L6,

L7,

L8,

L9,

51,
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A detriled study is required on the Pd-5bL phases in the Merensky
Reef. The Pd,S phas: located in this siudy conforms more closely

to mertieite II than stibiopalladinite.

The original composition and structure of nerenskyite determined
by the author has been verified many times since then by other
vorkers. However lengthy terminology like "platinian bismuthian

nickolean merenskyite" should be discouraged,
y

Mineral A is probably the same as the more recently described

temagamite,

Mineral C is similar to kotulskite but with considerxably more
bismuth, and is probably the same as the recently described new

nineral from Bissersk.

The question of the existence of a PdB(Te,Bi)5 phase is still

problematical,

The carly findings of the author's that kotulskite was Pd(Te,Bi)

has been verified by other workers,

The bulk of the platinoid bismuthotellurides crystallised with
chalcopyrite. Some very large crystals apnear to have grown frou
the silicate margins prior to chalcopyrite and even pentlandite

formation.

The relationship betueen merenskyite and kotulskite in this ore is
largely one of replacement, although examples showing mutual boun-
dary relationships are probably formed by complete segregotion of a
kotulskite-merenskyite solid solution. The replacement process

could coincide with the similar pzalladium netasomatism of cooperite.



52,

53.

- 39 -

BElectron-proiz nicroanalysis of the bisnuthotellurides without
ore microscovic and X-ray diffraction controls can lead to the
erronsous prorusal of 'new unnansd ninerals®,

Reflectance measurements, combined with qualitative observations
of their reflected-light properties znd intergrowth relation-

ships, can enable fairly confident identifications to be made on

This thesis has provided additional mineralogical evidence which
increases our conception of the presently emergiﬁg picture of
PGE mobility and fractionation during geological processes. In
particular it has emphasised that the PGM are an intimate part
of the total sulphide paragenctiic picture, are not foreign min-
erals or metals introduced into a 'favourable horizon' from some
hypothetical external source, and were formed at all stages of

th

@]

magnatic base-metal sulphide crystallisation time scale,

Th

(&)

texturzl data and interpretations which have been presented
are supported by the recent tentative conclusions on the arti-

ficial Pt-Pd-Fe-As-S system by Skinner et al (1976).
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The occurrence of platinoid bismuthotellurides in the
Merensky Reef at Rustenburg platinum mane in the
western Bushveld

By G. A. KixcsTox

Departnent of Mining Geology, Imperial College of Science
and Technology, London S.W.7

(With Plate XII)

[Read 20 April 1965]

Summary. Four different palladium and platinmm bismuthotellurides, one con-
taining major mercury, have heen identified in the ore from Rustenburg mine on
the Merensky Reef. The composition of each phase was determined by electron-
probe microanalysis, and X-ray powder data are presented for three of these
phases. Quantitative spectral reflectivity values at 470, 5406, 589, and 650 mp were
obtained on areas of 1-10u. Similar phases have been located in the ore from Union
mine.

Two of these phases are shown to be moncheite and kotulskite. From two electron.
Irobe microanalyses, kotulskite is shown to be Pd(Te,Bi). The other two phases
are new minerals: analysis of one of them gives the composition (Pd,Pt)(Te,Bi),,
containing 23-1 9, Pd, 1-895 Pt, 50-8 9, Te, 14-2 9, Bi, with strongest NX.ray
powder lines at 292 (10), 2-10 (6), 2-02 (3), and 1-54 A (3), and cell parameters a
3078 4.0-001, ¢ 5-123 £0-002; it is probably isostructural with moncheite, and an
isomorphous series may exist between them; the name merenskyite is proposed for
this mineral, after Dr, Hans Merensky who was mainly responsible for discovering
the platinoid bearing ‘reef’; it is commonly intergrown with kotulskite. For the
second new phase (Mineral .1), no X-ray data could be obtained, but a single
electron-probe microanalysis gave a composition of Pd 27-8 9, Hg 12 95, Te 38-5 9%
and Bi 16 9, suggesting the empirical formula (Pd,Hg)(Te,Bi).

HE Merensky Reef, named after the geologist Dr. Hans Merensky

who was responsible for the prospecting programme that led to its
discoveryin 1924, isa layer of feldspathic pyroxenite containing economic
amounts of copper, nickel, and platinoid elements. It occurs in the lower
part of the intrusive norite or mafic zone of the Bushveld Igneous Com-
plex, which is a vast composite body of extrusive, hypabyssal, and
plutonic rocks in the central Transvaal of South Africa. The Merensky
Reef or Merensky Horizon forms a generally continuous layer that has
been located and followed around most of the norite outerop. It is at
present being exploited in the western sector of this mafic zone at
Rustenburg mine, about 50 miles west of Pretoria, and also at Union
mine, 55 miles north of Rustenburg and about 6 miles west of Northam.
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The Merensky Reef at Rustenburg is a composite layer at the base of
which is a thin chromite band, resting on an undulating but sharp con-
tact with the footwall spotted anorthositic norite. The chromite band.
about one inch in thickness, grades rapidly up into a coarse feldspathic
pyroxenite commonly known to those exploiting this horizon as the
‘Reef’, averaging about one foot in thickness. The Reef or pegmatoid (as
suggested by Willemse (1964)) contains disseminated interstitial segre-
gations of copper-iron-nickel sulphides with which the platinum group
minerals are commonly associated. At or near the top of the Reef is
found a thin irregular and discontinuous chromite band of about 1 in.
thickness. The Reef or pegmatoid is overlain by a less coarse feldspathic
pyroxenite known to the miners as the ‘Merensky’. The contact be-
tween the two is sometimes sharp and sometimes gradational. The
‘Merensky’ pyroxenite is also gradational into the overlying hanging-
wall spotted anorthosite, although generally the top of it is about two
feet above the Reef.

