Fig. 4.5b MSS compositions of differing initial M/S ratios with 
initial Fe/Ni = 3. 
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TABLE 5.9a Electron Microprobe Analyses of Zoned Magnetite and 
(Sample CC2, Copper Cliff) Coexisting Ilmenite 

  

  

  

MAGNETITE ILMENITE 

1 2 3 4 5 6 7 8 

Fed 32.9 33.6 34.2 34.7 34.3 33.0 33.0 33.2 38.7 

Fej0, 62.6 59.1 58.1 57.8 58.8 59.9 62.9 61.7 7.8 

Ti0, 2.76 4.06 4.67 5.05 4.59 3.55 2.75 3.29 47.3 

MnO 0.26 0.35 0.43 0.47 0.42 0.33 0.27 0.32 4.2 

Crj0, 0.10 0.12 0.12 0.12 0.11 0.12 0.11 0.11 = 

TOTAL 98.6 97.2 97.5 98.0 98.2 96.9 99.0 98.6 98.0 

0 32 32 32 32 32 32 32 32 6 

Fett 8.577 8.871 8.991 9.063 8.967 8.758 8.571 8.664 1.539 

Fest 14.682 14.042 13.760 13.595 13.817 14.277 14.689 14.477 0.566 

mit 0.647 0.964 1.105 1.187 1.079 0.846 0.642 0.748 1.178 

M2 0.069 0.094 0.115 0.125 0.111 0.089 0.071 0.084 0.178 

crt 0.025 0.030 0.030 0.030 0.027 0.030 0.027 0.027 

Mol % Mol % 
usp 8.1 12.1 13.8 14.8 13.5 10.6 8.0 9.3 Ilmgs 92.5 

mt 91.9 87.9 86.2 85.2 86.5 89.4 92.0 90.7 Haemgs 7.5 
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TABLE 5.9b Electron Microprobe Analyses of Unzoned Magnetites 

  

  

  

Sample No. cc20 cc8(1) cc8(2) cc8(3) cc8(4) 

No. of spot 
analsyses lo 9 6 8 

Feo 31.1 30.7 30.6 - 30.6 31.0 31.2 

Fe,0, 69.2 68.3 67.9 - 66.4 67.2 66.3 

Tid, 0.03 0.03 0.16- 0.61 0.58 0.97 

MnO 4 0.12 0.06 0.16- 0.35 0.31 0.43 

100.5 99.0 98.0 98.0 98.8 98.9 

Oo 32 32, 32 32 32 32 

Fett 7.977 7.991 7.995 8.051 8.055 8.114 

Fest 15.985 15.986 15.925 15.712 15.727 15.545 

rate 0.007 0.007 0.037 0.144 0.136 0.227 

Mn2* 0.031 0.016 0.042 0.093 0.082 0.113 

Mol % usp 0.1 O.1 0.5 1.8 1.7 2.8 

mt 99.9 99.9 99.5 98.2 98.3 97.2 

cc20 Subhedral magnetite 

ccs (1) Subhedral magnetite containing few u/fine ilmenite 
lamellae 

C2): subedeal magnetite containing Be u/fine ilmenite 
lamellae, bulk analyses 

cc8 (3) Segmented magnetite containing numerous u/fine ilmenite 
lamellae, bulk analyses 

(4) Disrupted magnetite containing numerous u/fine ilmenite 
lamellae, bulk analyses. 
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Fig. 5.lla Line concentration profile of Co across zoned euhedral 
pyrite grain (Fig. 5.11b) (sample CC2, Copper Cliff). 
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TABLE 6.1 
Merensky Suite. 

Volumetric Composition of Base Metal Sulphides in the 

  

  

Rock Type, Locality Po Pn Cp Py Cub. Mck. Ref. 

Rustenburg 

Hangingwall norite 51.9 25.8 LiL 4.7 qd) 

Merensky pyroxenite 

upper part 53.0 28.8 17.4 1.3 (1) 

lower part 42.3 32.8 23.4 q) 

Pegmatitic pyroxenite 45.4 31.8 13.8 4.3 (1) 

‘reef! 38.8 30.4 22.1 2.0 (1) 

Chromitite 43.7 34.6 25.0 1.4 q) 

Mean 1 4559) 307" 1958) 2.7, (1) 

Mean 2 46.9 32.3 17.1 3.4 0.5 0.2 (2) 

Mean 3 44.0 33.4 19.7 2.8 0.3 0.1 (3) 

Atok. 

Mean 8 13 30 45 (4) 

Impala. 

Mean 41 37 18 4 (5) 

  

References: (1) 

(2) 
(3) 
(4) 
(5) 

Liebenburg (1969) 
Kingston (1977) 

Vermaak and Hendricks (1976) 

Schwellnus et al. 
Mostert et al. 

=R5= 

(1976) 
(1982).
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Table 7.3 Qualitative Optical Properties of Sarqa Cubanite and Unknown 
Pd(Bi,;_,Te) Phase. 

1. Cubanite 

In_Air 

Colour: pale grey-green against 

chalcopyrite. Distinctly greenish 
against troilite and pentlandite 

Bireflectance: distinct in cub. 
lamellae, from slightly lower than 

cp to slightly higher. Weak in 
granular masses associated with 

chalcopyrite. 

Anisotropy: moderate in lamellae 
brown + grey. Weak in granular 

masses associated with cp ~ same as cp. 

Internal reflections not present 

VHNso, range 218-250 avg 227 kgmm *. 

ae Unknown Pd(Bij_, Te,) Phase 

Colour: light golden yellow 

Reflectivity> cobaltite - gersdorffite 
estimate 60-65% 

Bireflection/Pleoichroism: not observed 

Anisotropy: very weak, greenish brown 
tint (in oil) 

Other Characteristics: euhedral grains, 

takes good polish, scratch free. 

