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ABSTRAcT

Reflectance spectra for cooperite PtS and braggite
(Pt,Pd)S from the type locality at Potgietersrus, South
Africa, were measured between 2100 and 700 nm. These spec-
tra, and qualitative descriptions of the grains, complete the
characterization of the minerals made in 1932 by Bamister
& Hey. The mineral association, optical properties and
reflectance spectra of cooperite, braggite and vysotskite PdS
from the Minneapolis Adit area of the Stillwater complex,
Montana, are also described. The data for cooperite and
braggite are compared with those for the type material; the
data for vysotskite may, in the absence of appropriate data
for the type material from Noril'sk, U.S.S.R., be consi-
dered characteristic for the mineral. Electron-microprobe
data are provided for all ofthe grains measured inthe reflec-
tance study, and VHN for most of them. The extraordi-
nary confusion that has surrounded the quantitative data
and qualitative descriptions of these minerals is described.
Reflectance spectra and color values demonstrate the false-
hood of the long-standing belief that cooperite resembles
pyrrhotine. The original descriptions (Schneiderhcihn
l929a,b) were not of cooperite but probably of the then.
unknown mineral braggite. This error was compounded
when the reflectance 'spectrum' of pyrrhotine, from the
supposedly cooperite-bearing concentrates, was mistaken
for that of cooperite.

Keywords: cooperite, braggite-vysotskite, reflectance spec-
tra, color values, optical characteristics, YHN, composi-
tional range, Potgietersrus, Stillwater complex,
platinum-group minerals.

SOMMAIRE

On a mesur6, entre 400 et 700 nm, le spectre de r6flec-
tance de la cooperite PtS et de la braggite (Pt,Pd)S de la
localit6 type, Potgietersrus (Afrique du Sud). Ces specfies,
ainsi que la description qualitative des gxains, complEtent
la caractdrisation des deux esplces amorc€e en 1932 par Ban-
nister et Hey, On d€crit aussi I'association min6ralogique,
les propri6tds optiques et Ies spectres de rdflectance de coo-
perite, braggite et vysotskite PdS du secteur dit Minnea-
polis Adit du complexe de Stillwater (Montana). Les don-
n6es sur la cooperite et la braggite sont compar6es i celles
des dchantillons types; vu le manque de donn€es pertinen-
tes sur le mat6riau type de Noril'sk (U.R.S.S.), les obser-
vations ici consign6es peuvent servir d caractdriser la vysot-
skite. On pr€sente les resultats d'analyses d la microsonde
6lectronique pour tous les grains dont on a d6termin6 la
r6flectance, et la durete VHN pour la plupart d'entre eux.
On ddcrit la confusion extraordinaire qui 6mane des des-
criptions, tant qualitatives que quantitatives, de ces espd-
ces. Les specfies de rdflectance et l'6valuation des couleurs

monfent que cooperite et pyrrhotine ne se ressemblent pas.
Les descriptions originelles de Schneiderhcihn (1929a, b)
portaient non pas sur la cooperite, mais probablement sur
la braggite, encore inconnue d 1'6poque. L'erreur s'est
aggravde quand le "spectre" de rdflectance de la pynho-
tine. extraite de concentres cens6s contenir de lia cooperite,
fut attribud d la cooperite.

(Traduit par la R€daction)

Mots-clds: cooperite, braggite-vysotskite, spectre de rdflec-
tance, 6valuation des couleurs, caract6ristiques optiques'
VHN, intervalle de composition, Potgietersrus, com-
plexe de Stillwater, min6raux du groupe du platine.

IurnoructroN

Cooperite, braggite and vysotskite are important
sources of platinum and palladium in many of the
world's largest deposits of platinum-group minerals.
It is thus surprising that their optical characteristics,
particularly those of cooperite and braggite, have
remained ill-defined since their discovery. At present,
theh identification with the microscope is uncertain,
owing to erroneous and conflicting descriptive and
quantitative data in the literature.

We first ericountered this problem in 1980 when
examining samples from the Minneapolis Adit area
of the Howland Reef (Bow el ol. 1982), Stillwater
Valley, Montana. Here, unusually, all three minerals
occur in close association but, during our initial
investigation, we were unable to identify them
without the aid of the electron microprobe. Indeed,
at first, we believed cooperite to be a new mineral
and braggite to be cooperite. Closer examination of
the literature revealed that the earliest descriptions
of cooperite (Schneiderh6hn l929a,b) were on
material of dubious authenticity. These descriptions,
and in particular a suggested similarity to pyrrho-
tine, are completely misleading. Unfortunately, when
cooperite and braggite were characterized @annister
& Hey 1932), their optical characteristics were not
determined. It remained for Edwards et al. (1942)
briefly to describe the qualitative optical properties
of a type specimen of braggite. The erroneous
descriptions and reflectance data for cooperite
(Schneiderhdhn 1929a, b, Schnederh6hn & Ramdohr
1931, Frick 1930) and the incomplete data for bragg-
ite hindered the identification of the minerals by ore
microscopy. Thus, although confirmation of their
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identity was certain by X-ray diffraction and
chemical analysis, the problem remained of identify-
ing the right mineral in the first instance. As a result,
until quite recently cooperite was regarded as a'rar-
ity' (Ramdohr 1980), and braggite was reported to
be a 'very rare mineral' (Picot & Johan 1982).

