An SEM examination of the chalcopyrite disease
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Abstract

Back-scattered electron imaging with a scanning electron microscope was applied to the intimate association
of fine chalcopyrite grains and sphalerite (‘chalcopyrite disease’) in synthesized products and natural
specimens, in order to distinguish between diagnostic features of two formation mechanisms: replacement and
coprecipitation. In the synthetic chalcopyrite disease in Fe-bearing sphalerite formed by a replacement
reaction, chalcopyrite occurs as fine lamellae, which are also observed in relatively Fe-rich growth bands of
the natural zoned sphalerite. Ellipsoidal to lens-like habits of chalcopyrite appear in sphalerite that has
undergone extensive replacement reactions. These textures may have grown steadily from the lamellar
chalcopyrite by consuming the FeS component dissolved in the sphalerite. All the sphalerite samples formed
by the coprecipitation mechanism are Fe-poor, hosting triangular or irregularly bleb-like inclusions of
chalcopyrite. This variety of chalcopyrite morphology could be attributed to diffusion rates and variations in
fluid saturation, and their effect on the rate of crystal growth. Thus, in both replacement and coprecipitation
the chalcopyrite habit depends strongly both on the FeS content of the host sphalerite and on kinetic factors,
and is significant when interpreting chalcopyrite disease textures in natural samples.

KEYWORDS: back-scattered electron image, chalcopyrite disease, sphalerite, replacement reaction, coprecipita-

tion mechanism, lamellae, triangular habit.

Introduction

THE intimate association of fine chalcopyrite and
sphalerite, termed ‘chalcopyrite disease’ (Barton,
1978; Barton and Bethke, 1987) is characterized by
the micrometre- to submicrometre-sized dusting and
high density of chalcopyrite in sphalerite. Detailed
discussions on the bulk composition of ‘diseased’
sphalerite (Sugaki et al., 1987; Barton and Bethke,
1987; Shimazaki, 1988) have led most mineralogists
to doubt the conventional idea of the involvement of
an exsolution process, although exsolution clearly is
important in sulphide ores formed at relatively high
temperatures, such as metamorphosed ores. Recent
hydrothermal experiments have clearly shown that
the texture could result from either replacement
(Kojima and Sugaki, 1987; Eldridge et al., 1988) or
coprecipitation (Kojima, 1990; Kojima et al., 1995).
In the case of replacement, it has been well

documented that the chalcopyrite disease is formed
by a reaction of Cu-bearing fluid with the FeS
component dissolved in the sphalerite. Although
Kojima (1990, 1992) refers to characteristics that
might discriminate between the two formation
mechanisms, many problems still remain.
Back-scattered electron (BSE) imaging with a
scanning electron microscope (SEM) is a usetul
technique for characterizing mineral textures (e.g.
Hall and Lloyd, 1981). This method gives not only a
higher resolution of microscopic textures than that
obtained by optical microscopy, but also gives an
image brightness reflecting compositional variations.
Thus BSE imaging is a most valuable technique to
illustrate the textural features that result from
replacement and coprecipitation, so that we may
possibly devise criteria to distinguish between the two
alternatives. In this paper, we compare textural
features of chalcopyrite and sphalerite found in
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natural ores with experimentally synthesized samples
(Kojima and Sugaki, 1987; Kojima, 1990), using BSE
imaging and optical examination in transmitted light.

Analytical method and samples

BSE observations were carried out using a JEOL
JSM-T330A equipped with a single p-n Si detector at
20 kV accelerating voltage. All samples were well
polished and carbon-coated for SEM observation.
The following six specimens were observed:

(a) The samples of Kojima and Sugaki (1987)
synthesized experimentally by a process of replace-
ment involving a reaction of natural sphalerite
(Shinyemi mine, Korea) with Cu-bearing hydro-
thermal solutions at 400°C (sample nos. 4R12,
4R28).

(b) The sample of Kojima (1990) synthesized
hydrothermally by a process of coprecipitation at
300°C (sample no. SC02).

(c) Natural samples from the Toyoha, the Furutobe
and the Ezuri mines, Japan.