-95- 

in_0i1 

pale greenish tint more 
distinct 

more distinct 

more distinct but considerably 
lower than troilite. Deep 

brown + bluish grey.



TABLE 7.4 Energy Dispersive Electron Microprobe Analyses of Zoned Chromite from 
the Sargqa Intrusion (see Figure 7.22) 

  

Analysis No. 
wt % oxide 

5109 

T109 

MgO 

Cad 

ZnO 

Fed 

Fe,03 

Cro03 

e003 

V203 

TOTAL 

  

CORE OUTER INNER OUTER 
CORE MARGIN MARGIN 

a 2 3 4 5 6 i 8 9 

0.60 0.53 0.62 0.87 0.72 0.72 0.62 0.53 0.59 

0.27 0.43 0.28 0.45 1.37 1.97 1.20 1.20 1.35 

2.47 2.77 2.14 1.68 0.70 0.96 0.65 0.83 1.14 

ned. n.d. n.d. n.d. n.d. n.d. 0.27 0.32 n.d. 

0.68 0.67 0.67 0.39 0.68 0.45 0.28 0.39 0.44 

0.72 0.44 1.12 1.13 0.39 0.39 n.d. n.d. ned. 

31.64 31.83 31.99 31.50 33.21 33.09 32.66 28.85 32.12 

5.36 4.95 5.46 5.84 21.93 23.15 44.28 48.82 39.82 

49.65 49.74 50.09 46.34 39.10 37.90 20.89 20.07 24.59 

13.45 14.28 13.06 12.02 3.99 2.66 1.34 1.36 1.64 

0.27 0.44 0.34 ned. 0.31 0.27 0.16 ned. 0.32 

105.11 106.08 105.77 100.22 102.4 101.56 102.35 102.37 102.01 
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TABLE 7.5 

Colour: 

Bireflectance: 

Anisotropy: 

Qualitative Optical Properties of Mackinawite and Valleriite 

from the Sarqa Intrusion 

Mackinawite 

strongly pleoichroic, brown 

to pale creamy yellow; 

(in oil) dark greyish 

“brown to pale creamy white 

strong 

Bireflectance and 

pleoichroism more marked 

than in valleriite. 

Very strong. Greyish white 

to dark bluish grey 

(in oil - same) 

With polars slightly 

uncrossed ~5° and high 

level incident 

illumination distinctive 

bright light blue colour 

“o7— 

Valleriite 

pleoichroic, brown to yellow 

brown;(oil) deeper bronzy brown 

to yellow brown. Colours 

appear more ‘dirty’ than 

mackinawite colours. 

moderate 

Strong. More distinct in oil 

than in air, distinct bronzy 

yellow colours. 

Fine aggregates within lamellae 

give patchwork appearance. On 

rotation stage adjacent 

platelets go into extinction 

consecutively giving appearance 

undulose extinction.
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TABLE 7.8 Energy Dispersive Electron Microprobe Analyses of Zoned Cobaltite 
~Gersdorffite Grain (See Figure 7.26). 

  

  

Analysis 

No. 5 4 1 3 2 7 6 8 

Distance from 
GRN Margin pm 4 16 26 35 43 margin core margin avg 20 

Ss 17.49 16.79 16.44 16.73 17.34 17.12 16.30 15.57 0.2 

As 48.19 47.67 46.72 47.01 46.42 44.47 45.98 45.45 1.2 

Fe 5.51 5.16 4.75 4.78 5.51 4.87 4.55 4.76 0.2 

Wte% Mi 13.07. 13.00 12.41 11.23 10.63 9.15 11.63 10.96 0.4 

Co 17.15 15.09 14.48 14.77 16.98 20.19 13.81 13.73 0.4 

Cu n.d. 0.51 0.47 n.d. 0.40 0.39 n.d. 0.46 0.3 

Rh ~ ned. 2.08 3.08 3.42 0.99 nd. 3.08 3.85 0.3 

Pt n.d. n.d. 1.40 n.d. n.d. n.d. n.d. n.d. 0.7 

Pd 1.58 1.88 1.74 2.28 1.08 0.63 1.66 2.42 0.3 

TOTAL 102.08 102.2 101.50 100.11 99.35 96.81 97.00 97.22 

s 30.04 29.48 29.48 30.13 30.83 30.95 30.11 29.17 

As 35.42 35.82 35.85 36.24 35.32 34.41 36.34 36.45 

Fe 5.43 5.20 4.89 4.94 5,62 5.05 4.82 5.12 

At % Ni 12.26 12.46 12.15 11.05 10.32 9.03 11.73 11.21 

Co 16.03 14.42 14.13 14.48 16.42 19.86 13.88 14.00 

Cu = 0.49 0.43 - 0.36 0.36 n.d. 0.43 

Rh Sa 1.14 1.72 1.92 0.55 nd. 1.77 2.25 

Pt a ig 0.41 =i S n.d. n.d. ned. 

Pd 0.82 0.99 0.94 1.24 0.58 0.34 1.35 1.37 
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Fig. 7,26 Zonation in. Cobaltite-Gersdorffite grain (see Table 7.8) 
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TABLE 9.2 Electron Probe Microanalyses of Pentlandite from Thompson Mine 

  

  

  

  

Coarse Granular Coarse Rin Rim 
Pn ‘clot’ Granular Pn Pn 

Pn ‘clot' 

Wt % Replicate Replicate 
Analyses Analyses 

s 32.94 33.09 33.11 32.98 33.08 

Fe 30.07 30.17 30.10 29.24 29.52 

Ni 37325 37.05 37.26 37.80 ST Th 

Co 0.67 0.67 0.66 0.65 0.64 

Total 100.93 100.98 101.13 100.67 100.95 

At % 

s 46.45 46.60 46.57 46.61 46.61 

Fe 24.35 24.39 24.31 23512 23.88 

Ni 28.69 28.50 28.62 29.17 29.02 

Co 0.51 0.51 0.50 0.50 0.49 

>) 5 > 2 6 5 

  

() No. of individual spot analyses 
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Table 9.4 Examples of the variation in Bulk Metal Content, Pentlandite Compositions and Residual Ni Content of Pyrrhotite in 
Deposits of Different Petrotectonic Assoctacions. 

