Volcanogenic massive sulphide targeting in the Noranda Camp: Using a 3D implicit modelling
platform for deeper exploration throudhe integration of structural and geochemical vectors.

by

Sahibzada Hussaifili

A thesis submitted in parti&dlfillment
of the requirements for the degree of
Master of Science (MSc) iGeology

The Faculty of Graduate Studies
Laurentian University
Sudbury Ontario, Canada

© Sahibzada Hussain AR021






Abstract

The Noranda camjps a world-class region forvolcanogenic massivsulphide (VMS)
depositshostedin the 27042695 MavolcanicBlake RiverassemblageAbitibi greenstone belt.
Of the ~20 VMS depositpast production-225 Mt ore)in the Noranda camghe most recent
discoveryof the West Ansildepositin 2005was attributed to the integrah of multidisciplinary
data (geological mappingdrilling data, geochemical datnd geophysical surys), in a 3D
modelling platform (GoCAD)Although there has been limited success since the discovery of
WestAnsil (depthfrom the surface 270 ), continued exploratiomasshownsome potential at
greater depthsuch aghe showing at 1300 ndepthin the Ribago areavident bydrill logs and
core samplesVMS deposis in the studyareaoccur less than 78 m below the surfacewith the
exception of Asil, which occurs tea depth of 1260 nibelow the surface

This research focuses time potentid for new deepediscoverief VMS mineralization
along known synvolcanic structures kelp guide campscale exploration. A new implicit
(interpolantbased) 3D geological model was built frcan updated 2017 drithole database
combined with primary lithological interptagion from the 2005 3D GoCAD geological modiel
Seeq u e rieapfrog® Geo® The 3D geological model ioupled witha 3D representation of
geochemical alteration signatures, mbatance calculations, and normative minerals. Compared
to existigp models, te new model has a depth 226 km comparedo the previous 1.5 kmand
provides geochemical vectors that consider structural trends resulting from synvolcanic faults,
which are the inferred pathways for hydrothermal flui@ructural trends guide the 3D
interpolation of alteration models and extetw greater depths, highlighting metadaring
hydrothermal fluid pathways

The proposedVMS targetsweredevelopedusing 3D block model integration of th8D
geological model and all tréevelope®D numericmodelsof alterationUsing queriesthe block
model highlights the proximal alteration zones associated with VMS depasitise intersection
of known synvolcanic faults and exhalite horizons in the arlaaddition, he targes were
developed considerg thepossibility of multiplestackedsulphidelensesdeeper in the stratigraphy
and he effect okzone refiningwasevaluated

The developedjueries yielded two potentighrgetsin the Noranda South camp aseven
potential target in the Noranda Bin camp The Main camp targets are associated with the
Beecham, Lewis, and Corbet exhalite along synvolcanic faults associated with high values of
alteration and the gains/losses of major elemddéspitethe sparse structural data, alteration
modelling reslis of the Suth camp targetshow VMSstyle alteration extending southwest of the
Beauchastel fault, with higlvalues ofnormative alteration index and gains in Fe and Mg
concentrated in the Powell andesite of the Powell bibdst of the potential targe occur at a
depth range betweetD0-800 m with the exception of threg¢argets(MCT-3, MCT5, and MCT
7) that occur belowl1,000 m depth In addition, nost of the drilling in the aredid not extend



deeper than the developed targeis in the case ofne potential target associated widkaecham
exhalite. The targethowssubstantialalteration near the Beecham breccia horizan none of the
drill holes in the area intersects the horizon.

The new3D model and exploration targets presented hagilight the potentialfor VMS
discoveriesat greater depth i$pecific key structuraltrends are integratedwith 3D alteration
models The potential targets are deegi@n existing drilholes in the area (histoatand new).
The new 3Dmplicit geologcal model has improved dworanda's previous 3D explicit geological
model| mainly as the exhalite horizons have been updated osimgontact points derived from
recentand historial drill holes The new 3D model can lnamically updatedas exploratio
progresses and new data becomes available. In addition, strisadd control the flow of rising
hydrothermal fluids andrea key input @ highlight deeper prgects
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Chapter 1

1 |l ntroducti on

The Noranda Camp is an economically significant part of the Abitibi greenstone belt
(AGB). It is host to base and precious metal deposits of volcanogenic masigiieles (VMS)
with lesser amounts arogenic gold and intrusion related Cu AU +/-Ag (Roberts, 1956
Monecke, 2017). Théarges economic deposit arie Au-rich Horne (53.7 Mt, 2.22% Cu,
6.06 g/t Au, 13 g/t Ag) and Quemont (13.82 Mt, 1.32% Cu, 2.44% Zn, 5.49.19/30.9 g/t
Ag) VMS deposits (Mercietangevin et al., 2011a). The reseacdmductedin the Noranda
camp over the past century has significantly contributed to the VMS deposit model and
exploration strategies for this deposit tyfdartin et al., 2007 Gibsonet al.,20073). The
volcanichydrothermal model of VMS deposits hagolved withthe deelopment of refined
geologicaland geochemical exploration methods. This resgamajectfocuseson deepVMS
exploration using geological and geochemicaikelations and targeting methodsn a 3D
environment The relations and targeting methods are primarily derfregd the VMS deposit
model(Gibson et al., 20G8. In addition,previous gechemical vectoring in the Noranda Camp
was in a2D environment(De Kemp et b, 2011), and there is much need for 3D geochemical

explorationas exploration moves to deeper regimes

Over the past decade, 3D modelling programave been improvedn terms of
efficiency and process simplicity. One of the most notable improvementudes the
development of FastRBF interpolant (Fast Radial Basis Interpolat@owan et al., 2003;
Hodkiewicz, 2009. It is an industryrevolutionizing algorithm powering Leapfrog®
(Seequent, 2a0. The main difference between RBF and FastRBIs that FRBFcan quickly
process a large number of data poinssng regular computersiVheres fitting an RBF is
considered impractical for datasets over 1000 points, FRBBvaanome these limitatisrand
reduce the processing timeThe interpolard s ahimdhasr exttaordinary extrapolation
capabilities ands widely regarded as the most superior impliatidelling engine on the
market(Seequent, 20D. Over the past decades, such technological advances in 3D modelling
have allowed the technology to becomainstream and part of the exploration toolbox for
VMS or any exploratiotiargeting The implicit platform (interpolarbased modelling) has an
inherent advantage over the previous &licit geologcal modelof Norandadeveloped by
Martin in 2005, mainly because it is time efficierand allows for multiple interpretations



Furthermore,it allows for dynamic updating oflrill holes and surfaceseapfrog® is also
capable of extracing structural information directly frommodelled surfaces In this
contribdion, structural trends are applied to the 3D numeric models of alteration, Wwdch

not beeraccomplishedn the previous work

In recent years, multipleesearch projectsased on 3D mineral exploration weaaried
out thatuse 3D modelling platforms/technologiege.g., Blewett et al., 2010Czarnota et al.,
2010; Henson et al., 201.0rhese research projects highlight the various workflows dedicated
towards guiding camgcale exploration and uncover areas with potential for mineral deposits
(e.g.,Fallaraet al., 2006; Martin et al., 2007; de Kemp et al., 2@dllefleur et al., 2014
However, pevious methods of 3D exploratiamerecarried out on aexplicit 3D modelling
platform, whichuses manual 3D digitization of wireframes to deved@ontactsurface The
stratigraphic continuity at depth is entirely based on the gedkmitrpretation using drill
holes.In contrast, mplicit modelling uses an interpolant function that honors 3D spatial data
points to develogontactsurfaces. Tl allows to develoD contact surfaces directiyom
lithologic contact pointsthat arederived from drill hole dataln addition, previous 3D
exploration studies have not considestdictural trends in the 3D modelling of alteration

zones Some key 3D loration studies are highlighted in the following section.

Fallara et al. (2006Jemonstrate how robusBD maps can be used as interactive tools
for mineral deposits exploratiamsing two examples of 3D models, i.e., Joutel VMS mining
camp and the Duparquet gold canfijme research discusses the creation of the model and the
gueries specific to the relevant exploration models. The developed targets are dependent on the
details ofthe chosen querigbut it is apparent that this technique has the potential to generate
promising exploration activity that can engender new targetditidnaly, the paper highlights
the advantages of validatingeological interpretationdy considering geophysical and

geochemical data.

Martin et al.(2007) developed 8 D A Common Earth Model 06 of
which involved thecompilation f(istorical and recentpnd importing multi-disciplinary
datasets(geological, geochemical, and geophysicald the propagation of thelerived
propertieghroughout theBD model. The results led to the discoverytbé West Ansilmine,
which is accredited to the use of GOCAD software. 3Deplatform aided in the understanding
of the data and defining relationskipetween the various datasdtse target was defined by

a series of quantitative (proximity and property) queaies visual queries.



De Kemp et al. (2011presented the8D GIS applications that aid in interpreting
relationship patterns amongst faults, foldad geochemical trends with examples from the
Noranda mining region. The paper also highlights the applicability of 3D GIS to support the

discovery of new mineral sgurces at depth.

Bellefleur et al. (2014) constrained their 3D model in the Noranda camp by using
seismic reflection data derived from two seismic profiles, i.e., Ribago and Amulet. The seismic
data interpretation is facilitated with the detailed thdeeensional geologic model built from
an extensive number of exploration boreholes and is further supported by physical rock
property measurements using borehole geophysics. The paper determines the use of 2D seismic
Imaging techniques to providessentiainformation on the geologic contacts and structures
associated with VMS deposits at depth. The results indicate that seismic methods can image
prospective contacts and deggpated massiveulphide mineralization and be a valuable

exploration tool in the N@nda mining camp.

This study useanimplicit 3D modelling platform eapfrog® to reconstruct the 3D
geological mdel of the Noranda mining camphe exploration strategies are basedtbae
VMS depositmodel, whichfocuses on specificratigraphic markes indicative of volcanic
hiatuses key structural featuregepresenting hydrothermal upflow zopeand using
hydrothermal alteratigmepresented in the whole rock geochemjstty a prime indicatoior
the migration of metabearing hydrothermal fluid. Previous alteration models are
predominantly isotropic and lack any directional trend marked by synvolcanic fault structures.
Here it is shown that using structural trerdudp reveal possible exploration targets deeper

along these structures.

1.1 Generalgygeol

The Blake River assemblagé the Abitibi subprovincedeveloped between 272695
Ma (Thurston et al., 2008; McNicoll et al., 2014; Monecke et al., 201é) Blake River Group
(BRG)is part of theBlake River assemblage acoversthe youngest submarine volcanic rocks
of the AGB (Thurston et al., 2008; McNicoll et al., 2014; Monecke et al., 200 .volcanic
rocks of the BRG represent the host rocks to the VMS deposits of Noranda(Ganmpng,
1937, 1941 Gunning and Ambrose, 49;Monecke et al., 2007

In the Noranda arethe Blake River assemblage is bounded by the Porcupine Destor
Fault (PDF)in the northandthe LarderLake-Cadillac Faultto the south I(L CF). Major faults



further subdivide the volcanic stratigraphyto didinct structural blocks Monecke et al.,
2017. The area between the PDF and Hunter Creek fault is known as the Hunter block. The
region between the Hunter Creek fault and Beauchastel faults and the Beauchastel and
Horne Creek faultare known as Flavain and Powell blocksThe Horne block is much smaller

and lies southbetween the Horne Creek fault and Andesite fault. The area between the
Andesite fault and th€LLF is known as the RouyRelletier block.In addition to several
structural block, the Noranda camp occupies the central to eastern plattis BRGin Quebec
andisfurther divided io smaller camp$Fig1.1). The subdivided camps include the Northeast
camp (Mobrun, Bouchartiébert deposits), East camp (South Dufault, Gallast
MacDonald, Pinkos deposits), West camp (Aldermac, Baie HRdhgsi, Inmont and
Halliwell deposits)Northern central campNCC Fig 1.1; West Ansil Ansil, Old Waite, Vauze,

East Waite and Norbec deposits), Southern central c&@g Fig 1.1; Amulet, Millenbach,
Corbet deposit)and South campSC Fig 1.1; Hornge Qu e mo nt DOEI dona,
deposits) This study is focused around portions of the Northern central, Southern central and

Southern camps.
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The BRG consists o$everalsubmarine volcanic and volcaniclastic semes The
volcanic rocks are predominantly bimodal in composition (badadsaltic andesité andesite
versus rhgdacité rhyolite). Some volcaniclastic units are pyroclastic in origut most result
from flow fragmentation (Ross et al., 2007; Mereiangevin et al., 2008; Ross&.,2011a,

b). The major formationsof the BRGfrom youngest to oldeshclude Noranda formation,
Bousquet formation, Dupuis formation, Carmac formation, Horne formation, Hebecourt
formation, DupratMontbray formation, RouwRelletier formation, and Renaidufresnoy
formation (Fig 1.2).

