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AsstRAct

Midrenerite was fognd in samples from the vermilion and Frood Mines, sudbury
alea as well as from a sample labeled "Copper Clifr mrrcentrates". Michenerite, as
redefined, is PdBiTe. The miieral is cubis a=O.OA0(S)4. Z=4, D= - 10'0 g/cms,
space group is n$. The strongest r-ray difiraction reflections are 2-97(10) (012),
d,zrts) (li2), z00s(10) (u3), t.zza(s) (123), 1.4s1(?) (r24), 1234(7) (025), and
0.8654(7) (137).

|1r hand specimens michenerite has the colour and lustre of galena ]ut shows con-
choidal fracture. Under reflected light it is creamish white with a tinge of grey in air
and in oil. Reflectances at 4lO, 56,589, and 650 nm are 58.2, 55.2, 54.3, arLd 547%.
Y}IN26, obtained fiom two drfierent grains is 3W3% (av. 321) and 304317 (an 311)
kg/mm2. The mineral has been synthesized.- 

Froodite has been confirmed 
'as 

monoclinic PdBi2, a = 12,70(2), b = 423(l)' c =
5.65(1)4 9 :102 32' (6). Reflectances at 470, V6, 589, and 650 nm are 57.7-61.3,
57 2-60.3, 568-60.4, 56.5-60.2%. YHN26 = 84 ks/ mmz.

INrnooucrrox

Though palladium is one of the two principal platinum group elements

to be produced from the Sudbury area' knowledge of the mineralogy of

Sudbury-arca palladium minerals is very limited. The only evidence, to

date, on the nature of the Sudbury palladium minerals is the unpublished

work of Michener (1940) and the proposal of the names michenerite and

froodite by Hawley & Berry (1958) for the two palladium minerals dis-

covered by Michener after superpanning mill concentrais from the arsenic-

and lead-copper-rich ores of the Frood mine. Michener had described

one as Pd2Bis, a : 6.654 ; in reflected light, light grey, isotropic, hard-

ness B, fracture uneven, and no observable cleavage; colour grey, lustre

dull, metallic, and streak black. This mineral was later named michenerite

* Mineral Research Program - Sulphide Research Contribution No. 71.
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by Hawley & Berry and assigned the fonnula PdBi, since the x-ray difirac-
tion pattern was very similar to that of synthetic PtBir. Unfortunately,
Michener's material was not available for study as all had been con-
sumed in the analyses.

Michener described the other mineral as PdBir, monoclinic, and with
the cell dimensions (determined from a single crystal by the late Dr. H.
Berman of Harvard University) a: 5.7I, b - 4.29, c : 6.37A, 0 :
I02o27t. The mineral had the following properties : colour grey ; streak
black ; lustre metallic ; splendant on fresh cleavage but tamishes readily;
fracture uneven; brittle; hardness 2.5; specific gravity 12.5 (by G. A.
Harcourt). Under reflected light : coloua light grey ; hardness B ; aniso-
tropiq light grey to dark grey. T'he single crystal examined by Berman
was lost but Hawley & Berry (1958) obtained a powder spindle for x-ray
diffraction and this was shown to be equivalent to synthetic o-PdBi".
Hawley & Berry named the mineral froodite, the natural equivalent 6f
o-PdBir.

Genkin et aI. (1963) reported michenerite from Monchegorsk and
obtained lhe compositions Pdo.nrPto.rrBio.rrTur.r. and Pdo.rrPtorrBio.rrTur'
from micro-spectrographic analyses and the unit cell a : 6,654(2)A,
Genkin et aI. further reported that the mineral could not be synthesized
without Pt and that the best formula was Pdo.ruPto.ruBiTe.

MarsRrArs axo Mnr:ron or Ixwsncerrox

Samples were obtained from the surface dump outside the abandoned
Vermilion mine, Lot 6, Conc. IV, Denison Twp., Sudbury area, Ontario.
One sample had visible gold and hauchecomite (ROM 29438), and the
other had a large sperrylite crystal (-3x6mm). A polished section con-
taining both michenerite and froodite is preserved at the Royal Ontario
Museum (M31189), Toronto; it was prepared from ROM M29438. Cuba-
nite-rich ore from the Frood mine was crushed and the sized fractions
passed through a superpanner. Four grains of michenerite were identified
in the - 200 + 270 mesh fraction. A sample of eight crystals labelled
'Copper Clifi concentrate", kindly provided by Dr. J. D. Scott, was found
to contain three crystals of michenerite.