Attention was first drawn to the 'conflicting and
overlapping data' for braggite and cooperite by
Leonard et ol. (1969), who also noted that adequate
quantitative data were lacking. The situation
improved somewhat in the 1970s, when electron
microprobes and microscope-photometers capable
of measurements of spectral reflectance became more
widely available. The first spectral-reflectance data,
though restricted to four wavelengths that cor-
respond to the perceived brightness and color ofthese
minerals, were those of Cabri (1972) for braggite and
Schwellnus et ol. (1976) for cooperite and braggite.
More complete spectra and descriptive information
were reported by Picot & Johan (1977). Unfor-
tunately, the spectra and descriptions for cooperite
are transposed in their book and appear as for brag-
g$e (this mistake occurred at an editorial stage; Picot
& Johan, pers. comm.). Their description of
cooperite is also in error; it corresponds neither to
cooperite nor to braggite. In 1981, Cabri reviewed
the situation and concluded that the reflectance spec-
tra of braggite needed confirmation, that those of
cooperite needed redetermination, and that more
work was required on the qualitative optical proper-
ties of vysotskite. The latter, despite the uncertain
properties of braggite, had been characterized with
minimal optical data in l962by Genkin &ZWaejnt-
sev. In 1982, Picot & Johan published characteris-
tic reflectance spectra and descriptive data for
cooperite. Their R spectra for braggite are also
characteristic, but their description of this mineral
does not correspond to these spectra; in fact, it is
almost identical to the description of
Schneiderhdhn's cooperite rhat had previously been
reiterated in various forms in the diagnostic texts of
Farnham (1931), Ramdohr (1950 and all later edi:
tions), Schouten(1962) and Uytenbogaardt & Burke
(1971). Correct reflectance values determined at the
four wavelengths recommended by the Commission
on Ore Microscopy (COM) for braggite and
cooperite from the Rustenburg mine, South Africa,
were reported, together with brief descriptive notes,
by Kingston & El-Dosuky (1982). These authors go
some way toward resolving the confusion concern-
ing the two minerals; however, their assertion that
the incorrect description'of the color of cooperite
(tlat had become entrenched in the literature) is more
applicable to braggite has introduced a new source
of confusion. Further, their conclusion that the origi-
nal source of the mistaken indentity of cooperite
arose from a description of braggite-cooperite inter-
growhs is one that we cannot support.

Clearly, a thorough re-investigatioi of all three
minerals using procedures recornmended by the
COM was overdue. In particular, the confusion sur-
rounding the color and brightness of the minerals
required measurement of the dispersion of their
reflectance throughout the visible spectrum and cal-
culation from these spectra of unambiguous color-
values. More than this, we considered it essential to
relate these measurements to the composition of each
grain that was measured and to obtain X-ray data
for selected grains. We were fortunate in having at
our disposal the type specimens of cooperite and
braggite of Bannister & Hey (1932), as well as the
intergrown grains of cooperite, braggite and vysot-
skite from the Minneapolis Adit. The latter, fortui-
tously, occur in a matrix consisting predominantly
of pyrrhotine, pentlandite and pyrite; hence direct
comparison of cooperite and pyrrhotine was possi-
ble. What follows, therefore, may be regarded as the
completion of the characterization of braggite and
cooperite, with additional and more complete data
for vysotskite.

In addition to measuring the reflectance spectra,
calculating color values, and measuring micro-
indentation hardness (VHN) values, we examined in
detail the apparent color, brightness, bireflectance
and reflectance pleochroism ofthe minerals in plane-
polarized light, and their rotation tints between
crossed polars. This was done not only to complete
their characterization but to determine whether the
qualitative properties alone were sufficiently distinc-
tive to be used as a means of identification.

EXPERIMEI.ITAL PROCEDURE

All of the Pt-Pd-Ni-S-bearing samples from the
Stillwater Yalley examined (fourteen polished
mounts, ten polished grain-mounts, and five polished
thin sections) came from an unusually coarse-grained
pegmatitic gabbro from the first cross-cut of the Min-
neapolis Adit. These samples were selected from a
suite of specimens BM 1981, 134. The equipment and
polishing procedure used for the mounts and grain
mounts were described in Criddle & Stanley (1979),
Comminution, separation and mounting procedures
for the grain mounts are those described by Cabri
& Laflamme (lW6), The same polishing procedures
were applied to the grain mounts of the type speci-
mens from Potgietersrus as were used on the Still-
water samples.

