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Abstract

Iron oxide copper-gold (IOCG) and associated iron-oxide apatite (I0A) styles of metallic
mineralization are recognized throughout the Paleoproterozoic Great Bear magmatic zone of the
northwest Canadian Shield. The Great Bear magmatic zone was constructed between ca. 1876
and 1855 Ma on top of the older Hottah terrane, which preserves continental arc magmatism that
began around ca. 2.0 to 1.97 Ga and continued between ca. 1.93 and 1.89 Ga. The Great Bear
represents the final stages of ca. 150 million years of intermittent and pulsed magmatism related
to an evolving continental orogenic belt. The preserved geology supports a dramatic geodynamic
change in the subduction zone process at ca. 1875 Ma, a key driving mechanism for magma and
metal mobilization, and was rapidly followed by a large-scale introduction of felsic-intermediate
plutons. The overall tectonic setting is partially constrained from new and previously published
geochemical data that show that the volcanic and plutonic rocks are high-K calc-alkaline to
shoshonitic in nature (e.g., high K0, Th/Yb, and Ce/P,0s). They also have suprasubduction-zone
geochemical signatures, including primitive mantle normalized positive Th and negative Nb, P,
and Ti anomalies. The data support the primary melts were derived from a GLOSS-modified
mantle wedge. Three-dimensional rendering of geophysical datasets suggest that two (of four)
preserved surfaces within the upper mantle lithosphere, at 70 to 120 km depths, represent frozen,
subducted oceanic slabs, and likely were the drivers for the bulk of Hottah and Great Bear arc
magmatism. The older slab is northwest-striking and dips 12° to 15° northeast, whereas the
younger is deeper and north-striking, dipping 13° east. The geometry of the surfaces are
comparable with 4D modeling, where a subduction zone is temporarily shut down due to plateau
collision, and then steps oceanward and re-initiates; there is no need for polarity reversal of the
subduction system. This new geometry and the related inferences about process should be the
focus of future research in the region, but for the time-being it can be stated that these subduction
and collisional processes were the first order control on lithospheric evolution, and therefore
metallic mineralization. Overall, the Great Bear magmatic zone I0CG and related mineralization
is not comparable to other Proterozoic IOCG belts, such as those in Australia. However, the
complexity of mineralization styles, the spatial-temporal relationship between IOA and I0OCG
mineralization, the suprasubduction zone environment, and a major change in tectonic regime are

features similar to Andean-type IOCG mineralization, as well as Cordilleran alkali porphyry Cu-



Au deposits. This further establishes the linkages between subduction zone processes and IOCG

formation, as well as relationships in the IOCG-porphyry deposit continuum model.



1. INTRODUCTION

The iron oxide copper-gold (IOCG) deposit model was initiated to help explain a series
of somewhat disparate hydrothermal iron-oxide rich mineralization types (Hitzman et al., 1992).
This has since been updated to be both inclusive and exclusive of a variety of mineralization
styles (Williams et al., 2005; Corriveau, 2007; Groves et al. 2010; Chen, 2013). The original
IOCG definition of Hitzman et al. (1992), followed by Williams et al. (2005), has been
streamlined in some recent classifications that have removed iron-oxide-apatite (IOA) from the
IOCG model (Groves et al. 2010; Chen, 2013), while others continue to show a possible
relationship between magmatic-hydrothermal IOCG and IOA deposits (e.g., Mumin et al., 2010;
Smith et al., 2012; Richards and Mumin, 2013a). Groves et al. (2010) suggest that the only
examples where IOA-type and IOCG deposits are related to one another are in Mesozoic and
Cenozoic Andean-like convergent margin-settings (ie. the Mesozoic deposits in Chile and Peru;
Sillitoe, 2003; Barton et al., 2013; Chen et al., 2013).

The ca. 1875 to 1850 Ma Great Bear magmatic zone has long been considered a
Paleoproterozoic example of a convergent margin volcano-plutonic complex. As early as 1973, it
was shown to contain predominantly K-rich, calc-alkaline igneous rocks, interpreted to be
consistent with a trench-distal subduction origin (Badham, 1973). That work has since been
extensively built upon and a continental arc environment, with similarities to many continental
volcanic arcs, was further substantiated for Great Bear magmatism (Hildebrand, 1981,
Hildebrand et al., 1987; Gandhi et al., 2001). It was hypothesized that Great Bear magmatism
was driven by eastward-directed subduction and was built upon the older crust of the Hottah
terrane and western Slave craton (Hildebrand, 1981; Hildebrand et al., 1987, 2010a; Ootes et al.,
2015). Uranium-lead zircon dating of volcanic and intrusive phases has pinned this magmatism
between ca. 1876 and 1855 Ma (Bowring, 1984; Gandhi et al., 2001; Bennett and Rivers, 2006a;
Davis et al. 2011; Ootes et al., 2015). The Slave-Northern Cordillera Lithospheric Evolution
(SNORCLE) geophysical transect yielded a seismic profile that imaged east-dipping reflections
interpreted to be a frozen, subducted oceanic slab under the Great Bear magmatic zone and
western Slave craton, and independently validated the subduction-related hypothesis for the
evolution of the Great Bear magmatic zone (Cook et al., 1999). This frozen slab was further

defined by related datasets utilizing magnetotelluric, teleseismic, and wide-angle refraction data



(Bostock, 1998; Cook and Erdmer, 2005; Clowes et al., 2005; Wu et al., 2005, Oueity and
Clowes, 2010).

Iron oxide copper-gold styles of mineralization and IOA = actinolite mineralization are
recognized throughout the Great Bear magmatic zone, where they are spatially and temporally
related to one another and extensive magmatism (Badham and Morton, 1976; Hildebrand, 1986;
Gandhi, 1994; Goad et al., 2000; Mumin et al., 2007, 2010; Corriveau et al., 2010a, b; Ootes et
al., 2010; Potter et al., 2013; Somarin and Mumin, 2014; Acosta-Géngora et al., 2014, 2015a, b,
accepted with revisions; Mumin, 2015). We present a large-scale overview of the Great Bear
magmatic zone and its geodynamic setting. The IOCG and 10A deposits fit in a tight time-
window, and we link the deposits and the associated magmatism with a convergent margin-like
subduction origin, albeit during an extensional relapse (Mumin et al., 2014). The results also
provide new insights into the geometry and petrologic evolution of the region. This study
supports the suggestion that this Paleoproterozoic metallogenic zone is not directly comparable
to many other Precambrian IOCG examples (Groves et al., 2010), but rather we show it is
comparable to the Andean styles of IOCG mineralization preserved in Chile and Peru (e.g.,
Sillitoe, 2003; Groves et al., 2010; Chen et al., 2013), as well as alkaline porphyry Cu-Au
deposits that occur during episodes of extensional rifting within greater Cordilleran -type
orogenic events (Mumin et al., 2007, 2010; Richards and Mumin, 2013a,b; Logan and
Mihalynuk, 2014; Richards et al., in press).

2. 10CG and IOA DEPOSITS

Polymetallic, IOCG deposits are a favorable exploration target because of their potential
to host large tonnages of ore metals, particularly Cu, Fe, Au, and U, as well as accessory Ag, Bi,
Co, and rare earth-elements. In addition, IOA deposits can host significant Fe and P resources.
Common characteristics of IOCG deposit are structurally controlled mineralization with
hydrothermal magnetite and/or specular hematite as a major constituent, less abundant
chalcopyrite + bornite and precious metals, and extensive K + Si £ Ca-metasomatic haloes (e.g.,
Hitzman et al., 1992; Sillitoe, 2003; Barton and Johnson, 2004; Dreher, 2008; Richards and
Mumin, 2013a). Commonly, the parental mineralizing fluids are highly saline (up to 60% wt.%
NaCl equiv.) + CO,-rich fluids (e.g., Oreskes and Einaudi, 1992; Huston et al., 1993; Perring et
al., 2000; Baker et al., 2008; Somarin and Mumin, 2014). Despite these commonalities,



individual deposits are varied in terms of metal budgets, mineralization style, alteration, tectonic
setting, age, and nature of the host rocks. The origin of the oxidizing fluids is poorly understood,
and as such region-derived models are common for the genesis of these deposits (Fig. 1; Barton
and Johnson, 1996; Pollard, 2000; Corriveau et al., 2010b; Groves et al., 2010; Mumin et al.,
2010; Smith et al., 2012; Chen et al., 2013; Richards and Mumin, 2013a, b; Acosta-Gongora et
al., 2015a,b).

