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Abstract

Algomatype bandedron formatiors (BIFs), whichrepresenthemical sedimentary rocks
characterized by alternating layers of mach minerals and chert intercalated with Eoarchean to
late Paleoproterozoic volcarsedimentargequencesct asa favorablenost rock for orogenic
gold mineralizatiorwithin several Archean cratons (i.e., Pilbara, Kaapvaal, Superior, Slave and
Churchill). Besides this economic aspdbtigse Feaich sequencehave long been appreciated as
an important contributor to furthering our understanding of the geochemical evolution of the
Earth. However, these deposits are in general tectonically deformed, metamorphosed and
dismembered, thus making reconstructiorhefrt depositional setting and overall geologic

setting difficult.

Based orfour Canadian Blfhosted gold depositthe MeadowbankMeliadine,
MusselwhiteandBeardmoreGeraldtondeposity, this thesis aims to establish the depositional
setting of the Algoratype BIF using the abundance of REEefychert material used as proxy
of the primary signature, as well as assess gold enrichment procassdoiextures and trace
element zoning of variable sulfides (i.e., pyrite, arsenopyrite and pyrrhotite)hatig &tudy if

there is a particular geochemical type of Algotyjge BIF associated with gold mineralization.

Laser ablatiorinductivelycoupledplasmamass spectrometrit A-ICP-MS) analyses
performed on chert material suggest thatBitém the four depsits show common depositional
settings illustrated by depositiom semiclosed to closetlasinunder variable influencef high-
temperaturé>250°C) hydrothermal fluidsiput and detrital contamination. Moreover, evidence
of late diagenetic processesatwing O isotopic exchange between chert precursor (i.e., opaline

material) and seawater origifluid have been documenteficcording to their primary



signature, it appears that barren versus mineralizesd®@ifrot show any geochemical
divergence suggesting thatetdepositional settinghay influence thepigenetigold
mineralization Based on quantitative element distribution maps combinedingiravese and
spot analyses by LACP-MS on sulfides, a common gold mineralizing event characterized by
intense stratbound sulfideeplacement of Feich material vasreported in three studied
deposits exhibiting Au-As-Se Te-Ag element association. This ressiiggest that
metamorphic/hydrothermakogenic processes driven by devolatilizatida common weakly to
unmetamorphosed source rock have ledto generation oftigaidng fluid which channelleidto

Algomatype BIF via major crustal faults and/or shear zones within low tensile strength rocks.

Keywords

Bandedironformation, Precambrian, Algoma, geeafistry, gold, chert, degition, seawater,

hydrothermafootprint
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Chapter 1: Introduction to the Thesis

1.1 Statement of the problem

Gold mineralization in Archean greenstone belts represents an economically important
commodity reflecting 13% of the world’s gold resource (e.qg., Pilbara, Kaapvaal, Zimbabwe,
Superior, Slavand Churchill; Phillips et al., 1984; Goldfarb et al., 2001; Bleeker, 2006; Dubé
and Gosselin, 2007; Biczok et al., 2012). Among the many types of gold deposits, the-Algoma
type BIF illustrates a prime exploration target. In these deposits, gold issaedogith simple
to complex networks of laminated quadarbonate faulfill veins hosted within sulfidized parts
of the BIF within regionally deformed, metamorphosed and dismembered BIF facies (i.e., oxide-
, Silicate or carbonatdacies) of these terranes (e.g., the Homestake, Lupin, Morro Velho,

Musselwhite deposits).

Algomatype BIFs, which have long been appreciated as an important contributor to
furthering our understanding of the geochemical evolution of the Earth (e.g., atmosphere and
hydrosphergconsist of thinly bedded, chemical sedimentary rocks comprising alternating layers
of iron-rich minerals and chert (Gross, 1980) typically intercalated with Eoarchean to late
Paleoproterozoic volcargedimentary sequences within Archean greenstone belts (Goodwin,
1973; Bekker et al., 2010). The i1»earing minerals are considered to have originally
precipitated as iron oxyhydroxides, such as ferrinydrite, that were transformed during diagenesis
to hematite, magnetite and siderite depending in part omitrebial biomass concentration
(Posth et al., 2013). Where metamorphosed, thecRecomponent may include more complex

mineral assemblages that comprise a variety of silicate phases (e.g., amphibole, garnet). The



origin of the interbedded chert is camtersial, but the consensus is that it may originate either as
a seawater precipitate (Bolhar et al., 2005; Thurston et al., 2012), or as a hydrothermal
precipitate (Allwood et al., 2010; Thurston et al., 2012) or due to replacement (Hanor and
Duchac, 1990). A less common view suggests dissociation of iron silicates into iron oxides and
colloidal silica (Lascelles, 2007). Only a few studies explain the alternation efigtoand chert
bands either by the influence of biological processes and/or temgevatiations (e.g., Posth et

al., 2013) or by variations of the hydrothermal input (i.e., jasper under weak hydrothermal
conditions and siderite under more intense hydrothermal conditions; Van Kranendonk et al.,

2003).

Timing (syngenetic verswepigenett) and the origin of gold within BHRosted gold
deposits have long been subject of research and genetic debates over the last few decades. In the
1970s, some authors suggested a syngenetic origin characterized by sedimentary exhalative
processes in which gold is concentrated in arsenian pyrite introduced into BIFs by hydrothermal
fluids during chemical sedimentation or early diagenesis (e.g., Fripp et al., 1976). However, an
epigenetic model is supported by the presence of replacement features (alg.faiés) and
the discordant nature of vein systems typically observed irhBffed gold deposits. Lately, the
consensufavoursan epigenetic (i.e., orogenic) model for gold mineralization related to
metamorphiehydrothermal processes in which BIF regaets an efficient chemical trap by
virtue of its high iron content for metand HS-rich fluids focused into favorable structural
traps (e.g., fold hinges, shear zones; e.qg., Phillips et al., 1984; Phillips and Powell, 2010; Poulsen
et al., 2000). Howenr, the source of the gold remains digble (e.g., mafic volcanic versus
sedimentary rocks versus a mantle; Phillips and Powell, 2010; Large et al., 2011; Frimmel and

Hennigh, 2015).



In the context outline above, this thesis originated through the Tedd&eoscience
Initiative-4 (TGI-4) program of the Geological Survey of Canada (Lode Gold project) and a
NSERC Collaborative Research and Development project with funding from Agagie
Mines Ltd and Goldcorp Inc., was designed to address the fundarnssntabf whether there is
a particular geochemical type of BIF, that has a greater potential to host gold mineralization. If
the latter, then this would be a very opportunistic exploration tool. In detail, this thesis aims to:
(1) identify where feasible the primary geochemical signature of BIF and define its depositional
setting; (2) based on the lattersess if one geochemical type of BIF is associated preferentially
with Au mineralization; and finally (3) provide insights into understanding of theé gol
mineralizing processes artd possible identify elemental associations indicative of source

reservoirs.

In order to address the above questions, four wadadss Canadian gold deposits were
studied: (1) the ~4 Moz Au Meadowbank deposit, hosted by tie@a Woodburn Lake
JUHHQVWRQH EHOW WKH - OR] $X OHOLDGLQH GLVWULF!
greenstone belt; (3) the ~6 Moz Au Musselwhite deposit, hosted by tBeGaINorth Caribou
greenstone belt; and (4) the ~4 Moz Au Beardnteealdtondistrict, hosted by the 2.7 Ga

eponymous greenstone belt (e.g., Dubé et al., 2015).

1.2 Background and critical review of literature

1.2.1Geochemistry applied to BIF

Geochemical indicators, such as the REE+Y signature, when applied to carefully selected
chett bands from Algomaype BIF (i.e. representing the component least affected by diagenesis

and metamorphism; Krapez et al., 2Q@8bvide information that permits one to constrain the



origin of the BIF (e.g. Barrett et al., 1988; Bolhar et al., 2005; Stbaret al., 2012). The

abundance of REE+Y are controlled by three possible processes, namely precipitation from open
marine seawater (e.g. Bau and Dulski, 1996), precipitation from hydrothermal fluids (e.g.
Allwood et al., 2010; Danielson et al., 1992) replacement processes (e.g. Hanor and Duchac,
1990). All of these aforementioned processes can be further influenced by input of terrigenous
material (Alexander et al., 2008) and oceanographic processes, such as precipitation of

phosphates (e.g., Pufadnd Hiatt, 2012).

The treatment of chemical data for BIF departs from that of most othetyped(e.g.,
chondritic plots or mantle normalized spidergrams) and, instead, it is customary to normalize
samples to shale specificallyth the Mud from Queertend (MUQ) standard (Kamber et al.,
2005; Lawrence and Kamber, 2006) now widely referenced in ordiectease the influence of
terrigenous input. The MUQ represents a bimodal felsic and mafic volcanic provenance similar
to the provenance of detritus in Archaean granite greenstone l{glmber et al., 2005;
Lawrence and Kamber, 2006). Yttrium is included with the rare earth element owing to its
similar chemistry due to a valence of 3+, though it is not a lanthanide, therefore it is inserted into

the cowventional rare earth diagram between Dy and Ho.

Due to the anoxic character of Archean seawater, the shale normalized REE and Y patterns
for Archean seawater are very similar to modern seawater akedptk of anegative Ce
anomaly (Planavsky et al., P0). Therefore, an Archeaeawater pattern normalized to MUQ is
characterized by: (1) depletion in LREE relative to middle and heavy REE; (2) a strongly
superchondritic Y/Ho ratio due to superchondritic Y content; (3) positive La and Gd anomalies;

and (4)a variable, but well developed positive Eu anomaly (Kamber et al., 2004)



Positive La, Y and Gd anomalies indicate precipitation from seawater under anoxic
conditions (absence of a negative Ce anomaly) in oceans, whereas the presence of a positive Eu
anomady reflects the influence of high temperature (> 250°C) hydrothermal fluids ( Kamber et

al., 2004).

Previous research at Laurentian University directed by Thurston and Kamber (Baldwin,
2009; Baldwin et al., 2011; Thurston et al., 2012) has geochemitaltgaterized the BIF chert
in the Abitibi Greenstone Belt where BIF represents a cap on eachfelaiiceycle, especially
in the ca. 2730 Ma Deloro Assemblage. This work focused on REE+Y and other trace elements
and confirmed the previous REE+Y systemtiThe present study is thus a continuation of this
work and will be the first examination of Algontgpe BIF associated with gold mineralization
and the first to relate chert chemistry to proximity to mineralization. Frei et al. (2008) have
shown that Aumineralized BIF at the Homestake mine exhibits LREE enrichment and subdued
Eu anomalies, hence indicating of an external source for the sulfides. This study did not consider
the development of a footprint of hydrothermal alteration at a broader scatkd tloe study

attempt to develop a vectoring tool.

A study of the geochemical characteristics of Algdye-BIF may yetdefine a vectoring
tool to proceed from barren or unaltered BIF to altesedl gold mineralized zones, thereby
establishing the prmineralization composition of BIF to allow a better characterization and
understanding of the mineralizing processes and geochemical footprint of any hydrothermal

system.

1.2.2Sulfide composition

In recentyears with the advent of LA ICRIS mappingcapability Large et al. (2007, 2009,



2011) suggested that gold in sossslimenthosted gold deposits (e.g., black shale unit from the
Sukhoi Log deposit; turbiditic sandstone facies from the Bendigo deposit) likely originated
within the crystal structerof synsedimentary to earlydiagenetic finegrained and/or framboidal
arsenian pyrite along with a specific suite of trace elements (As, Ni, Pb, Zn, Mo, Te, Bu8e)
to subsequent burial, deformatiand metamorphism (i.egreenschist faci¢sin addition to
granite intrusion, gold and other metals are released from the pyrite lattice (which may be
converted into coarsgrained metamorphic pyrrhotite) dodhost rock via structural channels
into favorable structural sites by a metieh hydrothermafluid (Large et al., 2011, Bull et al.,
2015) which precipitates goldlong with various othesulfides such as coarggained
arsenopyrite, a common mineral phase in sedithested gold systenge.g., Wagner et al.,
2007; Cook et al., 2013). In this context, an int@ot question is whether gold in the Bibsted
gold deposits originates from the saomesimilarsource rock (i.e., black shale) and may
represent a similar processterms of gold enrichmerind deposit formatio(e.g., Steadman et

al., 2014; Gao et al2015).

1.3 Structure of the thesis

This thesis is written in a namaditional format and is divided into 4 chaptenswvhich
chapter2 to 4 represent manuscripts for publication in the highest caliber, international, peer
reviewed scientific journals. I$ noted that it is inevitable that these chapters may overlap in
their introduction due to their preparation as individual papers, ametesssity to introduce the
areas and materials in all cases. In addition, there is also reference made to ¢l pragters

in some instances due to their sequential publication.

The first chapter introduces the research problem and thesis objectives in addition to a brief



review of the critical literature relevant to the project. Moreover, it introdiheethess and

summarizeshe following chapters.

Chapter2, entitled “Interpretations and implications of LA IS analysis of chert for the
origin of geochemical signatures in banded iron formations (BIFs) from the Meadowbank gold
deposit,Western Churchill Pramce, Nunavut” has been published by Chemical Geq|2g¥5,
Chemical Geology, v. 410, p. 8B7) and was written by B. Gourcerol, P.C. Thurston, D.J.
Kontak andO. C6téMantha. This chapter represents the first step @pthject and gives an
overview ofthe methodology applied to all the studied deposits in order to address how chert
lithogeochemistrycanbe used to better understand tiaure and origin of Algomtype BIF
hosted gold deposits. In detail, this chapter examines similarities and/oemtifsr between
mineralized and apparently nomneralized BIFs based on their geochemical signature and
petrographic study in order to establish if there is a geochesigrature for the types of BIF
that contain gold mineralization and whether a hydrothermal footprint for the mineralization can
be deected. It is nad that this chapter is largely based on Gourcerol, B., Thurston, P.C.,
Kontak, D.J., and CoétMantha, O. 2014. Interpretations and implications of preliminary LA
ICP-MS analysis of chert for the origin of geochemical signatures in banded iron formations
(BIFs) from the Meadowbank gold deposit, Western Churchill Province, Nunavut: Geological

Survey of Canada, Current research 20126 p.doi:10.4095/293129.

Chapter 3entitled “Depositional etting of Alganatype banded iron formatioiritten by
B. Gourcerol, P.C. Thurston, D.J. Kontak, O. CBlanthg and J. Biczok wasubmitted to
Precambrian Researcind was accepted with revisions requir€de revised manuscript has
since been returned the journal as of January 2016. In this chapherauthors attempt to

validate the restrictedasin model as a depositional setting for the Algoypa BIFs by using



the geochemical signature of the chert bands as a proxy for the primary signateaoivater
chemistry and hydrothermal vent fluids. In addition, the cherts were analys#d using

secondary ion mass spectromd®yMS) W R G H W H U0 syHatuvekiHdrdér fo assess post
deposition exchangaf the chertwith later fluids (e.g.diagenetic, metamorphic). An indirect
intent of this study was also to establish whether chert beds in these settings retain a geochemical
signature that may relate #osubsequergold mineralizing event. In detail, these hypotheses
were tested by: (1) defining the role of chemical reservoirs (i.e., seawater, hydrothermal fluids,
and terrestrial detritus) in chert deposition; and (2) using redaogitiveCe behaviorto assess

the oxygenation state of the water column dudhert precipitation. It is ed that minor past

of this chapter werpublished in Gourcerol, B., Thurston, P.C., Kontak, D.J., Gatha, O.,

and Biczok, J. 2015. Depositional Setting of Algetyige Banded Iron Formation from the
Meadowbank, Meliadine and Musselwhite gold depoBitsTargeted Geoscience Initiative 4:
Lode Gold Project Synthesi€ds) B. Dubé and P. Mercidrangevin; Geological Survey of

Canada, Open File 7852,55-68. do0i:10.13140/RG.2.1.1333.2645

Chapter 4entitled“Gold and trace element distribution iffgles from mineralized
Algomatype BIFs; Implications for nature of mineralizing fluids, metal sources and deposit
model$, waswritten by B. Gourcerol, D.J. KontghP.C.Thurston and J.A. Petrus is formatted to
be submitted to Economic Geologiis chaper examines the textures and trace element
contents and internal zoning of variable sulfides such as pyrite, pyrrhotite and arsenopyrite to
evaluate th@otentialsource of metals within three Canadian Bidsted gold deposits: (1) the
~4 Moz Au Meadowbal GHSRVLW WKH - OR] $X OHOLDGLQH GLVW
Au Musselwhite deposit. These depssaite hosted by Algomige BIFs and occur in

metamorphosed and moderately to strongly deformed greenstone belts and are considered



orogenic gold deposits. In detail, this study investigates: (1) the distribution of gold and various
trace elements in the sulfide lattice in order to identify similarities and differenttes timing

and elemental associatiookgold mineralization from the three defissand (2) compare these
features to other orogenic depos#isch as clastic sedimehosted gold deposits to investiga

potential source of gold.

Finally, chapter 5 concludes this thesis manuscript.

Appendix A comprises a GSC Current Research tepatten by B. Gourcerol, P.C.,
Thurston, D.J., Kontak, O., CéMantha, and J., Biczok 2015 entitled The geochemistry of
chert from the Banded Iron Formatitype Musselwhite and Meadowbank gold deposits:
Distinguishing primary and mineralizatioelated signatures of chert” (Current Research 2015
1, 24 p. doi: 10.4095/29553T)his reportwas not part of any of the previously described
chapters and presents the results dfitnlaser ablation inductively coupled mass spectrometric
(LA-ICP-MS) analysis of chert from the Musselwhite and MeadowbankhBEted lodegold

deposits

Appendix B comprises a manuscript submitte€amadian Mineralogist entitletiDo
magnetite layers in Algomigspe BIF preserve their primary geochemical signal: A case study o
samples from three Archean BHested gold deposits#ritten byB. Gourcerol, D.J. Kontak,
P.C. Thurston and Q. Duparc. The main objective of this study was to assess the potential of
using the REE + Y systematics of magnetite bands to identify theiagr geochemical
signature, as we have done for the associated cherts in order to constrain the genesis of BIF units.

As of December 2015, the revised paper had been returned to the journal and is in press.



Lastly, Appendix C entitled “Chemical concordaraf chert and irofoxide layers in
Archean Algomaype BIF: implications for Earth ocean chemistry” and written by B. Gourcerol,
D.J., Kontak and P.C., Thurston (2015), has been submitted to Gebhagsnain objective of
this study was to explore the lménce of postlepositional processes on the primary signal of
chert and iroroxide layers from several BIF horizons, within the Meliadine gold district
(Churchill province, Canada). This study combined three sets of data on the same BIF samples:
(1) REE+Ystudies on the chert layers to determine the genesis of the cherts; (2) REE+Y study of
the magnetite layers to establish whether diagenetic changes affect their systematics; and (3) an
oxygen isotope study to establish the diagenetic history on the chert bands and possible influence
of later hydrothermal fluids. The study provides the first integration of these data sets to
document chemical concordance in the chert and magnetite layers, which validates the earlier
results of this thesis, and to show that despite the modification of the oxygen isotopic

composition of the chert the primary geochemical signature has remained intact.
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Chapter 2: Interpretations and implications of LA ICP-MS analysis of chert
for the origin of geochemical signatures in banded iron formations (BIFs)

from the Meadowbank gold deposit, Western Churchill Province, Nunavut

2.1 Abstract

Among the many types of mineral deposits within Archean cratons, gold mineralization is an
important economic commaodity with over 20 000 metric tons of gold produced from greenstone
belts in 2001. Of the Archeasarly Paleoproterozoic gold deposits, several different types of
mineralization are known, which includes the important Algaype- Banded Iron Formation
(BIF) where gold is locally associated with sulfideies zones withinegionally extensive
oxide-facies. It is commonly accepted that the shmademalized chemical signature of REE+Y of
chert bands in Algomtype BIFs may reflect one of three processes, each of which may be
relevant to the nature and origin of the gold matization: (1) direct seawater precipitation, (2)
involvement of and contribution from hydrothermal fluids, and (3) replacement of precursor
volcanic units due to silicification. An essential question in regards to the mineralization is,
therefore, whethethe gold mineralizing fluids have a preference for one geochemical type of
iron formation versus another. In order to assess the relevance of these competing models, we
report herein the results of a LA I&WS study of chert samples within different Algetype
BIFs from the Meadowbank deposit (24.5 Mt proven/probalé reserves grading 2.8 g/t, 2011)
hosted in the Neoarchean Woodburn Lake Group of the Rae Domain of the western Churchill
Province, Canada. This study used 39 carefully selected and characterized (i.e., petrography and
SEM-EDS imaging) chert samples from the main deposit, the Central BIF, and four additional

BIFs, the Far West, West, East and Grizzly zones, with data collected using line traverses along
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the chert bands. The geochemical dathcate that an ambient seawater signature (i.e.,

enrichment in HREE relative to LREE associateth positive La and Y anomalies) dominates

the samples with a lesser hydrothermal component (characterized by a positive Eu anomaly) and
the influence of deital contamination can also be detected. These initial results indicate that the
methodology and protocol employed provides a reliable means to assess and interpret the
chemical signature of BIFs hosting gold mineralization. In the present case, ttefoedte
Meadowbank deposit suggest that chert from mineralized BIF units do not record a typical

chemical signature that may be used as a vector for potential gold mineralization.

2.2 Introduction

Algomatype BIFs are thinly bedded chemical sedimentacksa@omprising alternating
layers of iroarich minerals and chert (James, 19%hich arestratigraphically associated with
submarine, volcanic rocks in Eoarchean to Paleoproterozoic greenstone belts (Goodwin, 1973;
Bekker et al., 2010). Studies of gold deposits associated with AlgygpeaBIF inArchean
cratons have shown that gold is associated with localized stdfides zones within regionally
extensive oxiddacies units (e.g., Kaapvaal, Zimbabwe, Superior, Slave and Churchill; Phillips
et al., 1984, Bleeker, 2006; Biczok et al., 2012). The depositional and geodynamic settings of
these deposits are contentious due to post depositional overprinting and the absence of modern
analogues. The irebearing minerals in iron formations precipitated from basin waters and
hydrothermal fluids; they include siderite or/and iron oxyhydroxides that were transformed by
diagenesis and metamorphism to hematite, magnetite, iron silicates and sulfides. The origin of
chert is controversial, but the consensus is that it, like thebeanng minerals, originated as
either a seawater (e.g., Bolhar et al., 2005; Thurston et al., 2012) or hydrothermal (e.g., Allwood
et al., 2010; Thurston et al., 2012) precipitate or by replacement of a precursor volcanic unit due
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to silicification (e.g., Hanor and Duchac, 1990).

In regard to the origin of Algormg/pe BlIFhosted gold deposits, an important question is
whether the gold mineralizing fluids have a preference for one geochemical type of iron
formation versus another? Lodeld ard BIF-hosted gold deposits are both widely conceded to
be epigenetic (Goldfarb et al., 2001, 2005), thus, at a regional scale, the geochemical signature of
BIFs, using chert chemistry as a proxy for this, may perhaps provide a vector towards zones with
anenhanced potential to host gold mineralization. Therefore, a study of the geochemical
characteristics of Algomaye BIF, both barren and those associated with gold mineralization,
may prove useful in addressing important issues regarding these depodijspogviding
insight into which, if any, type of iron formation is a preferred host for gold mineralization by
first identifying and then using the praineralization chemical signal; (2) provide insights into
understanding of the mineralizing proces$8} possibly providing a geochemical footprint of
the mineralized system; and (4) if the r@imentioned latter exists theropiding a vectoring tool

from least or unaltered to alteretineralized zones.

This article presents the results ofsitu laserablation inductively coupled plasma mass
spectrometry (LA ICRMS) study of chert from several BIF zones (i.e., Far West, West IF,
Central BIF, East BIF and Grizzly) withthe Meadowbank gold deposit in the western
Churchill Province of northern CanaddgR2.1).The greenstone belt is characterized by a
bimodal volcanism with minor metasedimentary rocks (e.g., Armitage et al., 1996; Pehrsson et
al., 2000, 2004; Sherlock et al., 2001a, b, 2004; Hrabi et al., 2003). Since its original discovery,
several rempnal mapping programs (Henderson and Henderson, 1994; Zaleski et al., 1997a, b;
Zaleski et al., 1999a, b; Sherlock et al., 2001a, b) and deposit scale studies (Armitage et al.,

1996; Pehrsson et al., 2000, 2004; Sherlock et al., 2001a, b, 2004; Higl2@d3) have been
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conducted, which, provide the geological background for this study. In addition, this project
forms part of a more comprehensive study of the geology, chert geochemistry, and hydrothermal
footprint of the Meadowbank deposit as parth&f Geological Survey of Canada’s Targeted
Geoscience Initiative (TG4) LodeGold Project (Castonguay et al., 2012). The results of the
study presented here represent the first in a series -gfrsjdets on the geochemistry of BIFs to
address how lithogebemistry of chert may be used to better understand the nature and origin of
this gold deposit type. Moreover, the study seeks to identify similarities and/or differences
between mineralized (i.e. Central BIF, and Grizzly) and apparentlymioeralized BFs (i.e.

Far West and West IF) based on their geochemical signatures.

2.3 Geological setting

Located in the Rae Domain of the Churchill Province, the Meadowbank deposit is hosted by
the ca. 2.7 Ga bimodal Woodburn Lake greenstone belt (Ashton, 1985; Rodalick 892;
Aspler and Chiarenzelli, 1996a) consisting of tholeiitic and komatiitic metavolcanic rocks with
minor calcalkaline felsic tuffs and flows overlain by a >2.62 Ga package offeonation,
guartzite and quartzteldspathic metasedimentary roglgmitage et al., 1996; Sherlock et al.,
2001a, b, 2004; Hrabi et al., 2003; Pehrsson et al., 2004). All these units are intruded by Archean

to Paleoproterozoic mafic and felsic plutonic rocks.

The aforementioned rocks were deformed at least by fownakgcale Neoarchean to
Paleoproterozoic deformation eveniable 2.1 e.g., Henderson et al., 1991; Ashton, 1985), two
of which had a significant effect on the geometry of the mineralized bodies in the Third Portage
area (Ashton, 1985; Sherlock et al., 2004). The regional metamorphic grade ranges, going from

the northto south, from middlegreenschist to amphibolite facieBaple2.2; Pehrsson et al.,

20



2004).

Numerous units of Algomgype BIF (0.2 to 10 m thick)ccur in the area, which include the
FarWest IF, West IF, Central BIF, East BIF, and Grizzly IF; all of these are generally
interlayered with volcanic rocks and locally with a quartzite unit (Sherlock et al., 2001a, b; 2004
Fig. 22). Representative core samples and their matching polibhmesktctions are shown in

Fig. 2.3.

The BIFs are oxiddacies units consisting of laminated magnetite and chert layers (0.2 to 5
cm) associated with minor silicate bands which reflect variations of the metamorphic grade: (1)
grunerite/biotite in the north; YZummingtonite/biotite in the middle; and (3) garnet/biotite in
the south (Fig. 2; Table 22). Minor chlorite, muscovite, sericite ankerite, siderite,
stilpnomelane, and apatite are interlayered with the chert and magnetite band${Fig. 2.
Armitage et al., 1996; Hrabi et al., 2003; Sherlock et al., 2004). Discontinuous chtdrite
bands, 1 to 5 cm thick, locally interlayered with BIF may represent clastic sediments or a
transition between chemical and clastic sediments (Armitage et al., 1996; AagtoMines

Ltd, 2008), whereas stilpnomelane may reflect the influence of volcanic detritus (Klein, 2005).

The Far West BIF is surrounded by intermediate volcanic rocks, locally quartzite and
ultramafic rocks. The chert bands are commonly deformed aretifolday show very diffuse
contacts with the magnetite bands, and are now composed of recrystallized subhedral quartz with
minor apatite and latstage sericite (Fig. 2A, B); pyrite is the dominant sulfide species
associated with the chert bands. The Far West BIF is barren except for a 3.6 m interval which
averages 2.81 g/t Au; the gold in this interval is associated with isolatestdgtepyrite

(Agnico-Eagle pers. comm. 2012).
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The West BIF is surrounded by intermediate volcanic rocks and locallyanizde and
ultramafic rocks; it is composed of pyrrhotiieh cherty bands (20 modal %). Metamorphic
grade ranges from upper greenschist to amphibolite and is characterized by a grunerite,
hornblende, and stilpnomelabearing assemblage. Despite tihesence of sulfides, the West IF
has not returned significant gold assays (Armitage et al., 1996; Agaigle pers. comm. 2012).
The chert bands are deformed and composed of recrystallized, subhedral quartz grains that are
mostly overprinted by later, fiated gruneritesummingtonite grains, calcite and local hematite

(Fig. 2.3C, D).

The Central BIF is host to the main deposit and is composed of four principal mineralized
bodies: North Portage Zone, Third Portage Zone, Bay Zone and Goose Island Zone)(Fig. 2.2
Generally, the BIFs are associated with intermediate and ultramafic volcanic rocks and are
composed of laminated magnetite and chert layers intercalated with variable silicate facies
assemblages which vary in their mineralogy depending on the metaisrar(Fig. 22, Table
2.2; Armitage et al., 1996 Chert bands are deformed and composed of recrystallized, subhedral
guartz grains associated with late hornblende, gruraunitemingtonite and euhedral magnetite
(Fig. 2.3E, F). The mineralized zones cataf pyrrhotite, pyrite, and sparse chalcopyrite and
arsenopyrite, and are mainly located at the contacts of the magnetite/chert layers. Pyrite also
occurs within vugs in quartz veins and at the margins of quartz veins where it typically replaces

pyrrhotte and magnetite (Armitage et al., 1996; Castonguay et al., 2012).

In the mine vicinity, the nomineralized East BIF is typically surrounded by intermediate
volcanic rocks with local ultramafic rocks. This BIF is at middle greenschist facies and is
characterized by webbanded magnetitehert iron formation. The chert bands are deformed with

the host rock and composed of recrystallized, subhedral quartz grains associated with late
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hornblende, grunerteummingtonite, calcite, some euhedral magnetite gemddocally rare

hematite (Fig. G, H).

The Grizzly BIF zone is dominated by intermediate volcanic rocks with local ultramafic
rocks. This iron formation displays alteration characterized by quartz flooding. This alteration,
which hosts visible goldsicharacterized by the presence of ankerite, sericite, and
cummingtonite. The chert bands are brecciated and altered by intense silicification, with diffuse
ankerite, weak but pervasive chlorite, and moderate hematite; grunaritaingtonite grains
are a$o present along the contact with magnetite bands (Bl.J. The Grizzly zone occurs
near massive textured Paleoproterozoic granite which cuts the sedimentary package, a feature
which is discussed later in the context of an unusual chemical signature for the analyzed chert

band from this locality.

2.3.1Mineralization

The characteristics of the gold mineralization have been documented within the
Meadowbank area through government mapping and deguadé studies (Roddick et al., 1992;
Armitage et al., 199@avis and Zaleski, 1998; Kerswill et al., 1998, 2000; Kerswill, 2000;
Pehrsson et al., 2000; Sherlock et al., 2001a, b; Pehrsson et al., 2004). These studies, coupled
with exploration activities, have delineated four principal mineralized zones (Bigvizere
only three are in the production stage (i.e., The North Portage Zone, the Third Portage Zone and

the Bay Zone).

The ore bodies in the Central BIF consist of severalsuhHel bands of auriferous iron
formation. Sherlock et al. (2001a, b) suggestet the ore bodies are mostly developed at the

contact between an ultramafic body and the volesetbmentary package. According to
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Armitage et al., (1996) and Sherlock et al., (2001a, b), epigenetic gold mineralization is closely
associated with DD2 deformation and originated from the circulation of fluids enriched in Mg,

K, Ca, S, As, Cu and Au.

The Third Portage Zone and the Bay Zone which contain the majority of the ore reserve
(10.59 Mt proven/probable grading 2.98 g/t gold in 2011; Agnico Eagledv td, 2012), have
an assemblage of firgraned cummingtonite, minor fined mediumgrained chlorite and biotite
which represestuppergreenschist facies metamorphism. According to Armitage et al. (1996),
the cummingtonite grew in the same mannerraagyite did this being at migreenschist facies
(i.e. at the interface between magnetite and chert bands). Similar mineralogy is present in the
north (i.e. pyrrhotitepyrite-chalcopyritearsenopyrite), but the pyrrhotite is more abundant here
as massiveto disseminated grains and as pervasive replacement of magnetite. Chalcopyrite and

arsenopyrite occur as inclusions in pyrrhotite.

At the northern end of the Central BIF, in the North Portage Zone, additional mineralization
occurs and is manifested bysdeminated pyrrhotite, pyrite, chalcopyrite and arsenopyrite with
the pyrrhotite forming fingrained clusters and discontinuous, lagarallel veinlets in
gruneritebearing magnetiteich bands of BIF (Armitage et al., 1996). Pyrite replaces pyrrhotite

and magnetite and chalcopyrite/arsenopyrite are present in the form of inclusions in pyrrhotite.

