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Summary

The Reed Lake—North Star Lake area is part of a tectonic collage in the Flin Flon green-
stone belt, west-central Manitoba. It consists of accreted terranes of metamorphosed
ocean-floor and island-arc assemblages that are unconformably overlain by sedimentary
rocks and intruded by successor-arc plutons. The area is characterized by the north-trend-
ing West Reed—North Star shear zone (WRNS), which juxtaposes two packages of bimodal
volcanic and volcaniclastic rocks. The well-documented volcanic-arc/arc-rift rocks of the
Fourmile Island assemblage (FIA) lie east of the WRNS and can be followed continuously
along the entire trace of the WRNS. The North Star assemblage (NSA), another package of
bimodal volcanic and volcaniclastic rocks, lies on the west side of the WRNS.

Rocks in the area have experienced both regional and contact metamorphism. The
regional metamorphic grade generally increases northward across the Flin Flon green-
stone belt from lower-greenschist—facies rocks in the south, to amphibolite-facies rocks
in the north. Rocks in contact metamorphic aureoles around plutons record amphibolite-
facies conditions.

A sequence of regional metamorphic zones was established through field observa-
tions and thermodynamic modelling of mafic volcanic rocks. Six isograds were identified
separating seven metamorphic zones. From south to north, these isograds are horn-
blende-in, albite-out, actinolite-out, garnet-in, epidote-out and chlorite-out. The meta-
morphic mineral assemblage and isograd map demonstrates that the metamorphic grade
increases toward the north, from lower-greenschist facies at Reed Lake to garnet-amphib-
olite facies north of North Star Lake. The WRNS does not seem to disrupt the continuous
metamorphic succession of zones and isograds. It is suggested that the WRNS may have
been an important pathway for the transport and concentration of precious metals within
metamorphic fluids.

Introduction

In 2015, a project involving the tectonic and metamorphic study of parts of the
Flin Flon greenstone belt (FFB) was initiated by the University of Calgary in collabora-
tion with the Manitoba Geological Survey. Greenstone belts are zones of variably meta-
morphosed bimodal volcanic sequences, associated sedimentary rocks and granitoid to
gabbroic intrusive bodies that occur within Precambrian cratons. The rocks in such belts
commonly record events of regional metamorphism, contact metamorphism and hydro-
thermal alteration. In addition to providing insight into the tectonic evolution of the area,
the study of these rocks allow for the better understanding of metamorphic processes,
such as the behaviour of rocks and minerals at the transition from greenschist facies to
amphibolite facies, which results in the release of hydrothermal fluids. Identifying these
transitions, and understanding the associated fluid release, helps researchers better
understand the transport and concentration mechanisms of precious and base metals. An
improved understanding of the metamorphic and alteration events that affected these
areas may help to constrain exploration models for volcanogenic massive-sulphide (VMS)
and orogenic gold deposits in the region.

! Department of Geosciences, University of Calgary, 2500 University Drive NW, Calgary, AB T2N 1N4

64

Manitoba Geological Survey



This metamorphic investigation is part of a larger
study of the metamorphic and tectonic evolution in
the FFB conducted by M. Lazzarotto as part of his Ph.D.
research at the University of Calgary (Lazzarotto et al.,
2016, 2017). Future research will focus on the relation-
ships between metamorphosed mafic volcanic rocks and
metamorphosed sedimentary rocks along a north-south
transect in the File and North Star lakes area and building
an integrated metamorphic map of the whole Flin Flon
greenstone belt.

Regional geological framework

The Reed Lake—North Star Lake area is situated in
the eastern-central FFB, Manitoba. The FFB is part of
the Reindeer zone of the Trans-Hudson orogen, which
formed through the closure of the Manikewan Ocean
and convergence of the Hearne, Superior and Sask cra-
tons (Hoffmann, 1988).

The exposed FFB contains several distinct juvenile-
arc assemblages juxtaposed on ocean-floor rocks, with
interlayered sedimentary and intrusive units separated
by major faults (Figure GS2018-6-1; Stern et al., 19953,
b; Syme et al., 1999; Whalen et al., 2016). The arc assem-
blages are internally complex, comprising numerous
fault-bounded and folded volcanic suites (e.g., Bailes
and Syme, 1989) that are typically bimodal and include a
wide range of volcanic, volcaniclastic and intrusive rocks
(Bailes and Syme, 1989; Syme and Bailes, 1993; Stern et
al., 1995a; Lucas et al., 1996; Bailes and Galley, 2007).
The juvenile ocean-floor assemblages are composed
mainly of rock similar to mid-ocean—ridge basalt (MORB)
and related kilometre-scale, layered, mafic—ultramafic
plutonic complexes (Syme and Bailes, 1993; Stern et al.,
1995b).