The BRG hosts 31 VMS deposiiscluding past and current producd@ard and
Poulsen, 1998Vlercier-Langevinetal., 2011h The VMS deposits of the Noranda camp occur
in the Noranda formation of the BRGlost deposits are hosted within the Noranda &ald

bounded to the north kize Hunter Creek fault and Horne Creek fault to the south.
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1.1.1 Volcanism

The rocks of theNorandacomplexcomprisea 79 km thick succession of bimodal
mafic volcanic rockghat erupted during fivesignificantcycles of volcanismlf he t er m f Mi r
S e g u e n cassignedvta the third volcanic cycl@ibson and Watkinson, 199Mercier
Langevin et al., 201)kas the formation of massive sulphides coincided with this period of
intense magmatic activity (third volcanic cycle) and the formation of the Noranda caldera
(Hannington et al., 2003)'he fimine sequence(Noranda formation)straddles the Flavrian
pluton and Powell blocks and also overlaps the neigintgp blocks to the NW (Hunter Block)
and SE (Horne Block), spectively.The ore lenses associated with thiguence were formed

during volcanic hiatuses that are more or less materialized by a single stratigraphic horizon.



Based on the synthesis Gfbson(1989), cycles 1 and 2 are the ywadera construction phases,
whereas cycles 4 and 5 pakite caldera evation (Gibson and Watkinson, 199Mercier
Langevin et al., 2011b

1.1.2 Deposit types

After a century of exploratior20 economic volcanogenic massisalphide (VMS)
deposits and about 19 orogenic gold deppsilisng with several intrusiehosted CuMo
deposits and occurrengdmve been discover@dthe Noranda CamfGibson et al.2007).
The most recersignificant discovery of theWest Ansildepositwasin 2005 (Martin et al.,
2007) The VMS deposits of NendaMaincampc har acteri ze the typi c.
depositsThey are formed as lenses or massesulphides sitting on top of discordastilphide
stringers (feeders) formed near (tholetitianstional) effusive centerdn contrast, te VMS
deposis of the Noranda south and northeast camps (Horne and Boudbaett) are generally
larger, tabular in shape and formed at least in part byseaboor replacement of felsic

volcaniclastiaocks(Gibson and Galley, 2007; Monecke et al., 2017)

1.1.3 Alteration

Hydrothermal alteration in these rocks is interpreted to reflect-lsagke hydrothermal
fluid flow associated with rapid crustal extension and rifting of the volcanic complex. The
alteration includes abundant albite, chlorite, epidote and quartzif(sétmon), which exhibit
broad stratigraphic and structural control and correlate with previously mapped-nvbhkle
oxygen isotope zonatiopatternswhich are interpreted to mapgh-temperature upflow zones
(Cathles, 1993; Hannington et al., 2003)he fiMine Sequena& volcanic rocks are
characterized by abundamton-rich chlorite (Fe/Fe+Mg >0.5), hydrothermal amphibole
(ferroactinolite) and coarsgrained epidote of clinozoisite composition (<10 wt%e®:p
(Hannington et al., 2003Alteration in thefiMine Sequena® volcanic rocks persists along
strike well beyond the limits of therimary ore deposits (as far as several tens of kiloeagt
It can be readily distinguished from greenschist facies metamorpbeEmhlages at a regional
scale (MercieiLangevin et al., 2011a)lhese deposits are generally associated with extensive,
concordant to locally discordasericite and quartz alteration envelopes and proximal zones of

chlorite £ carbonate alteration of varying intengiBiercey, 200; Monecke et aJ.2017).



1.1.4 Deformation

Two major fault zones bound the BRtBe PDFto the north and th€LLF to the south
(Pearsorand Daigneault 2009; Monecke et al., 201 ocks of the BRG were subjected to
major northsouth shortening events (regionad) DPowell et al., 1995; Mercidrangevin et
al., 201Db). However, the deformation is heterogeneously distributed within the BRG; the
central part is characterized by tilting of the strata and by the presence of major folds, whereas
the northern and southemargins are characterized by the presence of laterally extensive
shears and tight foldéMercierLangevin et al., 201d). The BRG rocks arpredominantly
metamorphosed tower greenschistacies(north) with subordinate lower amphibolite (south)
facies(Jolly, 1980; Dimroth et al., 1983 Gélinas et al., 1984; Powell et al., 1995).

1.1.5 Study aea

The study area includes the Flavrian block, Powell block, and Horne block. These zones
comprise the Noranda Main camp and part of the Noranda South ThaenNoranddormation
is theprimary lithology in this area and is bounded within the Noranda CaldéeaNoranda
formation within the Noranda camp is characterized by effusive bimumakdlt and basaltic
andesite flows and subordinate rhyolite flow dome compleretuding minor (less than 5%)
pyroclastic depositsOimroth et al., 1988; Paradis et al., 1988VercierLangevin et al.,
20110. Rocks in the Maincamp dipshallowly to the east at 860° and are underlain and
intruded bythe subvolcanic Flavrian pluton whereas the rocks the rocks of the southern
part arefolded and dip at steep angl¢&ibson, 1990 Kerr and Gibson, 1993Mercier
Langevin et al., 2012b

12 Thesis objective

The project focuses ameveloping exploration targets fdeepseated>750m) VMS
deposits in the Noranda camp (NC) usiithogeochemistryfrom a drill hole database and
implicit 3D datamodelling and integration platform (®quenb deapfrog® Geo®). The
current drill hole dataset included ,891 drill holes combined with5,633 whde-rock
geochemical samples an®24 samples from historical dataséthe goalis to definevolumes

of interestandguide further regionascale exploration in 30Dbjectivesinclude;

9 Construct a 3D geological model of Noranda Main and South camp mpicit 3D

modelling platform



1 Quantify alteration using mass balance and normative alteration from geochemical
analysis and evaluate the alteratbmmpositionin 3D and their spatial relation to VMS
deposits

1 Generate and evaluate potential targets iru8idg spatial data analysis techniques
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SIGEOM, 2019)

1.3 Met hodol ogy overview

The project is based on an implicit (interpothased) 3D modelling platform that
allows for dynamic updating of the geological model as the camp devél@pmus
multidisciplinary datasets, includinBigital Elevation Model DEM) data, geological maps,
diamond drill hole(DDH), assay data, and geochemical d@iestoricaland recent)are
integrated ito the Leapfrog® 3D platform for 3D geological modelling and 3D alteration
modelling. The 3D geological model is primarily based2in geological mapand DDHdata.
At the same time3D geochemical datnalysis and assdlustrate the alteration geochemistry
associated with VMS eposits and its associationgrhalites and synvolcanic fayliscluding
the highgrade portions of the VM8epositsThe targets are developed using 3D querieson

3D block model integrated with the 3D geological model and 3D alteration model. The queries



are designed to highlight proximal alteration zones along synvolcanits fand their
intersection with exhalite horims.

14 Structure of the thesis

The thesis has two chapgerthe first chaptesummarizes the regional geology and
geodynamic setting of the Blakeiver Group to facilitate the interpretation of the main
geological domains.In addition, the thesis objective gaman overview of methods are
highlighted in this chapter.

The second chapter smanuscripert i t Vokahogénic massive sulphide targeting

in the Noranda Camp: Using a 3D implicit modelling platform for deeper exploration through
the integration ofstructural and geochemical vectorsitended for publicationin a peer
reviewedscientific journal It discusses th&ey characteristics of theMS model, alteration
lithogeochemistry associated with VMS mineralization, and the mineralogical changesdinduce
by metamorphism on alteratidn. addition, the second chapter also discussesnpécit 3D
modelling platform (Leapfrog®)and its advantages over traditional 3D modellptgtform
(GOCAD) particularly in deriving structural trends, 3D alteration midolgl and target

generation
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Chapter 2

2 \olcanogenic rassivesulphide targeting in the Noranda Camp:
Using a 3D implicit modelling platform fait e e gx@aration
throughtheintegration of structural and geochemical vectors

21 Int roducti on

Volcanogenicmassivesulphide deposits ar@xploration targets, generally because of
their polymetallic charactsysuch a€u and Zn and high value per tonn&he ability to target
these deposithirough a combination of geological, geochemieald geophysicakechniqus
makes these deposits mofavorable In Noranda, the observation that mowwtde VMS
deposits are formed at the intersection of synvolcanic faults and exhedises key talevelop
the VMS mode(Gibson, 2007)Some of thenain VMS discoveries itthe Norarda camp were
based on mapping and careful interpretation of geological relationships combined with
geophysical and geochemical taolfie more recent discoveries were attributedstog a 3D
modelling platform and 3D GI3ntegration (Martin et al., 200™Monecke et al., 2037
However, no new depositsaave beerdiscovered since 2005, which might implyaththe
possibility of new neasurface(<750 m) discoveries might be exhausted, and a focus on deepe

and larger deposiis warranted

The 3D geological model of Norandeasdevelopedn GoCAD™ (i.e., explicit model)
andwascredited with the 2005 discovery of tiidest Ansildeposii{Martin et al., 200Y. Thus,
any significant update involving new drill hole data would require a completebreld of
surface using wireframesa tediousendeavo. Additionally, the 3D alteration model®f
Martin et al. (2007)re isotropicij.e., they lack structural or stratigraphic (synvolcanic fault
andor exhalite) trendsExhalites in the main camp represent periods of volcanic inactivity and
are marked by volcaniclastic and tuffaceous units or an abrupt change in lithofacies.
Synvolcanicfaults actas conduits for risindot hydrothermal fluids that result in alteratidin.
suchfaults werepart of the 3D exploration workflomanystructural information derived from
thesefaults might provide 3D trend$o help constrain and predaiteration along hydrothermal
fluid pathwag. Thus, $ing the synvolcanic faultsidentified using radiometric datings
structural trend$or 3D alteration modellingrovidesthe capability talefinenew deepe¥YMS
targetsalong these fault structures.
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This work presents a new 3D geological model constructed using an implicit 3D
modelling platfom (i.e., Leapfro®) and a 2017 updated drifiole database. An implicit
modelling platform has an inherent advantage over explicit geological modelling, mainly due
to the dynamic updating capability béapfrog® and the ability to extract structuriends
directly from modelled 3D surfacediodkiewicz, 2009) The target generation process is
similar to previous 3D exploration strategies, i.e., using a 3D block model with integrated
propertiesThe key propertiesiclude the 3D geological modehydrahermal alteration and
metal concentrationsf samplesThe quantified ydrothermal Heration is based athe relative
gains and losses of major elemetighe least altered samplesroditiple precursorsystem
using mass balance. In additiomrmative alteration indiceare also estimated to model the
hydrothermal alteration proximal to VMS mineralizatidhereashigher metal concentrations
are highlighted in 3D using the assay data, particularly arewptbrationtargets.The final
potential target are developed using queries and filters that are applied to 3D block model
propertiesFurther properties are attributed to cells veilecificvalues of proximal affiliation
to key stratigraphic markers and synvolcanic structures. These propertiesramdypbased
on the conceptual VMS exploration model.d., Gibson et al., 20G§ to guide the target
development procesthe new3D model iscgpableof proposng potentialtarget zones deeper
than thelocally deepest drill holewhich is made possible by the implicit modelliagnd

following key structural trends.

