Assessing the structural and alteration controls on gold mineralization at Detour Lake
mine, Ontario, Canada

Renelle Dubosq

A thesis submitted to the Faculty of Graduate and Postdoctoral Studies in partial fulfillment of
the requirements for the degree of
Master of Science in Earth Sciences

University of Ottawa

Ottawa, Canada
July 2017

© Renelle Dubosq, Ottawa, Canada, 2017



Abstract

The giant Detour Lake deposit is a Neoarchean orogenic Au ore body located in the
northwestern Abitibi district within the Superior Province. The deposit is situated along the high
strain Sunday Lake Deformation Zone (SLDZ) parallel to the broadly E-W trending Abitibi
greenstone belt. The lower amphibolite facies assemblage (Act-Bt-Pl-Ep-Alm +Cal +£Qz +Ilm)
suggests maximum temperatures reaching 550°C, exceeding conditions for pyrite plasticity, an
important and ubiquitous Au-bearing phase that may ultimately represent the source for Au at
orogenic style Au deposits. The metamorphic assemblage also obscures the relationship between
Au and biotite, a visual indicator mineral within Au-rich ore zones. This work combines
microstructural, geochemical and geochronological analyses to assess the influence of regional-
scale deformation and alteration on Au mineralization. EBSD and LA-ICP-MS analyses on
pyrite reveal Au enrichment at microstructures supporting a syn- to post-peak metamorphic and
deformation-assisted Au upgrading model. EMPA and “°Ar/*’Ar analyses on biotite reveal one
chemically homogeneous population, which yield variably reset ages that post-date regional

metamorphism and Au mineralization.

Sommaire

Le gite d’or géant de Detour Lake est un dépdt orogénique néoarchéen situ¢ au nordouest
de la sous-province de I’ Abitibi dans la Province Supérieure. La mine est construite le long de la
zone de deformation de Sunday Lake, parall¢le a la ceinture des roches vertes de I’ Abitibi E-W.
L’assemblement metamorphique de facieés amphibolite inférieur (actinolite-biotite-plagioclase-
epidote-almandine) suggere une temperature maximum atteignant 550°C, ce qui excede la limite

pour le régime plastique de la pyrite, une phase minerale aurifére importante et omniprésente



dans plusieur dépots orogéniques. L’assemblement métamorphique oscur aussi la relation entre
la biotite, un minéral indicateur visuel, et I’or. Ce projet combine des analyses microstructurales,
géochimique et géochronologique afin de determiner I’influence de la déformation régionale et
I’altération sur la mineralization d’or. Les données des analyses EBSD et LA-ICP-MS sur la
pyrite réveles un enrichissement d’or dans les microstructures ce qui supporte un modele de
concentration d’or synmétamorphique entrainé par la déformation. Les données des analyses
EMPA et “Ar/’Ar effectués sur la biotite révéles une seule population de biotite avec

composition homogene, qui poste-date le métamorphisme régionale ainsi que la mineralization

d’or.
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CHAPTER 1



Introduction

The Detour Lake mine in the northwestern district within the Abitibi Subprovince hosts
Canada’s largest Au reserves among producing operations (measured and indicated resource of
530.2 million tonnes at 1 g/t and containing 16.4 Moz). The deposit differs from most well-
known Abitibi greenstone belt deposits by possessing a lower amphibolite facies metamorphic
mineral assemblage (actinolite-biotite-plagioclase-epidote-almandine + calcite + quartz +
ilmenite). These elevated peak metamorphic temperatures and pressures have resulted in an
atypical mineral assemblage within and adjacent to Au ore zones and it is not clear whether
conventional pathfinder minerals, for example biotite, represent useful exploration vectors at the
Detour Lake Au deposit. As a result, this thesis aims to investigate an important sub-type of
orogenic Au deposits that are associated with higher grade domains and deeper crustal levels
within Neoarchean and predominately greenschist facies greenstone belts. Metamorphism and
progressive deformation has also obscured source to sink pathways for Au, features that are
typical of the orogenic Au deposit type. This study will address that knowledge gap through a
combination of in sifu structural and geochemical mapping of pyrite, which represents an
important pathfinder mineral related to Au. Metamorphosed pyritric sediments and volcanic
rocks that host the Detour Lake Au deposit have previously been suggested to represent the
ultimate source for Au (Gaboury, 2013), however, the mechanism(s) controlling the retention
and release of Au are not well understood. Peak metamorphic temperatures/pressures at the
Detour Lake Au deposit exceed the conditions for pyrite plasticity and represents an important
study area to investigate the role of syn-metamorphic deformation on Au deposit genesis at the

micro to deposit scales.



In Chapter 2, pyrite porphyroblasts from mafic meta-volcanic host rocks and mineralized
veins sampled within the hanging wall of the Sunday Lake Deformation Zone (SLDZ) are
examined to assess the influence of pyrite plastic deformation during peak-metamorphic
conditions on the retention and release of trace elements. Both EBSD mapping and LA-ICP-MS
element mapping techniques are used to quantify plastic strain within pyrite porphyroblasts and
document the distribution of trace elements within the same crystals. The results have significant
ramifications for refining the source to sink pathways of ore deposition. This work will be
submitted to Lithos and co-author contributions include guidance and supervision from
Christopher Lawley, Anna Rogowitz and David Schneider, and collaboration with Simon
Jackson.

Chapter 3 combines petrographical, geochemical, and geochronological data of biotite at
the Detour Lake deposit, with the intent of discerning between metamorphic and secondary
assemblages within the deposit. Both EMPA WDS chemical mapping and spot analyses were
used to identify the different biotite populations. **Ar/*’Ar geochronology was also conducted on
biotite from different structural settings to potentially document various generations of biotite.
The results are consistent with previous *’Ar/*’Ar studies in the Superior Province, and yield
variably reset, Neoarchean to Paleoproterozoic ages that post-date the inferred timing of Au and
metamorphism at the Detour Au deposit. This work has contributions including guidance and
supervision from David Schneider, and collaboration with Alfredo Camacho.

Both projects described in Chapters 2 and 3 have had significant impacts on better
resolving the Au paragenesis at Detour Lake. With most surficial ore bodies discovered and
explored across Canada, we need to integrate microscale observations to the district- to deposit-

scale and develop more innovative exploration techniques to discover more buried deposits.



CHAPTER 2

Pyrite deformation and connections to gold mobility: insight from micro-structural
analysis and trace element mapping



Abstract

Pyrite is an important sulphide mineral phase in many orogenic Au deposits that can
release Au and other metals during its metamorphic phase transition to pyrrhotite. This process
forms the basis for the metamorphic-driven Au-upgrading model, however the role of pyrite
deformation in controlling the retention and release of Au and related pathfinder elements during
metamorphism is poorly understood. The lower amphibolite facies metamorphic mineral
assemblage (Act-Bt-PI-Ep-Alm +Cal +Qz =+Ilm; 550°C) of the giant Detour Lake deposit
(Canada; measured and indicated resource of 530.2 million tonnes at 1 g/t and containing 16.4
Moz) possesses rocks exceeding the conditions for plastic deformation in pyrite (450°C). Thus,
Detour Lake is an ideal study area to evaluate the link between pyrite deformation
microstructures and Au upgrading through a complementary approach of electron backscatter
diffraction (EBSD) mapping and laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) 2D element mapping on pyrite. Local misorientation patterns in pyrite exhibit
parallel bands that can be described by continuous rotation around one of the <100> axes,
whereas higher strain areas reveal more heterogeneous misorientation patterns and the
development of low-angle grain boundaries locally accompanied by micro-fractures indicative of
dislocation creep and possible strain hardening. LA-ICP-MS element maps document primary,
syn-metamorphic oscillatory growth zoning and early, Au-rich sieve textured pyrite domains.
These are cut by Au-rich fractures suggesting that remobilization of Au occurred with trace
element enrichment of field row transition elements, post-transition metals and metalloids during
a late brittle deformation stage. This brittle stage post-dates the main period of syn-metamorphic
pyrite crystallization at the margins of pre- to syn-deformation, high-grade auriferous veins.

Mass balance calculations at the deposit scale suggest that only a small percentage of Au could



have been sourced from pyrite and instead points to the role of pyrite microstructures as
depositional traps for Au during syn-metamorphic, deformation- and fluid-assisted diffusion and
associated Au-upgrading. We therefore suggest that the close spatial relationship between pyrite
and Au at the microscale, textures typical of orogenic Au deposits, may, in fact, reflect the
introduction of Au and associated elements into Au-poor pyrite porphyroblasts syn- to post-peak
metamorphism rather than the release of these elements during the metamorphic transition from

pyrite to pyrrhotite.

1. Introduction

Pyrite is an important and ubiquitous sulphide phase that accompanies Au in many
greenschist to amphibolite facies orogenic Au deposits (Groves et al., 1998; Dubé and Gosselin,
2005). Sulphide minerals can incorporate significant concentrations (<2 wt%; Reich et al., 2005)
of lattice-bound Au and/or ultrafine native Au inclusions (i.e., invisible Au; Cook and
Chryssoulis 1990), and may represent the primary mineral host for Au ore at some deposit types.
The close spatial relationship between pyrite and Au has led previous workers to suggest that the
metamorphic transition of pyrite to pyrrhotite through de-sulphidation processes can liberate
lattice-bound and nano-particulate base- and precious-metals hosted within early, Au-rich
sulphide minerals, which are then remobilized and concentrated into late, high-grade ore shoots
(Craig and Vokes, 1993; Tomkins and Mavrogenes, 2001; Large et al., 2007). As a result,
sedimentary successions that possess Au-rich diagenetic pyrite nodules within mafic volcanic
rock-dominated greenstone belts are now viewed as possible Au-rich source regions for some
classic orogenic Au districts, including many of those within the Abitibi Subprovince of Canada

(e.g., Large et al., 2007; Gaboury 2013). Macro- to micro-scale observations at these deposits



suggest that late, Au mineralization is synchronous with deformation (Bleeker, 2015). Although
most studies focus on the role metamorphism plays in the (re)mobilization of Au, very few have
addressed the relationship between plastic deformation and this Au-upgrading model.
Fougerouse et al. (2016) provided insight into crystal plasticity and element mobility in
arsenopyrite to test the syn-metamorphic and deformation-driven Au upgrading model. Results
from that study reveal folded arsenopyrite crystals with low-angle grain boundary development
and brittle fracturing at the fold hinge, which allowed fluids to leach out the lattice-bound Au,
consequently resulting in Au-depleted zones within the sulphide phase. Our goal herein is to
evaluate this remobilization model in pyritic ores. However, an incomplete understanding of
pyrite deformation mechanisms at the brittle-plastic transition, which typifies the deformation
conditions at most orogenic Au deposits, presents a challenge in assessing the role that
deformation plays in driving and/or facilitating the metamorphic Au-upgrading model.

In this study, we document pyrite micro-structures and a Au paragenesis that are
consistent with a syn- to post-peak metamorphic- and deformation-driven Au upgrading model,
where Au and other trace elements are, at least locally, introduced and/or remobilized into
deformation-induced diffusion pathways within pyrite. Peak metamorphic conditions at the
Detour Lake deposit, a giant orogenic Au deposit in the northwestern Abitibi Subprovince,
reached 550°C and 3.3 kbar (Oliver et al., 2011), exceeding the range of pressure-temperature
conditions expected for pyrite plastic deformation, thus making this deposit an ideal area to test
the model. Herein we combine microstructural analysis via electron backscatter diffraction
(EBSD) techniques and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) 2D element mapping to further investigate the influence of deformation on the retention and

release of Au and other trace elements within deformed, syn-metamorphic pyrite porphyroblasts



and overgrowths. Finally, we combine 2D micro-scale trace element mapping with 3D deposit-
scale S and Au concentration maps to model the contribution of sulphide-hosted, invisible Au on
the overall Au endowment of the Detour Lake deposit and to test the significance of the Au-

upgrading model.

2. Pyrite Deformation Mechanisms

Gold at most ore deposits is paragenetically late and occurs along pyrite grain boundaries
and late fractures, suggesting Au mobility is synchronous with a late stage of brittle deformation
that post-dates pyrite crystallization (Kerrich and Kyser, 1994; Groves et al., 2000; Tomkins and
Mavrogenes, 2001; Large et al., 2007). A variety of other deformation microstructures in
metamorphic pyrite has been described including brittle fractures with plastic injection of mobile
sulfides, mortar-type brittle fracturing at pyrite margins, elongation of pyrite by pressure solution
or mimectic growth, foam texture by annealing/static recrystallization, and recrystallization
through grain boundary bulging (e.g. McClay and Ellis, 1983; 1984). Above 450°C, pyrite is
thought to deform ductily through a combination of pressure-solution, dislocation-glide and
creep mechanisms (Cox et al. 1981; Graf et al. 1981; Levade 1982; Levade et al. 1982). Ductile
deformation structures have also been observed in pyrite crystals deformed at temperatures
~260°C, suggesting that pyrite can behave plastically at relatively lower temperatures, as well
(Barrie et al., 2011).

Plastic deformation occurs as slip on specific crystallographic planes in certain
crystallographic directions. The resulting misorientation of the crystal lattice can be described by
the misorientation angle and a rotation axis. Pyrite has a cubic structure belonging to the Pa3

space group with symmetry of 2/m3 and a face-centered-cubic lattice (Levade et al., 1982).



Covalently bonded S-S pairs make up the center of the cubic cell’s edges, which increases the
critical resolved shear stress for glide on {110} (Cox et al., 1981; Van Goethem et al., 1978;
Wyckoft, 1965). Thus, crystal plastic deformation in pyrite is mainly accommodated by slip on
{100} and more rarely {110} planes, and rotation about <100> and more rarely <110> axes
(Boyle et al., 1998; Barrie et al., 2008). However, the relationship between these plastic and
brittle-plastic pyrite deformation mechanisms and their impact on the Au endowment at orogenic

Au deposits remains poorly understood.

3. Geological Setting
3.1. Regional geology of the Abitibi Subprovince

The Abitibi Subprovince represents the southernmost region of the Superior Province and
is a well-known region in Canada for its abundance in economic base- and precious-metal
mineral deposits, including orogenic Au deposits (Fig. 1). Neoarchean mafic to ultramafic
volcanic and lesser felsic to intermediate volcanic rocks are intruded by syn-volcanic tonalite and
gabbrodiorite dikes and plutons, and unconformably overlain by younger sedimentary
assemblages such as the Porcupine (2690-2680 Ma) and Timiskaming assemblages (<2676 Ma;
Ayer et al.,, 2002; Daigneault et al., 2004; Goutier and Melancon, 2007). Volcanic and
sedimentary assemblages of the subprovince, including the important precious metal-hosting
Porcupine and Timiskaming assemblages, are crosscut by east-west trending, variably dipping
thrust faults that were reactivated as strike-slip faults during the later stages of tectonic
compression (2650— 2600 Ma; e.g., Bleeker, 2010). Some of these faults, such as the Porcupine-
Destor and Cadillac fault zones, are well known for hosting world-class Au deposits (Goutier,

1997; Benn and Peschler, 2005; Bateman et al., 2008). Geochronological studies suggest the



Abitibi volcanic episode occurred between 2750-2676 Ma (Ayer et al., 2002, 2005, 2010;
Goutier and Melangon, 2007; Oliver et al., 2011). The belt was later subjected to lower-middle
greenschist facies metamorphism between 2677-2643 Ma (Thompson, 2003; Powell et al.,
1995).

