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Abstract--Deformation of chalcopyrite (CuFeS 2) under low-grade metamorphic conditions within fault zones in 
the Mr. Lyell area of western Tasmania (Australia) has occurred dominantly by dislocation flow processes. 
Elongate grain fabrics and well-developed crystallographic preferred orientations have developed by { 112 } (1101/ 
(~_(111 dislocation glide. However. the presence of recovered dislocation substructures indicate that dislocation 
climb has also been important. 

At strains greater than about 30% shortening, strain induced grain boundary migration and deformation band 
boundary migration are associated with the initial development of a dynamically recrystallized microstructure. 
However. subgrain rotation and subgrain coalescence mechanisms of recrystallization appear to have been 
important following the initial dynamic recrystalliza'tion of the original grain boundary regions of host grains. In 
some cases significant grain growth by twin coalescence has followed new grain nucleation. 

Deformation by { 112} twin glide, and to a lesser extent brittle failure mechanisms, has been significant in some 
fault zones. The twin glide deformation mechanism is interpreted to have operated in a higher deviatoric stress 
environment and possibly lower temperature regime than that in which dislocation glide and climb have been the 
dominant mechanisms. Brittle failure may have occurred in a still higher deviatoric stress regime, a lower 
temperature regime, or perhaps by hydraulic fracture during periods of local high fluid pressure in the fault zones. 

I N T R O D U C T I O N  

IN RECENT years detailed microstructural  analysis and 
exper imenta l  deformat ion  studies have contr ibuted con- 
siderably to our  unders tanding of the behaviour  of some 
sulphide minerals  during natural  deformat ion.  There  
have been several exper imenta l  studies of the strength 
and mechanical  behaviour  of chalcopyrite in particular 
(Lang 1968, Atkinson 1974, Kelly & Clark 1975, Roscoe 
1975) at low to modera te  t empera tures  and relatively 
high differential stresses. H o w e v e r  there has been little 
systematic and detailed documenta t ion  of deformat ion  
microfabrics developed in naturally de fo rmed  chal~zopy- 
rite. 

This paper  describes and discusses a variety of defor-  
mat ion microstructures  deve loped  in chalcopyri te  
de formed  under  low-grade me tamorph ic  conditions. In 
the Mt. Lyell area of western  Tasmania  (Austral ia)  
movemen t  along fault zones containing massive chal- 
copyrite vein deposits has produced  a range of deforma-  
tion microstructures.  These microstructures  reflect the 
operat ion of different deformat ion  mechanisms in vari- 
ous t empera tu re ,  pressure,  and deviatoric stress 
regimes,  as well as over  a range of total  strains. 

The  microstructures of four suites of samples  have 
been studied in detail, 

(1) In a narrow ductile shear zone, a complete  progres- 
sive microstructural  transition is exposed,  with increas- 
ing strain f rom little deformed chalcopyrite to chalcopy- 
rite myionites.  The chalcopyrite microstructures are 
very similar to those of many silicate and carbonate  
mylonites,  and metals and ceramics deformed  to high 
strain. 

* Present address: Bureau of Mineral Resources. P.O. Box 378, 
~anberra City. A.C.T. 2601. Australia. 

(2) Coarser-gra ined chalcopyri te  mylonites f rom vari- 
ous o ther  shear zones illustrate well the details of intra- 
granular  deformat ion  microstructures ,  and the micro- 
structures deve loped  during dynamic recrystallization. 

(3) The third suite of  mylonites to be  discussed illus- 
trates the microstructural  change involved in grain 
growth following pr imary recrystallization. 

(4) Finally, we briefly examine weakly strained speci- 
mens in which deformat ion  has occurred dominant ly  by 
twin glide mechanisms and to a lesser extent by brittle 
failure processes.  

Geological setting of  the vein deposits 

The chalcopyri te  discussed in this study occurs as 
de fo rmed  vein deposits within and adjacent  to fault 
zones in the Cambr ian  volcanic-hosted disseminated 
pyrite--chalcopyrite ore bodies of the Mt. Lyell area 
(Reid 1975, Cox 1981). The fault zones and associated 
vein deposits developed during regional middle Devon-  
ian deformat ion  and low-grade me tamorph i sm.  Peak 
me tamorph ic  t empera tu res  were around 300-350°C, and 
confining pressures were  probably  around 200 MPa  
(Cox 1981). On the scale of several metres ,  the distribu- 
tion of chalcopyri te  veins and lenses within the fault 
Zones is erratic,  however  chalcopyrite is not deve loped  
within the fault zones outside areas containing the 
Cambr ian  disseminated chalcopyrite mineral izat ion.  
The chalcopyrite lenses and veins appear  to have 
developed late during regional deformat ion  by deposi- 
tion of chalcopyrite in opening fractures f rom meta-  
morphic  fluids rich in locally derived copper  dissolved 
during cleavage deve lopment  in the surrounding dis- 
seminated Fe -Cu  ore bodies. Chalcopyri te  pods and 
lenses within fault zones range up to several  cubic metres  
in volume,  and consist of generally coarse-grained chap 
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copyrite with only minor amounts of pyrite, quartz, 
siderite and chlorite. 

