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ABSTRACT

The Noranda mining districtontains some of the most important volcamisted
massive sulfide depositd the Neoachean Abitibisubprovince of northern Ontario and Quebec.
With a historic production d4.3 Mt of ore grading 2.2% Cu and 6.1 g/t, Awe Hornedeposit
was the largst base and precious metal producer within the district. The Quel®posit
locatedjust north of the Horne mine, was the second largest producer with a historic production
of 13.9Mt of ore grading 1.31% Cu ard38g/t Au.

The Horne mine is hosted byelsicc-dominated volcanic succession that is crosscut by
mafic dikes feeding into a conformably overlying mafic volcanic package.of the best
exposed and preserved sections of Horne stratigraphy is located in the Horne West area. In this
area a largeflow-banded rhyolite cryptodome conteig abundant mafic xenoliths is exposed.
To characterize the occurrence of the mafic xenoliths, the sinapé,size, and contact
relationships wre recorded for each xenolith. Volcanic facies analysis showeththgar
xenolithsare abundaht present in the lower portion of the cryptodome Badome increasingly
sparse, blockyand irreguldy distributedand shapedp-stratigraphy. Flow banding around the
xenoliths is well developed in the lower portion of thgalite. The contacts between the mafic
xenoliths and the surrounding rhyoldaee commonly scalloped@he facies relationships suggest
that ncorporation of the mafic xenoliths into the rhyolite cryptodasreestexplained by a
process of magma mingliniylingling presumablyccurred through synchronous emglacent
of the felsic feedeof the cryptodome and a mafic dike alangynvolcanic fault.

The host rock succession of the Quenaeyositprimarily comprisesoherent rhyolite
and felsic volcaniclastianits. The succession is cut by a dikedike complex containingoth
mafic and felsic intrusiongvlagma mingling and mirig areobserved alonthe contacts
between a mafidike and a quartand feldspaphyric rhyolite dike. The style of mingling and
mixing is heterogeneous along the cont@dmmon textural relationships include the presence
of elongate mafic xenolithalongthe margin of thehyolite dike, centimetessizedinclusionsof
mafic material in anatrix ofintermediatecomposition centimete-sizedmaficinclusionsand
wispy xenoliths withira rhyolitematrix, and areacharacterized by mixedhyolite andbasalt

resulting in anntrusion ofandesitic compositiorThe intricate contact relationships observed



suggest that the dike-dike compex at Quemont Hill formed through synchronous
emplacement of felsic and mafic melts along a major synvolcanic structure.

The results of the volcanic facies analysis lend support to models assuming that the
Horne and Quemomteposits which rgoresent somef the largest synvolcanic gold enrichments
world-wide, formedin a volcanic setting characterized yynvolcanic faulting caused leyustal
extensionWidespread mingling and mixing of magmas of significantly different compositions
likely resulted from tk upwelling of mantlelerived melts into the crust, promoted by an
extensional setting. As magma mingling and mixing indicate bimodal volcanism, a hatiimark
crustal extensiont is proposed here thablcanic textures produced by these processes can be

used to identify areas in volcanic belts that are favorable for volbasied massive sulfides.
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CHAPTER 1
INTRODUCTION

1.1.Volcanic-HostedM assiveSulfide Deposits

Volcanichosted nassive sulfide (YIMS) depositsepresenpredominantlystratabound
sulfide accumulationand related crossutting stringer zones or massieplacement pipes that
formed from hydrothermal fluids on or immediately below the ancient segfoanklin et al.,

2005. The deposits are hosted by coherent volcanic rocks or volcaniclastic deposits formed or
emplaced in a submarine settif@bson etal., 1999. VHMS deposits representsignificant

sourceof copper, zincandlead Some deposits contain economic gradesleér, gold and

elements sutas Co, Sn, Cd, In, Bi, and Ga, arah be recovered as-aar byproductgFranklin
etal.,,2005)5The deposits formed throughout Earthos
recognized in prd.7 Ga old volcanic rocks at Isua, Greenléigdpel, 1979) Massive sulfide
formationstll occurs todatventing hydrothermal sitesn the modern seaflooH@nningbn et

al., 20035.

1.2.Bimodal Volcanic Successions

Massive sulfide deposits form in volcanically active settiMysst sgnificant VHMS

districtshave beefiormed neaconvergent plate margins settircygaracterized bynajor crustal

extension(Allen etal., 2002;Franklin et al.,, 200bandmany of t he wor |l dés mos

deposits artosted by bimodal volcanic successi¢Barrie and Hannington, 199Barrett and
McLean, 1999Franklin et al., 2005Piercey, 201 Approximately 22% of the total tonge of
massive sulfides worldwide is hosted by host rock successions dominated by mafic rocks. These
depositsand are thought to represent volcanic succes$oomed during riftingof primitive

volcanic acs. An additional 20% of thev o r Itotlabtannagef massive sulfides contained in
felsiccdominatedbimodal successions. These deposits probably formed in compositionally more

mature rited volcanic arc¢Barrie and Hannington, 1999;



Bimodal volcanismis a result of the coeval venting wfantlederived mafic melts and
felsic materialproduced by crustal melting or differentiation of the mafic m8itmodal
volcanism is common iaxtensionaénvironmentsvhich are characterized bygh heat flow
from the mantle such as rifts and bak basins deveping in continental margin arcs,
transitional arcs, and intraoceanic affésyer et al., 1990; Hochstaedtera¢, 1990; Gill et al.,
1994; Clift, 1995Stolz, 1995 Shinjo and Kato, 2000; Piercey, 2011

The synchronous emplacement of bimodal volcamiesmayresult in themingling or
mixing of magmas ofontrastingcompositionsMagma mingling and magma mixing are
differentiated by the extent to which physio@gma interactiohas occurred. Magma mixing
typically resulsin the formation o homoga e ous or fi hy bduetahe clas® mposi t i
interaction of two magmas contrasting composition§lagma mingling refers tmagma
interactionthat has resulted in physically distinct magmas with heterogeneous compositions
(Johnson and Barnes, 2006). Titecess and extent of mixing and mingling are generally
controlled by the density and viscosity of the end member magmas, which are also a function of
the respective temperature and water content (Neves and Vauchez, 1995).

It is the aim of the present slyitotest whether magma mingling and mixizige
common processoccurring during the formation of VHMS degits within bimodal volcanic
host rocksIn addition, the study presentdether volcanic textures produced by these processes
can be used to idefit favorableexploration locationsvithin volcanic belts thdikely
underwensignificantextension to alloveontemporaneousmplacement aiafic and felsic
melts. The study wasonducted in the Neoarchean Noranda camp in Quebec, Carmaclais
host totwo of thew o r | d 6 goldriehVidMSsdéposits

1.3. NorandaDistrict, Abitibi Subprovince

TheNorandadistrictnear RouyrANoranda in Quebec arguably represents one of the best
studied VHMS districts in the world@he Neoarchean volcanic rocks irettlistrict are
exceptionally well preserve@sibson and Galley, 200.//Regional metamorphism hascurred
at prehnitepumpellyite to lower greewhist facies conditiongPowell et al., 1995and
penetrative fabric development is only locally pronoun&itison and Galley, 200.7/Research

conducted ohe massive sulfide deposigd their hostock successionsassignificanty



contribuedthe understanding of VHMS deposits and the development of genetic and exploration
models for this deposit typ&{bsonand Galley, 200/

The massive sulfide deposits of the Noranda camp are hostedichyic rocks
belonging to the Blake River assemblagichrepresents the youngd27042695 Mg
assemblage of submarine volcanic rocks inNBearcheam\bitibi subprovnce(Fig. 1-1)
(Thurston et al., 2008; McNicoll et al., 201Fhe Noranda district is host to 2®assive sulfide
deposits and a number of uneconomic occurrefites and Gibson, 1993; Gibson and Galley,
2007; MercierLangevin et al., 201d4). Most of thedeposits mined in the district are hosted by
the mafiedominated bimodal volcanic succession of the Noranda Main CHEmepdeposits
largelyformed at the ancient seaflaasclassical moundgtyle massive sulfides$n general, thee
deposits are small inz= (<5 Mt)andbasemetalrich, but have comparably low precious metal
grades (2 g/t Au).

o)
=]
>
2
o
.
> |

PONTIAC SUBPROVINCE

Superior
Province
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O Gold m Copper,zinc < Nickel, copper and shear zones

Fig. 1-1: Geological nap of the Abitibi greenstone belt of northern Ontario and Quebec
(modified after Thurston et al., 2008).



In contrast to th& HMS depositof the Noranda Main Camp, tiorne and Quemont
depositsaarelocated withinfelsic-dominated bimodalolcanic successions thatimarily
comprisevolcaniclastic rockgKerr and Gibson, 1993;Gibson and Galley, 2007; Mercier
Langevin et al., 201d). The Horre deposit is the largest Aich massive sulfide deposits within
the Norandalistrict with a totalpastproduction of 54.3 Mt of ore grading 2.2% Cu dhdl g/t
Au (Gibson and Galley, 2007). Tiguemont depositielded16.65 Mt of ore at.2% Cu and
5.5¢g/tAu (Gibson and Galley, 2007Fhe unusual size of these two deposits may, at least in part,
be explained by the fact that tHerne and Quemomteposits formed largely by subseafloor
sulfide infiltration and replacement.

Recentigh-precisionU-Pb age ding has demonstratddat the Horne and Quemont
depositsare hosted by felsic volcanic rocks that 2/2+ 0.9 Ma and 2702 £0.8 Main age,
respectivelyMcNicoll et al., 2014)The host rock successions of the two gabth deposits are
consequenthaboutl-2 Ma older than theaposits in théloranda Main Camp. This may suggest
that the Horne and Quemont deposits not only formed in a different volcanic setting than the
deposits of thié&lorandaMain Camp, but that regnalscale processes such asgeedynamic
setting mayhaveexertedmportantcontrol ondeposit formation anchetal endowment (Mercier
Langevin et al., 201t McNicoll et al., 2014)The present studwill provide new critical

information on the regional setting of the Horne and Quemqrusiles

1.4. ResearchApproach

The presenstudy aims tadentify and characterizenagma mingling and mixing textures
in surface outcropsf the host rock successions of the Horne @oémont depositBasedn
detailed textural observations, the volicgorocesses that are responsibletfa observed
texturesarereconstructedyproviding critical information on the volcanological and geodynamic
setting of both deposits.

At Horne, a wellexposed rhyolite cryptodome containing abundant mafic xenoliths
(Monecke et al., 2008yas chosen to study processesiaigma minglindetween felsic and
mafic melts Theresearchnvolvedthedetailed mapping of the rhyolite cryptodome and each of
the xenolithsthedescription and analyses of the composition, contawdgextural

characteristics of mafic xenoliths within the rhyolite cryptodpooatouring the xenoliths based



on size shapetrend,and abundance in order to understand outcrop scale temtsomparison

of the xenolith textures with other known magmaagling occurrences

Within the Quemont aredgetailed volcanic facies analyses weoaducted at a dikin-

dike complex at Quemont HillHuthmam, 2009; Monecke et al., 201 ITheresearch included

extensive mapping overcomparably largield area ad detailed mapping of the magma

mingling and mixing features within the dike-dike complexgeochemical and petrographic

analyses of the volcanic lithofacies preseithin the dike swarnto observe large scale

compositional variationsaandcomparison othe magma mingling and mixing features across the

outcrop toassesshe processsof their emplacement.

1)

2)

3)

4)

Theresearctat Horneand Quemont addressthefollowing specificquestions:

What are theharacteristics of volcanfeatures within the Horne aré@atformed
throughmingling of felsic and mafic magmas and how can they be quantified across the
surficial outcrops?

What are the volcanic processes responsible for the formattbess textureand what

do the interpreted volcanic processes suggesttabe synchronous emplacement of
felsic and mafic magnfa

What are the ngma mingling and mixing texturgsesent at Quemont and how are they
spatially distributed throughout the bimodal dikedike complex near the Quemont
massive sulfide deposit?

How does the occurrence of magma mingling and mixing relate to the volcanic

environment in which the Horne and Quemont deposit foPmed

In addition to these key questions, the present study will compare the textural evidence for

magma mingling and mixing obsed/en the host rock successions at Horne and Quemont with

thosetexturesdescribed in the literature for othssttings.

1.5. Thesis Outline

The thesis is structured into four chapters. The first chapter provides an introduction to

the subject matter aralitlines the goal of the research. Theeegsh results are presented in

separate chapters that are written as manusemgiwill be submitted to the international peer

reviewed journa Precambrian ResearcdindJournal of Volcanology and Geothermal



Resarch. Chapter Zocuseson theoccurrence ofmnagma minglingluring the formation of the
volcanic host rock succession of the gidornedeposit. The chapter derives a model for the
incorporationof mafic xenoliths intdherhyolite cryptodomet Horne Wet Chapter 3 focuse

on the research conducted at Quemont Hill, which forms part of the host rock succession of the
Quemont deposit. It is demonstrated that magma mingling and mixing occurred during the
emplacement oddike-in-dike complex that is compad®f rhyolite and basalt intrusions.

Chapter 4orovides ssummary of theesearch findings and a comparison between the case
studies aHorneandQuemont Implications to exploration for volcanlwsted massive sulfides

are discussed.



CHAPTER 2
THE SIGNIHCANCE OF MAGMA MINGLING DURING THE FORNMATION OF THE
VOLCANIC HOST-ROCK SUCCESSION OFHE GIANT HORNE MASSVE SULFIDE
DEPOSIT,ROUYN-NORANDA, QUEBEC

Manuscript to be submitted to Precambrian Research

Keywords: Archean, AbitibsubprovinceBlake River asemblageHorne deposit, magma

mingling, rhyolite cryptodomes, volcanic facies mapping

2.1. Abstract

The Noranda mining camp represents one of the most important hosts of vblosteid
massive sulfide deposits in the Neoarchean Blake River assembtageAditibi subprovince
of northern Canada. With a past production of 1.13 Mt of Cu and 260 t of Au, the Horne mine,
located near RouyNoranda in Quebec, was the largest base and precious metal producer within
the district. The hostock succession ohe giant Horne depogitrimarily comprises a
succession of felsic volcanic rocks that is crosscut by a dike complex feeding into a conformably
overlying package of mafic volcanic rocks.