In the northern outcrop of the Merensky Reef at Union mine these
units are still present although considerably thicker. The bottom one-inch
thick chromite band, resting on the undulating surface of the footwall
spotted anorthosite, is overlain by a very coarse feldspathic pyroxenite
of 10 to 18 feet in thickness that can be equated to the ‘Reef’ peg-
matoid at Rustenburg. A continuous one-inch thick chromite band
occurs at the top of this coarse pyroxenite, and is overlain by up to 20
feet of a finer grained pyroxenite similar to the ‘Merensky’ pyroxenite
at Rustenburg. This grades upwards, after about 75 feet, into a spotted
anorthosite. It is of interest to note that whereas at Rustenburg mine the
entire width of the pegmatoid, including the top and bottom chromite
bands, is mined, at Union mine a combination of the great width of the
pegmatoid and the generally much lower platinoid content of the bottom
chromite seam renders the extraction of the whole ‘Reef’ uneconomic
(Beath, Cousins, and Westwood, 1961). Fairly typical geological sections
through the Merensky Reef at Rustenburg and Union mines are illus-
trated in fig. 1.

Up to the commencement of the author’s investigations in 1962, the
platinoid mineralogy of the Merensky Reef was generally thought to be
fairly simple, consisting of five or six major platinoid minerals together
with a large proportion of platinum metal content accounted for by
Schneiderhohn (1929) as occurring in solid solution in the base metal
sulphides pyrite, pyrrhotine, pentlandite, and chalcopyrite. However
workers on other platiniferous deposits, in particular Stumpfl (1961),
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Borovskii et al. (1959), and Genkin et al. (1961, 1963), have described a
great variety of new platinoid minerals and it was thus reasonable to
suspect that many of these new phases, together with other unreported
ones, were present in the Merensky Reef. During the present study all
the previously recorded platinoid minerals from this deposit have been
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F1c. 1. Geological sections through the Merensky Reef zone
at Rustenburg and Union mines (after Beath, Cousins, and
Westwood, 1961).

recognized, and their identification confirmed with the electron-probe
microanalyser and X-ray powder analysis. A number of new phases were
identified, the most interesting of which are the platinoid bismutho-
tellurides. The frequencies of occurrence of the platinoid minerals in
polished sections of the ore from Rustenburg mine and Union mine are:

Rustenburg Union

ferroplatinum (Pt,Fe) minor common
palladic gold (Au,Pd) rare rare
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Rustenburg Union
palladic electrum (Au,Ag,Pd) minor minor
cooperite PtS common minor
braggite (Pt,Pd,Ni)S common minor
laurite RuS, rare common
sperrylite PtAs, minor minor
arsenopalladinite PdjAs v. rare not located
stibiopalladinite Pd.Sb V. rare not located
moncheite (Pt,Pd)(Te,Bi), rare rare
kotulskite Pd(Te,Bi) rare rare
merenskyite (Pd,Pt)(Te,B1), rare rare
mineral A (Pd,Hg), (Te,Bi), V. rare not located

More phases are undoubtedly present. Iridium, osmium, and rhodium
are known to be present in appreciable quantities but have not yet been
detected as separate mineral phases in the ore although minor quantities
do occur in most of the above minerals.

Determinative techniques

Electron-probe microanalysis. The electron-probe microanalyser used
in this study is a Cambridge Microscan Mark 1. This is a scanning ana-
lyser with a vertically incident electron beam and X-ray detection at an
angle of 20° to the surface of the specimen. It does not have paraxial
optics, but positioning is facilitated by the use of a back-scattered elec-
tron image also obtained at an angle of 20° to the surface.

The counts for the characteristic radiation are detected with a semi-focusing
spectrometer that incorporates a flow-proportional counter with a ‘dead time' of
5 usec. A pulse-height analyser is used for discrimination against unwanted noise
while scanning photographs are being taken, but it is rarely used while counting
in order to avoid errors due to pulse-height depression.

The count rates were corrected for statistical errors due to the ‘dead time’ of the
electronics, and also for counts due to the background radiation. The apparent mass
percentages given by these corrected count rates were further corrected to allow for
the following phenomena: absorption of the characteristic X-rays by the matrix
(using the method proposed by Philibert (1962)); fluorescence produced by the
characteristic radiation (using Castaing’s formula (1951)); the effect of the difference
in atomic number of the constituent atoms of the mineral (using Ziebold’s correction
method (1964)); and a correction for overvoltage was made by a modification to
Philibert’s formula made by Duncumb (1964). Background fluorescence effects
were ignored. The values of the absorption coeflicients used in the above corrections
were those given by Kelly (1966).

