695

The Canadian Mineralogist
Vol. 31, pp. 695-710 (1993)

PYROSMALITE IN CANADIAN PRECAMBRIAN SULFIDE DEPOSITS:
MINERAL CHEMISTRY, PETROGENESIS AND SIGNIFICANCE

YUANMING PAN, MICHAEL E. FLEET, ROBERT L. BARNETT AND YUAN CHEN
Department of Geology, University of Western Ontario, London, Ontario N6A 5B7

ABSTRACT

Pyrosmalite-series minerals [(Fe,Mn)gSigO,5(OH,Cl) o] are reported from metamorphosed sulfide deposits in three
Canadian Precambrian mining camps: Matagami, Quebec (Archean, Zn-Cu-Ag-Au), Manitouwadge, Ontario (Archean,
Cu—Zn-Ag-Au) and Thompson Nickel Belt, Manitoba (Proterozoic, Ni-Au-PGE). As a result of electron-microprobe data,
pyrosmalite is found to form a continuous solid-solution series from a value of Mn/(Fe -+ Mn) of 0.08 to 0.85, and is a sink for
Cl. Textural characteristics and element partitioning indicate that pyrosmalite crystallized during both regional metamorphism
and late-stage hydrothermal activity. However, the initial Cl-enrichment in the host lithologies may have occurred during
seafloor hydrothermal alteration as an integral part of the syngenetic ore-forming processes for the associated base-metal min-
eralization. Identification of pyrosmalite in volcanogenic massive sulfide (VMS) deposits provides further support for a brine-
pool model for ore genesis and suggests that the precious-metal mineralization commonly associated with these sulfide
deposits may have been related to Cl-rich fluids.

Keywords: pyrosmalite-serics minerals, (Fe,Mn) solid solution, Cl-enrichment, Canadian Precambrian sulfide deposits, brine-
pool model, precious-metal mineralization.

SOMMAIRE

Nous avons découvert des membres de la série de la pyrosmalite [(Fe,Mn)gSigO;5(OH,Cl),o] dans des gisements métamor-
phisés de sulfures dans trois camps miniers précambriens canadiens: Matagami, Québec (archéen, Zn—Cu—-Ag—Au),
Manitouwadge, Ontario (archéen, Cu—Zn-Ag-Au), ¢t la ceinture nickelifére de Thompson, Manitoba (protérozoique, Ni — Au
— éléments du groupe du platine). A la lumigre des données obtenues par microsonde électronique, la pyrosmalite est une solu-
tion solide continue [Mn/(Fe + Mn) entre 0.08 et 0.85] et concentre le Cl présent dans ces roches. Les textures caractéristiques
et la répartition des éléments montrent que la pyrosmalite a cristallisé & Ja fois au cours d’un métamorphisme régional et pen-
dant une activité hydrothermale tardive. Toutefois, I’enrichissement initial des lithologies hdtes en Cl aurait pu se produire au
cours d’une altération hydrothermale lors de la minéralisation syngénétique en métaux de base, sur les fonds océaniques. La
présence de la pyrosmalite dans des gisements volcanogéniques de sulfures massifs étaye I’hypothése d’un bassin de saumures
impliqué dans Ia minéralisation; la présence d’une accumulation des métaux précieux couramment associée a ce genre de gise-
ment de sulfures témoignerait de I’implication d’une phase fluide riche en chlore.

(Traduit par la Rédaction)

Mots-clés: minéraux du groupe de la pyrosmalite, solution solide (Fe, Mn), enrichissement en Cl, gisements de sulfures pré-
cambriens canadiens, modele de bassin de saumures, minéralisation en métaux précieux.

INTRODUCTION

Pyrosmalite was originally established as a single
mineral species (Zambonini 1901, Dana 1920, Frondel
& Bauer 1953, and references therein), but presently
refers to minerals within the solid-solution series
(Mn,Fe),Sig0;5(0H,Cl),y, including the end-members
manganpyrosmalite and ferropyrosmalite (Vaughan
1987). In this paper, “pyrosmalite” will be used to
refer to the sclid-solution series. The structure of
pyrosmalite consists of brucite-type layers of octa-
hedra alternating with sheets of tetrahedra, both

upward- and downward-facing in six-membered
Si¢0;5 rings (Kashaev 1968, Takéuchi er al. 1969,
Kato & Takéuchi 1983), with Cl preferentially located
at OH(1) positions (Kato & Takéuchi 1983). Similar
sheet silicates include “brokenhillite” (Czank 1987,
questionable status in Nickel & Nichols 1991),
friedelite (cf. Bauer & Berman 1928, Frondel & Bauer
1953), megillite (Donnay et al. 1980), nelenite (Dunn
& Peacor 1984) and schallerite (¢f. Bauver & Berman
1928, Frondel & Bauer 1953), and are collectively
referred to as minerals of the friedelite group. Peacor
& Essene (1980) suggested that caryopilite has a gen-
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TABLE 1. OCCURRENCES OF THE PYROSMALITE SERIES

Refarances

Oecurrences

Compogition

Metamorphic Grade

Zambonini 1901,
Dana 1920

Zambonini 1501,
Dana 1920

Bauer & Berman 1928,
Frondel & Bauer 1953

Hutton 1956,
Stillwell &

McAndrew
1957, Plimer 1984
Watanabe & Rato 1958,

Watanabe et al. 1961

Kayupova 1964

Oftedal & Sacbe 1965

Sundius et al. 1966

Kagzachencko et al.
1979

Vaughan 1986

Fan et al. 1992

Costa et al. 1983,

Nordmark, Sweden
(Fe, Proterozoic)

Dannemora, Sweden
(Fe, Proterozoic)

Sterling Bill,
New Jersey, USA

Xu= 0.41-0.49
Cl = 3.79-4.88

Ry 0,51
cl = 3.52-3,70

Xy 0.76
cl = 3.80

(Zn-Fe-Mn, Proterozoic)

Broken Hill, Australia
{Pb~2n-Ag, Proterozoic)

Kyurazawa mine,
Tochigi, Japan
{Fe-Mn, Paleozoic)

Xy= 0.42-0.85
ci = 3,78-3.80

t and Y
depoeits, Kazakhstan
(Fe-Mn)

nordmarkite druses,
Grorud, ©Oslo, Norway

HAllefors, Sweden

(Ag-Pa-Mn, Proterozoic)

Primorye, Russia
{Pb-2Zn-Au-Ag,
Cretaceous)

Pegmont, Australia
{Pb-2Zn, Proterozoic)

watfangzi,
Liaoning, China
{Mn-Fe, Proterozoic)

Mattagami Lake mine,

¥puu= 0.53-0.82
€l = 5.00-5.63

K= 0.60
Cl = 3.62

no information

no information

Zy= 0.55-0.64
€l = 5.35

%= 0.08
€1 = 4.00-4.25
K= 0.65

cl = 3.49

Zu= 0.33-0,.85

amphibolite facies

amphibolite facies

granulite facies

granulite facies

{metamorphosed)

{metamorphosed)

amphibolite facies

{metamorphosed)

amphibolite facies

contact
metamorphosed

greenschist facies

this study Matagami, Quebec

(Zn-Cu~-Ag-Au, Archean)
Geco & Willroy mines,

Pan & Fleet 1992,

this study Manitouwadge, Ontario
{Cu~-Zn-aAg—-Au, Archean)
this study Thompaon mine,

{Ni-Au-PGE, Proterozoic)

€l = 0.79-5.42

amphibolite to

Xy= 0.17-0.62 granulite facies

€l = 0.12-5,93

amphibolite to

X~ 0.10-0.15  anulite faclies

Cl = 2,73-4.87

Xy = Mn/(Fe + Mn) atomic ratio.

eral formula of (Mn,Fe,Mg)sSicO;5(OH),, and also is
a member of the friedelite grotip.

Although pyrosmalite was originally considered to
be exceedingly rare, it has since been observed with
increasing frequency in metamorphosed polymetallic
sulfide deposits and Fe—-Mn deposits worldwide (Table
1). However, identification of pyrosmalite-series min-
erals has undoubtedly been obscured by its optical
resemblance to white micas (Pan & Fleet 1992). The
discovery of the pyrosmalite-series minerals in
the Geco Cu-Zn—Ag—Au massive sulfide deposit of
the Manitouwadge mining camp, Ontario (Pan & Fleet
1992, E.U. Petersen, pers. commun, 1992) was made
only through a combination of electron-microprobe
analysis and X-ray powder diffraction. Similarly, man-
ganpyrosmalite in the Mattagami Lake Zn-Cu-Ag-Au
massive sulfide deposit, Matagami, Quebec (Costa
1980, Costa et al. 1983) was recognized by partial
electron-microprobe analysis (without a determination
of ClI) and single-crystal X-ray diffraction. More

recently, we have identified pyrosmalite-series miner-
als in two other Canadian Precambrian sulfide
deposits: the Willroy Cu—Zn—Ag—-Au massive sulfide
deposit of the Manitouwadge mining camp, Ontario,
and the Thompson nickel sulfide deposit of the
Thompson Nickel Belt, Manitoba.