The minerals were studied by ore microscopy, x-ray diffraction analysis,
and by the electron-probe microanalyser, X-ray difrraction powder data
were obtained by the film method using 57.3 and 114.6 -m Gandolfi and
Debye-Scherrer cameras. Film shrinkage corrections were applied, and the
unit cell parameters were refined by a least-squares computer prograul
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The compositions were determined using a Materials Analysis Com-

pany model 400 electron-probe microanalyser, operated at 25kv with a

,p""i*"r, current of aboui 0.03 microamperes. Corections were applied

,6ittg Edition VII of the program by Rucklidge (1967). Synthetic- PdBiTe

was us"d as a standard and it was syntheized by reacting high purity

elements in evacuated quarlz tubes. The elements were initially heated

for seven days at 450o C; then the clrarge was quenched, ground and

pelletized. It was melted at 6000 C, quenched, then annealed at 4000 C

io, ot 
" 

day. It was quenched again, ground and pelletized, and then

heated at 4500 C for three days. The unnecessasy number of steps taken

reflects the lack of knowledge on the stability of this compound when the

investigation was begun.

The samples were mounted in cold-setting plastic, polished on lead

laps and lighdy bufied on a cloth lap using minus 0.2-p alumina. The

reflectance values were obtained with reference to a silicon standard cali-

brated by the National Physical Laboratory, Great Britain, using a 16.5:1

objective with a numerical aperture of 0.40. The micro-indentation hard-

ness was measured with a Leitz Durimet tester.

Oprrcer, Pnvsrcel eNo CnsMtcer- PnopsnTrEs

Michenerite

In hand specimens the mineral has the colour and lustre of galena

but shows a conchoidal fracture. Under reflected light the colour in oil

and air is creamy white with a tinge of grey. It is isotropic and the re-

flectances at the four standard wavelengths 470, 546,589 and 650 nm are

58.2,55.2,54.3, and 54.7%, respectively (mean values for four grains)'

The range and mean micro-indentation hardness values for two grains

are : VHN,' : 320 - 325 (321) kg/mtr and VHNro : 304 - 317 (311)

kg/mm2 (5 indentations each).

The michenerite from the Vermilion mine was found associated with

gold, bismuthinite and froodite in one section (Figs. 1 and 2) ' In another

J"mpl" the mineral is associated with gold and a new unnqmed mineral

of composition Pd(Te,Sb,Bi) still under study. The mjc.henerite grains

from the Frood mine were associated with cubanite, chalcopyrite, hesite,

altaite, native bismuth, galena, and sperrylite. The three mic-henerite

crystals from the Copper Clifi concentrates had the highest antimony con-

tents.
The first microanalysis oI michenerite, using metal standards, indicated

that it had a small Pt content. Later analyses, reported in Table l, using
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synthetic PdBiTe, as well as Pt and sb metals as standards, shows minor
sb for 5 grains, but no Pt in any of the g grains examined in detail.
,- x-ray diffraction powder data for michenerite were obtained with Ni-
filtered cu-radiation using a 52.3 mm Gandolfi camera (Tabte 2). -fhe
unit cell edge, a - 6.646(5)A, compares favourably with that obtained
for synthetic PdBiTe using a 114.6 mm Debye-scherrer camera (Ni-fittered
cu-radiation), a:6.651(5)A (Tabre 2). Hulliger & Miiiler (toosy ,"-
port a. : 6.6564 for synthetic pdBiTe. Single crystal precssion photo_
graphs of the mineral confirmed the cubic ,y-*uiry 

"rrd 
,rrgg"rted that

thespace grcup was either Prn3 or px. However, duing the dJf,rmination
9f the crystal structure (J. D. chirds, pers. comm.) oJy th" space group
P2r3 wa1 found to tre consistent with ihu d"tu. Thereforg the'very weat
efira reflections on the powder pattem of synthetic pdBiie are probably
due to minor impurities. The density was calculated, to be about 10.0
g /cmswi thZ:4 .