Several major deformation events that resulted in the current structure of the Abitibi
Subprovince have been identified: (1) the oldest event corresponds to the collision between the
Abitibi and the northern Superior subprovinces. The deformation event is recognized locally as a
north-trending cleavage and folds with north-trending axial planes that pre-date the deposition of
the Porcupine Assemblage at ca. 2690 Ma (Bateman et al., 2008); (2) pre-Porcupine Assemblage
folds are refolded and transposed during a second regional deformation event that pre-dates the
ca. 2690 Ma Timiskaming Assemblage. Deformation structures associated with this younger
event are observed within the Au-bearing Porcupine-Destor Fault (Ayer et al., 2005); and (3)
post-Timiskaming deformation resulted in folding and faulting of the Timiskaming Assemblage
and represents an important control on the occurrence and geometry of Au deposits along the
auriferous Porcupine-Destor and Cadillac faults (Bateman et al., 2008). The timing of Au is
diachronous across the Abitibi with multiple Au events and deposit styles that pre- and post-date
the Timiskaming Assemblage (2680-2665 Ma; Ayer et al., 2009; Bleeker, 2010; Dubé and

Mercier-Langevin, 2015).

3.2. Detour Lake geology
The Detour Lake deposit is located at the contact between the mafic-volcanic dominated
Detour Lake Formation, or Deloro Assemblage (<2725 Ma), and the siliciclastic to volcaniclastic

Caopatina Assemblage (ca. 2700 Ma; Fig. 2A; Johns 1982; Marmont 1986, 1987). The



unconformable and faulted contact between the two assemblages also corresponds to the sub-
vertical, brittle-plastic, regional-scale deformation zone referred to as the Sunday Lake
Deformation Zone (SLDZ). The deformation zone is an important control on Au at the deposit
scale and, within the mine stratigraphy, is marked by a felsic volcaniclastic horizon within the
Detour Lake Formation, known locally as the Chert Marker Horizon (2725.1 + 1.4 Ma; Oliver et
al., 2011). The Detour Lake Formation and the Caopatina Assemblage are intruded by tonalitic
to granodioritritic and gabbroic to dioritic intrusions (2720-2722 Ma; Marmont and Corfu, 1988;
Oliver et al., 2011) and at least three main generations of dikes (2743-2699 Ma; Oliver et al.,
2011) including: (1) felsic to intermediate dikes; (2) mafic dikes that locally cut the Caopatina
Assemblage (Oliver et al., 2011); and (3) late diabasic and gabbroic dikes that are possibly
related to the Proterozoic Matachewan dike swarm (Oliver et al., 2011).

The Detour Lake Formation (2730-2724 Ma) comprises the hanging wall of the SLDZ.
Geochronology suggests that tholeiitic mafic volcanic rocks and ultramafic flows of the Lower
Detour Formation (>2725 Ma; Oliver et al., 2011) pre-date tholeiitic mafic volcanic rocks and
related mafic volcaniclastic rocks of the Upper Detour Lake Formation (<2725 Ma; Oliver et al.,
2011). Contacts between pillowed mafic lavas, massive lava flows and mafic volcaniclastic rocks
of the Upper Detour Lake Formation are important depositional sites for Au in the hanging wall
of the deposit (Oliver et al., 2011). However, the highest Au grades are hosted primarily at the
faulted contact between the Lower Detour Formation with the younger Caopatina Assemblage
(Fig. 2A).

The Caopatina Assemblage comprises three main interbedded lithologies including
volcaniclastic rocks along with lesser argillaceous siltstones, quartz wackes, and turbidites. The

dominant volcaniclastic rocks are laminated with cm-scale quartz-rich bands intercalated with



biotite-actinolite-hornblende bands (Oliver et al., 2011). Auriferous quartz veins cutting the
Caopatina Assemblage constrain the timing of Au to <2700 Ma, whereas a barren albitite dike
dated at 2699 + 7 Ma, which previous workers have interpreted as a post-ore dike, represents a

possible maximum age for Au mineralization (Oliver et al., 2011).

3.3. Deformation and metamorphism of the Detour Lake deposit

The Detour Lake area has undergone at least four major deformation events (D;-D4) as
recognized by Oliver et al. (2011). The first of these events, Dy, is manifested in the formation of
the SLDZ, which juxtaposed the mafic-volcanic dominated Detour Lake Formation and the
younger Caopatina Assemblage. The second deformation phase, D,, formed shallow, west-
plunging folds with subvertical, east-west trending axial planes. This deformation event is
associated with a pervasive foliation fabric, S;, which is parallel to D, folding. The third
deformation event, D3, produced open, north-northwest trending, shallowly plunging folds, and
1s associated with a crenulation fabric, S;, which is best developed within ultramafic flows of the
Lower Detour Lake Formation. The last major phase of deformation, D4, is characterized by a
series of southeast fault splays from the main SLDZ.

The metamorphic mineral assemblage of actinolite-biotite-plagioclase-epidote-almandine
+ calcite = quartz + ilmenite at Detour Lake (Oliver et al., 2011) indicates that, unlike the
greenschist facies metamorphic rocks elsewhere in the Abitibi greenstone belt, the region has
undergone lower amphibolite facies metamorphism. Peak metamorphic conditions have been
estimated to be 550°C at 3.3 kbar using the fo, controlled prograde metamorphic mineral
assemblage of actinolite-biotite-plagioclase-epidote-almandine (Oliver et al., 2011). These

28-58

conditions are also consistent with the compositional range of plagioclase (An~"") reported by



Mormont (1986) and pressure-temperature conditions that exceeded the stability of pro-grade
chlorite (510-540°C; Bouchard, 2015). Sedimentary rocks of the Caopatina Assemblages (ca.
2700 Ma; Fig. 2A; Johns 1982; Marmont 1986, 1987) are metamorphosed, which constrains the
timing of regional deformation at Detour Lake to <2700 Ma and is broadly consistent with the
timing of regional metamorphism in the southern Abitibi between 2670 Ma and 2640 Ma (Oliver
et al., 2011; Powell et al.,, 1995a, 1995b). Inclusions of prograde metamorphic mineral
assemblages (discussed below) in pre- to syn-D; veins suggests peak metamorphic conditions

were reached during D, (Oliver et al., 2011).

3.4. Veining and mineralization

The Detour Lake deposit is one of Canada’s largest Au deposits hosting 16.4 Moz of Au
at 1g/t (Allaire, 2014). Gold and sulphur block models from the mine’s assay database show the
close, co-spatial relationship between sulphide minerals (predominately pyrite and pyrrhotite)
and Au mineralization, following the main, steeply-dipping east-west trending S, structure (Fig.
2B-C; DRI1, DR2). Mineralized, west-plunging D, folds are refolded by D3 (open, north-
northwest trending, shallow-dipping folds), however post-D, structures do not significantly
impact the geometry of Au ore zones and likely post-date mineralization within the main deposit.
At the micro-scale, Au is typically free milling and is often associated with clusters of bismuth-
and/or tellurium-bearing minerals and inclusions. These precious metal-rich minerals are
concentrated within veins (discussed below) and in micro-dilatational sites (e.g., pressure
shadows, boudin necks, grain boundaries) along with hydrothermal alteration minerals (e.g.,
pyrite, chalcopyrite, pyrrhotite, calcite, ankerite(?), chlorite(?), sericite) and their metamorphosed

equivalents (e.g., biotitized vein selvages).



Previous studies have associated the Au mineralization at Detour Lake to the presence of
D, fault-fill and extensional quartz veins in addition to late D, sulphide-rich high-grade Au-
bearing brecciated veins (Oliveira, 1997). These high-grade, fault-fill veins, known locally as Q
veins, are concentrated primarily along the SLDZ and within the historic Campbell pit, which
was exploited between 1983 and 1999 (Marmont, 1986; Oliver et al., 2011). The relationship
between steeply-dipping, auriferous fault-fill veins and rare flat-dipping extension veins with the
SLDZ 1is consistent with reverse movement along D, shear zones during Au deposit genesis.
Locally these auriferous veins cut D, folds, but are, in turn, transposed parallel to the main S,
deposit fabric, suggesting that some Au-bearing veins evolved during late-D,. Extensional veins
and the plunge of syn-D, Au ore zones within left-stepping portions of the SLDZ, point to the
importance of dilational structures during late, sinistral reactivation of D, faults. Dextral
reactivation of D, faults, as demonstrated within mineralized zones north of the Detour Lake
open pit, record a poly-phase kinematic evolution during D,, which is typical of other major, Au-
bearing faults in the southern Abitibi Subprovince.

Fault-fill veins are not exposed within the current mine, which is a westward expansion
of previous mining operations along the SLDZ. As a result, our study focuses on Au
mineralization within the large, but relatively low-grade hanging wall of the Detour Lake
deposit. We have identified eight vein types within this part of the deposit. Six of these vein
types are interpreted to be pre- to syn-D, whereas two are interpreted to post-date D,. The
mineralogy and relative timing of each vein type is summarized in Table 1. Pre- to syn-D, vein
types include: pillow veins (V;); completely transposed and dismembered Qz veins (V>);
laminated-sulphidized (pyrite-pyrrhotite-chalcopyrite-arsenopyrite) Qz veins (V3), folded Qz-Cal

veins (Va), folded-sulphidized (pyrite-pyrrhotite-chalcopyrite) Qz-Cal-Chl veins (Vs), and Cal



veinlets (V). Post-D; veins consist of planar Cal veinlets (V7), and carbonate breccia veins that
locally possess sericitized and carbonatized alteration halos (Vs). The most relevant Au-bearing
vein set for this study is the pre- to syn-D, folded-sulphidized (pyrite-pyrrhotite-chalcopyrite)
Qz-Cal-Chl vein set (Vs; Fig. 3), the most common veins in the hanging wall of the deposit.
They are mostly composed of quartz and calcite with some chlorite, biotite and sulphides (Py,
Po, Cpy) and usually have a biotite alteration halo, or more rarely a sericitized vein margin.
Locally, structures common to shear veins include foliated wall rock selvages and dilational jogs
between en-echelon isolated veinlets that can be interpreted as pre- to syn-D, timing for this vein
type. Evidence for plastic deformation consists of folding and pinch and swell structures. Vs
veins are parallel to S, or have fold axes parallel to S,. It is the only vein set containing coarse,
visible Au at Detour Lake, as well as clusters of coarse precious-metal mineral inclusions (Au-
Ag-Bi-Te) locally associated with pyrite and pyrrhotite (Fig. 4A). Pillow veins (V) were also
documented in high ore grade intervals of drill core, and scanning electron microscope (SEM)
imaging confirm the presence of rare 5 um Au grains adhered to the surface of pyrite crystals

within this earliest generation of quartz veining (Fig. 4B).

4. Analytical Methods
4.1. Sampling

In an attempt to better understand the internal crystal plasticity of pyrite and its impact on
trace element remobilization, we sampled a variety of mineralized host rocks within the hanging
wall of the main ore body possessing large (>1 mm) pyrite crystals. These include mafic and

ultramafic volcanic samples where pyrite is ubiquitous within the host rock, occasionally aligned



with the main S, foliation, and samples where the pyrite is contained within deformed and
sulphidized pre- to syn-D; veins (Vs).

Multiple pyrite generations were identified within auriferous veins (Fig. SA-C). Pyrite
texture types include: (1) sieve-texture, or inclusion-rich, pyrite domains (type-la) with poorly
defined grain boundaries (Fig. 5B). These sieve-texture pyrite domains occur as early,
anhedral clots within the vein and rock matrix and/or as irregular cores that are wrapped by
later pyrite generations; (2) inclusion-free, euhedral pyrite domains (type-2a) and overgrowths
(type-2b) that typically wrap early, sieve-textured pyrite domains (Fig. 5B). We
hypothesize that these euhedral, inclusion-free pyrite crystals and overgrowths are
porphyroblasts that grew as part of the metamorphic mineral assemblage within and at the
margins of pre- to syn-D, veins. However, euhedral pyrite porphyroblasts are also mantled by
sieve-textured pyrite (type-1b), documenting a complex pyrite paragenesis that is difficult to
resolve with reflected light microscopy alone (discussed below); and (3) sooty, colloform pyrite
bands (type-3;Fig. 5C). Rare colloform pyrite bands envelop sieve-textured and inclusion-poor
pyrite overgrowths and are the youngest pyrite generation within pre- to syn-D, veins
observed as part of the current study.

Each of the identified pyrite types is wrapped by chalcopyrite and pyrrhotite, which fill
late, pyrite fractures and are concentrated in low-strain micro-textural sites along with free Au
(e.g., boudin necks, pressure shadows). These textural relationships suggest that the breakdown
and de-sulphidation of pyrite may have occurred during prograde metamorphism, features that
are consistent with the metamorphic Au-upgrading model (e.g., Tomkins et al., 2006). Pyrite-
pyrrhotite-chalcopyrite are also concentrated within the fractures and pressure shadows of
porphyroblastic metamorphic minerals (e.g., actinolite), which suggests a syn- to post-peak

metamorphic timing for these sulphide phases within pre- to syn-D, auriferous veins. Post-D,



veins are also locally pyrite-bearing, however these veins are devoid of Au (<2 ppb Au) and
sulphide minerals hosted within these late veins are not further considered in this study.

Using petrologic and petrographic observations, we targeted areas of interest (Fig. 6)
where pyrite appeared to have been deformed. Coarse, inclusion-free pyrite crystals (type-2)
were the focus of EBSD mapping because these crystals exhibited the clearest evidence for strain
and were the most common pyrite type within pre- to syn-D, veins. Pyrite deformation
microstructures targeted include late brittle fractures, elongated folded porphyroblasts, pinch and
swell structures, high stress regions at grain contacts and apparent annealed foam-textured
domains. After noting the deformational microstructures in the surrounding matrix (Fig. 7), we
conducted orientation contrast (OC) imaging and EBSD analyses on specific pyrite domains
from five samples and LA-ICP-MS element mapping on pyrite domains from six samples. Four
areas within three of these samples (MV-20, RD16-H, and RD16-I) were analyzed with both

complementary techniques.

4.2. OC imaging and EBSD mapping

In order to confirm the presence of plastic strain, we performed forescatter electron
orientation contrast (FSE OC) imaging before selecting areas suitable for EBSD mapping. All
crystallographic data was collected at the University of Vienna (Vienna, Austria) using a FEI
Quanta 3D FEG instrument equipped with an EDAX Pegasus Apex 4 system consisting of a
Digiview IV EBSD camera, including a FSE detector and an Apollo XV silicon drift detector for
EDX analysis. Thin sections for OC imaging and EBSD mapping were chemomechanically
polished with an alkaline colloidal silica suspension (Kostrosol 3530) and afterwards carbon
coated to establish conductivity. Analytical conditions were set to a probe current of 4 nA and an

acceleration voltage of 15 kV with a spot size of 1 um in analytical modus. Samples were tilted

17



to 70° at a working distance of 14 mm. A step size between 0.8 and 1.5 pm was used for EBSD
mapping, depending on intensity of crystal plastic deformation and grain size. All collected data

(Fig. 8-11; DR3-DR4) was processed using the OIM Data Collection and Analysis software.

4.3. LA-ICP-MS mapping

Based on our observations from EBSD mapping, we selected four mapping areas that are
representative of the deformation features to conduct 2D LA-ICP-MS element mapping (Cabri
and Jackson, 2011). Element mapping was also conducted on pyrite crystals in the absence of
EBSD mapping to document the geochemical signature of disparate pyrite textural types (Fig.
DRS-DRS). Each LA-ICP-MS element map was performed at the Geological Survey of Canada
(Ottawa, Canada) using an Agilent Technologies 7700x ICP-MS coupled to a Teledyne Photon
Machine Analyte G2 excimer laser ablation system (A = 193 nm) and processed following the
approach of Lawley et al. (2015). Edge to edge spot-mapping with 10 um square spots (energy
density = 5.7 J/em?; repetition rate = 30 Hz) was used to produce each ~1 mm” map. Each line of
spots started with 20-30 s of background data acquisition, or gas blank, which was followed by
pre-cleaning each individual spot with several laser bursts (n: 4-6) to minimize surface
contamination. Our approach thus differs from conventional continuous line-scanning mapping
methods that result in small to significant degrees of contamination between adjacent spots.
United States Geological Survey (USGS) glass reference material GSE-1G (Guillong et al.,
2005) was used as the primary calibration standard and was analyzed twice every 16 lines. For
elemental C and S, which are not present within GSE-1G, Iceland Spar Calcite and synthetically
doped pyrrhotite standard Po689 were used to estimate concentrations for these elements based

on the C/Ca and S/Fe sensitivity ratios, respectively.