In this paper, we report on the textures and chemi-
cal compositions of pyrosmalite-series minerals in the
above three Canadian Precambrian mining camps.
Results of electron-microprobe analyses establish a
continuous solid-solution between ferropyrosmalite
and manganpyrosmalite. Textural characteristics and
element partitioning are used to elucidate the para-
genesis and origin of pyrosmalite in these meta-
morphosed sulfide deposits; assemblages of coexisting
minerals and available fluid-inclusion data are ana-
lyzed to constrain its conditions of formation. In addi-
tion, we discuss the significance of pyrosmalite, and
particularly its high Cl content, in metamorphosed
massive sulfide deposits in the light of syngenetic mod-
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els (Friesen ef al. 1982, Costa 1980, Costa ef al. 1983,
Large 1992). Finally, the occurrence of pyrosmalite with
associated Cl-rich fluids is related to precious-metal
mineralization commonly associated with Precambrian
sulfide deposits (¢f. Friesen et al. 1982, Costa 1980,
Costa et al. 1983, Hannington & Scott 1989, Large et al.
1989, Chen et al. 1993, Large 1992).

OCCURRENCES AND PETROGRAPHY
Matagami, Quebec

The Mattagami Lake mine exploits an Archean vol-
canic rock-hosted Zn—-Cu-Ag—Au massive sulfide
deposit located in the Matagami mining camp of
northwestern Quebec, within the Abitibi subprovince
of the Superior Province (Costa 1980, Costa et al.
1983, and references therein). It consists of two ore
zones (a pyrite — sphalerite unit and a pyrite —
pyrrhotite — magnetite unit) and is underlain by vitro-
clastic rhyolite and basalt of the Watson Lake Group
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and overlain by the Key Tuffite (Fig. 1; Costa 1980,
Costa et al. 1983, and references therein).

Pyrosmalite at the Mattagami Lake mine is res-
tricted to the uppermost portion of the pyrite—spha-
lerite unit, just below the hanging-wall Key Tuffite
(Fig. 1). The pyrosmalite-bearing rocks are composed
of pyrite, sphalerite, pyrrhotite, magnetite, chalcopy-
rite, carbonates (calcite, dolomite, ankerite and
siderite), talc, cuammingtonite—dannemorite, actino-
lite—tremolite, chlorite, stilpnomelane, pyrosmalite,
and caryopilite (Costa 1980, Costa et al. 1983).

Pyrosmalite locally makes up 30-40% by volume
of the pyrite — sphalerite ore, commonly occurring
as large grains or flakes (up to 0.5 X 0.3 mm)
with well-developed basal cleavage, in close asso-
ciation with carbonates and disseminated within
the ore minerals (Fig. 2a). Mutual contacts with
amphiboles (i.e., cummingtonite-dannemorite
and actinolite~tremolite) and other silicate minerals
are common, but no replacement texture involving
pyrosmalite after any other mineral phases

$45°W
Outline of Main Cross-Cut
(Section 39)

[ wabassee andesite
I Koy twffite
pyrite-sphalerite ore
E=] talc-actinolite
[V—¥] pyrite-pyrrhotite-magnetite
footwall rhyolite

peridotite 50 meters

D .
”
oo 2o
Q3

OP1-7

0GL 19A8]

FiG. 1. Geological outline of section 39 of the Matiagami Lake Zn—Cu—Ag—Au orebody, with sample locations (after Costa et
al. 1983). Only numbers for the pyrosmalite-bearing samples (filled circles) and those cited in Tables 2 and 3 are given.
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has been observed. Instead, individual grains of and Willroy mines, two of the four Archean
pyrosmalite are commonly rimmed by caryopilite Cu-Zn-Ag-Au massive sulfide deposits at the

(Fig. 2b). Manitouwadge mining camp of northwestern Ontario,
which is located at the northern edge of the Wawa
Manitouwadge, Ontario subprovince of the Superior Province (Friesen et al.

1982, Petersen 1986, Pan & Fleet 1992). These
Pyrosmalite has been observed in the Geco deposits are stratigraphically underlain by garneti-

malite (Ps): a) as a major phase (grey) associated with ore minerals (white: including pyrite, sphalerite, pyrrhotite and magnetite)
from the Mattagami Lake mine; note several crystals of pyrosmalite showing a hexagonal outline (scale bar: 100 um); b) partly
replaced by caryopilite (Car), from the Mattagami Lake mine (scale bar: 10 um; c) in association with gamet (Grt), actinolite (Act),
pyrite (Py), and sphalerite (Sp) as characteristic radiating clusters, from the Geco mine (from Pan & Fleet 1992); d) in association
with actinolite (Act), calcite (Cal) and quartz (Qtz) as an aggregate replacing clinopyroxene (Cpx) in chalcopyrite(Cep)-rich ore
from the Willroy mine; ¢) in association with grunerite (Gra), quartz and pyrrhotite (Po) as aggregates replacing ferrosilite (Fs)
from the Thompson mine, and f) in association with pyrrhotite as cross-cutting vein from the Thompson mine.
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ferous cordierite — orthoamphibole gneisses that are
interpreted as altered mafic to intermediate volcanic
rocks, and are overlain by quartz — biotite — feldspar
gneisses, interpreted as metasediments with inter-
calated volcanic rocks (Friesen et al. 1982). The mas-
sive sulfide deposits and supracrustal country-rocks
have undergone multiple periods of deformation and
have been subjected to a regional metamorphism of
upper amphibolite to granulite facies (Petersen 1986,
Pan & Fleet1992).

Pyrosmalite in the Geco mine appears to be restrict-
ed to the lower, smaller 4/2 Copper Zone (for metal
zonation, see Friesen er al. 1982). It occurs both as
extremely finegrained inclusions (<15 um in maxi-
mum dimension) within spessartine-rich garnet
porphyroblasts and as radiating clusters associated
with actinolite (Fig. 2¢), epidote, chlorite, plagioclase,
K-feldspar, biotite, calcite, sphalerite, and pyrite in
skarn-like calc-silicates (Pan & Fleet 1992).

In the Willroy mine, pyrosmalite was observed in
several samples of chalcopyrite-rich ore. It is com-
monly present in association with actinolite, quartz,
calcite, epidote, and chlorite as aggregates replacing
clinopyroxene (Fig. 2d) and garnet.

TABLE 2. COMPOSITIONS OF
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Thompson Nickel Belt, Manitoba

The Thompson Nickel Belt is located at the bound-
ary between the Superior and Churchill provinces. The
zone of nickel mineralization at the Thompson mine is
associated with sequences of metasedimentary rocks,
including metapelite (biotite schist) and related
granitic pegmatite, quartzite, skarn and iron formation.
Serpentinites occur in the pelitic member as small
lenses (Peredery et al. 1982). The main Ni-sulfide
mineralization is found in metapelite, and minor disse-
minations of sulfides are present in ultramafic lenses.
Regional metamorphism of the Thompson Nickel Belt
includes an earlier granulite-facies event, followed by
an amphibolite-facies event of the Hudsonian Orogeny
and a late-stage hydrothermal alteration (Peredery et
al. 1982).

Pyrosmalite was observed at the Thompson mine in
only one sample of banded iron formation (BIF) that
was collected within the footwall and about 3 to 15
meters below the nickel sulfide orebodies; the footwall
is characterized by alternating layers rich in iron sili-
cates + magnetite and rich in quartz. The layers rich in
iron silicates + magnetite consist of mainly garnet,

THE PYROSMALITE SERIES

Location Mattagami Lake mine Manitouwadge Thompson

Sample PS4-1 PS2-1 OP1-7 OPi-7 8383 8383° 9360 TS18° TS18¢
810, (wt. %) 34.42 35,19 34.84 35.44 35.29 31.42 34.56 34.12 34.48
Ti0, 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0,00 0.11
Al.0, 0.13 0.02 0.08 0.06 0.06 2.43 0.40 0.24 0.24
cr,0, 0.00 0.02 0.03 0.00 0.00 0.00 0.03 0.04 0.05
MnO 28.04 43.66 23.28 17.39 20.36 31.70 12.85 7,04 5,76
FaO* 24.61 8.07 28.88 35.09 34.47 21.18 40.23 46.77 46.73
¥go 1.01 1.78 0.81 1.40 0.25 0.42 0.02 0.54 0.58
2n0 0.00 0.02 0.46 1.03 0.00 0.00 0.00 0.00 nd
cao 0.04 ©0.02 0.00 0.00 0.04 0.21 0.28 0,03 0.09
Ra,0 0.05 0,01 0.00 0.00 0,00 0.04 0.01 0,02 0.03
X0 0.02 0.00 0.00 0,01 0.00 0.04 0.00 0.01 0.12
cl 5.14 4.54 4.00 0.79 0.92 3.70 4.19 4.87 3,17
Bo** 7.32 7.59 7.58 8.61 8.51 7.89 7.49 7.38 7.77
o=cl 1.16 1.02 0.90 0.18 0.21 0.86 0.94 1.10 0.71
Total 99.65 99.90 99.03 99.64 99.69 97.90 99.13 99.93 98.42