The stable isotope character (3'°0, §°*S, and 8*'Cl) of IOCG mineralizing fluids has been
used to suggest that they originated as magmatic, evaporitic, formation, metamorphic, and sea-
water derived, or as mixtures of some of these end-members (e.g., Oreskes and Einaudi, 1992;
Williams, 1994; Pollard, 2000, 2006; Chiaradia et al., 2006; Benavides et al., 2007; Hunt et al.,
2007; de Haller and Fontboté, 2009; Gleeson and Smith, 2009). The presence of apparently
evaporite-derived fluids in some deposits has been postulated as a key factor for the development
of the extensive Ca and Na alteration and complexation of metals in some IOA and I0CG
systems (Barton and Johnson, 1996, 2000; Baker et al., 2008; Xavier et al., 2008; Gleeson and
Smith, 2009; Barton, 2014). Halogen and noble gas studies from selected IOCGs and 10As have
reinforced the presence of non-magmatic fluid sources in the mineralizing system and the
importance of magmatic-derived fluids mixing with non-magmatic fluids, for metal deposition
(Chiaradia et al., 2006; Fisher and Kendrick, 2008; Smith et al., 2012). Alternatively, a number
of investigators suggest that the alteration and ore minerals in IOCG systems have a magmatic,
or dominantly magmatic source, derived from calc-alkaline to moderately alkaline suites similar
to the ones responsible for Cu-Au porphyry deposits (Pollard, 2000, 2006; Mumin et al., 2010;
Richards and Mumin, 2013a,b). Pollard (2001) further suggests that high levels of CO, promote
the separation of ore fluids from the crystallizing magma at a wide range of pressures that are
compatible with the depths inferred for these systems. Furthermore, CO, may also influence the
Ca-Na partitioning between silicate melts and fluids, potentially generating brines with high
Na/K ratios that might be responsible for the widespread sodic alteration present in many I0CG
settings. The generation of iron oxide-dominated systems and the corresponding sodic alteration
for some deposits, has also been explained as having been formed by metamorphic processes
involving high temperature saline fluids (500 to 600 °C; up to 40% wt.% NaCl equiv.; Williams,
1994). The salinity of these fluids is interpreted to have been acquired from older Cl-rich rocks,



and the introduction of metals is the epigenetic with respect to iron-enrichment processes
(Williams, 1994).

The Sue-Dianne and the Damp prospects in the Great Bear magmatic zone (Table 1)
contain breccias that were recognized to be similar in nature to Olympic Dam breccias (Fig. 2C-
D; Gandhi, 1994) and hence-forth were considered as IOCG deposits (Goad et al., 2000). In the
Echo Bay region the IOCG model has been used in exploration and to reclassify previously
known mineralization and alteration (Corriveau, 2007; Mumin et al., 2007, 2010; Somarin and
Mumin, 2014; Mumin et al. 2014). The NICO deposit in the southern Great Bear was recognized
by Goad et al. (2000) as an IOCG-like deposit, and this has been supported by detailed mineral
deposit and regional alteration studies (Table 1; Acosta-Gongora et al. 2015a, b; Montreuil et al.
2013, 2015). The Fab Lake Cu-U prospect is another example of an IOCG system in the Great
Bear (Gandhi 1994; Potter et al. 2013; Mountreuil et al. 2016). Magnetite-apatite + actinolite
mineralization is spatially and potentially genetically associated with the IOCG mineralization
and associated alteration throughout the Great Bear magmatic zone (Table 1: Reardon, 1992;
Gandhi, 1994; Mumin et al., 2007, 2010). This has also been referred to as Kiruna-type, due to
similarities with Fe-oxide apatite deposits at Norrbotten County, Sweden (Hildebrand, 1986;
Smith et al., 2012). Type examples occur in the Camsell River area, adjacent to the Terra
polymetallic vein deposit (Fig. 2A-B; Badham and Morton, 1976; Hildebrand, 1986) and in the
Echo Bay area (Reardon, 1992; Somarin and Mumin, 2014); less-voluminous examples occur
throughout the Great Bear magmatic zone as veins, breccia cements, and replacements (Table 1:
Gandhi, 1994; Corriveau et al., 2007, 2010b; Mumin et al., 2007, 2010; Potter et al., 2013;
Acosta-Gongora et al., 2014).

The Great Bear IOCG and IOA deposits are not only spatially associated (Fig. 1), but the
timing of both is now well-constrained between ca. 1873 and 1869 Ma (Fig. 3; Ootes et al.,
2010; Acosta-Gongora et al., 2015b; Montreuil et al., 2013, 2016). The IOA mineralization is
related to fractionation of intermediate, high-level plutons (Badham and Morton, 1976;
Hildebrand, 1986; Reardon, 1992). A link between IOCG mineralization and magmatic-
hydrothermal processes is readily apparent from the regional and detailed geological
relationships (e.g., Gandhi 1994; Mumin et al. 2014), but is also clearly demonstrated using 5**S
values of the mineralization (Fig. 4; Acosta-Gongora et al., 2015b, accepted with revisions Min

Dep). The IOCG-IOA association that is evident in the Great Bear magmatic zone is in direct



contrast to the work of many other investigators who have separated these two deposits types due

to lack of direct association in most IOCG districts (e.g., Williams, 2010).

3. GEOLOGY

3.1 Regional Overview
The Great Bear magmatic zone is preserved in bedrock exposures over 450 km of north-

south strike length and up to 75 km width. It is unconformably covered and obscured to the west
by flat lying Paleozoic and Mesozoic sedimentary rocks. An area of low-magnetic response
underneath the Phanerozoic platform has been historically considered Hottah terrane, however
U-Pb zircon dating of basement cuttings demonstrate this area to be mostly underlain by Great
Bear magmatic zone (Ross et al., 2000). To the north it is covered by the <1850 Ma Coppermine
Homocline (e.g., Hahn et al., 2013). The Great Bear magmatic zone is a ca. 1875 to 1850 Ma
composite plutonic system, with a high ratio of plutonic rocks to volcanic rocks (Fig. 3;
Bowring, 1984; Gandhi et al., 2001; Hildebrand et al., 2011b; Ootes et al., 2015). It was
constructed on >1895 Ma crust of the Hottah terrane in the north, but was preceded in the south
by the <1885 Ma Treasure Lake Group metasedimentary rocks (Figs. 1 and 3; Reichenbach,
1991; Gandhi and van Breemen, 2005; Hildebrand et al., 20104, b; Davis et al., 2015; Ootes et
al., 2015). The eastern limit of the Hottah terrane is demarcated by the north-striking Wopmay
fault zone, which is also the western limit of Archean basement rocks in the metamorphic
internal zone of Wopmay orogen (Fig. 1; Jackson et al., 2013). This fault truncates Great Bear
magmatic zone plutonic suites, and although chronologically equivalent plutons exist to the east,
it is challenging to reconstruct the earlier geometry of these plutons across the fault due to a lack
of assured piercing points. Consequently, the extent of lateral movement along the Wopmay fault
during and after Great Bear magmatism remains unresolved and could be on the order of 10s to
>100 km.

