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AssrRAcr

Bowieite (Rh,Ir,Pt)2S3, a new mineral species, is found
in three nuggets of platinum from Goodnews Bay, Alaska.
In linearly polarized reflected light, and compared to the
host, higher reflecting white platinum-iridium alloy,
bovdeite is pale erey to pale grey-brown; neither bireflec-
tance nor reflectance pleochroism is apparent. With polars
crossed, its anisotropic rotation tints vary from grey to dark
brown. Luminance values (relative to the CIE illuminanr
C) for R1 and R2, computd from full spectral data for the
most bireflectant grain, are 45.890 and,48.2t/o in air, and
30.590 and 33.090 in oil, respectively. VHNrco 1,288 (858
to I,635). Bowieite is orthorhombic, spqce group .Buc4 with
qs.asaQ)-8.n3(8),, 5.95(l)-6.N2(|, c 6.143(l)-6.121(8)
+, Z -- 4. The strongest six powder-diffraction lines [d in
A(l)(hkl)l are:. 0.77 26(ws)(10,3 l), 3.00(vss)(21 1,020),
0.7 87 7 (ws)(O r,237\, 0.7 7 68(w s)Q37), r.7 s7 (vs)(2 I 3),
2.A3(s)(022). Ddc 6.91-6.96 g/cm3. Some grains rhat are
2.6 to 3.8 atomic 9o metal-deficient occur as an optically
coherent rim on bowieite; the rim and the bowieite grain
are not optically continuous. The powder patterns of the
metal-deficient phase and of bowieite are identical, and no
distinction can be detected between tlese phases using quan-
titative measurements of reflectance.

Keywords: bowieite, rhodium-iridium-platinum sulfide,
new mineral species, Alaska.

Sovnaatnr

On trouve la bowieite (Rh,Ir,Pt)2S3, nouvelle espdce
min6rale, dans trois p6pites de platine provenant de la baie
de Goodnews (Alaska). En lumibre r6fl6chie lindairemenr
polarisde, elle est gris pile d gris-brun pale en comparai-
son du min6ral hOte, un alliage Pt-Ir blanc plus r6flectant.
On n'observe ni bir6flectance, ni pl6ochroisme de r6flec-
tance. Avec polariseurs crois6s, les teintes de rotation ani-
sotrope vont du gris fonc€ au brun fonc6. Les valeurs de
la luminance (par rapport i I'illuminant C du CIE) pour
R1 et R2, calcul6es i partir des donn6es sur le spectre com-
plet pour le grain le plus bir6flectant, sont: 45.890 et 48.2V0
dans I'air, 30.590 et 33.090 dans I'huile, respectivement.
VHNM = 1,288 (valeurs entre 858 et 1,635). C'est un
min6ral orthorhombique, groupe spatiaT Pnca, dont les
parambtres a, b et c varient de 8.454Q) d 8,473(8), de
5.995(1) d6.002Q), et de 6.143(l) e 6.121(8) A, respect!
vement; Z -- 4. Les six raies les plus inten;es du clichd de
diffraction [m6thode des poudres; a en AltlgzH;1 sont:
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0.7726(vvs)(10,31), 3.00(ws)(211,020), 0.7877(vvs)
(47 r,237 ), 0.7 7 68(w s) Q37 ), I . 757 (vs)(2 I 3 ), 2. 1 43 (s)(022).
La densit6 calculde varie entre 6.91 et6.96. On observe un
liserd optiquement cohdrent sur la bowieite qui accuse un
d6ficit de 2.6 i 3.890 (atomique) en m6taux; toutefois, les
deux phases ne sont pas en continuite optique. Leurs cli
ch6s de diffraction sont identiques, e1 aucune distinction
dans les mesures quantitatives de la r6flectivit6 n'a pu Otre
d6cel6e.

(Traduit par la R6daction)

Mots-clds: bowieite, sulfure de rhodium, iridium et platine,
nouvelle espdce min6rale, Alaska.

INTRODUcTION

Thrre platinum nuggets between 5 and 7 mm in
diameter and weighing 2.5 to 3.5 grams were recov-
ered from dredging operations on the Sahnon River
at Goodnews Bay, Alaska. These were acquired by
John B. Mertie, Jr. and donated for study in 1973.
Each was mounted in epoxy, sliced into several
2 mm-thick wafers and polished for study in reflected
light. The exterior of these silver-colored nuggets,
though rounded on protuberance, had impressions
or moulds of subhedral, nearly equant grains that
had apparently been removed by weathering. In addi-
tion to the Pt-Ir, Pt and Ir-Pt alloys, sparse native
osmium, laurite and silicate inclusions, we found an
unidentified, slightly anisotropic, anhedral grey
phase as abundant inclusions measuring 0.02 to
0.5 mm in the largest dimensions. Preliminary
electron-microprobe analysis indicated that this
phase contains major rhodium, iridium and sulfur,
with minor platinum. High-purity synthetic rhodium,
sulfur and rhodium-iridium alloy wire were used to
synthesize sulfides that were used as standards for
the determination of the composition and to esta-
blish an MrS, stoichiometry.