Frood.ite

- under reflected light froodite is creamy white, with a pale brown
tinge in air. In oil immersion its colour is creamy white with 

-a 
brownish

Frc. l. Photomicrograph of michene-
rite (Iight Srey) irrte€rown with bis_
muthiniE (dark grey) and gold (white,
pitted). Scale in microns.

Frc. 2. Photomicrograph showing mi-
chenarite (m) in contact with froodite
(f) and gold (light grel pitted). Size
of micro-indentations show that gold
< froodite ( ( michenerite. in had-
ness. Scale in microns.
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Tasr;s l. Errcrnow Pnosr ANAr.vsrs or lwcnwrurB

wt-%

Pd
Te
Bi
sb
Pt
Total

240
288
46.5
0.4

n.d.
99.?

24.6
28.8
45.d

n o

n.d.
99.9

24r
28.5
47.0
n.d. *

n.d.
99.6

24.6
ns
.IJ.5

3.3
n.d.

I01.1

248
ns
43.0

J .J

nd.
101.0

24.8
n.6
43.1
3.0

r.d.
100.5

* Not detected,
I - Pd1.oo(Bis.eeSb6.61)Te1.sq with Au and frooditg Vermilion -Yit"'.-.
Z - pat.r.iSi..r.Sl...r)f.o.g, with Au and unnamed mineral' Verrnilion Mine'

3 - Pd;:;;Bi1.oofuo.r, - average of tlree grains,-Frood Mine.
4 - Pdt.;;(Bio-rrS6o.ir)rut.e1 - crystal No. 2, Copper Cliff concentrate.
S - pat.oo(Sii.rrSlo.tt;fe1 66 - cr/stal No. 3, Copper Cliff mncentrate.
6 - Pd;.;;@io.r*Sfo.t.)fe1.se - crystal No. I Copper Clifi concentrate.

Tasr.re 2. X-nav Dsneqrrorrr Dere ron l!ftcnsNenE ervp svrirrnstc PdBiTe

Michenerite
o = 6.646(5)A

/ d(meas.) d(calc.) hkl I

Synthetic PdBiTe
a : 6.651 (5)A

d(meas.) d(calc.)

I
10
8

I
I

10
2
A

8

0.5
I

4
7
^

2
I
6

3.33',&
2.97
2.71
235
2,D
2.t0
2.003
1.916
1.841
r.778
r.ffiz
1.610
1.567

1.486
1.451
t.4r7
1.357
1.303
1218

3.323
2.972
2.7t3
2349
2215
2,TOL
2.0M
1.918
1.843
r . r  ( o
1.661
1.612
1.566

1.486
1150
1.417
I .JJ (

1.303
r279

011
002
0r2
112
022
t2,
013
113
222
023
121
OM
28
114
I J J

u24
124
zJ3
24
IJ'T

115

0.5

t0
8
4

2
I
q

2
(
8
i

I
I
0.5
i

7

2
I
6

4748
3.321
2.974
z . t  t 5

2350
2217
2.r04
2.000
1.914
1.843
r.773
1.661
1.612
1.567
1.525
1.485
1.451
1.4r7
1.356
I en?

I2t9

4.7V2
3.325
2.W4
2:t15
2.351
2.217
2.103
2.005
I  O I O

t.w
t.777
r.662
1.613
1.567
1.525
t.87
1.451
t.417
- t . 5 J (

1.304
r279
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Tarr.r 2. X-Rav DrrmacrroN DATA ron IvhcnsNERmE arvl syw,"rsr,c pdBire (cont'd.)

Michenerite
a = 6.646(5)A

I d(meas.) d(calc.) hkl

Synthetic PdBiTe
a = 6.651(5)A

/ d(meas.) d(calc.)

