Economic Geology

Vol. 92, 1997, pp. 569577

An Exsolution Origin for Low-Temperature Sulfides at the Hemlo Gold Deposit,

Ontario, Canada

WAYNE G. POWELL' AND DAVID R. M. PATTISON
Department of Geology and Geophysics, University of Calgary, Calgary, Alberta, Canada T2N IN4

Abstract

Many aspects of the timing and genesis of the Archean Hemlo gold deposit are unresolved; pre-, syn- and
postmetamorphic models have been proposed. The presence of abundant low-temperature sulfide minerals
within highly deformed, sillimanite-grade host rocks has been used to support a postmetamorphic origin for the
deposit. However, the present Sb-As-Hg ore assemblage, including cinnabar-realgar-orpiment assemblages,
developed through a sequence of exsolution events during postpeak metamorphic cooling. At peak metamor-
phism, most of the As and Hg, along with T, Cu, Zn, and minor Fe, was incorporated into a high-temperature
antimonian sulfosalt. In the lower amphibolite facies or upper greenschist facies, impure (Hg, Zn)S exsolved
from the high-temperature phase. An impure chalcopyrite and native antimony exsolved from the host sulfosalt
soon after, leaving behind an Sb;S;-As;S; solid solution. Further cooling resulted in the exsolution of cinnabar
and mercurian sphalerite from the (Hg,Zn)S. Impurities in the cinnabar and chalcopyrite exsolved to form
aktashite, arsenopyrite and native antimony. Eventually, orpiment exsolved from the arsenic-bearing stibnite.
Late, retrograde events converted the free orpiment to realgar and remobilized the realgar over short distances,
along with cinnabar and native antimony. The history of sequential sulfide exsolution, along with the deformed
nature of the Sh-As-Hg-bearing veins, and their metamorphosed alteration selvages, suggests that the metals

were introduced prior to, or during, peak metamorphism.

Introduction

WITH its estimated 20 million ounces (Moz) of gold, the
Hemlo gold deposit of northwestern Ontario is the largest
gold deposit currently being mined in Canada. In addition to
its economic importance, Hemlo is of interest because of its
atypical alteration style and metal associations, including Mo,
As, Hg, and Sb. The highly deformed nature of the deposit
and the high metamorphic grade of the host rocks has ob-
scured many relationships at the mine site and has resulted
in a broad spectrum of genetic models being proposed for
the origin of the deposit. Currently discussed ideas for the
genesis of Hemlo include premetamorphic porphyry mineral-
ization (Kuhns et al., 1994; Johnston, 1996), syn- to postmeta-
morphic shear zone-related mineralization (Hugon, 1986;
Corfu and Muir, 1989), and postmetamorphic multistage re-
placement mineralization (Pan and Fleet, 1995).

The relative timing of metamorphism and ore deposition
is an important but unresolved aspect of the deposit’s history.
There is an apparent mismatch of low- to moderate-tempera-
ture sulfide minerals, such as realgar, orpiment, cinnabar, and
stibnite, with host rocks of sillimanite grade. The estimated
peak-metamorphic temperature of 600°C exceeds the melting
temperatures of these minerals: 307°C for realgar (Clark,
1960), 315°C for orpiment (Kirkinskiy et al., 1967), <345°C
for cinnabar (Dickson and Tunell, 1959), and 556°C for stib-
nite (Pettit, 1964).

This paper addresses the origin of Sb-As-Hg-mineraliza-
tion in the Hemlo deposit and its relationship to regional
metamorphism. The distribution and textures of sulfide as-
semblages, along with associated alteration, provide con-
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straints on the timing of gold mineralization at the Hemlo
deposit.

General Geology

The Hemlo gold deposit is located in the Hemlo-Schreiber
greenstone belt of the Superior province, northwestern On-
tario. Since production began in 1985, the three mines that
exploit the deposit (Williams mine, Golden Giant mine, and
David Bell mine) have produced 9.5 million ounces (Moz)
of gold and account for one-quarter of Canada’s gold produc-
tion.

