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|, Abstract

The first purpose of this. work was to measure the relative per-
centages of chalcopyrite inclusions in the well-known intergrowth spha-
lerite-chalcopyrite, Observed in hydrothermal ores. It seems to exist a
relation between percentage and ‘hydrothermal intensity, and between
percentage and sphalerite " variety “as well, Low-temperature deposits
show percentages of 1-2% of chalcopyrite inclusions in sphalerite, while
higher temperature ores show 5-6%. _

The chalcopyrite inclusions follow: a. sphalerite (110? Ccleavage
Blanes; _b. sphalérite twinning composition surface; c. sphalerite grain
o_unqgtasrles, as blebs or rims;” d. subsequent fractures in sphalerite, as
veinlets,

Etching experiments brought out the texture of the sPhaIen_te, and
had small éffect upon the cha_Icop>(r|te. Aqua regia and nitric acid were
the more convenient and satisfactory reagents. ,

_ X-ray investigation has been carried “out mostly by the rotation
picture method. The, ﬁlctures have revealed the orientation of the chal-
copyrite inclusions with respect to the sphalerite crystal structure. There
Is evidence that sphalerite [100] direction is parallel to the chalcopyrite
[1301 direction, in the specimens studied.
~Inclusions of dendrite-like sphalerite crystals have heen reported
In a few specimens of chalcopzrlte. _ o

‘Exsolution is the more likely exRIanatlon for the chalcopyrite in-
clusions, inferred from evidences such as: texture of the intergrowth,
crystal structure of sphalerite and chalcopyrite, two generations of chal-
chyr;te, sPhaIerlte inclusions in chalcopyrite, size, orientation, and dis-
triution of the chalcopyrite inclusions.

[I. Introduction

Many intergrowth textures, which closely resemble exsolution tex-
tures often reported in metallodgraphy and produced b ex§)er|mentat|on
in_metallurgy, have been found among the ore minerals (Schwartz, 17.
19). A very small amount of a foreign element in a given solid solution
is found to" be sufficient_to form a compound which exsolves, as the
temperature decreases. For instance, a few tenths of 1% carbon in
iron is enough to produce the exsolution of cementite, Fe»C. _

The similar intergrowth textures reported,amonﬁ the ore minerals
have been suggested by many authors to be derived, fkewise, as a resuic
of exsolution process.” It seems, however, that in most cases, there is
not yet sufficient evidence to prove exsolution. Nevertheless, some
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mtergzrowths, as for example, the magnetite-hematite-ilmenite inter-
growths, have already been studied experimentally, and the explanation
of the exsolution process has a definite experimental basis, which is
tlrhe physico-chemical equilibrium of the system FeO-Fe23-Ti02 (1,

~Unfortunately, in the great majority of cases of ore minerals, expe-
rimentation with” the physico-chemical “systems has lagged far behind,
because numerous elements are present”in many of fhe ore minerals,
and yet only the mlnerals,relatl_vely simple would be possible of expe-
rimental physico-chemical investigation.

Schneiderhohn (15) was one of the first mineralogists in the early
twenties to call attention to exsolution among ore minerals. However,
Singewald (22) although has not directly suggested exsolution for some
titaniferous ‘magnetites, “he has described” several microstructures of this
mineral. Warrén (27), in 1918, proposed unmixing (exsolution) as an
explanation of some textures reported in titanic iron ores. Schwartz (17.
195 has also given a considerable thought to this problem, and he ta-

ates more than fifty examples of exsolution in ore minerals.

bu

The so-called exsolution texture of sphalerite and chalcopyrite has
been studied by several writers. Schwartz (18) has made some experi-
ments_ on the “sphalerite-chalcopyrite intergrowth, concluding that the
inclusions were_the result of replacement. M. W Buerger ? has car-
ried out exPerlments on Leadville, Colorado, specimens of ‘sphalerite,
heating up the specimens to various temReratures, and quenchjnq them
in freezing water. Buerger found out that the chalcopyrite inclusions
were redissolved at a temperature ranging from 350° to 400° C. This
temperature might, therefore, be regarded as the exsolution temperature.

Although it must be assumed that the exsolution process has been
proved in the Leadville specimens, some specimens from other districts
show ai)parently two kinds of chalcopyrite, which could be called pro-
visionally: “exsolved” and “non-exsolved” chalcopyrite (flt])S. 1, 3, 24).

The first kind, the “exsolved” type, occurs as little inclusions
throughout the sphalente grains, whereas the second one occurs as
large "masses around the sphalerite, seeming to be corroding and re-
p_Iacm% the sphalerite, and also incorporating the “exsolved” “chalcopy-
rite. The “non-exsolved” chalcopyrite is usually the outer chalcopyrite.

Therefore, the following problem was set up: Have these two kinds
of chalcopyrite the same origin, and therefore, are they 3|mPIy repre-
sentatives, of successive events of the same process? Or, are they a re-
sult of different processes, as exsolution and replacement, or even fil-
ling? Or yet, are they a combined product of hoth processes, acting
simultaneots or successively?

_Newhouse (9) thinks that the occurrence of inclusions of chalco-
pyrite related to veins is better explained by replacement, and that the
occurrence . of inclusions along crystallqgra_phlc planes or directions in
the host minerals cannot be used as a criterion of exsolution. Lasky and
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Teas (24{/ think also in terms of relplacement, but Schneiderhohn and
Van der Veen (26) advocate .strongy the exsolution hypothesis.