3.2 Pre-Great Bear Magmatism: The Hottah Terrane

The basement to the Great Bear is the Hottah terrane (Figs. 1 and 3), and this basement
undoubtedly affected the petrological and structural evolution of Great Bear magmatism (e.g.,
Bowring and Podosek, 1989; Hildebrand et al., 2010; Davis et al., 2015; Ootes et al., 2015). The

Hottah terrane is considered to be a 1.93 to 1.89 Ga volcanic arc developed on a >1.95 Ga exotic



crustal block, relative to the Archean Slave craton (Hildebrand, 1981; Hildebrand et al., 1987,
2010a; Bowring and Grotzinger, 1992; Davis et al., 2015; Ootes et al., 2015). The Hottah terrane
was previously considered to have evolved above a west-dipping subduction zone and
subsequently collided with the western Slave craton and Coronation passive margin at ca. 1.88
Ga (Bowring and Grotzinger, 1992; Hildebrand et al., 2010a; Hoffman et al., 2011). More recent
advances in bedrock evidence and detrital zircon signatures (Fig. 3) suggest, however, that the
Hottah terrane is a vestige of an active margin (arc crust) that evolved adjacent to the Taltson (or
Ksituan) magmatic zone, which are preserved to the south of the Slave craton (Davis et al., 2015;
Ootes et al., 2015). In this interpretation, the Hottah terrane was juxtaposed to the Slave craton
via transtensional shear displacement, initiated during arc rifting at ca. 1.91 Ga; dextral
transpressional movement continued until its arrival around ca. 1.88 Ga (Ootes et al., 2015).
Regardless of how the Hottah terrane arrived adjacent to Slave craton, it is relevant that it
contains a protracted Paleoproterozoic crustal evolution — including a long-lived ca. 2.0 to 1.96
Ga magmatic arc history culminating at 1.97 Ga (Fig. 3). The evidence for this is only provided
by the detrital zircon record, as U-Pb, ey, and 820 values of this phase record continental arc
magmatism, potentially represented by the Taltson (or Ksituan) magmatic zone to the south
(Davis et al., 2015). The detrital zircon data also point to a parental crust with an older 2.1 to 2.5
Ga Paleoproterozoic history, but with a Neoarchean antiquity (>2.6 Ga), a history very similar to
that of the western Rae craton (van Breemen et al., 2013; Card et al., 2014; Davis et al., 2015).
The ca. 1.97 Ga arc magmatism was followed by deposition of <1.95 Ga pelite and
metabasalt in the Holly Lake metamorphic complex, determined from a maximum deposition
age of detrital zircons (Fig. 3; Davis et al., 2015). This was deformed, metamorphosed and
intruded by the Hottah plutonic complex at ca. 1.93 Ga, which was followed by intrusion of
compositionally mixed granite-gabbro plutonic phases at ca. 1.91 Ga. These plutonic phases are
collectively interpreted to record a return to arc magmatism in the Hottah terrane (Fig. 3; Ootes
et al., 2015). This second magmatic event evolved within an extensional environment preserved
as the Bell Island Bay Group. This includes basal volcanogenic sandstones that give way to
subaerial rhyolite and lesser basalt that erupted at ca. 1.905 Ga, which is overlain by quartz
arenite deposited ca. 1.90 Ga, and followed by pillow basalt and lesser rhyodacite erupted at ca.
1.895 Ga (Fig. 3; Ootes et al., 2015). The evidence supports that these arc-like magmatic events
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were part of a 70 to 100 million year subduction-related evolution, in spite of an incomplete
bedrock record (Davis et al., 2015; Ootes et al., 2015).

The oldest exposed bedrock in the southern Great Bear (south of 64°30°N) is a platform-
like, shallowing-upward sequence of siltstone, calc-silicate, and quartzite of the Treasure Lake
Group (TLG; Fig. 3; Gandhi and van Breemen, 2005; Acosta-Gongora et al., 2015b). Detrital
zircon grains constrain the maximum depositional age to <1.885 (Gandhi and van Breemen,
2005; Bennett and Rivers, 2006b) and, therefore, it is younger than the Hottah terrane rocks
preserved to the north (Davis et al., 2015; Ootes et al., 2015). The TLG was metamorphosed to
lower amphibolite facies prior to or synchronous with early Great Bear magmatism (Fig. 3;
Gandhi and van Breemen, 2005). The base of the TLG is not observed and it remains uncertain if
it was deposited on Hottah terrane, or Slave craton crust. It was deposited at a similar time as the
Recluse Group foredeep sedimentary rocks on the Coronation margin (Hoffman et al., 2011) and
parts of the Great Slave Supergroup in the East Arm of Great Slave Lake (Bowring et al., 1984;

van Breemen et al., 2013).

3.3 Great Bear Magmatism
3.3.1 Geochronology

A U-Pb zircon crystallization age of 1876.4 + 2.4 Ma from a rhyolitic ash tuff bed
indicates the onset of Great Bear magmatism (Fig. 3; Ootes et al., 2015), supporting previously
determined ages (Bowring, 1984; Gandhi et al., 2001; Bennett and Rivers, 2006a). Three stages
of volcanism followed: LaBine Group andesitic volcanism at ca. 1873 Ma, Faber rhyolite
volcanism and Dumas Group bimodal volcanism at ca. 1869 Ma, and Sloan Group rhyolite and
basalt volcanism at ca. 1862 Ma (Fig. 3; Bowring, 1984; Gandbhi et al., 2001; Bennett and Rivers,
20064a; Ootes et al., 2015). However, the Great Bear magmatic zone is volumetrically dominated
by monzogranitic through monzonitic plutonic phases emplaced between ca. 1873 and 1855 Ma
(Fig. 3; Gandhi et al., 2001; Bennett and Rivers, 2006; Hildebrand et al., 2010b; Bennett et al.,
2012; Jackson and Ootes, 2012; Ootes et al., 2013; Ootes et al., 2015; Montreuil et al., 2016).
The youngest phase of Great Bear magmatism is represented either by rapakivi-textured granitic
plutons at ca. 1855 Ma (Fig. 3; Gandhi et al., 2001), or late syenitic intrusions at ca. 1845 Ma
that are only rarely preserved and documented (Bowring, 1984). Similar-aged plutons at ca. 1845
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Ma are reported from the Fort Simpson terrane in the subsurface of the Phanerozoic platform to
the west (Villeneuve et al., 1991).

Great Bear plutonic rocks that predate mineralization appear to be rare, although there is
some evidence of ca. 1873 Ma plutonic rocks that contain a penetrative foliation (Gandhi et al.,
2001; Bennett and Rivers, 2006a; Jackson, 2008). Where identified, these locally have a
distinctive striped appearance (alternating pink and white) on the meter scale, where pink rocks
are close to primary igneous compositions; the white zones are characterized by titanite and
completely recrystallized silicate minerals, and therefore represent hydrothermal alteration
pathways (e.g., see figure 13e, f in Jackson, 2008). This indicates these older phases were
extensively altered during younger magmatic/mineralizing phases. The alteration zones
associated with the mineralization are spatially extensive (Table 1; Corriveau et al., 2007, 2010;
Mumin et al., 2007, 2010; Montreuil et al., 2013, 2015, 2016; Potter et al., 2013; Somarin and
Mumin, 2014; Mumin, 2015), and it is possible that other pre-mineralization plutonic rocks
existed in the Great Bear magmatic zone, but may have been altered and obscured by younger
metasomatic events (Montreuil et al., 2013; Corriveau et al., 2015).