2.1.1 VMS exploration in Noranda

The first discovery in the Noranda camp was the Horne deposit. In the following years,
prospecting in the Noranda Main camp led to discogeseveral outcropping VMS deposits,
including the Amulet Upper A, Amulet C, and Old Waite deposits in 18&mnécke et al.,
2017). The ontinued exploration resulted in the discovery of the Amulet F deposit at a shallow
depth of 40 m in 1929. The Amulet LewA deposit wadiscoveredt ashallowdepth of 200
min 1937(Monecke et al., 2017pubsequent discoveries in Noranda Main camp were based
on mapping and interpiag geological relationships combined with geophysical and
geochemical tools (Boldy, 197%ibson et al.200h). These innovative methods led to the
discovery of the Vauze in 1957, Norbec in 1961, Millenbach in 1966, Corbetin 1974, and Ansil
in 1981. The Ansildepositis among the deepediscoverief VMSs globally, located ata
depth of 280 m(Monecke et al., 2017).
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Several major deposits are discovered by targeting intersections between marker beds
and interpretedsynvolcanic faults in areas showing extensive hydrothermal alteration. Most
prominentare the Corbet deposit in 19@ddthe Ansil deposiin 1981 (Monecke et al., 2017)
More recentlyin March 2005, thaVest AnsilVMS deposit inthe Noranda main camp was
discovered using the same approach with the added supp8® modelling technology
(Martin et al., 2007)The 3D geological modebfthe Noranda camp wasiilt using an explicit
3D modelling platform (GoCAE ). The 3D geological model was constructed using
wireframes based o2D sectional interpretations developed in the Noranda Camp from
approxmately 10,000drill holes inthe surface and underground datalsasehe geological
model and alteration models were integratetd aa3D block model. The target was defined
using severalquantitative (proximity and property) queries. Tipeevious3D block model
contained apmx. 11,000,000 cells each measuring 50*50*25 meteash cell in the block
model was populated with lithology, structural data, assay value, alteration indices, physical
rock properties, mineralizatipanddrill hole data.The results led to the discayeof the West
Ansil deposit(270 m depth(Martin et al., 2007). More recently, deeper showings have been
detected in the Noranda canipr example the showing at 1300 m proximal to the Ribago
zone Fig2.1) establishes the possibility for deeper VMS deposits.

Massive sulphide lense
Gy ,

Fig 2.1 Massive sulphidele nsshowings proximal to Ribago zone at1300m de pth The core sanple is acquired from
2017 drilling projects (Falco Resources2017.

22 GeoVogf theanoranda c

Parts of the volcanic rocks of the Blake River Group (BREY 2.2) arefavorable
hosts to VMSdepositsof the Noranda camgFig 2.3) (Gunning, 19371941 Gunning and
Ambrose, 1940; Wilson, 1948a; Moneckeadt 2017). The BRG is a part of the 272d95
Ma Blake River assemblage, hosting the youngest submarine volcanic rocks of the Abitibi
greenstone belt (Monecke et al., 20AAd isbounded in the north biye PorcupineDestor
fault zone (PDFZ) and by Lardeake-Cadillacfault zone(LLCFZ) in the south ig 2.2). The
BRG is subdivided into distinct structural blocks bounded by major faults (Monecke et al.,
2017). The region between the Hunter Cre@eauchastel faults is termed the Flavrian block.
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The area between Beauchastdorne Creek faults is referred to the Powell blockwhile

the Horne block lies between Horne Creek and the Andesite fault. The Horne and Powell blocks
are age equivalent and share lithological similarities with the volcanic succession exposed in
the RouynPelletier blek south of theAndesite fault(Monecke et al., 2008; Moore et al., 2014,
Moore, 2015 Monecke et al., 2007
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Fig 2.2 Subsectionimage ofthe Superior Craton highlighting the location of the Blake River Group (green) and
major bounding structures, including Porcupine-Destor fault zone (PF) in the north and Larder Lake-Cadillac
Fault (LL CF) towards the south Monecke etal., 201Y.

ONTARIO QUEBEC

Blake River Group (Archean : 2704-2695 Ma)
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Fig 2.3 Regional map of Blake River Group highlighting the Noranda Formation andthe location of VMS deposits.
The study area is highlighted inared square (Mercier-Langevin et al., 201b).

The Noranda camp is located in the cengrastern part of the BRG netlne town of
RouyrtNoranda. The volcanic succession hosting VMS depodits Noranda formatiorhas

a stratigraphic thickness of approx. 2,000 m (Monecke et al., 2017). It is dominated by coherent
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basalt, andesite, and rhyolitdows that are intercalateavith minor (<5%) amounts of
volcaniclastic deposits formed by explosive volcani®mfoth et al., 1982; Paradis et al.,
1988 Gibson, 1990MercierLangevin, 2011p The Noranda camp is subdivided into Noranda
Main camp, Noranda South Camp, Noranda Eashp; Noranda NortkEast camp, and

Noranda West camg-{g 2.4).
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Fig 2.4 Main subdivision of the entire Noranda Camp with the study area represented as a black squardhe
subdivisions includethe north-east camp, east camp, south camp, west camp, and the main/central camp. The
main/central camp is further subdivided into northern (NCC) and southem parts (SCC)(Mercier-Langevinetal.,
2011b)

The study areaomprises parts of the Flavrian, Powell, and Horne blocks located in the
Noranda Main camp and the northern part of Noranda South daigR.%). The study area

includes several major intrusigrisicluding the synvolcanic Flavrian pluton and Powell pluton
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and the Lac Dufault pluton (Monecke et al., 2017). The Flavrian pluton represents the
synvolcanic intrusion that hadshallowdepth & emplacementwithin the host rocks athe
Noranda campKennedy, 1985Richard, 188; MercierLangevin et al., 201)bThe Powell
pluton occurs within the Powell block. The Powell plutoncissideredthe equivalent of
Flavrian pluton separated by Beausteh fault based on highrecision dating (Monecke et al.,
2017). Howeverthe volcanic host rock of the Main andSouth camp are lithologically
different, suggestingslightly different age groups (McNicoll et al., 2014). The study area also
includes thewestern part of the Lac Dufault pluton. ARb zircon age of 2690.8la (+2.2

Ma, -2.0 Ma) (Mortensen, 1993) indicates that this intrusifommed after thesubmarine
volcanism of the Blake River Group. Diorgabbro dikes and sills occur throughout the
volcanic stratigraphy hosting the VMS deposits of the Noranda camp. They form a particularly
dense network in the aregmainly north and west of the Lac Dufault pluton (Kerr and Gibson,
1993; MercierLangevin et al., 2011b; Monecke et al., 2017).
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Fig 2.5 2D geological map ofhe study area, Noranda camphighlighting the main lithological units, 2D faults, and the
VMS depositsofthe Noranda Main and South campDeposits highlighted orthe map are shown inthe range o
metric tons. Several previous seismic profiles and the recent metahrth seismic profile are showrwith deposits
(Modified from SIGEOM, 2019).
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The host rock of Noranda Main caropnsists of dow-dominated volcanic succession
(Kerrand Gibson, 1993) consistingmafic and felsic flows that were emplaced between 2700
Ma (age of the late trondhjemite phase of the Flavrian pluton) and 2698 Ma (age of Dufresnory
gabbro; McNicoll et al., 2014)n comparisonthe host rocks of the Noranda South camp are
among the oldest rocks in Noranda Camp (2702 Nty argoredominantly composed of
felsic volcaniclastic rocks emplaced in an extensional zone bounded by synvolcanic faults
(Monecke et al., 2008ylonecke et al., 20)7The VMS deposits of the Noranda Main camp
weregenerallyformed byaccumulationson the seafloor and are relatively small compaoced
the deposits othe Noranda South cam@he deposits of the South camp fmened through
processe of sulphide infiltration and subeafloor replacementTéble 2-1 and Table 2)
(Gibson, 1990Galley, 1994; Ga#ly et al., 1995; Setterfield et al., 199 (Monecke et al.,
2017).

MASSIVE SULPHIDE LENS
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Fig 2.6 Generalize dmound-style VMS de posit mode with massivesulphide lensoverlying a discordant gringer
sulphide zoneenvelopal in hydrothermally altered rock. The diagram also shows base metal zonation indicated by
numbered circles, with the highe s numbers being Curich and the lower numbers more Znrich (Gibson, 2007).

The VMS deposits of the Noranda Macamp are classified as nmebstyle VMS
deposit, which miny occus intercalated withcoherent lithologies. They have two parts; a
concordant (syngenetic) massisalphidelens (>60%sulphide minerals) and a discordant
(syngenetic to epigenetic) phpike sulphidéalteration zoneccurring below the main massive
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sulphidelens, referred to as the stringer z¢@@bson et al., 200 Monecke et al., 2011Fig

2.6). The sulphide lenses can ocaumultiple arrangements such as a single massive sulphide
orebody overlying a stock work, clusters of multiple sulphide ore lenses and stockwork zones,
and stacked sulphide lenses connected by stringer zones higher up in the stratfgoph Ay

(Large 1992) However, not alktringer zones that extend into thanging connect to a
sulphide lens at higher stratigraphic positions. On the other hand, VMS deposilte in
volcaniclastic host rock, as in Noranda South camp, are generatly extensiveand tabular

in shape and fornprimarily by subseafloor replacement. They are typically not associated

with stringer zones (Gibson et al., 2@D7
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Fig 2.7 A cross-sectioral view ofthe Noranda Main camp portraying the mineralization style and designed to

highlight relationships and general trends ¢le Kemp etal., 2011)

The VMS deposits of the flomlominated succession of tioranda Main camp are
associated with laterally restricted wadick hydrothermal alteration zones. These zones are
well defined and have an outer sericite zone and inner chlorite zone. In Noranda South camp,
the high permeabilitypf the volcaniclastichog rocks resuts in a widespread alteration and
more prominenglteration haloebeyond the footprint of thdeposityMonecke et al., 2017)

The South camp alteration is characterized by a diffuse outer sericite (x carbonate) zone
enclosing localized chlite alteration associated with the deposithese alteration zones
exhibit variation in major element concentrations such aBlfrgains (chlorite alteration), K
gains (sericite alteration), and MNza loss resulting from feldspar destructidmmrge, 1992;
Gibsonet al., 2003; Piercey,2009).

In some cases tifie Noranda campthe prolonged existence of a hydrothermal system
hasresulted in a process called zone refining causexhigh thermal gradien&]dridge, 1983;
Large, 1992; Gibson et al., 208)7Monecke et al., 2097 Through zone refining, the hot
hydrothermal fluids deposit Cu at the base of the depositssmlves Zn, Pb (x Ayand moves
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them outwards towards the top of the lens (Monecke et al., 2bildgposits with stacked
massivesulphide lenses, the most 4depth lens has a higher (Cu/Cu+Zn)*100 ratios as zone
refining occurred below the seafloor while the deposits were buried by younger lava flows
(Kerr and Gibson, 1993).