Time-resolved signal intensities for each 2 s spot ablation were first integrated using an
in-house Microsoft Excel spreadsheet and then converted to concentrations using a 100% total
element normalization routine implemented with LAMTRACE (Jackson, 2008). Our
normalization approach is designed for multi-mineral mapping, which otherwise would require
prior knowledge and input of a major element concentration for each spot within the mapping
area (Jackson, 2015). Quantitative major and trace element concentrations maps are color-coded

(Fig. DR5-DR12)

5. Results
5.1. Microstructural analysis

As already noted, we sampled a variety of mineralized Lower Detour Formation mafic
and ultramafic volcanic rocks with large (>1 mm) type-2 pyrite porphyroblasts. Since the
deformation behaviour of pyrite remains poorly understood, it is important to document the
deformation of the surrounding matrix minerals to resolve deformation conditions for each pyrite
domains. Below, we summarize the deformational microstructures observed in two main rock
types (mafic and ultramafic) from five samples (MV-19, MV-20, RD16-H, RD16-1, TC-06).

Mafic volcanic rocks are mainly composed of quartz (~25%), plagioclase (~15%),
actinolite (~35%), calcite (~10%), with minor biotite, chlorite and sulphides including pyrite,
chalcopyrite and pyrrhotite. Two main structures can be subdivided depending on grain size,
both possessing a moderate to strong foliation defined by alternating layers of aligned actinolite,
biotite, and chlorite. Deformation structures of coarser grained mafic volcanic rocks show clear
evidence of crystal plasticity by the presence of undulatory extinction and low-angle grain

boundaries in quartz, plagioclase and actinolite (Fig. 7A, C, D), which constrains the timing of



deformation to be syn- to post-peak metamorphism. Locally, bulges can be observed at sutured
quartz grain boundaries. The fine-grained (~25 pum) rocks are dominated by polygonal structure
in the quartz and plagioclase crystals (Fig. 7B) indicating grain size sensitive deformation
mechanisms (e.g., grain size sensitive flow) were active. Both, the coarse and fine-grained mafic
volcanic rocks are cut by mineralized syn-D, Qz-Cal veins, often aligned subparallel to the S,
foliation. Quartz within these veins can be up to 1500 um and is enriched in fluid inclusions.
Deformation structures in calcite are dominated by mechanical twinning and minor undulatory
extinction.

Type-2 pyrite domains located within the mafic volcanic host rock matrix exhibit
subhedral to euhedral crystals varying in size between 50 to 250 pum, locally aligned with S,
foliation (Fig. SD). These type-2 pyrite grains generally do not appear to have been plastically
deformed, whereas elongated type-2 pyrite crystals are folded. More commonly, pyrite seems to
occur within and at the margins of syn-D, Qz-Cal veins ranging from anhedral sieve-textured
type-1 pyrite domains to euhedral, type-2 pyrite crystals between 50-3000 um. Type-2 pyrite
domains reveal evidence of plastic to brittle deformation through the presence of fractures,
brecciation, pinch and swell structures, high stress grain contacts and polygonal or foam-textured
pyrite domains that likely occurred during high-temperature annealing of finer grained pyrite
aggregates (Fig. 6E).

Ultramafic samples are strongly foliated and weakly crenulated rocks composed of a talc-
chlorite-quartz matrix with pyrite, pyrrhotite and magnetite porphyroblasts. Pyrite porphyroblasts
(type-2) occur as anhedral to euhedral crystals varying between 100 and 1000 pm. These crystals
are generally undeformed and aligned with the S, foliation fabric, however, few porphyroblasts

appear folded by the Ss crenulation fabric (Fig. SE). Deformation in the host rock occurs mostly
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as a foliation and crenulation fabric and minor subgrain development of quartz grains. Generally,
quartz and plagioclase occur as small polygonal crystals indicating grain size sensitive
deformation mechanisms were active.

As mentioned above, the deformation of the surrounding matrix minerals allows us to
estimate the deformation conditions of the samples pyrite domains. More specifically, the
combination of observed microstructures, including subgrain development within plagioclase
and actinolite prophyroplasts, suggests conditions exceeding 500°C (Scholz, 1988; Kurse et al.,
2001; Stipp et al., 2002). These conditions are consistent with the peak deformational (D)

conditions and support the inferred pre- to syn-deformational timing of the sampled veins.

5.2. Intracrystalline behavior and deformation of pyrite

Based on our microstructural observations, we have targeted type-2 pyrite domains
within our mafic and ultramafic volcanic samples for EBSD analyses and for quantification of
pyrite intracrystalline deformation. The pyrite domains include pinch and swell structures,
boudinaged brecciated veins, apparent annealed crystals with triple junctions, folded crystals,
and high stress regions at grain contacts.

OC images of type-2 pyrite domains within the ultramafic volcanic host rocks exhibit a
homogeneous gray pattern indicative of relatively strain-free crystals (Fig. DR13). The absence
of plastic deformation microstructures within pyrite is consistent with strain partitioning between
the soft talc-chlorite matrix and the relatively rigid behavior of pyrite porphyroblasts. Due to the
lack of plastic deformation within the pyrite crystals, we did not conduct further EBSD analyses

on samples from ultramafic rocks.
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For pyrite domains within the mafic volcanic samples, OC images show a clear variation
in gray scale indicating crystal plastic deformation. Gray scale variation of strongly elongated,
folded pyrite grains (Fig. DR4A) and pyrite layers composed of finer grained crystals with high
stress grain contacts (Fig. DR3A) reveal linear misorientation patterns, which can be described
by a continuous rotation around one of the <100> axes (Fig. DR3B, DR4B). Thus our results are
consistent with experimental and natural pyrite deformation studies that demonstrate slip is
primarily accommodated on <100> axes (e.g., Barrie et al., 2008).

Small recrystallized grains as well as minor low-angle grain boundaries can be observed
along the outer arc of the fold hinge and at grain contacts (Fig. DR4A,C). Pinch and swell
structures (Fig. 8A,C; 9A,C) and boudinaged pyrite (Fig. 10A,C) exhibit checkerboard to
complex heterogeneous misorientation patterns, which can be described by rotation around at
least two <100> axes (Fig. 9B, 10B). Orientation deviation angle maps from these areas confirm
observations from OC imaging and show maximum misorientations of up to 45° (Fig. 10C),
revealing significant plastic deformation. Within higher strain areas, such as the necks of pinch
and swell structures (Fig. 8, 9) and boudins (Fig. 10), the development of low-angle grain
boundaries and new grains likely formed by subgrain rotation recrystallization. Brittle fracturing
appears to be localized at such high strain areas (Fig. 8) possibly indicating strain hardening. In
other areas, such as in the boudinaged sample (MV-20), strain is localized along microfractures
in the form of crystal lattice misorientation (Fig. 10A,C), suggesting that brecciation and plastic
deformation of pyrite in this sample were broadly coeval. For this reason, it is important to note
that what appears to be low-angle grain boundaries in the brecciated pyrite domain could

potentially be healed fractures, which have slightly rotated the crystal lattice.
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OC images of apparently annealed pyrite domains reveal no clear gray scale variation
(Fig. 11A), however there is some evidence of plastic strain documented by EBSD analyses.
Orientation deviation angle maps show misorientations of up to 16° (Fig. 11C). These linear
patterns occur mostly near grain boundaries and can be described by a rotation around one of the
<100> axes (Fig. 11B). Little to no evidence of low-angle-grain boundary development is visible
in the grain boundary maps (Fig. 11D). The absence of plastic strain in this sample could
potentially be explained by pyrite annealing during D,, which likely obscured any evidence for
plastic strain within the crystal lattice.

Almost all samples show evidence of relatively late brittle deformation present as
fractures crosscutting the misorientation patterns (Fig. 8C—11C; DR3C, DR4C). The structures
and pyrite textures described above require multiple brittle-plastic deformation mechanisms

during and post-dating the crystallization of pyrite porphyroblasts.

5.3. Element mapping

Four EBSD mapping areas from three samples (MV-20, RD16-H, RD16-1) were
analyzed with 2D LA-ICP-MS element mapping. The areas of interest represent the deformation
features observed in our samples including low-angle grain boundaries, recrystallized grains,
linear and more complex misorientation patterns and brittle fractures. The combined EBSD and
trace element maps (Fig. 8—11) provide an opportunity to evaluate the role of brittle and plastic
pyrite deformation mechanisms on the retention and release of trace elements and precious
metals. In addition, examples of each pyrite types were mapped (n: 4) without supporting EBSD
data to define the chemical signature and metal budget of different pyrite generations (types 1-3;

Fig. DR5-DRS).
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LA-ICP-MS element maps of an inclusion-poor pyrite porphyroblast (type-2a) mantled
by sieve-textured pyrite (type-1b) and wrapped by an inclusion-poor pyrite overgrowth (type-2b)
clearly demonstrate that each pyrite textural type yield distinct chemical signatures (Fig. SB).
Trace element mapping, however, also identifies additional pyrite generations that were difficult,
if not impossible, to identify visually and evinces a complex pyrite paragenesis within and
adjacent to pre- to syn-D; auriferous veins. Some of these type-1 and type-2 pyrite domains are
metal rich, and thus identifying the relative timing of Au and its relationship to deformation
features is of particular importance to the current study and are discussed below.

Oscillatory-zoned pyrite domains, interpreted as primary growth zones, were mapped
within individual, type-2a pyrite porphyroblasts (As map; Fig. 12A) and within late, type-2b
pyrite overgrowths (Fig. 12B). First-row transition metals (Cr-Co-Ni-Cu-Zn) and some post-
transition metals (Pb) and metalloids (As-Sb+Se) are particularly effective at discriminating
individual growth zones, whereas Au (0.2—100 ppm; max: 184,000 ppm; Fig. 12A) and a suite of
low melting-point chalcophile elements (Au-Ag-Bi-Te; Frost et al., 2002; Ciobanu et al., 2006)
tend to yield complex, clustered, heterogeneous distributions that are concentrated within
fractures and along pyrite grain boundaries. These fractures that are delineated by some
transition metals, post-transition metals, metalloids, and lithophile elements (Mg-Mn-Al-Si-P-
Na-K-Ca-Ti-Y-U-Th), cut pyrite oscillatory zoning (MgO; Fig. 12A) and auriferous pre- to syn-
D, veins, and are mostly oblique to S,. In most cases, these important metal-rich mineral
inclusions were not visible within fractures prior to element mapping.

Sooty, colloform pyrite bands (type-3) that overgrow euhedral, type-2a pyrite
porphyroblasts yield unusual Cu-Pb-Zn-Ag-rich concentrations that are devoid of Au (<0.002

ppm; Fig. DR8). The mechanism(s) of colloform growth remain poorly understood (Barrie et al.,
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2008), but element mapping suggest that late colloform bands are geochemically distinct
compared to type-1 and -2 pyrite porphyroblasts. Trace element maps also document zonation
within the core of the early, type-2a pyrite porphyroblast that is not clear from reflect light
microscopy. These geochemically distinct zones, which include Au-rich cores (0.1-2 ppm; Fig.
12C), are cut by fracture-hosted Au (2-30 ppm)-Ag-Te-Bi-rich inclusions.

Combined EBSD and element mapping of the boudinaged pyrite vein (MV-20) and the
pinch and swell pyrite vein (RD16-1) reveal that Au (0.2-10 ppm; max: 349 ppm; Fig. 8E, 10E,
11E) and other trace elements are relatively enriched at low-angle grain boundaries and brittle
fractures. Critically, grain boundaries within this sample are devoid of Au (<0.002 ppm) and thus
the pinch and swell pyrite domain (RD16-1) provides the clearest link between plastic pyrite
deformation microstructures and Au for our sample suite (Fig. 8E, 9E).

A range of metal-rich fractures (Ag-Te-Bi+Au) also cut ductily-deformed pyrite pinch
and swell domains and are distinct from the mostly uniform metal distribution within the silicate
mineral matrix (Fig. 8-9). The contrasting element map patterns between sulphide and silicate
minerals reflect, in part, the low-concentration of these elements within the silicate mineral
matrix, which are at or below the analytical detection limit, but also highlight the important role
of sulphide minerals as micro-structural traps for Au (discussed below).

LA-ICP-MS maps of the sigma-shaped pyrite vein with polygonal or foam-textured
pyrite likely reflect high-temperature annealing (RD16-H). Grain boundaries and the interstices
between polygonal pyrite crystals are Au-rich (0.1-5 ppm; max: 8070 ppm; Fig. 11E) and have a
lithophile-element signature, which could be indicative of fluid-mediated high temperature
annealing. Zoning patterns of first-row transition metals (Co-Ni) and metalloids (As) within this

sample also document that foam-textured pyrite in fact represents the amalgamation of
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geochemically distinct pyrite crystals and element diffusion towards migrating grain boundaries
during pyrite recrystallization (Fig. 11), which are then cut by metal-rich fractures.

Element and EBSD mapping of the boudinaged and brecciated pre- to syn-D; vein also
document that individual pyrite fragments are geochemically distinct. First-row transition, post-
transition and metalloids are enriched along fragmented pyrite grain boundaries and likely signal
coupled dissolution-precipitation reactions and/or neocrystallization of pyrite during cataclasis.
Fractures, low-angle grain boundaries and fracture-hosted pyrite crystals are relatively Au-rich
(0.2-0.5 ppm; max: 157 ppm), which is consistent with metal mobility and the precipitation of
fracture-hosted native Au during a late-stage, post-vein phase of plastic-brittle deformation.
Fractures hosted entirely within individual pyrite fragments contrast with broader zones of
cataclasite that dismembered previously fractured pyrite grains and likely document successive

fracture generations.

6. Discussion
6.1. Deformation micro-structures and pressure-temperature conditions

The results of this study indicate evolving conditions in the brittle-plastic to brittle regime
at lower amphibolite facies conditions. Observed annealed pyrite textures provide independent
evidence that pre- to syn-D, auriferous veins reached medium metamorphic grade (=500°C;
McClay and Ellis, 1983). We document pyrite deformation described by rotation about at least
one of the <100> axes in the form of linear, checkerboard, and more complex heterogeneous
misorientation patterns, low-angle grain boundary development, and foam-textured pyrite
domains indicative of dislocation—glide and —creep, and high temperature static recrystallization,

respectively. Although the bulk of our work complements previous studies on pyrite plastic
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deformation, we also document new grain recrystallization by subgrain rotation within necks of
pinch and swell structures and boudinaged domains, which have not been previously observed at
such pressure-temperature conditions. In addition, trace element enrichment at these
deformation-induced substructures (i.e., low-angle grain boundaries, recrystallized grain
boundaries, brittle fractures) suggests that the brittle-plastic to brittle deformation of pyrite is
likely concomitant with Au mineralization and/or remobilization at the Detour Lake deposit. Our
results, however, differ from those of Fougerouse et al. (2016) as we document Au and trace

element enrichment within the low-angle grain boundaries.

