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ABSTRACT

The Ptarmigan and Tom mesothermal gold deposits are located 10 km to the
northeast of the city of Yellowknife, Northwest Territories. Both gold deposits comprise a
series of en echelonveins. These veins are hosted within upper greenschist to lower
anmphibolite facies ~2630 Ma rocks. A low-temperature reduced hydrothermal
environment during ore deposition formed ether apart of the main arsenopyrite
dominated mineralization or a distinct lsage ordormation eventAt the deposit scale,
the highgrade gold ores are preferentially developed witkecontextualkcenarios(1)
along contacts, especially the contact between black siltstone host rock and major barren,
cleavageparallel veins; (2) the contact between quartz laminae and carbona@asbus h
rock slivers; (3) proximityto bismuth tellurde mineralization. Thus, competent, barren
guartz veins along the axial plane of fold/thrust belts locally host superimposed gold
mineralization and provide favourable targets for gotgloration
Hydrothemal apatite is a common accessory mineral in botheralized and noen
mineralized quartz veins in the metasedimentary host rocksdhatitutethe Ptarmigan
and Tom depositsThe apatite in this study likely formed coeval with early stages of
sulphide pecipitation. The apatite age of @b+ 15 Ma is @nsistent with the intrusions
of the 2605 and 2590 Ma twmica granites of the Prosperous Suitee neatconcordant
20%pp-corrected data of the LCT pegmatite hosted apatite reveals two clusters of ages. An
older population with an intercept age (N = 4p6B1+ 15 Ma, and a younger population
with an intercept age (N = 3) @619+ 12 Ma . Furthermore, plotting a regression through
all neari concordant data for the pegmatite hosted aplaitits that metaorpic resetting

occured around ~2200 Ma.



The distribution and abundance of major, minor, and trace elerfrentsin-situ
recoveredapatite were studied to characterize
apatite from mineralized and nonineralized vens show different Mn, Sr, and Pb
contents,as well as chondritaormalized rareearth element (REE) and Y abundance
patterns. REE display five uniquechondritenormalizedpatterns: (1) negative sloped
pattern withslight negativeEu anomaly, (2) a flatgitern with a positive Eu anomaly, (3)

a paitive slope with a negative Eu anomaly, (iv) light rare earth element (LREE) depleted
pattern with positive Eu anomaly, and (v) k&llaped pattern with a negative Eu anomaly.
The REE patterns likely reflect bothe source of the auriferous hydrotherrihaids and,
perhaps, cgrecipitating mineral phases. Apatite from the Ptarmigan vein occurs with
both: (1) a flat pattern with a positive Eu anomaly and (2)dfedped pattern with a
negative Eu anomaly. The bshaped and flat patterns typify orogegiold deposits.
Vein-hosted apatite commonly displays compositional zoning with a characteristic yellow
cathodoluminescend€L) emission spectra with darker cores and brighter rims. The cores
have lower REE, wheas the rims ar@otablyREE higher. It ighoughtthat the darker
coresin CL imageseflect a transition from an early low REE hydrothermal fluid to one
enriched in REE. Lastly, this study breaks ground for conducting a more robust study to

classify thetraceelement composition of apatite in galeposits worldwide.
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Chapter 1

Fluids, Faults and Orogenic Gold

This chapter outlines the objectives of this study and provides a brief project

background, describes previous research, and ditailsrganization of the thesis.

1.11 Introduction

Groveset al. (1998) coined theterm orogenic gold deposit in order to describe four
epigenetic vein deposit ter ms: il ode gol d
Amesot her mal g o | dsgits typiCatlycfayne in metamagyphic tbeckgdire theo
accretionary wedge (Fige 1.1) 6 a subduction zone at depths of 35 km. Orogenic

gold deposits are temporally and spatially associated with orogenies and are associated
with compressional forces and higtnain, regardless of lithology or crustal depth (Groves

et al. 1998).Approximaely one third of the global gold production is from orogenic gold.

The formation of these deposits can be broken down into systematic steps. First, a large
volume source rockvith low concentrations of gold is heated and deformed, generating
fluids throudn devolatilization. The fluid is then focused through a corgaibhway such

as a fault zone or shear zone system. Lastly, metals need to be remnacwvetiemical or

physicaltrap in order to concentrate the gold into a location
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Figure 1.1. Geological setting for orogenic gedtlyle mineralizationAdapted from
Groveset al.(1998).

1.12Source ofHydrothermal Fluids

Although aogenic gold deposits are a specific deposit type, a scientific carssens
on the source of the mineralizing fluidsmains at presety unresolved. Long fluid flow
paths andew deposits less than 60 Ma), leaves minimal evidence for a definéifluid
source. This leads to a variety of petrogenetic interpretations inugasindies (Groves
1993). Presently the debate regarding magrmtitrothermal versus metamorphic
hydrothermal continues, despite growing evidence supporting a metamorjh&oiluce
(Goldfarb and Groves 2015). Magmatic fluid, by definitionaigolatile phasesxsolved
from magma during cooling, decompression, and crystallization, whereas a metamorphic
fluid is derived fromdevolatilizationof minerals, such as chlorite aathphibolesduring
prograde metamorphism (cf. Robb 2005). Early researchersasaessed the various
models for orogenic gold deposits, invoking magmhtidrothermal (tonalite
lamprophyre. or oxidized magmassociated), and metamorphic (regional metghic
devolatilization) processes as the possible sources for fluids and met&ration

(Goldfarb and Groves 2015).



1.13 Crustal Permeability

The primary control on fluid flow in th&arthds crust is permeabilitySibson1994
Gleeson andngebritsen 2016)Pemeability K) is a directly measured parameter that
determines the fagbility of advective solute transport, advective heat transpar the
generation of elevated fluid pressures. Permeability is dependent on hydraulic gradient and
interconnected posity or chemical controls. This relationship between fluid flow through
a porous medium and the forces that drive it is provided byyDars (Daacw 1856)
Darcyo6s Law mathematically demonstrates th

pressure dierentials in the host rock (1).
1) n 0v—
Whereqis the volumetric flow rate through a unit cross section ofva fiath. The term—

is the difference in hydraulic head between two points along the flow path divided by the
distance that separaté®m,andK is the hydaulic conductivity.

Crustal permeability is not homogenahsoughout the earéa crust indead there
are district differences in permeability between the brittle upper crust (where meteoric
fluids dominate) and the ductile lower crust (where metamoafiii derived fluids
dominate). Between the brittle upper crust and the ductile lower crist lsrittleductile
transition(Gleeson and Ingebritsen 201&he brittleductile transition occurs at depths of
approximately 1015 km. Permeability within tlee zones changes in pesise to
tectonism, devolatilizatignand other geochemical reactio=r example, fluids that

become ovepressurizedi(e. the fluid pressure is greater than fitbostatic pressure)



cannot be contained in the crust. Thereforastal adjustments (ithe form of fracturing

and other processes that create permeabilityg} mecur(Gleeson and Ingebritsen 2016)

1.14 Faults and Fluid Fluxes

High-angle reverse faults (Figure 1.6) in horizontal compressive stress regimes are relevant
to the formation of may orogenic gold deposits (Sibsenhal.1988).High-anglereverse
faults (i . e commdanpngrustal fshorteding gegimesre host to mny
mesothermal quartz veirhosted gold depositSibson et al. (1988) findkat asignificant
volume of flid is transferred during slip along higingle thrust faws; this is known as
fault-valve rupture High-angle faults are much better suits opposed to low angle
faults) to attain highfluid pressures because, as these fandt®me more inclined with
respect to the horizontal, the magnitude of horizontalressive stresses required in arde
to induce fault failure exponentially incregq&bsonet al. 1988).This allows the buildup

of a significant volume of fluid required form large mineral degits. The formation of
high-angle reverse faultgpically developghrough the reactivation or reorientatiorpoé
existing structuresSibson (1990summarizes four scenarios where this may occur in
nature:(1) a regional tectonicegimechangng from extension (with highangle normal
faults) toshortening. Higkangle normal faults are thenaetivated as higlangle reverse
faults (2) transpression across a strike slip fa(8) rotation of lowangle thrust faults
during compresion resuling in steegr orientation and (4) compression of anesh of
conjugate faults facilitatinghe rotation ofshallowly dipping shearto steeply dipping

shears.
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Figure 1.2: High-angle reverse tdts within the upperraist in a horizontal compressive
stress regnewhere fault rupture is commoAdapted from Sibsoat al.(1988).

Fluids a shallow crustal levels are under hydrostatic pressure due to brittle fractures
and pore spaces that link teetsurface. However, gteater depths (near tbattle-ductile
transition) these pore spaces and fractures close, effectively creating an impermeable
barrier to fluid flow. As a result, fluids are pressurized beyond hydrostatic pressure (
suprahydrostic pressure). With urther pressurization, stghydrostatic pressures
approach equilibrium with the surrounding rocks.(lithostatic pressures are reached).
Fluids at this depth are generated fralavolatilization of hydrous minerals during
progressie metamorphism in adwnic shorteningGox etal. 2001;Sibsonand Rowland
2003. Fluid pressures increase until failure of the overlying impermeable barrier occurs.
The seismic pumping model (Figure 1.3) shows how fluids traveling through the crust are
correlated to cyclicalariations in both the s#ss and strain state of rocks around faults. In

this modelas fluid pressures rise, the fault eventually fails resulting in dilatancy and the
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development of a fracture permeability along the fault. Aswdtreie fluidsaredischargel

into the fault rupureand channel upards along théault plane(Sibsonet al. 1988). The

fluid flux generates a simultaneous decrease in the fluid pregssifeuid pressures fall,

hydrothermal precipitation occutisatleads to resealing of tHaultk n o wn

as-the

v a | v e ofaultvale efacilitates oscillations in fluid pressure and is key in the

development of faulhosted mineralizationA reductionin the fluid pressureffectively

reduces the solubility of quarand other metals inatling goldand isinferredas gprimary

control on mineralizatioiiGaboury and Daigneault 200@epressurization also induces

boiling of the hydrothermalfluid, resuting in phaseseparation ofCO,, which locally

precipitates as chonate(Sibsonet al. 1988). Furthermore, textures of hydrothermal vein

depositandicate thathydrothermalmineralizationlikely resuls from eachrupture and

subsequerfiuid pulse(Sibsonet al. 1975)

TIME

Figure 1.3: Graphical reresentation showing the cyclic nature of the change in fluid
pressure with time for fault valve modd®. (lithostatic) and P(hydrostati¢Adapted

from Sib®n 1990)

~

1



1.15 Fault zone structure

A typical fault zoneconsistsf threemajor components (Figar.4): 1) strain that
IS localized in a fault core surrounded by a distributed zone of frac@)risailting in the
damage zonend 3) a protolith The fault core generally consistswiconsolidated clay
rich gouges (i.e. imperneable phyllosilicates) or geochemically altered breccias
cataclasite or ultracataclas#adis where most slip is accommodai€hineet al. 1996).
The reduabn in grain size irthe fault coreleads to lowepermeabilitythan that of the
surrounding danage zone and protolitBince thedamage zoneontains highly permeable
fractured rockit can be favarable hosts for hydrothermal fluids. For exampbgensional
fractures at the tip of multiple fault strands may merge to flanger fault plane and
damage zoa Theextende damage zone can then facilitate increasgtrothermafluid
flux (Micklethwaite and Cox 2004)

Miller et al.(2004)suggestshat germeabilitywithin thedamagezoneof a faultis
correlated to increased aftershock activity. @behorsdescribe a prazsswherely stored
CO; trappedin high-pressure fluids (infiltrating the damage zone) are releasedd@2.
post mainshockiue to the elevated permeability during ruptividier et al.(2004) found
that these percolating fluids veelikely responsibledr atershockghatlasted for30 days
after the initial ruptureMicklethwaiteet al.(2015) goes further to suggest that Gd
other volatiles drives fault failure. Micklethwaigs al.(2015) describs a transition from
a singlephase liquid that isfiectively separated into a vagr phase plus a liquid phase
on crossing the boundary into the tpbase(boiling) field (Figurel.5). The associated

volume increases cause reactivation of existing fantshears.



R ““W

damage zone core damage zone multiple cores

Figure 1.4 A) Single fault core damage zotteat shows single highstrain core
surrounded by a fractured damage ztiva contains thgreatest fracture densiti)
shows multiple cores model, wheseverahigh-straincoresenclose lensed éractured
protolith (modified after Faulkneret al.2010).
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Figure 1.5: Pressurdemperaturalepth plot illustrating the relationship between the phase
boundary for a typical ssothemal lode gold bearing fluid (HO T CO, i NaCl). Fluids

that exists in the onghase field separates into a vapour phase plus a liquid phase on
crossing the boundary into the typbase field (dark line). Arrows aré Ppathsproposed

by Micklethwate et al. (2010), which show how miecrustal fluid may travel during
earthquake cycles (isobaric, isothermal, and evolving along a geothermal gradient). Shaded
areas indicate the typical range @fTPconditions for the formation of @sothermal lode

gold deposits. This area caiides with the phase boundary suggesting a link between phase
separation and gold mineralization. Adapted from Micklethwetite. (2010).

1.6 Faults and Orogenic Gold

The faultvalve model (Sibsoret al. 1988) demonstrates howegpressured
reservoirssituated below the seismogenic regiare channeled along higingle faults.
Hodgesoret al. (1993) extends this model ovolve addition of gold into hydrothermal
fluids from scamops @ d&sewoirdi Thiese senogyaeservoirs occur

whenthe faultvalve is closed due to supralithostatic pressures. This may lead to leaching



of gold from the fluid reservoir into thegressindiydrothermal fluids. Once failure of the
fault-valve occurs, fluid pessure in the fault zone less than in the vlaock. As a result,
the goldbearing fluids flow from wall rocks into the fault.

The repetition of seismic events is related to structural segmentation of faults.
Segmentation refers to associated change in strigéstructureslike fault bends orggs
(cf. Sibson, 1986). Fault jogs are generally located between the end of one rupture plane
and the start of another in extensional en echelon fault arrays. These sites are recognized
to befavourable for gold mineralization at Higcrustal levels (Sibso1987; Goldfarb and
Groves 2015). Numerical models suggest that fault terminations, or linkages between fault
segments, are domains of high fracture density and connectiuity increased
premeability Cox and Ruming (2004) exanad the permeabilityof low displacement
faults andshear zonem the St Ives goldfield of the Eastern Goldfields Province of the
Yilgarn Craton in Western Australidhey found that the highest bulk permeability sva
restricted to the damag®ne in a comactional jog. The resechers propose that this led
to high fluid flux and fluid discharge from the jog domain immediately after rupture. The
continued migration of fluids out of the jog and into the wall rockrdfte main rupture
event led to an increa in supilithostaticfluid pressures that drove aftershocks on low
displacement faults. Additionally, with each aftershock, the permeability increases along
the low displacement faults momentarily increasing fflus and gold deposition in these

strucures (Figure B).

10



Boulder-Lefroy-Playa Fault

f:‘uld dl:ci:h%f e
through imbricate
thrusts at jog ;

rupture arrest at
N Victory jog

fluid influx from deeper crustal reservoir
through lower levels of Victory jog

[:] low permeability unruptured fault segments
D moderate permeability ruptured planar fault segment
D high permeability imbricate thrust zone in jog

Figure 1.6: Schematic illustration of crustal fluid transport within the Bouldefroyi
Playa Fault after a rupture evektodified after Cox and Ruming (2004).