  

Deposit Bulk Metal Content (Residual Nt (at 2) Pa Compositions (ac 2) 
(we 2) 

Pecrotectonic Setting Cu mM Te Mel Po Bex Po s Mt co 

  

Komatittic Volcantes 

Kanbalda ore shoots 
Lunnon (altered) ~  0.6-0.5¢4) = 46.8¢4) 26.3¢4) 0.6¢4) 

unaltered 0.81) ~F12(2) = —0,2-0.6(5) — 2 26.4-28.2(5) 0.3-0.6(5) 
Durkin (altered) 1.31) “14-16(1) - 0.404) - 474-68 .6(4) 27.6-26.6(4) 0.3-0.4(4) 

Marbridge 0.441) ~6.501) = 0 ° 47.3¢6) 27.4-27.8(6) 0.3¢6) 
(aleered) 2 2 46-49.4(7) 18.7-20(7) 0.1¢7) 

Komattitie dunite tntrusives 
  

Mt. Keith-Betheno 0.6(1) — 3(1) - +t - t 26.5-28.8(8) : 
> - (Pathe) z 26.6-28.2(8) ? 
- -  (Prtal) 2 32.5-34.5(8) t 

+ Spargoville - 0.2-0.7(9)  46.5-47.4(9) 23.3-26.9(9) 0.3-0.9(9) 

‘TThompson 7 ~8(3) = 0,5-0.903) = 46.5-46.6(3) 28.7-29(3) 0.5(3) 
(Tables 9.1, 9.2) 

Minor pleritte tatrusion 
Sarqa (Table 7.1) ~1(3) ade = = 47.203) 24¢3) 0.6(3) 

Incrusives related to flood basalts 
Duluth (t4nnamax) 17.201) 3.9101) aed. = 0.2(10) 47-48(10) 23-33(10) 1-1.5(10) 
  

Merensiy Reef (Bushveld) 
Rustenburg “503) 8.503) - = 0.4(3) 46.7(3) 25.6-26(3) 0.3-0.4(3) 
(Table 6.2) 

Western - -  0.3(11) 45.2-46(11) 25.1-27.3(11) 0.6¢11) 
Topala - tt 46.5-47.7(12) 26.1-26.5(12) 0.5¢12) 

Sudbury Deposits 
‘Strathcona 1.21) 3.6(1) = 0,4¢13) 0.5-0.7(13) 46.4~47.6(3) 26.7-29.1(13) 2.1-0.3¢13) 
(Table 5.2) 
Copper clife = 0,3-0.4(3)  0.5-0.8(3)  46.7-46.9¢3) 27.1-27.8(3) 0.7-1.1(3) 
(Table 5.3) 

Falconbridge 1.51) 5.4(1) -  0.3(6,7) -0.3-0.8(7)  46.1-47.1(6,7) -28.7-28.9(6,7) 0.6(6,7) 

  

References (1) Naldrett 1981a, (2) Gresham and Loftus-#ills 1981, (3) This study, (4) Keele ec al 1974, (5) Marston and Kay 1980, 
(6) Misca and Fleet 1973a, (7) Harris and Nickel 1972, (8) Groves and Keays 1979, (9) Ramsden 1975, (10) Pasteris 1984, (11) Brynard 
et al. 1976, (12) Mostere et al. 1982, (13) Vaughan et al. 1971. 
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= z TT     

   

      7 
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looking S. W. 
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100 200 Metres   

          

Fig. 9.5 Geological cross section of the Thompson Mine (after Coats et 
al., 1972). 

  

  T T T T 
200 400 

T T T T T ine T T T 

600 800 1000 1200 | 1400 
‘ ‘ Po 

Distance from contact coarse Pn ‘clot (yum) gen. bound 

Fig. 9.6 Nickel line profile across Pyrrhotite grains ‘directly 
adjacent to a coarse granular Pentlandite ‘clot! (massive 
breccia ore, Thompson Mine). 
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“APPENDIX” I ELECTRON MICROPROBE ANALYSIS. 
  

The majority of the analyses reported from this study are wavelength 

dispersive, determined on a Cambridge Instruments Microscan V. The 

accelerating voltage was 15KV and the specimen/probe current \0.05HA. This 

reduced both the possibility of 'beam damage' causing vaporization of sulphur 

and the fluorescence effects. A carbon coat of 'a,250um' was applied to the 

samples to eliminate ‘charging up' of the areas analysed. Care was taken to 

ensure that the specimens and standards had a carbon coat of the same 

thickness. The standards used for each phase are listed in Table IA. A P.E.T. 

crystal was used to detect and select the S, Ti, Cr, and Sb peaks. Other 

metals were detected using an LiF. crystal. Each individual spot analysis 

was an average of ten second peak counts for each element. Background 

readings for each element were taken at 2° either side of the peak. The 

number of individual spot analyses averaged for each reported mineral analysis 

are given in the tables. 

Peak and background counts were Repeated for counter dead time before 

calculation of the unknown value by comparison with standard counts. The 

apparent weight percentages obtained were then computer corrected for Z.A.F. 

matrix effects using the methods devised by Sweatman and Long (1969). Because 

the standards were close in composition to the minerals analysed, matrix 

corrections were small, apart from the correction for fluorescence of Fe by 

Ni in nickel-rich phases. 

Operating errors were kept to a minimum by using the following procedures. 