6.2. Au paragenesis

Mineralized D, faults are concentrated along the W-trending and steeply-dipping SLDZ
and support a relative time relationship between D, and Au at the district- to deposit-scales. Post-
D; structures do not significantly impact the Au deposit geometry, suggesting that they post-date
the main period of Au mineralization. Moreover, the syn-deformational timing of the mineralized
veins within the low-grade, hanging wall are consistent with the syn-D, timing of high-grade
fault-fill veins along the SLDZ and within the historic mine of the Campbell pit. In contrast,
extensive transposition during D, has obscured the relationship between Au and pre-D;
structures, although D; unconformities that were reactivated during D, (e.g., SLDZ) are clearly
an important exploration criterion at the district scale. Ore zones at the deposit scale are also
sulphidized suggesting a close spatial- and temporal-relationship between Au and pyrite-
pyrrhotite, features that are consistent with the Au-upgrading model.

Here we integrate these district- to deposit-scale observations that constrain the relative

timing of Au with new micro-textural observations and element mapping. Primary, oscillatory
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growth-zoning within pyrite porphyroblasts are observed within early type-2a pyrite cores and
type-2b pyrite overgrowths. Early, Au-rich type-2a pyrite cores are mantled by later, Au-poor
type-2b pyrite overgrowths (Fig. 12B), suggesting that lattice-bound Au locally represents an
early-stage of Au mineralization.

The vast majority of Au-rich domains, however, yield complex chemical map patterns
and clustered distributions along grain boundaries and/or fractures, which is consistent with the
textural setting of coarse fracture-hosted native Au at the decimeter scale and dilatant Au-rich
ore zones at the kilometer scale (e.g., such as left-stepping ore shoots along the SLDZ; Fig. 2B;
DR1). These domains likely reflect sub-micron Au inclusions within the majority of samples,
which is also consistent with the extreme Au concentrations for some individual spot analyses
(e.g., 18 wt% Au; Fig. DR6). In most cases these native Au inclusions were not observed prior to
mapping, which suggest that they occur as ultrafine inclusions and/or inclusions that were buried
within a few microns of the polished pyrite surface.

Primary pyrite porphyroblast growth features (e.g., oscillatory zoning) are cut by late
metal-rich fractures suggesting that Au remobilization was coupled with the redistribution of
other metals (Ag-Bi-Te+Cu+Pb) and lithophile elements. Dissolution-precipitation reactions
and/or element diffusion adjacent to fractures also modified pyrite compositions during brittle
fracturing and locally led to Au-enrichment along new, pyrite grain-boundaries. The close
paragenetic relationship at the micro-scale between Au enrichment, fracturing and dissolution-
precipitation suggests that auriferous fluids and deformation were concomitant and that high ore
grade veins were re-worked during Au remobilization. Some of the most Au-rich examples yield
anomalous As-rich concentrations (100s of ppm to wt%), suggesting that As-S substitution

reactions likely distort the pyrite crystal lattice and facilitate the incorporation of Au and the
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adsorption of Au onto arsenian pyrite surfaces (discussed below). A similar model has been
invoked for other trace elements, which highlights that early- and late-stage pyrite-hosted Au
enrichment may be dependent on the spatial distribution of impurities and the distribution of
impurities within disparate pyrite generations (e.g., Cook et al., 2006; discussed below).

Field relationships and element maps also document a complex, relative timing for Au
remobilization. Metal-rich fractures that cut syn-metamorphic growth zones and polygonal pyrite
crystals clearly demonstrate a late-stage, brittle-dominated deformation phase during the
youngest Au remobilization event. However, lattice-bound Au and ultrafine Au inclusions hosted
within early type-2a pyrite and later type-2b pyrite overgrowths, which coupled with multiple
generations of Au-rich fractures, likely document multiple, successive stages of Au
remobilization during re-working of pre- to syn-D; auriferous veins.

The absolute timing of Au remobilization also remains poorly constrained. Whereas
barren, post-D, veins provide the clearest evidence that the introduction and subsequent
remobilization of Au occurred during D,, small-scale Au remobilization may have also occurred
post-D,. However, any late-stage, Au remobilization did not disrupt the E-W trending-geometry
of ore zones at the deposit scale and is not associated with any macro-scale deformation fabrics.
Moreover, the absolute age of D, remains poorly constrained. Despite the uncertain age for the
introduction and subsequent remobilization of Au, the relationships documented above are
broadly consistent with the Au-upgrading model where early, lattice-bound Au is re-distributed
and concentrated as free Au during a younger remobilization event. The possible mechanisms
controlling Au-remobilization within pyrite are evaluated within the context of our EBSD results

below.
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6.3. Syn-metamorphic deformation-driven Au-upgrading

In this section, we define the relationship between pyrite deformation and Au by
integrating our microstructural and geochemical observations. The syn-metamorphic and
deformation-driven Au-upgrading model predicts that Au is introduced, remobilized or both
during metamorphism and then concentrated into deformation-induced microstructural settings
(i.e., low-angle grain boundaries, fractures) possibly through intragrain diffusion mechanisms
(cf. Vukmanovic et al., 2014). Herein, we discuss how lattice-bound Au or Au inclusions
introduced by vein forming fluids can move with other trace elements into the deformation-
induced microstructures through intragrain diffusion processes during syn-D, recovery and
recrystallization of pyrite. Such a process would help to explain the spatial relationship between
Au and pyrite microstructures observed in each of our samples. There are three types of
intragrain diffusion: 1) volume diffusion, 2) high-diffusivity “pipe” pathways, and 3) dislocation-
impurity pair (DIP) diffusion. Below, we discuss each of these mechanisms.

Volume diffusion is a mechanism through which components (e.g., Au, Bi, Te) are
displaced within the crystal lattice following a chemical potential gradient at high temperatures
(Klinger and Rabkin, 1999; Vukmanovic et al., 2014). This process has been studied under the
assumption of a homogeneous crystal lattice that is likely unrealistic (Fisher, 1951). In most
cases, crystals host dislocation networks that are rearranged into low-angle grain boundaries
during plastic deformation. Since the diffusion coefficient along dislocation arrays is
significantly higher than the diffusion coefficient for volume diffusion (Klinger and Rabkin,
1999), it is unlikely that the trace element concentrations at crystal defects within our samples

are due to volume diffusion.
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High diffusivity pathways consists of the preferential migration of components along
dislocation arrays (i.e., low-angle grain boundaries), commonly referred to as “pipes” (e.g.,
Vukmanovic et al., 2014). This model requires a chemical potential gradient and a source for the
components. We propose two possible sources: 1) a syn-D, Au-rich intergranular fluid; and 2)
Au nanoparticules and Au-pyrite solid solution. In the first case, a syn-D, vein-forming
intergranular fluid introduces Au and other trace elements into the system. This scenario
establishes a chemical potential gradient between the fluid and the trace element-depleted pyrite
along the low-angle grain boundaries, which behave as “pipes.” In the second case, Au is
included in pyrite during crystallization. The oscillatory crystal growth recorded in As chemical
maps (Fig. 9) suggests zoning of Au due to the correlation between As content and Au solubility
(Reich et al., 2005). The chemical potential gradient created by that zoning could potentially be
the driving force behind “pipe” diffusion.

Dislocation-impurity pair (DIP) diffusion is the entrainment of components or impurities
within migrating dislocations (Vukmanovic et al., 2014). Although impurities have previously
been thought to act as barriers for migrating dislocations, Imai and Sumino (1983) have
suggested that, at high temperature and stress conditions, the activation energy for dislocations
decreases with increasing impurity concentrations, thus facilitating their mobility. Although the
increased impurity concentration of dislocations may reduce their velocity, slower moving
dislocations capture impurities more efficiently, creating a positive feedback between the
distribution of dislocations and impurities (Petukhov and Klyuchnik, 2012). The migration of
these dislocations results in higher impurities concentration in dislocation arrays such as low-
angle grain boundaries. Though this model does not necessitate a chemical potential gradient, it

does require impurities with large ionic radii (Vukmanovik et al., 2014). Since Au in pyrite
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crystal lattices most likely exists in a negative valence state (Cabri et al., 2000), it is possible that
the ionic radius of Au in pyrite is sufficiently large to migrate along with dislocations.

The absence of Au-rich grain boundaries in the pinch and swell and boudinaged pyrite
domains (RD16-I, MV-20) provides the clearest evidence of Au-upgrading related to intragrain
diffusion. In both of these domains, low-angle pyrite grain boundaries are relatively Au-rich
(0.1-0.5 ppm), which we suspect could have resulted from either “pipe” or DIP diffusion.
However, we cannot explain the Au and trace element enrichment along fractures in the
boudinaged domain (MV-20) without invoking fluids. In addition, first-row transition metals,
post-transition metals, and low melting-point chalcophile elements (Ag-Te-Bi1) are concentrated
within the same low-angle grain boundaries in addition to grain boundaries and fractures. The
complex, micro-structural distribution of these elements is likely related to the late-D,,
overprinting of fluid-assisted fracturing of pre- to syn-D, veins, which obscure the relationship
between element-enrichment and diffusion models. Thus, DIP diffusion is unlikely to be the only
diffusion mechanism active and most likely occurs with “pipe” diffusion.

The late-D; brittle phase of deformation is likely responsible for a significant amount of
Au-rich domains within each of the pyrite element maps. In most cases, these Au-rich fractures,
which based on the heterogeneous distribution of Au likely contain inclusions of native Au,
exceed the concentration of lattice-bound Au within early metal-rich type-1 and type-2 pyrite
porphyroblasts (0.2—1 ppm). The composition of these fractures indicates a complex assemblage
of micro- to nano-scale mineral inclusions that contrast with the quartz-dominated mineral
assemblage observed during petrography. Healed pyrite fractures support the notion of multiple
episodes of coupled dissolution-precipitation reactions that ultimately led to a complex, metal-

rich network at the micro-scale.
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Our data demonstrate that pyrite microstructures are favourable mechanical traps for Au
at the micro-scale. Grain boundaries and fracture surfaces are key micro-textural sites for the Au
adsorption during a late, brittle-dominated deformation phase concomitant with the youngest
stage of Au remobilization. The scattered and clumped distribution of metals within the silicate
mineral rock matrix is due, in part, to the low concentration of these elements within the silicate
minerals, whereas the association between Au and pyrite fractures partially supports the
electrochemical-deposition, or adsorption, of Au on sulphide mineral surfaces. In this model,
silicate mineral surfaces and fractures are less favorable depositional sites, which help to explain
why Au-rich fractures within pyrite do not extend into the surround rock matrix. Some of this Au
may have been locally derived from early, lattice-bound Au within type-1 and type-2 pyrite
porphyroblasts. Gold adsorption, however, does not explain the occurrence of coarse, native Au
hosted within hydrothermal alteration minerals (e.g., calcite and chlorite) or high ore grade Au
veins devoid of sulphides. These observations likely require multiple depositional mechanisms,
locally within the same vein. Below we further explore the contribution of the observed
sulphide-hosted Au on the overall Au endowment of the Detour Lake deposit through a series of

mass balance calculations at the deposit scale.

6.4. Testing the impact of the Au-upgrading model

We have presented textural, geochemical and structural evidence for Au mineralization
and remobilization during pyrite (re)crystallization and structural reworking of auriferous veins.
However, the relative contribution of lattice-bound Au within pyrite versus free Au remains
unclear. Assay data and 3D block models acquired by Detour Gold Corp. suggest that 4,088,650

tonnes of S were hosted within 327,016,000 tonnes of rock that has currently been mined from
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the open pit at the Detour Lake deposit: calculations are based on assays for S that were above
the analytical detection limit and block models were divided into 0.5 ppm S intervals up to >3.5
wt% S (Table 2). An equal volume of mined rock contained 8,694,669 0z of Au and assuming
that 1) all of the S is related to pyrite and 2) pyrite was the only source of Au in this deposit,
concentrations of lattice-bound pyrite hosted Au would need to exceed 32 ppm Au to account for
the Au endowment of the Detour Lake deposit. This value is improbable. More realistic
concentrations of primary, lattice-bound Au, would be 1 ppm, 0.1 ppm, or even 1 ppb.
Calculations using these concentrations for the same volume or rocks yield values of 269,814 oz,
26,981 oz, and 270 oz of Au, respectively. At most, lattice-bound Au contained in pyrite can
only account for 3.1% of the known Au resources at the Detour Lake deposit.

These mass balance calculations suggest that the Detour Lake deposit is too Au-rich, S-
poor, or both to allow for lattice-bound Au to contribute significantly to the Au endowment.
Sulphide minerals outside of the open pit operations were not included within these calculations
and it is possible that lattice-bound Au within these sulphide minerals may have also contributed
to Au. However, mafic volcanic and sedimentary rocks outside of the open pit are generally
sulphide-poor and a large volume of rock would be required to account for the exceptional
amount of Au within the Detour Lake deposit (Gaboury, 2013).

After evaluating these calculations, the “pipe” diffusion model invoking an external
source of Au remains the most convincing and consistent model to explain our observations of a
link between deformation and trace element distribution. We have summarized and illustrated
the deformation and mineralization history of the Detour Lake mine in a synoptic model (Fig.
13) based on four major steps: (1) pre-D,, a possible pyrite-bearing massive mafic volcanic host

rock with quartz veining; (2) early syn-D,, development of a foliation structure, S,, and
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transposition of quartz vein and pyrite mineralization with possible incorporation of Au as
nanoparticles by adsorbtion or solid solution; (3) late syn-D,, crystal plastic deformation of
pyrite and development of low-angle grain boundaries and brittle fractures followed by Au
enrichment at deformation substructures though “pipe” diffusion; and (4) syn-Ds, development
of a crenulation fabric, S;. The important takeaway from this model is that the progressive brittle
and brittle-plastic deformation history of pyrite plays a key role in the micro-scale distribution of
Au mineralization at lower amphibolite facies conditions. Although this is still considered a syn-
metamorphic and deformation-driven model, it significantly differs from the model introduced
by Fougerouse et al. (2016) where lattice-bound Au is leached-out and remobilized through

deformation induced pathways (i.e., low-angle grain boundaries).

6.5 Transport mediums

Although “pipe” diffusion can drive Au to migrate into low-angle grain boundaries and
fractures, the medium of transport for Au remains unclear. There are various mediums by which
Au and other trace elements could have been introduced to then be concentrated into deformation
induced substructures including: 1) solid-state Au 2) metal-rich melts, and 3) aqueous solutions.

Solid-state mobilization occurs in deforming multiphase materials, where some phases
are less competent than others. During deformation, such phases become weaker and deform
more easily than others and thus become more mobile. The deformation of more competent
phases creates dilational regions and structures developing a hydraulic gradient, which drives the
more ductile phases to concentrate in those dilational sites (Tomkins et al., 2004; Marshall et al.,
2000). In the case of Detour Lake, the strain partitioning between Au and more competent

sulphides (i.e., pyrite) in mineralized pre- to syn-D, veins could potentially explain the
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mobilization of Au into the low-angle grain boundaries within the sulphide crystals. This
mobilization mechanism is consistent with our deposit-scale observations noting the importance
of dilational structures such as mineralized extensional veins and left-stepping ore shoots.

Moreover, the association between Au and other low melting-point elements (Ag-Bi-Te)
has also been used as evidence to support the role of metal-rich melts as a transport medium
during Au remobilization (Frost et al., 2002). Ciabanu et al. (2006) suggested that these melts
can operate at relatively low temperatures that are typical of greenschist facies metamorphic
conditions (400°C) and are well below the high temperatures that are inferred for the Detour
Lake deposit during Au deposit genesis (500-550°C). However, in this case, coarse native Au is
co-spatial with hydrothermal alteration minerals at the hand-sample scale (calcite-chlorite) and
Au-rich fractures are filled with lithophile elements at the micro-scale, suggesting that any metal-
rich melts were likely transported, at least locally, by syn-deformation hydrothermal fluids. It is
possible that these auriferous fluids may have also facilitated solid-state remobilization of other
precious- and base-metal rich minerals (e.g., chalcopyrite, galena, pyrrhotite) during
deformation, although the relative contribution of fluids, melts and solid-state mechanisms
during remobilization remains unclear.