Uranium-lead zircon ages for the ocean-floor assem-
blages in the exposed portion of the FFB indicate that the
ocean-floor magmatism was coeval with tholeiitic-arc
volcanism at ca. 1.90 Ga (Stern et al., 1995b). Voluminous
successor-arc magmatism and deposition of sedimentary
rocks occurred between ca. 1.88 and 1.83 Ga (Lucas et
al., 1996). Large plutons were emplaced throughout the
belt during three distinct magmatic stages. They are litho-
logically and geochemically variable with alkaline, calcal-
kaline and shoshonitic affinities. Volcanic, volcaniclastic
and sedimentary rocks with ages of ca. 1.88-1.83 Ga are
documented across the central and eastern parts of the
exposed FFB and are termed successor-basin deposits
(Ansdell et al., 1995; Lucas et al., 1996). They include
the Schist-Wekusko assemblage, the Missi group and the
Burntwood group. The fluvial-alluvial Missi group sedi-
mentary deposits are characterized by thick packages of

conglomerate, pebbly sandstone and massive sandstone.
The marine turbidites of the Burntwood group include
greywacke, siltstone, mudstone and rare conglomerate.
In the low-grade metamorphic FFB, these sedimentary
rocks are generally in fault contact with other units.

The Reed Lake area is characterized by a major,
regionally extensive tectonite belt exposed on western
Reed Lake; the WRNS, which juxtaposes rocks of the FIA
on the east; and the NSA on the west (Figure GS2018-6-
2). Rocks from the NSA, WRNS and FIA record a broad
range of peak metamorphic conditions and will be dis-
cussed in further detail later in this report. For the sake
of brevity, the prefix ‘meta-’ is not used in this report and
the rocks are described in terms of their protoliths.

Metamorphism

With the exception of the Phanerozoic rocks south
of Reed Lake, all rocks in the Reed Lake—North Star Lake
area are metamorphosed. Two distinct types of meta-
morphism are observed: regional metamorphism and
contact metamorphism. The regional metamorphic grade
increases to the north from lower-greenschist facies on
Reed Lake, to garnet-amphibolite facies north of North
Star Lake. This work focuses on the metamorphism of
mafic volcanic rocks with only limited work performed
on Burntwood group sedimentary rocks and successor-
arc intrusive rocks.

Metamorphic mineral assemblage and isograd
map

Figure GS2018-6-3 shows a metamorphic mineral
assemblage and isograd map for the Reed Lake—North
Star Lake area. The map was compiled using data from
Bailes and McRitchie (1978), Bailes (1980), Norquay
(1997), Zwanzig and Bailes (2010) and mapping per-
formed by the authors in recent years (e.g., Lazzarotto
etal., 2016, 2017). The plotted mineral assemblages only
include the diagnostic minerals used to define the meta-
morphic zones, which include actinolite, hornblende,
albite, Ca-bearing plagioclase (oligoclase, andesine),
chlorite, epidote and garnet (full mineral assemblages
including nondiagnostic minerals are summarized in
Table GS2018-6-1). Six isograds were identified sepa-
rating seven metamorphic zones. From south to north,
these isograds are hornblende-in, albite-out, actino-
lite-out, garnet-in, epidote-out and chlorite-out. The
metamorphic mineral assemblage and isograd map dem-
onstrates that the metamorphic grade increases toward
the north, from lower-greenschist facies at Reed Lake to
garnet-amphibolite facies north of North Star Lake.
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feature: MLFZ, Morton Lake fault zone. Mines (active or closed), deposits and significant mineral occurrences: B, Bomber; Cr, Cowan
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nogenic massive sulphide.

The WRNS does not appear to disrupt the con-
tinuous succession of metamorphic zones and isograds
(Syme et al., 1995b; Zwanzig and Bailes, 2010). No late
brittle structures disrupt the sequence either, in contrast
to observations in the Athapapuskow Lake area further
to the west (Lazzarotto et al., 2017).

Igneous remnants and metamorphic textures
Greenschist-facies samples show random orienta-
tions of metamorphic minerals and igneous fabrics that
are well preserved; however, the preservation of igneous
textures is less common in amphibolite-facies samples.
The distribution of metamorphic-mineral assemblages
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Figure GS2018-6-3: Metamorphic mineral assemblage and isograd map of the Reed Lake—North Star Lake area; zones are coloured
according to regional metamorphic grade and exclude contact metamorphic aureoles. Data compiled from Bailes and McRitchie
(1978), Bailes (1980), Norquay (1997), Zwanzig and Bailes (2010) and samples collected by the authors (e.g., Lazzarotto et al., 2016,
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Pl, plagioclase.
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Table GS2018-6-1: Full metamorphic mineral assemblages recorded for the samples of the Reed Lake—North Star Lake area.
Abbreviations: Ab, albite; Ap, apatite; Act, actinolite; Bt, biotite; Cb, carbonate mineral; Chl, chlorite; Ep, epidote; Grt, garnet; Hbl,
hornblende; lim, ilmenite; Ms; white mica; Opq, opaque mineral; Pl, plagioclase; Qz, quartz; St, staurolite; Ttn, titanite; x, present;
?, uncertain (due to the fine-grained nature of the rocks).