2.4 Analytical methods and data treatment

Thirty nine samples of BIF from drill core and outcrop in the Far West, West IF, Central
BIF, East BIF and Grizzly areas (Fig2Pwere collected for petrographic study with an
emphasis on the chert or chedrbonate phases of each sample. An effort was made to avoid

BIF with chert bands of <0.05 centimeters thickness, as the analysis of bands of this thickness
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presents clllenges. In addition, chert bands were analyzed in preferencerichfends to
minimize the effects of diagenetic alteration. Thin sections from these samples were examined in
detail, using both transmitted and reflected light microscopy followed M-EES imaging and

analysis (Fig. 2).

Traceelements and REE concentrations were obtained on 100 pm thick polished sections.
Based on previous petrographic work, areas for analysis were selected to minimize the presence
of phases other than microcrysiadl quartz after chert, including alteration, and mineral
inclusions. Exploratory ksitu analyses were made using a Resonectics Resolutis Isiser
ablation instrument coupled to a ThermeSEries |l quadrupole IGMS at the Geochemical
Fingerprinting laboratory of Laurentian University, in Sudbury, Ontario, using the protocol of
Kamber and Webb (2007As chert bands show very low concentrations of REE, spot analyses
may be below the limit of detection for many elements, therefore line traverses aiiriglo
and 190 pm beam diameters with a repetition rate of 10 Hz and an energy density &f 7 J/cm
were used to obtain data above the detection limit (HiA, B, C). However, the line traverse
method increases the influence of any detrital contamirsgthies as inclusions or minerals
disseminated along the traverse line within the chert bands. Therefore, the Queensland alluvial
shale composite (MUQ) was used to normalize the REE+Y values to decrease the influence of
terrigenous input. The MUQ represgiat bimodal felsic and mafic volcanic provenance (Kamber
et al., 2005), which is similar to the expected average terrigenous input from bimodal greenstone
belt volcanism into the Archean ocean (e.g., Bolhar et al., 2005; Thurston et al., 2012).
Concentrabns of elements were determined usingliof calculations, following the protocol
of Longerich et al. (1996) using the NIST 612 glass standard as a primary reference material and

SiO, as an internal standard.
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The elemental concentrations reported hergimesent, therefore, the integrated signal over
the length of the analytical traverses. The elements analyzed included the 14 REEY Ce,
1pr 149\d, 'Sm, % u, °'Gd, °°Tb, Dy, **Ho, *%Er, °°Tm, }"%Yb and*"“Lu), in addition
to 'Li, °Be, 2°Si, **Sc, *'Ti, >V, *°Cr, **Mn, *°Fe,>°Co, °™Ni, °°Cu, ®°zZn, *Ga, "°As, ®°Rb, ®sr,
89Y, QOZr’ 93Nb, 95MO, 107Ag, lllCd, 115|n’ 1188n11218b,13SCS,137Ba’ 178Hf, 181-|—a’ 182\N, 197AU,
205T], 2%8pp, 232Th and®*®U (Tables2.3, 2.4, 2.5and2.6). Tte detection limits for the analyzed
elements vary based on factors such as the volume of inclusions within chert. The detection
limits were calculated using the relationship described in Longerich et al. (1996) and range from

0.001 to 0.00ppm for theREEand Y (Table 2.7)

Furthermore, where discussed below, La, Gd, Eu and Ce anomalies are calculated following
the procedure of Lawrence and Kamber (2005) using extrapolated Pr and Nd values in

calculating the La anomaly and similar procedures for Eu, G&Cand

2.5 REE+Y systematics in BIF

The presence and abundance of REE+Y in chert bands may represent a primary signature,
which can be influenced by one or more processes: (1) precipitation from marine seawater in
temporarily isolated or wettonnected basing(g., Bau and Dulski, 1996); (2) precipitation from
ventsourced hydrothermal fluids (e.g., Danielson et al., 1992; Allwood et al., 2010); and (3)
silicification of precursor volcanic units (e.g., Hanor and Duchac, ;19898e, 1999). Chert
geochemistry is also strongly dependent on the extent of contamination by terrigeneous detritus
(e.g., Alexander et al., 2008), volcanic ash (e.g., Klein, 2005) and oceanographic processes (e.g.,

phosphate circulation and precatibn).
Several studies have shown that the REE+Y systematics of Archean seawater are analogous
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to the modern ocean (Fig.5; e.g., Bau and Dulski, 1996; Thurston et al., 2012) which shows:

a. Depletion in light raresarth elements (LREE) relative to heavy raaeth elements

(HREE);

b. A strongly supeichondritic Y/Ho ratio (i.e., >27), which produces a positive Y anomaly

that is often between 490;
c. A positive La anomaly (La/La* between 1.15 and 1.3);
d. Positive Gd anomaly (Gd/Gd* between 1.3 and 1.5);

e. Awell-developed, negative Ce anomaly resulting from the oxidation Bft€€e*in

the water column.

Therefore, the shaleermalized (i.e., MUQ) REE+Y pattern for Archean cherts influenced
by volcanism and especially by higdmperature (>250°C) hydrothermalitls (Fig. 25; Bau
and Dulski, 1996; Kamber et al., 2004) will be characterized by a seawater signature with an

associated higkemperature hydrothermal fluid signature:

a. Adepletion in light rare earth elements (LREE) relative to heavy rare earth edement

(HREE);

b. Superchondritic Y/Ho ratio (i.e., >27), yielding a positive Y/)do anomaly,

commonly between 400;
c. Aslightly positive La anomaly (La/Laiq between 1.15 and 1.3);

d. Variable but welldeveloped positive Eu anomaly.
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Due to the anoxic charactef Archean seawater, the shale normalized REE+Y patterns for
Archean seawater are very similar to modern seawater except that Ce shows a negative anomaly

(Planavsky et al., 2010).

Hydrothermal precipitates are characterized by a lack of LREE depletion, absence of both

La and Gd anomalies, and a variably developed positive Eu anomaly (e.g., Allwood et al., 2010).

It is noticed that Gd anomalies reported in previous articles on REE+Y data from BIF
precipitated in Archean seawater (e.g., Bolhar et al., ;Z0@%ston et al., 2012) were small to
nonexistent and is therefore not referred again in this article. Any Gd anomaly present is
considered due to a combination of a small positive Gd anomaly associated with seawater (Bau
and Dulski 1996) and slightigecative Gd anomaly associated with hydrothermal vent fluid
(e.g., Allwood et al., 2010). Therefore, as Archean seawater was influenced by hydrothermal
vent fluids, the Gd anomalies show a ra@pletion and noenrichment suggesting precipitation

under influence of seawater and hydrothermal input.

On the other hand, the chert bands may have been derived from hydrothermal circulation
and silica replacement of volcanic and sedimentary rocks, as proposed by Hanor and Duchac
(1990), which involved the silicificain of various rocks the Barberton greenstone belt. In this
study, evidence for a replacement process in chert bands is evidenced from petrographic studies
of the rocks and geochemically by elemental enrichment that is diagnostic of the precursor rock
type. Thus, cherts produced by silicification of the different protoliths provided the following
geochemistry: (1) silicified komatiites and basalts are enriched in Cr and Ni; and (2) silicified
dacite to rhyolite are enriched in Ba, Zr, Sr, and Rb (Lowe, 198)her textural nor

geochemical evidence of such silicification processes relevant to chert formation were observed
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in this study.

Some chemical heterogeneities in chert may be due to inclusions or presence of
disseminated grains, includinghgle mineral phases, such as phosphates, garnets, clay minerals,
and/or resistant minerals (e.g., zircon, xenotime, garnet etc.), which reflect either detrital
contamination or a late metamorphic event (FigD2 E, F). Athough sample selection was
basedon careful petrographic study of the samples in order to avoid such heterogeneities in the
chert the beam diameter was large relative to the size of chert-fmégrding and thus, some
inclusions may affect the REE+Y camtrations (i.e, normalized patterns) depending on their
modal abundances. In order to ass®ich influence, in Figure®is illustrated the effect of
selected accessory minerals (i.e., Apatite (FBAR.xenotime (Fig. BB), zircon (Fig. C)
and ganets Fig. 2.6D)) on a typical LAICP-MS chert band analysis (Thurston et al., 2012). As
the latter figure shows, small quantities of these minerals in the chert bands may affect, in some
cases dominate, the REE chemistry and therefore interpretatiom loditk cherts (e.g., 0.3%
apatite, 0.003% xenotime, 0.3% of zircon and 0.05% garnets). Therefore, the REE+Y
geochemistry also represents an important tool in identifying and assessing the role of potential
contamination of low abundance accessory minelagsich contaminants are recognized
through these above enumerated screening processes, then the REE+Y data can be used to
constrain the genesis of BIF cherts and assess such contamination. Elements such as Sr, Ga, Sc,
Zr and Th, and REE ratios, such as Ndayd (i.e., Nd/Yhuuo 8 DQG < +R L H FKRQG!
(i.e., 2427) values), are excellent monitors of detrital contamination (i.e., detrital or volcanic

input).

Metamorphism and offerming processes (i.e., epigenetic fluids) may remobilize the

REE+Y and consequently alter themary signature of @t bands. Therefore, the REE+Y
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signature of seawater and hydrothermal vent fluids will not be detected irMdualized
profiles, as this paper addresses, thus a careful selection of samples was done prior to analytical

studies.

2.6 Results

The REE+Y data from the sampled iron formations were normalized to MUQ and, despite
some minor exceptions, the REE+Y normalized data (Tables 2.3, 2.4, 2.5 and 2.6)Fig. 2.
show relatively uniform patterns. The dataset includes a moderate emidhrtiee HREE
relative to both the LREE and middle REE (Ndiyb = 0.050.6), positive La, Y and Eu
anomalies related to the ndepletion of Gd, and supehondritic to chondritic Y/Ho ratios
(La/La*mug = 0.84.6; Y/Y*uuo = 0.81.9; Eu/Eutiuo = 1.2-5.1;Gd/Gd*wug = 0.91.3; Y/Ho =
24-53).

Considering the chert data from each of the BIFs individually, some differences are apparent
and these are discussed below. Most of samples from Far We& 7/&)jgwhich represents a
barren BIF, are not discussed fwthhere due to their very low levels of REEs and,
consequently, the very erratic Rfalg normalized patterns which resulted. This fact suggests
that Far West material was chemically reworked after deposition which depleted the REE+Y

contents of the chert sgles.

The West BIF (Figs. ZB, 2.8) data have relatively flat REE+Y patterns compared to the

other BIFs and the data can be subdivided into two distinct groupings:

a. Samples AMB126233, AMB126234, AMB126235, AMB128328 and AMB128329
are enriched in thelREE relative to both the MREE and the LREE (Nda¥d= 0.04-

0.5), have positive La, Y and Eu anomalies, depietion of Gd, and supehondritic
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Y/Ho ratios(La/La*MUQ = 15—26, Y/Y*MUQ = 1.]:1.6, EU/EU’MUQ = 1.7-3.5,

Gd/Gd*ug = 0.91.2; Y/Ho = 3246; Fig. 2.8A);

b. Samples AMB128330, AMB128331 and AMB128332 show relatively flat patterns
(i.e., unfractionated) to weak enrichment in HREE relative to MREE and LREE
(Nd/Ybmug = 0.52), weak positive La and Eu anomalies (Lafgs = 1.31.9,
Eu/Eu*vug = 1.2-1.3) along with an absence of both Gd and Y anomalies (Ggl{ig&
0.941.1, Y/Y*mug = 0.91.1) and chondritic to supehondrtic Y/Ho ratios (Y/Ho = 26

31;Fig. 2.8B).

Thesecondyroup of samples can be explained by detrital contamination and/oetgenpe
of some disseminated subhedral phosphate grains (i.e., fluorapatite), which are observed in the
chert bands (Fig. 8B), as illustrated by Y/Ho and Nd/¥vbo values. The presence of detrital
contamination is generally reflected by a relationship eetw(Pr/'Smjug and Th and Ga, as the
latter substitutes for Al and may be enriched in clay minerals of continental provenance (Bolhar
et al., 2005). The source and origin of phosphate contamination has, however, yet to be
established. In general, phosphad@tamination in BIF is not significant (e.g., Thurston et al.,

2012; Bau and Alexander 2009).

Generally, samples of Archean shale and volcanic tuff do not display significant positive Eu
anomalies, as illustrated by the West IF data. Meanwhile, fluste@gaains are present in each
BIF, thus the shape of the REE plots could suggest a detrital origin, hence representing a
component of detrital contamination. Theoretically, because of its presence in each of the BIFs in
the area, fluorapatite contaminatishould affect each BIF sample to some degree, thereby

producing a slightly concave downward REE+Y patterns associated with a negative Eu anomaly
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(Fig. 2.8B; after Sano et al., 2002).

Based on Pr/Smg ratios, the Ga, Th and Sr content and a REE+Y patieritar to apatite
(except for a negative Eu anomaly), the data suggest sampleslAB8E30, AMB128331 and
AMB-128332 may be influenced by some phosphate contaminatior2@).D, E; after Sano
et al., 2002). This pattern suggests an association £¢ #lements with terrigenous input (i.e.,
due to high concentration of Ga and Th) that consists of phosphate and aluminum with, in
addition, a hydrothermal input indicated by the positive Eu anomaly. In the trdasseé
sampling method used, the laseuldp therefore, have encountered phosphates in these three

samples.

The Central BIF (Figs. 2C, 2.9) data show relatively constant REE+Y patterns with
enrichment in the HREE relative to the MREE (Ndiyg = 0.1-0.3), positive La, Y and Eu
anomalies, a ldcof a Gd anomalies, andainly superchondritic Y/Ho ratios (La/Lajug = 0.8
4.6, YIY*wug = 0.81.9 and EU/EWjuo = 1.53.5, Gd/Gdfuo = 0.91.2, Y/Ho = 2453); these
geochemical indices are consistent with contributions from ambient seawater and hydrothermal
vent fluids (Fig. 2A, B). The lone exception to this explanation is sample AN2B232 which
shows an enrichment in the LREE relative to HREE (Ng¥b= 7; Fig.2.9C) and a positive
Eu anomaly (Eu/Euiuo = 3.2). Interestingly, the pattern for thagtler sample is similar to that
for a garnetguartz alteration envelope in the giant Broken HillZm-deposit (Spry et al., 2007),
which is shown in Fig2.9C for referenceSampleAMB-126232 also shows a strong correlation
between (Eu/Euf)uo (i.€., proy of calcium) and (Pr/Smyo (Fig. 2.9F), which suggests the
influence of garnet on the pattern. This artifact of the pattern could be explained by the presence
of a thin layer of garnet adjacent (i.e., 3 mm) to the traverse which may have influendeerthe c

chemistry (Fig. 2B). It is also noted that samples AMR6223 andAMB126231(Fig. 2.9B)
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show enrichment in both Ga and Th relative to (Pr{fs&)which suggest some detrital

contamination (Fig. 2D, E).

The data for the East BIF (Figs7P, 2.10) show very consistent shat®rmalized patterns
with enrichment in the HREE relative to MREE (Ndf)(p = 0.1-0.4) and associated positive
La, Y and Eu anomalies, natepletion of Gd and chondritic to supghondritic Y/Horatios
(La/La*mug = 1-1.7, Y/Y*mug = 0.91.4 and Eu/Ewfiug = 2.1-5.1, Gd/Gd*wug = 0.91.1, Y/Ho
= 2541), which suggests the influence of both ambient seawater and, especially, a hydrothermal
fluid (Fig. 210A). Examination of the data in more detail reveal, however, that samples AMB
126241, AMB126243 and AMB126246 have relatively flatter patterns (Figl@B) which are
similar to apatite (after Sano et al., 2002), but which lack a negative Eu anomaly. The contents of
Ga, Th, Sr relative to (Pr/Sg)o (Fig. 2.10C, D, E) illustrate a correlation between these
elements and, in addition, we note that these three patterns also have smaller Eu anomalies. The
patterns for these samples could, therefore, be explained by some terrigenous input, similar to the
West IF, with the laser traverse an@ygotentially having been influenced by some fluorapatite.
There are only two samples from the Grizzly BIF for which data have been generated and the
two patterns i@ similar. The patterns show that HREE strengly enriched relative to both the
MREE andLREE (Nd/Yhuug = 0.0790.1, there are positive La, Y and Eu anomalies, a lack of
depletion of Gd, and supehondritic Y/Ho ratiogLa/La*wuq = 1.6, Y/Y*vug = 1.2-1.3,
Eu/Eu*wug = 2.33.5,Gd/Gd*wug = 1-1.1, Y/Ho = 35; Fig2.7E). Although there is an ovall
difference in the relative fractionation of these patterns compared to the other chert daja (Fig.
the general enrichment of the HREEs and the positive La and Y anomalies are consistent with a

seawater influence, whereas the strong positive Eu dresnsaggest a hydrothermal input.
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2.7 Summary and Discussion

The Meadowbank gold deposit consists of several Algtypa BIFs which differ in their
petrography, geochemistry and gold endowment. The-tgleeeent geochemical signatures for
several BIFs in tls gold deposit area have been determined in order to constrain the origin of the
units in terms of the processes inferred to be relevant to their formation, as well as assess the
effect of such geochemical characteristics on the auriferous content oBtRessnd consequent
implications for BIFhosted gold deposits in general. The results of this study also have

implications for assessing the origin of chert in the broader context of its environment.

2.7.1Geochemical signatures for the BIFs at Meadowbank

The Far West BIF is unmineralized except for one area where an interval running 2.8 g/t Au
over 3.6 meters was encountered (Agriiagle Mines Ltd, 2012). Most of the chert data from
this BIF were not plotted due to their low concentrations of REEs and, cemslyqirig. 27A),
very erratic REE patterns. As noted already, the low REE contents for these samples is
anomalous compared to all the other chert material analyzed in this study {Fen@may
reflect subsequent modification (i.e., REE mobility) le# thert postating its formation, but at
present no further speculation is possible. As for the two unusualrsiratalized patterns
recorded for the these three chert samples shown i2 FF#y, which contrast with the patterns
for most of the other da, we can only speculate that they may also be attributed to modification
post their formation.

The West BIF is barren except for a few weakly anomalous gold values (Agadgie
Mines Ltd, 2012) which were not selected in this study. The geochemicdbd#tase samples

show very consistent REE patterns (Fig.B).which are attributed to the influence of ambient
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seawater with some hydrothermal input. Some chert bands, however, record the influence of

detrital contamination, as represented by the leMel and Sr (i.e., proxies for phosphates).

The Central BIF is the most mineralized BIF in the Meadowbank area with 24.5 Mt of
proven/probable ore reserves grading 2.8 g/t (2011 data; Agmigle pers. comm. 2012). The
geochemistry for this BIF (Fig. 2C) shows the combined influence of both ambient seawater
and hydrothermal input with some chert bands reflecting some crustal influence, as indicated by
the elevated Ga (i.e., proxy of aluminum) and Th. With regards to the hydrothermal input, the
extentof the positive Eu anomaly, used as a proxy for such influence, is among the highest for
all of the chert samples analyzed in this study. We cannot at this time, however, rule out the
possibility that this increased Eu anomaly relates to the influente dfydrothermal fluid
related to the gold mineralization and further work is required to address this point, such as

comparing it§0 value to those cherts lacking such Eu anomalies.

The East BIF, which is mostly barren except for an isolated interseft®23 g/t Au over
2.7 meters (Agnicdcagle Mines Ltd, 2012), is located to the east of the richly mineralized
Central BIE The chert data from this BIF show very similar REE patterns to the West IF and
reflect the influence of both ambient seawaterlamtothermal fluids (Fig. ZD), in addition to
some detrital contamination, as indicated from the contents of Ga (i.e., proxy of aluminum), Th
and Sr (i.e., proxy for phosphates). As with the Central BIF samples, the extent of the positive Eu
anomalies a the highest of all the samples analyzed and again indicate significant contribution

of a hydrothermal vent fluid.

Located at the extreme east of the property, the Grizzly BIF shows both homogeneous, but

very weak gold mineralization, as reflected by one intersection that averages 0.20 g/t over 49
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meters, and also some richer intersections in the {gveate zones (e.g., 0.96 g/t over 2dtens
including 7.44 g/t over 2.6 mats; Agnico-Eagle pers. comm. 2012). This BIF shows very
distinctive REE patterns compared to the other chert data (Flg) @ith significant HREE
enrichment relative to LREE and a strong positive Eu anomaly. As noted already, the general
pattern observed suggests an ambient seawater signature that is, however, also mixed with high
temperature hydrothermal fluid, as indicated by the Eu anomaly. The nature of the pronounced
depletion in LREE relative to HREE, can be explain by presence of carbonates (i.e., ankerite) in
the chert bands which is uncommon to the region and megldied ¢ a later crossutting

granitic body dated at ca. 2.60.84 Galocalized close to sampling ar@a.,<500 meters). The
history of this BIF is different from the other auriferous and barren BIFs in the region and that it

may have been influenced by itogimity to the noted younger granitic intrusion.

Three parameters, namely NdiJ, La/La* and Y/Ho, can be used to gauge the extent of
seawater influence relevant to the formation of the BIF at Meadowbank (e.g., Kamber, 2010;
Thurston et al., 2012}.heratios are all defined bydwrence and Kamber (2006): (1) La/La* is
a measure of the strength of the La anomaly caused by seawater precipitation; (2) Y/Ho is a
measure of the enrichment or depletion of Y from chondritic values, again a measure of
hydrogenas processes; (3) Nd/Yb is used as a measure of HREE fractionation in BIF
geochemistry, as it uses only elements not affected by seawater or hydrothermal processes. The
Nd/Ybmug values for the West BIF (0.042170) are greater in average than those foEtst
BIF (0.1420.484) and the Central BIF (0.185484), thus, it can be inferred that the West BIF
likely formed in deeper water than either the Central or the East BIF which show similar values.
The positive to moderately negative Nd/¥ibg values anagssociated chondritic Y/Ho ratio

indicate a hydrogenous sedimentary signature (e.g., Thurston et al., 2012). Most samples in this
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study also show weakly positive values for Eu/Eu* (3522), which provide an indication of

the relative influence of higtemperature hydrothermal fluids and thus proximity of chert
deposition relative to fluid vents (i.e., the more positive the Eu anomaly the closer the
hydrothermal fluid source). In this context, it is noted that the positive Eu anomaly for the
Meadowbank B is not as high as that recorded for the BIFs which occur above the Deloro
assemblage (e.g., 30+) in the Abitibi greenstone belt (Thurston et al., 2012). Finally, the West
BIF and East BIF show similar REE patterns, which means that the two units edalddd
equivalents of the same unit with the western unit perhaps representing deeper water based on

Nd/Yb values listed above (Kamber, 2010).

2.7.2 Implications for the nature of gold mineralization in BIF at Meadowbank

The use of the REE+Y geochemistry of chert within BIFs at the Meadowbank mine has been
effective in terms of recognizing processes (i.e., seawater, hydrothermal fluids, and
contamination) relevant to their formation; however, there appears to be no difference in the
geochemistry of barren \&rs mineralized BIFs in the Meadowbank area. The study has not,
however, examined the potential influence of other factors that may be relevant in the context of
the gold mineralizing event; these include the influence of organic processes on BIF
developmet (Posth et al., 2013), the effects of early versusditge sulfide formation, the
geochemistry of the sulfides, and the overall oxidation state of the BIF on the mineralizing
processes. Furthermore, and also important, is that the absence of coengi@tialskets to that
presented here precludes the possibility of assessing the results in a broader context; however, it
is the intent of this project to further evaluate the application of the methods presented here to
other auriferous BIF settings (i.e., Meliadine, NWT; Musselwhite and Beard@enadeton

deposits, Ontario). Moreover, Meadowbank has discontinuous outcrop exposure of BIFs and this
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precluded, unfortunately, assessing theswike variability of the chert chemistry. Better
continuity of expaure is found at Beardmofeeraldton and Meliadine deposits where this
aspect will be addressed in the context of evaluating the hydrothermal footprint in the context of

both chemistry and extent.

2.7.3Implications of the results for BIFs

The foregoing discussn has emphasized several important and significant contributions
from this study which are relevant to studying BIFs in general: (1) The LAMGRnalyses
done in traverse mode on carefully selected chert bands within BIFs using appropriate analytical
protocols can provide quantitatively meaningful data at both low detection limits (i.e., to 0.0001
to 0.001 shalemormalized values; see Fig.72and sufficiently high resolution (200 um beam
diameter); (2) The data produced in this study, when st@iealzed, indicate repeatedly that
internally consistent and regular shalemalized patterns can be achieved and reproduced. The
data reflect and are consistent with the walbwn and established geochemical behavior of the
REEs as a group, in particulartinn a marine setting, which allow them to be routinely used as
petrogenetic indicators for a wide variety of processes; (3) The consistency of the patterns noted
in this study indicate, importantly, that potentially primary chemical signaturesbawve
retainedwithin the chert samples used despite severalfpostation deformation and
metamorphic events, in some cases to amphibolite facies; and (4) The previous conclusions
provide, therefore, the opportunity to interpret, as has been done prewousith ahigh
degree of confidence, the geochemical signals in the context of processes relevant to chert
formation, these being contributions from ambient seawater, hydrothermal fluids, and detrital
contamination. Given the robust behavior of the REEs and other elements not easily volatilized,

these elements can be used in conjunction with easily volatilized elements to define the extent of
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the hydrothermal footprint of the gold mineralizing event in settings where continuity of

exposure may allow this.
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2.9 Figuresand captions

Figure2.1: Simplified regional geological map of the Rae and Hearne Dorfraodified from

Hrabi et al., 2003).
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Figure2.2: Geologichmap of the Meadowbank deposit ast@wing the location of the main

BIFs which have been sampled for this study (modified after Agaagle Mines Ltd.).
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Figure2.3: Photographs of drill core (5 cm length) and corresponding scanned polistieal
sectiondor samples from the BIFs used in this studlyB) Sample AMB216236 from the Far

West; C, D) Sample AMB 26234 from the West IF; E, F) Sample AMR6224 from the

Central BIF; G, H) Sample AMB 26242 from the East BIF; I, J) Sample AMR68335 from

the Grizzly zone. For the polishékin sections, the clear transparent material is chert, whereas
the remaining dark material is a mixture of oxides, silicates and sulfide material, as discussed in

the text for each BIF.

43



44



Figure 2.4: Backscattered electron image from the SEM for different samples from the
Meadowbank BIFsA) chert bands with heterogeneities (e.g., magnetite and amphiboles)grai
B) example of traverse line done in chert bands in edge of garnet band (fror126282); C)
zoontin of traverse line in chert bands (from AMR26223). Example of heterogeneities in chert
bands: D) apatite grain in chert bands (from AlB5247); E) xaotime grains disseminated in
chert bands (from AMBL26231); and F) zircon grains disseminated in chert bands (from AMB

126231).
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Figure2.5: Shale(MUQ)-normalized RERY patterns illustrating the chemicsignatures of the

modernambient seawater and hydrothermal vent flaiter Bau and Dulski, 1999).
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Figure2.6: Shale (MUQ) normalized RERY patterns of chert sample (black circle) from
Thurgon et al. (2011), affected by variable concentration of residual contamindjiapatite
(data from Sano et al. (2002)); B) xenotime (data from Borai et al. (2002)); C) zircon (data from

Sano et al. (2002)); and D) garnet (data from Spy et al. (2007)).
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Figure2.7: Shale (MUQ) normalized RERY patterns for chert samplé&®m the different BIFs
sampledat MeadowbankA) Far West; B) West IF; C) Central BIF; D) East BIF; and E) Grizzly

area.

48



Figure2.8: Geochemical data for chert samples from the WestaBMeadowbankA, B) Shale
(MUQ) - normalized REE patterns reflecting the influence of ambient seawater and
hydrothermal fluids. Note that in Fig. 2.88also shown the profile for an apatite for
comparison to samples from Meadowbank, as discussed in the text; C) Ga vguBrfSnTh

vs. Pr/Smyug; and E) Sr vs. Pr/Smg.
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Figure2.9: Geocheneal data for chert samples from the Central BtfMeadowbankA, B, C)
Shale (MUQ) -normalized REE patterns reflecting the influence of ambient seawater and
hydrothermal fliids. Also note that in Figure Z29s shown the profile for a garaeth sampé
from Mt. Isa, Australia (from Spry et al., 2007) for comparison to one of the profiles form
Meadowbank, as discussed in the text; D) Ga vs. Ri&nic) Th vs. Pr/Smug; and F)

Eu/Eu*vug vs. Pr/Smie.
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Figure2.10: Geochemical data for chert samples from the EasaBWfeadowbankA,B) Shale
(MUQ) - normalized REE patterns reflecting the influence of ambient seawater and

hydrothermal fluids; C) Ga vs. Pr/&ioy; D) Th vs. Prémvug; and E) Sr vs. Pr/Siae.
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2.10 Tables and captions

Table2.1: Deformation events in the Meadowbank area

Deformation Generation of -
Description Age
events structure
L4 Crenulation lineation
s4 Steeply dipping axial surfaces, and local crenul
D4 cleavages _ 1835-1760 Ma
Upright, open- to tight folds. Moderately to
F4 shallowly plunging, with NNE-trending, steeply
dipping (>60°) axial surfaces
Shallowly plunging to subhorizontal crenulation
L3 lineation, itself subparallel to F3 fold axes
D3 1790 Ma
F3 Southeast-verging minor fold set with shallowly -
moderately northwest-dipping (<40°) axial surfa
Shear zone West-directed, reverse shear zones
L2 Strong crenulation or intersection lineations
Axialplanar foliations with variable orientation.
S2 Vary from schistosity, to crenulation, to a
D2 transposition foliation 1800-1900 Ma
Tight- to isoclinal, generally intrafolial folds. The
folds are doubly plunging shallowly to the north «
F2 south, NE- to E-verging in the Third Portage art
and NW- to N-verging in the North Portage are
L1 Clast elongation lineations
Schistosity largely sub-parallel to bedding and §
D1 S1 layers. Indicated by phyllosilicate and chlorite 2620'259(:\/::61 and 183
alignment
F1 Shallowly plunging, isoclinal folds
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Table2.2: Metamorphic events in the Meadowbank area

Metamorphic Facies __
events assemblage Description Age
. Characterized by a new generation of biotite, garnet, cummingto
Mid-upper L L ! ! . ) post-
M3 hi and actinolite overprinting D2 structures and is contained in S3 fe ration. 14
greenschistio tpe mineral assemblage suggests a temperature near 450°C a Mneraizaton, 1.
amphibolite Ga

pressure of 3 kbars (Pehrsson et al., 2000)

Located in the south part of the property, in the Goose Island zol
Amphibolite (Fig. 3). Characterized by an assemblages of biotite-staurolite-
grade muscovite-garnet suggesting temperatures near 550°C and a pt

at least 3.0 kbars

Located in the central part of the Meadowbank area; characteri

M2 Upper , an assemblages of epidote amphibolites suggesting temperature Coeval with D2
greenschist o
about 450°C at lower pressures
Located in the north of the Meadowbank area; composed of ky:
) _in the quartzite unit and grunerite-chlorite in the BIF suggesting a
Mid-greenschist temperature near 400°C and pressure of at least 2.5 kbars (Arr
et al., 1996)
) Unknown pressure. Interpreted to predate D2 structures and pc < 2.60 Ga- > 1.8
M1 Greenschist ;
the 2.60 Ga granites 1.9 Ga
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Table2.3: Abundances of elements and REE+Y for samples from Central BIF

