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AnsTRACT

Arsenides, sulpharsenides and antimonides are the main ore minerals in the
Cobalt-Gowganda. ores. The varieties present are nickeline, langisite, maucherite,
safflorite, loellingite, rammelsbergite, pararammelsbergite, skutterudite, cobaltite, gers-
dorffite, arsenopyrite, glaucodot, alloclasite, breithauptite and ullmannite. Some of
these minerals have large compositional variations, some have moderate, and others have
small variations. The minerals with large compositional variations are safflorite cobaltite,
nickeline, and gersdorffite, The variations correlate with the varieties of associated mi-
nerals and/or modes of occurrence as follows : 1) Safflorite and cobaltite, associated with
nickel arsenides particularly at the cores of arsenide rosettes, are enriched in nickel,
2) Safflorite associated with iron arsenides, particularly in the outer parts of arsenide
rosettes, is enriched in iron, 3) Nickeline associated with breithauptite contains up to
6.5% antimony, 4) A gersdorffite associated with rammelsbergite contains up to 61.5%
arsenic. Minerals having moderate compositional variations are rammelsbergite, skutter-
udite, glaucodot, and alloclasite, These variations do not appear to correlate with any
characteristics of the ore deposits. Pararammelsbergite and arsenopyrite have small
compositional variations, The pararammelsbergite is recrystallized and therefore its com-
position has probably been homogenized. Arsenopyrite is the last arsenide to have been
deposited in these ores, probably under conditions where it has a very narrow stability

field,

INTRODUCTION

Arsenides, sulpharsenides and antimonides of cobalt, nickel and iron
are the most abundant minerals in the Cobalt-Gowganda ores. The
minerals present are grouped as monoarsenides, a metal-rich arsenide,
diarsenides, triarsenides, sulpharsenides and antimonides. The character-
istics of these minerals, which were determined by studying polished
sections of approximately 1,000 samples, are described in this paper. The
methods of study included ore microscopy, x-ray diffraction, electron mi-
croprobe analyses, reflectance measurements, and microhardness deter-
minations. W. Petruk conducted the study and did the ore microscopy,
D. C. Harris conducted the microprobe analyses, and J. M. Stewart pro-
vided the x-ray diffraction data.

* Research Scientists, ** Technical Officer, Mineralogy Section, Mineral Sciences
Division, Department of Energy, Mines and Resources, Mines Branch, Ottawa, Canada.
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MONOARSENIDES
Nickeline (NiAs)

Nickeline is a common mineral in the Ni-As and Ni-Co-As assemblages
(pages 111 and 113), and trace amounts are also present in the Co-As
assemblage and wall rock. In the Ni-As assemblage, nickeline occurs in
massive arsenides, in botryoidal arsenide bodies, in arsenide rosettes, in
layered arsenides, and in arsenide veinlets. Nickeline in the massive arsen-
ides is present as masses with small amounts of cobaltite and breithauptite,
and as irregular grains intergrown with other nickel and cobalt arsenides.
The nickeline masses vary from a few inches to several feet in size and
generally occur at the ends of ore veins. Nickeline, in the botryoidal
arsenide bodies, is present in concentric nickeline and nickeline-rammels-
bergite layers (Fig. 49). That is arsenide rosettes occurs as irregular
grains at the cores and is surrounded by rammelsbergite (Fig. 50), whereas
that in layered arsenides occurs in layers that are parallel and adjacent
to the wall rock (Fig. 52). The nickeline in veinlets emanates from irre-
gular grains of nickeline, and is interpreted as representing a remobilized
phase.

The nickeline in the Ni-Co-As assemblage occurs as irregular grains
at the cores of rosettes (Fig. 54) and as veinlets emanating from the
irregular grains (Fig. 115) * It contains inclusions of cobaltite and is inter-
grown with breithaupite, silver, parammelsbergite, and other arsenides.

. The nickeline in the Co-As assemblage and wall rock is present as
veinlets and disseminated grains. Some veinlets are monomineralic and
others consist of nickeline, cobaltite, pararammelsbergite, and gersdorffite.

Chemical compositions of nickeline, in 16 samples determined by means
of the electron microprobe by using analysed nickeline as a standard, are
given in Table 19. The results show that the nickeline contains up to
6.5 wt.% antimony, 3.9 wt.% cobalt, and 0.7 wt.% iron. These values
are in general agreement with those reported by Halls & Stumpfl (1969).
Antimony in nickeline is highest in samples where breithauptite is present,
and low to absent where breithauptite is absent. Yund (1961) correlated
the d = spacing with the arsenic content in synthetic nickeline in the
Ni-As system, and this relationship was studied for the nickeline in
Samples Nos. 686, 828, and M-12218 which do not contain antimony. The
results suggest that the arsenic contents determined from d,,, do not agree
with analysed values (Table 19), but in fact they do agree within the limits

of experimental accuracy. The d,, values for the nickeline in the other

* Page 183.
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samples studied are also given in Table 19. The values were measured
from 114.6 mm x-ray powder diffraction films corrected for shrinkage.

The x-ray powder diffraction pattern, reflectance spectrum, and micro-
hardness data for the nickeline in Sample No, M-12218 were reported
earlier by Petruk et al. (1969).

An application of the nickeline data to Yund’s (1961) phase equili-
brium diagram may provide some idea of the depositional temperature
of the mineral. The nickeline in the massive arsenides and the botryoidal
arsenide bodies in the Ni-As assemblage coexists with rammelsbergite and,
to a small extent, with pararammelsbergite. This indicates that it was
deposited at temperatures at or above the rammelsbergite-pararammelsber-
gite inversion temperature of approximately 590° C. The nickeline in

TasLe 19. CompostTiONs AND dyg3 VALUES FOR NICKELINE
FroMm THE Corarr-Gowcanpa ORes

As
Sample A N re T T Totl ek T
dios
836 Ni-As  ramm, 455 07 nd 558 03 1023 1.4782
M11594 Ni-As pararamm, 446 06 — 544 — 1.4782
ramm, +
355 Ni-As pararamm, 423 06 nd 544 20 993 14788
470 Ni-As breith, 430 04 0.7 520 53 1014 14789
828 Ni-As gersdor, 438 06 nd 559 nd 1003 14772 568
686 Ni-As pararamm. 440 04 — 560 nd 1004 14770 568
MI11764 Co-As —_ 435 nd — 535 —
M11636 Ni-As pararamm, 440 06 — 555 — 1.468
M12218 Ni-As pararamm, 451 02 01 571 =nd 1025 14770 3568
9573 Ni-As ramm, 47 nd — 554 nd 14777
9503 Ni-As — 40 nd — 560 —
157 Ni-Co-As pararamm, 435 nd — 554 14 1003 14788
633 Ni-Co-As — 431 nd 01 551 15 998
687 Ni-Co-As breith. 411 09 — 506 65 991 14819
mauch. + )
M 8922 Ni-Co-As breith, 406 32 — 541 43 1022
mauch. +

M 8700 Ni-Co-As breith, 392 39 — 533 32 996 14845

nd = not detected ; — not analysedv
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the Ni-Co-As assemblage, the next assemblage in the depositional sequence
of the Cobalt-Gowganda ores, and the nickeline in veinlets in the Co-As
assemblage and wall rock, coexist with pararammelsbergite. This indicates
that the nickeline in these parts of the veins was deposited at temperatures
below the inversion temperature. The Ni-As phase equilibrium diagram
given by Yund (1961) also shows that, at higher temperatures, nickeline
exhibits at slight compositional range, depending upon its depositional
temperature and whether it coexists with maucherite or nickel diarsenides.
This variation, however, is less than the limits of accuracy of the electron
microprobe, and therefore cannot be used as a geothermometer in this
study.

Langisite (Co, Ni ,As)

Langisite, first described by Petruk et al. (1969), is the cobalt end-
member of the solid-solution series NiAs-Co, Ni, ,As (Heyding & Calvert
1957). 1t was found in mineralized pockets up to several inches in size
in Vein No. 30, a fault vein in the Langis mine, at about 200 to 300 feet
beyond a high-grade orebody. The mineral occurs as veinlets, as irregular
grains, and as lamellae in safflorite, and is associated with a variety of
bismuth and cobalt sulphides (Fig. 116*). The composition of the langisite
in the samples studied is equivalent to Co,, Ni , As . Its x-ray powder
diffraction pattern is similar to that of nickeline (NiAs), and its cell para-
meters, computed from the powder pattern, are a=23.538 A and c¢=
5.127 A. Its x-ray powder diffraction pattern, reflectivity spectrum, and
microhardness data were reported by Petruk et al. (1969).