Detailed mapping showed that a flda@nded rhyolite cryptodome exposadhe
footwall of the deposit contains abundant mafic xenoliths. The characteristics of the mafic
xenoliths, including their shapes, siz&ends, andcontact relationships, were recorded using a
one by one meter surface grid. Based on contour nitapas possible to identify several
systematic changes in tkenolith characteristicacross the rhyolite cryptodomAbundant
tabular xenolith@represent in thatratigraphically lower part of the outcrop. The xenoliths
becoméncreasingly parse, blockyand irregular towards the top of the rhyolite unit. Distinct
flow-banding in the southemmostoutcropsare indicative for ae-W flow of the rhyolite around
the xenoliths Scalloped margins on the xenolitesggest thatapid quenchingf the mafic
xenolithsoccurredupon emplacementheobservedelationships between the flelanded
rhyolite and the mafic xenoliths are indicative of magma mingling, suggesting that thenelisic

producing the rhyolite cryptodome and thafic meltforming the xenolithsvere emplaced



synchronouslylt is likely that both melts erupted at the same time along a synvolcanic fault,
resulting in mingling along the feeder dike and transport of the xenoliths into the effusive portion
of the cryptodome.

The present study demorates thamagma mingling of felsic and mafic melts indicates
bimodal volcanisnduring the formation athe host stratigraphy of the Hee depositAs
bimodal volcanism is a hallmark of extensional suprasubduction settirgyproposed here that
the Horre deposit formed in a geodynamic setting similar to rifts forming in modern volcanic arc

environments

2.2. Introduction

The Horne volcanithosted massive sulfide deposit in the Neoarchean Abitibi
subprovince of northern Ontario and Quebec representsfdhe largest synvolcanic base and
precious metal deposits in the world. Between 1927 and 1976, the deposit produced
approximately 1.184t of Cu and 260 t of Au from 53 Mt of ore that graded 2.22% Cu, 6.1 g/t
Au, and 13 g/t Ag (Gibson et. al., 200Despiteits economic significangéittle researcton the
volcanic successiomas been conducted at Horne, constraining the volcanological environment
and general tectonic setting in which this giant deposit formed.

Previous research indicated that thetmosk succession of the Horne deposit is
distinctly bimodal in character. The massive sulfide lenses of the Horne deposit are hosted by
coherent rhyolite, associated volcaniclastic rocks interpreted to have formed by autobrecciation
and quench fragmentati, and pyroclastic material delivered from felsic explosive sources
(Sinclair, 1971; Kerr and Mason, 1990; Gibson et al., 2000; Monecke et al., 2008). The felsic
host rock succession, including the ore lenses that formed through processes of subseafloor
infiltration and replacement of the volcaniclastic uriiter( and Mason, 199@ibson et al.,

2000; Monecke et al., 2008), is crosscut by a basalt dike complex. The basalt intrusions
commonly have chilled margirand interfinger irregularlyvith volcaniclatic rocks(Monecke et

al., 2008. Although mapping of the limited surface outcrops (Moneuike Gibson2013) has

not revealed conclusive evidence for the occurrence of peperitic contact relationships, some of
the basaltic intrusions have been affectedhygrothermal alteration, suggesting that

emplacement of the dike complex was initiated during the waning stages of the hydrothermal



activity. Historic mine plans suggest that the basaltic dike complex feeds a thick succession of
mafic rocks that overliethe felsic host rock succession of the Horne deffiisitr and Mason,
199Q Monecke et al., 2008)

The present paper provides new constraints on the relationships between the felsic and
mafic volcanic rocks forming the host rock succession of the HopmsdeT hewell-exposed
outcrop area to the west of the deptst wasstudied in details characterized by the
occurrence of abundant mafic xenoliths within a floanded rhyolite cryptodome. Volcanic
facies analysis of the outcrop area included detamapping and the documentation of the
distribution, size, abundance, amendof the mafic xenoliths present within the coherent
rhyolite unit. Based on the mapping results and the study of textural relationships, it is concluded
that the mafic xenolithwere incorporated into tllew-banded rhyolite cryptodontarough
mingling of the mafic and felsic magmas. The occurrence of magma mingling demonstrates
conclusively that bimodal volcanism was contemporaneous to the formation of theclasdd
Horne masive sulfide deposit. It is proposed that magma mingling of meatiged mafic
melts and crustal felsic magmas is a direct consequence of the extensional suprasubduction

setting in which the Horne massive sulfide deposit formed.

2.3. Geological Setting

The host rocks of the Horne deposit belong to the 2895 Ma Blake River
assemblage, which represents the youngest package of submarine volcanic rocks within the
Abitibi subprovince of the Superiérovince(Fig. 1-1). The bimodal tholeiitic to calalkaline
volcanic rocks of the Blake River assemblage form a distinciveasdttrending belt that is
approximately 50 km wide and stretches for about 140 km from eastern Ontario into western
Quebec (Dimroth et al., 1982, Goodwin, 1982). This belt of sulmawnlcanic rocks is bounded
to the north by the Porcupii2estor deformation zone and to the south by the Larder-Lake
Cadillac deformation zone (Thurston et al., 2008).

The Noranda mining district, located east of the provincial border between Ontario and
Quebeacomprisever 25massive sulfide depositisat are hosted by the volcanic rocks of the
Blake River assembladg&err and Gibson, 199%5ibson and Galley, 200®MercierLangevin et
al., 201B). Most of these deposits anested within thédoranda Ma Camp(Fig. 2-1), which is



composed oé thick volcanic succession comprisaternating packages of coherent basalt or
andesite and rhyolite. Mafic volcanic rocks form predomingnitlgwed and massive flows
while rhyolite lavas wrelargelyemplaceds tabular flows and low relief domes €dpe and de
RosenSpence, 1973err and Gibson, 1993). Intercalated volcaniclastic rocks are
volumetrically only of minor importancé&fbson, 1990; Spence, 1976ligh-precision UPb

(ID T TIMS) zircondating indi@tes that the onset of bimodal volcanism of the Noranda Main
Camp occurred just prior tq700.7+ 0.6 Ma (McNicoll et al., 2014), with much of the
stratigraphy having formed I8;698.3 +1.2/1.0 Ma (David et al., 2006, 2010).

The volcanic succession dfg Noranda Main Camp is crosscut by a large number of
synvolcanic diorite and gabbro dikes and sills. In addition, the large synvolcanic Flavrian and
Powell plutons are located within the Noranda Main Céag. 2-1), which are composed of
sill-like intrusons characterized by generally conformable contacts with the overlying volcanic
strata. The Lac Dufault pluton, located to the east, is a youngetygloahic intrusion
(Mortensen, 1993) that is surrounded by a pronounced can&amorphi@ureole (dd&Rosen
Spence, 1969; Beaty and Taylor, 1982).

Several major faults and their extrapolations divide the volcanic succession of the
Noranda district into distinct fault blocks (Spence, 1976; Péloquin et al., 1990). The Hunter
Creek fault is located at the mioern boundary of the Flavrian block, with the Beauchastel fault
forming the southern boundary. The Flavrian block hosts the massive sulfide deposits of the
Noranda Main Camp. The Beauchastel and Horne Creek faults to the south enclose the Powell
block. The area between the Horne Creek fault and Andesite fault makes up the Horne block.
The RouynrPelletier block occurs to the south between the Andesite fault and the Larder Lake
Cadillac deformation zon@ig. 2-1).

The giant Horne deposit is located withive Horne blockhat is boundy theHorne
Creek and Andesite faultBoth faults dip steeply toward each other aodverge approximately
2.2 km to the west of the depoditgfr and Mason, 199®€éoquin etal., 1990; Gibson et al.,
2000. Theapproximatey 900 m thick, faubounded package of volcanic rodkssing the
Horne deposit face to the north, strike approximatelyaweghwest, and dip steeply to the north
(Wilson, 1941; Hodge, 1967; Sinclair, 1971; Kerr and Mason, 1990; Kerr and Gibson, 1993;
Gibson et al., 2000; Monecke et al., 2008; Monecke and Gibson, 2013)t Rgteprecision

U-Pb zircondating has demonstrated that a rhyolite sill occurinntpe mineralized stratigraphic
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footwall of the depositormed at2,702.2+ 0.9 Ma (McNicoll etal., 2014), suggesting that the
volcanic package hosting the Horne deposit is older than the bimodal volcanic succession of the

Noranda Main Camp (Mercidrangevin et al., 2018 McNicoll et al., 2014).
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Fig. 2-1: Geological map of the Noranda volcasmmplex, illustrating the distribution of major
volcanic and intrusive rock units. The location of the field area near the Horne deposit is

highlighted (modified from Santaguida, 1999).
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The dominantly felsic volcanic succession hosting the Horne deqorsitsts mainly of
coherent rhyolite and associated breccia facies, interpreted to represent subaqueous lava flows,
cryptodomes and shallow intrusions, redepositedesyptive volcaniclastic deposits, and
possible primary pyroclastic deposits (Kerr andddn, 1990; Kerr and Gibson, 1993; Gibson et
al., 2000; Monecke et al., 2008Jining was focused on two main orebodies, known as th
Upper H and Lower H orebodidsearly all historic production from the Horne deposit came
from the Upper H ore body, whigxtended from surface to a mine depth of 395 m, and the
Lower H ore body, locatkat a mine depth of 365 to 95 Price, 1934; Hodge, 1967; Gibson et
al., 2000). The Lower H ore body is stratigraphically overlain by a tabular zone of massive to
semimassve sulfides, referred to as the No. 5 Zone (Sinclair, 1971). This ore zone extends for a
strike length of more than 1,000 to a depth of at least 2,650and ranges from approximately
30 to 140m in thickness (Sinclair, 1971; Fisher, 1974; Gibson e2@00). Due to low metal
grades, this zone has not been mined extensively (Gibson et al., 2000).

The sulfide zonesf the Horne deposire crosscutypnumerous basaltic dikeldistoric
mine plans suggest that thefic intrusions extend towardgpackage bmafic rocks located to
the northeast of the Horne deposit (Kerr and Mason, 199@).package thickens towards the
east, separating the ore bodies from the Horne Creek fault. The succession of rk&fic roc
appears to conformably overlige felsic volcait rocks, which would imply that the mafrocks
were emplaced dbws or sills. However, the mafic volcanic rocks are poorly exposed and have
previouslybeen variably interpreted as being intrusive or extrusive in nature (Monecke et al.,
2008).

The preset study focuses on thdorne Wesbutcroparea whichrepresents one of the
best exposed sections of Horne stratigraphy. Stratigraphically, the volcanic rocks at Horne West
are thought to be located several hundred meters below the Upper H and Loweodiesre
(Kerr and Gibson, 1993T.he outcrop is located immediately to the north of the Andesite fault
and approximately 1 km west of the main Horne deposit.

The volcanic succession at Horne West is dominatezbbgrent rhyolitend associated
juvenile brecciafacies that formethroughautobrec@tion and quench fragmentation. In
addition, various masifow-derived coarse volcaniclastic facies have been recognized. Some of
the volcaniclastic deposits show a high abundance of formerly glassy particlemhagpresent

pyroclasts produced by explosive felsic volcan{&honecke et al., 2008).he outcrop area at
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the Horne West occurrence has been previously mapped at a scale oMo866ke et al.,
2008;Monecke and Gibson, 2013). Mapping revealed theepisof darge rhyolite
cryptodomeat the northern endf theoutcrop aregMonecke et al., 2008).he coherentacies
of the rhyolite domexhibitswell-definedflow-foliation as well as columnar jointinghe

rhyolite contains lbundant mafic xenolithsfovarying sizegFig. 2-2).

" Xenoliths
% 4

/

Figure 2-2: Photograph o$urficial rhyolite outcrops at Horne West. Mafic xenolidine
observedn thein the front of the outcraprhe xenolithgang from 10 cm to 1 m in length.

2.4. Materials and Methods

As part ofthe present investigatiorthie coherent rhyolite cryptodome located at the

northern end of the Horne West occurrenceldegen remapped in detail at a scale of 1:50.

Mapping of the outcrop covering an area that is approximately 30 by 30 m in size waseslippo

by the use of a Magellan ProMark 3 differential GPS system that comprises a stationary and
kinematic rover GPS pair. The rover GPS unit was used to produce an accurate map of outcrop
outlines and important contact relationships.

A 1 by 1m surface gridias established across all six rhyolite outcrops. The corners of
each grid square were georeferenced with the differential GPS system to accurately plot the grid
on the outcrop mag@ll important textural characteristics of the coherent rhyolite werededo
In particular, the prominent flow banding was mapped across the outcrops using the established

13



surface grid. Thérend of the flow banding was measured in representative locations. Where
columnar jointing was observed, ttiendsand column morpholags were recorded in addition
to column size and spacing.

The surface grid was also used to deterrthieetotal number of clasts in each grid
square. Within each square meter, the long axis, short axigeaddf each xenolith were
measured. In additionhe contact relationships between the xenoliths and the surrounding
rhyolite were recorded and the general morphology of the xenoliths described. To visualize the
data, contour maps were constructed. For this, the central point of each square meter was
assigned a value for the number of clasts per square meter, the percent surface area of xenoliths,
the average long axis, and the average aspect ratio of the xenoliths.

Selected samples of tikeherentrhyolite and mafic xenoliths were collected from suefac
outcrop to characterize both volcanic rock types petrographmadiyo determine their
geochemical characteristicgeveral contacts between the rhyolite and mafic xenoliths were
sampledat surfacdo study the textural relationshipstween both rockypesin thin section.

Wholerock geochemical analysis of the samples collected was conducted at Actlabs
Ancaster Ontarioto determine major and trace element concentratfolfowing crushing and
milling of the sampleat the Colorado School of Mingke najor elementompositiors of the
rocksweredetermined by Xay fluorescence analysising standard fused diskBo minimize
matrix effects, the heavy absorber fusion technique described bgiNand Hutton (1969) was
employed.The loss of ignibn of the samplegvas determined by gravimetrglfowing roasting
of the sample powdeet 1,050°C for 2 hoursThetotal carbon and sulfur contenwere
determined by the Leco method, which involves combustion of the samples, followed by
measurement of éhcarbon dioxide and total sulfur content by infrared absorphi@te element
analysis was conducted mductively coupled plasmmass spectrometiipllowing closed
vessel digestion of the samples using a combination of hydrofluoric, hydrochlori, amidi
perchloric acids.

