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Abstract

The Central Manitoba mine trend is one of the most important lodecgoigsin the Rice
Lake greenstongranitoid belt of the western UcBubprovincewithin thewesternSuperior
Province Manitoba, Canada. Neoarchean host samnsist of a soutfacingvolcance
sedimentary succession (212573 Ga) intruded by voluminous gablaraills and tonalitic
granodioritic plutons (2.42.72 Ga), as well as late aplite dikes (22Z.32 Ga) and quarz
feldspar porphyry dikes (2.73.71 Ga). Five generations of deformation structures have been
recognized through detailed geological mappiffge entire succession was foldiéting early
deformationprior to rare late aplite dike emplacement. All failltveins and extension veins cut
all lithologic units, and are structurally governed by @isjugateshear zones. Main gold
mineralization acurs within faultfill veins hosted by westrending steephdippingdextral
brittle-ductile and ductile shear zones, which occur along or across contacts of metabasalt,
metagreywacke and metagabbro or entirely within metagabbro. Microstructural anehgtitag
analyses on main goloearing veins have revealed that gold is intimately associated with quartz,
pyrrhotite and tellurobismuthite. Main gold introduction is interpreted to have taken place
contemporaneously with pyrrhotite and tellurobismuthiteodémn early durig dextral
shearing.

The OgameRockland gold deposit consists of shear zassociated quartz veins hosted by
the Ross River pluton,@. 27282724 Ma tonalitiegranodioritic intrusionn supracrustal rocks
(< ca. 2745 2731 Ma)of the Bdou assemblage within the Rice Lake greenstone Tisit.
plutonic host rocks contain NB-ENE trending, steepearlyfoliation that is overprinted biate
conjugate sets of ib-NWi trending dextral and &b-NEi trending sinistral shear zon&zarly
gold introduction associated with folded veins and low grade planar extension veins occurred
beforeshearingMain gold mineralization anegmobilizationareassociated with highly
auriferous NWtrendingsteepshear veinsThey werdikely emplacedate duringdextral
shearing. Most athe native gold occurs in fractures and graoundaries of quartz, pyrite and
chalcopyritebornitein shear veins, which reflects a strong structural and mechanidabicon
the microscopic scale.

Early gold mineralization associated withv grade planaveinsat the Ogamdrockland
depositis constrained ata.2728Ma, based orJ-Pb zircon ageBom two phases of host
tonalite(2728.7+ 0.7 Ma; 27282 £ 0.6 Ma) and one aplite dik€727.9+ 1.6 Mg that cuts the



early low gradereins. A ReOsmolybdeniteage of 27274 + 4.8 Ma was obtainefrom one vein
that cuts aplite dikes and sheeted ventsich agrees well wit theU-Pb zircon agesf thedated
tonalite phases and the aplite dif&e datedonalite phases, aplite dikexdthe dated/einare

all cut bylateductile or brittleductile shear zones, indicating their emplacement, and possibly
early gold mineralization, occurred befalextral shearinglhe close time associati@md high

Re concatration in thedated molybdeniteuggestthatgranitoid magmas were the source of
mineralizing fluids for early gold mineralizatioHigh gradegold mineralization irdextral
shearzoné hosted veins represeradate gold introduction antbr remobilizaton duringdextral

shearing
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Chapter 1

Introduction



This thesis is focused dhestructural and lithostratigraphic setting and timing of gold
mineralization at two Archean lode gold deposits in the southeastern Rice Lake greenstone belt
of the western Superior Proving@ne case study deals with stratigrapsuccession, structural
setting and lode system at tipeenstondostedCentral Manitoba mine trend@he other case
study examines th&tructural setting, veining sequence and paragenesis, and absolute timing of
the tonalitehosted Ogam&ockland depas In this chapterthe author introduces basic
geological background and overall objectives and organization of the thesleg of the
Superior Province and Rice Lake greenstoneifslimmarizedirst. This is followed by a very
brief review of exporation history and previous literature at these two gold deposits. The
objectives and organizan of this thesis are documentaddetail Lastly, publication of

chapters is briefly described.

1.1 TheSuperior Provincein southeastern Manitoba

ThewesternSuperior Provincén southeastern Manitobasubdividednto three east
trending lithotectonic unitbasedn rock type, absolute agenetamorphic gradeand
geophysical signatusethe NorthCaribouterrane the Uchi Subprovinceandthe Endish River
Subprovinc€Fig. 1.1; Poulsen et al., 1996; Bailes et al., 2003; Anderson,, Zili8ab). The
North Caribou terraneonsists othe2.99 2.92 GaMesoarchean WallaassemblagéDavis,
1994; Percival et al., 2006, Sasseville et al., 2006he 2.87 2.85GaMesoarchean Garner
assemblagéDavis, 1994 Anderson, 2018, b), andthe3.01 2.99GaEnglish Lake2.94
2.90GakEast shore anthe 2.75 2.69GaWanipigow River plutonic comples(Corfu and
Stone, 1998Whalen et al., 2003; Percival et &Q06a,b). The boundarypetween the North
Caribou terrane anthe Uchi Subprovinces definedby the Wanipigow fault, which is a crustal
scale, subvertical shear zone with a multiphase deformation history (Anderson, 2008). The Uchi
Subprovinces constitued of the2.75 2.73GaNeoarchean Bidou assemblage (Turek et al.,
1989; Bailes et al., 2003; Percival et al., 2006a; Anderson, 20@8).73 2.72GaRossRiver
plutonic suite Turek et al., 1989; Anderson, 20@hapter ¥ the2.73 2.72GaGem
assemblag(Davis, 1994 Anderson, 2013hYhe2.71 2.69GaEdmunds assemblage (Davis,
1996; Lemkow et al., 2006; Anderson, 2018aand< 2.705GaSan Antonio assemblage
(Percival et al., 2006a). The Rice Lake greenstonadkéliesthe westerrmost exposegortion
of the UchiSubprovincedo the west of the southern border between Manitoba and Onitheo.



interfacebetweerthe Uchi and English RiveBubprovincsis markedby the curvilinear, crustal
scale, subvertical Manigotagan fault (Poulsen et al., ;1888erson, 2008)The English River
Subprovinces equivalentio the English River basiim Ontarig using the nomenclature 8tott
et al.(2010).The English River Subprovingecludes 2.72 2.70 Gaamphibolite to granulite
faciesmetasedimentary rock€¢rfu et al., 1995; Davis, 1996; Anderson, 2013a)the@.7 Ga

voluminous dioritétonaliteé granodiorite plutonic rocks (Corfu et al., 1995).

1.2 The Rice Lake greenstone belt

Neoachean metavolcaniocks in the Rice Lake greenstone belt mostly range from 2.75 to
2.72 Ga, and are overlain by metasedimentary rocks deposited after ZRtb@aet al. 1974;
Ermanovics and Wanless, 1983; Turek et al., 1989; TamdkNeber, 1991; Davis, 1994, 1996;
Pecival et al., 2006Sasseville et al., 2006; Anderson, 2008, 20183(Fig. 1.2). All the
supracrustal rocks are metamorphosed to greenschist facies, although amphibolite facies
conditions were reachedound thenargins ofplutons (Poulsen et al., 1998Ye omit the prefix
fimetad in the following descriponsfor brevity, snce primary sedimentary and volcanic
structures a well preserved.

The greenstone belt is intruded by voluminous gablntiasionsandby theca. 2.732.72
Gatonalitic-granodioritc Ross River plutofiTurek et al., 1989; Anderson, 2008, 20134) of
theserocks are intruded bga. 2.732.71 Gaquartz feldspar porphyry and aplite dik@siek et
al., 1989; Anderson, 2008, 2013a,&hapter 4.

All the supracrustal rocks of tigidou assemblage to the east of the Ross River pluton are
folded by the regionadcale Beresford AnticlinoriunBupracrustal units strikeestto-northwest
and aresteeplydipping(Fig.1.1b, 1.2). Discrete, narrow and wideBpaced brittleductile shear
zones are well developed in the supracrustal and plutonic r8okseductile shear zonewe
concordant or slightly discordant with lithologic trer{d.g.,the North Carbonate Shedone),

whereas othersrosscutithologic contacs (e.g.,the South Carboate Shear Zone).

1.3 Brief deposit history andprevious work
1.3.1 The Central Manitoba mine trend

The Central Manitoba mine treiféig. 1.1, 12) produced ~160Q00 ounces of goldetween

1927and1937from four main shafts: the Growler, Kitchener, Tene and Hope (Stockwell and



Lord, 1939; Poulsen et al., 1996)ere, gold is associated with quartz veins in shear zaoag

or across the contacts among gabbro, basalt and greywdekdeposit appears to haypical
orogenic gold deposit, providing an ideal opportunity to further our understanding of this type of
depositAlthoughpioneeringregionatscale to camyscale surface mapping and underground
mapping were conducted he 1930sand 1990¢Stockwelland Lord, 1939Brommecker,

1991)), little detailed research has been published, nor has the genissigbosis been

addressed.

1.3.2 The Ogamdrockland gold deposit

The Ogam&Rockland gold deposit is situated within the southeast margire®oss Rver
pluton (Fig.1.1, 1.2. It produced ~ 50,000 ounces of gold in the 1940s (Poulsen et al., 1996),
and has recently been estimated to contain an inferred mineral resource of 337,000 ounces at an
average grade of 8.17 g/t based ®uls of newdrilling programs (Chater et al., 2018old
mineralization mainly occurs in quartearbonate) veins spatially associated with discrete
ductile shear zonen altered host felsic plutonic rockBrevious worlat this deposit includes
several thesis studies byobp (1949), Keith (1988) aratiefly by Brommecker (191), which

are mainly concerned with shear zone kinematics and its relation to ore shoot.

