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ABSTRACT

Orogenic Au deposits require a trigger to transport auriferous fluids from their deep-seated source regions
to their depositional site in the mid- to upper-crust. Defining the tectonic trigger of Au ore systems requires
precise age constraints. Herein we address that knowledge gap with new Re-Os sulphide (arsenopyrite and
pyrite) and U-Pb detrital zircon geochronology results from the Lynn Lake greenstone belt of the
Paleoproterozoic Trans-Hudson Orogen, Manitoba, Canada. We document an early-stage of Au-rich veins
(ca. 1.82 Ga) that are coeval with syenitic magmatism (1.83—1.82 Ga) and immediately post-date new ages
for the opening and closure of synorogenic basins (1.84—1.83 Ga) and late-stage arc magmatism (1.84—1.83
Ga). Together these data point to the importance of stalled subduction and upwelling asthenosphere as pos-
sible triggers for fluid release during the earliest stages of continental collision between the Hearne,
Superior, and Sask cratons. New dating further documents a second, overprinting generation of auriferous
fluids (ca. 1.78 Ga) that post-dates peak metamorphism (ca. 1.81 Ga). These late-stage fluids were driven
by a second thermal pulse (ca. 1.78 Ga), which, based on the timing of coeval, crustally derived pegmatitic
dykes, may be related to crustal thickening and/or another unrecognized subcrustal heat source. Mineral
exploration should focus on the large-scale architecture that is required to focus multiple pulses of auriferous

fluids to the same depositional trap over the lifespan of an orogen.

INTRODUCTION

Modern and ancient mountain belts are an important
geological setting for giant Au deposits, as demon-
strated by the large number of such deposits hosted
within accreted terranes along the western Cordillera
and older deposits in the Canadian shield (Goldfarb et
al., 1998; Groves et al., 1998). The sources of aurifer-
ous fluids in accretionary orogens are generally consid-
ered to be metamorphic, possibly due to devolatiliza-
tion of the mafic lower crust and/or sulphidic sediments
during the active subduction of oceanic lithosphere
(Goldfarb et al., 1998; Goldfarb and Groves, 2015).
Because the duration of individual mineralization
events is brief (0.1 m.y.) relative to the lifespan of an
orogen (10-100 m.y.), a trigger is required to drive Au-
bearing fluids, likely metamorphic in origin, from their
upper mantle and/or crustal sources to their depositional
sites in the mid- to upper-crust (Kerrich and Wyman,
1989; Goldfarb et al., 1991; Wyman et al., 2016).

The tectonic trigger(s) for Au-bearing fluid transport
in modern accretionary settings include changes in sub-
duction velocity, ridge subduction, slab roll-back, plate
reorganization, and/or plume impingement (Goldfarb
and Groves, 2015). Many of these triggers are also
thought to be important to porphyry and epithermal
deposits in modern arc and/or back-arc settings
(Sillitoe, 2008; Goldfarb et al., 2014). Collisional oro-
gens are also endowed with orogenic-style Au deposits
(Goldfarb et al., 2001), but the tectonic trigger(s) in
these settings is less clear because active subduction of
oceanic lithosphere may not be directly involved
and/or may be occurring 100s to 1000s km away from
the Au deposits (Li et al., 2012; Li et al., 2015). Instead,
the cessation of subduction, stalling of the subducting
slab, lithospheric delamination, plume impingement,
and/or far-field subduction effects may trigger the
devolatilization of upper mantle to crustal sources in
collisional to post-collisional settings (Richards, 2011;
Groves and Santosh, 2016).
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Although the tectonic differences and the role active
subducting oceanic lithosphere has between accre-
tionary and collisional orogens are well described in
the literature, the implications of differing orogenic
styles on Au metallogeny are less well understood
(Barley and Groves, 1991; Pehrsson et al., 2016). One
of the factors contributing to this uncertainty is that Au
deposits associated with the early accretionary oro-
genic stage, if present, were likely reworked and over-
printed during later collisional orogenesis (Groves et
al., 2016). The reworking of accretionary orogens is
proposed as a possible explanation for the Au-rich sig-
nature of continent-continent collisions that incorpo-
rate early formed oceanic arcs (Leahy et al., 2005). The
situation is even more complex along cratonic margins,
which were typically reworked during multiple, over-
printing orogens spanning billions of years (Carpenter
et al., 2005; Davies et al., 2010; Lawley et al., 2013,
2015). Determining the timing of Au mineralization
within this complex orogenic collage requires precise
age constraints.

Herein we address that knowledge gap with new Re-
Os arsenopyrite and pyrite, and U-Pb detrital zircon
geochronology for the Paleoproterozoic Lynn Lake
greenstone belt (LLGB of Manitoba; Fig. 1-3). These
ages provide new constraints on the timing of Au min-
eralization, which, coupled with new U-Pb detrital zir-
con ages for synorogenic sedimentary basins, highlight
the relationship between changes in tectonic style (e.g.
accretionary versus collisional orogenesis) and its rela-
tionship to metallogenesis.

LOCAL GEOLOGY

The LLGB is hosted within the Paleoproterozoic
Trans-Hudson Orogen (1.9-1.8 Ga: Ansdell, 2005;
Corrigan et al., 2009). Rhyolitic flows are the oldest
dated lithostratigraphic unit and were broadly coeval
with mafic to intermediate volcanism (Baldwin et al.,
1987; Beaumont-Smith and Boéhm, 2002, 2004;
Beaumont-Smith et al., 2006). The close structural
intercalation of mafic volcanic rocks with disparate
geochemical compositions suggests that the Wasekwan
Group likely comprises rocks that initially formed in
distinct environments but were juxtaposed during later
structural reworking (Zwanzig, 1997, 2000; Zwanzig et
al., 1999; Beaumont-Smith, 2008). Multiple volcanic
rock packages are also demonstrated by distinct rhyo-
lite ages within the northern and southern belts of the
LLGB (Beaumont-Smith and Boéhm, 2002, 2004).
Based on the emplacement of the Pool Lake suite
(1.89-1.87 Ga), which intrudes and stiches the differ-
ent belts, some of these disparate mafic volcanic rock
packages must have been structurally intercalated by
ca. 1.87 Ga (Baldwin et al., 1987; Beaumont-Smith and
Bohm, 2002, 2004; Beaumont-Smith et al., 2006).

Mafic to ultramafic intrusions that host the Lynn Lake
Ni mine were emplaced into the amalgamated
Wasekwan-Pool Lake suite at 1871 + 2 Ma (i.e. El gab-
bro: Turek et al., 2000). All three igneous assemblages
were subsequently intruded by dykes and plutons of the
1.86-1.85 Ga Wathaman suite (Meyer et al., 1992),
which marks the accretion of the LLGB and the Hearne
craton to the north at ca. 1.85 Ga (Ansdell, 2005;
Corrigan et al., 2005).