Micklethwaite and Cox (24) support the findirgof Cox and Ruming (2004) by
conducting stresgsansfermodeling in order to explain the location of mineralized small
displacement structures around the Black Flag Fault in the Kalgoorlie terrane, Western
Australia. The authors fth that localized fluieflow, or mixing of fluids within fault
systems, is conttled by the distribution of aftershocks following rupture events.
Furthermore, the researchers suggest that zones of transient high permeability around
ancient fault systems gabe predicted if faulsegments and likely locations for paleo
rupture arresare identified. This supports the interpretation that aftershock networks can

form a high permeability damage zone that localizes fluid flow and gold mineralization

11



within particular parts of crustadcale fault systems. Thus, the clustering of gold déposi

is a consequence of the aftershock network associated withsleage crustal faults.

Micklethwaite and Cox (2006) examine how the impact that large aftershocks or

earthquees have on static si® changes generated by a mainshock rupture. The

researbers determined that repeated arrest of the mainshock ruptures, at both dilatational

and contraction fault stepvers, controlled aftershogaklated fluid flow. Interestingly hie

researchers suggeshat aftershock fault networks can maintain connectiatyd

permeability throughout continued mainshock events. Therefore, considering time

integrated fluid fluxes, the aftershock zones undergo considerably higher fluid fluxes

relaive to the mainshock piure (Figure T7).

Plan View:
=y NG
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e
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Figure 1.7: A) Schematic map and longitudirséction of a strikelip fault system, with
a sealed, overpressured fluid reservoir at déptitementation poterdl of fluids
migratingup faults and down temperature gradients leads to saikihg of the
mainshock fault. Modified after Micklethwaitsnd Cox (2006).
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1.17 Fluid Migration and Accretionary Wedges

Fluid migration and focusing fluid into sites farable for gold mineralition in
orogenic gold systems is commonlgssociated with active margins undergoing
compressional tectonic activity during accretionary or collisional orogenic events and
subductiorrelated tectonics. Breeding and Argue (2002) psepdhat a significant
amount of fluid is released durinigvolatlization of a down going slab at depths ofi 39
km. The researchers contend that enough fluids may enter a subduction zone along an
incoming platevia pore water enclosed within teedimers andoceanic crust (gurel1.8).

The authors suggest that theidl travels upward into the overlying crust, producing quartz
veins within accretionary prismga crustal scale faults or shear zones. Robb 200
explains that shear zones typically cohsismany smaller shesywhich together form a
shear network thadffectively pumps hydrothermal fluid from a deep crustal source to the

site of gold deposition.

Metamorphic grade exposed at surface due to exhumation

; v reenschist
prehnite-pumpellyite , pumpellyite-actinolite ,—Q—-—--—-——

retrograde Au-W mineralization

Figure 1.8: Cross sectional model of anaetionary wedge fornteabove the upper edge
of asubducting oceanic crustal slatark gray) showing how deeper fluids generated by
dehydration reactions may be channelizedliygand mix with fluids fronthe slab.
Adapted from Breeding and Argue (2002).
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An accretionary wedgg@-igure 1.9)develops wherérenchill turbidites (flysch)
are scraped off a subducting oceanic slab onto the leading edge of an overridinghplate.
structure of accretionary wedges is dependent on the stresses acting upsioaaabne.
As sedimets saturated with fluid defms, fluid pressures within accretionary wedge rise
and are ultimately expellgtrough thesstructuresThe main structural features are fqlds
thrust faults, a basal detachment surface. (décollement and owtof-sequence
thrusting.The internal strutire of anaccretionarywedgeis dominatedoy folds. Due to
compressional forces thexial planesof these foldsare parallel to the trench and dip
towards thesubduction zonéuring compression mechanilyaweak layers in stita allow
the development of stepped thrusts (either evar underthrusts). Rock units that are
underthrusted behave in a ductile manmnenereas those that are overthrusted exhibit
brittle characteristics. This type of boundary mown as a décollemenna typically
develops in a weak sedimentary layer at depths as great as Abdwe. thedécollement
thrust faultsoccur asedimentary material and oceaaiast is scraped o#nd compressed
against the overriding plaferming imbricate thrustdaults (Dahlen 1999 Kearey and
Vine 1990. Thrust faults start at the toe of the priaith shallow dipsand become steeper
with time. Thrust faulteffectively boundsections of foldedtrata that dipn sequence
towards the subductiorome.As shorteningprogresses older thrusts become more steeply

dipping (frontal accretion.
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Figure 1.9: Diagrammatic cross section of an idealized section of an accretionary prism,
with downgoing subduatg oceanic crustalab(dark gray) at the base, showing major
tectonic elements and features controlling fluid emplacement and expulsion. Modeled
after the Barbados accretionary prismgdifiedfrom Moore and Vrolijk (1992).

Daviset al.(1983) and Platind Legget{1986) enisioned a modahatestablishes
that an accretionary wedge will undergo internal deformation until it reaches a critical
taper. The model proposes that if no new material is added or removed from the wedge,
the wedge will slide alanthe décollement witha internal deformation. However, once
material is accreted to the toe or underplated beneath the advancing wedge internal
deformation will resume in order to maintain a critical taper. Riatt Leggeti(1986)
proposes that as mai&r is added to the basof the accretionary wedge duringder
thrusting the wedge will thicken in response and the taper will become supercritical.
Unlike sediment that is off scraped at the toe of the prism, material that is underplated

undergoes higlpressure metamorphisnin addition, Daviset al. (1983) established that
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fluid pressure within the wedge influences both the strength of the interior of the wedge
and the basal decollement. The researchers postulate that the occurrence of an accretionary
wedge with a narrow ta&p suggests a weak decollement because of high fluid pressure.
Plattand Legget{1986) recognized that with sustained convergence and burial, a state of
extension at the top of the wedge will exist in response to contraction lsadbeof the
wedge mairdining a critical taper. In contrast, the wedge will lengthen to repeaitical

taper in response to upper crustal forces, wianifest as horizontal extension and
normal faulting within the wedg& his favorsexhumation of dedp buried (blueschist
facies) roksto upper crustal levels. Plahd Legget{(1986) demonstrates that there is a
continuous cycle of burial, heating, and subsequent exhumation in order to maintain a
critical taper in accretionary margins. This presenigigue situationn which a state of
compression and extension may exist simultaneously depending on the crustal depth
Furthermore, this model shows how normal faulting can exist in the upper sections of an
accretionary wedge during compression. Vonidéugnd Scholl (1991) ggest that nearly

all the structural features developing in an accretionary wedge have the potential for
becoming conduits for fluid flow. Hubbert and Rubey (1959) recognized that high fluid
pressures can lower the effective stresapling low angle thrst faulting. In accretionary
wedges, high fluid pressures have been well documented. For example, Bangs and
Westbrook (1991) used a seismic reflection technique that detected regions of pronounced
undercompaction believed to be assded withover presstedpore fluid. The researchers
completed detailed modelling that defined zones of localized fluid-mremsuring
associated witldécollemenbeneath the accretionary wedge. Sibson and Rowland (2003)

compared two subparallel beltghere active deformatio and fluid redistribution are
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associated with an obliquely convergent plate boundary anddiegsure conditions
within the crust. The authors found that flpcessure levels are derived from low
permeability

A dual porositypemeability concept int’duced by Nelson (1995) explains how
fluids may migrate through an accretionary wedge (Figut6). Nelson(1995)suggests
that at the toe of the accretionary wedge, normal faults have high intergranular
permeabiliy. As fluid geneation due to consolid#on, also decreases, fluid generation
due todevolatilizationincreases along with fracture permeability. Thus, active faults
cutting through the regions of fluid generationdgyolatilizationreactions may transport
exotic fluids,such as goldnobilizing ligands towardsthe surface.

DECREASING INTERGRANULAR PERMEABILITY

CHEMICALLY EXOTIC
FLUID FLOWS TO
SURFACE

OCEAN CRUST

Figure 1.10: Dual porositypermeability concept introduced by Nelson (198%&ults

with higher permeabilities are found landward of the toefrism. The fluid

generabn from sediment consolidation decreases landward and is relatively small at the
onset of fluid generated as a product of mineral dehydration and hydrocarbon production.
Rapid burial due to underthrusting if sediments retdrdtset of mineral dehydriain

and hydrocarbon production. Where faults cut across regions of mineral dehydration and
hydrocarbon production permit transport of these chemically exotic fluids. (Arrow length
approximates the log of the permeability) Adaptem Mooreet al.(1992).
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1.18 Aqueous Transport of Gold

Zhuet al.(2011) discusses metals and their ligands (the electron donors with which
the metals bond and permit their agueous dissolution). A ligand which promotes the
formation of complexes by coordition bonding will incease solubility of metals in
aqueous oréorming solutions. A distinction is made between two types of ligands; (1)
smal | and strongly charged ions, designat e
highly polarizable ions, terrde fAsof t . 0 nGature as Auand wils borid
preferentidly with soft ligands. At room temperatur¢~25°C) the most important soft
ligands are HS(in reduced environmenfsH is near to neutrphnd $0s% (in oxidizing
environments).HS is the @minate ligand intempeatures up to 350°C (such as in
hydrothermal mineral depositg)t temperatures greater thah0°C(such as irmagmatie
hydrothermal systemsheassociation of Hand HS as HS limits theligands capacity to
transport gold. In adtion, the dielectric costant ofwater decreases, allowing Ao from
stable bonds with haed anions such asCl" and OH. Under acidic and oxidizing
conditions, AuCt will dominate. Importantly, Figure 111shows that the optimal ligands
to transport glal will change from aisulphidec o mp |l ex at temper atures

to a chloride | igand &LtWilliamsdpnesenat. 20098 s gr eat
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Figure 1.11: Graphical illustration of gld solubility (in terms of molalt, m, and parts

per billion)and speciation at 1 kbar as a function of temperature for an aqueous solution
containing 1.5 molal (m) NaCl and 0.5 m KCI, with pH buffered by the assemblage K
feldspai muscovitéq u a r t B (total $) ¥ 0.0 m m and fO2 (men fugacity) is

buffered by the assemblage hematile@ gnet i te. (B) ES and f O2

assemblage pyritpyrrhottémagnet i t e; t he maxi Theblckv al ue
dashed | i ne ( EAsolbility of doidcAaaptedsfron \Wiams-Jooexet |
al. (2009).

1.19 Stable Isotope Analysis

Stable isotope analysis on gadsociated minerals can provide information on the
source of gold and goldearing fluids. Commonly used isotopes are oxygenrdugeh,
sulphur and nitrogen thatearecovered from fluid inclusiorfeund in mineralssuch as
guartz, amphibole, and biotite, which represent the fluid composition and sulphides (such

as arsenopyrite) that carry the gold in hydrosulphide compl@ekifarb and Groves
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2015) Oxygen and hgrogen isotopes are then compared to the known signatures for
metamorphic and hydrothermal fluids. Sulphur isotope signatures show a large range for
sedimentary sulphur and orogemsidphur, which overlap with each othefhis poses a
challenge when usingulphur isotopes in orogenic gold deposits (Bark, 2008). Goldfarb
and Groves (2015) argue that the equivocal geochemical evidence from numerous orogenic
gold deposits has called into question the validity of usyaigogen isotopesGoldfarb and
Groves (2Q5) suggest that since orogenic deposits have undergone millions of years of
uplift to the surface, fluid inclusions will have been trapped multiple generationsgOof H
unassociated with ore formation. Still, Goldfarb &&ibves (2015) admit that analyses

yi e |Odvalugs that imply an influence of meteoric waters, but argue that such data is
relatively meaningless and only in shallow epizonal orogenic gold depositd,amounts

of meteoric water enter the ef@ming hydrothermal systems.

1.20 A Metamarphic-Hydrothermal Influence?

Since orogenic gold deposits are often spatially associated with granite intrusions,
a magmatiehydrothermal influence is often presumedet,YGoldfarb and Groves (2015)
argue that a common challenge when evaluating magimadiothermal fluid model is
that the timing of gold mineralization relative to that for granitic intrusion is extremely
variable. Still, Wallet al.(2004) proposed th#te world's largest orogenic gold deposit at
Muruntau is sourced from a buried ilmergeries pluton located 3 km below the deposit
(Figure 1.2); thehypothesizegbluton is interpreted to have formed from mixing of crustal
and mantle melts and crysiad at depths of 5 km. Exsolved fluids are generated from

the fractionated granitoid,om devolatilizationin the contact aureole of the intrusiamd
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(or) from convection of surrounding meteoric water. Well al. (2004) stress that
identification of pof zones of these buried plutons is a key exploration target. Key evidence
supportingthe model is coeval metamorphism / magmatism with the primary gold event
and mutually crossutting relations of mineralization. Goldfarb and Groves (2015),
however, cotest this, as core samples taken at depth show little alteration and the element
anomdies are not exclusively indicative of a fluid exsolved from a melt. Goldfarb and
Groves (2015) go on to explain that timing of gold mineralization relative to that for
granitic intrusions is extremely variable and that ores can predate, be coeval wahbt or

date magmatism.

- - — = Ore-hosted fault zones  Gold deposit setting

A. Fort Knox

l:l Country rocks B. Vasilkovskoye

C. Pogo

E Thermal aureole D. Muruntau

E. Granites-Tanami
- Granitoid intrusions . Telfer, Obuasi; Sukohi Log

Figure 1.12 Thermal aureole gold (TAG) genetic modétiapted from Walkt al.
(2004).

Hartetal. (2007) provide a comprehensive review of reduced intrustated gold

systems (RIES). The model (Figure 131 is characterized by a widespread array of
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sheeted auriferous quartz veins that preferentially form in the brittle carapace at the top of
small plutons. In addition, RIRGS are preferentially formed in association with the
youngest, furthest inboard, moderately reduced (ilmeségdes) plutonic suite emplaced
during weak postollisional extension behind a thickened continental margin. Galdfar
and Groves (2015) admit th#termal aureole goldTAG) and RIRGS deposits may
represat a nornorogenic deposit class, however, they stress that a magmydtiathermal

model cannot be a universal solution to explain fluid source.

