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ABSTRACT

The hydrothermal processes driving alteration during the formatiombdfS/deposits,
and therefore the overall geochemistry, mineralogy, and geometrg@tiah halos, are
reasonably well understood. However, less is known about the effenttarhorphism on
altered rocks and the resulting metamorphic mineral assemblagdsvkop in different
alteration zonesxploration for VHMS deposits is typically targeted at the ditemehalos,
which can extend for considerable distances compared to the deposgslifes. However, in
terranes of greenschist grade and above exploration can be comglic#ttedeffects of
metamorphism and deformation, which may have changed the original mineaatbggometry
of alteration zones. To address these issessarch targeted the link between pre-metamorphic
alteration halo zonation and resulting mineral assemblages by intggtatailed
characterization of mineral assemblage and geochemical zoninghaisle equilibria modeling
of footwall rocks to the LaRonde-Penna VHMS deposit. The work aimkdther our
understanding of the bulk compositional controls on mineral assemblage deselauring
metamorphism, and to test whether a phase diagram approachhieangthod to assist future
exploration for VHMS deposits in metamorphosed terranes

The LaRonde-Penna Au-rich VHMS depogit Mt of Au at 3.9 g/t)located in the
southern Abitibi greenstone belt in Quebec, Canada, is a welletbiazad metamorphosed
VHMS deposit. Two transects through tdeeredrhyodacitic-rhyolitic footwall to the main
(20N) ore lens were selected, with each transect preservingsiimg mineral assemblages that
have previously been interpreted to reflect different alteragjoestWithin Transect 1, garnet-
bearing, aluminosilicate-absent assemblages show an incre&ss mbsindance, and Mn
content of garnetnferredto reflect increased alteration intensity as the ore lergioached.
Alteration intensity in the footwall area of Transect 1 israbterized by increases in Mn, Fe,
Mg, and K, and decreases in Si, Na, and locally Ca. In TraBsatuminosilicate-bearing
assemblages with or without garnet and stauratiéeleveloped in altered rockand
assemblages show a broad increase in porphyroblast size and intesshtistafsity as the ore
lens is approached. Alteration intensity in the footwall in Tretn&es similarly characterized by

increases in Fe, Mg, and K, and decreases in Si and Na.méhesriched.



The results from this study indicate that garnet stabilityssmditly influenced by Mn
content and relative proportions of Fe and Mg. In addition, with serfi@nrichment in rock
Mn contents, garnet may be stabilized to temperatures as lo27@gC-(in altered
metarhyolite), significantly lower than temperatures requiretatulze biotite-bearing
assemblagesn addition, biotite-bearing assemblagesstabilized to lower temperatures
rocks with elevated Ti, and the persistence of chlorite to highgperatures is likely controlled
by rock Mg concentration3.he similarity in bulk rock aluminum content between rocks from
both transects, despite the high abundance of aluminosilicates iredtran®ut absence in
Transect 1), indicates that aluminosilicate mineral staliditgfluenced by bulk compositional
factors other than aluminum.

Conventional thermobarometry and constraints from P-T pseudosectioraderttiat
peak P-T conditions during metamorphism at LaRonde-Penna were appebxifift-530v4C
and 3.8-4.2 kbar, with absolute maximum temperatures constrained ddysérece of sillimanite
in Transect 2 rocks. Also in Transect 2 rocks, inclusion tiaigsdalusite define a foliation that
is parallel to an external foliation defined by biotite and kyamvith or without staurolite) that
may wrap andalusite porphyroblasts. In addition, sillimanite lofaiips fringes on biotite and
kyanite. These data support the interpretation that metamorphism gexjedsng a prograde
clockwise loop with a limited excursion into sillimanite-stabdaditions. The progression of
textures involving multiple mineral assemblages that define fatiatin the rocks suggests that
the rocks experienced regional metamorphism. This is further suppgrted lack of any
assemblage zoning with respect to nearby intrusions that would indiegtessence of a contact
aureole.

Inconsistencies between mineral assemblage and inferred @eomphic alteration
zone imply that the mineralogical differences within metamorphosed Y/Heposit footwalls
may not be obvious reflections of bulk rock geochemistry. Outcomes ffiisrattidy confirm the
applicability of phase equilibria modeling as a predictive tooffectvely describe the
relationship between pre-metamorphic alteration zone mineral lalsggs and their

metamorphosed equivalents.
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CHAPTER1

INTRODUCTION

The hydrothermal processes driving alteration during the formatioidfS/deposits,
and therefore the overall geochemistry, mineralagyl geometry of alteration halos, are
reasonably well understood. However, less is known about the effeattahorphism on
altered rocks and the resulting metamorphic mineral assemblagdsvktop in different
alteration zones. Alteration halos of metamorphosed VHMS depaajthave complex zoning
patterns, particularly where deformed. This complexity is compouingl#ae interplay between
bulk composition and pressure-temperature (P-T) conditions during metasmrand theféect

this relationship has on resulting mineral assemblages.

Traditional exploration methods in weakly metamorphosed VHMS environnaeget
the alteration halo, which is considerably larger than the depswdit iTherefore, uncertainty
associated with predicting the expected mineral assemblagesifgjlovetamorphism makes
exploration difficult. For instance, deformation changes the origieaietry of the alteration
halo through transposition and potentially fold-driven repetition, and metamerptersains
may host rocks with superficially-similar mineral assemblalgatsdre not associated with

mineralization.

To address these issues, a better understanding of the bulk compostidgnak on
mineral assemblage development during metamorphism is requiredylpaltitor the

compositions of rocks influenced by hydrothermal alteration in ore depegsioemerts.

1.1. Volcanogenic massive sulfide deposits

Volcanogenic massive sulfid¥1S) deposits are strata-bound accumulations of massive
sulfide minerals that form on or immediately below the seatle@mugh the precipitation of
metals during hydrothermal fluid flow in active sea-floor volcanic gofée deposits typically
consist of a concordant massive sulfide lens that is underlain btakmbk stockwork zone,

developed in intensely altered rocks in the footwall (Large @01 ; Gifkins et al., 2005



Where deposits are hosted by volcanic and volcaniclastic rocks, theyoee specifically
termed volcanic-hosted massive sulfide (VHMS) deposits (Large, Cafizy, 1995; Gemmell
and Herrmann, 2001; Gifkins et al., 2005). Many deposits form via fifild-ation and
replacement processes, whereby permeable volcanic units aredepitt sulfide minerals in
the sub-seafloor environment (Doyle and Allen, 2003; Piercy, 2010). Hydmh#uid flow to
the seafloor is focused along syn-volcanic faults or fault inteossc{Gibson et al., 1999
Gifkins et al., 2005)

VMS deposits are a significant source of zinc (Zn), copper, @) leadPb), and
sometimes contain elevated gold (Au) and silver (Ag) (Franklin,e2@0D5) Deposits can be
categorized as Cu-rich, Au-rich, @n-rich, or polymetallic, but all deposits contain more Zn
than Pb (Gifkins et al., 2005). Ore metals are typically zorad fron {€) or FeCu-rich
centes, toZn-Pbrich intermediate domains, and final\g-Au outer domains. Barite may be
present at the outer margins (Figure Ldrge, 1992; Gifkins et al., 2005). Metals are also zoned
within VMS footwall zones. The portion of the footwall directly underlying thesnee sulfide
is dominated by a Cu-rich stringer zone, which grades outward into Bt pyrite-rich

stringer zons(Figure 1.1; Gifkins et al., 2005).

The subset o¥/MS deposits that are classified as auriferous contain more than 3.46
grams per ton (g/tAu, based on the geometric mean (0.76 g/t) and standard deviation (+#2.70 g/
gold grade of deposits worldwide. Deposits with 3.46 g/t Au and 31 t Awoe are considered
Ogold-richO (Mercier-Langevin et al., 2011). Gold in these dejsasitst commonly located
either in the lower massive and stringer zones associated withrcoppethe upper parts of
VMS deposits associated with Zn, Pb, and Ba (Large, 1992).

1.2. Hydrothermal alteration zones

The massive sulfide lenses of VMS deposits are underlain or surcbbpde
mineralogically zoned alteration halos that have developed as aakBuit-rock interaction
(Lydon, 1988; Gifkins et al., 2005; Galley et al., 2007). Alteratimmes typically fall into two
categories: footwall alteration pipes or strata-bound alteratoas (Gifkins et al., 2005;
Franklinet al, 2005).



low-grade Zn + Pb ore

Cu-rich zone

footwall volcanic rocks Cu stringer zone

Zn stringer zone

disseminated pyrite zone

pyrite-rich stringer ore

massive sulfide ore
carbonate zone (chlorite + car-
bonate + pyrite)

siliceous zone (quartz + sericite +
chlorite + pyrite)
unaltered

volcanic rocks chlorite zone (chlorite + quartz +

sericite + pyrite)

sericite zone (sericite + chlorite +
quartz + pyrite)

albite zone (albite + sericite +
chlorite)

Figure 1.1 Schematic cross-section of idealized mineralizatidrakeration zonation pattern
in a footwall alteration pipe beneath a typical VHMS deposit (frembifrom Gifkins et al.,
2005). Top: distribution of sulfide mineral zones with respect todesbgy. Bottom:
distribution of hydrothermally altered zones within the footwall and magiall domains.

Alteration pipes have well-defined mineralogical zones that gradeacdiiw alteration
intensity, from a highly-altered core to wealderedouter domains (Figure 1.1). This gradient
reflects a decreasing thermal gradient with distance froraythierolcanic fault controlling fluid
flow to the seafloarin footwall alteration pipes, idealized mineralization zoneslgrfrom
chloritic andsericiticinner and intermediate zones to an albitic outer domain. Aaileceore of
the pipe is characterized by high concentrations of secondary quamxéhgrint primary

volcanic textures and earlier formed alteration zones. Thasomnmonly intersected by



sulfide stringer veins. The intermediate chlorite zone is tylgifiale-grained, Cu-enriched, and
massive, and alteration is strong enough that primary volcanic texreeypically not
preserved. In most deposits, this zone is definea ldg-chlorite inner domain and a Fe-chlorite
outer domain. The sericitic zone contains elevated abundances of aluptases and grades
outward to an albite zone in which primary volcanic texturesamemonly preserved (Figure
1.1; Gifkins et al., 2005)

Stratabound VMS deposits comige about half of all documentadVS deposits, and
contain alteration zones that are parallel to the host stratigrafiter than cross-cutting at a
high angle (Gifkins et al., 2005). Massive carbonate zones are oraraan in these deposits
and sericitedch zones that extend laterally and vertically around and beneath thet@eposi

volumetrically dominant.

The types of alteration mineral assemblages within the footwdlhanging wall of a
VMS deposit depend on host rock composition and the temperatures and inheneistrees of
mineralizing fluids. For example, high-temperature (350 ¥C) fiildis mafic host successions
result in Cu-rich massive sulfide precipitation with a Fe-cétdarch and silicified footwall,
while the same temperature fluids within felsic host rocksltrés more silicification of the
footwall and a higher abundance of Mg-chlorite. Hydrothermal fluids ofnrediate
temperatures (250-300 %C) result in less Fe-chlorite and theaappesfrmuscovite and quartz
(Franklin et al., 2005).

Exploration forVMS deposits commonly targets the alteration halos surrounding the
deposits, as these can be significantly larger than the masdide sué zones themselves
(Franklin et al., 2005). In addition, the mineralogical zoning thebmsmon in alteration halos
may be used as a vector toward mineralized zones (Galley B35, Gemmell and Herrmann,
2001; Goodfellow, 2003; Morrison, 2004). The alteration haloes of some AMMS deposits

are characterized by aluminous and silicic hydrothermal alber@tlannington et al., 1999).

1.3 MetamorphosedvMS deposits

Within orogenic beltsyMS depositsarecommonly overprinted by regional or contact

metamorphism and deformation. Where affected by deformation, mulé ofiginal geomeir



relationships defined by ore and alteration zones may be complexly etbli&tamorphism
results most commonly in tis#licatemineralogy of the ore lenses and alteration halos that are
transformed during recrystallization at higher P-T conditions. Saamfirecrystallization and
mobilization of ore minerals savell asre-equilibration of mineral assemblages within' S

depositOs alteration hadwecommon evert greenschistaciesconditions.

At high metamorphic grades, the link between the primary al@raharacteristics and
thar metamorphosed equivalemsscommonly unclear (Corriveau and Spry, 2014). However,
major and minor element compositions of alteration halo rocksoanenonly preserved through
metamorphism, because the processes associated with sub-s@idnalnmetamorphism,
besides progressive loss of water and carbon dipai@essentially isochemicédHammerli et
al., 2016) Apart from volatile loss, major and minor element compositioor poi the onset of
partial melting and melt loss should not change without high fluid fl(&ask and John, 2007,
John et al., 2008). Therefore, the preservation of geochemicallyatliztines within an
alteration halo allows for the use of metamorphic mineral assgedlbs possible indicasmf
the original hydrothermally altered protolith, and so proximity totlassive sulfides (Bonnet
and Corriveau, 2007a; 2007b).

In general, each geochemically distinct alteration zone witMRI& deposit will result
in a geochemically equivalent metamorphosed alteration halo zone (Bomh€brriveau,
2007a; 2007b). Diagnostic metamorphic mineral assemblages in each zoddlkimudate
associations between unmetamorphosed deposits and their metamorphosepastairfter
example, the F&Ag-rich pipe feeder zone present in most deposits will developanmephic
assemblage rich in Fe- and Mg- minerals such as biotite and ¢@omsveau and Spry, 2014
In Au-rich deposits, aluminous hydrothermal alteration during deposittamcan result in
metamorphosed alteration halo minerals including andalasd kyanite (Gifkins et al., 2005;
DubZ et al., 2007). However, published research of the mineraltdagesithat result from

metamorphism o¥MS deposits has been limited (Gifkins et al., 2005).

1.4 Research aims/statement of purpose

This research is focused on metamorphosed hydrothermal alteratioroztime$ootwall
to the main orebody of the gold-rich LaRonde-Penna volcanic-hosted masigide (VHMS)



deposit, which is located in the Archean southern Abitibi greenstonm lfgliebec, Canada
The deposit contains four main massive sulfide lenses that arel mos$tedrothermally altered

and metamorphosed volcanic and volcaniclastic r@dkscierLangevin et al., 2017).

The study utilizes the footwall alteration halo rocks at LaRorete® to further
understand the effects that protolith bulk composition can have on theah@ssemblages and
textures that result from metamorphism of VHMS deposits. Aile@etpetrologic and
geochemical study was integrated with a phase equilibria modelingaapwith the purpose of
connecting the bulk geochemistry of a subset of hydrothermally altedesh@tamorphosed
rocks from the altered footwall to the LaRonde-Penna deposit witretipected mineral

assemblagesnd how these mineral assemblages vary in P-T space.
This thesis presents the results of research that addnesskesyt questions:

1) How are variations in protolith bulk composition (major and mitement chemistry)
aaoss an alteration halo reflected in metamorphic mineral ddages over a range of P-

conditions?

2) If phase equilibria models can effectively describe theioakstips between pre-
metamorphic alteration zone and mineral assemblages, can robustiypegzhase equilibria
models be developed that allow for a relationship to be establisheedmetiteration halo
compositions from unmetamorphosed deposits to assemblage domainsnmethenorphosed

equivalents?

In this study, field relationships are integrated with petrolagit geochemical
investigations to characterize metamorphic mineral assembladeexures, metamorphic
mineral chemistry, and bulk rock geochemistry along two transectsginthe deposit footwall
that preserve contrasting mineral assemblages. Maximum P-Tioasdif metamorphism at
LaRonde-Penna are estimated based on forward modeling of phase edaitisglected rocks
from the deposit alteration halo. Mineralogical and geochemiaatsdsom this study yield
potential implications for the relationship between variations atopth bulk compositions and

their resultant metamorphic assemblages.



1.5 Thesis organization

This thesis is organized into seven chapters. Chapter 1 providasagtuction to the
subject matter and presents the problem that this researciptstteraddress. Chapter 2 presents
an introduction to the geology of the southern Abitibi greenstone betbdhd LaRonde-Penna
volcanogenic massive sulfide deposit. Chapter 3 gives an overview oéthedulogy of data

collection, analysis, and modeling that was implemented in the study.

Chapter 4 dsxibes the petrology of thgarnet-bearing footwal(Transect 1) and the
aluminosilicate-bearing footwa(lTransect 2atLaRonde-Pennd he chapter groups rocks by
protolith, petrologically distinguishing samples by texture, metamogsgsemblage group, bulk
geochemistry, and mineral chemistry. Data presented in this cladiptera basic metamorphic
reaction history to be established and a probable pressure-temppedtudeiring

metamorphism to be constrained.

Chapter 5 presents the results of conventional geothermobarometry ugedtoand
interpret phase equilibria and mineral stability diagrams. Regsébria modeling for six
representative samples distinct in bulk composition and minerahbkssge is also presented.
Along with the construction of P-T pseudosections, contrasting bulk congpssiite modeled

and illustrated in temperature-compositional (T-X) and pressurg@asitronal (P-X) space.

Chapter 6 discusses the results of the study and providestianatefor the PT
conditions at which the LaRonde-Penna deposit was overprirhecchapter describes how
thermodynamic modeling has aided in understanding the timing and chataser
metamorphism at LaRonde-Penaad discusses the implications of this research for further

modeling ofVMS alteration hales.

Chapter 7 presents the conclusions of the research and makes recotiomehalafuture

work.



CHAPTER?2

GEOLOGICAL BACKGROUND

This chapter provides a brief introduction to the regional geologtiahg of the
LaRonde-Penna deposit within the southern Abitibi greenstone belt)lasvaebackground to

the LaRonde-Penna deposit geology.

2.1 The Abitibi greenstone belt

The LaRonde-Penna deposit is situated within the southern portion obitiia A
greenstone belt, a highly explored and studied Neoarchean greenstdoeabeit in the
Superior province, straddling Ontario and Quebec in eastern Cangdee(E.1). The belt is
made up of asttrending successions of folded volcanic and sedimentary rocks and various
intrusions that have been metamorphosed to greenschist and amphibgdgeztaditions.
Supracrustal rocks of the belt were deposited over a time span omilli@b years, from about
2795 to 267Ma. Six submarine volcanic assemblages have been identified in theefesited
to from oldest to youngest as the Pacaud, Deloro, Stoughton-Roquemaur®)ufidy-Tisdale,
and Blake River assemblages. Following submarine volcanism, thepeeit of successor
basins resulted in deposition of the sedimentary Porcupine and Timigkasgsemblages. Major
easttrending ductile-brittle deformation zones cut across the entiemgi@ne belt (Moneeket
al., 2017).

The Abitibi greenstone belt has historically been divided into northetrsauthern
portions based on differences in metamorphic grades, the charattaslame of intrusive
rocks, and stratigraphy (Powell et al., 19Paigneault et al., 2004; Monecke et al., 2017). The
southern Abitibi greenstone bétwell-known for the widespread occurrence of gold-NWS
deposis. As a consequence of this, and due to generally low temperatures ofimusg
metamorphism, thareahas been the target of research both into the origins of Archeands
and the formation of synvolcanic gold deposits (Powell et al., 1993; RatdRoulsen, 1997
Hannington et al., 1999; Gibson and Galley; 2007; Monecke et al.,.201f¢ southern Abitibi



greenstone belt, the majority of gold-rigiMS deposits including LaRonde-Penna are hosted by

rocks of thec. 2704 to 2695 Ma Blake River assemblage (Monecke et al., 2017).
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Figure 2.1 Location of the Abitibi greenstone belt within the Supermripce, with other

Superior subprovinces shown (after Monecke et al., 2017).
The Blake River Group forms part of the Blake Riassemblage and outcrops in the
southeastern wedge of the Abitibi greenstone belt, bounded by the Porcupioed@éormation
zone in the north and the Larder Lake-Cadillac deformation zone sothk (Figure 2)2 In the
study area (Doyon-Bousquet-LaRonde mining camp), the Blake River Grsulpdided into
the HZbZcourt Formation and upper and lower members of the Bousqueti¢rgrwiaich
consist of mafic tholeiitic and intermediate transitional volcamits, as well as volcaniclastic

rocks (Figure 2.2MercierLangevin et al., 2007a; 2017; Monecke et al., 2017).
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Figure 2.2. Location and regional geology of the Doyon-Bousquet-LaRonde mam(after
Lafrance et al., 2005; Mercier-Langevin et al., 20@abZ et al., 2014).

2.2. Deformation historyof the southern Abitibi greenstone belt

The sequence of regional deformation events in the southern Abitibistpae belt is
complex and contested. The volcanic successions in the Abitibi greebsltotgically have a
steep dip and are complexly folded and faulted. Several promineld-rittile deformation
zones and their splays cut across the belt. The deformation loétbiey belt has been compiled

through outcrop relationships in the field and geochronological evidence (Mogtegke2017).



Deposition of the six volcanic assemblages of the Abitibi greenstdihecoarred in a
dominantly deep marine setting. The large volume and flysch-like ceaxddhe Porcupine
assemblage are signs that the detritus of this sedimentary packsagerivedrom a shallow
marine or subaerial hinterland, presumably created as a rethudt @rly phases of mountain-
building at <2690 to <2685 Ma (Monecke et al., 2017). The contact bethwesaobmarine
volcanic rocks and the overlying Porcupine assemblage has been documentdestasformity
or low-angle unconformity, suggesting that deformation was restrictiée thinterland, and that
the submarine volcanic facies were not deformed prior to Porcdppusition. It has been
suggested that the Porcupine assemblage was deposited into distimcbdgdferent times
during an early phase of norttrsouth-propagating progressive deformation (Frieman et al.,
2017).

In several well-documented outcrop areas, tilted and folded volcatscofithe Blake
River Group and sedimentary deposits @Rlorcupine assemblageeseparated by the
sedimentary Timiskaming assemblage by a high-angle unconformity. Thisangabnformity
suggests the existence of at least one major phase of deformaiiaio pine deposition of the
Timiskaming assemblage (Monecke et al., 2017). This pre-Timiskgohige of deformation
may be associated with regional thrusting, evidenced by volcanic uratky lttwust onto
younger Porcupine assemblage rocks (Bleeker et al., 2006; Dinel26Q8a). As much of the
Timiskaming assemblage has been deposited in a subaerial settimge-Tmiskaming

deformation must have resulted in crustal thickening and uplift (Moneeke 2017).

Following the deposition of the Timiskaming assemblage, a periodudtitng and
folding occurred, the effects of which have been recognized in tdgfiteinecke et al., 2017).
This period is generally referred to as the main deformation @vémd Abitibi greenstone belt
(Ayer et al., 2005; Robert et al., 2005; Bateman et al., 2008n&®»nal faults that may have
previously controlled Timiskaming deposition were reactivated as tkioked thrust faults
during this fold-and-thrust period (Bleeker, 2012; Moneekal, 2017). The reactivated faults
would have resulted in the structural burial of the Timiskamingasisge, which could explain
the fact that the Timiskaming and older volcanic rocks are of itasimetamorphic grade
(Monecke et al., 2017). The major crustal shear zones in théiAdnéienstone belirecurrently
vertically-dipping and locally overturned. Oversteepening may have beemassdadith a final

crustal shortening phase



The main fabric documented throughout the belt post-dates deposition of the
Timiskaming assemblage and is most intensely developed along thecrogjat deformation
zones However, fault-related fabric development is heterogeneous (Moneaeke2217) A
younger crenulation cleavage is recognized throughout the southern Abitistgres belt
(Monecke et al., 2017).

2.3. Regional metamorphism of the southern Abitibi greenstonieelt

Regional metamorphism of the Abitibi greenstone belt has been congtraibe
dominantly sub-greenschist to upper greenschist / lower amphibolite tariditions (Powell et
al., 1995; Monecke et al., 2017), with assemblages associated ieitally developed
penetrative fabric (Gibson and Galley, 2007). Metamorphic grade bethbroadly increases
southward, with isograds apparently shallowly-dipping to the north and treswpgrallel to

the eastwestlithological and structural trends.

Peak metamorphic conditions at the Doyon-Bousquet-LaRonde mineacaratthe
boundary between upper greenschist and amphibolite facies, while reekéete in the Abitibi
reach maximum P-T conditions consistent with the lower greendabies (Monecke et al.,
2017). Within the southern portion of the belt, the mafic volcanic rotkse Blake River Group
increase in metamorphic grade to the south, grading from pumpetityppechnite-pumpellyite-
and prehnite-epidote-actinolite facies. On either side of the Poesljmstor deformation zone,
a prehnite-actinolite-epidote-quartz isograd separates these lesupd<2 kbar) rocks from

the sub-greenschist facies rocks of the north (Powell et al., 1995).

The greenschist to amphibolite-facies transition is representdgklappearance of the
actinolite-oligoclase and the hornblende-oligoclase zones north of ttierllaake Cadillac
deformation zone. Andalusite occurs in contact-metamorphosed peralumieoaisoa pipes
belowVMS deposits in the Noranda camp that are proximal to plutons that fereeg#onal
metamorphism (Powell et al., 1984). That andalusite persistsghiregional metamorphismda
led past researchers to conclude that pressure could not have dxteealeminosilicate triple
point at 3.8 kbar (Holdaway, 1971) during greenschist-facies metamor(fPasuell et al.,

1984). However, at lower temperatures and pressures the appedrkyasite has been

documented, and more detailed peak P-T conditions have not been constrained.



In the upper-greenschist to sub-amphibolite facies mafic rocks 8lake River Group,
chlorite and amphibole commonly define a persistent foliation. An analdgicatton defined
by white micas and biotite is observed in sedimentary rocks of tthédacaGroup to the south.
These textures are subparallel to the cleavage and lineation degatagdong the Porcupine-
Destor deformation zone, indicating that regional metamorphism ard évelopment along
the fault were probably coeval. However, metamorphic isograds crdssgbuihe Porcupine-
Destor and Larder Lake Cadillac deformation zones, suggestingnéhtiming of peak
metamorphism postdates the majority of ductile fault movementnatitiel two deformation

zones (Powell et al., 1984).

2.4. The LaRonde-Penna deposit geology

The LaRonde-Penna deposit is located in the eastern portion of the Doysqtigt-
LaRonde camp, which is located in #stermpart of the southerAbitibi greenstone belt
(Figure 2.2). The camp is one of CanadaOs most prolific Awistith over 25 Moof Au
contained within its deposits (Mercier-Langevin et al., 2007). Thdadrgkly consists of Au-rich
VMS deposits, synvolcanic sulfide-rich vein zones, sulfide stockwork anehalisation
deposits, intrusion-hosted sulfide-rich quartz vein depasits orogenic sulfide-rich Au-Cu
deposits. The camp is also a major Cu, Zn, and Ag producer, imadditAu (Mercier-
Langevin et al., 2007b). LaRonde-Pemheurrently the second-largest Au-ristMS deposit in

the world, containing 71 Mt of Au at 3.9 giércierLangevin et al., 2017

The LaRonde-Penna depasiis within a wedge-shaped block of rocks belonging to the
c. 2703 to 2694 Ma Blake River Group (Barrie et al., 1993; Mortensen, 19@8;eAal., 2002;
Lafrance et al., 2005), whigk bound by the Lac Parfouru (Porcupine-Destor) fault in the north
and the Larder-Lake-Cadillac deformation zone in the south (FigureTB& host rocks to the

sulfide lenses form a steeply-dipping and south-facing homoclinal sequence

The Blake River Group at LaRonde-Penna has been subdivided into the HZbZcour
Formation, consisting of tholeiitic basalt flows to the north, anddterlying) Bousquet
Formation to the south (Figure 2L&Afrance et al., 2003). The Bousquet Formation is divided

into a lower member made up of tholeiitic to transitional, m@afintermediate, effusive and



volcaniclastic units, and an upper member consisting of transitionald@lkaline, intermediate

to felsic, effusive and intrusive units.