1.4Thesis objectives

The main objectives of the thesis are to estalbfishithostratigraphic and structural setting
of the Central Manitobenine trend and the OganfRockland deposit thragh detailed geological
mapping, ando constrain relative and absolute timing of gold mineralization at the Ggama
Rocklanddeposit viafield relations, ore textures, and-Rb and RéDs geochronologyThe
specific and critical objectives of this thesis are to investigate:

1. Sequential, contact and crosscutting relationshiplediost $ratigraphic successiaat
the Central Manitoba mine trend,;

2. Various intrusive phases of the host Ross River pluton and their crosscutting relations at
the Ogam&Rockland gold deposit;

3. Multiple generations of deformation structures and their structural development, with
emphasis on shear zone geometry andmkatesand their spatial and temporal relationships
with host vein emplacement for both deposits;

4. Veining sequencat both depositand its spatial, temporal, and possibly genetic



relationships witthost plutonic rocks and associated aplite digasicularly at the Ogama
Rockland gold deposit;

5. Paragenetic sequence of vein minei@¥oth depositand their relative timing with
alteration minerals during progressive developmeabokd alteration envelopes at the Ogama
Rockland gold deposit;

6. Nature and different stages of primary gold deposition and secondary gold remobilization
associated with deformation procesat the Ogamdrockland gold deposit; and structural
control on ore shoots at all scales for both deposits;

7. Absolute age constrds on gold mineralizatioat the Ogamdrockland gold deposit.

In order to solve these outstandisguesand uncover fundamental geologic processes that
were related to gold mineralization, detailed casople (1:1000; 1:5000) and outcrsgale
(1:50)geological mapping have been carried outhie vicinity of both depositer three
summerswith emphasis on key crosscutting relationships and structural an@lyisiss
followed bycareful hand specimen and thin section examinations on petrographgxture
and microstructureo constrain paragenesis and related deformatroisturesAbsolute age
constraints have been obtained tiaU-Pb zircon/monazitesotope dilutiori thermal
ionization mass spectrometry AOMS) and ReOs molybdenite isaipe dilutioni negative
thermal ionization mass spectrometry(NJIMS) method, using samples wittvell-established

structural and paragenetic context

1.5 Organization of thesis

The thesis is constituted of three main chapte#) (Each chapter isoncerned with several
key issues around a certain topic at one single deposit and is written asa@t@ndurnal
manuscript. For the latter reason, some repetition among the chapters, e.g., in description of
regional geological setting, is unavoidabEvidence in individual chapters is generally
organized from field to laboratory with progressymcreasing observation scale, and
comparisons with earlier chapters are common. References for all chapters are compiled at the
end of the thesis

For theconvenience of structural description and correlataertain deformation
generation, and associated fold, foliation as well as lineation are tersnB¢g &, and L, at the
Central Manitoba mine trend; whereas for the Og&uekland deposit they atermed GO ,n0 ,F



S0 a # despkctivelyFive generations of deformation structures have been recognized at the
Central Manitoba mine trend and two of them have been identified at the GRyarkiand
deposit. The relationships between structures at gposits are 6&G10 ; >=G0 A specific
veining stage is termedn\at the Central Manitoba mine trend angdV at t {Recklddd a ma
gold deposit

The second chapter deals wilte stratigraphic and structural settsxf the lode gold
system at the Centr&danitoba mine trend. Five generations of deformation structures Gg)
and three stages of veiningif V3) havebeen identified in the supracrustal rocks of the Bidou
assemblage. Main gold mineralization is structurally controlledésttrending, steeply
dipping V2 fault-fill veins hosted by dextral £shear zones.

The third chapter is mainly concerned wiltie lithological and structural settirsgpf the
granitoidhosted Ogam&ockland gold deposiEarly gold mineralization assoogt with low

gradeM®0 sheeted extension veins might have occur

whereas late gold mineralization amdremobilization associated withs v ei ns mi ght
occurred lateduring®® dextr al shearing.

The fourth clapter establisheberelative timing of gold mineralization through recognizing
vein paragenetic sequersa@nd the progressive development of zoned alteraidos, and
furtherconstrairs theabsolute age of gold mineralization viaRlh and R€Ds geochroology.
Primary gold depositiowas contemporaneous with pyrite, chalcopybitenite, and possibly
bismuthbearing minerals. Secondary gold remobilization is structurally controlled by late
fractures within quartz and pyrite crystalsPB zircon/monazitgeochronology on host tonalite
phases and one aplite dike that dins auriferous Yoveins reveals that early gold
mineralization mostly likely occurred e&.2728 Ma. Thisageis in goodagreementith aRe-
Osmolybdeniteage ofca.2727 Ma fromone Vsdvein.

The fifth chapter summarizes the entire thesis and the main conclughesppendix
reports two ReéDs molybdenite ages from oned¥ein, with an average age cd.2782 Ma.

This age appears tider tharthe datedtonalitephases, aplite dikend Vi6vein. The
significance of the age is open to diseossnd requires further detailed analysis on

molybdenite and future geochronoicg work ontheimmediateadjacentonalitewall rocks.
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Chapter 2

Stratigraphy, structure and lodegold systemat the
Central Manitoba mine trend, Rice Lake greenstone

belt, Archean Superior Province, Manitoba, Canada



2.1Introduction

The Superior Provincéosts numerouworld clasggold deposits (>8, 500 t) in Archean
greenstonieggranitoidbelts (Goldfarb et al., 2001rour main types of gold deposits have been
documentedn theProvince (e.g., Robert et al., 2005, 2007): orogenic gold deposits (e.qg.,
Kirkland Lake, Rice Lake), gotdch volcanogenic massive sulfide (VMS) deposits (e.qg.,
DoyonLeRondeBousquet, Horne), intrusierelated (reduced or oxidized) deposits (e.qg.,
Beattie, YoungDavidson), and otherwgtical gold deposits (e.g., Hea)l For orogenic gold
deposits, it is widely debated whether gold deposits adjacent to maj@i-saade shear zones
formed during an early extensional phase and are associated with alkaline aneitkataks
magmatism, or formed during a late compressional phase and the closure of extensional basins
along the shear zone (e.g., Merdi@ngevin etal., 20128.

TheNeoarcheamRice Lake belin southeastern Manitoba contaseeralgold deposits
(Fig. 2.1) situatedon eitherside ofa tonalitegranodioritepluton (Rice Lakeand Central
Manitobamine trend) and withinits margin(OgamaRocklandmine trend)Fig. 2.2). The
Central Manitoba mine trer{éig. 2.2) produced ~160, 000 ounces of gbketweenl927and
1937from four main shafts: the Growler, Kitchener, Tene and Hope (Stockwell and Lord, 1939;
Poulsen et al., 1996hlere, gold is associatedth quartz veins in shear zones and the deposit
appears to be a typical orogenic gold deposit, providing an ideal opportunity to further our
undersanding of this type of deposilthough regionakcale to camyscale surface mapping
and underground mapm were conducted itthe 1930s (Stockwell and Lord, 1939), little
detailed research has been published, nor has the gengmsi@bosis been addresseth
particular, detailed structural analysis in this area is lacking and structural timing ofcausrifer
guartz veins has not been fully determined.

In order to improve understanding of the geological processes that led to the formation of
the deposg, the Central Manitoba mine trend was mapped at a scale of 1:5000 (Zhou et al.,
2013, 2014). Several keyutcrops were mapped in detail (1:50ptcumenfield relationsips
between various rock types, deformation structures and auriferous quartz veins. This work
combines results from extensive surface mapping and key information from underground
workings, onsiders structures from microscopic to camp scalesyratesstructual
development with veiemplacemeni&andexamines the paragenetic sequenicesin minerals

associated with gold. These results have led to a better understanding of structuyadresttie
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paragenesis of the Central Manitoba mine treviuch provides new constraints for structural
evolution and gold mineralization of the Rice Lake belt.

In this paper, bedrock lithology and stratigraphiccessiorof the deposit area are described
first. Then a detailed description fofe generations of deformation structures is provided, with
emphasis on brittlductile shear zones that aeatiallyassociated with auriferous quartz veins.
Three stages of veimgplacement are documented based on specific generation of associated
brittle-ductile shear zone3his is followed bymineralogical and textural analyses of infill and
alteration minerals of goldearing veins, witlafocus on gold introduction and relatsdlfide

deposition.

2.2 GeologicalSetting

The Central Manitobenine trends situated in the southeastern Rice Lake greenstone belt of
the western UchBubprovincewesternSuperior ProvinceManitoba (Fig2.2). Neoachean
metavolcanicocks in the Rie Lake greenstone belt mostly range from 2.75 to 2.72 Ga, and are
overlain by metasedimentary rocks deposited after 2.7(Kfdgh et al. 1974; Ermanovics and
Wanless, 1983; Turek et al., 1989; Tuegid Weber, 1991; Davis, 99, 1996; Percival et al.,

2006; Sasseville et al., 2006; Anderson, 2008, 2013(Fig. 2.2). All the supracrustal rocks are
metamorphosed to greenschist facies, although some amphibolite facies assemblages are present
around themargins ofplutons (Poulsen et al., 1996). Since @ignsedimentary and volcanic

structures are well preserved in this belt, we omit the pieifistad in the following descriptions

in the interest of brevity.

The greenstone belt is intruded by voluminous gabbroic sills and alikisy theca. 2.73
2.72 Ga (Turek et al., 1989; Anderson, 2008, 201@talitic-granodioritic Ross River pluton
and relatedatelliteintrusions All of theserocks are intruded bga. 2.732.71 Ga (Turek et al.,
1989; Anderson, 2008, 2013tdartz feldspar porphyrand aplite dikes (Anderson, 2013a; Zhou
et al., 2014).