1.21 Supracrustal Flud Source

Metamorphic HO-CO; auriferous fluids are generated Ogvolatilizationof the
stratigraphically lowest greenstones during metamorphism and broadly synchronous syn
kinematic granitoid intrusions (Goldfarb and Santosh 2014; Goldfarb and Groves 2015).
Henleyet al.(1976) propose that fluids responsible for mineralizationenQkagoschists
are derived from a common source rock during metamorpkiolatilization of a
supracrustal source. Henleyal.(1976) examine oxygen isotopes from Glenorchy deposit
in the Otago mining district and found that country rock temperatuees @ T Gighér
than fluid inclusion trapping temperatures for the shear -hoseed quartgold vein
deposits. The authors also note thattmearing fluids were derived from rocks at depth
over 1 5 0 e C formationt temperatud@@adnasserts that #hiis coherent with
devolatilizationreactions at the greenschist to amphibolite transition. These fluids are
considered to have cooled during rapid uplift and unloading (unroofing/erosion) of the

metamorphic pile.
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In contrast to Henleyet al. (1976) deRondeet al. (2000) present differing
interpretations regarding the source of the hydrothermal fluids in the Otago schists. de
Rondeet al. (2000) conducted a robust fluid inclusion study on samples from the Round
Hill deposit in MarcaesThe authors arguthatthe Mecaes f | uiO@odatanc | usi
shows a distinct trend toward magmatic valdesRonde (2000) refute the conclusions
drawn by Henleyet al. (1976) and suggest that the fluid inclusion data represents a fluid
derived from a meteoric source &ddition,h e r ange i n Ofpbvaliedfori ncl us
the Round Hill deposit is coincident with the different vein types and general structural
evolution of the deposit and suggests mixing between two fluids. One is the O isotope
shifted meteoric watesf early st@ k wo r k v eGn28abquti 80 & t The sécond is
characterized by fluid inclusions from fleamp veins, and hanginga | | v e OHdcs, wi t
up toi45a indicative of magmatic fluids. Nevertheless, Pitcatral. (2006) supports
the hypothsis that meta and fluids responsible for mineralization were derived from
dehydration reactions and leaching of amphibolite grade metamorphic rocks in Otago.
Pitcairn et al. (2006) found that 95% of the amphibolf&ciesrocks in the Otago and
Alpine saists were dgleted in orforming minerals and proposes that such regisnale
depletions require pervasive, grdiaundary fluid flow throughout these rocks. The
authors suggest that leaching was triggered by metamorphic fluid produced from
dehydratiorreactions athe greenschistmphibolite boundary and concludes that orogenic
gold deposits in Otago, such as Macraes, were formed directly from -nchtal
metamorphic fluid produced during prograde metamorphism from 1tepdéted rocks at
depth,supporing the findings Henley (1976). This research implicates amphibfades

sedimentary rocks as a potential source of gold during prograde metamorphism. Groves
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and Santosh (2015) point out thalthough Pitcarin (2006) shows it is possible to release
significant Au, As, Bi, Sb, Te, and W during greenschisd amphibolitefacies
metamorphism of thick turbidite sequences, it is still unclear how such fluids can migrate
laterally on a kilometer scale into the regiecaadle faults that control gold minertion.
Pitcain (2006) leaves open the possibility that infiltration of meteoric water may have
contributed to the formation of the late stage deposits that formed at shallow level during
uplift of the Otago schists. Interestingly, Pitcagh al. (2006) admits that o direct
evidence exists to validate Ronde (2000) and acknowledges that the formation of these
depositsvia magmatic fluids is a possibility. Nesbét al. (1986) raises an issue with a
supracrustal source model by identifying that metgiiem typicaly precedes gold
deposition (commonly by 10s of millions of years). However, Stuwe (1998) undercut this
argument by explaining that fluids produced in prograde environments at depth move up
fault systems into rocks that have already been n@famsed andievolatilized at an

earlier time.

1.22 Sub-Crustal Fluid Source

Lentz (2003) recognized that there are inherent problems with a simple
metamorphic model and contends that progresswelatilizationreactions occur within
a region of inveed geotherms in accretionary wedges due to refrigerating subduction
processes. Lentz (2003rgues that théigh-temperaturedevolatilizationreactions of
sedimentary and seawatgtered mafic volcanic rocks at pté should yield fluids of
heavier isotoi composition and infiltrating fluids should deposit quartz, without

carbonate. In addition, Lentz proposes that lower temperature, weakly acidig; @),
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H>S (£HS)-bearing low salinity fluids effectively sdouAu, Sb, As, B, S, Se, etc. from the
slaband lower wedge system. He argues that an inverted geothermal setting increases
hydration and continuous mass transfer in the sspibauction environment, and during

the final phases of subduction to early cadiis a progression to a normal geothermal
gradient results in a catastrophic dewatering of the subducting slab and lower wedge
segment sends an enormous pulse of fluid towards the surface. As a result, lower
temperature metamorphic fluids are superimpasgm higher grade rocks in the central

patt of the wedge. Lentz (2003) contends that ongoing uplift accounts for the evolution
from ductile through to late brittle deformation.

The Jiaodong Au deposit in eastern China has provided Goldfarb and Santosh
(2014) with unique insight into the origin blydrothermal fluids in that huge system. The
Jiaodong Au deposit is unique since the ores are hosted by supracrustal rocks that were
highly devolatilized and underwent partial granulitization billions of yeardieear
(Goldfarb and Groves 2015). The reséeers point to subducted oceanic crust and
overlying sediment wedge as the mugtble fluid and metal source and propose that
devolatilization of a subducted slab results in extensive upwardffiiélong slabmantle
boundaries (Figure 1.)1.3They prgose that either end of subduction or stalling of the slab
during subduction may cause the devolatilization that generates massive influx of fluids at
the base of the overlying mantle wedge. Liberated fluids eféréitize the overlying
mantle wedge (sup-subduction zone) or travel «ip along the interface between the slab
and the overlying wedge and/or the base of the lithosphere. Fluids may intersect deep
crustal faults that are then channeled to form oragegoid deposits in secoratder

structuresGoldfarb and Santosh (2014) further explain that devolatilization of the oceanic
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slab along with pyritdearing oceanic sediment releases gold and related elements into
fluid via breakdown of pyrite to pyrrhotitevhich follows work more recently summzed
by Bark (2008).

Bark (2008) proposes that Au in seawater is trapped into framboidal pyrite in the
ocean; during subduction, pyrite is transformed into pyrrhotite and incorporated sulphur
into devolatilized hgrothermal fluids. The study measures bulpsotopes in arsenopyrite
and assumes that the sulphur and galehe fromthe same source rock. The results show
t hat ar s*Smangey fromDe 9 Gand +3. 64 .&ndanhle t+wie e9nd
pyrrhotite. Sulplir data clusters arounddQ which is tradionally consistent with a
magmatic source. Interestingly, sulphur isotope data suggested that the source rock could
be either a magmatic or sedimentary source. In order to identify the origin of the water in
the hydrothermal fluid, hydrogen and oxygentispes are measured. The oxygen isotope
r an g i Was calculated to fabetween120and6 7a, wher e most dat
954. Recalculating the miner al ®Cusbetiveepe v al
+8.51t0 11.3 a n ®Onid(-85 ©-323 ). It was found that th8ark (2008)isotope data
involves a small magmatic source contribution. In addition, the high oxygen isotope values
are interpreted to represent a crustally contaminated magmatieséurthermore, the
author proposes thellowing genetic model: Au in seawater is trapped into framboidal
pyrite in the ocean; during subduction pyrite is transformed into pyrrhotite and
devolatilized S is incorporated into associated hydrothermalsfldice buoyant fluid is
transported and ftwsed into shear zones; gold is transported as Au(HS) in theske S
fluids. A decrease in S either by boiling aiod) alteration can enhance the crystallization

of Au. The model is ideal since it provides soumeks (gold enriched pyritech marine
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sediments), which are available in sediment wedges above down going slabs throughout

Earth history.

1.23 Summary

Extensive natural processes are required to concentrate gold from crustal
background levels into gold deposits. The development of accretioretges during
active plate subduction delivers both a continuous supply of saturated sediments and the
kinematiccontrols required for redistribution of metamorphic fluids. Pore pressures within
an accretionary wedge reflect the balance between fluigg@soal pore pressure increase
in response to burial and tectonic stresses, such as folding and resultant regional
metamorphismlin addition, pore fluid pressures may also have increasedto the
presence oYolatile components, such as £@n cases wherexcess pore pressures are
increased above lithostatic, fluekcape may ensue, and the propagation of seigimic s
may occur. However, not all faults within the accretionary wedge can tap into the source
of gold-bearing fluids. As explained by the dysdrositypermeability concept, active
faults cutting through the regions of fluid generation by dehydrationioeacimay
transport exotic fluids, such as gold, to the surface. The underplating of tectonic units at
depth involving strong uplift and exhun@t provides a conduit or tapping deep crustal
fluid sources. Lubricanisuch as graphitenay increase the sheaapabilities in some
faults. Crustakcale faults may trigger a series of aftershocks, which form high
permeability damage zones that lozalfluid flow and gold mineralization within parts of
crustatscale fault systems. Time integrated fluid fluXe®tgh these aftershock networks

are considerably larger than major fault zones. Furthermore, the presence of large stepovers
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increase the darga zone and aftershock permeability may lead to even greater fluid fluxes
and gold mineralization.

The culminaibn of research by numerous scholars has the potential to provide a
unified model for orogenic gold deposits. Based on the cumulative reseanghied over
50 years, fluids released during devolatilization of the subducting slab are likely
responsible fothe development of many wortdass orogenic gold deposits (Figure4).1
Goldfarb and Groves (2015). The catastrophic dewatering of the sirfgdaceanic plate
in response to equilibration of the inverted geotherms eloquently explains the large fluid
flux and the late timing of gold mineralization. In addition, getdiched, pyritaich
marine sediments in sedimeith accretionary wedges almdowngoing slabs provide a
potential source for the Au. The influence from sgagmatic intrusions is likely a
coincidence due to the correlative timing between granite intrusions and catastrophic

dewatering of the subducting slab and lower wedge segmen
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Figure 1.14: Schematic representation of the universal rhotlerogenic gold deposits.

(a) Fluids from an over pressured slab intersect a-deegpal fault. Fluids advect

upwards to form orogenic gotteposits in secondrder structures. (b) Devolatilization of
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wedge. Adapted from Groves and Santosh (2015
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Chapter 2

Geological Background

2.1 Yellowknife Greenstone Belt Northwest Territories

The Late Archean rocks of the Yellowknife regidiorthwest Territoriesare an
integral part of a welknown gold mining camp. Gold mineralization in the Yellowknife
areademonstrates marof the characteristios.e. Boyle 1979)in the orogaic gold model
proposed by Grovest al. (1998). For example, the deposits are charaed as
structurallyhosted in metamorphosed greenschist through amphibolite facies deformed
basalts and greywackaudstone turbidites (Bleeket002; Siddornet al. 2006). Past
production has yielded more than 13.5 Moz of gold with most of the gold extracted from
the greenstonbosted Giant and Con mines (7.0 and 5.5 Moz, respectively; see Bullen and
Robb 2006).

The Ptarmigan and Tom mesothermal gold deposits aaetb 10 km to the
northeast of the city of Yellowknif@he Ptarmigan and Tomines were once operated as
a single unit (Silke 2009Production from the Ptarmigan and Tom mines totd@@ 180
tons (406,600 t) producing 111,200 ounces (3152 kg) of gmldgge 9.56 g/t Au
recovered).

The Ptarmigan Mine has operated with an
Initial mine operations were short lived, beginning in 1941 and ended in 19&tawe
conditions put a strain on operations. By the filesure of the Ptarmigan Mine, it had
produced a total of 34,429 tons (31,233 t) of ore at a grade of 0.34 ounces per ton gold

(10.6 g/t) (Jewitt 1943). Cominco Limited resumed mining operations from19833.
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Only 1,844 tons (1673 t) of ore grading®ounces per ton (17 g/t) producing 1,013 ounces
(26.7 kg) gold were mined at this time (Con Mine 1983). Production was restricted by the
capacity of the Con Mill, which was operating at full capacity and had no allowance for
custom ores. The ownershiptbé property was transferred in 1985 to Treminco Resources
Limited andmining operations resumed until 1997. The main Ptarmigan vein was accessed
by a shaft extending to 275 metres depth and workings that followed 400 metres of strike
length. Gold at th@tarmigan mine is free milling with recoveries of 94%. In 1997 when
the Ptarmigan mine closed, the gblelaring vein was still open at depth down dip below
the mine workings and along strike to the west (Treminco Resources LimitedSiB@0
2009;TerraxMinerals 2018a).

Gold production at the Tom Mine was concurrent with the Ptarmigan operation
over thespan of 12 years between 198997. Analogous to the Ptarmigan mine, ore at
the Tom Minewas alsdree gold milling with a reported recovery of 94%ifter the mine
closed in 1997, the veins were still opah depth below the current mine workings
(Treminco Resources Limited 1998ilke 2009;Terrax Minerals 2018b). In 2018 Terrax
Minerals acquired Tom deposit (Terrax Minerals 2018b).

While not centrhto this study, the Cassidy Point Mine (located 13 km, northeast
of Yellowknife) was once a small mining operation in 1950 and again in 1986. Although
this area has seen residential development since its opening, the old mine workings still
exist at the arth end of Cassidy Point. A pit was excavated to a depth of 46 feet (14 m)
over a length of 60 feet (18.3 m) of vein strikelditionally, 1,226 tons (1245 kg) of ore
grading 0.37 ounces per ton (~ 11.6 g/t) gokte extracte@nnually This material was

then transported to the Con Mine in Yellowknife for processing (Cominco Ltd 1986).
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Remaining reserves at Cassidy point were reported in 1992 as 11,000 tons grading 0.40

ounces per ton (12.5 g/t) gold to a depth of 165 feet (50.3 m) (Webb 1993; Silke 2009)
Rerewed exploration in the region by Gold Terra Resources (formerly, Terrax

Minerals) has sparked interest in improving the understanding of gold mineralization. In

general, much of the exploration and mineral research efforts have focused-brayoig

shar zones hosted within mafdominated metavolcanic rocks with only a few notable

exceptions (Stokes 1992; van Hessal. 1999;2006). The golejuartz vein occurrences

have been somewhat ignored as potential targets for large economic gold dkgspsés

the legacy of some profitable operations such as the Discovery Mine. Challenges mining

vein deposits are their discordant nature, low tonnage, and unpredictable ore grades. New

understanding of these veltosted deposit will help to address thesallerges.

2.2 Geological Setting

Within the Slave craton, the Yellowknife Supergroup (Figure 2.1) contains one of
the largest and bepteserved Archean turbidite deposits globally (Henderson 1970, 1972;
Padgham and Fyson 1992; Fergusbal.2005). Thes turlidites have been separated into
an older and younger package (I and Il) by Oeted.(2009). The older package includes
the Burwash Formation. The Burwash Formation is an extensive unit of greenschist to
amphibolitefaciesgreywacke mudstone turbiesand are welpreserved in the south
central portion of the Slave Province. This package consists of a greymaclstone
succession and contains several interbedded tuff beds (<2 cm thick) that have been dated
at ca. 2661 Ma andca. 2650 Ma, respectely (Haugaardet al. 2017). The package |

turbidites have been interpreted to have formed as volcanism began tca2660Ma)
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and were likely deposited as submarine fans in a forearc ofargraasin within a rifted

arc environment.

1000 km

Figure 2.1 Location of the Slave (Structural) Province in northern Canada (red) and the
Canadian shield (beigeYellow star indicates the approximate location of the study area
(modified after Bleeker 2002

These turbiditesepresent the primary fill of a large Archaean supracrustal basin,
east of Yellowknife (Henderson 1975; 1985). Locally the Burwash Formation is host to
concentrations of quartz veins some of which are gettibg such as the Ptarmigan and
Tom veins. Gravity data from the Yellowknife Bay area (Helmstaedt and Pehrsson 2012)
indicate that the metsedimentary sequence is approximately 5 km thick, with a maximum
depth of 7 km. Davis and Bleeker (1999) werd tinsdentify that the Defeat Suite plutons
(ca.2635 to 2620 Ma) crossut isoclinal folds (b in the Burwash Formation. The younger
turbidites (Package llxa.2620 + 6 Ma) are distinct (Haugaagtial. 2017), since unlike

the Burwash turbidites, thegontain interstratified banded iron formationlfg The
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depositional setting of the Burwash Formation is thought to be a rifted arc basin (Ferguson
et al. 2005). The depositional setting for the younger -B#aring turbidites is not
presently understoo@.g. Bleeker and Hall 2007; Ootesal. 2009) However, Ootest

al. (2009) suggest that the younger package Il turbidites (in the northwest Slave Craton)
were deposited within an int@ntinental baclarc basin setting behind this magmatic arc.