Station number UT™Mm UT™Mm Pl Ab Act Hbl Chi Ep Opq Ilm Ttn Cb Ap Bt Ms Grt St Qz
(Easting) (Northing)
0105-10-01 402693 6050881 X ? X X
0105-10-05 399284 6056942 X X X X X X X X
110-13-009-A01 400846 6071549 X X X ? X
110-13-013-A01 400235 6072013 X X X X X X
110-13-104-A01 403565 6079523 X X X X X X X
110-13-136-A01 400316 6069354 X X X X X
110-15-EEL300-492 403012 6053487 X X X X X
53-1 399252 6080302 X X X X ? X X X
54-1 400212 6086398 ? X X X X
54-3 399926 6086334 X X X X ? X
55-10 398415 6083803 X X X X X
55-2 399596 6083847 X X X X X X X X X X
55-5 399119 6084030 X X X X ? X X
56-8 403927 6079500 ? X X X X
57-1 399952 6077937 X X X X X ? X X
57-3 400095 6077882 X X X X
57-5 400203 6077562 ? X X X X
59-1 404855 6072183 X X ? ? X X X
59-2 404717 6071218 X ? X X X
59-5 405948 6074665 ? X X X
59-6 406854 6077196 X X X X X
59-8 406401 6077826 ? X X X X X
60-2 407534 6083331 X X X X X X
60-3 407644 6083587 ? X X X X
60-4 407412 6084555 X X X X X
60-5 407222 6084625 X X ? X X
61-2 400011 6077365 ? X X X X
61-4 400100 6077188 ? X X X X X
62-4 408083 6085858 ? X X X X X
63-1 402715 6064946 X X X
63-4 402075 6063941 X X X X X X
63-9 401652 6060563 X ? X ? X X X X X
64-2 399564 6079041 X X X X X X
64-5 399320 6081848 X X X X ? X ? X
64-6 399522 6081893 X X X X X X
64-7 399380 6082203 ? X X X X X
65-1 400612 6076720 ? X X X X X
65-5 401169 6076659 X X X X X
66-10 402095 6077461 ? X X ? X
66-15 401770 6075689 X X X X X X X
66-19 401022 6073769 X X X X X X X X X
66-4 403542 6079421 X X X X X X X X
67-10 397654 6069515 ? X X X
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Table GS2018-6-1 (continued): Full metamorphic mineral assemblages recorded for the samples of the Reed Lake—North Star Lake
area. Abbreviations: Ab, albite; Ap, apatite; Act, actinolite; Bt, biotite; Cb, carbonate mineral; Chl, chlorite; Ep, epidote; Grt, garnet;
Hbl, hornblende; Ilm, ilmenite; Ms; white mica; Opq, opaque mineral; Pl, plagioclase; Qz, quartz; St, staurolite; Ttn, titanite; x, pres-

ent; ?, uncertain (due to the fine-grained nature of the rocks).

Station number utmMm utmMm Pl Ab Act Hbl Chl Ep Opg Ilm Tin Cb Ap Bt Ms Grt St Qz
(Easting) (Northing)

67-14 397546 6068402 X X X X X
67-4 399761 6073217 ? X X X X
67-6 399348 6071563 X X X X
68-4 398717 6066876 X ? X X X X X ? X ? X
68-9 401790 6066216 X X X X X X X

96-14-061-A2 398383 6064685 ? X X X X
96-14-116-A2 392153 6060825 ? X X X
96-14-117-A2 391986 6060665 X ? X X X
96-14-130-A2 394055 6062681 ? X X X
96-14-46-A2 397589 6062651 ? X X X X X X X
96-14-92-A2 392137 6060679 X X X X X X X
LON-1 399761 6087963 ? X ? X X X X X X X
LON-2 399829 6087988 ? X X X X X
in samples is controlled by relict igneous textures such Regional metamorphism

as phenocrysts and amygdules, which are common in
metamorphosed basalt flows and pillows found through-
out the study area. No igneous minerals are preserved.
Pyroxene is generally replaced by actinolite and/or horn-
blende, and chlorite depending on metamorphic grade.
Igneous calcic plagioclase is not present in any sample.
Plagioclase is replaced by albite (<An , with minor epi-
dote) in lower-greenschist—facies samples, whereas it is
replaced by intermediate plagioclase (<An, , with minor
albite, epidote and carbonate) at higher metamorphic
grades. In both cases these pseudomorphs generally vary
in size from <0.1 to 10 mm. Amygdules are generally filled
with quartz, epidote and carbonate. They are rounded to
subrounded and range in size from <0.1 to 10 mm. The
matrix is usually composed of finer grained crystals of the
same composition as the phenocrysts or amygdules.