Chemical formulae calculated on the basis of 14 cations

si 5.98 6.03 6.07 6.02 6.04 5.52 6.05 5.985 6.02
Mal 0.02 0.00 0.00 0.00 0.00 0.48 0.00 0.05 0.00
vial 0.01 0.00 0.01 0.01 0.01 0,02 0.08 0.01 0.06
cx 0.00 ©0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.02
Fe 4,08 1,16 4,21 4.95 4.92 3,10 5.89 6.81 6.82
Mg 0.26 0,45 0.21 0.35 0.06 0.11 0.05 0.14 0.16
¥n 3.62 6.34 3.43 2.47 2.95 4.71 1.91 1.04 0.86
Zn 0.00 0.00 0.06 0.13 0.00 0.04 0.00 0.00 ————
Cca 0.01 0.00 0.00 0.00 0.01 0.00 0.08 0.00 0.01
Na 0.01 0.00 0,00 0.00 0.00 0.01 0.00 0.00 0,01
X 0.00 0.00 0,00 O0.00 0.00 0.00 0.00 0.00 0.02
cl 1.51  1.32 1.18 0,23 0.27 1.10 1.24 1.44 0.94
OH 8.4 8.68 8.82 9.77 9.73 8.90 8.76 8.56 9.06

sea Fig. 1 for sample numbers and locations of the Mattagami Lake mine;
8383 and 9360 are samples of the Geco and Willroy mines, respectively;

T818 is a banded

iron formation sample of the

n mine; a, in

radiating cluster; b, as inclusion in garmet porphyroblast; e, in orose-
cutting vein; d, replacing ferromsilite; wt. %, weight percent;
*+, total iron content as Fe0Oy *w, H.0 calculated from OH = (10 - Cl).



biotite, and magnetite, with variable amounts of

a, see Tablo 2 and Fig. 17 wt. %,
content er Peacor

as FaOp *+, aft

wa;

ight parcent; *, total iron
& Eosene (1980).

The chemical composition of pyrosmalite and asso-
ciated minerals from the three Canadian Precambrian
mining camps is presented in Tables 2 and 3. All
chemical analyses were made with a JEOL JXA-8600
electron microprobe fitted with four automated wave-
length-dispersion spectrometers, at the University of
Western Ontario. Operating conditions included an
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TAHLE 3a. oF ILITE AND
Minaral pyroxenes caryopilite biotite
Bample® 9360 TS18 PS2-2 €D4~1 FA3I-L CD5-9 CDE-13 1818
810, (wt. &) 50.86 47,10 37.27 37.39 37.09 36.73 38.04 33.29
10, 0.00 0.08 0,00 0.00 0.02 1.74 .17 .68
AL0, 0.20 0.39 0.03 1.12  0.11 14.70 13.43 16.36
cro, 0.00 0.01 0.00 0,03 ©.04 0.00 0.02 0.00
%00 4.13  1.85 6.98 10.40 4.12 0.28 0.17 0.22
pws 14.63 46.48 41.54 32,70 43.98 17.83 18.13 32.3%
g0 6.94 4.27 3,48 8.87 4.61 12.62 15.28 3,73
290 0.00 nd 0,24 nd 0,07 rd nd nd
can 23.48  0.26 0,00 0.11 0.03 0.0 0.0 0.08
Bao nd nd  pd nd nd  0.06 0.02 0.19
Hap 0.21  0.00 0.01 0,00 0.80 0.02 0.05 0.07
0 0.00 0.01 0.00 0,01 ©0.02 9.80 9.80 8.91
¥ .00 0.00 0.00 .00 0.00 2.08 2.83 0.48
o ¢.00 0.00 0.81 0.76 0.5¢ 0.13 0.06 0.19
osr,c1 0.00 0,00 0.14 0.317 0.12 0.95 1.28 0.26
Total 100.48 100.46 83.98 91.22 90.50 94.77 96.73 97.28
6 oxygens (81 + RAl) = 6o+ 22 oxygens
81 1.99 1,99 8.99 5,80 8,98 5.6 85,79 8,36
a1 0.01 0.0 0.01 0.20 0,02 2,31 2.21  2.64
iy 0.00 0.01 0.00 0.00 0.00 0.37 0.20 0.46
o4 8.00 0.00 0.00 0.00 0.00 0.20. 0.02 0.20
cr 6.00 0.00 0.00 0.00 0,060 0.00 0.00 0.00
Po 0.48 1.68 5,89 4.23 8.92 2.27 2,31 3.28
Mg 0.40 0.27 0.83 2.08 1.11 2.9 3.46 0.89
Mn 0.14 0.07 0.98 1.36 0.5 0.04 0.02 0.03
2n 0.00 ~me= 0,03 —e== (.01 —emm  w—— ———
ca 0.00 0.01 0.00 0.02 0,00 0.01 c.01 0.01
Ba meee | emes mme= e eeee 0,000 0,00 0.01
Ra 0.02 0.00 0.00 0.00 0.08 0.01 0.02 0.02
X 0.00 0.06 0.00 0.00 0.00 1.93 1.90 1.83
b3 0.00 6.00 0.00 0.00 0.00 1.02 1.36 0.24
o 0.00 0.00 0.17 0.20 0,18 0.03 0.02 0.08

TABLE 3b. COMPOSITIONS OF AMPHIBOLES

pyroxene, grunerite, pyrosmalite, ilmenite, and
pyrrhotite. Two distinct textural varieties of pyros-
malite are present. More commonly, pyrosmalite
occurs as aggregates with grunerite, quartz and
pyrrhotite after ferrosilite (Fig. 2¢). Although replace-
ment along or parallel to the cleavage of ferrosilite is
observed locally (Fig. 2e), most aggregates occur
around grain boundaries and show no preferred
crystallographic orientation to the host ferrosilite, indi-
cating the absence of any epitaxic relationship
between these two minerals (see also Hutton 1956).
Secondly, pyrosmalite also is present in association
with pyrrhotite in cross-cutting veins (Fig. 2f).

MINERAL CHEMISTRY

Location

Sample*
Mineral

510, (wt. %)
Ti0,

A0,
Cx0,

si
Va1

vin1
T4
cr
Fe
Mg
Mn
Zn
Ca
Na
b3
clL

Mattagami Lake mine

Manitouwadge Thompson

PS4~1 OP1-7 PS4-1 OP1-7 CD3-8 CD3-9
Dan Dan Act Act Edn Par
54.01 8§3.37 B84.06 51.75 44.88 39,77

0.00 0.00 0.00 0.00 0.28 0.04
0.04 0.15 1.15  1.33 10.78 16.69
0.00 0.02 0.00 0.00 0.01 0.00
10.54 11.14 4.33 3.14 1.24 1.38
17.68 20.29 11.07 20.57 16.23 19,13
16.30 12,53 15.56 8.66 10.93 7.80
nd 0.87 nd 1.20 nd nd
0.67 0.39 11.96 11.37 10.33 10.87
0.01 0.08 0.12 0.34 2.05 2.25
0.01 0.00 0.00 0.13 0.19 0.36
0.00 0.00 0.00 0.02 0.69 1.50
0.00 0.00 0.00 0.00 0.16 0.34
98.26 98.55 98.26 98.51 97.46 99.45

8383 9360 818
Act Act Gru
49.63 654.33 50.16
0.00 0.00 0.00
0.04 0.06 1.12
0.06 0.00 0.01
7.12 2.01 1.50
28.69 15.07 36.29
0.78 13.18 7.42
0.00 0.00 0.00
11.47 12.48 0.03
0.08 0.07 0.45
0.07 0.01 0.10
0.00 0.00 0.20
0.00 0.00 0.05
97.91 97.21 97.23

Chemical formulae calculated on the basis of 23 cations

8.00 8.02 7.81L  7.83 6.75 6.02
0.00 0.00 0.19 0.17 1.285 1.98
0.00 0.03 0.01 0.07 0.64 1.00
0.00 0.00 0.00 0.00 0.03 0.00
0.00 0.00 0.00 0.00 0.00 0.00
2.19 2.58 1.34 2.60 2.03 2.42
3.38 2.81 3.38 1.95 2.44 1.76
1.32 1.42 0.53 0.40 0.16 0.18
———— 0.06 weee 0,13 —— ———
0.11 0.06 1.85 1.85 1.66 1.77
0.00 0.01 0.03 0.10 0.60 0.66
0.00 0.00 0.00 0.03 0.04 0.07
0.00 0.00 0.00 0.00 0.17 0.38

7.98 7.99 7.93
0.01 0.01 0.07
0.00 0.00 0.14
0.00 0.00 0.00
0.00 0.00 0.00
3.86 1.85 4.79
0.19 2.89 1.75
0.97 0.25 0.20
0.00 0.00 0.00
1.98 1.97 0.00
0.01 0.02 0.14
0.01  0.00 0.02
0.0¢ 0.00 0.08

Act, actinolite; Dan, dannemorite; Edn, edenite; Gru, grunerite;
Par, pargasite; a, see Table 2 and Fig. 1; wt. %, weight percent;
*, total iron content as FeO.
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accelerating voltage of 15 kV, beam current of 10 nA,
beam diameter of 2-3 mm, 20-second counting time,
and minerals and synthetic glasses as standards.
Matrix corrections were performed using the Tracor-
Northern ZAF program.