The equipment and procedures used for measur-
ing the reflectance of all the samples are as described
in the Appendix to Cabri et al. (1981), except that
x 16 air and oil objectives, adjusted to provide effec-
tive numerical apertures of 0.2, were used. Micro-
indentation hardness measurements were made at
100-gram force with a Leilz Miniload 2 hardness
tester equipped with a Vickers indenter. The areas



selected for both sets of measurements were first
checked for compositional homogeneity with the
electron microprobe, a Cambridge Instruments
Microscan IX, operated with an accelerating voltage
of 20 kV and a beam current of 2.50 x 10-oA on
the Faraday cage. The pure elements Pt, Pd and Ni,
as well as FeS, were used as standards. The results
were coriected using the Cambridge Instruments
ZAF programme V028.

For the qualitative examination of the optical
properties of the minerals we used aLeitz Ortholux
Pol-BK microscope as well as the Zeiss MPM03
microscope-photometer. It was apparent that even
when using the same lightbulbs, adjusted to the same
voltage, and hence the same nominal color-
temperature of ca. 3100 K, the relative brightness and
the intensity of the rotation tints were greater with
the Leitz than with the Zeiss equipment. This we
ascribe to the longer light-path of the microscope-
photometer (it includes a modulator that extends the
light-path by some 16 cm). We recorded separately
with both instruments our observations concerning
the appearance of the minerals in plane-polarized
light and the sequence of rotation tints between
crossed polars and with the analyzer uncrossed by
3'. Allowing for slight differences in coloq percep-
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tion and vocabulary between the two observers, the
results were very consistent.

Initially, we were under the impression that the
rotation tints differed between the two microscopes
but, on checking our notes, it became clear that the
difference was not in the color but in the relative
intensity, or brightness. This phenomenon was most
marked in the polymineralic Stillwater samples,
where the eye was further confused by the rotation
tints of the associated minerals. As a result, in the
subjective terminology applied to the strength of
anisotropy and rotation tints (Galopin & Herry 1972,
p. 243), the anisotropy of the same mineral could
be described, depending on orientation and associ
ation, as weak, distinct, or strong. We emphasize this
point because rotation tints have recently been
recommended as one of the most important diagnos-
tic properties for ore minerals @icot & Johan 1982).

Oprtcal Pnopenrrss

Qualitative opticol datafor the type specimensfrom
Potgietersrus

Five discrete and monomineralic grains of
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I l . [ ' , t ,n'nxxilnnn
FIc. l. Photomacrograph of a polished section from Still-

water. The braggite B prism is characteristically frac-
tured. At both ends of the prism and to one side are
compositionally homogeneous areas of Wsotskite V. A
color Jilter was used to exaggerate the difference between
the groundmass (dark grey) of yellower pyrrhotine,
pentlandite and chalcopyrite, and the whiter F!, Pd sul-
fides. As a result, pyrite dispersed throughout the
groundmass also appears white. The bar scale is in rnil-
limetres.

braggite B. The section is oriented for R, cooperite.
Plane-polarized light.

cooperite from BM L932, L30L were polished in
mount E.700. In plane seclion all are anhedral, with
angular outlines and curved a16 angular embay-
ments. They vary in size from I to 1.5 mm. In plane-
polarized light in air they appear pleochroic from
white or creamy white to bluish white. They do not
appear to be bireflectant (c/ quantitative properties).
In immersion oil, under otherwise the same condi-
tions, they arc apparently pleochroic and bireflec-
tant from white (higher R) to bluish white. Between
crossed polars their anisotropy in both media is
strong. Their rotation tints between crossed and
slightly uncrossed polars are summarized in Table
l. None of the grains is twinned.

Three roughly equant grains of braggite fromBM
1932, l3M were polished in E.701. They are all
slightly less than 1 mm across and have rounded out-
lines (one has small angular embayments). In plane-
polarized light, in air and in oil, braggite is white
and very sliehtly bireflectant; it lacks reflectance
pleochroism. Its moderately high reflectance is simi-
lar to that of cpoperite. Between crossed polars, its
anisotropy is distinct in air and is reduced, to weak
to distinct, in oil (Table l). Like cooperite, all of the
grains are untwinned.

Thus, tHe features that enable the two minerals to
be distinguished where isolated in separate grain-
mounts, are 1) the absence in braggite ofthe apparent
reflectance-pleochroism of cooperite and 2) the much
more strongly anisotropic character of cooperite. In
our grain mounts we did not have any pyrrhotine
for comparison but this was remedied in the Still-
water samples.

Qualitative optical dota for the minerals from
Stillwater

The Stillwater samples offer an ideal opportunity
to compare the optical properties of the three Pt-
Pd-Ni-S minerals with pyrrhotine and with many
of the other minerals with which they are commonly
associated. Details of the mineral association and
paragenesis of the Minneapolis Adit samples are to
be reported separately; however, insofar as they have
a bearing on the diagnostic properties of the three
PGM, the association will be outlined here.