The main ore zone lies on the edge of a quartz-feldspar
porphyritic rock, interpreted to be intrusive in origin (Moose
Lake porphyry; Kuhns et al., 1994; Johnston, 1996), within a
highly deformed sequence of metasedimentary and metavol-
canic strata. Felsic volcanic rocks have been dated at 2772 +
2 Ma (Corfu and Muir, 1989a). In the mine area, the strata
are oriented at an average of 115° to 65° N. Granodioritic
plutons intruded the supracrustal rocks between 2688 and
2678 Ma (Corfu and Muir, 1989).

Metamorphosed alteration associated with the deposit
includes a central zone of microcline, commonly barian,
surrounded by a zone of muscovite. A more extensive zone
of aluminum enrichment is defined by an increased abun-
dance of aluminosilicates with respect to the regional, unal-
tered metasedimentary rocks (Kuhns et al., 1986; Johnston,
1996). .

Gold is spatially associated with microcline alteration, and
Au grades correlate strongly with Mo. In general, the deposit
is also enriched in Sb, As, Hg, Tl, Ba, V, and B. However,
metals are broadly zoned across the deposit. Arsenic, mer-
cury, and thallium are all confined to the central part of the
deposit. These metals are nearly absent from the northwest
downplunge extension of the Williams mine, where there is
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Fic. 2.
G1. Cinnabar is white, pyrite is black, and sphalerite is in darkening shades
of gray corresponding to decreasing Hg content. Arrows point to analysis
points in sphalerite with wt % HgS in parenthesis, e.g., S(18).

Hg X-ray map of sphalerite(sph)-cinnabar intergrowth in sample

Metal ratios vary greatly throughout the deposit. Although
there are many similarities in sulfide assemblages, there are
also striking differences due to the variance in metal ratios
throughout the deposit. Therefore, it is necessary to discuss
the specific mineralogical-textural relationships in a set of
key samples with different metallic compositions: Hg-Zn rich
(sample W1), Hg-Tl rich (sample GG25), and Hg-Cu rich
(samples W2 and W3). Detailed descriptions of the textures
and mineralogical relationships are essential to understand
the genesis of these minerals.

Hg—Zn-rich ore assemblages (sample W1)

Sample W1 is a muscovite schist from the Williams mine
A zone that contains a 10-cm-wide, boudinaged quartz vein
oriented parallel to the schistosity. Fine-grained pyrite is com-
mon in bands parallel to the foliation. Coarse-grained stibnite
is concentrated between quartz boudins. Minor stibnite, na-
tive antimony, and cinnabar are disseminated through the
schist and also occur in late fractures adjacent to the quartz
veln.

Pyrite, stibnite, and native antimony are disseminated
throughout the vein quartz, where they occur along fractures,
grain boundaries, and subgrain boundaries. Grains of realgar
and minor cinnabar, generally less than 10 pum in diameter,
occur along closely spaced, regularly oriented, annealed frac-
tures. This fine-grained, but abundant realgar imparts a char-
acteristic orange to pink-brown color to these veins.

Massive, coarse-grained stibnite occurs in the space be-
tween quartz boudins. Aligned, elliptical orpiment inclusions
(5-30 pm) comprise approximately 5 percent of each large
stibnite grain. These inclusions are most abundant along twin
planes and cleavage planes (Fig. 1E). In order of decreasing
abundance, stibnite grains also contain rare inclusions of cin-
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nabar, native arsenic, and chalcopyrite. Native arsenic and
cinnabar are commonly intergrown within inclusions.

The crystallographic control of inclusion distribution sug-
gests that these inclusions exsolved from a predominantly
SbsS5-As,S; solid solution. Exsolved orpiment then coalesced
along weaknesses within the stibnite crystal structure.

Cinnabar-sphalerite intergrowths occur on the edge of a
large patch of massive stibnite between two quartz boudins.
The largest cinnabar-sphalerite grain (1 ¢cm diam) is zoned,
both texturally and compositionally (Fig. 2). The core is 3
mm in diameter and is composed of iron-free mercurian
sphalerite (up to 40 wt % HgS). Annealed fractures in the
grain core are marked by bands of Hg depletion and irregular
trails of both euhedral pyrite and cinnabar grains that contains
sphalerite inclusions.