The Wasekwan Group is unconformably overlain by
conglomerate (e.g. Hughes Lake unconformity; Fig. 3),
psammite, arkose, and wacke comprising the Sickle
Group (Anderson and Beaumont-Smith, 2001). A sim-
ilar conglomerate separates the LLGB and large swaths
of the Sickle Group and turbidite-like rocks comprising
the Burntwood Group (i.e. Kisseynew Basin) to the
south (Fig. 2). Previously reported ages suggest that the
Burntwood Group extends to older maximum deposi-
tional ages than the structurally overlying coarse clastic
sedimentary successions (Machado et al., 1999).
However, both sedimentary packages are interstrati-
fied, suggesting that deposition of coarse clastic and
deep-marine sedimentary facies were locally coeval
(Zwanzig and Bailes, 2010).

RESULTS

Preliminary Re-Os Arsenopyrite and Pyrite
Geochronology

Multiple pyrite and/or arsenopyrite mineral separates
were prepared (n = 38) from different vein and alter-
ation types collected at three deposits (MacLellan,
Gordon, and Burnt Timber) as part of the current study
(Fig. 4). Of these, only 19 samples yielded sufficient
Re to attempt Re-Os dating (total analyses = 23) fol-
lowing the methods of Lawley et al. (2013).

Paleoproterozoic arsenopyrite and pyrite results
scatter about a ca. 1.8 Ga errorchron (1794 + 18 Ma;
20; MSWD = 159; n = 15; York model 3; initial
1870s/1880s = 1.0 + 0.9). Reproducible replicate analy-
sis of the sample, or multiple samples prepared from
the same vein, strongly suggest that the excess data-
point scatter is not an analytical artefact. Instead,
excess data-point scatter is more likely a product of
multiple sulphide generations of slightly to signifi-
cantly different age.

Two replicate analyses of the two arsenopyrite sam-
ples with the highest 187Re/1870s ratios (613216564
n =4) yield weighted average Re-model ages at 1824 +
12 Ma and 1782 + 16 Ma (n.b. model age uncertainties
are reported at 26 and include uncertainties in the
187Re decay constant of 1.666 x 10-11 yr-1 and the ini-
tial Os composition = 0.5 £ 0.2; Smoliar et al., 1996).
Model age calculations for these two samples is appro-
priate because nearly all of the measured 1870s (1870sr
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Figure 3. Schematic stratigraphic column summarizing the
main supracrustal groups and plutonic suites comprising the
Lynn Lake greenstone belt. Ages are summarized from sev-
eral sources (see text for further details). Abbreviations: BIF
= banded iron formation, VMS = volcanogenic massive sul-
phides.

Figure 2. Local geology map of the Lynn Lake greenstone belt (Gilbert et al., 1980; Gilbert, 1993). Detrital zircon sample local-
ities, volcanogenic massive sulphide (VMS; Galley et al., 2007), nickel-platinum group element (Eckstrand and Hulbert, 2007),
and gold deposits (Dubé and Gosselin, 2007) are shown for reference.

= 99%) is due to radiogenic decay of 187Re (Stein et
al., 2000). The older ca. 1.82 Ga arsenopyrite sample
was taken from a pre- to syn-D, vein at MacLellan;
whereas the younger ca. 1.78 Ga arsenopyrite sample
was collected from the sulphidized metavolcanic host
rock at the same deposit. Two replicate analyses of one
moderately radiogenic pyrite sample (187Re/1880s =
694-1005; 1870sr = 98%) represent the best available
timing estimate for sulphide replacement at Gordon
(1838 =28 Ma). A regression through a subset of repro-
ducible arsenopyrite and pyrite samples from both
deposits yield a York Model 1 Re-Os isochron age of
1827 + 9 Ma (MSWD = 0.4; n = 5; initial 187Qs/1880s
=0.46 + 0.03).

The remaining arsenopyrite and pyrite analyses scat-
ter to lower 187Re/1880s ratios (57-2418), but are still
moderately radiogenic (1870sr = 57-99%) and yield a
range of Re-Os model ages (1980-764 Ma). A subset of
the older (>1.83 Ga) pyrite vein analyses from
MacLellan yield a York Model 1 Re-Os isochron age of
1865 +21 Ma (MSWD = 0.04; n = 4; initial 1870s/1880s
= 0.48 £+ 0.06). Two of these three samples were of
pyritized biotite schist (Fig. 4e,f), which may suggest
that the oldest Re-Os model ages reflect early sulphide
deposition that predates regional metamorphism.
However, the remaining pyrite sample within this
potential group was sampled adjacent to vein pyrite
samples that yield Re-Os model ages older than the
host rock, suggesting that some of the older Re-Os
model ages may also reflect isotopic disturbance. A
subset of anomalously young samples, including the
two samples from Burnt Timber, yield model ages that
cluster around ca. 1.3 and 0.8 Ga. The scatter of anom-
alously young Re-Os results may reflect disturbance
and/or variable resetting to produce geologically mean-
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Figure 4. Photographs of drill core from ore zones of the MacLellan Au deposit: a and b) folded and/or transposed pre- to syn-
D, quartz-arsenopyrite veins that cut metavolcanic rocks (amphibolite); ¢) sulphide replacement ore zone with coarse
arsenopyrite; d) transposed and brecciated base metal vein cutting metavolcanic rocks (amphibolite); e and f) sulphide replace-
ment with biotite schist. Pyrite defines S> and S3 fabrics, suggesting post-D» fluids and/or remobilization (e). Coarsening of
arsenopyrite (c) and pyrite (f) likely occurred during metamorphism. Abbreviations: Am = amphibole, Apy = arsenopyrite, Bt =
biotite, Cb = carbonate, Gn = galena, Po = pyrrhotite, Py = pyrite, Qtz = quartz, and Sp = sphalerite.

ingless model ages, or possibly reflect reworking of the
Trans-Hudson Orogen during the assembly and
breakup of Rodinia (McDannell et al., 2018). As a
result, the reproducible Re-Os model ages for the two
highly radiogenic samples from MacLellan represent
the preferred timing for sulphidation in the LLGB (ca.
1.82 and 1.78 Ga).

Preliminary U-Pb Detrital Zircon
Geochronology

Six samples for detrital zircon analyses were collected
across the LLGB as part of the current study (Fig. 2).
Zircon mineral separates were prepared and analyzed
using the sensitive high mass-resolution ion micro-
probe (SHRIMP) at the Geological Survey of Canada
following the methods of Stern (1997).