The upper member of the Bousquet Formation hosts four main ore teméaming the
majority of metals found at the LaRonde-Penna deposit. The largest@st prolific ore lenses
are the 20 North (20N) and 20 South (20S)édanthe 20S lens is a semi-massive to massive
lens located high in the stratigraphic sequence and contains pyritesrgphahalcopyrite,
galena, and pyrrhotite. The 20N lens contains the bulk of gold-rich farara is divided into
two sub-zones: the 20N Au zone, and the 20N Zn zone located stratigrgpddicade it. The
20N Zn zone forms a massive sulfide lens that is primarily cordpafdease metal-rich minerals
such as pyrite, sphalerite, chalcopyrite, and galena. The 20N Au aotaéns auriferous
minerals (pyrite and chalcopyriteyhich comprise a dense stockwork zone that grades into a
zone of disseminated and semi-massive sulfide lenses at degthteSanses found in the
lowermost levels of the host succession include Zones 6 and 7, whiobnapesed of semi-
massive to massive pyrite, chalcopyrite, and sphalerite (Mdrarggevin et al., 2007a; Dulef
al., 2007).

The footwall to the 20N ore zone is made up of a series of todktsic volcanic and
volcaniclastic flows, domes, and breccias (Mercier-Langevah. €2007a). The relative
stratigraphic locations of host units are shown in Figure 2.3. Aiake of the footwall
succession, a basaltic and andesitic unit (Unitid.dyerlain by a dacite-rhyodacite unit (Unit
5.1b). Unit 5.1b largely occurs as shallow sills, small domedddoas, and flow breccia
complexes. The first subunit, 5.1&)}, is a 525-m-thick section of feldspar-microporphyritic and
amygdaloidal sills with minor volcaniclastic rocks. An andesitatddSubunit 5.1b-(b))
overlies this as massive, pillowed, and feldspar-phyric flowsp &8 tm thick, mixed with local
polymictic volcaniclastic rocks. Above this lies the thickest imthis package, Subunit 5.1b-
(d), a 25-150-m-thick sequence of massive rhyolitic-dacitic domesntgispersed lobes and
flow breccias. Several 2-10-m-thick andesitic sills (Subunit 5c)biitrude Subunit 5.1b-(d)
(MercierLangevin et al., 2007a). A rhyodacite-rhyolite (Unit 5.2b), made upyaflitic flow
breccias with interspersed rhyolitic domes or cryptodomes (UnitF)2is-one of the final units

in the footwall succession, often directly underlying the 20N ore.zone
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Figure 2.3. Geologic cross section of the LaRonde-Penna deposit showing basic lithology and
the drill hole traces of logged transects (modified after Mercier-Langevin et al., 2007a).



The upper Bousquet Formation host-rock sequence of the LaRonde deposiais tver
the south by the sedimentary rocks of the Cadillac Group, a turbelificeace that has
deposition age of approximately 2689 Ma, forms part of the Porcupseembiage (DubZ et al.,
2014). The Cadillac Group at LaRonde-Penna lies unconformably above thdoppguet

Formation, with a ~10 Ma gap between the two units (Mercier-Langs\al., 2007a).

2.5 Deformation and metamorphism at LaRondd?enna

Deformation and metamorphic events in the Abitibi greenstone beltnudieeably
modified the geometry and mineralogy of the deposit, including mineraaees and

associated alteration zones (DubZ et al., 2008).

The steeply-dipping orientation of the host sequence has been interpregiedt an
early north-south compressional event that caused regional folding (letilaért1984; Mercier-
Langevin et al., 2017). This event is regionally characterizedftig aystem northwest-trending
fold axes(Hubert et al., 1984).

A second deformation event represented by an east-trending, steeply pputh;di
penetrative schistosity, overprinted early folds (Daigneault €2@02; Mercier-Langevin et al.,
2007b; Mercier-Langevin et al., 2017)e@meter to meter-wide, east-trending, high-strain
corridors (commonly at lithological contacts or zones of contrastieglogy are attributed to
the second deformation event, which has been suggested to be responfditeriorg ore

lenses andemdvilizing sulfides DubZ et al., 2007; Mercier-Langevin et al., 2007b).

The second deformation event is interpreted to be concurrent wihaple
metamorphism to peak upper-greenschist and lower-amphibolite fadesonphism (Mercier-
Langevin et al, 200)7 Metamorphism has resulted in varied metamorphic mineral assgesbla
across the footwall and hanging wall units of the deposit. Altdmgalitic to rhyodacitic
footwall units have mineral assemblages that are dominated by ntesaodibiotite, with or
without garnet. In contrast, footwall unitgeralto the 20N ore lenarecharacterized by more
aluminous phases, including andalusite and kyanite, along with garnetaralits.
Metamorphosed alteration zones in the 20N lens hangincawatharacterized by a ~1-m-thick

area of fracture-controlled pink rocks composed of quartz, biotitks/amatase, and titanite,



with scattered sulfide stringers. In the immediate hangingataiVe the 20N lens, the
metamorphic assemblage is dominated by biotite and staurolite (DabZ2€07 Mercier

Langevin et al., 2007a/b; Mercier-Langevin et al., 3017

2.6. The LaRonde-Penna deposit model

The primary geological characteristics and features of the LaRtapiesit are
sufficiently well preserved so as to allow, based on extensiVeahe data, for the description
and reconstruction of the primary volcanic setting and the mechanismaaflization, despite

intense overprinting by deformation and metamorph{igl@rcierLangevin et al., 2007a).

Two sets of orthogonal synvolcanic structures have previously been defitisel b
distribution of the main volcanic host units of LaRoilercier-Langevin et al.2005) The
main set corresponds to a depression along the axis of the dejussigtiéd by the direction of
elongation of the host rocks and ore len3é&® second set of structurieperpendicular to the
first, andis expressed by the metal distribution pattern within LaRonde-Pentenses. The
focusing of ore-bearing hydrothermal fluids is interpreted to haudtedsrom the permeability
introduced by these intersecting synvolcanic structures (Mercier-Langeal., 2005; 206G,
2007b). These structural features also restricted the settingeéh wolcanic units could be
emplaced and distributed, which, when coupled with rapid, post-emp@atéurial of the host
sequence, contributed to the large size of the LaRonde-Penna nsasfileelenses (DubZ et al.,
2007; Mercier-Langevin et al., 208/1).

The stacked distribution of the 20N, 20S, 6, and 7 mineralized zomsr{greted to
reflect formation from a single hydrothermal fluid upflow zone withie upper member of the
Bousquet Formation. The 20N lens is interpreted to have formed viseaflber deposition of
sulfides in rhyodacitic-rhyolitic autoclastic breccias and volcasiiddacies (Unit 5.2b, Figure
2.4). In this model, sub-seafloor mineralization was assisteldebgrplacement of relatively
impermeable coherent rhyolite and basaltic-andesite flows (UBitsral 5.4, respectively)
stratigraphically above the 20N lens. Mineral deposition and zonemedittavas likely
improved due to the chemical evolution of hydrothermal fluids that sesaked beneath
impermeable volcanic rocks. A stockwork zone of pyrite veinlets cowptbdstrong hanging

wall alteration (now reflected in metamorphic mineral asdages) indicates that as a result of



fluid pressure buildup, the hydrothermal system permeated 20N lens haradjingive,

migrating upward creating the 20S lens stratigraphically above théeP@NIn this model, zones
6 and 7 formed due to continued focused fluid flow through the uppermost gaetBbusquet
Formation (DubZ et al., 2007).
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Figure 2.4. Schematic model (pre-metamorphic construction) ofaRende-Penna VHMS
deposit modified from Mercier-Langevin et al. (2007a) (not to scale) variations in
alteration style observed along ore lenses at depth, especiallytia¢o2g North lens, are
illustrated. Target sampling locations (Transects 1 and 2) arensfioansect 1 is a 500 m
transect through a garnet-bearing and aluminosilicate-absent zone twéldON lens
footwall. Transect 2 is a 50 m transect through an aluminosHitcdteone within the 20N
lens footwall.

The lateral and stratigraphic variation of metamorphosed @adterassemblages in the
hanging wall and footwall of the LaRonde deposit has been attributedadblearontributions of
magmatic volatiles and convective hydrothermal circulation of seawdéten a single,
protracted system (DubZ et al., 200Namely, AuZn-Cu-Ag-Pb mineralization (associated with
neutral hydrothermal fluid input affected by the addition of ambieawater) is interpreted to
have occurred at intermediate depths and temperatures. By coltr&tmineralized zones
within the deposit are interpreted to have formed at higher tetnpesand were affected by

acidic fluid input from rhyolite and rhyodacite domes or subvolcanic ioimegDul¥ et al.,



2007; Mercier-Langevin et al., 2007b). Metamorphism of altered focksed by cooler, neutral
fluids resulted in biotite-muscovite-(garnet) mineral assemblagate aluminous mineral
assemblages including kyanite, andalusite, staurolite, and garneteapjpetire areas originally
affected by hot, acidic fluids (Mercier-Langevin et al., 200}/ d.aterally-related but distinct
styles of alteration have been suggdsts evidence that diverse styles of weh VMS deposits

can coexist within the same location (Figure DdbZ et al., 2007).



CHAPTERS

MATERIALS AND METHODS

To address the aims presented in Chapter 1, thesis researolyeshamombination of
field work, petrographic studies, microanalytical research, wioalke geochemical
investigations, and phase equilibria modeling. This chapter outlinesriethods and provides

a background to the construction of mineral assemblage stability de@Painpseudosections).

3.1 Field work

Over the past two decades, extensive drilling has been perforiedlatRonde-Penna
deposit and the surface geology has been mapped in detail (Agnico-Eaijéel{ Duty et al.,
2007; Mercier-Langevin et al., 2007). Existing maps and cross-seat@esused as a
framework for the present study, which foeden key compositional and assemblage transitions
within the alteration halo. A total of 76 samples were colteftem two representative drill
holes intersecting the ore lenses at different depths within Reride-Penna deposit (Figure
2.3). During logging and sampling, specific attention was paid to nogpdue mineral
assemblages and textures (including grain sizes and abundance)otramsiassemblages, and
any structures present. For consistency, lithological distinctions nvade in accordance with

previously established lithogeochemical units (Mercier-Langevin,e2@07).

Transect 1 is a ~150-m-long interval of drill hole 3146-05 that spardathic to
rhyolitic units of thegarnet-bearing footwallbeginning at Unit 5.1b(d) (dacite to rhyodagite
and ending in Unit 5.2b (rhyodacite to rhyolite), just below the 20NrA&LZan ore zoneDrill
hole 3146-05 intersects the mineralized zones (20N and 20S) at appebyxid@t m of drill
depth and is considered to be a good representation of the distributiotsafitimin the
footwall of the 20N lens (Figure 2.3). The transect was chostamget footwall rocks that
preserve garnet-bearing, andalusite/kyanite-absent mineral assesnhléggpart of a larger
section of the footwall, and was logged at a 1:2000 scale with adodie nature of

porphyroblasts b specifically the size and abundance of garnet.



Transect 2 is a ~50-m-long interval of drill hole 3215-16@¥ated 500 m along strike
of Transect land >1000 m deepé@r the mine (Figure 2)3This section of drillcore spans the
rhyodacitic-rhyolitic units of th@luminosilicate-bearing footwalbeginning within Unit 5.1b(d)
(volcaniclastic rhyodacite) and ending within Unit 5.2b (coherent rhyolitay section was
logged at a 1:200 scale, tvlithological distinctions made between volcaniclastic and coherent
rhyolitic rocks that make up the 20N lens footwall. The transestolasen to target footwall
rocks that preserve andalusite/kyanite-bearing mineral assemblatipest without garnet and
staurolite. Special attention was paid to the occurrence ofamsitions between different
metamorphic mineral assemblages and deformation textures. ThelWBN rineralized zone is
located stratigraphically above the logged section of the drill holevdsinot considered for this

study.

3.2 Sample petrography

A subset of 35 samples from Transects 1 and 2 were selectathBralogical and
textural characterization. These samples were selected taseetamorphic mineral
assemblage, textural characteristics, and other structéatalrés (e.g., foliation). Samples were
collected from ten logged OprotolithsO ranging in rock type fromibasatyolitic, and

inferredvolcanic texture from coherent to volcaniclastic.

Petrographic characterization of samples was conducted using titaddight optical
microscopy, automated mineralogical analysis (QEMSCAN?) and scanniectr®n
microscope (SEM) analysis. The objective was to illuminatetyie, facies, and timing of
metamorphism as well as the relationship between distinct hydrathalteration zones and
their corresponding metamorphic assemblages, using a thorough chaatoteatthe
mineralogy and textures in each sample. Polished thin sectiongnadeeat Spectrum

Petrographics, in Vancouver, Washington.

SEM analysis was conducted at the Department of MetallurgidaMaterials
Engineering, Colorado School of Mines, using a FEI QUANTA 600i ESEM svPGT EDX
spectrometer. Automated mineralogy scanning was conducted at the QE¥&Cility at the
Colorado School of Mines. The QEMSCAN? system is based on a CadsZeVO 50 SEM

equipped with one four-quadrant semiconductor diode backscatter electrond@&g&or and



four Bruker X275HR silicon drift energy dispersive X-ray (EDS) dete; which are integrated
with the iMeasure-iDiscover information processing software sbDiteing the automated scans,
the system collects a BSE signal and an EDS spectrum atiicspeel size that is defined by
the user. For this study, a pixel size of 30-microns wastseldor step-size resolution. After
scanning is complete, the iDiscover software uses a Speciesi¢tdénn Protocol (SIP) list to
identify a mineral or boundary phase (e.g., beam overlap of 2 ornrmpegals), based on a
combination of that mineralOs BSE intensity value and the relatévesities of EDX spectra
peaks. If a mineral group, compositional range, or end-member is setpre the SIP library,
the user is required to create a SIP definition. The resdtiags were used to provide overview
images of mineral textural relationships and a quantitativeurea$ modal abundances of
minerals within each sample, in order to attain a precisgigaen of the metamorphic mineral

assemblage for a given bulk composition.

3.3 Chemical characterization of minerals

Major element analysis of mineral compositions was carried oog @aslEOL 8900
electron microprobe at the United States Geological Survey Denceolddam Laboratory in
Lakewood, Colorado. Beam conditions included an acceleration voltage of 1ls&fltkiand a
spot size of 1-3 microns. Electron microprobe point analysis acimphic assemblage
minerals and accessory phases served to identify and define absatptastions and
compositional zoning within minerals. X-ray intensity maps of garretiged element
distribution maps (Fe, Mn, Ca, Mg, and REE) for garnet porphyrobata.were used to
determine pressure and temperature conditions of assemblage eduriljlaatl cheacterizethe
overall pressure-temperature evolution of the rocks during metamorgtsnanalysis of minor
elements (e.g., Mn) is important, as they may influence tbdistaf certain mineral

assemblages (e.g., P-T conditions of garnet-bearing assemblages

3.4 Whole-rock geochemical analysis

Thirty representative rock samples that encompassed a wide fang&morphic

mineral assemblages and textural relationships between mineraselected from Transects 1



and 2 for geochemical analysis. Where samples displayed evidenaeeodlrassemblage
variation between layers, each layer was sub-sampled sepafaeiples were crushed and
powdered at the Colorado School of Mines sample preparation fagdityg a RockLabs Boyd
Crusher, followed by a RockLabs standard ring mill. Vials of ~&dngrof milled material for
each sample were sent to ActLabs in Ontario, Canada, and meesged for major, minor, and

trace element analyses.

3.5 Geothermobarometry and phase equilibria modeling

Mineral assemblage stability in metamorphic rocks is governed bgtdreection
between the bulk composition of the protolith, the pressure-tempecatudéions during
metamorphism, and the composition and flux of fluids accompanying metanmorhiaddition
to the role that major elements play in determining the rairmssemblage evolution, enrichment
or depletion in minor elements may also influence the P-T condgitowkich certain minerals
and mineral assemblages are stable during metamorphism.dat@arsense, this may affect
the temperature at which a reaction is crossed and/or when ahfirstrappears during
prograde metamorphism. This also affects the PT ranges over avagriostic assemblages may

be stable.

To outline the relationship between the bulk geochemical compositidrzdRoinde-
Penna rock protoliths and the resultant mineral assemblages ighiodks® metamorphic
equivalents, conventional geothermobarometagpaired withaphase equilibria modeling
approach. To constrain the temperatures of metamorphism at LaRemade-Bvo independent
thermobarometers were used b the garnet-biotite Fe-Mg exchangertieter and the garnet-
aluminosilicate-quartz-plagioclase (GASP) thermometer. Tteesperature estimates were used

asa framework within which phase equilibria modeling could be emplagddnterpreted.

Selected samples were chosen for input into thermodynamic equilibdeling
programs that interpret bulk rock major and minor element oxide cotignssio generate
pseudosections D equilibrium phase diagrams that can predict theydtalas of different
mineral assemblages based on a single bulk compodtidhdr a specific range of
compositionsR/T-X). In a pseudosection, the modal abundances of minerals and the

compositions of those solid solution minerals are known accuratelll fiarts of a calculated



diagram, such that the diagrams can be contoured for these parafmtessample, the
abundance of Mn present in the original bulk composition can be accounted fomabteling
reactions involving the growth and breakdown of garnet (Mahar et al., P@&i5on and Seitz
2012; White et al., 2013b

While simplified chemical systems likeeO-MgO-Al20s-SiOx-H20 (FMASH) can
provide some information as to the general reactions that atfiese relations in a rock, the
inclusion of additional major elements, such as Na, Ca, and ¥OfRaOK,0O-FeOMgO-
Al203-Si0-H2,0 BNCKFMASH; or adding TiQ and a proportion of oxidizelde b
NCKFMASHTO), allowsfor a more comprehensive system to be modeled, including the
inclusion of phases like ilmenite, rutile, hematite, and/or magndthese more comprehensive
assemblage modemay significantly affect the predicted stability ranges of aertsetamorphic

mineral assemblaggsroviding improved constraints on P-T-X information (Diener et al., 2008)

The thermodynamic properties of minerals based on their majorr@leorapositios
are well documented via experimental and empirical studies, amegthextensive phase
equilibria modeling of traditional protoliths (pelitic, mafic)oWever, the role of minor
elements, specifically Mn, are less well known. This isigalgrly true for non-traditional
protoliths such as alterdelsic (silicarich) volcanic rocks. A few key studies have been
undertaken that successfully modeled the influence of Mn on the stabititineral
assemblages in metapelitic and metagraywacke compositionsMal@r et al., 1997; Tinkham
et al., 2001; Pattison and Seitz, 2012; White et al., 2014b). Thebesstevealed that the
stability field of garnet is significantly increased to lowemperatures with increasing Mn and
Fe:Mg ratio in the bulk composition. For metapelites mredagraywackes, increases in Mn and
Fe (over Mg) can lower the temperature at which garnetdmséars by ~100 ¥4C (Mahar et al.,
1997, Pattison and Seitz, 2012). In a separate study, the additior3 @fteZ®MnO to a
metapelitic bulk composition was shown to lower the temperatuteajarnet-in reaction to as
low as ~490 ¥4C (White et al., 2014b). These authors suggested ¢batgositions with higher
MnO contents, the garnet-bearing assemblages could appear at evetetoperatures than the
first appearance of biotite, while leaving the other indicator ralaseinaffected (White et al.,
2014b.



Thermodynamic software has been developed that estimates theaaagesich
mineral assemblages are stable, using mineral composition mixidglsithat give reasonable
approximations of the thermodynamic behavior of the minerals (e. ERMDCALC, Powell
and Holland, 1988; Holland and Powell, 1988; Perple_X, Connolly, 1990; 2005). Phase
equilibria modeling programs may employ the use of equilibrium thermatdgaan two ways.
The first (Perple_X, Connolly, 1990; 2005) is based on a Gibbs fregyemanimization
calculation that determines the most likely stable minerahdsageat a given PF point for a
specific bulk composition. While Perple_X allows for pseudosections todaged fairly rapidly,
the very small differences in Gibbs free energy between someahassemblages may produce
artifactsin the output that contravene expected mineral assemblage behawdore#\st, the
user is requiretb ensure sure that diagrams produced conform to Schreinemaker@snailes

not violate the Phase Rule (Connolly, 2005).

In contrast, the phase equilibria modeling software THERMOCAL®VvEH and
Holland, 1988) simultaneously calculates multiple equilibria using amadtg consistent
dataset (Holland and Powell, 1998), and can be used for the forwartmga@ddculations of
phase diagrams for model systems. THERMOCALC solves non-lineaticaeggibased on the
relationships between the end-members of phases that are in aquilhich are calculated
either from pure end-member equilibria or from the equilibritno$e end-members that occur
as part of a solid solution. Pseudosections in THERMOCALC areractest by calculating
each equilibrium curve individually and building the diagram one reactiatiiae. The sister
program DRAWPD then combines the curves and creates a graphical(ewgpat PF

diagram).

Perple_X has the ability to rapidly produce pseudosections with arande of
thermodynamic databases and activity models. Pseudosections cabeasdguced that can
serve as foundations for more robust calculations in THERMOCALCage of this, Perple_X
version 6.8.1 (Connolly, 2009) was used to attain an estimate opwases are stable for a
given bulk composition. Diagrams were calculated in Perple_X isystems NCKFMASHTO
and Mn-NCKFMASHTO using an updated solid solution model (Connolly, 2&0® the
internally consistent dataset of Holland and Powell (2011). FollothisgTHERMOCALC

wasultilized to cross-check key mineral equilibria.



CHAPTER 4

CHARACTERIZATION OF THE LARONDEPENNA DEPOSITZONED ALTERATION
FOOTWALL - PETROGRAPHY, MINERAL CHEMISTRY, GEOCHEMISTRY,
AND METAMORPHIC REACTION HISTORY

This chapter addresses the question of how variations in the geochehisitks across
the alteration halo of the LaRonde-Penna VHMS are reflecteldebgistribution of
metamorphic miaral assemblages. Because mineral assemblage stabilityamorghic rocks
is highly dependent on the major and minor element concentrations of tbip(dMahar et al.,
1997; White et al., 2000; Tinkham et al., 2001; Diener et al., 2008sd¢raaind Seitz, 2012;
White et al., 2014a; 2014b), contrasting metamorphic assemialegjgly to reflect the

original alteration zone compositions.

The chapteDs bjective is to characterize in detail the mineralogical ttiams within the
LaRonde-Penna deposit with proximity to ore zones. Changes in miaseahllages, mineral
textures, and mineral chemistry are compared with chandmrgk rock chemistry, which reflect
the primary volcanic protoliths and their zoned alteration overpriot®€bt constrain
mineralogical transitions, two transects through the LaRonde-Peatveall were chosen, which
both track changes with proximity to the 20N ore i@vansect llocated in thgarnet-bearing

footwall, and Transect,2ocated in thealuminosilicate-bearing footwall

The chapter outlines in detail the lithological compositions of the falbtweach
transect, provides descriptions of the petrography and mineral cheafitdargeted samples
taken during core logging, and uses these data to support inferred metamesptions and
assemblage development histories in a number of contrasting asseddtegas. Mineral
chemistry data are further used to constrain the P-T conditiassemblage equilibration using
conventioral geothermobarometry. Data and interpretations presented in tpigichave been
used to guide the construction of phase diagrams, which are prese@Gteapter 5. The detailed
understanding of assemblage zoning relative to bulk compositional changeganttvall was

used to choose appropriate samples for P-T and P/T-X pseudosectionatmmst



4.1 Targeted footwall lithologies

The footwall to the 20N (Au and Zn) ore zone is made up of a sdrmaafic to felsic
volcanic and volcaniclastic flows, domes, and breccias (Mer@rg&vin et al., 2007a). At the
base of the footwall succession, basalt and andesite of Unit@\érigin by dacite-rhyodacite
of Unit 5.1b, which is primalry composed of shallow sills, small domes and lobes, and flow
breccia complexes. These are overlain by rhyodacite-rhyolite $L2b), which is made up of
rhyolitic flow breccias with interspersed rhyolitic domes or cryptoe®that directly underlie
the 20N ore zone. Both of the target transects intersect thenoktratigraphy. However,
detailed logging for Transect 2 was focused on Units 5.1b and 5.2b siihese volcanic

precursors preserve the best intensity range of inferred footveattadn

The locations of transects within the LaRonde-Penna deposit (Fig8re&sfwere
chosen to target representative sections through the two disyilest st alteration within the
deposit, which are now reflected in contrasting metamorphic miassamblageJransect 1
(garnet-bearing footwa)ltargets footwall alteration zones that have been interpretea/t
resulted from neutral, intermediate temperature hydrothermdlifiput affected by the addition
of ambient seawater. Transectaninosilicate-bearing footwall targets footwall alteration
zones that have been interpreted to have resulted from more addofith higher
temperatures thérmed more aluminous alteration minerals (DubZ et al., 2007; Mercier-
Langevin et al., 2007b). At LaRonde, the degree of pre-metamorphism hydrakladteration
intensity is assumed to increase with proximity to the 20N ore (faaiey et al., 1993; 2007;
MercierLangevin et al., 2007a/b), and is recorded in both trasid&etrographic and
geochemical comparisons were made between highly-altered footwks|(proximal and
adjacent to the 20N ore zone in Transects 1 and 2) and weaklygdtieteall rocks (including

rocks located away from Transects 1 and 2, and distal to the 20Nrm@E z

Despite metamorphism and deformation, primary volcanic featedlecally preserved
within the volcanic host units. In addition, preservation of many geochénharacteristics of
the primary protoliths allows for their classification on the $asialteration indices, immobile
trace element ratios, and mineralogical composition (Merciegéwan et al., 2007a). Based on

these classifications, general protolith compositions of footwaeks can be characterized using



samples that adessaltered (DubZ et al., 200MercierLangevin et al., 2007b). Therefore,
lithological distinctions between inferred protolith have, for consctebeen made in

accordance with previously established lithogeochemical units (Méramgevin et al., 2007b).

4.1.1 Transect 1the garnet-bearing footwall

Lithological and mineralogical variations along Transect 1 were ctaiized through
logging of a ~150 m section within a ~400-m-long span of drill hole 3146-05.s€ktion
includes basaltic and andesitic rocks (Unit 4.4), dacitic and rhytadeaxiks (Unit 5.1b(d)), and
rhyodacitic to rhyolitic rocks (Unit 5.2b) (Figure 4.1). While footwaidits of mafic and
intermediate protolith compositions were logged and sampled for cemessto simplify
comparisons of transitions in alteration intensity, a greater foasi®een placed on rhyolitic
footwall units. This enabled a more robust petrographic and geochemmsphrison ofdast
altered (rhyolitic) footwall rocks distal to the 20N ore zowéh most altered (rhyoliticfootwall

rocks proximal and adjacent to the 20N ore zone.

The lowest stratigraphic unit in the LaRonde-Penna footwall seimeof drill hole
3146-05 is Unit 4.4 (Figure 4.1) that forms part of the lower mewide Bousquet Formation
(MercierLangevin et al., 2007a). This unit is characterized by a seribslefitic to
intermediate massive, pillowed, and brecciated (autoclasse)titaand andesitic flows.
Elsewhere in the depostiinit 4.4 isseenin sheared contact with the Bousquet Formation upper

member sequence (Mercier-Langevin et al., 2007a).

