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Fluid inclusion studies of the
high-grade Ashuanipi Complex, Superior Province, Canada:
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retrograde P-T path and conditions of gold formation

by Robert Moritz! and Serge Chevé?

Abstract

Gold-bearing Algoma-type iron formations and their high-grade metamorphic host rocks of the Ashuanipi Com-
plex, Superior Province, Canada, have been the subject of a microthermometric fluid inclusion study. Isochores
calculated for early CO,-rich fluid inclusions, in conjunction with published geothermobarometric data, indicate a
clockwise retrograde P-T-t path for the Ashuanipi Complex. Late low salinity H,O fluid inclusions are spatially as-
sociated with gold showings and yield isochores which suggest, together with arsenopyrite thermometry and
metamorphic petrology, that gold was precipitated, at least partially, during post-peak metarmorphic cooling and
uplift. One of the gold occurrences is characterized by CH,—N,-rich fluids which could be responsible for the main

gold deposition event or for secondary gold enrichment processes in that showing.

Keywords: Fluid inclusions, gold mineralization, metamorphism, Ashuanipi Complex, Superior Province,

Canada.

Introduction

The Ashuanipi Complex is a high-grade meta-
morphic terrane of the eastern Superior Province
in the Canadian Shield (CARrD, 1991), and it is host
to several sub-economic gold occurrences (CHEVE
et al., 1989). The aim of the present microthermo-
metric fluid inclusion investigation is twofold,
First, this study seeks to constrain the retrograde
pressure-temperature (P-T) path of the Ashua-
nipi Complex and compare this path to other
high-grade metamorphic subprovinces of the Su-
perior Province, such as the Kapuskasing struc-
tural zone. Second, in conjunction with other P-T
indicators, this study aims at defining the P-T con-
ditions and the relative timing of gold mineraliza-
tion within the tectonic evolution of the Ashua-
nipi Complex.

Geologic setting

The geology of the Ashuanipi Complex is domi-
nated by metatexite with interlayered homoge-
nous and heterogeneous diatexite. Several stages
of igneous activity have affected the Ashuanipi
Complex, including tonalitic to granodioritic in-
trusions, nepheline syenites, and late mafic dikes.
U-Pb ages indicate that the metasedimentary
rocks and minor metavolcanic rocks were depos-
ited prior to 2700 Ma. The main event of high-
grade metamorphism (upper amphibolite and
granulite facies), accompanied by intense migma-
tization, took place between 2650 and 2670 Ma.
Cooling from the metamorphic peak and retro-
gression are interpreted to have taken place from
2650 to 2639 Ma (MoRTENSEN and PERCIVAL, 1987,
Cueve and BROUILETTE, 1991; PerCIVAL et al.,
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Tab. 1 Summary of microthermometric fluid inclusion data.

Regional scale:

Type 1: CO,-rich fluid inclusions
Tm CO, ~-64.5 - -56.6 °C (n = 109)
Th CO, -48.0~+29.1 °C (n = 108)

Type 2: low-temperature/high-salinity aqueous fluid inclusions (H,O-NaCl-CaCl,)
Tm Ice: =35.1 —-12.0 °C (n = 23)
Tm hydrohalite: —-24.3 — -23.6 °C (n = 3)
Th: +114 — 4207 °C (n = 42)
Tm halite: +140 — +160 °C (n = 8)

Gold occurrences, local scale:
Type 3: Subtype 3a: CH,-rich fluid inclusions (Lac Lilois gold occurrence)
Tm CH, -181.4--158.0°C(n=9)
Th CH,-1050- -82.1°C(n=28)
Subtype 3b: CH,-N,-rich fluid inclusions { Arséne gold occurrence)
Th (liquid): -116.0--110.5°C(n=9)
Th (vapour): -114.4~ -98.3°C (n =8)
sublimation: —64.4- -59.6°C (Il = 5)
Type 4: high-temperature/low-salinity aqueous fluid inclusions (H,0O-NaCl)

Tm Ice: 122~ -44°C (n=20)
Th:  +229 — +374 °C (n = 20)

Homogenization is to the liquid phase unless stated otherwise. Fluid inclusions were studied in quartz.

1991). Peak metamorphic conditions were con-
strained to 700-850 °C and 3.5-6.5 kbar based on
geothermobarometry of garnet-orthopyroxene-
plagioclase-quartz assemblages (PErcivaL and
GIRARD, 1988; PERCIVAL et al., 1991).

Local, metamorphosed Algoma-type iron for-
mations, interbedded with metatexite, host small,
sub-economic gold occurrences (CHEVE et al.,
1989). The iron formations consist of alternating
quartz bands and layers of magnetite or pyrigar-
nite, that include clinopyroxene-orthopyroxene-
garnet-quartz-fine grained and disseminated pyr-
rhotite = biotite + graphite. Local retrograde
metamorphism affects the iron formations, with
the appearance of amphibole, calcite, quartz,
chlorite, epidote, sericite, pyrite, and magnetite
replacing pyrrhotite. The gold-bearing minerali-
zation is typically characterized by pyrrhotite, ar-
senopyrite and pyrite accompanied by subsidiary
l6llingite, chalcopyrite and pentlandite, and in
some rare occurrences by native gold. The highest
gold grades tend to be associated with high arse-
nopyrite contents.