Bowieite is named for Dr. Stanley Hay Umphray
Bowie, formerly of the Institute of Geological
Sciences, London. Both mineral and name have been
approved by the I.M.A. Commisssion on New
Minerals and Mineral Names. Polished sections con-
taining analyzed bowieite Clable l) have been
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TASI! I. BLECTRON.UICRO?RO3E DAXA TOR BOI{IIITE powder-diffraction lines are reported and the strong-
est five lines [d in A(I)] are: 3.01(100),2.161Q0),
1.761(60), 1.729(80) and.1.269(6O). In Table 4 of
Keqiao et al. (1982), the indexed powder-lines do not
agree ryith the given cell-parameters, e.g., for tlle
2.115 A line indened as 400, a must equal 8.46 A
instead of 6.167 A as given in Table 4 and the text
(f,. 494). If the cell parameters given by Keqiao el
al. (1981,1982) aretransposed to be consistent with
convention, they become a 8.493, b 5.987 andc 6.167
A. These are all slightly larger than those reported
by Parth6 et al. (1967) for synthetic Rh2S3. Keqiao
et al. (1982, p. 493) reported a VHN2y of 575, and
mentioned that the mineral "is light greenish-grey
in colour, with a pinkish tint" (1981, p.767). Reflec-
tance values for 12 wavelengths are given for one
erain (1982, p.493) and are only slightly higher than
those of Cabri et sl. (1981) and the data reported
here.

PHYSICAL PROPERTIES

Grains of bowieite are usually anhedral (Fig. lA),
range from 60 to 400 pm in size and occur as
individual crystallographic units according to
anisotropism and extinction positions in polarized
reflected light. The only visible inclusions are white
Ir-Pt-Rh alloy grains, about 10-14 pm in size, which
are sparse in some gtains and relatively abundant in
others (Fig. lA,B). Scanning-electron-microscope
studies of polished specimens at magnifications of
25,000x sho.w no other phases in the optically co-
herent domains. Many of the bowieite grains are
irregularly fractured (Fig. lA,B), but the large frac-
tures are not related to recognizable crystallographic
directions. A phase more resistant to polishing abra-
sion than bowieite was found as a partial rim up to
0.06 mm wide adjacent to some bowieite grains (Fig.
1C). In all of these composite grains, the extinction
positions of the bordering phase are different from
those of bowieite i.e., the two phases are not in opti-
cal continuity. The composition of this subordinate
phase, although grossly similar to bowieite, differs
in that it consistently has lower platinum and higher
sulfur contents. In spite of attempts to distinguish
the bordering phase by X-ray-diffraction studies, all
the powder lines not belonging to inclusions of the
Ir-Pt-Rh alloy can be attributed to bowieite by
indexing. Similarly, quantitative studies of reflec-
tance indicate that if the bordering phase is a differ-
ent mineral, reflectance values cannot be used to dis-
tinguish it from bowieite. Indenting bowieite and the
bordering phase produced some minor or major
degree of fracturing at the corners of the indenta-
tions @ig. lc). Variation of Vickers hardness within
grains equalled or exceeded variation between grains;
thus no distinction could be made between bowieite
and the lower-Pt, higher-sulfur phase by the indent-

TEICITT PERCENF

Sralq Rh I! Pt S Toal lh Ii Pt

3t.2 32.4 8.8 21.2 97.6 l.16
33.5  32 .0  8 .0  25 .9  99 .4  t .2 r
32.4 30.6 9.7 24.6 97.3 1.23
31.7  31 .8  a .5  24 .5  96 .5  1 .21
30.8  35 .4  8 .3  25 .3  100.3  1 . t4
34.3 31.0 9.t 24.9 99.3 1,.29

nugget SBI-3

Al 42.5 20.4 10.5 26.0 99.4 1.53
D 42.4  21 .0  l l .5  26 .1  101.0  t .52
E 42.5  20 .5  10 .6  26 .0  99 .6  1 .53

Nlgget UCr69-1

3  3 8 . t  2 7 . !  7 . 0  2 5 . 8  9 8 . 0  1 . 3 8  0 . 5 2  0 . 1 3  2 . 0 3  3 . 0 0

Nogget Sl&.2 BoWIfnE

BO!{IE!TE, UEIAL-DETICXXIII

Nugget SM-2

t .o  27 .2  99 .1  0 .96
0.3  29 .3  97 .4  1 .16
r .2  28 .3  99 .6  r . l4
0 .1  28 .9  t00 .4  l . t2
0 .3  28 .8  t00 .3  1 .12
0.2  29 .4  r00 .3  1 .20

0.64
0.62
0.62

0.70
0.62

0.39
0.40
0.39

BI
B3A
c
D2
c l

0 .78

0.63
0.63
0.64
0.56

a. 28.4 42.5
83 36 .4  31 .4
Dl  34 .6  35 .5

a2 34.6 36.6
l.tl 37.9 32.8

0 . 1 7  1 . 9 7
0.15  1 .98
0.19  2 .04
0.17  2 .03
0.17  2 .0 r ,
0 .18  2 .09

0.20  2 . t2
o .22  2 . t4

0 .02  1 .78
0.01  1 .71
0.02  1 .79
0.01  1 .76
0.01  1 .77

3.00
3.00
3.00
3.00
3.00
3.00

3.00
3.00
3.00

3.00
1.00
3.00
3.00
3.00
3.00

llugget SRI-3

B  4 5 . E  2 3 . 0  t . 5  3 0 . 7  1 0 1 . 0  1 . 3 9  0 . 3 7  0 . 0 2  1 . 7 8  3 . 0 0

Nuga€t MCr69-1

F 26.5 46.2 0.5 21.2 t00.4 0.91 0.85 0.01 1.77 3.00

rsynthatlc atatr&lds, l-ray 11@a, etrd operatl,nS voltager PdS aird

Rb2S3 3 Xo, 7.5 Llt Rh5OIljO, Rh6OXr4O Ir l,r'c, 7.5 kVr Ir to, l5L9;

Pt00I!20 Pt to, 20 kV.

deposited as follows: SRA-2 (E.813) BMl983, 70 in
the British Museum (Natural History), London and
MCr-69-l in the U.S. National Museum, Smithso-
nian Institution, Washington, D.C.