MEeTArL-RicH ARSENIDES
Maucherite (Ni As,)

Maucherite was found in a few samples from the Cobalt area and the
Langis mine in Casey township. In addition, it was reported as temiskamite
in samples from the Moose Horn mine in the Elk Lake area (Walker 1914)
and the Coleroy mine in the Gowganda area (Todd 1926). Maucherite
in the Cobalt area occurs in samples that contain large amounts of nickeline,
breithauptite, and silver in the Ni-Co-As assemblage and coexists with
these minerals. The maucherite in the Langis mine is present in the
mineralized pockets that contain langisite, and occurs as disseminated
grains in calcite, and in complex grains where it is surrounded by cobaltite

* Page 183,
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and safflorite. The maucherite from the Moose Horn mine is reported
to occur as radiating fibres covered with nickeline, and that in the Coleroy
mine is reported to_contain nickeline veinlets. The composition of maucher-
ite in Sample No. M-8922 from the Seneca Superior mine in the
Cobalt area, determined by means of the electron microprobe (Table 20),
is equivalent to Ni,,,Co,, As, Sb ., and the composition reported by
Walker (1914) for mater1a1 from the Moose Horn mine is equivalent to
Ni, ,,Co, 4,AS, S, .- The cell parameters of the maucherite in Sample
No. M-8922, computed from powder diffraction data, are a = 6.857 =+
005 A and ¢ = 21.67 + .01 A. The maucherite in Sample No. M-8922

coexists with the nickeline and breithauptite reported in Table 36.

DI1ARSENIDES

The diarsenides in the Cobalt-Gowganda ores are safflorite, loellingite,
rammelsbergite, and pararammelsbergite. The term safflorite, as used in
this paper, refers largely to the CoAs,-FeAs, solid-solution series but it
also includes some of the NiAs, component. The term loellingite refers to
FeAs_ with small amounts of (Co,N1)As in solid solution. Pararammels-
berglte is the low-temperature form of rammelsbergite (Yund 1961). This
terminology is largely in keeping with previous usage (Berry & Thompson
1962, Holmes 1947, and Radcliffe & Berry 1968).

Safflorite (Co,Fe,Ni)As,

Safflorite is orthorhombic and isostructural with loellingite and rammels-
bergite, iron and nickel readily substitute for cobalt (Roseboom 1963).
These substitutions cause changes in the unit-cell parameters and shifting

TasLe 20, Cuemical, CoMPOSITION OF MAUCHERITE

Sample M8922 Reported by Walker (1914) Nix:As
Element Seneca Superior Mine, Moose Horn Mine, (thlelor§
Cobalt, Wt.% Elk Lake, Wt.% :
Ni 469 49.07 51.86
Co 39 1.73 —
As 490 46.34 48.14
Sb 0.3 — —
8 — 1.03 -

Total 100.1 98.17 100.00
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of the diffraction lines, thereby producing a series of different x-ray diffrac-
tion patterns. Berry & Thompson (1962) classified safflorite into 5 types
on the basis of these apparently different x-ray diffraction patterns, and
Radcliffe & Berry (1968) gave the compositional ranges for each type (Fig.
100). This subdivision will not be used in this study, although it is referred
to in a few places to indicate approximate compositions.

Safflorite is the most common arsenide in the Cobalt-Gowganda ores,
but most of it contains small inclusions of cobaltite, skutterudite, and
arsenopyrite. The safflorite occurs as a constituent of arsenide rosettes,
masses, and botryoidal bodies, and as irregular, euhedral, and stellate
grains in carbonate (Fig. 69). That in rosettes generally occurs as prismatic
crystals oriented radially around cores and cruciform grains, and as large
euhedral and small irregular grains at the cores (Figs. 63, 66, and 70).
The safflorite in the arsenide masses and botryoidal bodies is present as
irregular grains.

Complete and partial compositions of the safflorites in the Cobalt-Gow-
ganda ores were obtained by means of the electron microprobe, using syn-
thetic and natural minerals as standards. Complete analyses and recalcu-
lated atomic proportions for 9 safflorites and 1 loellingite are given in
Table 21. These analyses show that the Cobalt area safflorites have the
following properties :

(1) The metal : non-metal varies from 1.05:2 to 1.12:2,

FeAss

Rammelsbergite N

3 ~ ~ B ~ ) x L

CoAso NiAsgo

Fic. 100. CoAs,-FeAs,-NiAs, ternary diagram showing known
compositional fields of safflorites I-V and rammelsbergite (adapted
from Radcliffe & Berry 1968).
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(2) They contain up to 3.0 weight per cent sulphur, apparently substi-
tuting for arsenic in the anion lattice sites.

(3) They contain variable amounts of cobalt, iron and nickel.

(4) Some analyses, not included in Table 21, reported up to 3%
antimony.

Details of the variations of cobalt, iron and nickel were determined by
spot analyses for these elements. Analyses where the sum of Co + Fe + Ni
varied between 28 and 32 weight per cent were considered as reliable
analyses for safflorite, whereas those with higher and lower sums were

Tasre 21, CuEmicar ComPOSITIONS AND ATOMIC PROPORTIONS
OF SAFFLORITE-LOELLINGITES FROM THE CoBALT-GOWGANDA REGION

Sample Fo Cong)ositions inNmi'eight per Agent s Total
2603 28.0 0.0 0.8 720 0.0 100.8
2603 20,7 79 0.8 68.5 1.8 99.7

145 15.7 32 10.8 70.1 0.4 100.2
9570 11.0 175 1.5 68.0 1.3 99.3
145 10.8 73 10.8 70.1 04 994
511 6.7 225 1.0 68.8 20 101.0
145 5.5 153 8.7 69.6 1.2 1003
145 5.5 215 29 69.6 1.2 100.7
9573 5.0 23.1 3.6 66.0 3.0 100.7
468 39 236 1.5 66.5 14 96.9
Atomic PrOpORTIONS *

Sample Fe Co Ni Fe+Co+Ni As S As+S
2603 1.04 0.00 0.03 1.07 2,00 0.00 2.00
2603 0.77 0.28 0.03 1.08 1.88 0.12 2.00

145 0.59 0.11 0.39 1.09 1.97 0.03 2.00
9570 0.42 0.63 0.05 L.10 1.91 0.09 2.00
145 0.41 0.26 0.39 1.06 1.97 0.03 2.00
511 0.25 0.78 0.03 1.06 1.87 0.13 2.00
145 0.20 0.54 0.31 1.05 1.92 0.08 2.00
145 020 0.76 0.10 1.06 1.92 0.08 2,00
9573 0.18 0.81 0.13 L12 1.81 0.19 2.00
468 0.15 0.86 0.05 1.06 1.91 0.09 2,00

* Calculated on the basis of As -+ S =200
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considered to be mixtures with cobaltite and skutterudite, respectively.
This was confirmed in a few instances by x-ray diffraction. A total of 910
spot analyses were made on safflorite in 34 samples of the Cobalt-Gowganda
ores. The 34 samples used were selected from about 1,000 samples taken
from 59 mines in the Cobalt, Gowganda, South Lorrain township, and
Langis Mine areas, and are considered to be representative of the Cobalt-
Gowganda ores as a whole. The results, recalculated to mole per cent
CoAs, : FeAs, : NiAs,, were plotted on a CoAs,-FeAs,-NiAs, ternary dia-
gram and contoured on the basis of percentage of analysed safflorites (Fig.
101). Figure 101 shows that the compositions of the safflorites in the Cobalt-
Gowganda ores include the safforites I to V of Berry & Thompson (1962),
but that the compositional field extends beyond the limits given by Rad-
cliffe & Berry (1968). Figure 101 also includes data obtained from 80
spots analyses for loellingite and 12 analyses for rammelsbergite.

The composition of safflorite in specific samples bears some relation to
the arsenide assemblage from which the sample was taken. Thus safflorite
becomes progessively richer in iron, and lower in nickel and cobalt through
the sequence of assemblages NiCoAs—CoFeAs (Fig. 102).

Safflorite compositions in specific grains are variable from spot to spot,
but this variation falls within specific limits for each grain, Furthermore,

* * w\NiAsp

¥
] /\ 7™ ™ x 03 x A x

CoAs,

Fic. 101. Compositional ranges of the diarsenides in the Cobalt-
Gowganda ores as determined from 1,002 spot analyses for Co, Ni
and Fe. The analyses were plotted as points, and the numbers of
points per equal area, expressed as a percentage of the total number
of analyses, were contoured. The equal area was a triangle 1/100
the area of the ternary diagram. Every equal-area triangle within
the field enclosed by the 8-level contour contained at least 80 poirits.