Table 2-1 Grade and tonnage of VMS deposits in the Noranda Main Camghown inFig 2.5 (Monecke et al., 2017)

Deposit Mtore Cu (%) Zn (%) Au (g/t) Ag (g/t) Depth(m) Years of operation
Amulet Lower A| 4.69 51 5.2 1.43 44.10 200 1937-1962
Amulet Upper A| 0.18 2.3 6.1 2.0 46.0 NA 19371962
Amulet 11 Shaft| 0.44 3.6 2.4 0.70 22.00 NA 1956-1962

Amulet C 0.56 2.2 8.5 0.60 86.70 60 19301953
Amulet F 0.27 3.4 8.6 0.30 46.30 40 1930-1937;19441962
Ansil 1.6 7.06 1.77 2.21 26.30 1280 19891993
Bedford 0.23 1.45 - - - NA -
Corbet 2.65 2.92 1.57 0.84 17.48 750 19791986
East Waite 1.50 4.1 3.25 1.80 31.00 500 1952-1961
Millenbach 3.48 342 | 4.28 0.91 46.25 730 1971-1981
Norbec 4.6 2.61 | 3.88 0.65 43.8 400 19641976
Old Waite 1.12 4.7 2.98 1.10 22.00 200 19281930; 19371948
Ribago 0.48 0.4 7.9 1.9 23.3 600 -
Vauze 0.36 3.1 2.2 0.69 30.78 50 1961-1965
West Ansil 1.13 3.35 | 0.29 0.82 7.45 270 -

Table 2-2 Grade and tonnage of VMS depeits in the Noranda South camp shown ifrig 2.5 (Monecke et al., 2017)

Deposit Mtore Cu (%) Zn (%) Au (g/t) Ag (g/t) Years of operation

Horne 53.7 222 | - 6.06 13.0 19271976, 19851989, 1994

Horme 5 | 112.7 | 0.18 | 0.85 | 1.53 16.44 19671976

Joliet 2.08 1.0 = = = 19521959, 19611974

Quemont| 13.82 | 1.32 | 2.44 |5.49 30.9 19491971, 2001
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The VMS depositsi the Noranda camp occur along synvolcdaidts which control
the location of volcanic vent structures and the flow of hydrothermal fluids responsible for the
transportation of metals (Gibson et al., 280Riercey, 200; Monecke et al., 2017). In
addifon, the mounestyle VMS deposits othe Noranda camp occur along exhalite surfaces
representing the paleoseaflodihese stratigraphic intervals are marked by a thin clastic
chemical sedimentary unit or an abrupt change in lithofacies or lithofesregosition.These
intervals represent hiata volcanic activity a necessary ingredient for VMS mineralization
developmentand preservatiom a flow-type environment. The Noranda Main camp VMS
deposits are associated with five main stratigraphic viaterexhalites including Corbet
(Flavrian Andesite and Northwest Rhyolitd)ewis (Northwest Rhyolite and Rusty Ridge
Andesite) Beecham (Rusty Ridge Andesite and the Amulet Rhyoli@)ontact (Amulet
Upper member and Millenbach Andesjteggnd Main contact (Millenbach Andesite and
Millenbach Rhyolite)

In addition to VMS deposits, several structurally controlled quesatbonate orogenic
gold depositoccur in the Noranda South carhat aregenetically associated with thé CF
(Monecke et al., 2017Yhe entire Noranda camp's total metal endowment, including Horne 5
deposit, contains r@serveof more than 2.7 millionomesof Cu, 3.0 million tomes ofZn, 625
tormes of Au, and 4554 tones of Ag (Monecke et al., 2017).

23 Met hods

The 3D exploration isaccomplished by integrating various 3D datasetyuired from
multiple sources The datasetaused in the construction of the 3D modetlude DEM data
(United StatesGeologicalSurvey, USG$, 2D geologicalmapsacquired from online databases
(SIGEOM), recent drilling dataincluding the 2017 drill holeg¢Falco Resources Ltd.pnd
previously modelled3D contact surfaces (Martin et al., 200%he 2D maps includ¢he
geological information,lithological data and contact boundaries that provide the surface
representation of modelled 3D contact surfadée. 2017 updated drilling data includes 4,891
drill holestotdling 1,886,770 meters of drillingcontactsurfaces from the previoi(Martin et
al., 2007) 3D gological modelshow the3D continuity of thesecontact surfaceand ther
lithologic boundary providinginformation forgrouping the new drilling contact posivased
on thecorresponthg stratigraphiccontactsurfacesand the lithologic boundary The gouped
3D drilling contacts are used tmodel individual surface in the complex geologyof the

Noranda campGeochemicaldatasets used ®valuate and quantify alteratiamclude 15,557
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whole-rock geochemical sampled-alco Resources Ltd.)The samplesncluded previously
analyzed9,924 sampleg(Martin et al., 2007with the addition of 33 samplesrom recent
drilling (Fig 2.8). Furthermore the targets arevaluatd in metal concentrations and zonation

using19,070assaysamplegFalco Resources Ltd.)
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Fig 2.8 Geochemical samples in 3D space (A) plan view of sample distribution in 3D space (B) sample distribution

viewed from westin 3D space to highlight the general depth ofthe samples

The VMS modehasprovided the qualitative characteristics and relatioqsthat have
major significance to exploratiorPreviousresearchby Martin et al. 005 provides a
framework based on the VMS modeWwhere exploration datasetye used to predict the
location of VMS depositExplorationdatasetare importednto a singleplatform where the
datasets are integrated and interrogated in a common GIS enviromimemtegrationprocess
involves the 3D representation of these qualitative charactedstinged from the VMS model
as quantifiable dataSubsequently data analyticds conductedby interrogatingthe spatial
relations of geologic features, geochemical anomalies, and VMS occurfidieceualitative
characteristicef the VMS exploration modehclude thehydrothermalalteration zones around
VMS depositsand the associated gains and losses of major elemantsarticular, the
occurrencef moundstyle VMS depositalong exhalitegnd synvolcanic faults predoraintly
in felsic lithologies. Themoundstyle deposits form througrseafloor pre@itation during

volcanic hiaa nearhydrothermal upflow zone&Gibson 2007;Piercey 20().

2.3.1 Geologcal model

Data compilation and impang of datasetarethe most timeconsuming aneéssential

pars of the 3D geological modelling proce3se process ohiporting datasetsicludes fixing
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errors within the drillingand geochemical dgtauch as missing and overlapping intervals and
null or norempirical values.In addition, lithological codeare simplified using thg@rimary
lithology based on the drilling log¥he lithological definitiongorovided by Falco Resources
simplified thelithological codes from the drilling datato overburdenmafic, felsic, diorite,
exhalite, sulphide, and intrusion unitd he drill hole contads from the lithological units are
used to develop the contact surfaces of the Noranda geological. Mbdereconstruction of
the geological modeldevelops important geological surfaces for this study, including
synvolcanic faults and exhalite surfac&3her outputs of geological modellinginclude
lithological contact surfaces and lithologicadlumes.The 3D geological model provides the
platform to relate alteration trends with major lithologies and contAtiexation trends within
the geochemical datare determinedsingthe alteration box plafLarge et al., 2001 which

is comprised of thd s hi k a wa 6 s(Al)H(sesdite) (lelikava et al., 1976amrd the
chlorite-carbonatepyrite (CCPI) (chlorite) alteration index Furthermore alteration is
guantified using geochemical data analysis techniques, sunbrigtive alteration indices
based on metamorphic gradad mass balanasstimationsto highlight the gain and loss of

individual elemert in relation to the least altered precursor

2.3.2 Geochemichtechmiques

The general alteration trends are first evaluated on the alteration bqkaoige et al,
2001). The alteration box platses elemental ratios ar@hlculates alteration indiceso
highlight the general diagenetic and hydrothermal alterattiends within the geochemical
data. However, to develop camp scale alteration tremoisnative alteration indice are
developed usingCONSONDRM_LG (Trépanier et al., 2015)It is a normative mineral
calculation program that approximates the metamorphic paragenesis ofrdde
metamorphic rocksvithin the ACFMNK tetrahedron. These normative alteration indices are
based on the ratio of alteration minerals to total rock minerakspéxpartzand areelatively
insensitive to lithological variati@acompared to elemental ratios. The alteration minerals are
calculated using the excess/deficit of major element concentrations in altered samples.
CONSONORM_LG calculation sequence of native minerals is based entirely on diagrams
that usethermodynamic datanaking CONSONORM_LG a more generalized version (i.e.,
applicable to metamorphosed volcanic rocks ofgndenschist to amphibolite facies) of other

normative methods such as NORMATrépanier et al., 2035
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The normative alterationindices also provide added contsraithe screening process
to filter out the least altered geochemical samfidesnass balance analysiBhe least altered
samples are used to model the fractionatimands representingthe unaltered precursor
composition of altered samples. Subsequently, the multiple precursor method (MacLean, 1990;
MacLean and Barrett, 1998)antifiesthe overall element gains and losses relative to the least
altered samples. UsingdMc Leandsd® mul ti pl e precursor metho
Barrett, 1993 Barrett, 1994, gains/losses of elements were estimated using binary plots of
immobile (Al-Ti) elements. The method usAsand Ti immobile major element® include

the entirewhole-rock geochemicatlataset

To carry outthe mass balance estimatese need to classify the samples into mafic
(basalts to basaltic andesite) and felsic (andesite to rhyskiglencesThe classification is
the main requirement oMa ¢ L e a n 6 sprecaxsdmbass halaace method that usesTAl
plots (Maclean and Barret, 1998arrett, 1994 The Tienrichment in mafic volcanicocks
produces a sharp curuethe fractionation trendt the andesite and basaltic andesite transition
on the AI-Ti plot (Fig 2.9) (MacLean and Barrett, 1993yhich is what necessitates the
classificationThis methodof mass balance estimation calculategfecursor composition by
solving theintersection of a modellde@ast alteredractionation curve and the alteration lines
of samples, as shown iRif 2.9 andFig 2.10) (MacLean and Barrett, 199&aboury 2004)

The Al-Ti plots arebased on major elements aimdorporatethe entire geochemical
dataset of 15,000+ samplesdevelopcampscale alteration trendsf mass balance results
The classificatioms carried out using general ternary diagrathat groups the samples into
mafic (basaltdbasaltic andesite) and felsic (andeshgolite) sequenceghat exhibit Ti-
enrichment and depletion, respectivelyisitbased on immobile ajor elements (AlTi) of
volcanic rocksanduses silica aa fractionaton monitor. Siis a mobile element but has a high
gradient for alteration andneaningful plots for classificatio(see: Geochemical ample
classificatior). Someinaccuracycan result from highly silicifiedor silicadepletedrocks,
which areaddressed using the nuggeffectin 3D modelling. The nuggeteffect represents a
local anomaly in sampled values, one that is substantially different from what would be
predictedat that point based on the surrounding data. Increasingutiget valuesffectively
emphasizeshe average values of surrounding sampégiserthanon the actual data point.
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2.3.3 Alterationnumericmodeb

The normative alteration indices and mass gains/losslessare analyzed in &00
meterdomain aroundhe West Ansil deposiih 3D to determine the range of alterat@rmund
a VMS depositThe sample density around the West Ansil deposit is high, which would
produce accurate 3D relations in localized zorid® domained estimator function creates a
histogram diagram summarizing themier of samples in each specified bin size around the
West Ansildeposit. The mean values of the alteration index or mass gain/loss derived from the
samples in individual bins averlaidon the binary plotisingthe third axis The histogram
helps quantfy the range of alteratioand trendsin mass gain/losaround a specific VMS
deposit. TheNest Ansildeposit has the necessaampledensityto derivemeaningful values

for the range of the trends.