Begizov et al. (L975) first reported the occurrence
of an isotropic (Rh,Ir)2$ from the Gusevogorskiy
massif, Urals; this phase has a composition of Rh
29.2, lr 44.6, S 2.4.1 vrt.tlo and was not previously
described. Subsequently, Cabi et al. (1981) described
a moderately anisotropic unnamed "RhrSr" in a
Pt-Fe alloy nugget from Ethiopia, with a composi
tion Rh 55.3, Ir 16.1, Pt 1.2, Ru 0.17, S 29,2 wt .r/0,
and gave reflectance data, but the grain was too small
for X-ray-diffraction studies. Parth6 et ql. (1967)
studied synthetic MrSr, determined the structure by
single-crystal studies, and obtained the cell
parameters by least-squares refinement of X-ray
powder-diffraction data as measured by diffractom-
eter; Ir2S3 was also synthesized and determined to
be structurally isotypic with RhrSr.

Keqiao et al. (1981, 1982) described strongly
anisotropic Rh2$ from Gaositai, Hebei Province,
China, with a composition of Rh 68.80 and S 31.05
fi.90; "X-ray single-erystal study showed that it is
of the o$horhombic system with o 6,167, b 8.493,
c 5.987 A, space group Pnca, Z = 4." Sixteen X-ray
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of nine (Rh,Ir)2S, syn-
analyzed by electron
X-ray diffraction are
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ing technique. The mean value obtained for 24
slightly fractured indentations on five grains of
bowieite and two grains of the bordering phase are:
VHNM 1,288, o 320, range 858-1,635.

The data for bowieite are unequivocally unique
for M2S3 compounds in which Mis dominantly Rh,
based on the study of the data for both the natural
occurrenses and synthetic systems presently known.
Several attempts to synthesize the lower-Pt, higher-
S phase produced compounds attributable to those
already known in the ternary system Rh-Ir-S, on the
basis of both X-ray powder-diffraction and quan-
titative electron-microprobe analysis of the synthetic
products.

The chemical of bowieite and metal-
deficient bowieite were by quantitative
electron-microprobe
and Pt-Ir alloys and
other than Rh, Ir, Pt, S were sought but not
detected at the 0.1 wt.Vo

Electron-microprobe
in three platinum-alloy

for ten bowieite grains

l. Each composition
are given in Table

the mean of 7 to l0
analyses on individual having optical con-
tinuity in reflected light. range m composmon
within each grain does not xceed about 4Vo ofthe

Ir,59o for Pt, and 190amount present for Rh
for S. Atomic were calculated on the

tional variation is illus-basis  of  S:3.  The
trated in terms of the system Rh-
Ir(Pt)-S in Figure 2, which shows compositions
of the minerals of et al. (1975) and Cabri
et al. (1981) and of rhe Ir- -Rh alloy inclusions in
bowieite. Mixtures sding to bulk composi-
tions ranging from (Rh,I to (Rh,Ir)o.ooSo.*
produced (Rh,Ir)rSr; no phase with a higher
proportion of sulfur was nd in these synthetic

using synthetic M-Ir
and RhrSr. Elements

materials. The
thetic phases
microprobe and studied
shown in Figure 2.

Compositional data eight grains of metal-
deficient bowieite are also in Table l. Chem-
ical homogeneity in these ins is comparable to that
in bowieite. The of composition among
grains are shown on an enl part of the sulfur-
rich portion of the system Rh-
Ir(+Pt)-S (Fie.3). ions of the minerals of
Begizov et al. (1975) and et al. (1981) are also
shown. Data for bowieite, ient bowieite
and adjacent pairs ofthe (e.9., grain SRA-2-D,
Fig. lC) are joined with lines. Whereas there
is a variation in the ions of Ir( + Pt) and Rh
(Fig. 3), the metal:sulfur for each group is

Frc. l. Reflected light photomicrogxaphs of bowieite. Bar
scale is l@ pm. A. Fractured grey gains of bowieite
in white Pt-Ir alloy of nugget SRA-2. B. Bowieite
Grey) with white Ir-Pt alloy inclusions, grain SRA-2-G.
Black (upper right) is silicate. C. Nomarski objective
photo of overpolished section showing grain boundary
(arrows) between bowieite (ower relief) and metal-
deficient bowieite (hardness-indentation damage), grain
SRA-2-D. Lower part of photo is Pt-Ir alloy with small
inclusions of lr-rich alloy.essentially invariant, error. A study
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ATOMIC PERCENT

SYNTHETIC MATERIALS
A pants i  ex at .  (L967) BO|^l I EITE

O ALLOY INCLUSIONS
-  SYNTHETIC MATERIALS
t PREsEttr stunv

Qorerzov et aL, (1s7s)

rllABRI et aL.