Early stages of metallic mineralization include intrusion-related Cu-Mo-U within
tourmaline-biotite veins that cut the Treasure Lake Group (Gandhi, 1994; Ootes et al., 2010). A
Re-Os molybdenite date (1873.4 + 6.1 Ma) and an Ar-Ar biotite date (1875 + 8 Ma) indicates
vein formation and mineralization at that time (Fig. 3; Ootes et al., 2010). South of the NICO
Co-Bi-Au deposit, at the southern breccia zone, Re-Os molybdenite dating indicates initial
mineralization at 1877 + 8 Ma (Acosta-Gongora et al., 2015b) and U-Pb zircon dating of an
altered felsic dyke at 1873 + 2 Ma (Fig. 3; Davis et al., 2011) indicates mineralization slightly
post-dates the onset of Great Bear volcanism (Fig. 3). Adjacent to the NICO deposit and
southern breccia zone, a ca. 1873 Ma leucogranite dyke is overprinted by alteration (Gandhi et
al., 2001), providing further maximum age constraints (Fig. 3). The latest stages of
mineralization at the NICO deposit yield a Re-Os molybdenite age of 1865 = 9 Ma (Fig. 3;
Acosta-Gongora et al., 2015b). This date could support that the mineralization-related processes
continued to ca. 1865 Ma, although the upper bound on the error allows that all mineralization
was complete by ca. 1869, consistent with U-Pb zircon dating of cross-cutting plutons and dykes
(Fig. 3; Davis et al. 2011). The timing of mineralization has elsewhere been constrained, for

example at the FAB IOCG prospect, where U-Pb zircon dating of cross-cutting intrusive phases
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brackets the Cu-U mineralization to a window between ca. 1870.1 £ 1.7 Ma and 1866.8 £ 1.3 Ma
(Montreuil et al., 2016). A hornblende granite and differentiated mafic dyke crystallized at
1866.4 + 0.6 Ma and 1865.1 £ 0.7 Ma, respectively, and cut previously altered volcanic rocks
and hypabyssal porphyry (Bennett et al., 2012). This further provides a minimum age for
extensive alteration, which is regionally related to the mineralization processes (Table 1;
Montreuil et al., 2013, 2015, 2016).

Plutonic rocks that are interpreted to be synchronous with mineralization, such as the
Balachey pluton and Mystery Island and Rainy Lake intrusive suites, are mostly known from
northern Wopmay orogen (Hildebrand, 1986; Reardon, 1992; Mumin et al., 2007, 2010;
Hildebrand et al., 2010b; Mumin, 2015). These plutons crystallized between ca. 1874 and 1872
Ma (Bowring 1984; Davis et al., 2011). They are heterogeneous, as a result of igneous
differentiation and syn-magmatic hydrothermal alteration processes, and are genetically related
to extensive 10A veins, plugs, and breccias, and IOCG mineralization (Badham and Morton,
1976; Hildebrand, 1986; Mumin et al., 2007, 2010; Corriveau et al., 2010; Potter et al., 2013;
Acosta- Gongora et al., 2014; Somarin and Mumin 2014; Mumin, 2015). In the southern Great
Bear magmatic zone, possible syn-mineralization plutons have either not been identified, have
not been studied in detail, or are extensively overprinted by alteration systems (e.g., Potter et al.,
2013; Somarin and Mumin, 2014). It remains likely that the earliest (>ca. 1869 Ma) components
of what Gandhi et al. (2001) refer to as the Marion River batholith are synchronous with
mineralization (Bennett and Rivers, 2006; Bennett et al., 2012)

Most of the plutonic rocks in the Great Bear magmatic zone post-date mineralization and
crystallized between ca. 1869 and 1855 Ma (Bowring, 1984; Gandhi et al. 2001; Bennett and
Rivers, 2006a). These plutons consist of large-scale, coarse-grained intrusions with locally
chilled and/or fractionated margins, and were emplaced at high crustal levels (e.g., Jackson,
2008; Hildebrand et al., 2010b; Jackson and Ootes, 2012; Ootes et al., 2013; Montreuil et al.,
2016). Equigranular biotite-hornblende granodiorite plutons that occur east of Hottah Lake,
crystallized at ca. 1869 Ma, and contain a penetrative foliation that is preserved by the mafic
minerals (Fig. 3; Ootes et al., 2015). Volumetrically however, most of the plutonic phases are
intruded between ca. 1867 and 1860 Ma, are not penetratively deformed, and consist of
equigranular granite to quartz-monzonite, hornblende-monzonite, and coarse-grained K-feldspar
porphyritic granite (Bowring, 1984; Gandhi et al., 2001; Hildebrand et al., 2011b; Jackson and
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Ootes, 2012). Individual plutons have been given a variety of names across the magmatic zone,
but are likely part of a large-scale, long-lived and differentiated batholith (e.g., Gandhi et al.,
2001; Jackson, 2008; Hildebrand et al., 2010b; Jackson and Ootes, 2012). The latest pulse of
Great Bear magmatism consists of ca. 1860 to 1855 Ma coarse-grained granitic plutons with
prevalent rapakivi-texture (Gandhi et al., 2001; Bennett and Rivers, 2006a; Jackson and Ootes,
2012), the distribution of which can be traced both from bedrock mapping and from geophysical
signatures (e.g., Hildebrand et al., 2010b; Jackson and Ootes, 2012; Hayward and Corriveau,
2014).

East of the Wopmay fault zone, intrusive rocks that are correlative to the Great Bear
plutons include the ca. 1867 Ma Zinto suite, which ranges from granodiorite to gabbro (Bennett
and Rivers, 2006a; Jackson, 2008; Jackson and Ootes, 2012; Jackson et al., 2013). These are
dominantly equigranular and their composition, age, and deformed nature indicate that these
plutons may be correlative to the deformed ca. 1869 Ma biotite-hornblende granodiorite near
Hottah Lake and also provide a relative timing for the deformation event that affected those and
older documented plutonic phases (Fig. 3; Ootes et al., 2015). The youngest plutons crystallized
between ca. 1858 to 1850 Ma (Bowring, 1984; Jackson et al., 2013) and are age-correlative to
the late rapakivi-texture plutons that crystallized at ca. 1855 Ma in Great Bear magmatic zone
(Gandhi et al., 2001). The rapakivi-textured granites and Bishop intrusive suite mark the end of
ca. 150 million years of intermittent and pulsed magmatism related to an evolving continental
orogenic belt (Fig. 3; Davis et al., 2015; Ootes et al., 2015).

3.3.2 Geochemistry

The geochemical attributes for the Hottah plutonic complex and Bell Island Bay Group of
the Hottah terrane, the basement to the Great Bear magmatic zone, are presented in Reichenbach
(1991) and Ootes et al. (2015). In general, the LaBine Group volcanic rocks that erupted pre-to
syn-mineralization are extensively altered (e.g., Potter et al., 2013; Mumin, 2015; Montreuil et
al., 2016). This includes heterogeneous hydrothermal alteration that is thought to be a result of
hydrothermal circulation related to the mineralizing systems (e.g., Mumin et al., 2007, 2010;
Corriveau et al., 2010b; Montreuil et al., 2013, 2015, 2016; Potter et al, 2013; Acosta-Gongora et
al., 2015b; Corriveau et al., 2015; Mumin, 2015; Montreuil et al., 2016). Due to the extensive

nature of the alteration, including potassic metasomatism, only least-altered samples from
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geochemical datasets (D’Oria, 1998; Azar, 2007; Corriveau et al., 2015; Ootes et al., 2015) are
used in Figures 5-8. Least-altered refers to samples that show little to no sign of physical or
geochemical change from their original composition. Forty-nine least-altered volcanic samples
were identified from across the magmatic zone and include post-mineralization samples from the
younger ca. 1860 Ma Sloan Group. Two hundred and thirty one least-altered intrusive samples
are from across the Great Bear magmatic zone, and while a few early to syn-mineralization
samples are included in the data, the bulk are either late or post-date the mineralizing systems
(Figs. 5-8; Table Al). Previously unpublished geochemical data are presented in Table A1A and
samples used from previously published studies are presented in Table A1B.