Pyrosmalite

Although pyrosmalite from the Mattagami Lake,
Geco, and Willroy mines is extremely heterogeneous
in chemical composition from sample to sample, it is
generally homogeneous within individual grains, and
exhibits only minor grain-to-grain variations within
most samples in all three Precambrian mining camps
examined in this study. Pyrosmalite in only one sam-
ple (OP1-7) of the Mattagami Lake mine shows wide
variations in both Cl content and Mn/(Fe + Mn) ratio,
which are positively correlated (Fig. 3). A similar
correlation between Cl and Mn/(Fe + Mn) ratio was
reported for pyrosmalite in skarn-like calc-silicates
from the Geco mine (Pan & Fleet 1992).

Most compositions of pyrosmalite-series minerals
in the literature have an Mn/(Fe + Mn) atomic ratio
ranging from 0.41 to 0.85 (Table 1, Fig. 4). An Fe-rich
end-member with Mn/(Fe + Mn) = 0.08 was described
only recently from the Pegmont deposit, Australia
(Vaughan 1986). The two texturally distinct varieties
of pyrosmalite in the banded iron formation of the
Thompson mine (Figs. 2e,f) show no compositional
difference and have an Mn/(Fe + Mn) ratio ranging
from 0.10 to 0.15 (Table 1), consistent with the high
whole-rock Fe/Mn ratio and similar to that of the most
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FiG. 3. Plot of Cl versus Mn/(Fe + Mn) showing composi-
tional variation of pyrosmalite in sample OP1-7 from
the Mattagami Lake mine, Quebec (see Fig. 1).
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F1G. 4. Plot of Mn versus Fe showing a complete solid solu-
tion in the pyrosmalite series from a Mn/(Fe + Mn) value
of 0.08 to 0.85. Crosses represent data from the literature,
open circles, from the Mattagami Lake mine, Quebec,
filled circles, from the Geco and Willroy mines, Ontario,
and half-filled circles, from the Thompson mine,
Manitoba. The solid line indicates the ideal correlation.

Fe-rich end-member from the Pegmont deposit
(Vaughan 1986). Pyrosmalite from the Geco, Willroy
and Mattagami Lake mines varies widely in Mn/(Fe +
Mn) ratio (Tables 1, 2) and encompasses both ferropy-
rosmalite and manganpyrosmalite. Of particular inter-
est are the intermediate compositions of ferropyros-
malite from the Geco and Willroy mines, indicating a
continuous solid-solution series from 0.08 to 0.85
(Fig. 4). However, pure end-member compositions of
either ferropyrosmalite or manganpyrosmalite have
not yet been found (Table 1, Fig. 4).

Chlorine is present in all pyrosmalite grains ana-
lyzed to date (Tables 1, 2). Although most pyrosmalite
compositions established in the present study have a
Cl content within the range in the literature (3.58 to
5.63 wt.% Cl; ¢f. Vanghan 1986), chlorine-depleted
compositions (less than 3.58 wt.% Cl) also have been
obtained for some pyrosmalite grains from all three
Canadian Precambrian mining camps (Table 2).

Significant amounts of Zn and Mg have been
detected in pyrosmalite from the Mattagami Lake
mine (Table 2; ¢f. Frondel & Bauer 1953, Hutton
1956, Stillwell & McAndrew 1957). Zinc is typically
below detection limit in ferropyrosmalite from the
Thompson mine. Although sphalerite is abundant in
all pyrosmalite-bearing samples from both the Geco
and Willroy mines, and gahnite is present in the skarn-
like calc-silicates of the Geco mine, zinc has not been
detected in pyrosmalite from these two deposits.
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Associated silicate minerals

Most silicates, oxides, carbonates and sulfides asso-
ciated with pyrosmalite in all three mining camps
studied have been analyzed in some detail (Costa
1980, Costa er al. 1983, Pan & Fleet 1992, Chen
1993). Additional compositional data on pyroxenes,
caryopilite, biotite and amphiboles are presented here
(Tables 3a, b).

The pyroxene that is replaced by ferropyrosmalite
in the banded iron formation from the Thompson mine
is ferrosilite, with an Fe/(Fe + Mg + Mn) ratio of
about 0.83 (Table 3a). The clinopyroxene in the
Willroy mine varies significantly within the diop-
side-hedenbergite series and has a variable content of
the johannsenite component (Table 3a). The man-
ganese content of pyrosmalite is directly related to that
of the host clinopyroxene at the Willroy mine (Fig. 5).

Caryopilite from the Mattagami Lake mine has an
Fe/(Fe + Mn + Mg) ratio greater than 0.55 (Table 3a),
and represents a new Fe-rich member (work in
progress). These compositions of Fe-rich caryopilite
also contain minor amounts of Zn and Cl (Table 3a).

The biotite associated with Cl-depleted ferropyros-
malite from the Geco mine is F-rich but does not con-
tain detectable Cl (Pan & Fleet 1992). The biotite from
the Thompson mine contains minor amounts of both F
and Cl (Table 3a). Costa et al. (1983) recognized two
varieties of the phlogopite-biotite series (Ti-rich and
Ti-poor) in the footwall rhyolite and basalt of the
Mattagami Lake mine. The present study shows that
significant amounts of F, but only background values
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FiG. 5. Mn/(Fe + Mn) distribution between pyrosmalite and
host clinopyroxene from the Willroy mine (filled circles);
data for pyrosmatite and ferrosilite from the Thompson
mine (half-filled circles) are shown for comparison.
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of Cl, are present in both varieties. However, neither
phlogopite nor biotite has been observed in the pyros-
malite-bearing samples of the Mattagami Lake mine.

According to the classification of Leake (1978), the
Fe-Mg-Mn amphibole associated with ferropyros-
malite in the banded iron formation of the Thompson
mine is grunerite (Table 3b). The Fe-Mg-Mn amphi-
bole at the Mattagami Lake mine belongs to the cum-
mingtonite—dannemorite series (Table 3b; see also
Costa et al. 1983). It is noteworthy that both cum-
mingtonite and dannemorite from the pyrosmalite-
bearing samples of the Mattagami Lake mine contain
measurable Zn contents (up to 1.8 wt.% ZnQO; ¢f. Klein
& Ito 1968).

Calcic amphiboles associated with pyrosmalite at
the Geco and Willroy mines vary from actinolite to
ferroactinolite (¢f. Leake 1978), with variable amounts
of Mn. The highest Mn content (up to 7.1 MnO wt.%;
Table 3b) was found in grains in direct association
with manganoan ferropyrosmalite at the Geco mine.
Calcic amphibole in pyrosmalite-bearing samples
from the Mattagami Lake mine invariably belongs to
the actinolite~tremolite series, and contains variable
amounts of Mn (Table 3b). Similar to their Ca-poor
counterparts, both actinolite and tremolite from the
Mattagami Lake mine contain significant contents of
Zn (up to 1.2 wt.% ZnO: Table 3b; c¢f. Klein & Ito
1968).

In this study, large grains of calcic amphibole (up to
2 mm in diameter) also have been observed in several
samples from the pyrite — pyrrhotite — magnetite ore
unit and the altered footwall rhyolite of the Mattagami
Lake mine. These grains of calcic amphibole com-
monly contain a Cl,Al,Na-rich core (up to 1.5 wt. %
Cl; Table 3b) rimmed by Cl-absent actinolite. The Cl-
rich core is extremely heterogeneous with respect not
only to Cl content but also to Fe/Mg ratio and contents
of Al and Si (Table 3b), and ranges from edenite to
pargasite. Calcic amphiboles rich in Cl and X that are
not associated with pyrosmalite have been observed
also in skarn-like calc-silicates from the main orebody
of the Geco mine (Pan & Fleet 1992).

DiscussioN

In addition to the occurrences of pyrosmalite in the
three Canadian Precambrian mining camps considered
here, the Sullivan mine, Kimberley, British Columbia
(a Proterozoic, sediment-hosted Zn-Pb—Ag sulfide
deposit) is the type locality of mcgillite, a polytype of
manganpyrosmalite (Donnay et al. 1980). We have
examined samples from many other well-known
Canadian sulfide mining camps (e.g., Bathurst, New
Brunswick; Kidd Creek and Sturgeon Lake, Ontario;
Noranda, Quebec; and Snow Lake, Manitoba) but
have failed to detect pyrosmalite or any other member
of the friedelite group. However, given the difficulty
in identification of these minerals by optical means
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and limited number of samples examined (less than 10
each), the present study is by no means exhaustive.