I rrS,

I  rS,

50 Rh2s3

Ftc. 2. The composition of bowieite, alloy inclusions, synthetic phases, and compo-
sitions reported by Beglzov et al, (1975) and Cabri et ol. (1981), in terms of the
pSeudoternary system Rh-Ir(+ Pt)-S.

of the variability of sulfur content was carried out
by performing six analyses on each of 33 grains of
bowieite and metal-deficient bowieite; this shows that
the average standard deviation from the mean of
each is only 0.25 wt.9o. The data of Table I show,
upon recalculation, that the composition of metal-
deficient bowieite differs from the ideal M,S.
stoichiometry of bowieite by 2.6 to 3.8 atomic %.
Thus the difference between the two phases may be
due only to a metal deficiency in the first, because
the X-ray-diffraction data show the two to be iso-
structural.

CnysraLlocnepgy

Material was extracted after microprobe analysis
and mounted for X-ray diffraction using a Gandolfi
114.6-mm-diameter etmera. Fragments of four
separate grains were used, two each of bowieite and
metal-deficient bowieite. X-ray powder-diffraction
data for chemically analyzed bowieite (SRA-2-81,
Table l) and metal-deficient bowieite SRA-2-F,
Table l) are given in Table 2. Fifty-nine lines of
bowieite and 58 lines of metal-deficient bowieite were
indexed on the basis of the given cell-parameters and

the orthorhombic cell Pnca in setting caD. The cab
setting of Pafihl et sl. (1967) rs retained because sym-
metry is more readily deduced from it than from the
standard setting obc, c<a<b. of space group PDcrz.

Three lines that are present in the metal-deficient
bowieite pattern (Table 2) are not listed because they
are due tp a face-centred cubic Ir-Pt-Rh alloy with
a 3.868 A: these lines are indexed as follows: 2.235
A 1t t t), r.s:: A (2o) and 0.864s L @q.The rather
large calculated errors for the pell parameters of
bowieite (e.g., 0.007 and 0.008 A, Table 2) are due
to the extreme line-broadening at high-20 values and
to the associated uncertainty in the indexation of
some spacings smaller than 1.00 A. ttris line
broadening is attributable chiefly to the poor qual-
ity of the spindle mounts, rather than to intrinsic
mosaic structure, because the lines of the Ir-Pt-Rh
alloy are also very broad on X-ray patterns of the
mounxs.

The first 30 X-ray lines (Table 2) of both bowieite
and metal-deficient bowieite can be indexed as those
of synthetic Rh2S3 given by Parth6 et al. (1967) as
listed on PDF card 2l-1017. However, the "hlfr
440" line is not present in any of the natural material
ofthe present study, and Parthe et al. (1967,Table

I r ( + P t )
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I BOII IEITE

. METAL.DE FICI EIIT
Bot l  I  E ITE

A gtctzov et aL,1975)

O CABRI  e t  a t , (1981)

A T O I , l
P E

Frc. 3. The composition of bowieite, metal-deficient bowieite, and compositions
reported by Begizov et al. (l%5) and Cabri et al. (1981), in terms of the sulfur-
rich portion of the pseudoternary system Rh-Ir(+Pt)-S.
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4) observed a "weak" intensity for this line. Only
five lines of bowieite and metal-deficient bowieite
are indexed differently, and the only lines not com-
mon to both are weak or very weak (Table 2).

X-ray powder-diffraction lines measured on addi-
tional separate grains of bowieite and metaldeficient
bowieite confirm that these two compositionally
slightly different natural materials could not be
uniquely distinguished on the basis of .space group,
although their cell parameters differ slightly (Table
3). The cell volumes of these natural materials and
the synthetic end-members Rh2S3 and Ir2S3 differ by
less than l9o. For all of these reasons, we believe
that there should be only one mineral name until fur-
ther research shows otherwise. Only highly accurate
and precise chemical analyses can distinguish
bowieite from metal-deficient bowieite, but X-ray
diffraction on powder and quantitative reflectance
and Yickers hardness measurements do not distin-
guish them. The name bowieite should include iso-
typic orthorhombic minerals having only minor devi-
ation from M2S3 stoichiometry, in which M is
dominantly Rh, and the space group, Pnca.

Oprrcel Pnopnnrns rN ReF'r.ecrEo LlcHr

Qualitative evaluation

In plane-polarized light, in air (at -3,200 K),

bowieite is, in comparison with the white to creamy-
white matrix, pale grey; neither bireflectance nor
reflectance pleochroism is apparent. In oil, its reflec-
tance is diminished appreciably and it appears a dar-
ker grey, but still without obvious bireflectance.
Anisotropy is weak; rotation tints range from dark
grey to very dark brown. With the allalyzer
uncrossed by 3o, the rotation tints are light khaki,
kjaki, grey, blue-grey, steel grey, khaki. It extin-
guishes symmetrically. An isotropic grain was not
found (cl, Begizov et al. 1975), although grain 5 of
the reflectance study is only slightly anisotropic.
Several of the grains are partly "rimmed" by metal-
deficient bowieite; the rim, up to 60 pm wide @ig.
lC), is not in optical continuity with bowieite.

In specimens prepared for the electron probe, a
marked difference in polishing hardness was found
between bowieite and the metal-deficient phase,
bowieite being much the softer of the two (Ftg. I C).
Polishing "relief is not, however, characteristic of
these minerals since, when the specimens were
reground and polished prior to the measurement of
their reflectance, no difference in hardness was per-
ceptible (Fig. lB).