Areas of analysis for each phase were selected beforehand using reflected 

light microscopy. Analysis spots were then located using the probe's optical 

system, backscattered electron imaging and X-ray mapping by reference to 

sketches or photomicrographs. This was particularly important when analysing 

fine grained intergrowths ‘such as monoclinic/hexagonal pyrrhotite in the 
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natural ores and pentlandite/MSS in the synthetic grain mounts. Small 

inclusions within grains of the phase to be analysed, such as flame pentlandite 

within pyrrhotite or MSS were avoided by using X-ray mapping of selected 

elements; in this case nickel. Contamination spots produced by the vacuum 

pump hydrocarbons were useful for checking the exact location of each spot 

analysis. The calibrated co-ordinate system on the specimen drive was also 

used to locate each analysis using a fixed reference point in the sample. This 

was particularly important when analysing pentlandite and pyrrhotite or MSS 

since cross-boundary fluorescence of Fe in the Fe-rich monosulphide phases 

by nickel in the pentlandite occurs close to the mineral boundaries. For 

this reason analyses of synthetic pentlandite were restricted to the coarser 

varieties such as rim pentlandite. 

The probe current was monitored using the Faraday cage and a drift of 

approximately #8 parts in 500 of the probe current was allowed before taking 

another set of standard.counts. The. spectromater peak positions were then 

rechecked and the beaming centring and focus realigned if necessary, prior 

to taking another set of standard analyses. Generally between five and ten 

complete analyses were obtained between each set of standard counts. Within 

each set of analyses two minerals were analysed to ensure that systematic 

errors between the results obtained for the same elements in each phase due 

to slight variations in the operating conditions did not occur. Long 

analytical runs of up to ten hours were used since once the filament warmed 

up after operating for 1 or 2 hours, the probe remained relatively stable 

and only minor corrections for beam drift were required thereafter. 

Analytical error was estimated: 

i) from the counting statistics 

ii) from the variance within the corrected set of analyses obtained for 

individual (unzoned) phases in the same sample 

iii) by taking replicate analyses of each mineral from the same areas in 
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analytical sessions days or weeks apart. 

These methods indicated that the errors in each of the phases analysed were 

1% of the amount reported for major elements and within 10% of the 

amount reported for minor elements. The minimum detection level was taken 

at 28 above the background and varied from W.05wt% to \.lwt% depending 

upon the atomic weight of the element. 

The minor number of energy dispersive analyses were carried out on a 

Cambridge Instruments S150 S.E.M. with an on-line Link 850 analytical unit. 

The accelerating voltage was 20KV and count times of 100secs were used. Full 

Z.A.F. corrections were carried out by the on-line computer using a program 

patented by Link Systems Limited. Wavelength dispersive and energy dispersive 

analyses on the same phases- from the same samples can be compared in Table 7.1 

and are discussed in Chapter 7. 
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APPENDIX II PROCEDURE FOR PRODUCING GOOD QUALITY POLISHED 

SECTIONS OF SYNTHETIC MATERIAL 

In this method cold setting epoxy resin (Araldite HY753, Hardener 

HY913) is used to mount the specimens. Up to 15 individual labelled 

samples can be mounted in a 3 cm diameter araldite block. This is the 

largest size block which fits the sample holder on a Cambridge Instruments 

Microscan Vv electron probe. The advantages of the method are outlined in 

Section 3.4. 

METHOD 

i) Mix up araldite and hardener in required proportion (10:1 by weight) 

in a clean container. 

ii) Place container in an ultrasonic bath and leave for ~10 mins . This 

moves all the air bubbles to the surface where they can be scraped 

off with a glass slide. It also has the advantage of temporarily 

reducing the viscosity of the araldite (see below). 

iii) Fill standard 3 cm diameter mould to a depth of between 0.6 cm and 1 

cm. The mould should be lightly pre-greased with a contact release 

agent, such as vaseline. 

iv) After allowing to set for a day remove block from mould and champfer 

off any excess araldite. 

v) With block firmly held in metal die drill a series of 4 mm holes, 

equidistant from the centre of the block, right through the block. 
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vi) 

vii) 

viii) 

ix) 

x) 

xi) 

The outer edge of each hole should be ~3-4 mm from the edge of the 

block. This allows 10 conveniently spaced holes to be drilled, 

although up to 12 can be made to fit. Drill a further 5 holes closer 

to the centre of the block. It is easiest to have the surface which 

will become the polished surface uppermost when drilling, since the 

small 'lip' around the base of the block prevents fracturing when the 

drill penetrates to the base. 

Replace block in lightly greased mould so that surface is in contact 

with the bottom of the mould. 

Place individual samples into separate holes in the block. The 

easiest method is to use small funnels of high gloss paper inserted 

in each hole. This helps prevent cross contamination between 

samples. Insert label for sample into each hole. 

Make up quantity of araldite. It is especially important to 

ultrasonic to reduce the viscosity. 

Pour araldite into each individual hole a portion at a time. Fill 

the holes to the top. 

Allow araldite to set for ~24 hours, remove block from mould and 

leave for a few days to cure thoroughly. 

Drill a hole in the base of the block for locating pin on lapping 

machine. Bevel edges on surface to be polished so that material is 

easily removed during grinding and polishing. 
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xii) 

xiii) 

xiv) 

xv) 

xvi) 

Remove excess araldite from surface by grinding on a glass plate 

using 600 mesh carborundum (or silicon carbide) in a light water 

slurry. It is important at this stage to ensure that most of the 

surface of the grains or grain aggregates in each sample has almost 

all the araldite removed. 

After washing and cleaning in an ultrasonic bath, repeat grinding on 

a glass plate with 800 mesh and 1200 mesh carborundum, carefully 

washing and cleaning between each stage and especially after the 1200 

mesh stage. 