The Toyoha mine, situated in western Hokkaido, is
classified as a typical polymetallic epithermal vein-
type (e.g. Kanbara et al., 1989; Ohta, 1989), and the
sphalerite ore from the Izumo vein was used for this
study. The Furutobe and Ezuri deposits are located in
Akita Prefecture and belong to the Kuroko-type; the
former is the mine where chalcopyrite disease was
first discussed by Barton (1978). For the studied
samples, the associated minerals, the lattice para-
meter of the host sphalerite and the bulk composition
of the diseased sphalerite were previously examined
and are summarized in Table 1. The lattice parameter
and bulk composition were determined by Guinier-
Higg camera method and electron-microprobe
analysis using energy dispersive spectrometry,
respectively. In the latter analysis, bulk compositions
were measured with a wide beam (~20 pum) in the
manner described by Sugaki et al. (1987). The minor
elements normally included in sphalerite, such as
Mn, Cd and In are not shown in Table 1, since they
were in very low concentration in most of the natural
specimens analysed. However, In contents in the
Toyoha sample are appreciable, ranging up to
~1.0 mol.% InS.

The brightness of a BSE image depends on the
formula weight of the observed phase (atomic-
number contrast: Hall and Lloyd, 1981). The relative
brightness of the phases of interest in this study
should increase in the order of chalcopyrite
(CuFeS;,), Fe-rich sphalerite (ZnggFeq,S) and
sphalerite (ZnS), based on the trend in respective
formula weight: 92.7, 95.5, and 97.5. Characteristic
features of the chalcopyrite disease textures in the six
samples are described below, divided into the two
groups: synthetic products and natural specimens.

Results
Synthesized products

Replacement texture. The periphery of the
experimentally reacted sphalerite (Kojima and
Sugaki, 1987) is substituted by newly formed
chalcopyrite and many tiny cracks cut across both
minerals. In the 4R12 sample, lamellar chalcopyrite
crystals (<5 pum) are visible (Fig. la). The image
contrast between chalcopyrite and sphalerite is not
distinct, because the sphalerite in this sample is Fe-
rich (see Table 1). In the highly reacted sample
(4R28), many small pores resulting from hydro-
thermal reactions are observed in the periphery of the
sphalerite (the dark spots in Fig. 1b). Such porous
areas show brighter images than the central part of
the sphalerite (Fig. 1b), suggesting that considerable
reduction of Fe occurs at the sphalerite adjacent to
chalcopyrite. The chalcopyrite replacing the periph-
ery of the sphalerite and the host sphalerite contain
small inclusions of nearly pure sphalerite (the white
spots in Fig. 1b, ¢), which are regarded as products
recrystallized by hydrothermal reactions (Kojima and
Sugaki, 1987). These recrystallized sphalerite crys-
tals are almost always associated with pores in the
chalcopyrite and host sphalerite (see Fig. 1b, ¢). As
shown in the magnified image of Fig. 15 (Fig. lc¢),
slightly lighter halos suggestive of a local hetero-
geneity in Fe content develop in contact with both
pores and chalcopyrite grains in the sphalerite. In
contrast to the lamellar chalcopyrite in 4R12, some
chalcopyrite in 4R28 appears to have coarser habits,
such as ellipsoidal and lens-like.

Coprecipitation texture. The experimental product
(SC02) synthesized by Kojima (1990) shows a
typical association of sphalerite and micrometre-
sized chalcopyrite inclusions, and the FeS content of
the host sphalerite is regarded as being uniformly low
(see Table 1). Accordingly, clear image contrasts
were obtained in this sample (Fig. 2). The inclusions
of chalcopyrite are micromtre- and submicrometre-
sized, frequently showing triangular habits (Fig. 2b),
and no cubic forms of chalcopyrite were found; the
three dimensional shape of these inclusions is
tetrahedral. Figure 2b suggests that the triangular
inclusions of chalcopyrite are orientated topotaxially
with respect to the host sphalerite. In this sample,
irregularly polyhedral inclusions of chalcopyrite with
a grain size up to 5 pm are also observed (Fig. 2a).

Natural samples

Toyoha mine. A marked compositional zonation of
FeS in sphalerite and several chalcopyrite veinlets
cutting across the zoned sphalerite are clearly
observed in the sphalerite-rich ore from this deposit.
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Fig. 1. Back-scattered electron images of the replacement products synthesized by Kojima and Sugaki (1987).
(a) Sample 4R12. Many chalcopyrite lamellac occur near cracks in sphalerite (dark gray); (b) Sample 4R28.
Hydrothermally reacted sphalerite, whose periphery is substituted by chalcopyrite (dark gray). Black and white spots
are pores and recrystallized sphalerite with the nearly pure composition, respectively. The periphery of sphalerite
shows a considerable reduction of Fe (lighter part); (¢) Sample 4R28. Magnified image of (b) showing ellipsoidal to
lens-like habits of chalcopyrite inclusions. Except for the irregularly-shaped pores along the cracks, the dark spots
represent chalcopyrite grains. Abbreviations: cp, chalcopyrite; sp, sphalerite. See text for detailed explanations.