Within Transect ]lUnit 4.4 is moderately to strongly foliated, with a minerakeasblage
characterized by chlorite, biotite, epidote, amphibole, and plageo€lable 4.1). Compositional
variations based on plagioclase content are visible on a centitoetiecimeter-scale (Figuse
4.2; 4.3. A penetrative foliation defined by fine-grained bioite is presediimains of higher
plagioclase abundance, and intergrown amphibole and epidote are visibfeams of lower

plagioclase abundance.
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Figure 4.1. Transect 1: a 150 meter section within a 400 meter span of drillhole 3146-05.
Basaltic-andesitic and dacitic-rhyolitic units within a garnet-bearing and aluminosili
cate-absent area of the footwall and part of the hanging wall of the 20N ore zone are shown.
Sample locations are shown to the right. Protolith lithologies and boundaries are based on
geochemical distinctions of Mercier-Langevin et al. (2007b).
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Figure 4.2. Transect 1, Unit 4.4 (basalt and andesite). Top: representative core photograph
showing plagioclase-rich and plagioclase-poor assemblage domains. A-C: Photomicrographs
(left) with schematic representations (right) of key textures from unit 4.4. (A) Plagioclase-poor
zone: Amphibole and epidote have partially replaced biotite. (B) Plagioclase-poor zone: poikil-
itic epidote is intergrown with and has been replaced by inclusion-rich amphibole. (C)
Plagioclase-rich zone: foliation-defining biotite and chlorite have grown over amphibole and
epidote.



Mineral Name Area %

|:| Quartz 50.6
- Muscovite/Kaolinite 3.6
- Chlorite group 5.8
[ Biotite/Phlogopite 3.9
- Epidote 4.2
- Amphibole 4.5
- Garnet 1.0
[ Alkali Feldspar 1.9
- Plagioclase 16.4
- Apatite 0.2
- Rutile/Anatase 0.4
- lImenite 0.5
- Magnetite-Hematite 0.1
- Sphene <0.1
|:| Pyrite <0.1
- Calcite 6.8

Figure 4.3. Automated mineralogy image of basaltic to andesitic footwall rocks (Unit 4.4) in
Transect 1. Compositional domains are delineated by black lines. Where plagioclase is
abundant, amphibole, epidote, and chlorite are scarce, but muscovite and biotite are seen in
higher abundance. Plagioclase-poor areas contain abundant coarse mats of amphibole,
chlorite, and epidote.



Table 4.1. Summary of assemblages observed in Transect 14U4ni%s1b(d), and 5.2b.

lSamp le Protolith Assemb]age Textures
ocation domain
a) Plagioclase is scarce. Large mats of interg
. poikilitic amphibole and epidote are dominan
('\:/Ihlfs;:i?ev'te’ Quartz in the matrix varies in abundance fron
. A 30-50%. Amphibole and epidote have partial
Basalt!c ) b'o.t'te’ overgrown biotite.
andesite: | epidote,
unit 4.4 amphibole, b) Higher abundance of plagioclase. Fine-gré
plagioclase /. ; X I 4
biotite defines a penetrative foliation. Chlorite
and biotite have partially replaced relict epidg
amphibole.
Garnet grains are higher in abundance in
. plagioclase-rich, quartz-poor domains. A
. Muscovite, oo )
Dacite . chlorite modgrately developgd foliation is defined by
Transect1l | rhyodacite: bioti ’ chlorite and muscovite. Small, equant garnet
DH 3146-05| unit :O“Fe’ lgarnet, grains with inclusion-rich cores and inclusion
120-380 m | 5.1h(d) plagiociase | hoor rims in fine-grained zones. Larger, skele
garnet grains with inclusion zoning in coarse
grained domains.
Garnet grains are smaller and low in abunda
Minor plagioclase and a lower abundance of
chlorite. Garnet grainareincreasingly skeletal
Muscovite, and elongate in the foliation with proximity to
Rhyodacite- chlorite, the 20N ore lens.
rhyolite: biotite, garnet,
Unit 5.2b | plagioclase Coarse-grained mats of chlorite and muscovi

swaths of poikiloblastic (incipient) plagioclase
intergrown with skeletal garnet. Garnet grain
are large (1-5 mm), skeletal, and elongate
parallel to foliation.

Unit 5.1b(d) (approximately 150 m thick in Transefberlies Unit 4.4 ands

characterized by dacitic to rhyodacitic volcaniclastic and coheveks (Figure 4.1). Unit 5.1b

hosts the Zone 6 and Zone 7 ore lenses, which are also presertamsieetin Transect 1Unit

5.1b(d) is characterized by a moderately-developed foliation definatigmed trails of chlorite
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Figure 4.4. Transect 1, Unit 5.1b(d) (dacite to rhyodacite). Top: representative core photograph
showing plagioclase-rich and plagioclase-poor assemblage domains. A-C: Photomicrographs
(left) with schematic representations (right) of key textures from Unit 5.1b(d). (A)

Fine-grained plagioclase-rich zone: zoned garnet within a fine-grained muscovite-chlorite-bio-
tite matrix. (B) Coarse-grained plagioclase-rich zone: Garnet grains become more skeletal
with proximity to the 20N ore zone. (C) Coarse-grained plagioclase-rich zone: incipient
albite-anorthite porphyroblasts within a foliation defined by chlorite.



Mineral Name Area %

[ quartz 20.0
- Muscovite/Kaolinite 37.7
- Chlorite group 1.9
- Biotite/Phlogopite 4.8
- Mn-rich Garnet 0.6
- Garnet 15
- Alkali Feldspar 3.9
- Plagioclase 24.1
- Apatite 0.2
- Rutile/Anatase 1.7
- IImenite <0.1
|:| Pyrite <0.1
|:| Pyrrhotite <0.1
- Calcite 34

Figure 4.5. Automated mineralogy image of a fine-grained domain within footwall ro
dacitic to rhyodacitic protolith composition (Unit 5.1b(d)) in Transect 1. Composition.
domains defined by garnet grain abundance are delineated by black lines. Sub-idiol
and equant garnet grains are more abundant in domains with increased plagioclase
muscovite and lower quartz content.



Figure 4.6. Transect 1, Unit 5.2b (rhyodacite to rhyolite) distal to the 20N ore zone. Top:
representative core photograph. A-C: Photomicrographs (left) with schematic representations
(right) of key textures from Unit 5.2b. Samples were collected from 270-320 meters of drill
depth. Garnet-poor domains contain higher amounts of quartz and a lower abundance of
plagioclase (A). With increasing proximity to the ore zone, garnet increases in size and
becomes physically zoned with inclusion-rich, skeletal cores (B and C).
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Figure 4.7. Transect 1, Unit 5.2b (rhyodacite to rhyolite) proximal to the 20N ore zone. Top:
representative core photograph. A-C: Photomicrographs (left) with schematic representations
(right) of key textures from Unit 5.2b. Samples were collected from 330-380 meters of drill
depth (within 50 m of the 20N Au lens). With proximity to the 20N ore lens (increasing drill
depth), garnet grains are more skeletal (A) and more coarse-grained (B). Garnet grains are also
more elongate along foliation (C).



and biotite, with or without garnet, within a plagioclase- and gtdotninated matrix (Figures
4.4; 4.5). Notable in this Unit 5.1b(d) section is that the ammkabundance of garnet
porphyroblasts increase with proximity to the Zone 7 and Zare lénses, and close to the
contact with Unit 5.2b (Figure 4.1). Where garnet is presentjrtités commonly characterized

by a compositional banding displaying variations in garnet and plagioclase abenda

Overlying Unit 5.1b(d) and forming the immediate footwall to the 20Nlensis Unit
5.2b, which consists of relatively homogeneous and coherent rhyodacite iter(figures 4.1
4.6; 4.7. Within Transect ,1Unit 5.2b is moderately foliated, medium- to coarse-grained, and
preserves a compositional zoning on a centimeter- to deciseetlcharacterized by garnet
content (Figures 4.6 b 4.9

Garnet-poor domains make up approximately 30-50% of the lower stratigpagptian
of Unit 5.2b (from 270-320 m of drill depth). Within garnet-poor domaingjiptdase content is
lower, and quartz is more abundant, particularly near sarall garnet porphyroblasts (Figure
4.69. In garnet-rich domains, garnet grains tend to be larger and toogaee than in garnet-
poor domains, and contain more abundant inclusions (Figurec}.B¥ith proximity to the 20N
Au ore lens, garnet-rich domains become increasingly dominant and caor@sioning less
prominent. Closest to the 20N ore zone, garnet porphyroblasts arélldrgem), skeletal, and

oblong in shape, with their long axes parallel to foliation (Figdréa-c; 4.8; 4.9).

To better characterize the relationship of garnet to alteratiensity, the size and
abundance of garnet porphyroblaseresystematically logged over a ~60 m interval
immediately below and within the start of the 20N ore zone in Uit 8-igure 4.1)The
abundance of garnet was measured by making estimates over consecutiventeEdvals. The
results (Figure 4.10) show a systematic increase in thersizabaindance of garnet
porphyroblasts, with a marked increase in abundance immediately bel@@Ntae zone. The
slight drop-off in garnet abundance within 2 m of the ore zone matg & an increase in
sulfide mineral content, where Fe availability is reduced duedoestration in relatively

metamorphic-stable sulfide minerals.



Mineral Name Area %

|:| Quartz 49.8
- Muscovite/Kaolinite 15.1
- Chlorite group 7.0
- Biotite/Phlogopite 2.7
- Amphibole 0.2
- Garnet 4.6
- Alkali Feldspar 3.7
- Plagioclase 11.3
- Apatite 0.3
- Rutile/Anatase 0.4
- lImenite 0.5
- Sphene 0.2
- Calcite 4.2

Figure 4.8. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks (Unit

5.2b) proximal to the 20N ore zone in Transect 1. Compositional domains are delineated by
black lines. In garnet-rich assemblage domains, coarse-grained mats of chlorite and musco-
vite, swaths of poikiloblastic/skeletal plagioclase, and skeletal garnet with inclusions orient-
ed parallel to foliation are noted. Garnet-poor assemblage domains contain less than 1%
garnet, minor plagioclase, and a lower abundance of chlorite.



Mineral Name Area %
I Ano-10 11.7
B An10-20 0.0
B An20-30 1.7
B An30-40 1.9
1 An40-50 2.0
[ Ans0-60 2.7
B An60-70 3.3
I An70-80 2.9

- I Ans0-90 1.6

i I An90-100 0.4
|:| Others

Figure 4.9. Automated mineralogy image of rhyodacitic to rhyolitic protolith footwall rocks
(Unit 5.2b) proximal to the 20N ore zone in Transect 1. This image shows the distribution of
plagioclase and is colored to illustrate compositional zoning of plagioclase within grains and
between garnet-rich and garnet-poor zones. Compositional domains are delineated by black
lines. Phases other than plagioclase are asssigned a single color (gray - “others”) to empha-
size textures and compositions of plagioclase.
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Figure 4.10Left: Plot of the relative bulk Mn, F@and Mg composition of the garnet-
bearing footwall rocks in Transect 1, represented as #Mn, #Fe andvidee #Mn =
Mn/Fe+Mg+Mn; #Fe = Fe/Fe+Mg+Mn; #Mg = Mg/Fe+Mg+Mn. Right: Plogafnet grain
size (mm, red line) and modal abundance (%, blue line), correspondimg pper portion
of the transect. Note that the X-axis scale applies to bothtgzaremeters.

4.1.2 Transect 2 The aluminosilicate-bearing footwall

Lithological and mineralogical variations along Transect 2 were cteiized through
logging of a ~55 m section of drill hole 3215-162A. The section logged wagstwh that
covered in Transect 1, but focused on a higher degree of mineral esgemélerogeneity
especially notable in dacitic and rhyodacitic rocks of subunit 5.1b(d)godacitic to rhyolitic
rocks of Unit 5.2b (Figure 4.)1Unit 4.4 (basalt and andesiteasnot included in the transect.



Approximately 45 m of Unit 5.1b(d) were logged in Transect 2 (Figurg) Awhich has
previously been defined as a volcaniclastic rhyodacite by Agnico-Eagléoggesrs The unit
contains highly heterogeneous metamorphic mineral assemtdagesll as wide variations in
grain size and texture, whi@hmeinterpreted to reflect varying intensities of the hydrothermal
alteration overprint on the original volcaniclastic protolitbgging distinguished a number of
cleartrends including an increase in overall grain size with proximitjpé 20N ore zone
(Figure 4.1}). Fine-grained volcaniclastic rhyodacite, more common distal to theooes is
characterized by millimeter- to centimeter-scale altemgdiands with a through-going foliation
(Figures 4.12-4.05Coarser grained domainghich increase in abundance closer to the ore
zone,arecharacterized by a strong foliation defined by aligned minexats centimeter- to

decimeter-scale assemblage domains (Figures 4.1%-4.19

Within the fine-grained volcaniclastic rhyodacite (Unit d)b, the appearance of
porphyroblasts is consistent between approximately 1160-1170 m of drill deguihe(B.1),
andis interpreted to reflect a significant increase in the origiltaftation intensity within the
protolith. With the appearance of porphyroblast phases, alternatilngetgr-scale planar bands
composed of distinct mineral assemblages become more obvious (suedhiraiiable 4.2)
Compositional banding can be classified as garnet-bearing (staubsérty staurolite-bearing
(garnetabsent), garnet- and staurolite-bearing, or garnet- and staurolgatgbsgures 4.13;

4.15). Plagioclase and quartz are ubiquitous across all assemblagesdiontiais unit.

Within coarse-grained portions of the volcaniclastic rhyodacite, wariglntersected
with proximity to the 20N ore zone, grain size increases and eveksore schistose
Compositional bands within these domains are less planar, and betide®r+180 m of drill
depth (Figure 4.11) grain sgmcrease from millimeter- to centinggtscale. At approximately
1180 m, decimeter-scale areas of very coarse-grained stauroliteadetnschists are present,
and at 1186 m, aluminosilicate minerals (andalusite and kyanite) alocyy with largewell-
formed garnet (Figure 4.)1Here, ompositional domains vary on a centimeter-scale and can be
categorized by the presence or absence of major porphyroblasts of gfaureljte, andalusite,

and kyanite. Plagioclase and quartz are ubiquitous across all asgerdbmains (Table 4.2
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Transect 2

Lithologic Units

Blake River Group
Bousquet Formation (Upper)
[] 5.2b Rhyodacite-rhyolite
[] 5.1b(d) Dacite-rhyodacite
Symbology
Coherent rhyolite (Unit 5.2b)
Volcaniclastic rhyodacite (Unit 5.2b)
[=3] Garnet porphyroblasts

Staurolite porphyroblasts
[S¢7] Andalusite porphyroblasts

Kyanite porphyroblasts

Figure 4.11. Transect 2: a 50-m section of dacitic to rhyolitic units within an aluminosili-
cate-rich area of the footwall to the 20N ore zone (logged at 1:200). Sample locations are
shown to the right. Protolith lithologies and boundaries are based on geochemical distinctions
of Mercier-Langevin et al. (2007b).
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Figure 4.12. Transect 1, Unit 5.1b(d): fine-grained volcaniclastic rhyodacite. Top: representa-
tive core photograph showing staurolite-bearing and staurolite-absent compositional banding.
A-C: Photomicrographs with schematic representations to the right. Samples collected from
1168-1172 meters of drill depth. (A) Chlorite-biotite band adjacent to chlorite-biotite-stauro-
lite band. (B) Boundary between biotite-plagioclase and staurolite-biotite-plagioclase compo-
sitional banding. Plagioclase is intergrown with and contains inclusions of biotite. (C) Stauro-
lite with inclusion-rich cores and inclusion-poor rims.



Mineral Name Area %

[Jouartz 58.80
- Muscovite/Kaolinite 0.41
- Chlorite group 5.91
- Biotite/Phlogopite 7.06
- Staurolite 5.28
- Plagioclase 19.59
- Apatite 0.25
- Rutile/Anatase 0.18
- lImenite 0.46
- Magnetite 0.82
|:| Pyrite 0.07
|:| Pyrrhotite 0.33
B calcite 0.55

Figure 4.13. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks (Unit
5.1b(d)), Transect 2 (fine-grained volcaniclastic rhyodacite). Compositional domains are
delineated by black lines.



Unit 5.1b(d) B Transect 2

bt+st+grt
bt+st+ort

e
T [ ~ﬁ“%

Figure 4.14. Transect 1, Unit 5.1b(d): fine-grained volcaniclastic rhyodacite. Top: representa-
tive core photograph showing garnet-biotite and staurolite-chlorite compositional banding.
A-C: Photomicrographs (left) with schematic representations (right). Samples collected from
1162-1168 m of drill depth. (A) Garnet-biotite and staurolite-muscovite compositional bands.
(B) Skeletal garnet after biotite within a garnet-biotite compositional band. (C) Porphyroblastic
garnet after staurolite and biotite within a garnet-staurolite-biotite compositional band.



Mineral Name Area %
[Couartz 58.55
- Muscovite/Kaolinite 12.10
- Chlorite group 1.72
- Biotite/Phlogopite 7.58
- Garnet 4.94
|:| Staurolite 10.48
|:| Alkali Feldspar 0.77
- Plagioclase 1.75
[ Apatite 0.30
- Rutile/Anatase 0.18
- limenite 0.49
- Magnetite-Hematite 0.15
[ Pyrite 0.12
_ |:| Pyrrhotite 0.18
1mm B calcite 0.58
-_mu+pl+st //
bt+st

bt+grt+pl +grt+pl

bt+grt+pl

Figure 4.15. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit
5.1b(d), Transect 2 (fine-grained volcaniclastic rhyodacite). Compositional domains are delin-
eated by black lines.



Mineral Name Area %
[ ouartz 18.22
- Muscovite/Kaolinite 1.66
- Chlorite group 0.52
- Biotite/Phlogopite 28.73
- Garnet 4.13
|:| Staurolite 7.64
M Aluminosilicate 18.93
- Plagioclase 16.90
[ Apatite 0.40
- Rutile/Anatase 0.46
- lImenite 0.89
- Magnetite-Hematite 0.11
|:| Pyrite 0.12
|:| Pyrrhotite 0.60
1'mm B calcite 0.63

1 mm

Figure 4.16. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit
5.1b(d), Transect 2 (coarse-grained volcaniclastic rhyodacite). White lines are cracks in the
thin section.



Mineral Name Area %

[ quartz 16.59

- Muscovite/Kaolinite 2.77

- Chlorite group 1.06

- Biotite/Phlogopite 30.26

- Garnet 0.17

|:| Staurolite 9.98

- Andalusite 22.42

- Plagioclase 13.48

[ Apatite 0.84

- Rutile/Anatase 1.20

- limenite 0.13

— | Opyrite 0.09
1 mm | [ calcite 0.74

Figure 4.17. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit
5.1b(d), Transect 2 (coarse-grained volcaniclastic rhyodacite).
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Figure 4.19. Transect 2, Unit 5.1b(d): coarse-grained volcaniclastic rhyodacite. Top: repre-
sentative core photograph showing assemblage domains. A-F: photomicrographs. (A) Anda-
lusite-bearing assemblage with an intense biotite foliation. (B) Andalusite grain with a
preserved biotite foliation and through-going rutile/iimenite. (C) Staurolite grains enclosed
within andalusite. (D) Intergrown staurolite and andalusite that has been overgrown by
garnet. Biotite has been partially replaced by staurolite. (E) Rounded plagioclase eyes
included within andalusite. (F) Twinning within a rounded plagioclase eye.
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In Transect 2Unit 5.2b consists of a relatively homogeneous, coherent rhyodacite to
rhyolite that directly overlies Unit 5.1b(d)pproximately 10 m of Unit 5.2b were logged and
the 20N ore zone was not intersected (Figure 418 unit is characterized by an intense
schistody and the presence of coarse-grained staurolite, andalusite, kgawitecally, fine-
grained sillimanite (Figures 4.20-4.22). Assemblage domains have lmgredroy the presence
or absence of major porphyroblast phases. Plagioclase and quartzjar®usiinall

assemblage domains; garnet was not observed (Table 4.2).

Table 4.2. Summary of assemblages observed in Transect 25Uti(d) and 5.2b.

Sample
location

Protolith

Assemblage
domain

Textures

Transect 2
DH 3215-
162A
1160-1168 m

Volcaniclastic
rhyodacite
(fine-
grained): Unit
5.1b(d)

Chlorite-
biotite +/-
plagioclase

Lepidoblastic prograde chlorite and
biotite are intergrown within a fine-
grained quartz matrix (0.13 mm).
Plagioclase and magnetite-hematite a
present in certain compositional band
but where plagioclase is present,
magnetite-hematite is absent. Biotite |
locally replaced chlorite and opaque
minerak.

Muscovite-
biotite-
plagioclase

Muscovite, biotite, and plagioclase
situated within a medium-grained quar
matrix (0.25 mm). Muscovite and bioti
are intergrown and define a strongly
developed foliation. Muscovite is
coarser grained, idioblastic, and tadul
while biotite is finer grained and sub-
idioblastic. Xenoblastic plagioclase
poikiloblasts are intergrown with biotite




Table 4.2, continued

Transect 2
DH 3215-
162A
1160-1168 m

Volcaniclastic
rhyodacite
(fine-graineq:
Unit 5.1b(d)

Two phases of garnet are presdntsmall
idioblasts that are elongate parallel to

foliation and morphologically confined t(
the compositional ban@) porphyroblasts

MUS.COV'te' (also idioblastic) thatay appear as
biotite- :
plagioclase- pseudomorphs of staurolite. .Cc.)arse
muscovite (0.5-1 mm) and biotite (0.1-0
garnet . .
mm) abut against garnet and define a
strong foliation. Muscovite is idioblastic,
but biotite is sub-idioblastic and confine
to the gaps between matrix quartz grain
Fine-grained nematoblastic staurolite w
inclusion-rich cores. Fine-grained
muscovite abut against staurolite grains
Muscovite- | an intense, wavy foliation. Foliation-
plagioclase-| parallel rutile/iimenite and tourmaline
staurolite | trails are seen through staurolite grains
Plagioclase is scarce, skeletal,
xenoblastic, and has been overgrown b
staurolite.
A strong muscovite and biotite foliation
wrapped around and going through
nematoblastic staurolite. Suto-
idioblastic staurolite contain inclusion-
Muscovite- | rich cores that preserve a pre-existing
biotite- foliation. Staurolite has overgrown
plagiochse | plagioclase, which is skeletal and
staurolite | xenoblastic. Rutile/iimenite and

tourmaline foliation trails seen through
plagioclase and staurolite grains.
Medium-grained (0.25 mnmpatrix
quartz.




Table 4.2, continued.

Transect 2
DH 3215-
162A
1160-1168n

Volcaniclastic
rhyodacite
(fine-graineq:
Unit 5.1b(d)

Muscovite-
biotite-
plagioclase-
staurolite-
garnet

The compositional band contains
nematoblastic staurolite (0.25 mm) and
garnet (0.5-1.5 mm) with inclusion-rich
cores and inclusion-poor rims. Staurolitf
has grown over xenoblastic plagioclase
that also contain inclusion-rich cores. A
second phase of inclusion-free garnet h
grown over staurolite. Intergrowths of
biotite and muscovite define a penetrati
foliation. Foliation-parallel rutile/iimenite
trails continue through garnet and
staurolite grains.

Transect 2
DH 3215-
162A
1174-1180 m

Volcaniclastic
rhyodacite
(coarse-
grained): Unit
5.1b(d)

Biotite-
plagioclase

A strongly developed foliation is defineg
by fine-grained biotite that wraps arount
plagioclase. Xenoblastic,plagioclase
pokiloblasts (0.1 mm) are intergrown wi
coarse-grained, tabular biotite (0.5-1 mi
that contains pleochroic halos. Biotite h;
replaced sulfide minerals, including
pyrite. Rutile and ilmenite are scarce
(<1% modal abundance). A fine-grainec
matrix of xenoblastic, strained quartz
makes up 5-10% of the domain.

Biotite-
garnet-
staurolite
+/-
plagioclase

Lepidoblastic biotite defines a strong
foliation thatis overgrown by staurolite
and garnet. limenite/rutile trails goes
through biotite, staurolite, and plagiocla
grains. Fine- to medium-grained
plagioclase is xenoblastic and embayed
biotite. Large (1-2 mm) staurolite
idioblasts contain an even distribution o
inclusions. Garnet is scarce (<2% mode
abundance), idioblastic, and inclusion-
poor. Retrograde chlorite has grown ovt
biotite and staurolite.




Table 4.2, continued

Volcaniclastic

Characterized by andalusite (2-4 mm),
staurolite (0.5-2 mm), plagioclase (<0.1
mm), and at times garnet (0.1-3 mm)
porphyroblasts. An intense foliatios
defined by biotite. Xenoblastic andalusitg
and plagioclase grains preserve a pre-
existing fine-grained biotite foliation as

Transect 2 : Biotite- ) . .
DH 3215- rhyodacite staurolite- inclusion trglls, aqd have begn embayeq
162A (coarse- andalusite- | COarser grained biotite. Plagioclase graif
1184-1188 m grained): Unit lagioclase enclosed by poikiloblastic andalusite ha
5.1b(d) E/-garnet inclusion-rich centers and inclusion-poot
g rims. Rutile/iimenite-dominated trails
define a foliation through andalusite and
staurolite grains. Where garnet occurs, i
idioblastic and inclusion-poor. Garnet is
late phase that has grown over andalusi
and staurolite. Retrograde chlorite has
grown over biotite and andalusite.
Assemblage domain is defined by large
Biotite- 3 mm) plagioclase porphyroblasts with
lagioclase] Inclusion-rich cores and inclusidree
Coherent Enugcovite rims. A strongly developed foliation is
rhyolite: Unit A defined by trails of ilmenite/rutile and
5.2b retroarade titanite intergrown with biotite (abundant
musc?ovite and muscove (scarce)Plagioclase is
Transect 2 partially and completely replaced by fine
DH 3215- grained muscovite.
162A . .
1190-1196 m Assemblage domain is defined by coars
grain sizes and foliation-parallel trails of
Biotite- ilmenite/rutile, tourmaline, and titanite.
Coherent plagioclase- Porphyroblastic, xenomorphic staurolite
.~ ... | staurolite- | and kyanite are intergrown, and both ha
rhyolite: Unit . o . :
5 2 kyanite + | overgrown biotite. Biotite and staurolite
' retrograde | have been embayed by chlorite. Modal
chlorite abundance of quartz varies in this doma|

Where quartz is abundant, porphyroblas
are smaller and xenoblastic.




Table 4.2 continued

Biotite- Strongly foliated schist containing
plagioclase- andalusite, kyanite, and sillimanite. Fine
staurolite- | grained biotite has been partially replace
kyanite- by fibrous sillimanite. Staurolite has
andalusite- | overgrown xenomorphic andalusite and
sillimanite | intergrown with sub-idioblastic kyanite.