In the district arounthe Central Manitobanine trendFigs. 2.2 and2.3), supracrustal rocks
belonging tahe Bidouassemblagacludeseveral conformable formations mfafic and felsic
volcanic/vdcaniclastic rocks and sedimentary rocks, all of which were deposited within a
relativelybrief time span ok 2745 Ma to ~2731 Makig. 2.4a) (Turek et al., 1989Anderson,
2013b). A biotite granodiorite phase in #entralportion of the Ross River plon yielded a U
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Pb zircon age of ~2724 Ma (Anderson, 2008), whereas a biotite tonalite plas@gama
mine inthesoutheastern margin of the pluton yielded-BlJzircon age of ~2722729 Ma
(Turek et al., 1989; Zhou, unpublishedtg, which representhe minimum age of the host
rocks to the Central Manitoba mine treq@liark feldspar porphyry dikes dated at several
locations yield UPb zircon ageglenticalto hosing or adjacent plutonic rocks (see age data
from Anderson, 2013a). PreliminaryRb zrcon data of aplite dikes near the Rockland and
Ogama mines suggest a similar igneous age &@8-Rla (Zhou, unpublishediatg.

Rocks in the study area are variably deformed. Deformation is most intense in numerous
discrete, narrow, widetgpacedrittle-ductile shear zones, within both the greenstone belt and

the plutonic rocks. Higistrain zones also occur along lithologic contacts.

2.3 Supracrustal rocks and stratigraphy

The study area isnderlainby volcanic and sedimentary supracrustal rocks of the Bidou
assemblagenhich are intruded bgeveralifferent intrusive phasescluding the Ross River
pluton (Fig. 2.3; Zhou, 2014)The Bidou assemblagessldivided into several formations
interpreed to represent @onformablestratigraphic succession (Stockwell and Lord, 1939;
Campbell, 1971 )althoughthe contactarelocally reactivatedyy ductile shear zong$ig. 2.4a;
Brommecker, 1991, 1996; Anderson, 2013d)e map units identified as pafttbis study are
largely consistent witprevious subdivisionsf the Bidouassemblageg-ollowing the
stratigraphic terminologgf Campbell (1971), three formatioase exposewithin the map area:

Tinney Lake, Dove Lake and Gunnar formasi¢Rig. 4b)
2.3.1Bidou assemblage

2.3.1.1Tinney Lake formation

Thisformationis extensively exposed north of the North Carbonate sheark@%Z)and
east otthe South Carbonate shear zqi®CSZ) It consistamainly of two units of mafic volcanic
rocks (units 1 an@) and two layers of sedimentary rocks (units 2 an&#lpws in mafic flows
contain variable amounts of amygdadesl exhibitvariable degrees dfattening Pillow cusps
suggesyoungingto thesouth. The sedimentary rocks includdedspathic greywackedocally
interlayered with mudstorend pebbly conglomerate at the bottdformal tabular graded beds,
crossbeds,cour surfaceand flame structusdan this unit indicateyounging to the sout{Fig.
2.5a).
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2.3.1.2Dove Lake formation

Rocks of the Dové&ake formation consist of mafto intermediaterystatlithic lapilli tuff
with local interbed of felsic tuff and lapilli tuff(unit 5; Fig. 2.5b). Campbell (1971g¢lescribed
primary structures, such as scour structul@ad structurg flame structurg graded bedding and
crossbhedding, all indiciauy that theyounging direction is towards the south.

2.3.1.3Gunnar formation

Pillowed basalt of the Gunnar formati@umit 6) is abundant and well exposed in the
southern part of the map area. Pillows vargize and strairbut commonly containoundedo
elongate carbonatquartzamygdulesrepresentingadial pipevesicks. Pillow cusps ana
higher concentration of amygdslen the upper porti@of individual pillowsindicatethis unit

youngsto thesouth(Fig. 2.5¢).
2.3.2Mafic intrusions

Leucocratic and mesocratiabbras (unit 7)typically have a spotted appearance zareé
mediumgrained Some leucocratic gabbro includeggularshaped pegmatitic pods with
euhedral hornblendgrystalsup tol cm insize(Fig. 2.5d). Most of these intrusioneccuras
concordant sillsminor intrusiongdorm discordant dikesAmphibolite, peridotite and
melanocratic gabbro ofnit 8 typically consist ofdiscordant dikessome of whichare localized
alongnorthwesttrendng ductile shear zosaearthe Waltonpluton oralong the South
Carbonate Shear Zone sowthDove Lake(for the peridotite variety, see Scoates, 1971)

2.3.3 Quartzfeldspar porphyry dikes
A few thin quartzfeldspar porphyry dikes strike westerly tartevesterly and dip very

steeply. They contain saussuritized plagioclase, hornblende and minor quartz phenocrysts with
fine-grained groundmass of plagioclase, hornblende and quartz.

2.4 Structural geology

Five generations ofluctile deformationstructuresas well as brittle fauthave been
recognizedn the basis odverprinting relationshipand fold style atthe outcrop scale in the
vicinity of the Central Manitobanine trend Despite contrasting rock typesyerprinting
relations amonghe variousdefamationstructuresn the Bidouassemblagare consistent with
those in the Ross River pluton. However, this paperastlyconcerned with deformation within

the supracrustal rocks and associated gabbroic and felelgpartz porphyryntrusions which

13



are spatiallyassociated witland structurallycontrolgold mineralizationn the Central Manitoba
mine trend The dfferent generations of ductile deformation structures are termed Gs, and
associated folddoliationsand lineations are termed © Fs, S1 to S, and L to Ls, respectively.
Fs folds are rare and overpring Fa asingle shear zone so they are described witstactures.

In addition, intersection lineations betwdsadding(So) and S are termed 1.

24.1First generation (GQ) structures

2.4.1.1Mesoscopic (outcrogcale) structures

Evidence for Gdeformation is well preserved in supracrustal rocks of the Bidou
assemblage.

The S foliation isdefinedby a preferred orientation of quarfeldspar andelsic clasts in
felsiclapilli tuff (Fig. 2.5b), by flattenedpillows and varioles in basalfigs. 2.7aandb), and by
a continuous to closelypaced slaty cleavagefeldspathic greywacke and mudstone (Rigc).
S; foliation strikeswesterly to norttvesterly and dipsteepy (mostly > 75), or is vertical S
foliation dips more shallowly than bedding (F&7c), and isusually at small angle (~2p
clockwise to bedding ¢pon the horizontal surface through most of the study. freghe
southeast of the Ross River pluté@injte strain increasetoward high strain zondsased orthe
aspectratios of deformedbasaltic pillowsthe X/Z ratiosrange from 1:1 to 7:ih the north (Fig.
2.7a), which is similar to the aspect ratios bétfragmented clasis theLong Lakeshear zone
(Zwanzig, 1971).

The L lineation, developed atle S foliation, isdefined bya preferred orientation of
feldspar, quartz and elongate felsic clasts in lapilli tuff .(Eigb), and elongatearioles in baalt
(Fig. 2.7b). The L1 lineation isbest developed south of the Kitchener mine,iaraginall outcrops
along the northereectionof the South Carbonate Shear Zone. It plunges steeply (mostly)> 80
to the north or south (Fi@.6).

F1 folds are rarely preserveloclinalF: folds with amplitudeof approximately 1@m
occurwithin turbiditic feldspathic wacke bedsutheast of the Walton mingher associated
axial planar cleavage {Sis continuoudo very closely spaced (less thamfn), andtypically
dips steeply to the nortithe F fold axesplunge moderately to the wedbased on the
orientation of the b.1 intersectiorineation(Fig. 2.6); however some of the fold axest hinge
zonesare douby plunging(moderatelywest anceas}, indicative of a sheath folgeometry(Fig.

2.6¢) In this outcrop westtrending,greyishwhite aplite dike with heterogeneous
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discontinuous smoky quartz segregatiorasscuf: folds indicating that the foldgredatethe

emplacement afikes(Figs. 2.6aandb).

2.4.1.2Macroscopic (districtscale to regional scale);Folds

The dominant structure in the southeastern Rice Lake greenstone belt is the northwest
trending, upright, doublplunging Beresford Lakanticlinorium (Figs.2.1b and2.2), which is
definedby younging reversals and regioisaglale map pattesof the Bidou, Gemand Edmunds
assemblages (Stockwell and Lord, 1939; Brommecker, 1991, 1996; Anderson, 2013b). It has
well-developed northwesttriking, very steeply dipping axialgne cleavage ¢ andplunges
moderately to steeply to the southeast near Beresford Lake and shallowly to the nowlawest
Cliff Lake (Fig. 2.2) (Brommecker, 1996). Thanticlinoriumincludes several districicale
isoclinal to tight parasiticsynclines(Beresford Lake syncline; BLS in Fig.2) and anticlines
(Beresford Lake anticline; BLA in Figs.1b aB@) (Stockwell and Lord, 1939; Brommecker,
1991, 1996). Similarities in deformation style and orientations of fabric elements suggest
regionalscak BLA and associated distristale folds are Holds. Regional studies reveal that
the development of the BLA occurred concurrently with crustal thickening and sinistral

transpression during collisional processes at ca. R&#EB0 Ma (Anderson, 2008, 28a).

2.4.2 Secondgeneration (G) structures

2.4.2.1Mesoscopic (outcrogcale) structures

Second generation gisstructures are pervasiue sedimentary rocks around the Walton
pluton and in plutonicockswithin the southeastern tongue of the Ross River pluton (RRP). S
foliation and E folds were produced durirthe G, ductile deformation process.

The S foliation is defined by closely spaced penetratieavagen mudstone, greywacke
and pebbly conglonmate west of the SCSZ, and by aligned tabular plagioclase, elongate
biotite/hornblende and ellipsoid quartz aggregates in porphyritic intrusive phabefR&tP. S
foliation dips steeplyo moderatelyo the southeast or northwébig. 2.8). S foliation isat a
moderate to high angte S foliation in sedimentary rocks west of SCSZ

The E folds arerarely preserved. One example isl@ase to open symmetric fold, with a
well-developed axial plane cleavage)(She E fold axisplunges moderately (~45to the
southeastFig. 2.8). As shown in Figure 6a, an aplite dikets across the>Fold without
discernible deformation, which indicates this aplite dike postdatiEdding in this location.