The plutonic samples all range from granite to monzodiorite on a normative QAP plot
(Fig. 5A). In terms of high field strength element (HFSE) ratios the volcanic rocks range from
basaltic-andesite to rhyolite, which is also the case for the plutonic rocks (Fig 5B). Utilizing the
Si0; vs K,0 diagram (Pecerrillo and Taylor, 1976) all of the igneous rocks can be considered as
high-K calc-alkaline to shoshonitic, although there is significantly more K,O scatter in the
volcanic rocks (Fig. 5C). Potassium metasomatism is ubiquitous throughout the Great Bear
magmatic zone and all the samples, even the most mafic end-members, are high in K,O (Fig. 5C
Ootes et al., 2013; Somarin and Mumin, 2013). It is difficult to constrain if the scattered K,O
values (Fig. 5C) are primary or a result of K-metasomatism, and proxy elements and elemental
ratios (Muller et al., 1992; Hastie et al., 2007) are utilized later in the discussion to further
discriminate the high-K to shoshonitic nature of the igneous rocks. All of the samples share
similar chondrite and primitive mantle-normalized rare earth and trace-element patterns,
displaying elevated LREE/HREE and Th, negative Nb, P, and Ti, and variable Eu anomalies
(Fig. 6). Some notable variation exists; early intrusions have a comparable normalized rare-earth
element profile to the volcanic rocks with little to no Eu anomaly. One single Sloan Group
rhyolite crystal tuff is more REE-enriched than the other volcanic rocks, with a pronounced
negative Eu anomaly (Fig. 6; Ootes et al., 2015), similar in nature to the intrusions that post-date
the ca. 1870 Ma mineralizing systems. Strontium anomalies are variably negative in the
normalized data, as are the overall abundances of HREE and Y (Fig. 6). Yttrium, which can be
considered a proxy for the Ho and HREE, shows a wide spread of values, combined with a low
and narrow range of Sr/Y values (Fig. 6D). While Sr can be mobile during alteration, the

relatively consistent Sr/Y from the least altered samples supports these are mostly primary Sr
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values. This suggests that the overall chemistry of the rocks was variably controlled by
plagioclase fractionation (Fig. 6D).

A small dataset of Nd and Sr isotopic data is plotted in Figure 8. The most mafic rocks
have eng Values of +0.9 to -0.9, below depleted mantle values, and the more felsic rocks have
compositions only slightly more evolved than the mafic compositions. Possible explanations for
this include: 1) the magmas were derivated from a sediment-contaminated subduction zone,
which would lower the values in mafic rocks; 2) crustal contamination and assimilation-
fractional crystallization (AFC) processes during magma staging and crystallization, or; 3) a
combination of the above processes. Rocks with basaltic compositions are relatively rare, and the
bulk of the rocks are more felsic in composition. To test the controls on the primary chemistry of
the felsic intrusive rocks, we have separated out a suite of samples from a mafic dyke (Figs. 5-7).
The dyke is north-striking, predominantly gabbroic in composition, although locally fractionated
and co-mingled, cuts previously altered felsic porphyry and volcanic rocks, and is dated at ca.
1866 Ma (Bennett and Rivers, 2006a; Jackson, 2008; Bennett et al., 2012). The gabbroic nature
of this dyke is the most primitive of the plutonic rocks, yet shares geochemical attributes with the
more felsic rocks (Fig. 6D). Therefore, these are mafic end-members of the granitic and volcanic
suites; however, while their isotopic compositions are more juvenile than the felsic rocks, they
are still evolved relative to depleted mantle, supporting a subduction modified source, with
minor crustal assimilation (Fig. 8). The granitic samples may have derived their more evolved Sr
and Nd values from mixing of the parental magma and assimilation of older crust (Figs. 6D and
8), a mixture of the slightly older the Treasure Lake Group sedimentary rocks and phases
preserved in the Hottah terrane (Fig. 4).

The trace-element profiles are consistent with arc-related volcanic rocks (Figs. 6 and 7;
e.g., Pearce and Norry, 1979; Kelemen et al., 1993; Marschall and Schumacher, 2012). In terms
of Y-NDb, all of the samples plot within the volcanic arc — syn-collisional arc and trend to the
within-plate zone (Fig. 7A). Samples that plot in the within-plate zone, particularly the late
rapakivi-texture samples, may be a result of the aforementioned AFC processes resulting in
relatively high Y values, or related to local extension in an overall ‘arc’ environment. Such
examples of within-plate geochemical signatures in overall arc environments are not uncommon
and record the transition from convergence to extension in convergent margins (e.g., Bryan,

2007). While K-metasomatism is ubiquitous throughout the Great Bear magmatic zone, the high
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K0 values (Fig. 5C) are consistent with the enrichment of other radiogenic elements (U, Th)
that are likely primary in the Great Bear igneous rocks (Ootes et al., 2013; Somarin and Mumin,
2013). To help further constrain tectonic affinities, we have plotted relatively immobile elements
Co vs. Th, suggested proxies for more mobile SiO, and KO, respectively (Fig. 8B; Hastie et al.,
2007), and trace element ratios (Fig. 7C-D; Miiller et al., 1992). The results further support that
the Great Bear igneous rocks are predominantly shoshonites (Fig. 7B-D) and by analogy most
akin to potassic continental-arc volcanic rocks (Mller et al., 1992; Hastie et al., 2007).

The geochemical data from the plutonic and volcanic rocks do not support an anorogenic
setting or continental-rift environment for Great Bear magmatism (Figs. 6-8). The data also
indicate that the magmatic rocks are not adakites, and therefore were not melted directly from a
young subducted oceanic slab, or related to slab break-off (Fig. 6D; cf. Defant and Drummond,
1990; Richards and Kerrich, 2007). The geochemical data are consistent with magma derivation
from a mantle wedge that was enriched by the subduction-addition of pelagic sediments and
associated hydrothermal metasomatism (Fig. 7E; e.g., Wang et al., 2006; Marschall and
Schumacher, 2012). Mumin et al. (2014) have suggested that the Great Bear IOCG
mineralization formed during an intermittent extensional event during the arc magmatism
(Mumin et al., 2014). The high K, Th, LILE, and LREE, and U in the igneous rocks could be
derived by low degrees of partial melting, generally considered a result of extension (e.g., Wang
et al., 2006; Putirka and Busby, 2007; Pe-Piper et al., 2009). This fits with the trend from
convergent to within-plate Nb-Y values on Figure 7A, potentially recording the shift from
convergence to extension in Great Bear magmatism. If the Great Bear subduction system stalled,
it could have driven this lithospheric extension, explaining the overall shoshonitic nature of the
magmatic rocks (Fig. 7). The intermediate magmatism associated with mineralization, between
ca. 1873 and 1869 Ma is interpreted to record the onset of this extension (e.g., Mumin et al.,
2014), which then transitioned to more felsic dominated magmatism that post-dated the main

mineralization stage (Fig. 4; e.g., Ootes et al. 2015).

3.4 Post-Great Bear Magmatism
Magmatic rocks that post-date the ca. 1855 Ma Great Bear granites include rare syenites
dated at ca. 1845 Ma, and mafic dykes. The mafic dykes include southeast-striking Cleaver

dykes and associated sills at Echo Bay at ca. 1740 Ma (Irving et al., 2004), the Western Channel
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Diabase dykes and sheets at ca. 1592 Ma (Hamilton and Buchan, 2010), south-striking
Mackenzie dykes at ca. 1270 Ma (LeCheminant and Heaman, 1992; Jackson and Ootes, 2012),
and a number of northeast-striking Hottah sheets at ca. 780 Ma, part of the Gunbarrel event
(Harlan et al., 2003; Sandeman et al., 2014). The Great Bear plutons preserve a brittle-structural
overprint after ca. 1850 Ma, in the form of northeast-striking transcurrent faults that dextrally
offset all rocks older than the Cleaver mafic dyke swarm (Hildebrand et al., 1987; Hayward and
Corriveau, 2015). These faults are part of the large-scale McDonald fault system to the south,
which can be traced for ~500 km in the subsurface of the Phanerozoic platform, from Great
Slave Lake to the foothills of the Rocky Mountains (Pilkington et al., 2000; Aspler et al., 2003).
Other younger and low-temperature events could be related to processes that affected the
overlying <1800 Ma Hornby Bay Group and Recluse Group sedimentary rocks, which are
preserved to the north, and the Phanerozoic strata, preserved to the west (Miller, 1982; Byron et
al., 2009; Hahn et al., 2013; Gandhi et al., 2013).