Samples AMB-126222 AMB-126223 AMB-126224 AMB-126225 AMB-126226 AMB-126227 AMB-126230 AMB-126231 AMB-126232

Si(ppm) 331200 250600 313200 366000 357800 326800 329400 155600 381400

Li(ppm)  0.310 4.630 0.760 1.760 0.077 0.055 0.455 16.610 0.974
Be (ppm)  0.560 0.254 0.480 0.240 0.067 0.187 0.144 6.370 0.000
Sc (ppm)  4.551 10.140 4.252 5.295 3.903 3.437 3.524 27.180 3.054
Ti(ppm)  4.210 1358.000 5.100 27.100 2.101 6.980 5.270 2780.000  35.900
V(ppm)  0.324 9.360 0.118 1.565 0.049 0.386 0.445 188.900 3.330
Cr(ppm)  6.800 46.600 5.500 17.100 4.880 2.890 5.900 201.400 5.880
Mn (ppm) 540 616 353.716 239 96 39.500 33.500 34.700 7.370
Fe (ppm)  82.660 63.400 33100 30600 2050 25600 30800 12450 2140
Co (ppm)  0.553 0.870 1.730 0.509 0.235 0.203 1.000 1.943 0.177
Ni(ppm)  13.200 74.430 14.000 11.000 4.190 2.600 6.200 7.310 4.900
Cu (ppm) 475.635  151.568 13.000 13.900 15.400 6.900 12.900 2.750 8.700
Zn (ppm)  41.400 132.100 26.800 33.000 7.600 13.400 15.600 13.000 14.500
Ga (ppm)  0.176 6.830 0.320 0.924 0.178 0.417 0.758 141.400 0.839
As (ppm)  2.446 4.300 0.761 0.630 1.310 0.923 0.860 0.479 1.380
Rb (ppm)  0.208 3.460 0.652 1.630 0.220 0.675 1.645 364.000 0.273
Sr (ppm)  1.460 20.400 18.400 5.650 21.800 3.830 13.500 95.200 10.930
Y (oppm)  7.790 16.300 4.050 5.000 0.539 0.710 1.384 12.100 0.186
Zr (ppm)  0.153 104.900 0.205 8.800 0.233 0.146 0.199 183.000 2.250
Nb (ppm)  0.031 4.170 0.050 0.180 0.016 0.053 0.064 7.900 0.022
Mo (ppm)  0.107 0.166 0.062 0.088 0.078 0.038 0.171 0.125 0.134
Ag (ppm)  0.270 0.117 3.000 0.054 0.054 0.026 0.043 0.058 0.069
cd (ppm)  0.292 0.213 1.500 0.408 0.700 0.316 0.429 0.150 0.676
In (opm)  0.024 0.049 0.027 0.026 0.012 0.022 0.015 0.142 0.020
Sn (ppm)  1.087 3.082 1.470 2.600 0.620 1.940 0.373 19.800 0.338
Sb (ppm)  0.702 0.736 0.760 0.388 0.148 0.348 0.000 0.137 0.140
Cs (ppm)  0.088 1.607 0.227 0.505 0.083 0.187 1.104 10.190 0.121
Ba (ppm)  0.394 3.280 1.430 3.580 0.598 1.140 2.820 1480.000 1.600
La (ppm)  0.733 1.750 2.000 0.850 0.135 0.243 0.125 2.650 1.160
Ce (ppm)  1.190 3.970 3.150 1.570 0.299 0.518 0.416 5.500 1.920
Pr(ppm)  0.141 0.451 0.322 0.157 0.036 0.059 0.056 0.690 0.203
Nd (ppm)  1.010 2.120 1.320 0.700 0.131 0.249 0.274 2.940 0.790
Sm (ppm)  0.213 0.650 0.288 0.182 0.038 0.060 0.098 1.390 0.101
Eu (ppm)  0.217 0.328 0.188 0.102 0.038 0.044 0.035 0.568 0.061
Gd (ppm)  0.455 1.350 0.437 0.343 0.056 0.083 0.156 1.950 0.063
Tb (ppm)  0.074 0.281 0.074 0.058 0.011 0.015 0.028 0.368 0.007
Dy (oppm)  0.556 2.220 0.503 0.423 0.068 0.094 0.197 2.480 0.031
Ho (ppm)  0.145 0.503 0.114 0.106 0.017 0.021 0.043 0.500 0.007
Er (ppm)  0.438 1.510 0.366 0.306 0.047 0.063 0.127 1.530 0.015
Tm (ppm)  0.060 0.219 0.055 0.044 0.007 0.010 0.019 0.239 0.003
Yb (ppm)  0.366 1.439 0.349 0.258 0.042 0.062 0.113 1.630 0.010
Lu (ppm)  0.062 0.217 0.064 0.045 0.009 0.010 0.018 0.268 0.003
Hf (ppm)  0.004 1.591 0.002 0.170 0.002 0.002 0.004 4.610 0.058
Ta(ppm)  0.002 0.430 0.003 0.013 0.001 0.003 0.005 0.604 0.003
W (ppm)  0.258 0.993 0.080 0.234 0.042 0.053 0.710 11.390 0.091
Au (ppm)  0.004 0.012 0.022 0.004 0.002 0.003 0.007 0.013 0.004
Tl(ppm)  0.006 0.020 0.019 0.013 0.007 0.011 0.032 3.045 0.029
Pb (ppm)  17.363 9.748 940.000 4.500 3.340 1.079 2.150 11.740 5.380
Th (ppm)  0.006 1.220 0.005 0.035 0.002 0.012 0.003 7.700 0.043
U(ppm)  0.007 0.930 0.043 0.045 0.012 0.021 0.023 6.320 0.021
Y/Ho 53.724 32.406 35.526 47.170 31.706 33.971 31.889 24.200 27.886
Eu/Eu* 3.327 1.553 2.366 1.883 3.511 2.652 1.249 1.490 3.280
La/La* 4.648 1.494 1.819 1.875 0.887 1.265 0.954 1.215 1.508
YIY* 1.956 1.184 1.253 1.758 1.214 1.242 1.180 0.875 1.175
Ce/Ce*  1.860 1.273 1.234 1.371 0.945 1.132 1.134 1.045 1.132
GdIGd*  1.246 1.065 1.088 1.166 0.987 1.002 1.055 1.001 1.011
Pr/Sm 0.514 0.538 0.867 0.669 0.731 0.765 0.440 0.385 1.559
Nd/Yb 0.254 0.135 0.348 0.249 0.290 0.369 0.222 0.166 7.191



Table2.4: Abundances of elements and REE+Y for samples from the East BIF

Samples AMB-126241 AMB-126242 AMB-126243 AMB-126245 AMB-126246 AMB-126247 AMB-126248 AMB-126249 AMB-126250

Si(ppm) 488400 832000 784800 714600 746000 670600 639600 569600 657400

Li(oppm)  1.907 0.406 0.282 0.061 2.150 0.536 0.576 0.249 0.680
Be (ppm)  3.720 0.215 0.206 0.096 0.099 0.148 0.058 0.000 0.040
Sc (ppm)  5.466 4.041 3.514 2.986 3.516 2.821 2.617 2.907 2.872
Ti(ppm)  8.570 3.050 12.100 12.250 13.400 5.030 4.830 1.368 4.070
V(ppm)  0.601 0.185 1.770 0.529 1.047 0.245 0.188 0.085 0.205
Cr (ppm)  16.900 6.100 15.500 5.800 7.600 5.820 5.200 9.100 6.630
Mn (ppm) 1602 1030 265 89 78.500 222 105 677 482
Fe (oppm) 28800 13490 12890 54700 31800 9790 6720 12200 17020
Co (ppm)  0.340 0.471 0.661 1.140 0.389 0.129 0.189 0.165 0.372
Ni (ppm)  2.770 2.750 6.500 2.750 5.600 2.750 2.790 3.500 2.450
Cu (ppm)  5.100 2.970 4.700 5.200 5.300 37.400 7.300 6.400 4.660
Zn (ppm)  15.600 10.870 10.350 12.000 12.840 6.670 11.300 7.800 7.560
Ga(ppm)  0.894 0.144 0.751 0.751 0.444 4.190 1.140 0.201 0.412
As (ppm)  0.514 0.142 1.790 0.624 2.140 0.558 0.055 0.567 0.553
Rb (ppm)  1.550 0.019 0.069 0.026 0.774 1.940 0.909 0.078 1.150
Sr (ppm)  55.000 29.200 27.900 0.998 1.120 44.300 24.100 46.900 46.100
Y (ppm)  16.190 2.340 4.120 0.624 0.291 1.150 0.810 2.870 1.730
Zr (ppm)  2.170 0.461 0.970 0.550 0.860 0.224 1.120 0.178 0.425
Nb (ppm)  0.169 0.026 0.048 0.102 0.053 0.078 0.035 0.014 0.024
Mo (ppm)  0.124 0.138 0.460 0.034 0.134 0.079 0.081 29.000 0.111
Ag (ppm)  0.043 0.028 0.045 0.016 0.044 0.133 0.030 0.047 0.088
cd (ppm)  0.296 0.422 0.331 0.198 0.407 0.308 0.321 0.314 0.327
In (opm)  0.083 0.012 0.036 0.008 0.030 0.010 0.010 0.017 0.009
Sn (ppm)  0.870 0.261 1.560 0.226 2.200 0.209 0.148 1.840 0.200
Sb (ppm)  -0.029 0.030 0.075 0.687 0.725 0.000 0.000 0.152 0.000
Cs (ppm)  0.279 0.008 0.029 0.017 0.062 0.062 0.053 0.041 0.060
Ba (ppm)  11.860 0.293 0.555 0.384 2.460 85.000 18.100 1.260 3.990
La (ppm)  6.790 0.189 2.310 0.161 0.077 0.127 0.069 0.453 0.172
Ce (ppm)  12.030 0.562 4.380 0.319 0.135 0.322 0.187 1.130 0.499
Pr(ppm)  1.605 0.088 0.522 0.041 0.017 0.049 0.023 0.137 0.064
Nd (ppm)  6.770 0.463 2.070 0.204 0.070 0.270 0.118 0.760 0.332
Sm (ppm)  1.574 0.158 0.408 0.063 0.021 0.118 0.042 0.219 0.110
Eu (ppm)  0.834 0.191 0.309 0.039 0.017 0.100 0.046 0.212 0.156
Gd (ppm)  1.800 0.236 0.537 0.096 0.033 0.153 0.065 0.364 0.167
Tb (ppm)  0.283 0.041 0.085 0.015 0.006 0.024 0.011 0.059 0.028
Dy (ppm)  1.990 0.309 0.660 0.091 0.036 0.156 0.077 0.362 0.189
Ho (ppm)  0.441 0.071 0.145 0.019 0.011 0.035 0.020 0.079 0.043
Er (ppm)  1.354 0.240 0.478 0.056 0.030 0.098 0.057 0.238 0.131
Tm (ppm)  0.197 0.040 0.079 0.009 0.007 0.016 0.011 0.033 0.019
Yb (ppm)  1.285 0.299 0.574 0.057 0.036 0.107 0.064 0.215 0.125
Lu (ppm)  0.210 0.060 0.097 0.010 0.008 0.020 0.013 0.040 0.024
Hf (ppm)  0.036 0.009 0.013 0.015 0.010 0.004 0.009 0.003 0.009
Ta(ppm)  0.003 0.002 0.004 0.007 0.005 0.003 0.004 0.001 0.001
W (ppm)  0.215 0.076 0.085 0.120 0.136 0.249 0.095 0.060 0.084
Au (ppm)  0.002 0.002 0.003 0.001 0.003 0.004 0.002 0.002 0.001
TI(ppm)  0.023 0.015 0.015 0.008 0.022 0.014 0.018 0.009 0.012
Pb (ppm)  2.030 1.133 2.970 1.010 2.850 3.860 1.570 2.170 1.273
Th (ppm)  0.050 0.009 0.021 0.013 0.014 0.002 0.003 0.001 0.003
U(pm)  0.255 0.015 0.212 0.040 0.027 0.006 0.006 0.004 0.011
Y/Ho 36.712 32.819 28.414 32.500 25.752 32.951 41.117 36.329 40.233
Eu/Eu* 2.198 4.359 2.949 2.292 2.672 3.272 3.833 3.449 5.122
La/La* 1.312 1.025 1.213 1.706 1.237 1.408 1.431 1.773 1.272
YIY* 1.325 1.128 0.988 1.202 1.009 1.245 1.531 1.325 1.458
Ce/Ce*  0.973 1.027 1.024 1.197 0.956 1.132 1.317 1.407 1.252
Gd/IGd*  1.055 1.066 1.085 1.141 0.998 1.075 1.068 1.154 1.094
Pr/Sm 0.791 0.434 0.993 0.503 0.640 0.320 0.419 0.485 0.449
Nd/Yb 0.484 0.142 0.332 0.328 0.178 0.233 0.170 0.325 0.243



Table2.5: Abundances of elements and REE+Y for samples from the West IF

Samples AMB-126233 AMB-126234 AMB-126235 AMB-128328 AMB-128329 AMB-128330 AMB-128331 AMB-128332

Si(ppm) 302600 249000 328200 593400 611000 393600 305800 457600
Li (ppm) 0.146 0.213 0.130 0.316 0.226 65.100 9.790 11.100
Be (ppm)  0.063 0.990 0.213 0.012 0.316 1.154 1.570 1.980
Sc (ppm)  2.980 3.530 3.234 3.241 2.538 15.610 7.340 7.780
Ti(ppm)  7.510 7.550 2.380 2.249 1.910 1840.000  474.000 630.000
V (ppm) 0.211 0.465 0.131 0.162 0.133 27.200 11.090 4.610
Cr (ppm)  4.710 172.000 6.700 5.250 3.590 39.100 49.300 22.600
Mn (ppm)  210.0 226.0 159.0 126.1 264.0 658.0 268.6 158.0
Fe (opm) 38800 61500 31100 78600 39100 67800 51400 15900
Co (ppm)  1.080 0.740 0.397 0.479 0.314 11.980 2.120 1.710
Ni (ppm)  12.000 7.400 6.700 2.690 2.790 44.100 13.050 12.100
Cu (ppm)  25.000 2.800 3.900 2.360 19.400 18.800 3.780 9.010
Zn (ppm)  11.200 22.900 11.600 14.670 12.300 141.000 13.760 16.500
Ga (ppm)  0.517 1.753 0.264 0.237 0.773 27.800 16.040 19.800
As (ppm)  0.528 0.128 0.406 -0.193 0.307 0.168 168.400 12.300
Rb (ppm)  2.460 8.400 0.335 0.366 2.130 116.000 30.800 34.300
Sr(ppm)  3.410 10.000 33.100 1.016 1.880 64.900 1090.000  431.000
Y (ppm) 3.080 5.030 2.030 1.767 4.980 4.320 218.300 35.200
Zr (ppm)  5.800 0.111 0.790 0.319 0.300 19.100 43.400 20.100
Nb (ppm)  0.038 0.157 0.041 0.072 0.049 3.430 1.590 1.840
Mo (ppm)  0.051 0.060 0.065 0.025 0.043 0.736 0.054 0.084
Ag (ppm)  0.034 0.370 0.038 0.009 0.050 0.033 0.068 0.043
Ccd (ppm)  0.160 0.166 0.491 0.139 0.118 0.131 0.275 0.221
In (oppm)  0.012 0.021 0.015 0.007 0.016 0.093 0.017 0.021
Sn (ppm)  0.500 0.670 0.520 0.550 0.192 4.200 0.610 0.485
Sb (ppm)  0.275 0.124 0.260 0.000 0.098 0.000 0.027 0.095
Cs (ppm)  1.010 6.100 0.242 0.089 1.027 7.970 4.830 2.050
Ba (ppm)  2.370 19.800 1.870 3.040 11.310 234.000 304.000 365.000
La (ppm)  0.540 0.127 0.427 0.110 4.780 8.920 122.000 38.000
Ce (ppm)  1.030 0.286 0.770 0.272 5.290 18.520 235.000 65.000
Pr(ppm)  0.123 0.044 0.107 0.024 0.544 2.080 21.300 6.500
Nd (ppm)  0.580 0.271 0.553 0.107 2.280 8.690 84.000 28.600
Sm (ppm)  0.186 0.166 0.132 0.032 0.416 1.600 16.900 4.900
Eu (ppm)  0.090 0.229 0.142 0.028 0.349 0.418 5.120 1.340
Gd (ppm)  0.323 0.399 0.171 0.064 0.514 1.149 21.900 5.300
Tb (oppm)  0.048 0.088 0.026 0.015 0.070 0.159 3.620 0.720
Dy (ppm)  0.325 0.577 0.186 0.153 0.459 0.906 28.600 5.050
Ho (ppm)  0.080 0.153 0.045 0.044 0.108 0.166 6.990 1.290
Er (ppm)  0.253 0.476 0.145 0.171 0.340 0.406 21.400 4.190
Tm (ppm)  0.038 0.079 0.025 0.032 0.050 0.057 2.870 0.750
Yb (ppm)  0.255 0.505 0.189 0.236 0.361 0.367 15.740 4.830
Lu (ppm)  0.049 0.095 0.035 0.039 0.069 0.058 1.958 0.706
Hf (ppm)  0.060 0.003 0.012 0.007 0.003 0.579 1.133 0.630
Ta(ppm)  0.002 0.006 0.002 0.004 0.003 0.330 0.124 0.230
W (ppm)  0.064 0.051 0.068 0.023 0.050 1.020 1.227 0.463
Au (ppm)  0.003 0.002 0.002 0.000 0.001 0.004 0.003 0.002
TI(ppm)  0.011 0.011 0.017 0.005 0.012 0.476 0.157 0.190
Pb (ppm)  0.970 1.620 1.680 0.401 0.407 5.880 20.470 8.860
Th (ppm)  0.004 0.002 0.006 0.007 0.003 1.055 3.400 4.200
U (ppm)  0.043 0.007 0.017 0.003 0.014 0.465 2.170 2.080
Y/Ho 38.500 32.876 45.618 40.159 46.111 26.024 31.230 27.287
Eu/Eu* 1.745 3.916 4.203 2.558 3.516 1.318 1.215 1.226
La/La* 1.701 1.895 1.857 1.541 2.689 1.304 1.552 1.972
YIY* 1.368 1.179 1.596 1.273 1.643 1.052 1.129 0.956
CelCe* 1.215 1.226 1.144 1.523 1.254 1.144 1.338 1.353
Gd/Gd* 1.237 1.062 1.087 0.932 1.180 0.980 1.091 1.153
Pr/Sm 0.513 0.206 0.629 0.596 1.014 1.009 0.978 1.029
Nd/Yb 0.209 0.049 0.269 0.042 0.581 2.177 0.491 0.544



Table2.6: Abundancesf elements and REE+Y for samples fridme Far West and Grizzly

Far West Grizzly
Samples AMB-126236 AMB-126238 AMB-126239 AMB-128334 AMB-128335
Si(ppm) 317200 549200 495200 271600 523400
Li (ppm) 0.72 0.09 0.21 0.67 0.15
Be (ppm) 0.33 0.00 0.06 1.00 0.20
Sc (ppm) 3.89 2.98 4.66 3.53 4.31
Ti (ppm) 19.20 7.90 27.00 49.06 1.98
V (ppm) 1.58 0.32 3.79 11.41 0.79
Cr (ppm) 7.00 8.20 7.00 25.90 5.53
Mn (ppm)  236.00 23.50 336.00 2539.00 747.00
Fe (ppm) 39700 890 10900 506100 10090
Co (ppm) 1.69 0.21 0.84 2.67 0.47
Ni (ppm) 3.71 6.24 5.10 46.08 11.00
Cu (ppm) 8.00 11.10 8.00 3.47 3.14
Zn (ppm) 28.30 11.60 29.30 230.10 10.49
Ga (ppm) 1.28 0.19 1.18 0.77 0.25
As (ppm) 0.33 1.25 0.69 0.68 7.80
Rb (ppm) 0.10 0.17 0.50 1.05 0.17
Sr (ppm) 3.12 1.45 2.25 127.00 37.10
Y (ppm) 5.24 0.24 2.48 10.61 6.24
Zr (ppm) 0.50 0.53 16.00 17.30 48.30
Nb (ppm) 0.08 0.03 0.23 0.28 0.02
Mo (ppm) 0.09 0.22 0.22 0.05 0.09
Ag (ppm) 0.06 0.05 0.09 0.02 0.03
Cd (ppm) 0.59 0.45 0.55 0.57 0.28
In (ppm) 0.04 0.03 0.02 0.01 0.01
Sn (ppm) 0.38 1.52 0.72 0.13 0.20
Sb (ppm) 0.06 0.04 0.15 1.60 0.34
Cs (ppm) 0.05 0.12 0.11 0.71 0.23
Ba (ppm) 0.46 0.51 3.69 0.77 3.20
La (ppm) 0.373 2.1 0.88 1.246 0.567
Ce (ppm) 0.79 4.46 2.63 2.2 1.107
Pr (ppm) 0.109 0.467 0.251 0.237 0.1519
Nd (ppm) 0.48 1.72 1.36 0.996 0.765
Sm (ppm)  0.172 0.248 0.42 0.309 0.274
Eu (ppm)  0.0569 0.0384 0.081 0.398 0.198
Gd (ppm) 0.33 0.153 0.52 0.625 0.548
Tb (ppm)  0.0594 0.0137 0.069 0.1306 0.1003
Dy (ppm) 0.471 0.0512 0.385 1.168 0.752
Ho (ppm) 0.137 0.00837 0.0722 0.303 0.174
Er (ppm) 0.571 0.018 0.197 1.06 0.528
Tm (ppm)  0.106 0.00303 0.0318 0.1742 0.0765
Yb (ppm) 0.777 0.0138 0.214 1.229 0.471
Lu (ppm) 0.163 0.00268 0.0382 0.1914 0.0708
Hf (ppm)  0.0149 0.011 0.249 0.245 0.289
Ta (ppm) 0.00759 0.00319 0.0148 0.01262 0.00172
W (ppm)  0.0414 0.1129 0.089 0.2389 0.151
Au (ppm)  0.00439 0.00268 0.0049 0.00227 0.00182
Tl (ppm) 0.0241 0.0239 0.0311 0.0057 0.0151
Pb (ppm) 2.09 2.13 1.56 2.11 3.17
Th (ppm) 0.00414 0.0228 0.055 0.0141 0.00666
U (ppm) 0.029 0.0561 0.196 0.176 0.123
Y/Ho 38.25 28.43 34.35 35.02 35.86
Eu/Eu* 1.082 0.931 0.813 3.964 2.329
La/La* 1.156 1.063 1.794 1.618 1.650
Y/IY* 1.163 1.218 1.317 1.178 1.303
Ce/Ce* 0.982 1.082 1.746 1.200 1.129
Gd/Gd* 1.126 1.218 1.197 1.045 1.134
Pr/Sm 0.492 1.461 0.464 0.595 0.430
Nd/Yb 0.057 11.459 0.584 0.075 0.149



Table2.7: Estimated LOD values for the analyzed elements.

Analyte Estimated LOD [ppm]

Li7
Be9
Si29
Sc45
Ti47
V51
Cr52
Mn55
Fe57
Co59
Ni60
Cu65
Zn66
Gab9
As75
Rb85
Sr88
Y89
Zro0
Nb93
Mo95
Ag107
Cdi11
In115
Snl118

0.015
0.028

40
0.033
0.143
0.027
0.077
0.069
0.238
0.005
0.052

0.024

0.035
0.009
0.193
0.003
0.001
0.001
0.002
0.001
0.006
0.002
0.017
0.001

0.004

Analyte Estimated LOD [ppm]
Sb121 0.004
Cs133 0.001
Bal37 0.018
Lal39 0.002
Cel40 0.002
Pri41 0.002
Nd146 0.012
Sml147 0.012
Eul53 0.004
Gd157 0.015
Th159 0.002
Dy163 0.010
Hol65 0.002
Er166 0.007
Tm169 0.002
Yb172 0.011
Lul75 0.003
Hf178 0.009
Tal81 0.003
W182 0.008
Aul97 0.004
TI205 0.002
Pb208 0.003
Th232 0.005
U238 0.003
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Chapter 3: Depositional setting of Algomatype BIF

3.1 Abstract

Algomatype banded iron forations (BIF) are chemical sedimentary rocks characterized by
alternating layers of iranich minerals and chert that are generally interstratified with bimodal
submarine volcanic rocks and/or sedimentary sequences in Archean greenstone belts. However,
thegeological setting for Algom#ype BIF deposition remains equivocal due to the effects of
postdepositional deformation and metamorphism and absence of modern analogues for
comparative studies. It is commonly accepted that the abundance of rare eanth ateme
yttrium (REE+Y) in chert bands may retain a primary geochemical signature and therefore
constrain their geological setting. In order to explore the latter, a geochemical study using the
laser ablationinductively coupled plasmmnass spectrometry (LACP-MS) methodology was
done using cherts from four Canadian Biésted gold deposits. These results suggest that chert
bands record: (1) interaction of seawater wittokghydroxides, as suggested by their heavy
REE enrichment coupled with La and Y ehneents; (2) contributions from higlkemperature
(>250°C) hydrothermal fluids, as suggested by positive Eu excursions; and (3) detrital
contamination, which is suggested by relatively consistent REE concentrations and a chondriti
< +R UDWLR L H <callfnr8pH condibiovistatihe time of BIF deposition are
evaluated using Ce/Ce*: a positive Ce/Ce* anomaly suggests relatively acidic conditions (i.e.,
S+"” IRU PRVW RI WKH FKHUW VDPSOHNV EXW RRUH DPHNDH\W C
showing Feoxyhydroxide precipitation within chert bands. Finallysitu secondary ion mass
spectrometry (SIMSanalysis (n= 73) of chert from Meliadine show th&@ of primary

amorphous silica (+27%0) was modified to values oliad +8 to +20%. during diagenesis at

11



temperatures >100°C with a fluid havinfOhzo = 0 to 5%o.. Thus, whereas there has been O
isotopic exchange during diagenesis, the REEs and trace elements are not modified in the chert

due to the low concentrations tiese elements in the reacting fluid of sea water origin.

3.2 Introduction

Algomatype BIFs are thinly bedded, chemical sedimentary rocks comprising alternating
layers of ironrich minerals and chert. These rocks are typically intercalated with Eoarchean to
late Paleoproterozoic volcarsedimentary sequences within greenstone belts (Goodwin, 1973;
Bekker et al., 2010). They differ from Supertgpe BIFs which represesitensive units,
mainly Proterozoic in age, located in passive margin sedimentary succesgisisowing no
specific association with volcanic us(e.g., Gross, 1980; Bekker et al., 2010). Based on their
sedimentary and geochemical features, a restricted basin model, equivalent to the modern Red
Sea, corresponding to closed to selosed basis where volcanic and hydrothermal activities
were extensive represents one potential BIF depositional model (e.g., Barrett et al., 1988a;
Bolhar et al., 2005; Ohmoto et al., 2006; Bekker et al., 2010). In this scenarachiraninerals
precipitated commporaneously with hydrothermal vent fluids to form various iron
oxyhydroxides, such as ferrihydrite. These primary minerals were subsequently transformed
during diagenesis to hematite, magnetite and siderite depending in part on the microbial biomass
conentration (Posth et al., 2013). Where metamorphosed, thelHassemblage may comprise
more complex mineral assemblages that include a variety of silicate phases (e.g., amphibole,
garnet and plagioclase). The interbedded chert horizons are considered to reflect: (1) direct
seawater precipitation (e.g., Bolhar et al., 2005; Thurston et al., 2012); (2) hydrothermal

precipitation from vent fluids (Allwood et al., 2010; Thurston et al., 2012); and/or (3) the
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products of secondary replacement (Hanor and Duchac, 1990) as confirmed by their shale

normalized chemical signature (e.g., Thurston et al., 2011; Gourcerol et al., 2015a).

In this study, we explore the chert geochemistry at four Canadiahdied gold deposits
(the ~4 Moz Au Meadowbank deposit, hosted by the 2.71 Ga Woodburn Lake greenstone belt;
WKH - OR] $X OHOLDGLQH GLVWULFW KRVWHG E\ WKH *C
Moz Au Musselwhite deposit, hosted by the 2.&a North Caribou greenstone belt; and the ~4
Moz Au Beardmoregseraldtondistrict, hosted by the 2.7 Ga eponymous greensteltjethat are
either intercalated with mafic to ultramafic volcanic rocks or associated interflow sediments.
These four gold deposits were selected in order to validate the reshaciednodel (e.g
Barrett et al., 1988a) as a depositional setting for Algtypa-BIFs by using the geochemical
signature of the chert bands as a proxy for the primary signature of ocean water chemistry and
hydrothermal vent fluidsThe chert chemistry was characteribgdisingin-situ LA-ICP-MS
analysis following the protocol outlined in our earlier contributions (Gourcerol et al., 2015a, b).
In addition, we have also analyzed the chersitinusing secondary ion mass spectrometry
(SIMS) to determine their*30 signaure in order to assess their post depositional exchange with
later fluids (e.g., diagenetic, metamorphic). As far as we are aware, this is the first study that
integrates these two data sets, that is chert trace element chemistry, in particular the rare earth
elements (REEs), and®®. An indirect intent of this study was also to examine if chert beds in
these settings retain a geochemical signature that may relate to the gold mineralizing event. In
detail, these hypotheses were tested by: (1) defining the role of chemical reqgeoi
seawater, hydrothermal fluids, and terrestrial detritus) in chert deposition; and (2) using Ce

behaviorto assess the oxygenation state of the water column during chert precipitation.
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3.3 Geological setting of the selected BIFs

3.3.1The Meadowbank gold dgosit

Located in the Rae Domain of the Churchill Province, the Meadowbank deposit is hosted by
the Woodburn Lake greenstone belt (ca. 2.71 Ga), which consists of tholeiitic and komatiitic
metavolcanic rocks with minor caddkaline felsic tuffs and flows ih intercalated BIF and
clastic metasedimentary rocks (Armitage et al., 1996; Sherlock et al., 2001a, b, 2004; Hrabi et
al., 2003; Pehrsson et al., 2004). The regional metamorphic grade ranges from middle
greenschist to amphibolite facies (Pehrsson gf@04) and the sequence was deformed by at

least six regionascale deformation events (e.g., Pehrsson et al., 2013; Janvier et al., 2015).

Numerous units of oxidesilicate and locally sulfidefaciesAlgomatype BIF have been
identified, which include the West IF, Central BIF and East BIF; all of the BIFs are generally
interlayered with ultramafic to felsic volcanic rocks and locally with a quartzite unit (Gourcerol
et al., 2015a; Sherlock et al., 2001a, b, 2004). The BIF displayocmmthick, laminaed
magnetite and whitege grey chert with associated layers (0.2 to 5 cm thick) of grunerite/biotite,
cummingtonite/biotite or garnet/biotite combinations that are related to metamorphic variation on
the property (e.g., Gourcerol et al., 2015a). Moreowénor chlorite, sericite, ankerite, siderite,
stilpnomelane and apatite grains are observed either as layers interbedded with chert and
magnetite or as inclusions in chert bands (Armitage et al., 1996; Hrabi et al., 2003; Sherlock et
al., 2004; Gourceradt al., 2015a). These BIFs are described more in detail in Gourcerol et al.

(2015a).
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3.3.2The Meliadine gold district

The Meliadine deposit is hosted by the 2.6 to 2.7 Ga Rankin Inlet greenstone belt (Wright,
1967; Aspler and Chiarenzelli, 1996a), which liesg the boundary between the Central and
the North Western Hearne domains of the Churchill Province (Tella et al., 2007; Davis et al.,
2008). The Rankin Inlet greenstone belt consists of polydeformed massive and pillowed mafic
volcanic rocks, felsic pyrdastic rocks and associated interflow sedimentary units, gabbro sills
and oxidefacies BIFs; all of these units are intruded by minor granite, undeformed biotite
lamprophyre, as well as late gabbro and diabase dykes of Archean and Proterozoic age. These
rocks have been metamorphosed from lower greenschist to-toiddte amphibolite facies

(Carpenter, 2004; Carpenter, et al., 2005; Lawley et al., 2015).

Several Algomaype BIFs are recognized along the structural hanging wall of the regional
scale Pyke Fdu including the Pump, #Zone and Discovery (e.g., Lawley et al., 2015). These
BIFs consist of continuous, subparallel, medigray cherty beds interbedded with massive,
mm- to cmthick beds of magnetite BIF with some chgrtinerite units and local suli-facies.

Minor cm to mm+hick layers of chlorite are reported mainly in iscovery BIF.

3.3.3The Musselwhite gold deposit

Located in the North Caribou terrane of the Superior Province, the Musselwhite deposit is
hosted by the North Caribou greenstone thefhinated by mafic to ultramafic metavolcanic
rocks of the 2973 to <2967 Ma Opapimiskdarkop metavolcanic assemblage and tholeiitic
basalts and minor felsic volcanics of the 2980 to 2982 Ma South Rim metavolcanic assemblage
(Biczok et al., 2012; McNicokt al., 2013). These rocks have been metamorphosed from lower

greenschist to lowemid amphibolite facies (Breaks et al., 2001) and deformed by three
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deformation events (e.g., Hall and Rigg, 1986; Breaks et al., 2001; Oswald et al., 2015; McNicoll
et al, 2016). The OpapimiskaMarkop metavolcanic assemblage consists, from the structural
base to the top, of the “Lower Basalt” unit, the Southern Iron Formation, “Basement Basalt” unit

and the Northern Iron Formation (Otto, 2002; Moran, 2008; Biczok et al., 2012).

The “Basement Basalt” unit is a thick sequence of masanepillowed tholeiitic basalt
(Moran, 2008). The “Lower Basalt” unit is composed of basalt and ultramafic rocks, but includes
extensive andesite (Hollings and Kerrich, 1999; Otto, 2002 .Ndrth Iron Formation is
subdivided, from the structural base to top, into: pyrrhotite mudstone (4H), chegrunerite
(4A), chertmagnetite (4B), clastichertmagnetite (“clastic’4B), garnaruneritechert (4EA),
garnetiferous amphibolite (4E) and garbeitite schist (4F) (e.g., Otto, 2002; Moran, 2008;
Biczok et al., 2012). The Southern Iron Formation consists of twpardile! BIF horizons

(Biczok et al., 2012). These BIFs are described more in detail in Gourcerol et al. (2015b).

3.3.4The Beardmore-Geraldton gold district

TheBeardmoreGeraldtongold district is hosted by the 2.7 Ga BeardmGezaldton
Greenston®elt located (BGGB) within the southern margin of the Wabigoon Subprovince
(Lafrance et al., 2004). The BGGB consists of threeteasting sheaibounded units of
metasedimentary and metavolcanic rodkse southern assemblage is characterized by massive
and pillowed basalt and andesite with thin sedimentary and tuffaceous beds (Shanks, 1993;
Tomlinson et al., 1996) interbedded with wacke, conglomerate, siltstone andanieeBIF in
which the presence of jasper is notable. The central assemblage reflects felsic to mafic calc-
alkaline and tholeiitic volcanic units that are associated with feldspathic sandstone, siltstone,

argillite and minor BIF overlain by polymictic conglomerate (Lafrance et al., 2004). The
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occurrence of the pyroclastic rocks and large amygdules in the volcanic rocks suggest shallow
water or subaerial volcanism (Kresz and Zayachivsky, 1991). Lastly, the northern assemblage
consists of massive and amygdaloidal pillowed tholeiitic basalt and andesite interbedded with
polymictic conglomerate and minor sandstone (e.g., Mackasey et al., TB&6¢. rocks have

been metamorphosed to greenschist facies and deformed by fowsr @veetormation (To6th et

al., 2015).