The sample is now placed on lapping machine (Kent MkIIa) on a paper 

lap with a ‘small amount of diamond paste on surface of lap. Polish 

at this stage until almost all pluck marks are removed and edge of 

grain aggregates are clearly visible. Use slow speeds to prevent 

plucking. It was found to be better not to use weights although 

inevitably this means it takes longer (~10 to 20 hours). It is 

important that at no stage in the polishing is a lap that has been 

previously used to polish silicates used to polish the synthetics. 

After cleaning in an ultrasonic bath, polish on lum lap until all 

plucks removed from any pentlandite that is present and 6ym scratches 

iL removed. Final polishing on q ua lap removes any lym scratches 

in ~30 mins- 1 hr. 

Mount specimen on glass slide using plasticine and specimen press so 

that polished surface level. This is particularly important since the 

material is relatively fine-grained and when using high power 

objectives, all of field of view needs to be in focus, especially for 
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photomicroscopy. 

This method can easily be adapted to other situations where large 

numbers of ‘grain mounts' are required. If the material is coarser grained 

than in this system (~50 - 250ym) or if larger numbers of grains are 

required for examination simply drill larger holes and mount fewer 

specimens on the same block. 
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APPENDIX III 

IMAGE ANALYSIS IN THE STUDY OF PENTLANDITE EXSOLUTION RATES 

James R. Craig*, David P. Kelly**, David J. Vaughan**, 
Robert M. Haralick* and Ting Chuen Pong* 

* Spatial Data Analysis Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, Virginia 24061, 
U.S.A. 

** Dept. of Geological Sciences, University of Aston in 
Birmingham, Birmingham B4 7ET, ENGLAND 

The General Image Processing System (GIPSY) has been employed to 
provide quantitative rate measurements of the amounts of pentlandite 
(Fe,Ni),S,, which have exsolved from the (Fe,Ni),_)S monosulfide solid 
solution Unga) in the Fe-Ni-S system. These measurements provide the basic 
data in a larger study of the kinetics and mechanisms of exsolution 
reactions. Initially homogeneous mss compositions of differing metal/metal 
and metal/sulfur ratios have been annealed at varying temperatures from 1 to 
nearly 2000 hours. The products have been sectioned, polished, and analyzed 
using GIPSY to define the amount and rate of exsolution. The application of 
GIPSY has been found to be superior to other methods of charting the 
Progress of the exsolution.



The scientific and economic importance of classification and 
interpretation of ore textures has been recognized in numerous. studies of 
the textures observed in individual ore deposits at the macroscopic and 
microscopic levels as summarized in various texts C12)! More recent 
textbooks have emphasized the importance of studies of phase equilibria in 
relevant systems to textural interpretation (3). However, phase equilibrium 
studies provide a very incomplete and idealized picture of mineral behavior 
since they characterize only the final, hopefully equilibrium, state ina 
system. In natural ore mineral systems, the mechanisms and rates (kinetics) 
of the reactions involved have important influences upon the textures which 
develop. This detailed quantitative textural analysis can provide 
information on the amounts of the various phases and yield information 
useful in the interpretation of the kinetics and mode of exsolution. The 
data should also enable a much more rigorous application of textural studies 
in the estimation of rates of cooling and of diffusion within and throughout 
orebodies. Conversely, greater knowledge of theories of textural 
development should enable predictions to be made of textural variations 
which will benefit the mineral technologist. 

Two of the authors (D.P.K. and D.J.V.) have been engaged in 
experimental studies of the Fe-Ni-S system and comparative studies of 
natural pentlandite-pyrrhotite ores which are characteristic of the so- 
called "sulfide nickel" deposits. The Fe-Ni-S system is especially 
appropriate for this type of study because the corresponding natural ores 
are economically important, are widespread, nearly always contain exsolution 
textures, and because the general phase relations of the system are well 
established (4-8) 

The mechanisms and kinetics of the exsolution Process as deduced from 
these studies are being described in detail elsewhere (9) The objective of 
this paper is to demonstrate the application of automated image analysis, 
GIPSY, in this work to determine the relative amounts of host and exsolved 
phases and to chart the progress of exsolution as a function of time or of 
temperature changes. The advantages of image analysis in comparison with 
alternative methods for charting exsolution are also assessed. 

Pyrrhotite-Pentlandite Intergrowths and the Fe-Ni-S System 

The so-called "Sulfide nickel" orebodies are the major world source of 
nickel and often contribute significant amounts of copper, cobalt and 
platinum group metals. They occur in a variety of geological environments 
and include such famous examples as the Sudbury Basin, Ontario, Canada (10); 
the Noril'sk-Talnakh deposits of Northern Siberia, USSR (11) and the 
Kambalda depoSits of Western Australia (12). It is now apparent that most 
or all, of the sulfides have crystallized from an immiscible sulfide melt 
which separated from the parent mafic or ultramafic magma during the early 
Stages of cooling. The sulfide melt and its subsequent erystallization can 
be very well described in terms of the Fe-Ni-S system. 

The various experimental studies noted previously have demonstrated 
that the dominant feature of the Fe-Ni-S system is the monosulfide solid 
solution which spans from Fe, |S to Ni, _.S from above 900°C to below 300°C. 
Pentlandite becomes a stable phase only when the temperature drops below 
610°C; it spans a considerable Fe/Ni range but exhibits only a slight 
variation in metal/sulfur ratio (see Fig. 1). The bulk compositions of the 
sulfide fraction of many sulfide nickel orebodies plot within the mss, 
generally towards more Fe-rich compositions (from 3.6 wt% Ni at Strathcona,
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Figure 1. Equilibrium phase relations in the Fe-Ni-S system 

at: (A) 650°C, and (B) 400°C; from (15).



  

  

Figure 1(C) Alternative interpretations of low temperature phase 
equilibria in the Fe-Ni-S system;from (15). 