+ Kyanite has overgrown biotite. Retrogra
retrograde | chlorite has embayed kyanite. Annealed
Transect 2 chlorite guartz matrix makes up ~65% of domair]
DH 3215- Coherent
162A rhyolite: Unit Strongly developed foliation defined by
1196-2000 m | 5.2b Muscovite- biotite and muscovite, which wraps arou

and goes through sector-twinned

biotite- . L : :
lagioclase- plaglt_)clase and large, |d|obla}stlc kyanite

E anite- Kyanite has grown over plagioclase and

si)I/Iimanite biotite, and sillimanite occurs at the

L expense of biotite and kyanite. Plagioclg

retroarade and kyanite grain boundaries display

musc?ovite reaction textures. Fine-grained retrograg

muscovite has partially and completely
replaced plagioclase porphyrobkast

4.2 Bulk geochemistry

At LaRonde-Penna, high alteration intensities (Mercier-Langewah,e2007b) can result
in an apparent shift in protolith toward more mafic compositioigu(E 4.23), due to leaching
of silica during alteration (e.g., Gifkins et al., 2005). Hoare trace element ratios (e.g., Zr/Ti),
which are less easily modified during alteration, may preseigak volcanic protolith values,
and allow correlation between samples from the same petrogsoetoe (e.g., lava flowr
volcanic center) and discrimination between multiple units withialemed volcanic succession
(Figures 4.24; 4.25

Multi-elemental whole-rock geochemical datarecollected from a subset of 9 samples
from Transect 1 (drill-hole 3146-05) and 4dnples from Transect @rill-hole 3215-162A).

Samples for bulk geochemical analysis were selected withrthefaittaining a dataset
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Figure 4.20. Transect 2, Unit 5.2b: coherent rhyolite. Top: representative core photograph
showing assemblage domains. A-D: photomicrographs. A) Biotite-muscovite-plagioclase
assemblage domain. Retrograde muscovite has partially replaced plagioclase grains. A
biotite and muscovite foliation wrapping around plagioclase. (B) Intergrown kyanite and
staurolite after biotite. (C) Rutile-ilmenite inclusion trails through staurolite; staurolite after

biotite. (D) Sillimanite after biotite in a quartz-rich, sillimanite- and andalusite-bearing

domain.




Unit 5.2b
Transect 2

bt+pl+st+ky+and+sill

mu+bt+p+ky+sill
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.
sill
sill
0.2 mm 0.2 mm
C D
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Figure 4.21. Transect 2, Unit 5.2b: coherent rhyolite. Top: representative core photographs
showing different assemblage domains. A-D: photomicrographs. (A) Fibrous sillimanite after
biotite. (B) Fine-grained prismatic sillimanite after kyanite and biotite within the same assem-
blage domain as (A). (C) Rutile/iimenite foliation wrapping around plagioclase and kyanite
porphyroblasts. (D) Biotite+muscovite foliation wrapping around kyanite in a staurolite- and
andalusite-absent assemblage. Plagioclase has been embayed by biotite in (C) and (D).



Mineral Name Area %

[ 1ouartz 47.38
- Muscovite/Kaolinite 17.24
- Chlorite group 0.13
- Biotite/Phlogopite 18.92
- Kyanite/Sillimanite 6.38
|:| Alkali Feldspar 0.88
- Plagioclase 7.86
[ Apatite 0.23
- Rutile/Anatase 0.37
|:| Pyrite 0.05
|:| Pyrrhotite 0.03
B calcite 0.47 -

Figure 4.22. Automated mineralogy image of rhyolitic footwall rocks in Unit 5.2b, Transect 2
(coherent rhyolite). Kyanite, sillimanite, and plagioclase porphyroblasts situated within a
musvcovite- and biotite-defined foliation. In quartz-rich domains, porphyroblasts are finer
grained and inclusion-rich.
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Figure 4.23. Major and trace element plots of the composition of samples collected from units
within the 20N ore zone footwall (both Transects 1 and 2). Transect 1 samples are shown as
squaresjransect 2 samples are circles. The alteration intensity of these samples is high,
leading to lower Si-contents than suggested by trace element compositions, and to the samples
plotting in more mafic fields. (AJotal Alkali Silica (TAS) diagram showing classification of
protolith compositions (aftef HMaitre et al., 2002). (B) Discrimination diagram using
incompati-ble element ratios showing classification of protolith compositions, after
WinchesterDQ G ) QWRYE



representative of protolith units avell asrecordng the progressive alteration that has affected
the rhyolitic footwall. Samples also cover key transitions betwednres and assemblage
groups. Compositions are compared with previously published resulidergier-Langevin et
al., 2007b). Representative analyses are summarized in Teébksd4.4, and complete

analyses are presented in Appendix A.

4.2.1 Protolith definition and petrogenetic origins

To confirm primary volcanic protolith compositions and illustraie eéffects of pre-
metamorphic hydrothermal alteration within the 20N footwall, thpprend trace element

compositions of footwall units have been plotted in Figure.4.23

Samples of Unit 4.4 (green in Figure 4.23) are clearly didtioot samples from Units
5.1b(d) and 5.2b, and correlate with basalt and andesite compositenpsateédn previous
studies. These samples are interpreted here to be minimalgdaland will not be discussed

further.

Samples of Unit 5.1b(d) from both transggray in Figure 4.23) overlap in compositjon
and predominantly fall within the andesite and dacite-rhyodacite congpasitields
(classifications after Winchester and Floyd, 1977, lamtaitre & al., 2002). The silica contents
are lower compared to typical dacitic rocks (e.g., dacite-rhywdields on the TAS diagram,
Le Maitre et al., 2002)The drop in Si correlates with decreased Ca, and increased K
and therefore may be a product of silica leaching during alterdtidimansect 1, concentrations
of TiO arerelativdy uniform throughout the logged unit (~0.60 to 0.75 wt%; Tal8% 4.
although some variation does occur in Zr/Ti ratios (Appendix A). Inrastitsamples from
Transect 2 generally display marked differences in Zr/Ti rates drillhole depth (Figure

4.25) which is consistent with earlier interpretations of a primanicaniclastic protolith
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Figure 4.24. Plots showing geochemical variations within Unit 5.2b in Transect 1 (protolith:
rhyodacite to rhyolite). (A) Zr/Ti over depth. (B) Alteration intensity box plot (after Large et
al., 2001) showing least- and most- altered samples, as well as “least-altered” and “average
rhyolite” samples from Mercier-Langevin et al. (2007b). Samples used for phase equilibria
modeling are labeled.
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Figure 4.25. Plots showing geochemical variations within Units 5.1b(d) (volcaniclastic
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Table 4.3. Selected whole rock geochemical analyses of sampied fansect 1.

Unit 5.1b(d)
wt % | LAR-13-008 LAR-13-013 LAR-13-014
SiIO 69.23 68.26 69.07
TiO2 0.61 0.75 0.62
Al203 14.68 14.15 12.53
FeOs 6.77 6.47 5.87
FeO - - -
MnO 0.60 0.22 0.38
MgO 1.46 1.43 1.19
CaO 2.42 3.11 4,57
NaO 1.47 3.56 1.76
K20 1.32 0.93 1.66
P-Os 0.16 0.17 0.12
LOI 1.95 1.62 3.17
Total 100.70 100.70 100.90
Xmnt 0.07 0.03 0.05
Xmg? 0.17 0.18 0.16
XFé® 0.77 0.80 0.79
ppm
Ba 402.00 247.00 299.00
Sr 98.00 184.00 128.00
Y 37.00 37.00 31.00
Sc 18.00 19.00 16.00
Zr 140.00 174.00 176.00
\ 49.00 21.00 19.00
Ag 0.60 <05 <05
Cd 1.60 <05 <05
Cu 48.00 13.00 5.00
Ni 4.00 2.00 3.00
Pb 85.00 <5 29.00
Zn 505.00 84.00 469.00
S 0.15 0.07 0.05

Xwmn = Mn/Fe+Mg+Mn
2Xwmg = Mg/Fe+Mg+Mn
3Xre = Fe/Fe+Mg+Mn

Unit 5.2b
LAR-13-016 LAR-13-021  LAR-13-022
71.32 69.77 70.36
0.64 0.67 0.66
12.99 13.01 13.25
5.27 8.44 6.95
0.24 0.52 0.69
1.27 1.56 1.27
3.97 2.67 2.86
2.30 0.86 1.22
1.33 1.60 1.42
0.14 0.14 0.13
1.20 1.76 1.70
100.70 101.00 100.50
0.04 0.05 0.08
0.19 0.15 0.14
0.78 0.80 0.78
352.00 486.00 401.00
155.00 123.00 164.00
34.00 33.00 36.00
18.00 17.00 18.00
168.00 172.00 164.00
18.00 17.00 18.00
<05 <05 <05
<05 <05 <05
5.00 3.00 2.00
2.00 2.00 4.00
11.00 <5 <5
201.00 271.00 252.00
0.23 0.04 0.02



Samples of Unit 5.2b from both transects also overlap in composiaeasiO, contents
of 70-77 wt% and predominantly fall within the dacite-rhyodacite compositionaddie
(classifications after Winchester and Floyd, aedMaitre et al., 2002; Figure 4.23Jnit 5.2b
has been previously interpreted as rhyolite, with lower silica nthieferred to have resall
from silica leaching during hydrothermal alteration (e.g., Mefcangevin et al., 2007b). Zr/Ti
ratios are relatively similar across all samples (~0.01%Q@3; Figures 4.24; 4.p5uggesting
they are likely derived from a similar petrogenetic source, dadialg for comparison of
variations in major and minor elements to be made between sashpiessame unit (Figure
4.26).

4.2.2 Relationships between measured bulk composition andmeral assemblage

Of importance to the current study are whole rock trends in magbmaénor elements
within the footwall dacite-rhyodacite and rhyolitic rocks that magrgly influence
metamorphic mineral assemblage development. Broadly, results entheabulk MnO content
can vary across Units 5.1b(d) and 5.2b with proximity to the main)(@@\zone. In contrast,
FeO, MgO and CaO do not vary systematically with proximity to lmueshow overall
enrichment (Fe-Mg) and depletion (Ca) in domains with increaseetg@bundance (Tables 4.3;
4.4; Figure 4.26)

Despite overall trends showing increased Mn with proximity to orejsghmot systematic
in all units or transects. For example, in Unit 5.1b(d) (Teand, while Mn concentrations
progressively increase upwards in the stratigraphic section, sawifiledevated garre
abundances close to the Zone 7 ore lens have elevated Mn thahes géheral trend (e.g.,
LAR-13-008, ~0.60 wt%; Table 4.3). Within Unit 5.RbTransect 1, there is a clear increase in
MnO with proximity to the 20N ore lens that correlates diretttlgarnet abundance (Figure
4.10; Table 4.3).



Table 4.4. Selected whole rock geochemical analyses of sampied fansect 2

wt %
SiO:
TiO2
Al203
FeOs
FeO
MnO
MgO
CaO
NaO

K20
P.Os

LOI

Total
XMn

XMg
XFe

Ba
Sr

Sc
Zr

Ag
Cd
Cu
Ni
Pb

Zn

Unit 5.1b(d)

LAR-13- LAR-13- LAR-13- LAR-13-
037A 037B 040A 040B
81.99 59.75 71.40 62.43

0.33 0.04 0.33 0.99
6.60 26.64 7.71 23.16
- - 12.08 6.43
6.18 5.69 8.45 4.50
0.42 0.09 0.10 0.22
1.21 2.10 4.64 0.88
1.01 0.45 0.95 3.67
0.06 0.12 0.07 0.25
1.54 3.01 0.22 0.09
- - 0.08 0.23
- - 3.17 1.00
99.34 97.48 100.70 99.34
0.05 0.01 0.01 0.03
0.15 0.27 0.28 0.12
0.79 0.72 0.72 0.85
294.00 365.00 96.00 32.00
17.00 25.00 11.00 32.00
30.00 31.00 35.00 48.00
63.00 16.00 17.00 12.00
133.00 239.00 94.00 275.00
43.00 31.00 48.00 29.00
0.50 0.70 <05 0.90
<05 <05 <05 <05
243.00 67.00 43.00 2.00
40.00 22.00 22.00 29.00
9.00 11.00 <5 <5
115.00 376.00 18.00 218.00
0.52 0.12 0.32 0.02

Xwmn = Mn/Fe+Mg+Mn
Xwmg = Mg/Fe+Mg+Mn

Xre= Fe/Fe+Mg+Mn

Unit 5.2b
LAR-13- LAR-13-  LAR-13- LAR-
048 074 053  13-070
79.47 72.88 7484  70.73
0.64 0.45 0.58 0.52
14.03 12.77 1232 1592
0.72 4.18 2.41 3.23
0.01 0.45 0.03 0.07
0.33 0.47 2.78 1.13
0.40 3.49 0.80 2.94
0.37 2.34 0.34 1.37
2.89 1.74 2.83 2.24
0.09 0.13 0.08 0.04
1.97 1.25 1.40 2.51
100.90 100.20 98.41  100.70
0.01 0.09 0.01 0.02
0.31 0.09 0.53 0.26
0.68 0.82 0.46 0.73

846.00 487.00 717.00 667.00

40.00 107.00 41.00 216.00
11.00 25.00 17.00 24.00
11.00 12.00 13.00 15.00
236.00 146.00 154.00 204.00
23.00 56.00 45.00 78.00
<05 <05 <05 0.50
<05 <05 <05 1.10
<1 28.00 57.00 22.00
2.00 5.00 10.00 8.00
10.00 5.00 9.00 155.00
1180.0
22.00 276.00 72.00 0
0.01 0.03 0.14 1.23
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Figure 4.26. Harker diagrams of major elements for rocks sampled from Unit 5.2b in Transect
1, Unit 5.1b(d) in Transect 2, and Unit 5.2b in Transect 2, as well as a least-altered sample
from Unit 5.2b in Transect 2. Elements plotted were chosen to reflect those inferred to control
the appearance of key metamorphic minerals, such as garnet (Fe, Mn). Samples utilized for
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P-T estimation and phase equilibria modeling are labeled.



Transect 2, which does not intersect ore lenses, preserves highly heterogeneous mineral
assemblage domains, which makes the bulk rock geochemistry more difficult to systematically
characterize. Broad trends are not apparent with increasing stratigraphic level (and inferred
proximity to ore). However, some differences can be seen within the compositional domains
(Table 4.4). In volcaniclastic versions of Unit 5.1b(d) in Transect 2, millimeter-scale assemblage
bands vary in major and minor element composition. For example, where garnet- and staurolite-
bearing bands alternate (LAR-13-037), garnet- and biotite-bearing bands contain elevated MnO
(0.42 wt%) and CaO (1.01 wt%) compared to staurolite-bearing bands (MnO = 0.09 wt%; CaO
= 0.45 wt%) (Table 4.4). Garnet-bearing baad=also depleted in MgO (1.21 wt% vs. 2.10 wt
%), K20 (1.54 wt% vs. 3.01 wt%), and A)s (6.60 wt% vs. 26.24 wt%) relative to staurolite-
bearing band¢Table 4.4). Iron content, by comparison, shows minor variations that correlate
with major differences in mineral assemblages between the alternating garnet- and staurolite-
domains inLAR-13-037 (FeO = 6.18 wt% in garnet-bearing; FeO = 5.69 wt% in staurolite-
bearing) (Table 4.4).

Within the finer grained assemblages in Unit 5.1b(d) of Transect 2, Zn content is much
higher in staurolite-bearing domains than in staurolite-absent domains (e.g., LAR-13-040: Zn =
218ppm vs. 18 ppm) (Table 4.4). Staurolite-bearing domains also contain elevaied28.16
wt%), MnO (0.22 wt%), and CaO (3.67 wt%) compared to staurolite absent-domains, which are
depleted in these major elements (7.71 wt%; 0.19 wt%; 0.95 wt%, respectively) (Table 4.4).
Staurolite-abserdomains are elevated in MgO content, with domains defined by chlorite-biotite
assemblages (e.g. 040A) and bulk compositions containing 4.64 wt% MgO, and domains
defined by staurolite-muscovite+/-chlorite assemblages and bulk compositions 0.88 wt% MgO
(Table 4.4). Finally, FeO content varies significantly with assemblage mineral type when garnet
is not present B staurolite-bearing domains contain 8.45 wt% FeO, while staurolite-absent bands
contain 4.50 wt% FeO (Table 4.4).

Although aluminosilicate minerals only appear in higher stratigraphic levels of the
footwall, aluminum contents do not trend systematically with proximity to the main (20N) ore
zone (Table 4.4). Additionally, aluminum contents are not systematically higher for samples

collected from th@luminosilicate-bearing footwaih comparison to those collected from the



garnet-bearing footwal(Tables 4.3 and 4.4; Appendix A). BbAIl Oz contents for rhyolitic
samples from Transect 1 range from 12.53 B 14.05 wt%, andltg@alcontents for rhyalic
samples from Transect 2 range from 12.32 B 15.92 wt% (Appehdbhése compositions
correlate with data collected in previous studies (e.g., DualZ, 8007), wheraimilar Al .03
compositions are recorded for samples collected from garnet-bealtingnosilicate-absent
assemblages (~12.9@%, average of 44 sampbesnd those from kyanite- and andalusite-
bearing, garnet-absent assemblages (9.72-12%] averages of 86 samples). The implications
of this for the inferred stabilization of aluminosilicate madewithin the different transects will

be discussed in Chapters 5 and 6.

4.2.3 Relationships between alteration intensity and minerassemblage

Alteration intensity in rhyodacitic-rhyolitic units of the 20N footi@bes not
systematically increase with proximity to ore lenses; zonesooé mtensely altered rocks also
occur scattered throughout the footwall. However, the overall abundahigghlyf altered zones
increases closer to ore, which can serve as an overall proagteBsmining whether an ore zone
is in the vicinity.

A comparative analysis of the level of pre-metamorphic hydrothelteghon
experienced by the 20N footwall units in each transect was madealtgiragion intensity box
plots (Figures 4.24b; 4.25b). The alteration intensity of samplebeassessed using the
combined Ishikawa alteration index (Al) and chlorite-carbonate-piyritex (CCPI) box plot
(after Large et al2001) Samples that plot in the lower half of the alteration box plot
corresponding to lower £, FeO and MgO (relative to Wa and CaO), are considered weakly
altered samples. Increased concentrations of MgO, FeO h@&ative to depletions in MA@
and CaO) are interpreted to represent increased intensitecdtan. Therefore, samples
plotting to the right side or upper parts of the plot are considefeavt experienced higher
alteration intensities. To assess alteration intensitags, was taken to only compare samples
considered to come from the same flow units (petrogeneticallydedetd therefore the same

volcanic protolith composition), which was established using Zr/iogat



4.2.3.1 Transect 1: Unit 5.2b

For Transect 1, samples taken from Unit 5.2b preserve a waeakwieen comparing
compositions for samples distal to the 20N ore lens (50-100 m be&)wvith those more
proximal (within 50 m; Figure 4.24b). However, a stronger trengpsue@nt when comparing
compositions with average unaltered rhyolite compositions reported byekbeangevin et al.
(2007b) (green squares in Figure 4.24b), demonstrating that sampleteddleng Transect 1
in this study are enriched in FeO, MgO an®Kand depleted in N@ and CaO

These compositional and inferred alteration intensity trends féeeteal in the
mineralogy of the garnet footwall rocks. In general, rocks that are emriched in FeO, MgO
and MnO, and therefore interpreted to have higher intensities oitaite(e.g., LAR-13-022),
have higher garnet abundancgéle broad trend in increasing FeO, MgO and MnO with
proximity to ore lenses (Figure 4.10) is atefleced in an increase in garnet porphyrobtaze
However, despite the compositional changes, no other mineralogical steaeggparent. This

will be further explored with use of phase diagrams in Chapter 5.

4.2.3.2 Transect 2Units 5.1b(d) and 5.2b

For Transect 2, all samples are moderately to intensehg@dle®mpared to average
unaltered rhyolite (Figure 4.25b). For Unit 5.1b(d), samples plotlyosthe upper left corner
of the Al / CCPI box plgtsuggesting they are moderately to intensely altered. In comparison,
while samples from Unit 5.2b show relative depletion in CaO, andhenent in FeO and MgO,
some (LAR-13-048, moderately altered) lack the enrichment@d€en in Transect 1. More
intensely altered samples (e.g., LAR-13-053) show depletion in @d®aO, but along with

enrichment in FeO and MgO show enrichment QK

To allow more systematic correlation of alteration intensitywithe mineralogically
heterogeneous Transect 2, samples can be compared from speeifiblage domains. Two
samples collected from a domain previously logged as fine-grained \adsditi rhyodacite
within Unit 5.1b(d) were comparetdAR-13-037 and LAR-13-040; compositions can be
compared in Figures 4.25, 4.26). Sample LAR-13-037 is shown as havigtly siigher



alteration intensity compared to LAR-13-040 (Figure %.%#hile both assemblages are
staurolite-bearing, LAR-13-040 is garnet-absent and chladketcorrelating with a higher
concentration o€Cg Figures 4.134.27), in comparison t€ AR-13-037, whichis locally garnet-
bearing and biotite- and muscovite-rich, correlating with elevateceotrations of Fe, Mn, and
K (Figures 4.154.27).

For Unit 5.2b, alteration intensity is well recorded by the mingsaof coherent rhyolite
sampled. AR-13-048 (weakly altered) and LAR-13-053 (intensely altered) (Figurg.4.25
Sample #048 contains the mineral assemblage of plagioclase, quarthlorite stringers,
which correlates with low Fe, Mg, Na and,@nd is balanced by the highest amount of silica of
all rhyolitic samples (Table 44in comparison, sample #053 has elevated Fe and Mg, which

correlates with the preservation of a staurolite-bearing asagmbl

4.3 Petrography and mineral chemistry 6 Transect 1

Samypes representative of each unit, along with samples that contagadineral
assemblages and textures, were taken within Transect 1 (Bigyr&etrographic observations

and corresponding mineral chemistry analyses are summarized belo

4.3.1 Unit 4.4: basalt and andesite

Representative samples from Unit 4.4 were collected atlaepth of ~100 m (Figure
4.1). Variations in plagioclase content observed in drill corelaceeasily visible in thin section
(Figure 4.2. Plagioclase-poor areas are defined by coarse-grained mats obhlksiat
amphibole and epidote that have overgrown biotite, which may occur asiamd in or partially
rimmed by amphibole (Figure 4.2a). Quartz in the matriiegan abundance from 30-50%
(Figures 4.24.2). Where quartz is scarce, amphibole and epidote porphyroblagigatastic
and contain small, aligned inclusions of biotite and accessory afsr(&igure 4.2b). In areas
with more abundant quartz, amphibole and epidote porphyroblasts ketalsked contain

numerous inclusions (Figure 4.2b). Plagioclase-rich areas aredvarkelack of large
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amphibole grains (Figures 4.2c; 4.3). Instead, fine-grained biotiteeddahe foliation, and relict
intergrowths of amphibole and epidote have been replaced by chlorite atel(Biigiure 4.2c).

4.3.2 Unit 5.1b(d): footwall dacite-rhyodacite

Samples taken in this unit were targeted to record assemblag#idres, as well as the
changes to garnet size and texture with proximity to ore zones. &aarpl characterized by
mineral assemblages including chlorite, biotite, and plagioclate pwwithout garnet, within a
fine- to medium-grained quartz-bearing matrix, with tourmaline dadité as the main
accessory minerals (Table 4.1). Pyrite anda4timenite make up the majority of opaque
minerals (Figure 4)5Samples commonly preserve a centimeter-scale patchy banding defined by

variations in plagioclase, and where present, garnet content (Fgdre&s5.

In plagioclase-poor bands, garnet grains range from 0.1-0.8 mm ianslzzre low in
modal abundance (~3%h zones containing abundant plagioclase, garnet grains may increase
in abundance from 5% to 20% (Figure)41& fine-grained domains, garnermsovergrowhs
on muscovite and chlorite, and biotite has partially to completphaced chlorite (Figure 4a)
Biotite and chlorite grains define the foliation, which is crosssguinuscovite tabs (Figure
4.4a). Sub-idioblastic and equant garnet grains (0.1-0.3 cm) are alignedsmpiarallel to
foliation and contain prominent inclusion zoning. Garnet cores contain abdimgagtained
inclusions that form trails parallel to the matrix foliatiorhil® garnet rims are inclusidnee
(Figures 4.4a; 4.4b). Within coarse-grained domains, skeletal gaenes$ (0.2-0.5 cm) are
elongated along foliation, and have highly inclusion-rich, irregularly shemeswith
inclusion-poor, idioblastic rims (Figure 4.4b). Garnet grains have ovengtoarse mats of
biotite that has partially to completely replaced chlorite (Figud®). Muscovite is coarse-
grained, tabular, and overgrown by chlorite and biotite (Figure 4.#yioelase porphyroblasts
arecoarser grained and may form incipient overgrowths on chlorite antkhiathin the

foliation (Figure 4.4).



4.3.3 Unit 5.2b: footwall rhyodacite-rhyolite

Samples from Unit 5.2bT¢ansect 1) were collected within garnet-bearing intervals and
at the textural transitions of increasing grain size and abundaacwles collected between
270-320 m, where garnet is lower in abundance, are distinguished fronesai¢cted
between 330-380 m, where garnet abundasize,and elongation increases with proximity to
the 20N Au ore lens (Figure 4.1

Garnet-poor domains are characterized by low plagioclase co@tenrtz is abundant,
particularly near smaltaregarnet porphyroblasts (Figure 4.6a). With increasing proximity to
the 20N ore lensandaninferred increase in alteration intensity, garnet grains are amnmedant
and contain inclusionich cores (Figure 4.6B/dNith further increasing alteration intensity
garnet grains become more skeletal, forming around matrix nsrsereh as quartz (Figure
4.6c). In these domains, garnet graare moreelongate and parallel to the foliation (Figure
4.6¢). Highly skeletal garnets with irregularly shaped cores aabladitic, inclusiorfree rims
are most prevalent in the 60 meters directly below the 20N Aufeggre 4.7a). Inclusions
(~0.05 mm) within garnet are parallel to the matrix foliatiod aonsist of biotite, apatite, rutile,

ilmenite, and quartz.

Garnet-rich domains coincide with increased modal abundances of muscblitée,
biotite, and plagioclase, and a corresponding decrease in quartz(Fi§urMuscovite and
chlorite occurm 1-3-mm-wide foliation-parallel mats (Figure 4.8). Biotite is fineagred and has
partially to completely replaced chlorite, and garnet has overgrblente and biotite (Figure
4.7b). Poikiloblastic plagioclase is commonly intergrown with sketgahet (Figure 4)9
Accessory minerals include calcite, magnetite, rutile, agalimhenite, pyrite, and pyrrhotite
(Figure 4.8, with late,secondary calcite veins cutting the higher temperature metamorphic

foliation (Figure 4.9.

4.3.4 Mineral chemistry of garnet footwall lithologies

Electron micoprobe analyses were collected from 6 samples lfigatnet footwall.

Representative analyses for minerals from samples of Trahseetsummarized in Table 4.5



and shown on Figure 4.28ables containing all EMP analyses collected are presented in

AppendixB.

Table 4.5. Representative electron microprobe analyses frome€tdis

The mineral compositions of muscovite, chlorite, biotite, amphibuleepidote were
analyzed within one sample from Unit 4.4. Muscovite is iron-rikh£0.28-0.32 a.p.f.u;
average Fe = 0.3p.f.y. Chlorite is also iron-rich (averadre = 4.8%.p.f.4 and relatively low
in magnesium (average Mg = 3.63 a.p).fAmphibole falls compositionally onto the
tschermakite-pargasite solid solution series, and has an aveliggé X37 and low alkali
content (average Na = 0.27 akd: 0.07 a.p.f.u). Biotitds dominantly a mix of the annite-

phlogopite-eastonite end-members (average Mg =2d.1uy average Fe = 2.84 a.p.f.u).