158

THE CANADIAN MINERALOGIST

Il " x *

CoAsp NiAso

Fre. 102. Compositional ranges of safflorite in the Ni-Co-As assemblage
(top), in the Co-As assemblage (middle), and in the Co-Fe-As assemblage
(bottom), as determined from spot analyses for Co, Ni and Fe, The analyses
were plotted as points, and the numbers of points per equal area, expressed as
a percentage of the total number of analyses, were contoured, The equal area
was a triangle 1/100 of the area of the ternary diagram.
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this variation is generally the same for all grains in the same sample.
Examples of such variations in safflorite from the core to the rim of rosettes
for two samples from the Ni-Co-As assemblage are given in Figure 103 ;
for four samples from the Co-As assemblage in Figure 104 ; and a repre-
sentative sample from the Co-Fe-As assemblage in Figure 105, It is noted
that safflorite in the inner parts of the rosettes is generally enriched in
nickel. Safflorite at the outer edges of rosettes in the Ni-Co-As assemblage
is generally enriched in iron and nickel, whereas in the Co-Fe-As assem-
blages it is enriched only in iron. The results on safflorite at the outer
edges of rosettes in the Co-As assemblage show some characteristics similar
to those from the other assemblages, and are in general agreement with
those reported by Radcliffe & Berry (1968). In a few samples the safflorite
at the cores and outermost parts of the rosettes has a composition that falls
outside the limits reported by Radcliffe & Berry (1968).

Safflorites with two different compositions are associated with langisite
in the Langis mine (Petruk et al. 1969). The main one, occurring in the
outer parts of rosettes, is orthorhombic and has a composition of Co, .-
Ni, ,,As, o, The second one is separated from the main safflorite by langisite
and occurs at the cores in association with an assemblage of late sulphides
(Fig. 116). It has a variable composition with nickel increasing and cobalt
decreasing towards the sulphides at the cores. Its mean composition is
C00.51Ni0»59ASZ.00'

The safflorites in massive arsenides and botryoidal bodies also have
variable compositions. The compositions vary randomly from spot to spot,
but the variations stay within specific limits depending upon the assem-
blage from which the sample was taken.

FeAsp

CoAsy &%4—— NiAs, mz; NiAsy

Fie. 103, Compositional variations of safflorite in rosettes in the Ni-Co-As assemblage,
determined by step scan analyses at 10-micron intervals from the cores (large arrow)
of arsenide rosettes to the outer layers (+). The variation in the diagram on the right
ii) typical for this assemblage, and the left one is an example of another variation
observed.
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FeAsp FeAsy
%/:r
CoAsp NiAsp CoAsp, NiAsp
FeAs,
+
Cohs, NiAsz CoAsy NiAsp

Fic. 104. Compositional variations of safflorites in rosettes in the Co-As assemblage
determined by step scan analyses from the cores (large arrow) to the outer layers (+).
The variation in the top left diagram is typical for this assemblage, the one in the
right was obtained from safflorite surrounding dendritic silver, the one in the bottom left
represents rhythmic deposition, and bottom right is for safflorite near the Co-Fe-As
assemblage.

FeAsp

CoAsp NiAsp

N

Fic. 105, Compositional variations of safflorite in arsenide
rosettes in the Co-Fe-As assemblage determined by step
scan analyses from the cores (large arrow) to the outer

layers (+).
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X-ray diffraction patterns were obtained for 7 samples of analysed
diarsenides, and the d values of the lines corresponding to hkl values of
101, 120, 111 and 210 are given in Table 22. Roseboom (1963) correlated
the d spacings of safflorite with compositions of the synthetic binary solid
solutions. The writer combined Roseboom’s data to a simple function by

d,, +d,, — 4000

means of the formula f(d) = 1 +d —4000 and plotted the resulting

120 210

values as a series of lines on a CoAs,-FeAs,-NiAs, ternary diagram (Fig.
106). The diarsenides reported in Table 22 are plotted as points on this
ternary diagram on the basis of atomic per cent CoAs, : FeAs, : NiAs,, and
the values for f(d) are given beside each point (Fig. 106). The results
show that there is a general correlation between the CoAs, : FeAs, : NiAs,
ratios of naturally occurring safflorites and measured d spacings.

Reflectances were determined for some analysed safflorites, a loellingite
from the Gowganda area (Sample 544), a rammelsbergite from Thuringia,
East Germany (Royal Ontario Museum sample M-19708), and a para-

Tasre 22. Cuemicar, ComposITIONS, FeAs, : CoAs, : NiAs, RaTios anp SpaciNGs
IN LOELLINGITE, SAFFLORITES AND RAMMELSBERGITE

Sample Chemical compositions (Wt.‘?: ) Arsenide ratios )
Fe Co Ni FeAs, CoAs, NiAs,
2603 20.7-28.0 0.0-79 0.8 70-97 0-27 3
9570 11.0 17.5 15 37 58 5
1 6.0 210 3.0 20 70 10
4 40 260 20 12 82 6
9573 5.0 231 3.6 16 73 11
9573 09 6.6 245 3 20 T
355 0.0-22 2.0-7.8 22.1-29.0 0-8 7-24 68-93
Sample dio1 gmsopacmgs 215& da10 fd)
2603 2,548 2.596 2.342 2411 0.88
9570 2610 2.554 2354 2.389 1.03
1 2.626 2.554 2.393 2.360 111
4 2.665 2.543 2429 2.326 126
9573 2.671 2.530 2430 2.315 1.30
9573 2.803 2.474 2.519 2209 1.94

355 2.790 2.480 2510 2230 1.83
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FeAso

Fic. 106. Relationship between the function f(d) and the com-
positions of diarsenides, as established from data reported by Rose-
boom (1963). The composition of analysed diarsenides are plotted
as points with lines joining points representing variable composi-
tions, The values for f(d) of the analysed diarsenides are indicated
beside each point,

rammelsbergite from the Silverfields mine. The values were determined
for grains showing maximum bireflectance and the results are given in
Table 23 as values from curves of best fit. The curves were obtained from
readings taken at intervals of 20 nm from 440 to 660 nm inclusive. Exam-

TaBLE 23. REFLECTANCES OF DIARSENIDES

Cation proportions Reflectivities in per cent *
Sample Mineral

Fe Co Ni 470nm 546nm 589nm 650 nm
544  loellingite 100 0 0 min, 523 523 50.8 50.2
max, 562 534 539 54.0
2603  safflorite 0 21 3 min, 540 549 535 52.8
max, 58.5 54.9 55.1 558
9570  safflorite 37 58 5 min, 530 52.2 51.5 502
max, 56.0 53.7 540 538
157  safflorite 8 8 12 min 555 53.7 532 525
max, 57.3 54.8 54.6 548
MI9708 rammelsbergite 0 0 100 min, 563 55.7 56.0 570
max, 60.3 60.0 60.0 60.0
157 pararammelsbergite 0 0 100 60.0 59.6 59,6 60.0

* The reflectivity represents points on a curve of best fit as obtained from readings
taken at intervals of 20 nm from 440 to 660 nm inclusive. All values are within 1.5%
of actual readings.
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ples of spectra for loellingite, safflorite and rammelsbergite are given in
Figure 107. It is noted that the spectra obtained from different orientations
of grains of safflorite and loellingite cross, whereas those for rammelsbergite
do not. Figure 107 suggests that there may be a greater difference between
the maximum and minimum reflectivities for loellingite than for safflorite.
This is only because the safflorite grains measured apparently were not in
the ideal orientation to obtain maximum and minimum reflectivities, and
studies on other samples indicate that the spectrum of safflorite is similar
to that of loellingite. Hence randomly oriented grains of safflorite and
loellingite cannot be differentiated on the basis of reflectance.

Clinosafflorite (CoAs,)

Clinosafflorite is the monoclinic polymorph (Darmon & Wintenberger
1966). This mineral was first found by Radcliffe & Berry (1971) in three

605~

P D

;&’3 55— T %——-I/I

3 Safflorite No. 157

®eo- | [ | [ ]
GO&UJ o—5—o o——o——6—20

Rammelsbergite ROM ~-MI9708

oL 1 [ |

440 480 520 560 600 640
Wavelength in nm

Fic. 107. Reflectivity spectra for loellingite (l6llingite), safflorite
and rammelsbergite,
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specimens from the Cobalt area but was not found in this study. They
report that the clinosafflorite is finely intergrown with skutterudite and
tha‘t its composition varies from Co , Fe , Ni  As, to Co,  Fe  Ni As,
which is equivalent to that of safflorite.

Loellingite (Feds,)

Loellingite is a common mineral in the Gowganda ores, but it occurs
only in a few places in the Cobalt area. The local mine operators at Cobalt
reported that one vein in the Lawson mine contained large amounts of
loellingite, but the writer was unable to obtain a sample of this material.
Loellingite at both Gowganda and Cobalt was found only in the Fe-As
and Fe-Co-As assemblages where it occurs as outer layers on arsenide
rosettes and safflorite grains, and as separate and stellate grains disseminated
in carbonate. The stellate loellingite grains generally radiate outward
from a core of safflorite.

Eighty-five spot analyses were made on loellingite in 4 samples. The
results show that most of the loellingite has a composition near FeAs,,
but that some contains variable amounts of cobalt and nickel in solid
solution,

The x-ray diffraction properties and reflectivities of loellingite are in-
cluded in the section under safflorite so that they can be readily compared
to orthorhombic safflorite and rammelsbergite.