(Fig. 3a). The Fe-zonation has no textural conformity
with the chalcopyrite veinlets and is therefore a
primary feature. As described earlier, the sphalerite
sample contains appreciable amounts of In, and so
the image contrast of the zonal structure is enhanced.
Bleb-like chalcopyrite crystals (<10 pm) are typically
observed in small cracks within the zoned sphalerite

(Fig. 3b). Figure 3c shows that lamellar chalcopyrite
crystals (<10 pm), as observed in Fig. la, occur
within the zoned sphalerite which is of relatively Fe-
poor composition in contrast to the chalcopyrite-free
sphalerite without the distinct zonations. Further-
more, although the lamellae appear to be distributed
homogeneously in the zoned sphalerite, the more

Fic. 2. Back-scattered electron images of the coprecipitation product (SC02) synthesized by Kojima (1990). (a)
Irregularly polyhedral inclusions of chalcopyrite in sphalerite; (b) Triangular chalcopyrite crystals oriented
topotaxially with respect to host sphalerite. See text for detailed explanations.
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Fic. 3. Back-scattered electron images of the Toyoha sample. (a) Growth bands in sphalerite cut by chalcopyrite

veinlet (dark black); (b) Bleb-like crystals of chalcopyrite occurring in cracks within zoned sphalerite; (c) Many

lamellae of chalcopyrite in zoned sphalerite; (d) Magnified image of (c) showing lamellar chalcopyrite crystals

developing along perpendicular crystallographic directions in sphalerite. Abbreviations: cp, chalcopyrite; rq,
roquesite. See text for detailed explanations.

magnified image (Fig. 3d) shows that the chalcopyr-
ite lamellae are mostly associated with relatively Fe-
rich microbands and that most of them are in parallel
or perpendicular relation to the growth bands. The
diseased area shows distinct anomalous anisotropy
under cross-polarized, reflected light.

Furutobe mine. The studied sample is identical to
that examined by Sugaki er al. (1987) and is poor in
FeS (see Table 1). Chalcopyrite and sphalerite are
therefore imaged clearly because of the atomic-
number contrast. In this sample, both lamellar and
bleb-like habits are observed (Fig. 4a, b). In contrast
to the sample from the Toyoha mine, however,
chalcopyrite lamellae are larger (~ 10 pm), having a
distribution limited to the area depleted in bleb-like
chalcopyrite inclusions. Most lamellae in the
periphery of the sphalerite are in two perpendicular
orientations (Fig. 4b). In general, the grain size of the
chalcopyrite inclusions in the periphery is smaller

than that at the central part of the sphalerite. As
shown in Table 1, the sphalerite sample is nearly
colourless to light yellow in transmitted light, and
growth bands, as found in the Toyoha sample, are not
observed.

Ezuri mine. The image contrast between chalco-
pyrite and sphalerite for the sample from this deposit
is distinct because the FeS content of sphalerite in
this sample is very low (see Table 1). Chalcopyrite
inclusions that vary in size up to 10 pm are randomly
distributed in the sphalerite and some of the granular
inclusions exhibit planar relationships (Fig. 4c). The
inclusions show a tendency to be smaller in areas that
are rich in inclusions. As shown in Fig. 4d, the
chalcopyrite inclusions exhibit irregularly bleb-like
habits. The lamellar habit of chalcopyrite is not
observed in the sphalerite, and thus morphological
variety is limited as compared with the Furutobe
sample. The host sphalerite is almost colourless
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FiG. 4. Back-scattered electron images of the samples from the Furutobe (a and b) and Ezuri (¢ and d) deposits.

(a) Bleb-like inclusions of chalcopyrite in sphalerite; (b) Lamellar inclusions of chalcopyrite coexisting with bleb-

like ones in sphalerite; (¢) Bleb-like inclusions of chalcopyrite in a fairly epitaxial relation to host sphalerite;
(d) Magnificd image of (¢) showing bleb-like habits of chalcopyrite. Sec text for detailed explanations.

under transmitted light, having no growth bands as
shown in Fig. 3. The distinct anomalous anisotropy
observed in the Toyoha sample is not seen in the
Furutobe and Ezuri samples.