Sudbury to 14.4 wt% Ni at Juan Shoot, Kambalda) when plotted in terms of 
the Fe-Ni-S system (5,13). Accordingly, original crystallization of the 

sulfide melt resulted in the formation of mss which remained homogeneous on 
cooling to temperatures at least as low as 500-600°C. Further cooling 
resulted in shrinkage of the limits of the mss field such that originally 
homogeneous sulfide compositions could not be accomodated within the mss. 
At this point pentlandite began to exsolve from the mss as a separate phase. 
The exsolution of pentlandite from the mss can be illustrated with reference 
to Fig. 2 which shows the iron-rich and sulfur-poor portion of the mss. 

Here have been plotted a series of mss compositions which were synthesized 
in this work, along with the boundaries showing he sulfur-poor limits of the 

mss at 600°C, 400°C and 300°C (data from 5). These show that as the 
temperature decreases below 600°C, the sulfur-poor boundary retreats to more 
sulfur-rich compositions. Thus, the series of homogeneous samples of 

varying Fe:Ni and Metal:Sulfur (M:S) ratios synthesized in this study at 

  

600"C (Fig. 2), when annealed at 400°C exsolved a more nickel-rich 

at% Ni 

0 2 4 6 8 10 12 4 16 18 

52 fi 

3) 
sl 

50 

49   

  

at%Ni —> 

Figure 2. Experimental compositions in the iron-rich mss and 

pentlandite fields plotted as S$ and Ni atom percent; note the 
offset of the Ni scales. Squares are initial compositions at 

600°C; triangles are compositions determined by probe at 400°C; 
stars are from (7); solid lines are S-poor limit of mss from (5).



pencianaite and movea towaras a more nickei-poor ana iron- ana susiur-ricn 
mss composition. As cooling and exsolution proceed, the residual mss matrix 

becomes progressively more iron- and sulfur-rich until eventually 

stabilizing as pyrrhotite. 

In order to study the kinetics and mechanisms of pentlandite 
exsolution, the series of mss compositions illustrated in Figure 2 were 

synthesized and then divided into batches for annealing in isothermal runs 

for times varying from 1 to nearly 2000 hours. A variety of annealing 

temperatures between 500°c and 200°C were used, results reported here are 

from 400°runs. In this way the rate of reaction and evolution of the 

textures produced could be monitored. Figure 3 shows the similarity of 

natural and synthetic pyrrhotite/pentlandite intergrowths. 

    

    

   

  

landite + pyrrhotite intergrowths 
(A) pentlandite rims and flames, 
Copper Cliff Mine, Sudbury, Ont. 

H (field=3.4 mm). (B) pentlandite 
flames, Copper Cliff Mine (field= 

0.5 mm) (C) synthetic mss with pent- 
landite blades and lamellae formed 

“d| by exsolution at 00°C after 100 hrs. ¥ 
71 (initial comp.Fe:Ni=5:1,M:S<0.946:1; 

pee™ field = 0.2 mm). ae 

  

    

  

Image Analysis Using the General Image Processing System (GIPSY) 

Accurate determination of the relative amounts of exsolved pentlandite 
and host mss (or pyrrhotite) is a crucial aspect of this study. For this 

purpose, image analysis employing the General Image Processing System 

(GIPSY) was used. GIPSY is a general interactive image processing software 
package designed to be easily used, easily learned, easily modified, and- 
easily transported from one computer to another. It operates with single or 

multiband images, in integer or real format, and includes more than 180 

operations .to do image filtering, classification, geometric spatial 
transformations, numeric and symbolic recursive neighborhood operations, 

spatial clustering, region growing, and property file generation. GIPSY is 
user friendly and has all its documentation on-line and available through 

GIPSY commands. 

In order to carry out image analysis, GIPSY, like most other systems, 
subdivides the original image into an N by N (N in the range 100 to 5000)



  

Figure 4. (A) Digitized image of mss grain with exsolved vein of pent- 
landite (white) (field of view = 0.5mm). (B) Enlargement of a central 

portion of the image in (A) to show the individual pixels of the image. 

array of individual squares (pixels), as shown in Figure 4. The original 

image, derived froma 35 mm film negative or directly froma TV camera 

mounted on a microscope, is digitized and stored on magnetic tape or disk. 

Area measurement may be carried out by the summing of pixels of various 

gray levels (reflectances) or by amore complex technique making use of 

"segmentation." In the former process, a one hundred step threshhold is 

imposed and the number of pixels with reflectances above and below that 
threshhold are counted. This procedure, though effective with many images, 

is subject to errors if the sample has been poorly polished or contains 

significant noise, because individual pixels can be misclassified. In the 

latter process the GIPSY system subdivides each image into discrete segments 

or areas of similar nature by using an edge operator (14) to determine the 
boundary surrounding each homogeneous region. 

Once an image has been segmented, it can be processed in terms of phase 

identification. The individual segments are assigned a gray-level 

representing the average of all pixels included within them. Gray level 

discrimination is routinely based on a scale of 255 recognized levels; 

however, the averages of individual segments are reported to a precision of 

0.001 of a gray level. The sizes of individual segments may be defined in 

terms of number of pixels contained, percent of total image area, or percent 

of area identified as that phase. The shapes of segments may be calculated 

on the boundaries recognized by the edge operator relative to the boundaries 

expected of ideal shapes. 

The sulfide materials used in this study were synthesied by heating 

weighed amounts of 99.999+% pure iron, nickel, and sulfur in evacuated 

sealed silica glass tubes in the manner described in (14) and employed by 

many workers. 

Various mss compositions (as shown in Fig. 2), after initial synthesis 

were annealed in sealed evacuated silica capsules for varying lengths of 

time and then quenched in ice water and opened to examine the compositions 

and textures of the products.