Three of the samples represent Sickle Group con-
glomerate, which at the Hughes Lake area uncon-
formably overlie the mafic volcanic host rocks (i.e.
Wasekwan Group) of the Au deposits (Fig. 2, 3). Two
samples, comprising psammite and pebble conglomer-
ate, were collected from what is thought to be higher
stratigraphic levels of the Sickle Group. One additional
sample was collected from what was previously
mapped as the Ralph Lake conglomerate. The youngest
reproducible zircon grain from the entire data set is
1836 = 15 Ma, which is interpreted to represent the
maximum depositional age for the Sickle Group. The
youngest detrital zircon grains from each of the other

Sickle Group samples overlap within analytical uncer-
tainty at 2 (<1.84 Ga); whereas the youngest grain
from the Ralph Lake conglomerate is older at 1860 + 5
Ma. The minimum depositional age for the Sickle
Group is constrained by a suite of intermediate (i.e.
tonalite, diorite, granodiorite, and quartz diorite) to fel-
sic (i.e. granite) intrusions and plutons that are thought
to intrude the Sickle Group (i.e. post-Sickle suite; Fig.
2, 3; Beaumont-Smith and Béhm, 2002, 2004). The
Fox mine tonalite is thought to represent one of these
suspected post-Sickle intrusions and is dated at 1831 +
4 Ma (Turek et al., 2000). If correct, deposition of the
Sickle Group therefore likely occurred during the ear-
liest stage of the ca. 1.83 Ga collision between the
composite Hearne-LLGB with the Superior craton to
the southeast (Fig. 1, 5, 6). The implications of synoro-
genic basin closure to the Au endowment of the LLGB
are discussed below.

DISCUSSION

New U-Pb detrital zircon geochronology from multiple
quartzite and conglomerate localities, together with the
age of the so-called post-Sickle intrusive suite (e.g. Fox
mine Tonalite, 1831 + 4 Ma: Turek et al., 2000;
Dunphy Lakes tonalite 1829 + 2 Ma: Beaumont-Smith,
2003), constrain the depositional timing of the Sickle
Group to 1836-1831 Ma in the LLGB (Fig. 2, 3, 5, 6).
The interpreted Sickle Group depositional age is coeval
with similar siliciclastic rocks comprising the Missi
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Figure 5. Compilation of previously reported and new ages for the Lynn Lake greenstone belt. Volcanic and plutonic U-Pb ages
are from Baldwin et al. (1987), Turek et al. (2000), Beaumont-Smith and Bohm (2002, 2004), Beaumont-Smith et al. (2006),
and Lawley et al. (2019). Inferred peak metamorphic zircon age from Beaumont-Smith and B6hm (2002, 2004). The scatter of
syenite and carbonatite ages are from Elliott (2009) and may reflect a combination of crystallization ages and metamorphic
resetting. Sickle Group (U-Pb detrital zircon maximum depositional age) and hydrothermal/metamorphic ages (Re-Os sulphide
and U-Pb monazite and xenotime) were collected as part of the current study. Biotite cooling ages are from O’Connor et al.

(2019).

and MacLellan groups south and west of Lynn Lake,
respectively (Fig. 1; Ansdell et al., 1995; Machado et
al.,, 1999; Maxeiner and Demmans, 2000; Zwanzig,
2000). South of the LLGB, synorogenic basins (i.e.
Missi Group) share a similar tectonic evolution from
rapid deposition, wide-spread intrusion of arc-like
magmatism at 1.83—1.82 Ga (Ansdell and Norman,
1995; Norman et al., 1995; Connors et al., 1999;
Machado et al., 1999; Zwanzig, 2000; Hollings and
Ansdell, 2002), folding, burial, and peak metamor-
phism (ca. 1.81 Ga; Fig. 6). Ansdell and Norman
(1995) suggested that the youngest of these intrusions
(1.83-1.82 Ga) marks a period of intra-arc rifting prior
to peak metamorphism. Extension and/or asthenos-
pheric upwelling prior to the major phase of crustal
thickening is partially supported by syenitic intrusions
and mafic to ultramafic intrusions within the
Kisseynew Basin (e.g. 1.83-1.82 Ga Touchbourne
suite; Machado et al., 1999; Martins et al., 2011, 2012)
and similar rocks east of Lynn Lake (ca. 1.83-1.82 Ga
syenite within the Eden Lake complex; Fig. 1, 3, 5, 6;
Chakhmouradian et al., 2008; Elliott, 2009). Potassic
intrusions and volcanic rocks (i.e. Christopher Island
Formation), which are exposed across much of the
northern Trans-Hudson Orogen in Nunavut, occurred
at broadly the same time (Ansdell, 2005). If correct,
this brief synorogenic extensional period must have
occurred immediately prior to crustal thickening,
which ultimately led to the intrusion of crustally
derived peraluminous granite at ca. 1816—1814 Ma
(Kraus and Menard, 1997; Whalen et al. 1999;

Zwanzig and Bailes, 2010) and pegmatite dykes (1815
+ 3 Ma; Fig. 5, 6; Beaumont-Smith and Bohm, 2002).

The timing of hydrothermal activity, metamorphism,
and deformation are constrained by U-Pb monazite and
xenotime ages (1.83—1.75 Ga; Lawley et al., 2019) and
new Re-Os arsenopyrite ages reported herein (ca. 1.82
and 1.78 Ga; Fig. 5). The oldest, garnet-hosted xeno-
time provide a maximum age estimate for the peak
metamorphic mineral assemblage at <1827 Ma, which
is coeval with the oldest Re-Os model age of the highly
radiogenic arsenopyrite sample at MacLellan (1824 +
12 Ma). Both ages demonstrate that hydrothermal
activity occurred within a few million years after dep-
osition of the Sickle Group (1836-1831 Ma; Fig. 5, 6).
One of the dated xenotime crystals occurs within the
same veinlet as native Au (Lawley et al., 2019), which,
coupled with close spatial association between
arsenopyrite and ore zones at MacLellan, suggests that
this earliest hydrothermal event was Au-bearing (Fig.
4a—c). The timing of early auriferous fluids marks an
important transitional period in the development of the
Trans-Hudson Orogen, which was triggered by the ter-
minal collision between the composite Hearne-LLGB
with the Superior and/or Sask cratons to the south (Fig.
5; Ansdell, 2005). Early-stage Au veins thus postdate
the accretion of volcanic arcs (i.e. Wasekwan Group) to
the Hearne cratonic margin by ca. 30 m.y. (Fig. 5). This
early phase of auriferous fluids also predates most esti-
mates for peak metamorphism within this part of the
Trans-Hudson Orogen (ca. 1.81 Ga; Schneider et al.,
2007), but are coeval with some estimates for an early-
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Figure 6. Schematic diagram showing basin development
and inversion (inverted basin geometry adapted from
Scisciani et al., 2014). The Wathaman batholith stitches the
southern Hearne cratonic margin with the Trans-Hudson
Orogen, suggesting that the Lynn Lake greenstone belt
(LLGB) had collided by ca. 1.85 Ga. If correct, deep-water
sediments of the Kisseynew Basin (KB) would have been
deposited during a period of extension at 1.85-1.84 Ga
(Ansdell, 2005; Zwanzig and Bailes, 2010). Structural inver-
sion of this extensional basin was coeval with the youngest
generation of arc-like granitic plutons and deposition of the
fluvial/alluvial Sickle Group (1.84-1.83 Ga), which were
deposited on top of the older arc LLGB basement (1.90-1.85
Ga). In the Abitibi greenstone belt (Ontario-Quebec),
Timiskaming-type basins mark reactivated extensional faults
that focus younger auriferous fluids (Cameron, 1993;
Bleeker, 2012). Collision of the amalgamated Hearne-LLGB
cratonic margin with the Superior and/or Sask cratons was
coeval with peak metamorphism and steepening and folding
of the inverted basin structural architecture. The earliest
auriferous fluids dated herein immediately post-date the tec-
tonic switch to basin inversion, but are coeval with syenite
and small, late-stage dykes (tonalite and pegmatite).
Abbreviation: BIF = banded iron formation.

stage of high-temperature, low-pressure metamor-
phism south of the LLGB, early folding and syenitic
intrusions (e.g. 1.83-1.82 Ga; Fig. 5; Ansdell and
Norman, 1995; Norman et al., 1995; Connors et al.,
1999; Machado et al., 1999; Elliott, 2009; Martins et
al., 2011).