Repeated analyses of sample materials aitnbuse and international georeference
materials showed that the precision of the major and trace element analyses was typically <5%
RSD. Element abundances measured on internationafgesmce materials were in close
agreement with the recommended values. The deviations of the analytical results from the

recommended values were found to be in the order of £10% or below for all elements occurring
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at concentration levels significantly alaothe respective detection limits, indicating that the

major and trace element analysis was also highly accurate.

2.5.Characteristics of Rhyolite Cryptodome

At thesurface, the rhyolite cryptodome is exposed in six relatively |ajlgeially
polished smoothoutcrops.The outcrops permit essentially continuous mapping of the eastern
portion of the cryptodome from its bottom contact to the Tty six outcrops were
consecutivelyabeled to facilitate descriptidifrig. 2-3).

The rhyolite is aphatic and aphyric in nature and weathers from wAlitef to yellow
white. The westernmost outcrop area of the rhyolite is distinctly gremslan as the rhyolite
has been affected by chlorite alteration. In weathered surfaces, the rhyolite has a grantdar textu
at the millimeter scale. The rock contains approximatégaldisseminated pyrite grains.
Locally occurring pyrite veinlets are surrounded by pale yellow sericitic eragetbpt are up to
2 cm wide.

The contacts between the coherent rhyolite and tblesing volcaniclastic rocks are
sharp and locally marked by the presence itin polyhedral blockyclast rhyolite breccia and
nonstratified polyhedral blockglast and slabbyglast rhyolite breccia (Monecke et al., 2008).
Along the lower contact, théayolite has intruded into a stratified chloritesp-bearing lithic
sandstone facies. Locally, classical perlite defined by distinctly arcuate and concentrically
arranged cracks can be recognized in coherent rhyolite close to the bottom contact, guggestin
that the rhyolite was initially, at least in part, glassy.

At the surface, the upper contact of the rhyolite with a stratified stdfadtbearing
lithic sandstone and breccia facies is passive. Logging of historic exploration drill core has
shown, havever, that the stratigraphic position of the upper rhyolite contact varies along strike
and downrdip, suggesting that the rhyolite intruded into a succession of stratified volcaniclastic
debris. Several meters above the upper rhyolite contact, two lkangétk-bearing clasts (150 by
100 cm and 65 by 33 cm, respectively) of the rhyolite are observed in outcrop. They are located
within a stratified sulfideclastbearing quartphyric rhyolite breccia facies. Incorporation of

these clasts into a malew emplaced volcaniclastic unit suggests that the rhyolite locally
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emerged at the ancient seafloor. The rhyolite cyptodome must have breached the seafloor during

emplacement or, alternatively, became exposed at the seafloor because of synvolcanic faulting.

Coherent rhyolite

Coherent rhyolite containing xenoliths
Monomict rhyolite breccia

Columnar jointing in coherent rhyolite

Nonstratified polymict curviplanar-clast
and flow-banded-clast rhyolite breccia

Coherent basalt

Chlorite-wisp-bearing lithic breccia
Chlorite-wisp-bearing lithic sandstone
Sulfide-bearing lithic sandstone/breccia
Fine lithic sandstone

Zwx Sulfide-bearing quartz-phyric-rhyolite
= breccia

= | Polymict lithic-pumice breccia

— Lithological boundary

Internal contact in coherent
rhyolite

Base of bed in volcaniclastic
rocks

1
5346250 |

20m

5346200 |

Fig. 2-3: Map of the Horne West outcrdpat shows the distribution of coheramd
volcaniclastic faciesThe location of the rhyolite cryptodome studied in the presieioltyis
outlined in red (modified from Monecke et al., 2008; Monecke and Gibso8).201
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2.51. Flow-Banding

The rhyolite cryptodome exhibitistinct flow foliationthat is characterized by
millimeter-to several centimeter wide bands of slightly different colors. The flow foliahaes
from subparallel flow bands to bands that arergjly deformed and contorteespecially around

the maficxenoliths(Fig. 2-4).

Flow Banding within
Rhyolite

B Xenolith

—— Flow Band

B

o _sm A

Fig. 2-4. Detailed map of the six outcrops of the rhyolite cryptodome. The map also shows the
distribution of flowsbanding and large mafic xenoliths. Fld&nding domains/ere defined by
broad changes in the trend of the flow banding.

I:I Non-Rhyolite Outcrop
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Flow bandingis most easily recognizabile outcrop A Based on thé&rendof the flow
banding, two different domains can be distinguished in outcrop. Thebffmaing trends &V in
outcrop Al and has a SEW trendin outcrop A2 Based on the map pattern, thendof flow-
bandingappears tehange across a Nitending axs. Flow banding within outcrop @lso varies
in trend The western half of the outcromferred to as outcrdp,, is charaterized byflow
banding that has aaveragdrendof 291°. The eastern portion of the outcrogferred to as
outcropC,, is characterized by banding that laasaveragé&rendof 265°.

Contortion of flow banding around the mafic xenoliths is typicalynpunced,
especially for the larger xenoliths (F&5A). The flow bands asymmetrically wrap around the
xenoliths. Separation of flow bands occurs largely on the eastern margins of the xenoliths.
Widened parallel flow bands occur of the western margingescenshaped xenolith within
outcrop C demonstrates flow banding directed into the concave down region of the xenolith and
deflection of the flow banding around the western margin @&B). Truncation of the flow

bands against the xenoliths is rare.

2.5.2. Columnar Jointing

The southernmost outcrops of the rhyolite cryptodome are characterized by sets of
regularly spaced joints that are interpreted to represent columnar joints viewed from the side
(Fig. 2-5C). The trend of the joints ranges fron22%0 288° in outcrops A and B, with an
average trend of 267°. The columns are spaced approximately 5 to 10 cm apart. Joints in outcrop
F are more difficult to delineate due to the gossanous nature of the outcrop. The joints have a
slightly more irregulaspacing and are 10 to 20 cm apart. The joints have an average trend of
293°. In all three outcrops, the trend of the joints is at high angle to the contact between the
rhyolite and the hosting chlorigisp-bearing lithic sandstone. In outcrops C and B,ablumns
occur in crossection are defined by easily recognizable hexagonal or polygonal joint patterns
(Fig. 2-5D). In outcrop C, the columns increase in size and decrease in abundance from east to
west. They range from 5 to 10 cm in diameter in théaas reach sizes exceeding 10 cm in the
west. The trend of the columns in outcrops C and D sugithedtthe morphology of the rhyolite
cryptodome is quite irregular and the cooling surface in these locations must have been

approximately parallel to suda.
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Fig. 2-5: Photographs of felsic host rock features in outcrop and photomicrographs of textures in
felsic rocks. A. Asymmetric flow banding interacting with large and small xenoliths. B. A
crescensshaped xenolith adjacent to a large peamatped xeolith with prominent flow

banding interaction. Flow banding appears directed into the coucawe part of the xenolith

and flows around its western margin. C. Side view of several parallel columnar jointsMath 5

cm spacing between them oriented apprately EW. D. Hexagonal and polygonal columnar
joints contained between two larger fractures orient®d.EE. Representative photo of the

rhyolite in PPL. F. XPL photof the same areshowng micas replacing aligned feldspars as

well as quartz and felgsr phenocrysts. Coin is 2.8 cm in diameter and camera lens is 6 cm.
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2.5.3. Petrographic Characteristics

The coherent rhyolite igphyric and aphanitidn thin section, thehyolite is composed of
a finegrained groundmass of interlockiggartzand fetispar(Fig. 2-5E and . Quartz grains
are subhedral and typically form grains that are approximately 200 um in diameter. Feldspar in
the groundmass is typically pervasively altered and largely replaced by white mica. The feldspar
grains are similar in sezto the quartz grains. White mica flakes in the groundmass range in size
from 100 to 250 um. In addition, chlorite is present throughout the groundmass. The occurrence
of small disseminated pyritgrains clusters of pyrite, and small pyrite veins is ipteted to be

related to the hydrothermal alteration of the rhyolite.

2.54. Geochemical Characteristics

Five coherent rhyolite samples were geochemically analyzedierto refine the
rhyolite compositionMajor and trace element analyses are repontdéble 21. SiO, contents
of the samplerange from 7675 wt %. Immobile element ratios were used to determine the
geochemical composition in comparison to the composition determined in the field (cf. Floyd
and Winchester, 1978yheZr/TiO, versus NbY and Pr/Zr versus Ti/Zr discrimination diagrams
put forth by Winchester and Floyd977) and Stolz (1995) show consistent clustering of samples
within the rhyodacitalacite to higksilica dacite fieldsKig. 2-6 and 27). The coherent volcanic

host rocksare geochemically classified as rhyodacite.
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Fig. 2-6: Plot of P/Zr vs. Ti/Zr used to discriminate the composition of the mafic xenoliths (teal)
and felsic host rocks (pinkpresentt Horne West. Sample HWZ009 was omitted from analysis
due to RBOs leves below detection. Felsic host rocks gemchemicallyclassified as rhyodacite
according to this diagramind the mafic xenoliths are classified as bamadtesit§diagram from
Stolz, 1995)
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Fig. 2-7: Plot of Zr/TiG, vs. Nb/Y used to classify the xenbk (teal) and host rock (pink) at
HorneWest.Xenoliths demonstrate a subalkaline affinity and are compositiotlabgified as
basalt to andesite/basalt and the host roge@hemicallydefined as a rhyodacitdiagram
from Winchester and Floyd, 19)7
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Table 21: Major (wt.%) andtraceelement (ppmxontents of wlcanicrocksfrom Horne West

Xenolith Rhyolite

Sample HwWz01 HWZ03 HWZ05 HWZ09 HwWz02 HWZ04 HWZ07 HWZ08 HWZ10

SiO, 55.87 56.13 66.18 50.72 70.91 71 71.68 74.53 72
Al,03 15.71 16.2 16.59 16.39 12.77 12.86 12.35 12.59 12.92
Fe05(T) 14.62 13.58 6.71 19.14 7.24 8.52 8.03 5.24 6.21
MnO 0.237 0.315 0.14 0.813 0.098 0.1 0.241 0.325 0.233
MgO 2.23 2.18 1.45 2.43 1.09 2 1.03 0.59 0.99
CaO 1.26 0.58 0.27 0.91 0.67 0.12 0.12 0.67 0.79
NaO 0.56 0.42 0.22 0.17 1.92 0.12 0.18 0.28 2.22
K0 2.67 2.88 4.06 2.02 2.02 2.4 2.5 2.89 1.72
TiO, 1.002 0.971 0.913 1.118 0.359 0.37 0.353 0.339 0.356
P,Os 0.04 0.17 0.22 <0.01 0.07 0.09 0.07 0.07 0.07
LOI 6.14 5.5 3.55 5.82 3.01 3.02 3.17 2.67 2.4
Total 100.33  98.92 100.30 99.53 100.15 100.@ 99.72 100.19 99.90
CG, 0.35 <0.01 <001 <0.01 <0.01 0.1 <0.01 0.26 0.02
Total S 3.39 2.99 0.67 3.16 1.29 0.05 0.89 0.25 0.55
Ag <1 <1 <1 1 <1 <1 <1 <1 <1
As 0.9 1.6 4.1 2.6 0.5 <0.5 0.8 <0.5 <0.5
Au (ppb) 50 35 21 37 22 <5 12 9 16
B 16 16 19 10 13 16 16 21 19
Ba 791 687 894 271 698 767 506 449 319
Be 1 1 <1 1 <1 <1 <1 <1 <1
Bi 0.3 0.2 <0.1 0.1 0.2 <0.1 <0.1 <0.1 <0.1
Cd <0.2 4.9 <0.2 36.8 <0.2 <0.2 17.9 0.7 8.8
Co 17.4 18.5 151 28.4 18.4 8.9 16.2 15.8 20.6
Cr 2 <1 1 2 1 1 2 1 <1
Cs 0.9 1 1.4 1.2 0.7 0.8 0.9 1.1 0.6
Cu 170 269 16.2 57.1 115 11.6 42 27.7 71.9
Ga 22 23 29 23 18 20 17 18 18
Ge 1.2 1.4 1.2 1.8 1 1.3 1 1 1.3
Hf 1.8 1.8 2.1 1.6 4.1 3.9 4.1 4.4 4.4
Hg <5 12 <5 104 <5 <5 27 <5 20
Li 23 22 11 48 11 20 13 10 13
Mn 1810 2600 1140 6640 805 874 1990 2320 1890
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Table 21: cont 6 d

Sample HWZ01 HWZzZ03 HWZzZ05 HWZ09 HWZ02 HWZz04 HWzZ07 HWZ08 HWZ10

Ni <1 1 <1 2 <1 <1 <1 <1 <1
Pb 4 4 3 16 5 <2 3 14 3
Rb 49 58 92 40 41 46 52 60 37
Sb <0.2 <0.2 <0.2 <0.2 <0.2 0.6 <0.2 <0.2 <0.2
Sc 21 23 20 24 11 12 11 11 10
Sn 2 3 8 9 3 6 6 1 3
Sr 19 11 13 9 26 9 7 13 23
Ta 0.43 0.4 0.64 0.36 0.93 0.8 0.9 0.99 1.02
Th 0.73 0.7 0.86 0.63 1.99 1.92 1.95 2.13 2.08
TI 0.2 0.24 0.42 0.23 0.16 0.21 0.24 0.31 0.16
U 0.23 0.23 0.26 0.18 0.55 0.55 0.55 0.58 0.58
\Y 104 138 65 191 11 11 10 9 8
W 316 459 104 325 112 62.7 103 114 129
Y 21.6 19.1 13.7 19.6 29.8 22.1 26.6 29.3 24.6
zn 176 986 129 > 10000 65.9 45.6 5430 313 2610
Zr 70 65 81 57 164 160 156 167 172
La 8.26 8.19 4.43 5.74 12.2 4.87 6.91 14.4 10.4
Ce 16.7 17.4 11.3 13 26.7 9.67 16 304 22.9
Pr 2.03 2.13 1.49 1.72 3.28 1.35 2.04 3.93 2.87
Nd 8.73 9.02 6.82 7.52 13.9 5.83 9.08 16.5 12
Sm 2.33 2.43 1.76 2.08 3.27 1.54 2.33 4.1 3.01
Eu 0.99 0.83 0.57 0.74 0.90 0.31 0.58 1.9 1.6
Gd 3.08 2.69 1.83 2.41 34 1.77 2.61 4.35 3.18
Tb 0.62 0.54 0.33 0.48 0.7 0.42 0.6 0.81 0.6
Dy 3.89 34 2.06 3.21 461 3.07 4.12 4.96 3.84
Ho 0.74 0.65 0.45 0.68 0.97 0.72 0.9 1 0.83
Er 2.21 1.91 1.49 2.04 3.05 2.61 2.92 3.09 2.61
Tm 0.34 0.29 0.25 0.30 0.49 0.44 0.48 0.49 042
Yb 2.23 1.91 1.8 1.99 3.32 3.12 3.26 3.42 2.93
Lu 0.33 0.29 0.30 0.31 0.54 0.50 0.51 0.53 0.47
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2.6. Characteristics ofMafic Xenoliths

The rhyolite cryptodome contains abundaiatfi;xenoliths They aredistinguished in
outcrop by theigranular texturand dark gray to grayish green colbhe surfaces of the
xenoliths are typically slightly receded in the glacially polished outcrops as the mafic material
weathers more easily than the siliceous hmgblite. The mafic xenoliths containp to 8%
pyrite, giving the xenoliths a slightly stained appearance on surface.