At outcrop scale, massive flows and pillow basalt
form the best-preserved igneous structures. Typically, pil-
low cores are light in colour, rich in epidote and contain a
few small amygdules; rims are dark coloured and contain
more chlorite, actinolite and hornblende, and occasion-
ally abundant large amygdules (e.g., Figure GS2018-
6-4e). At lower metamorphic grade, plagioclase and/or
pyroxene phenocrysts replaced as pseudomorphs are
often aligned, preserving trachytic textures typical of
magmatic flow. Igneous structures become deformed
(e.g., Figure GS2018-6-4a, e) and metamorphic minerals
such as amphibole or biotite define a foliation in areas of
high strain (e.g., Figure GS2018-6-4c, d, g).

Greenschist facies: actinolite-albite-epidote zone

The actinolite-albite-epidote zone is bounded to the
south by the Phanerozoic sedimentary rocks of the West-
ern Canadian Sedimentary Basin, and to the north by the
hornblende-inisograd (Figure G52018-6-3). Characteristic
metamorphic minerals in this assemblage are actinolite+
albite+epidote+chlorite+quartztbiotitettitanitetapatite
topaque minerals, which is typical of greenschist-facies
rocks.

Primary igneous textures are usually well preserved
within samples of this zone. Pyroxene and plagioclase
phenocrysts are pseudomorphed by actinolite and albite
(with minor chlorite, epidote and white mica), respec-
tively. Amygdules are typically filled with fine-grained
quartz, granular or radial epidote, chlorite and carbon-
ate. Fine-grained acicular actinolite, fine-grained albite,
granular epidote, interstitial chlorite and quartz make up
the bulk of the matrix. Minor titanite, carbonate, apatite
and opaque minerals are also found as part of the matrix.
Very fine grained biotite is present in some samples. In
most cases the biotite-bearing rocks contain no actino-
lite.

Lower-amphibolite facies: hornblende-actinolite-

albite-epidote zone

The hornblende-actinolite-albite zone is defined as
the area between the hornblende-in and the albite-out
isograds (Figure GS2018-6-3). The zone is characterized
by the mineral assemblage hornblende+actinolite+albite
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Figure GS2018-6-4: Outcrop photo and photomicrographs of metamorphic zones in the study area: a) amphibolite with preserved
epidotized pillow cores from the Hbl-PI-Ep zone (station 65-3, UTM Zone 14, 400803E 6076677N [NAD 83]); b) amphibolite with
stretched pillows of the Hbl-Grt zone (station 54-1, UTM Zone 14, 400212E 6086389N [NAD 83]); c) amphibolite from the Hbl-Grt-
Ep zone (station 64-2, UTM Zone 14, 399565E 6079040N [NAD 83]); d) Fts and Bt from the Hbl-Grt-Ep zone (plane-polarized light,
sample 64-2, UTM Zone 14, 399565E 6079040N [NAD 83]); e) strongly foliated amphibolite from the Hbl-Act-PI-Ep zone (station 67-
12, UTM Zone 14, 397404E 6069111N [NAD 83]); f) Mhb, Act, Bt and Pl from the Hbl-Act-PI-Ep zone (plane-polarized light, sample
68-4, UTM Zone 14, 398720E 6066907N [NAD 83]); g) Mhb and Pl from the Hbl-PI-Ep zone (plane-polarized light, sample 66-15, UTM
Zone 14, 401766E 6075689N [NAD 83]); h) Fts, Grt and Bt from the Hbl-Grt zone (plane-polarized light, sample 55-2, UTM Zone 14,
399598E 6083847N [NAD 83]). Abbreviations: Act, actinolite; Bt, biotite; Ep, epidote; Fts, ferro-tschermakite; Grt, garnet; Hbl, horn-
blende; Mhb, magnesiohornblende; Pl, plagioclase; Qz, quartz.
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+epidote+chlorite+quartzttitanitetbiotitetapatite
topaque minerals.

Several textural relationships between actinolite
and hornblende have been identified in all zones where
these minerals coexist, including distinct grains, patchy
intergrowths and Even
though the typical assemblage contains both horn-
blende and actinolite, assemblages containing only one
of the two minerals are common. Hornblende occurs as
rare, small blebs in samples from the southern part of
the zone and is rich in Mg. The modal percent of horn-
blende increases toward the north. A similar trend is
observed for the grain size. Close to the albite-out iso-
grad, hornblende is characterized by dark green nee-
dles, needle aggregates or blades, up to 0.5 mm long.
Actinolite persists throughout the zone and typically
consists of pale green to green needle aggregates that
vary in size depending on whether it is part of the matrix
or replacing phenocrysts. Plagioclase phenocrysts are
replaced by albite, which is also found as a fine-grained
component within the matrix. Granular epidote, chlo-
rite and fine-grained quartz are common in the matrix
and within amygdules and fractures. Accessory titanite,
apatite and opaque minerals are found as part of the
matrix assemblage.

core-rim microstructures.