Seveal pulses of granitic magmas intrude telowknife Greenstone Belt (here

St

after YGB) beginningata.2 700 and ending wit hca2600to nal
2580 (Bleekeand Hall2007).The Defeat Suite plutons consist of metaluminous, massive
to foliated diorite, tonalite, and granodiorite aar@ widespread in southern Slave (Ootes

et al.2011). The Defeaduiteplutons intrude the Yellowknife Supergroup and cut upright

F1 folds (Davisand Bleeker 1999). These plutons are interpreted as a magmatic arc that
coincided with a change fromiEW sulduction to SE NW subduction. A second group

of plutons signal a transition from ceadd¢kaline plutonism to granitic magmatism. These
plutons repesent melts derived from pexisting crust that began betwees 2605 and

2595 Ma that ended withacratani de fAgr ani t eca.B39Dand2b80Ma.t we e n
This later group of plutons include the twoca, syrkinematic, and the-§/pe twomica

Prospeous plutonic suite. The Prosperous Suite were emplaced horizontally as laccoliths
during collisionaltype granite magmatism and formed in response to partial melting of
sedimentary source rocks (migmatitagatexis) at deep crustal levels during(Bleeker

et al. 1995; Bleeker and Hall 2007). The roof and floor contacts of the Prosperous Granite

dip shallowly eat and suggest a tabular shape with a thickness of approximately two
kilometers. Additionally, the Prosperous suite plutons outongihin the Bumvash

Formation along generally N S-trending andalusiteordierite metamorphic isograds
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(Bennet al. 1998). FPevious dating of the Prosperous intrusion indicatesRbWnonazite
age ofca. 2596 + 2 Ma (Davis and Bleeker 1999) ariad 2592 + 3 Ma (Bleekeand Hall

2007), respectively.

2.3 Structural Setting

Three deformational events {[D., and, B) have beendentified by Fyson (1982),
Henderson (1985pavis and Bleeker (1999), and Martel and Lin (2006).

Pre-D:deposition of the Burwash Formation sediments formed along a continental
slope or ocean bottom as a thick sequence of-gdeepurbidites along thegsive margin
of the Anton Basement Complex (Bleeletral. 1999)

The Burwash Formation has undergone drpoted deformational history, which
includes two dominant deformation events that resulted in penetrative strain and large
scale fold interferencdrsictures throughout the region.

D: in the YGB is characterized by NNEending folds withdoubly-plunging
hinges and axial traces extending up to 5 kip Relative timing of @ has been bracketed
betweerca.2660 and 2630 Ma, based on thesscuttingelationships between tlixefeat
Suite plutons and upright.Folds in theca. 26807 2660 Ma (Package 1) turbidites of the
Burwash Formation (Davis and Bleek#®99 Ooteset al. 2009). The metamorphic
aureoles that surround the Defage plutons are syto postkinematic with respect toD
Therefore, the relative timing ofiRleformation prdates the intrusion of the Defeat Suite
tonalitegranodiorite plutons ata. 2624 + 3 Ma (UPb zircon, Davis and Bleeker 1999).

D; also represents the first phast penetrative deformation in Burwash Formation

turbidites betweena. 2640 and 2630 Ma..$oliation is defined by the alignment of micas
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(Martel and Lin 2006). Scleavage is strongly transposed by later deformation. The F
folds are generally curvilineand isoclinal, with moderately to steeply plunging fold axes.
Locally, wellpreserved Ffolds can present as open to tight chevron folds. The plunge of
these fold axes decreases with increasing metamorphic grade of the metaturbidites
(Helmstaedet al.1986; Fyson and Helmstaedt 1988). Fyson (1982) identified two variants
of F, folding based onthe orientation of fold axial traceBia trend northsouth, and &

trend eastvest. Fa folds are open to closed, relatively large upright structures with axial
traces extending up to 5 km. ThegFolds vary from curvilinear to isoclinal, with
moderatéy to steeply plunging fold axes and axial surfaces. Fyson (1982) notes that most
folds vary in trend between northerlysFand easterly fg structures. Davis andl&:ker
(1999) contend that overall interference geometry suggests that tolel Belt initially
trended NEi SW and was later refolded. This NESW fold belt is a result of a
hypothesized collision from the WNWESE with an unknown terrane.

D, affectal the entire Burwash Formation and is interpreted as a major,
approximately orthwest southeasbriented compressional event. Burwash Formation
high-strain zones are recognized by an intense foliation with sulphide enrichment
(Henderson 1985). Macroscopi€; folds in the Burwash Formation are generally
recognized by reversals inciag directions and changes in the asymmetry of mesoscopic
scale k folds. S related fabrics are a differentiated layering of miich beds which
generally strike NW and are akiplanar to Efold. Cordierite porphyroblasts show
evidence of elongatiofl) in the direction of the strike;SAdditionally, Prosperous suite
granitic plutons and related pegmatites are folded 2iples and overprinted by the S

cleavage. In a miostructural study of the Prosperous Suite of granites, Beah(1998)
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observed thaD: strain was recorded as a magnetic lineation as it crystallized and cooled
from the solidus, indicating a s\» emplacement. Structurally, these plutons appear as
sheetlike saddle reefs within the hinges offélds. D, deformation was braeited between
2600 2585 Ma (Davis and Bleeker 1999).

D3z dextral shearing along the Yellowknife river fault zone (here in referred to as
YRFZ) and other NNWstriking deformatioreffectively kinked £ fold. Ds fabric (S) is
axial planar to small scale, ep and upright, steeply plungingshaped kfolds. The $
fabric is defined by a very wetleveloped spaced crenulation cleavage which is commonly
oriented counteclockwise withrespect to $(Martel and Lin 2006).

D4 sinistral shearing and transpositi@long the YRFZ, Walsh Lake, and the
Prosperous Lake faults occurred in much the same manney. &ithin the YRFZ, $
foliation has been documented as spaced foliation debipetie preferred alignment of
micas and crenulations of thec®eavage (Magl and Lin 2006).

Proterozoic faulting offset much of the YGB stratigraphy and related gold deposits
(Siddorn 2012). Kusky (1993) and Cousensal. (1999) proposed that the Rtagan and
Vega faults were active as late 1.96 Ga, based on crosscuttiingreldh the Milt diabase
sheets (or Duck Sill).

The PtarmigarfAppendix Q and Tom veingAppendix D are part of a series of
enechelon style quartz veins that trend along a two kilomefireSNcorridor. This series
also includes several smaller veins (B, C, E &Nloe 2(Appendix B, Veins) (Figure2.2).

The veins are situatedtiseen two crustascale falts; the HayDuck and Ptarmigafault

zones AppendixB).
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The area also contains a series of pegmatite dykes that flank the nearby Prosperous
Granite. Both the margins of the quartz veins and the pegmatites typically have toatrmalin
rich rims.Zoning in thepegmatitess simple with agquartz corean intermediategone of
plagioclase, muscovite, tourmaline, and an outer finer grained zone (cf. Meintzer 1988).
Siegelet al. (2001) found that tourmaline needles from the Prosperoust§rRtarmigan
Mine, and the Con Mine are likely related. Cordierite is presemiost metessedimentary
outcrops and is the dominant porphyroblast and range fi@uwrh in sizelmmediately to
the east of the deposits is the N¥nding Ptarmigan Faulthis fault has been theorized
to represent the approximate axial plane of a-tdMding syncline (Trenaman 1995). The
area near Ptarmigan has a demmetbasin like fold interference geometry. Typically, the
orientation of the bedding is overturned towatds north with near vertical strike.
Additional variations in bedding orientationeaattributed to R

Approximately four kilometres to the northeast of the Ptarmigan headframe, the
Burwash turbidites are in contact with the twica Prosperous Granit@owards this
contact the metaedimentary rocks there is an increase in conta@mmuephic grade. The
Ptarmigan and Tom deposits lie inside the corderite isograd within theseditaentary
package. The isograd is characteristic of Heyhperature low-pressure metamorphic
facies and is hypothesized to be the product of protractechéh disequilibrium related to
the Prosperous intrusions (Beenal. 1998). The Prosperous pluton dips shallowly to the
east, suggesting a tabular shape for the intrusidy. It is estimated that the Prosperous
granitic pluton is 2 km thick and was elaged at depths between 9 and 13 kmi(3.D

kbar (300 350 MPa) and 550C; Bethuneet al. 1999).
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Figure 2.2: (Left) Locaion of the PtarmiganAppendix §, Tom Appendix D, and No.
2 depositsAppendixE). (Right) Generalized geologicdrm surface stratigraphy and

structuralmap of the study are&lotice that the mineralized esthelon veins trend with

a similar stike and straddle the area between the Ptarmigan Fault and theriterd
isograd. Prosperous granitic pluton is located outside of map area (approximately 1 km
NE)

van Hee®t al. (1999) nterpreted elevated arsenic and other metals associated with
Yellowknife gold to argue that a mesadimentary package is the ultimate source for the
gold in the YGB. Gaboury (2013) reasons that a carbonaceoussetitaentary source
rocks must be univera significant in orogenic gold deposits; this researcher suggests

that the occurrence of G@ich and HO-poor fluids present at the Detour Lake gold
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deposit occurs through the reaction eHewith H2O to form CQ. Gaboury (2013) thus
proposes that metsedimentary rocks must have a significant role in the formation of
orogenic gold deposits. Ootesal. (2011) correlate the close spatial relationship with the
Ptarmigan deposit and the contact aureole of thepBrogs Granite. Ootext al. (2011)
suggests that the age of gold mineralization in the turbidites is synchronous with the known
age of the Prosperous granitic pluton. However, fluid inclusion studies in orogenic gold
deposits from different gold distreewvorldwide have shown considerable &hriity. This
variability is attributed to the numerous generations of fluids trapped duringoBuid
migration and may be unrelated to ore formation. Furthermore, fluids that are related to ore
formation may hve undergone paesntrapment modificatn (Goldfarb and Groves 2015).
With respect to the YGB, earlier researchers (Jolliffe 192@jgested that the
guartz veins within the Burwash metaturbidites were derived from a magmatic source
associated with emptament of the granites; whereby minezadl fluids migrated from
the granitewvia a magmatic source. In contrast, Folinsbee (1942) hypothesized that gold
deposits in the Yellowknife region were related to a metamorphic event rather than granite
derived fluds. This theory was further developed®oyle (1961, 1964), Ramsay (1973),
and Stokes (1991) who proposed that metamorphic fluids (transporting gold as a bisulphide
complex) flow into both shear zones within the YGB and dilatant zones within the
deformedmetasediments of the Burwash Formatiorhese authors contest that gold is
precipitated due to a combination of temperature reduction and sulphidation. More
recently, Oote®t al. (2011) suggest that the presence of a strong crustal contribution of
Osmium (Os) in the hydrothermal system fronetBurwash metaturbidites; their research

links widespread crustal anatexis and gold mineralization in the YGB. However, the
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researchers acknowledge determination of the exact source of the Os is not possible. Also,
van Heest al. (1999) found that the neesedimentary rocks were systemically depleted
in arsenic; that is concentrations of arsenic in the 1sedamentary rocks increased with
proximity to Giant mine. Since the association with gold and arsenic at Giavgl|
correlated suggested to thessearchers that gold along with arsenic was mobilized in a
hydrothermal fluid and transported from tbedimentary sequenead in the YGB was
likely the metasedimentary rocks of the BurwaBbrmation. Gaboury (2CB) reasons that
carbonaceous metedimatary source rocks must be universally significant in orogenic
gold deposits. Their report identifies ethaneHg} at the Detour Lake gold deposit. This
is noteworthy because the deposit lacks any spatial assocwitic metasedimentary
rocks. The reseaher suggests that the occurrence of-@i€h and HO-poor fluids present

at the deposit occurs through the reaction ste®vith H2O to form CQ. Gaboury (2013)
thus proposes that graphtiearing metaedimentaryocks must have a significant role in
the formation of orogenic gold deposits.

The potential sources of gold and fluids are important for developing accurate
exploration standards. This is challenging since interpreting whether gold mineralization
at a dstrict scale is related to a single wmgarge hydrothermal system or small localized
systems, or numerous overprinting systems, is essential for interpreting the gold potential
of a specific district. Since there is not a one method fits all approaulitigaceted tactic
is required. Thepatial and temporal proximity of the Ptarmigan and Tom deposits with
the Stype Prosperous intrusion offers a unique opportunity to examine what role, if any,

magmatic fluids played in the formation of these mesathégold deposits.
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Chapter 3

Characterization of auriferous quartz veins of the Ptarmigan and Tom gold

deposits, Yellowknife, Northwest Territories

In this chapter adence is presented which demonstrates that both magmatic and
metamorphic fluid sources were involved in the formation of quartz veins and precipitation
of gold at the Ptarmigan and Tom dep®sihis chapter also presents the reader with a

structural intepretation of these gold deposits and their relationship with the broader

regional tectonics.

3.1 Introduction

The YGB provides an excellent opportunity to study the possible relaticristtyween

gold mineralization and symagmatic plutons. For exampl@oteset al. (2011) and van
Hees (2006) suggest that a genetic connection exists betweentytpe flutons and
orogenic gold mineralization. This is in contradiction to Goldfarb and Groves (2015) who
explicitly state that despite extensive new Rgykdsion geochroalogy and improved
analytical techniques, there is limited new data to support formation of orogenic gold from
magmatiehydrothermal fluids. Presently, the ultimate source of gold in orogenic gold

deposits remains unresolved (cf. Tomkins 2013

3.2 Methods

Ten days of field work including sampling, geological mapping, and structural analysis

within the Ptarmigan Mine area was undertaken from June 18 to 27, 2018 and at the Tom
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mine from August 107 14", 2018. Sampling included chip sampgjiof historictrench
faces and channel sampling across freshly cleaned ou@empogical mappingncluded
detailed structural (1:1000 scale, 1:6p@@ologicalmapping within Ptarmigan Mine, as
well as broadescale geological mapping around the mine &jt which focused on
documenting the strike extent of the Ptarmigan weimvork and styles of veins away from
the mine site.

Of the 30 polished thin sectiofPTS) prepared, four PTS were selected to be
analyzedvia JEOL JSX733 Electron Probe Microanabis(EPMA). The probe current
was 50 nA and the accelerating voltage was 20 kV. The backscattered electron images and
X-ray maps were collected with dPict32 (Geller MicroAnalytical Laboratory). Microprobe

automation was provided by dSspec and dQant32 (AdiEoAnalytical Laboratory).