The three sulfides occur in a pegmatitic gabbro in
association with: major pentlandite, pyrrhotine, chal-
copyrite and pyrite, minor cubanite and nickelian
mackinawite, and accessory gold and the PGM, e.9.,
moncheite, isoferroplatinum, kotulskite, keithcon-
nite, palladian tulameenite and a number of other
unnamed minerals. Unusually large (by PGM stan-
dards) prismatic crystals of braggile, up to 8 mm long
(Fig. l), are not uncornmon. All of them are frac-
tured. They are compositionally homogeneous,
except that a distinctive rim of slightly more highly
reflecting vysotskite invariably occurs at the 'ends'
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of the prisms. In addition, as is shown in Figure l,
vysotskite may be separated from, but is closely
associated with, the braggite prisms. Cooperite was
not found in association with these euhedra. It occurs
as subhedral to anhedral inclusions, from 30 to 250
pm in size @igs. 2,3), within large (up to 15 mm)
irregular areas ofbraggite (Fig. 4). Vysotskite, which
was not found in direct contact with cooperite, is
invariably present as a selvedge to braggite at its
boundaries with the Fe, Ni and Cu sulfides (Fig. 5).
Texturally, theie is abundant evidence that vysotskite
was the last of the three PG sulfides to form and that
it replaced braggite: it forms thin selvedges to frac-
tures in braggite, 'healed' fractures, and finger-like
projections, or penetration textures (Fig. O. In this
latter form, the vysotskite changes in composition,
moving toward that of braggite the further it pene-
trates into the braggite from its boundaries $/ith the
other sulfides. In some instances the change appears
to have been sequential and is detectable optically
as a subtly stepped reduction in reflectance and inten-
sity of rotation tints. Compositionally homogeneous
vysotskite occurs as small and irregular areas near
the larger areas of braggite. Here, and in the thicker
selvedges to braggite (Fig. 5), guided penetration and
vermiform textures are common. The dominant
interpenetrant minerals are pyrrhotine, pentlandite
and chalcopyrite, although gold and the Pt-Pd tel-
lurides are not uncommon in these veinlets, which
are usually compound.

Our examination of the qualitative optical
behavior of the three minerals from Stillwater illus-
trates how the assessment of brightness and the rela-
tive intensities of color and rotation tints of one
mineral could be influenced by the presence of other
minerals in the same field.

In plane-polarized hghq cooperite from Stillwater,
unlike that from Potgietersrus, is bireflectant and
apparently pleochroic from white (higher R) to bluish
white in both media. Braggite, which surrounds it,
appears slightly lower rbflecting, slightly ereenish
white against white cooperite, and slightly higher
reflecting and pinkish white against the bluish white
cooperite. The higher bireflectance and more
pronounced pleochroism of the Stillwater samples
are, however, more apparent than real, as will be
demonstrated in the description of quantitalive
properties. In comparison with cooperite, pyrrho-
tine is significantly less bright and pale brown to pale
milky brown in color. Between crossed polars, the
anisotropy of cooperite is strong, apparently stronger
that that of the type specimens, and as strong, or
stronger than that ofpyrrhotine. The rotation tints
of cooperite from both localities are virtually iden-
tical and differ from those of pyrrhotine, a differ-
ence that is even more marked with the analyzer
uncrossed by 3' (Table l). Simple twinning was
observed in only one small graiu of cooperite @ig.

ffK,ff,ffilX-,nre,ffimn
Ftc. 4. Photomacrograph of an irregular area of inter-

grown braggite, vysotskite and cooperite from Still-
water, The centml and smaller grain of cooperite is illus-
trated in Figure 2, The bar scale is in millimetres.

Fff ,r +
;i;", t

.*,1j!,:.}1

Frc. 5. Oil-immersion photomicrograph of vysotskite V
' selvedge to braggite B with associated pentlandite Pe,
pyrrhotine Po and minor chalcopyrite. Note tle guided
penetration textures of chalcopyrite, pyrrhotine and
pentlandite in the vysotskite. Plane-polarized light.

FIc. 6. Oil-immersion photomicrograph of vysotskite V
selvedge to twinned braggite B. Note the optical
behavior of the vysotskite as it penetrates the braggite.
Slightly uncrossed polars.
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2), ard undulatory extinction, which may be due to
deformation, in one of the larger grains.

In plane-polarized light, the single crystals of
braggite are white and neither bireflectant nor
pleochroic; none is twinned. A characteristic feature
of the polycrystalline aggregates of grains that con-
stitute the larger anhedral areas of braggite is poly-
synthetic and simple twinning and, to a lesser extent,
kinkbanding [c/. Schneiderhdhn (1929a,b) on
cooperite, and Kingston & El-Dosuky (1982) on brag-
gitel. In these areas bireflectance is weakly percept-
ible. In fact, as will be demonstrated below, the
bireflectance is minimal, I to 1.590 in both media,
and lower than that of the Potgietersrus braggite.
Nevertheless, this small difference in reflectance is
within the visual threshold of the eye, and discrimi-
nation is helpeil by the small-scale twin lamellae
where bright and less bright lamellae are jucaposed.
Between crossed polars, anisotropy is distinct in air
for both the single crystals and the polycrystalline
areas (Table l). In oil, it is reduced to "weak" for
the single crystals but remains distinct (again, prob-
ably because of the juxtaposition of lamellae with
different hues and relative intensities) in the twinned
areas. It should be clear from the above, from Table
l, and from our comparison of the appearance of
cooperite and braggite, that there is little likelihood
of confusing the two, and it is equally improbable
that braggite could be confused with pyrrhotine.