Lower-amphibolite facies: hornblende-actinolite-

plagioclase-epidote zone

The area between the albite-out and actinolite-out
isograds delimits the hornblende-actinolite-plagioclase-
epidote zone (Figure GS2018-6-3). The characteristic
metamorphic mineral assemblage observed in this zone
is hornblende+actinolite+plagioclase+epidote+chlorite
+quartztbiotitezilmeniteztitanitetapatitetopaque
minerals, typical for lower-amphibolite—facies rocks
(Figure GS2018-6-4h).

As in the hornblende-actinolite-albite zone there
are textural relationships between actinolite and
hornblende. Generally, the amphibole grains are too
small to be visible in hand sample; however, horn-
blende is occasionally identifiable as fine black nee-
dles up to 1 mm long. The hornblende crystals are
rich in Mg and show a slight enrichment in Si and
Fe toward the north. Biotite (Mg# = Mg/[Mg+Fe]
= 0.5) is present as platy and elongate, green to
brown grains up to 1 mm long. Elongate hornblende,
actinolite and biotite are intricately intergrown with
fine-grained interstitial plagioclase (An, ), acicular
chlorite and skeletal epidote. limenite is the main Ti-
bearing phase, often mantled by late (retrograde?)
titanite.

Amphibolite facies: hornblende-plagioclase-
epidote zone

The hornblende-plagioclase-epidote zone is defined
as the area between the actinolite-out and the garnet-in
isograds (Figure GS2018-6-3). The typical metamorphic-
mineral assemblage is hornblende+plagioclase+epidote
+chlorite+quartzztbiotitetilmenitettitanitetapatite
topaque minerals (Figure GS2018-6-4f).

Plagioclase of intermediate composition (An,—An, )
is common and occurs interstitial to fairly coarse grained,
dark green, hornblende blades or needle aggregates up
to 1 mm long. The hornblende in this area is transitional
between Mg- and Fe-hornblende. Skeletal epidote, usu-
ally <0.5 mm across, and acicular or fibrous chlorite are
also interstitial to the hornblende. Brown to green biotite
(Mg# = 0.4) is present in most of the samples as plates
or blades of variable size associated with hornblende.
IImenite is commonly rimmed by (retrograde?) titanite.

Upper-amphibolite facies: hornblende-garnet-
epidote zone

The zone up-grade of the garnet-in isograd and down-
grade of the epidote-out isograd is defined as the horn-
blende-garnet-epidote zone (Figure GS2018-6-3). The
key mineral assemblage observed in rocks from this zone
is hornblende+plagioclase+garnet+epidote+chlorite+
gquartztbiotitetilmeniteztitanitetapatitet
opaque minerals and is characteristic of upper-amphibo-
lite—facies mafic rocks (Figure GS2018-6-4d).

Rocks in this zone consist of up to 60-70% horn-
blende (Fe-tschermakite). Hornblende grains are sub-
hedral, exhibit the typical 120°/60° cleavage and display
light green/brown to dark green pleochroism. Grain sizes
range between a few micrometres up to 1 mm. Euhe-
dral brown biotite with Mg# = 0.3 occurs as flakes and
blades up to 0.2 mm long and is found throughout the
zone. Hornblende and biotite define a foliation resulting
from strain along the WRNS. Garnet porphyroblasts are
subhedral and rich in Fe (Alm_). The garnet grains range
from 50 um to 1 mm and contain inclusions of ilmenite
and quartz. Some garnet porphyroblasts overgrow the
foliation in high-strain zones proximal to the WRNS. The
observed plagioclase is of intermediate composition
(An_~An, ) and does not show any sign of late alteration.
It is usually present as an interstitial phase together with
quartz. Small grains of skeletal epidote, usually <0.1 mm
across, and fibrous chlorite are part of the remaining
matrix. Accessory ilmenite (sometimes rimmed by late
titanite) is common.
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Upper amphibolite facies: hornblende-garnet zone

The zone between the epidote-out and the chlorite-
out isograds is defined as the hornblende-garnet zone
(Figure GS2018-6-3). The characteristic metamorphic-
mineral assemblage in samples from this zone is hornb
lende+plagioclase+garnet+chlorite+quartztbiotitetilme
nitettitanitetapatitetopaque minerals (Figure GS2018-
6-4b).

Hornblende crystals are green/brown to dark green
in colour and are chemically classified as Fe-tschermak-
ites. Grains range in size from a few micrometres to
1 mm, are typically euhedral to subhedral and display
120°/60° cleavage. Hornblende generally makes up half
of the rock volume. Biotite is usually associated with
hornblende and has a relatively low magnesium content
(Mg# = 0.25). The biotite grains display brown to green
pleochroism, are euhedral to subhedral and range in size
from <10 um to 200 um. Anhedral to subhedral garnet
porphyroblasts and grain aggregates reach up to several
millimetres in diameter and have locally overgrown the
amphibole- and biotite-defined foliation. They are rich
in Fe (Alm_—Alm,.) and zoning can be present with rela-
tively Ca-rich rims (Grs,,/Alm,,) and Ca-poor cores (Grs,,/
Alm,,). Grains are several hundreds of micrometres
across and contain inclusions of quartz, ilmenite, apatite
and rare magnetite/hematite. Interstitial plagioclase of
intermediate composition (An, —An, ) is the major com-
ponent in the matrix, together with quartz, ilmenite,
titanite (late?) and minor chlorite. Chlorite mantling bio-
tite and hornblende is probably a product of retrograde
metamorphism.