Quant it at iv e ev uluqt ion

An attempt was made to measure reflectances of
bowieite in the visible spectrum on the grains that
had flrst been analyzed by electron microprobe.
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1A3IE 2. I-NAY POMEFDIFFRICrION PATTERN Or BOl'IEIfi IABLE 3. CTLL PAIA}' TER9 FOR BOITIEITS, UETAL-DEFICIEM
BOrXErfE, AND SYll[ErIC Rh2S3 AND Ir2S3

WIEITE

9-8.4s 4 <7 )' b:.6.002 <7 ),
g-6.121(s)t

BOrIBr1r, mTAr-DErrcIElT

g - 8 . 4 6 t ( t ) ,  2 - 5 . 9 9 5 ( l ) ,

9-6.r4:(  I  ) i

{$l dD@s dcalc hkt
Gral,u No.

a b c

(i) (i) (X)
v

(33)
g6st d@a Acalc ,tk'

4.23 4.23
3.82 3.82
3.06 3.06
3.00 3.01

3.00
2 . 7 1  2 . 7 0

2 . 5 5  2 . 5 5
2 . 3 5  2 . 3 5
2.29t 2.29t
2.143 2.t43
2 . u 6  2 . 1 1 4
2.079 2.077

r.8erb l:333
1.757 1.757
t . 7 3 7  1 . 7 3 9

t.724 L72A

1 . 7 1 0  1 . 7 0 6
1 . 5 9 4  1 . 5 9 3

1 . 5 7 6
1 . 5 7 3

r . 5 3 1  1 . 5 3 0
r . 5 0 4  1 . 5 0 5
1 . 4 9 9  r . 5 0 1
1.127 t .426

1.366 1.363
r . 3 f r  r . 3 5 3
1.345 t .346

1.328 I .327
1 . 2 8 4
1 . 2 8 0

1 . 2 7 5  t . 2 7 4
1.228 r.227
1.216 L.2t6
r . 1 9 0  1 . 1 9 0

t . 1 7 7

1 . 1 6 6  1 . 1 6 7

1 .  I  5 9  1 . 1 5 9
1 . 1 4 8  l  t 4 6
r . 1 3 5  1 . 1 3 5
1 . 0 9 5  1 . 0 9 5

4 . 2 2  4 . 2 3
3 . 8 3  3 . 8 3
3 . 0 6  3 . 0 7
3 . O O  3 . 0 1

3.00
2 . 6 9  2 . 6 9
2 . 6 0  2 . 6 0
2 . 5 6  2 . 5 7
2 . 3 6  2 . 3 6
2.294 2.296
2 . t 4 6  2 . t 4 5
2 . t t 3  2 . 1 t 5
2.07a 2.079
1 . 9 1 4  1 . 9 1 3

1 . 8 8 9
1 . 7 6 2  r . 7 6 2' t .743 

t .742
r . 7 3 1
1 . 7 2 A

1.708 t .707
1 . 5 9 5  1 . 5 9 7

t . 5 7 6
1 . 5 7 4

1 . 5 0 7  1 . 5 0 6

t.429 t .429
r.4t2 1.413
1.366 r.367
1 . 3 5 5  1 . 3 5 5
t.347 1.349
r . 3 3 9  ! . 3 4 0
1.330 t .329

t . 2 7 6  r . 2 7 6
t.229 1.230

1 . 1 9 1  1 . 1 9 0

1 . 1 7 9  r . 1 8 0
1 . r 6 7  1 . 1 6 6

200
1 n
o02
2 1 1
o20
02r
t12
t2r
3 t 1
2t2
o22
400
122
222

1 1 3

402
231
420
322

33r
5 l l

1 . 1 5 6  1 . 1 5 8  2 t 5
1.148 1.148 424
1 . 1 3 3  1 . 1 3 4  2 5 1
1.092 1.092 533
1.073 1.073 044
1.064 1.064 r44
1.0381 1.0385 352

I.0284 451
1.0270 640

1.0253 1.0255 7t3
1.0051 1.0051 253
1.0029 1.0026 344
0.9993 0.9992 060
0.9812 0.9812 335
^  ^ _ - - .  0 . 9 6 6 1  . 5 5 1
u' 'o ' )D 0.9626 126
0.9570 0.9567 444
0.9500 0.9502 062,045

0 . 9 3 9 3  l  s 4
0.938r 7ft

0.929t 0.9294 453
0 . 9 1 8 0  6 4 3
0.9163 326

0.9063 0.9060 t36,544
0.8900 0.8901 535
0.8875 0.8876 92I

0 . 8 6 6 8  5 1 6
u'd'od o.a667 44s
0.8537 0.8537 644
0 . 8 5 1 3  0 . 8 5 r 3  7 5 0

sRA-2-/

sta-2-A1.:,
*46

sRA-2-g

sii-r-/

nhrsJ
t4Z '

rt2sfi
*qot leport€d

422

240
024
233
t24
6 1 t
522

324

532

205
t 5 l

200
l l l
002
2tr
020
02L

310
3 1 1
212
o22
400
t22

4 l t
1 1 3

402

420

322
313

004
422
040
4t3

o24
233
t24

522
242
602
333
324
342
532
433
622

603 [
424
251
225 t]

8.454(7 '  6 .002(7 '  6 .121(8)  310.58

8.454(4)  6 .002(5)  6 .122(9 '  310.63

8 . 4 6 1 ( l )  5 . 9 9 5 ( 1 )  6 . 1 4 3 ( t )  3 1 1 . 6 0

8.473(8)  s .996(7)  6 .121(5)  310.97

8.462(3') 5.985(2) 6.138(2) 310.86

8.46s(2)  6 .0 r r (2 )  6 .149(2)  312.88

s 1.06& 1.063 144
d 1.0389 1.0389 352

1.0289 451
1.027 1 640

^  ^ - - , -  0 . 9 6 5 9  0 2 6w  u . v b r b b  0 . 9 6 1 4  2 6 t  n
! 0.9562 0.9556 444

