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ABsrRAcr

Birefringence increases nearly linearly with per-
cetrt hexagonal close-packed layers in natural zinc
sulfide, and this coAehtion is used to estimate the
variatiou in structural state within a zoned scha-
lenblende from Pribram, Czechoslovakia. Collec-
tively, the various zones exhibit an almost com-
plete variation in structuial state of disordered
wurtzite and sphalerite. The present study sup-
ports earlier suggestions that the wurtzite>spbale-
rito inversion in nature proceeds in two st€ps, a
second-order solid-state transformation to dis-
ordered hexagonal zinc sulfide followed by re-
crystallization via a fluid phase.

Sonarvrens

La birEfringetrca augmeDte Dresque lin6airement
avec le pourcentage de feuillets en empilemeut
hexagonal compact dans le sulfure de zinc naturel.
Cette corr6lation est employ6e ici pour 6valuer la
variation de structure dans une schalenblende zo-
n6e provenant de Pribram, Tch6coslovaquie. Con-
sid6r6es collectivemen! les diff6rentes zones mon-
trent un 6ventail presque complet de structure de
wurtzite et de sphal6rite d6sordonn6es. Cette €tude
confirme des hyryothEses pr6cddentes i l'effet que
I'inversion wurtzite>sphal6rite dans la nature se
produit eo deux 6tapes, i savoir une transforma-
tion du deuxibme ordre i l'6tat solide en un sulfure
de zinc hexagonal et d6sordonn6 suivie d'une re-
cristallisation impliquant une phase liquide.

(Iraduit par la R6daction)

INrnonuctloN

The crystal structures of zinc sulfide minerals
are all based on stacking sequences of a common
unit - a close-packed layer of Zn-S dipoles, in-
dicated (below) by A, B or C. Wurtzite has the
hexagonal close-packed 2.lll sequence ABABAB
. . , stacked along the c axis, and sphalerite has
the cubic close-packed 3C sequence I BCABCAB
. . , stacked along [1 11] directions. An infinitc
variety of stacking sequences between these ideal
2H and 3C end-member structures is possible.
More than 150 ordered intermediate structures
(polytypes) have been reported (Steinberger e/
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al. L973). Some degree of stacking disorder is
very common and completely disordered struc-
tures have also been reported (for example Fleet
t975, 1976).

Although the inversion temperature for spha-
lerite e wurtzite is near 102O"C at 1 atm (Allen
& Crenshaw t9I2), the equilibrium for this rc-
action seems to be a uniYariant function of l(S|r)
(Scott & Barnes 1972) and sphalerite and wurt-
zite may coexist over a wide temperatlrre range.
An overall understanding of the stability of zinc
sulfide phases is complicated by such factors as
(1) the existence of ordered and disordered in-
termediate structures, (2) the reaction-path de-
pendence of solid-state tran$formations (for
example, Baars & Brandt 1973), (3) the com-
mon occurrence of natural wurtzite, the hi8h-
temperature modification, in low-temperaturc
environments, and (4) the widespread instability
of wurtzite relative to disordered hexagonal
zinc sulfide and sphalerite under post-formation
conditions.

Natural wurtzite assemblages frequently con-
tain zinc sulfide in several structural states. In
the present study, the variation in biiefringence
and chemical composition within a schalen-
blende specimen from Pribram, Czechoslovakia
is investigated in some detail. The near-linear
relation between birefringence and percent hexa-
gonal close-packed layers is developed, and use
is made of it to deduce the variation in structural
state within the hand specimen. Previous studies
of zinc sulfides from this hand specimen have
dealt with the resolution of stacking faults in dis-
ordered 2H wurtzite (recognized as zone 1 wurt-
zite in the following section) by transmission
electron microscopy (Fleet 1975), and X-ray
determination of the degree of stacking disorder
in zone I and zone 7 wurtzite Fleet 1976).

Pr,tnocnaPnY

The schalenblende sample (8x5x3 cm in size)
was obtained from the Mineralogical Museum,
University of Cambridge, where is was cata-
logued as wurtzite, No. 384. It is capped by a
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Frc. 1. (top): photomicrograph of Pribram scha-
lenblende showing zone 4 zinc sulfide (ZA) wilh
large grain" euhedral against zone 3 galena (23),
soilaining ragged (00.1) lamellae and bands of
disordered wufizite and sphalerite (crossed nicols).