The BIFs occur high in the stratigraphy of the southern metasedimentary belt and can be
divided into three types (Fralick and Pufahl, 2006): (1) an iron exithetype referred to as “a-
type” which is a dominantly im0 oxiderich (i.e., magnetite and/or hematite) sediment
interbedded with mpato cmscale graded or ungraded siltstone; (2) a siltstaetype (i.e., “b
type”) which is characterized by estale graded to sharply bounded siltstone layers separated
by mmtthick iron oxiderich laminae; and (3) a sandstemeh type (i.e., “etype”) which
corresponds to sandstone beds separated byaremscale iron oxideich bands Hematitic
chert laminae or bands (i.e., jasper) are common in the three types of BIF and are interbedded

with either sediments or iron oxideh layers.

A braided fluvial system was proposed as the depositional environment for these BIFs (e.g.,
Barrett and Fralick 1989; Fralick and Pufahl, 2006) in whiclBiif&s occur mainly on flooding
surfaces separating the offshore and the fluvial systems. The BIF and irorrickideaterial
were deposited during transgression whereas the interbedded siliciclastic sedimentary rocks

reflect regression.

3.4 Analytical Methods and data treatment

The BIF samplesollected for this study included: (1) thirtgree samples from drill core
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and outcrops (Fig. 3A) from the Meadowbank deposit (i.e., West IF, Central BIF, East BIF);
(2) forty samples in the Meliadine district (i.e., PumgZdne and Discovery); (3) ®snty-three
samples from the Musselwhite deposit (i.e., chagnetite (4B), garnajrunerite(chert) (4EA),
garnetiferous amphibolite (4E), and garbeéttite schist (4F) facies); and (4) twenty seven

samples from the Beardmo@eraldtorndistrict (i.e., a, b- and ctypes BIF).

3.4.1Scanning electron microscopy and irsitu LA -ICP-MS analysis

The chert material was analyzed by misampling using laser ablation followed by ICP
MS analysis. The advantage of this protocol over bulk analysis is that it exclydedi@snce
of later veining, sulfides or deformatiwalated metamorphic recrystallizatipnecipitation €.g.,
Kamber and Webb, 2007). In order to select areas for analysis, polished thin sections (100 pm
thick; Fig. 31B) were prepared and examinedngdboth transmitted and reflected light
microscopy; and selected material was studied in more detail using the scanning electron
microscopy (SEM) coupled with an energy dispersive spectrometer (EDS) to select the most
suitable chert bands with minimal anmasi of detrital mineral inclusions and other contaminants
related to alteration, diagenesis, metamorphic ofareing events (e.g., clastic grains, volcanic
ash, phosphates). The SEM used was a JEOL 6400 SEM with an INCA energy dispersive
spectrometer (BS) system housed in the Central Analytical Facilities (CAF) at Laurentian
University, Sudbury, Ontario. Opeirag conditions were accelerating voltage of 20 keV, 1.005

EA beam current, acquisition count times of 10 seconds, and a working distance of 15 mm.

The trace element chemistry was determined usifigeamo Scientific XSERIES 1l IGP
MS Laurin Technic twevolume sample cell using a pulsed ArF excimer laser (RESOlution M

50) emitting at 193 nm and a repetition rate of 10 Hz. The instrument operated with a forward
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power of 1450 W. Gas flows were 800 ml/min for argon, 650 ml/min for He and 6 ml/min for N.
Dwell times for elements analysed were 10 ms. As chert bands have very low concentration of
REES, spot analyses may be below the limit of detection for many elements, hence, in order to
circumvent this issue, line traverses using both 140 and 190 um beam dsawereemade with

a repetition rate of 10 Hz and an energy density of 7°Jfeig. 3.1C). No preablation was done

as virtually any non microcrystalline quartz present would substantially modify the REE+Y
patterns from their primary abundances. Howevethadine traverse method increases the
influence of any detrital contaminants, either as inclusions or minerals disseminated along the
traverse line, the Queensland alluvial shale composite (MUQ) was used to normalize the REE+Y
values to minimize the influence of potential terrigenous input. The MUQ composition

represents a mixed bimodal felsic and mafic volcanic provenance (Kamber et al., 2005), which
acts as a proxy for the expected average terrigenous input from a typical bimodal greenstone belt

into the Archean ocean (e.g., Bolhar et al., 2005; Thurston et al., 2012).

The elemental concentrations reported in this study (Tables 1, 2, 3 and 4) represent the
integrated signal over the length of the line traverses, which measured about650&
element list used for each analysis included the 14 RE#s(**°Ce,*Pr, **Nd, **’Sm,***Evu,
157Gd, **°Tb, ***Dy, **Ho, *°%r, **°Tm, 1"2Yb and'"®Lu), in addition to'Li, °Be, 2°Si, *°Sc, *'Ti,
51\/, SZCF, 55Mn, 56Fe,5900, GONi, GSCU, Gﬁzn, 69Ga, 75AS, 85Rb, 888|’,89Y, QOZI', 93Nb, 95MO, 107Ag,
111Cd,115ln, llBSn,lzlsb,lssCS,B?Ba, 178Hf, 181-|—a’ ng\N, 197AU, 205T|, ZOBPb,232Th and238U. The
detection limits for the analyzed elements vary based on a variety of factors, such as the volume
of inclusions within chert. The detection limits were calculated using the relationship described
in Longerich et al. (1996) and range from 0.01 t®R28pm for the REE and {Table 2.7) The

NIST 612 glass was used as an external standard and analyzed at the beginning and at the end of
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each line traverse and for the internal standard, the silica content of the achasdas used.

It is noticed that presence of minor impurities (such as garnets, amphiboles) on a random basis in
chert will have the éécts of creating large RSD %.values. Furthermore, the La, Ce, Eu, Gd, and

Y anomalies discussed below are calculated (Equations (1) to (5)) following the procedure of

Lawrence and Kamber (2006):
La/La muq = Lavuo/(Piwug* (Prvug/Ndwug) ?) (1)
Ce/Cemuq = Cemua/(Phwug* (Pvug/Nduug)) (2)
EW/EUmuo = Etuuo/(SMuua? * Tbwug) X2 (3)
Gd/Gd*ug = Gwuo/(Tbuua® * Smuug) 2 (4)
Y/Y "mug = Ymuo/(0.5E ko * 0.5Homuo) (5)
3.4.20xygen isotopes

The oxygen isotopic compositions of selected chert samples from Meliadine (i.e., MEL
006, MEL-008 and MEL033) were determined by Secondary lon Mass Spectrometry (SIMS)
analysis using the CAMECA 7f ion microprobe at the University of Manitoba (Winnipeg,

Canada).

Prior to analysis, each polished thin section was cleaned with ethanod kshed with a
1-mircon diamonetleaning compound to remove carbon coating that was used for the SEM
analyses. They were then cleaned with soap and immersed in a dilute soap solution in an
ultrasonic cleaner for 10 minutes. The protocol followed wasamion of the sections three
times each for 10 minutes in the ultrasonic cleaner, successively using tap water, purified water
and finally ethanol.
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Fragments of John Valley Metamorphic Quartz (JValleyQtz) were usestasdard to

determine instrumentalass fractionation. The standard was analysed at the beginning and at the
HQG RI HDFK VDPSOH DQDO\VLY /RRNLQJ DW WKH DFTXLVLW
was accelerated at 10 kV and focused to a 15x20 um spot. An offset ebBOOras usedot
eliminate molecular ion interferences. lons were detected with a Balzers SEV 1217 electron
multiplier coupled with an iofcounting system using an overall dead time of 28ns. Isotopes of
%0 and'®0 were detected by switching the magnetic field and aisadgsnprised 70 cycles for
a total analytical time of 10 minutes. Over the four days of analyses, the external reproducibility

1 REWDLQHG RQ -RKQ 9DOOH\ VWD Q.6%0, 4 ®4%0>0.69%6 éditHV SHFW L

0.5%0 (Table 5).

Ten analyses were performed on MBQS8, whereas thirty analyses were obtained for
each of samples MED16 and MELO33 (Table 5). In the latter two samples, the data are
divided into three different domains (e.g., B, C and D for MBR) to study the variability of
W KD vdues in different chert bands from the same thirty centimeter sample. We also note
that the analyzed cherts were carefully selected to exclude any influence of accessory minerals

(e.g., amphiboles, silicates, phosphate, carbonates).

Oxygen isotope compog&ns are reported in this study as per mil (%) deviations (Table

5) from the Vienna Standard Mean Ocean WateSWOW) using the conventional notation:

[*®0 = [(*°*0F**Osampid / (*°0F*°Ov-smow) - 1] x 1000 (6)
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3.5 Background

3.5.1Rare earth element and yttrium systematics

The presence and abundance of REE+Y in chert bands may represent their primary
signature, which can be influenced by one or more processes: (1) precipitation from marine
water either in isolated basins or basins well connected to the open ocean (e.g., Bau and Dulski,
1996, Kamber et al., 2014); (2) precipitation from vemtirced hydrothermal fluids (e.g.,
Danielson et al., 1992; Allwood et al., 2010); and (3) chemical inheritance due to replacement by
silicification of precursor volcanic usi{e.g., Hanor and Duchac, 1990). Chert geochemistry is
also strongly dependent on the extent of contamination by terrigeneous detritus (e.g., Alexander
et al, 2008), volcanic ash (e.g., Klein, 2005) and oceanographic processes (e.g., phosphate and
oxyhydroxide circulation and precipitation) (e.g., Alibo and Nozaki, 1999; Bau, 1999;
Konhauser et al., 2005). Moreover, elements such as Sr, Ga, Sc, Zr and Th are excellent monitors

of hydrogenous contamination such as detrital or volcanic input (Gourcerol et al., 2015a).

Several studies have shown that the REE+Y systematics of Archean seawater are
analogous to the modern ocean with slight to moderate influengalafthermal vent fluid
(Fig. 25; e.g., Bau and Dulski, 1996; Lawrence and Kamber, 2006; Thurston et al., 2012;
Gourcerol et al., 2015a). It follows, therefore, that the shale (i.e., MUQ) normalized REE+Y
patternfor the Archean seawater will be charaed by: (1) a depletion in light rare earth
elements (LREE) relative to heavy rare earth elements (HREE); (2) achapwlritic Y/Ho
ratio (i.e., Y/Ho >27), yielding a positive Y/¥it,o anomaly, commonly between-90; and (3)
a slightly positive La anonha(La/La*vuq between 1.15 and 1.3). These features illustrate

fractionation of REE and Y in the water column resulting in preferential removal ontéeMn-
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oxyhydroxides, organic matter, and clay particles (e.g., Kawabe et al., 1999; Bau and
Koschinsky, 2009). Moreover, as the chemistry of Archean seawater was also influenced by
volcanism, waterock interaction (e.g., Veizer, 1988), and the contribution of-teghperature
(>250°C) hydrothermal fluids (Fig. 2.6.g., Danielson et al., 1992; Bau and Dul$RQ9;

Kamber et al., 2004; Allwood et al., 2010), these processes are characterized by variable, but
well-developed positive Eu anomalies which are a product of hydrothermal processes (Fig. 2.5
Kamber et al., 2004). Previously, several authors alsareefén a positive Gd anomaly as a
seawater feature (e.g., Bau and Dulski, 1996; Lawrence and Kamber, 2006; Thurston et al.,
2012) however, it has been shown that Gd is extremely sensitive to interaction of seawater with
oxyhydroxides in which case it mag@v negative values (e.g., Alibo and Nosaki, 1999).
Therefore, a positive Gd anomaly is not used in this article as an indicator of precipitation from

seawater (Gourcerol et al., 2015a).
3.5.20xygen isotopes

Cherts regardless of age aansidered to have prediated from Skich water initially as
opalA, thenconverted into opaCT, and then finally converted to chert as a final product of
dissolution(re-)precipitation reactions during diagenesg(,Knauth, 1994; Knauth and Lowe,
2003; Marin Carbonne et al., 2014) despite limited evidence of the preservation of the precursor
phases (e.g., Mar@arbonne et al., 2014; Westall et al., 2015). These aforementioned reactions
involve the conversion of opal to microcrystalline chert in either in a closed (i.e., metamorphic)
or ogpen (i.e., seawater interaction) system. Marin et al. (2010) have argued for a closed system
FRQYHUVLRQ EDVHG RQ W K HOR4diuesH(UpttdHGAm)Fdy dHert tranQideHL. &R | /
Ga Superiotype Gunflint iron formation (Canada). These authoggest that the amorphous

silica precursor {22 § %o; from Marin et al., 2010), which precipitated at equilibrium with
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seawater in warm Archean ocean waters, was dissolved during diagenesis by high temperature
fluids in a closed system such that theiahichert records low*®0 values (e.qg., ca. +14%o) but

the later chert record increasingly heavier values (i.e., ca. +24 to +26%o) as a result of closed
system diagenesis (i.e., a Rayleigh process). Consequently, these authors have suggested a model
in whicK W ¥®ivalues of chert are predicted to increase continuously through the dissolution

precipitation process due to the closed nature of the system.

3.6 Results
3.6.1Rare earth and yttrium systematics characteristics
3.6.1.1Meadowbank area

Data for line traverse analys on chert samples from the Central BIF, East BIF and West
IF within the Meadowbank area (Gourcerol et al., 2015a) show relatively uniform REE+Y
patterns (Fig. 3.2; table 1), with three notable exceptions (samples1®dB32, AMB128330
and AMB-128332 inFig. 32A and 32C), that include a slight to moderate enrichment in HREE
relative to LREE and MREE (Nd/¥fyo = 0.0490.58) that are associated with slight to moderate
positive La, Y and Eu anomalies (La/laf = 0.894.65, Y/Y*uuo = 0.8841.96, Eu/Eufiug =

1.255.12) and chondritic to supehondritic Y/Ho values (Y/Ho = 24-33.72) (Table 1).

A group of samples from the East BIF (AMR26241 and AMB126243; Fig. 3.B) and
the West IF (AMB128330, AMB128331 and AMBL128332; Fig. 3.€) show relatively flat
REE patterns (Pr/Sguo = 0.794.03) associated with chondritic to supdiondritic Y/Ho values
(Y/Ho = 26.0236.71). Enrichments in Sr (i.e., 27/58-ppm; and 64.9090 ppm), Zr (i.e., 0.97-

2.17 ppm; and 19.43.4 ppm) and variable amounts of Th (i.e., 1.855ppm) and Ga (i.e.,
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16.0427.8 ppm) relative to the bulk of the samples is illustrated for most material from the West
IF. Two samples from the Central BIF (AMB26223 and AMB126231; Fig. 3.2) show

depletion in LREE relative to the HREE, but modetat#at patterns for the MREE and HREE

that are associated with chondritic to supleondritic Y/Ho values (Y/Ho = 24-32.41),

enrichment in Zr (i.e., 104-983 ppm), Ga (i.e., 6.8841.4 ppm), Sr (i.e., 20.95.2 ppm) and

Th (i.e., 1.227.7 ppm) relativeo other samples.

Two samples from the south of the property (i.e., AMEB330 from West IF and AMB
126232 from Central BIF; Gourcerol et al., 2015a) show depletion in HREE relative to LREE

(Nd/Ybmug = 2.187.19) that are associated with positive La, ¥ &u anomalies (Fig. 3A2C).

Lastly, with respect to these cherts, it is noted that Ce exhibits a slight to moderate

positive anomaly in the samples (Ce/Ge3 = 0.94-1.86).

3.6.1.2Meliadine gold district

Data for chert samples from the Pumg/dne and Discovy deposits within the Meliadine
gold district yield variable REE+Y patterns (Fig. 3.3; Table 2). Chert samples from the Pump
deposit (Fig. 3.3A) are all very uniform in their chemistry and are characterized by LREE
depletion (Nd/Ykug = 0.0690.75), chondtic to subchondritic Y/Ho values (Y/Ho = 11.44
32.53), variable La and Y anomalies (La/lkag = 0.0241.11, Y/Y*wugq = 0.541.13) and
positive Eu anomalies (Eu/Eudq = 2.176.13) (Fig. 3.3A). The Y/Ho ratios for most of the
samples are lower than chondrivalues (i.e., 27) and correlate with negative La and Y

anomalies despite a depletion in LREE which is typical of seawater input.

All chert samples from the-Eone, except for two (MEI015 and MEEL017), show
relativdy LREE-depleted patterns (Nd/¥lo = 0.16-0.61). In contrast, samples MELO15 and
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MELO17 show the opposite trends with slight HREE depletion (N@/¥l= 1.197.21). Overall,
samples show negative to positive La anomalies associated with ®lighitong relative
enrichment in Y and Eu (La/Latig = 0.4241.43, Y/Y*vug = 1.051.35, Eu/Eufiug = 2.128.14)
(Fig. 3.3B). In addition, all samples yield chondritic to supleondritic Y/Ho values (Y/Ho =
25.2536.34) and Sr enrichment (i.e., 88:6 ppm). Moderate enrichment in Zr is notable in

MEL-013and MEL-018 (i.e., 2.144.93 ppm).

Chert samples from the Discovery deposit show relative LREE depletion (W ¥b
0.1141.18) except for ME+025 (Nd/Yhuug = 11; Fig. 3.3C)Slight to moderate enrichment for
La, Y and Eu occur (La/Laiug = 0.682.1, Y/Y*uuo = 0.8041.28, Eu/Eufiug = 1.057.46) for
most samples, the exception being for M&R8 (La/La*wug = 0.47, Y/Y*wuo = 0.85,
Eu/Eu*wug = 2.13) (Fig.3.3C).The Y/Ho ratios vary from subhondritic to supechondritic
with Y/Ho = 18.2337.48.In addition, most of the samples exhibit chondritic Y/Ho values
associated with Sr enrichment (i.e.,-@37 ppm) and moderate Ga enrichment (i.e., X.82-
ppm). In contrast, samples ME138, MEL-039 and MELO040 yield trace element
concentrations (+ elevated Ga). S&ndEL-038 yield low Y/Ho ratios that correlate with
depletion in La and Y concentrations, which was also reported for some chert samples from the

Pump deposifFig. 3.3C)

Chert samples from the Meliadine gold district show variable Ce anomalies: (B*G&iC
=0.151.01 for chert samples from the Pump deposit; (2) Celgee= 0.65-1.22 for the FZone

deposit; and finally (3) Ce/Cetio = 0.642.01 for the Discovery deposit.
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3.6.1.3Musselwhite area

Data for chert samples from the cheragnetite (4B; Fig. 3.4A, dble 3), the garnetiferous
amphibolite (4E; Fig. 3.4B, Table 3), the gargetnerite(chert) (4EA; Fig. 3.4C, Table 3), and
the garnebiotite schist (4F; Fig. 3.4D, Table 3) within the Musselwhite area were reported by
Gourcerol et al. (2015b). It shoui# noted that sample E599656 from 4iefacies, samples
E599660, E599665 and sample E599666 from 4EA are not illustrated in Figuhee3altheir
erratic patterns that reflect sofiREE values approaching the limit of detection. However, these

samples Wi be reviewedhere in regard to elements lying above the detection limit.

Samples exhibit relatively uniform REE+Y patterns except for chert in the 4F facies (Fig.
3.4D). Most chert sampled from the 4B facies show HREE enrichment (Mg¥00.040.66),
yield slight to moderate positive La, Y and Eu anomalies (Lajb@*= 0.82.35, Y/Y*mug =
0.87-1.52, Eu/Eufiug = 2.6:3.61) and sulzhondritic to supechondritic Y/Ho values (Y/Ho =
22.1344.01) (Fig.3.4A). Sample E599656 differs from the majority of séasy its negative
La and Y anomalies (La/Latio = 0.24, Y/Y*wug = 0.51; Eu/Eufiug = 3.70) and very low
Y/Ho value (i.e., 9.79). It is also noted that samples E599655 and E599668 are Sr enriched (i.e.,

848.8 ppm and 150.8 ppm respectively).

The two sample from the 4E show minor LREE depletion (Nd{x\(B = 0.390.7), are
slightly to moderately La, Y and Eu enriched (La/kad = 0.7-1.66, Y/Y*uuo = 0.9841.22,
Eu/Eu*wug = 2.432.6), and yield chondritic to supehondritic Y/Ho values (Y/Ho = 25.71

32.8) (Fig.3.4B).

The chert samples from the 4EA facies are characterized by relatively flat to slightly

fractionated patterns with LREE depletion relative to HREE (Ng{¥b= 0.150.7), except for
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samples E599654 and E599659 showing enrichment in LREE versus HREE (i.e.wdg#Yb
2.342.98). All these samples are associated with positive Eu anomalies (RuwEu2.34-

3.97) (Fig.3.4C). Considering the La and Y anomalies along with the Y/Ho values, two groups
of samples are present: (1) E599654, E599659 and E599667 show positive La and Y anomalies
(La/La*mug = 1.513.02, Y/Y*mug = 1.22.07) and chondritic to supehondritic Y/Ho ratios

(Y/Ho = 29.8655.91) (Fig.3.4C); and (2) E599660, E599665 and E599666, which are not

shown in the figure (see above), show negatia and Y anomalies (La/Lato = 0.040.16,

YIY* mug = 0.220.73) and very low Y/Ho ratios (Y/Ho = 4.416.52) (Fig. 3.4C).

The chert bands within the garrabtite schist (4F) facies are geochemically anomalous
compared to chert from all the other sadldeposits. The former samples show variable, but
elevated LREE and MREE enrichments (Prigg= 0.180.83; Nd/Ylyug = 1.175.75) and
only moderately positive Eu anomalies (Eu/fus = 1.081.94) are noted (Fig. 3.4D). This
facies is distinguished fromélothers by its REE+Y signature and, furthermore, is similar to the
argillite studied by Thurston et al. (2012), which documented only a weak hydrothermal fluid

influence.

Chert samples from the Musselwhite area exhibit variable Ce anomalies: (1) g/Ee*
0.40-1.96 for chert samples from the 4B facies; (2) Ceifge*™= 0.401.96 for the 4E facies; (3)
Ce/Ce*yug = 0.1841.50 for the 4EA facies; and finally (4) Ce/Get = 0.7441.25 for the 4F

facies.

3.6.1.4Beardmore-Geraldton gold district

Data for chert and jper samples from thetgpe (i.e., iron oxideich type), btype (i.e.,

siltstonerich type) and gype (i.e., sandstongeh type) BIF within the Beardmor@eraldton
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gold district yield variable REE+Y patterns (F&5, Table 4). Some samples exhibittbohert
(named BGOXX-C) and jasper (named BGBXX-J) features, which allow a comparative study
of their REE+Y systematics. However, most of the traverses are done on jasper bands as layers

of pure chert are rare in this gold district.

Most of chert and jger samples from thetgpe BIF yield LREE depleted patterns
(Nd/Ybmug = 0.230.97) except for the BGOOland BG0O02 samples that exhibit weak
depletion in HREE relative to LREE (Nd/wbo = 1.4041.62) (Fig. 3.5A). However, all chert
and jasper samplesahl chondritic to supechondritic Y/Ho values (Y/Ho = 28.138.86),
variable La and Y anomalies (La/Lajo = 0.854.00, Y/Y*wuo = 1.121.45) and positive Eu

anomalies (Eu/Eufuq = 1.814.40) (Fig.3.5A).

Chert and jasper samples from thgype BIF show deletion in LREE relative to HREE
(Nd/Ybwmug = 0.280.55) except for sample BGO0&B which exhibits the largest LREE
enrichment and consequent depletion in HREE relative to LREE (INd&YH 1.91) with
associated slight enrichment in Th (i.e., 1.16 ppm) and Ga (i.e., 24.3 ppm) relative to other
samples (Fig. 3.5B). However, all chert and jasper samples show chondritic taisoiperitic
Y/Ho values (Y/Ho = 27.689.75) and positive La, Y and Eu anomalies (Lafka*=1.382.59,

Y/Y* MUQ = 108-135, EU/EUY\‘AUQ = 150-269) (Flg 35)

Chert and jasper samples from thigyge BIF show relatively flat patterns and they may be
divided in two distinct groups (Fig. 3.5C): (1) samples that exhibit depletion in LREE relative to
HREE (Nd/Yhuuo = 0.410.89) that are assiated with weak Sr and Sc concentrations (i.e.,
BG0044J, BG0173d and BG018J) relative to other samples (i.e., respectivelyld.3¥ ppm and

3.354.88 ppm); and (2) samples that show depletion in the HREE relative to (NREBwMmug
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= 1.372.98) and asswated with enrichment in Sr and Sc (iBG004-C, BG014, BG0O16€,
BGO016+J, BG019Jd and BG0223) relative to other samples (i.e., respectively iRL646 ppm
and 3.07.2 ppm) All the samples show chondritic to suypdondritic values for Y/Ho (Y/Ho =
24.2437.71), associated with positive La, Y and Eu anomalies (Lallegx1.112.14,

Y/Y* wug = 0.974.45, Eu/Eufyug = 1.073.05) (Fig. 3.E).

It is noted that chert and jasper samples from the three types of BIF exhibit slight to

moderate positive Ce anones (Ce/Cefiug = 0.752.11).

3.6.20xygen isotopes

The /*®0 values for sample MEDO8 show a range from +6.6 to +19.1%. with a mean of
+14. 1%0 (Fig.3.6A), whereas in MEI016, thevalues range from +7 to +17.3%. and have a
mean of +12.2%. (Fig. 3.6B), and for sample M&R3, values range from +11 to +16.3%. with a
mean of +14%o. (Fig. 3.6C). Importantly, none of taeples have values close t87/ %60 which
is the inferred precursof®0 value of amorphous silica predicted by Marin et al. (2010), instead,

they are significantly lower by 20.4 to 7.9%e.

3.7 Discussion

3.7.1Rare eath element and yttrium systematics

Most of the chert and jasper samples (i.e., corresponding to line traverse; Fig. 3.7A) from the
four deposits yield similar shal@®rmalized systematic patterns showing depletion in LREE
relative to HREE associated with positive La and Y anomalies as well as positive Eu anomalies.
These observations record the influence of ambient seawater artemigérature (>250°C)

hydrothermal fluids during chert deposition.
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Detrital contamination is commonly observed in severaitd@nples from the four
depositsespeciallyenrichments in particular elements such as Sr, Th, Ga, Sc and Zr combined
with petrographic evidencesid SEMEDS analysis. Thus, presence of apatitechext band
(Fig. 3.7B) may account for elevated Sr ardvilues, thgpresence of carbonates may account
for the elevated Sr values, theesence of clay minerals may account for elevated Ga and Th
values, as well zircon may account for the enrichment in Zr and monazite {BigT8.7C, D)
(Gourcerol et al., 2015a). These enrichments may represent variable detrital inputs during
deposition of the contained chert (Gourcerol et al., 2015a) and will significantly affect the
REE+Y systematic patterns by yielding flatter patéoompared toamples without detritl
contamination), as well as chondritic values of the Y/Ho ratios (Gourcerol et al., 20iHa).
noted that no specific distinction between primary versus secondary apatite has been established

in this study.

Secondary (versyzrimary) chemical featuresf few chert samples can also be pointed out
by studyof the REE+Y patterns as demonstrated by: (1) a depletion in HREE relative to LREE
associated with positive La, Y and Eu anomalies (e.g., AM8330 and AMB126232 from the
Meadowbank area) due to peese of garnet (Fig. 3.7E) associated with the amphibolite facies
assemblageconfirmed petrographically3ourcerol et a).2015a); as well as (2) a pronounced
depletion in LREE relative to HREE suggesting presence of late carbonates (Gourcerol et al.,
2015a) such as ankerite illustrated in the Musselwhite area by samples E599655 and E599668

and confirmed petrographically (Fig. 3.7F).

Some samples from the Meliadine district (i.e., most of samples from Pump3Biélom
Discovery) as well as the Musselwéharea (i.e., E599656 from the 4B, E599660, E599665 and

E599666 from the 4EA) shodepletion in LREE relative to HREE associated with positive Eu
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anomalies but differ from the bulk of samples by a lower Y/Ho ratios than chondritic values (i.e.,
27) correfited with negative La and Y anomalies. Thus, this may likely reflect precipitation from
high-temperaturéT) (>250°C) hydrothermal vent fluid with mixing of seawater with another

influencesuch as Fe@xyhydroxides

The comparison of chert and adjacent gadgands from the Beardmo@zraldtondistrict
does not showa notable differenckom other BIF samples in this study which suggests
therefore the same type of process (i.e., seawater interaction witi higdrothermal fluids and
variable detrital comtmination) during jasper deposition. In detail, jasper bands exhibit, in
general, higher Fe, Tiand V and lower Si contents than chert bands which is consistent with the
presence of hematite within “chert groundmass” as confirmed by petrographic study. In addition,
it is noticed that on average, the associated chert bands show higher Eu anomalies than the jasper

bands which suggest a greater influence of-fiigtydrothermal vent fluids during its deposition.

3.7.2Assessing the influence of higltemperature hydrothermal fluids

TheREE+Y patterns, foall the chert samples from the Meadowbank, Meliadine,
Musselwhite and Beardmofgeraldtongold districts record the influence of higgmperature
hydrothermal vent fluids (>250°C). In this section, we explore the relative importance of the
hydrothermal input during chert precipitationpart by calculating binary mixing lines between
a modern seawater composition from the North Pacific (Alibo and Nozaki, 1999) and a
hydrothermal fluid. Shibuya et al. (2010) suggested Archean greenstone belt hydrothermal fluids
were SiQ-rich, Fepoor, and highly alkaline in character which contrasts with thecheand
acidic nature of modern hydrothermal fluids. Consequently, to more accurately constrain the

Archean conditions, 2.7 Gabrecciated chert sample (i.e., 06PCTO001M; Thurston et al., 2012)
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characterized byraoverall hydrogeneous REE+Y signature associated vgitftoag positive Eu
anomaly (Eu/Eufug = 30.01) was chosen over modern Righydrothermal fluids to illustrate

the hydrothermal influence in an Archean greenstone Tiak.sample suggests a very close
linkageof this chert with a hydrothermal source (Thurston et al., 204@e that this high

Eu/Eu* sample does not display the most likely contaminating phases ageochemical

filtering for sulfides, felsic ash and phosphates (Thurston et al., 2012). The Eu/Sm and Sm/Yb
ratios are quantitative measures of the strength of the positive Eu anomaly and the flatness of the

pattern that characterizes the hydrotherfioad (Fig. 2.5).

According to Shibuya et al. (2010), Archean hydrothermal fluid was highly alkaline due to
presence of calcite in the sea floor alteration minerals based on-@@igioncentration in
seawater/hydrothermal fluid. Among other factors, ltlgdrothermal fluid chemistry is controlled
by oceanic crust composition, pH and redox conditions. The Great Oxygenation Event at ca. 2.4

Ga would have rendered seawater more oxic (e.g., van Kranendonk et al., 2012).

Most of the samples in this studylfah the mixing line despite some exhibiting high Sm/Yb
ratios (Fig. 3.8). The Sm/YDb ratio is particularly sensitive to the presence gbtagsure
residual metamorphic phases, such as amphiboles and garnets, which may overprint the primary
geochemicalignature of the BIFs. For example, in the Meadowbank area (Fig. 3.8A), three
samples are located above the mixing line (i.e., AMB231 from Central BIF; AMB.28330,
AMB-128331 and AMB128332 from West IF) and correspond to samples selected in the
southen part of the property affected by amphiboléeies metamorphism. In the Musselwhite
area (Fig. 3.8C), samples from the 4F and 4EA facies also lie above the mixing line and are
explained by presence of garnets. For most of the samples, the positimptEfssalong the

mixing line reflects the strength of the seawater signature.
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In the Meadowbank area, samples from the Central BIF suggest an input from tfie high
fluid of 1-11%, versus 36% for the East BIF and 6% for the West IF (Fig. 3.8A). It is tex
that samples from the southern part of the West IF show a very low component of hydrothermal
fluid based on their flat REE patterns. In the Meliadine gold district, most samples record a
moderate hydrothermal influence-3% for the Discovery zone;28% for the FZone, 322%
for the Pump depogituring chert precipitation (Fig. 3.8B). In the Musselwhite area, input from
the highT fluid was generally low during chert formation al 5% for the 4Bacies 4-7% for
the 4 facies 2-11% for the 4EAacies, and 05% for the 4Hacies(Fig. 3.8C). The 4F samples
seem to record more restricted influence of hydrothermal fluids, which is consistent with a
slightly more positive Eu anomaly. And finally, in tBeardmoreGeraldtongold district, the a
type BIF aracterized bgniron oxiderich charactesuggests-22.5% of highT hydrothermal
fluid whereas the4bype (i.e., siltstoneich BIF) and etype (i.e., sandstonech BIF) record

respectively €6% and 06% (Fig. 3.8D).