^  ^ . ^ _ -  0 . 9 5 0 9  0 6 2
n  u . e 4 e ) D  0 . 9 4 8 6  0 4 5

bB o.er:or !;lllf ,t],'
h 0.9043 0.9042 460

n o.887eb 3:3393 iii
' o.'oo', i;iilj fr|
B 0.8540 0.8544 743
0  0 . 8 5 1 0  0 . 8 5 1 1  7 I 5
n 0.8401 0.8400 255
d 0.8315 0.8315 842
o 0.8149 0.8149 10,02

" o.eoes' !;!l!l ?i1
va 0.8026 0.8026 364
n 0.7980 0.7977 137

^ _^_-- 0.7880 47r
o ' t 6 t  t D  0 . 7 a 7 2  2 3 7
0.776Ab 0.1770 273
o.7747b 0.7746 065
o.772f,  0.7725 10,31

b lndlcates broad ll.ue, t designetes lines dlfferXog tnh&r.

114.6 mn kodolfl. canera, Nl-flltered CuLol, l-1.540598i. dcalc

based on reflBmeot ualnS ce1L Fa@ters givso.

* - N@be! of lL[eo used for ref,loeEetrt of, cell paraEecers.
!u*r"tt", 3/boqteite, Eeral. defl.cteqt, letothetlc ol
Patth' at al. (1967).

Unfofiunately, all of these grains were "domed" by
polishing (Frg. lC) and, although results were
obtained, tiey were inconsistent owing to the impos-
sibility of keeping the measured area level during
specimen-standard interchange. For this reason they
were rejected, and the specimens were repolished.
The procedure used was: 1. Hand gdnding with alu-
mina (particle size 15 pm) in water, on glass plates.
2. Machine polishing @ngis) with Hyprocel paper
laps, 6-3-1 pm diamond, with water as lubricant.
3. Hand finishing with a paste of Yapm alumina and
water on a Hyprocel cloth lap.

Measurements were made with a Zeiss MPM03
microscope-photometer equipped with a
Hamamatsu R928, type S-20 photocathode. The dig-
ital voltmeter of this equipment is interfaced with
a Hewlett Packard 9830 calculator as is a motor drive
for the continuous-spectrum interference-filter
monochromator, which has a band width of - 12
nm. Zeiss WTiC No. 314 was used as a standard,
and Zeiss immersion oil (no: 1.515), DIN 58 884
was used for measurements in oil at an ambient tem-
perature of 21'C. A 45' plane-glass reflector was
used for all measurements with x 16, NA 0.35 Air
and NA 0.4 Oil objectives. The diameter of the field
of measurement is 20 pm; the aperture diaphragm
of the illuminator was adjusted to give an effective
aperture angle, in both media, of 6o.

The grains, individually leveled on a Lanham level-
ing superstage, wers measured by the specimen-
standard interchange procedure. This procedure,
though slower than wavelength scanning, provides
more reliable results, particularly at the blue end of
the spectrum, where light levels are at their lowesr,
because the power supply to the photomultiplier and
amplification of its response can be optimized for
a given "wavelength". In addition to measurements
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made with a continuous-spectrum filter, "check
measruements" were made between 400 and 470 nm
at an interval of l0 nm with homogeneous
monochromatic filters supplied by Oriel. It was
found that the results obtained are in excellent agree-
ment. A further check on the reproducibility of the
reflectance spectra was made at the laboratory of
Drs. H. Piller and G. Schwartz, at Carl Zeiss in
Oberkochen, West Germany. Here, an automated
microscope-photometer was used in the wavelength-
scanning mode to measure one gtain of bowieite
under slightly different optical conditions. A Lan-
ham stage was not available, so the specimen was
mounted on plasticine and leveled by hand. Grain
5 of Tables 4, 5, and 6 was measured from 400 to
700 nm using a quartz halogen lamp and WTiC stan-
dard and from 380 to 780 nm using a xenon arc lamp
and an SiC standard. A grating monochromator was
used in both instances. The results obtained deviate
by not more than 0.690 absolute from the results
obtained by specimen-standard interchange in
London.

The selection of areas for measurement was based
on the absence ofpolishing scratches and alloy inclu-
sions and on the presence of "sharp" extinctions.
Grain 5 was the only "borderline" case in this

respect, since it is very nearly isotropic. A photo-
metric check of the light measured at the selected
"extinction positions" confirmed the settings. Flaw-
free grains of metal-deficient bowieite for which
electron-microprobe data were available were not
found.