Fluid inclusion types and microthermometry

The fluid inclusion microthermometric data are
summarized in table 1. Four types of fluid inclu-
sions were recognized based on phase relation-
ships at room temperature and heating and freez-

ing behaviour. All types of inclusions occur along
trails or in clusters, therefore all types are consid-
ered to be secondary inclusions. Type 1 inclusions
are CO,-rich fluids. With the exception of four in-
clusions, melting temperatures of CO, range be-
tween ~58.8 °C and -56.6 °C which indicates a low
content of other dissolved gases such as CH, or
N,. Type 2 inclusions are low-temperature/high-
salinity H,O fluids. Some of them are two phases
(liquid and gas) at room temperature and some
contain a third phase (halite crystal). Ice starts to
melt at temperatures below —40 °C which indi-
cates that additional cations besides Na' are in
solution, such as Ca** and Mg**. Type 3 inclusions
are CH,—N,-rich fluids. Two subtypes can be dis-
tinguished. The first subtype has melting and
homogenization temperatures between —181.0 °C
and -181.5 °C, and between -82.1 °C and -103.0
°C, respectively. Such melting behaviour is char-
acteristic for CH,-rich fluids. The second subtype
shows homogenization to the liquid or vapour
phase between -98.3 °C and -116.0 °C, and some
inclusions show sublimation between -59.6 °C
and —64.4 °C. Such microthermometric behaviour
is diagnostic for CH,- and/or N,-rich fluids (VAN
DEN KERKHOF, 1990). Type 4 inclusions are high-
temperature/low-salinity H,O fluids. Melting of
ice starts around —21 °C which suggests that Na* is
the dominant cation in solution. Melting tempera-
tures of ice indicates salinities between 7 and 16
weight % NaCl equivalent.
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Conditions of Gold
Mineralization at Lac Lilois
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Fig. 1 Uplift and cooling path of the Ashuanipi Complex and conditions of gold mineralization inferred at the Lac
Lilois occurrence. Isocheres are plotted for the different fluid inclusion types described in the present study.
Conditions of gold mineralization at the Lac Lilois occurrence are shown by the highly densed dotted area. The
inferred uplift and cooling path is shown by the long arrow. The diopside (Di) + H,O + CO, = tremolite (Tr) + quartz
(Qz) + calcite (Cc) reaction lines are from SLAUGHTER et al. (1975) and have been traced for fluids with different
CO,-contents, i.e. XCO,: 0.1 and XCO,: 0.9. A and B are peak metamorphic conditions according to PERcIvAL and
GirARD (1988) and PERcrvaL et al. (1991), respectively. AsPy: preliminary temperature range based on arsenopyrite

thermometry.

Distribution and origin of the fluids

Type 1 (CO,-rich) fluids and type 2 (low-temper-
ature/high-salinity H,0) fluids occur regionally,
whereas type 3 (CH,~N,-rich) fluids and type 4
(high-temperature/low-salinity H,O) fluids have
only been observed in gold occurrences. Type 1

(CO,-rich) inclusions are the earliest trapped flu-
ids. Such CO,rich fluids are characteristic of
granulite facies terrains (ToureT, 1981). Since
migmatization is widespread in the Ashuanipi
Complex, a likely origin of the CO,-rich fluids is
by melting of the high-grade metamorphic rocks
whereby the more soluble H,O is dissolved in the
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Fig. 2 Comparison of uplift and cooling paths of the Ashuanipi Complex and the Kapuskasing structural zone.
Arrows show the uplift and cooling paths inferred from microthermometry on CO,-rich fluid inclusions in the
Kapuskasing structural zone (Rubpnick et al., 1984) and in the Ashuanipi Complex (present study). Isochores are in
g/cm?. A and B are peak metamorphic conditions in the Ashuanipi Complex according to PsrcivaL and GIRARD
(1988) and Prrcival et al. (1991), respectively; and C are peak metamorphic conditions in the Kapuskasing

structural zone according to PERCIVAL (1983).

molten fraction and then removed to shallower
crustal levels, leaving CO, as a residual compo-
nent (Tourer, 1981). Additionally, some of the
CO, may originate from metacarbonates, the
mantle, CO,-bearing magmas or the oxidation of
graphite. Type 2 (low-temperature/high-salinity
H,O) inclusions are similar to saline inclusions
found elsewhere in the Canadian Shield (Guna
and KANwAR, 1987; HAYNEs, 1988) and are gener-
ally interpreted as trapped brines of Proterozoic
or Palaeozoic age (FraPE et al., 1984). However, it
is possible that some type 2 inclusions are trapped
fluids generated during retrograde metamor-
phism. Type 3 (CH,+N,-rich) inclusions may rep-
resent a fluid that has equilibrated with local
graphite-rich rocks, such as pyrigarnite. Some of
the CH, may also be the vapor component of an

H,0-NaCl-CH, fluid that has undergone phase
separation, and some of the N, may be the prod-
uct of mantle outgassing or breakdown of K-bear-
ing minerals in which NH; substitutes for K. Fi-
nally, type 4 (high-temperature/low-salinity H,O)
inclusions may reflect decreasing P-T conditions
in the Ashuanipi Complex from granulite to
amphibolite-greenschist facies conditions, where
H,O predominates over CO, (Tourer, 1981).