Discussion

A comparison of textural features in natural speci-
mens with those in synthesized products can lead to
interpretation of the formation process of the
chalcopyrite disease texture. Therefore, we will
consider the chalcopyrite discase textures in the
natural specimens in the light of those in the
synthesized products.

Tovoha sample. The occurrence of lamellar
chalcopyrite is common to the 4R12 and Toyoha
samples, leading us to suggest that the chalcopyrite
discase texture in the Toyoha sample is attributable
to replacement. The Widmanstatten-like feature
(Fig. 3d) is gencrally regarded as resulting from

simple exsolution, but it is clear that replacement can
also produce a lamellar habit of chalcopyrite in
sphalerite. As described earlicr, the discased area of
the Toyoha sphalerite along the chalcopyrite veinlets
shows distinct anomalous anisotropy under crossed-
polarized reflected light. We believe that this feature
is also indicative of replacement reactions (Kojima,
1992), although Barton and Bethke (1987) have
noted the opposite effect, that the discased crystals
are less anisotropic than original ones. The bulk Cu
content of the Toyoha sphalerite (sec Table 1) is far
above the solubility limit of Cu in sphalerite solid-
solution determined in the Cu-Fe-Zn-S system
(<2.4 mol.% CuS at 300-500°C: Kojima and Sugaki,
1985), and so it is highly unlikely that the lamellar
chalcopyrite was an exsolved product. Recently.
Pattrick e¢ al. (1993) have described submicro-
metre-sized chalcopyrite inclusions in an Fe-rich
microband of the West Shropshire (England)
sphalerite, which are regarded as locally diffusion-
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controlled exsolution products. In the case of the
Toyoha sample, however, we note that the existence
of the growth bands with the chalcopyrite disease
argues against wholesale diffusion that would have
permitted exsolution (P.B. Barton, Jr., pers.
commun.).

Furthermore, it has been frequently noted that the
FeS content of primary sphalerite decreases by later
reactions such as replacement and retrograde
metamorphism (e.g. Kojima and Sugaki, 1987;
Mariko, 1988; Toulmin et al., 1991), but consider-
able increases of Fe in sphalerite undergoing
replacement have not yet been documented
(Kojima, 1992). These relations suggest that the
host sphalerite must have originally contained a
considerable amount of Fe to have been able to form
the fine lamellae of chalcopyrite. In the highly
replaced sample (4R28), ellipsoidal to lens-like
habits of chalcopyrite were observed (Fig. 1¢). This
fact suggests that the lamellar chalcopyrite grows
into the lens-like habit; indeed such a phenomenon
has been recognized in the Kamioka (Japan)
sphalerite of Mariko (1988). The unit-cell volume
of sphalerite must be reduced when the FeS in
sphalerite is consumed to form chalcopyrite (e.g.
Barton and Bethke, 1987), and so the small cracks
observed in the synthetic and Toycha samples may
have been induced by the volume reduction.

Kojima and Sugaki (1987) and Eldridge er al.
(1988) have confirmed that fine lamellae of
chalcopyrite are formed by a reaction of Cu-bearing
fluid with FeS in sphalerite. However, a variety of
mechanisms are proposed for the replacement
reactions (see Kojima, 1990). For the Toyoha
sample, we prefer a Cu-diffusion mechanism in
sphalerite with enhancement by fluids because no
features suggestive of extensive dissolution-repreci-
pitation of sphalerite were observed. Recent studies
on metal diffusion in sphalerite (Nelkowski and
Bollman, 1969; Goble et al., 1979; Mizuta, 1988)
have shown that the interdiffusion rate of Fe is very
slow compared with that of Cu. Accordingly, the
probability of chalcopyrite nucleation and its
distribution are controlled mainly by the diffusivity
of Cu. From a kinetic point of view, however, the
growth of chalcopyrite inclusions should depend on
the diffusivity of Fe in sphalerite. Therefore, the
diffusion rate of Fe in sphalerite would provide a
constraint on the time needed for the chalcopyrite-
formation in the case of replacement reactions. An
estimate using the diffusion coefficient of Fe in Fe-
rich sphalerite by Mizuta (1988) and assuming
isothermal annealing shows that Fe in sphalerite
can move a distance of ~10 pm over only ~780
years at 300°C (the approximate temperature of
formation; Ohta, 1989) and over ~ 640,000 years at
200°C. These values are within the absolute age for

formation of the Toyoha deposit (~ 1.8 m.y.; Sawai
et al., 1989). These calculations are based on the
assumption that transfer of the constituent elements is
controlled by solid-state lattice diffusion.
Nevertheless the result can well explain the spatial
distribution of chalcopyrite inclusions in the Toyoha
sphalerite. We can safely conclude that the
chalcopyrite lamellae in the sample from the young
Toyoha deposit is an incipient feature in the
replacement.