As a step toward the solution of the problem, a survey of Sﬁeumens
of sphalerite-chalcopyrite mterqrowth was_ started. ‘This work, however,
IS plainly but a beglnnlnP. Only further investigations, chiefly concern-
ing the “physico-chemical’ systems between iron, copper, zinc, and. sul-
phur, or systems between compounds of these elements, would give a
definite answer to the problem.” In the meantime, it would be satisfying

iflgte,ologlcal and textural evidence of several kinds pointed to a given
solution.

[1I.  Occurrence

This typical sphalerite-chalcopyrite, “intergrowth™ texture appears to
occur most commonly in sphalerite with which normal cha_Icoplete IS
also present. This “intergrowth” has been found pratically in all levels
of intensity of the hydrothermal range, although it seems’to be rare in
the magmatic segregation ores, and in the lowest levels of the hydro-

thermal range, According to Teas (24), who re%arded the. Mississippi
Valley and similar ores as of meteoric origin, the sphalerite of these
occurrences does not show the pattern of included chalcopyrite here being
conmdere% . .

On the assumption that the pattern here dealt with is due to exso-
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lution, three possibilities can be entertained for those sphalerites in
which the pattern is not observed: a) no copper may have entered the
sphalerite initially; b) the copper (and iron) may still be in the state
of solid solution, “instead of having exsolved; ‘c) the size of the exsolved
Par_tlcles of chalcopyrite may be below the limit of microscopical reso-
ution. The third pO_SSIbI|It¥ seems to be very likely, for it is known that
usually in the h|?h-|nten5|y sphalerites, the chalcoP_erte inclusions t%Jet

smaller and smaller, seeming to exceed all the limits of obtaina
magnification.

. .Some_ pyrrhotite inclusions have been found in sphalerite, Pyrrho-
tite inclusions in sphalerite were reported as occurring in the Matéhuala
district, Mexico (Shenon, 20). However, such pyrrhotite inclusions are
much less common than chaicopyrite, and noné has been seen in the
specimens examined by the present writer. As pyrrhotite seems to occur

e

only in the deep-seated type of the hydrothermal range, it would be _less
likely to appear in sphalerite, at least"in the low-temperature sphalerites.

. Several districts,_belonging to different levels of intensity, were. the
object of attention. The purpose was to cover several mineral districts,
in“order to obtain, not only more quantity of data, but also, to reach a
more general conclusion aliout the problem. However, some of the dis-
tricts, “notably Cananea and OQuray, were the object of more careful
attention than others because of their inclusion-rich™ sphalerite would be
apt to show more recognizable relationships hetween the two minerals.

ananea sPemmens were used for X-ray investigation, because of their
higher content of chalcopyrite inclusions,

The following districts were studied: Hollmger, Porcupine district,
Ontario, Canada ~(hypothermal); Silver Bell, Arizona (pyrometasoma-
tic); Bingham, Utah (pYrometasomatlc); Cananea, Mexico (pyrometa-
somatic and mesothermal): Butte, Montana (mesothermal and leptother-
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nialg\; Quray, Rico, and Telluride, in Colorado (Ieptothermali' Tintic,
Utah (leptothermal): Tonopah, Nevada (epithermal); Mogallon dis-
Fﬁ'a% New Mexico (epithermal); and Coeur d’Alene, ldaho "(mesother-

JV  Chalcopyrite inclusions in sphalerite
A . Microscopical studies

The texture is quite constant in the specimens from several levels
of intensity of the hydrothermal range, though there is a variability in
size and percentage of chalcopyrite particles. This brln(is ahout slqht
differences from specimen to specimen. Usually, the chalcopyrite inclu-
sions are not evenly distributed throughout the sphalerite grains. The
inclusions along the boundaries are usually much smaller than the ones
In the middle of the grains. At the center the inclusions retain more or
less the same size, with. a slight variation. The small particles are
usually as much as ten times smaller than the larger ones (figs. 25, 26

Generall¥ large inclusions of chalcopyrite do not have many neigh-
bors around them  fact that could be regarded as an evidence for exso-
ution (Frondel, 3).

1 Shape

~In the following discussion on shape and size of the chalcopyrite
inclusions, it should™ be emphasized that similar grains could be cut in
different orientations, following different planes in the sphalerite, thus
showing different shapes and Sjzes,

~The size of the chalcopyrite inclusions seems to be extremely va-
riable according to the intensity of a given deposit and according fo the
position of the chalcopyrite particles in the sphalerite grain, but the
shape_seems to be more ‘or less constant. However, in thé low-intensit
deposits, where the percentage of chalcopyrite inclusions is very small,
the size of the _chaIcoplete particles is very minute (a few microns),
and they look like small drops or globules. " But, with a higher magni-
fication "the true shape can nearly “always be determined; most of “the
chalcopyrite inclusions_have edges and geometrical contours.