Younger phosphate and sulphide ages suggest that
hydrothermal activity and metamorphism continued
for at least 80 m.y. after the onset of continent-conti-
nent collision (Fig. 5; Lawley et al., 2019).
Arsenopyrite dated at 1782 + 16 Ma based on the cur-
rent study is broadly equivalent with individual
hydrothermal monazite and xenotime ages that range
from 1.81 to 1.77 Ga (Lawley et al., 2019). Monazite
and xenotime at the margins of pyrite within the
hydrothermal MacLellan host rocks, which, along with
lesser sulphide-hosted phosphate inclusions, suggest
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that hydrothermal fluids overprinted auriferous veins
during multiple tectonothermal events within this time
interval (Fig. 4c,e,f). The punctuated hydrothermal his-
tory closely matches the clustering of metamorphic
ages determined by monazite and titanite dating within
unmineralized rocks peripheral to the LLGB
(Schneider et al., 2007; Couéslan et al., 2013).
Hydrothermal and/or metamorphic phosphate ages in
the LLGB are also consistent with a broad period of
high-temperature and low- to medium-pressure meta-
morphism across the Trans-Hudson Orogen, including
peak metamorphic conditions during crustal thickening
and on-going continent-continent collision at ca. 1.81
Ga (Beaumont-Smith and Béhm, 2002; Ansdell, 2005;
Schneider et al., 2007; Couéslan et al., 2013).
Ultimately, crustal thickening led to the production of
pegmatite dykes (<1.81 Ga) and other crustally derived
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melts (e.g. 1816—1814 Ma peraluminous granite; Kraus
and Menard, 1997; Whalen et al., 1999; Zwanzig and
Bailes, 2010) during the same period (Fig. 6). Because
sulphide replacement represents the dominant ore style
in some parts of the MacLellan deposit, it is possible
that hydrothermal fluids at ca. 1.78 Ga introduced new
Au into the system (Fig. 5). The MacLellan deposit
thus likely records multiple, overprinting Au-bearing
events. A similar multi-stage genesis at this deposit was
previously based on the relative chronology of veins
and contrasting hydrothermal alteration assemblages
(Samson and Gagnon, 1995; Samson et al., 1999;
Hastie et al., 2018).

The youngest xenotime occurs with pyrite and is
also aligned with the main, ductile deformation fabric
(D7) at the microscale, suggesting that deformation
reactivated earlier structures at and/or after ca. 1746
Ma. Late-stage reactivation of early structures signifi-
cantly postdates Re-Os arsenopyrite ages, which is
consistent with folded and transposed auriferous veins
at each of the studied deposits (Fig. 4). Metamorphism
continued until approximately the same time based on
new U-Pb apatite (1.75-1.70 Ga; O’Connor et al.,
2019) and Ar-Ar biotite cooling ages (1.77-1.74 Ga;
O’Connor et al., 2019). Continued cooling ultimately
led to resetting of K-Ar biotite and muscovite ages to
between 1.76 and 1.61 Ga (Fig. 5; Moore et al., 1960;
Lowdon et al., 1963; Turek, 1967; O’Connor et al.,
2019). It is possible that younger and undated
hydrothermal events led to minor remobilization of Au
into late-stage structures during cooling (Beaumont-
Smith et al., 2000). However, pre- to syn-D, faults are
the dominant structural control for Au mineralization
across the LLGB (Anderson and Beaumont-Smith,
2001; Beaumont-Smith and Bohm, 2002). The ages
and sequence of events described above are based on
preliminary ages that will be refined in a future publi-
cation that is currently in preparation.

IMPLICATIONS FOR EXPLORATION

The timing of Au mineralization has important implica-
tion for ore system models and mineral exploration tar-
geting. Giant orogenic Au deposits in the southern
Abitibi greenstone belt (Ontario and Quebec) are inter-
preted to have formed late during the main deforma-
tional event (e.g. Canadian Malartic at 2664 = 11 Ma:
De Souza et al., 2015), which was coeval with or
slightly pre-dating peak metamorphism (e.g. 2657.5 +
4.4 Ma: Piette-Lauziére et al., 2019). This peak Abitibi
Au event also occurred within a few million years after
the closure of the synorogenic sedimentary basins (i.e.
ca. 2669 Ma Timiskaming-type assemblage: Bleeker,
2012) and ca. 2680-2670 Ma alkaline magmatism. The
spatial relationship between synorogenic basins and
fertile fault segments have long been used as an explo-

ration vector in the Abitibi (Cameron 1993, Hodgson,
1993; Robert et al., 2005; Bleeker, 2012).

The similar timing relationships between Au deposi-
tion, sedimentation, metamorphism, and alkaline mag-
matism documented for the LLGB herein points to a
particular orogenic stage that is common to multiple
Au districts through space and time (Fig. 5, 6; Kerrich
and Wyman, 1989). Although the dated syenitic intru-
sions are not observed within the Au-deposit stratigra-
phy in the LLGB (Fig. 1) and are thus unlikely to rep-
resent the source of auriferous fluids, their timing, cou-
pled with closure of the synorogenic basins, marks an
important shift in the tectonic evolution of the Trans-
Hudson Orogen (Fig. 5, 6). Ansdell (2005) suggested
that alkalic, potassic, and carbonatitic magmatism and
volcanism at this time was related to upwelling
asthenosphere, which may have re-melted metasoma-
tized portions of the lithospheric mantle after the termi-
nation of subduction. We demonstrate that the earliest
auriferous fluids in the LLGB were coeval with this
tectonic switch and were possibly driven by the heat
from the upwelling asthenosphere (Fig. 5). In the
Abitibi, upwelling asthenosphere was coeval with
extensional basins as demonstrated by the deposition of
deep-water sedimentary facies that are coeval with
alkaline magmatism within the Timiskaming assem-
blage. Ansdell and Norman (1995) also attributed
syenitic magmatism and synorogenic basins to a period
of extension immediately predating continent-conti-
nent collision within the Trans-Hudson Orogen.
Maximum depositional ages for deep-water facies
within the Kisseynew Basin (<1845 and <1842 Ga:
Machado et al., 1999) are consistent with opening of
synorogenic extensional basins at broadly the same
time. However, deep-water facies are not recognized
within the Sickle and Missi groups. Instead, these nom-
inally younger synorogenic basins developed during an
early phase of thrusting and folding (Fig. 6; Zwanzig,
1997), which obscures the link, if any, between exten-
sional faulting and Au (cf. Bleeker, 2012). Sickle
Group rocks also host very few Au occurrences and
none of the major Au deposits in the LLGB (Fig. 2),
which is unlike the mineralized Timiskaming-style
basins in the Abitibi (e.g. Bleeker, 2012). In fact, syn-
orogenic basins in the central Kisseynew Basin are
almost entirely devoid of Au occurrences (Fig. 1).
Because these basins were also metamorphosed and
deformed by the same generations of faults that host
Au in the LLGB, we speculate that their poor endow-
ment is likely due to the scarcity of appropriate deposi-
tional traps and/or fluid focusing within the older
greenstone belts. More fertile volcano-sedimentary
panels may still underlie synorogenic basins in some
cases, but such primary stratigraphic relationships have
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since been reworked during multiple stages of folding
and faulting (Fig. 6).