After using an appropriate base range for 3i&@ numeric models hydrothermally
altered zonesire developed using the normative alti@raindices and mass gain/logalues
The 3D numerical modelling oélterationis based on the RBF (radial basis function)
interpolant which approximates a specific gypof Kriging called Dual Kriging (Horowitz et
al., 1996) also known as Global Kriging. Similar to Kriging, RBfterpolationdoes not use
anoverly-simplified method for estimating unknown points but produces a variogram function
that models the known datind provides an estimate for any unknown point. Where Kriging
Is limited to a locakearcmeighbourhood, RBF utilizes a glob@ighbarhood, which makes
RBF well suited for producintarge scale trendsThe critical differenceshetween Kriging and
RBF estimatorsare howthe develope@D meshsurfaceqcontacts or faullsare constraied

andhow they extrapolatéom known datgTable2-3).

2.3.4 Softwareand exploration targets

Implicit modelling is a relatively new 3D modelling approach in which the 3D
modelling of a surface is accomplished using an interpolant function betwédwldrcontact
points (Seequent, 2019 Whereas 3D modelling in explicit modelling plati@ms
accomplished using a tinr@nsuming techniquenvolving manual construction of wireframes
across multiple sectiorfslodkiewicz, 2009. As a result,mplicit 3D models are updated easily
compared to explicit 3D modeland multiple data sources are easily incorporated in the
lithological interpretationsincluding contact surfaces from other 3D models, structural data,
and GIS vector dat®ue to the dynamic updating, Leapfrog® is flexible atdws for esting
multiple interpretatios of surfacegHodkiewicz, 2009. In addition, 3D contact surfaces are
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guided at greater depths using a global 3D trend developed f&nnaoving plane (Cowan

et al., 2003). Global trends are applied to guide the extrapolation bahafithe contact
surface in sparse data domains. In comparison, explicit 3D modelling provides more control
on the construction of lithological surfacas each surface is deveszpusing multiple well
interpreted crossections (Kentwell, 2019). The surfaces are developed using multiple
manually built wireframes connected across multiple sections to represent a contact surface.
These interpretations aneace entirelybased on indiidual geological team rather than using
built-in parameters, making difficult to replicate similar results.

The interpolant enables the fast construction of geological surfaces directly from drill
hole contact points (Cowan et al., 20@®11; Kentwd, 2019). It incorporates all of the
available drilling data in the construction of lithologicabntact. This study updates the
stratigraphic surfaces, including the exhalite horizdmysgenerating new contact pa@rfrom
drilling data. The modified staces potentially include new zones for mineral prospectivity. In
addition using the surfaces from the 3D geologic mod@apfrog® can extract structural
information directly from mesh surfacesed to develop anisotropic numerical models using
individud surfaces as structural trendStructural trends derived from the updated horizons
guide the interpolation of the8D alteration modelswhich has not been previously
accomplished The structural trends create a flat ellipsoid anisotropy that variesdation
with the meshallowingfor a more directed interpolation in the 3D alteration models (Henson
etal., 2010).

Several inputs can be used to direct structural trends, incléididgderivedstructural
dataand 3D mesh surfaces.e., modelledexhalte and synvolcanic fault surfaceStructural
trendsderived from synvolcanic faults and exhalites are a&gjah the 3D alteration modets
guide the interpolation The integration of structural information developsere realistic
alterationshellsand potentially highliglst deeper prospective zones along these structures
Previously, synvolcanic faults or exhalites were not used to constrain/gui@® takeration
models as developing localized trends that represent changes in surface contameityotv
possibleandthis is aunique feature dieapfrog® In addition, @propriate weights for strength
and the range dtructural trend are set foreachsurface.ln addition to 3Dalterationmodes,
several distancbased models are created arouraetkhalites and synvolcanic fault surfaces
The added measures to the exploration targeting process defined new deeper potential targets

in the Noranda camp.
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The resultant geolacpl, geochemical, and distanbased models are integratedoia
3D block model for querying. It is also known asommon earth model @voxel model. A
3D block model consists of smaller blocks or cells, wherein each cell is loaded with data from
the geological and numerical models. They include lithology, maeltiplteration indices,
elements loss/gains, and distaili@sed models. It is a powerful dynamic tool for developing
3D spatial and quantitative queries witlevancdo explorationtargeting Therefore, a set of
3D spatial queries that reflect reabrld processes associated with VMS deposits are
developedo highlight poéntial zones of mineralization.

Table 2-3 Comparing Kriging and RBF interpolants (Seequent, 2021)

Simple Kriging Ordinary Kriging RBF
Estmator Type Local Local Global
Spatial Model Type Datadriver variogram Datadriver variogram Datadriver variograms
Spatial Model Sample
Based on variogram Based on variogram Based on variogram

Weighting

] o Estimator will drift to the Drift behavior is chosen
] ) Estimator will drift tothe ) ) N
Extrapolation behavior . search neighborhood  either specified mean or
specified mean .
mean automatic

24 Resul t s

2.4.1 3D geological modellingesults

Acquired datasets including DEM data (USGS), 2D maps (SIGEOM), drill hole data
(Falco Resources Ltd), previdysnodelledcontact surfaces (Martin et al., 2007), geochemical
samples (Falco Resources and Martin et al., 2007), and assay samptesRdsources) are

imported to Leapfrog® in their respective formats

First, elevation datasiextracted fronDEM andis used to develotne topographyvith
anoverlain 2D geological mapver the study argdig 2.11). Secondly, e lithological codes
from the drilling data arsimplified into overburden, pluton, diorite, felsic, and marfexk
types using the standardized lithological codes developeddgoFResources LtdContact
points are developed between individuatk types(such adelsic andmafic contact points).
However drill hole contact points with legkan 25 meters of uniform lithologic thickness on

respectivesides areexcludedfrom geneating decisive contact pointdhe deriveddrill hole
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contact points(such as; felsic/mafic contactgre further grouped based on their spatial
associationvith representative stratigraphiermationsand fault blocks (i.e., Amulet rhyolie
Rusty Ridge andesite contact in Fault Bld®)k(Fig 2.12). Furthermore, contact lines are
developedn the topographicurfacefrom the 2D geologic mapF(g 2.11) using polylines
(Fig2.12). Third, a volume ofock(14km N-S, 14 km EW, and2.5km elevatiofis developed

over the study area representing 8i2 geologicalmodel frame (Fig 2.13). The specified
volume includes most of thenown main deposits in the area and allows for deeper target
generation.The volume isdivided into six smaller blocks, as shownhkig 2.13, mainly to
facilitate geological interpretatiomalong faults where the 2D geological map shows
significant lithological displacementhe faultverticesare derived from th@revious(Martin
etal.,2005) 3D fault surface&ourth contact surfaces are developed for individual fault ldock

in chronologicalorder, which determines the crosscutting relations between contact surfaces
In summary, he surfaces are integrated whratigraphic contacts determined from the
geological mapand drilling datacombined with the general dipping anglstimated from the

3D moving plane(Fig 2.12) and theinterpretation of surface continuity from the previous
GoCAD 3D geological mode(Fig 2.14). The 3D plane is used to model the global trend and
is set in the direction of the 3D contact poifigially, the 3D geological model is constructed

by activating the contact surfaces in individual fault blocks. The activation cuts the 3D volume

along comact surfaces with the respective lithology on either side.

The 3D surfaces are integrated with the data points from previous (2005) 3D contact
surfaces to guidéhe first order of interpretations of the stratigraphic and structural continuity
in the currenh study especially in sparse data regiods multiple data inputs are used to
constraint a surface, it can produce inconsistent results when two datasets spatially overlap.
The snap to data featune Leapfrog® allowsspecifyingthe appropriate spatiabth points for
surface generatiorin addition,consistent surface interpolation at greater depth {sladase
regions) requires a global trend. Each surface has a distinct trend analyzed from a 3D moving

planeset parallel to drilling contact points.
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Fig 2.11 Lithological information from ArcGIS 2D maps (SIGEOM, 2019 (A) Attribute table highlighting the
formation and lithologic description (B) Geologic map of Noranda highlighting thedifferent lithologies.
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Fig 2.12Integration of multiple data including drill hole contacts, map contact, andthe trend from the 3D moving
plane to constrain the Rusty Ridge AndesiteAmulet Rhyolite surfacein fault block 3

There aremultiple contact surface generation options in Leapfrag@luding deposit,
erosional, and intrusion surfacd$e surfaces are developed in a specific chronological order

to set accurate crossitting relationsThe overburden is modelled #® youngesterosional
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surface, which croseuts all lithologies older than the overburden. The intrusive plutons, i.e.,
Flavrian, Powell, and Dufault plutons, are the 2nd youngest intrusion surfaces in the Noranda
camp, while the diorite intrusions are the 3rd yoshgatrusionsLithological contact surfaces

are modelled using a combination of erosional and deposit suifacesvidual fault blocks

The 3D geologic modg[Fig 2.15) constitutes 76 lithological surfaces over six structural fault
blocks(Fig2.16). In addtion to lithological surfaces, fivexhalite surfaces and 13 synvolcanic
faults (Fig 2.17 andFig 2.18) are also mod&d in 3D.

Noranda 3D Geological
Model fault blocks

Main camp fault block 1
- Main camp fault block 2
. Main camp fault block 3
. Main camp fault block 4
. Main camp fault block 5
. South camp fault block 1
. South camp fault block 2

Quemont
Horne
Scale
4000 meters °
I ———— Plunge +52
Azimuth 022

Fig 2.13 Fault blocks ofthe Noranda 3Dgeological model basé on lithological displace ment shown 02D maps and
the 3D interpretation of the surfaces from theprevious 3Dgeological model (Martinet al., 2005)

M Interpolant modelled
3D surface
B GoCAD 3D surface
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Fig 2.143D contact surfaces of Rusty Ridge Andesit@mulet Rhyolite in fault block 3 (A) GoCAD 3D surface

vertices areintegrated with the 3D interpolatedsurface of Rusty Ridge Adesite Amulet Rhyolite contact, both are
shown for comparison(B) Leapfrog® 3D surface shown separatelwith the GoCAD 3D surface
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Constraints:
Drillhole data (Falco Resources)
2D geological maps (Sigeom)
~ Contact surfaces (GoCAD 3D model)

Model Size: 14x14x2.5 km

North-south
cross section
of West Ansil

North (Y)

North

| Diorite dykes
- Mafi AR Outputs:
atic volcanics 1. Lithological boundaries 0%
| Felsic volcanics 2. Faults - 36
+
[ Intrusive/Plutons 3. Lithological volumes +636000 A;nmg.ih 068

Fig 2.153D geological model of Noranda, highlighting theprimary volcanic lithology of the Noranda, its diorite
intrusions, and the parts of the plutons. The 3D model provides # interpolatedlithological boundaries and volumes,
faults, and e xhalite surfaces.