Partitioning of Fe and Mn between pyrosmalite and
coexisting silicate minerals

The most important criteria used to interpret the
paragenesis and origin of pyrosmalite in the metamor-
phosed Precambrian sulfide deposits of this study are
textural characteristics (see below). Element partition-
ing also provides invaluable information on coexisting
minerals during the crystallization of pyrosmalite (cf.
Mueller 1961, Pan & Fleet 1989). Figure 6a shows
that the Mn/Fe ratios in pyrosmalite and Fe-Mg-Mn
amphiboles at the Mattagami Lake mine correlate pos-
itively, giving a distribution coefficient (Kp) of 1.44
with a standard deviation of 0.12; hence Mn is only
slightly enriched in pyrosmalite relative to coexisting
Fe-Mg—Mn amphiboles. Similarly, systematic distrib-
utions of Fe and Mn between pyrosmalite and calcic
amphiboles occur at both the Mattagami Lake mine
(Fig. 6b) and the Geco and Willroy mines (Fig. 6c).
However, the calculated distribution coefficients of
2.6 for the Mattagami Lake mine and 2.4 for the Geco
and Willroy mines are considerably higher than that
for pyrosmalite and Fe-Mg-Mn amphiboles at the
Mattagami Lake mine. Although biotite and chlorite
from the Geco and Willroy mines are much less
enriched in Mn than the coexisting amphiboles (Pan &
Fleet 1992), the patterns of distribution of Fe and Mn
between pyrosmalite and each of these two former
minerals are also almost linear (not presented here).
From textural evidence and these data on element par-
titioning, we tentatively conclude that pyrosmalite
crystallized in chemical equilibrium with calcic
amphibole, Fe-Mg-Mn amphibole, biotite, and chlo-
rite, albeit on a very local scale (e.g., within aggre-
gates of grains). The distribution of Fe and Mn
between pyrosmalite and host pyroxenes also is sys-
tematic (Fig. 5) and is interpreted to reflect cation pro-
portions inherited during replacement processes (Figs.
2d, e).

Paragenesis and origin of pyrosmalite

All examples of pyrosmalite in the literature, with
the possible exception of the Norwegian occurrence
(Oftedal & Saebg 1965), which is without either
chemical or X-ray data, are found in metamorphosed
Fe-Mn and massive sulfide deposits (Table 1). The
Mattagami Lake, Geco and Willroy mines of the pres-
ent study also have been interpreted to be volcano-
genic massive sulfide (VMS) deposits (Friesen et al.
1982, Costa 1980, Costa et al. 1983, Pan & Fleet
1992, and references therein). There is no general
agreement concerning the origin of the Thompson
nickel sulfide deposit, for which the “volcanogenic
exhalative” model is only one among many proposed
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genetic models (e.g., volcanogenic or Kambalda type,
hydrothermal replacement and massive sulfide flow;
cf. Peredery et al. 1982). However, the ferropyros-
malite at the Thompson mine is restricted to the
banded iron formation (i.e., metamorphosed chemical
sediments). Despite its exclusive occurrence in Fe~Mn
and massive sulfide deposits, there is no evidence for
the direct precipitation of pyrosmalite from hydrother-
mal fluids on the seafloor. Pyrosmalite has not been
observed in modern sulfide deposits or Fe—-Mn
deposits on the seafloor, and the ancient Fe-Mn and
massive sulfide deposits bave all been metamorphosed
(Table 1).

It is peculiar therefore that talc, carbonates, Mn-
bearing serpentine, Mn-bearing amphiboles and the
sulfide ore minerals at the Mattagami Lake mine were
considered by Costa et al. (1983) to be directly precip-
itated during hydrothermal activity on the seafloor.
Talc, an important gangue mineral at the Mattagami
Lake mine, is indeed present as a primary mineral in
some presently active seafloor hydrothermal systems
(see Rona 1988 for a review), and the present descrip-
tions and discussion indicate that pyrosmalite was
most likely part of the main silicate assemblage in the
Mattagami Lake mine. However, a greenschist-facies
regional metamorphism has been documented in the
Mattagami Lake area by Jolly (1978), and the silicate
mineral assemblages within the Mattagami Lake mine
(Costa 1980, Costa et al. 1983, see above) are not
inconsistent with it (¢f. Gole 1980, Miyano & Klein
1989). More importantly, silicate minerals such as
talc, chlorite, amphiboles and pyrosmalite in the ore
units and chlorite in the altered rhyolite of the footwall
do exhibit a degree of preferred orientation. It is possi-
ble, therefore, that pyrosmalite in the Mattagami Lake
min¢ was a product of the greenschist-facies regional
metamorphism, and not a direct precipitate from the
hydrothermatl fluids responsible for the ore deposit. A
prograde metamorphic origin has been proposed by
Vaughan (1986) for the ferropyrosmalite in the
Pegmont deposit, Australia. Similarly, manganpyros-
malite occurs as mineral inclusions in garnet porphy-
roblasts in skarn-like calc-silicates of the Geco mine;
these most likely crystallized during regional meta-
morphism or perhaps even earlier (Pan & Fleet 1992).

However, most examples of pyrosmalite in the
literature are considered to have originated as a meta-
somatic replacement of earlier anhydrous silicates or
as aggregates in cross-cutting veins (Hutton 1956,
Stillwell & McAndrew 1957, Watanabe & Kato 1958,
Watanabe et al. 1961, Fan et al. 1992), pointing to a
late-stage hydrothermal origin (Kayupova 1964,
Plimer 1984). This is the most plausible origin for the
ferropyrosmalite in the Geco, Willroy and Thompson
mines (Figs. 2¢, d, ¢, ).

Pyroxene is by far the most common mineral to be
replaced by pyrosmalite (Hutton 1956, Stillwell &
McAndrew 1957, Watanabe & Kato 1958, Watanabe

THE CANADIAN MINERALOGIST

Temperature {°C)

0,003

0.010 0.018

X{CO,) at P = 3000 bars

0.020 0,025 0,03

FiG. 7. Isobaric T-X(CO,) diagram for the system K,0 —
CaO — MgO - FeO - AL,0; — Si0, — H,0 — CO, calculat-
ed using the GE@—-CALC software package of Brown
et al. (1988) and internally consistent thermodynamic
data of Berman (1988) at a total pressure of 3 kbar for
assemblages of alteration minerals in skarn-like calc-sili-
cates at the Geco mine (mineral data from Pan & Fleet
1992): An, anorthite; Cal, calcite; Chl, clinochlore; Kfs,
K-feldspar; Phl, phlogopite; Qtz, quartz, and Tr, tremo-
lite. For reactions (3), (4) and (6) see text.

et al. 1961, this study). Reactions involving metaso-
matic replacement may be quantified by mass-balance
calculations using mineral compositions and data on
specific gravity (Gresens 1967). Calculated reactions
for ferropyrosmalite after ferrosilite at the Thompson
mine and after hedenbergite at the Willroy mine are as
follows (in weight units):

(1) 100 ferrosilite + 1.9MnO + 1.9Cl + 4.7H,0 =
59 ferropyrosmalite + 22 grunerite + 19.1Si0, +
10.5FeO + 2.3MgO,

and

(2) 100 hedenbergite + 2.3MnO + 9FeO + 0.5MgO +
1.8C1 + 4.3H,0 = 44 ferropyrosmalite + 49 actinolite
+ 98i0, + 17Ca0.

The first reaction is consistent with not only the
presence of quartz and pyrrhotite (addition of S,) but
also the observed volume ratio (3 to 1) of ferropyros-
malite and grunerite after ferrosilite at the Thompson
mine (Fig. 2e). Similarly, the second reaction is in
agreement with the presence of quartz and calcite
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(addition of CO,) in aggregates of ferropyrosmalite
and actinolite after hedenbergite at the Willroy mine.
It is noteworthy that the metasomatic replacement of
manganpyrosmalite after rhodonite at the Kyurazawa
mine, Japan (Watanabe et al. 1961) also includes the
crystallization of a manganiferous amphibole, quartz
and manganoan calcite, similar to the case in the sec-
ond reaction above.

Conditions of formation of pyrosmalite

Although thermodynamic data are not available for
accurate evaluation of the stability of pyrosmalite, the
extensive ranges of chemical substitutions of Fe?* for
Mn?*, and of Cl- for OH~, indicate that pyrosmalite
may have a large field of stability in terms of P and T.
Consequently, the critical parameters for its formation
probably are not temperature or pressure but compo-
sition. A rather special bulk-rock composition is
required for formation of pyrosmalite, and this appears
to be supported by the exclusive occurrence of pyros-
malite in Fe-Mn deposits and Fe—-Mn-rich rocks
within massive sulfide deposits (Table 1).

The preceding discussion has demonstrated that a
close approach to chemical equilibrium between
pyrosmalite and associated minerals appears to have
been achieved within individual aggregates of grains.
Thus, the conditions of crystallization of pyrosmalite
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in the three Precambrian sulfide mining camps exam-
ined in this study may be estimated from a thermody-
namic analysis of the assemblages of coexisting min-
erals. For example, the stability of the'assemblage
actinolite + chlorite + phlogopite + plagioclase + K-
feldspar + epidote associated with ferropyrosmalite in
skarn-like calc-silicates of the Geco mine (Pan & Fleet
1992) is constrained by the following model reactions:

(3) 2 clinozoisite + CO, = 3 anorthite + calcite + H,0,
(4) 3 tremolite + 35 phlogopite + 114 anorthite +
88H,0 =
24 clinochlore + 35 K-feldspar + 60 clinozoisite,
(3) 3 tremolite + 35 phlogopite + 24 anorthite +
58H,0 + 30CO, =
30 calcite + 24 clinochlore + 35 K-feldspar,
and :
(6) 16 clinozoisite + 3 tremolite + 35 phlogopite +
50H,0 + 38CO, =
38 calcite + 24 clinochlore + 35 K-feldspar.