The chalcopyrite inclusions follow the planes of least resistance of
the sphalerite, the cleavage and twinning planes. The chalcopyrite in-
clusions are chlefI%/ located along such planes or at their interSections.
In the first chse, they are usually platy, appearing as a string_of dashes
in the two-dimensional plane under the microscope (figs. 4,75). In the
second case they are more equant, showm? seudo-idiomorphic habits
(figs. 4, 6, 7), _which can be easily detected where the particles are
large enough. They have ordinarily from 3 to 12 edges, which are
controlled by the dodecahedral planes of the sphalerite (cleavage pla-
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nes). Thus, this inclusion type is usually triangular, rectangular, squa-
re, hexagonal, octogonal, etC., in shape {flg. 6).

However, the chalcopyrite areas confined to the sphr.lerite grain
boundaries do not have a geometrical shape. They are elliptical, hooKlike,
or stringlike in shape. Nevertheless, it is remarkable that they very

seldom form a continuous vein or rim (figs. 8, 17)

When following the twin_ni_nq composition plane of sphalerite the
chalcopyrite inclusions are d,eflnlte?/ strung out in dashes. At the same
time, the chalcopyrite inclusions follow the cleavage plane (figs. 4, 7).
V-like and X-like shapes are likewise very common (fig. 4).

2. Size

The sizes are extremeIY variable. The inclusions are not only more
numerous, but they are also Iar_?er in the high-temperature déposits.
Nevertheless, in the same deposit and in the same Specimen the size
varies. Near the perlpher?/ of the sphalerite grains, the size is usually
smaller than near the cenfer (figs. 9, 10, 26). Very likely the larger
sizes of chalcopyrite inclusions in the high-temperaturé deposits are due,

Nr\Ur  frv f hinb rrinff>nf nf iron and vrnanr\E>r in fnP Arininol er\lirl
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solution, but also due to the increasing of rate of diffusion in solid state
at high temperatures.

Usually, the larger inclusions are fewer in number, whereas the tiny
ONes are more NUMETOUS.

Schneiderhohn (15) says the chalcopyrite inclusions never exceeds
5LrJ], X 10fl in size. However, some Cananea specimens studied have
shown inclusions with 150p. in diameter, and some are still larger, dis-
tinguishable even with the naked eye.

. The size, as well as the shape, is a (I;ood evidence for exsolution,
chiefly when it is known that the size of The chalcop){nte ﬁrams IS not
extremely large, and they can have any dimension below the maximum

limit, or “in other words, the inclusions can possibly be so minute as not
to be visible under the microscope.

3. Distribution and orientation

At first sight, it often appears as if the chalcopyrite inclusions do
not follow any “rule of distribution throughout the sphélerite grains. Ho-
wever, the alignment of several blebs Suggests that they must be fol-
lowing some crystallographic plang in the Sphalerite. (Figs. 11 12, 13).
Where the percentage is high this alignment becomes more evident; In
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the low-percentage specimens the reqular distribution is less conspicuous.
Some authors have suggested that the chalco7pyr|te inclusions are
Farallel to. the (100) planes of sphalerite (Gross, 7). Gruner (8) says
he inclusions are parallel to (111) planes.
. However, as far as the present study goes, it seems that the chalco-
pyrite inclusions are controlled by: ST
a, cleavage of sphalerite, which is along the (110) plane. The
Rolyg%zﬁl shape of these Inclusions has been already discussed (figs.

b, twinning composition surface, which mostI?/ is a plane surface,
though not necessarily. The fig. 15 shows how the twinning compo-
sition. surface may not be plane. The shape of this type of “inclusion
has likewise been”already discussed in the previous section (fig. 4).

C.. grain boundaries. The chalcopyrite blebs here are usually irre-
%ular in"shape, and more or less elliptical or egg-shaped (figs. 5, 13,
4). In some cases the chalcopyrite forms a rim of more or less constant
width around the sphalerite grains (fl,?. 182{ This case seems to re-
semble the case of pentlandite-pyrrhotite, where pentlandite surrounds
pyrrhotite grains. This mtergrowth is also reported as due to exso-
|ut|oln0,) and "it has been already investigated experimentally (Newhou-
Se’ ' . . . .
. d. fractures in sphalerite. In these cases chalcopyrite usually is
directly connected with the outer chalcopyrlte, and seeming to be of
the replacing type rather than due to exsolution (figs. 19, 20).
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It must be emphasized that the first three types do not show any
direct connection with the outer chalcopyrite, and they seem to hbelong
to the “exsolved” type.

The chalcopyrite inclusions formed along the twinning composition
surface of the sphalerite are frequently thémselves twinned, and the
composition plane coincides with that of the sphalerite. This can he
tested in some Cananea specimens (fig. 212. In this case there seems
to exist a definite orientation of chalcopyrite_ inclusions, for all the in-
clusions within a given grain of sphalerite give extinction at the same
time under polarized light. Furthermore, the inclusions are oriented with
respect to sEhaIerlte. 0 test these indications an X-ray investigation
was undertaken.

The observation under polarized light sugqests that very likely_the
chalcopyrite (112) plane is parallel to the sphalerite (111% plane. "This
is, as matter_ of fact, similar to the well-known case of the overgrowth
of chalcopyrite crystals on the tetrahedron faces of sphalerite.