=== [ Diorite side of contact
B Mafic side of contact

B Felsic side of contact

B Intrusive side of contact
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Fig 2.16 The image shows theallective view of 71 lithological contact surfaces applied as constraints @onstructing
the entire 3D geological modeénd highlights the general dipping direction of the stratigraphy.
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Fig 2.17 The main structural features of the Noranda campshowing s/nvolcanic faults. The distance toknown VM S
depositsis projected on fault surface s and highlighted as circled zones on individual fawdt
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Fig 2.18 The main stratigraphic marker of Noranda Main camp highlighting key e xhalite horizons, i.e. exhalites
modified from the previous (Martin et al., 2005)3D geological model.
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2.4.2 Geochemical ample classification

The sample classificationsitical for mass balancestimationto ensurethe precursor
compositionsareas accurate as possibMost of the classification diagrams are basedajor
elements that arerimarily mobile, and the concentrations are highbffected during
hydrothermal alteration and cannot produce accurate classification réstdtaary diagram
(5Si15AI-300Ti)was developetb classify the samples into mafic (Ti enrichment) and felsic
(Ti depletion) subgroups tallustrate individual fractionation trends for mass balance
estimationsUsing a ternary plot with immobile elements helps mitigatedibplacemengffect

of alteraton on the samples and produeedistinct fractionation trend

We developed theernary classification diagram using a subset of sampl&d{2
samples) with analyzed trace element data. The samplestiatly classified using théearce
(1996) volcait rocks classification diagram, which uses a ratio of Zr/Ti on Haiy and
Nb/Y on the xaxis (Fig2.19). The classified samples are displayedreyr-15A1,0s-300Ti O,
ternary diagramwith Zr as fractionation monitotp determine if the Pearce classification is
represented accuratelfrig 2.20 A). The basalts (Pearadassification) show a clear Ti
enrichment along with samples from basaltic andesittesite subgroug=(g 2.20 A). In the
following step,Zr is substituted with 5Sasa fractionation monitor(Fig 2.20B). The samples
classified using the Pearce diagramwsed to develop the fractionation boundary between the
andesite and basaltiodesite composition othe 5Si-15AI-300Ti ternary diagramHig 2.20
B).

Geochemical plots dhe Zr-15AI1-300Ti ternary diagrarahowthe samples conforimg
to a distincfractionation trendThe mafic samples on the-Z6AI-300Ti ternary diagraniFig
2.20 A) exhibit clear Ti enrichment agenerallyobserved in mafic volcanic rocks (Barrett and
Maclean, 1993) Since Zr data is not available for the entlegasetZr is replaced wittbSi as
afractionationmonitor in the Zr15AI-300Ti ternary diagrano classify the entire geochemical
dataset(Fig 2.20 B). Si has a high gradnt for any changes in concentration caused by
hydrothermal fluidalteration and, thereforegroduces meaningful plotkor classification

compared to othemajor mobileelements

Finally, the classification is applied to the entire detasing 5Sil5AI-300Ti (Fig
2.21). Samples classified as mafic (bash#tsalticandesite) rock typeshow strong Ti

enrichment trend¢Fig 2.21), whereadfelsic (andesiterhyolite) samples showi depletion
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trends(Fig 2.21). This methodprovides relatively accurate results classify hydrothermally
altered samples intamafic (basaltbasaltic andesijeand felsic (@andesiterhyolite) subgroups
usingonly major elementsThe main output of the classification is thab fractionation curves
are developetbr each of the classified subgroups with their respestivaples fractionation
trend,and alteration lineg.he classificatiomvoidsthe dual intersection of alteration lines with
two different parts of the fractionation trend caudsdTi enrichment m mafic samples

discussed ifrig 2.9.
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Fig 2.19Pearce(1996)diagram classifies samples into rhyolite dacite, ande siiebasaltic andesite, and basalts
subgroups. The andesitebasaltic andesite classification boundarys e ssential tasupport the 5Si15AI-300Titernary

classification of mafic and felsicsamples.

The ternary diagram produces accuregsultsbased on comparison to the Pearce
(1996) plothowever as the diagram is based slica concentrationshighly silicifiedor silica
depletedsamples may produamitliers by classifyng mafic samplesas felsic and vice versa
respectively The outliers ae derived on the Pearce (1996) classification diagfein 2.22,

Fig 2.23) to ddermine their effect omass balance results and overall 3D targeting. The subset
of 2500 tracesamples classified usintpe 5Si15AI-300Ti ternary diagramare plot on the
Pearce (1996) classification diagrdfg 2.22 and Fig 2.23). Using the samplecount density
function (Fig 2.22), mafic samples plot in the andesite and rhyolite parts of the diagram
classified as mafioutliers. The samplesf felsic compositionare classified as mafic because

of intense silica depletioand arecalled mafic outliers Felsic outliers are classifiedmilarly
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and represent highly silicified sampledmong the classified samples, 57 out of 932 felsic
samples are classified as mafic samples (6.11% inaccurscfle same timeonly 36 out of

1600 mafic samples are classified as felsic samples (2.25% inaccuracy). The total sample
Inaccuracy amounts to 3.67% of the total 2532 samplest of the outliers plot near the
classification boundaryHg 2.23) and will have minimal effect on the target generation
process. The outliers are further discussed using alteration box plots and normative ternary
alteration diagrams.

Zr (ppm) 5 8i02 (pct)
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Fig 2.20 Ternary diagrams for discriminating mafic and felsic sequences(A) Zr-15AI-300Ti diagram shows samples
conforming to a distinct fractionation trend, and the Pearce classification is re presented accurately (B) Zr is
substitutedwith 5Si as a fractionation monitor, and a fractionation boundary is marked at the boundary of basaltic

andesite and basalts

58i02

300 Tio2 15 A1203

Fig 2.21The 5Si15AI-300Ti terary classification of nafic (green)and felsic(red) rock typesis applied to 15000+

whole-rock geochemicasamples.
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samples and outliersfisplayed on Pearce (1990) volcanic rock classification diagram

2.4.3 Quantifying alteration

Alteration trends within the geochemical data are determined and quantified using
different geodhemical data analysis techniguancluding alteration box plots, normative
minerals, and mass gain/logsarge et al. uses the alteration box plot that consbiskikawa's
(1972) alteration index (Al) with the chloriearbonatepyrite index The alteration box plot
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providesa nonspatial 2D space to highlight the alteration trends within the geochemical data.
The Hashimoto and CCP alteration indices quantifyicte and chlorite alteratio(Large et

al., 2001)and represent theaxis and yaxis of the alteration box plot, respectiv@iyg 2.24).

The alteration box plot higights the differentalteration pdaerns in the geochemical data
(Large et al., 2001)The geochemicaldatasetclassified into felsic (andesiterhyolite) and

mafic (basalts basaltic andesites) rockare plot onthe alteration box plotHig 2.24). The
samples exhibit strong hydrothermal alteration trends. The main trends are formed towards the
chlorite-pyrite, dolomiteankerite, secite, and albite miaral nodeshighlighted in Fig 2.24.
However, elemental ratios are not used in 3D rodeandin developing potential targets but

areused toaffirm the trends observed in mass balance estimates and normative calculations.

Alteration trends are also evaluated

using normative  mineralogie
CONSONORM_LG (Trepanier et al., 2015oftware uses normative calculation procedure

to estimate the minerady for low-grade metamorphic rocks (sagbeenschist). It is used to
quantify alteration indices in terms of the ratio of alteration minerals to total minerals of rock
except for quartz (fresh and altered samples). Using CONSONORM_ LG, we have
approximated themetamorphic parageneses of gubenschist metamorphic rocks for
approximatelyl5537geochemical samples. The software calculates these nogradtigration

indices by default using a general equation
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Fig 2.24 Alteration box plot showingge ochemical trendausing arrows. (A: Rock type i mafic: basaltto basaltic
andesite (green) (B: Rock typei felsic: andesite to rhyolite (red)) The main trends in mafic sample sform towards

the chlorite and carbonate mineral node swhile in felsic sample sthe trends form towards the chlorite, carbonat,

epidote, albite mineral nodegModified after Large et al., 2001)
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Fig 2.25Ternary diagrams of alteration minerals showing hydrothermal alteration trends e xtendingrom the least
altered samples (Afelsic (red) samples; B:mafic (green)sampleg (MacLean and Barrett, 1993)

Usi ng CONSORNORM_LGO6s cal cul ati onhesequer
greenschist (SchisteVetgtrahedron model is chosen to approximate the metamonpheral
assemblage;orrespondig to theregionalgreenschist facie@>-T) conditionsof the Noranda
camp The greenschist normative model approximates the metamorphic assemblage at 350°C
temperature and 2.5 kbars presstlite CONSONORM_LG greenschist modelonsidesH,O
and SiQ to bein exces. The tetrahedros @pexes correspond to the molar proportions of
Al ;03 CaO,FeO + M@ + MnO, and N#O + K;O. They aralesignated as the &, FM, and
NK apexes, respectivef the ACFMNK tetrahedror{Trepanier et al., 2015Y.he alteration
indices quantify chlorite and sericite alterati@tig 2.25); they aremainly used as an added
screening filter to identify théeast altered samplé3able2-4 Screening factors and criteria

selected for identifying the least altered samples for mass balance calgulation

Mass balance results are calculated usinglaa n 6 s  pracursor mpassealance
method based on immobile elemeiiidacLean and Barrett, 1993The rocks of multiple
precursor systesrconsist of a seemingly continuous range of chemical composition altng
a fractionation trend that may have resulted from sdverocesses (magma mixing,
contamination) or multiplevents of volcanism. ©the scatterplot of immobile elements, the
net mass change of an altered sample is measured relative to its displacement from the
fractionation trend (precursor composition) ajdhe alteration line (slope). For a continuous
fractionated volcanic series, there is potentially an infinite number of alteration lines. The
intersections of alteration lines with the fractionation trend yield a specific precursor
composition for each saplein termsof immobile elementsThe fractionation trendgsingthe

least altered samplese shownn (Fig 2.26 to Fig 2.29).
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Table 2-4 Screening factors and criteria selected for identifying the least altered samples for mass balance calculation

S.No Screening factor Criteria

1 | ALT_PHYLLO alteration index <5%

2 Normative Corundum in CIPW norm <5%

3 | Alteration box plots Least altered sample box

4 | Loss on ignition <4%

5 | Al/Na, Al/Na+K, Al/Na+Ca+K <9

6 | Rock type and silica content 45-55wt% Mafic, 5575 wt% Felsic

7 | Metal content Cu <150 ppm, Zn <200 ppm, Ba >200 ppr
8 | Mg and Fe content <7 wt% in Felsic, 1820 wt% in Mafic

9 | Zr immobile vs. mobile elements plot Outliers

Al203_pct [Locked]

“.é: ..iu;. ]
‘.

generalized fractionation trend

0.00 025 050 075 1.00 125 1.50 1.76 2.00 225 250
. TiO2_pct [Locked]
B Least altered felsic samples ¥ Least altered mafic samples

Fig 2.26 Generalized factionation trends on Al-Ti plots developed using least altered sample s derived from the

screening process. Altered samples forfine ar lines originating from the origin.

Using the product of th&i-enrichment factor and the altered sample composition, we
derived the reconstructed composition, which is essentially the mat® shmple after
alteration. The mass balance is calculated as the difference between the reconstructed
composition and precursor composition. The calculations are easily adaptabkextel sheet
(Barrett and MaclLearl994).
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Fig 2.27 Fractionation trends of A: Si and B: Al derived from the mean values ofleast altered samplge rtaining to

individual alteration lines onthe Al-Ti plot. The graphs showthe mafic (green) and felsic (red) fractionation trend

and their respective equations

The calculated gain and loss are shown for a subseb@d Zleochemical samples with

analyzel trace elements around thEest Ansil VMS deposit A subset was choseas it is

difficult to discern trends in densely populated plots. Ti@ss gain/loss samglere denoted
as felsic and mafi¢Fig 2.30 to Fig 2.33). The Fe and Mgenrichment trends highlight the
chlorite alteration around thé/est Ansil VMS deposit, observed in both mafic and felsic

geochemical samples. In additiomedrichment trendare observed in the data, highlighting

the presence of sericite altered rocks, i.e., muscovite. The depletion trends in Na and Ca are

representative ahe destruction of feldspamnd other Cabearing mineralsin addition,a Ca

enrichment trends obsered which may represent the semmonformable epidote alteration

I.e., recharge zoneThe graphsKig 2.30to Fig 2.33) plot the precursor Tas a fractionation

monitor (xaxis) and major lements mass gain/loss resuysaxis). The plots highlight the
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gains/losses of major elements associated with hydrothermally altered zones in
geochemical samples.
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Fig 2.30Mass gains and losses fék: Fe and B: Mg around West Ansildeposit The gainsin Fe and Mgare aresult of
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Ti) to andesites (high Ti)
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2.4.4 Alteration 3D spatial relationso West Ansil

Potential target zones are generated by examirang quantifyingthe 3D spatial
relaton of two independent datasetsass gain/losar alteration valueand distance to deposit.
The 3D relationgletemine the impact range of alteration on the surroundiogtrock. The
impact range defines the distance range for the interpol@m aterationmodels Theimpact
range is dterminedusing the subset of samples718) in a 500 meterzone surrounding the
West AnsilVMS depositasthe majority of the data points lie within this zo(Eig 2.34).