Rammelsbergite (NiAs,)

Rammelsbergite was found only in the Ni-As assemblage where it
occurs in arsenide rosettes and masses, and in botryoidal arsenide bodies.
In the arsenide rosettes it occurs as prismatic crystals radially oriented
around nickeline cores (Fig. 50), and as plumose-textured rammelsbergite
at the cores (Fig. 51). The rammelsbergite in the arsenide masses is present
as irregular grains intergrown with other arsenides, and in the botryoidal-
arsenide bodies it is present as layers of rammelsbergite, rammelsbergite-
nickeline and rammelsbergite-pararammelsbergite (Fig. 49).

The compositions and atomic proportions for some rammelsbergites in
different occurrences are given in Table 24, These analyses are in general
agreement with those reported by Walker & Parsons (1921).

Table 24 shows that rammelsbergite contains variable amounts of
sulphur, antimony, and cobalt. The plumose-textured rammelsbergite in
Sample 511 appears to consist of an intergrowth of very minute grains
having two compositions. One has low sulphur and cobalt, and the other
has high sulphur and cobalt.
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Pararammelsbergite (NiAs,)

Pararammelsbergite was first found in samples from Cobalt and Elk
Lake, Ontario, (Peacock & Mitchener 1939, and Peacock & Dadson 1940),
and its textural relations were described in detail by Ramdohr (1948).
The senior author confirmed Ramdohr’s observations, thus only a summary
is given here. Pararammelsbergite in the Cobalt-Gowganda ores occurs in
the Ni-Co-As and Ni-As assemblages. In the Ni-Co-As assemblage it
occurs at the cores of rosettes (Fig. 60), where it generally surrounds
irregular grains of skutterudite and is intergrown with silver, and in a
few places with nickeline. In the Ni-As assemblage, the pararammelsbergite
occurs as large prismatic crystals (Fig. 117*), as veinlets, as masses, and
as irregular grains intergrown with nickeline, safflorite, cobaltite, gersdorffite,
skutterudite, and rammelsbergite. The prismatic crystals cut across all
arsenides, hence they represent late crystallization or recrystallization. The
veinlets cut other arsenides, and the masses contain small irregular grains

TasLe 24. CuemicaL COMPOSITIONS AND AToMIC PROPORTIONS OF SOME RAMMEILSBERGITES
v THE CoBarT-Goweanpa ORres

Chernical composition in wt. %

Sampl Locati T £
ample on ype of occurrence L 40 4§ Totl

511  Siscoe mine plumose texture 01 31 258 698 00 06 994
511  Siscoe mine plumose texture 02 76 208 669 00 28 983
9573 Silverfields  prismatic crystals 08 66 209 686 12 07 988

mine in rosettes
836  Langis irregular grains 00 26 205 60 — 1.0 1021
mine in arsenide masses
355 Hi-Ho irregular grains 00 20 200 690 — 20 1020
mine in arsenide masses
Atomic proportions *

Sample Fe Co Ni Co+Fe+Ni As Sb S As+S
511 0.00 0.11 093 1.04 1.96 0.00 0.04 2,00
511 0.01 0.26 0.72 0.99 1.82 0.00 0.18 2.00

9573 0.03 024 0.75 1.02 1.94 0.02 0.04 2.00
836 0.00 0.09 1.05 114 1.93 — 0.07 2.00
355 0.00 0.07 1.00 1.07 197 — 0.13 2,00

* Calculated on basis of (As+ Sb 4+ S) =2.00

* Page 183,
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of safflorite, cobaltite, and gersdorffite. The intergrowths of pararammels-
bergite with other arsenides are variable and complex : intergrowths with
nickeline generally occur in late nickeline-pararammelsbergite veinlets :
intergrowths with skutterudite form graphic intergrowths by replacement
of skutterudite : and intergrowths with cobaltite generally contain gersdorf-
fite at the pararammelsbergite-cobaltite boundary, apparently as a re-
action product. Intergrowths of pararammelsbergite with rammelsbergite
were indicated by x-ray diffraction studies of individual grains, but they
were not observed in polished sections because the reflectivities of these
minerals are so similar that the authors could not distinguish the indivi-
dual minerals. The textures described above indicate that the pararammels-
bergite in the Ni-As assemblage is a late mineral, and that it was pro-
bably deposited after the Ni-As assemblage was formed. The pararammels-
bergite in the Ni-Co-As assemblage, on the other hand, is intergrown with

TasrLE 25. Cremicar. COMPOSITIONS AND ATOMIC PROPORTIONS OF
SOME PARARAMMELSBERGITES IN THE COBALT-GOWGANDA ORES

Mineral Type of Chemical compositions in wt. %

Sample assemblage occurrence Fe Co Ni As Sb S ‘Total

465  Ni-Co-As core of rosettes 02 27 285 680 00 13 1007
157  Ni-Co-As core of rosettes 00 00 287 705 08 03 1003
145 Ni-Co-As  core of rosettes 0.0 1.8 274 696 00 12 1000

9503  Ni-As euhedral crystal 00 07 200 700 04 1.1 1012

p-1 Ni-As massive 00 55 260 69.0 00 15 1020

429  Ni-As massive 07 17 280 T71.0 00 0.6 1020
MI11636  Ni-As massive with

skutterudite 00 22 291 690 00 05 1009

Atomic porportions *
Sample  Fe Co Ni Fe+Co+ Ni As Sb S As+Sb+S

465 0.01 0.10 1.02 1.13 191 0.00 0.09 2.00

157 0.00 0.00 1.02 1.02 1.97 0.01 0.02 200

145 0.00 0.06 0.97 1.03 1.92 0.00 0.08 2.00
9503 0.00 0.02 1.02 1.04 1.92 0.01 0.07 2.00
p-1 0.00 0.19 0.92 L.11 1.90 0.00 0.10 2.00

429 0.03 0.06 0.99 1.08 1.96 0.00 0.04 2.00
M11636 0.00 0.08 1.06 1.14 1.97 0.00 0.03 2.00

* Calculated on basis of As + Sh + S = 2.00
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the other minerals and may have been deposited contemporaneously with
this assemblage. This suggests that the Ni-As assemblage was deposited
at a temperature above the rammelsbergite-pararammelsbergite inversion
temperature, and that the Ni-Co-As assemblage was deposited below the
inversion temperature.

The compositions of some pararammelsbergites, determined by means
of the electron microprobe are given in Table 25, together with their atomic
proportions. The results show that there is no systematic relationship
between composition and mode of occurrence. Pararammelsbergite is weakly
to non-bireflecting, and its reflectivities at the 4 standard wave lengths
(470, 546, 589 and 650 nm) are 60 = 0.5% (see Table 23).

TRIARSENIDES

Skutterudite ((Co,Fe,Ni)As, )

Skutterudite is a common mineral in the Cobalt-Gowganda ores and
is present in all arsenide assemblages. It occurs at the cores and outer
parts of arsenide rosettes, as separate crystals in the ore veins, and as
cubes in the wall rock. The skutterudite at the cores of arsenide rosettes
is present as euhedral crystals, and as minute grains embedded in calcite
and sometimes grouped in the form of dendritic bodies (Figs. 63 and 65).
In these cases the skutterudite is partly corroded and surrounded by radially
oriented safflorite crystals, and partly replaced by native silver, sulphides,
calcite, and parammelsbergite. Some replacements are haphazard, some
are along crystallographic directions, some are in the form of dendritic
bodies (Fig. 64), and some in the form of graphic intergrowths (Figs. 118,
119, and 120). The skutterudite in the other parts of the arsenide rosettes
is present as minute graing intimately intergrown with safflorite, cobaltite,
and arsenopyrite. The euhedral crystals in the ore veins were found only
in the Ni-As and Co-As assemblages (Fig. 119*). These crystals are up to
2 cm in size and are partly replaced by pararammelsbergite, nickeline,
rammelsbergite, and cobaltite along crystallographic directions (Fig. 120%*).
The skutterudite cubes in the wall rock are present near the Co-Fe-As
and Co-As assemblages and contain irregular grains of arsenopyrite.