Methods of  examination 

As chalcopyrite is a tetragonal opaque phase which is 
essentially isotropic in incident light, reflection optical 
microscopy has been performed on etched polished 
sections. Three etching techniques have proved useful 
during optical microstructural analysis. The H202/ 
NH4OH solutions described by Richards (1966), Kelly 
& Clark (1975) and Roscoe (19751 give a eolourful 
surface tarnish etch which is sensitive to crystal lattice 
orientation, and thus provide information on the 
geometry of grain and twin boundaries as well as intra- 
granular lattice misorientations. Electrolytic etching of 
specimens in a saturated chromic acid solution (Atkin- 
son 1974) dissolves chalcopyrite preferentially along 
grain boundaries and twin boundaries. Some polishing 
of the specimen surface may also be achieved with this 
technique. 

Etching of subgrain boundaries as well as grain and 
twin boundaries may be achieved by electrolytic action 
using a glacial acetic acid solution. The best results are 
achieved if the specimen is first prepared by careful 
mechanical polishing, and given a pre-treatment elec- 
trolytic polish and weak etch in saturated chromic acid. 
For the acetic acid etch a gold sheet, held about one 
millimetre above the specimen surface, is used as an 
anode. Voltages of about 5-15 V are most suitable for 
etching times of about five to ten seconds. Ultrasonic 
cleaning and rinsing in concentrated nitric acid helps to 
remove any surface discolouration. 

Crystallographic preferred orientation studies were 
performed in the reflection mode on a Siemens X-ray 
texture goniometer using polished thick sections. Some 
transmission electron microscopy (TEM) was carried 
out at 100 kV on thin crushed fragments of chalcopyrite. 
The usual argon ion beam bombardment techniques for 
thinning specimens proved unsatisfactory due to serious 
ion beam damage and cracking of specimens. 

Previous studies of  deformation microstructures in 
chalcopyrite 

Amongst the earliest studies of deformation micro- 
structures in naturally deformed chaicopyrite were those 
of Korn (1933), Shadlun (1953), Ramdohr (1969) and 
Richards (1966). Such studies clearly recognized intra- 
granular fracturing, translation glide, deformation twin- 
ning and recrystallization. 

Experimental studies on chalcopyrite have shed some 
light on both the conditions and processes that give rise 
to various microfabrics. Early studies such as those of 
M~gge (1920), Buerger (1928), Newhouse & Flaherty 
(1930), Cherviakovski (1952) and Shadlun (1953) were 
conducted at room temperature and high pressures. 
Cataclasis was the dominant deformation mechanism, 
but translation glide and mechanical twinning were also 
demonstrated. A group of intrusion experiments 

(Roberts 1965, Krishnamurthy 1967, Gill 1969) 
demonstrated increased ductility in chalcopyrite with 
increasing temperature. Above about 500°C chalcopy- 
rite was found to deform and recrystallize rapidly but the 
flow mechanisms were not investigated. 

More recent experimental studies have provided 
quantitative results on the strength and mechanical 
behaviour of chalcopyrite. Lang (19681 found that chal- 
copyrite deformed plastically at room temperature 
under confining pressures of 100 MPa or more. Preferred 
orientations were detectable after several per cent 
shortening, and were consistent with { 112 } (1101/(~11 
glide. Studies at elevated temperatures (Atkinson 1974, 
Kelly & Clark 1975. Roscoe 1975) indicated that dis- 
location glide and twin glide occur in chalcopyrite at 
confining pressures greater than 100 MPa, and at tem- 
peratures of 200-500°C in the strain-rate regime of 1(1 -~ 
s-t-10 -6 s -t. At 300°C differential stresses around 
100 MPa give steady-state flow at about 10-5 s-~. Roscoe 
(1975) reported that at temperatures greater than 250°C 
and strain rates less than 10 -5 s -~, experimentally 
deformed chalcopyrite shows evidence of dynamic 
recovery. At the low strains attained in experimental 
studies to date dynamic recrystallization has not been 
recorded. 

MICROFABRICS DEVELOPED DURING 
DISLOCATION FLOW DEFORMATION 

Relationship between strain and microstructure in a 
narrow shear zone 

Chalcopyrite within many fault zones at Mt. Lyell 
displays a variety of microstructures ranging from 
weakly deformed subequant grain shapes to very elon- 
gate microstructures, and in some instances partly to 
completely recrystallized grain aggregates. The range of 
microstructures is typical of that exhibited by many 
minerals and other materials deformed by dislocation 
flow mechanisms. 

In one example of a narrow (2 cm) ductile simple shear 
zone within a small chalcopyrite lens, the relationship 
between strain and microstructure may be established as 
there is a progressive increase in strain from the margin 
to the centre of the shear zone. The least deformed 
chalcopyrite on the boundary of the shear zone forms a 
nearly polygonal grain aggregate, the average grain size 
of which is 200/xm. Grain boundaries are straight to 
gently curved or slightly irregular. Some grains have 
wide parallel-sided twins which extend right across 
grains or have blunt or stepped terminations. The habit 
is typical of growth twins, with composition planes 
{110}, {102} and {112} (Deeretal. 1969, p. 453). 