Upper-amphibolite facies: chlorite-free zone

The chlorite-free zone is located between the chlo-
rite-out isograd to the south and where the Kisseynew
gneisses overlie the volcanic units to the north (Fig-
ure GS2018-6-3). This zone is characterized by the
absence of chlorite, with a key mineral assemblage of
hornblende+plagioclase+garnet+quartztbiotitetilmenite
ttitanitetapatitetopaque minerals.

Hornblende (Fe-tschermakite) occurs as green sub-
hedral blades a few hundreds of micrometres to several
millimetres long with typical 120°/60° cleavage. The pla-
gioclase is intermediate in composition (An, ) and is usu-
ally interstitial to the amphibole. Several samples contain
brown to green biotite (Mg# = 0.25) as plates or blades
varying from <0.1 mm to 0.5 mm. Garnets are anhedral
to subhedral, unzoned and rich in Fe (AImSS—AImes), with
inclusions of quartz and ilmenite. limenite is also present
in the matrix and is often enveloped by titanite.

Contact metamorphism

Contact metamorphism is recognized in low-grade
metamorphic zones (i.e., greenschist facies) by the pres-
ence of hornblende in mafic rocks. In high-grade meta-
morphic areas (i.e., amphibolite facies), the distinction
between contact and regional metamorphism becomes
difficult. Limited data on contact aureoles in the Reed
Lake—North Star Lake area is available; based on previous
work (e.g., Zwanzig and Bailes, 2010; Syme, 2015; Laz-
zarotto et al., 2017), they are observed to extend approx-
imately 1 km outward from the margins of intrusions.

Contact metamorphic aureoles in mafic volcanic
units are recognized in the field by a darkening of the
fresh and weathered surfaces, sometimes associated
with an increase in the grain size of porphyroblasts such
as hornblende. Usually the rocks within these units are
very fine grained and the mineral assemblages are dif-
ficult to identify in hand sample or with a petrographic
microscope. It is possible to unravel contact metamor-
phic assemblages within aureoles with the aid of electron
probe microanalyses of the samples.

Contact aureoles generally consist of dark grey to
black weathering massive or pillow basalt. Fresh surfaces
are dark green, with lighter epidotized patches. Igneous
textures such as phenocrysts and pillow or flow structures
are preserved in low-strain areas. Primary igneous miner-
als are replaced with pseudomorphs: pyroxene is usually
replaced by actinolite and/or hornblende, whereas calcic
plagioclase is replaced by more sodic varieties of plagio-
clase (<An_)). The typical mineral assemblage observed in
thin section is hornblendezactinolite+plagioclase+quartz
tbiotitetepidotetchloritetopaque minerals. Discrete ac-
tinolite grains are intergrown with hornblende where
both amphiboles co-exist. Prograde replacement locally
results in actinolite cores mantled by hornblende. Granu-
lar epidote, acicular or fibrous chlorite and fine-grained
quartz occur in veins, amygdules or as part of the matrix.
Biotite is present as small, brown to green, platy grains.
Local red to purple garnet porphyroblasts <1 mm in diam-
eter occur within domains of pre-metamorphic alteration
(interaction with fluids?).

Thermodynamic modelling

A phase-equilibrium diagram (Figure GS2018-6-5)
was calculated for a representative, juvenile-arc rock
(whose bulk composition is seen in Table GS2018-6-2), to
estimate peak metamorphic pressure and temperature
conditions. The Gibbs free energy minimization software
suite Theriak-Domino (de Capitani and Brown, 1987; de
Capitani and Petrakakis, 2010) was used in conjunction
with the thermodynamic dataset of Holland and Powell
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Figure GS2018-6-5: Equilibrium phase diagram constructed for a representative juvenile-arc assemblage bulk composition in the
Na,0-Ca0-K,0-Fe0-MgO-Al,0.-5i0,-H,0-TiO -Fe O, (NCKFMASHTO) chemical system (sample 12-95-1842; Table GS2018-6-2). As-
semblage fields use the same colour scheme as Figure GS2018-6-3. The red arrows represent possible metamorphic field gradients
as discussed in the text. Abbreviations: Ab, albite; Act, actinolite; Bt, biotite; Chl, chlorite; Ep, epidote; Hbl, hornblende; IIm, ilmenite;

Mag, magnetite; Pl, plagioclase; Qz, quartz; Ttn, titanite.