The association of Au with hydrothermal alteration minerals and lithophile elements
could also suggest mobilization of Au by aqueous solution. For example, sulfur radical ions (S3")
strongly bind Au in aqueous solution at middle to high metamorphic conditions (Pokrovski et al.,
2015). When temperatures cool below 500°C, pyrite begins to precipitate, which causes the
decay of S;”and the decrease of Au solubility. This decrease in solubility could cause the Au to

precipitate in the low-angle grain boundaries of the deforming pyrite crystals.
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7. Summary

Our data can be summarized in five major points: (1) Pyrite can deform plastically under
lower amphibolite facies conditions, which can be described by rotation about at least one of the
<100> axes. (2) Crystal plastic deformation in pyrite is present as linear, checkerboard and
complex heterogeneous misorientation patterns, low-angle boundary development and
recrystallization indicating the activity of dislocation glide and creep at moderate metamorphic
conditions. (3) Deformational substructures (i.e., low-angle grain boundaries, micro-cracks) in
pyrite may act as traps for Au and other trace elements at the micro-scale. (4) Pyrite textures and
trace element mapping are consistent with Au mineralization during the dominant phase of
deformation at the Detour Lake deposit (D;) and syn- to post-peak metamorphism. Gold
mineralization locally occurred via intragrain diffusion mechanisms that concentrated trace
elements into deformation-induced substructures. However, the vast majority of micro-scale Au
is hosted within late, brittle fractures that cut syn-metamorphic pyrite porphyroblasts. (5) Deposit
scale mass balance calculations suggest that lattice-bound Au within pyrite porphyroblasts could
have supplied a tiny fraction of the known Au (~3%) within the Detour Lake open pit,
suggesting that an external source of Au is required for this giant deposit and raise questions

surrounding the efficacy of the metamorphic-driven Au upgrading model.
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Table 1. Description and composition of veins hosted at the Detour Lake deposit

. mineralogy
relative . . . e
timing vein name — e — > width description
N & »w = o =3
oo ¥ & && O (cm)
Folded veins between pillow chill margins with Bt
V, pillow VR v VR 1-15 alteration haloes; vein fold axes are transposed
parallel to the main S, foliation fabric
. V, dismembered y 05-1 Trans.posed and isoclinaly folded veins with diffuse
A margins
g V,;laminated (Po, Py, Laminated veins with foliated wall rock inclusion,
z v A 2-10 . .
s Cpy, Apy) sulphidized Chl-Cal-Ms slip surfaces, and Bt alteration haloes.
g V, folded Qz-Cal o 1-3  Folded and boudinaged Qz-Cal veins
V;folded (Po, Py, Cpy) S PR 15 Folded and transposed sulphide-rich veins with Bt
sulphidized and/or Ser alteration haloes and visible Au
V, Cal veinlets y 0.05-0.5 Cal veins with occasional Cal and sericite alteration
haloes
Cal veins with rare Ksp; veinlets have spotty Cal-
. Ser-Amp alteration halo and are oblique to the main
V, planar Cal veinlets o oV 0.05-0.5 - . . . .
- S, foliation fabric, overprinting all previous vein
ﬁ types
é Stockwork Qz-Cal veins brecciated wall-rock
. inclusions; veins have spotty Cal-Ser-Amp
V;Qz-Cal breccia v 0.5-2

alteration halo and overprint the main S, foliation
fabric
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Table 2. Mass balance calculations from Detour Lake mine assay data

S (ppm) rock (tonnes) S (tonnes) Au (0z) Auin S (ppm) Auin Py (ppm)
0-0.5 161,469,138 1,843,771 4,444913 68.34 36.53
0.5-1.0 116,577,881 1,426,856 2,858,805 56.80 30.36
1.0-1.5 39,633,093 618,562 1,067,087 48.91 26.14
1.5-2.0 7,889,083 159,857 261,213 46.32 24.76
2.0-2.5 1,224,380 32,109 55,014 48.57 25.96
2.5-3.0 180,735 5,600 6,913 34.99 18.70
3.0-3.5 15,660 1,211 374 8.76 4.68
>3.5 26,100 683 350 14.51 7.75

Total 327,016,070 4,088,650 8,694,669 60.29 32.22
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Figure 1. Geological map of the Abitibi Subprovince of eastern Canada showing the location of the Detour

Lake mine along an east-west trending high-strain deformation zone (SLDZ) north
Abitibi greenstone belt (modified from Thurston et al., 2008).
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Geology of the Detour Lake Mine Deposit
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Figure 2. A. Geological map of the Detour Lake deposit showing the outline of the modern open pit mine and
historic Campbell pit located along the E-W trending SLDZ, dividing the mafic volcanic rock of the Detour
Lake Formation and the sedimentary rocks of the Caopatina Assemblage (modified from Tolhurst, 2014). B.
and C. Lateral section of Au and S block models at an elevation 220 m showing the dominant east-west
mineralization and co-spatial relationship.
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Chl

Figure 3. Photographs of drill core showing mineralized pre-syn D, folded-sulfidized Qz-Cal-
Chl veins (Vs).
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Po

Bi-Te Au

Au

Figure 4. SEM images of Au mineralization from the Detour Lake deposit. A. Precious-metal
mineral inclusion (Au-Bi-Te) in pyrrhotite crystal from a pre-syn D, folded-sulfidized Qz-Cal-Chl
vein (Vs). B. Au particle adhered to the surface of a pyrite crystal in a pillow vein (V).
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Figure 5. (previous page) A. Reflected light photomicrograph of type-2a pyrite showing poorly
defined grain boundaries and sieved texture. B. Reflected light photomicrograph showing a euhedral
pyrite crystal (type-2a) with an inclusion-rich overgrowth (type-1b), which is also overgrown by an
inclusion-poor type-2b pyrite. C. BSE SEM image showing a euhedral pyrite crystal (type-2a)
overgrown by collorform bands of pyrite (type-3). D. Reflected light photomicrograph of type-2a
euhedral pyrite porphyroblasts, locally aligned with the S, foliation fabric, in a Qz-Ab-Bt-Act-Mag-Po
matrix within a mafic volcanic sample (MV-19). E. Reflected light photomicrograph of a deformed
anhedral pyrite grain in a Tlc-Chl matrix within an ultramafic sample (TC-07) folded by the S;
crenulation fabric.
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Figure 6. (previous page) Reflected light photomicrographs of pre-syn D, folded-sulfidized Qz-Cal-
Chl veins (Vs). Dashed lines represent the trace of S,. Red rectangles show the locations of EBSD
maps. A. Folded pyrite grain from a Vs vein within a mafic volcanic rock (sample MV-19). B.
Subhedral pyrite grains showing collided pyrite grains (sample MV-19). C. Pyrite fragments from a
boudinaged pyrite-rich vein (sample MV-20). D. Pinch and swell structure in a pyrite-rich vein
(sample RD16-I) E. Recrystallized pyrite from a sigma-shaped pyrite vein possessing foam texture
(sample RD16-H).
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Figure 7. (previous page) Optical photomicrographs of host rock deformational
microstructures (crossed polarizers). A. Grain boundary migration of quartz in a Vs vein (sample
MV-19). B. Small polygonal quartz and plagioclase crystals indicative of grain-size
sensitive deformation mechanisms (sample MV-20). C. Subgrain development in large
inclusion-rich plagioclase crystals (sample RD16-H). D. Subgrain development in actinolite
porphyroblast (sample RD16-I).
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Figure 8. (previous page) EBSD and LA-ICP-MS results of a pinch and swell pyrite domain (sample
RDI16-1). A. OC image of a pinch and swell Py vein with Act inclusions in a Qz-Ab-Bt-Act-Mag-Po
matrix showing a heterogeneous misorientation pattern. B. Pole figure representing the <100> axes of
grain 1 showing rotation about at least one axis marked by the red circle (lower hemisphere, equal
angle projection). C. Orientation deviation angle map Py vein showing a heterogeneous
misorientation pattern with a maximum misorientation of 30° and a late brittle fracture (shown with
a red line) in high strain area indicative of strain hardening. D. Grain boundary map of Py
revealing low-angle grain boundary development in high strain areas indicative of dislocation
creep. E. 2D LA-ICP-MS trace element maps of Py vein revealing Au, Ag, Bi, and Te enrichment
at grain and low-angle grain boundaries and in late fractures.
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Figure 9. (previous page) EBSD and LA-ICP-MS results of a pinch and swell pyrite domain (sample
RD16-I). A. OC image of a deformed Py vein in a Qz-Ab-Bt-Act-Mag-Po matrix showing a
linear misorientation pattern and a more heterogeneous checkerboard misorientation pattern in the
neck of a pinch and swell structure. B. Pole figure representing the orientation of <100> axes of
grain 1 exhibiting rotation about at least two axes marked by the red circles (lower hemisphere,
equal angle projection). C. Orientation deviation angle map of Py showing a linear misorientation
pattern and a heterogeneous misorientation pattern in the neck of the pinch and swell structure with a
maximum misorientation of 30°. D. Grain boundary map of Py reveal low-angle grain boundary
development in high strain areas indicative of dislocation creep. E. 2D LA-ICP-MS trace element
maps of Py vein revealing Au, Ag, Bi, and Te enrichment at grain and low-angle grain boundaries
and in late fractures.
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Figure 10. (previous page) EBSD and LA-ICP-MS results of a boudinaged pyrite domain
(sample MV-20). A. OC image of a boudinaged and brecciated Py vein showing checkerboard
misorientation pattern at boudin necks. B. Pole figure representing the orientation of <100> axes
showing rotation about at least two axes, marked by red circles (lower hemisphere, equal angle
projection). C. Orientation deviation angle map of Py vein showing a heterogeneous
misorientation pattern at boudin necks with a maximum misorientation of 45° and strain
localization at microcracks (inset). D. Grain boundary map of Py revealing minor low-angle grain
boundary development in high-strain areas. E. 2D LA-ICP-MS trace element maps of Py revealing
enrichment at low-angle grain boundaries and fractures.
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Figure 11. (previous page) EBSD and LA-ICP-MS results of an annealed pyrite domain (sample
RD16-H). A. OC image of a foam-texture Py vein showing linear misorientation pattern cut by late
brittle fractures. B. Pole figure representing the orientation of <100> axes of grain 1 showing rotation
about one axis marked by the red circle (lower hemisphere, equal angle projection). C.
Orientation deviation angle map of Py showing a linear misorientation pattern with a maximum
misorientation of 16°. D. Grain boundary map of Py revealing minor low-angle grain boundary
development and recrystallization. E. 2D LA-ICP-MS trace element maps of Py vein revealing Au,
Ag, Bi, and Te enrichment at grain boundaries and late fractures.
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Figure 12. (previous page) A. Reflected light photomicrograph and LA-ICP-MS element maps (As,
Au, MgO) of type-2a pyrite porphyroblast (sample RD15-118-251). Imaging reveals oscillatory
growth zoning of a metalloid (As), heterogeneous distribution of Au within fractures and along pyrite
grain boundaries, and delineation of fractures by metals (Mg). B. Reflected light photomicrograph and
LA-ICP-MS element map of type-2b pyrite overgrowth (sample RD15-118-238B). Imaging shows
oscillatory growth zoning through a metalloid element (As). C. BSE image and LA-ICP-MS element
map (Au) of colloform pyrite bands overgrowing a type-2 pyrite porphyroblast (sample
RD15-265-353) showing a Au-rich core within the euhedral pyrite crystal.
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Figure 13. (previous page) Synoptic Detour Lake deposit deformation and mineralization model.
A. Possible Py-bearing massive mafic volcanic host rock with Qz veining. B. Development of a
foliation fabric and transposition of Qz veins with Py mineralization and biotite alteration haloes.
Pyrite may incorporate Au as nanoparticules by adsorbtion or solid-solution. C. Crystal plastic
deformation of pyrite represented as pinch and swell of the Qz-Py vein. The development of
low-angle grain boundaries and brittle fractures necks and in contact with stronger matrix minerals
(Act). Au enrichment at low-angle grain boundaries and fractures through DIP diffusion or
PIPE diffusion facilitated by intergranular fluids introduced during late-stage brittle deformation.
Au is also introduced within the host-rock matrix. D. Development of a crenulation fabric.
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CHAPTER 3

Geochemical and geochronological analysis of biotite at Detour Lake mine, Canada
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Abstract

The 16.4 Moz Detour Lake deposit located in the northwestern district of the Abitibi
Subprovince and is hosted at the faulted contact between the volcaniclastic rocks of the
Caopatina assemblage and the mafic to ultramafic rocks of the Detour Lake Formation. The
deposit differs from other classic ore deposits in the dominantly greenschist facies Abitibi
Subprovince by possessing an amphibolite facies metamorphic assemblage of actinolite-biotite-
plagioclase-epidote-almandine =+ calcite £ quartz + ilmenite. Consequently, the typical indicator
minerals used to identify alteration and mineralization, such as secondary biotite, may not be
useful due to the challenge of distinguishing hydrothermal versus metamorphic biotite.
Petrological and geochemical analyses have revealed at least three types of biotite: 1) fine- to
coarse-grained, subhedral to euhedral vein biotite hosted in syn-D; vein sets (Vs); 2) medium-
grained euhedral halo biotite at the margins of syn-D; veins; and 3) very fine-grained to coarse-
grained, anhedral to euhedral host rock biotite within mafic volcanic rocks. EMPA major
element mapping and spot analyses reveal chemically homogeneous compositions on ternary
biotite plots (~25% Fe, 30% Mg, 55% Al and 35% Fe, 50% Mg, 15% K) for all three biotite
types, with the exception of occasional Fe-Mg rich and K-poor rims on halo biotite. **Ar/*’Ar
analyses yield overlapping ages ranging between 2600-2400 Ma, post-dating regional

deformation, metamorphism, and Au mineralization.

1. Introduction
Previous studies of orogenic Au deposits in the Superior Province, including the Canadian
Malartic deposit (i.e. De Souza et al., 2015) and the Mouska deposit (Belkabir et al., 2004), have

highlighted the importance of biotite as an indicator mineral for Au mineralization. At the Detour
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Lake deposit, northeastern Ontario, Marmont (1986) identified a late, post-metamorphic stage of
hydrothermal biotite comprising the hydrothermal alteration mineral assemblage related to
auriferous veins and broader mineralized zones with disseminated Au. Oliver et al. (2011)
observed an extensively biotitized halo surrounding the main mineralized zone in the hanging
wall of the Detour Lake deposit, giving the mafic volcanic host rocks a purple-maroon
appearance. On the basis of these field relationships, hydrothermal biotite was suggested to be an
important visual indicator mineral for the exploration and production geology teams to target and
delineate Au ore zones. However, mafic volcanic host rocks at the Detour Lake deposit are
metamorphosed to lower amphibolite facies and comprise a prograde, biotite-bearing
metamorphic mineral assemblage (actinolite-biotite-plagioclase-epidote-almandine + calcite +
quartz + ilmenite; Oliver et al., 2011), which obscures the relationship between biotite and Au.
Differentiating metamorphic and secondary hydrothermal biotite is particularly challenging
within low-grade disseminated Au ore zones, which are typically devoid of quartz veins and
other visual Au indicators. Herein we attempt to identify and document different biotite
generations and discern between metamorphic and hydrothermal biotite through a combination

of petrographical, geochemical, and geochronological data.

2. Analytical Methods

Biotite-bearing samples were collected from drill core intersecting the main Detour Lake
ore body and from exposures within the active open-pit mining operation. Sampling criteria
consisted of large visible biotite crystals across a range of lithotypes in both hanging wall and

footwall of the Sunday Lake Deformation Zone (SLDZ). This included samples where biotite
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was ubiquitous in the host rock defining the main S, foliation fabric, forming a halo around
mineralized veins, and samples where the biotite was within the pre- to syn-D; vein sets.