REFLECTANCE DATA

In the visible spectrum, the reflectance spectra of
bowieite in air and oil are remarkably featureless
(Fig. 4), and the measured bireflectance for
individual grains is very low (Tables 4, 5). The sim-
plest way of assessing bireflectance from such spec-
tra is to use the difference in their calculated values
of luminance (Wo); this reveals (Table 6) that the
bireflectance varies from about l9o for the least
anisotropic grain, Grain 5, to about 2.590 for Grain
2. The color values of Table 6 also show that, with
the exception of the R1 value in oil of Grain 2, the
dominant wavelengths )ta are all in the yellow-
orange range, between 569 and 591 nm; however,
their levels of excitation purity (P"Vo) are very low,
from 0.4 to 3.190; indeed, their x and y values are
almost coincident with those of the C illuminant.
Thus in subjective terms, the eye will not distinguish

TABI,E 4. RETLECTANCE VAI.UES, IN AIR, TOR FI;\IE CRATNS OF BOI'IEITE, NI'GCET SRA

R 1

Grahr Cl

l@

400
410
420

4!.O

450
460
470
480
490

500

530
540

550
560
570
580
590

600
610
620
630

650
660
670
680
690
700

43.5 46.6
43.9 46.3
64.2 46.1
44.55 45.9
44.85 45.7

45.3 45.45
4 ) . )  4 ) . 4

4 t . t  4 ) . 4

45.8 45.45

45.9 45.5
46.0 45.55
46.1 45.6
46.L 45.65
46.2 45.7

16.25 45.8
46.3  45 .8
46.4 45.85
46.45 45.9
46.5 45.95

46,5 46.0
46,6  46 .05
46.6 46.1
46.7 46.2
46.75 46.3

46.8 46.4
46.8 46.5
46.85 46.6
46.9 46.7
46.95 16.7s
47,O 46.9

44.55 45.2 44.5
44.7 45,2 44.7
44.85 45.25 44.9
45.0  45 .3  45 .1
45.2 45,4 45.3

45.4 45.4 45.4
45,6 45.5 45.5
4 J . 6 )  4 ) . J  4 ) . O

46.0 45.6 45.7
46.t 4s.7 45.75

16.2 45.8 45.8
46.35  45 .9  45 .9
46.5 46.0 45.9
46.6 46.05 46.0
46.7 46.1 46.05

46.9 46.2 46.r
47.O 46.25 16,2
47.1 46.3 46.2
47.2 46.4 46,3
47.2s 46.5 46.35

47.4 46.5 46,4
47.5  46 .6  66 .6
47.6 46.6 46,45
47.65 46.7 46.5
47.7 46.8 46.6

47.7 46.85 46.65
47.7 46.9 16.7
47.7 46.9 46.8
47.75 46.95 46.85
47.75 46.95 tt6.9
47,A 47.O 47.0

44.9 45.7
45.2 46.05

45.85 46,7

46.2 47.0
46.5 47,2
46,7 47.5
46.9 47.7
47.1 47.85

47.1 48.0
47.45 48.1
47.6 48.2
47.7 48.25
47.8 48.3

47.9  48 .3
48.0  48 .3
48.1  48 .3
48.2 48.3
48.25  48 .3

48.3 18.25
48.3 48.2
48.35 48.2
48.4 48.2
48.5 48.2

48.55  48 .2
48.6  48 .1
48.65  48 . r
48 .65  48 .0
t  8 .7  47 .9

45.0  48 .85  45 . r
45 .2  45 .9  45 .2
45.4 46.0 45.3
45.55 46.05 45.45
45.8  46 . t5  45 .6

46.1 46.3 45.7
46.4 46.4 45.8

.46.7 46.55 46.0
47.O 46.7 46.1
47.25 46.95 46.2

47.5 47.r5 46,35
47.7 47.35 46.45
47.9 47.55 46.55
48.05 47.7 46.7
48.2 47.8 46.4

48.35 47.95 46.9
48.5  48 .05  47 .0
48.6  48 .1  47 . r
48.6 44.25 47.2
48.7 48.3 47.3

48.75 48.4 47.3
48.8 48.4 47.35
48.9  48 .5  47 .4
4a.9 48.6 47.4
48.95  48 .6  47 .4

48.9 4A.7 47.45
48.9 48.7 47.4
48.9 48.7 47.4
60.9 48.7 47.3
48.8 48.7 47.2
48.8 48.75 47.L
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TATLE 5. REFLECIAXCE VALUES, M oXL, FoR FM GRAlNs OF BOIIIEIT8, NUGCE? SBA

RI

Gralu: C1

30.5 32.L 29.9
30.4  31 .165 30 .0
30.25  31 .2  30 .05
30.15  30 .9  30 .1
30.1  30 .6  30 .15

30.1  30 .4  30 .2
30.2  30 .25  30 .3
30.3 10.2 30.4
30.4  30 .2  30 .5
30.5  30 .2  30 .6

30.7  30 .2  30 .7
30.8  30 .2  30 .95
30.9  30 .25  31 .15
3 1 . 0 5  3 0 . 3  3 1 . 3 5
3 1 . 1 5  3 0 . 3  3 1 . 5 5

3t .2  30 .4  31 .75
31.35  30 .5  31 .9
3 1 . 4  3 0 . 5  3 2 . 0
3 1 . 4 5  3 0 . 6  3 2 . 1 5
31.5  30 .7  32 .3

31.5s 30.8 32.4
31.6  30 .9  32 .45
31.6  31 .0  32 .5
3 1 . 7  3 1 . 1  3 2 . 6
31.7  31 .15  32 .65

3t,7 3r.25 32.7
31,7 31.3 32.7
31.75  3r .35  32 .7
31.8  31 .45  32 .7
31.8 31.55 32.6
3r .85  31 .6  32 .6