In the system K,0 — CaO — MgO — FeO - Al,O, -
$i0, — H,0 — CO,, the above four model reactions
define an invariant point I, at a temperature of 440 £
10°C and X(CO,) of 0.005 £ 0.001 at a total pressure
[Py = P(H,0) + P(CO,)] of 3 kbar (Fig. 7).

The temperature of formation of pyrosmalite at the
Mattagami Lake mine can be estimated from the cal-
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FiG. 8. Calcite—dolomite geothermometer of Powell er al. (1984) for coexisting calcite
and dolomite of the Mattagami Lake mine (data from Costa 1980, Costa ez al. 1983):
XMg,Cal = Mg/(Ca + Mg + Fe + Mn) in calcite; Xg,p, = Fe/(Ca + Mg + Fe + Mn) in

dolomite.
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cite~dolomite geothermometer (¢f. Powell et al. 1984,
Anovitz & Essene 1987). The high Mn contents of
both calcite and dolomite at the Mattagami Lake mine
(Costa et al. 1983) may have a significant effect on the
applicability of this geothermometer (Powell ef al.
1984). However, the compositions of coexisting cal-
cite + dolomite pairs in various rocks, including the
pyrosmalite-bearing samples, of the Mattagami Lake
mine yielded temperatures of less than 400°C (Fig. 8),
which are in fair agreement with the uncorrected
filling temperatures (240°-320°C) of fluid inclusions
in grains of quartz and sphalerite of this deposit (Costa
et al. 1983, 1984).

The chemical compositions of pyrosmalite also
imply a high activity of Cl but low fugacity of oxygen
in the ambient fluids. Indeed, salt-bearing, hypersaline
fluid inclusions (up to 38 wt. % NaCl equivalent)
have been observed in quartz grains from the
Mattagami Lake mine (Costa ef al. 1984). The average
0.2 wt.% Cl content in biotite from the banded iron
formation of the Thompson mine (Table 3a) indicates
that the coexisting ferropyrosmalite crystallized from a
fluid with log(fci/fon) of about —3.56 at 450°C
(cf. Munoz 1984). A low fugacity of oxygen for the
formation of pyrosmalite during regional metamor-
phism is readily provided by the reduced sulfide and
oxide assemblages (e.g., the pyrite + pyrrhotite + mag-
netite assemblage at the Mattagami Lake mine).
Similarly, pre-existing metamorphic assemblages
would also effectively buffer the redox environment
for the formation of pyrosmalite by late hydrothermal
activity in the metamorphosed Fe-Mn and massive
sulfide deposits. For example, reduced conditions for
crystallization of the pyrosmalite-bearing calc-silicates
of the Geco and Willroy mines are indicated by the
compositions of garnet (extremely high
almandine/andradite ratio), and have been constrained
quantitatively from the mineral assemblage of garnet +
clinopyroxene + quartz + magnetite to be at about £ 1
log unit from the fayalite — magnetite — quartz (FMQ)
buffer at 650°C (Pan & Fleet 1992, ¢f. Zhang &
Saxena 1991). Similarly, the chemical compositions of
coexisting magnetite and ilmenite in the banded iron
formation at the Thompson mine indicate that the oxi-
dation state prevailing there also was close to the
FMQ buffer (Chen 1993; ¢f. Andersen & Lindsley
1988).

Source of chlorine

The high Cl contents of pyrosmalite (Tables 1, 2)
and other members of the friedelite group, such as
mcgillite (Donnay ez al. 1980) and caryopilite (above),
are of particular interest. Pyrosmalite appears to be the
sink for Cl in the three Precambrian mining camps
examined in this study. Note added in proof:
Ferropyrosmalite (5.66-6.54 % Cl) has recently been
reported in the Deep Copper Zone of the Strathcona
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deposit, Sudbury, Ontario (Springer 1989, Li &
Naldrett 1993). The timing of the crystallization of
pyrosmalite during regional metamorphism and late
hydrothermal alteration (Plimer 1984, Vaughan 1986,
and above) indicates two possible sources for Cl: a
pre-existing Cl-rich fluid within the Fe-Mn and mas-
sive sulfide deposits, and a metasomatic Cl-rich fluid
introduced from an external source. The exclusive
occurrences of pyrosmalite in Fe-Mn and massive sul-
fide deposits seem to favor the former source
(Vaughan 1986, Pan & Fleet 1992). Seyfried ef al.
(1986) demonstrated experimentally that a chloride
enrichment occurs in seafloor hydrothermal alteration
at elevated temperatures (> 400°C). Moreover, high-
temperature, highly saline fluids have been docu-
mented in presently active seafloor hydrothermal sys-
tems (Delaney et al. 1987). Therefore, the initial Cl
enrichment in the present Precambrian sulfide deposits
may have occurred during seafloor hydrothermal alter-
ation as an integral part of the syngenetic ore-forming
processes for the associated mineralization (see
below). Similarly, the occurrence of Cl-rich scapolite
in metamorphosed evaporites and argillites has been
attributed to primary concentration in sedimentary
salts (Mora & Valley 1989 and references therein).

The Cl-rich calcic amphibole in the skarn-like calc-
silicates of the Geco mine is almost certainly a product
of hydrothermal activity during the waning stage of
the regional metamorphism (Pan & Fleet 1992) and
therefore does not provide any unique constraint on
the timing or source of the Cl-enrichment. In contrast,
the Cl,Al,Na-rich calcic amphibole at the Mattagami
Lake mine could not have been produced by low-
grade regional metamorphism (c¢f. Jolly 1978,
Robinson er al. 1982) and may be relict and igneous in
origin. Therefore, the occurrence of such Cl,Al,Na-
rich calcic amphibole may indicate that the host vol-
canic rocks of the massive sulfide deposit at the
Mattagami Lake mine were unusually enriched in Cl.
Costa et al. (1984) have attributed the highly saline
ore-forming solutions of the Mattagami Lake mine to
either a contribution by magmatic fluid or seawater—
basalt interactions (see also Seyfried er al. 1986). It is
noteworthy that the Ti-rich biotite from the footwall
rhyolite at the Mattagami Lake mine also has been
interpreted to be a relict igneous phase (Costa et
al. 1983), but it only contains a minor amount of
Cl (Table 3a).

Significance of pyrosmalite associated with ore
deposits

Costa and coworkers (Costa 1980, Costa et al.
1983) proposed a brine-pool medel for the genesis of
the Mattagami Lake mine Zn—Cu—Ag—Au massive sul-
fide deposit, based on whole-rock geochemistry, oxy-
gen isotopes, and mineral chemistry. Subsequently,
Costa et al. (1984) recognized salt-bearing, hyper-
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saline fluid inclusions in quartz grains from this
deposit. A brine-pool model has been proposed for the
genesis of sheet-style volcanogenic massive sulfide
(VMS) deposits in general (Sato 1972, Large 1992,
and references therein). As pointed out by Large
(1992), the major weakness in this genectic model is
the lack of supporting evidence from fluid inclusions
for salinities as high as 15 to 25% by weight of NaCl.
This is undoubtedly due to the fact that most of the
VMS deposits worldwide have been subjected to
intense deformation and metamorphism subsequent
to their formation (Franklin ez al. 1981, Large 1992).
Consequently, primary fluid inclusions are rarely pre-
served. It is also well known that Cl is strongly parti-
tioned into an aqueous fluid rather than coexisting
hydrous minerals at low P-T hydrothermal conditions
(Volfinger et al. 1985, Zhu & Sverjensky 1991).
Therefore, chemical analysis of most hydrous silicate
minerals, such as amphibole and chlorite, provides
little information on the composition of the ambient
fluid. However, the presence of pyrosmalite, which
preferentially incorporates Cl into its structure (Kato
& Takéuchi 1983) during regional metamorphism or
late-stage hydrothermal alteration, probably indicates
that the coexisting fluid was highly saline. This may
be attributed to Cl-enrichment related to seafloor
hydrothermal alteration (see discussion above). Thus,
the occurrence of abundant pyrosmalite in massive
sulfide deposits can also be considered as evidence for
the brine-pool model (¢f. Sato 1972, Costa 1980,
Costa et al. 1983, Large 1992).

It is well known that precious-metal (particularly
Au and Ag) mineralization is associated with massive
sulfide deposits throughout geological time
(Hannington & Scott 1989, Large ez al. 1989).
Significant Au and Ag values are present in both the
Geco mine (Friesen et al. 1982) and the Mattagami
Lake mine (Costa 1980, Costa et al. 1983). Recently,
Chen et al. (1993) reported native gold and several
platinum-group minerals (PGM) in As-rich nickel ore
hosted by metapelite and granitic pegmatite in the
Thompson mine.