The compositions and atomic proportions for 10 skutterudites analysed
by means of the electron microprobe are given in Table 26, The results
show that most of the skutterudites are cobalt-rich, and that there is no
apparent compositional variation from assemblage to assemblage. The
results also show that the metal : arsenic ratio varies from 1:2.66 to

* Page 184,
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Tasre 26, Curemicar. CoMPOSITIONS AND ATOMIC PROPORTIONS
or CoBarT-GOWGANDA SKUTTERUDITES

THE CANADIAN MINERALOGIST

Sample Arsenide Chemical corhposition (wt.%) Atomic proportions *

assemblage Co Fe Ni As Total Co Fe Ni As

465 Ni-Co-As 177 26 30 7.0 1023 076 011 013 266
M11636 Ni-As 183 10 15 785 993 082 008 010 273
M11594 Ni-As 191 15 20 79.0 1016 084 007 009 274
62 Co-Fe-As 186 16 23 790 1015 083 007 010 275

145 Ni-Co-As 173 29 22 793 1017 077 013 010 276

157 Ni-Co-As 176 17 31 792 1016 078 008 014 277
M11764 Co-As 173 18 21 776 988 081 009 010 285
429 Ni-As 177 20 20 810 1027 081 010 009 292
836 Ni-As 182 10 15 785 992 08 005 007 292
355 Ni-As 179 13 15 74 981 086 007 007 293

* Calculated on basis of Co + Fe + Ni = 1.00

1:2.93, with the mean being 1 : 2.80. Roseboom (1962) has shown that
synthetic skutterudites have small but real arsenic deficiencies, and Klemm
(1956b) reported variable metal : arsenic ratios for naturally occurring
skutterudites. The relative proportions of Fe : Ni, as determined by spot
analyses of grains in 17 samples, are relatively constant (Fig. 108), although

FeAsz

NiAsy

Fic. 108, Compositional variation of skutterudites in the Cobalt-
Gowganda ores, Determined from 121 spot analyses of skutterudite

in 17 samples,
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there is a substantial amount of variation in the cobalt content from (Co, ,-
Fe,,.Ni, ) to (Co,, Fe Ni ) with the most common composition
o12)- This variation stays within the skutterudite solid-solu-

(COO-SOFeO-OSNi
tion field which goes from the cobalt corner to the iron-nickel mid-point.

The cell parameters of 3 randomly selected non-analysed skutterudites
from the Cobalt-Gowganda ores are 8.2066, 8.2069, and 8.2137 A res-
pectively. These values are in agreemnt with Roseboom’s data (1962)
for cobaltian skutterudites containing small amounts of iron and nickel.

SULPHARSENIDES

Sulpharsenides include some of the cobaltite and arsenopyrite group
minerals. The cobaltite group sulpharsenides are cobaltite and gersdorffite,
and the arsenopyrite group are arsenopyrite, glaucodot and alloclasite. The
Co : Ni : Fe ratios for the cobaltite and arsenopyrite group sulpharsenides
in the Cobalt-Gowganda ores, determined by electron microprobe spot
analysis using analysed arsenopyrite and synthetic mono-, di- and tri-
arsenides as standards, are plotted on a ternary Co-Ni-Fe diagram (Fig.
109). Other properties of these minerals are given below.

LEGEND Fe

Arsenopyrite

Glaucodot
Alloclasite
Cobaltite

Gersdorffite

BHOPD» D

Co Ni

Fic. 109. Compositions of sulpharsenides from the Cobalt-Gowganda ores,
plotted in terms of their metal ratios.
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Cobaltite ((Co,Fe,Ni)AsS)

Cobaltite has the ideal composition CoAsS, but significant amounts
of nickel and iron may substitute for the cobalt, and sulphur and arsenic
may substitute for each other (Bayliss 1969a, and Klemm 1965a). Substi-
tution of cobalt by nickel causes the cell size of cobaltite to increase, and
substitution of arsenic by sulphur causes the cell size to decrease (Bayliss
1969b). Cobaltite can occur in two structural forms, isometric with dis-
ordered space group Pa3, and orthorhombic with ordered non-metal, space
group Pca2 (Giese & Kerr 1965). The Pa3 cobaltite is isotropic in reflected
light, and the Pca2 variety is anisotropic. The Pa3 structure can be dis-
tinguished from the Pca2 structure in x-ray powder diffraction patterns
by the absence of 001 and 011 reflections. The 001 and 011 reflection
intensities and the strength of the optical anisotropism are related to the
degree of distortion, of the crystal structure from cubic symmetry, caused
by movement of the metal atoms away from the threefold crystal axis
(Bayliss 1969a).

The cobaltite in the Cobalt-Gowganda ores gives an x-ray diffraction
pattern that has weak 001 and 011 reflections. It is very weakly anisotropic
in reflected light, and its polarization figure is a black cross which shows
no separation of isogyres when the stage is rotated. The presence of 001
and 011 reflections in the x-ray powder diffraction pattern, and the weak
anisotropism indicate that there is some distortion from the isometric Pa3
structure to the orthorhombic Pca2 structure, but the polarization figure
indicates that the distortion is very small. Peacock & Henry (1948) and
Gammon (1966) reporied x-ray diffraction patterns for cobaltites from
Cobalt that did not have the 001 and 011 reflections. To check this ap-
parent anomaly, a study was made of euhedral crystal in samples E-1397,
E-1398, M-13147 and M-20219 from the Royal Ontaric Museum, To-
ronto, sample 1247 from the Ebbutt collection, National Museum, Ottawa,
and sample M-14469 from the Royal Ontario Museum, which is believed
to be the sample that Pcacock & Henry (1948) studied and reported as
sample M-14499 (J. A. Mandarino, personal comm.). Well-exposed x-ray
powder diffraction patterns from Debye-Scherrer and Guinier cameras for
all the above samples contained both the 001 and 011 reflections. It is
thus concluded that the cobaltite in the Cobalt-Gowganda ores has a
transitional structure that gives weak 001 and 011 reflections, and that
these reflections can be found only with a Guinier powder camera or with
a Debye-Scherrer camera using cobalt radiation, and making long exposures.

The composition of the cobaltite in the Cobalt-Gowganda ores covers
a wide range, and varies from near the CoAsS end-member to Co, ,,Ni_ .-
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Fe, ,,AsS, which represents a cobaltian gersdorffite composition (Fig. 109).
The cobaltian gersdorffite is optically indistinguishable from the CoAsS end-
member and is isostructural with it. Furthermore, intermediate cobaltite
((Co, 4,Ni, ,,) AsS) is indistinguishable from the cobaltian gersdorflite and
CoAsS by x-ray diffraction using a 114.6-mm-diameter Debye-Scherrer
powder camera. Hence, for purposes of this paper the mineral name cobal-
tite will be uscd for material that is isostructural with the CoAsS end-
member in these ores and has a compositional range between CoAsS and

(Co,, Ni,  Fe  )AsS.

Cobaltite is a common mineral in the Cobalt-Gowganda ores, but it is
present only as minute grains. It occurs in all assemblages in a variety
of ways, as shown in Table 27,

0.09

The compositions of cobaltites in 14 samples were determined by elec-
tron microprobe and the atomic proportions of the elements were calcu-
lated (‘Table 28). The results show that the proportions of Co to Ni to
Fe, and of arscnic to sulphur, are variable. The percentages of Co, Ni,
and Fe in individual grains were determined by step scan analyses at
50-micron intervals across two euhedral crystals in samble 1247 from the

TasLe 27. Mobpes oF OccurreNCE OF COBALTITE

Type of occurrence Assemblage [lustration
Intergrown with other arsenide minerals Ni-As
in massive arsenides,
As irregular grains in wall rock Ni-As Fig. 52
adjacent to ore veins.
Partly replaced by gersdorffite in ore veins. Ni-As Fig. 53
As euheadral crystals in nickeline, rammelsbergite Ni-As Fig. 121
and silver, at cores of rosettes. and
Ni-Co-As
Layers in rosettes surrounding rammelsbergite. Ni-As Fig. 50
Layers in rosettes surrounding safflorite. Ni-Co-As Fig. 57
and
Co-As
Intergrown with safflorite and skutterudite, Ni-Co-As Fig. 60
Co-As and Co-Fe-As
and Fe-As
Layers surrounded by skutterudite. Co-Fe-As Fig. 96
Grains surrounded by arsenopyrite, Fe-As Fig. 73

Euhedral crystals in vugs. —_ —
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Ebbutt collection (Fig. 110), and at 5-micron intervals across a cobaltite
layer in sample 64 (Fig. 111). The results show that one grain has a
fairly uniform composition, but that the other grain and the cobaltite layer
show variations. The quantities of Co, Ni and Fe in cobaltites from different
occurrences were determined by microprobe analysis of different grains
in a number of samples. The results, plotted in Figure 112, show variable
cobaltite compositions from grain to grain and from sample to sample.
These variations, however, stay within certain limits, depending both
upon the mode of occurrence of the cobaltite and upon the arsenide
assemblage. Thus cobaltites at the cores of rosettes have higher nickel
contents than those in the outer layers (diagrams in upper right and
lower left corners of Fig. 112), and cobaltite in the Ni-As assemblages
generally has a higher nickel content than that in the other assemblages.

34
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Fie. 110. Step scan analyses for cobalt, nickel and iron across two cobaltite grains
in sample 1247, Ebbutt Collection, National Museum, Ottawa.