The .inclusions that are controlled by sphalerite clea,va?e are not
always single, individual crystals of chalCopyrite. Some inclusions are
aggrégates of 2, 3, 4 or more crystal orientations (fl%]. 6). Very likely
the}/ represent a multiple twinning of chalcopyrite. Tt is quite possiple
that the chalcopyrite has been segregated as single crystals, undergoing
a secondary twinning afterwards.
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Frequently galena and pyrite occur with chalcopyrite in sphalerite,
as inclusions or grain-boundaries aggregates (figs. 2, 18, 22). In these
cases, it is remarkable that the galena blebs are only confined to the
sphalerite grain boundaries, and never observed inside of sphalerite
grains, following cleavage planes or twinning surfaces. This leads to
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a supposition that galena had a different origin, and very IikeI)(_ by
leplacement. Moreover, galena blebs show here and there “connections
with the outer galena.

4, Percentage of the chalcopyrite inclusions in the sphalerite host:
procedure of measuring

The percentage of chalcopyrite .inclusions in the sphalerite host was
calculated by measuring the reSpective area of each mineral in the field
of the microscope. The measurements were undertaken with a grating
eyepiece. Some reference charts of the various possible percentages have
been drawn first, and the other subsequent measurements have been
made by comparison with them. The ‘accuracy could not be expected
to be very precise, although some measurements were carried out several

times, showing a margin "of error not greater than 10%, plus or minus
of the quant|t¥ estimated. In the low-percentage specimens, as for
example with 1-2% of chalcopyrite inclusions, the accuracy is still less
precise.

The measurements were also carried out by means of the mte&qratlng
stage. The Wentworth-Hunt recording micrometer has been used. Ho-
wever, this device was reliable only for specimens with a high content
of inclusions. In the low-content Specimens the error was very great,
andltthe grating eyepiece system seemed to give a more satisfactory
result,

Some of the ideas about the measuring methods were taken from
Thomson (25).
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The percentage figures herein tabulated are given in volume per-
centages, which are the direct inferences from the area percentages.
However, as the specific gravities of the two minerals, sPhaIerlte _%‘sp.
H}r. 4.083) and chalcopyrite é osely similar,

e volume percentages do” not ) | from the weight per-
centages. Moreover, as the figures obtained will be compared” among
themselves, the comparison between volume percentages would lead to
the same conclusions as the weight percentages.

?P gr. = 4.283)r are ¢

fer” materially

5. Relation of the chalcopyrite percentage to the varieties of sphalerite

Sphalerite occurs in nature_in several varieties which are conditioned
mostly by the presence of a higher or lower percentage of iron. There
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are representatives over a wide range, from the iron-rich sphalerite, va-
riety marmatite, with about 26% Fe, to a pure, colorless and transparent
variety, christophite, that contains no iron at all. The intermediate iron-

bearin? sSphalerites are red, green, or yellow, according to the percen-
tage of iron.

A survey was made in order to determine the relationship between
variety of sphalerite and content of chalcopyrite inclusions.

The color of sphalerite was determined on the polished surface by
the oblique illumination method. The obtained data are tabulated on
the accompanying table.

It can be seen that, excluding some individual cases, in general, the
lighter varieties of sphalerite contain a smaller amount of Chalcopyrite
inclusions. However, it must be pointed out that the personal element
enters in determining the color of sphalerite, chiefly in distinguishing
from “black” .(deepl(}/-collored) to red, yellow from light green, “or even
yellow from light red varieties. Some green varieties from Oura?/ show
no inclusions of chalcopyrite. at all. The inclusions of chalcopyrite seem
to be closely related to the iron-content of sphalerite. But thiS may not
be the only factor, for some “black” varieties of sphalerite with abSence
of chalcopyrite inclusions have heen described. The annexed table shows
that sometimes the red varieties are very Roor, in chalcopyrite_ inclusions.
However, it is remarkably striking, that" the light-colored varieties show
always a low content of Chalcopyrite.



6. Relation of the chalcopyrite percentage to the intensity of the hy-
drothermal class P! J y y

. The percentage of chalcopyrite inclusions in sphalerite seems to be
variable_In the Same deposit, perhaps according to depth and occur-
rence. This fact could be tested at Ouray, where some specimens have
a very high percentage for an occurrence of leptothermal intensity, while
other” specimens from the same deposit have an amount of chalcopyrite
inclusions as low as almost zero.

|t has been noticed is some Quray specimens that where there is
some outer chalcopyrite, suggested as “replacing” or “non-exsolved”
chalcopyrite, the amount of”inclusions in sphalerite is higher. Thus,
some Quray specimens of s_Pha_Ierlte_m contact with outer chalcopyrite
show 4 to 6% of chalcopyrite inclusions, whereas in specimens without
such outer chalcoPyrlte, the percentage is low as 0.5% to 1%. This
fact would show that replacement might be responsible for some addi-
tional chalcopyrite inclusions, thus increasing the percentage, and then,
both processes, exsolution and replacement, Seem to have been involved.
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The percentage varies also in the same sphalerite grain. At the
borders the percentage [§ generallg Iower However, in one case at
Ouray, a_sphalerite girarn surrounded “non-exsolved” chalcopyrite
showed higher percentage at the borders (fig. 1).
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‘The distribution is not, therefore, uniform and even throughout the
section, and this can be explained either by an original variability in
iron and copper content of the sphalerite crystals, or by the fact ‘that
the polished section cuts the sphalerite crystals at different levels and
at different orientations, giving an impression of an uneven distribution.