We 6 v e s eijamdiGatrtuetudes @ the mesoscopic scale exclusively based on local
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overprinting fold style (Fig2.6a) and change of orientation. It is also possible thédliation
described above could beweented $foliation that was caused by a later folding event
associated with shear zone development. This alternative interpretation is less likely when two
cleavages £and S are planar and througdoing on an outcrop of greywacke, and no discernible
shar zone is close to the outcrégph e ar z ones vaedypiclly les thand thickz e d
and their influence on early fabric typically does not extend far from the margin of the shear

Zone.

2.4.2.2Macroscopic E fold

The map patterand younging directions of the sedimentary antund the Waltostock
define amacroscopid-: fold, here referred to as the Walton fold (R2g). It has been mapped
by previous workers (Stockwell and Lord, 1939) and supported by this study. It is open
symmetri¢ with well-developed axial plane cleavage)(that strikes northeast. Its fold axis

plunges moderately thesouttwestasindicated by outcroscale parasitic folds.
24.3 Third generation (G) structures

2.4.3.1 Mesoscopic structures

Gs structuressomprisesteeplydipping discretdorittle-ductile shear zonesTheycan be
divided into two groups on the basis of orientation and kinematicghwest tavestnorthwest
trending sinistral (&), and northwesb north-trending dextral (&) (Figs.2.9,2.10,2.11,2.12).
These shear zones are maiohserved in gabbro, and locally in massive basalt, greywacke and
guartz feldspar porphyry dikes. The wide range of the orientationsash€ar zones is due to
refraction or competency contrast of these rock units. W@hgibrittle-ductile shear zones,
modal proportion of zoisite (plagioclase alteration product) and carbmtagases significantly
whereasnodal proportion o&ctinolite and chloritelecreases dramaticallg-C fabric, shear
bands, asymmetric folds are well developed are used to deteinebulk shear zone
kinematics.The two groups o063 shear zoneareinterpreted asonjugate seton the basis of
similar mineralogyandkinematics, as well as close spatial relati@isect outcrop evidence
was also observed to supptiratthey were knematicallyrelated conjugate sets (Fi11).

Southwest taveststriking, steeply dipping, discre€es, brittle-ductile shear zones ramg
from several centimetres to two metneshicknesstheyextend several or tens of metres along
strike (Fig. 2.9). Theshear zones agefined bywell-foliated finegrained mylonites. Two
distincttypes ofsecondary foliation are well developed: mylonitic foliatié8 Eurfaceg Berthé
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et al., 1979and shear foliationiC surfaces, Berthe et al., 1979). The mylonitic foliatiorsg
foliation) is defined by continuous compositional layers of actinolite alternating with those of
plagioclase and carbonaféhe shear foliationGz foliation) is defined by spaceshear fractures
or secondordershear zones thabnstitutesmallerscaleshear fracturethat contairalternating
compositional layers. Outside the shear zones, rocks are significantly less deform2@®ik.ig.
The transitiorfrom shear zonew less deformed country rocks is typigadjradational The
mylonitic foliation is defined by parallelism of coargeined ellipsoidl aggregates actinolite
and/or chlorite, elongate plagioclase and carbonate aggregadegraduallyransitionsinto
continuous thin compositional layeringthin shear zones, indicating strain increase
gradationallyfrom country rock to shear zone (F&9c). Mylonitic foliationalong the margins

of the shear zones is typically oriented at@derate to high angle to shear zone boundaries, and
curves smootlylinto shear foliationn the core The angular relationship between S/C foliation
and deflected S foliation indicate a sinistral component of shear displacement on horizontal
surface (Fig. 2.9d).

Chevron folds and drag folds (Fig9e) are also presewithin Gza high-strain zones. Their
axial plane cleavage is typically wasending, steeply dipping, and the ampléuaf these folds
is typicallytens of centimetres. Clearly the folding postdates the formatithe afylonitic
foliation. The Sshaped ftdl asymmetrysuggest a sinistral sense of shear.

Gap structuresomprisenorthwestto-north trending dextral brittleductile shear zones in
gabbroic intrusioa(Fig. 2.10) and basalt. They are usually approximately half a metre thick in
gabbroic intrusiorand several centimetres thick in basalt. Steeply dipping mylonitic and shear
foliationsdefinethese shear zon€sigs.2.10a, b, ¢ and d). Narrow synthetic shear bands (C
type foliation, Betthéet al., 1979; or extensionalenulationcleavage, Platt andissers, 1980)
andsigmoidalsheafbounded lozenges (Bell and Rubenach, 1980; Bell, 1981; Ponce et al., 2013)
are also preseifFigs.2.10a, c) Thedeflection of thdoliation at theconfluenceor intersection
between mylonitic and shear foliations, shieands osigmoidallozenges consistently indicate
dextral shear.

The southwedb westnorthwesitrending sinistratliscrete(Gsg) ductileshear zones and
northwestto-wesi trending(Gsp) dextral onesre truly conjugate sets, as evidenaedne
outcr@ of intrusion breccigFigs.2.11a, b, ¢ and d)The host quartfeldspamporphyry contains
several angular to subangular madenoliths (Fig2.11b) Narrow subvertical shear zones are
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typically one to three centimetres thick, and extend along strike Lup metres. They are
developednly locally along thenargins ofthe xenoliths Mylonitic foliation is defined by
elongate chloritend/or actinolitdamination within shear zones, and is at < ®0the shear zone
boundaries (Fig2.11c). Kinematicinterpretatiorof individual shear zones is made on the basis
of mylonitic foliation deflection and angular relationship between foliation and shear zone
boundary(Fig. 2.11c) Since these shear zones are localized at sparsely spaced incompetent
mafic xenolithmargins, theyannotbe ascontinuousand merge together as classic conjugate
ductile shear zones within homogene@adropic host rocks.

2.4.3.2 Macroscopic structures

Based on the similar deformation style, orientation and kinematics stblee@r zones are
correlated with the regionalcale Wanipigow shear zone to the north and the South Garner shear
zone to the south (Fig.1b). They are interpreted to have developed during continueddaddt

sinistral transpressional collisional proeesgAnderson, 2008, 2013b).
24.4Fourth generation (G) structureswith rare Fs fold

2.4.4.1 Mesoscopic structures

Gas structures are defined by northwastsouthwesttrending, steephgipping to
subvertical, dextrabrittle-ductileand ductileshear zones that are localizagithin andslightly
discordanto lithologic boundarie®f the lower feldspathic wacke layer (unit 2), pillowed and
massive basalt (unit 3) and the lower gabbroic sill (unit S)courentirely within gabbroic
intrusiors (Fig. 2.13). The wide orientation range ofsGhear zones is due to refraction or
competency contrast of various host rod{sey are typically half a metre to two metres thick,
and extend up to approximately two kilometres along strikdari@le-ductileandductile shear
zones hosthe majorauriferous quartz veins the mine trendCompared to &shear zoneshe
G4 shear zoneare rich in chlorite (Fig2.9b). G shear zonearekinematically different from &
shear zones, even thoutltey share idental orientationsn some cases

The structures within gbrittle-ductile shear zones are complex and record multiphase
deformation. One example tfisis illustrated in Fig2.13a. Mylonitic foliation is well
developed and defined by compositional laysractinolite and/or chlorite alternating with
layers ofplagioclase and carbonate. Two generations of folgdar(@ Fs) with short wavelengths
were recognized.sfolds are isoclinal upright folds that fotde mylonitic foliation, and & folds
are cledly overprinted by Etight orgentle upright folds (Fig2.13b). Cétype shear band
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cleavage and-porphyroclastindicate dextral sense of shear on horizontal observationsplane
(Fig. 2.130).

Southwesto-west trending G dextral shear zondscally haveclose spatial relationships to
southwesto-west trending G sinistral ones. The outcrop in F@g9a illustratessz and G shear
zones are in contact with each other, but distinctly different in compaosition, structure and
kinematics. Gshear zones are relatively rich in actinolite and chloit€ fabricand shear out
porphyry dike bouding1 G4 shear zones indicate a dextral sense of shear on the subhorizontal
surface (Fig. 4a). Ridgein-grooveslickenside L striation (Means, 198%ill and Wilson,

1989; LinandWilliams, 1992) orthecurviplanar shear foliation (C foliation) plunges
moderately (~ 49 to the east (Fig2.14b). It is interpreted thdhe sheardirectionis alongthe
ductile slickenside striation developedtbe C foliation (e.g., Lin et al., 2007). Therefore, the
kinematics of this Gductile shear zonmcludescomponents o$outhside up dip-slip and
dextral strikeslip movement.

A feldspar fquartz) porphyry dike with two branches is boudinagetieGs shear zone
andtheadjacentessdeformed leucocratic gabbroic intrusion (R2ga), indicating the felsic
dike wasmore competent thahealtered and foliated mafic intrusialuring deformationA
weak to moderate penetrative continuous foliation withis feldspar (xquartz) porphyrys
defined by a preferred orientation of elonghtgnblendeand tabular plagioclase. Since this
foliation issulparallel to the mylonitic foliation in adjacent Ghear zones witklight refraction,
it is interpreted tde S foliation (Fig. 2.9a). The bulk extension direction of feldsparduartz)
porphyry boudins is subparallel to thef8liation, which indicateshatthe formation othe
boudins was probably before or durithg early G ductile dextral shearing press. The bulk
shortening direction is interpreténol benorth-northwesttrending, perpendicular to tha S
foliation and the bulk extension direction of boudinaged feldspquértz) porphyry.