The standards used in the present investigation were an analysed 50/50 Pt:Pd
alloy (kindly given by Johnson and Matthey & Co., Ltd.), an analysed specimen
of calaverite, (Au,Ag)Te,. for tellurium, an analysed specimen of coloradoite, HgTe,
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for mercury determinations, and spectrographically pure bismuth. All specimens
for analysis were polished using diamond abrasives on cloth laps as described by
Barringer (1953). They were subsequently cut down to size and coated with a
50-75 A thick film of aluminium to render the surface electrically conducting to the
electron beam.

X-ray diffraction. In this particular investigation a procedure was re-
quired which would enable a very small (0-3-0-01 mm) and previously
analysed grain to be extracted, with minimum contamination from the
enclosing silicates and sulphides, and to be suitably mounted for X-ray
powder analysis. A steel needle, a tungsten carbide pick, and a micro-
drill were found too unmanageable and not practical for extracting such
small grains. However, by using a diamond marker in the way described
by Williams (1962) it was found that with practice very small areas can
be removed with some precision. A method devised by A. P. Millman
(pers. comm.), which entails using the Leitz Durimet microscope fitted
with a standard Leitz wedge-type scratch diamond, was found to have
a much greater precision of positioning.

The diamond, after being lowered on to the required spot, is moved, using the
micrometer stage, in the opposite direction to the normal one used for scratch
purposes. A mound of mineral powder is formed at the end of the scratch, the length
of which can be very precisely controlled. The mineral powder is mounted as
follows: a clean glass slide is taken and a spot of ‘Cow’ gum or other rubber solution
is allowed to adhere to it; the slide is then inverted and held over the polished
section whilst still observing the powdered area under the ore microscope with a
low.power objective (some refocussing is required because of the intervening glass
slide); the rubber-cement spot, which can now be seen through the back of the
glass, is lowered on to the powdered area to engulf the fragments of brokenmineral.
After a short while the solvent begins to evaporate and the cement can be rolled into
a ball containing the mineral powder. The slide and adhering rubber ball are then
raised from the <urface of the polished section. Further grinding of the powder can
be accomplished between two slides, as described by Hiemstra (1956), followed by
the mounting of the ball on the end of a glass fibre, The ball should generally not be
greater than 0-5 mm in diameter. The larger the ball the more scattering of X-rays
occurs with consequent fogging of the film. An X.ray photograph of a globule of
pure cement should be taken first since some varieties yield lines in the front
reflection region.

Before destroyving the rare mineral grains of these bismuthotellurides some
preliminary experiments, similar to those by Hiemstra (1956), and Genkin and
Korolev (1961), were carried out on cleavage fragments of galena to determine
approximately the minimum quantity of material required to produce a distinct
powder pattern. It was found that a cleavage fragment of dimensions 0-06 x 0-035 x
0-0253 mm and of approximate weight 0-6 ug produced a weak but measurable
pattern.

Spectral reflectivity measurements. Quantitative spectral reflectivity
values at wavelengths of 470, 546, 589, and 650 mu were obtained with
the Reichert reflex spectral microphotometer, which incorporates a
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photomultiplier tube and wedge dielectric filter. A description of this
together with the results of standardization experiments are given by
Santokh Singh (1965). This instrument enables rapid and accurate
gpectral reflectivity measurements to be made on areas down to 1pu
diameter and is invaluable for routine determinative work on opaque
minerals. In the present context the size of the area used for any par-
ticular mineral grain corresponded to the maximum flawless and flat
area available and ranged from 1 to 10y diameter. The rarity of grains of
a suitable size and having a flat area limited the number of reflectivity
values that could be made.

The author is indebted to 8. H. U. Bowie of the Atomic Energy Divi-
sion for the loan of an N.P.L. Measured pyrite (N.1915.1), which was
used in the present study as a standard.

Indentation microharduess values were obtained where possible with
a Durimet hardness tester fitted with a Vickers diamond, as described by
Young and Millman (1964). Because of the general by small grain size of
these platinoid bismuthotelluride phases in polished sections of the ore,
only a 15 g load could be used to produce a reliable indentation value.
The relative hardness, deduced from the polishing relief, was assessed
for each phase.