Based orsystematic outcrop inspection using the established surface grid as &@gdide,
mafic xenoliths were identifiedithin the six outcropsThe lengths of thdong andshort axe
were recorded for each xenolith along withtiend In addition, thenumber of xenoliths within
eachsquare meteais well as the area percent of the mafic material in each field of the grid was
determined.

2.6.1. Spatial Distribution

The nunier of xenoliths decreases from the bottom contact of the rhyolite cryptodome
towards its stratigraphic top. This can be seen in a contour map showing the relative number of
xenoliths in eaclsquare meterHig. 2-8A).The highest number of xenoliths occurcentral part
of outcrop A. The number of xenoliths decreases towards the north. Most outcrop areas contain
less than 5 xenoliths per square meter.

Fig. 2-8B shows the contourgaercent surface area of xenolithghe mapped outcrops
Outcrop A shows seeral small zones of high percent surface area with a large irregular zone of
high surface area taken up by xenoliths in the souttemiral part of the outcrop. There are also
several zones of high percent surface area taken up by xenoliths in OutGtup S
particularly the case fahe NE corner of the outcrop. This area is characterized by large blocky

xenolithscovering a largeportion of the surface area.

2.6.2 Size and Shape

Fig. 2-8C shows acontour maf theaverage long ag ofthexenoiths contained within

eachsquare meteof the surface gridAcross the six outcrops, theexage long as ofthe
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xenoliths rangefrom 0to 154 cm.The contoumapdemonstratethat thexenoliths are on
average largest in thrthern section of outcrdp. In this outcrop, the average long swf the
xenoliths contained in each square meter ranges2fim60 cm Outcrop A has two small
areasn which theaverage long as measurementse high In the southernmost part of the
outcrop,there is a higlabundance of xenoliths with an average long axis between 40 amal. 80

The average aspect ratbthe xenolithsvas calculatethy dividing the average long axi
of all xenoliths recorded in each square meter of the surface grid by the correspvedag
short axis The value calculated this way wassigned to each squarkthe surface gritb
construct a @ntour map showing variations in theerage aspect ratio across the coherent
rhyolite outcropsKig. 2-8D). The results show a swath of the southsost part of outcrop A
and B that is characterized by a high aspect ratio irresp&dtiie overall size of the xenoliths.
Three localized areas within outcropsliow a moderately high aspect ratio. The northernmost
outcropsincluding outcrops C, D, B, and G havelow average aspect ratisdien compared to
the other exposed parts of tigolite cryptodome

The shapeof thexenolithsis highly variable across the outcrofidongate xenolithsary
in shape frontabularto asymmetric anensshapedFig. 2-9A and B). These elongate xenoliths
are frequently surrounded by smalieanutshaped xenoliths. The large xenoliths also
sometimegpossas small tails or pincheterminationstypically located orone particular side of
the xenolith, notably to theast and northea@tig. 2-9B, C and D. Xenoliths with these
attributes were most prominewithin the southern outcrops addition, the northerautcrops
containxenoliths with highly irregular and nondescript morphologkg.(29E). The northern
portion of outcrop A contains several adjacent tabular and jagged xenoliths with long axes
oriented roughly NS in which their morphologies appear to represent one larger tabular xenolith
broken into puzzldike pieces in an BV trend fig. 2-9F).

The »enoliths become increasingly blocky irregularand less tabuldrom the
stratigraphic bottom of the cryptodome towards its(teg. 2-10A). Irregularly-shaped xenoliths

tend to have little to no elongation and form shapes with-egaant long and short axe
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Fig. 2-8: Contour maps of the coherent rhyolite outcrops with calculated and assigned xenolith
data. A. The number of xenoliths within each square meter ranging #idhb0B. The percent
surface area of outcrop taken up by xenoliths in two dimesgianging from 5.5%. C. The
average long axis of xenoliths ranging from34 cm in length. D. The average aspect ratio of
xenoliths ranges from-T.

27



Fig. 2-9: Photographs of principal trends in xenolith morphology, contact relationshgps, a
textures. A. Tabular xenolith with a prominent scalloped contact (arrows) and smaller
surrounding xenoliths showing interactions with asymmetric flow banding. Change in rhyolite
color is visible at the contadB. Lensshaped xenolith with elongation thfe long axis in an SW

NE trend The xenolith has a thin tail to the NE and interaction with flow banding to the SW. C.
A peanutshaped xenolith identified by a pinched middle segment, which suggests elongation
along the long axis. Xenolith is surround®dcontinuous flow banding. D. A large tabular
xenolith with a tail structure to the NE. E. Irregular and rounded shape of a xenolith in northern
outcrop C. F. Three tabular xenoliths oriented approximate8/tNat are closely adjacent and
appear to fitdgether like puzzle pieces from E to W. Coin is 2.8 cm in diameter and the lens cap
is 6 cm in diameter.
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Fig. 2-10: Photos and photomicrographs showing key features found within the xenoliths at
Horne West. A. A blocky xenolith within outcrdpthat shows neagquant long and short axis
dimensions. BPhotomicrograplof xenolith in thin section showing an angular phenocryst
interpreted to be feldspar replaced by micas in PPTh€.same section as B in XPL showing

dight alignment of micas whin the feldspar framework and the figeained subangular quartz
feldspar mosaic that composes the xenolith matrix. D. Irregular xenolith with digmitdoration

in rhyolite color at the contact. Polygonal columnar jointing is present along the nartmeact

of the xenolith. Fractures do not penetrate the xenolith. E. A contact between a xenolith (above)
and rhyolite (below) in PPL that shows a small light rim at the contact where quartz forms larger
and more coherent grains within the xenolith. ke ame image as E in XRighlightingthe

contact and the grain size disparity between the two units. Coin is 2.8 cm in diameter and the
camera lens is 6 cm in diameter.
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2.6.3.Trend

Thetrendof the long axis oéach xenolith was measuredai@vide a quantitative
assessmermf the alignmenbetweerthetrendof the flow-banding withinthe host rhyolite and
thexenolithtrends The trend®f xenoliths within the flondomaindescribed aboveere
compiled and plotted in individual rose diagramsrder to discern a predominant xenolith
alignmentin 2-D spacqFig. 2-11). Analygs of the rose diagrams yielded averagarendof the
xenoliths in each flow domain and was used to derive a range of tineicdb(Table2-2).
Using thetrendof theflow bandingdetermined from the maps, the me#iffierencein trend

between the flowbanding and theendof the xenoliths was determined

Outcrop A1 Outcrop A2 Outcrop B

4
y
y
y

/Outcrop c2 Outcrop C1 Outcrop E&G

Fig. 2-11: Equalarea rose diagrams projectitignddata of observed xenoliths within each
flow-banding domain. A@ompanying projection data can be found in Tabkshowing mean
trenddirections within each domain trending roughly E to WNW.

This analyss showed thatthe xenoliths are well aligned with the fldvanding in the
flow domainsA;, C;, and C(Fig. 2-4). In these domains, the difference in the avetsayes is

less than 15 degredn contrastthere is a larger deviation between trendsof flow-banding
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and the xenoliths inamains A B, E, and G The differencen trendexceeds 30 degreésthe

flow domainskE and G.

Table 22: Comparison between theend of the flonrbanding of the coherent rhyolite and the
mafic xenoliths

Flow Trend of Flow- Range oftypical Mean trend of Mean Difference
domain banding xenolith trends xenoliths (in degrees)
A 2980 281-290 287.4 10.6
Az 326.0 301-310 300.3 25.7
B 301.6 281-290 280.0 21.6
Cy 290.7 281-290 296.9 6.2
C, 265.0 271-280 278.9 13.9
E&G 341.9 321-330 305.3 36.6

2.6.4. Petrographic Characteristics

The mafic xenoliths investigated in thin sectioa @phaniticand some xenoliths are
sparsely porphyriticThe groundmass iw fine-grained and consists of aquigranular,
subangular, and subhedral mosaic of quartz and feldspar,grimsome smallisseminated
pyrite grains(Fig. 2-10B and Q. Smadl white mica grains occur dispersed throughout the quartz
and feldspagroundmass. The white mica locally forms snehlkters around theyrite grains,
andcommonly replaces feldspd&are euhedrdeldsparmphenocrysts observed in thin section of
some x@aolithsare entirely replaced by white mica.

The microscopic analysis showstthe xenoliths do not represent mafic volcaniclastic
material entrained in the rhyolite cryptodome. The xenoliths consist of-griameed
groundmass of interlocking subanguigains, not a matrix of rounded lithic fragments or a

combination of lithic fragments and phenocrysts as would be expected for a volcaniclastic rock.
2.65. Contact Relationships
Contacts between the rhyolite and the xenoliths vary with the sizéhapd sf the

xenoliths but are generally sharp and vagfined. Scalloped and irregular margins are

prominent throughout the outcrop seen on approximately 38% of the xenBlgh2-9A).
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Scallops commonly occur on the southern margins of tabular xenalhthrange from cm to mm
scale depending on the size of the xenolith. Smaller xenoliths have smaller scallops on their
margins. In addition, smaller xenoliths without scallops tend to display rounded margins and
larger xenoliths show a greater tendenayaws subangular and jagged margins. Several
xenoliths are characterized by ngdainar margins that tend to@a on the northernmost sides
of the xenolithsWithin the rhyolite, the immediate rim around the xenolith is slightly lighter in
color in compason to the rhyolitéurther away from the contadtig. 2-9A and Fig.2-10D).

The discolored rim is not more than one centimeter in width.

In thin section, e contacts between the xenolith and enclosing rhyolite vary slightly
from sample to sampl&ig. 2-10E and F) Thecontrast between tir@yolite and the mafic
xenoliths is typically rarked by a thirzone ofaligned miceacrystals(Fig. 212A and B).The
contact is marked by a change in grain size as well as a slightly lighter rim within the xenolith at
the contact presumably due to quenching at the time of emplacémené casea small
rhyolite inclusionoccurswithin the xenolith matrixapproximately 3 mm away from the contact
to the surrounding rhyolitélherhyolite inclusion has a larger grasize than th&enolith
matrix. Theinclusionis only 2 mm in diametebut has irregular margirtkat project into the
xenolith (Fig. 2-12C and D.

2.6.6 Geochemical Characteristics

Four mafic xenoliths were sampled for geochemical araly$ree oftte samples have
SiO, contents ranging from about 50 to 56 wt.% (Tably.Zne of the samples has an
anomalously high Si@content coupled with low MgO and & contents and a high,®
value, suggesting that the major element chemistry has been mbaifi@dsef hydrothermal
alteration. Based on the Si€ontentand the relatively low total alkationcentrationsthe mafic

xenolithsareclassified adasalt tdbasaltic andesite.
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Fig. 2-12: Photomicrographs of xenol#thyolite contact relationshipé. The contact
relationship in PPL between the xenolith (left) and the rhyolite (right) showing a clear grain size
change across the contact atigned micas that forml@aoundary between the two units. B. The
same contact seen in A in XPL that also dertratss the alignment of was within the rhyolite
subparallel with the xenolitrhyolite contact. Clinclusionof rhyolitic material within the
xenolith matrix in PPL. Thenclusionhas irregular and projecting margins into the xenolith. D
The same rhydike inclusionseen in C in XPL that shows the clear grains size difference in
materials and the clear contact between the two units.

A basic to intermediate composition for the xenolithsonfirmedby theirimmobile
element ratios (cFloyd and Winchesr, 1978). In Zr/TiO,versus Nb/Yand P/Zr versus Ti/Zr
discrimination diagramsuggested bWinchester and Floyd (1977) and Stolz (1995¢
samples cluster close to therderbetween basalt and andegég. 2-6 and 27). Inspection of
immobile elemetratios such as Zr/Y, La/Yb, and Th/Yb further suggests that the mafic
xenoliths have a tholeiitic to transitional affinity, which is consistent with previous geochemical
investigationon volcanic rocks from the host stratigraphy of Heenedeposit(MacLean and

Hoy, 1991; Barrett and MacLean, 1994, Barrett and MacLean, 1999).
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2.7. Discussion

2.7.1. Xenolith Morphologies

Detailed field studies and petrographic analysis of the abundant xenoliths within the
Horne West volcanic succession have enabledtgification of outcrop scaleends, which
confirm the occurrence of magma mingling and associated synchronous engpiboémafic
and felsic magmas.