Table 4.5 continued

Xwmg = Mg/Fe+Mg+Mn
2Xan = Ca/Ca+Na+K

3Xam = Fe/Fe+Mg+Mn+Ch
Xpyr = Mg/Fe+Mg+Mn+Ch
5Xsps= Mn/Fe+Mg+Mn+Cé
®Xars = Ca/Fe+Mg+Mn+Ch

Compositional analyses were made in chlorite, biotite, and garbebisamples from
unit 5.1b(d) Chlorite is dominantly ripidolite, with some slightly more aluminanslyses
classified as pycnochlorite (classification after Deer.eRall3). Chlorite is only weakly zoned
with respect to Fe and Mg (average Fe and Mg contents of 3.23 aralhf49 respectively)
Biotite falls compositionally between the annite- eastonite endbeenand is weakly zoned in

FeMg (Fe=3.13-3.36 a.p.f.u andg = 1.30-1.35 a.p.f.u)
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Garnet in Unit 5.1b(d) is typically zoned with respect to mdgment compositions, and
is characterized byin-rich cores (averagess = 0.55), and Fe- and Mgeh (average Xim =
0.42) and Ca-depleted rims (Table 4.5, Figure 4 26mpositional zoning spatially matches the
transition from inclusion-rich garnet interiors to inclusion-poor rig@ning is gradual for Mn
and Mg, but Fe-rich and Ca-poor rims on garnet grains are typibailly~40 microns) and have
abrupt boundaries with internal domains (Figure ¥.2€ditionally, these garnet grains typically

have coherent zoning patterns that display a single, central cone-ehtithment (Figure 4.29).

Compositional analyses were made in muscovite, chlorite, biot#gioglase, and garnet
from twoareaswithin Unit 5.2bin Transect 1. The first is from a sample taken ~100 meters
below the 20N ore zone, and the second from ~10 meters below the€@bhe. Chlorités
dominantly ripidolite in composition, with a higher average Fe(Tipoatount than chlorite from
Unit 5.1b(d) (classification after Deer et al., 2013; Figure ¥ B®tite from Unit 5.2ls
dominantly annite, with a lowerwmg but comparable Al content to biotite from Units 4.4 and
5.1b(d) (Table 4.5). Biotite from Unf2b samples contain the highest Ti compared alith
other rhyolitic footwall units analyzed, and is highest in the oreipraxsample (average Ti =
0.28a.f.p.y. The ore-proximal sample also contains the lowest averggéaXerage ¥g =
0.17 (Figure 4.28).

Garnet in both distal and proximal samples dispalyoad and gradual bell-shaped
zoning profile in major elements, characterizedviyyenriched cores and Fe-enriched &t
depletedims (Table 4.5). Garnet grains from rocks distal to the 20N ore aengypically
weakly to moderately zoned (average coggsX 0.3Q Xam = 0.59; average rim gs= 0.29;
Xam = 0.63) (Figure 4.30). In contrast, garnet from the ore-proxsasalple is more skeletal and
typically contain multiple domains of Mn-enrichment (Figure %.3hese garnet grains are
more strongly zoned, containing average core compositionspefX.26 and Xim = 0.56, and
average rim compositions ofsx= 0.16 and Xim = 0.67.In Unit 5.2b of Transect 1,
compositional zoning spatially matches the transition from inclusi¢m-pikiloblastic garnet
interiors to inclusion-poor sub-idioblastic to idioblastic rifGpatially within Unit 5.2b of
Transect 1, garnet grains become more Mn- and Fe-rich (dominanty),cmd more Ca-poor

(cores and rims) with proximity to the 20N ore lens (Figures 4bR2a/
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Figure 4.29. Compositional zoning in garnet grains from Unit 5.1b(d) in Transect 1. Upper plot
shows a traverse across the grain. Bottom images are compositional maps of the same garnet
(Fe, Mg, Mn, Ca). Garnet displays gradual prograde zoning (Mn- and Ca- rich cores, and Fe-
and Mg-rich rims).
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Figure 4.30. Compositional zoning in garnet grains from Unit 5.2b in Transect 1, collected

from lower in the stratigraphic sequence (270-320 m drill depth). Upper plot shows a traverse
across the grain. Bottom images are compositional maps of the same garnet (Fe, Mg, Mn, Ca).
Garnet displays weak and gradual prograde zoning (Mn- and Ca- rich cores, and Fe- and
Mg-rich rims).
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Plagioclase from Unit 5.2b in both the distal and proximal 20N falbtave zoned, with
similar core (averageaX= 0.70) and rim (averageaX= 0.54) compositions. Core compositions
become more calcium-rich with proximity to the 20N ore zone, Xan= 0.67 at the base of
the unit to X%n= 0.75 within 10 m of the 20N ore zone (Table 4.2). Texturallygiptdase
adacent to calcite veins is commonly closer in composition to endbeeaibite (%n= 0.0-0.2
(Figure 4.9).

4.4 Petrography and mineral chemistry of Transect 2

Samples representative of each unit, along with samples thainckeyamineral
assemblages and textures, were taken from within Transect 2daibhgle 3216-162A (Figure
4.11). Samples specifically targeted the fine-scale heterogeneggmvel in the fine-grained

banded rocks, as well as transitions into coarse-grained rockproan@al to the 20N ore lens.

4.4.1 Unit 5.1b(d): footwall volcaniclastic rhyodacite

Unit 5.1b(d) is characterized Iywo dominant textural-assemblage domains: fine-grained
domains characterized by millimeter- to centimeter-scéeradting bands that are paratiela
strongly developed planar foliation, and coarse-grained domains chaestteyizentimeterto

decimeter-scale assemblage domains containing a well-developsisithi

Within fine-grained domaingyarnet- and staurolite-absent compositional banels

characterized by lepidoblastic biotite and chlorite within a fireergd sub-idioblastic quartz
matrix (average grain diameter = 0.13 mm). Variations withirdbanclude the presence or
absence of magnetite-hematite and plagioclase. Where plagicclassent, magnetite-hematite
is absent (Figure 4.13). Chlorite and biotite may be intergrown, watiitdoiocally replacing
chlorite, and opaque minerals where present (Figure 4.12a). Musbesiti®@g domainare
chlorite-absentSub-idioblastic muscovite and biotite are intergrown within a medjramed
partially quartz matrix (average grain diameter = 0.25 miapiéclase in garnet- and staurolite-
absent compositional bandgskenomorphic, poikiloblastic, and is intergrown with or has

overgrown biotite (Figure 4.12b).



Garnet-bearing compositional bands are characterized by skeletalwgéhneregularly
shaped cores and idioblastic rims, or inclusion-rich cores andimaifree rims. Garnet grains
are elongate parallel to foliation and morphologically confined tio tespective compositional
bands (Figure 4.H). Garnet may also occur as porphyroblastic and irregular overgrowths that
may pseudomorph staurolite (Figure £1€oarse-grained muscovite and biotite abut against
garnet and define a strong foliation (Figure 4.14a/b). Muscovite idgultiastic to idioblastic
but biotite is xenomorphic and confined to the gaps between quartz @rgase 4.14b).
Plagioclase is skeletal and elongate parallel to foliation,ifaymvergrowths on biotite, but

overgrown by garnet (Figures 4.14c; 4.15

Staurolite-bearing bands typically contain less plagioclase than geramehg bands
(Figure 4.14). Muscovite is mostly present without biotite, anshésdrained and lepidoblastic
Muscovite defines an intense foliation that abuts against nematolsistrolite porphyroblasts
(Figure 4.14a). Where biotite is present, it is intergrowth wiuscovite, defining a strong,
undulose foliation with rutile/iimenite and tourmaline that bothpraeoundand form inclusion
trails within, staurolite grains (Figure 4.15). Plagioclaseery scarce, skeletal, and overgrown
by staurolite. The quartz matrix in staurolite-bearing domainsasser grained (average
diameter = 0.25 mm) than garnet-only domaarsg, commonly preserves 120-degree grain

boundaries.

Compositional bands that contain both garnet and staurolite make up é&aatiah of
the assemblage domains (Figure 4.15). Here, nematoblastic seaanaligarnet with inclusion-
rich cores and inclusion-poor rims grow over xenomorphic plagioclase poilsisblatergrown
biotite and muscovite define a through-going foliation. Rutile and ilmegnai@s form trails that
areparallel to foliation, and may form inclusion trails within getrand staurolite grains. Garnet

is a late phase overgrowing staurolite (Figure €).15

Within coarse-grained domairn$at increase in abundance with proximity to the 20N ore

zone, rocks develop a more prominent schistosity. Compositional bandirfgneddsy biotite-
plagioclase-bearing (staurolite-andalusite-absent), staurolitexgg€andalusite-absent), and

andalusite-bearing domains (Figures 4.16; 4.17).



The biotite-plagioclase domains lack major porphyroblast glaaskare characterized
by a strongly developed biotite foliation that wraps around and is intengroly xenomoprhigc
poikiloblastic plagioclase (Figure 4.18a). Coarse-grained, tabulaebath pleochroic halos
forms overgrouwhs on sulfide minerals and has partially broken down to iron oxides &sigur
4.18a; 4.18b). This compositional dom&most commonlyseenadjacent to staurolite-

dominated areas.

In staurolite-bearing, andalusite-absent domains, staurolite poiki®hbiaso 3 mm in
sizedominate the assemblage, while garnet is very scarce (<2% amdalanceFigures
4.18c; 4.18d). Abundant coarse-grained biotite wraps around and abuts aganadites (Figure
4.18c). Plagioclase is fine- to medium-grained, xenomorphic, and comemmblayed by biotite
(Figure 4.18c). Garnet and staurobtgear to have overgrown biotite, but do not contain biotite
inclusions (Figure 4.8 4.18d). Iimenite andutile form trails within the foliation that wraps
around biotite, staurolite, and plagioclase grains (Figure 4.18cpdRadie chlorite has partially

replaced biotite and staurolite.

Andalusite-bearing domains contain staurolite, plagioclase, and |geaiet, within an
intense foliation defined by biotite (Figure 4.19). Biotite wrasiad andalusite poikiloblasts,
which are locally intergrown with staurolite (Figure 4.19a). And&usoikiloblasts preserve a
pre-existing fine-grained foliation defined by aligned biotite inclusiails, and are locally
embayed by coarser grained biotite. Rutile and ilmenite also fariosion trails parallel to the
internal biotite foliation within andalusite grains (Figure 4.19mlusions within andalusite
include staurolite (Figures 4.19c). In this assemblage domainpktiand andalusite
porphyroblasts are intergrown, but garnet may overgrow both phases lamckisre interpreted
to post-date them (Figures 4.14619d). Biotite within the foliation abuts against, but does not
occur as inclusions within, staurolite (Figure 4.19d). Rounded plageglains occur as
inclusions within andalusite (Figwse.©Oe; 4.0f). Across andalusite-bearing assemblages,
nematoblastic plagioclase and staurolite wrap around and go through aadgahisis (Figure
4.17).



4.4.2 Unit 5.2b: footwall coherent rhyolite

Unit 5.2b is characterized by an intense schist@nd the presence of coarse-grained
staurolite, andalusitend kyanite, as well as fine-grained fibrous sillimanite. Assewbl
domainsaregrouped by the presence or absence of major porphyroblast phases: alicateos
and staurolite-absent domains, biotite-staurolite-kyanite- domaidssiéimanite-bearing
domains. Plagioclase is ubiquitous across all domains, and garnedtv@sserved in any

assemblages.

Aluminosilicate- and staurolite-absent assemblage domains anediély large (1-3
mm) xenoblasts of plagioclase with inclusion-rich cores and inclusiordfree These domains
display a strongly developed foliation defined by intergrown biotite (abundahp)ragrade
muscovite (scarce), ilmenite/rutile, and titanite, whichpsraround plagioake(Figure 4.2@).
Fine-grained retrograde muscovite surrounds and embays plagioclaselgcaihscompletely

replacing them (Figure 4.2

The biotite-staurolite-kyanite assemblage domain contains largeskmodins with
pleochroic halos that are overgrown by kyanite and staurolite. Kyamttstaurolite occur as
sub-idioblastic porphyroblasts and are intergrown (Figure 4.20b). Foliatraigbatringers
composed of ilmenitgutile and tourmaline are preserved within kyanite and staurolger@
4.2(x). This assemblage domain is quartz-poor, and commonly occurs adjaqeattinrich,
andalusite- and sillimanite-bearing domains (Figures 4.20cd} XMhere this occurs,
sillimanite may overgrow biotite. In addition, staurolite, and&isind kyanite are xenomorphic
and poikiloblastic. Kyanite is still intergrown with stauroliégd all porphyroblasts overgrow

coarse-grained sub-idioblastic biotite (Figure 4.20d).

Sillimanite-bearing domains may be subdivided into two assemblage Typefist
domain is composed of a strongly foliated and quartz-rich schist, corgtdine-grained
staurolite, andalusite, kyanite, and sillimanite (Figures 4.2@d) 4Sillimanite is fibrous and
forms fringe-like overgrowths on biotite only. Staurolite and kyanitegregv biotite and
andalusite (Figures 4.20d; 4.21a). Chlorite is the only retrograde. Attessecond sillimanite-
bearing domain has a lower quartz content, and is andalusite- aralitgtaalrsent (Figures

4.21c; 4.21d; £2). Sillimanite halis range from fibrous to prismatic, and form replacement



textures on kyanite and biotite (Figure 4.21b). A strongly developed déolidgfined by biotite
and muscovite wraps around, and forms inclusion trails within porphyrebkasinite has
overgrown plagioclase and biotite, and quartz, plagioclase, and kyanitegaction textures
between plagioclase and kyanite grain boundaries (Figure 4.20c). Retrbmtadeembays
plagioclase, and retrograde muscovite partially and completely esghéeagioclae

porphyroblasts (Figure 4.20d).

4.4.3 Mineral chemistry of rhyolitic footwall in Transect 2

Representative analyses are summarized in Tahl@dbtes containing aEMP

analyses collectedregiven in Appendix B.

Compositional analyses were made in chlorite, biotite, plagiqajaseet, and staurolite
from samples within Unit 5.1b(d) in Transect 2. Chlorite is dontigaipidolite in compaosition
with some Si-Al zoning pushing compositions into the pycnochlorite fielddg-eompositions
aremostly uniform (Table 4.6, Figure 4 28Biotite is more magnesium-rich and iron-poor than
biotite from the same lithology Transect 1 (averagemy = 0.6). Titanium contentsreless
than that of biotite in Transect 1 (Figure 4.28 coarse-grained textural domaip$agioclase

cores are typically higher in calcium (average X 0.71) than rims (averageax&= 0.51).

In contrast to samples from Transect 1, skeletal garnet gndiime-grained textural
domains are unzoned with respect to Mn and Mg (average=X.08, average g% = 0.10).
However, garnet does preserve zoning inferich rims compared with cores) and Ca (slightly
Carich cores). One idioblastic, porphyroblastic garnet grain fr@warse-grained textural
domain contains cores elevatedMn (Xsps= 0.25) relative to rimgXsps= 0.18) and rims that
areelevated irFe (Xam = 0.63) relative to cordXam = 0.56) (Table 4.6



Table 46. Representative electron microprobe analyses from Transect 2.

Xwmg = Mg/Fe+Mg+Mn

Xam = Fe/Fe+Mg+Mn+Ch
Xpyr = Mg/Fe+Mg+Mn+Cé
Xsps= Mn/Fe+Mg+Mn+Cé
Xers= CaFe+Mg+Mn+Céa

Staurolite porphyroblasts in both fine- and coarse-grained texturalimkanaessentially
unzoned with respect to major and minor elements, in contrdst textural zonation defined by
inclusion abundance. Staurolite in fine-grained domains contains lowend/imaderate zinc
concentrations (average Mn = 0.04 a.f.p.u; average Zn = 0.026)acbmpared to staurolite in
coarse-grained rocks, where staurolite is more Mn-rich and cofgamsginc (average Mn
0.11 a.f.p.u; averagén = 0.007 a.f.p.u Unlike garnet from Transect 1, the composition of

garnet grains from Unit 5.1b(d) from Transect 2 samples show narthste trend relative to



proximity to the 20N ore lens (Figures 4.3JcAindalusite porphyroblasts have elevated iron
(Fe=0.03 a.f.p.u), possibly reflecting the presence of oxidizeti)(Fen in the reaction

environment.

Table 4.6, continued.
!

Xwmg = Mg/Fe+Mg+Mn

Xan = Ca/Ca+Na+K

Xam = FeFe+Mg+Mn+Céa
Xpyr= Mg/Fe+Mg+Mn+Cé
Xsps= Mn/Fe+Mg+Mn+Cé
Xers = Ca/Fe+Mg+Mn+Ch



Table 4.6, continueH.
!

Xwmg = Mg/Fe+Mg+Mn
Xan = Ca/Ca+Na+K
|

In Unit 5.2b the mineral compositions of prograde muscovite, biotagjqalase,
staurolite, kyanite, and retrograde muscovite were analyzed fropiesam Transect 2.
Prograde muscovite is elevated in Fe (0.15 a.f.p.u), and mogerFatziriched (0.06 a.f.p.u).
Retrograde muscovite is similar in mineral chemistry to il§y@de counterpart, but some
retrograde grains contain lower iron and magnesium (TabjeR¥dgrade biotite in this unit
contains elevated titanium compared to biotite in Unit 5.1b(d) (gedria= 0.11 a.f.p.u) ands
the most magnesium-rich of biotite from rhyolitic protolith footwalltsrfaverage Mg = 3.07
a.f.p.u) pushing compositions toward the phlogopite end-member (FigujePl&#oclase

porphyroblasts, although chemically unzoned, have a range of compositiorediiticrto



anorthitic (Xan=0.34 B 0.75). Plagioclase adjacent to retrograde muscovite contagzsed
orthoclase contents oKX= 0.06) Finally, staurolite in Unit 5.2b of Transect2not zoned with
regect to major elements or minor elements including Zn (Tab)eHowever, staurolite grains
areelevated in Mn content (average Mn = 0.18 a.f.p.u) compared tsgmaalyzed from Unit
5.1b(d).

4.5 Reaction history

Drawing upon petrographic and geochemical observations, a basic reastiooy hi
detailing the progression of metamorphic minerals in the 20N orefaotveall has been
constructed for altered rhyolites from both Transects 1 and 2. Giedadk of precedence for
samples similar to the bulk rock compositions studied here, idferngeral reactions have been
based on the reactions described for low-Al pelites (Spear, 1993gvdovdifferences will be
expected due to the higher silica, and lower potassium and aluminumtaainteetamorphosed
rhyolite compared with typical pelitic metasedimentary rocks. Intiaddithe hetereogeneity of
the 20N footwall rocks is such that not all samples would have undergosantleereactions, so

generalizations have been made.

4.51 Transect 1: garnet-beamg assemblages

The dacitic to rhyolitic footwall rocks of Transectfecharaterizedby metamorphic
mineral assemblages dominated by muscovite, chlorite, biotite tganueplagioclase, along
with retrograde chlorite. Here, alteration intensity inforhesrielative modal abundance of
prograde metamorphic minerals, as opposed to their appearance mairteeof the transect.
In least-altered (most distal) rhyolite samples, assembtagasharacterized by more abundant
muscovite and chlorite, but wescarcebiotite and garnet. With proximity to ore lenses and
increased alteration intensigssemblages progressively see the increased stability of both
biotite and garnet. In these samples, chlorite and biotite argriowen, and biotite appears

intergrown with muscovite, indicating that it may have been introduieetthe reaction:

Chlorite + K-rich phase/ Muscovite + Biotite + Quartz (1),



where the K-rich phase would likely be illite anadher K-bearing clay mineral.

Garnet porphyroblasts with Mimeh cores are intergrown with biotite and have

overgrown chlorite in Transect 1, indicating that they may have appe@artte reaction:
Muscovite + Chlorite + QuartZ Mg-chlorite + Biotite + Garnet + HO (2).

The bulk geochemical compositions wfot sanples from Unit 5.2b in this transedtAR-
13-016, n which the modal abundance of garnatiotite is low, and LAR-13-022niwhich
the modal abundance of garnet and biotite is higher) weregtoiten Al,03-FeO-MgO (AFM)
ternary diagramThe peak assemblage for both samples (chl+bt+grt) is schematically shown
(Figure 4.3).

4.52 Transect 2: aluminosilicate-absent assemblages

Rhyodacitic o rhyolitic rocks of Transect 2 are defthby a metamorphic mineral
assemblage that contains staurolite, andalusite, kyandsjlamanite. Textural evidence
indicates that staurolite grows over garnet, biotite,chlorite. Additionally, alternating fine-
grained domains whitgarnet-bearig and staurolite-bearg assemblages suggest the possible

progression of the following reaction in staurolite-begqdomains:

Garnet + Chlorite + Muscovité Staurolite + Biotite + Quartz + KO (1).

The bulk geochemical compositions of distinct assemblage domains can be compared on
AFM ternary diagrams (Figure 4.), where the instance of a reaction not occurring within a
certain bulk assemblage is determined by bulk compositions. In this case, the presence of garnet
and staurolite within compositional bands is governed by small shifts in bulk geochemical

signature, and metamorphic mineral assemblages are directly affected.

4.5.3 Transect 2: aluminosilicate-bearing assemblages

Textural relationships betwe@luminosilicatesn Transect 2 indicate that andalusite
precedes kyanitend sillimanite. Staurolite stabilitpersists thoughthe appearance of andalusite
and kyanite, which occur intergramand in textural equilibriumTherefore, andalusite and

kyanite m& have been introdudevia some versioof the following reactions:
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Figure 4.32. Schematic AFM diagrams showing peak assemblage mineralogy. Top: Unit 5.2b in
Transect 1. Assemblage for both samples: (Chl+Bt+Grt). Middle left: Unit 5.1b(d) in Transect 2
(fine-grained). Assemblages: Chl+Bt+Grt (LAR-13-037A, red triangle); Chl+Mu+St
(LAR-13-037B, yellow triangle). Middle right: Unit 5.1b(d) in Transect 2 (fine-grained). Assem-
blages: Chl+Bt+Mu (LAR-13-040A, green triangle); Chl+Bt+St (LAR-13-040B, yellow trian-
gle). Bottom: Unit 5.2b in Transect 2. Assemblages: Bt+St+Ky,And,Sill (LAR-13-053, blue
triangle).




Chlorite + Muscovite¢y Andalusite + Biotite + HO (2); and
Staurolite + Chlorite/ Kyanite + Biotite + HO (3).

The presence of aluminosilicates in Transect 2 is illusti@atech AFM ternary
diagram depicting a peak assemblage of biotite+staurolite+kyanite/andalusite/sillimanite
(Figure 4. ). Textural evidence of sillimanite after biotite and kyanite indicates its appearance
at peak conditions. Finally, fine-grained muscovite and biotite that has partially replaced

plagioclase grains appeamsthe retrograde path.



CHAPTER 5
MINERAL ASSEMBLAGE STABILITY IN A COMPOSITIONALLY
ZONED FOOTWALL

The overarching aim of this thesssto test whether phase equilibria modeling may
represent a viable methodology to develop predictive tools to aid etkptofar ore deposits in
metamorphosed environments. A first step in addressing thiwasto establish and provide
examples of the relationship between bulk rock composition and mass&inblages within a
well-characterized footwall of a metamorphosed VHMS deposit. Chapteisénted detailed
rock composition, mineral assemblage, and textural relationshipssaevo transects within the
rhyolitic footwall of the LaRonde-Penna deposit. At LaRonde, the fdbtwéhe 20N ore zone
preserves contrasting mineral assemblages and textures twithwolcanic protoliths thaare a
reflection of bulk compositional differences induced during alteratidrerahan a more

commonly held misconception of differences in pressure-temperatdnecdhditions.

This chapter uses a phase equilibria modeling approach to charattteri2d conditions
over which mineral assemblages observed at LaRonde were developsddantbnstrate how
progressive compositional changes relate to changing mineral sabllite chapter
demonstrates that pre-metamorphic hydrothermal alteration hastdefteuts on the resultant
mineral assemblages of metamorphosed deposit alteration haloesthat texturally and
geochemically quantified. The implications of these outcomes for exjgorof VHMS deposits

in metamorphosed terranes will be discussed in Chapter 6.

5.1 Introduction

In the LaRonde-Penna 20N footwaidl serie®f contrasting mineral assemblages and
textures are displayasithin and across two compositionally similar volcanic protolife
example, Unit 5.1b(d) (rhyodac)tan Transect 1 is characterized by the assemblage muscovite-
chlorite-biotite-garnetwhere the modal abundances and grain sizes of key indicator minerals
(e.g., garnet) change with inferred pre-metamorphic alteratiensity, broadly correlating with

proximity to ore lenses. In contrast, the unifransect 2 preserves varied assemblages where



garnet, staurolite, and aluminosilicate minerals are domiG@ampositional changes in Unit
5.2b (rhyolite) in Transect 1 are reflected as moderately fdlrateks dominated by abundant
Mn-rich garnet, which is most promingntleveloped in domains close to the 20N ore.lens
However, the same unit in Transect 2 is dominated by schistosecartiesning abundant and
coarse-grained andalusite and kyanite, where garnet may be abseldlition to contrasting
mineral assemblagesiarked modal abundance and textural differences are obserwach
transectIn Transect 1, mineral modes (garnet and biotite) gradually incvadseroximity to

ore lenses. Howeven Transect 2, grain sizes and assemblage groups alternate omreteiH

to decimeter scale, with an overall increase in grainaigeintensity of schistosity with
proximity to ore lenses'hese variations correlate with bulk rock geochemical change, and so
are interpreted to relate to alteration intensity. Theretbeedistribution of mineral assemblages
and how they change across the footwall may reflect locally cortnpdemeability in the pre-

alteration volcanic protolith (coherent vs. volcanidgst

The primary volcanic protolith composition of samples collected ®aoh transect was
determined using major and trace elements, with possibly alteiatiuence on primary
compositions evaluated using Harker, TAS and Zr/Ti diagrams (Chéapfahis thesis, Figures
4.23-4.25). Despite probable changes inRiGhcentrations (through leaching or additjon)
samples selected for phase equilibria modeling were determinedZuSingatios to be derived
from the same petrogenetic source, and therefore the sameeteaj@nt compaosition prior to
alteration. This allows for a controlled comparison between @liassemblages that were

stabilzedacross contrasting bulk compositions derived through alteration

The mineral assemblage and mineral mode variations in alterecafboieks of the
samevolcanic protolith can beaost easily understood using an equilibrium phase diagram
(pseudosection) modeling approach that evaluates mineral stab®y-X (pressure-
temperature-composition) space. In this chapter, the results ¢ phailibria modsib
pressure-temperature (P-T), pressure-compositional (P-X)earnmktature-compositional (X}
pseudosections D are presented to illustrate how mineral assestibtaaysingle bulk rock
composition change across a range of P-T conditions (P-T pseudosectidrsy, assemblages
differ with changing bulk compositions for a range of P and T condif{®&xsand TX
pseudosections). These results characterize footwall variatitns the context of P-

conditions of metamorphism of the deposit, and can be used to betteaicotist PT



conditions at LaRonde by demonstrating thiailar peak P¥ conditions are predicted in

pseuwdsections calculated for several different bulk compositions whleiexamined footwall.