With increasing strain away from the margin of the 
shear zone, grains become elongate and define a folia- 
tion at an angle to the shear zone boundary. The angle, 
0, between the foliation plane and the shear zone bound- 
ary decreases from the boundary to the centre of the 
shear zone (Fig. la). Assuming simple shearing defor- 
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Fig. I. (a) Angle ( 01 of the grain elongat ion Io the shear plane,  plot ted 
as a function of distance from the centre of the shear zone. (b) 
Abundance  of rccr ' ,stallizcd fraction as a function of distance from the 
centre of the shear zone. (c) Ratio o! major  to minor axes of the strain 

ellipsoid a,  ~ ltlllClion ol di,,larlct: [rom lhe centre of the shear  zone 

X 2 y: + 2 + 7~/7~- + 4 

Z 2 y2 + 2 -  TX/T2 + 4 

where y is the shear strain, and tan 20 = 2/~,. Using the 
above relations, X / Z  values have been calculated as a 
function of distance from the centre of the shear zone 
(Fig. lc). 

With increasing strain below about 30% shortening 
the originally polygonal grains become progressively 
more elongate, growth twins become bent, and both 
subgrains and deformation bands develop (Figs. 2a & 
b). Grain boundaries and some twin boundaries also 
become irregularly lobate. At about 30% shortening the 
grain elongation foliation is quite strongly developed 
and the very lobate grain boundaries contain a few small 
(10-20/xm) equidimensional to irregularly shaped 
recrystallized grains (Fig. 2c). 

At higher strains the abundance of small recrystallized 
grains increases rapidly at the expense of the large 
deformed elongate grains (Fig. lb). Recrystallization 
occurs initially along grain boundaries, to a lesser extent 
along deformation band boundaries, and only to a minor 
extent along twin boundaries. Near the centre of the 
shear zone, where strains are in excess of 90% shorten- 
ing, the chalcopyrite is almost entirely recrystallized, 
and forms an aggregate of fine-grained (<3(I p.m) equi- 
dimensional to slightly elongate grains with straight to 
gently curved grain boundaries and abundant tabular 
growth twins (Fig. 2d). The recrystallized grain size is 
approximately constant and independent of strain within 
the shear zone. 

Relict large deformed grains form less than 10% of the 
aggregate at the centre of the shear zone. Their long axes 
measure up to 500 ~m, and aspect ratios in the X Z  
section are typically in excess of 10"1. However the 
( X / Z )  value of the strain ellipsoid near the centre of the 
shear zone is in excess of 200. Thus the shape of the relict 
deformed and partly recrystallized grains seriously 
underestimates the true strain in this part of the shear 
z o n e .  

mation at constant volume, it is possible from a consider- 
ation of the geometry of the foliation surface to deter- 
mine the strain associated with the progressive modifica- 
tion of the microstructures (Ramsay 1967, p. 85). Exten- 
sive modification of deformed grain shapes due to grain 
boundary migration and recrystallization, especially at 
moderate to high strains, precludes strain determination 
by measurement of grain shapes. 

The simple shear model requires for a strain ellipsoid 
having principal axes X, Y and Z (X/> Y >/Z)  that (1) Y 
is invariant, and (2) that the grain-shape foliation has 
formed perpendicular to the total principal shortening 
direction. Thus variations in the orientation of the folia- 
tion represent variations in the finite strain trajectories 
of the XY phme. The latter criterion is satisfied if the 
undeformed grains are nearly circular in cross-section; 
the initial polygonal grain shapes are an excellent 
approximation to this condition. 

Ramsay ( 1967. p. 85) has shown that for simple shear 
deformation 

Micro fabrics in unrecrystallized chalcopyrite mylonites 

In most shear zones within chalcopyrite lenses there is 
not a simple progressive microstructural transition from 
the margin to the centre of the shear zone. This is due to 
the presence of strain discontinuities within shear zones 
and the discontinuous lenticular nature of chalcopyrite 
pods within fault zones. Much of the deformed chalcopy- 
rite is significantly coarser grained than the previously 
described example, but displays an essentially similar 
progression of microstructures with increasing strain. It 
more clearly illustrates some aspects of the development 
of deformation microfabrics in chalcopyrite, which may 
also be pertinent to a wider range of materials. 

At strains prior to the onset of recrystallization. 
coarse, and elongate deformed grains typically contain 
abundant deformation bands and equant to elongate 
subgrains (Figs. 3a-c). Deformation bands are typically 
subparallel to the bulk grain elongation, though in some 
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cases two intersecting sets are present (Fig. 3c). TEM 
reveals a generally low unbound dislocation density, 
with subgrain boundaries being defined by well-ordered 
dislocation arrays (Fig. 3d). This type of substructure is 
typical of dynamic recovery during dislocation creep in 
various metals (Richardson et al. 1966, Jonas et al. 1968, 
Takeuchi & Argon 1976) and silicates (White 1977, 
Kohlstedt & Weathers 1980, Zeuch 1980). 