3.3 Field observationsi Geology

The geology of the study area is characterized by ste@mbyng, interbedded greywacke

and siltstones of the Burwagtormation(Figure 3.1).Gradedbeds, channel marks, and

load structuresonsistently sggest westward younging, indicating that most measured
beds are overturndéFigure 3.1 D, E)The greywacke is typicall§.1i 2 m thick, light to

dark tan in weathered outcrop, and light to medium grey on fresh surfaces. Bedding
thickness rages from thinaminae to over one metre. Coarser siltstone beds weather to a
light grey, whereas the fine siltstones are usually dark grey or black. In thin section, the
black colour of the fine siltstones is due to the presence carbonaceous material. The
combination ofgreywackes and siltstones suggest a transition towards a distal, pelagic

depositional setting and somewhat anoxic depositional environment (Henderson 1975,
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1985). The black siltstone beds have also been documented as favoured plands=for stri
slip deformation (Trenaman 1995).

The Ptarmigan and Tom veins crosscut the black siltstBrgaire 3.1 B) unit
Cordierite (Figure 3.1 D) andalusiteand biotite areprimarily confined to greywacke
horizons and is rarely developed in the siltstone.s Timineralogical assemblage is
characteristic of a higtemperature/lowpressure metamorphic facies as a result of
protracted thermal disequilibrium related to the intvasyf the Prosperous Granite (Benn
1998). Prosperous graniéessociated pegmatites acthroughout the study area. Kretz

al. (1970) suggests that these pegmatites are limited by the cordierite ifdaad).
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Figure 3.1: Photographs oftA) black siltstone bdding with crascale silicarich

horizons. B) black siltstone horizon in contact with the Ptarmigan vein. (C) interbedded
grey siltstone and black siltstone. (D) Greywacke withstredcorderite Note that the
S2fabric consistently cuts across twrdeite. (E and F) steepidipping, interbedded
greywacke and siltstones of the Burwash Formation.
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3.4 Field observationsi Structural

3.4.1 Dy Structures

The Ptarmigan and Tom deposits are situated alongakternimb of an k syncline. The
synclire is visible from aerial photography and has been dutiie@ Pt ar mi gan Fol
Jolliffe (1946). The Ptarmigan fold has been offset by numerous faults (including the
Ptarmigan and Vega faults), as well as several minor faults.olthexis of the Ptarmgan

fold plunges gently 20° toward the NW. The west limb of the Ptarmigan fold strikés N
whereas the eastern limb strikes towards $i&& Viewing the package of rocks that
encompasses both sides of the Ptarmigan Fault Zone (ferPRBE), a crude bukefinable

S and Ztype fold vergence is observable along the periphery of the Ptarmigan fold
(AppendesA ,B). The scale of the Ptarmigan fold suggeistd it likely developed initially

as a kfold with anE 7 W fold axis and was rotated clockwise duringiio its present
configuration. A biotite schistosity aligned parallel to bedding within the study area may
represent an earlys ®liation relatal to intrafolial folding (Figure 3.2, A). This schisity

is overprinted by cordierite, which is interpreted to have occurredsyBedding has a
mean orientation of 013/62°E (Figure 3.3 Ejjual area stereonets of planar structures in
the Ptarmigan hhe area, plotted as poles to plaseggest a steep nawylindrical fold

(Figure 3.3 A).

3.4.2 D, Structures

The dominant fabric (§ presentsas a spaced cleavage in greywacke and a schistosity or
high-strain shear foliation in mudstone layers (Figw2 @G, D). S has a mean NW strike

with a steep dip to thHE (Figure3.3 B-D). Adjacent to the Ptarmigan vein, tBgfabric
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crosscuts corderite porphyroblasts (Figure 3.2 E) suggesting a pBe/ssetonic mineral
growth. Additionally, straight inclusiotmails within these porphyroblasts suggests a period
of inter-kinematic growth €.g., Spry 192). Numerous metrscale E dragfolds (or
intrafolial folds) with an axial planar.Sleavage are found throughout the study area
(Figure 3.2 F, G). Ffolds are sukvertical and typically have minor quaifided fractures
subparallel to the axial plane. The fold axisare commonlorientateds5A 325 (Figure

3.3 F, H) Well-developed weerturned chevron folds with similar 32&triking axial planes

are observed West of the HByick Fault ZongAppendixB). The west limis of these
chevron folds strik&5C andthe overturne@ast limb strike80C. Similar,small scale (2

5 m) chevron folds are observed on the Ptarmigan property withs828ng axial planes
Mine access at Ptarmigan and trenTdeposits appear to have been sunk in the nose of a
D2 drag folds that plunges 32&F the NW at the Ptarmigan n@rand 320to the NW at

the Tom mineKinematic analysis of rocks in the study area suggests an apparent dextral
shear within the NW and NNW-striking highstrain zones, based on thesHaped
asymmetric fold geometries documented in the map pattern. éwiality, high strain zones
corresponding to dextral shear are observed throughout the study area (Figurees.2).
orientationof cordieriteporphyroblasts parallel to the dominantf@iation suggest inter
tectonic metamorphism during2DRotation and flaening of cordieriteporphyroblasts
further indicate that nenoaxial dextral transpression had taken place during peak
metamorphism (Figer 3.2 M). Elongate porphyroblasts with a mean orientatic326f

and plunge of 20fay represent minergrowth lineations (parallel to the elongation
direction) or stretching lineations, which are qarallel to the Ffold axis, and may

represent b (Figure 3.2; H).
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3.4.3 D3 Structures

Locally, Sis crenulated to form a new cleavage) (&igure 3.2 Ithat postdates S
foliation and overprints cordierite porphyroblasts. Associated with this crenulation
cleavage is a steepunging lineatimm (Ls) adjacent to the highest gold grades in the
Ptarmigan veirfMap 3. & attitudes a& generally sulvertical with an B W trend(Map

3).

3.4.4 Shear Zones

Based on the observed outcrops at the Ptamnmagel Tom deposits, it is apparent that
multiple dextral and sinistral shear events have occurred. Severatsheamre intimately
associated with changes in lithology; this relationship suggests that thsttaghzones
have nucleated and propagatddng lithological contacts (Figur@?2 C). Shear fabric
overprints most of the quartz veins observed, whiclpieeserved as boudins or as detached
lenses. Additionally, the black siltstone is more strongly foliated than the quartz veins or
grey siltstone

Kinematic indicators on suborizontal outcrops at the Tom deposit are indicative
of an apparent dextral ssnof displacement. For exampleseztion of sinistral faults with
Abookshel f o <tlal 1990) asecobserved w a browgrey siltdone. The
combination of sinistral slip, clockwise rotation, and internal stretching of the fault blocks
is equivalent to dextral sheéfigure 3.2 I). Dextral shear indicators are also observed at
the Ptarmigan me For example, dextral slip along thergia of the Ptarmigan vein
occurs along a change in lithology from black siltstone to greywacke (Figure 3.2 H, I, L).

At the No. 2 vein, the foliation locally defines a sigmoidaSQGabric éeeBerthé et al.
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1979)indicating an apparent dextral sheamgithe main mineralized structure (Figure 3.2

E). Dextral shear is further confirmed by the asymptotic curvature of foliation near small
scale shear bands (Figure 3.2 C) arizaen wel |
(see Schultz 1990) and beddiff§igure 3.2 A, B G). Slickenslide lineations observed at

the No. 2 vein also indicate a normal displacement along the contact between a layered
black and grey siltstone (Figure 3.2; J). This likely formed as pau @xtensional bend
during dextral strik-slip motion(Appendix EMap 5. Additionally, the synthetic Riedel
shears formed proximal to this extensional zone confirm the general pattern of dextral
movement in the study area. Sirggtmotion is also observed at the Ptaramgnd Tom
deposits (Figure 3.4). Lastly, Aaearing phases are structurally hosted in carbenate
bearing stylolites a feature attributed to the actioprefsure solution undeleviatoric

stresqFigure 34).

66



67



68



Figure 3.2: Photographs of : Compositional layering (SO; interlayers bicditel sandy

rich layers) and a weak spaced cleavaggf(fided by parasitic Fasymmetric folds in the
Ptarmigan Mine aregA) (B) Centimetrethick, gently folded, beding-parallel quartz vein
within turbiditic metasediments of the Burwash Formation in the Ptarmigan Mine area.
Note the centimetrevide andalusite porphyroblast cresgiting the quartz vein,
suggesting emplacement of this generation of vein was priore@morphism. (C)
Sinistralshearing focused between black siltstone and grey siltstone horizon-s{igaR
(based of mesoscale structures in the study area) isalied by a high strain along a high
strain corridor at the No. 2 vein. (E) Spacedl|8asage crossutting porphyroblast hosted

in greywacke indicating pre/syD> regional metamorphisms8renulation cleavage cress

cuts both the porphyroblast and. £/S fabric indicates a NWirected sinistral shear
component. G foliation defines the foldxis of this crenulation cleavage. (F) Smaller F
style fold demonstrating that Folds are imposa& on a multitude of scales. Additionally,
northerly directed R shears with dextral offset are observed alopgpa&lel vein. (G)

Drag fold in black siktone with axial planar quartz veins with #rallel Dextral shear
sense. (H) View of a steeply S#pping foliation plane, where the long axis of elongate
andalusite porphyroblasts are exposed (gray outlines) and plunge moderately to the SSW
(gray arrowy The elongate porphyroblasts could represent mugecaith lineations
(parallel to the elongatiodirection) or stretching lineations, which are sqavallel to the

F. fold axis, and may represent.lStrong crenulation lineations (parallel to yellowoay)
plunge 6° to the NNE. (I) Rotated, elongated and flattened cordierite (LS tectonite)
suggestinglextral transpression. (J) Symmetric crenulation diaBric at the Ptarmigan
mine forming a steeply dipping crenulation cleavage during dextral shgak.ggction of
sinistral faults proximal to the Tom vein shaft undergoing bookshelf slip (Cetvan

1988) in a dextral shear system. The combination of sinistral slip, clockwise rotation, and
internal stretching of the fault blocks is equivalent to dé)@¢hear. Compass is orientated

to the north. (L) Relationship between dextral and sinistral sh@am south of the
Ptarmigan head frame. (M) Western edge of the Ptarmigan vein. Bedding has been
effectively reoriented around the vein margins in respaosatersecting sinistral and
dextral shears. (N) Multiple stages of quartz veins with dominateadskiear sense, likely

R! shears crosscut and refold a third stage quartz vein with sinistral shear sense.
Porphyroblast aligned approximately parallel $ foliation suggesting N& SW
compression during emplacement of the Prosperous Granite. (O) Skiekdingations
orientated at 40° in a normal fault at the No. 2 Vein. Footwall is composed of black
siltstone and grey siltstone in the hanging wall.
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Figure 3.3: Equal area stereonets of planar structures in the Ptarmigan Mine area, plotted
as poles to planes. A) Poles to bedding (black dots), mean bedding (pole: black triangle;
plane: black line)B) Polkes to S (black dots), meanz§pole: black diamond; planblack

line); C) Poles to Sshear foliation (black dots), mean shear foliation (green diamond);

and D) Poles to strong spaced cleavage (black dots), mean strong spaced cleavage
(green diamond).
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Figure 3.4: Photographs of: (A) Channel sample slab with asymmetrically folded guartz
chlorite veinlet and visible gold (Sample; ECH37). (B) Black carbonateich quartz
ribbons hosting free gold ilé¢ Tom vein (Sample; S02).

3.4.5 Summary of Structural Geology

The structural evidence described in this stietyrds geriod of protracted dextral shear
that occurredsyntectonically with peak metamorphism. Viewing the study area as a
whole, preD: sdting for this area was likely part of the western limb of the kilomgstede

F1 Ptarmigan fold (Figure 8.A). This fold initially formed as btectonic forces folded

the Burwash turbidites into E W trending, kilometrescale folds. However, the switch
from (D) NT S compression to @PNET SW compressiomitiated clockwise rotation of

the western limb of the Ptarmigan fold (Figurd B). As a result, bedding alonbis limb

was refolded along funder dextral transpressi@iigure 3.5 CAt this time regional high
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grade metamorphism at malustal levels and derived plutonism in the lower to middle
crust in response to crustal thickening generated the requirediixdatdrive goldbearing

hydrothermal fluids into the upper crust (Ootesl. 20117).

S |

B C

¢ N
d

t D, NW — SE directed
compression and
D, N - S directed rotation of Ptarmigan
compression fold

Figure 3.5: Schematic illustration of: (A) Initial DN i S formation of the knscale
Ptarmigan fold. (B) A switch from N S compression to NW SE compression initiated
clockwise rotation of the westelimb of the Ptarmigan fold and bedding parallel dextral
shearing.(C) Ptarmigan fold rotated into its ggent configuration. Dextral shearing
initiated uplift and crustal thickening by fold and thrust faults. Additionally, releasing
bends or transtermial zones became sites of increased permeability and fluid focusing.

The protracted period ofddeformaion rotated the associated porphyroblasts into
alignment with E fold axes. With continued convergence;, fBlds tightened along
restraining bends vere fault curvature (or offsetn-echelonfault segments) impeded
smooth lateral motion of opposing crudilicks along the PFZ. This crowding of material
by lateral movement into fault bends generated localized uplift and crustal thickening by
fold and hrust (or reverse) faulting. In contrast, releasing bends or transtensional zones
allowed increased permeahty through dilation. Dark siltstone beds appear to nucleate

beddingparallel shear during this period of protracted dextral displacement.
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In thetranspressional model, both coaxial and-noaxial deformation can occur
within a deformation zone (Sarmden and Marchini 1984; Dewey al. 1998). Shortening
during transpression is directed normal to the shear zone boundaries, which is released by
sulvertical extension, effectively producing a steeply plunging stretching lineation. At the
same time, a rot@nal component of strain is enabled by subhorizontal transcurrent
shearing resulting in structural features, such-&sf@brics, and a subhorizahstretching
lineation. The rotation and flattening of corderite and andalusite are indicative of this non
coaxial, rotational strain. The common spatial association of shear zones with narrow
blacksiltstone horizons suggests that lithological contactsnpted development and
propagations of shear zones.

The study area is dominated by ropexial dextral Bearsense indicators (e.g.; C
S fabrics, and Zhaped drag folds) on horizontal surfaces. Incorporating all the kinematic
indicators an identifiableReidel shear network is observed. The slickenslide fibers
observed at the No. 2 vein illustrate the lazadi normal faulting along dilatational jogs in
response to Rshearing. This preliminary study suggests that the main mineralized shear
zones and aesiated quartz veins in the study area are zones of dextral transpression
orientated between 000° and 020he last deformational event recorded in the study area
is the crenulation of thex$abric. Goldbearing ptygmatically folded veinlets, were formed
by pressure solution in response to the ldghiatoricstress induced during compression
(Figure 34). The evolution of structural features observed in the study igrdlastrated in

Figure 3.6.
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Figure 3.6: Evolution of structural features observed in the study@ggB+D) Initiation

of dextralslip along the west limb of the Ptarmigan fold initiates the development of Z

type and type $ype () drag foldsalong the western limbAdditionally, (C) shows the

emplacement of REE pegmatites along a mirror trendline in response to sinistra&)slip. (
Crowding of material by lateral movement into fault bends produced uplift and tight folds.

S, cleavage develop&) R-shears approximately perpendiculaprimary dextral shear.
These R-shears effectively focusdate hydrothermailuid into zones oflilation forming

andcrenulates the Sleavage observed in the study arBais mechanism implies a late

intrusion or injection of veins during progressoeformatian.
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3.5 General Vein Characteristics

Most veins are developed parallel to structural features, such as bedding, foliation, faults,
and joints. However, in general magtartz veins are parallel to foliation or bedding.
Quartz veins appear tovaformed during different stages of foliationvd®pment, and
faulting. Barren quartz veins observed in the following structural settjfhybedding or
foliation-parallel veins; (2) echelon veins; (3) @arallel veins; (4) saddle reef veins; (5)

leg reef veinsand(6) LCT pegmatites veins (dykes).