From an exploration perspective, the distribution of
synorogenic basins and syenitic intrusions is likely to
demarcate the large-scale, lithospheric architecture that
may have been important for focusing auriferous fluids
from their deep crustal and/or upper mantle source
regions. Critically, this earliest phase of Au vein-hosted
mineralization is overprinted by a later generation(s) of
Au-rich veins, suggesting that this large-scale architec-
ture was also important for focusing younger aurifer-
ous fluids within the evolving orogen (Fig. 5). The tec-
tonic trigger for the younger, post-peak metamorphic
fluids is less well understood, but is coeval with a sec-
ond thermal pulse, as demonstrated by coeval prograde
metamorphic monazite ages elsewhere in the Trans-
Hudson Orogen (Schneider et al., 2007; Couéslan et
al., 2013) and crustally derived pegmatitic dykes
(Chiarenzelli et al., 1998; Bickford et al., 2005). The
isotopic composition (Pb-Pb and Sm-Nd) of these peg-
matitic dykes suggests that they may have remelted the
Archean basement (Bickford et al., 2005). Crustal ana-
texis may have been triggered by significant crustal
thickening (White, 2005) and/or some other as yet
poorly defined subcrustal heat source. Together the
data point to the importance of multiple thermal pulses
(e.g. asthenospheric upwelling; crustal anatexis) as the
main drivers of deep-seated fluids. The tectonic trig-
gers for auriferous fluids were coeval with these ther-
mal pulses, including the switch to the main collisional
orogenic stage of the Trans-Hudson Orogen (Fig. 5).
Ascending auriferous fluids were focused along large-
scale structures before being deposited in a variety of
geochemical and structural traps within the older accre-
tionary arcs (Fig. 1, 2). Mineral exploration targeting
should thus focus on identifying the large-scale archi-
tecture exploited by these fluids whilst also considering
the most favourable depositional environments for Au
within the host greenstone belts.

ACKNOWLEDGMENTS

This report is a contribution to NRCan’s Targeted
Geoscience Initiative Program (TGI-5). Support for
this study was provided by Activity G-1.2:
Paleoproterozoic Gold: Tectonic Triggers and Traps of
the Gold Project. We thank Alamos Gold and the
Manitoba Geological Survey for their continued sup-
port throughout the project. This report benefited from
the review of Scott Anderson and Patrick Mercier-
Langevin. We also acknowledge Elizabeth Ambrose
for her editorial handling and review.

REFERENCES

Anderson, S.D. and Beaumont-Smith, C.J., 2001. Structural analy-
sis of the Pool Lake-Boiley Lake area, Lynn Lake greenstone
belt (NTS 64C/11); in Report of Activities 2001; Manitoba

Industry, Trade and Mines, Manitoba Geological Survey, p. 76—
85.

Ansdell, K. and Norman, A., 1995. U-Pb geochronology and tec-
tonic development of the southern flank of the Kisseynew
Domain, Trans-Hudson Orogen, Canada; Precambrian
Research, v. 72, p. 147-167.

Ansdell, K.M., 2005. Tectonic evolution of the Manitoba—
Saskatchewan segment of the Paleoproterozoic Trans-Hudson;
Canadian Journal of Earth Science, v. 759, p. 741-759.

Ansdell, K.M., Sciences, G., Place, S., Sn, S., Lucas, S.B.,
Connors, K., and Stern, R.A., 1995. Kisseynew metasedimen-
tary gneiss belt, Trans-Hudson orogen (Canada): Back-arc ori-
gin and collisional inversion; Geology, p. 1039-1043.

Baldwin, D.A., Syme, E.C., Zwanzig, H.V, Gordon, T.M., Hunt,
P.A., and Stevens, R.D., 1987. U-Pb zircon ages from the Lynn
Lake and Rusty Lake metavolcanic belts, Manitoba: two ages
of Proterozoic magmatism; Canadian Journal of Earth
Sciences, v. 24, p. 1053—-1063.

Barley, M. and Groves, D., 1991. Supercontinent cycles and the
distribution of metal deposits through time; Geology, v. 20,
p. 291-294.

Beaumont-Smith, C., Machado, N., and Peck, D., 2006. New ura-
nium-lead geochronology results from the Lynn Lake green-
stone belt, Manitoba (NTS 64C11-16); Manitoba Science,
Technology, Energy and Mines, Manitoba Geological Survey,
Geoscientific Paper GP2006-1, 11 p.

Beaumont-Smith, C., 2003. Controls on gold mineralization associ-
ated with the Johnson shear zone and Agassiz metallotect, Lynn
Lake greenstone belt: Summary of current activities (Parts of
NTS 64C/10, /11, /12, /14, /15, /16); in Report of Activities
2000; Manitoba Industry, Trade and Mines, Manitoba
Geological Survey, p. 49-50.

Beaumont-Smith, C., 2008. Geochemistry data for the Lynn Lake
greenstone belt, Manitoba (NTS 64C11-16); Manitoba
Science, Technology, Energy and Mines, Manitoba Geological
Survey, Open File OF2007-1, 1 .zip file.

Beaumont-Smith, C. and Béhm, C., 2002. Structural analysis and
geochronological studies in the Lynn Lake greenstone belt and
its gold-bearing shear zones (NTS 64C10, 11, 12, 14, 15 and
16), Manitoba; in Report of Activities 2002; Manitoba Industry,
Trade and Mines, Manitoba Geological Survey, p. 159-170.

Beaumont-Smith, C. and Béhm, C., 2004. Structural analysis of the
Lynn Lake greenstone belt; in Report of Activities 2004;
Manitoba Industry, Economic Development and Mines,
Manitoba Geological Survey, p. 55-68.

Beaumont-Smith, C., Lentz, D., and Tweed, E., 2000. Structural
analysis and gold metallogeny of the Farley Lake gold deposit,
Lynn Lake greenstone belt; in Report of Activities 2000;
Manitoba Industry, Trade and Mines, Manitoba Geological
Survey, p. 73-81.