Auriferous faultfill veins at the Kitchener mine were previously describedeasghosted
in a westtrending sinistral ductile shear zmnwhereas gotdearing veins at the Hope mine were
described as being hosted in a wieshding dextral shear zoBrommecker, 1991, 1996;
Poulsen et al., 1996Kinematic interpretatiomwasbased on Shaped folds itheshear zone
(Brommecker, 1991, 1996; Poulsen et al., 19B6gfolds or rolls weralescribedy Stockwell
and Lord (1939). They documented kinemdlyceontradictory dragolds inthewestern and
easterrportionsof this shear zone. These seemingly contradictory explanations probably result
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from the fact that wedtending sinistral and dextrdlictileshear zones are locally in contact
with each othe and they share identical orientations thextral ones postdaginistral ones
(e.qg, Figs 2.9a and b).

2.4.4.2 Macroscopic structures

The G dextral shear zones are the latest ductile deformation structures, which are also
commonly present in the othareas in the Rice Lake greenstone belt. The North Carbonate and
South Carbonate shear zones (Rig) are also interpreted as G4 structures, since they share
similar deformation style and kinematics. Other type examples are the regpaf@textral
Manigotagan shear zone, Beresford Lake shear zone and Long Lake shear zéh2) (Higese
macroscopic structures are interpreted to have formed duringdaddt terminal dextral

transpressional collision (Anderson, 2013b).

2.5Vein system

Veins of diffeent types and orientations are distributed heterogeneously throughout the
Central Manitoba mine trend. They often exhibit intimate spatial relationships wihd3G
brittle-ductile shear zones. Ore bodwesreassociated witlquartz veins and highly altered and
strongly deformed supracrustal and mafic intrusive roees the quartz veir(&igs.2.4b and
2.15). To elucidate the sequence of vein growth and deformation, we investigated field relations
and internal textures of déring veins, with emphasis on spatial and temporal relations with
associated brittleluctile shear zones. We also conducted detailed wotlkemre texture of
various veinforming minerals at scales of hand specimen and polished thin sections totestablis

mineral depositional sequence associated with gold mineralization.
2.5.1Vein type and field relations

Based on geometry, interrtalktures andgeometriaelationship taassociateghear zones,
veins can belassifiedinto three maintypes faultfill, extension (oblique&xtension) and breccia
veins (Hodgson, 1989; Robert et al., 1994; Robert and Poulsen, 2001). In the study area, all three
typesof veins have been recognized, and are intimately spatially associated:\aitd G
brittle-ductile shearanes. En echelon veins daheemost common vein arrays thestudy area.
No stockwork veins or sheeted veins have been recogifleckin types and vein arrays are
described firstly irthe sense ofistructural timing (Robert and Poulsen, 2001), i.e., temporal

relationships with associated shear zones. Relative timing of veins within one single generation
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deformation structure is further established in terms of crosscutting relationship.

25.1.1Gs-related veins

Gs-related veins, termediWeins, aremostly lenticular massive or laminated fafiilt veins
and planar to sigmoidal en echelextensionveins. They are spatially associated with steeply
dipping Gz brittle-ductile shear fracturesr dextral ductile shear zosel'heformer are termed
Viaandthe lattetV1p. Relative timing of \faandV 1y setshas not been directly established
because no crosscutting relationship between these two velrasdisembservedThey were
mostlikely penecontemporaneously empladeding G shearingThese veins are seldom
reported in previous studies, probably due to their relatively low gold gfadps8% 96 ppb)

Figs.2.16a and b illustrate an example ofa\association of a central fatfltl vein and en
echelon arraysf extension veingr mafic intrusionsHost rocks are mainly coarggained
equigranulateucocratido mesocratic gabbroic rocks with sparse pegmatitic dioritic pods,
appearing little defored at the outcrop scale. Both the central fdililivein and tension gashes
consist primarily of milky white blocky quartz, locally euhedral tourmaline, fimg-grained
chlorite-rich sliversor pods. Minor portions dhevein exhibita spotted smoky grey appearance.
The vertical central fauffill vein strikes norh, and tension gashes strike nemtbrtheast (~ 20
45°), and merge witlthe central veinTension gashes on the eastern side of the central vein are
curviplanar and longyriented aa moderate angle (~ ¥80°) to the central vein; whereas the
western g&le theyare sigmoidal, shorteandthelateraltips are orientedat a small angle (~ 10
15°) to the central vein. Several models have been proposed for strain analysmsatical
evolution of en echelon vein arrays (e.g., Beach, 1975; Ramsay and Ha®&& Olson and
Pollard, 1991, Lisle, 2013Recent twedimensional modelling (e.qg., Lisle, 20li8¥icatesthat
curved sigmoidal tension gashesommodate more shear straimdvolumeincrease compared
to planar onesAltered leucogabbro west of therttral vein accommodates recstrain, probably
because it ifess competent due to heterogeneous composition or alteration intensity compared
to wallrock east of the central veidowever, since sigmoidal and planar tension gashes merge
with the central faultfill vein, they must havdormed synchronously.

V1p setsarehosted by nortimorthwestto-north trending subvertical &dextral ductile shear
zones (Fig2.16c¢). They are commonly grey blocky massive quartz lenses with a width up to 10
cm anda length of tens atentimetresThey are seldom continuowmdcommonly pinch and
swell along shear foliation withiductileshear zones (Fi@.10a). They were probably emplaced
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beforeor duringearly G shearingMinor white blocky extension veinletse also commonly
present in shedrounded lozenges within ductile shear zones, anthemylonitic foliation at
moderate angles (Fig.16c), suggesting they postdate somgd&formation incremeat
However, these extension veinlets are still compatilitle bulk shear zone kinematics,
indicating they were formed during late @rogressive deformation.

A few V1p extensiorveins are situated in competent quartz feldspar porplayy also
crosscut one of the xenoliths (Fy11a) Vein filling minerals are predominantly quartz with
subordinate tourmaline and chlori@uartz typically exhibits a comb texture within veififie
preferred orientation cfuhedrauartz crystals iat avery high angle or orthogonal to the wall
rock boundaries (Fig2.11d). Euhedral quartz terminations in these veins and absence of crack
seal texture (Ramsay, 1980) indicate the opening direction of the tensile fractures is almost
perpendicular to the wallrock, atitetensile fractures remaaad open uwler effective stress
(Hubbert and Ruby, 1959) with the aid of hydrothermal fluid pressure. Therefore, these veins
are interpreted as extension veins with a dominant bowmiaingal opening component and
negligible shear (Poulsen and Robert, 19&8rance 2004).These extension veins indicate the
maximum principal stress was ndrtto northnortheasttrending at the time of vein
emplacement, which is kinematically compatible with relative movement«df G
in Fig.2.11a)and Gy shear zone ( in Fig. 2.11a) conjugate sets. Therefore, these

extension veins are interpreted to have emplaced dugisé&aring.

25.1.2G4related veins

Gs-related veins are mostly wesending curviplanar througboing faultfill veins, termed
V2 with local breccia veiner isolated vein lensebpsted in G dextral ductile shear zones in the
vicinity of the contactbetween théower greywacke, basalt and gabbroic sills of the Tinney
Lake formation. Auriferou¥ > quartz veins typically extend 06/ 800 metres along strike and
areup to0.5metresin thickness Ore bodieshosted by these veins extendexideep as ~140
metres at the Kitchener mine based on descriptions of underground workings by Stockwell and
Lord (1939)(Fig. 2.15b) Outside the Gshear zoneshe host rockare commonly less altered,
and contairprimary structuregi.e., bedding)Wallrock blockswithin veinsin shear zones are
typically ductilely deformed and sericitdtered greywacké-ig. 2.179. A few ofthese
greywackanclusions in veins contain a wavy cleavdge. 2.17a, b). Quartz boudins andCS

fabric in altered greywackat vein margins indicate sense of dextral sheariigig. 2.17b).
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Since some altered greywacke inclusions in the quartz veins have undengong degrees of
ductile deformation, it is interpreted thai ¥ein emplacement at least postdated some
increments of shearing; otherwise, all altered greywacke inclusions would have experienced less
pervasive strain because surrounding vein materialdvoaNe protected them from peaining
shearing. Combined with evidence for pesining shearing in altered wallrocks and the
presence of ridga-groove slickenside striations overprinted on vein margins, it is interpreted
that V> veins were likely empiced during Gshearing.

Hydrothermal alteration halos are typically asymmetric adjacent t@is basaltcontains
much thicker halos than greywacke (R2dl8a and b). In altered basalt, mafic minerals are
mostlyaltered to chlorite anplagioclase pheocrystsaresaussuritizedwhereas in altered
greywackeprimary sedimentary structures and textures are compligstyoyedreplaced by
pervasive alteratiomineralsand penetrative foliation defined by sericite and minor chlorite
(Fig. 2.21a)

V3 veinlets are typically milky white, thin (< 10 cm thick) and barren. They often display
euhedral quartz crystals and internal comb structure, and are thus interpreted as extension veins
(Fig. 2.19a).

Crosscutting relationships among, W> and \4 sets areevident in the field. One north
trending MaVvein can be traced along strike for approximately 50 metres andsdotve west
trendingvertically-dipping G4 ductile shear zone, arnglcut by a \s fault-fill vein. This V2 vein
is cut by nortirending \4 extension veinlets with comb structures (F2d.99. V1 veins are
shortwavelength folded within wedtending G ductile shear zones (Fig.19b). Early \4 fault-
fill veins are locally boudinaged, subparallel tof@iation in G4 ductile shear zones i
2.19b).1t is interpreted that both&nd \4 sets formed during &lextral transpressional
shearing: ¥ wereemplacediuring early dextraboundaryparallel shearingwhereas Y
extension veinlets were emplaced relatively late dwsimgaring with @lominant boundary
normal component. It is also interpreted thaw¥®ins were folded and2\Weins were boudinaged
during late G shearing as well. Another possible explanation is that botin¥®f early \ veins
were emplaced duringsGthen deformed durinGs4; gold mineralization could have been

decoupled with host vein emplacement (e.g., Lin and Corfu, 2002).