Subgrain boundaries can be irregularly shaped and 
bound equant to elongate subgrains, but in many cases 
subgrains tend to have equant to elongate blocky shapes 
with one or two sets of opposite sides nearly parallel and 
controlled by crystallographic orientation (Fig. 4). Subg- 
rain boundaries in some cases meet at triple junctions, 
but they can also meet at irregular angles. Sub-boundary 
T-junctions are particularly common where boundaries 
have a marked crystallographic control. Such deforma- 
tion substructures are typical of many materials 
deformed at high homologous temperatures by disloca- 
tion creep mechanisms (Poirier 1972, Takeuchi & Argon 
1976). 

Long etching periods reveal that within 'first-order' 
subgrains such as illustrated in Fig. 4 further dislocation 
walls are developed. These boundaries are more weakly 
etched, and in some cases they gradually die out along 
their length. Some of these sub-boundaries have a signifi- 
cantly larger etch pit separation than the main sub- 
boundaries, and hence probably a lower misorientation 
across the boundary. Such boundaries can be either 
irregularly oriented or crystaUographically controlled, 
and enclose subgrains which are commonly an order of 
magnitude smaller than those enclosed by the higher 
misorientation boundaries. Such subgrain-in-subgrain 
structures are similar to those described in quartz 
mylonites (White 1979). 

An example of relatively coarse irregularly shaped to 
elongate subgrains with deeply etched boundaries 
enclosing more weakly etched and closer spaced sub- 
boundaries is shown in Fig. 5(a). Less well-developed 
sub-boundaries within subgrains may also be seen in 
some areas illustrated in Fig. 4. Figures 4 and 5 also 
illustrate the variability of subgrain sizes and shapes over 
small areas within deformed grains. The subgrain struc- 
ture in many grains is very heterogeneous, particularly 
adjacent to grain boundaries and deformation band 
boundaries. Some grains exhibit a rough core and mantle 
structure (White 1976), but this is not usual. Deforma- 
tion band boundaries are associated with sub-planar 
domains of elongate subgrains having dimensions much 
smaller than adjacent subgrains (Fig. 5b). Correlation of 
changes in etch colours and the bending of deformation 
twins with subgrain boundary distribution suggests that, 
as in NaCI (Poirier 1972), rapid lattice misorientation 
occurs across sub-planar domains consisting of bundles 
of anastomosing to subparallei and closely spaced sub- 
grain boundaries. 

The elongate unrecrystallized chalcopyrite mylonites 
typically have a well-developed crystallographic prefer- 
red orientation (Fig. 6) which is approximately a single 
crystal orientation with a { 112} plane close to the grain 

t.  

Fig. 6. {112} pole figure for coarse, deformed but unrecrystallized, 
chalcopyrite mylonite. Contour intervals at 1,2, 3 and 4 times uniform. 
The plane of the grain elongation foliation is parallel to the projection 
plane, and the grain elongation lineation is parallel to L. At right the 
corresponding single crystal {112} distribution is shown, with a {112} 
plane parallel to the projection plane, and a (110)/0201) direction 

parallel to L. 

elongation foliation, and a (110)/(201) direction sub- 
parallel to the grain elongation lineation. 

Microfabrics  associated with recrvstall ization 

The initial development of small recrystailized grains 
is spatially associated with grain boundary and deforma- 
tion band boundary bulging in the coarse deformed 
grains (Figs. 7a & b). The recrystallized grain sizes vary 
between different fault zones, but new grains averaging 
about 20-100 p,m in diameter are typical. Recrystallized 
grains are polygonal and equant to slightly elongate, or 
occasionally irregularly shaped, with generally straight 
to gently curved grain boundaries (Figs. 7b & c). They 
show little optical evidence of deformation after treat- 
ment with the H202/NH4OH etch, though they can 
contain broad, parallel-sided growth twins which may be 
gently bent. The acetic acid etch however reveals well- 
developed deformation substructures in many recrystal- 
lized grains (Fig. 7d). Others, particularly some of the 
more equant ones, apparently have no subgrain struc- 
ture, or only a poorly developed one. This type of 
microstructure is typical of that expected during dynamic 
recrystallization, and is similar to the microstructure 
developed during high temperature steady-state disloca- 
tion creep in some metals (see Sellars 1978, Honey- 
combe & Pethen 1972) and many other minerals during 
dynamic recrystallization (Bell & Etheridge 1976, White 
1977, Etheridge & Wilkie 1979, Weathers et al. 1979, 
Guillope & Poirier 1979. Cox et al. 1981, Christie &Ord 
1981). 