Bickford, M., Mock, T., Steinhart III, W., Collerson, K., and Lewry,
J., 2005. Origin of the Archean Sask craton and its extent within
the Trans-Hudson orogen: evidence from Pb and Nd isotopic
compositions of basement rocks and post-orogenic intrusions;
Canadian Journal of Earth Sciences, v. 42, p. 659-684.

Bleeker, W., 2012. Lode gold deposits in ancient deformed and
metamorphosed terranes: The role of extension in the formation
of Timiskaming basins and large gold deposits, Abitibi
Greenstone Belt — A discussion; in Summary of Field Work
and Other Activities 2012; Ontario Geological Survey, Open
File Report 6280, p. 1-12.

Cameron, E.M., 1993. Precambrian gold: perspectives from the top
and bottom of shear zones; The Canadian Mineralogist, v. 31,
p. 917-944.

Carpenter, R.L., Duke, N.A., Sandeman, H.A., and Stern, R., 2005.
Relative and absolute timing of gold mineralization along the

219



Lawley et al.

Meliadine trend, Nunavut, Canada: Evidence for
Paleoproterozoic gold hosted in an Archean greenstone belt;
Economic Geology, v. 100, p. 567-576.

Chakhmouradian, A.R., Mumin, A.H., Demény, A., and Elliott, B.,
2008. Postorogenic carbonatites at Eden Lake, Trans-Hudson
Orogen (northern Manitoba, Canada): Geological setting, min-
eralogy and geochemistry; Lithos, v. 103, p. 503-526.

Chiarenzelli, J., Aspler, L., Villeneuve, M., and Lewry, J., 1998.
Early Proterozoic evolution of the Saskatchewan craton and its
allochthonous cover, Trans-Hudson orogen; The Journal of
Geology, v. 106, p. 247-267.

Connors, K.A., Ansdell, K.M., and Lucas, S.B., 1999. Coeval sed-
imentation, magmatism, and fold—thrust development in the
Trans-Hudson Orogen: propagation of deformation into an
active continental arc setting, Wekusko Lake; Canadian Journal
of Earth Sciences, v. 291, p. 275-291.

Corrigan, D., Hajnal, Z., Németh, B., and Lucas, S.B., 2005.
Tectonic framework of a Paleoproterozoic arc—continent to
continent—continent collisional zone, Trans-Hudson Orogen,
from geological and seismic reflection studies; Canadian
Journal of Earth Sciences, v. 434, p. 421-434.

Corrigan, D., Pehrsson, S., Wodicka, N., and de Kemp, E., 2009.
The Palaeoproterozoic Trans-Hudson Orogen: a prototype of
modern accretionary processes; Geological Society, London,
Special Publications, v. 327, p. 457—479.

Couéslan, C.G., Pattison, D.R.M., and Dufrane, S.A., 2013.
Paleoproterozoic metamorphic and deformation history of the
Thompson Nickel belt, Superior Boundary Zone , Canada, from
in situ U-Pb analysis of monazite; Precambrian Research,
v. 237, p. 13-35.

Davies, T., Richards, J.P., Creaser, R.A., Heaman, L.M., Chacko,
T., Simonem, A., Williamson, J., and McDonald, D.W., 2010.
Paleoproterozoic age relationships in the Three Bluffs archean
iron formation-hosted gold deposit, Committee Bay greenstone
belt, Nunavut, Canada; Exploration and Mining Geology, v. 19,
p- 55-80.

De Souza, S., Dubé, B., McNicoll, V., Dupuis, C., Mercier-
Langevin, P., Creaser, R., and Kjarsgaard, 1., 2015. Geology,
hydrothermal alteration, and genesis of the world-class
Canadian Malartic stockwork-disseminated Archean gold
deposit, Abitibi, Quebec; in Targeted Geoscience Initiative 4:
Contributions to the Understanding of Precambrian Lode Gold
Deposits and Implications for Exploration, (ed.) B. Dubé and P.
Mercier-Langevin; Geological Survey of Canada, Open File
7852, p. 113-126.

Dubé, B. and Gosselin, P., 2007. Greenstone-hosted quartz-carbon-
ate vein deposits; in Mineral Deposits of Canada: A Synthesis
of Major Deposit-Types, District Metallogeny, the Evolution of
Geological Provinces, and Exploration Methods, (ed.) W.D.
Goodfellow; Geological Association of Canada, Mineral
Deposits Division, Special Publication No. 5, p. 49-74.

Eckstrand, R. and Hulbert, L., 2007. Magmatic nickel-copper-plat-
inum group element deposits; in Mineral Deposits of Canada: A
Synthesis of Major Deposit-Types, District Metallogeny, the
Evolution of Geological Provinces, and Exploration Methods,
(ed.) W.D. Goodfellow; Geological Association of Canada,
Mineral Deposits Division, Special Publication No. 5, p. 205—
222.

Elliott, B.R., 2009. A mineralogical, geochemical and geochrono-
logical study of postorogenic carbonatites in the Eden Lake
complex, northern Manitoba; M.Sc. thesis, University of
Manitoba, Winnipeg, Manitoba, 200 p.

Faure, S., 2010. World Kimberlites CONSOREM Database
(Version 3); Consortium de Recherche en Exploration Minérale
CONSOREM, Université du Québec a Montréal. <www.con-
sorem.com> [accessed 01/01/2019].

220

Galley, A.G., Hannington, M.D., and Jonasson, L.R., 2007.
Volcanogenic massive sulphide deposits; in Mineral Deposits
of Canada: A Synthesis of Major Deposit-Types, District
Metallogeny, the Evolution of Geological Provinces, and
Exploration Methods, (ed.) W.D. Goodfellow; Geological
Association of Canada, Mineral Deposits Division, Special
Publication No. 5, p. 141-161.

Gilbert, H., 1993. Geology of the Barrington Lake-Melvin Lake-
Fraser Lake area; Manitoba Energy and Mines, Geological
Services, Geological Services, GR87-3, p. 110.

Gilbert, H., Syme, E., and Zwanzig, H., 1980. Geology of the
metavolcanic and volcaniclastic metasedimentary rocks in the
Lynn Lake area; Manitoba Energy and Mines, Geological
Services, GP80-1, p. 118.

Goldfarb, R., Snee, L., Miller, L., and Newberry, R., 1991. Rapid
dewatering of the crust deduced from ages of mesothermal gold
deposits; Nature, v. 354, p. 296-298.

Goldfarb, R., Phillips, G., and Nokleberg, W., 1998. Tectonic set-
ting of synorogenic gold deposits of the Pacific Rim; Ore
Geology Reviews, v. 13, p. 185-218.

Goldfarb, R.J. and Groves, D.I., 2015. Orogenic gold: Common or
evolving fluid and metal sources through time; Lithos, v. 233,
p. 2-26.