Bismuthotellurides of platinum and palladium

Although this is the first time that platinoid minerals of tellurium and
bismuth have been found and described in the Merensky Reef, the
presence of a Pd-Bi-Te compound was demonstrated in 1952 by chemi-
cal analyses of a non-magnetic portion of a concentrate from the
northern extension of this horizon at Union Mine by F. M. Lever, R.
Todd, and A. R. Powell of Johnson and Matthey Ltd. (pers. comm.). In
1962, in a preliminary investigation of the platinoid minerals with the
electron-probe microanalyser, the author found a number of white
strongly anisotropic laths, occurring in chalcopyrite and at the margins
of the iron—copper—nickel sulphide segregations, to be bismuthotellurides
of platinum and palladium. No X-ray powder data at that time could be
obtained for any of these phases because of their small size. Meanwhile
in 1961 Genkin and Korolev, in a paper describing a procedure for the
identification of small mineral grains by X-ray powder analysis and
microspectrographic methods, described the occurrence of similar
phases from the Monchegorsk deposit. In 1963 Genkin ef al. defined these
minerals more precisely, naming two of them moncheite, (Pt,Pd)(Te,Bi),,
and kotulskite, Pd(Te,Bi),,, as well as giving more data on michenerite,
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PdBi,, which was shown to contain tellurium as a major constituent.
Recently Stumpfl (pers. comm. 1965) has also detected by electron-probe
microanalysis the presence of a platinum bismuthotelluride from the
Dreikop platinum pipe in the eastern Bushveld.

The results of the present study confirm the presence of moncheite and
kotulskite in the Merensky Reef at Rustenburg mine. Two other bis-
muthotellurides are shown to be new platinoid phases: one of composi-
tion (Pd,Pt)(Te,Bi),, named merenskyite after Dr. Hans Merensky, is
possibly isostructural with moncheite and an isomorphous series may
exist between the palladium and platinum end members; the second new
phase (Mineral A), for which no X-ray data are yet available, is a grey
isotropic mineral having a composition close to (Pd,Hg)(Te,Bi). A pre-
liminary investigation of the ore from Union mine has also revealed the
presence of moncheite and a palladium bismuthotelluride phase optically
similar to merenskyite. A more detailed electron-probe study has still to
be completed. It is hoped that more occurrences of these phases will be
found at Union mine so that a comprehensive study can be made of them.

These bismuthotellurides occur late in the paragenesis as equant
grains 1-3 p in size enclosed partially or completely by chalcopyrite and
occasionally pentlandite (pl. XII, fig. ). Larger enhedral to subhedral
lamellae of 0-3 to 0-6 mm are more rarely found. Often clusters of small
grains are to be found isolated in nicroveinlets in the silicates together
with disseminated blebs of chalcopyrite. Except for the mercury phase
(Mineral A) all these platinoid minerals are white to cream in colour, are
anisotropic, and crystallize in the hexagonal system.

Moncheite

Moncheite (Genkin et al. 1961, 1963) was reported to occur as minute
grainsin chalcopyrite, pyrrhotine, and occasionally violarite in the upper
sectors of vertical veins of the Monchegorsk platinum deposits, commonly
intergrown with michenerite and kotulskite. Moncheite from the
Merensky Reef at Rustenburg mine is similarly associated with kotuls-
kite and other platinum tellurides enclosed by or adjoining chalcopyrite.
Generally it is in the form of blebs or fine laths of the order of 1 to 10 in
size (pl. XII, fig. 1). Only one large lath of sufficient size to enable its ex-
traction for X-ray powder analysis (200 x 60 1) has so far been located.
This occurred at a sulphide: silicate contact as a subhedral lath pene-
trating pyrrhotine along a pentlandite: pyrrhotine boundary (fig. 2);
pl. XII, fig. p).

Optical and physical properties. Moncheite from Rustenburg is a bright
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Fie. 2. X-ray scanning micrographs showing the distribution of platinum, iron,

tellurium, bismuth, and nickel in an intergrowth of moncheite Pt(Te,Bi), (mon)

and ferroplatinum (Pt,Fe) in pyrrhotine (pyrrh) and pentlandite (pent) in a polished
section of the ‘Reef’ pyroxenite.
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greyish-white mineral showing weak pleochroism in air. Under oil immer-
sion it is a light grey and exhibits a distinct pleochroism. Compared
with ferroplatinum it appears more grey and less creamy especially
under oil. When enclosed by braggite it appears greyish white but is
a bright white against chalcopyrite. Its anistropy is from distinet to
strong in air, according to orientation with light yellowish brown to dark
brown polarization colours. Although a reliable indentation microhard-
ness measurement was not obtained, it was seen to be approximately
of the same hardness as pentlandite when applying the pseudo-Becke
line test. Its reflectivity in sodium light, by visual comparison, was
between pentlandite and ferroplatinum and very much greater than
braggite or cooperite. Accurate measurements are given in table II. The
measurenients were made in air using a X 60 objective and 2 mm mirror
diaphragm. Two of the largest grains were measured.

Composition. Theresults of quantitative microspectrographic analyses
of four grains of moncheite from the Monchegorsk deposit by Genkin et
al.. and the results of electron-probe microanalyses of moncheite from
Rustenburg are tabulated for comparison in table I. The analyses 1, 2, 3,
and 4 were under conditions of constant specimen-current, and after
correction for absorption, using a correction procedure by Tong (pers.
conin.), they were still far from satisfactory but sufficiently accurate to
illustrate substitutional trends in the moncheite members.

One of the grains (table I, anal. 3; pl. XII, fig. p; fig. 2), confirmed by
X-ray powder analysis to be moncheite, was reanalysed at constant
beani-current. The analysis was corrected for absorption, atomic number
and fluorescence by the method previously outlined. This is presented in
table I under analysis 5. The empirical formula from this approximates
to that of the type moncheite, (Pt,Pd)(Te,Bi),.