The sphalerite core is surrounded by a 0.3- to 0.8-mm-
wide, sphalerite-rich zone. This zone is composed of fine,
elongate inclusions of cinnabar (30%) arranged in a gridlike
pattern controlled by the crystallographic structure of the
sphalerite matrix. This sphalerite is moderately mercurian (26
wt % HgS). The larger cinnabar inclusions (up to 20 ym in
width) each contain round to wormlike inclusions of spha-
lerite.

The external zone of the composite grain is 3 to 6 mm
wide and is composed of a coarser grained intergrowth of
cinnabar (77%) and sphalerite (23%) that contains 24 wt per-
cent HgS. The cinnabar grains again contain abundant wormy
inclusions of sphalerite. The sphalerite inclusions contain 18
wt percent HgS.

The sphalerite-cinnabar intergrowth textures described
above, along with the decreasing Hg content of sphalerite
from core to rim, are consistent with a history of exsolution
of sphalerite and cinnabar from an initial HgS-ZnS solid solu-
tion, as would be predicted from experimentally derived
phase diagrams for the HgS-ZnS system (Dini et al., 1995).
At conditions corresponding to the amphibolite facies and
upper greenschist facies, HgS and ZnS formed a complete
solid solution. During cooling of a grain of composition
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Fic. 3. Experimentally based ZnS-HgS phase diagram (P = 3.5 kbars).
The dotted line corresponds to the integrated composition of the cinnabar-
sphalerite grain in WL Hss = high-temperature solid solution, Lss = low-
temperature solid solution, ZnMCn = zincian metacinnabar. Modified from
Dini et al. (1995).
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Fic. 4.  Backscattered electron image of mineral intergrowths within large stibnite (Stb) grain in sample G1. Note the
spongelike intergrowth of vaughanite (Vau) and tvalchrelidzeite (Tv) with stibnite. Other minerals include pyrite (Py),

chalcostibite (Cst), and native gold (Au).

HgyZny4S (integrated composition of the grain described
above), at moderate pressure, the high-temperature solid so-
lution would have reached a solvus in the mid-greenschist
facies (Fig. 3). The solid solution then exsolved into two low-
temperature solid solutions, one that is ZnS rich and the other
HgS rich. Upon further cooling into the subgreenschist facies,
a peritectic was reached at which time the Hg-rich solid
solution exsolved to form low Hg sphalerite inclusions within
pure cinnabar.

Hg-Tl-rich ore assemblages (sample GG25)

GG25 is a sample originally collected and described by
Harris (1989; drill hole GG25, 336.1 m). One-half of the
sample is a sugary feldspathic rock with disseminated pyrite;
it contains seams rich in pyrite and vanadian muscovite. Small
stibnite grains occur throughout the feldspathic rock, but one
large stibnite grain is of particular interest. This 3-mm grain
lies within a small quartz pod within the feldspathic host rock.

It exhibits very subtle, patchy compositional zoning, with
irregular patches of low As stibnite contained within a grain
that is predominantly As free. In addition to aligned orpiment
inclusions (1%), the grain includes larger, patchy inclusions
of several rare minerals. In order of abundance these are
vaughanite (TIHgSb,S;) (Harris et al., 1989), tvalchrelidzeite
(Hg)2(Sb, As)sSi5), chalcostibite (CuSbS,), and native gold.
Vaughanite and tvalchrelidzeite tend to form intergrown
masses that are commonly elongate parallel to stibnite twin
planes. Outlying inclusions commonly have a spongelike tex-
ture, with stibnite filling the interstices (F ig. 4). Elongate
inclusions trail off from the larger masses along stibnite twin
planes. Chalcostibite occurs at the periphery of vaughanite-
tvalchrelidzeite masses as stubby or elongate inclusions also
lying along stibnite twin planes.

The sponge texture of both vaughanite and tvalchrelidzeite
within the stibnite is strong evidence for exsolution of these

minerals from the stibnite host. The spatial association of
chalcostibite and gold with these exsolution intergrowths also
supports an exsolution origin for these minerals. The interdig-
itation of all of the exsolved minerals suggests that they ex-
solved at approximately the same time. Prior to exsolution,
this grain must have been an antimonian sulfosalt that con-
tained significant quantities of Hg, Tl, As, Cu, and Au (in
decreasing order).