These mixing diagrams may provide an indication of the locus of the depositional site
relative to the hydrothermal source vent: when the depositional site is near the hydrothermal
source vent, samples will be qualitativelgser to the higliemperature hydrothermal fluid end
member whereas when the depositional site is more distal, the samplesquilliceively
closer to the seawater entember. In this study, most of the studied samples hduesvthat
UHIOHFW EHWZHHQ -femp&vaRure hydroth&rmialLfldid input which may define a
generalateral distance for the depositional site for Algotyize BIF from the hydrothermal
source ventKamber et al., (2014) have used the slope ®RERE+Y plot (Pr/Yb) as a proxy for
water depth but given the lack of persistent alstigke sampling, we do not attempt this sort of

analysis.
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3.7.3Sources and influence of detrital contamination

Most chert samples from the Meadowbank, Meliadine, Musselwhit@aadtimore-
Geraldtonareas show the influence of detrital contamination, as illustrated by flatter MUQ
normalized REE patterns (Pr/§oa 8 FKRQGULWLF < +R UDWLRV sL H <
of REE+Y concentration. Despite normalization to MUQ, which is used to minimize the detrital
influence in chert, some samples clearly still reflect a detrital composmbich indicates
therefae, thatan important part of chert genesis and its study is a key to understanding the
depositional setting for Algomiype BIF. Detrital contamination may be present in chert as
single mineral phases, such as phosphates, clays, and/or resistant if@rgerascon,
xenotime, etc.), all of which induce a range of effects on the REE+Y patterns depending on their
modal abundances (Gourcerol et al., 2015a). In order to assess the various sources of detrital
contamination, a combination of ternary (Lb-Sc) and binary element (Cr/V and Y/Ni) plots
are used (Fig. 3.8). The {Eh-Sc ternary diagram was introduced by Bhatia and Crook (1986) to
distinguish different provenances for turbidite sequences, the metabasic contamination
represented by higher Sc, detkic volcanic and clastic contamination by higher La and Th. The
Cr/V ratio reflects enrichment of Cr over other oxides, whereas Y/Ni reflects the level of
ferromagnesian input compared to HREE. Ultramafic and tholeiitic sources tend to have higher
Cr/V and lower Y/Ni ratios, whereas felsio mafic sources of calalkaline rocks in general
have lower and higher values, respectively. In order to assess these diagrams, representative data
for komatiitic and andesitic volcanic rocks are shown in the biplatg in Figure 3.8 for

reference.

In the Meadowbank area, the I&-Sc plot suggests most samples represent a metabasic

source for the detrital contamination (Fig. 3.8A). For samples AM8330, AMB128331 and
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AMB-128332 from West IF, the flatter MUGQomalized REE patterns suggest more felsic to

mixed (i.e., felsic to maficsources. It should also be mat that sample AMB 26241 from East

BIF is close to the mixed source domain and could also reflect bimodal contamination. Samples
AMB-126223 and AMB126231 from the Central BIF are located within or beyond the

metabasic domain and could reflect metabasic clastic contamination associated with an external
source and could reflect addition of volcanic ash during deposition. This hypothesis is supported
by the high Zr concentration in these samples and also the positive correlation between Th and
Zr in the Central BIF (f = 0.85). The Cr/V and Y/Ni plot confirms the presence of ultramafic
clastic contamination for the bulk of samples from the Meadowbank area and a mixed source for
AMB-126241, AMB128330 and AMBL128332 and felsic to intermediate calkaline source

for sample AMB128331 (Fig. 3.8B). For AMBR 26231, which is also located in the mixed

source region of the plot, this confirms the presence of niml@sh in chert bands affected by
ultramafic clastic contamination and suggests that the lower content of Zr iIR1IRGER23 was

not enough to overprint the ultramafic clastic contamination.

In the Meliadine gold district, the L&h-Sc plot suggests a metaic clastic contamination

(Fig. 3.8C) for all the samples which is confirmed by the Cr/V and Y/Ni plot (Fig. 3.8D).

In the Musselwhite area, the Od-Sc plot suggests a metabasic clastic contamination for all
the samples except for one sample (E599667) which may reflect some felsic clastic
contamination (Fig. 3.8E). It should also be noticed that a group of 4B samples differs from the
majority of the other samples by their moderate La values. The Cr/V and Y/Ni plot confirms
ultramafic clastic contaminatn for most of these samples and a felsic a#keline clastic
source for E599667 (Fig. 3.8F). However, for samples E599655 and E599668 from unit 4B,

which exhibit moderate La enrichment in the T&Sc plot, they show high Y/Ni ratios which
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could suggestontamination by a mafic cakldkaline source, such as basalt or gabbro, rather

than ultramafic contaminatidor these two samples.

In the Beardmor&seraldtongold district, the Larh-Sc plot suggests a metabasic
contamination for most dhe samples (Fj. 3.8G), with some exceptions: (1) sample BGQ04-
from the etype BIF, which may reflect either granitic gneiss contamination or a mixed source of
detrital contamination in the chert band. This observation is consistent with the enrichment in Th
and Zr observed in this sample (cf. REE+Y systematics s¢céind (2) sample BGO06B from
the btype BIF shows higher La and Th concentrations than other samples fs@hRland may
reflect either a mixed source of detrital contamination which is consistgnitviand Ga
enrichments in this sample on®tabasic source with high La (cf. REE+Y systematics study).
However, these observations are not illustrated in the Cr/V and Y/Ni plot (Fig. 3.8H) which
confirms a mixed source of detrital contamination for B&Q0 in which the felsic influence is
much lower than the mafic contamination, and probably a metabasic source for BG@A@6B

its high La, Th and Ga values.

In general, a component of ultramafic clastic contamination is illustrated for the four
deposis and is consistent with the Keewaatratigraphy (e.g., Lawson, 1885; Thurston and
Chivers, 1990jor Algomatype BIF deposition and therefore the most important clastic
contamination is likely komatiite and tholeiitic material. Moreover, local volcanic ash and some
felsic to intermediate calalkaline clastic material in addition to felsic to mafic ealkaline

clastic contamination are suggested for the Meadowbank and Musselwhite samples, respectively.
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3.7.3.1Assessing the detrital contamination input

To estmate the degree of influence of the detrital component within BIFs, a conservative
mixing line was calculated using seawater samples selected in the North Pacific from Alibo and
Nozaki (1999) and the MUQ composite as-emeimbers and using the (Pr/INdy ratios as a
measure of the flatness of the pattern and chondritic values of Y/Ho ratio characteristic of detrital
contamination (Fig. 11). The MUQ end member represents a perfect example of the influence of
detrital contamination within an Archean greenstbelt as the mud represents a basaltic
provenance with minor felsic volcanic input. Befdiscussing these plots, it is noted that the
bulk of the samples lie just below the calculated mixing line, which represents the high
temperature hydrothermal inpiat the samples. In the following discussion, the percentage
values should be considered to represent the relative influence of the end members rather than

guantitative measures.

In the Meadowbank area, samples from the Cedtral) V X J BHLOOM, e EABIF §
50- DQG WKH :30-Y008% detBtal influence during chert precipitation suggesting that
East BIF and West IF are the BIFs most affected by detrital contamination in the Meadowbank
area (Fig. 3.10A). The East BIF shows more hydrothermalanéle than the Central BIF and
West IF samples, which is consistent with where samples plotted in FigureAll.g8#ese
samples are located either on the mixing line or below it, which suggests the influence of a
detrital component, a seawater influenod also a higltemperature hydrothermal fluid input

during precipitation of the chert bands.

In the Meliadine gold district, some samples differ from those from Meadowbank by their

lower Y/Ho ratios, which are mainly observed in the Pump samples and02&bnd MEL038
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from Discovery (Fig. 3.10B). Considering only samples located on or directly below the mixing
line, Discovery samples suggestsBiD%, FZone samples 6500% and the3 XPS VDPSOHYV 8§
85-95% detrital influence during chert precipitation. Aétsamples from the-Zone and most

from Discovery (except ME025 and MELO38)are located either on or below the mixing line

which suggests the significant influence of a detrital component, seawater influence and high

temperature hydrothermal fluid input during precipitation of chert bands

In the Musselwhite area, as in the Meliadine gold district, some samples differ by their low
Y/Ho ratios mainly observed in the 4B, 4EA andfd&ies Considering only samples located on
or directly below the mixing line, the detrital influence during chert precipitations is estimated at
40-100% for 4B, 80:00% for 4E, and @5% for 4EA (Fig. 3.10C). Based on these
observations, the 4EA seems to beldtivelyless affected” by detrital contamination than the

other fates and 4B the most influence of hydrothermal fluids.

In the Beardmor&seraldtongold district, samples from thetgpe BIF suggest 600%
detrital contamination, samples from théype BIF indicate 58.00% and finally samples from
the ctype BIF suggest 6300% detrital influence during chert and jasper precipitation (Fig.
3.10D). The a&ype BIF appears the least affected by detrital contamination and is consistent with
the nature of band etype BIF which are intercalated, respectively, with siltstone and sandstone

layers.

The percentage of detrital contamination discussed is indicative of the general degree of
contamination allowing a comparison of the different chert samples as most of the samples
SsKRZLQJ § 084 F R (@Wtbemiixind veéndRI€) show aseawater signature based

on their positive La and Y anomalies and REE fractionation patterns. Thus, this treatment
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confirms that a small amount of clastic detritus in the chert bands is sufficient to dominate the
bulk REE signature of the cheds proposed by Gourcerol et al. (20158¢ also note that we
have previously documented the effects of small amounts of detrital apatite, xenotime, zircon,

and garnet on REE+Y plots (Gourcerol et al., 2015a).

Focusing on samples from the Meliadine gaktritt and Musselwhite area that show low
Y/Ho ratios (Figs3.10B, C), it is suggested that another factor and/or environmental control
may be involved which is not considered in the mixing model above. In this case, we note that
the fractionation between Y and Ho during particle scavenging tox¥@ydroxides (rather than
Mn-oxyhydroxides in an Archean context) may explain the Y/Ho rédiwsrthan chondritic
values based on the experimental observations of Bau (1999). In this latter work it was shown
that scavenging of REE+Y can occur in a restricted environment aogyRgdroxide REE+Y
patterns can display less positive or even negative La and Y anomalies associated-typie a M
lanthanide tetrad effect (Masuda et al., 1987). These observations are consistent with the good
correlation noted in this study between the low Y/Ho and negative La and Y anomalies observed
in the chert samples. Therefore, it is suggested the REE and trace element chemistry of the
studied chert samples may illustrate the iafice of coeval precipitation of Feyhydroxides in
a restricted basin isolated fraecharge fronan open ocean. In such a case,isb@tionof such
a basin from open seawatefluence is reflected in the chert chemistry that inherits a chemical
signatre which in part is due to scavenging of REE+Y by contemporaneemsyfhgdoxides

(e.g., Kawabe et al., 1999; Bau, 1999; Minami et al., 1998).

3.7.4Mechanical versus biological processes controlling chert precipitation

As previously suggested, some of the islgihe and Musselwhite samples may reflect a
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primary signature derived Iscavenging by Fexyhydroxide particulate matter in a restricted

basin isolated from seawater influence (i.e., low Y/Ho ratio associated with negative La and Y
anomalies; Bau, 1999)he precipitation of Fexyhydroxides in Archean seawater can be
explained both by mechanical and biological processes considering that seawater was devoid of
free oxygen (e.g., Konhauser et al., 2005; Shibuya et al., 2010; Fig. 3.11). In the mechanical
process model of Shibuya et al. (2010), a dynamic pH modification during the mixing of

alkaline, SiQ-rich and Fepoor hydrothermal fluids with acidic to neutral, siksaturated, Fe-

rich Archean seawater causes precipitation 8f ffem Fé&*-rich seawater as well as silica under

anoxic conditions (Figs. 3.11A, 3.12). This process is illustrated by reaction 7:
AFE"+8H2 © )H22+ ,+H8H (7);

In contrast to the former model, the biologipabcess model (Fig. 3.11B) of Konhauser et
al. (2005) refers to biological oxidation of#Fevhich occurs in ocean bottom waters near the
seafloor by photoautotrophic bacteria. §model can be divided into two stages (i.e.,

photoautotrophic activity and sedimentation), described below.

Initially, photoautotrophic F& is oxidized by bacteria, which results in formation of Fe-

hydroxide (reaction 8; Posth et al., 2013):
AFE" + CO+ 11H, 2 : & 30 + 4Fe (OH)+ 8H' (8);

Sedimentation of these Fgdroxides (e.g., ferrihydrite) occurs at the bottom of the water
column and during formation of the oxide bands, the Fe:C ratio changes and produces an excess
of Fe(lll) in the sediments, which léato preferential mobilization of fermentation products

relative to Fe(lll) and results in precipitation of hematite (reaction 9; Posth et al., 2013):
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2Fe(OH} : ) HO; + 3H,0 (9);

Moreover, if a biomass is present in the environment, the hematite traed to siderite

or magnetite through the reactions below (10) and (11):
2Fe03+ CH,2  + 2 : ) Hs&BFE" + 60H (10);
6FeO;+CH, 2 : ) kO, + CO, + HO (11),

In order to explore the potential role played by the presence atyferdroxides on chert
geochemistry, mixing lines were calculated based on the Alibo and Nozaki (1999) seawater
composition, Feoxyhydroxide precipitates, and graphitic mudstone from the Meliadine gold
district (i.e., the KMG unit) as end members using the Lajbg’and Y/Y*uuq ratiosastheir
polarity reflects respectively seawat@ominated or F@xyhydroxidedominated precipitation.

The results are summarized in Figure 3.13. In detaig¥yydroxide precipitates produced

under experimental conditions in both a restrictedrenment from acidic seawater (Bau, 1999)

and from alkaline solutions (Kawabe et al., 1999) are used for comparison. The KMG samples
are graphitic mudstones and may represent a carbon reservoir that reflects biological oxidation of
Fe*and which showlow Y/Ho ratios associated with negative La and Y anomalies, hence

having a chemistry consistent with formation in a restricted basin (Table 6).

The distribution of samples from the Meadowbank area &igA) illustratesthe
domination of gprimaryseawatesignature despite the fact that interaction with Fe
oxyhydroxides is highlighted by positive variations of La and Y anomalies #hemgixing
lines. Within an open seawater system, it is difficult to attribute formation abfylydroxides

to either pH wariation or biological oxidation in an environment devoid of oxygen. Nonetheless,
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pH variation is strongly suggested as a result of seawater and hydrothermal mixing (i.e., acidic
versusalkaline; Figs3.8A, 3.12A). In contrast, the biological influence, as illustrated by the
presemce of a carbonaceous argillite (i.e. KW sample}, appears to have generated weak Y
enrichment. Therefore, samples from Central BIF and East BIF suggest a combination of pH
variation and biological processes, whereas thet Wesuggests mainly pH variation for+e

oxyhydroxide precipitation.

In the Meliadine gold district, the bulk of samples are also located in the seawater domain of
Figure3.13B (blue dashed box) except for samples showing negative La and Y anomalies (i.e.,
from Pump and MEL025 and MEL028),for which Fe-oxyhydroxide dominates the primary
signature. In detail, three trends are observed: (1) interaction along or slightly below the mixing
line with samples from Bau (199%yhich reflecs acidic pH with variale biological influence
(i.e., mainly FZone); (2) interaction alongraixing line with samples from Kawabe et al.,

(1999) which reflect slighthneutral to alkaline pH (i.e., Discovery); and (3) interaction along
the mixing line with KMG samples in the e dashed box (Fig. 3.13B). Thus, two
mechanisms for precipitation of Eeyhydroxide are proposed for these samples: (1) influence
of dynamic pH between alkaline hydrothermal fluids and agidigtral seawater; and (2)
biological oxidation of F&. Moreover, samples associated with group (3) suggest deposition in

a restricted basin under a biological influence.

In the Musselwhite area, three groups are illustrated in Figure 3.13C: (1) a group of samples
reflecting interaction of seawater with Bayhydraxides (i.e., positive La and Y anomalies); (2)
a group of samples illustrating domination ofdse/hydroxides on the primary signature (i.e.,
E599656 from 4B; E599660, E599665 and E599666 from 4EA) and which are closely associated
with the KMG-seawater mixg line; and (3) a group of samples showing weak negative La and
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Y anomalies associated with low Y/Ho ratios and which are similar taxiAeydroxide samples
from Bau (1999) (i.e., E599670 and E599671 from 4B; E599657 and E599658 from 4F and
E599652 from 4E). The first group of samples reflects interaction of seawater with Fe-
oxyhydroxideand domination of the primary signature by seawater as previously seen for
Meadowbank and Meliadine and may reflect variable pH conditions. The second group of
samples ritects domination of Fexyhydroxide on the primary signature associated with
biological oxidation. Finally, the third group of samples may represent domination of the
primary signature by Fexyhydroxides precipitated under conditions similar to thoser thes!

by Bau (1999) and involving acidic pH.

Samples from the Beardmo@eraldtongold district, in which hematitic inclusions in jasper
bands are presumed to reflectdsghydroxide precipitation in chert bands, show interaction of
seawater with Fexyhydroxides (Fig. 3.13D) and domination of the seawater influence on the
primary signature of chert and jasper. Most of these samples show correlation with the Fe-
oxyhydroxides from Bau (1999), which were obtained experimentally from acidic seawater. It is
noted that three samples from theaad btype BIF fall below the mixing line of seawater with
KMG which may reflect interaction of seawater withdehydroxide precipitated under

biological influence.

3.7.4.1pH condition relationships

In modern hydrothermal sysns, pH and redox conditions of high temperature
hydrothermal fluids are strongly buffered by the mineral assemblage of plagioclase + epidote +
anhydrite. This process maintains the value of pH around 5 (as confirmedibypH

measurements of deggahigh temperature hydrothermal fluid) (e.g., Ding et al., 2005). In the
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Archean, it appears that calcite (rather than anhydrite) and igneous plagioclase precipitated due
to extremely low sulfate concentration in the seawater (Kump and Seyfried, 2005)isggges
that CQ concentration in the Archean hydrothermal fluid was high enough to precipitate calcite

compared to modern basalbsted hydrothermal fluids which have £ to 0.02 mol/kg.

By calculation, Shibuya et al. (2010) demonstrated that, in thisratibuffered system, the
minimum pH insitu depends on CHand the CQ@of a hydrothermal fluid in the early Archean
is considered to be at least 0.2 mol/kg. This condition gives highly alkaline-gitti ({»10)
because the presence of calcite keeff$ @ay low in the hydrothermal fluid as opposed to the

modern equivalent.

In parallel to what has been already discussed, several related studies have suggested that
given the anoxic character of Archean seawater, the sbamalized REE+Y patterns for
Archean seawater differ from the modern seawater based on the behavior of Ce which shows a
well-developed, negative Ce anomaly in the latter due to oxidation'df@€e™ in the
stratified water column resulting in preferential removal onteRdioxyhydroxdes, organic
matter, and clay particles (e.g., Kawabe et al., 1999; Bau and Koschinsky, 2009; Planavsky et al.,
2010). However, Bau (1999) experimented with the scavenging of dissolved REE+Y by
precipitating Feoxyhydroxide in a restricted environment at pH values ranging from 3.6 to 6.2
and ambient oxygen content (i.e., oxic conditions) and demonstrated that pH has a more
important effect on Ce than oxygen in presence oRH&r-K\GUR[LGHY 7KXV DW D S+ 7
scavenging of Ce is favored in the presence af¥drydroxide and generates a positive Ce
anomaly (Fig. 3.14 DQG LQ S++ 5(( < VIVWHPDWLFV VKRZV D QHJDYV
with an Mtype lanthanide tetrad effect (Fig. 3.1%herefore, we only consider Ce anomalies to

be significant withrespect to oxygenation status when open basin conditions prevail.
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Based orthe above, samples for Pump, MBR5, MEL-028 and the second group of
samples from Musselwhite (previously described in this section) reflect deposition in a restricted
environmem, andshow negative Ce anomalies that may reflect precipitation at a pH >5. As the
KMG samples also show negative Ce anomalies (Ceféee* 0.140.47), this suggests their
formation at pH>5 and, therefore, that samples from Pump, MEBE, MEL-028 and thesecond
group of sample from Musselwhite may reflect domination of the primary signature by Fe
oxyhydroxides formed by biological processes. It is noted, however, that in an open system the
Ce anomaly has to be used with some caution as biological processes appears to drive the binary

mixing lines of pH variation to the right on Fig. 14, which suggests Y enrichment.

3.7.5Influence of postdepositional events on primaryisotopic and trace element signature

of the chert

It is now recognized that pedepositionaprocesses (i.e., diagenesis, metamorphism,
hydrothermal fluids) have negligible influence on the REE+Y composition in BIF (e.g., Bau,
1993; Bau and Duslki, 1996; Bolhar et al., 2004; Webb et al., 2009; Thurston et al., 2012), which
is further supported e results of this study. However, in contrast to $tability, the results
of recent microanalysis of the oxygen isotopic signature of chert from BIF ussig BIMS
measurements (e.g., Marin et al., 2010; M&arbonne et al., 2011, 2012, 2013, 2014; Robert
and Chaussidon, 2012) have demonstrated thatdepstsitional perturbation of the primary
/*®0 signal is variably developed in samples. In order to further evaluate such modification, we
have also undertaken similarsitu 6 , 0 680 analysis bcertain of our chert samples used for

the trace element work to track such modification and assess its relevance to the present study.

For the purpose of also assessing the influence ofdepsisitional processes on cherts, the
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/®0 values were deternmed on three selected chert samples from the Meliadine area. The
UHVXOWYV RI WKH R[\JHQ LVRWRSLF VWO(V@INeS/OQL]stlM/W PRGL
oxygen isotopic fractionation due to dissolution of precursor amorphous silica during diagenesis;

ard (2) an open system until sealing of the clsgdtem occurred which avoids an increase of the

%0 chert through the combined effects of dissoluficecipitation and isotopic fractionation

(as discussed earlier in this section).

The fractionation of oxyen isotopes is temperatwsensitive and thus it may be used as a
means to assess the temperature of the fluids mediating the reaction process whereby opal is
converted to chert. Thus, in order to address the potential influence -afgpositional fluid
and to define the intensive parameters associated with the replacement process, we have
undertaken modeling using the equations of Taylor (1998). Fomthikave assumed the
primary amorphous silica had/#0 = +27%. (Marin et al., 2010) and that it reacted to form
FKHUW Z L0taluéshbr@edn +6.6 to +19.1%. by interacting with fluids. For the latter, we
useIRXU GLITHUHQW U H?DEdM D,G,J10 end L53%3p repredent seawater thigh
to metamorphic fluid valuest variable temperature (30° to 40Q0Hbefs, 2009)These results

are summarized in Figu®15and form the basis of the following discussion.

YRU D 10 X'¥0g,0Z10%4 e/, ocean water), the modelling suggests-éghperature
(>100°C) interaction of fluid with amorphous silica is required to obtlik H REVHUSHG FKHUYV
values (i.e., +6.6 to +19.1%o). It is accepted that the Archean oceanic temperature was around
70°C (e.g., Knauth and Lowe, 1978, 2003), but hgladues are not realistic. Thus, for the
parameters discussed above, it is unlikely that Archean seawater interacting with original opal

could produce the observet?d valuesn the chert samples (Fig. 3.15A).
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YRU D 10 X'¥Og0XalMexof+5 and #0%0, the modelling suggests that temperatures
>200°C and >250°C, respectiveligs.3.15% & DUH UHTXLUHG WR D¥FRXQW IR
chert values of between +11 to +19%o, which represent 80% of the dataset. These temperatures

would equate to the oesof metamorphic conditions (i.e., zeolite facies) and require deep burial.

JLQDOO\ |RU BDbe=xH1 %o, ZHe\akaneters used in the modelling do not
provide any plausible scenarios to explain W KH R%D¥kvalves! Fig. 3.15D)The hgher
WHPSHUDWXUH L H +« f& D'¥DGoEvyH¥%RaR tSDpREHWHUYV
metamorphic fluid, as documented for regional metamorphism or orogenic gold mineralization
(e.qg., Taylor, 1974; Goldfarb et al., 2005), which has been implicated by Marin et al. (2010)

where chert has the appropriatéO/values.

,Q VXPPDU\ DOW K R*® J&lu¥¥ kekorel By-tberts (i.e., from +6.6 to +11%o)
may be interpreted as evidence for af@hean seawater, it is unlikely that such fluids could
peretrate the crust and be heated to the necessary temperatures (i.e., 100° to 400°C) and not
exchange with the host rocks and thus have th&d signature modified to higher values. For
these reasons, such a singular fluid model is not considered a viable explanation for the observed
UDQJHV ageW MW /I WKH RWKHU H[WUHPH0OB ¥+18%¥aubU PRGHO X
UHTXLUH YHU\ KLJK WHPSHUDWXUHV $ FRPSIORPILMH LV WKHU
which may represent fluid present duringgknesis, essentially an isotopically modified down
ZHOOLQJ DQG KHDWHG VHD ZDW HUDMR B%s.ArHids odel. Be ZLWK DQ |
*®0qnertrecords both a change in the reacting fluid as it interacts with the crust and also as it
heats up. Tis fluid chert interaction would proceed until the system was essentially sealed. This
hypothesis is also supported by the fact that REEs and trace element concentrations in chert

bands do not show resetting of their primary signature (as seen prewots$ypaper)
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suggesting that a fluid with very low concentration of REEs and trace elements was responsible
for conversion of opal to chert. The chemical data for the ambient seawater, which show a range
of REE concentration normalized to MUQ betweeHt®@0® (Fig. 25), would therefore satisfy
WKLV UHTXLUH P H &o/wdluesCorlcherZckang Whérdas their REE+Y systematic do

not.

3.8 Conclusiors

Chert bands sampldtbm BIF horizons in four gold deposit settings in Canada
(Meadowbank, Meliadi®, Musselwhite and Beardmore Geralgtaereusedto validate the
restricted basin model for BIF proposed by Barrett et al. (1988a) in which seawater is not
considered to have been of uniform chemistitye use of irsitu LA ICP-MS analyses obtained
via a traverse mode on carefully selected chert bands withiBiEhesing appropriate analytical
protocols provide quantitatively meaningful data at low detection limits (i.e., to 0t@@OQA01
shalenormalized values). The consistency of the patterns notidasi study indicates,
importantly, that primary chemical signatures have been retained within the seleatted
materialdespite several poftrmation deformation and metamorphic evemisome case®
amphibolite facies. In contrast to the traceraat chemistryin-situ D Q D O \ \ViOundRchtés
the cherts record extensive oxygen isotopic exchange during conversion of primary opal to
microcrystalline silicaBased on detailed REE+Y geochemistry and petrograides the

chert bands are interpretedrédlectthe folowing:

1. Most samples from the four deposits record the influence of seawater
during precipitation, as illustrated by depletion in the LREE relative to the MREE

and HREE with associated positive La and Y anomalies. These chemical features
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suggest depositioin either a partially closed basin under the constant influence of
seawater or within an open seawater system.

2. The influence of higltemperature (>250°C) hydrothermal vent fluid
during deposition is reflected by a positive Eu anomaly. Importantly, uggested
here that this anomaly may provide indirect information about proximity to the vent
and thus important information about the deposition site for BIF; thus, the stronger
the Eu anomaly, the closer to the vent site. The influence of a detritalsnput
illustrated from petrographic and SEEDS imaging by the presence of apatite,
xenotime and zircon grains that occur disseminated in chert bands, in addition to the
enrichment in the REE, elevated chondritic Y/Ho values and variably elevated values
for Th, Ga, Zr, Sc and Sr. Furthermore, an evaluation of chemical contamination
from ultramafic (i.e., komatiite or tholeiite) and minor volcanic ash and felsic to
intermediate caledkaline clastic material is consistent with the stratigraphic
proportions ina Keewatin sequence model for Algotyae BIF deposition (e.g.,
Thurston et al., 2008).

3.  Domination of the primary signature by particle scavenging by Fe-
oxyhydroxide phases, as revealed by negative La, Gd and Y anomalies in some
samples from the Meliadirend Musselwhite areas, suggest BIF deposit occurred in
a restricted basin environmemtyolving no REE+Y recharge from the open ocean
to reequilibrate the REE+Y budget. The-Bryhydroxides, rather than Mn
oxyhydroxides, are favoured due to the presumably anoxic deep Archean seawater
setting, as Mroxyhydroxides precipitate in the presence of oxygen and dissolve

through the anoxic water column; the latter is common in modern oceans which are
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more oxic than their Archean precursors (e.g., Kawabe e98B; Bau and
Koschinsky, 2009)

4.  The negative Ce anomalies in some of the chert samples indicates
precipitation of Feoxyhydroxide occurred at a pH >5, most of the cherts from the
four deposits studied have positive Ce anomalies and may reflect precipatiatio
pH <5. This conclusion suggests that Archean hghperature hydrothermal vent
fluids from which oxyhydroxides originate may represent an alkaline hydrothermal
fluid, as proposed by Shibuya et al. (2010).

5.  Lastly, an insitu detailed study of'fO for three chert samples from the
Meliadine gold districsuggests thde Q 1 O X H Q F H®,03> 0 10 ¥%. @t High-

temperature (>100°C) during diagenesis within an open system, as illustrated by

PRGLILFDWLRQ RI WKH SUHPX#u¥ Bausdd ByRoky§dhRsitvpia/ L O L F D

fractionation due to dissolutigorecipitation processes. However, it is noted that
FR QW U D U%0 WaRed\tKeHREES and trace elements are not modified as the

reacting fluid, of sea water origin, is characterized by {@yREE concentratics
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3.10 Figures and captions

Figure3.1:
Field and
laboratory
photographef
BIF to show
the nature of
sampling used
in the study
(A) Outcrop of
BIF in the
Meadowbank
gold area. The
inset is a close
up to illustrate
the nature of
the chert and
magnetite layeng; (B) Polishedthin sectiorof chert (Qtz) and magnetite (Mt) layers made from
the previous sample. The black sdirtk represents the line traverse done during LA-M¥®
study; and C) Backscattered electron image from the SEM illustratinglitteetraversg(upper

right corner) done in thehert(Qtz) band
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Figure3.2: MUQ - normalized REEY patterns for BIFhosted cherts from samples in different

parts of the Meadowbank area: (A) Central BIF, (B)tBdE, and (C) West IF.
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Figure3.3: MUQ - normalized REEY patterns for BIFhosted cherts from samples in different

parts of the Meliadine gold distriafA) Pump, (B) FZone, and (C) Discovery.
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Figure3.4: MUQ -normalized REEY patterns for BIFhosted chert from samples in different
parts of the Musselwhite area: (A) 4B®xide dominant facies excluding sample E599656, (B)
4E - garnetiferous amphibolite samples, (C) 4Edarnetgrunerite samples excluding samples

E599660, E599665 and E599666, and (D) bietite-garnet schist samples.
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Figure3.5: MUQ - normalized REERY patterns for BIFhosted chert frorsamples in different
parts of theBeardmoreGeraldtongold district (A) atype- iron oxiderich type, (B) btype-
siltstonerich type, and (C)-type- sandstoneich type. Note that the lettering refers to chert (C)

and jasper (J) types of silica &g.
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Figure3.6: Variation L Q WPRWélues ersus analysis number for cheamplesrom Meliadine

gold district: (AMEL-008, (B)MEL-016,and(C) MEL-033.
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Figure3.7: Backscattered electron image from the SEM for different-BoSted chert samples
from the Meadowbank and Musselwhi{@) an example of line traverse done in a chert band
during LA ICRMS analysis (from E599668); (B) example of madanclusions in a chert band
which includes anhedral apatite (Ap), euhedral pyrite (Py) and variable subhedral to anhedral
amphibole (Amp) (from AMB126247); (C) subhedral chlorite (Chl) and amphibole (Amp)
grains surrounding subhedral @uhedral zircon (Zrn) graims chert band (from AMBL26231);

(D) subhedral to euhedral grains of chlorite (Chl) with an inclusion of euhedral zircon (Zrn) in
chert band (from AMBL26223); (E) traverse line in centre of the image done in a chert band at
the edge of a gaet (Gr) band (from AMBL26232); and (F) ankerite (Ank) surrounding

subhedral apatite (Ap) grains in a chert band (from E599655).
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Figure3.8: Binary plots of elemental ratioada (Eu/Sm and Sm/YDb) for aftesamplesn BIFs
from Meadowbank (A), Meliadine (B), Musselwhite (C), and Beardn@eealdton(D). These
plots are used to assess the potential influence ofhigydrothermal fluids on the chert
chemistry, as illustrated with the conservative mixing.IThe data for the high hydrothermal

fluid is from Thurston et al., (2012) and data for seawater is from Alibo and Nozaki (1999).
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Musselwhite area, and (G) and (H) from the Beardnt@eealdtongold district.

Figure3.9:
Trace element
plots (LaTh-
Sc and Cr/V
and Y/Ni) used
to constrain
the provenance
of detrital
contamination
in chert bands
from the BIF
localities
(respectively
modified from
Bhatia and
Crook, 1986;
and modified
from
McLennan et
al., 1993): (A)
and (B) from
the
Meadowbank
area, (C) and
(D) from
Meliadine gold
district, (E)
and (F) from

the



Figure3.10: Binary plots of Y/Ho versus and (Pr/Syo), for chertsampledrom the
Meadowbanlarea (A), the Meliadine gold district (B), the Musselwhite area (C) and the
BeardmoreGeraldtongold district (D) BIFs. These plots are used to assess the potential
influence of detrital contamination in the chert layers, as illustrated with the consemating

line. The data for the MUQ and seawater are from Kamber et al. (2005) and Alibo and Nozaki
(1999), respectively. The dashed arrow represents the influence of & hyginothermal fluid

and the grey square presented in Meliadine and Musselwhite represents the influence of Fe-

oxyhydroxides.