This chaptefirst presents the results of conventional geothermobarometry that provides
basic estimates of the conditions of equilibration of the dominaetrddage groups seen in the
footwall transectsThese initial estimates were used to aid selection of tlzeneders used for
phase equilibria modelingror generating pseudosections, focus was placed on characterizing
the transition between weakly-altered and intensely-altered rhyaddwgmlitic rocks of Unit
5.2bin Transect 1, and weakly-altered to intens#tigredcoherent rhyolitic rocks of Unit 5.2b
in Transect 2A further, focused comparison was made betvadtamating centimetescale
composition bands that illustrate very localized differences innadis&ability between
moderate- to intensely-altered components in Unit 5.1b(d) (fine-graineanicliastic

rhyodacite, Transect)2

5.2 Geothermobarometry

Representative samples from Units 5.1b(d) and 5.2b in Trarisaots$ 2 that contain
evidence of textural (and inferred chemical) equilibrium betvggenet-chlorite and garnet-
biotite were used for geothermometry calculations. In addition,emestural evidence allowed
equilibrium to be inferred, the assemblages garneitdipfagioclase-quartz and garnet-
aluminosilicate-plagioclase-quartz were used for geobarometnylatddns. Temperature and
pressure values were calculated for a series of referefaRditions that span the greenschist
and amphibolite faciesvhich are the generally agreed-upon conditions for the southern Abitibi

greenstoneddt (e.g.,Powell et al., 1984, and others).

Due to pronounced Mn-Fe zoning observed in garnet from most sampleBi(rices
4.29; 4.31) the cores of garnet porphyroblasts are not considered toheenical equilibrium
with minerals in matrix domains. In addition, the absence of zaninglorite and biotite
indicates that the more rapid Fe-Mg diffusion in these minetgeeanschist to amphibolite
facies conditions allowed complete equilibration with the matrixnguprograde metamorphism.
Therefore, temperature and pressure estimates for equilibratiyamredt-bearing assemblages
were calculated using only compositions of porphyroblastic garnet rimedgaxcent chlorite and

biotite rims. Results are summarized in Tables 5.1a-c.



Temperature estimates were made using the calibrations of Grambling, (4B@ is
basel onFe-Mg exchange betweaggyarnet ad chlorite. Equilibraton temperatures estimated
using this thermometer calibrath range from 420-470v4C. Lower temperatgtenates
correspond to garnet and chlorite gramth lower Fe and higher Mg concentrations
(summarized in Table 5.1a, with full Q | R U pibViedRiQAppendix C)

Table 5.1a. Results of grt-chl geothermometry calculations.

Transect Grambling

Protolith (Sample) Analysis (1998)
Dach:irt“eEri'ylobd(gg:ite L;rs?ls??-((:)tolg grt(rlr(r:i)n?)dj. o 420-423C
Dach:irt]ieEri'ylobd(gg:ite L;rs?ls??-((:)tl%s grt(rir(r:i)n?)dj. o 432-43%C
Rhyolgjggi?e'-zrayolite L;rs?ls??-(i)tZlZ grt(rlr(r:i)n?)dj, ch! 419-425C
Rhyolgjgiéi?e'-zrayolite L;rs?ls??-((:)tialfi grt(rir(r:i)n?)dj_ o 456-469C

Temperature estimategerealso made using the garnet-biotite Fe-Mg exchange
calibrations of Holdaway (2000), which include mineral solution modelsatitatunt for non-
ideal mixing of Fé*, Mg, Ca, and Mn in garnet, and*FeFe*, Mg, AlV', and Ti in biotite. Ferric
iron in garnet was assumed to be negligible. The propoofi&e’* in biotite was calculated
based on the data presented in Holdaway (2000)sasumed to account for ~11.6% of total
Fe. Temperature estimates are equivalent to those estimated husi@gttChl calibration, and
range from 445-470 ¥4C (summarized in Table 5.1b, with full resolisled in Appendix &



Table 5.1b. Results of grt-bt geothermometry calculations.

Transect Holdaway
Protolith (Sample) Analysis (2000)
Unit 5.1b(d) Transect 2 grt(rim) adj. bt
Daciterhyodacite =~ LAR-13-037 (rim) 446-453C
Unit 5.1b(d) Transect 2 grt(rim) adj. bt
Daciterhyodacite =~ LAR-13-046 (rim) 464-469C

Pressure estimates were made using thd8GPH-Qtz geobarometer (GBPQ: Wu et al.,
2004), and where aluminosilicatgds) were present the GAls-Qtz-Pl geobarometefGASP:
Holdaway, 2001). Both calibrations employ the same solution modelsrfugtgand biotite
proposed by Holdaway (2000), but also include the model for plagioclasepeddly Fuhrman
and Lindsley (1988). Pressure estimates were ratt@éenperatures calculated using-8t
thermometry (Holdaway, 2000), and range from 3.2-5.5 kbar (Table 5His)piessure range
(and the estimates of temperadwstaddle the aluminosilicate triple point, which is consistent

with observed assemblages in Transect 2 (Unit 5.2b).

Table 5.1c. Results of geobarometry calculations.

GASP GBPQ
Transect (Holdaway, (Wu et al.,
Protolith (Sample) Analysis 2000) 2004)
. rt(rim) adj. bt
Unit 5.1b(d) Transect2 9\ N i i |
Daciterhyodacite  LAR-13-046 (rim); glnadg(rlm), 3.4-3.5 kbar 3.2-5.5 kbar

. t(rim) adj. bt
Unit 5.1b(d Transect2 9" ;
Daciterhyod(ag:ite LAR-13-053 (rim); plag(rim);  3.5-3.6 kbar 3.3-4.7 kbar

ky

5.3 Phase equilibria modeling

Mineral assemblage stability in metamorphic rocks is governed bgtdrsection
between the primary bulk composition of the protolith, the pressomeet@ture conditions

during metamorphism, and the composition and flux of fluids accompanying oretasm. In



addition to the role that major elements play in determining theraliassemblage evolution,
enrichment or depletion in minor elements may influence the P-Ttamlat which certain
minerals will stabilize (OappearQ) during prograde metamorndrthe range over which

minerals will maintain stability in a given mineral assergbla

The use of phase diagrams is a common way to describe the P-BEx@henced by
metamorphic rocks and to estimate the peak conditions of minegatlalsge equilibration (e.g.,
Powell & Holland, 2010, and references therein). For examplieygaemetic grids calculated for
simple systems (e.g., FMAS, FeO-Mdg-0s3-SiOy; Hensen, 1971), or more complex systems
(e.g.,KFMASH: K>2O-FeO-MgO-Al>03-SiO-H20; Powell & Holland, 1990), have been used to
predict reactions and their P-T conditions, which may have been dassg a P-T path.
However, petrogenetic grids are limited in their application ez #hey represeatl the
potential reactions within a given chemical system, even though saimesefreactions may not

be OseenO by a specific bulk composition (White et al., 2014a)

In addition, mineral assemblage changes (mineral appearance/drsagpeanodal
abundances, and compositions) across P-T space may be progressive natavall described
by univariant or other sub-system reactions. One method used to aldsesssues is through
the use of equilibrium phase diagrams, or pseudosections, which calcudated for specific
bulk compositiongo show the mineral stability fields across pressure, temperatur
compositional space (Powell & Holland, 2010hesediagrams are bulk composition-specific,
and provide a more robust method for evaluating phase relationshipsilpastiin rocks with
high-variance mineral assemblages (i.e., a low number of nengithin an assemblage
compared to the number of chemical components to be modeled). TheflEs@sdosection
diagram calculation is the premise that at a specific pressut temperature, a rock of
composition OXO will stabilize a mineral assemblage thétehasvest Gibbs free energy. For
example, in the complex systtMCKFMASHTO (NaO-CaOK>0-FeO-MgO-Al203-Si0O,-H20-
TiO2-Fe0s) and for a pelitic bulk composition, the following two minerakeasslages at 2.5
kbars and 700;C have subtly different calculated Gibbs free energy &tattuising the
software THERMOCALC):

Assemblage 1: Bkfs-PIl-And-Qtz-Mag-llm-Water G =-1045.767

Assemblage 2Bt-Kfs-PIl-And-Qtz-Mag-llm-Melt G =-1045.810



Thermodynamics predicts that at 2.5 kbars and 700;C, assemblageb& mwdtestable
than assemblage Blowever, a change in pressure, temperature, or bulk compositiorideads
changes in Gibbs free energy, which may lead to stabilizatiowliffesent mineral assemblage
with a lower Gibbs free energy (e.g., increasing temperature stiabitize assemblage 2).
Using this approach, software can be used to predict mineralldagenstability over a range of
pressure and temperatures for a fixed bulk compogiRehpseudosections), or range of
temperatures (at fixed P), range of pressures (at fixefrTa, variation in compositio(ir-X and

P-X pseudosections).

Many assemblages have restricted stability fields for spamfigpositions, making a
pseudosection highly useful when evaluating the stability of mineralssalithsolutions
especially where minor elements may influence that stalildy example, the first appearance
of garnet during prograde heating is strongly influenced by the concentratigins Fe and Mg
in the bulk composition. The enrichment of Mn and of Fe/(FetiMg)etapelites and meta-
turbidites can decrease the temperature at which garnet apped@®yC (Mahar et al., 1997,
Pattison et al., 2012). The addition of <0.3 wt% MnO to metapdits been suggested to widen
the garnet stability field to temperatures as low as ~490%@ (&Vlai., 2014b While
approximatelytwo-thirds of garnet stabilization is accounted for by increasbhirthe rest is
accounted for by increases in Fe (relativéity Pattison et al., 2012). Finally, garnet stability is
greatly influenced by the addition of components in that it is displaggessure by as much as

6 kbar as temperature conditions increase (Diener et al., 2008).

5.3.1 Phase equilibria modeling b application to LaRonde metayhblites

The vast majority of pseudosection calculations have been carried GgbammonO
metamorphic rock compositions, such as metapelites and metalfasitelsich the assemblage
evolution in typical regional or contact metamorphic environmentgllsunderstood. As such,
the mineral solution models (numerical models used to explain tiradbdgnamic behavior of
minerals within a mineral assemblage) used for pseudosectionat@ouiave been refined for
these rock compositions. However, less work has been done to opiizersmodels for the

rock compositions central to the LaRonde study.



Initial pseudosection work demonstrated that the bulk compositions afhyaite
samples from LaRonde were not always compatible with the solubdelmthat are generally
used in phase equilibria modeling softwdtiewever, through iteration, a combination of
solution models wschosen that together produced P-T pseudosections with mineral
assemblages that compared well with those observed in the LaRokseTimough experiment,
it was found that the Perple_X platform produced the most consisseiits, although some
stability field limits were also cross-checked with output flIHERMOCALC. Therefore, A,
T-X, and P-X pseudosections presented in this chapter were catcukihg Perple_ X version
6.8.1 (Connolly, 2018), using the thermodynamic database of Holland and F24l).(The
extended chemical system chosen for P-T modeling was NeeO-CaO-K,0O-FeOMgO-
Al203-SiO-H20-TiO2-O2 (MNn-NCKFMASHTO), with HO set as the only saturated phase

component.

In addition to adding Mn to the model system to account for the incretaaility of
garnet at low temperatures in Mn-rich rockg0. andFeOs were also required to evaluate the
stability of ilmenite, rutile, hematite and magnetite, dependingedax and pressure conditions.
This system also allowed for the inclusion of sphene, which may dian to ilmenite with
increasing temperature. In addition, the proportion of oxidized FeisytstemRe** vs Fé*)
may influence the stability of garnet and staurolite (Whitd.e2@00). For example, in highly
oxidized bulk rock compositions, staurolite-bearing assemblages areteesto a small A-
window at pressures in excess of 10 kbar, while for non-oxidized camopgsistaurolite may
be stable to as low as 3 kbar. The appearance of garnet-beaemiplasges may also be

displaced to higher pressures when the bulk composition is oxidizede(@{lst., 2000).

No phases were excluded from the solution models utilized, and inclyateet,
chlorite, staurolite, (Holland and Powell, 1998); plagioclase (HoltartiPowell, 2003); biotite
(Tajcmanova et al., 2009); white mica (Auzanneau et al., 20X dldspar (Furhman et al.,
1988); and ilmenite (White et al., 2007). Component concentrations aletgated in weight
percent (Who). Total bulk rock Fe content was adjusted for sequestration idasife.g., pyrite,
chalcopyrite), and Ca content was adjusted to remove the calcisenpes late, crosscutting

calcite veins.



Pseudosections generated for the compositions from LaRonde aimezktihératability
fields of the key indicator minerals: muscovite, chlorite, bipggrnet, staurolite, and the
aluminosilicates (Figures 5.1-5.4). Focus was placed on charawehe transition between
weakly-altered and intensely-altered rocks. For Unit 5.2b (rhyoddmytdite) in Transect 1,
where garnet abundances correlate with increases with altenatiénsity, a garnet-poor sample
with lower abundance of Mn, Fe, and Mg was used as a proxy fail@tgasothermal alteration,
and a garnet-rich sample containing higher abundances of Mn, Fe, and Mgedass a proxy
for OintenseO alteratibor Unit 5.2b (rhyolite) in Transect 2, where aluminosilicate milsera
appear correlate with increasing alteration intensity. a wailtea-rich (SiQ = 88.51 wt%)
sample lacking in aluminosilicate minerals was used as th&irattared® composition, and
was compared to an intensely foliated sample containing a high abundahomiaosilicate

phases (Ointensely-alteredO).

Table 5.2. Bulk compositions used in pseudosection construction.

LAR-13- LAR-13- LAR-13- LAR-13- LAR-13- LAR-13-

016 022 048 053 037A 037B
wt %
SIO, 76.05 75.98 85.46 80.91 85.58 69.14
TiO2 0.52 0.54 0.52 0.47 0.26 0.03
Al20s3 8.16 8.43 8.89 7.85 4.06 18.16
FeO 4.04 5.63 0.58 1.84 4.44 4.85
MnO 0.22 0.63 0.01 0.03 0.37 0.09
MgO 2.02 2.04 0.53 4.48 1.88 3.62
CaO 4.54 3.31 0.46 0.93 1.13 0.56
NaO 2.38 1.28 0.39 0.36 0.06 0.13
K20 0.90 0.98 1.98 1.95 1.03 2.22
Oz 0.01 0.02 0.02 0.02 0.01 0.01
mol %
Si 76.45 76.39 86.42 81.60 85.78 73.52
Ti 0.52 0.54 0.53 0.47 0.26 0.09
Al 8.20 8.48 8.99 7.92 4.07 14.38
Fe 4,72 6.31 0.65 2.20 5.41 5.56
Mn 0.22 0.64 0.01 0.03 0.37 0.14
Mg 2.03 2.06 0.54 4,52 1.89 3.69
Ca 4.56 3.33 0.47 0.93 1.13 0.51
Na 2.39 1.28 0.39 0.36 0.06 0.10

K 0.91 0.98 2.00 1.97 1.03 2.01




Following initial comparison within a single protolith (Unit 5.2b)epdosectionsvere
calculated to illustrate the assemblage differences thaioastble between closely spaced and
alternating compositional domains in moderate- to intensely-alteraganents in Unit 5.1b(d)
(fine-grained volcaniclastic rhyodacite, TransectS8eTable 5.2 for the bulk compositions of

all samples used for thermodynamic modeling

5.32 Transect 1 Unit 5.2b: Garnet-bearing footwall

Sample LAR-13-016 is characterized by a peak mineral assemiolag®sed of quartz,
muscovite, chlorite, biotite, plagioclase, and garnet. Garnet nabdaldance dgsnot exceed
10%. This sample contains a moderate concentration of manganese (M2Dwt%) (Table
5.2) and was designated as the Oweakly-altersdi®ember for pseudosection generation.
Sample LAR-13-022 is characterized by the same peak mineraildageas LAR13-016
(quartz, muscovite, chlorite, biotite, plagioclase, and garnetyyitiutsignificantly higher modal
abundances of garnet (~20-22%). This sample contains the highest MnO (0:6@&wt%) of
all samples collected from tlgarnet-bearing footwallas well as of all samples utilized for
pseudosection construction (Table 5.2). This sample has been desigriie®highly-alteredO

end-member for pseudosections generated for Transect 1, garnet-beatrradl.

5.3.2.1 P-T pseudosections: LAR-13-016 and LAR-13-022

P-T pseudosections for LAR-13-016 and LAR-13-022 were calculated from 250-750v4C
and 2-7 kbarsAssemblage regions in both pseudosections commonly reflect stabilitlaoyer

pressure ranges, but with more restricted temperature ranges.

Figure 5.1a presents the P-T pseudosection generated for the measypeditonof
sampleLAR-13-016 The observed peak mineral assemblage of Mu+Chl+Bt+Grt+PI+lim
(assemblage 37 in caption, highlighted blue in the figoceupies a narrow tabular region
bounded at higher pressure by a chlorite-absent assemblage, at hgieratare by K-feldspar-
and magnetite-bearing assemblages, and at lower temperature by-bpatatg assemblages
The limits of the mineral stability field provide peak P-T caiodis constrained to <5.2 kbar and
between 510-540CFigure 5.1a).



Figure 5.1. P-T, P-X, and T-X pseudosections for weakly altered sample LAR-13-016 and
intensely altered sample LAR-13-022, collected from the garnet-bearing footwall (Unit 5.2b,
Transect 1). The fields corresponding to the peak mineral assemblages preserved in each
sample are shaded in blue. Top left (A): P-T pseudosection of weakly-altered LAR-13-016. Top
right (B): P-T pseudosection of highly-altered LAR-13-022. Bottom left (C): P-X pseudosec-
tion calculated at 500°C. Bottom right (D): T-X pseudosection calculated at 4.0 kbar. Phase
assemblage fields are listed below:

(A) PT-016: 1. Chl Mu Law Sph Rieb Ab Acti Stlp Sp. 2. Chl Mu Law Sph Rieb Ab Acti Sp.

3. Chl Mu Law Sph Rieb Ab Sp. 4. Chl Mu Law Sph Rieb Ab Sp Grt. 5. Chl Mu Law Sph Rieb
Ab Grt. 6. Chl Mu Law Sph Rieb Ab Ep Grt. 7. Chl Mu Law Sph Rieb Ab Acti Sp Grt. 8. Chl
Mu Law Sph Rieb Ab Acti Grt. 9. Chl Mu Law Sph Ab Stlp Sp. 10. Chl Mu Law Sph Ab Grt.
11. Chl Mu Law Pump Sph Ab Stlp Sp. 12. Chl Mu Law Pump Sph Ab Stlp Sp Grt. 13. Chl
Mu Law Pump Sph Ab Stlp Grt. 14. Chl Mu Law Pump Sph Ab Grt. 15. Chl Ep Mu Law Pump
Sph Ab Grt. 16. Chl Mu Law Pump Sph Ab Stlp Sp Pre. 17. Chl Mu Law Pump Sph Ab Sp
Pre. 18. Chl Mu Law Pump Sph Ab Grt. 19. Chl Mu Law Pump Sph Pre Ab Grt. 20. Chl Mu
Law Sph Pre Ab Grt. 21. Chl Mu Law Sph Pre Ab Ep Grt. 22. Chl Mu Sph Pre Ab Ep Grt. 23.
Chl Mu Sph Pre Ab Ep Sp Grt. 24. Chl Mu Law Sph Pre Ab Sp Grt. 25. Chl Mu Law Sph Pre
Ab Sph Sp Ep. 26. Chl Mu Sph Pre Ab Sp. 27. Chl Mu Sph Pre Ab Sp Ep. 28. Chl Mu Sph Pre
Ab Sp. 29. Chl Mu Sph Pre Ab Sp Lmt. 30. Chl Mu Sph Ab Sp Ep. 31. Chl Mu Sph Ab Sp Ep
Grt. 32. Chl Mu Sph Ab Ep Grt PI. 33. Chl Mu Bt Sph Ab Ep Grt PI. 34. Chl Mu Bt Ep Grt PI
llIm. 35. Mu Chl Bt Ep Grt Pl Ksp Sph Iim. 36. Mu Chl Bt Ep Grt Pl Ksp Iim. 37. Mu Chl Bt

Grt Pl lim. 38. Chl Bt Ksp Grt [Im. (B) PT-022: 1. Mu Chl Law Sph Stlp Ab Ep Grt. 2. Mu Chl
Sph Stlp Ab. 3. Mu Chl Sph Stlp Ab Grt. 4. Mu Chl Sph Stlp Ab Heu Grt. 5. Mu Chl Sph Stlp
Ep Ab Heu Grt. 6. Mu Chl Sph Stlp Ep Ab Grt. 7. Mu Chl Sph Ab Heu Grt. 8. Mu Chl Sph Ab
Heu Sp Grt. 9. Mu Chl Sph Ep Ab Heu. 10. Mu Chl Sph Ep Ab. 11. Mu Chl Sph Ep Ab Grt
liIm. 12. Mu Chl Ep Ab Ilm Grt. 13. Mu Chl Ep Grt lim. 14. Mu Chl Ep Grt Iim Sph. 15. Mu Bt
Ep Grt Pl lim. 16. Mu Bt Ksp Grt Pl lim. 17. Mu Bt Ksp Grt St [Im. 18. Mu Bt Ksp Grt Iim. 19.
Mu Bt Ksp Grt IIm Sill. 22. Mu Chl Ep Grt Sph. 23. Mu Chl Ep Grt Pl Sph. 24. Mu Chl Ab Ep
Grt Pl Sph. 25. Mu Chl Ab Grt PI Sph. 26. Mu Chl Grt Pl Sph. 27. Mu Chl Grt Pl Sph lim. 28.
Mu Chl Grt Pl lIIm. 29. Mu Chl Bt Grt Pl Ksp IlIm. 30. Chl Bt Grt Pl Ksp Iim. 31. Bt Chl Ksp

Grt llm. 32. Bt Chl Ksp Grt St IIm. 33. Bt Ksp Grt St [Im Sill. 34. Bt Ksp Grt St Iim. 35. Bt

Ksp Grt St IiIm And. 36. Mu Chl Bt Ksp Grt IIm And. 37. Chl Bt Ksp Grt IIm St And. 38. Chl

Bt Ksp Grt Ilm And. (C) PX-016-022: 1. Mu Bt Ep Grt Pl llm. 2. Mu Bt Ep Ksp Grt Pl IIm. 3.
Mu Chl Bt Ep Ksp Grt Pl lim. (D) TX-016-022: 1. Mu Bt Grt Ksp IIm Sill. 2. Mu Chl Bt Grt

Ksp IlIm. 3. Mu Chl Bt Grt Pl Ksp Iim. 4. Mu Chl Bt Sph Ep Ab Grt PI. 5. Mu Chl Sph Ab Ep
Grt PI. 6. Mu Chl Bt Sph Ab Ep Grt. 7. Mu Chl Sph Ab Ep Grt Sp. 8. Mu Chl Sph Ab Law Grt
Sp. 9. Mu Chl Sph Ab Law Sp. 10. Mu Chl Sph Ab Law Sp Pump. 11. Mu Chl Sph Ab Law Sp
Pump Stlp. 12. Mu Chl Sph Ab Law Sp Stlp.
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Figure 5.b presents the P-T pseudosection generated for the measured compbsition
sample LAR-13-022. The observed peak mineral assemblage of Mu+ChirtBRHaIm
occupies a slightly wider field compared to that of sample 016, bountieghat pressure by
chlorite-absent assemblages, at higher temperature by andalodistaarolite-bearing
assemblages, and at lower temperature by biotite-absent aggesndlae limits of the mineral
stability field provide peak P-T conditions constrained to <4.5 kbar-808-530v4C (Rige

5.1b), consistent with estimates made for sample LAR-13-016

Bulk compositional differences from the garnet-poor sample (016) watimet-rich
sample (022) include an increase in Fe (4.04 wt% FeO to 5.6Fa@) a decrease in Ca (4.54
wt% CaOto 3.31 wt% CaO), and importantly, an increase in Mn (0.22 Mit#® to 0.63 wt%
MnO) (Table 5.2). These compositional differences are retldntelifferences in the PT

stability ranges of garnet, biotite, and clay minerals (Figurs 15).

For the composition 01@arnet-bearing assemblages are predicted to stabilize at ~270-
300%C (red line on Figure 5.1a), with stability broadening to eventiEweeratures (~26p&k
4 kbar. This is similar to that observed in 022, where garn&bdizedat~270%C (for ~4 kbars)
However, garnet stability fields at lower pressures (<3 kdna predicted at slightly higher
temperatures (300-310)}4despite higher Mn contents (0.63 wt%).

Biotite-bearing assemblages first appear for the composition odt BB®-380-450%C D
which is similar to the position of biotite-forming reaction$HT space for common
compositions ofnetgelitic rocks (Spear, 1990; Tinkham et al., 2001; White et al., 2014) or
metamorphosed altered greywackes (Pattison & Seitz,)) 2Bit2ite-bearing assemblage
stability for the compositionf 022 has been displaced to higher temperatures (470-600%C
Silica concentrations for these rocks (76.05 wt% for 016; 75.98 wt@2R) are higher than the
bulk compositions modelad previous studies (e.g., Tinkha@0031, Pattison and Seit2012;
Si0, <60 wt% and <58 wt%, respectively). In addition, th®Kompositions for rocks modeled
from Transect 1 are distinctly lower (1-2 wt%) than those modeld&dritham (2001) and
White (2014). Although it was not pursued within the bounds of this custeay, it is probable
that K2O concentrations influence the stability of biotite, possibly brialg the stability of

muscovite-bearing assemblages.



5.3.2.2 P-X and TX pseudosectionsLAR -13-016 and LAR-13-022

P-X and TX pseudosectionsavecalculated using the weakly- and higlalyered
samples as end-member compositions (LAR-13-016a X LAR-13-022 as ¥. In these
diagramsall component concentrations varied linearly along the compositional continuum
between the two end-membeFsom weakly- and highlglteredcompositions, differences are
dominated by increases in MnO and FeO (lesser increaseds) Aand decreases in CaO and
NaO. The P-X pseudosection was calculated over pressures of P = 2s{dtlaafixed T =
500%CFigure 5.1c), while the T-X pseudosection was calculated over tatapes of T = 250-
750 ¥Caf a fixed P = 4.0 kbar; Figure 5.1d).

The calculated P-X and T-X pseudosections predict that the statiepecral
assemblages observed in end-member compositions of samples 016 and B22table across
similar temperature conditions for all compositions frogtX Xi. However, peak assemblage

stability will only increase t® <2 kbar for compositions greater than X=0.6.

The P-X diagram calculated for the end-member compositions (Fidioke 5
demonstrates only limited differences in assemblage domains betveesvo compositions
with varying pressures. The main differences are seen at lpggssures, where above 5.5 kbabr
rutile is only stable in compositions close to that of #016, anglaaed by ilmenite with

increasing FeO (Table 5.2).

The TX pseudosection calculated for the end-member compositions (Figuje 5.1d
demonstrates only minor differences across the diagram. Fopk@menite is predicted to be
stabilized to slightly lower temperatures in materedcompositions (down to 380v4C for #022
compared withlessalteredcompositions (e.g., #018150%C). Other notable features include the
stabilization of sillimanite in bulk compositioa$ X > 0.5 and temperatures >550%2 less
altered compositions, sillimanite is only stable at much higmepeeatures (T > 750%4igure
5.2d). This predicts that bulk compositions of weakly altered rock©wsiabilize sillimanite
until much higher temperatures, and in all rocks, andalusitenewter occur. Finally, muscovite
is stable to higher temperatures for the intensely-altered comopd322, but finally breaks

down at the expense of sillimanite at ~560%4C.