One of the most prominent outcrop scale trends is a shift of the xenolith morphology
from largely talilar in the south to irregular blocky in the north. The variation in clast shape
and distribution suggests several volcanic controls including the degree of cooling that the mafic
magma experienced uparcorporation mto the dome, the amount of crys$iadtion within the
felsic magma, and thascosities obothlavasupon emplacemenin generalwhen mafic
magma is intruded into felsic magma, the magmas first come to thermal equilibrium. The
resulting viscosities and crystal composition after reacthiagnal equilibrium become the
controlling factors on xenolith crystallization and mobility (Sparks and Marshall, 1985; Vernon,
1990).At Horne Westthis controlling factorwould indicate significant cooling of the mafic
magma upon emplacement, which Jebat least quench the immediate rim in contact with the
rhyolite. The mafic magma shows clear quench textures (Vernon, 1984; Vernon et al., 1988;
K u k and Floyd 20QL) along the xenolitithyolite contacts including scalloped or cuspate
marginsand microsopic variations in the xenolith crystallization rim wherisiin contact with
the rhyolite. This suggests that the xenoliths became at least partially quenchedtupioment
into the rhyolitddava Therefore, it can be assumed that the mafic xeoldre relatively
cooled if not almost completely rigid shortly after beingorporatednto the rhyolite dome.

In addition to partial quenching upon emplacement, it can also be inferred that as the
xenoliths were transported further away from the m&diarce zone into the rhyolite,
crystallization was continuous and the xenoliths became progressively more rigid (Sparks and
Marshall, 1985). The tabular xenoliths that occur in the south slobege association with the
flow banding and have long axeseasried in the interpreted direction of flow. This suggests that
the trend of the tabular xenoliths, at least in this area, can partially be attributed to an influence of

the rhyolite flow on the alignment of the xenoliths. The elongate xenoliths with tsit&lio the
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east were likely in part due to the rhyolite flow having the viscous force to deform small parts of
the xenoliths with remaining plasticity. Because this consistent feature is not present in other
outcrop areas, the xenoliths can be placemldoimains, 1) a uniform flow influenced domain

and 2) an irregular flow influenced domain. The main distinction between the two domains is
that the former includesbularxenoliths that wersystematicallyaligned by the rhyolite flow

with minor flow defamation features and the latter contamegular and blocky xenoliths that

were influenced by flow but produced varying morphologies in varying flow condifidres

irregular flow influenced domain contains blocky xenoliths that appear to be empladgdasy

well as irregular xenoliths that underwent flinfluenced deformation.

The dynamics of how the larger blocky xenoliths were transported to the moettient
of the dome are debatabRecause they are blocky and do not align themselves wittothe
overall, these xenoliths are classified as belonging to the irregular flow influenced domain.
Possible explanations for the occurrence of blocky xenoliths include: 1) Rigid xenoliths were
formed at a different period during mafic magma emplacemenpared to the tabular
xenoliths, and larger batches of mafic magma were emplaced as cooler and more rigid objects, or
2) The rigid blocks were the result of cooled xenoliths that became brittle and were broken apart
by the flow away from the source. Therfeer hypothesis is favored where large xenoliths may
have formed during a large initial injection of mafic magma that experienced rapid quenching
and transport in a rhyolite that was slightly less viscobsir large size likely prevented plastic
deformaion.

The dynamics of how the irregular xenoliths were emplaced towards the northern extent
of the dome are also complex. The xenoliths coincide spatially with the blocky xenoliths but
demonstrate rounded, curved, or highly irregular shapes such asemtmgueanut. Possible
explanations for the occurrence of irregular xenoliths include: 1) During an earlier pulse of mafic
magma into a less viscous rhyolite flow the mafic magma was partially quenched but retained
enough plasticity to be noticeably deafeed by the flow, or 2) Rounded xenoliths were once
rigid blocks but were emplaced within a turbulent ritgdlow which allowed for abision by
the rhyolite or by adjacent blocky xenoliths.

It should alsdbe mentioned that the morphologicllaracteristis seen cannot be
explained bypostdepositionabdeformation. At the microscopic scalbere are little to no

deformation features seen with the exception of minor undulose extinction within quartz, which
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can occut very low strair{Passchier and Trouwt996).Angular clasts and an elongation
signature that is not consistent across the optfoany significant distanca the Horne West
outcrops also indicate a lack of strain in the two dimensions observed

Previous interpretations of the Horne Westaahave suggested thié xenoliths
represent wall rock fragments deposited larainatedfelsic volcaniclastienaterial or a
megabreccia formed near the margins of a large calbaigneault and Pearson, 2006)
However, the occurrence of columnamj, monomict breccia, , classical perlitand vaiable
flow-banding orientationsuggest that the host of the xenoliths is a fltamdedhyolite, not a

laminated volcaniclastic rock

2.7.2. Model of Emplacement

Based orfield observations, a model eplacement for the rhyolite cryptodoimas
beendeveloped that explains the occurrence and distribution of mafic xenoliths within this unit
(Fig. 2-13). The rhyolite cryptodome at Horne Wespresents a shallow subseafloor intrusion
emplaced into a suession of stratified volcaniclastic depogit4onecke et a.2008) The
cryptodome is thought to have breached the seaéibleast locally to allowncorporation of
coarse clasts into maflew-derived volcaniclastic breccia stratigraphically overlying
immediate hosts to the rhyolite cryptodome. Alternatively, thespiasof these clasts couldd
explained by the rhyolite being exposed at the seafloor through synvolcanic faulting.

Monecke et al. (2008) and Monecke and Gibson (2013) demonstratéuketiviirne
West succession formed within a local subsidence zone, possibly a small volcanic graben. A
synvolcanic fault m&ing the contact between two compositionally distinct stratified
volcaniclastic units and the intrusion of muléphafic and felsidikes in the westf the Horne
West outcrop area may have represented one of the bounding faults of this small synvolcanic
grabenSynvolcanic faulting is likely to have controlled emplacement of the rhyolite cryptodome
described in the present study, gmdbablyfocused hydrothermal fluid flow, resulting in the
formation of two zones of disseminated sulfides in the Horne West area (Monecke et al., 2008).

Because the rhyoliteavawas most likely highly viscous durirgmplacementhe high
abundance of lgexenoliths in the soutrn outcrops may suggest proximity toithsource,

which is not exposed at surfadgue to their size and higher density, it is unlikely that the large
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xenolithswere transported by the rhyolite lava over laligtances. The xenitis must have

settled and accumulated at the base of the rhyolite cryptodome during effusive emplacement of
the rhyolite lava, lateral flow of the lava, and inflation of the cryptodome. Proximity to the
source isalso supported by thrdecrease in xenolighabundance across the outcrop tonbst

and up stratigraphy

The tabular nature of tHargexenolithsaccumulated close to their source suggests that
in addition toalignmentwithin the rhyolite flow,they werealso likelyderived from a near
tabularsource. Entrainment of the xenoliths into the rhyolite and transport resulted in progressive
modification of their shapes. Most notably, one outcrop suggestshat the large tabular
xenoliths were dismembered during flow, resulting in the formatiamafller,blockiermafic
xenoliths.Irregularly shaped xenoliths suggest early conditions that allowed for plastic bending
or deformation of mafic xenolith&maller and more irregularly shaped xenoliths were laterally
transported further away from the so&land moved higher up within the rhyolite cryptodome
during inflation, explaining the observed distribution of xenoliths. During transport, the elongate
xenoliths were rotated into the flow direction, explaining the general alignment of xenoliths
paralld to the flowrbanding.Deviations from this alignment occurred primariliieve flow of
the rhyolite was more turbulent, especially towards the margins of the intrusions.

The mostikely source of the mafic xenoliths issgnvolcanichasalticdike as thesare
characterized by similar tabular morphologiEsost and Mahood, 1987; Foster and Hyndman,
1990; Paterson et al., 200%Zhis dike must have beemplaced close to the feeddrthe
rhyolite cryptodomer, more likely, both lavas were emplaced aloregsime synvolcanic fault,
causing mingling to occur already along the feeder dike of the rhyolite cryptodpmie the
intrusion of the mafic dike into or near the feeder zone of the cryptodome, the mafic material
likely underwentonsiderabl@indercoolingand quenching due to the significant temperature
difference between rhyolite and basalt (Frost and Mahood, 1987; Sparks and Marshall, 1987;
Vernon et al., 1988Johnson and Barnes, 2006). Quenching at the rim of the basalt likely formed
rigid margins thatllowed the dike to break apart into smaller blocks. The plastic nature of the
xenolith was presumably controlled by the size of the blocks as a larger xenolith could preserve a
plastic coe that was surrounded by a more rigid outar(Vernon, 1990).

Flow-banding within the rhydte indicates that the lawaasviscous enough tproduce

millimeter to centimeter wide bands that were compositionally different. The development of the
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flow foliation was probably already initiated in the conduit and contimugohg outflow of the
rhyolite lava into the cryptodon{®IicPhie et al., 1993). Rhyolite flow within the domvas
probablysustainedhrough continuousjection of felsic magma into the domehich forces the
lava to move outwarohto thevolcaniclastic het and causes inflation of thkeme (Ventura et

al., 2006). The separation of flow bands indicates that the rhyolite was flowing&sino west
Separation of flow bands around the more tabular and elongate xenoliths with parallel flow
bands adjacent tine long sides of the xenoliths indicate that the flow moved around the
xenoliths.Although the xenoliths were clearly transported by the rhyolite flow, shearing along
the margins of the xenoliths implies thié large xenoliths were more slowly trandgpdrthan

the surrounding rhyolite melt. As the xenoliths could at least initially be plastically deformed, the
shapes of the xenoliths were at least in part modified by the rhyolite melt flowing around these
particles. At the same time, the discoloratidthe rhyolitemaysuggest that assimilation of the
mafic material occurred during flow and continued cooling.

The final stage of xenolith emplacement includes progressive crystallization of the mafic
material, causing the xenoliths to become progressivélje and rigid. Because the rhyolite is
much larger by volume and likely takes much longer to crystallize, the fully crystallized mafic
xenoliths may have also undergone minor brittle deformation as the rhyolite continued to flow.
This process may haygoduced the jigsaMit xenoliths that occur in the southernmost outcrop,

as well as the xenoliths with more subangular and irregular morphologies.

2.73. Comparison to Magma Mingling in Other Environments

Previous worlkon magma mingling has largelydiesed on gmaitic plutons and dikes
(Vernon, 1984; Frost and Mahood; 1987; Foster and Hyndman, 1990; Snyder et al., 1997; Baxter
and Feely, 2002; Johnson and Barnes, 2006; Sklyarov and Fedorovskii, R@&xtural
characteristics described in thesedgts resemble thogeesent in the rhyolite cryptodome at
Horne West and provide support to the argument that magma mingling has odcuimgdhe
cryptodome formatiorHowever, magmaningling inshallowintrusions such asryptodome
hasnot beerdescrbed in previous literaturé-or this reason, the presemid-basedstudy
provides newnformation on the occurrence of magma mingling during effusive lava

emplacement.
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Synvolcanic Fault

Fig. 2-13: Schematic cross section of the Horne West rhyolite cryptodome. Tie iddiosted by volcaniclastic rocks that are
exposed in outcrop in the north and west. Tabular xenoliths are present in the southern outcrops and make up a uniform flow
influenced domain within the rhyolite dome. The irregular fiofluenced domain comfges xenoliths that have an irregular or
blocky morphology.
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The xenoliths described at Horne West are similar in some aspects to enclaves described
in granitoid plutons (Frost and Mahood, 1987; Vernon et al., 1988; Paterson et al., 2004).
Enclaves presd in host granite commonly haveuspate marginandlenticularto ellipsoid
morphologies. They are typically characterized by af@irened texture (Vernon, 1984; Vernon
et al 1988; Paterson et al., 2004; Sklyarov and Fedorovskii, 2006). Ircasesthe granitic
hostandcontainedenclaves areompositionallyrelatedas the source of thenclave has already
undergone magma mixing at depth (Vernon, 1984; Vernon et al 1988). At, Hwene
compositional contrast between the rhyolite host and the cedtasmnoliths is comparably
pronounced. This may be the case because volcanism took ptageadynamic setting ere
mantlederivedmafic melts could rapidly asceito the subvolcanic environment, without
undergoingnuchmixing, assimilation, or diffemtiation.

Another difference between magma mingling at Horne West and granitic plutons is
related to the complexity of processes involved in magma mingling and the cooling history of the
melts. In granitic plutons, the textural characteristics of enclearee more diversacluding
not only variable compositions, but also differenicegrain sizes and phenocryst populations
(Vernon et al., 1988; Snyder et al., 1997; Johnson and Barnes, 2006). This ieléelg tahe
continuednflux of evolvingmagmas into a host magma chamlethe case of the cryptodome
at Horne West, only one magma batch appears to have supplied the lava for the intrusion of the
dome.At the same time, enclaves in granitic rocks can ramghape from ductile fingdike
morphologies to rounded pillows (Vernon et al., 1988; Snyder et al., 1997; Johnson and Barnes,
2006). This is probably related to thlewer cooling ratesf granitic plutons and the larger size

of the intrusions

2.7.4. Implications to the Geodynamic Seitig

The volcaniehostedmassive sulfide depositd the Norandadistrict, including theAu-
rich Horne deposit, argypically associated witlkiolcanic rocks formed in vent proximal volcanic
settings such as coherent volcanic rocks and associated juvecibglfacies. Although the host
rock successions are distinctly bimodal, the majority of deposits are spatially closely related to
felsic volcanic rocks such as rhyolite domes and fl(®Byence and de Rosen Spence, 18&5r
and Gibson, 1993; Gibson a@alley, 2007. While thelink betweerthefelsic volcanic rocks
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and massive sulfiddepositds mostly obviousclosely associated mafic volcanic rocks in the
same areshave beemoredifficult to correlate to the massive sulfide depoghisHorne, a
mafic dike complex crosscuts the felsic volcanic succession, feeding into a conformably
overlying mafic volcanic succession. The timinghwfic volcanisnmwith respect tahefelsic
volcanc activity is poorly constrained due to the lack of indicative retatigps and generally
poor exposuref the volcanic units

Thepresent study of magma mingliajHorne West indicates that the generation of
felsicand mafic melts wasssentiallysynchronousThis suggests that deposition of the felsic
dominated successidosting the deposits was followed only shortly after by mafic volcanism.
Although the contact between both volcanic packages is not exposed, it does not appear likely
that this apparently conformable contact represents a disconformity recording aopeonod
deposition due to a hiatus in volcanisihe shift in composition in volcanism must have been
rapid,indicating that the volcanism derived from crustal melts was succeeded quickly by the
upwelling of more primitive, presumably mantlerived meltsrito the subvolcanic
environment.