The 500 meterzone and the data points showing gain/loss rmownative alteration
values in 3D are highlighted iRig 2.35 to Fig 2.41. The key 3D geochemicalalteration
signatures related to VMS deposits (gain and loss) greegsed irFig 2.42to Fig 2.49, that
also displag the north-south crosssection of the 3D numeric models of sericite, chlorite
alteration and mass gain/loss in @0 meterzone around the West Ansil deposit. The West
Ansil deposit is shown anupper, middle, and lowearelens. Thecrosssectios show high
normative chlorite alteration at the center of the deposit. Higinmative sericite values are
also observed near the deposit. Maakance resultsfé-e and Mg showraaveragencrease in
gains including K towards the center of the deposit. In additamjncreas in averag&la and
Ca losgsare also observead the centralpartsof the depositensesand are coincident with
gains in Fe, Mg, and K. A high Ca gain zone exists just below the West Ansil deposit with Fe,
Mg, and K loss, which might represethie rechege zone signified by prominergpidote
alteration A statistical representation ofeanents showing prominent trends towards the cente
of the 500 m domain around the West Ansil depisséxpressed inKig 2.50 to Fig 2.56).
Elements showing a prominepeak or declinen mean alteration or mass gain/loss values

towards the center of the ore depositsekected for the targeting process.

The impact range is determined using the estimation toolbox, which ploteeiha
values ofelement loss/gaiar alteration indices irelation to the distance from a VMS deqosi
or any chosen domaireapfrog®d s esti mati on tool box analyze
elements loss/gain to the center of a chosen domain, i.e., 500 m &kshdAnsil deposit.
The estimator function creates a histogram plaashple count ohdjustaible binsize with the
distance from the depogih the x-axis (Fig 2.50-Fig 2.56). Themean values of gain/loss and
alteration of individual bins areepresented on the-gis, whereasthe sample count for
individual bins is displayed using the third axiEhe spatial plots provide the extent of

alteration andhe mean hreshold valuet that point
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The West Ansil deposithas a relatively high sample density and would produce
accurate 3D spatial relation of the deposibydrothermalalteration trends. Alistancebased
3D shellis developed at 50 around theNest Ansildepositas mat of the samples points lie
within this zone (Fig 2.34). It includes 1718 geochemicalsamples with analyzed mass
gain/loss and alteration valu&herefore, theelements showing prominent trends towards the
center of the deposita used to highlightampscalealteration zones in Noranddhe range
of impact used to develop the 3D alteration models is measured betwe&0QiG@ters for
mod major elements and teftation. Gher elementsincluding Mn and Pshow irregular
patterns The mean values of element gain/lq§sg 2.50-Fig 2.56) showhigh Fe, Mg, and K
gainsalong with high chlorite and sericite alteration valaed high losses ifNa andloss in

Camoving towards the centesf the 500m domain

Sliced section of a 500-meter zone

West Ansil deposit

Upper lens
~ Middle lens
> o Lower lens
o
L o
tE B o East (X)
2 - o
+ 0 +638500 / Eact
\ m =
North n S
- 0
§ +4500+638000
+

Plunge +35 a
Azimuth 055

Fig 2.34 A north-south sliced view ofthes00 meterzone s and the subset 0718 geochemical samples around the

West Ansil VMS deposit. The We st Ansil deposit has threprimary ore lensesthe upper, middle, and lower lenss.

Trends fom both sets of parameters includingrmatve alteration and mass balance
are consistent with hydrothermal alteratidhe plots ako show an anomalous me&alue near
the -400 mpoint on the xaxis (100 meters from the deposihich is a lithological factor
caused by the emplacement of a dyke that separates theripjoge partfrom thelower part
of the West Ansildeposit. Hydrothermal alteratioasults in a central chlor#gch zoneof the
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alteration pipe, marked by Fand Mgenrichment Eig 2.50to Fig 2.51) from 0 to-500 on the
x-axis, where 0 m&s the boundary anéd00 the center of the depaodit the sericite zone of
proximal alteration, the feldspareakdown causes loss in Na, (Eég 2.52to Fig 2.53) and a

noticeablancrease in K(Fig 2.54) due to sericikzation
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Fig 2.35Geochemical 3D data pointshowingnormative chlorite values. (Red = high chlorite index Blue = low
chlorite index). Highly chloritized samples are emphasizewith larger data points in the 500 meterzonearound the
West Ansil deposit.
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Fig 2.36 Geochemical 3D data points showingigher normative sericite values (Red = high sericite indexBlue = low

sericite index) High sericite values are emphasizedith lar ger data pointsin the 500 meterzone around the We st

Ansil deposit.
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Fig 2.37 Geochemical 3D data points showingalue sof Fe gaindlosses(Red (positive values) = high Fe gains; Blue
(negative values) = higlire loss) The larger data points e mphasizeFe-rich zones in relation toWest Ansil.
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Fig 2.383D data points showing values of Mgains/losses(Red (positive values) = high Mg gains; Blue (negative
values) =high Mg loss) Data points with a higher radius re present high Mg gain values.
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Fig 2.393D data points showingncreased mass gains/losses &f, (Red (positive values) = high K gainsBlue
(negative values) =high K loss). High K gains are shown as larger datapoints.
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Fig 2.403D data pointsof fixed size highlightingloss values (negative value) for Na -3: (Red (positive values) = high
Na gains Blue (negativevalues) = high Naloss)
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Ca gain/loss
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Fig 2.413D data points with fixedsizehighlighting loss values (negative value) for Ca. Theata points show Ca loss
values <-4. The color codes for Cdoss values are shown in theegend.
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Fig 2.452D N-S crosssection of West Ansil de posit showing mass gains of Na major ele me high value s(positive)
of Na gain are represented in red while low value ®f Na lossare magenta. Na loss is present in the central part of the
deposit with another pocket located slightly north of the deposit.
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Fig 2.46 2D N-Scross-sectionof We st Ansil depo& showing mass gains o€a major elementshigh values(positive)
of Ca gain are represented in red while low value se presenting Na lossare magenta.Caloss isassociated withthe
central part of the deposit with another pocket located slightly north of the de positin addition, a prominent gain in

Cais locatedbelow the deposit
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Fig 2.47 N-S crosssection of We st Ansil de posit showing mass gains of Fe, higlositive) value sof Fe gainare
represented in red while low(ne gative)value srepre senting losseare magenta. Fe gains occupy the ao&al zones of
all three lenseswith significant losses occurring below the de posit.
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Fig 2.48N-S crosssection of We st Ansil de posit showing mass gain$Mg, high (positive) value sof Mg gains are
represented in red while low(ne gative )value srepre senting losseare mage ntaMg high concentration zone sare
closely &sociated withthe lower and upper lens In addition, major lossesin Mg are observed below the deposit.
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red while low (negative)valuesrepresenting lossegare magentaK gains are observednear the de positwith
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Fig 2.54 Graphical representation of atial relation of K gain/loss values to center of 500 meter zone around Wes
Ansil VMS deposit. The trendshows a mean increase in gain towards the center of deposit.
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Fig 2.55 Graphical representation of atial relation of  Fig 2.56 Graphical re presentation of patial relation of
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around West Ansil VMS deposit. The trendshows a West Ansil VM S deposit. The trend shows amean
mean increase in alteration value s towards the center increase in alteration values towards the center of
of deposit. deposit.

2.4.5 3D camp scalegeochemicghumeric modelling of alteration integrated

with key structural trends

Using a wellconstrained dataset for West Anslements ardighlighted that show
prominent alteration and mass gain/loss trends to the center of deposit and the range of these
trends. The results highlight the appropriate parameters for the developroantpsfcale3D
models of mass gain/loss and alterati@uss using the entire dataset for camp scale 3D

numeric modelling.

Using Macle a n(H983)multiple precursomethod, elementalgair/loss of elements
have been estimated for approximatdl$,557 whole-rock geochemical sample$he results
are modelled in 3Dot highlight regions with high gains and losses of major elenf€eisMg,
K, Na, and Ca)Several camyscalenumeric models are createtthat generate issurfaces
based on the first and third quartiletioé gain and loss valuekey major elementsincluding
Fe, Mg, K, Na, and CaThese areas of element gains and lossgidight the alteration
processscaused byydrothermal fluid flowthrough the host rock.The 3D spatialzonation of
element gaiglosses e.g.,Fe, Mg, and K gains, coincidesith Na and Ca lossesvhich is
consistentwith proximal alterationpatterns associated with VM8eposits(Large, 1992;
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Gibson et al., 2007 Piercey, 200). The 3D models areanisotropic and incorporateends
developed from synvolcanic faults and exhalit@bese trends (Fig 2.57) are applied to

representthe flow of hydrothermal fluid along these zones, i.e., synvolcanic faults and

exhalites
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Fig 2.57 Structural vario grams generated directly from important structural and stratigraphic surfaces (synvolcanic

faults (red) and exhalite s(blue)

The extraction of structural information directipym thesesynvolcanic fauk and
exhalite surfacescreates a flat anisotropy in tlierection of a defined surfacdhe surfaces
determine the local trenbr the interpolant at each point on the surface. Thisleal for
modelling mass gain/loss alotige complexfault and exhalitestructuresas these structes
represent the conceptual pathways for the flow of hydrothermal flGilds range of these
trendsdissipates over a range of 3®@ters from these sirtures and keyond the range of 300
meters from these structures, the ntodgurns to isotropy. The main faults and exhalite
surfaces used for the strucltrends are highlightedh Fig 2.17 andFig 2.18.

3D numeric mode of alteration and mass gains/loss are developed and incorporated
with structural trendsCampscalenumeric models are shown a 2D view in Fig 2.59to Fig
2.64. Using a consistent legend for the numeric models in the following images, the zones
shownin blue represent element gains while those in red represent elementTheg&ssition
of VMS depositds marked as reference points, highlightitng relatiorof the depositso the



58

3D models.The results from 3D modelling show pockets of areas afiigh level of gains in
Fe, Mg (Feand Mg chlorite) and K (sericite) generally overlapping watBubstantial loss in
Na and Ca (breakdown of feldspddsing the graphical representation of spatial relations at
West Ansil, thevalues for gain and los&ig 2.59to Fig 2.62) are set aftethe first and third
guartiles of thesampled data, respectivelyhe values forthe alteration index Eig 2.64) only

represent the third quartitdf the sampled data

Somepockets of alteratioare barger and form trergiwhile others are isolatedmall,
and do not conform to ankarge scale zonesviost of the larger pockets of alteration are
observed in areas whehgdrothemal up-flow zones are reactivated in multiple volcanic
cycles such as the Menbach area (Monecke et al., 201These zones are further developed
in a 3D block model using a category classificaibable 25), which shows that ost of these
zones are aligned with major synvolcanic structuifeig 2.65). In addition to geochemical
modelling, several distandeased models are also created to develop and higliligbtable
zones around key mesh surfaces, i.e., synvolcanic faults and exhahe&slistance based
modelling develops buffer zones around the selected 3D surface at the prescribed distances.
However, any value can be applied fbe tdistancébasedmodels for building proximity

gueries whemntegrated ito the 3D block model
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2.4.5.1 Proximal alteration zones

The 3D alteratiormodels are integrateidto the 3D block mode] and individual blocks
are categorizednto different alteration zonedased orthe gain and loss values of major
elements The alteration zones almsed on gains and losses of major elements to highlight
proximal hydrothemal alteration zones in the Noranda canfijpese zones are verified with
normative alteration index valueMost of the aleration zones are aligned with major
synvolcanic structuresF(g 2.65). The classification is based on the gains/losses associated
with chlorite and sericite alteration |'t i s car r i ednadutt iuvosnian g stthaet €
assigning categories to gains/losses of elements. The classification includbrite (Fe
gains), Mgchlorite (Mg gains), and sericite (K gaiila & Ca loss) alteration. The resultant
blocks exhibit prominent zoning of gains and losseEechlorite is enveloped in Mghlorite
andsericite. They are well developed near synvolcanic failysifying hydrothermalupflow
zones and recharge zon&ke target generation criteria are discussettie subsequent section.