Figure3.11: Model of Algomatype BIF deposition on Archean seafloa) the mechanical

process model illustrated by progressive decrease of pHtlfr@silicachimney through the
seawater column; b) the biologigadocess model illustrated by oxidation of photoautotrophic
produced Fe(ll) follow by sedimentation of-Rgdroxide leading to fermentation and release of
Fe(lll). Several meters away froiimet vents, the emissions become white and turbid by
precipitation of the oversaturated silica; while with increasing distance from the vent, a cloud of
reddish brown particles of iron oxyhydroxides dominates hydrothermal plumes. In the vicinity of
the hydrehermal vent systems, the silica particles are predominant in the hydrothermal
sediments, but the iron oxyhydroxides are abundant with increasing distance from the vent

systems (modified from Konhauser et al., 2005 and Shibuya et al., 2010).



Figure3.12: Redox path for precipitation of eyhydroxide by mixing of acidic to neutral
seawater and alkaline hydrothermal flulds low temperature seawater setting. The black arrow
represents the mixing of agdseawater with F&in solution with alkaline hydrothermal fluids

which leads to precipitation of Fe(OH{)modified from Pufahl et al., 2013).



Figure3.13: Binary plots of Y/Y* and La/La* that illustraténe effect of Fesxyhydroxide
precipitationon the primary seawater signature of cherts from the Meadowbank area (A), the
Meliadine gold district (B), the Musselwhite area (C), and the Beard@eraldtongold district

(D). The blue dashed box represehis open seawater environment, whereas the purple dashed
box a restricted basin where the primary signature is dominated by particle scavenging. The data
for the Feoxyhydroxides are from Bau (1999) and illustrate d&>e/hydroxide precipitates from
expermental condition in acidic pH (purple rhombs) whereas the data from Kawabe et al. (1999)
reflect experimental results from solutions with neutral to alkaline pH with a variable influence

of NaCl solution (purple triangles). KMG samples (turquoise rhombs) Meliadine illustrate
microbial F&* reduction. Note that sample E599664 from 4F in Musselwhite is omitted due to its

low REE values which preclude calculating the Y/Y* parameter.



Figure3.14: Plotof MUQ - normalized REE+Y patterns for experimentally produced Fe-
oxyhydroxideprecipitates at variable pH values (data from Bau, 1999). The black arrow

indicates the increasing pH values.



Figure3.15: Diagramsummarizing the variation of calculated values'8®d.er using the

equations of Taylor (1978) and variety of appropriate stg@-*%0 fractionation factors

(Kawabe, 1978; Matsuhisa et al., 1979; Kita et al., 1985), as a function of temperature (30° to
300°C) and water/rock ratios for four reactih@ X LG V KOp¥d=®J+3, +10 and +15%o
(respectively A, B, C, and DJhe shaded area represents the rang&®ofvalues (i.e., +6.6 to
+19.1%o0) obtained for chertdm the Meliadine gold district. Note that the value of the initial

" 0cherwas assmed to be +27%o, which is the value of precursor amorphous silica in Archean

BIF settings (Marin et al., 2010).
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Table3.1: Abundances of elements and REE+Y damples from Pumim the Meladine gold

district

Samples MELO0O1 MEL002 MEL003 MELO04 MELO06 MEL007 MEL008 MELO09 MEL010 MEL011 MELOQ12
Si(ppm) 346900 397500 401100 338500 341200 430500 380800 395100 409800 330700 410800
Li (ppm) 0.114 0.219 0.564 0.433 0.233 0.219 0.377 0.205 0.110 0.405 0.261
Be (ppm)  0.019 0.026 0.033 0.048 0.023 0.028 0.025 0.021 0.000 0.066 0.024
Sc (ppm)  3.072 3.425 2.909 2.733 3.030 2.643 2.390 2.259 2.488 2.158 2.187
Ti (ppm) 6.900 3.170 4.770 2.920 3.040 2.720 4.030 2.590 2.430 3.480 2.660

V (ppm) 0.394 0.333 0.299 0.440 0.436 0.223 0.601 0.189 0.209 0.285 0.365
Cr (ppm)  2.750 3.470 4.100 4.730 4.650 4.130 3.020 2.550 3.880 4.130 6.670
Mn (ppm) 333 540 629 566 108 48.200 9.470 172 217 647 234

Fe (ppm) 5710 5690 5140 8450 2330 1240 335 402 1100 19240 1860
Co (ppm) 0.434 0.301 0.235 0.256 0.387 0.630 0.317 0.198 0.415 0.225 0.191

Ni(ppm) 10.000  7.200 2.520 3.110 5.900  10.100  9.400 7.900 6.900 3.800 2.780
Cu(ppm) 22.000 25400 13.800 12500 22.800  23.200  19.800  19.200  19.100 8500  10.800
Zn (ppm) 40.600  54.600  46.800  64.300  72.000  48.400  37.300  37.400  32.000  34.500  39.800
Ga (ppm) 0.119 0.182 0.321 0.219 0.196 0.201 0.468 0.118 0.188 0.147 0.161
As (ppm) 78.400  68.980  48.890  52.170  30.640  19.100  8.880  12.700  7.780 5.600 6.690
Rb (ppm)  0.061 0.162 0.062 0.074 0.058 0.069 1.830 0.076 0.049 0.035 0.037
Sr(ppm)  0.407 0.418 4.560 6.270 3.460 0.390 0.343 2.180 9.300 0.995 0.430

Y (ppm)  0.150 0.142 1.310 0.699 0.238 0.308 0.106 0.124 0.306 0.663 0.105

Zr (opm)  3.970 0.160 0.492 0.173 0.394 4.960 6.280 2.640 0.561 0.381 0.342

Nb (ppm)  0.031 0.035 0.059 0.055 0.027 0.033 0.059 0.045 0.024 0.025 0.025
Mo (ppm)  0.085 0.165 0.143 0.146 0.111 0.192 0.169 0.169 0.760 0.095 0.123
Ag (ppm)  0.109 0.138 0.168 0.193 0.083 1.800 0.332 0.540 0.320 0.280 0.192
Cd (ppm)  0.747 1.285 1.536 1.490 0.933 1.630 1.041 1.830 0.830 0.552 0.834
In (ppm)  0.067 0.090 0.121 0.138 0.082 0.100 0.059 0.115 0.053 0.050 0.068

Sn (ppm)  0.192 0.276 0.274 0.278 0.237 0.339 1.203 0.271 0.245 0.262 1.070

Sb (ppm)  0.294 0.454 0.339 0.403 0.267 0.490 0.404 0.492 0.347 0.226 0.350

Cs (ppm)  0.040 0.066 0.068 0.093 0.036 0.049 0.108 0.060 0.025 0.022 0.038

Ba (ppm)  0.136 0.278 0.162 0.172 0.384 0.168 2.370 0.207 0.524 0.191 0.155
La (ppm)  0.022 0.062 0.145 0.220 0.067 0.051 0.024 0.021 0.203 0.119 0.144

Ce (ppm)  0.088 0.173 0.386 0.582 0.204 0.159 0.123 0.085 0.450 0.312 0.346
Pr(ppm)  0.016 0.026 0.072 0.093 0.029 0.028 0.014 0.022 0.065 0.043 0.040

Nd (ppm)  0.029 0.067 0.263 0.325 0.096 0.072 0.024 0.028 0.293 0.199 0.134
Sm (ppm)  0.018 0.018 0.105 0.111 0.034 0.027 0.018 0.018 0.106 0.055 0.036
Eu (ppm)  0.012 0.020 0.188 0.110 0.054 0.018 0.014 0.028 0.055 0.052 0.023
Gd (ppm)  0.018 0.018 0.149 0.136 0.037 0.042 0.018 0.018 0.108 0.077 0.030
Tb (oppm)  0.005 0.007 0.031 0.028 0.009 0.009 0.005 0.009 0.015 0.013 0.007
Dy (ppm)  0.027 0.020 0.189 0.126 0.042 0.049 0.015 0.022 0.082 0.077 0.022
Ho (ppm)  0.009 0.009 0.047 0.033 0.011 0.012 0.006 0.011 0.016 0.020 0.006
Er (ppm)  0.024 0.019 0.115 0.085 0.027 0.038 0.016 0.019 0.038 0.068 0.014

Tm (ppm)  0.008 0.007 0.019 0.022 0.007 0.008 0.006 0.008 0.007 0.012 0.004
Yb (ppm)  0.043 0.029 0.079 0.123 0.033 0.036 0.035 0.027 0.036 0.078 0.017
Lu (ppm)  0.009 0.008 0.016 0.026 0.008 0.008 0.008 0.008 0.007 0.014 0.005
Hf (oppm)  0.035 0.008 0.014 0.008 0.008 0.065 0.027 0.041 0.008 0.008 0.012
Ta(ppm)  0.006 0.008 0.011 0.014 0.005 0.005 0.005 0.011 0.003 0.002 0.006
W (ppm)  0.131 0.176 0.179 0.223 0.105 0.184 0.205 0.260 0.217 0.142 0.135
Au (ppm)  0.011 0.019 0.017 0.011 0.011 0.319 0.630 0.291 0.168 0.093 0.079
TI(ppm)  0.078 0.097 0.105 0.126 0.061 0.106 0.250 0.121 0.055 0.030 0.068
Pb (ppm)  2.540 2.840 3.400 3.420 2.190 4.280 4.940 3.490 2.690 2.240 2.510
Th (ppm)  0.007 0.006 0.017 0.012 0.004 0.007 0.011 0.012 0.011 0.036 0.012
U (ppm)  0.047 0.050 0.064 0.082 0.044 0.065 0.059 0.115 0.035 0.024 0.032

YMHo  17.241 16573  27.872  21.054 22517 24779  17.755 11439  18.773 32532  16.778

Eu/Eu* 2.249 3.499 6.131 3.598 5.728 2.175 2.705 4.440 2.276 3.456 2.568
La/La* 0.083 0.270 0.468 0.499 0.460 0.222 0.089 0.027 1.106 1.012 0.709
YIY* 0.658 0.705 1.126 0.833 0.892 0.903 0.685 0.537 0.774 1.123 0.698

Ce/Ce* 0.314 0.519 0.602 0.668 0.737 0.466 0.472 0.152 0.960 1.019 0.896
Gd/Gd* 0.673 0.558 0.917 0.891 0.756 0.906 0.721 0.475 1.077 1.041 0.721
Pr/Sm 0.689 1.150 0.532 0.652 0.662 0.790 0.610 0.961 0.476 0.612 0.872
Nd/Yb 0.061 0.215 0.305 0.244 0.269 0.184 0.064 0.095 0.752 0.235 0.729



Table3.2: Abundances of elements and REE+Y damples from Zonein the Meliadine gold

district

Samples MEL013 MELO14 MELO15 MELO16 MELO017 MELO18 MELO19 MELO020 MELO21
Si (ppm) 402400 418400 387500 426200 449000 347900 373100 383800 393000

Li(ppm)  0.250 0.154 0.271 0.131 0.122 0.139 0.178 0.475 0.295
Be (ppm)  0.045 0.018 0.068 0.058 0.018 0.040 0.018 0.018 0.052
Sc (ppm)  8.849 8.554 8.112 8.366 7.716 8.093 8.414 7.729 7.536
Ti(ppm)  5.620 5.330 6.580 4.990 4.731 6.550 4.563 6.740 5.780
V(ppm)  0.327 0.160 0.591 0.227 0.097 0.265 0.119 0.618 0.368
Cr(ppm)  5.350 3.740 5.830 3.700 3.960 13.100 4.110 22.100 5.460
Mn (ppm) 370 365 569 622 8.110 752 557 1990 1000
Fe (oppm) 1770 2560 7940 2980 84 10690 1440 5040 3320
Co (ppm)  0.286 0.206 0.764 0.148 0.153 0.351 0.135 0.266 0.183
Ni (ppm)  4.730 5.240 3.390 3.930 5.230 5.640 4.320 5.400 5.120
Cu (ppm)  9.820 11.100 7.290 6.310 9.140 23.600 6.900 8.330 8.150
Zn (ppm)  44.200 60.500  104.000  32.800 31.900 42.900 21.900 60.600 33.700
Ga(ppm) 0.178 0.175 0.356 0.187 0.260 0.158 0.136 0.381 0.539
As (ppm)  54.100 46.100 34.500 29.200 34.500 20.200 20.400 27.200 21.400
Rb (ppm)  0.063 0.056 0.065 0.059 0.041 0.037 0.035 0.064 0.305
Sr (ppm)  11.500 0.750 6.500 6.360 1.480 15.300 8.500 30.600 16.200
Y (oppm)  0.850 0.175 1.700 0.724 0.102 1.181 0.482 2.570 0.577
Zr (ppm)  2.140 0.549 0.175 0.373 0.027 4.930 0.213 0.416 0.436
Nb (ppm)  0.031 0.024 0.041 0.032 0.026 0.035 0.024 0.035 0.028
Mo (ppm)  0.253 0.274 0.232 0.181 0.211 0.277 0.340 0.219 0.229
Ag (ppm)  0.840 0.470 0.380 0.450 0.360 0.150 0.292 0.390 0.300
cd (ppm)  1.794 1.390 0.928 1.512 1.065 0.776 1.146 1.222 1.080
In (ppm)  0.067 0.062 0.093 0.063 0.048 0.067 0.050 0.057 0.063
Sn (ppm)  0.189 0.368 0.618 0.178 0.297 0.196 0.112 0.257 0.370
Sb (ppm)  0.658 0.398 0.280 0.463 0.519 0.514 0.333 0.622 0.276
Cs (ppm)  0.041 0.034 0.020 0.041 0.040 0.025 0.032 0.026 0.040
Ba (ppm)  0.334 0.355 0.234 0.155 0.970 0.172 0.141 0.630 3.880
La (ppm)  0.365 0.037 2.800 0.106 0.295 0.323 0.181 0.337 0.112
Ce (ppm) 0.828 0.108 4.800 0.338 0.920 0.672 0.388 0.752 0.264
Pr(ppm)  0.112 0.015 0.670 0.048 0.133 0.099 0.055 0.087 0.033
Nd (ppm)  0.483 0.052 2.000 0.208 0.610 0.461 0.230 0.402 0.142
Sm (ppm)  0.134 0.018 0.590 0.084 0.080 0.115 0.054 0.141 0.048
Eu (ppm)  0.102 0.020 0.260 0.102 0.041 0.118 0.061 0.188 0.109
Gd (ppm)  0.165 0.024 0.530 0.123 0.051 0.145 0.065 0.235 0.071
Tb (ppm)  0.026 0.004 0.066 0.019 0.005 0.024 0.011 0.042 0.012
Dy (ppm)  0.148 0.021 0.326 0.114 0.017 0.144 0.067 0.316 0.073
Ho (ppm)  0.030 0.006 0.060 0.024 0.004 0.033 0.016 0.075 0.017
Er (ppm)  0.088 0.015 0.171 0.067 0.005 0.094 0.043 0.226 0.050
Tm (ppm)  0.016 0.004 0.023 0.011 0.002 0.015 0.007 0.035 0.009
Yb (ppm)  0.076 0.019 0.154 0.056 0.008 0.095 0.035 0.226 0.049
Lu (ppm)  0.013 0.004 0.023 0.010 0.002 0.016 0.009 0.039 0.010
Hf (ppm)  0.021 0.013 0.006 0.006 0.006 0.071 0.006 0.006 0.010
Ta(ppm)  0.005 0.003 0.006 0.004 0.005 0.005 0.004 0.004 0.004
W (ppm)  0.540 0.550 0.183 0.212 0.550 0.840 0.116 0.390 0.250
Au (ppm)  2.400 3.700 3.800 0.580 2.200 0.440 0.380 3.400 0.500
Tl(ppm)  0.113 0.094 0.055 0.108 0.074 0.079 0.074 0.060 0.082
Pb (ppm)  3.000 1.610 2.310 2.120 2.480 2.690 1.251 4.840 2.530
Th (ppm)  0.020 0.011 0.011 0.004 0.138 0.019 0.004 0.004 0.007
U (ppm)  0.046 0.030 0.023 0.055 0.034 0.048 0.029 0.049 0.032
Y/Ho 28.716 30.919 28.333 30.042 25.248 36.339 30.315 34.358 33.353
EWEW*  3.000 3.946 2.117 4.535 2.809 3.971 4.361 4.585 8.136
La/La* 1.056 0.482 0.649 0.741 0.813 1.233 1.003 1.431 1.100
YIY* 1.052 1.195 1.063 1.145 1.331 1.350 1.174 1.251 1.241
CelCe*  0.981 0.738 0.658 0.954 0.976 0.972 0.907 1.223 1.065
GdIGd*  1.052 0.968 1.123 1.128 1.085 1.042 0.995 1.083 1.060
Pr/Sm 0.648 0.649 0.881 0.440 1.290 0.668 0.790 0.480 0.530
Nd/Yb 0.588 0.246 1.194 0.340 7.210 0.446 0.611 0.164 0.264
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Table 3.4: Abundances of elements and REE+Y for samples fromtthand 4Efaciesin the

Musselwhite area

4B 4E
Samples E599655 E509656  E599661 E599668  E599669  E599670  E599671  E599672 | E599651  E599652
Si(ppm) 4170 436900 379900 170300 122700 314200 196400 = 342100 | 430300 443600
Li(oppm)  0.068 1.084 1.052 0.158 0.379 0.199 1.853 0.249 0.569 1.259
Be (ppm)  0.061 0.061 0.293 0.301 0.061 0.061 0.107 0.061 0.061 0.000
Sc (ppm)  0.489 3.757 3.382 1.514 1.124 2.584 1.627 2.950 4.745 4.295
Ti(ppm)  11.600 3.250 55.300 1.850 17.200 2.011 1.356 4.660 11.000 15.400
V(ppm)  1.330 0.240 5.300 0.176 1.490 0.146 0.054 0.229 0.860 0.940
Cr (ppm)  11.570 3.760 2.290 12.850 22.390 4.540 5.630 2.000 6.260 3.150
Mn (ppm) 3355 16 1308 3470 2090 467.400  628.100  159.000 129 39
Fe (ppm) 6330 216 19600 10180 45500 22480 38270 4920 3170 1000
Co (ppm)  0.340 0.514 4.490 0.441 0.769 0.587 1.126 0.193 2.060 2.330
Ni(ppm)  1.800 21.000 7.700 4.100 5.000 3.100 1.290 5.900 47.800 26.800
Cu (ppm)  3.870 81.000 33.300 12.300 10.200 7.300 3.730 28.700 | 106.000  328.000
Zn(ppm) 10.100  131.000  63.100 21.300 28.700 22.200 18.700 50.600 | 189.000  72.000
Ga(ppm)  0.186 0.252 0.924 0.644 0.627 0.136 0.056 0.161 0.387 0.148
As (ppm)  0.233 3.590 1.570 0.625 1.480 0.352 0.301 0.838 5.600 1.850
Rb (ppm)  0.028 0.124 5.820 0.055 0.584 0.024 0.039 0.085 0.089 0.140
Sr (ppm)  848.800 1.570 8.160 150.800 2.270 0.196 0.191 4.200 13.200 1.380
Y (ppm)  19.500 0.070 1.800 21.500 1.066 0.112 0.565 0.552 0.984 0.180
Zr (opm)  0.104 0.202 0.323 0.086 0.339 0.065 0.103 0.059 0.620 0.477
Nb (ppm)  0.018 0.042 0.179 0.033 0.074 0.021 0.027 0.039 0.075 0.023
Mo (ppm)  0.016 1.280 0.165 0.096 0.072 0.058 0.038 0.134 0.460 0.950
Ag (ppm)  0.012 0.321 0.105 0.067 0.070 0.028 0.018 0.128 0.457 0.414
Cd (ppm)  0.499 2.330 0.925 1.123 0.374 0.245 0.220 1.470 3.120 0.871
In (ppm)  0.009 0.198 0.098 0.053 0.033 0.027 0.023 0.087 0.202 0.059
Sn (ppm)  0.140 0.476 0.262 0.143 0.281 0.196 0.078 0.200 0.486 0.435
Sb (opm)  0.099 1.550 0.594 0.244 0.297 0.386 0.591 0.980 1.681 0.503
Cs (ppm)  0.002 0.057 1.042 0.039 0.254 0.013 0.019 0.046 0.038 0.016
Ba (ppm)  2.354 0.523 5.900 7.440 1.770 0.204 0.230 0.196 0.529 0.444
La (ppm)  0.190 0.106 1.650 0.792 0.506 0.156 0.082 0.383 1.020 0.087
Ce (ppm)  0.510 0.207 2.970 2.228 1.650 0.339 0.280 0.460 1.610 0.179
Pr (ppm)  0.095 0.033 0.302 0.402 0.141 0.034 0.047 0.054 0.153 0.025
Nd (ppm)  0.782 0.069 1.190 2.554 0.767 0.121 0.240 0.209 0.576 0.083
Sm (ppm)  0.591 0.020 0.249 0.861 0.183 0.018 0.077 0.042 0.118 0.018
Eu (ppm)  0.689 0.023 0.154 0.711 0.114 0.013 0.053 0.035 0.073 0.014
Gd (ppm)  1.451 0.018 0.266 1.285 0.175 0.018 0.097 0.058 0.147 0.027
Tb (ppm)  0.251 0.007 0.040 0.220 0.026 0.004 0.015 0.011 0.023 0.006
Dy (ppm)  1.881 0.016 0.255 1.870 0.169 0.019 0.099 0.048 0.122 0.030
Ho (ppm)  0.443 0.007 0.055 0.517 0.035 0.005 0.022 0.015 0.030 0.007
Er (ppm)  1.467 0.009 0.171 2.060 0.110 0.013 0.067 0.038 0.086 0.019
Tm (ppm)  0.221 0.006 0.028 0.394 0.019 0.003 0.013 0.008 0.015 0.003
Yb (ppm)  1.621 0.011 0.166 3.470 0.130 0.021 0.102 0.031 0.076 0.020
Lu (ppm)  0.260 0.005 0.028 0.685 0.023 0.006 0.022 0.009 0.013 0.004
Hf (opm)  0.008 0.008 0.011 0.008 0.008 0.008 0.008 0.008 0.019 0.008
Ta(ppm)  0.003 0.009 0.013 0.005 0.003 0.003 0.003 0.008 0.008 0.004
W (ppm)  0.060 0.387 0.339 0.178 0.582 0.079 0.078 2.187 1.030 0.630
Au (ppm)  0.004 0.076 0.030 0.011 0.011 0.011 0.011 0.025 0.082 0.035
Ti(ppm)  0.011 0.226 0.125 0.053 0.036 0.020 0.017 0.096 0.291 0.121
Pb (ppm)  7.290 12.500 4.820 14.800 1.680 1.590 0.725 3.340 18.450 6.280
Th (ppm)  0.004 0.008 0.038 0.008 0.035 0.004 0.006 0.007 0.007 0.008
U (ppm)  0.005 0.054 0.076 0.035 0.031 0.014 0.010 0.053 0.042 0.023
Y/Ho 44.008 9.790 32.550 41.586 30.284 22.126 25.450 37.808 32.800 25.714
Eu/Eu*  3.608 3.705 2.622 3.031 2.751 2.599 2.651 2.975 2.426 2.595
La/La* 2.358 0.242 1.482 1.384 1.868 0.990 0.800 1.836 1.660 0.710
YIY* 1.526 0.512 1.173 1.299 1.084 0.874 0.932 1.493 1.225 0.983
Ce/Ce*  1.358 0.401 1.194 1.084 1.965 1.076 0.940 1.007 1.221 0.761
GdiGd*  1.274 0.521 1.047 1.085 1.022 0.724 1.047 0.981 1.061 0.920
Pr/Sm  0.125 1.297 0.941 0.362 0.597 1.442 0.470 1.013 1.006 1.075
Nd/Yb 0.044 0.561 0.660 0.068 0.542 0.521 0.217 0.618 0.697 0.385




Table3.5: Abundances of elements and REE+Y for selestenples from theHEA and 4 facies

in the Musselwhite area

4EA 4F
Samples E599654 E599659  E599660 E599665 E599666  E599667 | E599657 E599658  E599664
Si(ppm) 362400 381200 328600 395600 364100 1760 418000 423500 450200
Li(ppm)  1.477 0.277 1.361 0.920 0.132 0.098 4.290 3.390 1.189
Be (opm)  0.061 0.061 0.104 0.061 0.061 0.061 0.061 0.061 0.061
Sc (ppm)  3.257 2.519 2.258 2.765 2.677 0.340 3.499 3.542 3.251
Ti(ppm)  9.370 3.150 17.100 5.460 3.470 4.000 43.000  185.000  15.200
V(ppm)  0.920 0.178 1.660 0.220 0.323 0.233 5.530 11.300 2.770
Cr(ppm)  2.920 2.810 4.020 2.750 2.380 11.140 2.770 6.200 2.840
Mn (ppm)  31.400 8.900 105.000  11.100 23.900 6890 59.600 7.400 30.500
Fe (ppm) 1920 173 4250 710 1380 9654 1840 3030 1020
Co (ppm)  1.330 0.265 0.930 0.440 0.407 0.346 1.630 4.300 1.730
Ni (ppm)  19.800 9.800 16.100 11.200 7.700 3.550 13.700 46.000 15.300
Cu (ppm) 115.000  95.000 42.400 46.500 34.900 12.500 55.000 82.000 45.800
Zn (ppm) 280.000  141.000  82.000 94.300 87.000 17.400 | 125.000  59.000 83.800
Ga (ppm)  0.404 0.590 0.664 0.144 0.233 0.791 0.763 1.610 1.036
As (ppm)  3.160 1.320 3.220 1.301 1.170 1.260 1.205 1.190 1.740
Rb (ppm)  0.080 0.049 3.070 0.141 0.122 0.059 3.140 8.100 1.410
Sr(ppm)  2.700 12.200 1.620 0.374 1.030 783.400 1.600 1.380 0.730
Y (ppm)  0.259 0.212 0.340 0.020 0.095 16.650 0.154 0.097 0.173
zr (ppm)  0.123 0.084 0.166 0.111 0.164 0.070 0.164 0.156 0.142
Nb (ppm)  0.027 0.019 0.185 0.049 0.038 0.016 0.084 0.275 0.114
Mo (ppm)  0.320 0.249 0.445 0.224 0.190 0.560 0.210 0.330 3.900
Ag (ppm)  0.255 0.127 0.374 0.154 0.144 0.117 0.182 1.000 0.187
Cd (ppm)  2.170 0.864 2.780 1.263 1.095 0.880 0.993 0.900 1.333
In (ppm)  0.126 0.081 0.375 0.122 0.098 0.074 0.084 0.063 0.162
Sn (ppm)  0.490 0.389 0.645 0.318 0.273 0.308 0.665 0.990 0.422
Sb (ppm)  0.833 0.442 1.318 0.571 0.703 0.570 0.775 0.880 1.260
Cs (ppm)  0.026 0.020 1.228 0.083 0.066 0.022 0.118 0.234 0.144
Ba (ppm)  0.553 8.600 5.680 0.462 1.190 15.070 2.160 13.600 2.030
La(ppm)  0.550 0.497 0.199 0.045 0.025 7.800 0.163 0.151 0.126
Ce (ppm)  0.830 1.030 0.456 0.128 0.121 8.900 0.368 0.710 0.360
Pr(ppm)  0.086 0.078 0.083 0.022 0.015 1.023 0.041 0.111 0.063
Nd (ppm)  0.366 0.288 0.163 0.024 0.031 4.883 0.144 0.710 0.268
Sm (ppm)  0.064 0.049 0.047 0.009 0.012 1.048 0.038 0.470 0.150
Eu (ppm)  0.033 0.035 0.047 0.011 0.010 1.025 0.020 0.076 0.051
Gd (ppm)  0.054 0.041 0.054 0.007 0.018 1.428 0.045 0.350 0.124
Tb (ppm)  0.008 0.006 0.019 0.004 0.004 0.199 0.009 0.019 0.015
Dy (ppm)  0.040 0.029 0.053 0.009 0.014 1.373 0.032 0.040 0.050
Ho (ppm)  0.008 0.007 0.021 0.005 0.006 0.298 0.008 0.004 0.011
Er (ppm)  0.020 0.018 0.039 0.006 0.012 0.869 0.020 0.008 0.017
Tm (ppm)  0.003 0.004 0.018 0.005 0.005 0.110 0.003 0.003 0.006
Yb (ppm)  0.011 0.011 0.038 0.011 0.018 0.666 0.011 0.011 0.011
Lu (ppm)  0.003 0.003 0.014 0.004 0.005 0.108 0.003 0.002 0.005
Hf (ppm)  0.008 0.008 0.015 0.008 0.008 0.008 0.008 0.008 0.008
Ta(ppm)  0.004 0.004 0.027 0.010 0.008 0.003 0.008 0.020 0.014
W (ppm)  0.510 0.360 0.584 0.304 0.238 0.234 0.300 0.470 0.374
Au (ppm)  0.108 0.061 0.062 0.042 0.035 0.011 0.035 2.700 0.034
Tl(ppm)  0.206 0.090 0.328 0.125 0.093 0.029 0.105 0.104 0.135
Pb (ppm)  8.760 5.600 11.100 4.040 3.380 21.000 5.720 14.300 6.810
Th (ppm)  0.004 0.004 0.022 0.007 0.005 0.004 0.006 0.007 0.014
U (ppm)  0.034 0.025 0.211 0.053 0.046 0.017 0.024 0.065 0.093
Y/Ho 31.205 29.859 15.962 4.113 16.522 55.910 20.424 22.558 15.175
EwEuw*  2.341 3.191 3.106 3.488 2.546 3.971 1.944 1.085 1.669
La/La* 2.035 1.510 0.161 0.040 0.120 3.025 0.842 0.962 0.631
YIY* 1.264 1.199 0.730 0.216 0.712 2.073 0.790 1.002 0.753
Ce/Ce*  1.269 1.505 0.332 0.189 0.510 1.277 0.960 1.252 0.748
Gd/IGd*  0.986 0.945 0.606 0.364 0.835 1.209 0.904 1.822 1.094
Pr/Sm 1.042 1.240 1.385 2.026 0.954 0.757 0.832 0.183 0.325
Nd/Yb 2.982 2.340 0.397 0.192 0.158 0.674 1.170 5.757 2.178




Table3.6: Abundances of elements and REE+Y damples from the-gype faciesin the

BeardmoreGeraldtongold district

Samples
Si (ppm)
Li (ppm)
Be (ppm)
Sc (ppm)
Ti (ppm)
V (ppm)
Cr (ppm)
Mn (ppm)
Fe (ppm)
Co (ppm)
Ni (ppm)
Cu (ppm)
Zn (ppm)
Ga (ppm)
As (ppm)
Rb (ppm)
Sr (ppm)
Y (ppm)
Zr (ppm)
Nb (ppm)
Mo (ppm)
Ag (ppm)
Cd (ppm)
In (ppm)
Sn (ppm)
Sb (ppm)
Cs (ppm)
Ba (ppm)
La (ppm)
Ce (ppm)
Pr (ppm)
Nd (ppm)
Sm (ppm;
Eu (ppm)
Gd (ppm)
Tb (ppm)
Dy (ppm)
Ho (ppm)
Er (ppm)
Tm (ppm)
Yb (ppm)
Lu (ppm)
Hf (ppm)
Ta (ppm)
W (ppm)
Au (ppm)
TI (ppm)
Pb (ppm)
Th (ppm)
U (ppm)
Y/Ho
Eu/Eu*
La/La*
YIY*
CelCe*
Gd/Gd*
Pr/Sm
Nd/Yb

BGO001-C
302700
19.800
0.424
6.480
11.400
1.480
4.700
98
19500
2.030
9.400
86.000
72.000
14.400
37.900
9.900
6.910
0.313
0.312
0.053
0.232
0.215
0.750
0.030
0.790
6.430
0.619
183.000
0.241
0.405
0.055
0.185
0.045
0.051
0.055
0.009
0.048
0.011
0.028
0.005
0.028
0.007
0.010
0.011
5.210
0.058
0.091
10.800
0.013
0.034
28.198
4.402
0.859
1.121
0.759
1.018
0.954
0.601

BGO001-J
243700
0.172
0.145
5.435
10.020
3.705
1.470
80
67420
0.665
2.610
27.700
18.200
3.040
21.900
4.000
2.850
0.854
0.533
0.065
0.778
0.066
0.252
0.015
0.427
13.670
0.236
39.900
2.200
2.560
0.261
1.030
0.182
0.080
0.182
0.020
0.120
0.025
0.066
0.011
0.067
0.012
0.011
0.003
15.700
0.019
0.032
10.200
0.023
0.070
34.857
2.117
2.287
1.349
1.191
1.258
1.113
1.407

BG002-C
259200
1.101
0.158
5.200
18.180
1.253
1.560
54.200
38500
0.284
3.030
51.000
35.600
3.400
28.400
6.130
2.220
0.606
0.430
0.135
0.441
0.094
0.463
0.015
0.410
7.340
0.517
44.000
1.200
1.380
0.124
0.470
0.089
0.052
0.111
0.015
0.078
0.017
0.046
0.007
0.045
0.008
0.013
0.006
19.200
0.028
0.051
9.900
0.020
0.037
36.287
2.419
2.423
1.383
1.298
1.193
1.081
0.967