2.5.2Vein mineralogy, microstructure and paragenesis

Textures and relative temporal relationships of vein and alteration minerals were examined
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in over 150 hand specimens, ¢t slabs,and40 polished thin sections. Mineral identification
wasmainly carried out through conventionnednsmitted and reflectdajht microscoyy, and
aided by scanning electron miscmpe(SEM) analysis. Most ahe pdished thin sections were
cutperpendicular to the mylonitic foliation and parallel to the ridggroove slickenlines of
shear zonefor the purpose dkinematic analysisA few sections wereut orthogonal to both
foliation and lineation, or parallel twoth foliation and lineation, in order tacilitatethree
dimensionaktructural analysis.

High grade golebearing quartz veing the Central Manitobanine trendare mainly west
trending subvertical ¥veinshosted by Gductile shear zonegither in contact zones of basalt,
lower greywacke and gabbro (Figsl5a,2.20a), or in gabbro clesy north of contact zones
(Fig. 2.15a,2.20b).A few ViaVveins e.g. the central fauftll vein and en echelon vein arrays in
Fig. 2.16a, yieldlow, bu anomalousgold grads (851 96 ppb). Even within \é veins goldis
heterogeneouslgistributed, asndicatedby goldassay results (Fi@.20) and underground
milled bodies (Fig2.15b) Textural relationships among different vdilling minerals are
exanined in detail to establish spatial and temporal relationships among quartz, alteration
minerals, sulfide minerals and goldeformation at the microscopic scale is also considered to
help constrain structural timing of gold mineralization compareddsscopicstructures
described above. Since ¥nd \4 sets are barren or of very low grade, we focus on auriferpus V

sets.

2.5.2.1V,> mineralogy and microstructure

V2 veinsarehomogeneous mineral assemblage, habit and internal texture, but variable in
mineral composition and modal proportion. They typically consist of over 85% grey or clear
guartz, ~ 5% metallic sulfides and associated oxides, and ~i@&6eousnineralssuch as
chlorite andsericite.They are commonly homogeneaarsd mesoscopically massiwéthout
ribbon or fibrous textureSulfidesare attached tohlorite and large quartzein boudins, defining
thefoliation in ductile shear zones (Fig21a). We describe Yminerabgy in a chronologic
order of mineral deposition.

Quartz These mineral grains can be classified into three tgpgson basis of crystal
shape, grain size and optical axis orientation. Tlygeartz grains are typically one to three
millimetres in diamedr, and have tabular to trapezoid euhedral crystal shapesZ2&gs.b and

c). They account for an insignificant modal proportion in veins, compared to domina#it type
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and typelll recrystallized grainsType| quartz graingexhibit a shape preferredientation at a
moderate angle (~3060°) to vein marginsThe aihedral crystal habit indicaéhat the
hydrothermal fluids crystallized slowly. Grain boundaries are sharp and @leaall polygonal,

but locally lobate with smallesized (< 3Qum) new gains, which are characteristic of bulging
recrystallzation (Stipp et al., 2002; Passchier and Trouw, 2005). Most grains display patchy
undulose extinction, indicating existence of elongategrains.Boundaries between stgrains

are curvilinear, grademal or vague. Most large quartz grains are rich in fluid inclusions as well.
Chlorite, pyrite and chalcopyrite commonifill quartz grain boundaries or fractures.

Typell quartz grains are commonly one to two millimetres in diameter and typaiafay
sweeping chessboard unduloseretton (Fig 2.22d and e). They are commonly completely
surrounded by newynamicallyrecrystallized (< 10um) grains.Transitiors from old to new
grains is gradual and less abrupt, which is typical ofggain rdation recrystallization
(Passchier and Trouw, 2005). Sgitains are typically flattened, atiueir aggregates exhibit a
domain shape preferred orientation that defines a continuous foliagofew sampleslhis
foliation is almost orthogonal to the adgnt healed fracture with pyrtdalcopyrite aggregates
(Fig. 2.22d).

Typelll quartz grains are mostly elongateegjuant grainsthatpredominantly range from
20 um to 50um, but can be up to 1Q0m. Undulose extinction is common, but for a few grains
extinction is homogeneous. They usudlgveclear lobate irregular grain boundaries, e
also surrounedor encompassed by old large graimsa few samplegquartz (and sericite) is
finer grained <20 um) in healed fractws (Fig.2.22d). Elongate gartz and sericitgrainsdefine
a continuous foliation at an acute angle to zone boundaries, indicating a steist&lofheay
as in thenorth-trending healed fractarshown irFig. 2.22d. It is interpreted that formation of
this subgrain aggregat®liation in typell quartz aggregatesas probably concurrent with the
dilation of the adjacerftacture zone, and this filled fracture zone was dynamically recrystallized
in sinistral shearing to form typd quartz grains. This micrscale nortitrending sinistral shear
zone locally postdates>\juartz veinlet formation ands@extral shearing along easest strike,
but might be a conjugate branch to wssiking & dextral shear zones.

Chlorite: These mineral grains are euhedral to subhedral or acicular, typically less than 2
mm in diameter. Most occum small patches (hundreds of microns in diameter) sparsely

distributed in alteration envelopes and quartz véihgy are typicallynterstitialto sericite,
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zoisite, quartz, pyrite and chalcopyrite (R2g21b and c) A few chlorite grains occuaselongate
grain aggregates attaaihto or surrounthg lensshaped aggregate$ pyrite-chalcopyritequartz

in strongly deformed alteration envelopesfiding a prominent continuous foliation (Fig.

2.21a). Some chlorite grairencloseanhedral chalcopyrite and subhedral pyrite inclusions (< 50
em). A few acicular chlorite grainferm inclusions in chalcopyrite. And some chlorite
aggregates amencloseduy large euhedral quartz grains or small dynamically recrystallised
quartz grainsChlorite graingn-fill fracturestogethemwith sericite, pyrite, chalcopyrite and
goethite.

Sericite:Flakes of this mineral are pervasive throughout alter@ttock greywacke andare
also common, but to a much lesextent in quartz veins. Sericite either fosraggregates that
define a continuous foliation @teredgreywacke, or occsras smalldiscontinuoupatches
associated witkehlorite, pyrite and chalcopyrite aggregates, commonly concentrated on the
margirs of quartz veis (Fig. 2.22b and d)

Pyrite: This mineral can be grouped into three main types in terms of babitrrenceand
spatial relationship with other minerals.peyl pyrite occurs in altered greywackamediately
adjacent to quartz veins. It is typically ~ 0.5 mm in diameter, characterized by colloform texture
(Fig. 2.23a). Each band within pyrite is ¥ 8 um thick, bounded by rusty dark wavy material.
This colloformtextureis interpreted adirect crystallization from oréorming fluids during
periodic change of physiethemical conditions (Barrie et al., 2009ype-| pyrite is mostly
irregularshaped, and has cleaan-bandedoyrite rims, whichareinterpretedo result from
partialreplacementf colloform pyrite.lt is usually attached to and surrounded by irregular
chalcopyrite, clean pyrite, acicular radafchlorite and sericite aggregates, and quartz. Minor
chalcopyritepyrite aggregatesnclosedy colloform pyrite are interpreted ascut effect in the
polished thin section.

Typell pyrite typically occurs asuhedrato subhedral individual grains or grain aggregates
andis characterized by numerous randorolyented chalcopyrite, chlorite and quartzlusions
(Fig. 2.23b). Grainsizeranges from tens of microns to two millimetres. They are closely
spatially associated with quartz boudins in altered greywackihave a shape preferred
orientation parallel to the external chlorgericite foliation.

Type-lll pyrite commonly occurs asregularpatches that are intimately associated with

irregular chalcopyrite. Mineral grains are subhedral to anhedral, and can be up to several
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millimetres in diameter. They define a continuous foliation together walcopyrite, ellipsoid
guartz aggregates and stretched chlorite (R2g4a, 2.23c and d) in altered greywacke. They
also occur in veins as irreguahaped aggregates attached to chalcopyrite, chlorite, quartz,
bismuthinite and ismite (Fig. 2.23e). Somegrainscontainrandomlyorientedinclusions of
chlorite, quartz, chalcopyrite, pyrrhotite, bismuthinite and bismite gE3f).

Chalcopyrite:This mineral is the predominant sulfide mineral within alteration zones and
guartz veins. It is often anhedrahdinterstitialto chlorite and quartz. It is also in contact with
type-lll pyrite, pyrrhotite, bismuthinite, bismite, sericite and quadittis present as inclusions
within type-Il and typelll poikiloblastic pyrite grainsandalso containsninor chlorite, quartz,
bismuthinite and bismite inclusions within quartz veins (Big3e). It also filks infractureswith
pyrite, sericite and dynamically recrystallised qua@al() (Fig. 2.22e).

Pyrrhotite: This mineral commonly occurs as irregular patchgettzer with chalcopyrite. It
is often subhedral to anhedral, and tens of microns to several millimetres in diameter. It is
interstitial to quartz, chlorite and sericite in quartz veins. Minor pyrrhotite also occurs as
inclusions in pyrite (Xue, 2011). Pywtite is intimately associated with chalcopyrite,
tellurobismuthite and gold in high gradariferousquartz veins hosted by gabbro (Xue, 2011).

Bismuthbearing mineralsBismuthbearing minerals typically occur as small tabular or
irregular grains intetgial to quartz in veins. They are commonly attached to chalcopyrite, pyrite
and quartz. They are also presens@shedragrains encompassed by pyrite (R2g3f), or as
subrounded to irregular inclusions in chalcopyrite (FA@3e). Bismuthinite igartially or
completely replaced by bismite, which is typical of secondary oxidafibismuth minerals
(Fig. 2.23f). Native bismuth is also present in high grade auriferous quartz Vn< 23f;

Xue, 2011). Tellurobismuthite typically occurssasallgrains in contact with quartz and
pyrrhotite, and is spatially associated with gofdie, 2011)

Gold: Native goldtypically forms goldsilver dloy (electrum)with anAu-Ag ratiothat
averagse 11, but rangefrom 23 to 0.44 (Xue, 2011§0ld occursas fee grains (10300 um)
interstitial to quartz and pyrrhotite, or in contact with pyrrhotite (Xue, 2@3dld is also closely
spatially associated with chalcopyrite and tellurobismuthite (Xue, 2011).