Experimental studies (Henley 1973, Seward 1973,
1984) have demonstrated that gold is transported in
hydrothermal solution mainly as either thio or chloro
complexes. H,S-rich fluids are most likely dominant
in seafloor hydrothermal systems; the thio complexes,
particularly Au(HS)3, therefore, are considered by
many to be the most important species involved in
gold transport and deposition in massive sulfide
deposits. Based on thermodynamic calculations, Large
et al. (1989) recognized a “switchover” in the impor-
tance of chloro and thio complexes with change in
physicochemical conditions: gold transport as AuCl;
or AuCl® is favored in relatively high-temperature
fluids (>300°C) with low pH (=4.5), low concentra-
tion of H,S, high salinity and moderate to high f{O,),
whereas gold transport as Au(HS); is favored in
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lower-temperature fluids (150-300°C), with moderate
to alkaline pH, high concentration of H,S, low salinity
and moderate £O,). The documentation of pyrosmalite
in the Manitouwadge and Matagami mining camps
indicates that chloro complexes may have been impor-
tant for gold mineralization during seafloor hydro-
thermal alteration (¢f. Hannington & Scott 1989,
Large et al. 1989) in those VMS deposits. Most inter-
estingly, Large and his coworkers (Large ef al. 1989,
Large 1992) recognized that gold in the Australian
VMS deposits is concentrated in either the upper parts,
in association with Zn, Ag = Pb * Ba, or the lower
massive and stringer zones, in association with Cu.
This is similar to the occurrence of pyrosmalite in the
uppermost part of the Mattagami Lake mine (Fig. 1),
where it is associated with the pyrite — sphalerite ore,
and in the 4/2 Copper Zone of the Geco mine
(¢f. Friesen et al. 1982). Unfortunately, no systematic
study on the distribution of Au with stratigraphy in
these sulfide deposits is available.

Similarly, recent field and experimental studies
have highlighted the importance of chloride com-
plexes in the transport and deposition of the platinum-
group elements (PGE; Boudreau et al. 1986, Sassani
& Shock 1990, Hsu et al. 1991, Fleet 1992). Chen et
al. (1993) also suggested that the unusual occurrence
of PGM in metasedimentary rocks of the Thompson
mine was most likely associated with late-stage
hydrothermal alteration, albeit of pre-existing mag-
matic sulfides. Although pyrosmalite was not
observed in PGM- and Au-bearing saniples, a Cl-rich
fluid is indicated by the presence of Cl-rich allanite
(up to 0.8 wt.% Cl; Chen ez al. 1993; ¢f. Pan & Fleet
1990) and was probably involved in the formation of
the PGM (c¢f. Boudreau et al. 1986, Sassani & Schock
1990, Hsu et al. 1991).

ACKNOWLEDGEMENTS

We thank two anonymous referees for constructive
comments, R.F, Martin and J.C. Rucklidge for editori-
al assistance, R.W. Hutchinson and G.G. Suffel for the
excellent sample collections of major Canadian sulfide
mining camps in the Department of Geology,
University of Western Ontario, M.L. Thomson for
samples of the Thompson mine, and D.M. Kingston
for assistance with electron-microprobe analyses. This
study was supported by an NSERC operating grant to
MEF.

REFERENCES

ANDERSEN, D.J. & LINDsLEY, D.H. (1988): Internally consis-
tent solution models for Fe-Mg-Mn-Ti oxides: Fe-Ti
oxides. Am. Mineral. 73, 714-726.

Anovitz, L.M. & ESsSeNE, E.J. (1987): Phase equilibria in the
system CaCO;-MgCO;-FeCO,. J. Petrol. 28, 389-414.



708

BAUER, L.H. & BERMAN, H. (1928): Friedelite, schallerite and
related minerals. Am. Mineral. 13, 341-348.

BerMAN, R.G. (1988): Internally-consistent thermodynamic
data for minerals in the system Na,O — K,0 — CaO -
MgO - FeO ~ Fe, 04 — Al O3 — SiO, — TiO, — H,0 —
CO,. J. Petrol. 29, 445-522.

BoubpRrREAU, AE., MATHEZ, E.A. & McCarLum, LS. (1986):
Halogen geochemistry of the Stillwater and Bushveld
complexes: evidence for transport of the platinum-group
elements by Cl-rich fluids. J. Petrol. 27, 967-986.

BrowN, T.H., BERMAN, R.G. & PerKINS, E.H. (1988):
GE@-CALC: software package for calculation and
display of pressure — temperature — composition phase
diagrams using an IBM or compatible personal computer.
Comp. Geosci. 14, 279-289,

CHEN, YUAN (1993): Precious - Metal Mineralization and
Sulfide-Silicate Relationships in some Canadian Ni-Cu
Sulfide Deposits: Thompson Mine, Manitoba; Sudbury,
Ontario; Dundonald Beach, Ontario. Ph.D. thesis, Univ.
Western Ontario, London, Ontario.

—, FLEET, M.E. & PAN, YUANMING (1993): Platinum-
group minerals and gold in arsenic-rich ores at Thompson
mine, Thompson Nickel Belt, Manitoba, Canada.
Mineral. Petrol. 47 (in press).

Costa, U.R. (1980): Foorwall Alteration/Ore Formation at
Mattagami Mine, Quebec. Ph.D. thesis, Univ. Western
Ontario, London, Ontario.

— ., BARNETT, R.L. & KERRICH, R. (1983): The Mattagami
Lake mine Archean Zn—-Cu sulfide deposit, Quebec:
hydrothermal coprecipitation of talc and sulfides in a sea-
floor brine pool — evidence from geochemistry, 180/160,
and mineral chemistry. Econ. Geol. 78, 1144-1203.

& (1984): The Mattagami Lake mine
Archean Zn—Cu sulfide deposit, Quebec: hydrothermal
coprecipitation of talc and sulfides in a sea-floor brine
pool — evidence from geochemistry, 180/160 and mineral
chemistry — a reply. Econ. Geol. 79, 1953-1955.

CzaNk, M. (1987): Structure determination and HRTEM
investigation of a new pyrosmalite-group mineral. Fourth
Int. Congr. Crystallogr. (Perth), Collected Abstr., C-155.

DaNa, E.S. (1920): Dana’s System of Mineralogy (6th ed.).
John Wiley & Sons Inc., New York.

DELANEY, J.R., MOGK, D.W. & MortTL, M.J. (1987): Quartz-
cemented breccias from the Mid-Atlantic Ridge: samples
of a high-salinity hydrothermal upflow zone. J. Geophys.
Res. 92,9175-9192.

DonNAY, G., BETOURNAY, M. & HaMmirr, G. (1980):
Mcgillite, a new manganous hydroxychlorosilicate. Can.
Mineral. 18, 31-36.

DunN, P.J. & PEACOR, D.R. (1984): Nelenite, a manganese
arsenosilicate of the friedelite group, polymorphous with

THE CANADIAN MINERALOGIST

schallerite from Franklin, New Jersey. Mineral. Mag. 48,
271-275.

FaN, DELIAN, DASGUPTA, S., BoLTON, B.R., HARIYA,
Y., Mowmol, H., MIura, H., L1, Ji1aru & Roy, S. (1992):
Mineralogy and geochemistry of the Proterozoic
Wafangzi ferromanganese deposit, China. Econ. Geol.
87, 1430-1440.

FLEET, MLE. (1992): Experiments on the volatility of Fe, Ni,
Cu and platinum group elements (PGE) in sulfide assem-
blages at 1000°C. Am. Geophys. Union, Trans. 73(14),
372 (abstr.).

FrRANKLIN, J.M., LYDON, J W, & SANGSTER, D.F. (1981):
Volcanic-associated massive sulfide deposits. Econ.
Geol., 75th Anniv. Vol., 485-6217.

FRIESEN, R.G., PIERCE, G.A. & WEEKS, R.M. (1982):
Geology of the Geco base metal deposit. In Precam-
brian Sulphide Deposits, the H.S. Robinson Memorial
Volume (R.W. Hutchinson, C.D. Spence & J.M.
Franklin, eds.). Geol. Assoc. Can., Spec. Pap. 285,
343-363.

FrONDEL, C. & BAUER, L.H. (1953): Manganpyrosmalite and
its polymorphic relation to friedelite and schallerite. Am.
Mineral. 38, 755-760.

GoLE, M.J. (1980): Mineralogy and petrology of very-low-
metamorphic grade Archean banded iron formations,
Weld range, Western Australia. Am. Mineral. 65, 8-25.

GRESENS, R.L. (1967): Composition—volume relationships
of metasomatism. Chem. Geol, 2, 47-65.

HANNINGTON, M.D. & ScorT, S.D. (1989): Gold minerali-
zation in volcanogenic massive sulfides: implications
of data from active hydrothermal vents on the modern sea
floor. Econ. Geol., Monogr. 6, 491-507.

HENLEY, R.W. (1973): The solubility of gold in hydrothermal
chloride solutions. Chem. Geol. 11, 73-87.

Hsu, L.C., LECHER, P.J. & NELsoN, J.H. (1991):
Hydrothermal solubility of palladium in chloride solu-
tions from 300° to 700°C; preliminary experimental
results. Econ. Geol. 86, 422-427.