From the examination of the accompanying table, it can be
seen that the amount of chalco Knte inclusions decreases as the
hydrothermal intensity decreases. This variahility according to the in-
ténsity could be very good evidence for exsolution, for replacement would
follow no rule concérning amount of chalcopyrite present. It is also very
strlkln% that the percentage never reaches figures over approximatel
13%, there being therefore a maximum limit, 'which would not be ex-
pecteldt_ln the case of replacement or some other process not involving
exsolution.

1t is known that at hltgher temperatures the rate of diffusion in the
solid statg is higher, and the solid’ solubility increases with the tempe-
rature.  Thus, high-temperature sphalerites could dissolve a larger
amount of copper and iron, which would be precipitated as chalcopyrite
as the temperature falls off.

Statistically, it has been found that the more common percentage of
chalcopyrite in" leptothermal deP_osns is around 1-2%, whereas in the
hypothermal and prrometasoma ic deposits this percentage reaches va-
lues as much as 5-6%.

B. Etching experiments

_On the suspicion that there exist two different varieties of chalco-
P]yrlte, the “exsolved” and the “non-exsolved” tf)]/pes, etching experiments
ave been undertaken, with the supposition that some minor chemical
differences might cause the two types to etch differentially by the same
etch reagent. Unfortunatelx, no success was reached in obfaining this
differential reaction with. the, applied reagents. However, good results
were obtained with etching in revealing the relationships between the
is_pp]a!jerltefand chalcopyrite, otherwise not noticed on the ordinary po-
Ished surface.

The etching procedure has been used for a Ion? time in metallo-
graph?/ for bringing out textures of metals. The efching reveals not
only the textureS and relationships between the minerals,” but also the
oriéntation and twinning of the fisometric compounds, which would be
impossible under polarized light, unless some abnormal birefringence
?ccurs. For the sphalerite, therefore, this technique was very satisfac-
ory.

Gebhardt (4) has carried out etching experiments on sphalerite,
attacking polished surfaces with a hot 10% HC1 solution, during 10 to
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30 minutes, No etch pits were developed with this technique, but the

areas attacked became velvety. . .
Schneiderhohn (16) recommends KMn04bH;>SC)4, acting during 10

to 30 minutes, in order to bring out the texture of sphalerite. The

etching was revealed to be faster on (i'll) than on (111)

In the technique used in this |nvest_|gat|on_, a_suite of usual reagents,
recommended by Short {212 for the identification of opague minerals
(aqua regia, HNOa, HCI, KCN, KOH, and HgCl2) has been applied.
However, good results were attained only with the first two, The others
behaved negatively, even with a prolonged exposure of 48 hours. No
longer period than 48 hours has been tried with any reagent. ,
The variety of sphalerite seems to have little influence on duration
of the reaction. The iron-rich varieties, however, seem to act more

slowly.

_ %he aqua regia was seen to be a better and faster etch reagent for
bringing out the “texture. A few seconds (10" to 30”) are enough for
a good result. The procedure of etching is very simple, consisting merely
of "immersing the specimen in a plate ‘containing aqua regia. The spé-
cimen must "be left there for the time recommended, and then rinse
W|th§pla|n.water. o . _

ometimes, the etching is excessive, or the presence of other easily-
attacked minerals, such as galena, forms a coat over the whole polishéd
section, usually making difficult the microscopic examination. This dif-
ficulty, however, may be overcome by rubbing the polished surface with
a soft tissue paper “several times, and then” examining under the mi-
croscope. This technique can be repeated several times, until the polish-
ed surface is shown to be completely clear. ,

. The HNO3produces the same effect on the_ sphalerite as the aqua
regia. However, the attack is slower, and requires a few minutes (5
to 10dm|nutes). The procedure for HN O 3follows closely the aqua regla
procedure.

Sometimes, when there is a need for etching onI){ a_certain portion
of the polished section, it is advisable to use a small piece of blotting
Paper soaked in the reagent, and placed over the surface. In this case
he reaction is much slower.

Etchin?, either with aqua regia or with nitric acid, proved to be a
good tool for revealing textural “relationships between ‘sphalerite and
chalcopyrite.

The etching. made it possible to distinguish between the several types
of chalcopyrite inclusions already described. Also, the etching revealed
the zoning™ of the sphalerite grains. In general, the rims along the
tz]g_unda%es la7re more refractory to the reagents than the central portion

igs. 16, 17).

The cha_?co_pyrlte_ etches more slowly than the sphalerite; on the
other hand, it is easier to observe the chalcopyrite textures under the
polarized light,
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C. X-ray investigation
1 Experimental procedure

X-ray investigation of exsolution and intergrowths of different solid
phases has been applied in metallurgy (Geisler, 5). o

In the present experimental procedure, sphalerite contalnln? chal-
copyrite inclusions was first broken down, and cleavage pieces of spha-
lerite were selected. Many of such fragments were twinned and un-
suitable for X-ray purposes. The fragment should not be over 0.5 mm
in size, in order to produce a minimum amount of absorption and to
shorten the exposure. S _

_ The percentage of chalcopyrite inclusions in this material had been
estimated ‘on the polished section, and it proved to be around 6%. Thus,
only long exposures could produce chalcopyrite spots on the X-ray film.
Several exposures have been tried, but exposures of 6 hours or little
longer gave the best results.