Both bulge nucleation and subgrain nucleation pro- 
cesses appear to have been important during dynamic 
recrystallization in chalcopyrite. At least in the initial 
stages of grain boundary and deformation band bound- 
ary recrystallization, the spatial association of recrystal- 
lized grains and regions of extensive grain boundary 
bulging, together with the fact that the diameters of new 
grains and associated bulges are similar, indicates that 
initial new grain generation involves a bulge nucleation 
mechanism. Subgrain structures are well developed in 
deformed grains at the commencement of boundary 
migration and recrystallization (Figs. 8a & b), and in 
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Fig. 2. Progressive microstructural transition with increasing strain in the shear zone illustrated in Fig. 1. NH4OH/H202 etch. 
(a) Weakly deformed chalcopyrite at the margin of the shear zone. (b) Deformed, elongate chaicopyrite showing grain 
boundary migration, the early stages of grain boundary recrystallization, and the development of a subgrain structure. (c) 
Partly recrystallized chalcopyrite mylonite near the centre of the shear zone. (d) Extensively recrystailized chalcopyrite 

mylonite at the centre of the shear zone. 
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F 

Fig. 3. Details of microstructures in coarse deformed grains in largely unrecrystallized chalcopyrite mylonites. (a) Equant 
to elongate subgrains in an elongate chalcopyrite grain. NHaOH/H,O 2 etch. (b) Deformation band structure. NH4OH/H,O_~ 
etch. (c) Two sets of deformation bands developed in an elongate grain. NH4OH/H2Oz etch. (d) Well-ordered dislocation 

network forming a subgrain boundary. (TEM) 
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Fig. 4. Subgrain boundary structures in deformed chalcopyrite. Acetic acid etch. (a) Weakly oriented subgrain boundaries 
which enclose generally equant to irregularly shaped subgrains. (b) Highly oriented subgrain boundaries within one grain 

enclosing subgrains with equant to elongate shapes. 
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Fig. 5. (a) Elongate subgrain structure within a highly strained chalcopyrite grain. Note that between the heavily etched 
boundaries there are some highly oriented and more weakly etched boundaries. Acetic acid etch. (b) Highly oriented and 
closely spaced subgrain boundaries forming a deformation band boundary in a single chalcopyrite grain. Outside d.b.b. 
areas the subgrains have diameters an order of magnitude larger than within the d.b.b, areas, and are less well defined and 

more irregularly shaped. Traced from a micrograph of an acetic acid etched sample. 
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Fig. 7. (a) Elongate. deformed, and partly recrystallized grains showing extensive strain induced grain boundary and 
deformation-band boundary bulging. Small recrystallized grains have dimensions similar to those of the bulges. NH4OH/ 
HzO2 etch. (b) Equant polygonal to slightly elongate or irregularly shaped recrystallized grains developed at the grain 
boundaries of elongate deformed grains. NH4OH/H202 etch. (c) Fine-grained recrystallized chalcopyrite grain aggregate. 
NHaOH/H~_O2 etch. (d) Detail of grain boundary and subgrain boundary configurations in a recrystallized chalcopyrite 

mylonite. Acetic acid etch. 
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I 100 p ~  

Fig. 8. Deformed grain and recrystallized grain relationships and subgrain boundary structures in regions of grain boundary 
recrystallization. Acetic acid etch. (a) Development of new polygonal grains, possibly by a bulge mechanism, in a 
deformation-band boundary region of a large host grain. Note similarity of recrystallized grain-size with subgrain size away 
from grain boundary regions. (b) The deeply etched host-grain boundary to the right is very lobate and associated with new 
grains having dimensions similar to those of adjacent subgrains. Coarser recrystallized grains in the lower part of the 
micrograph may have developed by a subgrain coalescence mechanism, or'coalescence of new grains after recrystallization. 

(c) Very variable recrystallized grain size in a grain boundary region between two large deformed grains. 
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Fig. 9. (a) Recrystallized chalcopyrite mylonite containing a high growth twin incidence. NH4OH/H202 etch. (b) Increasing 
grainsize of recrystallized chalcopyrite away from deformed host grain. NH4OH/H202 etch. 
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Fig. 10. (a) Relationship between within-grain twin boundary incidence (Tb/Gb) and average intercepted grain diameter 
( L / G b )  . Tb and G b  are respectively the number of twin boundaries and grain boundaries intercepted over a traverse of 
lengih L. (b) { 112} pole figure for the largely recrystallized chalcopyrite mvlonite shown in Fig. 9. Foliation defined by relict 
deformed grains is approximately parallel to the projection plane. The lineation (L) is indicated. Contour intervals at 1, 2 

and 3 times uniform. 
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Fig. 11. Microstructures produced by deformation twinning in chalcopyrite. (a) Two sets of {112} deformation twins. 
NH4OH/H20 ~ etch. (b) Fine {112} deformation twins. Chromic acid etch. (c) Clustering of {112} deformation twins. 

Chromic acid etch. (d) En 6chelon arrays of deformation twins. Chromic acid etch. 
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some cases subgrain boundaries appear to De pinning 
bulges. New grains developed at the initial stages of 
grain boundary recrystallization have dimensions rang- 
ing from that of the first-order subgrain size up to several 
times the diameter of associated subgrains. 