Goldfarb, R J., Groves, D.I., and Gardoll, S., 2001. Orogenic gold
and geologic time: a global synthesis; Ore Geology Reviews,
v. 18, p. 1-75.

Goldfarb, R.J., Taylor, R.D., Collins, G.S., Goryachev, N.A., and
Felipe, O., 2014. Phanerozoic continental growth and gold met-
allogeny of Asia; Gondwana Research, v. 25, p. 48-102.

Groves, D., Goldfarb, R., Gebre-Mariam, M., Hagemann, S., and
Robert, F., 1998. Orogenic gold deposits: A proposed classifi-
cation in the context of their crustal distribution and relation-
ship to other gold deposit types; Ore Geology Reviews, v. 13,
p. 7-27.

Groves, D.I. and Santosh, M., 2016. The giant Jiaodong gold
province: The key to a unified model for orogenic gold
deposits?; Geoscience Frontiers, v. 7, p. 409—417.

Groves, D.I., Goldfarb, R.J., and Santosh, M., 2016. The conjunc-
tion of factors that lead to formation of giant gold provinces and
deposits in non-arc settings; Geoscience Frontiers, v. 7, p. 303—
314.

Hastie, E.C.G., Gagnon, J.E., Samson, .M., and Lake, L., 2018.
The Paleoproterozoic MacLellan deposit and related Au-Ag
occurrences, Lynn Lake greenstone belt, Manitoba: An emerg-
ing, structurally-controlled gold camp; Ore Geology Reviews,
v. 94, p. 24-45.

Hollings, P. and Ansdell, K., 2002. Paleoproterozoic arc magma-
tism imposed on an older backarc basin: Implications for the
tectonic evolution of the Trans-Hudson orogen, Canada;
Geological Society of America Bulletin, v. 114, p. 153-168.

Hodgson, C.J., 1993. Mesothermal lode-gold deposits; in Mineral
deposits modeling, (ed.) R.V. Kirkham, W.D. Sinclair, R.I.
Thorpe, and J.M. Duke; Geological Association of Canada,
Special Paper 40, p. 635-678.

Kerrich, R. and Wyman, D., 1989. Geodynamic setting of
mesothermal gold deposits: An association with accretionary
tectonic regimes; Geology, v. 18, p. 882—885.

Kraus, J. and Menard, T., 1997. A thermal gradient at constant pres-
sure: Implications for low- to medium-pressure metamorphism
in a compressional tecotnic setting, Flin Flon and Kisseynew
domains, Trans-Hudson, Orogen, Central Canada; The
Canadian Mineralogist, v. 35, p. 1117-1136.

Lawley, C., Creaser, R.A., Jackson, S.E., Yang, Z., Davis, B.,
Pehrsson, S., Dubé, B., Mercier-Langevin, P., and Vaillancourt,
D., 2015. Unravelling the western Churchill Province
Paleoproterozoic gold metallotect: Constraints from Re-Os



Paleoproterozoic Au and its tectonic triggers and traps: Implications from geochronology, Lynn Lake, Manitoba

arsenopyrite and U-Pb xenotime geochronology and LA-
ICPMS arsenopyrite trace element chemistry at the BIF-hosted
Meliadine Gold district, Nunavut, Canada; Economic Geology,
p. 1425-1454.

Lawley, C., Davis, W., Jackson, S., Petts, D., Yang, E., Zhang, S.,
Selby, D., O’Connor, A., and Schneider, D., 2019.
Paleoproterozoic gold and its tectonic triggers and traps; in
Targeted Geoscience Initiative: 2018 report of activities, (ed.)
N. Rogers; Geological Survey of Canada, Open File 8549,
p. 71-75.

Lawley, C.J.M., Selby, D., Condon, D.J., Horstwood, M., Millar, I.,
Crowley, Q., and Imber, J., 2013. Lithogeochemistry,
geochronology and geodynamic setting of the Lupa Terrane,
Tanzania: Implications for the extent of the Archean Tanzanian
Craton; Precambrian Research, v. 231, p. 174—193.

Leahy, K., Barnicoat, A., Foster, R., Lawrence, S., and Napier, R.,
2005. Geodynamic processes that control the global distribu-
tion of giant gold deposits; in Mineral Deposits and Earth
Evolution, (eds.) I. McDonald, A. Boyce, I. Butler, R.
Herrington, and D. Polya; Geological Society, London, Special
Publication, 248, p. 119-132.

Li, J.,, Bi, S., Selby, D., Chen, L., Vasconcelos, P., Thiede, D., Zhou,
M., Zhao, X., Li, Z., and Qiu, H., 2012. Giant Mesozoic gold
provinces related to the destruction of the North China craton;
Earth and Planetary Science Letters, v. 350, p. 26-37.

Li, L., Santosh, M., and Li, S., 2015. The ‘Jiaodong type’ gold
deposits: Characteristics, origin and prospecting; Ore Geology
Reviews, v. 65, p. 589-611.

Lowdon, J., Stockwell, C., Tipper, H., and Wanless, R., 1963. Age
determinations and geological studies; Geological Survey of
Canada, Paper 62-17, p. 140.

Machado, N., Zwanzig, H., and Parent, M., 1999. U-Pb ages of plu-
tonism, sedimentation, and metamorphism of the
Paleoproterozoic Kisseynew metasedimentary belt, Trans-
Hudson Orogen (Manitoba, Canada); Canadian Journal of
Earth Sciences, v. 1842, p. 1829-1842.

Martins, T., Couéslan, C.G., and Bohm, C.O., 2011. GS-8 The
Burntwood Lake alkali-feldspar syenite revisited, west-central
Manitoba (part of NTS 63N8); in Report of Activities 2011;
Manitoba Innovation, Energy and Mines, Manitoba Geological
Survey, p. 79-85.

Martins, T., Couéslan, C.G., and Béhm, C.O., 2012. Rare metals
scoping study of the Brezden Lake intrusive complex, western
Manitoba (part of NTS 64C4); in Report of Activities 2012;
Manitoba Innovation, Energy and Mines, Manitoba Geological
Survey, p. 115-123.

Maxeiner, R. and Demmans, C.J., 2000. The final pieces of the
“Bridge”: Geology of the Southern Reindeer lake and Laurie
lake areas; in Summary of Investigations 2000, Volume 2I;
Saskatchewan Geological Survey, Saskatchewan Energy and
Mines, Miscelaneous Report 2000-4.2, p. 30-50.

McDannell, K.T., Zeitler, PK., and Schneider, D.A., 2018.
Instability of the southern Canadian Shield during the late
Proterozoic; Earth and Planetary Science Letters, v. 490,
p. 100-109.

Meyer, M., Bickford, M., and Lewry, J., 1992. The Wathaman
batholith: An Early Proterozoic continental arc in the Trans-
Hudson orogenic belt, Canada; Geological Society of America
Bulletin, v. 104, p. 1073-1085.