50% Fe

re s

%

Co - Ni

Fic. 111. Step scan analysis at 5-micron intervals across a cobal-
tite layer in sample 64. A photomicrograph of this layer is shown
in figure 96,
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Table 28 shows that the As : S ratios in the cobaltites from the Cobalt-
Gowganda ores vary from 1:1 to 1.17:0.83. Klemm (1965a) reported
that this values varies from 0.90 : 1.10 to 1.05 : 0.95 for natural cobaltites
from other areas, and Bayliss (1969b) has shown by synthetic studies that
sulphur can replace up to 509 of the arsenic to form a cobaltite with the
composition CoAs .S .

Table 28 also shows that the metal : non-metal ratio for the cobaltites
in the Cobalt-Gowganda ores varies from 0.46 to 0.53. This ratio was
reported as varying from 0.49 to 0.60 for cobaltites from other areas
(Klemm 1965),

The cell parameters of some non-analysed cobaltites were calculated
from indexed powder diffraction patterns, on the basis of a cubic cell, and
are shown in Table 29. It is noted that three different cell parameters could
be measured for the cobaltite in some samples. This undoubtedly reflects
the variation of cobaltite composition in individual grains. It is also noted
that, in general, cobaltites in the Ni-As assemblage have large cells and
those associated with the Co-As and Fe-As assemblages have small cells.
Furthermore cobaltite at the cores of arsenide rosettes in sample 461 has
a larger cell than cobaltite in the outer layers. These variations of cell

LEGEND

©-@ in massive Arsenides

©-@in massive Niccolite

O-Cin wall rock

&4 in Niceolits veinlsts

© cares of rosettes

in intermediate layer Satflorite
in outer layers

a
-

with Sample 9573 Ni-As assembloge
inclusions in Arsenopyrite 50% Fe

Co-As,Co-Fo-As and Fe-As assemblages
50% Fe

el

Fre. 112, Compositional variations of cobaltite in different occurrences, The bottom
left corner of each diagram represents CoAsS, the bottom right corner represents
NiAsS, and the top is 50% FeAsS, The lines joining individual points represent the
compositional extremes of cobaltite in one sample,
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TaeLe 28, CompostTioNs AND ATomic PrororTIONs OF COBALTITE
N THE CoaLT-Gowcanpa ORES

Sample Composition (weight per cent) Atomic proportions Metal/
Co Ni Fe As S Total Co Ni Fe As S As+S
MI16675 312 02 1.5 475 188 992 087 tr 004 104 096 0.46
7 300 20 1.0 490 175 995 085 006 003 1.09 091 047
Ebbutt 1247 282 3.1 37 471 1901010 078 009 011 1.03 097 047
465 269 65 15 505 1531007 079 019 004 1.17 0.83 051
145 259 51 29 513 1651017 073 014 009 114 086 048
145 250 75 42 508 1621007 072 021 013 115 085 053
62 20.7 85 48 46.0 196 996 057 024 014 1.00 1.00 048
157 205 114 37 479 1721007 059 033 011 1.09 091 052
M11764 192 10.5 33 50.5 155 99.0 056 031 010 1.17 083 049
686 182 165 0.0 470 175 992 053 048 — 109 093 051
828 180 140 20 520 155 10L5 050 041 006 1.18 082 049
74 177 70 7.5 480 186 988 049 020 022 1.05 095 046
828 173 140 28 50.0 163 1004 050 041 009 1.14 0.86 0.50
157 140 16.7 56 4719 172 1014 040 048 017 1.09 091 0.53

TapLe 29, CeLL PaRaMETERs OF SOME COBALTITES FROM THE COBALT-GowcaNpA ORES

Cubic cell *

Sample parameter (A) Assemblage Remarks
749 5.584 Fe-As Inclusion in arsenopyrite
357 5.593 Co-As In massive arsenides in Co-As assemblage
354 5.599 Co-As In massive arsenides in Co-As assemblage
894 5.6049, Co-As adjacent In massive arsenides in Co-As assemblage
5.6059, to Ni-As
5.6053
461 5.604 Ni-Co-As  Outer layer of rosette
461 5.618 Ni-Co-As  Core of rosette
Rusty Lake-A 5.612, Co-As Outer layer of rosette
5,616,
5.625
685 5,619 Ni-Co-As
Rusty Lake-F 5.625
9573 5.623 Ni-As Outer layer around rammelsbergite
632 5.632 Ni-As Adjacent to wall rock
135 5.632 Ni-As Adjacent to wall rock
135 5.631 Ni-As Intergrown with gersdorffite
155, 475 5.632 Ni-Co-As  Intergrown with gersdorffite
134 5.632 Ni-As Intergrown with gersdorffite
Rusty Lake 5.639 Ni-As Intergrown with rammelsbergite
Rusty Lake 5.663 Ni-As Replacement of skutterudite

* Estimated accuracy 0.01%
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parameter with respect to occurrences of cobaltite correspond to the
observed compositional variations of cobalt, nickel, and iron.

The above observations show that cobaltites in the Cobalt-Gowganda
ores contain variable amounts of cobalt and nickel, and that these com-
positional variations can be correlated. to certain features of the ore.
Nickel-rich varieties occur at the cores of arsenide rosettes and in the
Ni-As assemblage, and cobalt-rich ones in the outer layers of the arsenide
rosettes and in the Co-As and Fe-As assemblages. These compositional
variations appear to reflect compositional variations of ore solutions that
deposited the various assemblages. Such variations are to be expected by
deposition from circulating solutions.

Gersdorffite

The ideal gersdorffite composition is NiAsS, but substitutions are
common. Cobalt and iron readily substitute for nickel (Klemm 1965a),
and arsenic and sulphur can be mutually substituted to the limits of
NiAs, .S, ,, and NiAs S = (Yund 1962). These substitutions cause the
size of the cubic gersdorffite cell to change as follows :

(1) Co and Fe substituting for Ni cause the cubic-cell parameter to
decrease from 5.6939 A, which is the parameter for pure NiAsS.

(2) Substitution of S by As causes the cell to increase up to 5.7318 A,
and substitution of As by S a decrease to 5.6864 A.

Gersdorflite is an isometric mineral but it can have 3 different struc-
tures : disordered isometric with space group Pa3 (Bayliss 1968), partly
ordered isometric with space group P23 (Bayliss & Stephenson 1967),
and pseudo-isometric with triclinic symmetry and space group P1 (Bayliss
& Stephenson 1968). These structures can be differentiated by x-ray
powder diffraction patterns, as follows : Pa3 = 001 and 011 absent, P23 =
001 absent and 011 present, and P1 = 001 and 011 both present.

Gersdorffite in the Cobalt-Gowganda ores has the P23 structure, It
is a relatively rare mineral, and was found only in the Ni-As assemblage.
Kulkarni (1968), and Halls & Stumpfl (1969) reported gersdorffite as
being a common mineral in the cobalt ores. They obviously referred to
the material that is referred to as cobaltite in this paper.

Two varieties of gersdorflite are present in the Cobalt-Gowganda ores.
One is present as rather diffuse material between cobaltite and nickel
arsenides (Fig. 53), and will be referred to here as arsenian gersdorffite ;
the other variety referred to here as gersdorffite (Fig. 122*), is present as
partial replacements of cobaltite and as massive gersdorffite. The arsenian

* Page 184.
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gersdorfite is isotropic and its reflectivity is higher than that of cobaltite
and gersdorffite, it contains so many remnants of gersdorffite and nickel
arsenides that mono-mineralic mounts could not be obtained for x-ray
powder diffraction analysis, However, it was possible to obtain enough
line separation on a film taken with a 114.6-mm camera to identify the
phases and measure the cell parameters. The information, obtained from
several x-ray diffraction mounts (Table 30), shows that arsenian gersdorffite
has a larger cell than the co-existing gersdorffite. Only the 011 line was
present in the x-ray powder diffraction patterns for Samples 134, 135 and
686, and its d spacing corresponds to that of arsenian gersdorffite. Hence
arsenian gersdorffite is a partly ordered isometric mineral, space group P2 3.

Electron microprobe analyses show that the arsenian gersdorffite con-
tains large amounts of arsenic apparently substituting for sulphur (Table
31). The possibility of contamination of this gersdorflite by very finely
divided rammelsbergite has not been completely eliminated, but the large
cell size is conmsistent for gersdorffite with a high arsenic content (Yund
1962), and the high reflectivity supports the view that the arsenian gersdorf-
fite is, in fact, a separate arsenic-rich phase.