The X-ray data for the Rustenburg moncheite are given in table II to-
gether with the type moncheite and the probable palladium end-member
merenskyite. The unindexed spacings may be due in part to contamina-
tion by pyrrhotine and pentlandite during extraction from the polished
section. Of the eleven indexed lines, nine agree closely with those for the
type moncheite. The discrepancies in intensity towards the back reflec-
tion region are probably the result of the minute quantity of powder
available and also possible disorder in the lattice.

Kotulskite

Kotulskite was first reported from the Monchegorsk deposit by Genkin
et al. (1961, 1963) and an approximate formula given, Pd(Te,Bi),-,.



TasLE 1. Results of electron-probe microanalyses and reflectivity values of some platinoid bismuthotellurides from Rustenburg Mine, and

quantitative microspectrographic analyses of moncheite and kotulskite from the Monchegorsk deposit by Genkin etal., 1963.

Moncheite Kotulskite

Merenskyite
Rustenburg Monchegorsk Rustenburg Monchegorsk Rustenburg
————— P P
Element 1 2 3 4 5 6 7 8 9 10 11 12 13 14
% before correction
Pt 172 26-2 349 39-4 410 — 10 1-5 —
rd 6.7 2-5 — — — 56-8 170 275 10-7
Bl 1Y) 72 16-7 17-0 16-0 183 21-0 142 157
Te 336 308 808 356 150 32:1 3140 502 540
2 — — — — — — — — —
(Fe,Cu,Ni) 50 6-0 30 3-0 — — — —_ —
9, after correction
It 186 284 370 42:0 38-4 22-3 274 259 30-8 —_ 11 — 1-8 —
rd a3 37 —_ — — 0 *2 69 46 45-0 388 3141 23-1 33:2
Bi 10-2 75 17:0 170 162 3§17 209 12:9 9-2 172 20-1 249 14-2 15-1
Te 103 407 3501 353 458 390 335 543 554 380 36-1 140 50-8 563
2 — — — — — — — — — — — - — —
(Fe,Cu,NI) 70 8-0 3-0 30 — — — — —_ — —_ — —
Reflectivity %,
Amp
470 — 53-0 — — 53-0 — — — — 55-1 53-0 — 61-8 609
56-8 56-5 57'3 534 62:2 61-4
546 — 532 — — 537 —_ — —_ — 60-9 687 — 64:3 632
DR'8 56-6 G4-4 61-1 65-2 64-4
.
H89 —_ 529 —_ —_ 533 «— ‘:3 E— 633 817 66 % 657 644
581 561 656 63-2 max, 670 66-0
650 — 52.7 — — 52-7 — —_ — — 652 64:1 — 650 643
59:6 549 67-9 66-2 67-4 66-6
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TanLe 11, X-ray powder data for moncheite (I’t,Pd)(Te, Bi), and merenskyite (Pd,Pt)(Te,Bi), from Rustenburg mine (Cu radiation, Ni filter
and 11-483 em and 6 em diameter cameras respectively), and for moncheite from Monchegorsk (Genkin et al., 1963) and artificial PdTe,
(Thomassen, 1929)

Moncheite
Rustenburg Monchegorsk Merenskhyite Artificial PdTe,
Hexaqonal i c a [ a c a [
cells 4062 5-346 1049 5288 3078 5125 1:028 5118
+0:002 +0:003 +0-004 +0:005 0001 +0-002 +0-003 +0°004
il d cale, d obs. I ohs. o obs, I obs. hkil d cale. d obs. I ohs. hkil d obs, I obs.
0001* 5325 525 50 5:32 60 — —_ — — — — —
— — 3-02 40 3:07 20 — — 3-07 30 — — —
1071* 2-932 2.94 100 2:93 100 1011 2:021 2-92 100 1011 2:89 60
— — 273 10 — —_ — — — — — — —
0002 —_ — —_ 2:66 10 — — 2:51 20 0002 2:56 20
1012* 2124 2-12 60 2-11 80 1012 2:088 210 60 1012 207 60
— — 2:08 20 — —_ — — — —_ — — —
1130* 2-028 2:03 60 2:02 70 1130* 2-015 202 30 1120 2:02 10
1121 1-806 1:885 20 1:888 10 — — —_ — — — —
- — 1-798 10 1712 20 —_ — — — — — —
0003 — — — — — 0003* 1-726 173 20 0003 1-71 20
— — 1-728 30 —_ — — — — — — — —_
2021* 1-668 1-668 40 1-664 60 — — 167 30 2021 1-65 30
1013 1587 1588 20 1675 50 — 1:61 20 1122 150 20
— — 1:534 20 — — 1013¢ 1543 1-54 30 1013 1-54 70
2022# 1+467 14471 20 1462 70 — 146 10 2022 144 50
0004 — — — 1-324 10 — — — — — — —
2130* 1-328 1-328 20 — — — — 1-39 10 1183 1-30 20
2131* 1289 1-280 10 1-282 70 0004* 1-288 1-29 10 0004 1-28 80
2023 — — — 14242 30
1014* 1247 1248 10 — —
2132 — — —_ 1182 50

* These indlces were checked, assuming a hexagonal symmetry, using a modified version of a computer programme by W. D, Hoff ¢t al. (1965). In this pro-
gramme the Indices were aceepled If [(sIn*@,—sin@e)] < 0-003. The drift constant K (1less, 1951) was assumed proportional to 3(cos'@/sind + eos*/f). Stan-
dard devlations of @ and ¢ were also determined. All refleetlons indexed were Included in the determinatlon of the cell parameters.