3.5.1 Bedding Parallel Veins

Bedding parallel veins (Figure 3.8 A, B, C) are found parallel to bedding surfaces ir coarse
to fine-grained siltstones. In general, these early veins are concordant, lamgiatedith
occasional crackeal texture (Ramsa®80) that vary in thickness from 2 to 25 cm. Folded
bedding parallel veins emulate the lesahle dragolds in this study area. Similar veins

are common in chevrefolded subgreenschist facies turbidisequences globally (Jessell
1994) and are an irgeal part of the flexural slip folding mechanism proposed by Ramsay
(1974). Fyson (1982) documented bedding parallel veins in 60 locations throughout the
Burwash Formation. He noted that many bedding p&radias consisted of closely spaced
veinlets sepated by thin dark selvages of migah country rock. He speculated that some

of these veins may be recrystallized from cherty horizons. This description is consistent

with the bedding parallel veins obsedvin this study.

3.5.2 Echelon Veins

En echelorveinsare commonly found as stratabound echelon arrays (Figure 3.8 D, E, F).

These veins are restricted to greywacke beds and commonly arise where there is a transition
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from greywacke to black siltstone. &$e veins can be up t0 tm wide and can extend to

1 minlength. These veins pinch out near contacts with black siltstone bieifisrbating

and splitting into branches, such as AT ju
typical of tensionafracture systems (Hanck 1985). These veins likely formed within
extensional fractures that formed as a result of bedaangllel dextral shear during
regionalscale refolding of the Ptarmigan fold. The timing of tle® echelorveins with

respect to tb folds and cleavages ot well constrained. However,.[parallel folds

observed in raren echelorveins and overprinting Sleavage which suggest that these

veins formed pré syn Dp.

35.3 S Parallel Veins

S, parallel veins make up over 50 % of thieserved quartz veins in the study area. These
veins range from 5 mm to over 5 m wide, and can be continuous for over 100 m. Typically,
deformation of these veins varies from boudinage (Figure 3.10f0)pto nc we&d h @ s
structuregFigure 3.8 G)S; pardlel veinsare also frequently ‘wrapped' by thec®avage

and commonly display sinistral shear kinematics. Furthermdrp,i n c h and S W
structures (boudinage) form in layered, ductile rocks due to -[zamllel extension
(Ramberg 1955) The alignmentof veins along £ and k axial planes indicates
emplacement after initiation of the folds and foliation. Likewise, the boudinageasfaF

planar veins accompanied by warping of adjacent folds shows that theveses place

before the Efolds and Sfoliation were fully formed. Lastly, these veins are observed to

be crenulated bysSTherefore, it is interpreted thdteseveins formed over a protracted

period during .
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The multimetre wide Ptarmigan and Torains are composed primarily obarse
grained, commonly white, barren quariZhe whitebarren quartz veins that host the
Ptarmigan and Tom deposits are orientated
propagate across bedding, the strike of altet es from 300e to 325c¢
orientation occurs along beddhagscorcant, NWtrending, sinistral faults that cut across
the limbs of localized FHolds. These folds have been previously interpreted as drag folds
or crumple zones (Trenaman 1988 in this study. Typically, where tkiein approaches
the fold crests, a commonly Omkhe Bomyprepdrtyfiquar
the barren quartz veins, which host the laterb&aring phases, consist of three lenses
connectedvia small 5 to10 cm wide fractureshat pass througla broad series of
moderately folded, but competent rocks. West of Tom I(Ak@endix CMap 3, the vein
can be traced in an offset fashion as irregular lenses for approximately 750eretige
of a swamp that borders a small lakgidence for the transfer of shear across lithological
units is observed at the Tom deposit in the form of bedding parallel quartz blowouts. These
blowouts demonstrate how strain was transferred across zbmesldingparallel slip.
Furthermore, thisgxl ai ns t o some extent the observat
when passing through a siltstone/slate horizsinthe No.2 Vein on the Tom property,
bedding discordant faults are observed along thierabmb of a steeply plunging drag
fold tha is truncated by the oiteearing quartz vein. The mapped portion of the vein has
an apparent NWrending sinistral shear sense. This finding is consistent with the structural

observations in this study.
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Figure 3.7: Photographs of: (A) Bedding parallel vein with rscale laminations hosted

in interbedded grey siltstone with finer black siltstone. Pen orientation is BV (B)
Laminated bedding parallquartz vein hosted in grey siltstone. Qardte alteration along
margins of vein(C) Folded bedding concordant quartz vein. (D) Stratabound echelon vein
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commonly observed throughout the study area. Notice that the vein segments are divided
by black siltstone horizons. (En echelorvein with setof S parallel splays. (F) Echelon

vein with sigmoidal geometry, folded by asymmetriddids, dilational corés subparallel

to main cleavage &b (G) Red to lighigrey (51 10) cm wide Sparallel veins. (H) Close

up of S, parallel veirs. (I) ET W orientated potassium feldspach vein perpendicular to

the main foliation (9 with bedding parallel dextral fskets (J) Boudinage® parallel vein

(K) F2 folded pegmatite with abundant tourmaline phenocrysts. (L & F) Saddle reef quartz
vein hosted in lack siltstone. (N) Strongly sheared massive quartz vein wigchalon
tension gashes. (O) developed in theygsiltstone horizon. (P)s$arallel quartz veins.

(Q) Quartz vein blow outs in alternating greywacke slate sequence.

There are two types ofu@rtz that compose the Ptarmigan and Tom deposits. The
first stage quartz () is translucent whitand mediumgrainedwhereaghe secondstage
guartz(Q2) comprises a mottled bluish grey, medignained quartz that cuts across the
first stage;in thin-sedion theQ: quartz occurs as an interlocked mass of clear, medium
sized grainsvith sharp extinctiorwhereas @is composed of smaller interlocked grains
with wavy extinction and minor inclusions of carbonaceous mate#allO cm cross
section of the Ptamigan veinillustrates thevay the white barreQ, quartzwas replaced
by a laninated smoky blugrey Q. quartzwith abundant sulphide minerals (Figu8®
A). Abundant sulphides (pyrite, globular arsenopymted pyrrhotite)as well as apatite
and tournaline fill these later subhorizontal extensional fracturdditionally, theQ>
guartz was emplaced in obliqgue reverse thrust faults determined from the kinked
tourmaline geometry (Figurg.9 A, B, C). Au-bearing phases appear to be deposited

along simibr reverse faults that postdate Qequartz.
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Figure 3.8: Photographs of: (A) Crossectional view of the Ptarmigan vein at a 40 cm
wide section. Notables the early barren sulphide poor white quartzisThas been later
overprinted by the smoky blue grey qua(&) Hand sample showing the relationship
between the early barren quartz vein and the later fault fill tourmaline breccia. Sinistral
displacement is also indicated from tourmaline inclusionkofyearrows). (C) Plane
polarized light image showing sinistral kinked tourmaline confirming observations from
the hand sample (yellow arrows) (SampletA.
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Observations from the No. 2 veinemonstrate how strain partitioning and
localization processemay have enhanced the development of stepped veins or dilatant
Riedeltype shears along the short limbs of regional asymmetric folds. In general, as
sinistral Reidel shears continue past a fofdye,S; parallel veingapidly decrease in width
(most notale at the Tom depositlhese zones are wrapped bys8ggesting a sybD»

development.

3.5.4 Saddle Reef Veins

Saddle reeieins (at the Ptarmigan mine) are characterized as formingestonially
with D, deformation and are hosted in black siltstoréésin the axial plane of.Flrag
folds (Figure3.8L, M). The fold axes of these crescatiaped veins are axial planar to F

(Appendix CMap 3. Additionally, these vemare crosscut bys8renulated veins.

3.5.5Leg Reef Veins

Adjacent to the Ptarmigan vein is an arraytodtsbound quartz veins hosted in the black
coloured siltstone (Figure 3.8 M). This array contains bedding concordant leg reef quartz
veins that vary from 30 cm to 1.0 m in widérhich may represent the dovimb extension

of saddlereef veinsThe leg ref veins have been emplaced with an apparénBMirected
dextral shear, which is consistent with the local geol@uh veins are typically related

to repeated episodes of-seismic fault extension fraaing, as characterized by many
sedimenthostedorogenic gold deposits (Cat al. 1995. Adjacent the legeef veins are
numerous discordant veins, most of which are interpreted as-eegwein array (Figure

3.8 0). These discordant veins, includetbdlat and steep extensional veins and are

interpreted to have formed during hydraulic fracturing undereditipostatic fluid
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pressures (Cogt al. 1995;Cox2010. These veins suggest numerous repeated episodes
of faulting and fluid flow were localizedlong some bedding concordant fauislphide
minerals include, in order of decreasing abundance, arsenopyrite, pyrrhotite, pyrite, and
chalcopyrite. The stockworkone is barren of Au. Unlike th® parallel veingthe Leg
reefs do not contain tourmadin

At the Tom and Ptarmigan mines occurs a series of stratabound quartz blowouts
adjacent to the mine shaft (Figu8e8 Q). These stratabound quartz veins are hadsyed
crenul ated grey interbedded siltstomwe beds
bedding planes until a step over to an adjacent siltstone bed occurs. These step overs occur

along a strike of 055e.

3.5.6 LCT Pegmatites

Several 1 m wide pegmatitdykes are found in the study area (Figgu®&K). Although

they differ in minealogy from the quartz veins, they share common structural elements
that are comparable to the [@arallel veins. Additionally, a 1 metre wide, quartz vein with
greisen alter&n was observed on the east side of the Ptarmigan tailings pond parallel to
the inferred pojection of the Ptarmigan vein. This is relevant since grdikeralteration

was also documented in the wedlcks at the Cassidy mine, which may indicate a genet

link between these two deposits.

3.6 Ore Petrography

Petrographic analysis of polish#dn sections of Ptarmigan and Tom veins revealed five
(IV) stages of mineralizatiooharacterized by arsenopyrite, pyrite, galena, sphalerite, and

locally presencef pyrrhotite, chalcopyrite, stannite, native gold, arsuthtellurides
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0] An early quartzi arsenopyriteassemblagéStage 1) produced coargeained,
euhedral arsenopyrite (0vol.%) and white vein quartz (9®I1.%) with no
observed gold. Tourmaline dmmpatite are observed to overprint arsenopyrite.
Arsenopyite is globular (anhedral) in hd sample and can constitute up to 10
area%. Additionally,arsenopyrite is abundant at both the Ptarmigan and Tom
deposits. In polished thin section, arsenopyrgetyipically subhedral to
anhedral and typically inclusidinee. Tourmaline, apatite, andage Il pyrite

are frequently observed to overprint or infill fractures of arsenopyrite (Figure

3.10 A).

Figure 3.9: Reflected light photomicrographs &) Tourmaline (tm) infilling fractures
in coarsegrained arsenopyrite. (Sample;lR) B) Chalcopyrite (cp) and pyrite (py)
infilling fractures and void spaces in tourmaline (tm) (Sampl&5P
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(I Quarta pyrite stage (Sge Il) led to the precipitation of white or typically
smokyquartz and abundant euhedastbhedral (~area%), and chalcopyrite
1-4 area%, with no observed goldChalcopyriteandpyrite are interpreted as

coevalasboth fill cracks aroundourmalineand apatite but not each other

(Figure 3.D B).
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Figure 3.10: A) Reflected light image of fractured pyrrhotite in the Tom vein (Sample;
Tom-002).; B)Reflected light image showing sphalerite (sph) inclusirthin

pyrrhotite (po) (Sample; Tom004). Stage Il pyritedy2) andsphalerite appeats have
infilled preexisting a structural fabric in the pyrrhotite. C) Reflected light imagtagfe

4 pyrite (py) overprinting stage 4 galena gygSample; Ton: 004). D) Stage IV pyrite
overprinting stage Il pyrite (py. Pyrrhotite (po) filling fratures around stage plyrite

(py1) with exsolution of stage Il pyritepf) (Sample; Ton 004).

(1)

A subsequent polymetallic sulfide stage (Stage Ill) led to thetatization of
abundant sulfides, such as pyrite, galena, sphalerite, and st&ynitetite is
locally replaced by stage Il pyrite, suggesting an increatsn@nd/orfOx.
Stage Il galena, chalcopyrite, and stannite jolageé stage Il pyrite as thare
observed to fill fractures. Sphalerite is observed to be overprinted by bgéh st

Il and stage IV galena, stage Ill chalcopyrite, and stage (lll) py¥ibe.
example, (Figure 3.12 A, B) shows sphalerite with overprint galena. Sphalerite
shares a gamon boundary with stage Il pyrite and pyrrhotite. These
observations suggest thatsgerie precipitation initiated early during stage IlI
and ended as prior to the onset of galena, chalcopyrite, and pyrite
mineralization. Additionally, gold was observedplug voids and fractures in
late sphalerite indicating that sphalerite minerélwa pre-dates primary Au
precipitation. In a SEMBSE image (Figure 3.12), stannite was observed along
the edge of a sphalerite grain, indicating that stannite preajpitaticurred post
sphalerite depositionStage Ill galena is typically free of inclosis wih a
smooth norpitted surface. Stage Ill galena also common exhibits an exsolution
of stage (IV) bismuth telluride and is also overprinted by stage (IV)

chalcopyrie.
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Figure 3.11 (overleaf). A) Reflected light image showing the relationship between
pyrrhotite (po), fractured pyrite (py), sphalerite (sph), stannite, @l galena (gn)
(Sample; Toni 002). B) Reflected light image of stage 4 pyrite gpypverprinting
pyrrhotite (po) andtage 3 pyrit€py2) (Sample; Toni 002) C) Reflected light image of
stage 4 galena (grfilling cracks and fractures of sphalerite (sptjhe proximityof

gold (au)(Sample; Dmi 002). D) Reflected light image showing the overprinting
relationshipbetween stage 4ypite (pys) and stage 4 galena (gnvith sphalerite (sph)
(Sample; Toni 002). E) SEM-BSE image showing sphalerite (sptijh overprinting

and galenggn) (Sample;Tomi 003).F) SEM-BSE image of galena (gn) with exsolution
of bismuthtelluride (bte)(Sanple; Tomi 003)

(IV) Stage (IV) led to the deposition of pyrite, galena, chalcopyrite, stannite, bismuth
telluride, and gold. Stage (1V) pyrite shares sharp graimbates with galena
and is interpreted to be coeval with galena. Stage (IV) galena acgitted
and commonly fractured grains. Galena is commonly observed in direct contact
with gold, while chalcopyte was observed to share a close spatial association
with galena, chalcopyrite was not observed to be in direct contact with gold.
Bismuthtelluride was observed to overprint both stage IV chalcopyrite, galena

and native goldor electrum)Figure 3.2).