Representative portions of each of the products were mounted in cold 
setting epoxy resin, ground and polished using a modified version of 
techniques described in standard texts such as Craig and Vaughan (1981). 
This involved making an epoxy blank em in thickness, drilling the blank 
with a series of 4 or 5 mm holes then replacing the drilled blank in its 
mold. The samples were then inserted into individual holes, labelled and 
the holes refilled with cold-setting epoxy resin. Using care in the 
grinding and polishing to avoid removal of material by plucking, high 
quality polished surfaces of up to fifteen samples can be prepared in each 
epoxy resin block. This allows a considerable saving in time and effort 
compared with mounting each sample in its own epoxy block, and has the added 
advantage of keeping the individual grain aggegates of each sample in close 
proximity. 

Results and Discussion 

The annealing of originally homogeneous mss compositions at various 
temperatures for differing lengths of time produced samples which possessed 
a variety of textures (Figure 3) which are very similar to those observed in 
natural pyrrhotite-pentlandite ores. 

Figure 5 shows a series of photomicrographs of polished sections 
obtained in this way from a sample (no.16) which initially contained 36.9 wt 
LS 52.14 wt % Fe and 10.96 wt % Ni. Fig. 5a shows the homogeneous 
material and Figs. 5b,c and d show the products of annealing this starting 
composition at 400°C for 10 hours, 100 hours and 1780 hours respectively. 

Tae Bs oe tt a 

  

Figure 5. Photomicrographs showing the products of experimental run no. 16. 
(A) following initial homogenization (x-nicols);(B) after annealing at 400°C 
for 10 hrs; (C) after annealing at 400°C for 100 hrs; (D) after annealing at 
400°C for 1780 hrs. (field of view = 0.5mm).
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Table 1 contains information on the initial (weighed out) starting 

compositions of two experimental samples of different starting composition 

which were subjected to the same annealing treatment and the subsequent data 

‘obtained from analysis of the products by GIPSY. 

The annealing for longer periods of time resulted ina progressive 
increase in the amount of pentlandite exsolved as noted in Figure 4 and 

Table 1. A major problem in the determination of the amount of pentlandite 

exsolved is ascertaining which, if any, sample surface observed is truly 

representative. This problem can be especially significant if there is any 

preferential orientation between the host and exsolved phases; such an 

orientation effect is known to exist when pentlandite initially exsolves 

from mss (16). In order to minimize bias caused by orientation effects, a 
minimum of 5-6 fields of view were selected from the hundred or so grain 
aggregates present within the polished sections of each sample. The results 

of all images for a given sample were averaged (Table 1). Although there 
are significant variations among the images for each sample, the results are 

not nearly so divergent as might be expected considering the potential 
problems. The data of Table 1 were obtained through the analysis of black 
and white photomicrographs; good results have also been obtained using 

negatives or by taking images directly from the polished specimen using a 

television camera mounted on the microscope. The reason for using 

photographs in this case was so that specimens prepared and photographed in 

Birmingham, England, could be analyzed in the Laboratory in Virginia, 
without having to mail specimens which might be needed for further study. 

The GIPSY data presented in Table 1 show the total area of sulfide on 
any single photographic image (in number of pixels) and the breakdown of 

this into the areas of mss and pentlandite respectively, and hence the 

percentage of pentlandite present. There were two major problems 

encountered in using image analysis to determine the quantities of mss and 
pentlandite: (1) irregular lighting of images (2) bireflectance of mss. 
The former effect can alter the appearance of the pentlandite and both 
effects result in a non-uniform appearance of the mss. Irregular lighting, 
although immediately detected by GIPSY, is very easily overlooked by the 

human observer when viewing a sample in the microscope or when taking a 
photograph. The bireflectance effect is innate in the mss because of its 

anisotropy; it isa feature which is useful to the human observer but 

difficult to discount for GIPSY. In order to overcome both of these types 
of problems, where they impaired GIPSY's ability to distinguish between 

phases, clear acetate sheets were attached over the photographs. The 

pentlandite, present only as lamellae, small grains, or "chains" of equant 

grains, was colored over on the acetate sheet. It was then simple to set 
the detection threshhold for GIPSY below the reflectance level of all mss 
and pentlandite grains (however irregularly illuminated or whatever the 

degree of bireflectance) and count the total area of the two sulfides on the 
photograph. Then the acetate mask, with the pentlandite areas darkened, was 

laid over the photograph and the area remeasured by GIPSY; the difference 
was the area of the pentlandite (Figure 6). This method can be further used 
to easily distinguish between types of occurrence of pentlandite - lamellar 

versus rim or granular - even though the different varieties may have the 

same reflectance. The observer can, in fact, make as many types of 

distinctions as desired, and progessively color the acetate sheet as 

appropriate. 

It is interesting to compare this method of monitoring the exsolution 

process with the two other methods which can be employed in studies of this 
system. Both focus on. charting changes in the bulk composition of the 

residual mss as exsolution proceeds. The first is electron probe
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Figure 6. High speed printer figures of mss t+pentlandite grain thresholded 
so as to detect (A) all sulfides, (B) only pentlandite, (C) both sulfides 
in different patterns. (D) An oblique 3-D view of the image shown in A,B,C 
and Fig. 4 in which the vertical axis is brightness of reflectance. 

microanalysis, examples of which are also shown in Table 1. It can be seen 
that although the correct trends are observed in most cases through very 

eareful analysis, the differences in composition of mss products of the 

various runs rarely exceed 1 wt% for any of the elements, and are commonly 
about 0.5 wt %. This is approximately the limit of accuracy for this method 

of analysis.- The second technique involves determination of the d 
lattice spacing of the mss from measurement of X-ray powder photographs or 

diffraction traces. The variation of a, for Fe,_,S and (Fe, Ni) y_y) 

compositions as a function of changing ite 7S or Fe: Int ratio has ice 
calibrated as a determinative method (Naldrett et al, 1967). However, as 

can be seen from figs 2a and b, the progressive decrease in nickel content 

of the mss compositions as exsolution proceeds follows very closely the 

‘slope of the 4,2 contours. For instance, the initial composition of sample 
17 has a diy, Walue of 2.070 A while for’ the equilibrium composition 17.6, 
the dj45 value is 2.071 A. Clearly, it would be very difficult to 
distinguish these two compositions using this method, and intermediate 

residual mss compositions would be indistinguishable. 