Frc. 2. Photomicrograph of Pribram schalenblende
showing zone 1 wurtzite (Zl), zone 2 sphalerite
(22), and zone 3 galena 23 (crossed nicols).

sheaf of radiating {00.1} and {00.f} phtes or
blades of brown wurtzite. Detailed hand-speci-
men and thin-section observations lead to the
recognition of seven distinct layered zones which
were evidently deposited in a vein or cavity wall.
The wurtzite capping the hand specimen (zone L
below), represents the final phase of crystalliza-
tion which extended into the fluid phase. The
complete sequence of zones is:

L. orange to light brown bladed wurtzite. 3 to 5
mm thick.

2, paTe yellow sphalerite. .L to 2 mm thick.
3. galena band partly encrusted with quartz. 4

mm thick.,
4. yellow hexagonal zinc sulfide/sphalerite crys-

tals, euhedral toward the galena band and
encrusted on zones 5 and 6 (Fig. 1). 0.1 to
0.3 mm thick.

5. (a) lenticular patches of colorless to pale
yellow sphalerite with deep red rims adjacent
to zone 4, O.2 to 0.6 mm thick;
(b) sphalerite similar to 5a except more
ovoid or rounded in outline and located with-
in zone 6.

6. red-brown and brown sphalerite. 5 mm thick.
7. (a) hexagonal zinc sulfide with sphalerite as

sporadic encrustations on siderite-quartz m;a-
trix adjacent to zone 6 and on small masses
of sphalerite, similar in appearance to that of
zone 6, within siderite-quartz matrix;
(b) aggregates of hexagonal zjnc sulfide crys-
tals within siderite-quartz matril often as
either encrustations or cavity linings.

Colors refer to appearance in thin sections of
standard thickness. The wurtzite of zone 1 is
pleochroic rrith maximum absorption normal to
the c axis. Adjacent to the contact with zone 2
sphalerite it contains fine striations which are
much more markedly pleochroic than the ma-
trix and may represent strained (00.1) disloca-
tion slip planes. The contact between zones 1
and 2 is very irregular, Zone 2 sphalerite extends
into zone 1 wurtzite as ragged lamellae and con-
tains discontinuous fragments of bladed wurt-
zite grains @ig. 2). Furthermore, grain boun-
daries. identical to those of the bladed wurtzite
grains of zone I, extend continuously through
zone 2. The relation of zone 5 to zone 6 is un-
clear, but the texture suggests formation through
either solution-reprecipitation or replacement
processes. Much of the sphalerite in this scha-
lenblende contains anisotropic areas and the bire-
fringence of the hexagonal zinc sulfide varies
markedly throughout the specimen.

BrnBnruNcENcE oF THE PnrsRAlvr ZrNc Surrrpr'

The accepted value for the birefringence of
2H wurtzile is 0.O24 (Brafman & Steinberger
1966; Nelkowski & Pfiitzen-Reuter 1971). Braf-
man & Steinberger, working on ordered polytyptc
regions within structurally complex synthetic
zinc sulfide, established that birefringence is a
linear function of percent ZnS layers in hexa-
gonal close'packing (o) and discounted an earlier
report to the contrary (Singer 1963). The pola'
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rizability tensors of the hexagonal and cubic
zino sulfide envhonments must differ only
slightly so that the birefringence of any interme-
diate stacking sequence is a resultant of the cou-
tributions of the individual hexagonal and cubic
close-packed layers. This condition holds re-
gardless of the manner in which the hexagonal
and cubic close-packed layers are stacked (struc-
turally distinct polytypes with the same o value
will have identical birefringence) and regardless
of whether a stacking sequence is ordered (poly-
typic) or disordered. Nelkowski & Pfiitzen-
Reuter (1,97I) substantiated the results of Braf-
man & Steinberger. However, their data, which
were taken largely on disordered synthetic stack-
ing sequences, show only an approximately linear
relation between birefringence and o; birefrin-
gence is somewhat less than the ideal value (Fig.
3 ) .

The correlation between birefringence and tr
has been established on pure synthetic zinc sul-
fide, but it should be possible to apply it to na-
tural zinc sulfide, that is, to estimate the struc-
tural state of an optically coherent zins sulfids
region from its birefringence. The only poten-
tially limiting factor is the effest of atomic sub-
stitution. Data are not available to make a sys-
tematic evaluation of this, but Hurlbufs (1957)
study suggests that birefringence is virtually in-
dependent of Cd substitution. In separate stu-
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Frc. 3. Comparison of percent hexagonal close-
packed layers (o) and bireftingence (no-n) for
synthetic (and principally disordered) zinc sulfide
(open circles, Nelkowski & Pftiizen-Reuter 1971)
and for natural zinc sulfiale (full circleg). A and
B ars disordered ?.H wurtzite from Pribram and
C is disordered 3C sphalerite frbm Thomaston
Dam.