Furutobe and Ezuri samples. In the case of the
Furutobe sample, it is difficult to judge whether or
not the lamellar chalcopyrite formed by a replace-
ment reaction. The Furutobe sphalerite has a low FeS
content (see Table 1), and the distribution of
chalcopyrite lamellae in the sphalerite is restricted,
in contrast to the Toyoha sample. Furthermore, the
chalcopyrite lamellae appear to be epitaxially
oriented in the host sphalerite. Thus it seems unlikely
that the lamellar chalcopyrite in the Furutobe
sphalerite results from replacement. Irregular bleb-
like inclusions of chalcopyrite are very common in
the sample from both the Furutobe and Ezuri mines
(see Fig. 4a, c). Both samples are very similar to the
synthesized product (SC02) in that such bleb-like
inclusions of chalcopyrite are hosted in Fe-poor
sphalerite. Therefore, we prefer an interpretation that
many of the chalcopyrite inclusions in sphalerite
from the Furutobe and Ezuri mines have been formed
by the coprecipitation mechanism. The chalcopyrite
inclusions in the Ezuri sphalerite are partially
arranged in bands. This would represent the epitaxial
nucleation of chalcopyrite at the growing surface of
sphalerite. Some of the chalcopyrite grains found in
the synthesized product tends to exhibit triangular
shapes, in contrast to those in the two Kuroko-type
deposits. Nevertheless, the triangular shape is also
observed in some kinds of massive sulphide deposits,
such as modern seafloor deposits (e.g. Okinawa
Trough), Mississippi Valley-type deposits and
Kuroko-type deposits (Kojima, 1990; P.B. Barton,
Jr., pers. comm.). Thus, the triangular habit of
chalcopyrite in sphalerite may be common to massive
sulphide deposits formed under submarine condi-
tions. It is difficult to judge whether the bleb-like
shape is a kind of spherule or a dissolution feature of
an originally triangular habit. In the former case, we
suggest that the chalcopyrite inclusions in sphalerite
from the Kuroko deposits were formed under a
higher degree of supersaturation with respect to
chalcopyrite than in the synthetic product showing
the triangular habit.

Summary

A summary of all the properties in the synthetic and
natural chalcopyrite disease textures is listed in
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TaBLE 2. A summary of various properties of the chalcopyrite disease texture as functions of processes

Mechanism Process Chalcopyrite habit Remarks

Replacement Chalcopyrite nucleation by a reaction of  lamellar anisotropic (?)
Cu-bearing fluid with FeS in sphalerite Fe-rich sphalerite
Subsequent growth of chalcopyrite by lens-like, ellipsoidal
consuming Fe in sphalerite

Coprecipitation Rapid nucleation of chalcopyrite with triangular irregularly sector structure

overgrowth of sphalerite

Epitaxial nucleation of chalcopyrite at

growing front of sphalerite

polyhedral

bleb-like, blocky
lamellar (?)

Table 2. These data suggest that the processes of
replacement and coprecipitation are characterized by
the lamellar and triangular habits of chalcopyrite,
respectively. The replacement mechanism occurs
only in Fe-bearing sphalerite, and subsequently the
lamellar chalcopyrite would grow into lens-like or
ellipsoidal chalcopyrite at the expense of FeS
dissolved in host sphalerite. We conclude that the
habit of chalcopyrite found in chalcopyrite disease
textures depends strongly on sphalerite composition
(FeS content) and kinetic factors, and this feature
should be helpful in interpreting chalcopyrite disease
textures. As a next step, we need to examine the
internal structure of ‘diseased’” sphalerite and inter-
face coherency between chalcopyrite and host
sphalerite for the samples. These results will be
evaluated in the future using high-resolution
transmission electron microscopy (HRTEM).
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