Petrographical observations were collected before conducting geochemical and
geochronological analyses to identify potential biotite types (Fig 14). Sample names, rock types,
structural positioning, mineralogy, and conducted analyses are reported in Table 3. Eight
samples were targeted for electron microprobe analyses (EMPA; Table 4, Fig. 15), five samples
were selected for in situ chemical mapping (WDS; Fig. 16), and ten samples were analysed for
Y Ar/*°Ar dating (Table 5, Fig. 17).

Eight biotite samples were selected for geochemical analyses in order to characterize
geochemical differences between biotite types. Biotite samples were initially imaged with the
scanning electron microscope (SEM) at the University of Ottawa to target the most
representative biotite crystals for further geochemical analyses Mineral chemical compositions
were determined in eight samples (FW-03, FW-10, FW-11, FW-13, MV-02, MV-13, RD15-429-
92, RD15-429-27) using the JEOL JXA-8230 SuperProbe at the University of Ottawa (Ottawa,
Canada). Analyses were conducted with an accelerating voltage of 20 kV and probe current of 20
nA to focus and concentrate the beam to a minimum of 1 pm. A total of 2—6 grains of biotite per
polished section were analyzed by probing 3—4 points per single mica grain to explore possible
chemical variations within the grains and between biotite types. Cation site distribution was
calculated according to Vidal et al. (2001) and Parra et al. (2002). Analytical results are reported
in Table 4 and presented in Fig. 15.

In addition to electron microprobe spot analyses, chemical maps of biotite types from five
samples (FW-03, FW-11, FW-13, MV-02, MV-13) have been produced to test for any chemical

variation within individual biotite crystals. Mapping was conducted using both the wavelength
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dispersive spectrometer (WDS) and the energy dispersive spectrometer (EDS) of the JEOL JXA-
8230 SuperProbe at the University of Ottawa (Ottawa, Canada). An accelerating voltage of 20
kV and a beam current of 2040 nA were combined with a spot size of 1 um to produce maps
ranging from 100 x 150 to 400 x 400 pixels with a 1 pm pixel size and 150-200 ms dwell time
on each pixel. Analyzed elements include Fe, Mg, Mn, Na, Ca, Si, O, P, S, C, Cl, Ti, K and Al.
The maps for Al, K, Fe and Mg of each biotite type are presented in Fig. 16.

After collecting petrographical and geochemical data on the biotite types, *Ar/’Ar
analyses were carried out to explore the timing of biotite crystallization and cooling. Mineral
separates were prepared from one vein-hosted biotite sample; four halo biotite samples; five host
rock biotite samples; and two host rock muscovite samples. All *°Ar/*’Ar analytical work was
performed at the University of Manitoba (Winnipeg, Canada) using a multi-collector Thermo
Fisher Scientific ARGUS VI mass spectrometer, linked to a stainless steel Thermo Fisher
Scientific extraction/purification line and Photon Machines (55 W) Fusions 10.6 CO, laser.
Argon isotopes (from mass 40 to 37) were measured using Faraday detectors with low noise 1 x
102 Q resistors and mass 36 was measured using a compact discrete dynode (CDD) detector.
The sensitivity for argon measurements is ~6.312 x 10'” moles/fA as determined from measured
aliquots of Fish Canyon Sanidine (Dazé et al., 2003; Kuiper et al., 2008). Standards and
unknowns were placed in 2 mm deep wells in 18 mm diameter aluminium disks, with standards
placed strategically so that the lateral neutron flux gradients across the disk could be evaluated.
Planar regressions were fit to the standard data, and the YA/ Ar neutron fluence parameter, J,
interpolated for the unknowns. Uncertainties in J are estimated at 0.1-0.2% (10), based on Monte
Carlo error analysis of the planar regressions (Best et al., 1995). All specimens were irradiated in

the Cadmium-lined, in-core CLICIT facility of the Oregon State University TRIGA reactor. The
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duration of irradiation was 70 h with HB3GR amphibole (1073.6 Ma; Jourdan et al., 2006) as the
flux monitor. Irradiated samples were placed in a Cu sample tray, with a KBr cover slip, in a
stainless steel high vacuum extraction line and baked with an infrared lamp for 24 h. Single
crystals were fused using the laser, and reactive gases were removed, after ~3 m, by three GP-50
SAES getters (two at room temperature and one at 450°C) prior to being admitted to an ARGUS
VI mass spectrometer by expansion. Five argon isotopes were measured simultaneously over a
period of 6 m. Measured isotope abundances were corrected for extraction-line blanks averaging
~2 fA for mass 40 and ~0.009 fA for mass 36. Mass discrimination was monitored by online
analysis of air pipettes and gave a mean D = 1.0083 + 0.0019 per amu, based on 53 aliquots
interspersed with the unknowns. A value of 295.5 was used for the atmospheric *Ar/*°Ar ratio
(Steiger and Jaéger, 1977) for the purposes of routine measurement of mass spectrometer
discrimination using air aliquots, and correction for atmospheric argon in the *°Ar/*’Ar age
calculation. Corrections are made for neutron-induced *’Ar from potassium, *’Ar and *°Ar from
calcium, and **Ar from chlorine (Roddick, 1983; Renne et al., 1998; Renne and Norman, 2001).
Overall, single grain analysis of 5-10 biotite or muscovite grains per sample has been conducted.

Analytical results are reported in Table 5 and presented in Fig. 17.

3. Petrography

Three potential biotite types were identified from petrologic and petrographic observations:
(1) vein; (2) halo; and (3) host rock (Fig. 14). Vein biotite samples consist of vein-hosted biotite
crystals from pre- to syn-D; sulphidized (py, cpy, and po) Qz-Cal-Chl veins (Vs). Vein biotite
was observed in two samples (MV-02, FW-13). MV-02 is a moderately foliated mafic volcanic

host rock from the hanging wall of the deposit cut by a pre- to syn-D, sulfidized (Py, Cpy, and
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Po) Qz-Cal-Chl vein that is transposed parallel to the main deposit fabric (S,; Oliver et al.,
2011). Biotite crystals within this vein are very coarse-grained (0.5-2 mm), euhedral and
elongated sub-parallel to the S, foliation fabric. These biotite crystals are also intergown with
actinolite porphyroblasts within the vein. Sample FW-13 is a strongly foliated biotite schist
(volcaniclastic protolith) from the footwall of the SLDZ, also cut by a pre- to syn-D, quartz
veins. Vein-hosted biotite crystals in this sample are fine- to medium-grained (0.2-0.5 mm),
subhedral to euhedral crystals, and are randomly oriented within the vein. Chlorite crystals
overprint the vein-hosted biotite. Biotitized hydrothermal alteration halos are also associated
with these biotite-bearing pre- to syn-D, veins. Halo biotite crystals are fine- to medium-grained
and euhedral in both samples and are generally elongated parallel to the vein margins. In sample
MV-02 the halo biotite crystals surround a primary actinolite halo and are overprinted by
actinolite porphyroblasts, similar to the vein-hosted biotite samples. Geochronology was also
conducted on halo biotite sampled from pre- to syn-D, veins (RD15-265-43, RD15-118-225.2
and RD15-118-10.2) that cut mafic volcanic rocks within the Detour Lake hanging wall;
however, the sample preparation process consumed the entire rock and no petrographical data
could be collected. Halo biotite from sample MV-02 were also dated; therefore, observations on
this sample can likely be extended to the previous three samples of halo biotite. Based on these
observations, vein and halo biotite appear to have a pre- to syn-metamorphic timing.

Nine biotite bearing samples were also collected from the mafic volcanic host rocks (MV-
02, FW-13, FW-11, MV-04, FW-03, FW-10, MV-13, RD15-429-27, RD15-429-92). In the mafic
volcanic sample, MV-02, biotite crystals are very fine-grained (~0.1 mm), anhedral, and defining
the main S, deposit fabric. Actinolite, which defines the peak-metamorphic minerals assemblage,

typically overgrows host-rock biotite, suggesting that biotite is pre- to syn-metamorphic.
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However, rare, finer grained (30-50 um) euhedral biotite crystals also overprint actinolite, which
points to multiple generations of biotite crystallization. Biotite crystals from biotite schist
(volcaniclastic protolith) sample FW-13 are very fine-grained (0.1-0.2 mm), subhedral to
euhedral crystals and are elongated parallel to S,. These pre- to syn-S, biotite crystals are
intergrown with coeval, fine-grained muscovite, which are overprinted by a younger, randomly
oriented, post-S, generation of muscovite. Biotite schist samples, such as FW-11, from the
footwall unit at Detour Lake are fine-grained (0.2-0.3 mm), anhedral to euhedral, are elongated
parallel to the S, foliation. Pre- to syn-S, biotite crystals from these samples are overprinted by
late, fine-grained, euhedral muscovite crystals, which are also oriented sub-parallel to the main
deposit fabric. Sample MV-04 is a weakly-foliated, mafic volcanic rock collected from the
Detour Lake hanging wall unit. Biotite crystals within MV-04 are subhedral to euhedral, range in
grain size from very fine (0.1 mm)- to medium-grained (0.3 mm) and are weakly aligned with
the S, foliation. Medium-grained biotite crystals are overprinted by actinolite; whereas the finer
grained (<0.1 mm) biotite grains overprint pre- to syn-S, actinolite crystals, further suggesting
multiple biotite generations are hosted within biotite schist samples. Sample FW-03 is a strongly
foliated and weakly crenulated biotite schist from the footwall unit of the deposit. The host rock
biotite are coarse-grained subhedral to euhedral crystals defining 0.5-1.0 mm bands. Finer
grained anhedral biotite crystals are also observed in the Qz-rich bands. Sample FW-10 is a
strongly foliated biotite schist, also from the footwall unit of the deposit, with coarse-grained
euhedral host rock biotite crystals defining the main foliation. These biotite are overprinted by
alternating bands of wispy chlorite and finer grained actinolite. MV-13 is a coarse-grained meta-
gabbro sample from the hanging wall of the deposit with anhedral to subhedral medium-grained

host rock biotite crystals. These biotite are randomly oriented in the finer matrix in between the
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larger hornblende phenocrysts overprinted by actinolite. Chlorite, muscovite, and actinolite
overprint these biotite crystals. The host rock biotite in sample RD15-429-27, a weakly foliated
mafic volcanic sampled from the hanging wall unit, are fine-grained and subhedral crystals
dispersed in 200-300 um knots throughout the host rock. Biotite in these clusters are sub-parallel
to the weak foliation and are also overprinted by actinolite. Host rock biotite in sample RD15-
429-92, also a weakly foliated mafic volcanic sample from the hanging wall, range from
anhedral to subhedral fine-grained crystals weakly aligned with the rock structure. These biotite
are also overprinted by actinolite. Based on these observations, host rock biotite appear to have a
pre- to syn- metamorphic timing.

In addition to biotite, host rock muscovite was also studied from two samples (FW-13,
MV-12). The host rock muscovites in the FW-13 biotite schist are very fine-grained, subhedral to
euhedral defining the S, foliation, suggesting a syn-metamorphic timing. These muscovite are
intergrown with the host rock biotite in the sample. A second, coarser-grained muscovite
generation overprints the S, defining biotite and muscovite. Sample MV-12 is a massive mafic
volcanic unit from the hanging wall with very coarse-grained muscovite in the host rock. The
entirety of the sample was consumed during sample preparation for “°Ar/*’Ar dating; therefore
no petrographical data was collected.

To summarize, there are three potential types of biotite: (1) vein biotite in syn-D; vein sets
(Vs) ranging from fine- to coarse-grained, subhedral to euhedral crystals; (2) halo biotite are
medium-grained euhedral crystals that are parallel to the syn-D, vein margins; and (3) host rock
biotite ranging from very fine-grained to coarse-grained, anhedral to euhedral crystals. Biotite
from all three types define the S, foliation structure when present and are either intergrown with

or overprinted by chlorite, actinolite, and muscovite suggesting a pre- to syn-metamorphic
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timing. The similar timing of these three types makes it difficult to distinguish between
metamorphic and hydrothermal biotite. Based on the structural location of halo biotite, it is safe
to assume a hydrothermal source, possibly related to the mineralizing event, but it appears that
these biotite were subsequently metamorphosed. For this reason, we further analysed the

geochemistry of these samples targeting all three of the identified biotite types.

4. Mineral Geochemistry

Overall, all three biotite types yield overlapping Fe-Mg-K-Al compositions on ternary
plots of ~25% Fe, 30% Mg, 55% Al and 35% Fe, 50% Mg, 15% K (Fig. 15), which suggests that
each biotite type is homogeneous and that different biotite generations are geochemically similar.
Rare geochemically anomalous analyses include Mg-rich biotite crystals from a gabbroic
intrusive unit (sample MV-13) and slightly Fe-Mg enriched vein-hosted biotite from sample
MV-02. The Fe-rich nature of these anomalous analyses may be due to nearby pyrite crystals that
may have been included within the sample volume during analysis. The data also shows a linear
trend towards K depletion and Al enrichment in the alteration halo biotite type (Fig. 15). These
compositional trends are also observed in hydrothermal biotite from the Mouska deposit, where
the proximal alteration is defined by the progressive replacement of biotite by quartz and white
micas, (Belkabir et al, 2004). The similarity of the geochemical composition of the different
biotite types is also evident when comparing the averages of the wt% oxides and the cations of
each biotite type reported in Table 4. Previous studies including Imeokeparia (1984) and Kesler
et al. (1975), have used the variations in the Mg# in biotite to discern between mineralized and

barren zones, with mineralized zones yielding higher Mg#s. However, in the case of Detour Lake
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deposit, all three biotite types yield similar Mg# values (Table 4). Vein-hosted, halo and host-
rock biotite yield Mg# of 0.52+0.04), 0.53+0.02) and 0.56+0.09), respectively.

Results from the WDS geochemical maps (Fig. 16) also demonstrate broad compositional
overlap between biotite types. Vein-hosted biotite (MV-02, FW-13), reveal chemically
homogeneous crystals whereas the chemical maps of the halo biotite from the same samples
show chemical zonation in the form of 2-5 um Fe-Mg rich and K-poor rims. The halo biotite in
sample MV-02 also reveal the intergrowth of the biotite with a Ca-Al rich and Fe-Mg-K poor
mineral phase, which could explain the linear trend of K depletion and Al enrichment in halo
biotite. As for the host rock biotite, the chemical maps of samples FW-11, MV-13, MV-02, and
FW-03 show very little intra-grain chemical variation with the exception of a very thin 1-2 um
Fe-Mg-K poor rim in sample FW-11 and a slightly Fe-Mg rich rim in sample FW-03.

To summarize, biotite from all three potential type yield ternary biotite plot compositions
of approximately 25% Fe, 30% Mg, 55% Al and 35% Fe, 50% Mg, 15% K. Vein-hosted biotite
and host rock biotite are generally chemically homogeneous, whereas halo biotite have Fe-Mg
rich and K-poor rims. Our results suggest that all three biotite types are indistinguishable based

on their major and minor elements compositions alone.