TABLE 2. CHEM1CAL CO||IPOSITION OF COOPERI'TE, BRAGGITE AND VYSOTSKITE*

r-t.X E""*-=-g-pr Pd lli s rmat Pt Pd t{i s
gootrp.ite

F(IICIEENSTUS

0.6 0.? 13.9 1m.3 .98
o.5 0.? 74.7 99.1 .99
1.5 0.8 13.0 1@.3 .9?
0.6 0.4 13.8 99.5 .99
o.8 0.7 13.6 100.3 .99

6.5 0.2 74.9 7@.2 .a6
0.o o.7 74.7 70/J.7 .AA
0.9 o.2 14.4 1m.5 .aa
6.6 0.1 14.5 9S.7 .90
6.7 0.2 74.A Sa.8 .8a
5.5 0.2 15.9 100.2 .92

It has been suggested recently that in the isomor-
phous solid-solution series from braggite (Pt,Pd)S
to vysotskite PdS, the lJame vlsotskite be restricted
to mineral$ containing less than l0 mole q0 PtS
(Cabri et ol. 1978). This followed from the observa-
tion that, at the time, no members of the series con-
taining between l0 and 30 mole Vo PtS were known.
In our investigation, whereas most of the larger
grains ofvysotskite analyzed contain about l0 mole
9o PtS, a significant number of homogeneous and
inhomogeneous areas and grains were found in the
10-30 mole Vo PtS range. In this account, we will
limit ourselves to descriptions of those optical
properties of vysotskite that are characteristic and
to others that might cause confusion with braggite.
The latter arise from a gradual change in these
properties as the composition moves from that of
one end-member toward that of the other. A more
detailed account of the compositional variation in
the series, together with textural relationships, will
be reported separately.

In plane-polarized light, in air and in oil, vTsol-
skile (containing l0 mole 9o or less ftS) has a slightly
higher reflectance than braggite and is a slightly
creamier white. Neither bireflectance nor reflectance
pleochroism is detectable visually. In isolation,
homogeneous vysotskite could be mistaken for
braggite and vice verso. Similarly in intergro\rr'n areas,
where the constituents are inhomogeneous, it is
usually impossible to distinguish them by eye.
Between crossed polars, vysotskite is appreciably less
anisotropic than braggite, and its sombre rotation-
tints in air are even more subdued in oil (Table l).
Even more distinctive are the tints that are seen when
the analyzer is uncrossed by 3o (Table l). In un-
twinned areas these tints are less bright than those
of braggite but, when twinned, as is usually the case,
they are much brighter. Other, more unusual
phenomena were observed: a gradual 'bleaching' or
desaturation of the tints away from a saturated
centre, and a play of color resembling iridescence,
or undulose extinction of randomly oriented
aggregates of minute grains (no grain boundaries
were detectable, however, in these areas). Possible
explanations for these phenomena are compositional
inhomogeneity and deformation.

To summarize, the qualitative optical properties
of cooperite are sufficiently distinctive for it not to
be confused with other minerals. Those of braggite
and vysotskite similarly are distinctive, but they are
difficult to distinguish from each other except where
near end-member compositions occur together.

Quantitative optical dato

Reflectance spectra are reported for five grains of
cooperite from Potgietersrus and six from Stillwater,
three grains of braggite from both localities, and four
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grains of vysotskite from Stillwater; these were meas-
ured at an interval of 10 nm from 400 to 700 nm.
Measurements were made in air and in Zeiss oil Np
1.515 against a Zeiss WTiC standard no. 314. In
addition, several grains of plrrhotine from Stillwater
were measured for comparison, principally with
cooperite. Every grain measured was also analyzed
by electron microprobe (Iable 2), and as many grains
as practicable were indented to detetmine their VHN
(Table 5). The identity of grains representative of
each mineral was confirmed by X-ray diffraction.
The identification numbers quoted in all of the
Tables refer to individual grains in the different
polished mounts. It would be impractical to publish
the very large.amount of data that we obtained;
therefore, we have selected from the complete set
reflectance $pectra that are representative of each
mineral (Table 3). Similarly, although the complete
data-sets were used to calculate the color values, we
have omitted the chromaticity co-ordinates from
Table 4. The complete set are available for inspec-
tion at the British Museum (Natural History).