The synchronous bimodablcanism and the rapid shift from felsto maficdominated
volcanism constrain the geodynamic environment in which the Horne deposit must have formed.
As bimodal volcanism is a hallmark afodernextensional suprasubduction settings
(Hannington et al., 2005), it guite likely that the giant Horne deposit formed in a geodynamic
setting broadly comparable to rifts developing in modern volcanic arcs.b8uolal volcanism
currentlyoccurs within te eastern Manus basin, where a baxkrift developing in preexisting
arc crust is characterized by the occurrence of numerous hydrothermal vent areas, many of which
produce seafloor sulfides having elevated gold grédess et al,. 2001 5eafloor dredigg and
drilling have shown thahagma mingling also occurs at this location (Kamenetsky et al., 2001,
Binns, 2004).

2.8. Conclusions
Detailedmapping demonstratéisat the abundant presence of mafic xenoliths within a

rhyolite cryptodomdocated in thénost rock succession of the gidddrnevolcanichosted

massive sulfide depositas caused by thaingling of felsic and mafic meligoresumably
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through synchronous emplacement along a synvolcanic factdirporation of mafixenoliths

into the feeder athe rhyolite cryptodome resulted in the transport of the mafic inclusions into
the effusive portion of the cryptodome. During continued lateral flowirdtation of the
cryptodome, the mafic xenoliths entrained in the rhyolite were continuously dismeimbleee
largest tabular xenoliths accumulated at the bottom of thditdngoyptodome whereagegular
andblockierxenoliths wereistributed throughout the dome.

Theidentificationof textures indicativef magma minglinguggests that felsic and mafic
volcanismat Horne vere at least in part synchronolibe emplacement of the felsic volcanic
succession hosting the orebodies anddhmation of theconformably overlying package of
mafic volcanic rocksverelikely not separated by a significant hiatusviolcanism Massive
sulfide formatiorat Horne is interpreted to hagsincided witha rapidshift from felsic to
maficcdominated volcanisnThe available evidence suggests thatdeposit formed in a
strongly extensional settingromoting bimodal volanismrelated tahe upwellingof mantle
derived mafic meltinto the upper crustThe geodynamic setting in which the ddechean

Horne deposit formed was probalalyalogouso rifts developing irmodernvolcanic arcs.
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CHAPTER 3
EVIDENCE FOR MAGMA MINGLING AND MIXING DURING DIKE PROPAGATION,
QUEMONT HILL, ROUYN-NORANDA, QUEBEC

Manuscript to be submitted to Journal of Volcanology and Geothermal Research

Keywords: Archean, Abitibi subprovince, Blake River assemblage, Quemont deposit, volcanic

hosted masee sulfide deposits, magma mingling, magma mixing, volcanic facies mapping

3.1 Abstract

The Quemont deposit in the Abitibi greenstone belt of northern Canada represents one of
the largest Awrich volcanichosted massive sulfide deposits of the worléhéd between 1949
and 1971, with a short period of production in 2001, the deposit prodGcehlit of ore grading
1.31% Cu and 5.38g/t Au.

The ore zones of the Quemont deposit are hosted )03 Rla felsiedominated
volcanic succession. The massivdidelk occur within a thick interval of rhyolite breccia at or
near the contact with an overlying quaptzyric coherent rhyolite. A major dike-dike complex
located to the northwest of the deposit is interpreted to have formed through synchronous
emplacenent of mafic and felsic lavas along a major synvolcanic structure. Complicton
relationships indicative ahagma mingling and mixing were observed along the contact between
a basaltic dike and a quartmd feldspaphyric rhyolite intrusion.

Mingling and mixing textures observed along the contact between the dikes include the
occurrence of elongate mafic xenoliths that are suspended within felsic material along the
rhyolite contacta mixed and mingled zone that is characterizednbpt@rmediate tdelsic
matrix and mafignclusions a zone omingling that is composed ofispy mafic xenoliths and
abundant centimetesized mafic eclaves within a rhyolite matrixgnd areas that appear
macroscopically homogeneous and have intermediate compositimse dccurrences suggest
effective mixingand minglingbetween the erthember magmas.

The results of the volcanic facies analysis indicate that the host rock succession of the

Quemont massive sulfide deposit formed in a volcanic setting characterizigghifigant crustal
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extension. Extension in an environment similar to modern arc rifts could explain the observed
bimodal volcanism and the synchronous emplacement of mafic and felsic dikes at Quemont. The
coincidence of crustal extension and the upweltihgantlederived melts into the shallow crust
appear to have been instrumental in the formation oéxhellentQuemont deposit.

3.2. Introduction

The Quemont volcanibosted massive sulfide deposit, located in Noranda district of
northern Quebec, repsents one of the largest gold producers of its class (Mdmigrevin et
al., 201D). Mined between 1949 and 1971, with a short period of production in 2001, the
deposit produced 13.9 Mt of ore grading 1.31% Cu, 5.5 g/t Au, and 18g/t Ag(Gibs
Galley, 2007). Despités economic significance, comparably little is known on the geology of
this important deposit and the volcanic environment in which the massive sulfides were formed.

In contrast to most other massive sulfide deposits of the Norandatgdishich are
hosted by a thick succession of effusive basalt and basaltic andesite flows and subordinate
rhyolite flow-dome complexes (Kerr and Mason, 1990; Kerr and Gibson, 1993), the Quemont
deposit is located within a felsic volcanic successionishddminated by coherent rhyolite units
and rhyolite breccia (Dimroth and Rocheleau, 1979; Lichtblau and Dimroth, 1980). The ore
zones of the deposit occurred at or immediately below the contact of a thick interval of rhyolite
breccia and an overlying cateat rhyolite unit. Mafic volcanic rocks are not a major component
of the host rock succession of the deposit, mostly forming dikes that crosscut the felsic volcanic
rocks (Weeks, 1967). As these dikes are not typically affected by hydrothermal alténatyon,
have previously been regarded to be late in origin and unrelated to the volcanism at Quemont
(Ryznaret al, 1967).

In this paper, the geologic relatiomsf are described fa dike-in-dike complexthat is
located to the northwest of tiiguemontdeposit. This dike complex has previously been
interpreted to represent the feeder system to volcanic rocks occurring in the hanging wall of the
Quemont deposit, with the dikes being emplaced along a major synvolcanic structure (Dimroth
and Rocheleau, 1979jdhtblau and Dimroth, 1980). Detailed surface mapping, coupled with
textural and petrographic investigatiaswellas geochemical analyses, was performed to study

the contact relationship between felsic and mafic dikes within thisigliléke complex. Tie
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observed variations suggest that mingling and mixing of the melts of different compositions
occurred along the contact of dikes of contrasting composition, suggesting that voldanism a
Quemont was bimodal. Detailed textural characterization showsitfesiedt mingling and

mixing textures formed, depending on the temperature and viscosity differences between the
synchronously emplaced melts. As multiple melt injections occurred during dike propagation, a
wide range of textural relationships can be oleser The present study demonstrates that magma
mingling and mixig of felsic and mafic magmas indicates bimodal volcanghallmark of

extensional volcanic settings that are favorable for massive sulfide formation.

3.3 Regional Geology

The Noranda vaianic complex forms part of the Neoarcheaid@2-2,695 Ma; McNicoll
et al., 2014) Blake River assemblage of the Abitibi greenstone belt, Superior P{¢wna&el).
The Blake River assemblage is composed of bimodal tholeiitic teatia@tine volcanic ad
volcaniclastic rocks that were deposited in a submarine setting. The roclaitimom140 km
long EW trending belt from eastern Ontario into western Quebec (Dimroth et al., 1982,
Goodwin, 1982). The belt is bounded by the Porcufiastor deformatio zone in the north and
the Larder LakeCadillac deformation zone in the south (Thurston et al., 2008).

The Noranda volcanic complex is host to 25 massive sulfide deposits that have been
exploited in the past for their base and precious metal corfittson and Galley, 2007;
MercierLangevin et al., 201d). Most of these deposits are located in the Noranda Main Camp,
which comprises a thick succession of alternating packages of felsic and mafic lavas.
Volcaniclastic rocks are only a minor component ofwtbleanic succession (Spence and de
Rosen Spence, 1975; Spence, 1976; Gibson and Watkinson, 1990)adé dating of a felsic
lava flow located in the upper part of the volcanic succession suggests that the host rocks of the
Noranda Main Cap were essergily formed by 2698.3+ 1.2/1.0 Ma (David et al., 20086,

2010).
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Fig. 3-1: Geologi@l map of the eastern portion of the Archean Blake River Group with the
locations of the Quemont and Horne Deposits in relation to the town of Réanamda, Quebec
(modified from MercierLangevin et al., 2014).

The bimodal volcanic succession of the Noranda Main Camp has been intruded by a large
number of synvolcanic diorite and gabbro dikes and sills. In addition, the synvolcanic Flavrian
and Powell plutons are locaté the Noranda Main Camp (Spence and de R&pammce, 1975;

Goldie, 1978). These plutons are composed cfikdlintrusions that are characterized by

generally conformable contacts with the overlying volcanic strata. Recent dating has established
thatthe youngest phase of the Flavrian pluton was fortn@d0.7+ 0.6 Ma (McNicoll et al.,

2014). A sample from the Powell pluton yielded an age of 2,700.0@ Ma (McNicoll et al.,

2014). In addition to these two large plutons, the much snidfieDonald pliton located further

to the east imterpretedo be a synvolcanic intrusion. In contrast, the Lac Dufault pluton
represents a younger, pagticanic intrusion (Mortenseri993). It is surrounded by a

pronounced contachetamorphi@ureole (de RoseBpene, 1969; Beaty and Taylor, 1982).

The Noranda volcanic complex is subdivided into distinct fault blocks by several major
faults and their extrapolations (de Rosen Spence, 1976). The Hunter block is located between the

PorcupineDestor deformation zone ihé north and the Hunter Creek fault in the south. The
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Hunter Creek fault and the Beauchastel fault enclose the Flavrian block that is host to the
deposits of the Noranda Main Camp. The area between the Beauchastel fault and the Horne
Creek fault is referitto as the Powell block. The Horne Creek fault and the Andesite fault form

theboundaries of the Horne blo¢kig. 3-2).
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Fig. 3-2: Geologi@l map of the Noranda volcanic complex, illustrating the distribution of major
volcanic and intrusive rock unit¥he location of the field area near the Quemont deposit is

identified (modified from Santaguida, 1999).
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3.4. Geology of the Quemont Deposit

The Quemont massive sulfide deposit is located within the Powell block, north of the
Horne Creek fault (Fig.-3). The deposit represented the second largest massive sulfide deposit
within the Noranda district. The deposit was discovered in March 1945. Between 1949 and 1971,
with an additional short period of production in 2001, the mine produced approximately 13.8
Mt of ore grading 1.32% Cu, 2.44 % Zn, 5.49 g/t Au, and 30.9 gjftMercierLangevin et al.,
2011a). Due to its high Au grades, the Quemont deposit represents one of the largest gold

producers of its clagdlercierLangevin et al., 2014).

Lake Osisko
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Fig. 3-3: Geologi@al map of the Quemont and Horne deposit areas located to the north of the city
of RouynNoranda. The location of the field areaiglined(modified from Wilson, 1941).
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Little is known on the geology of the Quemont deposit as most of theihiigtoords
collected over decades of underground production have been destroyed during a fire at the mine
site (Monecke et al., 2011). Remaining mine plans suggest that the host rock succession of the
deposit is composed largely of felsic volcaniclastaksoand an overlying porphyritic rhyolite
unit. The ore bodies were located mainly within the upper portion of the volcaniclastic unit
(Weeks, 1963; Ryznar et al. 1967). The volcanic stratigraphy is folded into an anticline that
plunges to the west, withressfolding occurring about a8l axis (Weeks, 19%.

As the Quemont deposit is located in a topographic low, outcrops of the immediate hosts
to the deposit are limited. However, a laoggcrop areanformally known as Quemont Hill is
located to the ndnivest of the deposit. The volcanic rocks exposed in this area are considered
partof the Quemont host rock succession. The results of reconnaissance mapping at Quemont
Hill are described by Dimroth and Rocheleau (1979).

The western portion of theppproximaely 400 m large outcrop area is dominated by the
occurrence of a coherent rhyolite and associated breccia facies, referred to as the Joliet rhyolite.
This rhyolite is in contact with a distinctly polymict breccia facies that contains rhyolite, dacite,
ancesite, and basalt clasts. The breccia facies is very poorly sorted and shows no sedimentary
structures (Dimroth and Rocheleau, 1979). This breccia facies is stratigraphically overlain by a
rhyolite breccia that is dominated by quaptzyric rhyolite fragmats (Dimroth and Rocheleau,

1979). This rhyolite breccia facies is crudely stratified and dominated by clasts that have
curviplanar margins. The breccia hosts abundant rhyolite sills. The contact relationships between
the rhyolite intrusions and the rhytalibreccia are highlgomplexandarecharacterized by

intricate interpenetration between the lava and the breccia, suggesting that the sills were intruded
into the still wet and unconsolidated rhyolite breccia (Monecke et al., 2011). To the northwest,
both breccia facies recognized at Quemont Hill are crosscut by a dike complex, consisting of
numerous mafic and felsic intrusions (Dimroth and Rocheleau, 1979). Preliminary mapping has
established that the mafic and felsic dikes were emplaced synchronsusliggested by the
occurrence of magma mingling and mixing textures (Huthmann, 2009; Monecke et al., 2011).

Recent higkprecision UPb analysis of a coherent quarnd feldspaphyric rhyolite
from the Quemont host succession yielded a crystallizagerot2702.0 Ma £ 0.8 Ma,
indicating that the Quemont deposit is older than the massive sulfide deposits of the Noranda

Main Camp. The obtained crystallization age is similar to an age date obtained for an aphyric
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rhyolite occurring in the footwall of thdorne deposit, which is located immediately to the south
of the Horne Creek fault. These results indicate that thefétsiinated host successions of the
Quemont and Horne deposit are of similar age (McNicoll et al., 2014) and probably also formed
in asimilar environment (Monecke et al., 2008, 2011).