It is worth noting that this X-ray method has been applied very 
successfully to measuring exsolution rates of pyrite from the pyrrhotite 
solid solution (the iron-end members of the mss) (17). In this case, there 
is a well-defined second-order polynomial expression relating d values to 
pyrrhotite composition (in at % Fe) (17,18) and the change in the “102 value 
with composition is very much greater (fig 2b). 

 



An X-ray diffraction method of determining the amount of pentlandite 
present, relative to other phases including pyrrhotite, has been used in 
analysis of mill products of nickel sulfide ores from the Kambalda deposits 
W. Australia (19). In this method, the relative intensities of selected 
peaks of each phase are measured from a diffractometer trace, the 
intensities of these peaks having previously been calibrated using samples 
where the amounts of each phase present is known. In our study, however 
the amounts of pentlandite present are in most cases so small that they are 
not detected on a trace. In those that can be detected, the differences in 
the amounts of pentlandite as exsolution proceeds are even smaller and not 
distinguishable (see Table 1). Additionally, the small amounts of sample 
available from experimental runs require a smear mount preparation for use 
in the diffractometer (see 20 pp 146-147, for details of preparation). This 
leads to errors in both of the X-ray diffraction techniques described. 
Errors in relative peak intensities due to preferential orientation and 
errors in peak positions due to the surface of the sample being out of 
position relative to the focussing plane of the X-ray beam have both been 
encountered. 

The data in Table 1 show, of course, that the amount of pentlandite 
exsolved from a given mss starting composition at a particular annealing 
Fempepsturie increases with time. It was assumed that the runs of 1780 hrs 
at 400°C had exsolved the full amount of pentlandite and hence attained 
equilibrium because the mss compositions all lie close to, or on, the 
equilibrium 400°C solvus as determined by 5 (see table 1 and figure 2a). 
These compositions were confirmed by electron probe microanalyses. The 
volume fraction of pentlandite exsolved (V) at any given time (t) is given 
by: 

x volume of pentlandite at time t 
~ volume of pentlandite at equilibrium (1780 hrs) 

  

By plotting V for runs of different duration on selected mss 
compositions, it is therefore possible to quantify the rate of the reaction 
for each composition and to establish the effect of varying the Fe:Ni and 
M:S ratios on the reaction rate. This is illustrated by Fig. 7 which shows 
the volume fraction of pentlandite exsolved as a function of time fora 
series of mss compositions with the same Fe:Ni ratio but different m:s 
ratios. These preliminary data are derived from estimates of pentlandite 
percentages using a number of methods including image analysis. They show 
that the exsolution rate increases as the initial M:S ratio increases. This 
is because the net driving force for nucleation, the volume free energy, 
increases while the opposing surface and strain energy terms remain 
essentially constant (see 9). Hence for compositions of higher initial m:s 
ratios such as 1.000:1 the higher nucleation rate increases the number of 

nuclei forming heterogeneously at defects, such as grain boundaries. Thus 
diffusion distances in these compositions are decreased, leading to an 
increase in the exsolution rate relative to compositions of lower m:s ratio, 
such as m:s = 0.965:1. For instance, after 10 hrs the relative proportions 
of pentlandite exsolved are about 5% and 8% respectively. Eventually, in 
the compositions of higher initial m:s ratio, the defects become effectively 
saturated in nuclei, impingement of adjacent nuclei increasing the diffusion 
distance. At this stage, homogeneous nucleation of more dispersed and fewer 
nuclei becomes advantageous since the diffusion distances involved are much 
smaller, This leads to the formation of orientated lamellae within mss 
grains and a decrease in the exsolution rate. At lower m:s ratios such as 
0.965:1, lower nucleation rates ensure saturation does not occur and 
exsolution proceeds more steadily by heterogeneous nucleation. For a m:s 
ratio of 0.955:1, the equilibrium mss - pentlandite solvus has not been 
crossed at 400°C so there is no net driving force for nucleation and no 
pentlandite has been exsolved.
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Figure 7. Diagram illustrating the dependence of the pentlandite exsol- 
ution rate on the initial M:S ratio for mss compositions of Fe:Ni = 12.3: 
3.7 (at.%) at 400°C. Volume fraction of pentlandite exsolved vs log time. 

The variety of pentlandite textural types and their evolution, together 
with derivation of time - temperature - transformation - composition models 
for this reaction are discussed in (9). Reaction rates derived from image 
analysis will allow us not only to indicate the time taken for initiation 
and completion of exsolution on such diagrams but also to contour the 
intermediate stages, for selected compositions, showing how far the reaction 
has gone towards completion. 

As already noted, a unique aspect of image analysis in textural studies 
is that it may also be used to quantitatively determine the amounts of 
different textural types or generations of the same phase. In the case of 
the Fe-Ni-S system, we are now using image analysis to determine amounts of 
textural types, such as 'rim' pentlandite, formed by heterogeneous 
nucleation relative to homogeneous nucleated lamellae. This will enable us 
to quantify the relative importance and rates involved in compositions where 
both types of nucleation occurs. 

Image analysis therefore provides the best means of quantifying the 
Progress of exsolution in a system such as Fe-Ni-S. It is rapid, relatively 
accurate and can be undertaken 'on line' using polished sections, which are 
essential to such a study, or at a distance using photographs. 
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