Once the original grain boundaries of old grains have 
been largely recrystallized grain boundary bulging is not 
so evident and subgrain nucleation mechanisms of 
recrystallization are probably more dominant. At the 
advanced stages of grain boundary recrystallization, and 
to some extent at the initial stages, etch colour changes 
indicating increased lattice rotation and subgrain mis- 
orientation adjacent to grain boundaries of deformed 
grains suggest that a subgrain rotation mechanism 
(Hobbs 1968, White 1973, 1976, 1977, Poirier & Nicolas 
1975) has operated. The details of the transition from 
subgrains to recrystallized grains is unclear. However, in 
areas of advanced recrystallization, the stable recrystal- 
lized grain size is usually up to four or five times the 
first-order subgrain size in adjacent deformed grains 
(Fig. 8c), indicating that subgrain growth or coalescence 
may occur during recrystallization. In a few deformed 
grains adjacent to recrystallized regions, an intermediate 
stage in the recrystallization process may be represented 
by aggregates of several 'first-order' subgrains which are 
enclosed by roughly polygonal boundaries which are 
more deeply etched, and probably have a higher mis- 
orientation, than the usual subgrain. A possible recrys- 
tallization scenario in this case is that subgrain bound- 
aries more widely spaced than the 'first-order' bound- 
aries become more highly misoriented such that at some 
critical misorientation they become grain boundaries. 
Local migration of these boundaries is necessary to 
develop polygonal grain shapes. The lack of well 
developed subgrain structures in most new grains adja- 
cent to deformed grains requires that the subgrain boun- 
daries migrate and coalesce during the transition to a 
recrystallized grain. 

Grain growth in a recrysmllized chalcopyrite rnylonite 

A proportion of recrystallized grains in the chalcopy- 
rite mylonites studied contain one or more broad. 
parallel-sided growth twins indicating that some grain- 
growth, albeit limited in most cases, can occur following 
nucleation (Fig. 8c). Continued cvcles of dynamic 
recrystallization during steady-state creep are expected 
to maintain a fairly constant stress dependent recrystai- 
lized grain size and inhibit grain growth during deforma- 
tion (Sah et al. 1974). 

Fairly uniform recrystallized grain sizes, which are 
independent of strain in individual mylonite zones, 
together with the generally low growth twin incidence 
within individual grains, are taken to indicate that post- 
deformation annealing and grain growth are in most 
cases not very significant. However, there is an unusual 
example of a largely recrystallized microstructure in 
which the recrvstallized grain size ranges from 30 to 
-300/.~m (Fig. 9). Variations in recrystallized grain size 
occur throughout the specimen, and define a weak grain 

size layering which is parallel to the grain elongation 
foliation defined by a few relict large deformed grains. In 
some areas there is a successive increase in the diameter 
of recrystallized grains away from the boundaries of 
deformed host gr/fins (Fig. 9b), suggesting that signifi- 
cant grain growth has followed nucleation. Subgrain 
boundary etching reveals well-developed subgrain struc- 
tures typical of high strain in the relict deformed grains 
and some of the smaller recrystallized grains. Very 
poorly developed, and generally coarser subgrain struc- 
tures are present in the coarse recrystallized grains. 

An analysis of the incidence of growth twins in the 
recrystallized fraction, as a function of grain diameter 
(Fig. 10a) reveals that the ratio of twin boundary inci- 
dence to that of grain boundary incidence increases with 
grain size. This is consistent with grains growing at the 
expense of neighbours by incorporating them into a 
twinned orientation rather than incorporating them into 
the growing grain's own orientation. This is in accor- 
dance with the Fullman-Fisher concept of grain growth 
(Fullman & Fisher 1951, Hu & Smith 1956) which 
considers that the presence of growth twins in certain 
grains lowers the total interracial free energy compared 
with that of a grain structure not containing such twins. 
This grain growth mechanism is based on an equilibrium 
balance between interracial energies, particularly on the 
large differences between the energy of a coherent twin 
interface and that of an ordinary high-angle boundary in 
some materials (Form et al. 1980). 

The data indicate that in the example illustrated in 
Fig. 10(a), the new grain diameter upon nucleation has 
been around 15-30/xm, and that up to ten-fold grain 
growth has occurred in some areas by a twin coalescence 
mechanism. 

Microstructures such as those illustrated in Fig. 9(b), 
where the earliest formed recrystallized grains (furthest 
from deformed relict host grains) have coarsened the 
most, suggest that the early formed recrystallized grains 
had a longer growth period than the younger ones. This 
suggests that coarsening was syntectonic rather than 
static, as in the latter case all the recrystallized fraction 
would be expected to coarsen approximately uniformly. 
To a large extent then, coarsening of the recrystallized 
fraction must be a consequence of boundary migration 
driven by reductions in grain boundary energy. 