4. GEOPHYSICS

Lithospheric-scale two-dimensional geophysical experiments have been conducted across
the southern and central Great Bear magmatic zone. These include deep-seismic reflection
profiling (Cook et al., 1999; Cook and Erdmer, 2005; Oueity and Clowes, 2010), magnetotelluric
experiments (Wu et al., 2005; Spratt et al., 2009), and teleseismic data acquisition (Bostock,
1998; Mercier et al., 2008; Snyder et al., 2014). The 2D geophysical data in those studies
collectively support that there is a stacked east-dipping lithospheric mantle beneath this region,
related to subducted and frozen oceanic crust (e.g., Cook et al., 1999).

Compilation of the geophysical data into a 3D model (Snyder et al., 2014) yields valuable
new insights into the stages and geometry of the subduction system (Fig. 9). Receiver functions
use short-wavelength (0.2-5 km) P to S phase conversions to estimate depths to major
discontinuities in physical properties affecting seismic wave speeds (Bostock, 1998). These
receiver functions are typically calculated as a single average at each receiver station. If
sufficient earthquakes are recorded and analyzed at multiple azimuths, a three-dimensional cone
of phase conversions can be mapped, either as a 3-D cone (Snyder et al., 2014), or opened out

into a 2-D plot (Bostock, 1998). Overlapping 3-D cones were used to group similar converted

phases and build a common seismic discontinuity surface (Snyder et al., 2014). The model in
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Figure 9 is looking towards the north-northwest and down the dip of the “Hottah” seismic
discontinuity surface. The Earth’s surface is represented by the Slave craton compilation
(Stubley, 2005) and seismic discontinuity surfaces include the Moho in green, and surfaces we
assign as “Hottah” in light blue, “Great Bear” in purple, a surface that coincides with the Lac de
Gras kimberlite field under the Slave craton is blue, and a mid-lithospheric subhorizontal surface
in yellow, at about 150 km depth (Snyder et al., 2014). The Moho surface deepens slightly
eastward from 35 to 39 km depth. The surface assigned as Hottah dips at 12°NE toward 058°
(strike 302°), the lower surface assigned as Great Bear dips 13°E towards 082° (strike 352°).
Beneath the city of Yellowknife, the Hottah surface is at 70 km depth with the Great Bear
surface at 120 km. At those depths, the Hottah surface coincides with the top of Bostock’s (1998)
anisotropic (£5%) H discontinuity, which was interpreted as a 10 km-thick subducted oceanic
crust. The Great Bear surface coincides with Bostock’s (1998) X discontinuity at 135 km depth.
Cook and Erdmer (2005) interpreted the H discontinuity to separate a wedge-shaped
westernmost Slave lithosphere from the over- and underthust Hottah terrane and the X
discontinuity to separate, in turn, a wedge of Hottah terrane from Ft. Simpson lithosphere. The
uppermost Precambrian in those areas is covered by the Phanerozoic platform (Figs. 1 and 9).
The subsurface has been interpreted as Hottah terrane (e.g., Aspler et al., 2003), but ca. 1875 and
1840 Ma U-Pb zircon dates from subsurface drill-cuttings indicate this area is actually dominated
by Great Bear igneous rocks (Ross et al., 2000).

The double stacked, north and north-northwest striking surfaces beneath the Great Bear
and Slave craton are best interpreted as stalled subducted slabs (e.g., Cook et al., 1999; Cook and
Erdmer, 2005; Wu et al., 2005; Mercier et al., 2008; Oueity and Clowes, 2010; Snyder et al.,
2014). We interpret the upper surface as a relic related to the older Hottah arc and the lower
related to Great Bear magmatism; both are interpreted to be derived from the cryptic Nahanni
terrane oceanic crust (Ootes et al., 2015). Two outcomes of the geophysical model are worth
discussing further, the polarities and the orientations of the surfaces. First, the polarities are both
east-dipping; there is no evidence of west-dipping subduction. Moresi and Willis (2015) built 4D
numerical model simulations (based on Moresi et al., 2014; Betts et al., 2015) to demonstrate the
effects of ridge or plateau collision within an evolving subduction zone. In their study, when a
250 to 500 km-diameter ocean plateau is introduced into the subduction zone, the model evolves

to a configuration that is geometrically similar to what is observed in the 3D model as shown in
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Figure 9. Both demonstrate two subducted slabs with the older, northeast-dipping and shallower
slab superimposed on the younger, east-dipping, steeper subduction zone (Figs. 9 and 10).
Another, albeit similar tectonic process that could have led to the preserved geometry, is the
subduction of a spreading ridge, which can result in the flattening of the subducted slab
(Antonijevic et al., 2015). Many Cenozoic Cu porphyry deposits in the Andes are related to the
onset of ridge subduction (Rosenbaum et al., 2005), however this style of mineralization is often
associated with adakitic magmas (e.g., Rosenbaum et al., 2005; Richards and Mumin, 2013a)
and is followed by a quiescence in the associated arc magmatism (Rosenbaum et al., 2005).
Neither an adakitic signature nor a hiatus in magmatism is found in the Great Bear magmatic
zone. It is not currently possible to test this more thoroughly and other factors require
considerations, such as the precise timing of subduction, other potential driving mechanisms
such as plume subduction (Betts et al., 2015), and the exact relationships between relatively flat-

slab subduction, magmatism, and IOCG mineralization.

The second outcome from the 3D model relates to the surface orientations (Fig. 9). On
the surface, the strike of the Great Bear magmatic zone appears to be north-south, but this
geometry is visually controlled by the north-south Wopmay fault zone on the east and, in part the
Phanerozoic unconformity to the west (Fig. 1). Previous 2D sections (Cook et al., 1999; Cook
and Erdmer, 2005), based on surface potential-field (gravity, magnetics) geophysical data sets
(e.g., Hoffman, 1988; Aspler et al., 2003) suggested that the preserved subduction zone strikes
north and dips east (Hoffman, 1988; Hildebrand et al., 2010a). Figure 9 demonstrates the older
Hottah surface of subducted oceanic slab strikes northwest and dips northeast. This geometry
would indicate obliquity between the associate arc and the western Slave margin. Card et al.
(2014) suggest the Taltson magmatic zone was originally northwest striking. If Hottah terrane
evolved as a component of the Taltson magmatic system as suggested by Davis et al. (2015) and
Ootes et al. (2015), then the geometry of the upper surface (Fig. 9) could be an artefact of that
subduction and collisional process. The younger surface strikes close to north, and the geometry
and timing, if subduction corresponds to Great Bear magmatism, correlates exactly with the
structural observations from bedrock mapping (Mumin et al., 2007, 2010; Mumin, 2015) and
magnetic interpretation (Aspler et al., 2003). Northeast-striking, brittle faults dextrally offset the
Great Bear magmatic zone (e.g., Hildebrand et al., 1987). Hayward and Corriveau (2015) use

aeromagnetic constraints to restore the geological contacts along these faults; they demonstrated
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that the Great Bear magmatic zone had a roughly northwest strike prior to this brittle dextral
transposition, which taken with the 3D geophysical image would be consistent with the oblique
collision model of Hildebrand et al. (1987). This remains speculative, and these geometries (Fig.
9) require further evaluation and consideration within the context of the evolution of the western

and southern Paleoproterozoic margins of the Slave craton and western Rae craton.