5. “°Ar/* Ar Geochronology

In another attempt to discern between metamorphic and secondary biotite, each of the
identified biotite types were analyze using *’Ar/’Ar geochronology (Table 5; Fig.17) The
biotite crystals from the vein biotite in sample MV-02 yielded ages of 2550-2460 Ma with most
of the dates overlapping at ca. 2525 Ma. For the halo biotite, sample RD15-118-265.43 yielded

ages of 2420-2260 Ma and one younger anomalous date of 2510 Ma. Ages from sample RD15-
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118-225.2 vary from 2530 to 2140 Ma. Biotite from sample RD15-118-10.2 also yield ages over
a large range between 2650 Ma and 2230 Ma with most of the dates at 2650-2545 Ma. Sample
MV-02 revealed dates ranging from 2610 Ma to 2530 Ma. The host rock type of biotite and
muscovite also yielded similar ages. Biotite from sample FW-13 are 2500-2410 Ma with outliers
at 2350 Ma and 2550 Ma whereas muscovite from the same sample yielded ages of 2540—2410
Ma with a few outlying dates <2325 Ma. Biotite from samples FW-11, MV-04, FW-03 and FW-
10 yielded ages of 2500-2440 Ma, 2560-2500 Ma, 2550-2500 Ma and 2610-2530 Ma,
respectively. Muscovite from sample MV-12 revealed dates ranging between 2600 Ma and 2560
Ma. These data show that all three types of biotite yield very similar ages with single grain halo
biotite ages that are dispersed over a 500 m.y. window. Overall, the vein biotite yield ages in the
range of 2550-2460 Ma; the halo biotite yield ages ranging between 2650-2150 Ma; and the

host rock type yield ages of 2610-2410 Ma.

6. Discussion and Summary

These new **Ar/*’Ar ages do not resolve distinct phases of biotite cooling or deformation.
Biotite ages post-date the main deformation events at the Detour Lake deposit (D; and D,; dated
at 2696-2690 Ma and 2676-2670 Ma, respectively) and the timing of regional metamorphism,
(2670-2640 Ma; Oliver et al., 2011), except for two analyses from one halo-hosted sample.
Powell et al. (1995) reported “°Ar/*’Ar data from white micas and amphiboles to resolve the
thermal history in the southern Abitibi and Pontiac subprovinces. These previously reported ages
were divided into five stages: 2543 + 8 Ma, 2578 £ 10 Ma, 2421 + 15 Ma, 2414 + 9 Ma and
>2594 Ma. Each stage was interpreted to date multiple, post-metamorphic hydrothermal events

along fault zones. New Detour Lake biotite ages are also complex, but broadly coincide with the
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timing of the widespread Neaoarchean to Paleoproterozoic Matachewan, Irsuaq Hearst, and
Maguire dike swarms (2480 Ma, 2507.5 = 5.8 Ma 2430 Ma, 2229+35/—20Ma repectively;
Heaman, 1997; Buchan et al., 1998; Maurice et al., 2009). Kerrich and Ludden (2000)
interpreted such post-metamorphic and deformational ages to be the result of a “°Ar/*’Ar spectra
resetting from 2550 Ma to 2200 Ma caused by tectonic pumping of fluids along Archean
structures reactivated during the accretion of 200 km thick mantle lithosphere to Archean crust.
These fluids are a product of hypersaline CaCl, brines, derived from Paleoproterozoic
glaciogenic sediments, penetrating the Archean basement where they were driven to higher
temperatures by the Matachewan and Hearst dike swarms leading to advection and redistribution
of Au.

Our petrographical observations suggest three distinct types of syn-D, biotite: (1) vein
biotite in syn-D; vein sets ranging from fine- to coarse-grained, subhedral to euhedral crystals;
(2) medium-grained euhedral halo biotite that parallel the syn-D, vein margins; and (3) host rock
biotite ranging from very fine-grained to coarse-grained, anhedral to euhedral crystals. However,
our geochemical and geochronological data do not unequivocally support distinct biotite types.
All biotite are generally chemically homogeneous with a composition of approximately 25% Fe,
30% Mg, 55% Al and 35% Fe, 50% Mg, 15% K and yield dispersed ages in the range of 2600—
2450 Ma. Based on these data, metamorphic biotite and secondary hydrothermal biotite cannot
be easily discerned. The *°Ar/*’Ar ages may likely be a result of regional resetting in the Abitibi
Subprovince and are not linked to the Au mineralization. For these reasons, we do not
recommend the use of biotite as an indicator mineral for targeting ore pockets at the Detour Lake
deposit. The same conclusions may also be relevant to other lower to middle amphibolite facies

orogenic Au deposits around the world.
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Table 3. Mineralogy, structural position, and conducted analyses of each sample from Detour Lake mine

Structural position Mineralogy Analyses
% S
S < N
Sample name Rock type = o - _ _ . - o EJ S
s F |y & =2 3 5 2 T|E 5 £
FW-03 biotite schist v v v v v v v v v
FW-10 biotite schist v v v v v v v
FW-11 biotite schist v v v v v v v
FWwW-13 biotite schist v v v v v v v v v v v
MV-02 mafic volcanic v v v v v v v v v v
MV-04 mafic volcanic v v v v v v
MV-12 mafic volcanic v v v v v v
MV-13 meta-gabbro v v v v v v v v v
RD15-118-10.2 mafic volcanic v v v v v
RD15-118-255.2 |mafic volcanic v v v v v
RD15-265-43.0  |mafic volcanic v v v v v
RD15-429-27 mafic volcanic v v v v v
RD15-429-92 mafic volcanic v v v v v v
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Table 4. Representative EMP analysesof biotite at the Detour Lake deposit

Vein Halo Host rock
min mean max std | min mean max std | min mean max std

Wt%

SiO, 28.89 38.36 40.68 3.48|31.36 36.23 40.04 2.67| 32.54 37.77 55.00 3.98
TiO, 0.03 138 1.99 0.55( 022 1.51 198 0.51] 0.02 126 2.14 0.69
AlLO; | 17.16 18.68 2398 1.97| 1593 17.79 21.65 1.47| 1243 1793 22.75 2.09
FeO 1592 18.23 2091 1.48| 16.65 18.85 22.48 1.69( 12.14 17.02 2146 2.54
Fe, O,

MnO 0.07 0.11 0.23 0.05( 0.12 0.15 0.22 0.03] 0.06 0.17 027 0.05
MgO 9.03 11.29 16.09 1.99(10.10 12.48 1647 1.63] 9.05 12.73 21.52 3.65
CaO 0.00 0.02 0.04 0.01f 000 0.16 228 044] 0.00 0.08 1.72 0.25
Na,O 0.01 0.12 0.18 0.05( 0.00 0.09 020 0.06] 0.00 0.07 027 0.06
K,O 0.04 831 990 3.01f 081 6.93 999 295 0.00 7.59 1031 3.31
F 0.00 0.04 0.15 0.05( 0.00 0.04 0.16 0.05] 0.00 0.04 0.19 0.05
Cl 0.00 0.02 0.04 0.01f 0.00 0.02 0.03 0.01] 0.00 0.02 0.06 0.02
H,O

Total 90.18 96.56 98.58 2.44| 89.31 94.26 97.86 2.29| 88.70 94.69 99.63 2.83
Structural formulae calculation on 22 cations

Si 224 282 295 021 239 274 292 0.15] 243 281 3.67 022
Ti 0.00 0.08 0.11 0.03( 001 0.09 0.11 0.03] 0.00 0.07 0.12 0.04
Al 147 162 2.19 021 142 159 195 0.14] 098 158 2.00 0.19
Fe** 097 1.12 136 0.11f 1.03 1.19 146 0.13] 0.76 1.06 141 0.17
Fe3+

Mn 0.00 0.01 0.02 0.00f 001 0.01 0.01 0.00f 000 001 0.02 0.00
Mg 099 124 186 025 1.11 1.41 187 021] 090 142 239 041
Ca 0.00 0.00 0.00 0.00f 0.00 0.01 0.19 0.04f 0.00 001 0.12 0.02
Na 0.00 0.02 0.03 0.01f 0.00 0.01 0.03 0.01] 0.00 001 0.04 o0.01
K 0.00 0.77 0.92 028 0.08 0.67 094 0.28] 0.00 072 096 0.32
F 0.00 0.01 0.03 0.01f 0.00 0.01 0.04 0.01] 0.00 0.01 0.05 o0.01
Cl 0.00 0.00 0.00 0.00f 0.00 0.00 0.00 0.00f 000 0.00 0.01 o0.00
Mg# 045 052 058 0.04f 049 0.53 059 0.02] 048 056 0.76 0.09
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Table 5. 4°Ar/**Ar data of biotite and muscovite from the Detour Lake deposit

Sample Mineral J-value Ar* 1(16) Ar’ i(10) Ar” 1(10) A1 1(10) Ar’ 1(16) Ca/K +(l0) CUK (o)  “Ars/PArg +(16) “Ar* (%) Age (Ma) (lo)
MV-02
Grain 1 " 1965.0 0.2 123 0.1 0.1 0.0 -0.1 0.0 0.1 0.0 -0.3 0.1 0.0 0.0 1582 0.9 98.9 2476.4 7.7
_ Grain2 = 1629.5 0.2 9.8 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0302 0.0 0.0 164.0 1.1 98.8 2524.8 8.8
S Grain3 2 o 3081.6 0.3 193 0.1 03 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 158.0 0.6 99.0 2474.6 4.9
Grain 4 2 £q 6385.3 0.4 38.9 0.1 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 1633 0.4 99.6 2519.2 3.5
Grain 5 S~ 1874.6 0.2 113 0.1 0.1 0.0 0.0 0.0 0.0 0.0 -0.1 0.1 0.0 0.0 165.1 0.9 99.3 2533.9 7.8
Grain 6 - 57147 0.3 34.1 0.1 04 0.0 0.0 0.0 02 0.0 0.1 0.0 0.0 0.0 1655 0.5 98.9 2536.8 3.8
RD15-118-265.43
Grain 1 _ 1633.0 0.2 11.6 0.1 0.1 0.0 03 0.0 0.0 0.0 13 0.1 0.0 0.0 140.6 0.9 99.7 2319.6 7.9
Grain 2 o g 970.0 0.2 7.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.8 0.2 0.0 0.0 136.7 1.3 99.8 2283.2 12.0
Grain 3 E zZ= 818.1 0.2 55 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0603 0.0 0.0 1482 1.6 99.7 2388.8 14.4
Grain 4 s g = 43913 0.3 26.9 0.1 03 0.0 0.1 0.0 0.1 0.0 0.1 0.1 0.0 0.0 162.4 0.5 99.5 2511.9 4.3
Grain 5 - 2253.9 02 155 0.1 02 0.0 0.0 0.0 0.0 0.0 03 0.1 0.0 0.0 1443 0.6 99.5 2354.1 5.2
RD15-118-225.2
Grain 1 9 1936.7 0.2 11.7 0.1 0.1 0.0 0.0 0.0 0.1 0.0 02 0.1 0.0 0.0 162.8 0.9 98.6 2510.6 7.6
Grain 2 & 31962 0.3 193 0.1 02 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 164.2 0.5 99.2 2521.8 4.4
Grain 3 = 195182 0.9 1905 0.1 23 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 101.6 0.1 99.3 1911.8 1.2
Grain 4 2 4 11241.1 0.4 86.0 0.1 1.1 0.0 0.1 0.0 0.6 0.0 0.1 0.0 0.0 0.0 128.6 0.2 98.6 2200.7 1.6
Grain 5 2 i 27524 0.2 18.0 0.1 02 0.0 0.0 0.0 0.1 0.0 020.1 0.0 0.0 150.3 0.6 98.5 2403.7 5.0
Grain 6 £ 6470.4 0.3 426 0.1 0.6 0.0 0.1 0.0 02 0.0 0.1 0.1 0.0 0.0 150.5 0.3 99.2 2404.9 2.5
Grain 7 = 3930.1 0.3 30.0 0.1 04 0.0 0.5 0.0 04 0.0 14 0.1 0.0 0.0 127.6 0.3 97.3 2190.5 3.1
Grain 8 I 5281.0 0.3 423 0.1 0.4 0.0 0.4 0.0 02 0.0 0.7 0.1 0.0 0.0 1233 0.2 99.0 21479 2.3
RD15-118-10.2
Grain 1 1417.8 02 8.10.1 0.1 0.0 0.1 0.0 0.0 0.0 0.4 0.2 0.0 0.0 1742 1.5 99.9 2601.4 11.8
P 4861.8 0.3 279 0.1 0.4 0.0 -0.1 0.0 0.1 0.0 -0.1 0.1 0.0 0.0 172.8 0.4 99.5 2590.7 3.6
Grain 2 & 2233503 125 0.1 0.1 0.0 0.0 0.0 0.0 0.0 02 0.1 0.0 0.0 178.4 1.0 99.9 2634.9 7.9
8 2533.6 0.3 159 0.1 03 0.0 0.0 0.0 0.1 0.0 020.1 0.0 0.0 1582 0.7 99.3 24703 5.6
o Grain3 2 4 1619.9 0.2 9.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 04 0.2 0.0 0.0 177.4 1.3 99.9 2626.9 10.5
= 2 & 3113.8 0.3 202 0.1 02 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 1534 0.5 99.4 2428.8 4.4
Grain 4 £ 1569.5 0.2 92 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 02 0.0 0.0 169.5 1.3 99.9 2563.8 10.8
= 1344.8 0.2 9.7 0.1 02 0.0 0.1 0.0 0.0 0.0 0402 0.0 0.0 138.1 0.9 99.2 2290.6 8.1
Grain 5 X 7355.9 0.4 4250.1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 172.7 0.3 99.9 2589.8 2.2
Grain 6 6966.3 0.4 52.1 0.1 0.6 0.0 02 0.0 02 0.0 03 0.0 0.0 0.0 132.4 0.2 99.2 2236.7 2.1
MV-02
Grain 1 % 5306.4 0.4 315 0.1 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 167.6 0.4 99.6 2557.0 3.0
Grain 2 o g3 3045.7 0.3 174 0.1 02 0.0 0.1 0.0 0.1 0.0 02 0.1 0.0 0.0 172.6 0.7 98.9 2597.0 5.0
Grain 3 2 £a 3659.5 0.3 21.6 0.1 03 0.0 0.0 0.0 0.1 0.0 0.10.1 0.0 0.0 168.6 0.5 99.6 2565.0 4.0
Grain 4 s % = 3365.6 0.3 19.7 0.1 03 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 169.8 0.6 99.4 2575.0 5.0
Grain 5 - 6053.0 0.4 365 0.1 0.4 0.0 0.0 0.0 02 0.0 0.0 0.0 0.0 0.0 164.5 0.4 99.3 2532.0 3.0
FW-13
Grain 1 - 1177.2 0.2 7.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0702 0.0 0.0 1663 1.6 99.9 2547.0 13.0
S 5363.8 0.3 333 0.1 03 0.0 0.0 0.0 0.1 0.0 -0.1 0.0 0.0 0.0 160.3 0.4 99.6 2497.0 3.0
Grain 2 g 2647.1 0.3 16.6 0.1 02 0.0 0.1 0.0 0.0 0.0 02 0.1 0.0 0.0 1592 0.7 100.0 2487.0 6.0
o = 54222 0.4 35.1 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 154.0 0.3 99.8 2443.0 3.0
Grain 3 2 = 2238.8 0.2 14.0 0.1 02 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 159.2 0.8 99.9 2488.0 7.0
s g 7394.6 0.4 46.6 0.1 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 157.9 0.3 99.7 2477.0 2.0
Grain 4 = 3328.7 0.3 213 0.1 02 0.0 0.1 0.0 0.0 0.0 02 0.1 0.0 0.0 156.3 0.6 100.0 2463.0 6.0
< 6830.2 0.4 439 0.1 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 1552 0.3 99.7 2453.0 2.0
Grain 5 - 1624.3 0.2 113 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 1435 0.9 100.0 2349.0 8.0
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6430.4 0.4 425 0.1 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 150.6 0.3 99.8 2414.0 2.0