Moore, J., Hart, S., Barnett, C., and Hurley, P., 1960. Potassium-
argon ages in Northern Manitoba; Bulletin of the Geological
Society of America, v. 71, p. 225.

Norman, A., Williams, P., and Ansdell, K., 1995. Early Proterozoic
deformation along the southern margin of the Kisseynew gneiss
belt, Trans-Hudson Orogen: a 30 Ma progressive deformation
cycle; Canadian Journal of Earth Sciences, v. 894, p. 875-894.

O’Connor, A.R., Lawley, C.J.M., and Schneider, D., 2019. Linking
metamorphism and orogenic gold in the Proterozoic Lynn Lake
greenstone belt, northern Manitoba; Geological Association of
Canada-Mineralogical Association of Canada, Volume of
Abstracts, v. 42, p. 153.

Pehrsson, S.J., Eglington, B.M., Evans, D.A.D., Huston, D., and
Reddy, S.M., 2016. Metallogeny and its link to orogenic style
during the Nuna supercontinent cycle; in Supercontinent
Cycles Through Earth History, (ed.) Z. Li, D. Evans, and J.
Murphy; Geological Society, London, Special Publication 424,
p. 83-94.

Piette-Lauziere, N., Guilmette, C., Bouvier, A., Perrouty, S., Pilote,
P, Gaillard, N., Lypaczewski, P., Linnen, R.L., and Olivo, G.R.,
2019. The timing of prograde metamorphism in the Pontiac
Subprovince, Superior craton; implications for Archean geody-
namics and gold mineralization; Precambrian Research, v. 320,
p. 111-136.

Richards, J.P.,, 2011. Magmatic to hydrothermal metal fluxes in
convergent and collided margins; Ore Geology Reviews, v. 40,
p. 1-26.

Robert, F., Poulsen, K.H., Cassidy, K.F., and Hodgson, C.J., 2005.
Gold metallogeny of the Superior and Yilgarn Cratons; in
Economic Geology 100th Anniversary Volume, (ed.) J.W.
Hedenquist, J.F.H. Thompson, R.J. Goldfarb, and J.P. Richards;
Society of Economic Geology, p. 1001-1033.

Samson, I. and Gagnon, J., 1995. Episodic fluid infiltration and
genesis of the Proterozoic MacLellan Au-Ag deposit, Lynn
Lake greenstone belt; Exploration and Mining Geology, v. 4,
p. 33-50.

Samson, I.M., Blackburn, W.H., and Gagnon, J.E., 1999.
Paragenesis and composition of amphibole and biotite in the
MacLellan gold deposit, Lynn Lake greenstone belt, Manitoba,
Canada; The Canadian Mineralogist, v. 37, p. 1405-1421.

Schneider, D.A., Heizler, M.T., Bickford, M.E., Wortman, G.L.,
Condie, K.C., and Perilli, S., 2007. Timing constraints of
orogeny to cratonization: Thermochronology of the
Paleoproterozoic Trans-Hudson orogen, Manitoba and
Saskatchewan, Canada; Precambrian Research, v. 153, p. 65—
95.

Scisciani, V., Agostini, S., Calamita, F., Pace, P., Cilli, A., Giori, L.,
and Paltrinieri, W., 2014. Positive inversion tectonics in fore-
land fold-and-thrust belts: A reappraisal of the Umbria—Marche
Northern Apennines (Central Italy) by integrating geological
and geophysical data; Tectonophysics, v. 637, p. 218-237.

Sillitoe, R., 2008. Major gold deposits and belts of the North and
South American Cordillera: Distribution, tectonomagmatic set-
tings, and metallogenic considerations; Economic Geology,
v. 103, p. 663-687.

Smoliar, M., Walker, R., and Morgan, J., 1996. Re-Os ages of group
IIA , IITA , IVA , and IVB iron meteorites; Science, v. 271,
p. 1099-1102.

Stein, H.J., Morgan, J.W., and Scherstén, A., 2000. Re-Os dating of
low-level highly radiogenic (LLHR) sulfides: The Harnis gold
deposit, southwest Sweden, records continental-scale tectonic
events; Economic Geology, v. 95, p. 1657-1672.

Stern, R.A., 1997. The GSC Sensitive High Resolution Ion
Microprobe (SHRIMP): Analytical techniques of zircon U-Th-
Pb age determinations and performance evaluation: Radiogenic
Age and Isotopic Studies: Report 10; Geological Survey of
Canada, Current Research 1997-F, p. 1-31.

Turek, A., 1967, Age of sulfide mineralization at Lynn Lake,
Manitoba; Canadian Journal of Earth Sciences, v. 4, p. 572—
574.

Turek, A., Woodhead, J., and Zwanzig, H., 2000. U-Pb Age of the
gabbro and other plutons at Lynn Lake (Part of NTS 64C); in

221



Lawley et al.

Report of Activities 2000; Manitoba Industry, Trade and Mines,
Manitoba Geological Survey, p. 97-104.

Whalen, J.B., Syme, E.C., and Stern, R.A., 1999. Geochemical and
Nd isotopic evolution of Paleoproterozoic arc-type granitoid
magmatism in the Flin Flon Belt, Trans-Hudson orogen,
Canada; Canadian Journal of Earth Sciences, v. 36, p. 227-250.

White, D.J., 2005. High-temperature, low-pressure metamorphism
in the Kisseynew domain, Trans-Hudson orogen: crustal ana-
texis due to tectonic thickening?; Canadian Journal of Earth
Sciences, v. 721, p. 707-721.

Woolley, A. and Kjarsgaard, B., 2008. Carbonatite occurrences of
the world: map and database; Geological Survey of Canada,
Open File 5796, p. 28.

Wyman, D.A., Cassidy, K.F., and Hollings, P., 2016. Orogenic gold
and the mineral systems approach: Resolving fact, fiction and
fantasy; Ore Geology Reviews, v. 78, p. 322-335.

Zwanzig, H., 1997. Kisseynew metasedimentary gneiss belt, Trans-
Hudson orogen (Canada): Back-arc origin and collisional
inversion: Comment and Reply; Geology, p. 1995-1997.

Zwanzig, H., Syme, E., and Gilbert, H., 1999. Updated trace ele-
ment geochemistry of ca. 1.9 Ga metavolcanic rocks in the
Paleoproterozoic Lynn Lake belt; Manitoba Industry, Trade and
Mines, Geological Services, Open File Report 99-13, p. 46.

Zwanzig, H.V, 2000. Structure and stratigraphy of the south flank
of the Kisseynew Domain in the Trans-Hudson Orogen,
Manitoba: implications for 1.845-1.77 Ga collision tectonics;
Canadian Journal of Earth Sciences, v. 36, p. 1859-1880.

Zwanzig, H. and Bailes, A., 2010. Geology and geochemical evo-
lution of the northern Flin Flon and southern Kisseynew
domains, Kississing—File lakes area, Manitoba (parts of NTS
63K, N); Manitoba Innovation, Energy and Mines, Manitoba
Geological Survey, Geoscientific Report GR2010-1, p. 135.

222