In the models of Moresi and Willis (2015) and Betts et al. (2015), following plateau
collision, a new oceanic slab began subducting behind the accreted plateau (or similar). The
time-frame from collision to subduction re-initiation was ca. 40 million years. This model can be
used to account for the evolution of Hottah terrane and Great Bear magmatism (Fig. 10). If post-
Hottah terrane subduction re-established at ca. 1880 Ma, that would support collision ca. 40
million years earlier, between 1910 and 1930 Ma; the older age is similar to the time of Hottah
plutonic suite magmatism, as well as deformation and metamorphism of the Holly Lake
metamorphic complex, and the younger age corresponding to initiation of rapid arc rifting and
terrane translation (Fig. 4; Ootes et al., 2015). In Figure 9, the upper surface represents the
Hottah subduction system, and the lower surface represents the re-establishment of subduction
and related to the onset of Great Bear magmatism after ca. 1880 Ma (Fig. 9). Given the
orientations of the surfaces, and considering horizontal scales of >250 km, accretionary crust
could have arrived well to the south of the Slave craton, and was perhaps responsible for ca.
1930 to 1920 Ma S-type plutonism in the Taltson magmatic zone (Card et al., 2014).

5. PALEOPROTEROZOIC CORDILLERAN-TYPE IOCG and IOA

Iron oxide copper-gold and IOA mineralization in the Great Bear magmatic zone rapidly
followed renewed magmatic flare-up at 1876 Ma, the beginning of the final magmatic pulse in a
ca. 150 million year old subduction-related system (Fig. 4; Davis et al., 2015; Ootes et al., 2015).
Mineralization is related to magmatism, and occurred in a relatively narrow time-window, over a
maximum of about 7 million years, from 1873 to 1866 Ma (Figs. 3 and 4). This supports that
magmatism and mineralization were related to some dramatic change in the lithosphere. The 3D
modeling demonstrates two frozen surfaces, interpreted as remnant oceanic slabs (Fig. 9) and are
similar to 4D synthetic modeling of plateau-collision, and subduction re-initiation (Fig. 10; Betts

et al., 2015). The Great Bear shoshonitic magmatism and associated mineralization followed this
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subduction re-initiation and the overall geochemical nature supports magmatism in an
extensional environment. We therefore interpret that the Great Bear slab stalled after subduction
re-initiation, leading to extension in the suprasubduction zone, initiating low degree partial melts
with shoshonitic affinities (Fig. 7). The onset of extension coincides with intermediate
magmatism and mineralization (e.g., Hildebrand 1986; Mumin et al. 2014), which transitioned to
a more felsic environment, post-dating mineralization after ca. 1866 Ma (Fig. 4; Ootes et al.
2015).

The relationship between magmatism and mineralization in a suprasubduction
environment and the spatio-temporal relationship between IOCG and I0A in the Great Bear is
reminiscent of Andean IOCG and IOA deposits (Sillitoe, 2003; Barton et al., 2013; Chen et al.,
2013; Richards and Mumin 2013a; Richards et al., in press), rather than an intra-cratonic setting
implicated for many other Proterozoic IOCG deposits (Groves et al., 2010). The overall
extensional environment suggested for Great Bear deposits is particularly reminiscent of the
early Cretaceous deposits in the northern Andes (e.g., Sillitoe 2003). Such active margin
characteristics are also attributes of many Phanerozoic Cu-Au porphyry deposits, an alkali end-
member in porphyry deposits (Miller and Groves, 1993; Wang et al., 2006; Logan and
Mihalynuk, 2014). Additional similarities include the alteration assemblages associated with
these Cu-Au porphyry deposits, e.g., extensive albititization and magnetite-actinolite-apatite
veins and replacements assemblages, and/or skarns, in the host-rocks (e.g., Logan and
Mihalynuk, 2014). These Cu-Au porphyry environments are related to active margin extension,
in some cases similar to that depicted for the Paleoproterozoic Great Bear (Wang et al., 2006)
and others are related to slab tears, which are invoked to account for alkali magmatism (Logan
and Mihalynuk, 2014). A key commonality among all of these is the presence of subducted
pelagic sediments and associated mantle metasomatism (e.g., Wang et al., 2006; Richards and
Mumin, 2013a). Finally, the metal budgets and relationship with metamorphosed and Fe-altered
host supracrustal rocks, particularly the NICO deposit (e.g., Acosta-Gongora et al., 2015a,b), as
well the high-K nature of associated igneous phases, shares many commonalities with some
documented Oligocene post-orogenic skarn deposits (e.g., Nimis et al., 2014). These relations are
suggestive that somehow K-rich magmatic rocks, which assimilated portions of older
metamorphic basement, should be considered fertile in terms of Fe-rich polymetallic

mineralization. This leads to important and ongoing research questions, such as the nature of
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metal source(s) and process of mobilization and deposition (e.g., Acosta-Gongora et al., 2015a,b;
accepted Mineralium Deposita).

The details regarding Great Bear magmatism and mineralization can be used to support
the assertion that there is an IOCG-porphyry continuum (Mumin et al., 2010; Richards and
Mumin, 2013a,b), and the mineralization preserved in the Paleoproterozoic Great Bear magmatic
zone is part of this continuum. Although the Great Bear magmatic zone deposits are not typical
of all Proterozoic I0CG deposits (Groves et al., 2010), or at least what is currently known about
them, the overall active margin setting is similar to Andean I0OCG and IOA deposits, and

potentially Mesozoic and Cenozoic Cu-Au porphyry deposits.
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Figure Captions

Figure 1. Geology of the Great Bear magmatic zone with key areas and mineral deposits
discussed in the text and Table 1 identified. Modified after Ootes et al. (2010) and Acosta-
Gongora et al. (2014, 20154, b).

Figure 2. Examples of IOA (Kiruna-type) and IOCG mineralization in the Great Bear magmatic
zone. A) magnetite-apatite-actinolite (Mgt-Ap-Act) body adjacent to the Terra five-element vein
deposit and B) magnetite (grey) —apatite (pink) veins replacing bedding in the Terra Formation
adjacent to the Terra deposit, Camsell River district. C) Hematite (Hem) -cemented breccia with
uranium-related staining (U) indicating uraninite mineralization, DAMP Cu-U I0CG prospect.
D) Magnetite-cemented breccia associated with the Sue-Dianne Cu-Ag I0CG deposit.

Figure 3. 8°*S data from the Treasure Lake Group (TLG), the host-rocks to the NICO deposit as
well as a number of other IOCG deposits and prospects in the Great Bear magmatic zone,
compared with **S data from IOCG deposits from other districts. The Great Bear data is
consistent with magmatic-derived sulfur in the deposits (modified from Acosta-Gongora et al.,
2015, in review, and references therein).

Figure 4. Time-line demonstrating the evolution of the Great Bear magmatic zone and its
basement rocks of the Hottah terrane, as well as the tight time-window of I0CG and Kiruna-type
mineralization. The Holy Lake metamorphic complex detrital zircon probability histogram is
shown to demonstrate the antiquity of the Hottah terranes source environment (modified after
Davis et al., 2015). Data for constructing the timeline are from Bowring (1984), Gandhi et al.
(2001), Gandhi and van Breemen (2005), Bennett and Rivers (2006a, b), Davis et al. (2011,
2015), Ootes et al. (2015), and Montreuil et al. (2016).

Figure 5. Geochemical discrimination diagrams of Great Bear magmatic zone volcanic and
plutonic rocks. A) Quartz-Aklaline-Plagioclase (QAP) normative plot for intrusive rocks. B)
High field strength ratio plot (Pearce, 1996) demonstrating a range of primary compositions from
basalt through rhyolite; intrusive rock symbols are subdued. C) SiO, (wt. %) versus K,0 (w.t %;
Pecerrillo and Taylor, 1976) demonstrating their high-K calc-alkaline nature through a range of
compositions; intrusive rock symbols are subdued. Data plotted are from least-altered samples in
D’Oria (1998), Azar (2007), Corriveau et al. (2015), Ootes et al. (2015), and this study
(Supplementary Table Al). The mafic-intermediate samples were selected from various
locations across a single differentiated dyke that is up to 30 m wide (Jackson, 2008). Age
controls are from Bowring (1984), Gandbhi et al. (2001), Bennett and Rivers (2006a), and Ootes
etal. (2015).