A bulk rock compositional control on biotite stability is apparent at tdemperatures,

where biotite is stable at lower temperatyre850%2Cn weakly altered compositionsompared
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Figure 5.2. T-X pseudosection calculated to illustrate more clearly the effect of low to moder-
ate Mn concentrations. The pseudosection was calculated based on a modified composition for
LAR-13-016 where MnO was reduced to zero, maintaining the same compositions for the rest
of the bulk composition, and the measured composition of LAR-13-022 (MnO — 0.63wt%).

The fields corresponding to the peak mineral assemblages preserved in each sample are shaded
in blue. Bulk compositions are listed in Table 5.2.

Phase assemblages are as folldw®t Grt PI St IIm Sill. 2. Chl Bt Grt PI St [Im. 3. Mu Bt Grt
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8. Mu Chl Bt Grt PI [Im. 9. Mu Chl Bt Grt PI lim Rut. 10. Mu Chl Bt Grt PI llm Rut Sph. 11.

Mu Chl Bt Grt Pl Rut Sph. 12. Mu Chl Bt Grt Pl Rut. 13. Mu Chl Grt Pl Sph. 14. Mu Chl Bt

Grt PI Sph. 15. Mu Chl Bt Pl Sph. 16. Mu Chl Bt Pl Ep Sph. 17. Mu Chl Bt Grt Pl Ep Sph. 18.
Mu Chl Pl Ep Sph. 19. Mu Chl Bt Pl Ep Sph. 20. Mu Chl Grt Pl Ep Sph. 21. Mu Chl Grt Pl Ep
Ab Sph. 22. Mu Chl Pl Ep Ab Sph. 23. Mu Chl Ep Ab Sph Stlp Heu. 24. Chl Ep Ab Sph Stlp
Heu. 25. Chl Ab Sph Stlp Heu. 26. Mu Chl Ep Ab Sph Stlp. 27. Mu Chl Grt Ep Ab Sph Stlp.

28. Mu Chl Grt Ab Sph Stlp. 29. Pump Chl Ab Sph Stlp Heu. 30. Chl Ab Sph Stlp Heu. 31.

Mu Chl Ab Sph Stlp Heu. 32. Pump Law Chl Ab Sph Stlp Heu. 33. Pump Law Chl Ab Sph

Stlp. 34. Law Chl Ab Sph Stlp.35. Law Mu Chl Ab Sph Stlp Heu. 36. Law Mu Chl Ab Grt Sph
Stlp Heu.



to more altered compositions (~440¥I@)s control on the stability of biotite may relate to the

stabilization of chlorite in the more Fe-rich composition (022; T&t2¢.

Of particular importance to this study is the behavior of garnetdgeassemblages
(appearance of garnet is indicated byréaine on all pseudosections, except the P-X section
where garnet is stable across all conditions). In Figure 5.1d,limgpg@eedicts that at 4 kbar,
garnet will appear at slightly higher temperatures in the hightyesltsample compared to the
weakly-altered sample, although the difference is minimal. Bssltris significant as the
compositional transition between weakly- and highly-altered appearsptanterily
characterized by modal abundance differences, but not by the appearaesenoinerals or by

differences in the temperature at which key indicator mineeals, (garnet) appear.

Because the garnet-in stability line for Mn-bearing 016 and 022 showed/dtiation,
the influence of Mn on the stability of garnet was investigated fulthereating a weakly-
altered bulk composition (based on the composition of 016) that contamt’0.8InO. Using
this composition, a revised T-X pseudosection was calculated usiMnthbsent 016
compositionas % and the 022 composition (MnO = 0.63 Wté& X. The section was
calculated from 250-750%C at a fixed pressure of 4.0 kbar and isqureséngure 5.2. The T-
X pseudosection predicts that with MnO = 0.0 wt%, the stabiizaif garnet-bearing
assemblages will not occur until temperatures as high as ~5#i@ 6.2). For the
temperature conditions equivalent to those experienced at LaRonde (~460-50€¥ainimum
Mn concentration in theve&kly-altered rhyolite required for garnet to stabilize-0.03 wt%
MnO. As previously predicted, for garnet to be stabilized at eveerli@mperatures (e.g., in
outer domains of contact aureoles or low-T regional metamorphaingra higher amount of
Mn is required (for example, at 300¥4C, we require 0.07 wt% Mn@t as8%C, we require 0.15
wt% MnO).

5.3.3 Transect 2: Aluminosilicate-bearing footwall

Sample LAR-13-048 is a white, silica-rich sample that semgearepresentation of
OleastlteredO rocks from Unit 5.2b, Transect 2. This sample congdatisely low FeO (0.53
wt%; Table 5.2), ands characterized by an assemblage lacking aluminosilicate miraerals

containing only minor abundances of biqtiteth retrograde chlorite. In contrast, sample LAR-



13-053 contains 1.84t% FeO ands characterized by a near-peak mineral assemblage of
biotite, kyanite, staurolite, plagioclase, and quartz, with takjuearlier andalusitéd=ine-grained
sillimanite fringes occur on biotite and kyanite, informing peak teatpes conditionsThis

Ohighly-alteredO sample is characterized by coarse, abundant alicsmiegsiases.

P-T pseudosections for LAR-13-048 (Figure&.8nd LAR-13-053 (Figure 58 were
calculated from 250-750%C and 2-7 kifirailar to P-T pseudosections calculated for the
Transect 1 samples, assemblage regions in both pseudosectionsezhfoulthe
aluminosilicate-bearing footwa(lUnit 5.2b; Transect 2) commonly reflect stability over large

pressure ranges.

In the P-T pseudosection calculated using the composition of LAR-13-048alile
mineral assemblage is characterized by Mu+Ctd+Chl+dut aluminosilicate minelsaare
absentlIn the PT pseudosection this assemblage is predicted to be stablawids and tabular
field, bounded at higher temperatures by aluminosilicate-bearingblsgges and at lower
temperatureby chlorite-absent assemblages. Pressure is not constrained fasfémblage
stability field over the pressure range of the model (Figur@) 3M&th the absence of andalusite,
peak temperature conditioaseconstrained to <450%C, which is lower than that predicted by
pseudosections for samples from Transect 1, but consistent with dona¢tttermobarometry
It is also possible that andalusite was present within the samysleed for geochemical
analysis, but not observed in the single thin section made. The edenwalusite would

allow peak temperature conditions as high as ~480-500;C.

Logging of drill core and observations in thin section also failed tatiigeany garnet-
bearing assemblages in tleastaltered samples, and garnet is not predicted to stabilize (Figure
5.3a) in contrast to that observed in unit 5.2b from the garnet-fbdtamsect. This is likely
explaired by the very low MnO (0.01 wt%) and FeO (0.58 wt%) contents forstmsple (Table
5.2). In the P-T for composition 048, biotite appears at tempesataresistent with common

values (e.g., Spear, 1993).

In sample LAR-13-053he peak mineral assemblage is characterized by
Mu+Bt+Rut+Sill, which in the calculated P-T pseudosection occupmsraw and lenticular
stability field, bounded by K-feldspar-bearing assemblages at highpetatures, and by

chlorite-bearing assemblages at lower temperatures (Figure B:3lconditions constrained by
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Figure 5.3. P-T pseudosections of samples collected from the aluminosilicate-bearing footwall
(Unit 5.2b, Transect 2). The fields corresponding to the peak mineral assemblages preserved in
each sample are shaded in blue. Top left (A): P-T of weakly-altered LAR-13-048. Top right
(B): P-T of highly-altered LAR-13-053. Approximate peak assemblage regions are shaded in
blue. Bulk compositions are listed in Table 5.2. Phase assemblages are as follows:

(A) PT-048: 1. Mu Ctd Law Prl Rut. 2. Mu Ctd Prl Rut. 3. Mu Ctd Law Kao Lmt Rut. 4. Mu

Ctd Law Lmt Rut. 5. Mu Ctd Lmt Rut. 6. Mu Ctd Rut. 7. Mu Ctd Wrk. 8. Mu Bt Crd Ky Rut.

9. Mu Bt Crd Ky lIm Rut. 10. Mu Bt Ctd Clin Ky Rut. 11. Mu Ctd Clin Sill Rut. 12. Mu Bt

Ctd Clin Sill Rut. 13. Mu Bt Ctd Sill Mt. 14. Mu Bt Ctd Sill [Im Mt. 15. Mu Bt Ctd Clin And

Rut. 16. Mu Bt Ctd And Rut. 17. Mu Bt Crd And IIm Rut. 18. Mu Bt Ksp Sill [Im Rut. 19. Bt
Ksp Sill IIm Rut. 20. Mu Bt Pl Ksp And IIm Rut.21. Mu Bt Pl Ksp And Rut. 22. Bt Ksp PI

And Rut. 23. Bt Ksp Pl And Iim Rut. (B) PT-053: 1. Mu Chl Ep Law Sph. 2. Mu Chl Ab Ep
Law Sph. 3. Mu Chl Ab Law Sph Heu. 4. Mu Chl Ab Sph. 5. Mu Chl Ab Ep Sph PI. 6. Mu Chl
Ep Bt Sph PI. 7. Mu Chl Bt Ep Pl Sph Rut. 8. Mu Chl Bt Ab Ep Sph PI. 9. Mu Chl Bt Sph PlI.
10. Mu Chl Bt Sph Pl Rut. 11. Mu Chl Ab Pl Sph. 12. Mu Chl Ab PI Sph Rut. 13. Mu Chl Ab
Sph. 14. Mu Chl Bt Ab PI Rut. 15. Mu Chl Bt Pl Rut And. 16. Mu Bt Pl Rut And. 17. Mu Bt PI
Ksp Rut And. 18. Bt Ksp Rut And. 19. Bt Ksp Sill Crd. 20. Bt Ksp And Crd.



the peak mineral assemblage are 3.5 to 6.0 kbar and ~55W8%bile pressures are consistent

with those estimated from other samples, estimated temperanereomparatively high.

Although staurolite was locally seen as part of the assemblalgm iseiction from
sample 053, staurolite was not predicted to occur as a stableiplaayeassemblages across the
full P-T range of the pseudosection. Despite the moderate- to higloignts of the analyzed
rock (4.48 wt% MgO), the comparatively low Fe content (1.84 wt®@)Feay explain why the
pseudosection did not predict the mineral to stabilize. Theretasgyossible that the piece of
rock crushed for geochemistry did not adequately reflect the compoditioa mck cut for thin
section analysis. Due to limitations on the time and scope ofttidy, only a quick evaluation
of the role of Fe was permitted. A limitedXI pseudosection was produced showing that an
increase in Fe can stabilize staurolite (total FeO = 4.5 wi&b that stable staurolite-bearing
fields only occur over a limited and high temperature range, and thlacpaditions for the
observed assemblage of Mu+Bt+Rut+Sill stabilize at even high@etatures than in the
original pseudosection (~560-590;®Yithout further work, the temperature estimate for peak

conditions based on this sample should be considered unreliable.

5.34 Transect 2: Compositional banding

The P-T and PT-X pseudosections presented above for Unit 5.2b (Transects 1 and 2)
demonstrat¢hat changes in mineral stability can be directly correlated witteasing alteration
intensity proximal to ore, and characterized across P-T-X spata@s section, the results of
pseudosections are presented for mineralogical and bulk compositiaaibnarthat occur at
centimeter scales in Unit 5.1b(d). SamipkeR-13-037, taken from Transect 2, contain
alternating bands or domains of garnet-bearing (+Chl+Bi) and statveatéing (+MuzBi)
assemblages. These domains were subsampled for geochemistry @efthackas domains
LAR-13-037A and LAR-13-037BGarnet-bearing bands (037A) are elevated in MnO (0.37
wt%) and SiQ(85.58wt%) compared to staurolite-bearing bands (037B), which are lower in
MnO (0.09wt%) andSiO, (69.15wt%). Staurolite-bearing bands (037B) also contain markedly
higher AbOs contents (037A = 4.06 wt%, 037B = 18.16 wiPable 5.2).



5.3.4.1 P-T pseudosections AR -13-037A and LAR-13-037B

P-T diagrams for composition 037A (Figure 5.4a) and 037B (Figuly tdre
calculated from 250-750¥C and 2-7 kbars. In the P-T pseudosection for tom@8gA the
observed peak assemblage (Chl+Bt+Grt+PI+lim+Mt) occuplsad tabular regioat
moderate to high pressures (>3.5 kbars, unconstrained >7 &hdrmoderate temperatures
(450-550%C). The peak assemblage domain is bounded at higher temperahloeseagbsent
assemblagesnd at lower temperatures by epidote-bearing assemblages. The mipiessure
constraints are provided by the presence of K-feldspar-bearing aageshl low pressures,
which are not observed in sampl€arnet appears at low temperatures (~270;C at 2 kb#r)
slightly higher temperatures at higher pressu29;C at 7 kbar)The displacement to low
temperatures of garnet-bearing assemblegeserpreted to be related to relatively high MnO
contents (0.37 wt%rl able 5.2), which is consistent with analysis conducted on the garnet-
footwall samples (Transect 1). For the composition of 037A, bistéabilized at slightly loer
temperatures (280-325jC across 2-7 kbar) compared to other compositionschiiamele
Transect 1, although the composition does not have higher FeO (4.44TWa/d)reakdown of
muscovite is predicted to occur at approximately 375;C from 2-4 kbaally;ichlorite is not
predicted to remain stable at temperatures above ~550-575;C. Natathyusite and kyanite do
not stabilize in this composition, but sillimanite is predictebectable at temperatures
exceeding 650jC (Figure 5.4a).

In the P-T pseudosection for composition 03f#, observed peak mineral assemblage
(Mu+Chl+Bt+St+1Im) occupies a short tabular regaihow to moderate pressures (~2.3-4.5
kbar) and moderate temperatures (~480-520%C). The mineral assetabiatyefieldis
bounded at higher temperatures by garnet-bearing assemblages, a¢topearatures by
staurolite-absent assemblages, and at higher pressures by chlo@tond lBssemblageBor
this bulk composition, garnet-bearing assemblages do not appear untilaemger500v4C (a
medium pressures), or slightly lower (~525;C) temperatatksver pressures. Critically,
staurolite is onlysteble over a narrow temperature range (~480-530%4C), providing somewhat

tighter constraints on the peak temperatures for metamorphisrRande.

The P-T pseudosection for composition 037B is markedly different in dtapalogy in

comparison to that of composition 037A. Biotite-bearing assemblagembrstalle above



Figure 5.4. P-T, P-X, and T-X pseudosections of compositional bands in Unit 5.1b(d), Transect
2. (A): Grt-bearing compositional layer 037A. (B): St-bearing compositional layer 037B. (C):
P-X pseudosection calculated at 500°C. (D): T-X pseudosection calculated at 4.0 kbar. Bulk
compositions listed inTable 5.2. Phase assemblage®T-037A: 1. Mu Chl Law Sph Stlp. 2.

Mu Chl Stlp Ab Law Sph. 3. Mu Chl Law Sph Ab Rieb Stlp. 4. Mu Chl Grt Law Sph Ab Stlp.
5. Mu Chl Bt Grt Sph Rieb Stlp. 6. Mu Chl Sph Ab Stlp. 7. Mu Chl Law Sph Ab Stlp Pre. 8.
Mu Chl Sph Ab Stlp Pre. 9. Mu Chl Sph Ab Stlp Pre Grt. 10. Mu Chl Sph Ab Stlp Grt. 11. Mu
Chl Sph Ab Stlp Grt Hed. 12. Mu Chl Sph Stlp Grt Hed. 13. Mu Chl Sph Stlp Grt Hed Rieb.
14. Mu Chl Ab Sph Stlp Grt Hed Rieb. 15. Mu Chl Ab Sph Stlp Pre Grt Hed. 16. Mu Chl Sph
Ab Stlp Pre Hed. 17. Mu Chl Ab Sph Stlp Hed Grt. 18. Mu Chl Sph Grt Hed Rieb. 19. Mu Chl
Bt Grt Sph Hed Rieb. 20. Mu Chl Bt Grt Sph Hed. 21. Mu Chl Ab Grt Sph Hed. 22. Mu Chl Bt
Ab Grt Sph Hed. 23. Mu Chl Bt Ab Grt Sph. 24. Mu Chl Rieb Grt Sph. 25. Mu Chl Bt Ep Grt
Sph. 26. Mu Chl Bt Rieb Grt Sph. 27. Mu Chl Bt Ab Rieb Grt Sph. 28. Mu Chl Bt Ab Grt Sph.
29. Mu Chl Bt Ep Ab Grt Sph. 30. Mu Chl Bt Ep Grt Sph. 31. Mu Chl Bt Rieb Sph Ep Grt [Im.
32. Mu Chl Bt Rieb Ep Grt Iim. 33. Mu Chl Bt Rieb Ep Grt PI llm. 34. Mu Chl Bt Rieb Sph Ep
Grt Ilm. 35. Mu Chl Bt Sph Ep Grt lim. 36. Chl Bt Ep Grt Pl lim. 37. Chl Bt Ep Grt PI llm Sph.
38. Chl Bt Grt PI llm. 39. Chl Bt Ep Grt Pl Ksp lim. 40. Chl Bt Ep Ksp Grt IIm Mt. 41. Chl Bt
Grt Pl llm. 42. Chl Bt Grt Ksp PI IIm. 43. Bt Grt Pl Ksp IIm Mt. 44. Bt Grt Ksp Ilm Mt Crd. 45.
Bt Grt Ksp IlIm Mt Sill Crd. 46. Bt Grt Ksp Ilm Sill. 47. Bt Grt Ksp Pl Iim Sill Crd. 48. Bt Grt
Ksp Iim Crd. 49. Bt Grt Ksp PI llm Crd. (B) PT-037B: 1. Mu Ctd Law Rut. 2. Mu Ctd Ep Ctd
Law Rut. 3. Mu Chl Wrk Rut Ep. 4. Mu Chl Wrk Rut. 5. Mu Chl Ep Ctd IIm Rut. 6. Mu Chl Ep
Ctd llm. 7. Mu Chl Ctd Rut. 8. Mu Chl Ctd IIm Rut. 9. Mu Chl Grt lim. 10. Mu Chl Bt Grt lIm.
11. Mu Chl Feld llm. 12. Mu Chl Bt Feld llm. 13. Mu Chl Bt Grt St IIm. 14. Mu Bt St Grt Feld
[lm. 15. Bt St Grt Feld I[Im Sill. 16. Mu Chl Bt Ctd St [Im. 17. Mu Bt Grt St [im Mt. 18. Mu Bt
Grt Ksp Ilm Mt. 19. Mu Chl Bt Grt St IIm. 20. Mu Chl Bt Grt Feld St Ilm Mt. 21. Bt Grt Feld
[lm Mt. 22. Bt Grt St Feld IIm Mt. 23. Mu Chl Bt IIm. 24. Mu Chl Bt Grt IIm Mt. 25. Mu Chl

Bt llIm And. 26. Mu Chl Bt Feld llm And. 27. Mu Chl Bt Grt Feld IIm And. 28. Chl Bt Grt Feld
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~430;C (at 2 kbgrand ~490;C (at 7 kbar), possibly due to a higherfdg-atio(Table 5.2),
where Chl+Bt assemblages are stabilized to higher temperatuiesrossing the
Grt+Chl  St+Bt reaction, thereby stabilizing the assemblage of St+CliBii&tar, 1990).

Chlorite remains stabl® temperatures as high as ~600;C, although kinks in the stability
field boundaries create lower-temperature stability li@it8and 4 kbar (~550;C). These
temperatures are equivalent to the upper greenschist to amphiaaikte thoundary for
metabasic rocks (Spear 1990) and are slightly higher than typicpligtex. This is likely due
to bulk Mg content, which is higher compared to that of 037A (3.62 wt% in @8ipared to
1.88 wt% MgO in 037A).

Although assemblages for composition 037A provide poor upper pressure constraints
and those for composition 037B provide weak lower pressure constrainisettagp between
fields from both bulk compositions narrows P-T estimates to bet@&&eand 4.5 kbars, and 500-
550jC. These estimates are consistent with the peak P-T condgtonated based on
assemblages in the garnet-bearing footwall of Transect 1 (~4.55083650v4C; Figures 5.1;
5.3).

5.3.4.2 T-X pseudosections: LAR-13-037A and LAR-13-037B

A T-X pseudosection was calculated using the two samples as end-noemipasitions
(LAR-13-037Aas X% and LAR-13-037Bas X1), where component concentrations varied linearly
along the compositional continuum. Compositional differences are dominatethayr
increase iMAl203, a lesser increase in MgO and Fe@d a decrease in Si@wards the X
composition. The T-X pseudosection was calculated over temperatires250-750%4C (at a
fixed P = 4.0 kbar; Figure 5

The appearance of garnet (red line in Figure 5.4c) shows thergaddicted relationship
to bulk Mn and Fe composition. At X=0.1 (MnO ~0.34 wt%), the tempezatt which garnet is
stabilized rapidly rises from ~290;C to 380;C. This rise stalsleeX=0.8 (MnO ~0.15 wt¥gt
a temperature of ~550;C. Staurolite stability across the end-meambgrositions shows
significant variationand is predicted to be stable above ~520;C and below ~590%4C for the

composition of 37B, but not predicted at all for the composition of 03RA.TEX pseudosection



calculated for these samples is a good illustration of the raag@mblage differences that can

result from slight variations in bulk composition.

5.4. Alteration intensity asreflected by phase equilibria modeling

The results of conventional geothermobarometry and phase equilibria mogdetang
used to quantify the geochemical effects that pre-metamorphic hydrathatemation has on the
resulting metamorphic mineral assemblages of the footwall rodke dfaRonde-Penna deposit
Geothermobarometric calculations estimated equilibration tempeatdrpressure ranges of
dominant assemblage groups to be from 445-470%C and 3.2-5.5 kbar, conditions that spa
aluminosilicate triple point. These ranges are consistent withltberved assemblages in both

thegarnet-bearing footwal(Transect 1) andluminosilicate-bearing footwal(lTransect 2).

Pseudosections were calculated for samples representativetr@ingigon between
weakly- and intensely-altered rhyodacitic-rhyolitic rocks of the 20N falbt\Results indicate
that the presence of Mn garnet-bearing footwallocks has increased the stability of garnet to
temperatures as low as ~270%C, at times nearly 100v4C bélotit¢ha line. For the end-
member samples in this study, the influences of geochemicalioasia thegarnet-bearing
footwall are represented by modal abundance differences, and not by the appearane

minerals or by differences in the temperature at which inmlicainerals appear.

Phase equilibria modeling of weakly and highly altered rocks ialthminosilicate-
bearing footwallillustrates the increased stability of aluminosilicates in gightred rocks, as
well as the increased stability of staurolite with the addibiolRe. Lower Mn concentrations
(<0.03 wt% MnO) in these rocks are reflected by the absencerdtdaearing stable
assemblage fields in the calculated pseudosections. In additionsitbe temperature stability
range of staurolite provides tighter constraints on the peak tem@sr&umetamorphism at
LaRonde.

The compositional controls on mineral assemblage stability indRehde-Penna 20N
footwall rocks is interpreted to be the direct result of varymtgnsities oforemetamorphic
hydrothermal alteration. Highly altered rocks from both transmmigin either decreased or
elevatedSi, and variably increased Fe and Mg (and Mn), and variably decreas&d &al

sometimes Ca contents. Results of phase equilibria modeling shayathat stability is most



prominently controlled by Mn content, but also influenced by Fe:Mg rarid that biotite and

staurolite stability appears to be controlledHgyMg, and Al contents

Staurolite was observed in samples and predicted by pseudosectithes@87B bulk
composition. However, staurolite, while observed in sample 053 waseatitted using the
composition of that sample. When the bulk composition of 053 is compaitethei
composition of staurolite-bearing rocks, it is apparent that 053 has kene.g.,difference of
3.01 wt% with 037B), higher Mg (difference of 0.86 wt%), and much |A¢difference of
10.31 wt%). The stabilization of staurolite in 037B is possibly thelref higher Al and Fe. For

example, the lower Fe:Mgtio means that despite the rocks crossing the following reaction:
Staurolite +Chlorite + Muscovite /  Aluminosilicate + Biotite

(where the aluminosilicate mineral will be andalusite or kyatefgending on pressure)

staurolite will not stabilize. Insteathe assemblage following this reaction will be Als+Bt+Chl.

The results of phase equilibria modeling have implications for theéhditions of
metamorphism experienced at LaRonde, as well as for the expoodtVHMS deposits in

metamorphosed terranes. These implications will be further desdus Chapter 6.



CHAPTER 6

DISCUSSION AND IMPLICATIONS OF THE STUDY

The current understanding of the effects of metamorphism on VHMS desosiited
by the lack of a clear correlation between protolith bulk compositenP-T conditions of
metamorphism, and the mineral assemblages that result frometamorphism of alteration
halo rocks. This limited understanding hinders exploration for deposéswnetamorphism not
only changes the mineralogy of alteration haloes, but is typicabceded with extensive
changes in geometry due to deformation. The aim of this studjowaster develop our
understanding of how hydrothermal alteration intensity relates to thiéimgsmetamorphic
mineral assemblages through an integration of detailed petrograplge@citemical

characterization, geothermobarometry, and phase equilibria modeling.

In this thesis, the distribution of key indicator minerals and miressemblagewere
described in detafbr a range of rock compositions representing different intensities -of pre
metamorphic hydrothermal alteration in the footwall to the LaRondel¥ideposit. The
relationships between geochemical variations and the mineral aagesbhat stabilize during
metamorphisnwerecharacterized using a combination of P-T BAkX pseudosections and
compared with previous studies that also investigated major and rfenaere controls on
mineral development in ore-deposit environments. For example, #w effMn on garnet
stability has been well-demonstrated using empirical and phase diagpaoaches (Mahar et
al., 1997; Tinkham et al., 2001; White et al., 2014b), and the additndlhence of Fe an€Ca
contents further demonstrated in a study of vein-related hydrotherataligd rocks (Pattison
and Seitz, 2012). Because these effects are well known, whlsistudy focused on variations
in the stability of garnet, biotite, chlorite, staurolite, amel aluminosilicate minerglas well as
other potentially relevant minerals, by focusing on comparisons betwagalmatk

compositions (instead of single components) from the LaRonde-Penna footwal

In addition to improving our understanding of mineral assemblage develbpme

metamorphosed equivalents of altered footwall rocks at LaRonde-Rearmaitcomefrom this



researchave implications for the P-T conditions of metamorphasiraRonde and how these
conditions may relate to the evolution of the southern Abitibi greensteiheResults also have
broader implications for exploration of metamorphosed VHMS depadsitsresultcontribute
to the future development of predictive P-T-X models that all@wrelationships between bulk
compositions and mineral assemblages to be used to discriminatdéromckaetamorphosed
alteration haloes associated with VHMS deposits from Obackgrounoldkeggtamorphic

rocks.

6.1 The mineralogical reflection of alteration intensity following metamorphism

The LaRonde-Penna 20N footwall provides an interesting illustratioondfasting
mineral assemblages and textures developed in rocks where variattis composition are a
function of pre-metamorphic hydrothermal alteration style and intewgityn an originally
homogeneous volcanic protolith. Tharnet-bearing footwal(Transect 1) developed in altered
rhyodacite is characterized by garnet-bearing assemblages wheredalkeabundance and grain
size of assemblage minerals increase with proximity to orendeted pre-metamorphic
alteration intensity. This increase in inferred alteratiomisityg is correlated with an increase in
Mn, Fe Mg, and K, and a decrease in Ca and Na content of the toaentrast, the
aluminosilicate-bearing footwa(lTransect 2) developed in altered rhyolite is characterized by
more variable and complex mineral assemblages, the distributhici do not conforno
ideal models for VHMS deposits, where proximity to ore should bectefl in alteration
intensity. On theneter and a&cimeterscale, proximity to ore in Transect 2 is indicated by a
general coarsening of porphyroblast size, the appearance of alumatestioerals, and
increasing schistosityn contrast, on the centimeter-and-below scale significant assgenbl
heterogeneity may represent different levels of alteration inyethsit do not systematically
change with proximity to ore lensddowever, because geochemical variations in footwall
alteration intensity is reflected mineralogically, they may\muated through a study of the
relationships of mineral assemblage stability across a rang& ebRditions and bulk

compositions.