The reflectance spectra of. cooperite from Still-
water are similar to those of the type specimens from
Potgietersrus, but are less dispersed (Fie. 7) and less
bireflectant (cl, qualitative observations). Through-
out the visible spectrum the bireflectances in air and
in oil of the type specimens are 5-8 90, and those
of the Stillwater cooperite 4-690 (Tables 3,4). These
differences can be attributed to differences in com-

TABLE 3. REPRESENTATIVE N AND @F SPECTM FOR COOPERITE,
PYRRHOTINE, BMGGITE AND VYSOTSKIIE
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position: the Stillwater samples have consistently
higher Pd and lower Pt and Ni contents than those
from Potgietersrus (Table 2).

One of the grains from the type locality is isotropic
(E.700,O. The reflectances of this grain confirm the
assignment of Ro to the spectral curves of lower
reflectance. Hence, the sign of the bireflectance is
positive. Earlier, we pointed out that cooperite from
Potgietersrus is apporently pleochroic when
immersed and cooperite from Stillwater is apparently
pleochroic in both media. The reflectance curves and
color values (Table 4) show that the dominant
wavelengths )r7 (in subjective terms, the hues) of
both Ro and Re, are nearly constant, and hence the
mineral is, strictly speaking, not pleochroic. The

explanation for the perception of blue and white hues
is that the higher reflecting component Rr, is closer
to the illuminant point and at most half as saturated
(in quantitative terms, the excitation purity, P"9o)
as the Ro component. Thus, what is perceived as
reflectance pleochroism is nothing more than a
difference in brightness (quantitatively, the
luminance, Yslo) ard is properly a function of the
mineral's bireflectance.

Several grains of monoclinic pyrrhotine from the
same polished mounts were measured by N.S. Old-
field. From these measurements we selected represen-
tative spectra (Table 3) and plotted them with those
of cooperite (Fie. 7). Inspection of these data should
prove that there are no similarities between cooperite

"*::i:::::f;:::;:';;;;;;;;:1"1"""
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Frc. 7. R and ,z.i? spectra for cooperite from Potgietersrus (P, dotted) and Stillwater (S, continuous) compared with
pyrrhotine (py, dashed) from Stillwater,



and pyrrhotine. That point is made even more con-
vincing in Table 4; here the values are referred to
the two illuminants recommended by the COM, C
and A, with correlated color-temperatures ol 6774
and 2856 K, respectively. It will be recalled that our
qualitative observations were made with respect to
a lamp run at about 3100 K. It follows that our
descriptions will correspond most closely to the quan-
titative values for illuminant A. The brownish to
brownish white color of pyrrhotine is explained by
its fairly high saturation or excilation purity of about
l4v/o in air, and its hue, or dominant wavelength,
of about 588 nm. The fact that darker browns are
seen in oil is a consequence of it being more satu-
rated, with a P"of 20c/0, and less strongly reflect-
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ing (by about l39o) than in air. In contrast, cooperite
has dominant wavelengths in the 490 nm range, and
the reason that it does not appear more than slightly
blue is due to its low excitation-purities of l-4.8t/0.
In terms of relative brightness or luminance, the
bireflectance of cooperite immediately distinguishes
it from pyrrhotine and, although Wo Ry for pyr-
rhotine is about the same as Wo Ro for cooperite,
the two could not be confused because of the differ-
ences in hue and saturation.

The reflectance spectra of three grains of braggite
from both localities (Fig. 8), plotted to the same scale
as those of cooperite (Fig. 7), illustrate that the
mineral is much less bireflectant than cooperite. They
also show that, Iike cooperite, the Potgietersrus

OPTICAL DATA FOR COOPERITE, BRAGGITE AND VYSOTSKITE
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FIc. 8. R and,zR spectra for 3 grains of braggite from Potgietersrus (dashed lines) and 3 grains from Stillwater (con-
tinuous lines).
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braggite is slightly more bireflectant than its Still-
water counterpart. These slight differences can be
attributed, in the same way as for cooperite, to com-
positional variation (Table 2): the Stillwater grains
are more Pd- and less Ni-rich than the type
specimens.

In terms of color, the undispersed Ro spectra
indicate that the mineral will be white, lacking any
noticeable hue, but that it will take on the color
attributes of the light soluce, that is, it should appear
white to bluish white with a Csource and a creamier
white with the14 source. This fact is emphasized by
the very low levels of excitation purity ln Table 4.
The scatter of the dominant wavelengths is in-
significant since the chromaticity co-ordinates plot
within less than l9o of those of the illuminants. The

levels of excitation purity for R", are a little higher,
with the result that more consistent and reliable
dominant wavelengths of about 570-580 nm are
obtained. The difference in the dispersion of the
reflectance of the two vibration directions accounts
for the detection by eye of the small measured
bireflectance. One factor that is not readily explained
in terms of color science is the presence of pinkish
and greenish tints to the white braggite where it is
in contact with cooperite. We can only speculate that
as a result of differences in the polishing hardness
of the two minerals, we were observing Kalb light-
lines.