7
6
6

u.5
2
3
J

I
I

2
5
.l

2
0.5
I
5
6
J

I

4
o

1

I

I
u.b

6
4
4
I
3

t.2u
L2l3
1.173
1.156
t.124
1.106
1.092
1.078
1.050
1.037
1.013
1.001
0.9909
0.9801
0.9596
0.9484
0.9399
0.9130
0.9045
0.8882
0.8654
0.8510
0.8442
0.8310
0.8243
0.8190
0.8120
0.8062
0.8003
0.7947
0.7836
0.7780
0.7731

t.2u
1.213
1.t74

1.r23
1.107
1.m2
1.078
1.050
1.038
1.013
1.002
0.9908
0.9800
0.9594
0.9495
0.9400
0.9130
0.9045
0.8882
0.8653
0.8510
0.8441
0.8308
0.82M
0.8181
0.8120
0.8060
0.8001
0.794
0.7833
0n79
an26

025
ta

w
?!25

2M
061
l r o

026
1%
335
226
245
136
44
%6
J.t)

t46
127
246
I J  I

u6
A I

008
256
l t8
337
028
ral
c(A

m
r66
138

6
U.J

0.5
2
J

J

0.5
U.J

J

2
J

t

2
0.5
0.5
4
o

J

a

o

4
0.5
u.b
n <
J

6

4
I

1234 1.235
1.213 L2I4
r.r74 1.175
l.rs/ 1.15"f
1.123 t.t24
1.t08 1.108
1.@3 1.093
1.078 1.078
1.052 1.051
r.037 1.038
1.014 t.014
1.002 1.002
0.9916 0.9914
0.9810 0.9806
0.9602 0.9600
0.9510 0.9501
0.9410 0.9406
0.9139 0.9135
0.90yt 0.9050
0.8886 0.8887
0.8668 0.8658
0.8525 0.8515
0.8453 0.8446
0.8316 0.8313
0.8248 0.8%:9
0.8190 0.8186
0.8130 0.8125
0.8063 0.8065
0.8004 0.8006
0.7950 0.7949
0.7840 0.7838
0.7785 0.77U
0.7737 0.?31

Intensities visually estimated.
* Measured from a 114.6 mm film, Gandolfl camera"
/V.8. Forr o.tra very weak reflections were observed on the pattenx of snrthetic

PdBtT" ar 2.031(0.5), 1.960(t), 1.365(0.5), and 1.343(0.5) whictr muld not
be indexed rhe exrra rdeclgn at 6.s18(0.5) can be'iniiexed as (@l) but
is forbidden by space group p213.
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grey tinge. It shows weak birefiection in air and in oil and is moderately

Lrirooofi". In air, the polarization colours are dark grey to very pale

brown or light grey. In oil immenion, the polarization colours are pale

brownish gt"y it dark bluish grey. The minimum and maximum re-

flectanc.us it470,546,589 and 650 nm are 57.6 and 6I'3,57'2 and' 60'3'

56.8 and 60.4 and 56.5 and 60.2%. These values were obtained from two

series of measurements on one grain. The second grain of froodite Was

observed to be twinned. Only one microhardness indentation was possible

and gave YHNr6 : 84 kg/mm'' This indentation is seen in Figure 2

*h"ru it can be"compur"dlo the slightly larger indentations for gold and

the much smaller indentations for michenerite.

The electron microprobe was used to compare the composition of froo-

dite with rhat of synthetic PdBi, ; they were found to be identical.

The r-ray powder difiraction pattern of froodite was found to agree

with that reporred by Hawley & Berry (1953) and the cell dimensions

a:12.70(2)o b:4.29(I) ,  c :  5.65(1)4, 0 :102"3/ (6) compare

favourably with thu cell dimensions determined by Berrnan (in Hawley &

Berry). The cell dimensions for synthetic cr'-PdBir, a: 12'700(2)'

b:'4.267(l), c:5.657(3)A, F: 102"29' also agree well with those

reported by Burr & Peacock ( 7942), exc€pt that they reported F : I02o52''

DtscussroN

Michenerite

The redefinition of michenerite as cubic PdBiTe was accepted by the

Commission'on New Minerals and Mineral Names, IMA by a vote of

16 to 0 with I abstention. The abstainero as well as 4 members who voted

YES, felt that since the type material is lost there may be a cubic mineral

with composition PdBir.