BG002-J
122300
0.712
0.119
2.855
39.770
3.507
2.417
5.730
83970
0.070
1.030
2.150
3.390
0.716
6.800
0.112
2.730
1.140
1.321
0.096
0.089
0.010
0.036
0.003
0.135
8.120
0.037
3.000
2.540
2.520
0.253
1.210
0.226
0.108
0.251
0.030
0.169
0.032
0.084
0.011
0.069
0.011
0.036
0.006
18.400
0.007
0.002
0.490
0.113
0.025
35.294
2.161
4.001
1.386
1.465
1.242
0.868
1.622

BG009B-J BG009C-J BGO010A-J BGO010B-J BGO010D-J
293800

a-type BIF
122900 162500
0.132 7.960
0.115 1.674
2.395 5.790
47.270  197.600
4.332 3.429
2.714  49.800
13.500  57.700
72620 38900
0.132 0.784
1.360 6.800
15.100  6.700
6.120 6.660
3.150 54.700
10.170  10.390
2.253 56.100
1.927 30.000
0.601 3.810
1.378  29.600
0.122 0.151
0.318 11.850
0.024 0.032
0.045 0.067
0.006 0.016
0.194 0.500
10.530  10.530
0.123 3.550
34.230  539.000
0.178 0.880
0.349 1.840
0.047 0.229
0.245 1.160
0.072 0.365
0.033 0.176
0.091 0.481
0.014 0.071
0.083 0.488
0.018 0.108
0.050 0.350
0.008 0.059
0.045 0.455
0.008 0.080
0.038 0.760
0.008 0.028
29.100 9.160
0.022 0.012
0.012 0.226
1.663 10.050
0.090 0.492
0.030 0.229
34.343  35.245
1.817 1.920
1.782 1.718
1.287 1.237
1.186 1.252
1.085 1.137
0.510 0.487
0.498 0.234

130000

0.828
0.358
2.455
57.830
3.562
3.839
7.750
64200
0.234
1.530
14.700
7.400
11.460
5.470
9.350
3.740
0.517
2.280
0.151
0.129
0.016
0.024
0.005
0.114
7.680
0.683

145.000

0.209
0.450
0.058
0.258
0.069
0.035
0.090
0.013
0.079
0.017
0.050
0.009
0.063
0.011
0.056
0.012
24.600
0.010
0.035
1.010
0.101
0.047
30.412
1.988
1.242
1.127
1.062
1.109
0.652
0.379

210600
1.270
0.580
4.116

70.300
2.004
6.060

227
62390
0.623
2.910

10.800

10.010

17.360

11.560
6.030

26.300
2.070
2.220
0.072
0.216
0.027
0.333
0.006
0.170

13.740
0.360

248.500
0.670
1.420
0.159
0.675
0.166
0.103
0.210
0.032
0.235
0.054
0.174
0.028
0.196
0.033
0.051
0.008
8.580
0.017
0.025
2.599
0.082
0.051

38.262
2.461
1.323
1.348
1.166
1.083
0.743
0.317

1.700
0.255
6.750
16.770
1.842
3.250
61
47200
0.540
4.580
65.000
47.500
2.268
33.300
7.830
3.700
0.660
0.660
0.080
0.279
0.231
0.485
0.029
0.850
11.750
0.416
30.800
0.490
0.800
0.092
0.351
0.070
0.036
0.080
0.012
0.083
0.020
0.061
0.010
0.072
0.013
0.019
0.006
26.700
0.067
0.054
7.800
0.033
0.039
33.673
2.101
1.351
1.207
1.020
1.032
1.020
0.448

BG015-J
258600
1.430
0.078
5.011
23.600
1.735
1.990
69.500
65200
0.231
3.790
32.000
16.900
0.577
14.300
0.085
17.100
1.990
0.662
0.086
0.422
0.041
0.221
0.017
0.324
5.140
0.089
3.600
1.490
2.530
0.304
1.350
0.295
0.126
0.341
0.043
0.256
0.051
0.146
0.021
0.130
0.025
0.018
0.004
2.970
0.016
0.014
2.390
0.034
0.026
38.867
1.864
1.684
1.458
1.137
1.201
0.799
0.955



Table3.7: Abundances of elements and REE+Y damples from the-type faciesn the

BeardmoreGeraldtongold district

b-type BIF

Samples BGO003-J BGO005-C BGO005-J BGO006B-C BG006B-J BGO08B-J BG012B-J BG020-J
Si (ppm) 242300 236700 183200 153300 39800 75200 130700 368500
Li (ppm) 0.153 16.230 0.964 0.611 0.849 1.790 0.938 0.683
Be (ppm)  0.080 0.230 0.203 0.768 0.923 0.253 0.827 0.145
Sc (ppm)  4.147 5.290 3.756 5.510 3.390 2.695 4.953 8.180
Ti(ppm)  22.740 97.300 41.270 25.400 591.000 1072.000 402.000  25.100
V (ppm) 2.596 2.341 4.417 1.360 21.690 31.910 10.220 3.110
Cr (ppm)  1.512 5.920 2.371 3.490 15.500 19.290 16.870 9.900
Mn (ppm) 9 261 19.600 2339 42.400 53.500 73.800 551
Fe (ppm) 51820 42000 54180 36200 118000 94100 117900 9990
Co (ppm)  0.109 1.727 0.176 18.900 2.892 4.016 2.190 1.260
Ni (ppm) 2.130 6.630 1.520 4.550 12.480 16.860 10.700 8.820
Cu (ppm)  7.400 49.000 16.700 94.000 8.170 9.400 13.800 314.000
Zn (ppm)  6.700 38.500 8.400 43.200 13.710 17.700 35.300 78.000
Ga (ppm) 1.835 1.990 7.120 4.700 24.300 3.499 4.360 1.990
As (ppm) 11.320 17.600 11.400 28.000 5.260 5.840 6.110 28.300
Rb (ppm)  2.407 2.500 3.690 6.190 26.100 0.134 8.320 2.920
Sr (ppm)  1.139 4.080 2.310 295.000 10.490 23.880 32.400 94.000
Y (ppm) 0.469 1.300 0.545 5.070 3.260 4.990 4.280 2.710
Zr (ppm) 0.705 3.750 1.020 0.504 11.540 16.070 13.850 0.550
Nb (ppm)  0.068 0.097 0.118 0.134 1.404 2.420 0.805 0.116
Mo (ppm)  0.194 0.239 0.142 0.270 0.215 0.296 0.560 0.313
Ag (ppm)  0.019 0.055 0.029 0.111 0.019 0.017 0.044 0.181
Cd (ppm)  0.075 0.536 0.073 0.359 0.016 0.021 0.071 0.664
In (ppm) 0.006 0.017 0.008 0.024 0.016 0.011 0.055 0.027
Sn (ppm)  0.270 0.650 0.269 0.343 1.090 0.935 1.008 0.396
Sb (ppm)  9.649 11.080 12.810 0.908 1.418 9.270 1.356 2.320
Cs (ppm) 0.153 0.270 0.285 0.279 0.999 0.054 2.194 0.205
Ba (ppm) 20.330 22.600 92.000 72.900 275.000 5.620 39.300 26.500
La (ppm)  0.277 0.830 0.203 2.020 5.800 1.590 1.550 1.520
Ce (ppm)  0.468 0.970 0.455 4.290 10.800 3.150 3.380 4.000
Pr (ppm)  0.052 0.113 0.053 0.501 1.120 0.362 0.434 0.280
Nd (ppm) 0.218 0.509 0.242 2.270 4.700 1.590 2.160 1.350
Sm (ppm)  0.045 0.122 0.061 0.624 0.810 0.453 0.559 0.440
Eu (ppm) 0.017 0.065 0.027 0.418 0.241 0.240 0.263 0.165
Gd (ppm) 0.056 0.155 0.077 0.751 0.680 0.708 0.686 0.580
Tb (ppm)  0.009 0.022 0.011 0.119 0.077 0.117 0.094 0.079
Dy (ppm)  0.055 0.144 0.072 0.787 0.525 0.811 0.645 0.466
Ho (ppm) 0.013 0.033 0.016 0.160 0.096 0.169 0.130 0.098
Er (ppm)  0.041 0.112 0.050 0.457 0.263 0.500 0.391 0.235
Tm (ppm)  0.006 0.021 0.008 0.069 0.036 0.073 0.057 0.035
Yb (ppm)  0.036 0.164 0.056 0.477 0.226 0.479 0.381 0.235
Lu (ppm)  0.006 0.033 0.010 0.078 0.035 0.072 0.062 0.037
Hf (ppm) 0.021 0.095 0.028 0.013 0.306 0.389 0.336 0.015
Ta (ppm) 0.004 0.011 0.008 0.004 0.102 0.140 0.057 0.006
W (ppm)  30.210 16.550 38.000 9.800 4.240 8.350 25.500 0.507
Au (ppm)  0.007 0.023 0.011 0.026 0.006 0.011 0.011 0.059
Tl (ppm) 0.012 0.030 0.020 0.042 0.119 0.002 0.073 0.042
Pb (ppm) 1.394 3.970 2.270 5.200 1.028 1.939 2.890 5.450
Th (ppm)  0.042 0.116 0.093 0.135 1.160 0.591 0.485 0.065
U (ppm) 0.022 0.073 0.062 0.064 0.174 0.210 0.180 0.035

Y/Ho 37.222 39.755 34.494 31.767 33.958 29.527 32.898 27.653

Eu/Eu* 1.504 2.165 1.789 2.699 1.513 1.926 1.972 1.536
La/La* 1.641 2.597 1.384 1.442 1.589 1.476 1.541 2.199
YIY* 1.303 1.353 1.223 1.189 1.299 1.087 1.201 1.128

CelCe* 1.165 1.189 1.201 1.193 1.245 1.176 1.192 2.119
Gd/Gd* 1.043 1.158 1.131 1.058 1.172 1.121 1.169 1.202
Pr/Sm 0.905 0.719 0.678 0.623 1.073 0.620 0.602 0.494
Nd/Yb 0.558 0.285 0.397 0.438 1.912 0.305 0.521 0.528

4



Table3.8: Abundances of elements and REE+Y damples from the-type faciesn the

BeardmoreGeraldtongold district

c-type BIF

Samples BG004-C BG004-J BGO14-J BGO016-C BG016-J BGO17-J BGO18-J BG019-J BG022-J
Si(ppm) 257100 147400 42900 366000 375100 194200 115000 103500 117500
Li(ppm) 34.200  5.660 5.910 4.580 1.940 3.720 2.700 0.596 0.359
Be (ppm)  0.273 0.043 0.125 0.089 0.496 0.210 0.387 0.336 0.233
Sc (ppm)  5.890 3.350 4.260 6.738 7.262 4.880 4.510 5.920 3.061
Ti(ppm) 209.500 86.500 581.000 50.300  122.300 525.000 406.000 528.000 216.400
V(ppm)  3.640 4950  41.620  9.120 6.520  26.870  37.680  75.100  32.080
Cr(ppm) 40.150 5340 12400  5.870 7.840 9.710  17.150  14.760  8.290
Mn (ppm) 161 120.500  70.200 46 12.900  23.500 60 267 57.800
Fe (ppm) 18920 75400 149400 15230 30420 72300 = 144600 138900 165100
Co (ppm)  1.670 1.384 0.660 0.595 0.270 1.103 1.927 3.260 1.004
Ni(ppm) 11.800  5.370 8.480 9.120 5.940  11.410 15140  12.940  3.990
Cu(ppm) 28.500  29.500  8.000  53.000  41.000  24.300  12.400  22.300  5.900
Zn(ppm) 25.200  15.800  23.700  36.400  18.300  15.670 = 7.440  43.800  29.500
Ga (ppm)  8.700 1.201 3.191 1.880 15260  7.890  38.300  8.450 2.399
As (ppm) 21.600 15200 5760  20.100  14.870  10.700  5.770 3.880 5.930
Rb (oppm)  3.390 0.575 0.567 0.113 5.080 5.610  22.010  1.265 0.486
Sr(ppm) 23.700 8140  19.800  13.600  15.910  6.210 = 11.370  31.460  24.890
Y (ppm)  8.410 4.710 1.502 1.390 2.250 1.610 1.940 5.830 2.960
Zr(ppm) 19.000  3.320 8.350 3.450 7.290 8.990 9.170 8.390 5.960
Nb (ppm)  0.248 0.415 0.748 0.096 0.350 2.050 1.054 1.036 0.665
Mo (ppm)  0.440 0.495 0.154 0.418 0.531 0.180 0.950 1.000 0.680
Ag (ppm)  0.060 0.040 0.014 0.074 0.043 0.032 0.010 0.056 0.013
cd (ppm)  0.220 0.170 0.031 0.317 0.177 0.122 0.036 0.060 0.026
In (ppm)  0.016 0.013 0.022 0.023 0.012 0.011 0.016 0.024 0.013
Sn (ppm)  0.617 0.933 1.840 0.730 0.600 0.485 1.251 0.941 0.723
Sb (ppm)  4.820 5.320 6.960 3.120 4.684 7.670 8.450 3.079 3.307
Cs (ppm) 0.274 0.085 0.086 0.134 0.339 0.581 1.944 0.296 0.094
Ba (ppm) 170.000  4.630 6.380  12.300  280.500 97.400  498.000 88.400  6.860
La (ppm) 35.000  3.800 4.000 1.850 2.950 1.140 1.140 4.670 2.980
Ce (ppm) 46.300  5.400 7.700 3.580 6.800 2.580 2.200 9.700 5.300
Pr(ppm)  4.300 0.580 0.840 0.376 0.760 0.347 0.260 1.190 0.640
Nd (ppm) 16.100  2.420 3.600 1.880 3.090 1.610 1.050 5.200 3.240
Sm (ppm)  2.250 0.633 0.690 0.377 0.650 0.364 0.314 1.200 0.820
Eu (ppm)  1.380 0.449 0.213 0.131 0.236 0.100 0.089 0.294 0.269
Gd (ppm)  2.080 0.960 0.521 0.403 0.653 0.363 0.387 1.250 0.841
Thb (ppm)  0.236 0.135 0.062 0.044 0.075 0.048 0.056 0.180 0.111
Dy (ppm)  1.249 0.773 0.303 0.243 0.401 0.301 0.361 1.120 0.687
Ho (ppm)  0.223 0.142 0.053 0.039 0.073 0.059 0.072 0.210 0.122
Er (ppm)  0.599 0.369 0.154 0.098 0.186 0.174 0.207 0.545 0.304
Tm (ppm)  0.078 0.048 0.023 0.014 0.026 0.025 0.032 0.069 0.038
Yb (ppm)  0.496 0.284 0.147 0.071 0.154 0.166 0.234 0.410 0.216
Lu (ppm)  0.078 0.041 0.022 0.012 0.025 0.026 0.034 0.056 0.030
Hf (opm)  0.516 0.078 0.214 0.076 0.184 0.232 0.246 0.201 0.163
Ta(ppm) 0.030 0.018 0.080 0.007 0.021 0.053 0.065 0.067 0.037
W (ppm) 5670  53.000  6.120 1.920  24.420  0.887  53.000  12.400  8.960
Au (ppm)  0.019 0.019 0.008 0.025 0.023 0.013 0.007 0.015 0.007
Tl(ppm)  0.022 0.010 0.002 0.020 0.034 0.031 0.070 0.007 0.004
Pb (oppm)  3.880 2.200 1.290 3.290 2.230 1.600 1.557 1.589 1.018
Th (ppm)  1.800 0.076 0.363 0.100 0.396 0.407 0.485 0.668 0.464
U(ppm) 0.181 0.083 0.255 0.066 0.146 0.231 0.462 0.905 0.312
YHo  37.713  33.169  28.555  36.010  30.696  27.288  26.833  27.762  24.242

Eu/Eu* 3.050 2.756 1.598 1.641 1.732 1.247 1.157 1.076 1.483
La/La* 1.988 1.987 1.524 2.143 1.118 1.232 1.246 1.306 2.079
YIY* 1.457 1.302 1.058 1.430 1.219 1.006 1.004 1.091 0.972

Cel/Ce* 1.240 1.195 1.208 1.464 1.119 1.061 1.051 1.096 1.290
Gd/Gd* 1.222 1.239 1.095 1.297 1.237 1.119 1.120 1.080 1.131
Pr/Sm 1.483 0.711 0.944 0.774 0.907 0.740 0.642 0.769 0.605
Nd/Yb 2.984 0.783 2.247 2.441 1.845 0.892 0.413 1.166 1.379



Table3.9: Oxygen isotope compositions of microquattetermined by iomicroprobe on chert

from the Meliadine gold district

Sample  Mineral ' Oyswow (%) 1 Sample  Mineral ' Oyswow (%) 1
MEL-008-1 Chert 13.7 0.5 MEL-016C-6 Chert 16.7 0.4
MEL-008-2 Chert 13.6 0.5 MEL-016C-7 Chert 15.5 0.4
MEL-008-3 Chert 14.0 0.5 MEL-016C-8 Chert 15.7 0.4
MEL-008-4 Chert 6.6 0.5 MEL-016C-9 Chert 14.5 0.4
MEL-008-5 Chert 8.1 0.5 MEL-016C-10 Chert 14.6 0.4
MEL-008-6 Chert 18.1 0.5 MEL-033A-1 Chert 14.0 0.6
MEL-008-7 Chert 16.8 0.5 MEL-033A-2 Chert 13.2 0.6
MEL-008-8 Chert 15.8 0.5 MEL-033A-3 Chert 12.9 0.6
MEL-008-9 Chert 19.1 0.5 MEL-033A-4 Chert 15.5 0.6
MEL-008-10 Chert 15.8 0.5 MEL-033A-5 Chert 15.3 0.6
MEL-016A-1 Chert 12.7 0.6 MEL-033A-6 Chert 16.3 0.6
MEL-016A-2 Chert 14.7 0.6 MEL-033A-7 Chert 15.2 0.6
MEL-016A-3 Chert 11.4 0.6 MEL-033A-8 Chert 11.0 0.6
MEL-016A-4 Chert 12.3 0.6 MEL-033A-9 Chert 15.8 0.6
MEL-016A-5 Chert 11.7 0.6 MEL-033A-10 Chert 16.3 0.6
MEL-016A-6 Chert 14.2 0.6 MEL-033B-1 Chert 13.8 0.6
MEL-016A-7 Chert 11.8 0.6 MEL-033B-2 Chert 15.1 0.6
MEL-016A-8 Chert 13.4 0.6 MEL-033B-3 Chert 14.8 0.6
MEL-016A-9 Chert 12.0 0.6 MEL-033B-4 Chert 12.7 0.6

MEL-016A-10 Chert 11.3 0.6 MEL-033B-5 Chert 10.0 0.6
MEL-016B-1 Chert 9.1 0.4 MEL-033B-6 Chert 10.3 0.6
MEL-016B-2 Chert 7.0 0.4 MEL-033B-7 Chert 15.3 0.6
MEL-016B-3 Chert 8.1 0.4 MEL-033B-8 Chert 13.3 0.6
MEL-016B-4 Chert 9.1 0.4 MEL-033B-9 Chert 13.5 0.6
MEL-016B-5 Chert 8.0 0.4 MEL-033B-10 Chert 14.6 0.6
MEL-016B-6 Chert 8.3 0.4 MEL-033C-1 Chert 13.2 0.5
MEL-016B-7 Chert 9.0 0.4 MEL-033C-2 Chert 15.8 0.5
MEL-016B-8 Chert 9.6 0.4 MEL-033C-3 Chert 14.9 0.5
MEL-016B-9 Chert 9.0 0.4 MEL-033C-4 Chert 14.7 0.5
MEL-016B-10 Chert 7.1 0.4 MEL-033C-5 Chert 16.4 0.5
MEL-016C-1 Chert 16.5 0.4 MEL-033C-6 Chert 14.5 0.5
MEL-016C-2 Chert 17.3 0.4 MEL-033C-7 Chert 13.4 0.5
MEL-016C-3 Chert 14.0 0.4 MEL-033C-8 Chert 12.8 0.5
MEL-016C-4 Chert 15.1 0.4 MEL-033C-9 Chert 12.8 0.5
MEL-016C-5 Chert 16.1 0.4 MEL-033C-10 Chert 13.9 0.5




Table3.10: Abundances of elements and REE+Y for KMG samiptes the Meliadine gold

district

Sample  KMG1 KMG2
Si(ppm) 378400 380800
Li (ppm) 2.090 0.377
Be (ppm) 0.146 0.025
Sc (ppm)  3.185 2.390
Ti (ppm) 6.190 4.030
V (ppm) 0.212 0.601
Cr (ppm)  3.340 3.020
Mn (ppm)  19.200 9.470
Fe (ppm) 1050 335
Co (ppm) 0.262 0.317
Ni (ppm)  5.300 9.400
Cu (ppm)  9.600 19.800
Zn (ppm) 41.400 37.300
Ga (ppm) 3.360 0.468
As (ppm)  29.850 8.880
Rb (ppm)  3.530 1.830
Sr (ppm) 1.650 0.343
Y (ppm) 0.017 0.106
Zr (ppm) 0.131 6.280
Nb (ppm) 0.176 0.059
Mo (ppm)  0.125 0.169
Ag (ppm) 0.212 0.332
Cd (ppm)  1.790 1.041
In (ppm) 0.157 0.059
Sn (ppm)  5.000 1.203
Sb (ppm)  0.565 0.404
Cs (ppm) 0.464 0.108
Ba (ppm) 65.800 2.370
La (ppm) 0.026 0.024
Ce (ppm) 0.098 0.123
Pr (ppm)  0.025 0.014
Nd (ppm)  0.029 0.024
Sm (ppm) 0.018 0.018
Eu (ppm) 0.022 0.014
Gd (ppm)  0.018 0.018
Tb (ppm)  0.007 0.005
Dy (ppm)  0.009 0.015
Ho (ppm)  0.008 0.006
Er (ppm)  0.008 0.016
Tm (ppm)  0.007 0.006
Yb (ppm)  0.010 0.035
Lu (ppm)  0.006 0.008
Hf (ppm)  0.013 0.027
Ta (ppm) 0.025 0.005
W (ppm) 0.210 0.205
Au (ppm)  0.011 0.630
TI (ppm) 0.263 0.250
Pb (ppm) 25.300 4.940
Th (ppm) 0.015 0.011
U (ppm) 0.085 0.059

Y/Ho 2.115 17.755
Eu/Eu* 3.889 2.705
La/La* 0.026 0.089
YIY* 0.115 0.685

Ce/Ce* 0.144 0.472
Gd/Gd* 0.550 0.721

Pr/Sm 1.080 0.610

Nd/Yb 0.256 0.064
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Chapter 4: Gold and trace element distribution in sulfides from mineralized
Algoma-type BIFs; Implications for nature of mineralizing fluids, metal

sources and deposit models

4.1 Abstract

Quantitative laser ablation inductively coupled plasma mass spectrometiZ B-KS)
element distribution maps combined with traverse and spot analyses have been performed on
various sulfides (i.e., pyrite, pyrrhtgj arsenopyrite) from three Canadian Algotyze BIF
hosted gold deposits L H WKH a OR] $X OHDGRZEDQN GHSRVLW DQG
district, and the ~6 Moz Au Musselwhite depositprder to examine trace element zoning,
evaluategold distribution, and identify element associations charaatgrgold event(s) ithese
Algomatype BIFs. These data demonstrate ttieg main gold event in the three deposits
characterized by a coupling of elements, namehBA3 e-Ag, which establishes the trace metal
association for this mineralizati@ssociated witintense stratbound sulfideeplacement of the
Ferich material. Furthermore, the data reveal the presence of a later remobilization event
responsible for upgrading of gold teradong fracture networks due to ingress subsequent
generation of base methéaring fuids (mainly PBBi-rich) assumed to be metamorphic in origin

based on their paragenesis and the element association.

This study confirms the epigenetic origin of Bibstedgold mineralization and supports a
model whereby metamorphic/hydrothermal orog@nacesses were responsible for the
devolatilization of a common source area. The latter process resulted in the source rock
liberating goldbearing fluid along with a specific element suite noted albdieh was

channellednto Algomatype BIF at higher crustal levels via major crustal faults and/or shear
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zones Due to the high iron content, BIF acts davwrable chemical trap reducing the gold

bearing fluid viasulfidation of a preexistingFe-rich materiakto generate iroiearing sulfides.
Moreover,the data reveal that stratigraphy contributes to the fluid chemistry and may influence
the nature of the sulfide (e.g., arsenopyrite versus pyrite). In addition, the enrichment of gold, as
either nonrefractory or refractory type, along networks of fracsuggests a role for later
deformation and metamorphic events on gold remobilization and hence upgrading in the deposits

consistent with the deformation history of the deposits

4.2 Introduction

Algomatype BIFs which are thinly bedded, chemical sedimentaigks comprising
alternating layers of irenich minerals and chert, represent a significant-hosk for gold
mineralization in Precambrian terranes (e.g., Homestake and Musselwhite deposits; Frei et al.,
2009; Oswald et al., 2015) he timingof the minealizing event (syngenetigersusepigenetic)
and the origin of gold within BHhosted gold deposits have been subject of research and genetic
debates over the last few decaeg., Groves et al. 1998; Goldfarb et al., 2001, 200fH¢ et
al., 2015).In the 1970s, some authors suggested a syngenetiel whereby golevas
concentrated in arsenian pyrite within the HBigts by hydrothermal fluids during chemical
sedimentation and/or early diagenesis (e.g., Fripp et al., K&réwill, 1993, 1996)Howeve,
recent work on the depositional setting of Algotylee BIFs establishing their primary signature
using REE+Y systematics (e.g@olhar et al., 2005; Thurston et al., 20Gyurcerol et al.,
2015c) combined with the presence of replacement featuress(dfmle facies) and the
discordant nature of veining systems typically observed inH8ldted gold deposits do not
support the syngenetic model. Lately, the consensus has been that gold mineralization is
epigenetic, produced by potentiaetamorphic/hydsithermal processes in which tB&
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represents an efficient chemical trap by virtue of its high iron content and thus potential
reactivityfor metal-and HS-rich fluids migrating via structural channels into favorable
structural traps (e.g., fold hinges, shear zo(eg), Poulsen et al., 2000; Dubé et Gosselin,
2007;Phillips and Powell, 2010)his latter scenario is therefore more representative of an
orogenic model fothegold mineralization (e.g., Phillips et al., 1984; Phillips and Powell, 2010;
Paulsen et al., 2000; Goldfarb et al. 2001, 2005). Howevelnttigl source of the gold and
nature of the mineralizing fluids are still deda@twith components of magmatic, metamorphic

and diagenetic sources suggested (e.g., Phillips and Powell, 2046;dtal., 2011).

In recent years Large et al. (2007, 2009, 204d3ed on detailed LACP-MS mapping
studies, suggested that gold in sedirterdgted gold deposits (e.g., the Sukhoi Log in Siberia,
Bendigo in Victoria, Spanish Mountain in British ColumpNorth Carlin Trend in Nevada)
likely originated fronthe mobilization of gold out adfyn-sedimentary to eadgiageneticfine-
grained and/or framboidal pyriteosted by carbonaceous sediments such as black.sHadse
sulfides originally precipitatedt the bottom of basins as a result of oxygen depletion (Scholtz
and Neuman, 2007) combined with the mediating influenseilfdtereducing bacteria (e.g.,
Schieber, 2002; Folk, 2005; Large et al., 2014) and in doing so, were enriched in a specific suite
of trace elements present in Archesawater (As, Mo, Co, Ni, Pb, Zn, Te, V, Se). The
subsequent effects deéformatiorand metamorphism, (likely greenschist fapesd/or intrusive
activity, resulted in recrystallization of the host sulfide and comwern® coarsegrained pyrite
and/or pyrrhotite with commensurate release of any contained gold and othermtethis
fluid phase. The transport and structural focusing of these metalliferous fluids is considered to
then result in the formation of a vaty of quartzsulfide veins and disseminated sedireosted

gold depositge.g.,Wagner et al., 20QTarge et al., 2011, Cook et al., 20Bll et al., 2015)
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In this context, an important question is whethergbie mineralizationin BIF-hosted gold
deposits originates frosimilar source rock (e.g.black shale) with early metal enrichment in
diagenetic sulfide phases which is released into an ore forming fluid that is responsible for the

ore, in much the same manner as discussed &gbaye Steadan et al., 2014; Gao et al., 2015).

In this study, we examine the textures and tedeesent zoning of variousulfides such as
pyrite, pyrrhotite and arsenopyrite order toidentify element associations charazieig gold
event(slandevaluate the saae ofsulfides andnetals within three Canadian BHested gold
depositgFig. 4.1): (1) the ~4 Moz Au Meadowbank deposit, hosted by the 2.71 Ga Woodburn
/IDNH JUHHQVWRQH EHOW WKH - OR] $X OHOLDGLQH GLV
greenstone belt; and (3) the ~6 Moz Au Musselwhite deposit, hosted by tBi&2. Sdorth
Caribou greenstone belt. These deposits are hosted by Akypm&1Fs withinmoderately to
strongly deformed anohetamorphosed (i.e., greenschist to amphibolite facies) greenstone belts
and are considered to best fit with the orogenic gold deposiel(e.g., Dubé et al., 2015). In
detail, this study investigates: (1) the distribution of gold and various trace elements structurally
bound withn the sulfide phaseaa order to identify similarities and differences in gold
mineralization from the three dejitss and (2) compasghese features to other orogenic
depositssuch as clastic sedimenbsted gold depositg orderto examine th@otentialfor a

similar sourcefor thegold and associated elements

4.3 Geological setting of the selected BIFs

4.3.1The Meadowbank deposit

Located in the Rae Domain of the Churchill Provi(eg. 4.1), the Meadowbank deposit is

hosted by the Pipedreaihird Portageareaof the Woodburn Lake greenstone belt (ca. 2.71 Ga)
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consisting of tholeiitic and komatiitic metavolcanic rocks with minor-edtaling intermediate

to felsic tuffs and flows with intercalated BIF and clastic metasedimentary tiatisclude

guartzite and conglomerates (Armitage et al., 1996; Sherlock et al., 2001a, b, 2004; Hrabi et al.,
2003; Pehrrson et al., 2004; Janvier et al., 2015). The regional metamorphic grade ranges from
middle greenschist to amphibolite facies (Pehrrson et al., 2004) and rocks were défpained

least by six regionadcale deformation eventsiringthe Proterozoic Trandudson orogeny

(e.qg., Pehrrson et al., 2013; Janvier, et al., 2015).

Numerous units of oxidesilicate and locally sulfidefacies Algomatype BIF have been
identifiedin the deposit aredhese BIFs include the West IF, Central BIF and EastwBliEh
areall interlayered with the volcanic rocks and locally with a quartzite unit (Gourcerol et al.,
2015a; Sherlock et al., 2001a, b; 2004). The BIFs displayemmthick laminated magnetite
and white to grey chert with associated layers (0.2 to 5 cm thickpobus asemblages of
grunerite/biotite or cummingtonite/biotite or garnet/biotite whiettect variablanetamorphic
grades irthedeposit area. Moreover, minor chlorite, sericite, ankerite, siderite, stilpnomelane
and apatite form layers interbedded with ¢the't and magnetite or as inclusions in chert bands
(Armitage et al., 1996; Hrabi et al., 2003; Sherlock et al., 2004; Gourcerol et al., 2015a). Further

details of hese BIFs are provided detail in Gourcerol et al. (2015a).

Despite their mineralogical andxtural similarities, only the Central BIF contains economic
gold concentrations (i.e., the Portage and Goose deposits; e.g., Janvier et al., 2015, Gourcerol et
al., 2015a). Ordearing BIFs are characterized by hgjhain zones associated with intense
stratabound sulfideich replacement (e.g., pyrrhotite and pyrite with local chalcopyrite and
arsenopyrite) of prexisting magnetite bands and/or transposed qusaitle stockworksn

magnetite and chert bands (e.g., Janvier et al., 20hB)gold minealization, which occurs
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mainly as fracturdils or as inclusions in sulfidesith an elemental associatioas determined
by bulk ICP-MS analysesof anomalous As, Cu, Pb, Ni, Co and Teconsidered to have been

introduced into the BIF by a pi@2 event (i.e., prior to 1.85 Ga; Janvier et al., 2015)

4.3.1.1Sulfide paragenesis at the Meadowbank deposit

The Meadowbank deposit illustrates a complex sulfide paragenetic sequence characterized
by several pyrite eventd formation ometamorphic pyrrhotiten addtion to minor
chalcopyrite and arsenopyritieat are seen asclusions and/or disseminated grains either in
magnetite bands or in metamorphic pyrrhotite. 4.2). Pyrite mainly occurs as one of three
typesin the paragenetic sequendepm pyrite 1 (py) to pyrite 3 (py3) The earliest pyrite ()
consists of aggregates (<100 um) of sooty,-fin@ined “framboidalike” texture (Fig. 43A, B,
C, D)thatsuggest an earlydiagenetic origin (e.g., Large et al., 2007). This pyrite is overgrown
by coarseigrained (<200 um)subhedral to euhedral pyrite (py@)aracterized by itsieve
texturedue to abundannclusions (Fig. 8D) thatareoriented along théliation. Pyrite 2may
havefine-grainedinternal domains anke zoned whichsuggest thatinclusionsof pyl may be
completely incorporatedithin py2 (Fig. 43A, B). It is noted that distinctive inclusions of pyl
in py2 are named pyl’ (Fig.3B). Finally, the latest pyritegy3) is euhedrbto subhedraand
texturally “clean” compared to pyl and pa2d overprint locally previous pyrite€oarse
grained (>200 pum) metamorphic pyrrhotite appears to replacexwsing magnetite bands and
therebyhas incorporated pyl and py2 as inclusions. &8prints metamorphic pyrrhotite (Fig.
4.3E)and appears to mimic a late magnetite event illustrated by euhedral disseminated grains
Moreover, local finegrained anhedral to subhedral chalcopyrite and arsenopyrite occur as
inclusions or disseminated grains in the margins of pyrrhotite gralimish suggest these

phases are coewaith this eveni(Fig. 4.3F). It is notable that only samples from Central BIF
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show combination of pyl and py2 grains

4.3.2The Meliadine gold district

The Meliadine deposit is hosted by the-2.8 Ga Rankin Inlet greenstone belt (Wright,
1967; Aspler and Chiarenzelli, 1996@hich lies along the boundary between the Central and
the Northwestern Hearne domains of the Churchill Provikze 4.1; Tella et al., 2007; Davis et
al., 2008). The Rankin Inlet greenstone belt consists of polydefomassive and pillowed
mafic flows, felsic pyroclastic rocks and associated interflow sedimentary units, gabitiso
and oxidefacies BIFs All of the aforementioned units argruded by minor granite,
undeformed biotite lamprophyre, as well as late gabbro and diabase dykes of Archean and
Proterozoic age. These rogkits have been metamorphosed fromdogreenschist to lower

middle amphibolite facies (Carpenter, 2004; Carpenter, et al., 2005).