The usual poorly developed deformation substruc- 
tures of the larger recrystallized grains indicate that they 
have been only weakly strained. This. and the fact that 
their subgrain diameters are typically larger than those 
of the finer recrystallized grains and the relict deformed 
old grains, suggests that grain growth may have occurred 
in low deviatoric stress domains undergoing less strain 
than surrounding areas. However, the development of 
dynamically coarsened grains may be related to the 
"migration recrystallization" process described by Guil- 
lope & Poirier (1979). In this case, the lack of well- 
developed subgrain structures in the coarsened grains is 
consistent with grain boundary migration and grain 
growth proceeding at a rate faster than the development 
of subgrain structures. Why such rapid boundary migra- 
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tion and growth should take place in dynamically recrys- 
tallized grains is unclear. In NaC1, Guillope & Poirier 
(1979) showed that 'migration recrystallization' occur- 
red only after a certain initial strain and at stresses and 
temperatures higher than those in which rotation recrys- 
tallization was dominant. The boundary energy of the 
recrystallized grains presumably provides a large part of 
the driving force for grain growth. In the case of the 
chalcopyrite mylonite, lattice coincidence relationships 
arising from the development of a strong lattice prefer- 
red orientation at high strain may be responsible for 
rapid boundary migration as has been observed in some 
metals (Aust & Rutter 1959). 

The { 112} pole figure for this type of largely recrystal- 
lized chalcopyrite mylonite (Fig. 10b) displays essen- 
tially the same features as that for the deformed but 
unrecrystallized chalcopyrite mylonites, a {112) plane 
lying close to the foliation and a (110)/(201) direction, 
being close to the weak grain elongation lineation 
defined by relict deformed grains. However, there is a 
significant spread of { 112} poles in girdles between the 
four dominant { 112} maxima. This may reflect a fabric 
change brought about during grain growth. 

MICROFABRICS PRODUCED BY DEFORMATION 
TWINNING AND BRITTLE FAILURE 

Some coarse-grained and weakly deformed chalcopy- 
rite in fault zone vein deposits has deformed by twin 
glide mechanisms as well as dislocation flow 
mechanisms. 

The occurrence of deformation twinning in both 
experimentally and naturally deformed chalcopyrite has 
been well documented (Atkinson 1974, Kelly & Clark 
1975, Roscoe 1975 in experimental studies; Shadlun 
1953, Ramdohr 1969, Richards 1966 in naturally 
deformed chalcopyrite), Kelly & Clark (1975) deter- 
mined that deformation twinning occurs in { 112} orien- 
tations. This is analogous to the development of (111) 
deformation twins in face-centred cubic metals and 
sphalerite. 

The abundantly developed deformation twins illus- 
trated in Fig. 11 are similar to those produced in experi- 
mental studies, and can be distinguished optically from 
the broad parallel-sided or stepped and bluntly termi- 
nated growth twins on the basis of their very fine, 
tapering and discontinuous habit which is best revealed 
by the NH4OH/H202 etch. The deformation twins are 
up to several millimetres long and commonly extend 
only part of the way across a grain. They are usually less 
than 5 gm thick, and seldom exceed 20 ttm in thickness. 
One to three sets of such twins may be present in grains, 
though rarely the maximum number of four sets of { 112} 
twins has been observed. 

Twin abundance has been found to be very variable, 
but may reach up to ten twins per 50 ttm. The individual 
twins in some cases converge, and small tapering exten- 
sions which branch off a larger twin are commonly 
developed. Twins of one set may also be present in 

periodic clusters (Fig. 1 lc) in which several twins are 
present over an interval of 10-15 p,m, with a gap of 
50-100 ~m separating adjacent clusters. En ~chelon 
arrays of twins (Fig. 1 ld) are also developed. 

In a few cases, chalcopyrite from the fault zone 
deposits has deformed by intragranular and transgranu- 
lar shear microfracturing as well as by deformation 
twinning and dislocation flow. Apparent displacements 
of up to 50 ~m across microfractures are indicated by 
offsets of pre-fracture {112} deformation twins. Such 
microfractures are usually sharply defined and planar to 
gently curved. Most shear microfractures are healed, 
and in a few cases associated with planar zones of fine 
(10-20 ttm) polygonal chalcopyrite grains which appear 
to occur along the larger microfractures as well as patch- 
ily replacing some coarse twinned chalcopyrite adjacent 
to parts of the smaller shear microfractures. In some 
cases the fine polygonal chalcopyrite appears to be 
infilling extension microfracture sites. 

DISCUSSION AND CONCLUSIONS 

Much of the chalcopyrite in vein deposits within fault 
zones at Mt. Lyell has been deformed by dislocation flow 
processes with the accompanying development of strong 
lattice preferred orientations which are consistent with 
the operation of { 112} (110)/(201) dislocation glide dur- 
ing simple shearing deformation. In the tetragonal chal- 
copyrite structure, metal atoms are arranged in a face- 
centred cubic lattice such that Fe and Cu atoms alternate 
in the [100] direction. Each metal atom is co-ordinated 
by a tetrahedron of S atoms: thus the S atoms are 
arranged in layers stacked in cubic close packing. These 
layers are parallel to {112} planes in the chalcopyrite 
tetragonal cell. On structural grounds then, { 112} glide 
in (1 ]0) or (201) directions is expected, and appears to be 
the easiest slip system. This is analogous to the common 
{111} (1]0) dislocation glide in f.c.c, metals and 
sphalerite. 