Vysotskite posed problems for reflectance meas-
urements since, unlike the other two minerals, selec-
tion of compositionally homogeneous areas large
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FIc. 9. Representative R and i-R spectra for vysotskite and braggite from Stillwater, Note the lower bireflectance of
vysotskite.
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enough for photometry required that a large num-
ber of composite braggite-vysotskite grains be ana-
lyzed by electron microprobe. As we have men-
tioned, the series was discovered to be continuous;
however, grains suitable for photometry are, with
the exception of a near end-member vysotskite, all
of similar composition, that is, they contain abour
l0 mole 9o PtS (Table 2). Also, owing to the ex-
tremely subdued rotation-tints and weak anisotropy,
it was not possible to be certain of the extinction posi-
tions of any of these grains. For this reason, it was
necessary to use the photometer to select reflectance
maxima and minima for each grain. This was done
at 560 nm.

The four grains measured have bireflectances of
less than 190 throughout the visible spectrum, dis-
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tinctly lower than that of braggite. The dispersion
of their reflectance also differs from that of bragg-
ite, as can be seen in Figure 9. It was not possible,
because of the low bireflectance, to determine which
of the two vibration directions measured corresponds
to Ro. This was assigned, by analogy with the Ro of
braggite, to the spectra of lower luminance. It will
be apparent from Figure 9 why vysotskite, when
adjacent to braggite, appears a creamier white and
slightly brighter; the reflectances of both vibration
directions of all of the grains are higher than those
of braggite above 520 nm. This is confirmed by the
color values in Table 4; the luminances of vysotskite
arc l-Zvlo higher in air and l-390 higher in oil than
those of braggite; the dominant wavelengths for the
.4 illuminant are nearly constant between 580 and

OPTICAL DATA FOR COOPERITE. BRAGGITE AND VYSOTSKITE
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Ftc. 10. Representative R and tmR spectra for cooperite, braggite and vysotskite. The ornament is the same for each
pair of curves and for both media. S and P for Stillwater and Potgietersrus, respectively.
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590 nm and, perhaps more importantly, the excita-
tion purities are 34Vo higher than those of braggite.

Thus there should be no difficulty in identifying
the end members of the braggite-lysotskite series,
but it seems likely that if grains intermediate in com-
position were measured, their reflectance spectra
would fall between the extremes shown in Figure 9.
This conclusion is supported by the qualitative obser-
vations ofgradational and stepped reduction in the
reflectance of vysotskite reported earlier.

To conclude this section, we have plotted represen-
tative spectra for the three minerals @ig. l0), includ-
ing examples from the type specimens as well as for
material from Stillwater. These spectra are charac-
teristic for the minerals. In our opinion, whereas the
qualitative properties that we have described could
suggest to the trained observer the possible identity
of one or other of these minerals, reflectance spec-
tra provide the only reliable means of confirming this
identifi cation optically.

Mic ro- inde n t at io n ha rdness

The published VHN values for cooperite and
braggite are few and contradictory; there are none
for vysotskite. All of our measurements were mace
with a Vickers indenter at a 100-gram force. Grains
were selected for their compositional homogeneity,
and the number of indentations made in each grain
was governed by its size. Wherever possible, at least
10 indentations were made, but fewer in the case of
the smaller grains of vysotskite and cooperite from
Stillwater (the actual number is shown as a subscript
to the mean VHN in Table 5). Our results are
reproducible, similar for the same mineral from the
two localities, and their precision is good (Table 5).
In terms of micro-indentation hardness, cooperite
is softer than braggite but in the same range as vysot-

TABLE 5. VALUES OF MICRO.INDENTATION HARDNESS
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skite. Pyrrhotine, by comparison, is softer than all
three.

Of the published data, only those of Cabri (1981)
agree with ours for braggite (his data for cooperite
were made at a different loading and so are not com-
parable with ours). Compared with our results, King-
ston & El-Dosuky (1982) obtained lower values for
braggite (mean YHN1g9 864) and higher values for
cooperite (mean VHN1* 939). In fact, their braggrte
values match ours for cooperite except that the hard-
ness anisotropy of their mineral is much lower and
similar to our braggite. The only other data avail-
able are those of Rozhkov et al. (1962) for identa-
tions at an unspecified load. For this reason their
data cannot be regarded with any confidence.

We have no reason to doubt that our data are as
accurate as the technique permits; whereas we do not
consider the VHN to be useful as a 'primary' means
of identification, we believe that it has some value
as a support to identifications made on the basis of
refl ectance determinations.

DtscussloN AND CoNCLUSIoNS

The main objectives of this study were l) to com-
plete the characterization of braggite and cooperite
made by Bannister & Hey (1932), our predecessors
at the BM(NH),2)to provide characteristic optical
data for Wsotskite (accepting that the material at our
disposal is not from the type locality at Noril'sk),
3) to dispel the extraordinary confusion that has sur-
rounded braggite and cooperite and that was
developing around vysotskite and, finally, 4) to
attempt to explain how this occurred.