Gersdorffite has a lower reflectivity and smaller cell (Table 30) than
arsenic gersdorffite, and contains approximately equal molecular propor-
tions of arsenic and sulphur (Table 31). It is a partly ordered isometric
mineral, with space group P2 3. Massive gersdorffite was found in one
veinlet about 14 inch wide on the No. 6 level in the Glen Lake mine
about 150 feet south of Vein No, 6, in Keewatin rocks below Huronian

TasLE 30. Cerr. PARAMETERS OF GERSDORFFITE AND COBALTITE
FROM THE CoBarT-Gowcanpa Orges

Samule grs(e‘flza; d (&) * d (A)* Other minerals
P gersdorfhite Gersdorffite Cobaltite in sample
134 5.70 (major 5.688 5.630
constituent)
135 5.712 (major 5.680 5.631 rammelshergite
constituent)
155 —_ 5.686 5.632 (Major)
475 — 5,680 5630 (Major)
686 5.712 (major 5.680 5.655 pararammelsbergite
constituent)
708 5.680 nickeline

* Estimated error = 0.01%.
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sediments (sample 708). It contains minute exsolutions of nickeline, its
cell parameter is 5.680 A, and its composition is equivalent to (Ni . .-
Co ) As

0.04-0.19 Fe0~01-0.06 1.0850.92'

Arsenopyrite

The ideal arsenopyrite composition is FeAsS, but some cobalt can
substitute for iron, and sulphur and arsenic can substitute for each other
(Clark 1960). Substitution of sulphur by arsenic and iron by cobalt both
cause the cell size and the value of d to increase (Morimoto & Clark
1961 ; and Gammon 1966). According to Morimoto & Clark (1961) arseno-
pyrite has a triclinic unit cell, space group PI, but this symmetry tends to
become monoclinic, space group P2 /c, as the arsenic content increases.

Arsenopyrite in the Cobalt-Gowganda ores is the main mineral in the
Fe-As assemblage, is common in the Co-Fe-As and Co-As assemblages,
and is rare in the Ni-As and Ni-Co-As assemblages. It occurs in veins as
part of the arsenide assemblages, and, in the wall rock near the ore veins,
as disseminated euhedral crystals. In the veins, the arsenopyrite is present
as euhedral crystals (Figs. 63 and 72), as masses, as botryoidal bodies

Tasre 31, Cuemicar, COMPOSITIONS AND ATOMIC PROPORTIONS OF (GERSDORFFITE
N THE CoBarT-Goweanpa ORes

Chemical composition in weight per cent

Sample Remarks
Co Fe Ni As Sb S  Total
686 27T 00 330 470 175 1002 gersdorffite
686 00 25 320 585 02 80 1012 arsenian gersdorffite
686 67 18 2710 588 02 80 1022 arsenian gersdorffite
130 18 05 310 615 6.7 1015 arsenian gersdorffite
Atomie proportions *
A
C F i
0 e Ni Tty As S
686 008 000 09 052 107 093 gersdorffite
686 0.00 009 106 059 152 048 arsenian gersdorffite
686 022 006 08 058 152 048 arsenian gersdorffite
130 0.06 001 1.03 055 160 040 arsenian gersdorflite
* Calculated on basis of As + S =200
A As-+S

x+y Co-+Fe +Ni
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(Fig. 71), and as veinlets in the other arsenides. The euhedral crystals
occur outside arsenide rosettes and as borders on arsenide rosettes. They
contain inclusions of cobaltite, skutterudite, safflorite and fine-grained
arsenopyrite, and some are zoned with the central zone being arsenopyrite
and the outer zone, glaucodot (Fig. 113). The euhedral crystals outside
arsenide rosettes are interpreted as evidence for late deposition. The
massive and botryoidal arsenopyrite occurs only in the Fe-As assemblage.
It is generally fine-grained and some is intergrown with skutterudite,
cobaltite, and trace amounts of iron-rich safflorite. Some fine-grained
arsenopyrite is also present as diffuse veinlets in other arsenides.

The compositions, atomic proportions, and the measured and calculated
d,,, values of arsenopyrite in some samples are given in Table 32. The
calculated d_, values were calculated from the composition according to
the formula d , = 1.6006 + 0.00098x (Morimoto & Clark 1961) where
x is the arsenic content in atomic per cent. It is apparent that there is a
large discrepancy between the measured and calculated d ,, values. The
reason for this is not obvious since both the analysed and measured values
are considered to be reliable. The analyses were made with an electron
microprobe using analysed arsenopyrite as a standard, and the d_;, spacings
were measured from a 114.6-mm film using Fe-filtered Co radiation cor-
rected for film shrinkage. The discrepancy appears to indicate that the
relationship determined from the synthetic products are not entirely valid
for the natural samples.

30—

[Glaucodot
25

Arsenopyrite

DISTANCE IN MICRONS

Fie, 113, Electron microprobe step scan analysis, at 5-
micron. intervals, across a zoned arsenopyrite crystal in
Sample No, 383 (near east end Vein 1, 5th level, Silver-
fields mine).
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Glaucodot

Glaucodot is closely related to arsenopyrite in composition, crystal form,
and x-ray diffraction pattern, but it contains nearly equal amounts of
iron and cobalt, and its crystal structure is different from that of arseno-
pyrite. It has orthorhombic symmetry with space group Cmmm (Ferguson
1946). Glaucodot in the Cobalt-Gowganda ores was found alternating with
alloclasite in Sample 180 (Fig. 114), and as outerlayers on arsenopyrite

Tasre 32, Cuemicar. CoMpOSITIONS, ATOMIC PROPORTIONS, AND
dysy VALUES FOR ARSENOPYRITE FROM THE CoBALT-GOwGANDA ORES

Chemical composition (wt.%) Atomic proportions Measured Calcu-

Sample Fe As S ‘Total Te As S  dyg lated
51° 1.627
O’Brien* 3453 4434 2022 9909 102 097 1.03 1.631
7490 338 462 201 1001 097 099 101 1626 1633
745 39074 4864 1978 10L16 093 103 097 1631 1635
767 237 4515 2128 9880 090 095 1.05 1.631
381 1.633

! Taken from Ellsworth (1916)

2 Border on an arsenide rosette

3 Euhedral crystals outside arsenide rosettes

* Fine-grained arsenopyrite at cores of arsenide rosettes.

30

Glaucodot
25
Co
20 laucodot)
3 Alloclasite Alloclasite
-
LT
Fo
10—
=
o bty o J_/0-\,\‘Ni‘_ U

e s ) SV |
0 20 40 60 80 100 [20 140 60 180 200 220 240
DISTANCE IN MICRONS

Fic, 114. Step scan analysis at 10-micron intervals from
the core to the outside of an arsenide grain in sample 180.
It shows that this grain is composed of alternate layers of
glaucodot -and alloclasite, The cobalt-rich spot in the glau-
codot field may be a small alloclasite inclusion (near west
end Vein 4, 4th level, Silverfields mine),
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in a number of samples, including Sample No. 383 (Fig. 113). The quan-
tities of cobalt, iron and nickel in the glaucodot in Sample No. 180, as
determined by step scan analysis, are given in Table 33.

The x-ray powder diffraction data of glaucodot, arsenopyrite, and allo-
clasite are given in Table 34 for comparison. The data for glaucodot has
extra reflections as compared to data reported by Ferguson (1946). The
reason for these lines is not apparent.

Alloclasite

The mineral name alloclasite was given to a mineral whose physical
and optical properties and x-ray diffraction patterns are similar to those
of arsenopyrite and glaucodot, but which contains larger amounts of
cobalt. Some workers (Gammon 1966 and Shishkin 1962) referred to this
type of material as a cobalt-rich glaucodot, Borishanskaya, et al. (1965)
referred to it as a separate mineral, and Kingston (1969, 1971) described
it as a separate mineral species with orthorhombic symmetry, space group
P22 2 . The material that occurs in the Cobalt ores and has the alloclasite
composition is crystallographically different from glaucodot and arseno-
pyrite. It has orthorhombic symmetry space group p222,,

Alloclasite in the Cobalt-Gowganda ores was found only in the Fe-As
and Co-Fe-As assemblages. It occurs as euhedral crystals around an iron-
rich safflorite in Sample 9570 (Table 21 and Fig. 70), as alternating layers
with glaucodot in Sample No. 180 (Fig. 114), as separate euhedral crystals
embedded in calcite at the cores of rosettes, and as masses in samples
from the Langis mine and the Maple Mountain area. The alloclasite in
the samples from Maple Mountain is bordered and cut by veinlets of
safflorite.