Table 2-5Block model category classification of element gain/loss

(FeO6 B M PPKIrE NRG
{([K:Q] > 05 or [Na,O;] <-2 or [CaQ] <3) or ([MgO]> Dor [Fe0Os] > 20 [hH AT (MgO]) >6MH YA Rf 2 NRA
if hiKSNyAasS ™ WS
[Ca0] > br NaO;> 05 W9 LAIMRIGfSH SNI A2y Q
hiKSNBAaAS M W yOtlaaaxFASRQ

North (Y Alteration zone

. Fe-Chlorite

Mg-Chlorite

Sericite alteration

: Amulet F
4 Amulet C

Range
Fe>?2
Mg > 1
Na <-2
Ca<-3
K>0.5

Quemont

O
+

East (X)

3
+ Horne

Elev (2) East Looking down @

Fig 2.65Block modelquery highlighting alteration zones based ogains/losses of major elements associate d with
proximal alteration zones. The zones are shown in association with synvolcanic fault¥he Fe chlorite zonesare

enveloped by Mg chlorite and sericitalteration
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2.4.6 Target generation

The difference in VMS formation in thdain andSouth campg resulted in two separate
block models with thei respective targeting querieshe individual block dimensions are
50x50x50 M The Main camp block model constitutes 4,045,00@képwhile the $uth camp
block model comprises 701,800 blockehe Main and South camp 3D block models are
defined north and south of the Beauchastel far¢spectivelySeveraBD models are integrated
into the 3D block model, including the8D geologicd model, 3D numeric models (property
gueries), an@D distance based models (proximity queyidhe queries are developasing
the calculation and filterdool section of the3D block model.The calculations and filters
section of the8D block model usesstimators and datzased on defined querigsderivenew
values andclassificatios. It is a powerful and versatile tool based on purely functional
language taarry outcomplex calculation Proximal alteration zones aneghlighted using the
numeric @rameters based on the 3D spatial relations by applying proximity and property
gueries. The specific data ar®D models integrated into tH&D block model includehe 3D
numeric malels of elemental mass gdogs (Fe, Mg, Ca, Na, K), lithologies frothe D

geologic model, distaneleased models of individual exhalite, synvolcanic fuiind VMS

deposits.
North Distance to faults
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e - East Waite 600
“\0ld Waite
Amulet F 200
X
“ /;l\muletc
7~ AmuletA 200

llenbach

)\ Distance to
Synvolcanic faults < 200

Fig 2.66 Block model queries using prximity filters to show zones within200 meters of synvolcanic faut. VMS
deposits are shown in relation to these faults.

The queriesilghlight hydrothermally altered zones based on mass gain/loss data in the
vicinity of synvolcanic faults and exhalite$he spatial proximity queries includeblocks
within 200 m of exhalite and 200 m of synvolcanic faulSig2.66 andFig 2.67). The resultant
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block shows alteration zones at the intersection of synvolcanic faultsxaalites Eig 2.68).
Unexplored zonesare highlighted by excluding zones proximal to drillho(€sg 2.69)
(distance to drillholes > 200 myhe exhalite based functiomas excluded from the Noranda
South camp queries as the deposits are hosted mainly in volcaniclastic lithology, wésch do

not necessitate the presence of exhalites.
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Fig 2.67 Block model queries using proximity filtersto show zones within200 meters of e xhalite along with known
VMS deposits.
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Fig 2.68Block model queries usingoroximity filters and the alteration classification to show alteration zones within
150 m ofexhalites and250 ofsynvolcanic faults. Fe and Mg gains are classified as Fehlorite and Mg-Chlorite,
respectively. K gains combined with Na and Ca loss are clefied as sericite.
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Fig 2.69 Final targets from block model query filtering and the main fault block. The targets inthe Main camp, MCT
17 MCT 6, are located in fault block-5, while MCT 7 is located in fault block 3. South camp targets, SCT 1 and SCT
2, are located in fault block2.

The final 3D block modelresultsdisplaydeepunexplored alteration zones restricted to
synvolcanic and exhalitstructures as a function of theogimity query. The resultant btks
highlight nine zones with a high number oéw blocks representinglteration zones that may
lead to potentiatargetsfor mineralization The highestFe-chlorite blockg(Fe gains > +2 gm)

of the individual zonearesd aspotentialtargets

Potential targets of Noranda Main camp are named M@ MCT-7, and South camp
istermed SCT1 and SCT2. The targets are evaluated in terms of alteration values and their
nearest spatial association with synvolcanic faxhaliteand othemproximal features such as
high metal concentration using assayed and geochemical Td&taarget zonesn general,
showrelativelymoderateto high gains in Fe, Mg, and K combined witklativdy moderate to
high Na and Ca lossehie toalteration(Table2-6 andTable2-7). Further analysis of the targets
is carriedout in 3Dspaceagainstassay and geochemiaabncentration of Cu, Zn, Ag, and Au.
The assay datallows to relate any high metal concentrations to the hydrothermal alteration
around the exploration targets. Besides precious and base metal concentraitanrgiets are
also visually evaluated wittirill hole traces to exclude any previously explored zones while
ensuring sufficient drillhole spacing representing enougimew zones/blocks to allow for

possible mineralization



Table 2-6 Table of attributes of Noranda Main camp targets

Exhaliteand )
. ) ) Alteration
Target Location Synvolcanic Gains Loss .
index
fault
MCT1 | X =642264.5211 | Beecham breccia | Fe =2.3 | Na=-0.4 | Chlorite = 39
Y =5353169.3862| AmuletF fault Mg=1 Ca =1.7 | Sericite = 16
Z =906 m K=0.7
MCT2 | X =641527.3264 | Beecham breccia | Fe= 2.5 Na =0.1 | Chlorite = 3
Y =5353648.4801| AmuletF fault Mg = 2.0 | Ca=3.75| Sericite = 12
Z=520m K =0.25
MCT3 X =641028.3906 | Lewisexhalite Fe =0.05| Na =0.2 | Chlorite = 24
Y =5354331.2398| Old Waite fault Mg =2.1 | Ca=0.4 | Sericite = 19
Z =1274 m K=0.3
MCT4 | X =641226.5188 | Corbetexhalite Fe=2 Na =-0.2 | Chlorite = 25
Y =5352319.7356| Despina fault Mg=0.9 | Ca=3 Sericite = 15
Z =905 m K =0.04
MCT5 | X =643285.6909 | Beechanbreccia Fe =0.5 | Na=-0.2 | Chlorite = 35
Y =5351762.6841| AmuletMillenbach | Mg =1.1 | Ca=2.9 | Sericite = 16
Z=1123 m fault K=0.15
MCT6 | X =641624.5546 | Corbet exhalite Fe=2 Na =-0.8 | Chlorite = 42
Y =5353584.6093| AmuletF fault Mg=1 Ca=3 Sericite = 16
Z =980 m K =0.25
MCTF7 | X =642062.4760 | Beecham breccia | Fe =2.07 | Na=-2.5 | Chlorite = 2
Y =5358250.8980| EW fault Mg =2 Ca=3 Sericie = 10
Z =1660 m K=0.5
Table 2-7 Table of attributes of Noranda Southcamp targets
. . Alteration
Target Location Gains Loss .
index
SCT1 X =644177.5845 Fe =2.4 | Na=-1.25| Chlorite = 35
Y =5348495.6693 | Mg = 0.6 | Ca=2.5 | Sericite =8
Z =950 m K=0.4
SCTR2 X =645664.4699 Fe =25 |Na=1.4 | Chlorite =44
Y =5348338.8633 | Mg =-0.1 | Ca=4.9 | Sericite = 10
Z =612 m K=0.4
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2.5 Discussion

2.5.1 Effects ofsample classificatiomn quantifyingalteration

The gochemical classification is a keyep in quantifying alteratiomndit is essential
to understand the limitations of the classification in mass balance calculation and quantifying
alteration.Therefore, aubset of samplesith analyzed tracelement datare used to highlight
the outlers of the ternary classification diagrafig 2.23). The outliers in the subset data are
used to estimate the percentage of outliers in the geochemical dbtasetrace element
samples(3624 samplespare located proximal to Horne andvest Ansil deposis, and the
remaining 1,578 samplesarewidely dispersedhroughout the campith low sample density
in 3D space. The subset trace elements isgood representation of the entire geochemical
data as it includes samples from all modelled lithologies. The sample seffsetively
highlights any alteration patterns in the outli@ggrams used to interpret the effect of outliers
based on silica nmlity include rormative alterationdiagrans (Fig 2.70) and alteration box
plots (Fig 2.71).
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Fig 2.70 A: Mafic samples and outliers B: Felsic samples and outliers Ternary diagrams of alteration minerals
(MacLean and Barret, 1993)showing hydrothermal alteration trends extending from the least altere gblack circle)

zone based on sample density

The outlier samples on ternary normative alteration diagi@tasLean and Barrét
1993 and alteration box plo{darge et al., 2001higHight alteration trends within the outlier
subgroupMost are randomly distributeathd do not conform to angdividual alteration trends
or mineral nodes. However, a relatively legimumber offelsic and mafic outlier samples plot
towards the chlorite @hsilica endpoint on the normative alteration diagraifiig 2.70),

representingextreme silica mobility conditionsHowever, the results shotlhiat more mafic
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samples are silicified and classified as felsic outliérsimilar random pattern of outliersre
observed on the Alteration Box Plot (Large et al., 2001), wherein high silica mobility causes
the random distribution of the outliers but wigtrelatively higher number of samplesofiing
towards the chloritejolomite and epidotend membemhile mostplotting in the least altered
sample zonesAn albite trend isalsoobserved in felsic outliersThe random distribution
suggests that the classificationtliers are not part of an individual subgroup of alteration.

However, a slight bias may occurahloritized samples

Fig 2.71A: Mafic samples with mafic outliers andB: Felsic sample sith outliers are shown on an Heration box plot.
Most outliers plot randomly, while there are some trendsowards chlorite in both mafic and felsic samples.
Additional trends occur towards albite and carbonate mineral nodes in the felsic samples.

On the other handyutlier samples account for only 3.67% of the tdtal00+sample
in the subgroupUsing the sae percentage, the number of outliers inegh&re geochemical
dataset amounts 50 samplesin addition,the effect of theknown outlier samples in the
target generation processanalyzed im3D scene. The outlier samplieaveanomalous vales
in terms of mass balance, whichrssolvedising the nugget tooThe nugget tool emphasizes
the average valuesf samplessurrounding the outliers rather than the outlier data points

themselves Seequent, 20)9The nugget effect isetat 20% of the variance data.

2.5.2 Geochemical relation to VMS deposits

The 3D data points showing quantified alteration resalt8D demonstrate the 3D

alteration patterns around VMS deposits, in particular the West Ansil VMS dépios250
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