dies (Fleet 1976, 1977), the o values of ttrree
natural disordered zinc sulfide crystals were de-
termined by analysis of the observed X-ray scat-
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Frc. 4. Percent hexagonal close-packed layers (o) in represeutative areas

within each of the six zinc sulfide zones of the Pribram schalenblende
(full circles); non-representative areas are shown as open circles. Data
for ideal polytypes are included for comparison. c is estimated from
Figure 3 and, hence, is proportional to birefringence.
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tering on the l0.l reciprocal lattise row. The
maximum birefringence of these cn'stals has
since been determined and these data are in"
cluded in Figure 3. Retardation (A) was meas-
ured with a Berek compensator (No. 327O. B.
Leitz, Wetzlar, West Germany) with the crystals
oriented both on a spindle stage and mounted in
oil on a glass plate; crystal thickness was meas-
ured using a microscope at 75X magnification
with a calibrated eye-piece micrometer and with
the crystals oriented on a spindle stage. Crystals
A and B are both disordered 2H wurlzite from
Pribram: A is from znneTa, and B is from zone
l. Also measured was an additional crystal (C
in Fig. 3), which is a disordered sphalerite from
Thomaston Dam, Connecticut. The data for
crystals A, B and C (Fig. 3) are consistent with
those for the synthetic disordered crystals of
Nelkowski & Pfiitzen-Reuter and these data,
taken collectively, define a polynomial rather
than linear relation between birefringence and o.

Birefringence deterrninations have been made
on a variety of grains from the zinc sulfide zones
in the Pribram hand specimen. Several thin sec-
tions were used in the study. Grain thicknesses
were obtained either by estimation from the
maximum birefringence of nearby quartz, or by
direct measurement on neighboring grains re-
moved from the tlin sections. These data. con-
verted to equivalent percent hexagonal close-
packed layers using the smoothed calibration
curve of Figure 3, are summarized in Figure 4.
The thin sections were cut normal to the plane
of the wurtzite blades of zone 1 so that tle
grains in zones I and 2 were oriented to give
maximum birefringence. In zones 4, 5 and 7,
measulements were taken onlv on lamellae with
sha4r edges, giving maximum birefringence.
However, there may be a slight tendency for tle
resulting a data to err on the low side, since it
was difficult to estimate the exact orientation
of the grains in these zones; this error, if it exists,
has no affect on the conclusions drav,'n from
this study. The data in Figure 4 are fully repre-
sentative of the variation in birefringence (and
structural state) within each of the zones recog-
nized in the Pribram hand specimen but, of
course, measurements were not made on all of
the appropriately oriented birefringent areas
in each thin section.

The wurtzite of zone L appears in thin section
as lamellae, about 50 to 20O pm in width, whicb
wedge-out against each other as they pass toward
zone 2. The birefringence of most of this wurt-
zite is uniform (about 0.014, equivalent to o in
the range 6A 6 687o). There are, however, a
few discontinuous lamellar areas, 5 to 10 u,m
iu width, with higher birefringence: the mixi-

mum birefringences measured are 0.024 and
A.O247, both in good agreement with the ex-
pected value for ideal 2H wurtzite. Much of the
zone 2 sphalerite is weakly blrefringent (less
than 0.001), detailed examination showing the
sphalerite grains to be a diffuse, patchy, aniso-
tropic mosaic under crossed polars.

Most of the zone 4 zinc sulfide is composed of
ragged and discontinuous lamellae of hexagonal
zinc sulfide and sphalerite (Fig. 2). The hexa-
gonal zinc sulfide is only slightly less uniform
in birefringence than the zone 1 wurtzite (about
O.011; o=50%o) and like the latter, it has la-
mellar and lensoid areas of higher birefringence.

The zone 5 sphalerite is weakly birefringent,
the grains showing a diffuse patchy anisotropy.
A few clear areas are isotropic. The zone 6
sphalerite contains many lamellar fragments of
higher birefringence, arranged in an apparently
random maruler, and the matrix has a diffuse
patchy anisotropy. The zone 7 hexagonal zinc
sulfide consists of platy crystals, 100 pm or so
rn width, which are banded with lamellar strips
of different birefringence. The observed varia-
tiot in birefringence is approximately from 0.002
to 0.013. The sphalerite areas within this zone
resemble the zone 6 sphalerite.