Table GS2018-6-2: Whole-rock geochemical data for sample 12-95-1842 used to calculate the phase-equilibrium diagram of Figure

GS2018-6-5.
Sample 12-95-1842 Ssio, TiO, ALO, Fe0, FeO MnO Mgo Ca0 Na,0 KO PO, LOI Total
wt. % 56.40 0.68 1520 147 925 0.00 2.78 7.84 309 023 000 045 97.39

(1998; updated to version ds5.5). Activity-composition
models (a-X models) for clinoamphibole (Diener et al.,
2007, revised by Diener and Powell, 2012), clinopyrox-
ene (Green et al., 2007; Diener and Powell, 2012), garnet
(White et al., 2007), chloritoid (White et al., 2000), chlo-
rite (Holland et al., 1998), white mica (Coggon and Hol-
land, 2002), biotite (White et al., 2007), epidote (Holland
and Powell, 1998), spinel (White et al., 2002), ilmenite-

hematite (White et al., 2000) and feldspar (Cbar1 field;
Holland and Powell, 2003) were used. Calculations were
performed in the Na,0-CaO-K,0-FeO-MgO-Al,0.-SiO_-
H,O-TiO,-Fe,O, (NCKFMASHTO) chemical system. This
system is a good approximation of the analyzed com-
position of the rocks. Ferric iron oxide (Fe,O,) was esti-
mated as 15% of the total Fe, based on the presence of
accessory Fe-bearing phases (magnetite), wet titration
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of selected samples and iterative T-XFe** and pressure-
temperature (P-T) equilibrium modelling for different
ferric to ferrous iron ratios and pressures. Investigations
of the influence of ferric iron on the calculated phase-
diagram section topology shows that by increasing the
amount of Fe,0, by 5%, the equilibration-pressure range
of the observed assemblage is lowered by more than
1 kbar. Similarly, decreasing the amount of Fe,O, by 5%
yields a pressure increase of more than 1 kbar; therefore,
interpreting the results of phase-equilibria modelling of
rocks containing ferric and ferrous iron warrants caution.
Garnet is the main phase incorporating Mn, which often
results in overstabilization of the mineral in the modelled
P-T space. Manganese was, therefore, not incorporated
into the chemical system due to its relatively low abun-
dance (usually MnO <0.1 wt. %) and to prevent the cal-
culation of stable garnet in unlikely portions of P-T space.
All P is assumed to be contained in apatite and Ca was
subtracted from the bulk composition at a molar ratio of
5Ca:3P. The system was oversaturated in H,O over the
calculated P-T range.

Figure GS2018-6-5 shows the phase-equilibrium
diagram for a representative juvenile-arc bulk composi-
tion (sample 12-95-1842) in the NCKFMASHTO chemi-
cal system. The colours used to highlight the various
assemblage fields correspond to the colours of the
metamorphic mineral assemblage and isograd map (Fig-
ure GS2018-6-3) and represent areas with the same key
mineral assemblage.

The greenschist facies is represented by a large field
containing the assemblage actinolite+albite+chlorite+
epidote+biotite+quartz+titanite and occurs below 450°C.
Just up-grade of this field are two relatively narrow fields
(<20°C wide) representing the transition into amphib-
olite-facies assemblages. The lower pressure field has
co-existing albite and plagioclase and is followed by a
band of coexisting hornblende and actinolite spanning
the full calculated pressure range. The epidote-out reac-
tion occurs up-temperature of the actinolite-out and
albite-out reactions between 1 and 6.5 kbar. It delimits
a 30°C wide area where hornblende and epidote coex-
ist in the assemblage hornblende+plagioclase+chlorite+
biotite+epidote+quartz+titanite. Down-temperature of
the chlorite-out reaction (approximately 500°C) and
below 4 kbar is an assemblage field with coexisting pla-
gioclase, hornblende and chlorite, with no epidote. A
dashed line indicates the stability field of an additional
amphibole phase upgrade of the chlorite-out reaction.
This phase is an amphibole with a calculated composi-
tion, created to handle structural order-disorder of Fe,
Mg and Al where the partitioning of these elements is

unknown (camol and camo2; see Holland and Powell,
2006; Diener et al., 2007). In the sequences discussed in
this paper, no amphibole other than actinolite and horn-
blende are present. The amphibole calculated up-grade
of the dashed line is therefore interpreted as hornblende.
At pressures <6.5 kbar and temperatures >500°C, magne-
tite is stable. Biotite is stable over the entire P-T range.