The Bi-Pd system has been carefully studied by Brazier & Hume-

Rothery (1959) and by Zhuravlev & Zhdandov (1953) and they have

shown that monoclinic o-PdBi, is stable up to about 3800 C. Above

that temperature it transforms to tetragonal P-PdBir, -*hf! melts at

about 485o C. Since o-PdBi, is identical to froodite (p-PdBi, has not

been found in nature) and 6ecause the michenerite of Miihener (1940)

and our mineral give identical x-ray diffraction powder pattems we must

conclude that the latter two are the same. The suggestion by Hawley &

Berry (1958) that michenerite is PdBi, was made strictly on the basis of

the similarity of its x-ray di$raction powder pattem to that of synthetic

PtBi, and ,rot on any compositional grounds since Miihener had actually



910 THE cANADTAN tvrrNEne.r.ocrsr

reportd PdrBis. The (013) reflection reported as doubtful by Hawley &
Berry apparently is not due to an impurity and therefore the proposed
similarity can no longer be true since this reflection is forbidden ty the
pyri-te space group of PtBir. correspondence with Dr. c. E. Michener,
kindly made available by Piofessor i. G. B"oy, shows that confidence in
the PdrBiu composition was not high; therefore it seems reasonable that
the mineral's composition is that which we reporr.

We have made an exploratory study of the pd-Bi-Te system and
found that Pd-Bi-Te melts at 48g+-2o c to two liquids of approximate com-
positions Bir.,Te and Pdu(TeBi)r. The analyses of natuial michenerite
show no deviation from the stoichiometric composition but suggest a small
replacement of sb for Bi and no sub,stitution of re for Bi in orr, ,a*p1ur.
Experiments at 4500 c show limited substitution of re for Bi (up to about

f{r.qrBl.*Tur.rr) but no substitution of Bi for Te. Deviation of fa , 1tu,
Bi) from 2.0 by more than 0.0001 along the pdrer-pdBi, join for weighed
compositions resulted in rwo phases. The wider variation of (pd,pt):(Te,
Bi) from 2.0, reported by Genkin et at. (1963) for one determination,
may be due to the limitations of the method of analysis (microspectro-
g-raphic). The compositions Pd"BirTeu and (pd,pt)rliiuTuu r"ponted by
Yushko-Zakharova et al. (lg70l are harder to evaruate sin"e ,ro details

{ -th" microanalytical conditions and treatment of raw data are given.
cabn (1972) suggests that these minerals are both michenerite. pdBire.

Frood,ite

Froodite from the Sudbury area has been confirmed and new d,ata on
the.optical and physical properties are given. The only other mineral
similar to froodite, in the literature, is "pailad,ium bismuthinide', d.escribed.
by chernyaev & Yushko-Zakharova (rg6s) from Monchegorsk. They re-
qgld a wide range in analyses (pdr.oBir.u_u.r) and assignedlhe composition
PdBia. No details of analytical pro""d"r"r""re given, so it is impossible to
evaluate this proposed,composition. pdBis is unknown in the pd-bi system;
t]nere ar9 Ro, compounds known between 

"pdBi, 
and pd. we have confirmed

this and, therefore, suggest that "pallad.ium bismuthinide,, is froodite
(PdBi,).

Summary

- The source of palladium from the Sudbury area deposits has been
shown to come from at least four minerals - michenlrite (pdBire),
froodite (PdBir), palladian melonite (Ni,pd,pt)(Te,Bi), (Rucklid'ge 1969),
and a new unnamed mineral pd(Te,sb,Bi). Further siudy is r{uired to
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determine the principal palladium minerals, their associations, and their
distribution. Such a study may result in a better understanding of some
of the ore-forming events and probably will also lead to the discovery of
other new or urueported platinum group minerals. Phase-equilibrium data
in temary systems of the platinum group elements are limited. Studies in
these systems would help in understanding such minerals.
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Apprruox

ADDENDUM : After acceptance of our paper we read the contribution
of Genkin et al. (L972) for michenerite from the Oktyabrskoe deposit which
is in good agreement with our data except for 1.8 wt./s Ag, not previously

reported in michenerite. This silver content may be questionable due to the

interference between Pdtl3, (l': 4.146) and Aglo, (), : 4.154) which the
authors did not discuss.
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