Er.BcrnoN MrcropronB ANALYSIS

Electron micropro e analyses were made at
the Department of Mineralogy and Petrology,
University of Cambridge, using a Geoscan oper-
ated at 20 kV, and calibrated as follows: Zn and
S (in zinc sulfide) with pure synthetic ZnS; Fe
and S (in pyrite) with a natural pure pyrite; Cd
with pure synthetic CdS; Cu with pure metallic
Cu; Mn with pure metallic Mn; Ca with pure
calcite; Mg with olivine (29.66 wt. Vo Me).
Matrix corrections were made with program
T.I. M.I. Forty-eight individual spot analyses
were made on the Pribram zinc sulfide (each spot
was counted in triplicate): Fe ranged between
O.8Vo and 2.2%, Cd between O.LVo and l.4%o ,
Cu from not detected lo O.IOVo, Mn from not
detected to O,A8Vo. and S between 32.lVo and
32.67o. The total weight percent elements is
consistently less than LNVo (-)$-99Vo), anrJ
subsequent analyses on the MAC 400 microprobc
in the author's Department realized similar dis-
crepancies. The raw count data for Zn and S
are both less than the corresponding data for the
ZnS standar4 and it seems likely that X-ray ex-
citation or emission in the zinc sulfide sample
was reduced by some physical factor, perhaps
poor conductivity.
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DrscussroN

X-ray diffraction studies of several single crys-
tlls of hexagonal zinc sulfide from zones L and
7 have indicated only disordered 2H wurtzite
(plus incoherent 3C sphalerite) and it seems
probable that all of the hexagonal zinc sulfide in
the Pribram schalenblende is disordercd 2H
wurtzite or a derivative of it. Thus the various
zones in the hand specimen, considered collec-
tively (Fig. 4), exhibit a very wide range in
structural state of disordered 2H wurtzfte. In
fact, the areas with low percent hexagonal close-
packed layers in zone 7b would be described as
disordered 3C sphalerite and probably have a
similar structural state to the Thomaston Dam
sphalerite (Fleet 1977). Much of the pribram
sphalerite has a diffuse, patchy anisotropy, and
for convenience in representation in Figure 4
the measured birefringence has been converted
to percent hexagonal close-packed layers using
the calibration curye of Figure 3. Ifowever,
stacking faults, such as those observed in hexa-
gonal zinc sulfide, are not expected in ideal 3C
sphalerite (Fleet 1977) and this anisotropy is
probably related to localized strain effects.

Ehrenberg (1931) demonstrated that much of
the sphalerite associated with ryurtzite in schalen-
blende appears to have developed from earlier
wurtzite. The textural relations in zones L, Z and
4 are consistent with this interpretation. Al-
though the sphalerite and hexagonal zinc sulfide
could have been deposited sequentially, such
composite zinc sulfide crystals should display
either well-defined (00.1) lamellae or regular
concentric growth zones and not the ragged in-
terfaces illustrated in Figures 1 and 2. Also,
zone 2 sphalerite is clearly a pseudomorph of
earlier hexagonal zinc sulfide. Furthermore,
since the lamellar areas within the hexagonal
zinc sulfide are often terminated bv transverse
stacking faults, the lensoid ordered 2H areas do
have a markedly relict appearance (they are
lrordered by areas of progressively decreasing
percent hexagonal close-packed layers), it does
appear that the disordered hexagonal zinc sul-
fide formed by rolid-state transformation of
primary 2E wurtzite. The rate and extent of
this transformation clearly varied markedly,
even within individual crystals. However, t}re
textural and structural-state evidence from the
Pribram zinc sulfide endorses an earlier sug-
gestion (Fleet 1976, 1977) that the 2H+3C tn-
version in nature proceeds in two steps, a sec-
ond-order solid-state transformation followed by
recrystallization via a fluid phase. The factors
which determine the point at which the final
recrystallization step is initiated are not well-

understood: Curiously, however, this structural
state moves to lower percent hexagonal close-
packed layers in passing toward the older zones
Fig. a).

This study has clearly established the useful-
ness of maximum birefringence in surveying the
variation in structural state in natural zinc sul-
fide assemblages. Some caution is called for in
the application of this technique, however, in
that birefringence merely indicates the percent
hexagonal close-packed layers and complemen-
tary X-ray diffraclion studies are required to
check for the presence of polytypes. An X-ray
powder technique for the overall percent hexa-
gonal close-packed layers in a zinc sulfide sam-
ple has long been established (Smith 1955).
Smith's data for Fribram zinc sulfide (8 and 40
percent) are not inconsistent with the present
study, but tley are very obviously average values
for the material analyzed and, as such, conceal
much useful information. It is strongly x€cortr-
mended that complementary petrographic stu-
dies be made in using the X-ray powder tech-
nique.
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