SAATINTTIILOHLAKSIA AIONILYId
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A similar phase from Rustenburg mine, considered to be kotulskite
from the evidence of the X-ray powder data (table III), is shown to
be Pd(Te,Bi) from two accurate quantitative electron-probe micro-
analyses. Kotulskite occurs in the Monchegorsk platinum deposit inter-
grown with moncheite and michenerite, and as separate grains enclosed

TasLE I11. X-ray powder data for kotulskite (Pd,Pt)(Te, Bi) from Rustenburg mine
(copper radiation, Ni filter and 11-483 em diameter camera), kotulskite Pd(Te,Bi),-,
from Monchegorsk (Genkin et nl., 1963), and artificial PdTe (Thomassen, 1929)

Kotulskite
Rustenhiry Monchegorsk Artificial PdTe
e e —ee e
a ¢ a ¢ a ¢
Herxayona 4145 567 119 567 4127 3663
cell +0-005 +0-01 +0-01 +0:01 +0004 +0-005
hkit d cale. d obs. I obs., 1A d obs. I obs. d obs. 1 obs.
ot — — — 1010 3-65 30 358 10
1011* 3032 303 100 1011 305 100 303 40
— — - 0002 285 10 — —
1012* 4 2 90 l()['.’. 2-24 90 2-22 R0
1120* 24071 208 70 2o 2-09 90 2-07 60
2021 1-711 1-72 20 2021 173 60 171 10
}‘l’,l,;? e } 1467 20 1013 168 60 1-67 50
- i { T
20220 1515 1:32 30 2022 1°53 70 1-31 80
— — 1-41 5 0004 1-42 20 1-42 25
1014* 1318 2o . - o -
2132 1-310 1-32 10 1()14 1-33 70 1-32 50
- — 1-23 10 2023 1-31 30 1-30 25
3031 1-170 - 2170 o 9
e N } 117 10 32 ey 80 122 100
1030 1-19 70 1-2} 50
2024 17 80 1-17 100
* See footnole to table I1. t Strong blackening of the filin In this region due to rubber.

in chalcopyrite. At Rustenburg mine it also occurs enclosed by or ad-
joining chalcopyrite, especially at the periphery of the chalcopyrite
where it abuts against the silicates. It is along the sulphide-silicate
boundaries that the larger grains of this phase and the other tellurides
occur. Kotulskite is also invariably intergrown with the new palladium
bismuthotelluride, merenskyite, which occasionally replaces it but often
shows mutual boundary relationships (fig. 3; pl. XII, fig. ¢).

Optical and physical properties. Kotulskite from Rustenburg is a
cream or pale yellow mineral in air and exhibits a distinet pleochroism
from a light cream to a slightly darker greyish cream. In oil it appears
more yellow and the pleochroism is more distinct. Moncheite and merens-
kyite compared with pale yellow kotulskite appear white and are easily
distinguished. Chalcopyrite against kotulskite appears greenish yellow.
It exhibits a strong anisotropy with polarization effects from grey to dark
bluish grey with the nicols completely crossed. Its polishing relief, com-
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pared with associated minerals, indicated it to be harder than chalcopyrite
and softer than pentlandite and merenskyite. One grain of this phase was
large enough to obtain two Vickers indentation microhardness values
using a 15 g load. The average of the two indentations gave a value of
VMH,; = 236. The indentation shape for kotulskite was symmetrical
with no fractures and straight to very weakly concave sides. Accurate
quantitative measurements of reflectivity are given in table 1. The
measurements were made in air using a X 32 objective and 2 mm mirror
diaphragm.

Composition. Two grains of kotulskite from Rustenburg mine were
quantitatively analysed with the electron-probe microanalyser using
constant beam-current conditions, and the initial percentages were
corrected for absorption, atomic number, and fluorescence as outlined
previously. The results are presented in table I together with the semi-
quantitative microspectrographic analysis of kotulskite from Mon-
chegorsk by Genkin et al. X-ray scanning micrographs showing the
distribution of palladium, tellurium, and bismuth in an intergrowth of
kotulskite and merenskyite are presented in fig. 3.

A phase, Mineral C, with similar optical and physical properties to
kotulskite, and which with stibiopalladinite formed a small composite
grain of about 30 u diameter in a late stage microveinlet cutting theearly
formed matrix silicates, showed, on analysis under conditions of con-
stant specimen-current (table I), a large bismuth content compared to
the previous analyses of kotulskite; tellurium was correspondingly
lower.