Hg-Cu-rich ore assemblages (samples W2 and W3)

Both W2 and W3 come from the Williams mine A zone.
These samples contain boudinaged and fractured quartz veins
that occur within a muscovite schist matrix; they have similar
sulfide textures and associations. Coarse-grained stibnite
grains occur within extension veins and pinched veins (i.e.,
late tectonic veins and early, deformed veins). These grains
contain aligned, elliptical orpiment inclusions and rare inclu-
sions of chalcopyrite and cinnabar. Cinnabar is present in
some boudin necks. Realgar and cinnabar occur as grains <10
pm in diameter that occur along wispy, annealed fractures
throughout the vein quartz.

Intergrowths of chalcopyrite and cinnabar dot the rims of
large stibnite grains, along with native antimony. Contacts
are irregular and interfingering. Cinnabar grains commonly
contain wormy inclusions of mercurian sphalerite, similar to
those described in W1, or are rimmed by mercurian sphaler-
ite with irregular contacts (Fig. 5A). Aktashite (CusHgs
(As,Sb),S,2) occurs as interdigitated rims along chalcopyrite
crystal boundaries (Fig. 5A). Aktashite inclusions also com-
monly occur in cinnabar (Fig. 5B). W2 contains pure chalco-
pyrite. However, within W3 pure chalcopyrite is intergrown
with antimony-bearing chalcopyrite (0.7 wt % Sb) in a diffuse
and wispy fashion (Fig. 5C), and aktashite inclusions are spa-
tially associated with the antimony-bearing chalcopyrite.

As in samples W1 and GG25, the abundant orpiment inclu-
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sions within coarse-grained stibnite have clearly exsolved
from the stibnite. The similarity in occurrence of orpiment,
cinnabar, and chalcopyrite inclusions within stibnite supports
the interpretation that the chalcopyrite and cinnabar in-
tergrowths which occur on the edge of the stibnite grains
also originated as exsolution blebs. The fact that most of the
Cu and Hg sulfides occur at the margins, whereas orpiment
is still abundant within the stibnite, suggests that the Cu and
Hg sulfides exsolved earlier than orpiment.

Intergrowths of chalcopyrite and cinnabar have not been
observed within inclusions in stibnite, whereas the association
of these two minerals is very common on stibnite rims. There-
fore, it is likely that two distinct sulfide phases exsolved from
the host, one Cu rich and the other Hg rich. Both phases
migrated to the vein margins and accumulated together in
embayments, fractures, and other structural traps. Both the
copper and mercury sulfides later expelled impurities. The
exsolution of aktashite and sphalerite left grains of chalcopy-
rite and cinnabar. Chalcopyrite grains with abundant aktas-
hite inclusions, and grains with wispy Sh in‘.purit)_-’ associated
with aktashite inclusions, probably represent samples frozen
at different stages of exsolution and internal diffusion.

Gold in relation to Sh-As-Hg minerals

Gold is commonly associated with mercury-, antimony-,
and arsenic-bearing phases and geochemical studies have
shown a strong correlation of Au with As, Sb, and Hg (Thode
et al., 1991). The most common form of gold at Hemlo is a
gold-mercury alloy, with reported mercury contents as high
as 27 wt percent (Harris, 1989). Another example of gold-
mercury association was observed in sumplc GG25, where
native gold (no detectable Hg) is interleaved with cinnabar.
Each wispy cinnabar and gold layer is less than 1 pm thick
(Fig. 6A). Clearly the intergrowth formed as a result of exsolu-
tion from an Au-Hg sulfide.

Gold is c(m‘nnonl'y associated with Sb in the form of auros-
tibite (AuSh,, Harris, 1989). In GG25, native gold grains oc-
cur throughout the complex intergrowth of antimonian min-
erals (stibnite, vaughanite, and tvalchrelidzeite). The gold
grains have complex forms and interfinger with the host min-
erals (Fig. 6B). If the gold had simply been present as inclu-
sions in the sulfide host during metamorphism, then more
regular forms with lower surface area to volume ratios would
be expected. Instead, the shape and distribution of these
native gold grains is consistent with their exsolution along
with Hg- and Tl-bearing minerals from a high-temperature
solid solution sulfide phase.