3.5. Materials and Methods

To conduct detailed mapping in tB80 by 340 marge area of the dikim-dike complex
at Quemont Hill, a Magellan Pro Mark 3 differential GPS unit was used. This system uses a
stationary base station GPS and a roving kinematic GPS to obtain precise GPS data points. The
roving GPS was initially used to construct the precise outlines of individual outcrops. Contacts
between the rock units were also mapped in the field and redoydéitferential GPS. The
location data were processed using the GNSS Solutions software and visualized in ArcMap 10.1.
Final maps were constructed using the graphics program CorelDRAW. A final map at a scale of
1:200 was produced (Appendlix

To document té textural relationships between felsic and mafic intrusions in more detail,
several areas were mapped at a scale of 1:25 (Appendix). Threen3atde outcrops and one 4
x 3m large outcrop were chosen for detailed mapping. This was accomplisheddhiglasta 1
by 1 m surface grids across the outcrops. These grids were further divided into 50 x 50 cm large
squares that were photographed and stitched together digitally. Volcanic features and contacts
between units were mapped digitally to record dedaidationships.

Representative samples were collected across therdiki&e complex to determine the
petrography and geochemical compositions of the mafic and felsic units. In total, 15rediole
samples were collectdd@able 31). Polished thin sectits were obtained for 21 rocks and
representative textures and used for petrographic analysis. The major and trace element
composition of 15 coherent samples showing no evidence for physical mixing between mafic

and felsic melts were analyzed geochemically.
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Table 31: Petrographic description of samples frQuemont Hill

Sample

Rock Type Brief Description

QH-023

QH-024

QH-025

QH-026

QH-027B

QH-028

QH-029

QH-031

QH-035

QH-036

QH-037

QH-039

QH-040

QH-041

QH-042

Aphyric
Dacite

Basalt

Basalt
Basalt

QFPR1

QFPR2

QFPR2

QFFR-1

QFPR2

Basalt

Basalt

QFPR2

QFPR1

QFPR1

Basalt

Thin section: Groundmass is completely composed of partially oriented plagic
laths.Fine-grainedseen in the thin saon but not observed in hand sample,
composed of plagioclase, quartz, and chlorite.

Thin sectionGroundmasss predominantly light green chlorite. Fhgeained
sample with abundant calcite, altered biotite, and hornblende. Very fine ahhec
quartz that likely replaced glass. Isotropic dark mineral highly altered and
unrecognizable.

Handsample: Light green @y in color with mostly finggrained equigranular
matrix.

Handsample: Vey finegrained, equigranulawith green, black, and minor white
colors throughout.

Thin section: Abundant quartz and feldspar phenocrysts within a nopstiyz
matrix that is very fineggrained Minor disseminated sulfides and a recrystallized
quartz vein.

Handsample: Gray, brown in color with coarse quartz phenocrysts (15%).-Thii
section: Quartz phenocrystsd2mm in size. Groundass is finegrained and is
composed of a mosaic of quartz and feldspars. Minor chlorite and micas foun
small veins andractures.

Thin section: Abundant quartz phenocrysts and lesser feldspagrdinedmass is
composed of fingrained euhedral quartz. Abundant granophyric texture and n
filling in small veins or fractures that are aligned.

Rounded quartz phenocrysts18%) with rims of finegrained quartz. Abundant
chlorite in groundmass, also formimginlets. Smaller rounded radiating mica
nodules surrounded by rims of quartz. Groundmass is quartz that varies in siz
from very fine tophenocryst{2-3 mm) No feldspars present.

Handsample: Bluish gray (to dark grayish green in some of sample) with som
oxidation occurring in small pockets. Minor sulfides in small fractures and veir
Quartz crystals vary from euhedrgjusire crystals to more rounded, range in siz
up toca.3 mm.

Hand sample: Aphyric and aphanitic greenish gray in fresh color with equally
distributed abundant very fine disseminated pyrite (5%). No visible phenocrys
Handsample: Equigranular with disseminated sulfides. Greenish gray in hand
sample. Thin sectiorGroundmass$s mostly composed of chlorite with very fine
anhedral quartz replacirigrmerglass.

Quartz shows undulose extinction and has a mdgreatture. The groundmass is
very fine-grained subhedral quartz and feldspar. Phenocrysts inclutig%3
quartz grains that are euhedral and rounde@¥6zhighly altered feldspar.
Abundant chlorite, and some micas.

Handsample: Dark greeto black in color with small-2 mm at most quartz
phenocrystsda.9-11% abundance), some small figeined dispersed but not
disseminated pyrite.

Handsample: Dark green to gray in fresh color wit®% rounded square quartz
phenocrystshiat are less than 2mm in size. Small blebby sulfide veins.
Handsample: Aphyric and aphanitic sample that is greenish black in fresh colc
Minor (<5%) disseminated sulfides.
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Sample preparation for geochemical analysis initially incluledemoval of surface
oxidation rinds from the hahspecimen and any visible vematerial. This was followed by
crushing of the samples using a Rocklabs Boyd crusher and milling of approximately 100 g of
sample material in a Rocklabs tungsten carbidgmiil. The pulps obtained were submitted for
geochemical analysis to Actlabs in Ancaster, Ontario.

Major element analysis of the rocks was conducted-gyfluorescence analysis using
standard fused disks. To minimize matrix effects, the heavy abdadi@n technique described
by Norrish and Hutton (1969) was employed. The loss of ignition of the samples was determined
by gravimetry following roasting of the sample powders at 1050°C for 2 hours. The total carbon
and sulfur contents were determinedthg Leco method, which involves combustion of the
samples, followed by measurement of the carbon dioxide and total sulfur content by infrared
absorption. Trace element analysis was performed by inductively coupled {rteesna
spectrometry following closedkessel digestion of the samples using a combination of
hydrofluoric, hydrochloric, nitric, and perchloric acids.

Repeated analyses of sample materials aitnbuse and international georeference
materials showed that the precision of the major and ttaoeeat analyses was typically <5%
RSD for elements occurring at concentration levels significantly above their respective detection
limits. Element abundances measured on international georeference materials were in close
agreement with the recommendedues. The deviations of the analytical results from the
recommended values were found to be in the order of £10% or below, indicating that the major

and trace element analysimshighly accurate.

3.6 Quemont Hill Field Relationships

The Quemont Hill fiedl area is characterized by B-W trendingdike swarm
characterized by multipleubparallel coherent dikes with outer bouimdsrfingeringwith
associated breccia8gpendix).The width of theindividual dikes rangefrom tens of
centimeters to tens of nes.Volcanicfacies present at Quemont Hill were distinguished in the
field throughcareful mapping and identification oharacteristics such as color, weathering
behavior phenocryst abundancandcontact relationships. The facies were further clesbif

using geochemical and petrographic analyses.
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3.6.1 Volcanic Facies

Coherent aphyric dacite to rhyodacite exists in the western field area as a slightly folded
discontinuous unidboutan EW axis. The unit was natbservedvithin any other portion of the
dike-in-dike complexThe unit is characterized by a dark brown fresh color at the surface with
orangebrown to green weathered are@ke contact between the aphyigyolite and the dike
complex & sharp anéasily recognizabléNhile phenocrysts were neisible in the field, closer
inspection of prepared hand sampasw that the unit is very fingrainedcontaining
equigranular mineralwith minor scattered quartz and feldspar phenocrysts.

Coherent quartz and feldspar phyric rhyolite (QFPRs the mat dominant volcanic
unit found within the mapped area. The facies is most prevalent to the north and south of the dike
swarm with outcrops in the mapped area rangeetgveen 1@o 25 m in thickness. The unit is tan
to brown in outcrop and ranges from gr@gay to targreen in fresh hand sample. Quartz is
present as euhedral phenocrysts that range in size fmrh. The average phenocryst
abundance ranges betweeb©Z in most areas. This volcanic facies is flow foliated in several
locations within theiéld area with prominent foliation textures present in the north.

Thedike swarm is composaaimarily of coherent mafic volcanic rocks interpreted to be
basalt to basaltic andesite. The dikes are greblistk to greenisigray in outcrop. Basaltidikes
are characterized lkgyparalle] linear geometry buhavecurvedgeometries where dikes connect
or bifurcate to become two individual intrusions. The average thickness of the basaltic dikes is
between 2 and 5 meters. There are no visible phenocrystsdrshmple, but minor
disseminated sulfides wde seen. The mafic rocks @mminent in the southeastern portion of
the outcrop where the basalt is characterized by both a sill and dike geometry. The outcrops in
this areacontain severabf the mostaterally extensive maficdikes, whichconnect or come in
close contact. There are commonly smaller basalt dikes @etiteneterscale that occur within
the larger basalt dikes the southeast

A second generation of quartz and feldspar phyric rhyolite EZEHs weathered yellow
to brown in outcrop with abundant euhedral quartz and plagioclase phenocrysts ranging from 1
mm in diameter. Average phenocryst abundariservedn the field was btween 17 and 24%.

The color ofhand samplerangs from bluishgray, to dark greenisbray, to graybrown. Minor

sulfides occur in small fractures and veins. The quartz and feldspar phyric rhyolite occurs in two
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laterally extensive dikes, one between 5 and 15 m in thickness and another lOchweamd 1

m in thickness. The larger of the two dikes occurs in the middle of the mapped dike swarm and
the smaller dike occurs towards the northern boundary of the complex. This unit is the primary
host to the mafic xenoliths and other prominent mingling textures presertanet.

Monomict rhyolite matrixsupported breccia can be found in a limited number of
locations on the periphery of the mapped dikelike complex. The breccia occurs within or on
the margins of the quartz and feldspar phyric rhyolite (QFRR The beccia has an irregular
curved geometry as a unit and varied contact relationships with QEPRhe clasts within the
breccia are composed of the adjacent quartz and feldspar phyric rhyolite, are poorly sorted,
curviplanar and are subangular to subroun@asts range in size frotn6 cm andare setn a

fine-grained matrix.

3.6.2 Magma Mixing and Mingling

Magma mingling is prevalent along the southern contacts between theiQFé&iRes
andtheadjacent mafic dikes. The magma mingling textures vary signifig in appearance and
naturealong the length of the mingling contacts freast to westand much of theantact
contains no mingling featuse Magma mixings hereby defined tmdicate a homogeneous or
Ahybrido composi ti orclose mtaractiolmfave magenasvith disendt f r om t
compositionsMagma mingling refers here teagma interactiothat has resulted in physically
distinct magmas with heterogeneous compositions (Johnson and Barnes, 2006).

The first of the magma mingling texturescur in the stratigraphically lower part of the
field areaarevisible at the surface as an aphygranular mafic matrix with-2 mm sized quartz
phenocrysts present with a raniform spaced distributiori{g. 3-4A). This unit is bound to the
north andthe south by two small mafic dikes ranging from1B)cm in thickness. Upon
inspection of cut samples and thin sectjahs apparent homogenous mafic matrix actually
contains light greegrayenclaveof volcanic material closely resembling bag&ig. 3-4B).
Theenclave have very smooth and rounded margins that appear diffuse in some logations
dominantlyappear to preserve the ductile character of the magma. &hels@s are sparse and
are onlycentimetes in size They tend to be elongated irdmall fingers including one instance

of a 4 cm long sulfidenclavefound within the middle of this are&if. 3-4C).
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The magma mingling contact between the larger southern QFRie and adjacent
basalt is characterized by abundant basalt xenolithgwitie quartzand feldspaphyric
rhyolite (Fig. 3-4D). The xenoliths have long axes that alignedand elongated parallel to the
contact between the rhyolite and the basalt. The lengths of the xenolith long axes vary
significantly from 1 to 96 cm. Thegrimary xenolith morphology is lenticular to tabular.
Xenoliths are characterized by sharp contacts thighenclosing rhyolite arglib angular to sub
rounded marginsXenoliths tend to be spatially removed from the rhyolite and basalt dike
contact, and tre are no observed xenoliths in contact wh#hmaficunit while intruding into
the rhyolite.

The small QFPR2 dike in the north of the dike swarm complex is characterized by a
texture best explained as a basaltlavesupported dike with surroundingyolite matrix that is
foamtlike in appearance~g. 3-4E andF). The texture consists of abundant centimstale
basalt enclaves within a rhyolite matrithe enclavegpreserve ductile andispy texturesBasalt
enclave are brown in outcrop but gre@nhand sampld.argeenclaves commonly have smooth
sharp margins and teike features that appear to be a result of ductile movement of the clast
during formation Fig. 3-4E). The largeenclave range in size from 1 to 5 cm, but the unit as a
whole conéins abundant small (<1cm) blebs as well. The matrix is composed of coherent

phenocrystbearing rhyolite ranging from light tan to white in color.