Goethite:This mineral is the secondary oxidatigrodict of iron-bearing sulfides,
especially pyrite. It partially or completely replaces pyrite along cleavages or fractures within

individual pyrite grains, or as rims along pyrite grain boundaries.
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25.2.2V, paragenesis

Although mineral assemblages and tipgoportiors are variabletextural and chronologic
relationships betweerein minerals are consistent throughowg tbentral Manitoba mine trend.
The depositional sequence of various minerals can be divided into two stages: a primary infill
stageduringwhich mineral deposition took place during aveseverakpisods of openspace
filling, and a posfilling stage of deformation and quartz recrystation, followed by fracturing
and deposition of late chalcopyrite. Oxidation of bisrdularing and ir-bearing sulfides took
place latest.

During the initial operspace filling stage, euhedral typguartz was deposited together
with chlorite and sericitalongvein margins. Colloform typépyrite in greywackewvas also
enclosedluringthis stage. Poikilic pyrite of typell grewafter with randomlyoriented
chalcopyrite, quartz and chloriteclusions.Colloform typel pyrite was also replaced lype-lI
pyrite and chalcopyritduring this stagdrregular patchesf chalcopyrite and pyrrhotite were
demsitedafterwardsGold, tellurobismuthite, bismuthinite and other bismbiaring minerals
wereintroduced with pyrrhotiteluring this stageTypelll pyrite and chalcopyrite were
deposited after surrounding chloraadsericite, since typdl pyrite and chalcopyriteenclose
chlorite and sericite. TypBl pyrite and chalcopyrite were crystallised after some pyrrhotite and
bismuthbearing minerawere depositelecause they also enclose some pyrrhotite and
bismuthinite.

At the postfilling stage, quad vein and associated mineralsderwenintenseGs ductile
deformation, causing undulose extinction in euhedral quartz grains. Some equant to elongate
subgrains grade laterally into recrystallised grains. Qupytite-chalcopyrite veinlets in altered
greywacke were boudinaged during d&xtral shear, parallel to the continuous foliation defined
by sericite and chlorite.

2.6 Discussion
2.6.1 Stratigraphic setting of gold mineralization

There are only a few examples of Archean lode gold deposits that are entirely hosted or
intimately associated with clastic metasedimentary rocks (Colvine et al., 1988), as at Hemlo
(Muir, 1983; Burk et al., 1986; Lin, 2001), Geraldton (Macdonald, 1988)miins (Walsh et al.,

1986), and Contwoyto Lake (Kerswill, 1986), etc. Some lithologic associations, such-ashron
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metasedimentary rafts within differentiated gabbroic sills, are especially favorable hosts for gold
mineralization due to their combinewmn-rich and competent nature (Robert et al., 2005). This is
similar to the case in the Central Manitoba mine trend in terms of the lithologic association of

diagenetic pyriteich greywacke and adjacent gabbro.

2.6.2 Structural control of ore shoots

2.6.2.1 Lithology competency and deformation manner

As discussed in the section dealing with the stratigraphic setting of gold mineralization, vein
emplacement may favor structurally more competent rocks where a strong competency contrast
exists between adjant lithologies (e.gColvine et al., 1988). This competency contrast may
result from primary compositional differences (e.g., syenite more competent than sedimentary
rocks, Young Davidson mine; Zhang et al., 2014), or may result from secondary aiteratio
processes (e.g., metasomatic ankerdl units more competent than surrounding rocks,
CochenowWillans mine; SanborBarrie, 1987). However, for the Central Manitoba mine trend,
auriferous quartz veins are predominantly hosted by ductile shear wimes,occur at or near
altered contacts of basalt, greywacke and gal@savell as within the gabbro, suggesting
anisotropy reactivation on contact zones of primary competency contrast was a significant
control on shear zone development and vein emplate®gain was partitioned along primary
planes of weakness (i.e., contact zones) during later deformation within an optineitgd
kinematic frame. Brittle shears or britidieictile shear zones do host minor extension veins in the
more competent gabdyrbut these are mostly barren. Considering the extensive and pronounced
sericite and chlorite alteration zones along high grade mineralized veins, we believe that textural
destruction and compositional change due to phyllosilicate alteration along prdautts,
dramatically weakened the more competent gabbro allowing for the development of ductile shear

Zzones.

2.6.2.2Local structural control

As shown in Figs.3and 2, auriferous quartz veinsainly occurwithin sheared and
altered contastbetween geywacke, basalt and gabbro intrusipar entirely within gabbro.
Based on longitudinal section$ underground working@-ig. 2.15b), the majorore bodiesvere
shallowly plunging andlid not have much depth exteatthough quartz veirngdo continue to
greater depths (Stockwell and Lord, 1939).

The shallowly plunging ore shodfSig. 2.15b)aresubparallel teshallowly to moderately
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plunging slickenlines on the vein margins and ridggroove slickenside striations hostshear
zones.This is unlike most other lode gold depositshiesouthern ArcheaBuperior Province

where ore shoots are typically aligned at a high angle or perpendicular to the movement direction
of host shear zones (e.g., Poulsen and Robert, 1989). Howevegrtigrent with quite a few
greenstone gold deposits in southern Africa and Western Australia, where ore shoots are
typically parallel to mineral elongation lineation and slip direction of host shear zones (e.g.
Vearncombe et al., 1989). The shallow plun§ere zones could be explained by vertical
extension and the associated boudinage of the veins and gold remobilization into low strain
domains along the veins, and/or gold remobilization into eggeade dilational sites by

hydrothermal fluids that flowedlong the shear zones during shearing and recrystallization of the
veins.

As pointed out by Stockwell and Lord (1939), North Carbonate Shear Zone and South
Carbonate Sheatone may play an important raile the fact that ore bodies do not extend to
greaer depthsSheared quartz veins are widest at surface winergistance between these two
shearss greatesandnarrowat depth where the two sheansersect and ore boigs under
Growler shafharronedand terminatedlose tothe South Carbonate Sheaone (Fig.2.15b;

Stockwell and Lord, 1939

2.6.3 Gold precipitation and modification at microscopic level

Textural relationships between gold, sulfides and alteration minerals in quartz veins reveal
thatfreegold is spatially and temporally associateth pyrrhotite and Bi minerals at the Central
Manitoba gold depositis revealed by Xue (2011) and this stu@gld precipitatiormayhave
occurred contemporaneously with deposition of pyrrhotite andiBerals.This close
association between gold andrBinerals has been recently documented in sewénalgold
deposits (e.gToérmanen and Koski, 2005; Ciobanu et al., 20A6psa-Gdgoraet al., 2015).

Some researchers proposed that "invisible" gold particles within Bi minerals could have been
remobilized to form visible free gold (e.@\¢ostaGdgoraet al., 201%. This mechanism might
readily explain free gold association with Bi minerals at the mioqis scalen the Central
Manitobamine trend More microprobe work on associated Bi minerals magdsbalance

calculations on chemical change might help solve this problem.
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2.7 Conclusions

In this paperthestratigraphic and structural setting of then€al Manitoba lode gold
deposit were established based on nesultsof detailed geological mapping. Moreover,
auriferous quartz veins and associated alteration envelopeslegmmentedhrough
microstructural and paragenetic analyses. The current sfisisatigraphicsuccession
deformation structure and vein mineralization has revealed the following major points:

1. Auriferous quartz veins are concentras¢dandslightly discordant tpsheared contacts
between greywacke, basalt and gabbro intrissimmareentirely hosted by gabbro intrusen
adjacent tacontacts.

2. Five generations of ductile deformation structures as well as brittle faults were
recognized in the fieldQuartz veins are structurally controlled by&hd G conjugate satof
brittle-ductile shear zones. Wetsending auriferous quartz veins were emplaoefbre orduring
G4 dextral sheang, and then overprinted by lates @eformationVeins, either hosted by
greywacke, basalt or gabbro, are extensive but not necessariyinelalzed throughout their
strike and dip directions. Ore bodies plusgallowlyalongquartz veins, which arsubparallel
to vein margin slickenline and ridga-groove slickenside striation ofs@uctile shear zones.