The stages abowescribegpoints of transition. Novedence was observed that precipitation

w a s coftihuous from one stage to the next.
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Figure 3.12 A) reflected light image of galena (gn)daimclusion of gold (aujSample;
Tomi 003). B) reflected lighimage of galena (gn) with gold (au) precipitation along
grain boundarySample; Toni 003. C) reflected light microscope image of galena (gn)
and chalcopyrite (cp) grains partially penetdaby bismuthktelluride (bte). Bismuth
telluride appears as axsolution in both chalcopyrite and galena grains. Chalcopyrite
penetrates and is surroudey galengSample; Toni 002)

3.7 Summary of Petrogenesis

Mineralization at the Ptarmigan and Tompasits is characterized by arsenopyrite, pyrite,
galena, spHarite, and locally presence of pyrrhotite, chalcopyrite, stannite, native gold,

and bismut-tellurides. Arsenopyrite dominates the bulk of sulphide mineralization in the
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gold-bearing veings, however, only abundant ihe early phase of mineralizatiom &ll
later phases of sulphide mineralization arsenopyrite is absent. Théepidg phas
along with galena and bismuth telluride was observed to be the final stage of
mineralization.The Au-Bi-Te-Pb-S assemblage either formed: (1) as part of the main,
arsenopyritedominated mineralization, at a late stage, and on the -tiemvperature path;
2) represents a O6éremobilizationé from an
represents a differémineralization event.

van Heeset al. (2006) found that th@ssociation of golbearing quartz at the
Ptarmigan vein was consistent with two distiihaids: (1) (HO-CO,) 380°C veinforming
fluids being derived from a larger, slower cooling intrusguth as the Prosperous Granite
or a pegmatite intrusion budeat depth; and (2) @D-CH,) 550 to 600° + 50°C fluids
generated during contact metamasgph of the Burwash sedimentary rocks that host the
Ptarmigan deposit. Atthe depositional temperatorées mi ner al i zati-on obt
inclusion thermometry ahmineral assemblages given above, the low melting points of the
Au-Bi-Te-S phases (>3705.g. Ciobanuet al. 2006) imply that they would have been
present as liquids or melt droplets. Ciobatwal. (2006) suggests that evidence for fluid
containing melt droplets of Bie can be identified by common textures, such as droplet
shaped inclusions. These studied sk fact have droplethaped inclusions that verify
this hypothesis. Furthermarihe intergrowths of gold and native bismuth suggest that gold
was scavenged from the hydrother mal bui ds
and Tom mines likely repsents an Archean example of thiscBllecting mechanism
(e.g, Nurmi and SorjoneWard 1993 Ciobanuet al. 2006). GoldBii Te melts can

incorporate as much as 43 wt.% Au (the amount of Au for the eutectic at 447 °C iri the Au
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Bii Te system (Princet al. 1990). Bimelt scavenging of gold has been shown both
experimentally (Douglas 200@nd by thermodynamic modelling (Toahal.2008). This

effectively led to an upgrade in gold at Ptarmigan and Tom deposits (Figure 3.13).

Stage| Stagell Stagelll StagelV

Arsenopyrite
Apatite -
Tourmaline

Pyrite

Sphalerite —

Stannite

Galena —_—
Chalcopyrite
Bismuth — Tellurite
Gold

Figure 3.13. Paragenetic sequence of the Ptarmigan and Tommgiaketalization
interpreted from petrographic and electron microprobe analysis. No evidence was found
to suggest that gold precipitation was discontinuous.

3.8 Discussion

The nature of the quartz veins suggest that fluid flow was transient, with detormat
induced pore pressure changes corresponding to distinct structural events. The bedding
parallel veins likely developed siitorizontally during initial @ tectonic convergence.

With continued shortening these initially horizontal veins folded with eddi
Additionally, D. N7 S compression also generated km scal® Eerging folds such as

the Ptarmigan fold. A switch fromiIN i S compression to DNW i SE @mpression

initiated clockwise rotation of the western limb of the Ptarmigan fold and flexiyal s
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along rheologically distinct layers. Flexural slip initiated dextral shear on the west limb
and sinistral shear on the east limb of the Ptarmigan folda vesult of increased shear,
focused along lithological contacts, bedding plane adjustmentsredcé&vidence for this
is the stratdbounden echelorveins and various kinematic indicators observed throughout
the study area. Then echelorveins likely famed in the more competent greywackes (as
opposed to black siltstones) initially due to the ciétgaf pore fluids to migrate from black
siltstones (Moore and Vrolijk 1992). In general, the majority of vein emplacement occurred
during D» peak metamorphism This was also observed by other authors (Fyson 1982;
Stokes 1991). Fyson (1982) suggested this was in response to increased amounts of
metamorphic fluids available durinpD As t hese veins were deve
and swel |l 0 tndextireodewtloped parallel voeSThe combination ofS;
parallel veins with drag folds highiint the classic features of thruintrolled veins
(Groveset al. 2018).NW'i SE compression duringz2@and subsequent NS dextral shear
produced tensile fractures in some of the grey siltstone on the west limb of the Ptarmigan
fold. This facilitated NWi SE stressnduced fractures which introduced increased
permeability at a high angle relative to bedyis. As these fractures were infilled with
hydrothermal fluids, noiwoaxial progressive strain in response to flexural slip along
bedding planes wagils on-going. These fractures likely remained open during rotation
and facilitated antithetic sliplong thefault (Passchier 2001), matching the observations
made at the Ptarmigan and Tom mines.

From the observed geometry, the following sequence oftgeveading to the
development of the Ptarmigan and Tom veins is prop@extral slip along the west limb

of the Ptarmigan fold initiates the development afypedrag foldsalong thesastern limb
93



and Stype drag folds along the western linBarly baren hydrothermal fluids were
intruded into the greywacke highly obligueliedding and Sluring early D. Progressive

D dextral shearingotated early barren quartz veiredative to the surrounding bedding.
As a result, the development otype revese flanking foldformed (Grasemanret al.
2003).Crowding of material by lateral movement into fault bends produced uplift and tight
folds. An S planar fabridfacilitated planes of relative weakneatong the short limbs of

F. dragfolds. The intrusion bthe Prosperous suitoinciding withpeak metamghic
conditions generated high fluid pressures. Developing Bhears approximately
perpendicular to primary dextral shear (in the plane perpendicular to the instantaneous
shortening axisformedalongtheaxial plane of Fdrag foldsThis late sinistramovement

on faults orientated along NW corridors facilitated torsional foesecoupled with the

high fluid pressures attain@aducinghydrofracturing in orientations close to parallel with
the axial plaar foliation of R drag foldsand hydrothermal mineralization.

Late discordant veins formed from NW SE compressionsvere subsequently
offset by bedding parallel dextral shear. Since these veins are deformed by the same
generation of structures as th@§yerougranite, it is suggeed that the greater potassium
feldspar concentrations and tourmaline within these veins was likely impaneduids
exsolved during the intrusion and crystallization of the-tegtonic Stype Prosperous
Granite.

At the Ptarmigan minethe formationof stockwork quartz veins containing
abundant irregular breccias (Figure 10 N, O) is interpreted as a hydraulic fracture process
along the limbs of an Ffold. Dextral shear focused along the limbs dfag folds

facilitated tre flow of hydrothermal fluidhowever fluid flux was insufficient to fill
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opening of the vein walls (Sibsoet al. 1988 Cox et al. 1995) The associated
stockworks, including both flat and steep extensional veins, are also interpreted to have
formed by tydraulic fracturing under suglithostatic fluid pressures (Caet al. 1995;
Cox2010) and suggestumerous repeated episodes of faulting and fluid flow.

Initial fluids were hotter and contained abundant sulphides as dictated by the
presence of abundaatsenopyrite, sphalerite, and galena fillthg dextrally sheared leg
reefstyle veinsand theS; parallelPtarmigan and Tom veiné Bi-rich liquid saturéed
then deposited Au aemperature decreaselth detail, early barren quartz veins have
been intesely fractured to form abundant hydraulic breccias that haee recemented
to form a finegrained smoky gragoloured quartz. The contacts between thdye
guartz laminae and host rock slivers have been reactivated agareitel fractures. In
handsample to microscopic scales, the structures and textures of theanag veins
show thin gray quartz veins or breccia matrices containing native §iwide the early
barren veins control the later gold mineralization, they limit the thickness afrthe
zones.

At the orebody scale, the higjtade gold ores are preferentially developed
three settings(1) along contacts, especially the contact betwbBkack siltstone host
rocks and major barre§, parallelveins; (2) the contact between quartz laa@ and
carbonaceous host rock slivers; (3) proximity with bisrefluride bearing phases.
Thus, competent barren quartz veins along the axial planéddthiast belts locally host
superimposed gold mineralization and provide favourable targets tbngoéralization.
This study highlights the exploitatiaf pre-existing competent and barren quartz veins

as hosts to later orogenic gold
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3.9 Exploration Implications

The Ptarmigan and Tom deposits exhibit a cleasBRbe-S relationship with gold.
Reviews of the mineralogy of orogenic gold systems also report the presence of bismuth
and tellurium minerals (e.g., Goldfaeb al.2005).

In summary, BiTe demonstrated have shown a considerable potential for use as a
gold pathfinder. It is recommended thatiure exploration programs in this study area and
the surrounding areas incorporate Bi trace element analysis as part of their whole rock

anaysis.
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Chapter 4

Apatite Composition andGeochronology fromthe Ptarmigan and Tom Deposits

Implications for Fluid Petrogenesis

4.1 Introduction

The Yellowknife Greenstone Belthéreafter referred to as YGBh the Northwest
Territories,Canada hosta variety of gold occurrences including the wecldss Con and
Giant mines. The lesser known Ptarmigan @och deposit®ccur 10 km NWof the city
of Yellowknife. The Ptarmigan and Tom gold occurrences cormdign eclelon gold-
bearing quartz veins hosted by metasandstones and metasiltstones of the Burwash
Formation.

Deposits hosted by similar lithologies and consisththe same vein types occur
world-wide (e.g, Goldfarbet al. 1983, 2005). However, theectonic sding, timing, and
nature of veining and source reservoirs has led to a variety of genetic medelegmatic
versus metamorphic versus metedea, Goldfarbet al. 2005; Pitcairret al. 2006). The
geochemical characteristics of hydrothermal fluday help eludate key differences
between the proposed modeRare earth elements and yttrium (RE9nmpositionsof
accessory hydrothermal mineraBve been shown to recdirte chemical makep of ore
bearing hydrothermal fluids.€. apatite Mao et al 2016;Henrichset al. 2018 Kirkland

et al.2018).
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Apatite Cg(PQu)3(F,CI,OH) is a common calcium phosphate accessory mineral in
igneous, sedimentargndmetamorphic rocksand can also precipitate from hydrothermal
fluids (Bouzariet al. 2011, Hughesand Rakovan 2015Rppatite lattice can accommodate
several cation substitutiorierough itsninefold M1 and sevenfoldM: polyhedral (also
called theCa and Ca sites) These gbstitutions includemany divalent and trivalent
cations such afNa, Mg, Mn, Fe Sr, Y, Ba, lanthanidegdre earth elementsereafter
referred to as REE), Pb, Th, and ($ha and Chappell 1999; Henriatisal. 2018) This
has made apatite highly suscéfeito various fluid induced (metasomatic) chemical and
textural changes overveide range of pressures and temperatures (Harlov 2011).

In hydrothermal fluidghe apatite fourcomponent system (Ca, P, O and F), can
form variousaqueous complexehe phosphate iohas astepwise association with kb
form the specieé 0/, and( 0 /. Calcium can also form complexes such as CqOH
#AOo/# AQ/ and# AQ/ andlastly, F may complex with H to form HF.For
example, Ayers and Watson (1991) demonstrated that pressure, temperature and dissolved
silicates have limited influence othe solubility of apatitewhereadower pH increases the
solubility of apatiteThe occurrence of large apatite crystals in hydrothermal veiflest
the increasedoncentrationsf mobile Ca, P, OCand F

Since areearth é¢ements (REEarehard cationsPe ar sonds rul es ( Pe
implies that they will bond preferentially Wit hard anions such asF# /

0/ ,AT 3/ . Therefore, fluids saturated in hard ligands will facilitate greater REE
mobility in a hydrothermakolution. Thus, REE abundance in hydrothermapatite is
correlated tosaturation of apatite in the veand the presencef F, OH'# / ,0/

complexes availabldVilliams-Joneset al. (2012) find that chloride complex@se most
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effective atmobilization of REE. Additionally, Williams-Joneset al. (2012)demonstrate
that the interactioof salinehydrothermap ui d wi t h p r acaessoryyminaralsy mat i «
enriched inrREEwill preferentiadly mobilize LREEs

Trace elemergubstitutionin natural apatites can be high; for example, Sr and Mn
can substitute up to 8.96 and 7.5%itrespectively (Rokovan and Hwes2000; Hughes
et al. 2004). The abundance of trace element substitution is dependent on many factors.
For example, Milet al (2014) observed that Mhsubstitutes into apatite more readily
than Mr#* and concluded that redox conditions have significarfluénce on the
partitioning of Mn into apatite

Apatite geochemistryi.e. trace element abundancedsas alsobeen used to
discriminate between different types of ore deposits (Btaal. 2016) or to identify any
influence that the hosbck in an ordorming environmentason the composition of
apatite (Belousovat al. 2002). Sha and Chappell (1999) fouhé REE compositia of
apatite can be used to provide information regarding the characteristics of fluids
responsible for metasomatism as they rédbe nature of melts and fluids from which
apatite saturates CathoaluminescencgCL) imaging isa particularly effectivetool at
observing compositional zonation in apatite. CL utiliagdsgh energy electron beam that
initiates inelastic scattering gbrimary electrons in the crystal lattice. This results an
emission of secondary electrotisat lead to a cascade of scattering of more primary
electrons. These secondafigctrons may excite the valence electrons from the conduction
band which recombine i the valence band and creates a prdint andREEions are
particularlyeffective at generating secondafgctrors duringinteraction with an electron

beam (Gotze et al. 2013). The compositional zoning can be further verifiged
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elementaldistribuion maps e.g, Micro-XRF elemental mapsTrace element zonation
observed in hydrothermal apatite may be used to track fturgosition(Bathet al.2013
and help mineral exploratioh@o et al. 2016.

In addition to metasomatic susceptibility, apatiie also a powerful
geochronometefor example, as new growth of apatite occurs in response to metasomatic
processes, the-Bb geochronometer will record ttime from whichPb ceases to escape
the grain.If metasomatism indusgpartial to complete loss ahdiogeniePb along with
changesn traceelement compositignsubsequent b dating will record the time of
metasomatisml he accuracy of Pb geochronology in apatite is influenced by the amount
of Th* and U* available Th** and U* are the primaryetravalent cations found in apatite
(few ppm to thousands of ppm) (Sha and Chappell 1999; Beloesav20Q2; Maoet al.
2016).Thisincorporation of Th" and U* hasfacilitates apatitéJ-Pb geochronologge.g,
Chamberlain and Bowring 2001; Schoenal @&owring 2007; Cochranet al. 2014).
However, the accuracy ofiPb apatite geochronologg/lower compared to other minerals
with high initial U/Pbbecause apatite incorporatesubstarial amount of commoiPb
comparedo U when in crystallizes. Thisdes b a moderate to low ratio U / 2°%Pb
(Chamberlain and Bowring 20R1IThe high ratio of common to radiogenic fRiF/Pb*)
presents challenges for apatitePd geochronology and callated dategcf. Chewet al.
2011).However precision on individi analyses can be low; the final age of a regression
or concordant cluster can be very godwl.natural apatitethe Pb-diffusion closure
temperatureestimatesrange between 3750 600°C(Chamberlain and Bowring 2001;
Schoene and Bowring 2007; Cochraal. 2014), which is useful famid-range cooling

ages.
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This study characterizes and compares turblugted hydrothermal apatite from
the Ptarmigan deposihonmineralized veins adjacent to the ore bodpd magmatic
apatite from proximal LCIpegmaties. Using an electron probe microanalyzer (EPMA)
laser ablation inductively coupled plasimass spectrometry (LACP-MS), Micro-XRF,
andCathoaluminescencéCL), the major, minagrand trace element abundances have been
guantified and mapped. In additiom @tilizing this data to determine if the chemistry of
apatite can be used to constrain the source of hydrothétnaksl the apparent age of the

apatiteis also evaluateditilizing U-Pb dating

4.2 Methodology

Polished(~30&m) thin sectionsvere cut from samples collected from 50 quartz veins
surface outcrops. These samples were selected from mineralizednvaurding the wall
rocks immediately adjacent to the veins. Petrographic observations were alsonag8e
x 15 cm cut slab that spanned the entire width of the Ptarmigan veinench tiocated
~350 m NW of the Ptarmigan Mine shaft (Figutd). Of the 60 samples takeh6

containedenoughapatite for use in this study.