The purpose of the X-ray picture was to determine whether there

was any orientation of the chalcopyrite inclusions in the sphalerite struc-
ture. This orientation had looked probable in the polished section under
Polarl_zed light. Here, the chalcopyrite inclusions, chiefly around the
winning composition planes of the ‘sphalerite, ai)pear_ed with their com-
?osmon planes parallel to the corresponding plang in Sf)haler!te. . The
act that many authors had described the sphalerl_te-cha copyrite inter-
growth as dué to exsolution also suggested this orientation.
. Laue photographs  of the small sphalerite fragments were taken
first, in order to determine whether they were simple ‘or whether twinned
o ag?regates. Because no dependable orientation of the sphalerite
crystals could be managed satisfactorily in the available Laue camera,
the Laue photographs were not considéred for very accurate work.

_An exact orientation of the crystals was obtained on the two-circle
goniometer, and the X-ray rotation pictures were taken with the Weis-
senber%_camera. The time of exposure was around 6 to 7 hours. Cop-
per radiation and nickel filter were used. '

The rotation pictures have been taken around the [100& axis of
sphalerite. Cleavage pieces with [100] edges were selected for that
purpose. | |

X-ray rotation pictures have been taken also around [111] and
&211{_ axis of sphalerite, but because the identity periods alonq these
irections are very large, the pictures have not come satisfactorily.
The sphalerite used in these experiments came from Cananea, Me-
xico, for it presented a relativel h|gh percentage of chalcopyrite blebs.
The sphalerite was the iron-rich red-black variety.

Clear green, low-iron content sphalerite lacking chalcopyrite in-
clusions, from Ouray, Colorado, was selected for X-ray pictures, In
order to make comparison with ‘the chalcopyrite-rich sphalerite. The



ON THE CHALCOPYRITE INCLUSIONS IN SPHALERITE 21

absence of chalcopyrite inclusions of this green sphalerite was determined
In the polished seCtion previously.
Weissenberg moving picture method for the zero-layer of the ro-

tation-pictures has been “tried for both kinds of sphalerite, but without
any success.

2. Discussion of the results

The photo&]raphs,_ 1 and 2, represent two X-ray rotation pictures
around the [1 Oﬂ axis, taken respectively of Bure sphalerite and in-
clusion-rich sphalerite. Small extra spots”can pe noticed on the pho-
tograph 2, and_ they re(Joresent the chalcopyrite. Some chalcopyrite layer-
lines "are mlssm(t;_ (3rd and 6th Iazer-lmes)1 This fact can explained
either by absorption of the X-raY through the sphalerite, or by the fact
that the chalcopyrite 3rd. and 6th layer-lines coincide respectively with
the 1st. and 2nd. sphalerite layer-linés. (Fig. 26 A). This last possi-
bility seems to be more likely.

Because the chalcopyrite inclusions are. small in size, and because
there exists a small amount of chalcopyrite in the intergrowth, the chal-
copyrite spots are usually much smallér that the sPhaIerlte ones. Like-
W|se,hsi)m_et chalcopyrite ‘spots are missing, probably due to absorption
in sphalerite.

The fact that the chalcopyrite spots are not coinciding with the
sphalerite spots in the same layér-lines, shows that there is not a perfect
parallel orientation of the structures of the two minerals. However, the
allqnment of the chalcoRynte spots is an evidence that the chalcopyrite
inclusions are parallel themselves in orientation. A random orientation
would produce an irreqular pattern of spots, dlstnbuted_throu?hout the
film, and onlx two spots would coincide on each IaYer-Ilne. If must be
Pomted out that the chalcopyrite spots all fall exactly on the calculated
ayer-lines (fig. 26 A)

The identity period of the chalcopyrite along the [100] axis of spha-

lerite, according to the photograph 2, is nearly equal to 16,58 A. This
figure corresponds to the [130] direction” of chalcopyrite, where

t= 16,57 A (see accompanying table). Therefore, it must be concluded

that the [130] direction of chalcopyrite inclusions is parallel to the
[100] direction of sphalerite.

However, that this appears to be true for the Cananea specimens,
should not be taken as indicating a general rule for all the occurrences
of the sphalerl_te-chalcogyrlte intergrowths.  Although similar results
were obtained in a numner of photographs of Cananéa sphalerite, there
IS a possibility that these relations would not be necessarily hold true
for every Cananea specimen. Formed by exsolution or replacement, the
only condition that the chalcopyrite inclusions require is that some axis












be parallel to some other axis of sphalerite, This could he any direction
that satisfies the equilibrium of the crystal structure of both minerals.

V' Sphalerite inclusions in chalcopyrite

While the presence of chalcopyrite inclusions in sphalerite is extre-
mely common, and found very frequently when sphalerite and chalco-
pyrite occur together in the same ore, inclusions of sphalerite in chalco-
pyrite are extrémely rare, and have been reported from only a few mi-
neral deposits.  Schneiderhohn (15,16) mentions this intefgrowth, In
this study only one specimen from Cananea has shown such’ inclusions.