3.6.3 Detailed Sections

Detailed map A is focused on a mafic dike that contains and mingles with the small
QFPR2 dike found in the north (Appendix). The QFRRIike is characterized by a fodike
texture and several irregular xenoliths with ductile features. Larger visible enclaves range in size
from the centimeter scale to tens of centimeter scale. The enchxesurved to wispy
mor phol ogies with irregular margins that appe
|l i kedo during emplacement . | n -lkétexturegradeshnioe st c o
the basalt completely until QFPRIs indistingiishable within the basalt at the surface. The
QFPR2 reappears approximately 4 m to the east of the detailed grid. A small Q&R

appears in the central and western portion of the grid.
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Fig. 3-4: Photographs showing the magma mingling teedipresent at Quemont Hill. A.
Photograph of an aphyric granular mabck foundin the stratigraphically lower portion of the
field areawith quartz phenocrysts marked by white arrows. B. Maficlave in a matrix of
intermediate compositiofEnclaves show rounded and ductile features. C. Sample takére
stratigraphically lower portion of the field ardeat contains a 8m long sulfideaggregatevithin
the mafic matrix. D. Lenticular and elongate mafic xenoliths found within QERRasts are
subangular and oriented subparallel to the m&@iEPR2 contact. E. Abundant mafeclave
(largerenclave shaded teal) and larger ductile xenoliths within a rhyolite matrix found in the
smaller QFPR2 dike. This texture has been labeled fddm due to thénigh abundance of
enclave that make up the majority of the unit.Aeamtlike texture showing the margins of the
small QFPR2 dike (outlined in blue) and the rigid and bumpy texture that the miegiddve
and rhyolite show in outcrop. The camera lsn8cm in diameter and the coin is 2.2 cm in
diameter.
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Detailedmap Bdepicts a detailed section of the dike swarm closest to the source zone in
which a channel sample was taken through the mingled and mixedAppisndiy. Volcanic
facies within be grid have been labeled to identify and describe each unit. Unit A is a QFPR
with approximately 112% quartz phenocrysts ranging fror2 inm in diameter. The
weathered surface is green to grayish yellow in color with fieeygrainedpyrite seen in
outcrop. Unit B appears to be aphyric coherent basalt in outcrop with a granular texture.
Weathering in this unit varies from yellerange to gray and dark gray. This unit contains
minor late calcite veining and forms a sharp contact with the adjacest lrfiandsample this
basalt is dark green to greblack in color.Unit C was difficult to compositionally define in
outcrop,because iappears to havemafic compositiongranular texture and1-5 mm sized
guartz phenocrysts. Samples in the fieldrfriiis unit showed quartz phenocrysts with a-non
uniform distribution No change in phenocryst abundam@es observeérom north to south
within the unit and overall the rock had phenocryst abundances betv8éo\@rall Upon
obtaining a fresh hargampeg, it was revealed that the unit contains small green neafitave
that are veryounded and fluidike in shape. The matrix containing teaclave appears to be a
composition between rhyolite and basalt but the unit as the whole is confirmed to be non
homogeneous. Unit D is very similar to itUB but appears to have a figeanular texture in
outcrop. The contact between D and E appears undulatory and slightly sheared due to volcanic
processes. Unit E is also QFRRvith 1315% quartz phenocrysts preten

Detailedmap C is a 3x4 m grid focused on the fehke texture found in the smaller
QFPR2 dike to the northAppendk). The grid show a small 4660 cm thick quartzand
feldsparphyricrhyolite dike that is entirely characterized by #imvementiored texture with
one small featured area containing larger identifiable xenoliths. The dike is bounded to the north
and the south by basalt dikes that form sharp contacts with the containelikim#mnture. The
southern portion of the detailed grid is aerized by chaotic QFRRdiscontinuous lenses
that are largely broken up by the basalt unit present.

Detailedmap D is a representative section of the southernmost contact between the
QFPR2 and the adjacent mafic dik&dpendi®. The section also regsents the westernmost
extent of outcrop with visible magma mingling that was mapped in detail. The section shows
abundant mafic enclaves that have long axdsparalleto the dike contact orientations. The

contact between the QFPRand the mafic dikes not sharp and distinguishing a clear transition
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from one composition to another is difficult. There are limited enclaves immediately adjacent to
the inferred contact between the two units.

Detailedmap E was mapped previously by Huthm#&a®09, butthe area was remapped
with particular attention paid to the small sc&etures, whiclare indicative of mixing and
mingling. The detailed section showse xenolith distribution along the QFFERcontact with a
basalt dike immediately to the southpfpendiy. The xenoliths are abundant and elongated
parallel to the contact between the rhyolite and the basalt. The abundance of xenoliths decreases
away from the contact but the size of the xenoliths increases. This section does not show a
gradational contact b&een the rhyolite and basalsseen ilfmapD or agap between the

contact and the xenolith occurrence.

3.7 Quemont Hill Geochemistry and Petrography

The wholerock geochemistry of the volcanic facies at Quemont Hibdetermined u
on samples that eve representative of emdember rock compositions across the field area. The
results of these geochemical analyses, including major oxides, major elements, and trace
elements are reported in TalB&. Thin sections of the representative volcanic unithénfield

and of key mingling and mixing textures were analyzed and are describedthithable

3.7.1 Geochenical Characteristics

In order to determine the bulk composition of tieécanicrocks, SiQ versus Zr/TiQ,
P/Zr versus Ti/Zr, and Zr/Ti©Qversis Nb/Y discrimination diagrams put forth by Winchester and
Floyd (1977) and Stolz (1995) were utilizédd.3-5, 36, and 37). The diagrams indicate
similar trenddor the mainrock typespresent at Quemont Hill. Volcanic units present at
Quemont display subalkaline affinity with compositions ranging from basalt to rhyolite.
Based on chemical classificationafit rocksrangefrom basalt to andesjtdepending on
the composition discrimination diagram us@étiey arecharacterized by Sikzontents betwen
47 and 54nt.%. The mafic units demonstrate increasing Si@ntent with increasing distance
from the southeastern mafic source zone. T tiending aphyric dacite was classified as a
rhyodacite to dacite with a Sj@ontentof approximately 68vt.%. QFPR1 plots within the
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rhyodacitedacite field in the Zr/TiQversus Nb/Y diagram but within the rhyolite to higifica
dacite field in other diagrams. The Sintent of this unit ranges from 73 to 764 with
decreasingoncentrationsup stratigrapi. QFPR- 2 has the highest average abundance of SiO
ranging between 77 and 80.% with the slight decrease in abundance occummgtratigraphy

The differentplotsconsistently suggest that this unit ighgolite.
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Fig. 3-5: Plot of P/Zr vs. Ti/Z used to discriminateamples ofariable compositions. QFPR
dikes are in pink and QFPRdikes are noted in oranfgiagram from Stolz, 1995)
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Fig. 3-6: Plot of Zr/TiO;, vs. SiQ used to classify aphyric dacite (blue), basalt (teal), QEPR
(pink), andQFPR2 (orange) at QuemontilHby their immobile trace elememompositions
(diagram from Winchester and Floyd, 1977
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Fig. 3-7: Plot of Zr/TiO, vs. Nb/Y used to classify aphyric dacite (blue), basalt (teal), QFPR
(pink), and QFPR2 (orange) at Queomt Hill. The wholerock compositions denmstrate that
the volcanic rocks have a subalkaline affinity (diagram from Winchester and Floyd, 1977).
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Chondritenormalized REE plotare given ifrigures3-8, 39,3-10, and 311. Mafic
samples 24, 25, and 26 shawar flatREE patternsvith a slightenrichmenbf theHREE and a
slightly positive Eu anomaly. Mafic samples 36, 37, andcéRected further up stratigraphy,
show negative Eu anomalies and a greater relative enrichment in LREE in comparison with the
other mafic samples. The QFPIRsamples 30, 40, and Bavesmall Eu anomalies and sample
27B shows no relative anomaly in comparison with the previously mentioned samples. The
QFPR1 samples demonstrate relatively flat RdEternswith a slight enrichmennh the LREE.

The QFPR2 rhyolite samples (28, 29, 35, and 39) show higher total REE concentrations in
comparisorwith the lower silica rhyolite and dacitall samples are characterized by a distinct
negative Eu anomaly. The samples all show a relativelenent inthe LREE compared tthe

HREE. The aphyric dacite hasrmalizedREE concentrations that plot between both

generations of quartz phyric rhyolite and the average mafic REE concentrations. The unit shows
a slight enrichment in LREE but overall leaflat REE concentration trend.

Samples QHO036, QH 037, and QH 042 are identified as basalts thatvenegative Eu
anomalies, but in additiomjl three samples also plot clageor within the andesitield in all of
thevariousdiscrimination diagamsused The negative Eu anomalies also confirm a composition
that is not strictly basafor these three sample& REE diagram was constructed jpiptting an
end member basalt (QH024) and an end member rhyolite (Q1928) , and sample QHO037
was sed as a representative basalt/andesite unit that showed a REE trend between the two end
member trendsHig. 3-12). A REE trend was calculated to be the best fit to@3H using
relative percentages of both rhyolite and mafic compositions. The resulsinfittiee that was
most similar in REE trend to QBI37 was composed of 25% rhyolite and 75% basalt. These
results confirm a mixing trend between the rhyolite and basalt to prodoteeraediate

andesite/basalt composition.
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Table 32: Major (wt.%) andrace element (ppm) analyses of volcanic rdoss Quemont Hill

Aphyric Dacite

Aphyric Basalt

QH - QH - QH- QH - QH- QH-
Sample QH-023 024 025 026 036 037 042
SiO, 68.52 4721 4862 5049  51.04 50.3 53.32
AlLO; 13.93 1476 1452 1407 12.42 1238  13.39
FeO, 5.75 13.6 1321 1291 1491 1472 1563
MnO 0.111 0.27 0275 0245 0302 0318 0.28
MgO 2.42 6.16 5.98 6.06 4.58 4.51 4.98
CaO 0.4 7.32 7.41 6.64 5.79 6.59 2.96
Na,0 5.55 1.69 1.85 2 1.68 1.7 1.61
K,O 0.01 0.03 0.03 0.02 0.03 0.02 0.15
TiO, 0.53 1157 1141 1244 1493  1.486 1.71
P,0s 0.12 0.07 0.07 0.07 0.14 0.13 0.17
LOI 1.82 7.21 7.08 6.87 8.27 8.74 6.42
Total 99.17 99.48 1002  100.6  100.6  100.9  100.6
Co 32 49 44 51 50 46 58
Ni <20 110 100 110 30 30 30
Cu 10 20 80 50 110 120 120
Zn 130 290 270 220 330 310 490
Sr 53 105 99 84 45 49 27
Y 29.4 17 15.3 16.5 375 37.2 37.8
zr 180 37 36 34 113 105 120
Nb 11.8 3.9 2.9 2.7 7.2 7.6 7.7
Ag 1.2 <05 <05 <05 0.8 0.9 1
Ba 34 43 24 12 11 10 51
La 13.8 1.92 1.39 1.47 115 11.2 11.7
Ce 29.1 4.65 3.69 3.86 275 26.5 23
Pr 3.85 0.71 0.61 0.66 3.89 3.72 3.54
Nd 16 4.13 3.49 3.76 18.3 16.9 15.9
Sm 3.72 1.76 1.7 1.61 4.98 4.9 437
Eu 1.04 0875 0722  0.678 1.17 1.13 0.919
Gd 4.06 2.55 2.27 2.33 5.5 5.42 5.38
Th 0.7 0.47 0.44 0.44 0.96 0.96 0.98
Dy 4.56 3.02 2.84 2.98 6.28 6.13 6.14
Ho 0.99 0.63 0.58 0.6 1.34 1.29 1.31
Er 2.99 1.74 1.54 1.67 3.91 3.87 3.81
m 0.48 0254 0222 0238 0607 0611  0.604
Yb 3.35 1.67 1.4 1.56 4.14 41 4.16
Lu 0.554 0252 0216 0253 0625 0635  0.629
Pb <5 <5 6 7 7 8 8
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Table32:cant 6 d

Quartz/Feldspar Phyric Rhyolite (QFPR-1)

Quartz/Feldspar Phyric Rhyolite (QFPR-2)

Sample QH-027 QH-031 QH-040 QH-041 QH-028 QH-029 QH-035 QH-039
Sio, 75.25 73.89 73.58 73.64 79.1 78.49 78.84 77.77
Al,Os 11.37 10.75 11.13 10.77 11.72 11.74 11.27 12
Fe,0s 4.87 8.83 8.64 8.35 1.9 2.04 2.65 2.74
MnO 0.095 0.12 0.128 0.125 0.05 0.036 0.036 0.065
MgO 1.58 0.81 2.28 2.2 0.41 0.44 0.84 0.64
CaO 0.35 0.05 0.15 0.06 0.62 0.34 0.25 0.86
Na,O 4.66 0.16 0.12 0.12 4.83 477 3.89 4.3
K,O 0.02 2.28 1.72 1.73 0.77 0.79 0.87 0.62
TiO, 0.303 0.249 0.287 0.285 0.13 0.133 0.127 0.166
P,Os 0.04 0.03 0.04 0.05 0.01 0.01 0.01 0.03
LOI 1.67 3.43 2.91 2.96 1.18 1.12 1.33 1.77
Total 100.2 100.6 101 100.3 100.7 99.91 100.1 101
Co 62 34 28 39 58 77 49 62
Ni <20 <20 <20 <20 <20 <20 <20 <20
Cu 20 80 20 20 40 20 20 20
zn 80 270 190 180 60 50 70 110
Sr 30 9 9 8 56 49 54 70
Y 47.4 57 41.6 43.2 106 100 96.5 96.7
Zr 208 216 205 210 185 181 178 191
Nb 14.9 14.8 12.3 14.1 26.5 25.4 25 25.6
Ag 1.6 1.9 1.6 2 1.4 1.4 1.1 1.4
Ba 21 850 551 556 265 253 223 263
La 15.7 14.1 9.34 11.6 48.5 455 255 65.3
Ce 34.4 31.2 22.4 28.2 92.9 72.8 60.2 87.1
Pr 481 4.23 3.23 3.88 13.3 125 7.73 17.3
Nd 20.4 18.4 14.1 17.1 55 51.4 32.2 70.8
Sm 5.47 5.24 3.88 4.59 13.2 121 8.21 15.8
Eu 1.71 0.755 0.629 0.709 1.29 1.2 0.945 1.61
Gd 5.95 6.86 4.75 5.42 13.8 131 10.7 15.9
Tb 1.13 1.39 0.98 1.01 2.54 2.43 2.18 2.54
Dy 7.58 9.19 6.89 6.9 16.6 15.4 15.1 15.6
Ho 1.69 1.94 1.52 1.49 3.54 3.37 3.23 3.3
Er 5.13 5.92 4.7 4.66 10.5 10.4 9.74 9.71
Tm 0.823 0.96 0.789 0.759 1.73 1.64 1.57 1.56
Yb 5.67 6.47 5.42 5.45 11.7 11 10.6 10.5
Lu 0.964 1.05 0.927 0.881 1.79 1.69 1.66 1.58
Pb 5 <5 <5 <5 6 <5 9 6
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Fig. 3-8: Rare earth element plot tife aphyric daite from Quemont Hill(chondrite data from
McDonoughand Sun, 1995
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Fig. 3-9: Rare earth element plot of thasalt samplesfom Quemont Hill(chondrite data from
McDonoughand Sun, 1995)
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Fig. 3-10: Rare earth element plot tife quartzand feldspr-phyric rhyolite QFPRL (chondrite
data fromMcDonoughand Sun, 1995

Fig. 3-11. Rare earth element plot tife quarz-and feldspaphyric rhyolite QFPR2 (chondrite
data fromMcDonoughand Sun, 1995
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