3. Free gold (electrum) is intimatelysaciated with quartz, pyrrhotite, chalcopyrite and
bismuthbearing minerals in high grade vei@old was introducedontemporaneoushyith

pyrrhotite and tellurobismuthite relatively early in the paragenetic sequence
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&¢ [[] Ross River plutonic suite B wallace assemblage (2.99-2.92 Ga
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[_] Bidou assemblage and Wanipigow River plutonic complexes (2.75-2.69 Ga)
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Fig. 2.1 a) Tectonic framework adhe westerrsuperior Provinceshowing major tectonic
domains, terranes, @ubprovincs; modified from Lin and Beakhouse (2013); b) Regional
tectonic map of the weste8Buperior Provincen southeasteriManitoba, exhibiting major
Subprovincs, lithostratigraphic assemblages, crustedle shear zones, and significant gold
deposits; modified from Anderson (2013b).
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' Ross River Pluton - Beqdl.ng, tops knoYvn (Inclined, overturned)
I:] Tonalite, granodiorite; minor monzogranite, -~ Foliation (Generation 1, 2)
" quartz diorite and alkali feldspar granite —> Fold axis (Beresford Lake Anticlinorium)
| Bidou Assemblage —1— -*- Axial surface: anticline, syncline
= | - Leucocratic to mesocratic gabbro, BLA: Beresford Lake Anticline;
g [ minor melagabbro, diorite, cortlandtite. BLS: Beresford Lake Syncline.
g | Dacitic volcanic and yolcaniclastic rocks ——— Regional Shear Zone
©/ (The Narrows formation) MSZ: Manigotagan Shear Zone;
~ - Greywacke, mudstone, conglomerate; minor dacitic LLSZ: Long Lake Shear Zone;
8 [ volcaniclastic rocks, iron formation, tholeiitic basalt NCSZ: North Carbonate Shear Zone;
E ‘ (Stormy Lake formation) SCSZ: South Carbonate Shear Zone;
|:| Basalt, tholeiitic (Gunnar formation) BLSZ: Beresford Lake Shear Zone.
‘ D Mafic to felsic lapilli tuff, greywacke, mudstone; N Ore body: mainly auriferous shear veins
}

minor chert, conglomerate (Dove Lake formation) R Past-producing mines: 1. Growler; 2.Kitchener;
[ E] Basalt, tholeiitic; minor greywacke (Tinney Lake formation) 3 Tene; 4. Hope; 5. Walton; 6. Rockland;
‘ [ Greywacke, mudstone, minor chert, conglomerate 7.0gama; 8.0nondaga; 9. Gunnar.
‘ (Stovel Lake formation)

\ ﬂ”:] Basalt, tholeiitic (Unnamed Basalt)

Garner Assemblage
[ Basalt, wacke and ultramafic rocks

Fig. 2.2 Generalizedegionalgeological map of the southeastern Rice Lake greenstone belt,
displaying major formations within tH&dou assemblage and gold deposits in this area;
modified from Stockwell (1945 wanzig (1971)Brommecker (1996)Anderson (2013band
Zhou (2014)Location of Fig.2.3 is indicatedAge source! Turek et al. (1989% Anderson
(2013b),2 Chapter 4

33



Fig. 2.15 kilometre

=

336000E

RS +5642000N
1 ;75 T
.
e Y
N
\
Y
1 ~
~
1 ~
\'!- -
[
1
’
~
T~ o
7
7/
7/
4
7
7z
cﬁ’ 4 . .
’ Rockland . ) - Quartz-feldspar porphyry 8 : Younglng. dIrE.CtIOI"I
- Granodiorite, monzogranite, alkali 2 Bedding: upright, tops known
; feldspar granite _ip ~l= s ‘-w—\em-x Folllatlon.SﬂS,.Sa.S4
Tonalite, quartz diorite s Lineation
lIl :q T ---—- Contact (approximate)
- Amphibolite, peridotite, s Shear zone
r melanogabbro 2 o .
Gabbro, diorite: leucocratc T~ Tttt Limit of mapping
and mesocratic X Shaft

[ & ] Pillowed basalt (Gunnar formation) 4333000E  UTM coordinate

Mafic to felsic lapilli tuff I~ 5639000N (NAD 83)
(Dove Lake formation)

|I| Upper feldspathic wacke

El Pillowed and massive basalt

- Lower feldspathic greywacke, locally

with mudstone and chert interbeds
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with thin greywacke beds

<+ 333000E
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Rice Lake belt

uonew.oy aye7 Aauuly

Fig. 2.3 Simplified local geological map in the vicinity of the Central Manitoba mine trend,
illustrating major lithostratigraphic units, structures and-pastiucing shafts; modified from
Zhou et al. (2014). Location of Fig.15 is indicated.
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Bidou assemblage

27313 Ma' The Narrows formation
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Dove Lake formation
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<2744.9 +4.7 Ma®| Stovel Lake formation
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1km

' U-Pb magmatic zircon age of dacite of
the Narrows formation;
Turek et al. (1989)
?U-Pb detrital zircon age of greywacke of : A
the Stovel Lake formation and Stormy
Lake formation; Anderson (2013a, b) - N
Tonalite and granodiorite
(Ross River pluton)

B Pillowed and massive basalt

uonewJsoy eye Asuul|

s Mineralisation at the contact zones between
basalt, lower feldspathic wacke and gabbro

Mineralized quartz veins in gabbro near the
contact zones

A,B,B’,C,C’, Dlocalities are indicated in Fig. 3.

Fig. 2.4 a) A diagram showing seven conformable formations within the Bidou assemblage
(Campbell, 1971and available tPb zircon age constrainSurek et al., 1989; Anderson,
2013a, b)b) local lithologic column constructed from FR3; ore bodies armdicated.
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Section view

Plan view / Plan view

Fig. 2.50utcrop photographs of bedrock lithology: a) greywacke showing spectacular normal

graded bedding and scour surface at one bed's bottom, younging toward southwest; southeast of
Walton shaft; b) felsic lapilli tuff with a prominentilsvertical foliation; c) pillowed basalt south

of the Ross River pluton, younging to the south; d) irregsit@ped pegmatitic segregations

within leucocratic gabbro.
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(a) sStation 629 (UTM 0333836, 5641525; NAD 83)

I o

I Aoiitedike ;3\ Foliation N s

P 3 Rl 3 P | o
|:| Tonalite ~  Younging direction %ii?w?? F»‘l’\;:i'
P F 1 -.§'~...---:. 4!" ~'°s~

® Poleto S, inwacke B

..

Trace of bedding

N,

|:| Massive Basalt

[ ] Greywacke -----Trace of foliation =~ A Poleto S, in tuff

B Poleto S, in basalt
- Pebbly conglomerate -------- Outcrop limit O L, inbasalt

A F,axis

Fig. 2.6 a) Outcrop sketch illustratingain lithologic units and £, and S structures; b, c)
Outcrop photographs showing crosscutting relationships between lithologic units and doubly
plunging isoclinal k-folds. G structural data are equatea lower hemisphere stereonet
projections All stereonedata presentations in this thesisre produced through the software
"Stereonet 8" byAllmendingeret al. (2012and Cardozo and Allmendinger (2013).
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: ; : i Section view
Plan view s i P e Looking west

Fig. 2.7 Outcrop photographs displaying S§ructures: a) flattened pillowed basalt defining

weststriking S foliation; b) flattened ath elongate basalt varioles defining a wetsiking
subvertical $foliation and subvertically plunging:llineation; finite strain axes are indicated; c)

weststriking vertical bedding and steeply sodwtipping, closelyspaced cleavage in greywacke.
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@ Pole to S, in the Bidou assemblage

A Pole to S, in the Ross River pluton
O F,axis

Fig. 2.8 Equatarea lower hemisphere stereonet projectionoftteictural data.
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Station 338 (UTM 0334887, 5642023; NAD 83)

@
B Quartz vein Fg205 s ic,
|:‘ Quartz feldspar porphyry N 2050

|| Dextrally sheared chlorite-rich leucogabbro N
| Sinistrally sheared plagioclase-rich leocogabbro - .

Leucogabbro

< s s § 0SS, foliations
I Lineation

Trace of foliation

Fig. 9 a) Outcrop sketch of wesbuthweststriking Gsa sinistral and Gdextral gabbroic ductile

shear zones, and associated qufmtdspar porphyry boudins; b) outcrop photograph showing
from top to bottom three subparallel gabbroic domains: undeformed leucogabbro, greyish white

Gszaductile shear zone and greenish greyd@tile shear zone; c¢) closg of the contact
between undeformed leucogabbro and<Bistral ductile shear zone; d) spectacular S/C
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mylonitic rocks within the @ ductile shear zone indicating a sinistral sense of shese;that 5
foliation is crenuléed and overprinted bys$subparallel to €) foliation; e) shortwavelength

chevron folds in Gashear zone indicating a sinistral sense of shear.
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Allimages are plan views

@ Fig. 2.10 Outcrop photographs and

line drawings of nortimorthwest
striking Gsp dextral subvertical
gabbroic shear zoneas; b west
southwedtstriking curviplanar to
shortwavelengtifolded S foliation
and northnorthweststriking C
foliation as well as the sigmoidal
lozengeindicating dextral shearing;
C foliation is defined by phsical
breaks of weathered out low grounc
thatarepartially filled by quartz
veinlet lenses; ¢, d) westending
curviplanar S foliation and north

Sigmoidal |enge ' trending C foliation suggesting

Shear zone boundary dextral Shearing

ClIS foliation|

I
ation il

|
N
I

il
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[ 1 Quartz feldspar
porphyry

Leucogabbro

[] Basaltic clast

88 Veinorientation ~=X_ Dextral shear zone %~ Sinistral shear zone <—-%» Vein opening direction
All images are plan views

Fig. 2.11 a) Outcrop sketch of intrusion brecciatension quartz veins and associated shear
basaltic clast margins; b) cles@ outcrop photograph illustrating basaltic clasts and feldspar
porphyry; c) outcrop photograph exhibiting sinistral sheared margin of a basaltic clast; d)

outcrop photograph showmumerous basaltic clasts and extension quartz veins with comb

structure.
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® Pole to G,, sinistral shear zone
m Pole to G,, dextral shear zone

o L, lineation

Fig. 2.12 Gaand Gy shear zones are plotted the equatarea lower hemisphere stereonet.

44



All images are plan views

® Pole to G, dextral shear zone
O L, slickenside striation

Fig. 2.13 Outcrop photographs showing &nd G structures: a) wedgtending subvertical &
dextral ductile shear zone; b) isoclinalfélds are overprinted by open folds in G ductile
shear zone; c) spectaculatype porphyroclast at thes@uctile shear zone boundary indicating

dextral shearingr'he gualarea lower hemisphere projectisinowsGas structural data
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Fig. 2.14 a) Outcrop photograph of as@uctile shear zone adjacent to boudinaged porphyry
dikes, and line drawing of S/C fabric indicating dextral shearing; see photo locaticateddit

Fig. 2.9a; b) moderately eaptunging Ls slickenside striation.
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Fig. 2.15a) Geological map showing vein systems at the Central Manitoba mine trend; b)
longitudinal sectional projection along ling A’ in Fig. 2.15a, showing milled ore bodiesd

underground workings. Modified from Stockwell and Lord (1939).
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