29.8 29.75
29.9  31 .5
30.0  30 .0
3 0 . 1  3 0 . 1
10.2 10.2

30.3 to.2
30.4 30.3
30.45  30 .4
30.6  30 .4
30.7  30 .5

30.8  30 .5
30.9  30 .55
3 r . 0  3 0 . 6
31.05  30 .6
3 1 .  l 5  3 0 . 7

3L,2  30 .75
3 1 . 3  3 0 . 8
3 t .35  30 .9
3 1 . 4  3 1 . 0
3 1 . 4 5  3 1 . 0

3 1 . 5  3 1 . r
3 1 . 6  3 t . 2
J I . O J  J I . J

3t .7  31 .35
3 1 . 8  3 1 . 5

3 1 . 8  3 1 . 6
3 1 . 8 s  3 1 . 6 5
31.85  31 .7
31.85  31 .75
31.85  31 .8
3 1 . 9  3 r . 8

3 1 . 6  3 1 . 0 5
3 1 . 5  3 1 . 2 5
3 1 . 4  3 r . 4
3 1 . 3 5  3 1 . 6
3 1 . 3  3 1 . 7 5

3 1 . 3 5  3 1 . 9
3 1 . 4  3 2 . 1
31.6  32 .3
3t.75 32.5
32.0 32.7

32.L5 32.8
32.35 32.95
32.55  33 .0
32.7 33.05
32.9 33.r

33 .0  33 .1

3 3 . 2 5  3 3 . 1
33.35  33 .05
33.4  33 .0

33.5 32.95
33.6 32,95
33.65 32.9
33.7 32.9

33.7  32 .9
33.7 32.9
33.7  12 .85
33.65  32 .8
33.65  32 .8
33.65  32 .8

30.r  30.75
30.25 30.85
30.45 31.0
30 .7  3 t . l
30 .9  31 .3

30.1
30.2

30.4
30.5

3t .2 31.5 30.6
31.4 31.65 30.7
31 .65  31 .8  30 .8
3r.9 32.0 30.9
32,2 32.15 3r .0

32.45 32.3 31.1
32,65 12.5 31.25
32,85 32.7 3r.4
33.0 32.8 31.5
33 .1  33 .0  31 .6

33 .25  33 .1  3 r . 7
33 .35  33 .2  31 .8
33.5 33.25 31.95
33.6 33.3 32.05
33.65 33.4 32.1

l@

400
4t0
420
430
440

450
460
470
480
490

500
5 1 0

530
540

560
570
580

600
610
620
630
540

550
660
670
680
690
700

33.65  33 .45
33,7 33.5
33.75  33 .5
33.8  33 .6
33.85  33 .65

33.85  33 .7
33.9 33.7
33.85  33 .75
33.8 33.7
33.8  33 .7
33.75 33.7

32,2
n2.25
32,3
5 Z - 5

32,35

32,35
32,3
32.3
32,2
32.15
32 .1

a hue, but rather it will "see" the mineral as whire
or grey. In fact, in polished section where the mineral
is surrounded by the more highly reflecting Pt-Ir
alloy, it is perceived as light grey in air and a darker
grey in oil, and its measurably low bireflectance is
not detected. For Grain 2, the complementary
wavelength X"for R, in oil is also a consequence of
the proximity of the calculated x and y values to those
of the C illuminant; they are so close that the angu-
lar relationship used to calculate the wavelength
produces a value that is without meaning.

In order to show the differences between the
reflectance spectra for the five grains of bowieite,
the scale of the ordinate on Figure 4 has been deliber-
ately exaggerated (note that the variation for all five
grains from the lowest value of R, to the highest of
R2 is about 390 throughout the spectrum). The data
available are too few to attempt to obtain the sign
of the bireflectance; it is doubtful, in view of the very
low bireflectance of the mineral, whether or not a
statistical approach would produce Ro R* and Ro
with any degree of certainty. Of all thd grains meas-
ured, only Grain 2 shows R1 crossing R2at 420 nm
in air and at about 417 nm in oil.

TAALE 6. COLOR VALOES IATEf,BED IO CIl IILOUINANI C FOR FNl!
elAInS 0r Io!{IEIIE ArD (8h,rr)2s3 oF Cd3EI at aL. (1981)

d P"%

R2

P %

E2
J

R2
J

0.313 0 .320
.3tl .3t7
.314 .320
.312 .3r8
.312 .318
.313 .319

0.314 0.320
.312 .316
.316 .322
.314 .320
.313 .3r8
.3r3 .320

4 0 . J  t r 4  l . )
45.8 591 0.4
46.9 577 2.0
46.2 579 t.L
46.1 577 1.0
18.4 577 t.4

1r.2 577 2.1
30.5 494c 0.5
31.8  579 3 .1
31.1  577 r .9
30.8 58r, 1.3
33.4 574 1.7

0.314 0.32r
.312 .320
.3r5 .122
.314 .320

.314 .321

0I!

0.315 0.323
.3t2 .320
.316 .324
.315 .322
.3r4 .32L
.314 .321

47.9 575 2.2
44.2 569 t.4
4E.3 576 2.6
47.9 577 2.1
46.9 577 !.6
49.2 575 2,1

33.0 577 2.9
33.0  569 1 .7
33.2 575 3.7
33.r s76 2.9
31.8 578 2.3
34.2 576 2.2

*tb€de data ale tbo€o of C€brtat aL. (1981)t sqd refei to a 8!a1!
sttb a bl,8bo! rhodi@ ard 1@r t rtdt@ cotrtoEt t[e! gra1tu
igported on he!e.
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FIc. 4. Quantitative reflectance spectra, in air and oil, for R1 and iR2 measured on six grains of bowieite.
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