Figure 4.1 Sample showing the full span of tlarmigan veingenfor scalg.
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Mi neral i dent iy c,arndimagingwereeatrtedioutading apeteograpbid s

mi croscope in both transmittedenysedtiosr epect e

Apatite grains were imaged wittathodoluminescence (CL) using a Nuclide Coagion
Luminoscope colgcathode luminesecee stage microscopblicro-XRF EDS maps were
completed at the University of New Brunswiatlizing aBruker M4 Tornad with Rh X-

ray tube with polycapillary focusing to 2(m, dual SDD detectors (133410 eV
resoldion). In situ apatite geochronology wasompleted at the University of New
Brunswick via laser ablatiemductively coupled plasmmass spectrometry (LACP-

MS) simultaneouwith trace element analysis. TheRlb data was standardizesing laser
fluence @ 5 J/cnt 3 Hz (pulses pesecond), 60 secorablation timeand analyzedvith a

beam size of 6@m. Traceelement abundances were determined using a ResoRktics
50-LR AriF 193 nm Excimer laser ablation system, with a set output efedjgnd,
coupled taan Agilent 7700 quadrupol€P-MS at the University of New Brunswickince

both UPb and trace element data were collected simultaneouslystarekard reference
materialsstandards were used. The primary standard f&bUs MAD apatiteand the
seconday standardvere Phalaborwapatite Primary standard fdrace element analysis
wasNIST610(National Institute of Standards and Technology, synthetic glassks).

glass standards were used to correct for instrumental drift and to calibrate analyte
sendiivities. Non-apatitemineral phasesvere removed based amomalousCa, trace
elementintensities in the ablation tirgeriesand silicate contaminatioBefore analysis,
targeted apatite grains were visually inspected to be free of contaminating mineral
inclusions. Aftermeasurements were obtained, sigrarsustime intensity graphs of the

raw data were scrutinized for possible contamination by inclusidinsote apatite grains
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from several of the samples were beam sensitive suclsdahagrains wereextensively
damagd (pitted out) or destroyed by the HEP-MS beam. As a result, a complete data
set is not available for all the investigated apatite grddue to their large size, multiple
ablations were done on a single apatite griablationssitesvariedfrom the enteto the
rim of the apatite grain©nce the data was obtainedyws reduced offline using lolite

v.3.7and the UcomPbine DRS of Chewal.(2014)

4.3 Results

4.31 Apatite Petrography

Apatite occurs in most of tlgpiartzveins inthe study area. In the studied samples, apatites

are commonly fractured, complexly zonadd form euhedral to anhedral crystals between

307 100em (Figured.2). Larger (>20&m) apatite grains were observed in the Ptarmigan

vein. In many cases, apatiéesplays a mottled texture due to the presence oinsigbon

to nanometrescale inclusions of pyrite, as well as monazite and tourmaline. Previous
researchers have interpretbisf eat ur e as a r esulKmetaetal.pui d p
2017). Cathodluminescencemaging revealedlistinctive changes in the Gtolour from

core to rim. Although the host rocks varied from blacktstones to greywacke, there was

no correlation between host rock the measured REY abundapadte commonly is

found at he vein margins and accounts for up 6 % of vein material.
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Figure 4.2: (A,C,E,F) Cathodoluminescence images of apatite (*tyjieapatite see
figure 4.4) next tdB,D,F,H) Plane polarized light ingge of apatite. (types characterized
by differentchondrite normalized (CNEN-REE patternsMcDonough and Sun (1995)

4 .32 Cathodoluminescence andMicro -XRF ElementVariation

The apatite examinenh this studyexhibits a near homogeneous cathodoluminasee
(Figure4.2), with brighter patchesm somesamples However, the apatite taken from the
Ptarmigan vein (sample-B1) consist of at least two generations: (1) a darker first
generation apatite that forntise majorityof the grain,and(2) a brighter CLapatite that
forms the rim and fills in fractures in early apatite. Variations in CL were confirmed
utilizing Micro-XRF (u-XRF) traceelement maps. Thiglicro-XRF mapsof apatite from
sample P14 exhibit relative Mrrich cores and Mnpoor rims. Spot analses were
preformedvia LA-ICP-MS on the twayeneratios. The early, darker CL apatite has higher
Sr, Mn, Zn, Fe, Pb, Th, and U, and low REE and Y contents. The sgeoedation apatite

is brighter in CL and is associated with low Sr, Mm, Fe, Pb, andigher REE and Y

contents.
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Figure 4.3: Top Left P-Mn element map of sample B! taken from the Ptarmigan vein.
TheP-Mn element map reveals compositional zonation. Top Right:
Cathodoluminescence ession spectra of samplel? (dark holes are from LACP-MS
spot)Bottom:Reflected light image ofgatitegraininclusion in pyrite(sample P14).

4 33 LA-ICP-MS T trace-elemert concentrations

4.331REE and yttrium

REY (REE+ Y) substitute into apat via coupled substitution processes. The REE + Y
are correlated well with Na (Figuee6; @), which suggests that REE + Y were mainly

incorporatedvia the following coupled substitution reaction (e Rensbo 1989; Pan and
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Fleet 2002):

(REE + YP"+ Na =2 C&"

Rare earth element (REE) patterns fprartz veinrhostedapatite are shown in
Figure 4.4 and apatite from LCT pegmatites are shown Rigure 4.5.Characteristic
chondritenormalized (CN) patterns of REYhe vein-hostedapatite can be grouped ant
(5) distinct subtypesbased on the valudsom McDonough and Sun (1995}type i i)
apatite exhibits negatively sloped pattenith no Eu anomaliegtype 1 ii) apatite exhibits
relatively pat patt ery(tgpei iy apatite lapepasitiie slopes
with wealky negative Eu anomaligftype T iv) apatite exhibit concave UREE patterns
(i.e., relativelylower MREEs than LREEs and HREES) with positive Eu anomadied
(type 1 v) apatite exhibit weak concave down patterns (relativejher MREEs than
LREEs and HREESs) and weak negative Eu anomali€ke traceelement data for each
sample are presented in (Appen@)x LCT-pegmatite hosted apatitentainscontrasting

REE pattens Sample MR0D02 isrelativelyenriched in MREBprodudng a strong concave

down patten. Sample MRO03 is characterized by a broadly concave down pattern with a

strong negativeEu anomaly.Sample MROO05 has a negatively sloped REE pattern

resembling(type’i i) apatite The traceelement data for the pegmathosted apatite are

presentedn (AppendixH).

Brighter in CLin sample P14 (associated with low Sr, Mn, Zn, Fe, Pb, and higher

REE and Y contenfswas found to haveelatively flat CN-REE patterns with greater

concentrations of REEs + Y and rims witbgatively sloped CN patterns and les€RE
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Binary plos (Figure 46 a, b & €) allow for easy comparison of LREEMREE-,
and HREEenrichment patterns for both LE&nd veinhosted apatite(Gd/Yb) versus
(La/Yb)n biplot (Figure 4.6 b) of all apatiteshows a distinctpositive correlation The
(La/Sm) versus (EnW/Eu*) (Equation 2)biplot (Figure 4.6¢) shows a clear negative
correlation between REE composition and the magnitude of the Eu anomaly. In detail there
are twogroups of data that plot along shirendline that can be divided into two groups. In
the first group ee the(typeri iii), (typeT iv) and(typei v) apatites ard the second@roup
contains theLCT pegmatites an@typei i) and(typei ii) apatite Biplots of (La/Yb)
versus (EN/Eu*) alsoshow thatapatite cluster intdwo groups(Figure4.6; d. Apatite
from (typer iii), (type i iv) and (typei v) plot with lower (La/Yb)n ratioswith respect to
(type i i) , (type 7 i) andLCT pegmatiteshosted apatiteBiplot of (La/Sm) versus
(Sm/Ybh also dusterthe REE apatite datato two separate group@-igure 4.6e). The
first group (type iii), (type’i iv) and (typei v) apatite.The secondyroupingcontainghe

LCT-pegmatites(typei i) and(typei ii) apatite

A negativeor positivecorrelationbetween Ce and Eu relates to the oxidation state
(Panet al.2016).In the studied apatittite  @nGrealiegEquationl) are mostly between
0.85 and 1.2 in the studied apatite. Additionally, these Ce anomalies are negatively

correl ated t(BquailioB) (Figured.Ma)l i es

Equation (1)~ ————; Loddeas(2010)

Equation (2)—- ————; Lodders(2010)
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Figure 4.4: Chondritenormalized REE and Y diagrams floA -ICP-MS spot analyses of
apatite in this study. The patterns aoéoar coded based on type (see Results and
Discussion section). Chondritic values fromDdmough and Su(il995.
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Figure 4.5: Chondritenormalized REE and Y diagrams floA ICPMS spot analyses of
LCT-pegmdite hostedapatite.The patterns are colour coded based on type (see Results
and Discussion section). Chondritic values fromDdnough and Su(il9%).
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Figure 4.6: a) (Gb/Yb) vs (La/Yb) bivariate plots illustrate the compositional differences
that reflect the evolution of hydrothermal fluids from one enriched in MREE and depleted
in HREE to ones depleted in MREE and enriched in HREEL&)Sm) vs. (Ew/Eu*)
bivariate plot illustratinghe caevolution of two hydrothermal fluids. Increases in MREE

IS also observed to correlate with an increase in the Eu anom@ba/¥p)n vs. EW/Eu*
shows that the LREE/HREE elements plot into four separate clusters. Apatite from samples
P-14 (high ad low Mn) and P20 are partitioned with the cluster that includes two samples
taken from the LCIpegmatite dikes. d) Biplot of (La/Yk)ersus (EN/Eu*) illustrating

the trends of the two clusters of apatite. e) (LafBmysus (Sm/Yly biplot show how
hydrothermal fluids may have evolved along two independent trajectori¢€efiCe*)
versus (Eu/Eu*) indicated that a negative correlation exists.

4.332 ManganeseLead, Yttrium, Iron, Strontium
Manganese contents of tagaminedapatite ardetween 147 and551 ppm. Apatite taken
from the Ptarmigan vein have the greatest Mn values (L@661 ppm with the exception
type-i apatite (collectedrom a zone ointensequartz hydrofracturingroximal to the mine
shaft and the mineralized v§iThe Mn concentttions arepositivelycorrelated witf%Pb
concentratior(Figure 4.7; agnd Sr concentrations (Figure 4.7; b)he concentration of
204pp is independent on the U and Th concentratibareforeit should be a better
discriminator of fluid sourceAdditionally, these biplots separate the ACGT pegmatite
apatite and veimosted apatite into two distinct clustef¥Pb concentrations are greatest
in type 1 i apatite followed by apatite from miradized quartz veins (type ii). Non-
mineralized or barren @utz veins are depleted in both Pb and Sr with respect toi(type
and (type ii) apatite.Sr concentrations in the LCT pegmatites are lowesample MR
003 and highest in sample MIR2. Yttrium concentrations are negatively correlated to the
Mn concetrations except for high Mn apatite (samplelR) (Figure 4.7; c) Highest Y
concentrations are associated with the-nmoneralized veirhosted apatitewhereas the
LCT pegmatites contain cadgrably lower concentrationsron concentrations plotted

aganst Mn alsocluster intotwo groups with twodistincttrendines (Figure 4.7; d). The
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first groupincludes fypef iii), (type 1 iv) and (typei v) apatite.This grouphas astrong
positive correlation between Fe and Mn concentratidie second group ¢fudes the
LCT-pegmatits, (typei i) and (typei ii) apatite however,the (typeil i) apatite plot
slightly above the main clusteid. enriched in Fe)The biplotof Mn versusEu / Eu*
(Figure 4.7; e) showthat apatite from the LGpegmatites(type’i i) and(type- ii) have
greater concentrations of Mn thdtype 1 iii), (type T iv) and (type 1 v) apatite
FurthermoreMn concentrationshow nocorrelation with respect to threagnitude othe
Eu anomalyStrontium concentrations gpatite range fror83 to 7300 ppm, with a mean
of 1244 ppm and a median of 653 pgpatite from mineralized veinsontain the greatest
concentrations of Sr (10003569 ppn), whereas the unmineralized veins contain 100
500 ppmof Sr. Biplots of Sr versus &/ Eu* show ttat Sr concentrations are positively

correlated to the magnitude of the Eu anonfglgure 4.7¢).

4.333 Uranium, Thorium, and Lead

U, Th, and Pkcanreplace Ca in apatitAlthough PB* can directlysubstitutefor C&t*, the
incorporation ofTh* and U** tetravalentcationsrequire a vacancy to maintain charge
balanceg(Pan and Fleet 2002 the quartz vein hosted apatiteetU andTh contents are

low 0.57 10 ppmin comparison to the LCT pegmatites that have concentrations that range
from 9 to 180 pm.It is noted that U and Th contents of apatite taken from the Ptarmigan
vein are on average greater than the-momeralized veinsexcept for sample X16. The

U and Th concentrations do not show any correlation BREY concentrations (Figure

4.8 a). Furthermore, U and Th are not correlated with Y, HREE or Eu anorhal.
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4.34Summary of results

The trace element data presented alpevealclear associations between the magmatically
driven fluids in the LCT pegnatites and the mineralized venosted apatite. Furthermore

the variations in trace element concentrations can be viewed in the contextistitict
physiochemical condibtins at the timef apatite precipitation. Therefore, it follows that the
identified trends in trace element abundances reflect the evolution of (at minimum) two
fluids (i.e.a magmatically driven fluid and a metamorphicalyivedfluid). Additionally,
theseresults indicate that the velrosted apatite are not significant reservtordJ, Th or

Pb. However, U and Th partition strongly into apatite hosted in the-lgg@gmatites.
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Figure 4.7: a) Bivariateplot of Mn versus Pb illustrating the positive correlation between
Mn andPb concentrations. Group 1 contains apatite from mineralized antinenalized
guartz veinswhereas group 2 contains apatite from the LCT pegmatites. b) Biplot of Mn
versus Sr illustrating the positive correlation between Mn and Sr concentrationp. IGrou
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