As a result of deformation experiments, Mtigge 
(1920), Buerger (1928) and Kelly & Clark (1975) deter- 
mined that the { 112} planes are the main glide planes in 
chalcopyrite at room temperture. Kelly & Clark (1975) 
could not definitely establish the glide directions, but 
Lang (1968) in room temperature tests produced crystal- 
lographic preferred orientations consistent with glide in 
the close-packed (1]0) and (201) directions. At geologi- 
cal strain rates and low-grade metamorphic tempera- 
tures the major operative glide system in chalcopyrite 
thus appears to be the same as that operative at room 
temperature and laboratory strain rates. In the naturally 
deformed chalcopyrite however, the development of 
microstructures indicative of dynamic recovery and 
recrystallization indicate that dislocation climb, as well 
as glide, has been operative. 

Significant static recovery and annealing recrystalliza- 
tion in the fault zone chalcopyrite is considered unlikely 
as free dislocation densities during dislocation creep 
would have been low. Accordingly, grains would have 
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had low internal strain energies. Similarly, grain and 
subgrain boundaries are expected to have had low 
energy configurations. The preservation of well- 
developed deformation substructures in both deformed 
and recrystallized grains, and particularly the occurrence 
of uniform recrystallized grain sizes within most sam- 
ples, irrespective of strain, argues against significant 
static strain-induced recovery, grain boundary migra- 
tion, and recrystallization being important in the 
development of the microstructure. Dynamic coarsening 
of recrystallized grains has been demonstrated in one 
case, but this is ascribed to either boundary migration 
driven by a lowering of interfacial free energies in low 
deviatoric stress domains, or alternatively the phenome- 
non may be related to 'migration recrystallization" (Guil- 
lope & Poirier 1979). Grain growth driven by reductions 
in interracial free energy is thermally activated and may 
also depend on the fluid environment (Tullis & Yund 
1982). Thus if a high temperature regime or suitable 
chemical environment outlasts the deformation history, 
some static grain growth may be expected. 

The chalcopyrite that has been deformed by mechani- 
cal twinning also usually shows evidence of slight disloca- 
tion flow deformation. Time relations between the oper- 
ation of dislocation creep and twinning are generally 
uncertain, but the intense development of thin deforma- 
tion twins at sites of marked lattice bending in some 
samples suggests that the two processes were partly 
synchronous, 

The development of mechanical twinning in many 
materials is relatively temperature insensitive (Tullis 
1980) but strongly stress dependent  (Reed-Hill 1964). 
These features, and the fact that the critical resolved 
shear stress for dislocation glide decreases with increas- 
ing temperature,  mean that twinning is more active at 
higher stresses and lower temperatures  than dislocation 
creep (Reed-Hill 1964, Turner  1964). Thus for chalcopy- 
rite specimens in which twin glide has been the dominant 
deformation mechanism, deformation has probably 
occurred late during the fault history in a waning thermal 
regime, and possibly at relatively high deviatoric stress 

levels. 
In samples in which brittle failure has occurred, micro- 

fracturing post-dates deformation twinning and indi- 
cates deformation at either higher stress/lower tempera- 
ture, or possibly by hydraulic fracture during periods of 
local high fluid pressure in the fault zones. 

The results of this study have wider application to the 
interpretation of deformation microfabrics in other 
minerals, particularly silicates. The use of etching 
techniques to reveal subgrain structures developed in 
deformed and recrystallized grains has provided useful 
information on the processes involved in dynamic recrys- 
tallization. It is clear that several mechanisms have been 
important in the development of the recrystallized 
microstructure. At least in the early stages of grain 
boundary recrystallization, a bulge nucleation 
mechanism has operated. There is also evidence, par- 
ticularly at higher strains where host grain boundaries 
are largely recrystallized, that recrystallization results 

from progressive rotation of subgrains. Such a change in 
recrystallization mechanisms with increasing strain has 
been well documented in pyroxene (Etheridge & Kirby 
in press). 

Typically the stable recrystallized grain size is some- 
what larger than the subgrain size, and recrystallized 
grains themselves are large enough to contain well- 
developed subgrain structures. The details of the transi- 
tion from a strained subgrain structure to virtually 
unstrained recrystallized grains remain unclear, in some 
cases at least, subgrain coalescence or growth, as well as 
rotation, must be involved in the recrystallization 
process. 

Coalescence and growth of recrystallized grains has 
been demonstrated to occur to a small extent in most of 
the chalcopyrite myionites studied, though extensive 
dynamic coarsening has been demonstrated in one 
example. The reasons for such coarsening are not com- 
pletely understood,  but the recognition of grain growth 
in dynamically recrystallized minerals is important in the 
interpretation of completely recrystallized materials, 
especially when used as stress/grain size indicators. 

The similarity in deformation mechanisms and micro- 
structures of silicate minerals and suiphides such as 
chalcopyrite suggests that some sulphides may be suit- 
able experimental silicate analogues useful in studying 
the influence of environmental  variables on mechanical 
behaviour and microstructural development,  particu- 
larly dynamic recrystallization processes, at relatively 
low deviatoric stresses and moderate homologous 
temperatures.  
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