6.1.1 Compositional variations within altered VHMS footwalls

The geometesof alteration zones in a VHMS footwatetypically more varied and
complex than those predicted by the simplified Ofootwall alterpig@® model (e.g. Gifking e
al., 2005). For example, the compositional changes within and bealegation zones in the
LaRonde-Penna footwall display heterogeneity down to the millimesée;sespecially witim
rocks studied in Transect & this case, alteration intensity may mimic localized aoégse-
alteration permeability, a factor that may not systematiealty throughout the footwall nor
systematic with respect to the location of ore lenses. bhétese relate to pre-alteration textural
heterogeneities. For example, at LaRonde where flattening duringradefon is estimated to
have resulted in clast aspect ratios of 1:MércCierLangevin et al., 2007billimeter- and
centimeter- scale mineral assemblage heterogeneity miy leashe result of deformation and

metamorphism of altered breccias.

In a typical VHMS alteration footwall, increasing alteratintensity is predicted to occur
toward the central upflow zone and toward the locations of ore depdsitsest to
hydrothermal fluid flow), and is represented by a leaching of Na aaddSan addition of Fe,

Mg and K (Gifkins et al., 2005). As part of this model, Mn mayp &ls enriched in the
immediate footwall to the ore lefes) However, even when complexities associated with syn-
metamorphic deformation are accounted for, the geochemical ivassibserved within
Trarsects 1 and 2 do not systematically reflect the predictions maitiesbyodel. For example,
while Fe content is higher in the garnet-bearing and aluminosHaizgent zone (Transect 1),
reflecting elevated hydrothermal alteration intensities, Mg couwkees not consistently increase

in these zones

Additional deviations from the simplified VHMS deposit models algsten the
currently accepted model for hydrothermal alteration at LaRonde (@uwZ 2007), which
suggests that differences in geochemistry should exist between aogked from the same
volcanic units in Transects 1 and 2. The Pabal. (2007) model suggests that differences in
mineral assemblages reflects two different altered protolifhgarnet-rich assemblages
developed in rocks altered by neutral, low- to intermediate temouperéuids, and 2) aluminous

assemblages developed in rocks that experience advanced argtlic)(alteration.



In this study, some differences in geochemistry are observed thalat®mwith
assemblage differences. For examfli€). and K contents are generally lower on average in
Transect 1 rocks compared to aluminosilicate-bearing Transeck® While Fe concentrations
are also higher in Transect 1 rocks, Mg content is not consisteghigr. In additionNa
contents are higher in Transect 1 (Table 5.2; Appendix B). Howest, notable is the general
similarity in total AbOs content across samples collected from both transects, whath rar
exceeds 15 wt%. These values are consistent with average alaéierfed rhyolites presented
in DubZ et al. (2007) and similar or lower than typical Ound{feriyolite compositions.
Therefore, the presence of aluminosilicate minerals in Tra@secks, but their absence in
Transect 1 rocks, must reflect other compositional differeddesuse of phase diagrams allows

the links between footwall rock chemistry and variaionmineral assemblages to be explored.

6.1.2. Relationships between bulk composition and mineralssemblages

Phase equilibria modeling was used to show how bulk compositional vasiatie
expressed in the contrasting assemblages of Transects 1 and ZoBplistions representative
of key assemblage domain and geochemical variations that wereddtgatnodeling included:
garnet-bearing, aluminosilicate-absent assemblages from UnitbI2zhnsect 1;
aluminosilicate-bearing, garnet-absent assemblages in Unit 5T2ansect 2; and domains
composed of Grt+Bt and St+Chl assemblages that are intimatedlayered omillimeter- and
centimeterscalesin Unit 5.1b(d) in Transect 2. Using calculated pseudosections, thetededi
stabiliies of key indicator mineral-bearing assemblageer a range of P-T conditions that
include those experienced at LaRomekredemonstrated to be controlled by bulk geochemical

variations

The influence of Mnvig-Fe contents on garnet stability has been well-documented
(Mahar et al 1997; Tinkham et al., 2001; White et al., 2014a; 2014l)oisestudies show that
the presence of Mn stabilizes garnet to higher and lower pregaprés7 kbar) and
temperatures over a wide range of bulk compositions. Additiddinodlso leads to a predicted
and significant increase of garnet stability, lowering the tenwperaf garnet-forming reactions
in metapelitic rocks by more than 100;C (Mahar et al., 1997; Whaé,&2014b). White (2014b)

suggests that the temperature of garnet-in reactions could be handhe biotite isograd where



MnO contents exceed 0.3 wt%, which is less than half of the Mn coneagured in some
garnet-rich rocks analyzed from intensely altered portions of Trah4863 wt%). Garnet
stability may also be influenced by Fe contenth higher Fe:Mg ratios also stabilizing garnet to
lower temperatures (Tinkham et al., 2001; Pattison and Seitz, 20ddjionally, Ca has been
suggested to stabilize garnet to lower temperatures, but teeadsssnt than Mn and Fe (Mahar
et al., 1997).

Results from this study correlate with previously published redutis temperature at
which garnet becomes stabile in compositions modeled from Tradsaets2 is also strongly
influenced by Mn content and Fe:Mg ratio. Also observed in some comopgsitre garnet-
bearing assemblages stabilized to lower temperatures than beditieg assemblagesith
garnet-bearing assemblage fiefiighlizing to as low as ~274@ (Transect 1Figures 5.1a; 5.1b)
and ~26QC (Transect 2Figure 5.4a). Garnet-absent assemblages in Transect 2 areertlysist
low in Mn content (~0.01-0.09 wt%) and high in Fe:Mg ratio (Table 5\2)ile these rock
composition-mineral assemblage variations may reflect gradual changjesration intensity
with proximity to ore zones, an important observation is that conpasithat allow
stabilization of garnenay be interlayered on less than centimeter scales with congmssttiat
donOt (Transect 2; Figure 5.4b). This observation demonstrates hawiewexariations in Mn
and Fe contents in whole rocks, and therefore minimal differen@dteration intensity, may

result in significantly contrasting mineral assemblages.

In most cases in the rocks modeled using pseudosections, the tenegeatitunich
biotite-bearing assemblages stabilize is consistent with teatisenany rock types (e.g.,
metapelites; Spear, 1993; White et al., 2014). However, in gaeaeitrg rocks from Transect 1,
biotite-bearing assemblages statalio lower temperatures for compositions with higher Fe and
Ti contents (Figures 5.1b%imilar trends are noted in compositional bands from Transect 2,
where biotite is stable at <3(D for garnet-bearing bands with higher Ti€dntents (037A =
0.26 wt% TiQ) (Figure 5.4a) but is restricted to temperatures abovgCAfa staurolite-
bearing, garnet-absent bands with lowi&D, (037B = 0.03 TiQ). The latter observation is

consistent with some previous studies (e.g. White, 2000).

In addition to the effect of total-Fe and Ti contents on biotétbikty, the effects ofFe**

on biotite have also been documented and show biotite to be stabilipeetaémperatures in



more oxidized rocks (White et al., 2000; 2014a; 2014b). While the phasbragudiagrams
calculated in this study did not incorporate changes ihlf&tween the modeled compositions,
and the overall Fé& content in these modeled rocks is negligible (Table 5.2), this pormay

have important implications for understanding where biotite may besstabifferent parts of

the alteration system that maymereor less oxidized. For example, stringer zones that contain
higher amounts of sulfide minerals are likely to have reduced congussitvith the resulting
metamorphic biotite possibly reflecting higher temperature conditionsbib#te in a more

oxidized zone.

Chlorite in assemblages across both transects is not paryiaularé stable at higher
temperature conditions than what has been documented in typical pelitreyywacke-
composition rocks (e.g., White et al., 2014a), or for alteredtlrasacks (Diener et al., 2008)
where chlorite can be stable to temperatures greater tha@.60& persistence of chlorite-
bearing assemblages to higher-grade conditions is controlled by elevat@ankitam et al.,
2001). At LaRonde, elevated Mg concentrations are reflected in psetidosdy an increase in
the upper temperature stability limits of chlorite {GQat pressures between 2-4 kbar)

especially for St+Chl compositional bands in Transect 2 rocksr@g-gdb).

Although staurolite was observed in a number of mineral assembtage3fansect 2
rocks, pseudosections for aluminosilicate-bearing, garnet-absent Foglse(5.3b)failed to
predict the presence of staurolite-bearing assemblages. One &gpldoathis is could be the
presence of zinc in staurolite, which is suggested to affestabdity limits. However, the
absence of experiments describing the thermodynamic behavior of Zn-bsatingjite
currently precludes inclusion in pseudosection calculatidaspite thisthe measured zinc
values in the aluminosilicate-bearing, garnet-absent rocks in Ttahsesed for PT modelingre
very low (Zn in 053 = ~0.007 wt%) (Appendix A), and the compositiortafrslite in these
rocks is also typically Zn-poor (<0.2 wt% ZnO). Additionally, rock conpmss in which
staurolite was successfully modeled to occur at the P-T windowspanding to metamorphism
at LaRonde (e.g. staurolite-bearing compositional bands in LAR-13-03F@eF5.4b) contain
almost three times more Zn (0.038 wt%) (Appendix A), indicatirag zinc content may notb

the only influencing factor.



Although time limited a full exploration of compositions that may cordtalirolite
stability in metarhyolites, limited modeling was attemptedlifneary results suggest that with
the addition of ~2.5 wt% FeO to composition 053 (to a total of wikf), staurolite
assemblages were stable over a narrow range of temperatdreating a probable dependence
of staurolite stability on Fe content in the bulk roTke stability of staurolite may also be
dependent on the P-T trajectory during metamorphism. For examplaglfi@r Mg rock
compositions, when crossing the staurolite-in reactiBti§hl-And assemblages may be stable

at the expense of staurolite

This effect of Fe:Mg on the stabilization of staurolite has previously been documented
(Tinkham et al., 2001), and shows that staurolite stability tactel to lower Xig compositions
at lower amphibolite-facies conditions. Staurolite- and andaluseteAgeassemblages from
Transect 2 (represented by composition 053) contain a much highé.X0) than for the other
staurolite-bearing composition modeled (037iy X 0.42), whichmay have resulted in

restricted staurolite stability for thdg-rich composition of 053.

Both aluminosilicate-bearing and aluminosilicate-absent assemlaagisn similar
bulk rockAl.Os compositions. Moreover, for the rock composition modeled with the highest
bulk Al20s (037B = 18.16 wt% aluminosilicate minerals have restricted stability ranges
(temperatures higher than the triple pgiRtgure 5.4b), and are not predicted for temperatures
experienced at LaRonde during regional metamorphsmmportant implication is that Al
content is not a major control on the presence of aluminosilicatee observed mineral
assemblages at LaRondiestead, other major and minor elements influence the location of
alumninslicate-forming reactions, or the mineral assemblages that resultthrese common
metamorphic reactions. Where andalusite and kyanite are predicbilize, stability fields
are restricted until temperature conditions much higher than expsgiaht. aRondeSimilar

behavior has been previously been noted (Tinkham et al., 2001; Tinkham and2Bb8&nt

6.1.3 Relating mineral assemblages to alteration zones

The typical mineral and compositional zoning predicted by simple VHM&ets
involvesFe-Mg-chlorite-rich central alteration zones and Na-K-rich secieihd albitic outer

zones This compositional zoning was predicted to correlath mineral assemblages on a



broad scale in metamorphosed deposits. Results from this studyyimithtate that for

rhyolitic protoliths, biotite- and Mn-garnet-bearing assemblagisiefine zones that correlate
with central FeMg-rich alteration zones, and garnet-poor, possibly aluminosilicatéagear
assemblages will result from the metamorphisrsenidtic intermediate and albitic outer
hydrothermal domains. However, this broad correlation is not consistensmaller
(centimeter-and-below) scale, wheantrasting mineral assemblages reflect the phenomenon of
small differences in protolith bulk composition (and alteratioansity) that result in major

differences in peak mineral assemblages.

6.2 Implications for conditions during metamorphism at LaRonde

The conditions of peak metamorphism at LaRonde suggested-8t, &@rt-Chl, and
GASP/GBPQhermobarometry range from 420 b A2@nd 3.2 b 5.5 kbar (Tables 5.1a-c
Figure 6.). These estimates overlap with the lower temperature rang#istpcefor stable
mineral assemblages in calculated P-T pseudosections, whiclosttg suggesting slightly
higher peak temperatures. For example, the garnet-bearing assenmbl&ggnsect 1 (samples
016 and 022) are constrainedP-T pseudosections to be stable from 470 5 G4nd 2 D 4.6
kbar. In rocks from Transect 2 that preserve alternating bands+Bt@&nd St+Chl-bearing
assemblages (037A and 037B, respectively), stability fields oventaprfarrower P-T range of
~500-550;{C and ~3-4.5 kbar, consistent with estimates from the garmigtgoeatwall
assemblages. The P-T conditions constrained for the aluminosdicsést (048) and
aluminosilicate-bearing (053) samples from Transect 2 straddigofiex and lower limits of the
other assemblages. For the aluminosilicate- and staurolite-assemblages (048), lower
estimated temperatures (370 D 490overlap with estimates from conventional
thermobarometry. However, conditions estimated based on aluminodiezateg, garnet-
absent assemblages (053) are somewhat higher than other esamatasige between 550 D
610;C (for 3.2 b 6 kbar). Reliable upper temperature limits for metghism are provided by
the observation that sillimanite is not stabilized in garnet-beaoicigs from Transect 1 (e.qg.,
016 and 022), and magnetite is not stabilized in garnet-bearing compositbomains in sample

037A, which together imply that peak conditions remained below ~600;C fat Kbar.



Important to this study is that conditions predicted for most staivleral assemblages
overlap with the aluminosilicate-triple point. This broad overlap not prdyides confidence in
the pseudosections themselves, but is in general accordance vatmveational
thermobarometric estimates. In contrast, conditions predictedd@table mineral assemblages
of 048 and 053 do not overlap with estimates from other peak asserdbfagas, and the
estimates from 053 do not overlap with conventional thermobaromstincagesAs previously
discussed in Chapter 5, these pseudosections did not replicate thblages observednd
attempting to force the predicted stability fields to represbsérved assemblages may provide
false estimates for P-T conditions. Therefore, less emphasiseen placed on the P-T results of

these samples.

Figure 6.1. P-T diagram with an inferred clockwise prograde fmaththe LaRonde-Penn
deposit, with peak P-T assemblage domains from calculated pseunioseisplayed.



An inferred prograde P-T path for the regional metamorphic evolatibaRonde-Penna
can be derived by integrating peak conditions from mineral assemblageextural
relationships preserved in the rocksidalusite is abundantly present within Transect 2 rocks,
despiterestrictedstability in calculated pseudosectioAsidalusite porphyroblasts preserve
foliated inclusion trails alignedith an externamatrix foliation that also locally wraps around
andalusite. In addition, kyanite commonly aligned witim this dominant foliation. This
suggests that the prograde P-T path proceeded first within the atedstability field before
crossing into the kyanite field with a shift to slightly higher pness. Sillimanite is rare, but
where seen (e.g., 053), is fibrous or occurs as fine-grainedspaaohforms fringes on biotite
and locally on kyanite. The low abundance and fine-grained nature wiasilte in Transect 2
(Unit 5.2b) rocks, in combination with the absence of sillimanie all Transect 1 rocks,

suggests a limited excursion into P-T conditions favorable for thdiztdion of sillimanite.

The overlapping peak stability fields for each P-T pseudosection aldmgexiural
evidence indicate a prograde clockwis& op typical of orogenic belts (pictured in Figure
6.1). Peak P-T conditions at LaRonde-Penna likely reached the lower am@iiaois,
probably at approximately 510 b 530%C and 3.8 b 4.2 kbar (Figure 6.1jteAhsaimum
temperature conditions of ~600;C are indicated by the absence oasiliain the garnet
footwall. Textural evidence that records progressive growth ofipfeifthases within a layer-
parallel foliation supports the interpretation that metamorphism was regionature. In
addition, the lack of assemblage zoning that reflects a theradikegt generated by nearby

intrusions argues against a contact metamorphic origin

6.3 Exploration for VHMS deposits in metamorphosed terranes

The results of this study have direct implications for understandirgstegnblages that
develop within metamorphosed VHMS alteration halos. While assemétialgiity limits are not
the same across all bulk compositions, the transitions betwesmldage domains are a direct
reflection of bulk compositional changes. Therefore, variationdenadilon intensity within and
between primary protoliths (in this case, rhyodacitic-rhyolitic wailcaocks) can lead to varying

mineral assemblage stabilities across a compositional graaligr® same footwall, or between



intimately layered domains over short length scales. This variatibbe exacerbateth

volcaniclastic rocks where alteration intensities could vary widel

The solution to understanding the extreme heterogeneity present wegtamorphosed
alteration haloss to understand the geochemical controls on mineral assemblage staldr
example, bulk compositions with elevated MnO, FeO, and CaO aeelikely to stabilize
garnet-bearing assemblages, and bulk compositions with elevated MgOpéetddi®&laO are

more likely to stabilize staurolite-bearing, and locally aluminceié-bearing, assemblages.

Despite issues with modeling the stability behaviaZmwbearing staurolite in
pseudosections constructed for the aluminosilicate-bearing rockRandla (e.g., sample LAR-
13-053), the approach used in this study provides a useful approach and methfmtology
characterizing the alteration patterns of VHMS deposits inmmaiahosed terranes. Using the
approach employed in this study, pseudosections could be calculateddomibesitionof a
range of hydrothermally altered rocks expected to be intersectiedl core, at the PF
conditions of the metamorphic terrane in which the deposit is loCEbedmineral assemblages
predicted to stabilize by P-T and P/T-X pseudosections could be uaembatext to interpret
those mineral assemblages observed in core, and aid with developikdpativeen minerals
observed in core and the pre-metamorphic hydrothermal footprint. Ensdaation of a
predicted mineral assemblage in decitke, and equally as important a sequence of mineral
assemblages, can then be used to develop a more robust framehyutkotiiermal alteration
intensity, and so proximity to lenses with a high probability of ores framework is especially
important where deposit alteration haloes are deformed, changinggimalbaiteration halo and
ore zone geometries. Exploration for VHMS deposits is challengingetamorphic terranes
where there is uncertainty with predicting the expected miassgimblages following
metamorphism. In these deposits, the mineralogy reflects #ratadh but is not a direct product
of alteration, and the transitions between assemblage domamangartant context in which to

view the transitions between alteration zones, and thereforeféneed proximity to ore.



CHAPTERY
CONCLUSIONSAND RECOMMENDATIONSFOR FUTURE WORK

The aim of this project was to address two key questiongnigelat the development of
mineral assemblages in metamorphosed VHMS deposits: 1) How agoves in protolith bulk
composition (major and minor element chemistry) across an attetzio reflected in
metamorphic mineral assemblages over a range of P-T conditions? Amha@3e equilibria
models can effectively describe the relationships between preamgtiaic alteration zone and
mineral assemblages, can robust predictive models be developedbthhidbah relationship to
be established between alteration halo compositions from unmetamal plepsesits to
assemblage domains in their metamorphosed equivalents?

The study focused on rocks sampled from two transects through difbarenbf the
altered footwall to the LaRonde-Penna Au-rich VHMS deposit, and atefield relationships
with petrologic and geochemical investigations to characterizenmephic mineral
assemblages and textures, metamorphic mineral chemistry, anetkidgeochemistry of the
rocks. These characterizations served as the basis to sglecinezal assemblages and
assemblage transitions to develop phase diagrams that related bptkstemns to metamorphic

mineral assemblages over a range of P-T-X conditions.

7.1 Conclusions

Key conclusions of this study include:

¥Thegarnet-bearing footwal{Transect 1) developed in altered rhyodacite-rhydite
characterized by garnet-bearing assemblages where the modal abundiagr@eresize of
assemblage minerals increase with proximity to ore and infereesthetamorphic alteration
intensity. This increase in inferred alteration intensity isetated with an increase in Mn, Fe,
Mg, and K, and a decrease in Ca and Na content of the rocks.

¥ Enrichment of Mn and ke garnet-bearing footwaltocks has increased the stability
window of garnet-bearing assemblages, lowering temperature at wii est forms tas
low as ~270%C, at times nearly 100%4C below the first appeataintéeoh these rock

compositionsThe influences of whole-rock geochemical variations ingdmaet-bearing



footwall are represented initially by the appearance of the assemhtagé Kdu-Chl in weakly
altered rocks. However, once this assemblage appears in thedijlincreasing alteration
intensity and proximity to ore lenses is not recorded by the stalmhzaf new mineral
assemblages, but by an increase in the modal abcamdad size of porphryoblastic phases

¥The aluminosilicate-bearing footwa([Transect 2) developed in altered dacite-
rhyodacite preserves varied assemblages where garnet, staanalisduminosilicate minerals
are dominant. Heterogeneities are observed from the sedbkrwvith an overall increase in
grain size and intensity of schistosity with proximity to ore lspndewn to the millimeteseale,
where intimately layered and alternating bands of Grt+Bt andib&sSemblages illustrate
original heterogeneities in the footwall.

¥ In thealuminosilicate-bearing footwaltompositions that allow stabilization of garnet
(high Mn and Fe:Mg ratio) versus those that do not (low Mn and Fe:tidy naay be
interlayered orscalesof less tharacentimeter This observation demonstrates that even minor
variations in whole rock Mn and Fe contents, which reflect only minaffarences in alteration
intensity, may result in significantly contrasting mineral assegdsla

¥Although staurolite was present in aluminosilicate-bearing, gatrssnt rocks in
Transect 2, initial pseudosections calculated for these rod&d faiproduce staurolite-bearing
assemblages. Preliminary results suggest that with the additieaQofo the composition of 053
(from 1.84wt% to a total of ~4.5 wt%), staurolite assemblages were staklea narrow range
of temperatures, indicating a probable dependence of staurolitetgtabife content in the bulk
composition.

¥A major conclusion of this study is that aluminum content of the rackl/zed is not a
major influence on the presence or absence of aluminosilicagzats in the LaRonde footwall
Total Al2Os content is essentially the same for aluminosilicate-bearinglananosilicate-
absent assemblages (from both transg@s3ly exceethg 15 wt%,. Thigs similar tq or lower
than, typical OunalteredO rhyolite compositions, and also consisteavevrage values for
altered rhyolites presented in DubZ et al. (208@)important implicatiorof thisis thatmajor
and minor elements other than aluminum control the appearance of allicat®sninerals in
rocks from Transect 2.

¥A combination of conventional geothermobarometry and phase equilibria modeling
indicates that @ak P-T conditions at LaRonde-Penaua constrainecit 510-530%C and 3.824



kbar. Textural evidence including abundant andalusite in Transect 2 sdlthggnite fringes on
biotite and kyanite within a foliation, and the presence of silliteanionly a small portion of
the footwall rocks indicates regional metamorphism and clockwis@&iTtypical of orogenic
belts.

¥Within the context of simplified models for VHMS footwall aléon in rhyolitic
protoliths, biotite- and Mn-garnet-bearing assemblages will deineszthat correlate with
central FeMg-rich alteration zones, and garnet-poor, possibly aluminosilicatedlgeari
assemblages will result from the metamorphism of seriatezmediate and albitic oute
hydrothermal domains. However, inconsistencies between mineralldagerand inferred pre-
metamorphic alteration zone imply that the mineralogical diffeenagin metamorphosed
VHMS deposit footwalls may not be obvious reflections of bulk rock geoistey. For
example, while Fe content is higher in the garnet-bearing and alulcetesabsent zone
(Transect 1), reflecting elevated hydrothermal alteration irttegsMg content does not
consistently increase in these zones.

¥Phase equilibria modeling allows the links between footwall rock dtgnand
variations in mineral assemblage to be explored. Mineral syahdibss geochemically
contrasting zones in an altered VHMS footwall can be predictedarelated to observed
assemblages. Despite issues with predicting staurolite stabifome assemblages, predictive
phase equilibria modeling is determined to be a robust tool to unutestd describthe
relationship between pre-metamorphic alteration zone mineral bisggra and their

metamorphosed equivalents.

7.2 Recommendations for future work

The research presented in this thesis confirmed that phase éguilduteling, and the
use of P-T-X pseudosections represents a viable method to developiyeredals that aid
exploration for VHMS deposits in metamorphosed terranes. Furth&rsiould include:

¥An evaluation of the effects of individual chemical components on alistability,
particularly for indicator minerals that serve to locate @gilon geologists within a
metamorphosed alteration halo. For example, Fe controls on thé&staflstaurolite and K and
Fe** controls on the stability of biotite need to be further exploredrgrdrated within real rock

compositions. In addition, further constraints are needed on the rdlg:B€ ratio in dictating



the appearance of staurolite and andalusite, as well asahea@nportance of Al and K
contents in stabilizing aluminosilicates.

¥Further testing of the modeling approach by carrying out similar stodi@ther well-
characterized VHMS deposits, in particular those developed witti@ratit volcanic protoliths
(mafic versusfelsic) and within terranes with different metamorphic histories, expandi
knowledge about how protolith bulk compositions are reflected in metamegplegsivalents.

¥The construction of P-T-X pseudosections based on bulk rock compositions from
unmetamorphosed or weakly metamorphosed deposits, where increased cenfideac
original OalteredO protolith compositions exist, in particulgrassible presence of carbonate
alteration minerals. The assemblages predicted lsg iseudosections could be then compared
directly to those observed in known metamorphosed deposits (e.g., Izok_bRamnde).
Combining this with modeling of existing metamorphosed deposits could theedéous
develop a framework of predictive models that cover a range of caropesand metamorphic

settings, including contact metamorphism.
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APPENDIX A

SUPPLEMENTAL ELECTRONIC FILHFOR WHOLEROCK GEOCHEMICAL ANALYSES

DataFile File containing whole-rock geochemic
analyses. Appendix A is in Microsoft

Excel (2018) format.

Appendix_A_Whole- Whole-rock geochemical analyses
RockGeochem




APPENDIX B

SUPPLEMENTAL ELECTRONIC FILES FOR ELECTRON MICROPROBE MINERL

ANALYSES
Data Files Files containing chemical mineral analyses.
AppendcesB-1 and B-2 are in Microsoft Exce
(2018) format.
Appendix_B- Electron microprobe (EMP) mineral analyses
1 EMP_Data
Appendix_B- Electron microprobe (EMP) mineral analyses
2_Staurolite_ EMP_Data| staurolite, including zinc calculations




APPENDIX C

SUPPLEMENTAL ELECTRONIC FILHFOR ELECTRON MICROPROBE MINERAL
ANALYSES USED IN GEOTHERMOBAROMETRIC CALCULATIONS

Data File File containing chemical mineral analyses
used for geothermobarometry. Appen@ix
is in Microsoft Excel (2018) format.

Appendix_C_EMP_for_PT | Electron microprobe (EMP) mineral
analyses used in geothermobarometric
calculations
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