The X-ray data for the Rustenburg kotulskite are tabulated in table
III together with the type kotulskite and artificial PdTe for comparison.
Although the powder was exposed for 26 hr at 40 kV and 22 mA only
ten lines could be measured to a reasonable degree of accuracy. The fall-
off in line intensity towards the back reflection region is again probably
caused by the extremely small quantity of powdered mineral available.
The close agreement with artificial PdTe strongly supports the empirical
formula Pd(Te,Bi) for kotulskite derived by electron-probe microanaly-
sis. This is further emphasized by the lack of agreement with the powder
data for artificial PdTe,.

Merenskyite!

Merenskyite occurs in the sane manner as kotulskite with which it is
very commonly intergrown (fig. 3; pl. XII, fig. c). In reflected light it is

1 Name approved before publication by the Commission on New Minerals and
Mineral Names, International Mineralogical Association, June 1965.



828 G. A. KINGSTON ON

easily distinguished from kotulskite, which is pale yellow in colour,
whercas merenskyite is white in comparison. Moncheite and merenskyite
are not easily distinguished from each other, unless in close proximity,
when merenskyite can be seen to have a higher reflectivity and appears
slightly more creamy.

Electron Image Pd La

Te La Bi La

F1a. 3. X-ray scanning micrographs showing the distribution of palladium, tellurium

and bismuth in a composite grain of merenskyite Pd(Te,Bi), (mer) and kotulskite

Pd(Te,Bi) (kot) intergrown with chalcopyrite (cpy). Because of poor contrast the
respective phases have been outlined.

Opiical and physical properties. In air merenskyite is white with a weak
pleochroism from white to greyish white. In oil the reflection pleochroisn
is more distinct, from white with a slight creamy tint to light greyish
white. It is distinctly to strongly anisotropic, according to orientation,
with dark brown to light greenish grey polarization colours. No Vickers
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indentation microhardness values were obtained for this phase because
of the small size of the grains. The polishing relief indicated its polishing
hardness to be less than pentlandite, greater than chalcopyrite, and just
greater than kotulskite. Precise reflectivity values are given in table I;
measurements were made in air using a < 32 objective and 2 mm mirror
diaphragm.

Cemposition. An electron-probe microanalysis of a large grain (fig. 3)
of this phase, from which X-ray powder data were later obtained, was
made using constant beam-current conditions and correcting the initial
percentages for absorption, atomic number, and fluorescence. This
analysis (table I, anal. 13) gives a (Pd,Pt): (Te,Bi) ratio of 1-0:2-06
indicating the empirical formula (Pd,Pt)(Te,Bi),. The X-ray data for this
phase are presented in table II together with artificial PdTe, and mon-
cheite for comparison. As with previous phases only a minute quantity of
powder could be obtained and a 30-hr exposure at 40 kV and 22 mA with
Cu-K« radiation was needed to obtain a reasonable photograph. The
similarity of the patterns for merenskyite and moncheite suggests that
they are probably isostructural, merenskyite being the palladium end-
member of a possible solid solution series, and the close agreement of
both patterns with that for artificial PdTe, helps to confirm the above
formula. The X-ray data compared with those for artificial PdTe do not
show such a close similarity.

A further electron-probe microanalysis (table I, analysis 14) of a phase
optically identified as merenskyite and intimately intergrown with
kotulskite (pl. XTI, fig. ¢) suggested the empirical formula Pdy(Te,Bi);.
This may be an error, probably present in many probe analyses of
chemically similar phases complexly intergrown, caused by the inclusion
of sub-outcropping kotulskite in the irradiated zone of the analysis. How-
ever, in an equilibrium diagram for Pd-Te alloys (fig. 4) (2. 8. Medvedeva
et al. (1961)) it is significant that in the PdTe,~PdTe region, in the range
640-690° C, the alloys form a continuous series of solid solutions, which
break down below 640° C into a mixture of two solid solutions based on
PdTe and PdTe,. This could account for the Pdy(Te,Bi); phase as con-
sisting of merenskyite with PdTe or Pd(Te,Bi) in solid solution. This
relationship also helps to account for the invariable occurrence of
kotulskite, equivalent to PdTe, as an intimate intergrowth with merens-
kyite.

In conclusion it appears that merenskyite is the palladium end-mem-
ber of a possible solid-solution series with the platinum end-member
moncheite. It may also form a complete solid-solution series with
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kotulskite at high temperatures and only a partial one at normal tem-
peratures, an indication being the possible existence of Pd,(Te,Bi);.
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Fia. 4. Equilibrium diagram for Pd.Te alloys (after Medvedeva, Klochko, Kuznet-
sov, and Andreeva, 1961).

Mineral 4, (Pd,Hg)(Te,Bi),

This phase has so far only been located as four blebs, ranging from
2 to 5 pin diameter, intergrown with merenskyite. Its colour in airis light
grey but under oil immersion it is slightly darker with a brownish tint.
It appears to be isotropic. Values of reflectivity for this phase are pre-
sented in table II. From an examination of polishing relief it is softer
than merenskyite and chalcopyrite.