HurroN, C.O. (1956): Manganpyrosmalite, bustamite and
ferroan johannsenite from Broken Hill, New South
Wales, Australia. Am. Mineral. 41, 581-591.

JoLLy, W.T. (1978): Metamorphic history of the Archean
Abitibi belt. In Metamorphism in the Canadian Shield
(I.A. Fraser & W.W. Heywood, eds.). Geol. Surv. Can.,
Pap. 78-10, 63-77.

KASHAEV, A.A. (1968): The crystal structure of pyrosmalite.
Sov. Phys. Crystallogr. 12, 923-924,

Kato, T. & TaktucHl, Y. (1983): The pyrosmalite group of
minerals. I. Structure refinement of manganpyrosmalite.
Can. Mineral, 21, 1-6.



PYROSMALITE IN CANADIAN SULFIDE DEPOSITS

Kayupova, M.M. (1964): Pyrosmalite from the Dzhumart
and Ushkatyn deposits, central Kazakhstan. Dokl. Acad.
Sci. USSR, Earth Sci. Sect. 159, 82-85.

KAzZACHENKO, V.T., NARNOV, G.A., CHUBANOV, V.M.,
SHCHEKA, Zu.A. & RoMANENKO, LM. (1979): Manganese
silicates from a polymetallic deposit in Primorye,
U.S.S.R. Neues Jahrb. Mineral. Abh. 137, 20-41.

KLEIN, C., JR. & ITO, J. (1968): Zincian and manganoan
amphiboles from Franklin, New Jersey. Am. Mineral. 53,
1264-1275.

LARGE, R.R. (1992): Australian volcanic-hosted massive
sulfide deposits: features, styles, and genetic models.
Econ. Geol. 87, 471-510.

HusToN, D.L., McGOLDRICK, P.J., RUXTON, P.A.
& MCARTHUR, G. (1989): Gold distribution and genesis
in Australian volcanogenic massive sulphide deposits and
significance for gold transport models. Econ. Geol.,
Monogr. 6, 520-536.

LEAKE, B.E. (1978): Nomenclature of amphiboles. Can.
Mineral. 16, 501-520.

L1, Cuust & NALDRETT, A.J. (1993): Platinum-group minerals
from the Deep Copper Zone of the Strathcona deposit,
Sudbury, Ontario. Can. Mineral. 31,31-44.

Mryano, T. & KLEIN, C. (1989): Phase equilibria in the
system K,0 — FeO — MgO — Al,0; - 8i0, —~ H,0 — CO,
and the stability limit of stilpnomelane in metamorphosed
Precambrian iron-formations. Contrib. Mineral. Petrol.
102, 478-491.

Mora, C.I. & VALLEY, J.W. (1989): Halogen-rich scapolite
and biotite: implications for metamorphic fluid-rock
interaction. Am. Mineral. 74, 721-737.

Mum, RF. (1961): Analysis of relations among Mg, Fe
and Mn in certain metamdrphic minerals. Geochim,
Cosmochim. Acta 25, 267-296.

Munoz, J.L. (1984): F-OH and CI-OH exchange in micas
with applications to hydrothermal ore deposits. In Micas
(S.W. Bailey, ed.). Rev. Mineral. 13, 469-493.

NickeL, E.H. & NicuoLs, M.C. (1991): Mineral Reference
Manual. Van Norsirand Reinhold, New York, N.Y.

OFTEDAL, 1. & SAEB®, P.C. (1965): Contributions to the min-
eralogy of Norway. 30. Minerals from nordmarkite drus-
es. Norsk Geol. Tidsskr. 45, 171-175.

PAN, YUANMING & FLEET, MLE. (1989): Cr-rich calc-silicates
from the Hemlo area, Ontario. Can. Mineral. 27,
565-577.

— & (1990): Halogen-bearing allanite from the
White River gold occurrence, Hemlo area, Ontario. Can.
Mineral. 28, 67-75.

— & (1992): Mineralogy and genesis of calc-sili-

709

cates associated with Archean volcanogenic massive
sulphide deposits at the Manitouwadge mining camp,
Ontario. Can. J. Earth Sci. 29, 1375-1388.

PEACOR, D.R. & Esseng, E.J. (1980) Caryopilite — a member
of the friedelite group rather than serpentine group. Am.
Mineral. 65, 335-339.

PEREDERY, W.V. & GEOLOGICAL STAFF (1982): Geology and
nickel sulfide deposits of the Thompson belt, Manitoba.
In Precambrian Sulfide Deposits, the H.S. Robinson
Memorial Volume (R.W. Hutchinson, C.D. Spence
& J.M. Franklin, eds.). Geol. Assos. Can., Spec. Pap. 25,
165-209.

PETERSEN, E.U. (1986): Tin in volcanogenic massive sulfide
deposits: an example from the Geco mine, Manitouwadge
district, Ontario, Canada. Econ. Geol. 81, 323-342.

PLIMER, LR. (1984): The mineralogical history of the Broken
Hill lode, NSW. Aust. J. Earth Sci. 31, 379-402.

PowELL, R., CONDLIFFE, D.M. & CONDLIFFE, E. (1984):
Calcite — dolomite geothermometry in the system
CaC0O,-MgCO,;-FeCO;: an experimental study.
J. Metamorphic Geol. 2, 33-41.

ROBINSON, P., SPEAR, F.S., SCHUMACHER, J.C., LAIRD,
J., KLeIN, C., Evans, B.W. & DooLaN, B.L. (1982):
Phase relations of metamorphic amphiboles: natural
occurrence and theory. In Amphiboles: Petrology and
Experimental Phase Relations (D.R. Veblen & P.H.
Ribbe, eds.). Rev. Mineral. 9B, 1-228.

RONA, P.A. (1988): Hydrothermal mineralization at oceanic
ridges. Can. Mineral. 26, 431-465.

Sassant, D.C. & SHock, E.L. (1990): Speciation and solub-
ility of palladium in agueous magmatic-hydrothermal
solutions. Geology 18, 925-928.

SaT0, T. (1972): Behaviour of ore-forming solutions in sea-
water. Mining Geol. 22, 31-42.

SEWARD, T.M. (1973): Thio complexes of gold and the trans-
port of gold in hydrothermal ore solutions. Geochim.
Cosmochim. Acta 37, 379-399.

(1984): The transport and deposition of gold
in hydrothermal systems. In Gold’82 (R.P. Foster, ed.).
A.A. Balkema Publ., Rotterdam (165-181).

SeEYFRIED, W.E., JR., BERNDT, MLE. & JANECKY, D.R. (1986):
Chloride depletions and enrichments in seafloor
hydrothermal fluids: constraints from experimental basalt
alteration studies. Geochim. Cosmochim. Acta 50,
469-475.

SPRINGER, G. (1989): Chlorine-bearing and other uncommon
minerals in the Strathcona Deep Copper Zone, Sudbury
District, Ontario. Can. Mineral. 27,311-313.

StrwerL, F. & MCANDREW, J. (1957): Pyrosmalite in the Broken
Hill lode, New South Wales. Mineral. Mag. 31, 371-380.



710

SUNDIUS, N., PARWEL, A. & RAJANDL, B. (1966): The miner-
als of the silver mines of Hillefors. Sver. Geol. Unders.,
Ser. C 614, 3-20 (Mineral. Abstr., 19-100).

TaREUCHL, Y., KAwWADA, L, IRIMAZIRI, S. & SADANGA, R.
(1969): The crystal structure and polytypism of mangan-
pyrosmalite. Mineral. J. 5, 450-467.

VAUGHAN, J.P. (1986): The iron end-member of the pyros-
malite series from the Pegmont lead-zinc deposit,
Queensland. Mineral. Mag. 50, 527-531.

(1987): Ferropyrosmalite and nomenclature in the
pyrosmalite series. Mineral. Mag. 51, 174.

VOLFINGER, M., ROBERT, J.-L., VIELZEUF, D. & NEIvVA,
AM.R. (1985): Structural control of the chlorine content
of OH-bearing silicates (micas and amphiboles).
Geochim. Cosmochim. Acta 49, 37-48.

WATANABE, T. & KATO, A. (1957): A new occurrence

THE CANADIAN MINERALOGIST

of pyrosmalite in the Kyurazawa mine, Tochigi
Prefecture, Japan. Mineral. J. 2, 180-186.

& Tro, I. (1961): Manganpyrosmalite from the
Kyurazawa mine, Tochigi Prefecture. Mineral. J. 3,
130-138.

E—

ZAMBONINI, F. (1901): Mineralogische Mitteilungen
12. Pyrosmalith aus der Bjulke Grube (Nordmarken).
Z. Kristallogr. Mineral. 34, 549-561.

ZHANG, ZHERU & SAXENA, S.K. (1991): Thermodynamic
properties of andradite and application to skarn with
coexisting andradite and hedenbergite. Contrib. Mineral.
Petrol. 107, 255-263.

Zyu, CHEN & SVERJENSKY, D.A. (1991): Partitioning
of F-CI-OH between minerals and hydrothermal fluids.
Geochim. Cosmochim. Acta 55, 1837-1858.

Received July 23, 1992, revised manuscript accepted
November 19, 1992.