We have shown that the qualitative properties of
cooperite are parti\ularly distinctive and those of
braggite and vysotskite are sufficiently distinctive for
end members of the series to be identified with some
confidence. Reflectance spectra for the three minerals
provide even greater assurance of a positive identifi-
cation, and have the added advantage of supplying
the data necessary for deriving unambiguous color-
values. In this, they remove the subjectivity of color
description and the assessment of relative brightness
which, even for the experienced microscopist, cause
confusion through the eye's ability to modify impres-
sions of color and brightness depending on the
appearance of the associated minerals.

It only remains for us to try and explain why the
original descriptions of cooperite were so mislead-
ing. When Schneiderhdhn described cooperite in
1929, itwas considered to be a platinum sulfarsenide
(Cooper 1928). This was revised by Cooper (1929)
to PtS2, and it was not until 1932 that Bannister &
Hey, using X-ray diffraction to identify individual
grains in the concentrates for wet-chemical analy-
sis, proved it to be PtS. Schneiderhdhn's (1929a,b)

#ifii il::
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descriptions of his mineral as white with a distinct
greyish yellow tint, with high reflectivity in air and
in oil, distinct anisotropy with grey-pink and grey-
green rotation tints, and characteristic polysynthetic
twinning, would not fit our description of cooperite.
This description of the appearance of his prismatic
grains does, however, correspond to a mineral which,
at that time, was unknown: braggite. In the same
papers, Schneiderhdhn recorded the results of Frick,s
determinationl with the reflection-photometer ocu-
lar of the 'absolute reflectivities' of cooperite tn
green, orange and red light. These values, 37, 37 and
3690, respectively, are exactly the same as those
determined at the same time'for pyrrhotine (and
within 290 of those for chalcopyrite). In l93l the
description was changed by Schneiderhdhn &
Ramdohr; the reflectance of cooperite was described
as similar to that of chalcopyrite and pyrrhotine, and
its anisotropy as weak. The reflectance values were
also revised to 41,34 and 34r/o (these were later
attributed to Frick by Ramdohr 1969). Frick, him-
self, reported (1930) slightly different values again
of 37.8, 37.8 and 36.40/o. Subsequently, Ramdohr
(1950), describing Schneiderh6hn's observations in
1929, stated that they were incorrect because 2 or
3 different minerals were considered as one. Obvi-
ously, fifty years after the event, we cannot be cer-
tain of what happened, but suggest that the most
plausible explanation is:

l. Schneiderhiihn originally described braggite as
cooperite (braggite, although found in concentrates
from the same locality by Bannister & Hey in 1932,
was unknown in 1929).

2, Theconcentrates examined by Schneiderhdhn
contained pyrrhotine, and it was pyrrhotine and not
braggite or cooperite that was measured by Frick
(1930), leading to the apparent identity of cooperite
and pyrrhotine. Frick's (1930) tables of reflectance
for the opaque minerals, except for a consistent
underestimate of the reflectance in green light, con-
form well with reflectances obtained with modern
microscope-photometers. So the fact that he repeat-
edly. obtained reflectances that match pyrrhotine
more closely than cooperite-braggite tends to con-
firm this error.

3. Schneiderhdhn accepted these values, and he
and Ramdohr in l93l noted the similarity between
cooperite and pyrrhotine. This was to remain firmly
entrenched in the literature into the 1980s.

Kingston & El-Dosuky (1982) suggested that the
original mistake made by Schneiderhithn (1929) and
repeated by Schneiderhdhn & Ramdohr (1931), Frick
(1930) and Ramdohr (1969), was that of confusing
braggite with cooperite and 'braggite-cooperite inter-
€rowths' as braggite showing'pleochroism'. Whereas
we consider that Schneiderhdhn's original descrip-
tion was that of braggite, not cooperite, this was not
a question of mistaken identity between two known

minerals. As we have shown, the optical properties
of both minerals are distinctive.

The explanation for the continued misidentifica-
tion of the minerals and the mistaken belief that they
are rare followed naturally from the acceptance of
the original mistake. It would, after all, be impossi-
ble to identify cooperite from the 1929 or l93L
descriptions. What is more difficult to understand
is how the mistake was perpetuated when combined
optical and electron-microprobe studies were made
of the PGM in the 1970s.

The qualitative and quantitative data in the liter-
ature for vysotskite are few and contradictory. Near
end-member vysotskite, we have shown, can be iden-
tified with some confidence. Its reflectance is not
lower than that of chalcopyrite (Genkin 1968), it is
slightly higher, but nowhere near as high as reported
by Vyalsov (197 3). The dispersion of his reflectance
spectrum for vysotskite is similar to that of our spec-
tra but is inexplicably 7-8Vo higher. Until such time
as type material from Noril'sk is thoroughly re-
examined, our data for vysotskite can be taken as
characteristic, as they are for cooperite and braggite.
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