The “sphalerite inclusions occur as dendritic crystals throuPhout the
chalcopyrlte (figs. 27 28, 29). They vary in size, being usually smaller
than the described chalcopyrite inclusions insphalerite. TheY have a
definite orientation, which seems to be sphalerite (100) parallel to chal-
copyrite (100) or (001). _

Frequently, the dendrites develop into sr%uare or rectangular crystals,
the corners corresponding to the branches of the dendrites.” Often” these
square crystals contains tiny blebs of chalcopyrite. _

_Zonal" distribution of the sphalerite in the chalcopyrite has been
likesise noticed. At the periphery of the chalcopyrite ‘grains the den-
drites are much smaller in size and fewer in number. ,

The occurrence of these slohalergte inclusions in chaIcoPyrlte toge-
ther with the inclusions of chalcopyrite in sphalerite sugqes that there
must represent a reciprocal solubility of sphalerite and chalcopyrite. The
small percentages of inclusions in ‘each example leads to the idea that
it is a case of partial solid solution. Furthermore, the fact of exsolution,
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itself, su?gests that the equilibrium between the two phases is not per-

ect at z%l temperatures, which is the reason for the hreakdown at lower
temperatures.

VI. Summary and conclusions

In the introduction to this paper mention was made of the contro-
versy which exists over the problem whether the chalcop¥r|te inclusions
in. sphalerite are due to exsolution or to replacement. "The data from
this paper suggest tne possibility of both processes, for the formation
of such inclusions in some cases. However, the inclusions and some
grain boundary areas seem very Ilkelg to be derived by exsolution,
while the outer chalgop¥r|te is rather derived by replacement.

In the great majority of studied cases, exsolution seems to be the
dominant process for the formation of chalcopyrite inclusions. Below
are listed the evidences for exsolution: _

a. Ver}/ similar textures to some already observed in metallurgy
and known to bedue to exsolution, A very common example of this’is
the exsolution of cementite from iron to form pearlite. o

Similarity of crystal structure of hoth minerals. Sphalerite is

isometric with aG= 541 A (Niggli, 112. Chalcopyrite is tetragonal
but can be considered isometric in terms of substitution, for the unit cell
constants are very close to the sphalerite constants. The chalcopyrite

constants are a0= 524 A and — = 515 A (Pauling and Brock-

2

way, 13). L . o .
yc. z/,ery slight difference in the atomic diameters of the metallic
elements involved, copper, iron, and zinc. These elements substitute for
each other and this is proved by the several varieties of sgha_lerlte. Also
spectro%raphlcal analysis. (Graton and Harcourt, 6) (Stoiber, 22) of
sphalerite proves thaf this mineral can have coRper and iron atoms in
SOHdI sotlutlon. Chemical analysis report as much as 26% iron in some
sphalerites. L _
P (f Small percentage of chalcopyrite inclusions in sphalerite. The
figures are not over 13% even the h|gh-temPeratu_re deposits.
e Variability of the percenta?e of chalcopyrite inclusions accord-
|n% Ito_tthe intensity of the deposifs, and according to the variety of
sphalerite,
p . \[ar|ab|l|t?/ of the size of the chalcopyrite inclusions according
to intensity and location in the sphalerite grain, ,
0. Afrangement of the chalcopyrite inclusions according to zones
in the s;\)/hal,erlt?, crystal%. . .
h. Variability "of the percentage of chalcopyrite inclusions within
the sphalerite crystals: usually higher at the center. ,
L. _Non-conriection of the chalcopyrite inclusions with the outer
?arts of sphalerite crystals, which favors the view that they were derived
rom somewhere inside.
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. Two generations of chalcopyrite: exsolved? and non-exsolved?
The “latter type seems to be later. S
k. Ordered arrangement of the chalcopyrite inclusions in the spha-
lerite structure, determined both b% X-ray and polarized light.
1 Dendritic inclysions of sphalerite” in chalcopyrite suggested by
Schneiderhohn as havmq been derived from exsolution . .
m. Absence of chalcopyrite in some varieties of sphalerite, chiefly

the light-colored ones.

. Those facts all reinforce the exsolution hypothesis. Assuming, the*
iefore, that exsolution is the right explanation for the chalcopyrite in-
clusions in sphalerite, there is no sequence for both minerals, sphalerite
and chalcopyrite, and they should be considered simultaneous, in_depo-
sition. But, when the “replacing” or “non-exsolved” chalcopyrite is pre-
sent as veinlets and adjacent outer fields, that seems to hé later than
the “exsolved” chalcopyrite. Therefore, the sequence would be: 1 spha-
Ierlte_t— “exsolved” chalcopyrite; 2. “replacing” or “non-exsolved” chal-
copyrite.