Discussion and conclusion

Comparison of the calculated phase-equilibrium dia-
gram with the sequence of isograds observed in the field
allows for the approximation of two possible metamor-
phic field gradients (red arrows in Figure GS2018-6-5).
The observed sequence of reactions is hornblende-in,
albite-out, actinolite-out, garnet-in, epidote-out and
chlorite-out. The garnet-in reaction occurs at noticeably
higher grade (above 7.5 kbar and 600°C, up-grade of the
chlorite-out reaction) in the modelled phase-equilibrium
section. Calculated garnet compositions at 700°C and
8 kbar correspond to the measured compositions in sam-
ples from the study area (Alm_—Alm_). Slight variations
in the Fe content, Ca content and Fe?*/Fe® ratio do not
change the stability of garnet. The chlorite-out isograd
was mapped as the northernmost (highest temperature)
reaction. The location of this isograd is uncertain because
it is difficult to distinguish prograde from retrograde
chlorite within the rock matrix. If the chlorite-out reac-
tion was to occur down-grade of the garnet-in reaction
(‘New Chl-out’ and ‘New Grt-in’ in Figure GS2018-6-3),
the sequence of observed mineral assemblages and reac-
tions would correspond to the calculated phase-equi-
librium diagram with a field gradient approximated by
arrow 1 (Figure GS2018-6-5); however, a relatively large
jump in pressure and temperature occurs between the
chlorite-out and garnet-in reactions (4 kbar and 150°C).
This suggests that the garnet a-X model is very sensitive
to modelling. Calculations incorporating Mn result in gar-
net being stable over the entire P-T range, whereas with-
out Mn, garnet is stable only at a P that is too high.

Independent pressure-temperature  constraints
from different calibrations of the hornblende-plagioclase
thermobarometer (Holland and Blundy, 1994; Zenk and
Schulz, 2004; Bhadra and Bhattacharya, 2007) and the
garnet-biotite Fe-Mg exchange thermometer (Ferry and
Spear, 1978; Hodges and Spear, 1982) yield pressures of
3-4.5 kbar and temperatures of 480-550°C for samples
from the Hbl-Grt-Ep zone (green box in Figure GS2018-
6-5), and pressures of 3-5.5 kbar and temperatures of
490-590°C for samples from the Hbl-Grt zone (blue box
in Figure GS2018-6-5). These independent constraints
partially agree with the calculated phase equilibrium
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diagram and are believed to better depict the stability of
garnet.

Garnet porphyroblasts and aggregates are oriented
with the foliation defining amphibole and biotite in most
samples (Figure GS2018-6-4b). This suggests that the
garnet grains grew before (or during) the deformation
phase and were subjected to the strain developed by the
WRNS. The garnet is interpreted to be coeval with the
metamorphic amphibole and biotite. Nevertheless, it is
possible that not all garnet is part of the metamorphic
peak assemblage. In sample 55-5, metamorphic horn-
blende and biotite define the foliation, suggesting that
they formed before, or during, the phase of deforma-
tion. Garnet porphyroblasts in this sample overgrow the
foliation, suggesting that their growth postdates defor-
mation along the WRNS, and therefore the interpreted
timing of peak metamorphism. If garnet from areas
south of sample 55-5 are of later origin and not part of
the metamorphic peak assemblage, the location of the
garnet-in isograd shifts up-grade of the epidote-out reac-
tion. Dashed, garnet-free fields that otherwise match the
sequence of mapped metamorphic mineral assemblages
are depicted in the phase-equilibrium diagram and allow
for a different field gradient indicated by arrow 2 (Fig-
ure GS2018-6-5). Late garnet could be a product of fluid
infiltration along the WRNS.

Economic considerations

Volcanogenic massive-sulphide deposits

The Flin Flon greenstone belt is host to several vol-
canogenic massive-sulphide deposits (VMS), which form
by seafloor venting of metalliferous hydrothermal fluids
in active volcanic settings (e.g., Galley et al., 2007). The
Reed Lake—North Star Lake area contains bimodal volca-
nic successions of mafic and felsic rocks that are charac-
teristic of extensional tectonic regimes, are similar to the
volcanic sequence that hosts the Flin Flon and Callinan
VMS deposits (e.g., Bailes and Syme, 1989; Syme and
Bailes, 1993) and indicate excellent exploration poten-
tial. These deposits are overprinted, and in some cases
strongly remobilized via metamorphic and deformational
processes because they formed early in the tectonic evo-
lution of the region. Recognizing the effects of metamor-
phism on these deposits and the effect and extension of
the associated alteration is important for exploration.

Orogenic gold deposits

Orogenic gold deposits form later with respect to
regional deformation, magmatism and metamorphism,
and the associated release of fluids. The controls on

orogenic gold deposits are thus strongly related to met-
amorphic and tectonic processes. For example, dehy-
dration reactions at the transition from greenschist to
amphibolite facies in metabasites have been interpreted
to provide fluids for the transport of gold (e.g., Phillips
and Powell, 1993). In addition, crustal-scale shear zones
can create pathways and/or traps for the transport and
deposition of gold in solution (e.g., Dubé and Gosselin,
2007). The WRNS hosts several significant gold show-
ings in the NSA. The major structures associated with
gold mineralization extend continuously southward to
the Reed Lake area, which is considered to have similar
potential for shear-hosted (i.e., orogenic) gold mineral-
ization.
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