Host rock

FW-13
Grain 1 5831.5 0.4 37.1 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 156.9 0.3 100.0 2463.8 2.8
0 1385.5 0.2 8.5 0.1 0.1 0.0 -0.1 0.0 0.0 0.0 -04 0.2 0.0 0.0 163.2 1.3 100.0 2517.1 11.2
Grain 2 E'i']n 3204.9 0.2 20.0 0.1 0.2 0.0 0.1 0.0 0.0 0.0 0.2 0.1 0.0 0.0 159.7 0.5 100.0 24879 4.3
Grain 3 k] g 10038.0 0.6 66.1 0.1 0.8 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 151.6 0.2 99.9 2417.8 1.8
2 H 3208.4 0.3 229 0.1 0.3 0.0 0.1 0.0 0.0 0.0 0.3 0.1 0.0 0.0 140.0 0.5 100.0 23134 49
Grain 4 § 3 8583.4 0.5 71.0 0.1 0.9 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 120.7 0.2 100.0 21235 1.7
g § 2745.9 0.2 35.0 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 78.4 0.3 100.0 1623.1 3.6
Grain 5 g 10010.6 0.5 63.7 0.1 0.8 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 157.0 0.2 100.0 2464.5 2.0
Grain 6 AL 1735.7 0.2 132 0.1 0.1 0.0 0.0 0.0 0.0 0.0 -0.3 0.2 0.0 0.0 131.4 0.6 100.0 2230.9 6.3
Grain 7 14345.7 0.6 89.9 0.1 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 159.2 0.2 100.0 2483.9 1.6
FW-11
Grain 1 10742.4 0.5 68.0 0.1 0.8 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 157.5 0.3 99.8 2474.0 3.0
Grain 2 % a 9097.2 0.4 58.7 0.1 0.8 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 1543 0.3 99.7 2446.0 3.0
Grain 3 g 8 m 14488.1 0.6 91.6 0.1 1.1 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 157.6 0.3 99.8 2474.0 3.0
Grain 4 :g = “ 4445.0 0.3 28.1 0.1 0.4 0.0 0.0 0.0 0.0 0.0 -0.1 0.1 0.0 0.0 157.6 0.5 99.9 2475.0 4.0
Grain 5 |.i W 18689.4 0.7 116.7 0.1 1.4 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 159.6 0.2 99.8 2492.0 1.0
Grain 6 28522.3 0.9 183.0 0.1 2.2 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 155.5 0.2 99.9 2457.0 1.0
MV-04
Grain 1 ) 3631.8 0.3 21.8 0.1 0.3 0.0 0.1 0.0 0.1 0.0 0.2 0.1 0.0 0.0 166.1 0.6 165.1 2535.0 5.0
Grain 2 o @ 8 8673.4 0.5 523 0.1 0.6 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 164.9 0.4 99.6 2535.0 3.0
Grain 3 2 % & 5581.1 0.4 333 0.1 0.4 0.0 0.0 0.0 0.0 0.0 -0.1 0.0 0.0 0.0 166.9 0.5 99.7 2552.0 4.0
Grain 4 B 2 2 3558.5 0.3 21.1 0.1 0.2 0.0 0.0 0.0 0.1 0.0 -0.1 0.1 0.0 0.0 166.9 0.6 98.9 2551.0 5.0
Grain 5 L 5792.3 0.3 359 0.1 0.5 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 161.1 0.4 99.9 2503.0 3.0
FW-03
Grain 1 7608.7 0.4 46.4 0.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 163.8 0.3 99.9 2525.0 2.0
Grain 2 g 2 20294.8 0.8 122.3 0.1 1.6 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 165.6 0.2 99.9 2540.0 2.0
Grain 3 .31:" 8 m 10323.4 0.6 62.9 0.1 0.7 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 163.7 0.2 99.8 2524.0 2.0
Grain 4 ;g = & 5816.5 0.3 35.7 0.1 0.4 0.0 -0.1 0.0 0.0 0.0 -0.1 0.0 0.0 0.0 162.6 0.3 99.8 2516.0 3.0
Grain 5 |.i W 3071.0 0.3 19.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 161.5 0.7 99.8 2506.0 6.0
Grain 6 6796.4 0.4 40.7 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 166.5 0.3 99.9 2548.0 3.0
FW-10
Grain 1 9458.9 0.5 542 0.1 0.7 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 173.7 0.4 99.7 2606.0 3.0
Grain 2 ~ 6317.2 0.4 373 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 168.9 0.4 99.8 2568.0 3.0
Grain 3 o § 8, 32272 0.3 19.2 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 167.8 0.7 99.8 2559.0 5.0
Grain 4 2 s E 4037.6 0.3 24.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 168.0 0.6 99.8 2560.0 5.0
Grain 5 3 % 'IJ 5439.2 0.3 315 0.1 0.3 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 1719 0.5 99.7 2592.0 4.0
Grain 6 - 7362.3 0.4 44.5 0.1 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 164.4 0.3 99.5 2531.0 2.0
Grain 7 15978.9 0.5 93.0 0.1 1.3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 171.1 0.2 99.8 2586.0 2.0
MV-12
Grain 1 N = 4771.8 0.3 28.1 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 169.6 0.4 99.9 2570.0 4.0
Grain 2 = 2= 4863.4 0.3 284 0.1 0.3 0.0 0.0 0.0 0.0 0.0 -0.1 0.1 0.0 0.0 170.7 0.4 99.8 2579.0 3.0
Grain 3 § ® H 2913.9 0.3 17.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 171.0 0.7 99.9 2580.0 5.0
Grain 4 é % ; 4215.8 0.3 244 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 172.3 0.5 100.0 2591.0 4.0
Grain 5 - 7173.9 0.4 41.9 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 170.9 0.3 99.9 2580.0 3.0

* Corrected for blank, mass discrimination, and radioactive decay
Sensitivity: 6.312E-17 £ 1.047E-18 (mol/fAmp)
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Figure 14. (previous page) Photomicrographs of the three biotite types of the Detour Lake deposit. A.
Very coarse-grained and fine-grained subhedral-euhedral vein biotite in pre- to syn-D, veins from
samples MV-02 and FW-13, overprinted by actinolite and chlorite. B. Medium-grained, euhedral
halo biotite that are parallel to the pre- to syn-D, vein margins from samples MV-02 and FW-13.
Biotite in MV-02 are overprinted by actinolite. C. Coarse-grained and very fine-grained euhedral
host rock biotite from biotite schist samples FW-10 and FW-13, respectively. Biotite in FW-10 are
overprinted by alternating bands of chlorite and actinolite, and biotite from sample FW-13 are
overprinted by muscovite.
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Figure 15. Fe-Mg-Al and Fe-Mg-K ternary diagrams of the vein, halo, and host rock
types of biotite of the Detour Lake deposit. Note all three biotite types are geochemically
similar. Biotite crystals from sample MV-13, a gabbroic intrusive unit, yield Fe-poor
compositions that plot away from the main cluster of analyses.
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FW-11 Figure 16. WDS chemical maps of biotite from A. vein type, B.

halo type, and C. host rock type of the Detour Lake deposit. Warm
colours are higher elemental concentrations; cool colours are lower
elemental concentrations. Vein and host rock biotite are chemically
homogeneous whereas the halo biotite show Fe-Mg rich and K-poor
rims.
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Figure 17. Diagram showing single crystal “°Ar/*°Ar ages from biotite and muscovite from ten samples representing the three mica types. The
height of each red bar represents the 2 sigma uncertainty of the apparent age. Note that all three biotite types yield similar ages significantly post-
dating the timing of major deformation events, regional metamorphism and gold mineralization.
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CHAPTER 4
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Conclusions

EBSD and LA-ICP-MS data presented in Chapter 2 significantly improves our
understanding of the role pyrite deformation plays in the formation of a giant ore body such as
the Detour Lake gold deposit. Textural, microstructural, and geochemical observations reported
in this study support a syn-metamorphic deformation-driven Au-upgrading model. This model
suggests that plastic deformation microstructures (i.e., low-angle grain boundaries) develop in
pyrite subjected to high strains during lower amphibolite facies metamorphism. Metamorphic
fluids then introduce Au into the vein, which is remobilized and concentrating into the
microstructures through high diffusivity pathways (“pipe”).

Results from EMPA and “’Ar/*’Ar analyses on biotite presented in Chapter 3 reveal only a
single, indistinguishable chemical population of biotite at Detour Lake. The similar
homogeneous geochemical compositions and the overlapping ages suggest that the vein, halo,
and host rock biotite types may be from the same generation. These results do not successfully
allow us discern between metamorphic and potentially Au-associated secondary biotite. The
young biotite ages (2600-2400 Ma) post-date the regional metamorphism and deformation and
the Au mineralization at Detour Lake, thus making it even more difficult to associate Au with
biotite alteration. Consequently, biotite is not an effective indicator mineral for Au
mineralization at the Detour Lake deposit.

The results from both projects could have a significant impact on developing exploration
techniques for finding high metamorphic grade deposits similar to Detour Lake. Since Au can be
trapped within deformation-induced microstructures in sulphides, conducting geomagnetic
surveys in terranes that have been subjected to high strain and high metamorphic grade would

most likely be an efficient way to discover a deposit. Now that we have a better understanding of
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the microstructural setting of Au, we could maybe also develop more efficient techniques to

extract the Au and maximize recovery.
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Figure DRI1. (pages 98-99) Lateral sections of a Au block model
of the Detour Lake deposit at different elevations designed from mine
assay data showing east-west trending Au mineralization. Dashed line
is the outline of the modern open pit.
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Figure DR2. (pages 100-102) Lateral sections of a S block
model from the Detour Lake deposit at different elevations designed
from mine assay data show  east-west  trending sulphide
mineralization. Note the co-spatial  relationship  with  Au
mineralization shown in Fig. DRI1. Dashed line is the outline of the
modern open pit.
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Figure DR3. EBSD results from high stress regions at type-2a pyrite grain contacts from a mafic volcanic
sample (MV-19). A. Orientation contrast image of pyrite grains showing evidence of low strain
intracrystalline plastic deformation through linear gray-scale variations in grain 1 and higher strain plastic
deformation through a checkerboard pattern in grain 2. B.1. Pole figure representing the <100> axes of grain
1 showing rotation about at least one axis marked by the red circle (lower hemisphere, equal angle
projection). B.2. Pole figure representing the <100> axes of grain 2 showing rotation about at least one axis
marked by the red circles (lower hemisphere, equal angle projection). C. Orientation deviation angle map of
pyrite grains revealing a linear misorientation pattern in grain 1 and a checkerboard misorientation pattern in
grain 2 with a maximum misorientation angle of 30°. D. Grain boundary map of pyrite grains showing minor

low-angle grain boundary development at high-stress regions between grain contacts. 103
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Figure DR4. EBSD results from folded elongated type-2a pyrite grain within a syn-D2 vein (V5) from a
mafic volcanic sample (MV-19). A. Orientation contrast image of pyrite grain showing evidence of low
strain intracrystalline plastic deformation through linear gray-scale variations. B. Pole figure representing
the <100> axes of grain 1 showing rotation about at least one axis marked by the red circle (lower
hemisphere, equal angle projection). C. Orientation deviation angle map of pyrite grain revealing a linear
misorientation pattern with a maximum misorientation angle of 10°. D. Grain boundary map of pyrite
grain showing minor low-angle grain boundary development and recrystallization.
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Figure DRS. (pages 105-118) LA-ICP-MS results of a euhedral pyrite crystal (type-2a) with an inclusion-rich
overgrowth (type-1b), which is also overgrown by an inclusion-poor type-2b pyrite within a syn-D2 vein (V5)
from a mafic volcanic sample (RD15-118-238B) showing a reflected light photomicrograph of the mapping area and 32
major and trace maps. LA-ICP-MS maps revealing additional pyrite generations through oscillatory growth zoning of
first-row transition metals (Cr-Co-Ni-Cu-Zn) and some post-transition metals (Pb) and metalloids (As-Sb + Se). Growth zones
are cut by metal-rich (Bi) brittle fractures.
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Figure DR6. (pages 120-133) LA-ICP-MS results of a type-2a pyrite porphyroblast within a mafic volcanic
sample (RD15-118-251) showing a reflected light photomicrograph of the mapping area and 32 major and trace maps.
LA-ICP-MS maps reveal oscillatory growth zoning of first-row transition metals (Cr-Co-Ni-Cu-Zn) and some post-
transition metals (Pb) and metalloids (As-Sb = Se) and trace element enrichment (Zn-Y-Ag-Sb-Te-Au-Pb-Bi) in brittle fractures.
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Figure DR7. (pages 135-148) LA-ICP-MS results of amalgamated type-2a pyrite grains with poorly defined margins within a
mafic volcanic sample (RD15-118-251) showing a reflected light photomicrograph of the mapping area and 32 major and trace
maps. LA-ICP-MS maps reveal enrichment of transition metals, post-transition metals, metalloids, and lithophile elements (Mg-
Mn-Al-Si-P-Na-K-Ca-Ti-Y-U-Th) at brittle fractures. Results from this domain are unclear due to small nature of the sample

compared to the large laser spot size (10 um).
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Figure DRS. (pages 150-163) LA-ICP-MS results of a euhedral type-2a pyrite porphyroblast overgrown by collorform
bands of type-3 pyrite within a mafic volcanic sample (RD15-265-353) showing a BSE image of the mapping area and 32
major and trace maps. LA-ICP-MS maps reveal maps reveal trace element zonation, within the core of the early,
type-2a pyrite porphyroblast, which is cut by Au-Ag-Te-Bi-rich a fracture and unusual Cu-Pb-Zn-Ag-rich concentrations that

are devoid of Au within type-3 collform pyrite bands.
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Figure DR9. (pages 165-184) LA-ICP-MS results of a brecciated and boudinaged pyrite domain within a mafic volcanic
sample (MV-20) showing an orientation contrast image of the mapping area and 32 major and trace maps overlapped on the OC
image. OC image reveals a complex misorientation pattern through gray-scale variations at boudin necks. LA-ICP-MS maps
reveal Au and other trace elements (Ag-Bi-Te) enrichement at low-angle grain boundaries and brittle fractures. Note, grain
boundaries within this sample are devoid of Au. LA-ICP-MS maps without OC underlays are also added.
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Figure DR10. (pages 185-212) LA-ICP-MS results of an apparently annealed (foam-textured) pyrite domain with
triple junctions within a mafic volcanic sample (RD16-H) showing an orientation contrast image of the mapping area and 32
major and trace maps overlapped on the OC image. OC image reveals minor plastic strain through a linear misorientation
pattern. LA-ICP-MS maps reveal first-row transition metals (Co-Ni), metalloids (As) and Au enrichment at grain
boundaries. LA-ICP-MS maps without OC underlays are also added.
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Figure DRI11. (pages 213-241) LA-ICP-MS results of a pinch and swell pyrite domain within a mafic volcanic sample
(RD16-1) showing an orientation contrast image of the mapping area and 32 major and trace maps overlapped on the OC image.
OC image reveals plastic strain through a complex misorientation pattern overprinted by a brittle fracture. LA-ICP-MS maps
reveal Au and other trace elements (Ag-Bi-Te) enrichement at low-angle grain boundaries and brittle fractures. Note, grain
boundaries within this sample are devoid of Au. LA-ICP-MS maps without OC underlays are also added.
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Figure DR12. (pages 243-270) LA-ICP-MS results of another pinch and swell pyrite domain within a mafic volcanic
sample (RD16-1) showing an orientation contrast image of the mapping area and 32 major and trace maps overlapped on the OC
image. OC image reveals plastic strain through a complex misorientation pattern. LA-ICP-MS maps reveal Au and other trace
elements (Ag-Bi-Te) enrichement at low-angle grain boundaries and brittle fractures. Note, grain boundaries within this
sample are devoid of Au. LA-ICP-MS maps without OC underlays are also added.
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Figure DR13. A—C. Orientation contrast image of pyrite porphyroblasts within a talc-chlorite matrix of
an ultramafic volcanic sample (TC-06) showing little to no evidence of intracrystalline plastic strain
through gray-scale variations.
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