Figure 6. Normalized rare-earth element (chondrites) and extended trace-element plots (primitive
mantle; normalizing values are from Sun and McDonough, 1989) for A) least-altered Great Bear
volcanic rocks, B) least-altered Great Bear plutonic rocks, C) mafic-intermediate dyke. D) Sr/Y
versus Y plot, modified after Defant and Drummond (1990) and Richards and Kerrich (2007).
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Figure 7. Discrimination diagram for A) granitic rocks (Pearce et al., 1984); volcanic rocks are
plotted but subdued, and B) volcanic rocks (Hastie et al., 2007); plutonic rocks are plotted but
subdued. Symbols in A and B as in Figure 5. Discrimination diagrams B) and C) from Muller et
al. (1992). The active continental margin field for felsic to intermediate rocks (shaded grey) is
from Gorton and Schandl (2000). Rocks that do not meet the major element criteria (circles), as
set out in Muller et al. (1992), are subdued and included for demonstration purposes. E) Trace
element ratios demonstrating the geochemical relationship between Great Bear plutonic and
volcanic rocks and arc volcanic rocks and global subducted sediment (GLOSS; Plank and
Langmuir, 1998). Modified after Marschall and Schumacher (2012).

Figure 8. 8Sr/®°Sr; vs. eng' for samples from Great Bear magmatic zone. Approximate MORB
values at ca. 1870 Ma are also shown. Symbols as in Figure 5, data in Table A2.

Figure 9. Perspective view of the 3D model of the Slave craton and Wopmay orogen. View is
looking from the south-southeast and perpendicular to the dip of the “Hottah” seismic
discontinuity surface. The Earth’s surface is represented by the Archean Slave craton (lightest
blue), the Archean to Paleoproterozoic Coronation margin (not filled), the Paleoproterozoic
Hottah terrane and Great Bear magmatic zone (green), and the Phanerozoic cover (grey). Seismic
discontinuity surfaces include the Moho, Hottah, Great Bear, and a surface that coincides with
the Lac de Gras kimberlite field in dark blue. The Hottah and Great Bear surfaces are interpreted
as the top of relic subducted oceanic slabs. White cones are example receiver functions beneath
seismic stations at the Jericho and Sulky Lake (Dharma) kimberlite sites. Blue dots at the surface
indicate the location of other seismic sites used to construct 3-D receiver function cones that
constrain the four seismic discontinuity surfaces shown. See Snyder et al. (2014) for further
description of the construction of these features and uncertainties associated with each.
Communities of Gameti, Kugluktuk, and Yellowknife (YK), as well as diamond mines
Ekati/Diavik and Gahcho Kue are labeled for reference. View is looking north.

Figure 10. Schematic diagram of 4D model results from introducing a 250 to 500 km wide ocean
plateau (black) into a subduction zone. Modified after Betts et al. (2014) to show the possible
evolution of the Hottah slab and Great Bear slab in relation to Paleoproterozoic time. The final
geometry appears similar to the 3D geophysical modeling demonstrated in Figure 9. See text for
discussion.
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Great Bear magmatic zone is a Paleoproterozoic continental magmatic arc that hosts

spatially and temporally related I0OCG and IOA mineralization
Mineralization occurred in a tight-time window between 1873 and 1866 Ma.

New geochemistry demonstrates that magmatism is dominantly shoshonitic in nature
3D geophysical modelling demonstrates two arrested, east-dipping slabs
Magmatism and IOCG-IOA mineralization related to Andean-like convergent margin

Table 1: Summary of prospects in the GBMZ (Modified after Montrieul et al., in review)

Prospect/DepositProspect/Deposi | Principal Metals Deposit Host rocks
t Types
Eggi-um- Port Radium U Epithermal | 1.87 Ga
Echo LaBine
Bay volcaniclasti
District c and
sedimentary
(siliciclastic)
Cu,Aq,Co,Bi,Zn,Pb Epithermal
Fe,V I0OA
Sloan Cu Epithermal,
I0CG
Mariner Cu Epithermal,
I0CG
Echo Bay Cu, Ag, Co, Bi, Zn, Pb, Au I0A, I0CG
Camelback Cu,Zn,Pb,Ag,U,V,Co,Au Epithermal | 1.87 Ga
, 10CG LaBine
andesite
K2 Cu,Aq,Co,Au, I0A, IOCG
Mag Hill FeV I0A
Skinny Lake Ag,Cu,Zn,Pb I0CG
(Hem)
Contact Lake End Fe IOA
Hook Island Au,Ag,U,Cu IOCG
(Mag,
Hem)
Mile Lake Cu,Zn,Pb,Ag, Mo, W I0CG - 1.87 Ga
Skarn LaBine
volcaniclasti
c
Camsell | Terra,Norrex, Silver Bear Cu,Ag,U,Co,Bi,Zn,Pb,Au,Fe- | Epithermal, | 1.87 Ga
g:\s/terrict Vv IOA, 10CG LaBine Gp
volcano-
sedimentary
Grouard W Clutt, Bar Au,Ag,Cu,Pb IOCG
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(Mag,
Hem)
Grouard N to NE ? IOCG
Grouard S (Ness, Hillside) Zn,Pb,Ag Skarn
Central | Damp Cu,U IOCG 1.87 Ga
(Hem) rhyodacitic
ignimbrite
Devil Au,Ag,Co,Cu,As, Fe,Pb
}/gﬁﬂmay Jackpot, McPhoo U,Cu,Fe,REE,Th,Co,Bi,Au,M | IOA, IOCG | 1.87 Ga
0 (Mag) porphyritic
intrusions
and Dumas
volcano-
sedimentary
rocks
Ham U,Fe,Cu,REE I0A, IOCG
JLD U,Cu,Fe,REE IOA, IOCG
De-Vries | De Vries, NORI U,Mo,Fe,Cu Intrusion 1.88 Ga
Treasure
Lake
sedimentary
rocks
Fab Fab U,Cu,Fe,V IOA, IOCG | 1.87 Ga
(Mag) porphyritic
intrusions
g/'azeno Sue Dianne Cu,Ag,Au,U IOCG 1.87 Ga
(Mag, Faber dacite
Hem) to andesite
Nod Cu-Fe IOA to
IOCG
(Mag) -
skarn
Brooke Cu,Ag,Fe,Bi,Mo, REE I0OCG
(Mag,
Hem)
E?:ég;?e Cole U,Fe Albitite 1.88 Ga
Lake Treasure
Lake
sedimentary
rocks & 1.87
Ga
intrusions
Ron Fe,REE I0A
Hump Fe,V,REE I0A
Peanut Lake Fe I0OA
Esther U,Ta,Ag,Cu ?
Carbonate Mountain Cu, Pb, Zn, Ag Skarn
Duke Duke Co,Bi,Au,Cu,Fe,REE IOCG 1.88 Ga
(Mag, Treasure
Hem) Lake
sedimentary
rocks
LP's W,Fe IOCG
(Mag)
LJLVS Co,Ni,U,Cu,Fe IOCG
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(Mag)

Rayrock U,Cu Epithermal | 1.87 Ga
Faber dacite
to andesite

Lou Southern Breccia U,Cu,Mo,Th,Au,Bi Albitite 1.88 Ga
Treasure
Lake
sedimentary
rocks & 1.87
Ga
intrusions

NICO Co, Au, Bi, Cu, W, Fe IOCG

(Mag)

IOCG - iron oxide copper-gold type; IOA - iron oxide (magnetite) apatite + actinolite type; Epithermal - quartz or
quartz-carbanate vein-hosted; skarn - skarn type; Intrusion - intrusion-related; Albitite - albitite-hosted uranium

Mag - magnetite; Hem — hematite