The composition of this phase as determined with the electron-probe
microanalyser is at present only semiquantitative because of the small
grain size and the consequent errors involved in such an analysis (table I.
anal. 15). This suggests a (Pd,Hg): (Te,Bi) ratio of 1: 1. The only other
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palladium-mercury minerals reported in the literature are potarite,
PdHg, and allopalladium, whose exact composition is uncertain but
which appears to contain palladium and mercury.

Paragenetic considerations

Although the mode of emplacement and the details of the subsequent
differentiation of the mafic zone of the Bushveld Igneous Complex are
still somewhat controversial, there are few who would not concede that
it was produced from a melt of basaltic composition, which did undergo
at least part of its differentiation in situ. Thus the paragenesis of the
minerals composing the Merensky Reef can be considered in the light of
fractional crystallization and sulphide immiscibility in an oxide-silicate
melt. One can envisage, as a result of these two processes combined with
gravity settling and related phenomena, the formation at one stage of
a compact coarsely crystalline aggregate of mainly pyroxenes with sub-
ordinate feldspars, with a sulphide melt rich in volatiles filling the inter-
stices. Reaction takes place between this sulphide melt and the early
silicates producing reaction minerals such as hornblende and biotite.
Graphite may also be formed at this time. Meanwhile from the interstitial
sulphide melt the base metal sulphides and platinoid minerals begin to
crystallize out in a certain order. In the Rustenburg mine this order is
relatively simple and early pyrite is followed by pyrrhotine, exsolution
pentlandite and primary pentlandite, and finally chalcopyrite with ex-
solved cubanite and mackinawite. One of the earliest formed platinum
minerals is ferro-platinum, which is commonly associated with pyrr-
hotine either as a fine graphic intergrowth, suggesting a eutectic rela-
tionship, or as euhedral partially corroded grains. The platinoid sulphides
and arsenides are slightly later and generally occur as euhedral aggre-
gates or isolated grains enclosed in pentlandite but often fractured and
veined by chalcopyrite. The bismuthotellurides, stibiopalladinite, and
arsenopalladinite are the latest formed platinoid minerals and are
commonly associated with chalcopyrite as included blebs and laths or as
discrete grains along sulphide-silicate boundaries. They are also found
as clusters or small grains in microveinlets along partings in the altered
early silicates. Tliese microveinlets may have been formed by reaction of
residual fugitive constituents with the early silicates. Thus the platinoid
bismuthotellurides appear to be of late crystallization and may be asso-
ciated with the residual ‘pegmatitic’ phase after the formation of the
main bulk of the sulphides as postulated by Schneiderhohn (1929).

The tendency at present is to allocate platinum minerals to a later
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stage of crystallization (Stumpfl, 1962) than was envisaged in past con-
ceptions of the geochemical behaviour of the platinum metals by
Schneiderhohn (1929) and Rankama and Sahama (1950). This trend of
opinion began as a result of the location of numerous new platinoid
phases in deposits and ores that from field evidence were of a relatively
late stage of crystallization compared to the early magmatic sulphides of
the Merensky Reef. Notable among these discoveries are those from the
Dreikop dunite pipe in the eastern Bushveld by Stumpfl (1961), from
the Urals, Norilsk, and Monchegorsk by Borovskii (1959), Genkin
(1959, 1961, 1963), and Betechtin (1961), and from Sudbury by Hawley
and Berry (1958). However, as regards the Merensky Reef 1t is apparent
that not all the platinum minerals are of a late stage of crystallization
as has been suggested by Willemse (1964). In fact, the chief platinoid
minerals at Rustenburg mine, cooperite and braggite, appear to have
crystallized early from the interstitial magmatic sulphides.

The presence of these platinoid bismuthotellurides is of interest as re-
gards the geochemical behaviour of tellurium during the fractional
crystallization of the sulphides. Their occurrence is in agreement with
investigations by Sindeeva (1959) and others who have demonstrated
that tellurium, although a close analogue of sulphur and selenium, tends
to form independent minerals even when present in very low concentra-
tions rather than to form solid solutions in the base metal sulphides. This
is explained as a result of the quite different atomic size and electro-
negativity of tellurium compared to sulphur. Selenium readily substi-
tutes for sulphur, as shown by Zaryan (1962) and others, and where the
concentration of selenium is low, independent selenium minerals will be
unlikely to form. In the Merensky Reef no selenides have yet been found,
although traces of selenium are probably present in the sulphides.
Platinoid selenides were reported from the Urals in the copper-nickel
sulphide ores of the Norilsk region by Zainullin and Pashinkin (1960).
but compared with the platinoid tellurides they were rare even though
there was more selentum than tellurium present in the ore. The results
of microscopic and chemicalinvestigations of the distribution of tellurium
in ores related to basic and ultrabasic intrusives by Zainullin (1960),
Pshenichnii (1961), Zaryan (1962), and others, show that tellurium is
concentrated in the later stages of crystallization and in particular in
the chalcopyrite-rich ores. The tellurium in the Merensky Reef appears
to follow this trend. Bismuth appears to behave in a similar way and in
these ores substitutes for tellurium as demonstrated in the various
analyses of moncheite in table I. This substitution would be expected
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from the close similarity in atomic radius of bismuth (1-55 A) and
tellurium (1-43 A).
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