Retrograde P-T path

Type 1 (CO,-rich) fluid inclusions yield isochores
that pass through and below peak metamorphic
conditions in the Ashuanipi Complex determined
by PErcIvaL and GIRARD (1988) and PercivalL et
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al. (1991) (Fig. 1). This suggests that these inclu-
sions record syn- to post-peak metamorphic P-T
conditions and indicates a clockwise retrograde
P-T-time path, as is common in most granulite
terranes (TOURET, 1981). According to PERCIVAL
(1989), granulites from the Superior Province can
be separated into those having low- to moderate-
pressure metamorphic assemblages (3.5-6.5 kbar)
(e.g. Ashuanipi Complex) and those having high
pressure assemblages (7.5-9 kbar) (e.g. Kapus-
kasing structural zone). In figure 2 we compare
the microthermometric data obtained on CO,-
rich fluids from the Kapuskasing high-pressure
granulites by Rupnick et al. (1984) and from the
Ashuanipi Complex (this study). The CO,-rich
fluids in both terranes yield isochores passing
through and below peak metamorphic P-T condi-
tions with similar clockwise P-T-time paths. Fig-
ure 2 also shows that our fluid inclusion investiga-
tion and that of Rupnick et al. (1984) support the
conclusion of PErcIvAL (1989) that the Kapuskas-
ing zone represents a high-pressure granulite ter-
rane and the Ashuanipi Complex is a low-pres-
sure granulite terrane, in all probability reflecting
two distinctive tectonic environments of granulite
formation.

Implications for gold metallogeny

In the Ashuanipi Complex, the best gold grades
tend to be associated with high arsenopyrite
abundances. In addition, at one of the richest gold
occurrences (Lac Lilois), some of highest grade
zones are characterized by small quartz segrega-
tions or quartz veinlets. The clinopyroxene in
proximity to such segregations/veinlets is partially
replaced by amphibole, calcite and quartz. As
mentioned above, type 4 (high-temperature/low
salinity H,O) inclusions are restricted to gold oc-
currences and yield isochores that pass through
metamorphic reaction lines that apply to mineral-
ogical transformations observed at the Lac Lilois
occurrence, in a temperature range compatible
with preliminary arsenopyrite thermometry at
the same occurrence (Fig. 1). This led Moritz
and CHevE (1991) to suggest that part of the gold
in the Ashuanipi Complex was deposited in a
P-T range of 1.5-3 kbar and 400-550 °C, that 1s at
the greenschist-lower amphibolite facies transi-
tion.

Another gold occurrence (Arséne) is charac-
terized by CH,+N,-rich fluids. The association of
gold occurrences with such fluids has been report-
ed elsewhere (e.g. GUHA and Kanwagr, 1987;
BorTrRELL and MILLER, 1990; DE ALVARENGA et
al., 1990). According to Guna and Kanwar
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(1987) such CH,-rich fluids could be responsible
for late, secondary gold enrichment, whereas
BorTreLL and MILLER (1990) propose that leach-
ing of NH; from local wall rocks and subsequent
reaction with graphite could provide a reducing
mechanism whereby gold would be deposited.

Conclusions

Four distinctive fluids have been recognized in
the high-grade metamorphic rocks of the Ashua-
nipi Complex: (1) CO,-rich fluids, (2) low-tem-
perature/high-salinity aqueous fluids, (3) CH,—N,-
rich fluids, and (4) high-temperature/low-salinity
aqueous fluids. The two former are distributed
regionally, whereas the two latter are restricted to
local gold-bearing iron formations. The CO,-rich
fluids are the earliest trapped fluids, and they in-
dicate a clockwise retrograde P-T-time path. In
combination with the fluid inclusion of RUDNICK
et al. (1984) in the Kapuskasing structural zone,
the present study supports the suggestion by PER-
cvaL (1989) that the Kapuskasing uplift contains
high-pressure granulites whereas the Ashuanipi
Complex contains low-pressure granulites. One of
the gold occurrences, i.e. Arséne, was affected by
late CH,~N,-rich fluids, that could have been in-
volved in the main mineralization event, or that
could have caused secondary gold enrichment.
Fluid inclusion microthermometry, arsenopyrite
thermometry and metamorphic petrology in an-
other major gold occurrence, i.e. Lac Lilois, sug-
gest that gold deposition took place, at least par-
tially, during post-peak metamorphic cooling and
uplift in a P-T range compatible with the amphib-
olite-greenschist transition, a setting similar to
that of major mesothermal gold deposits (KER-
ricH and WYMAN, 1990).
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