According to the Physwal chemical principles, exsolution would be
complete only at absolute zero. So, it seems |O?IC&| to think that the
inclusions should contain a small amount of the sphalerlte-bmldlng{
elements, not ,onlx zinc, but other minor elements that usually are presen
in sphalerite in the form of solid solution (Stoiber, 22?. However, only
careful spectrographlcal analysis of many samples of the ch_aIcoPyrlte
inclusions could solve the problem, and Plve a good contribution 10 the
problem. There is, however, a material obstacle to this und_ertakln?,
which is the extremely small size_of the inclusions, that would invalidate
any effort to obtain Rure specimens as true representatives of the
inClusions. On the other hand, many. successive micro-drillings would
be required, in order to obtain sufficient amount to make a complete
sFectrographlcaI analysis, ,reportln% all the minor elements, for these
elements would be the main key of the problem.
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RESUMO

Uma, das finalidades do presente trabalho foi medir as porcenta-
gens deinclusoes de calcopirita em cristais de esfalerita, que formam
concrescimento de ocorrencia relativamente frequente nas jazidas hidro-
termais, Parece existir uma relagao entre porcentagens de inclusoes e
intensidade hidrotermal dos depositos, como tambem entre porcentagens
de inclusoes e variedades de esfalerita. Depositos de haixa temperatura
mostram porcentagens de 1-2%, enquanto aqueles de alta temperatura
apresentam 5-6%. - _

~As inclusoes de calcopirita geralmente ocorrem: a) nos pianos de
clivagem (110) da esfalerita; b) nas superficies de contato dos gemi-
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nados de esfalerita; c) nos contornos dos cristais de esfalerita; e d) nas
fraturas subsequentes da esfalerita. _ . _
Experiéncias de corrosdo das seccbes polidas com dcidos (etching)
revelaram a textura dos agregados de esfalerita. L As mesmas experién-
cias tiveram pequeno efeito sobre a calcopirita. Agua régia e acido ni-
trico se mostraram como os melhores e mais satisfatorios rea(};e_ntes. _
. As investigaces por meio de raios X foram levadas a efeito prin-
cipalmente_pelo” método_de rotacdo. ~As roentgeno-fotografias revelaram
a orientacdo das inclusoes de calcopirita em relacdo a estrutura reticular
interna da esfalerita. Nas amostras estudadas a direcdo [100] da esfa-
lerita parece ser paralela a direcdo [130] da calcopirita.

Foram qbservadas inclusdes de cristais dendriticos de esfalerita em
alguns espécimes de calcopirita.

O _fendmeno da exsolucdo parece ser a explicacdo mais provavel pa-
ra as inclusoes de calcopirita. As diversas evidéncias que serdo indi-
cadas abaixo comprovam éste fato.

. Na introducdo déste trabalho foi mencionada a controvérsia que
existe entre Autores e estudiosos do assunto, sobre o_ProbIema das in-
clusdes de calcopirita em esfalerita, isto &, se elas constituem o resultado
de um processo de exsolucdo ou de substituicdo. Os dados obtidos para
a elaboracdo do trabalho, sugerem a possibilidade da existéncia dos dois
processos. Entretanto, a maioria das inclusges, e granulos de calcopi-
rita situados no contorno de cristais de esfalerita parecem ser produfos
de exsolucdo, enquanto a calcop.rita “exterior” provavelmente se origi-
nou por substituicdo. ) o

a grande maioria dos casos estudados a exsolucdo constitui o pro-
cesso dominante. Sao enumeradas a sequir varias provas que falam em
favor do fenomeno da exsolucdo:

a. Texturas muito semelhantes observadas em ligas metalicas e
conhecidas como produtos de exsolucdo. Exemplo comum ¢ a exsolucdo
de cementita de ferro metaalico, afim de formar pearlita.

b. Semelhanca de estrutura cristalina dos dois minerais: a esfa-

lerita & monométrica com a( = 541 A e a calcopirita é tetragonal.
Entretanto, esta pode ser considerada monométrica, em térmos de subs-
tituigdo, ?ms Aas constantes de sua cela unitaria sdo muito semelhantes
as da esfalerita. As constantes reticulares da calcopirita sdo segundo

Pauling e Brockway a( = 5,24 R e c02 = 5154

¢ Pequena diferenca entre os didmetros .atomicos dos elementos
metalicos considerados: cobre, ferro e zinco. Estes elementos se subs-
tituem reciprocamente, o que € evidenciado pela ocorréncia de diversas
variedades de esfalerita. Também, analises espectrograficas de esfale-
rita, provam que éste mineral pode conter atomos de ferro e cobre em
forma de solucdo solida. Analises quimicas revelam até 26% de Fe
em algumas variedades de esfalerita.
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d. Pequena porcentagem de inclusges na esfalerita. As porcenta-
gens nunca excedem 13%, mesmo nos depositos de alta temperatura.

e Variabilidade das porcentagens de inclusdes de calcopirita de
acrdo com a intensidade dos depositos hidrotermais e de acordo com
a variedade de esfalerita.

f. Variabilidade do tamanho das particulas de calcopirita inclui-
das, de acordo com a intensidade do deposito e de acordo com a loca-
lizacdo das inclusOes no cristal de esfalerita.

0. Zoneamento das inclusbes nos cristais de esfalerita.

h. Variabilidade das porcentagens dentro de cada cristal de es-
falerita, pois frequentemente ¢ maiof nocentro do cristal.

. 1. N&o_conexdo das inclusoes de calcopirita com as partes exte-
riores. do cristal, o que favorece a hipotese de que elas provavelmente
se originaram no interior do proprio cristal de esfalerita.

. Duas geracOes de calcopirita.

k. Arranjo ordenado_das inclusoes de calcopirita dentro da es-
trutura reticular da esfalerita, determinada com auxilio de raios X.

1 Inclusbes dendriticas de esfalerita em calcopirita.

~m. Auséncia de calcopirita em algumas variedades de esfalerita,
principalmente nas variedades claras.