Textural relations indicate that deposition of some alloclasite preceded
the deposition of safflorite, while some was later. The reason for this
contradictory order of deposition is not apparent, nor is it evident why
alloclasite was deposited rather than cobaltite, which has the same com-
position and is the common mineral in the Cobalt-Gowganda ores. It is

TasLe 33. Composrrions oF Graucopor IN Sampre No. 180

Location alr\f:iygefs Remarks Co wt.% Fe wt.% Ni wt.%

Inner layer 25 range 14.7-20.6 123-18.8 0-23
mean 16.8 16.0 0.5

Outer layer 11 range 18.6-24.7 8.8-149 0.3-0.8

mean 204 129 .0.5
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TasLE 34. X-Ray Powper DaTa FOR ARSENOPYRITE, GLAUCODOT AND ALLOCLASITE

Arsenopyrite Glaucodot Alloclasite
Sample 749 Sample 180 Sample 9570
(inner layer)
hkl dA I(est) Akl dA I(est)  hkl dA I(est)
111 3636 05 o6l 3625 15 110 3,584 5
080 3.570 3
* 3218 5
240 3,015 3 ‘
011 2.904 2
020 2842 3 0100 2803 1 020 2811 2
111 27191 1
260 27740 8 101 2744 10
o2 * 2.701 2
200 2664 9
112 2.549 2
B 261 2461 7 111 2.461 10
121 2433 10 280 2498 6
012 062 2.405 6 120 2410 9
210} 2400 3 0120 2364 1
_ 200 2309 1
212 2,195 3
222 2,146 05 210 2.155 3
102 2,000 3
122
221} 2.003 1
;ﬁ} 196 05 262 191 3 21 1965 4
022
220} 1.941
_ # 1.865 1
311 1814 7 2121 1817 10 211 1.818 8
031 1.784 1 * 1.784 05 220 1.797 1
131 1.754 3 063 1.759 05
1.738 05 * 1.733 05 130 1739 2
, * 1.705 05 002 1.696 2
1.678 05 083 1.684 05
131 1.626 6 0142  1.637 4 031 1639 4
202 1.605 3
321 1.587 4 242 1.584 2 221 1.587
313 1.540 4 0.18.1 1.547 2 131 1.548 1

Nore : The hkl indices for glaucodot are those given by Ferguson (1946), and lines
marked with an asterisk aré extra lines in the powder pattern of glaucodot from Cobalt.
The extra lines were also present in other powder patterns for glaucodot from the Cobalt

area,
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to be noted, however, that alloclasite was found only where silver is absent.

Chemical compositions and atomic proportions for alloclasite, as deter-
mined by means of the electron microprobe, are given in Table 35. X-ray
powder diffraction data for the alloclasite in Sample No, 9570 are included
in Table 34, Other data for the alloclasite in Sample No. 9570 are:
measured density 6.02; S.G. (cale) 6.20, cell volume 89.00 A3, Z = 2,
measured cell parameters a = 4.658 A, b = 5621 A and ¢ = 3.399 A.
The mineral was heated to 600° C and held there for three weeks by
L. J. Cabri in the Mines Branch Lakoratories at Ottawa. It broke down
to skutterudite and pyrrhotite.

ANTIMONIDES

Breithauptite (NiSh)

Breithauptite in the Cobalt-Gowganda ores was described in detail by
Ellsworth (1916), thus only its major characteristics are mentioned here.
It is present in the Ni-As and Ni-Co-As assemblages. In the Ni-As assem-
blage the breithauptite occurs in massive arsenides, whereas in the Ni-Co-As
assemblage it occurs at the cores of arsenide rosettes, It is intimately inter-

TasLe 35. Cuemicar. COMPOSITIONS AND ATOMIC PROPORTIONS OF ALLOCLASITE
rrROM THE CoBarT-Gowcanpa Orzs

Samole Chemical composition wt. % Atomic proportions
P G Fe Ni As S Toml Co Fe Ni As S
9570 265 60 tr 490 170 985 076 018 — 110 090

62 285 19 29 410 193 996 079 005 008 1.02 098

74 239 49 74 415 195 1032 065 014 020 1.02 098

74 323 05 28 414 194 1024 08 00! 0.08 1.02 098

MM-1* 207 40 05 482 189 1013 082 012 001 104 096
180 2.1 41 09

838 284 51 06 463 194 998 079 009 002 101 099
(spot 1) **

838 210 34 41 465 195 1010 075 010 011 101 099
(spot 2) **

838 313 25 06 464 195 1003 087 007 002 101 099
(spot 3) **

838 3.1 L7 13 463 195 999 08 005 004 101 099
(spot 4) **

* Sample from Maple Mountain.
** Sample 838 from Vein No. 425-86 in Langis mine at end of orebody.
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grown with nickeline in all occurrences, but in some places the intergrowth
is surrounded by a narrow nickeline layer. The breithauptite-nickeline
intergrowth in the Ni-Co-As assemblage is also associated with silver and,
in some places, with maucherite. The association of breithauptite, nickeline,
and silver in the Ni-Co-As assemblage is so consistent that local mine

Fic. 115, (Top, left) Photomicrograph of a polished section showing nickeline veinlets
(grey) in safflorite (white). The nickeline veinlets emanate from irregular nickeline
grains.

Fic. 116. Photomicrograph of a polished section of part of a grain containing langisite
(grey, labelled lan) in safflorite (sf), The grain also contains the associated sulphides
parkerite (pk), cobalt pentlandite (co-pn), siegenite (sg), bismuthinite (bs) and native
bismuth (Bi). The sulphide grains are outlined to enhance contrast.

Fie. 117. (Bottom, left) Photomicrograph of a polished section showing a large
prismatic crystal of pararammelsbergite in a matrix of nickeline intergrown with
rammelsbergite,

Fic. 118, Skutterudite at the cores of arsenide rosettes partly replaced by calcite (black)
in the form of graphic intergrowths, The skutterudite in this photograph cannot be
differentiated from the other arsenides in the rosettes, which are all white.
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operators consider the presence of breithauptite in the rosette-type ores
as being indicative of high-grade silver ore.

The compositions of breithauptite and associated nickeline in Sample
M-8922 were determined by means of the electron microprobe. The results,
given in Table 36, show that the breithauptite in this sample contains 4.8

Fic. 119. (Top, left) Separate skutterudite crystal in the ore veins, partly replaced
by rammelsbergite (rm) and cobaltite (cob).

Fie. 120, Part of a skutterudite grain (grey) intergrown with pararammelsbergite in
the form of a graphic intergrowth,

Fre. 121. (Bottom, left) Euhedral cubic cobaltite crystals (grey) in nickeline (grey)
and rammelsbergite (light grey). Some of the cobaltite crystals are partly replaced by
silver (white) and rammelsbergite,

Fic. 122, Cobaltite (cob) partly replaced by gersdorffite (gf II). Some arsenian
gersdorffite (gf), rammelsbergite (rm) and safflorite (sf) are also present,
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atom per cent arsenic in the Sb site, and the associated nickeline contains
4.6 atom per cent antimony in the As site. These results are in general
agreement with those reported by Halls & Stumpfl (1969) and by Ells-
worth (1916).

Ullmannite (NiShS)

Ullmannite, identified by x-ray diffraction studies combined with ore
microscopy, was found as separate grains in calcite in Vein No. 6 in the
Deer Horn mine, and in a vein in the Silverfields mine. That in the
Deer Horn mine was found in an ore zone that contained large amounts
of tetrahedrite, pyrargyrite, cobaltite, silver, and allargentum. That in the
Silverfields mine occurred in carbonate beyond an ore zone representing
the Ni-Co-As assemblage, and was associated with tetrahedrite, pyrargyrite,
and proustite. The ullmannite in both occurrences is in an antimony-rich
section of the ore near a Ni-Co-As assemblage.

CoNCLUSIONS

Most of the arsenides in the Cobalt-Gowganda ores have variable
compositions, hence they have not been homogenized and therefore provide
a partial record of the nature of the ore forming solution. The compositions
of some minerals vary from point to point along veins, and from cores
to the outer parts of arsenide rosettes. These compositional variations
follow the same trend for all arsenides, progressing from nickel to cobalt
to iron varieties, and correlate with varieties of associated arsenides and
antimonides. This suggests that the arsenides were deposited from an ore
solution whose composition was changing systematically from one end

Tasre 36, Cuemicar, ComMPOSITIONS AND ATOMIC PROPORTIONS OF BREITHAUPTITE
AND NIckeLINE IN SamprLe M8922

Element weig}ﬁrelthaiﬁﬁxeic prop. weightNICkelal::)inic prop,
Ni 329 1.016 40.6 0912
Co 0.1 0.003 32 0.076
Fe nd — nd —
As 20 0.048 54.1 0.954
Sb 65.0 0.952 43 0.046

Total 100.0 1022
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of the vein to another, and from the wall rock to the centre of the vein.
Such a compositional change likely occurred by precipitation of certain
elements as minerals at a specific point, thereby depleting the ore solution
of these elements and concentrating others. The other elements would
then have been deposited elsewhere as the ore solution moved along the
vein in either an open or closed vein system.

It is also noteworthy that some minerals, pararammelsbergite and
arsenopyrite,have relatively uniform compositions. The pararammelsbergite
is recrystallized and hence its composition has been homogenized. Arseno-
pyrite is the latest arsenide mineral to have been deposited in these ores,
probably at low temperatures and under conditions where it has a very
narrow stability field.
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