Arsenic has not been reported in solid solution with gold,
but native arsenic commonly rims native gold grains (Fig.

Fic. 5. Mineral intergrowths in the Hg-Cu-rich samples, W2 and W3,
A. Backscattered electron image of mineral intergrowths on the edge of a
large stibnite (Sth) grain in W2. ( Sinnabar (Cn) is rimmed and interdigitated
with sphalerite (Sph). Chalcopyrite (Cp) is interdigitated with aktashite (Ak)
along grain boundaries. B. Backscattered electron image of mineral in-
tergrowths in an embayment along a stibnite extension fracture in W3. Chal-
copyrite and cinnabar both contain inclusions of aktashite, C. Sb X-ray map
corresponding to image in B. Note the wispy intergrowth of Sb-free and Sh-
bearing chalcopvrite.
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Fic. 6.

Intergrowth textures of native gold with Hg-. Sh-, and As-bearing
minerals, A. Fine laminated intergrowth of gold (Au) and cinnabar (Cn) in
G1. B. Irregular gold grains associated with exsolution intergrowths in G1.
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6C). In these samples arsenic does not rim neighboring pyrite
or molybdenite grains. The most likely explanation for these
relationships is that the native arsenic exsolved from a high-
temperature gold-arsenic alloy. Due to the microscopic scale
of the gold grains, the arsenic migrated completely from the
gold core.

Origin of Present Sb-As-Hg Assemblages

Sb-As-Hg mineralization is associated with highly de-
formed quartz veins and pods that cut the disseminated gold
ore (Kuhns et al., 1994). The veins are extensively boudinaged
in the plane of the synmetamorphic foliation. Some of these
deformed, mineralized quartz veins have an associated alumi-
nous alteration en\fcf()pe that is Il"leti:'lﬂ"l()l‘phOS(’.(jl to an assem-
blage of coarse-grained kyanite + quartz + muscovite with
overprinting sillimanite (Powell and Pattison, 1997). Accord-
ingly, the Sb-As-Hg veins must postdate the Au-Mo ore, but
predate, or be synchronous with, peak metamorphism and its
accompanying deformation. And yet, these relatively volatile
metals are still present and experienced only very limited
metamorphic and postmetamorphic remobilization.

Principles that govern the metamorphism of silicate rocks
are also applicable to the sulfide assemblages. Melting of a
single mineral rarely occurs in natural metamorphic rocks
because reactions with other minerals occur at lower grades
during prograde metamorphism. If the sulfides were present
prior to, or during, metamorphism, then it is expected that
there will have been metamorphic reactions that consumed
the low-temperature sulfide minerals and produced minerals
stable at elevated pressure and temperature.

There are no relict assemblages of premetamorphic Sb-
As-Hg assemblages at Hemlo, so one can only speculate as
to the exact sulfide assemblages which were present prior to
regional metamorphism. However, because of the complex
composition of the ores, the slow cooling history of the belt,
and the fact that retrogression of sulfide assemblages does
not require reintroduction of water to the rock, a fairly de-
tailed history of retrograde processes is recorded in Hemlo’s
sulfide assemblages.

At peak metamorphic conditions, the sulfide mineral as-
semblage was far simpler than the present assemblage. Most
of the As and Hg were incorporated into an antimonian sulfo-
salt, along with Cu, Zn, and minor Fe, T, and Au. The compo-
sition of individual grains of the high-temperature sulfosalt
would have been dependent upon local metal ratios, and so
would have varied across the deposit. Unfortunately, it is not
possible to reconstruct the composition of any particular high-
temperature sulfosalt grains based on the composition and
abundance of exsolution phases because of the small-scale
migration of many of these minerals.

Deducing more exactly the identity of the most likely high-
temperature mineral, based on comparison with available ex-
perimental studies of sulfide phase equilibria, is also impossi-
ble due to the limited applicability of these experiments to

See Figure 4 for mineral abbreviations. C. Native gold (Au) rimmed by
native arsenic (As). Note that there is no native arsenic rim on neighboring
pyrite (Py) or 1|1(}l}'i1(l(-|1ili' (Mo) grains.