Several gold hosting Algoragpe BIFs are recognized alotite structural hanging wall of
the regionakcale Pyke Faudindinclude the Pump and-Zone BIE These mineralized BlFse
oxide-faciesthat arenterbedded with mafic volcanic and volcanoclastic rocks. The BIFs are
characterized by continuous, subpliaimediumgrey cherty beds interbedded with variable
amounts of massive, mrto cmthick beds of magnetite and Béicate minerals (e.g., grunerite,
hornblende, chloritethe latter of which arlcated at the margins of magnetite bands and

radiae towardsthe chert bands (Lawley et al., 2015a,b).

Gold mineralization in the Meliadine district consists of Bidsted replacemeistyle
mineralizationin addition to auriferous quaramkerite veis andtheir alteration selvages. In
contrasto the Meadowhak areathe BIF hostedgold mineralization hereepresents only a part

of the mineralization and is characterized by intense stratabound sudhdeplacement (e.g.,
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pyrite, arsenopyrite and pyrrhotite) of peristing magnetit@along with strong serike-carbonate
alteration. Lawley et al. (2015a) have shown thagold mineralizatioroccurs in two forms, as
inclusions within and fracture fills cutting arsenopyrite. Furthermore, they suggest that the gold
was introduced at eithe:27 Ga and/or 1.90 Gthe latter time representing possible upgrading

of the early gold event duringe TransHudson OrogenyFurthermore, an elemental association
of anomalous As, Te, Bi and Sb associated with the igaieralized BIF was proposed by

Lawley et al. (2015&), c) based on wholeck geochemical analyses coupled with-lGP-MS

element mapping.

4.3.2.1Sulfide paragenesis at the Meliadine gold district

The Meliadine gold district shows a complex paragenetic sequence with two generations
arsenopyritehat are mainly a®ciated with gold mineralizatiqirig. 44). In addition,pyrrhotite
andpyrite with lesserchalcopyrite, galena and rare sphalerite occur as inclusions or disseminated
grains(Fig. 4.5). These slfide phase all occur within quartzzarbonate vemor as randomly
oriented grains within vetselvages (Lawley et al., 2015&).particular, wo types of
arsenopyriteean be distinguished, identified aspyl and aspy2. Aspyl occurs as strongly
fractured, coarseuhedrathat have aievetexture (along main faic) and isconsideredo
representhe primary hydrothermagvent in the are@rig. 4.5A, B, C, D, E) In contrast, aspy?2 is
fine- to medium grained and isfracturedandinclusionfree The latter features suggest aspy2
may represent later remobilization (Fig. 6F). Anhedral to subhedrahdlocally sievetextured
grains of pyrrhotite, pyrite, chalcopyrite, galena and minor sphalasitegll as native gold
occur mainly in lowstrain micretextural sites in aspyl ars fracturefillings. These phses
appeato locally overgrowaspyland therebywygesta postaspyl and praspyztime of

crystallization (Fig. 6A, B, C, D, E). Moreover, a minor sulfidgeh event may occur before
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precipitation of aspylas some pyrrhotite and pyrite inclusidr@a/ebeen noted to occur in

aspyl(e.g., Carpenter, 2004).

Elemental mpping of arsenopyrite grains (Carpenter, 2004; Lawley et al., 2015c) confirmed
the aboveparagenetic interpretatiom assessing the timing of gold mineralization, Lawley et al.
(2015c) siggesedthe early sulfide phasgse-datethe regional 1.8€&a deformation event and
that this later event caused release of gold during progressive deformation aaddlisidd
recrystallizatiorof sulfides. This latter process resultedemobilizaton and precipitation of the
paragenetically lategold, during the Tranbludson orogeny, in lowvgtrain microstructures or as
clusters at aspyl/aspy2 crystals bounddfes 4.4). Importantly, the timing of this later gold
event was constrained by the pimity of gold tohydrothermal xenotime grainkat were dated

usingin-situ LA ICP-MS at 1.86 Ga

4.3.3The Musselwhite deposit

Located in the North Caribou terrane of the Superior Proyifige4.1), the Musselwhite
deposit is hosted by the North Caribouagrgtone beltwhichis dominated by mafic to
ultramafic metavolcanic rocks of the 2973<2967 Ma Opapimidhkarkop metavolcanic
assemblage and tholeiitic basalts and minor felsic volcanics of the2Z2820Ma South Rim
Metavolcanic assemblage (Biczok et 2D12; McNicoll et al., 2013). These rocks have been
metamorphosed from lower greenschist to-lowd amphibolite facies (Breaks et al., 2001) and
deformed by three deformation events (Hall and Rigg, 1986; Breaks et al., 2001). The
OpapimiskarMarkop metawlcanic assemblage is composed, from the structural base to the top,
of the “Lower Basalt” unit, the Southern Iron Formation, “Basement Basalt” unit and the

Northern Iron Formation (Otto, 2002; Moran, 2008; Biczok et al., 2012).
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The “Basement Basalt” unliging between the Northern and Southern Iron Formations is a
thick sequence of massivand pillowed tholeiitic basalt (Moran, 2008). The “Lower Basalt”
unit is composed of basalt and ultramafic rocks but includes extensive andesite (Hollings and

Kerrich, 1999).

The North Iron Formatiarwhich is the main host to mineralization, is subdivided, from the
structural base to top, into: pyrrhotiteh mudstone (4H), chegrunerite (4A), chertnagnetite
(4B), clastiechertmagnetite (“clastic’4B), garngruneite-chert (4EA), garnetiferous
amphibolite (4E) and garnéiotite schist (4F) (e.g., Otto, 2002; Moran, 2008; Biczok et al.,
2012, Oswald et al., 2015, Gourcerol et al., 2015c). The Southern Iron Formation consists of two

subparallel BIF horizons (BiczZoet al., 2012).

Gold mineralization is mainly confined to BIF, more particularly in silidatges (i.e., 4EA,
4E and 4F) BIF within higistrain zones mainly along and immediately adjacent to the lower
pressure areas such as steep limbs of the foldedarmation (Biczok et al., 2012). Gbearing
BIF is characterized by intense stratabound sulfidie replacement (e.g., mainly pyrrhotite) of
pre-existing Ferich mnerals,such as grunerite and garnets, spatially related to zones of silica
flooding with local discordant quartayrrhotite veinlets (e.g., Oswald et al., 2015). Gold occurs
mainly within pyrrhotitefilled fractures in coarsgrained, subhedral to euhedral almandine
garnet porphyroblasts and/or in presssinadows developed along garnetstajsformed during
the2788 to 2703 Ga Pevent which is the dominant deformatistylein the deposit (e.g.,
Oswald et al., 2015; Biczok et al., 20Kzlly and Schneider, 2015). Oswald et al. (2015)
proposed an elemental association of anomalous Ags€and Te with th&u mineralized
BIFs based on bullCP-MS analyses of sulfide grainghereas elemeatmapping of pyrite

nodules (Gao et al., 2015) from a carbonaceous argillite unit within the deposit vicinity provides
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striking evidence for generatiari Au-rich fluids during recrystallization along with As, Mo, Ag,
Sh, Te, W, Tl, Pb, and BrurthermoreGao et al. (2015) alssuggested that this unit may
represent a possibé®urce of goldor thedeposit based on analogies with the model of Large et

al., (2011).

4.3.3.1Sulfide paragenesis at the Musselwhite deposit

The Musselwhite depogdltustrates a complex sulfide paragenetic sequence characterized by
severafenerations of pyritandformation ofmetamorphic pyrrhotitén addition to the presence
of inclusions of minor amounts of chalcopyrite and arsenopyrite (6. Bwo types of pyrite
are recognized in thearagenetic sequence: (1) pyl is seeveag fine-grained (<25 pum)
anhedral to subhedral annealed grains in metamorphic pyrrhotite (FAg.B); and (2) py2
occurs as coars@rained (>100 um), euhedral grains overprinting pyrrhotite (FgCAD).

Coarse (>100 um) to finegrained (<100 um) aggregates of metamorphic pyrrhotite appear to
replace preexisting Ferich materialsuch as magni&t or possib} alsopyrite, and mayalso

form veinlets and/or fillindgractures incoarsegrained, almandine garnet porphyroblasts (Fig.
4.7C). The relationship between annealed pyl and pyrrhotite suggest that pyrrhotiteiformed
response to incregg in metamorphigradealong with recrystallization of pyl rather than
metamorphic conversion of pyrite to pyrrhotite (Tomkins, 203t is growth of new

pyrrhotite Chalcopyrite and rare arsenopyrite occur as inclusions in pyrrhotite (Fgy.[3).
Notale, thepresence of arsenopyrite inclusions do not correlate with gold mineralization

(Oswald et al., 2015).
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4.4 Analytical methods and data treatment

4.4.1LA-ICP-MS sulfide trace element chemistry

Sulfide compositions were determinedthe Geochemical Fingerpting Lab at Laurentian
Universityby LA ICP-MS using a 193 nm wavelength Resonetics RESOlutieBOMArF
excimer laser ablation system coupled to a Thermo X Series Il quadrupeM3CR series of
spot,traverseand map analyses were conducted atgyypyrrhotiteand aisenopyritegrains in
thick sectios. Beam diameters were typically chosen based on grain sizes of the selected
minerals,thus this parameter varied fromi®40 um. Traverseand map scan rates were
approximately 1/3 the beam diameper seond The laser pulse rate was 7 and 6 Hz for
traversesnd spots, respectively. In all cases, a fluence of ~5 #emused. Ablation took
place in ultrapure He flowing at a rate of 650 ml/min, which was combined after the sample cell
with Ar (750 ml/mn) and N (6 ml/min; for added sensitivity). The RESOlutionr3d employs a
Laurin Technic twevolume sample cell with excellent washout characteristics (Muller et al.,
2009), and therefore provides good spatial resolutiotrdwersesand maps. For all atysis
types, 30 seconds of washout/background was collected before each analysis and reference
materials were typically analyzed bracketing and between every several unknowns. The maps
were acquired by rastering the laser over the region of interest with successive lines offset by the
beam diameter. The ICGMS was operated with a forward power of 1450 W and oxide
production rate of <0.5% as determined from ThO+/Th+ while ablating NIST 612. Dwell times
were 10 ms for each analyte exc@pt which was 30 m3All data acquisition was done in time-

resolved mode to understand the spatial relationships between elements and mineral growth.

Data quantification was carried out using the trace elements data reduction scheme of lolite
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(Paton et al., 2011) with NIST 610 and Fe acting as the external and internal references,
respectively. Secondary reference materials BH\Z2&nd Po725 (Sylvester et al., 2005) were
also analyzed to verify the reasonable reproduction of known compositions. Considering the
differences in blation between silicate glass (NIST 610) and sulfides, it is expected that melting
and fractionation limits the accuracy of the quantified data to ~20% (Wohlgemuth
Ueberwasseret al., 2015). The limits of detection for integrated data were calculateehgdoor
Longerich et al. (1996) and Howell et al. (2013) (for analytes with no background counts) and
were typically 0.01 td ppm for trace elements depending primarily on beam diameter and the
analyte background signal. The thskce (i.e. not averagedpta used in binary plots and

profiles are subject to higher detection limits, but were not quantified as it is the elemental
associations that are of inter@sthese plotsMaps were originally stitched together using lolite
(e.g. Woodhead et al., 2007), but were also subjected to bilinear interpolation between adjacent
lines and 3x3 mean pixel smoothing. This improves the visualization of the data, but can also
reduce or eliminate spikes resulting from the ablation of tiny inclusions (e.g., Rittngtidlad
2012). Thetraverseand spot data used for all bivariate plots included herein were not smoothed

in any way.

4.4.2Electron Backscattered Diffraction analysis

Selected pyrite grains from the Meadowbank area were analyzed by electron backscattered
diffraction (EBSC) using a JEOL JSB400 scanning electron microscope coupled to an energy
dispersive spectrometer (EDS) housed in the Central Analytical Facilities (CAF) at Laurentian
University, Sudbury, Ontario. This technique allows generation of diffragadterns forming
Kikuchi bandswhich correspond to each of the lattice diffracting crystal planes and

identification of crystallographic orientation (Bestmann and Prior, 200&; & al., 2002).
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Pyrite samples were polished prior to analysis to remove any surface damage and covered by a
thin carbon coat in order to reduce charging effects and maintain a strong crystallographic signal.

Operating conditions were accelerating ag# of 20 keV, 3 EA beam current.

4.5 Results and interpretation

Based on using data from three Algotype BIFhosted gold deposits (e.g., the
Meadowbank, Meliadine and Musselwhite deposits), this study aims to evaluateitbes of
metalspresenin sulfidesandto establish similarities or differences between potential processes
of gold enrichment. Due titne highly variabldevel of knowledge and analyses availadte
these deposits (e.g., Janvier et al., 2015; Lawley et al., 2015c; Oswald et al., 2015), a
combination of LAICP-MS mapping and traversmalyses were performed on pyrite and
pyrrhotitefor the Meadowbank deposit, whereas only-1ZP-MS traverseanalyses were
performed on arsenopyrite and pyrrhotite from the Meliadine gold djstndtLA-ICP-MS

traverseand spot analyses on pyrrhotite and pyfriben the Musselwhite deposit.

4.5.1The Meadowbank deposit

In order to evaluate gold distribution in variable sulfides (i.e., pyrite and pyrrhotite) and its
relationship with other elements in the mineradi BIF (i.e., the Central BIF) and characterize
gold event(s) within the Meadowbank deposit-IGP-MS mapping opyrite samples (pyl, py2
and py3) combined with LACP-MS traverseanalyses on metamorphic pyrrhotite were
performed EBSD analyses were perimed on samples selected for-l@P-MS mapping in
order to identify different domains and therefore to attribute element associations to variable

pyrite domains.
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4.5.1.1LA-ICP-MS trace element chemistry

Sample AMB126223 from the Central BIF (e.g., Gourcerchkt 2015a) was selected for
elementamapping of pyl, pyl and py2 occurrences in local sufidées BIF representing
intense stratabound sulfideh replacement of prexisting magnetite bands by late
metamorphic pyrrhotite. In this sample, pwhichreflects arearly diagenetic origin (i.e., sooty,
porous aspect, fingrained and “framboidal” texture) is overgrown and locally incorporated as
pyl’ in a coarsegrained, sievgextured py2 (Fig. 8). The imagsdisplay metal zonation
reflectingvariation in metahvailability during pyl and py2 formation and subsequent
dissolutionprecipitation processes: (1) the diagenetic pyl comoigenriched inMo relative to
py2, with lesser Co, Ni, and W anainor to traces oSb, Pb, Ag, Bi and Au; (2) the py
incorporated in py2 (i.e., at interface of py2 domains), shows enrichment of Co, Ni, Pb, Ag, Bi
and weak Sb; (3) the py2 is composed of two distinctive domasnsonfirmed by EBSD
imaging with each domain either enrichedWior Tl compared to thetber, but the cores of
both are enriched in CandNi. The domains are notably depleted in Bi, Au, Mo anda®d

finally (4) Mo, Au, Sb and minor Cu appear to be enriched on the margin of py2.

Large et al. (2009) studied four sediménisted gold depositf.e., Sukhoi Log, Bendigo,
Spanish MountairNorth Carlin Trenjlandproposedchemical criteria talistinguishpyrites of
early diagenetic ersusmetamorphic/hydrothermal orogemiod Carlin type settings (Fig.9.
These defined fields are integrated vtttk dataset herein usimdividual timeslices of the
laser traverse datssed to construct the pyrite trace element npapsented above. The fields
defined in the Ag versus Ni plot are used therefore to define the naturepyfites analyzed
andthusestablish the origin of the containegktals during pyrite growth. In doing so this

provides a means to also assess the type of gold event(s).
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Distribution of individual timeslices of data in selected binary plots (Fid.0}.suggests the
presencef two distinct pyrite typeshese beingarly diagenetic and late
metamorphic/hydrothermakhich is consistent with the petrographic observations (F8)- 4.
Furthermore, by examining the element specific distribution in the context of pyrite types it i
possible to relate the element enrichment/depletion in each of these pyrite types to a process.
Thus, by integrating the element maps with the binary ptaappears that pyl and pyl’
correspond chemically to early diagengtyeite, which thus suggesthat the associatetement
enrichmentsn Co, Ni, Pb, AgBi, Mo, W and Stare also of the same origifihese elements
wereremobilizedduring the conversion of pyl to py2 \d#&solutionprecipitation processdbat
resulted in formation ahe metamaguhic/hydrothermal orogenitype py2 The binary plots in
Figure4.10 clearly highlight these elemental enrichments and in the case of Bi and Sb allow a
clear subdivision of the data into two distinct groups designated by A érd.B.10D, J)
which can then be used to define other associatidnss for @ld, which overgrowspy2 and
occussin pyl (Fig. 48l), it appears tdvave beeintroduced by late metamorphic/hydrothermal
processebased on the distribution of data in Figur&OA and is seen to bessociated with As,
Se, Te, Bi, Sb (group B, Fig. D, J), Mo and lowAg. The following points are also notdd)

Au does not appear to haweaginatal from the early diagenetic pyl-pyl’); and (2) thdocally

high content of Au in pyl (Figt.8) may beattributed to late precipitation processes in porous
pyl (-pyl’). Moreover, considering the distribution of selected elements throughout the early
diagenetic pyrite (Co, Pb, Ni, W, Mo) atite similar behavior oAs-SeTe to Au Figs.4.8,

4.10), only onegold event is suggested in this sampdsed a compilation of the data in Figure

4.10L, a composite elemental plot.

A pyrrhotite grainvas also analyzed from sample AMR6231using the traversmode.
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The results show relatively flahemicalpatterngi.e., chemically uniformyvith low metal
contents except foNi, across the analyzegtain (Fig. 411). Regarding the Au conterie
valuesare mainly belowhe detection limit, except for one spot around16%& where Au = 2.4
ppm. However, no specific elemahassociation isiotedfor this Au peak suggasg an erratic

distributionand thus it is not possible telateit to a specific gold event.

A second ample(AMB-126231;Gourcerol et al., 2015a) was alselected for elemental
mappingto further characterize the nature of gldtoccurred as disseminansalonga chert
band in silicatdacies BIF (Fig. 412). In this sample, an aggregate of three subhedral to euhedral
py2 grains (confirmed by EBSbnaging) showddistinct metal enrichment: (1) twaf the
grainsdisplayNi-As-Se enrichment in their cores, hence during the grofthe core zore
which aresurrounded by distinctive Co (Agjich and NiSe-rich outer growth zones; (2) one
pyrite dispaysa Co-As(-Se) and NiAs-Se enrichment durinigs initial formationwith an
associated Gdli-As-Se core growth zone and distinctive-898-rich and NiSe-rich outer
growth zones (Fig. 42). The pyritegrairs areovergrown by dater stage of pyrite grwth that is
enriched inMo, Sbh, Te, Bi and Ag (Fig. 42). Despite values close to detection limit, the

elementamaps suggest the presence of gold mineralization as inclusions (R2h).4.

Using selected Ag versiM plots (Fig. 413), asin the previas mappedrains the
elementadistributiors show similartrends as for sample AMB26223 despite the notable
absence ohnearly diagenetic pyrite (i.e., pyl)his latter featurenay suggestherefore an
orogenicmetamorphic/hydrothermalfinity for the pyrites (i.e., py2formed from
dissolution/precipitation processes of anieadiagenetic pyriteot preserveth thesample.
Moreover, the distribution of trace elements in the gratigs 4.13) indicatevariable element

associations: (1) Co, As dvariable Se refle¢he initial formation of the core zon#dsat were
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seen in the pyrite maggkig. 4.12); (2) Mo, Sb, Te, Bi, Pb and variable Se reflect the d&hge
overgrowth on the py2 aggregate; and (3) minor inclusions of U randomly distribtedt
thehostpyrites. Gold distribution reflects two distinct trace element assoca{ibnCo, As, Se,
aweak Bi, Pb and Teglong with low Ag conterst which was not clearly seen in kige4.12 due
to the low Au content; and (2) Ag, ASh,Te, SeBi and Phwhich may reflect inclusions in py2
based on the mapsf( white arrows on Figd.12). Consideringhe plot ofMo-Sb-Te-Bi-Pb
versus CeAs (Fig. 4.13K), which correlates withrespectivelythe metalich rim and core of
pyrites, two distinct @menal goldassociations are cleardgen, which confirms th@resence of

two distinct gold events in this sample.

Finally, sample AMB126228 from the Central BIF was selected based on the presence of
py3 grains occurringlong a chert band in tlexide-facies BIF. This euhedral py3seen
disseminated in a chert barghows enrichment in Co, Ni, Pb and Bi (Figl4). In terms of the
elemental étributionand associations using the Ag versus Ni plite datasuggesthe pyrite
has chemical affinities ih metamorphic/hydrothermal orogestigpe pyrite andis largely
metatpoor (e.g., Au = <0.3 ppm}-urthermorerelative to pyl and py2 the sample is metal
depleteddespitethe presenc®caly of galena inclusionassuggested by punctually high Pb
values(Fig. 4.15C).In contrast to py2 from samples AMB26223 and AMB126231, py3 does
not appear to have been formed from dissoldpicetipitation of earkr diagenetic pyriteas
suggested by the data in Figur&3l. Thus the results for these samples imtext of the other
data suggegtvo distinctmetamorphic/hydrothermal events were responsible for the formation

of sulfides (Figs. 4.0,4.13and4.15).
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4.5.1.2Implications for gold mineralization

Based onntegration of petrographic observations with elememigbping and element
associationgt has been shown that pyrite rather than metamorphic pyrrhotite is associated with
gold mineralization irselected samples from the Meadowbank deposit as previously suggested
by Janvier et al. (2015 wo distinct gold egnts are demonstrated in this study: (1) the first
eventis represented byold inclusions in py2 along with a ABb-SeBi-Te-As-Sb element
association, previously recognized by Janvier et al. (2015) as2peeent (i.e., prior to 1.85
Ga; Fig. 416); and (2) a second, newly recognized gold event represented in this study by late-
stage growth of pyrite around aggregates of ply2 pyrite has a SBi-Te-As-Sb elemerdl
association (Fig 4.10,4.16). It isalsonoted that the second gold event occucally associated
with sulfiderich replacement of prexisting magnetite bands by lagtagemetamorphic
pyrrhotite.Furthermore, thgold does not appear to originate from early diagenesimboidal
pyrite located in the BIFAlso, py2 seems to fornfrom dissolution/precipitation of framboidal
pyrite (pyl) due toanincreasdan the through putf a metamorphd/hydrothermal fluig which

waslikely gold-bearing.

4.5.2The Meliadine gold district

In order to evaluate gold distribution in various sulfid@se and its relationship with other
elements in the mineralized Pump anddne BIFs and to identify gold event(s) within the
Meliadine gold district, LAICP-MS traverseanalysesvere done omvell characterized grains of
arsenopyrite and pyrrhotite. Traversesr&vdone because the sulfide grarescharacterized by
haung sievetextured features associated with various inclusions and fracturesestitts of

this study are also comparedresults ofLA-ICP-MS sulfide mapping done on arsenopyrite
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grainsby Capenter (2004) and Lawley et al. (2015c).

4.5.2.1LA-ICP-MS trace element chemistry

Euhedral arsenopyrite grains from the Pump afbire deposits (e.g., Gourcerol et al.,
2015c) located along the regional Pyke Fault in the Meliadine gold district were used for LA
ICP-MS analysis These samples (i.e., MEM04 and MELO18) are cut by several lastage
micro-fracturesand, given their possible significance, are shown on both the petrographic images
of the analyzed grains and their trace element profileasised blek lines (Figs. 4.7,4.18,
4.19). These fractures show significant enrichment in a varietyetdils such as Zn, Ag, Bi, Pb,
Ni, Co, Te, Se, Sb and Mand are chemicallgssociateavith gold mineralizationFurthermore,
the data suggestwo distinct fiacture sets based on element association: (1) a fracture set
associated with Ag, Bi, Pb enrichments combined with variable Ni, Zn, Co, Sb and Mo observed
in both deposits; and (2) a fracture set associated with enricim@atand Tevith variable Ni
andZn. Significant depletion in Bi, Pb and Co was also observedoblytin arsenopyrite from
the Pump deposit. Moreover, element profiles show that where the arsenopyrite cdesidre
of fractures and inclusiontheyare depleted in Ni, Te, Se, Sb and ®ualthe other base metals
relative tothe fracturedandsievetextured arsenopyritd his observatiosuggest that metals
have been introduced by lafkrids that migrated along theactureswhereas zone refining type

processes may be responsiblerfatal depletion

Examining the gold contenf the traverses, it appears that the arsenopyrite core shows a
weak, uniform concentration signifying that invisible gold is present setimsenopyrite grains.
Moreover, the two fracture sets display elnnient in gold content relative to the core of the

grain either as invisible gold (Figs4, 4.18,4.19, Au >30 ppm or as visible gold (Fig. 49;
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Au = 38-156 ppm) suggesting either two distinct gold eventsoig)associated with

precipitation of arseypyrite grainsand(2) a second associated with base matd fracturesor
remobilization of gold from the core of arsenopyrite grains into fractures by latemsttgle

rich fluids. It is noted that Sb and Mo sho&latively similar patterndespite ariable content,

which locally appear to be antithetic to gold mineralization (Fids/,4.18; illustrated by black
arrows). Additionally, draverse analysis on a fracture site filled by Eteggepyrrhotite and

localy chalcopyrite was performed (Figd.20) and demonstrates that gold and base metaih

as Bi, Pb, Co, Te and Sare higheilin the bounehg arsenopyrite grain rather than in pyrrhotite
inclusion.However, for all the elemental profilesxcept for Njthere are diffusiotlike shapes,

which suggest there has been removal of elements along the fluid flow path, which is best seen
for the bottom of the plots for Co and Sb and perhaps Au. Thus, the fluid was undersaturated in

these elements and able to remove them, which resulted in thergsamlbserved.

As done above, the nature of the gold event can be examined usinditietual timeslices
of data from the three line traverses (Fig4744.18,4.19). Considering that the Nie-Se Sb-
Mo element association represents the arsenopyritewbeeeas PiBi-Zn represents the late
fracture event, it appears that only one event has introduced gold into the system, suggesting that
material filling late fractures represemémobilization of gold from the arsenopyrite lattice and
precipitationof invisible to visible gold into late fractures (Fig24A) as thegold content

increasesvith Pb+Bi+Zn content.

Based on element profiles (Figs14,4.18, 4.19) and selected diagrams (Fige¥B, C), it
appears that fracture sets show multiple eldrassociations and these fracture sets also show
variable gold content: (1) enrichment of-$ealongfractures associated with invisible gold in

the Pump depossample(Fig. 4.17); (2) enrichment ofo along with PbBi-Zn-Ag in fractures
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associated witinvisible gold (Fig. £21B); (3)the association of PBi-Zn-Ag with invisible
gold (Fig. 421B, C); and (4) PIBi-Zn-Ag associated with visible gold (Fig.24B, C). These
observation®f elemental associations suggashodel for gold that involved a pomged
deformatioml and hydrothermal histonyith mobilization of earlier deposited gold, @®posed

by Lawley et al. (2015c).

Lastly, the results of elemental LIEP-MS mapping by Lawley et al (2016 late-stage
overgrowtls of arsenopyritelevoid ofinclusions and fractureshowed this phase tesith be
enriched in a T€0-Ni assemblage and depleted in-8aSb. Although not clearly observed in
our element profiles, this statement is observable considering the compilation dataset (Fig.

4.21D).

4.5.2.2Implic ations for gold mineralization

The results of LACP-MS elementamapping & arsenopyrite by Carpenter (2004) and
Lawley et al. (2015c) suggested that gold mineralization was introduced during the growth of
coarsegrained arsenopyrite and was subsequertiyobilizedduring
deformation/metamorpsim (Wagner et al., 2007) and presssmddtion processes accompanying
the TransHudson Orogeny (i.e., 1.8685 Ga) These latter events resulted in the concentration
of goldin later stage recrystallizedrsenopyte and infracturefills. These conclusionare
compatible with theesultspresented here bastdm whichit was possible to distinguish
multiple mineralizing events, one contemporaneous with the sulfide event and another related to
fluid, which infiltrated the arsenopyrite alomgultiple fracture sets. Our data indicate that an
elemental association of A&g-Bi-Pb-SeTe with Au characterizes theineralized BIF.

Furthermorethere is a significant BiAo-Te association, perhaps due to migrolusions of
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tellurides that relates to gold mineralization (Fig28E, F) and which may reflect the late gold

event

4.5.3The Musselwhite deposit

Several authors have reported that gold in the Musselwhite deposit is associated with the
pyrrhotite grains thaappear to replace pexisting Ferich material and/or forrm coarse-
grained,fracturedalmandine garnet porphyroblasts (e.g., Biczok et al., 2012; Oswald et al.,
2015).In order to evaluate this proposal, traverses were performed on several pyrrhotite grains to
determine its trace element chemistry. The data were also used to compare to the enrichment of
other elements in the silicate BIFs. Additionally, several pyl (referring tayfmieed, annealed
grains disseminated as inclusions in metamorphic pyrrhotite) amalgzedusingspotmodeand
one grain of py2 was analyzet a traverse. The combination of these ressiltsed to identyf

and chemically characteritke gold event(s) within the Musselwhite deposit.

4.5.3.1LA-ICP-MS trace element chemistry

Euhedral to subhedral pyrrhotite grains either disseminated in chert bands or as fracture-
filling in euhedral garnets (Figs.22,4.23) display fairly similar features and gold element
associations. In general, the corgwgifrhotite shows low bas@and preciousnetal ®ntentsthat
have been modified either by late fractures, illustrated by dashed black lines on element profiles,
and/or local inclusions. Based on petrographic and geochemical studies, it appears that only one
set of fractures observed in pyrrhotite graingtains significant basmetal enrichment that
includesZn, Pb, Bi, As, variable Cu, Te, Sb and,Afpng withAu. Local inclusions are also
recordedbased on selected profiles of trace element concentration (F2g@s4 £23) that

illustrate local enrioment of Cu, Zn, Se, Ag and variable Te and As along witHboth
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casesthe Au enrichmenbccurs mainly asiicro-grainstoo small to be observed optically or
with the SEM Considering the CAg-Te-Se element association within the-Aah pyrrhotite
inclusions and RBi within late Aurich fracturesa compilation of individual timeslices of data
from ten line traversesn pyrrhotite grains was done and these data suggeséswas onha
singleAu event (Fig. 24). Gold may be hosted the pyrrhoite lattice to be later exsolved and
remobilized into late fractures by later stdgesemetal- rich fluids (i.e., Pb, Bi; Fig. £4) as

observed in the Meliadine gold district (Fig24A).

Traversesand spot analyseneon pyrite samples (i.e., pyhée py2) dso detected
significantcontents of Au(i.e., b.d.l.to 11000 ppm) in py2which illustrates a later stagsulfide
eventgiven that the pyritéocally overprints pyrrhotite (Fig. 4D). Typically, the euhedral to
subhedral py2 hasare relativéy enriched in base metakuch as Zn, Ni, Sc, Sb, Se, Te (Figs.
4.25,4.26, 4.27),which iscut by several micrdractureghat are also enriched in basad
precious metals such as Zn, Pb, Bi, Te, Se, Ag and Au with variableh8Hatter data indicas
a singleset of fractures (Fig. 45) but that itshows a significant goldch inclusion along with
Ag, Te and variable Cu, Zn, Bi, Pb enrichments.ofpilation of timeslices datasets from py2
suggesthe presence of Agrich tellurides closely ass@ated with the fracture seasillustrated
by a ZnPb-Bi element association (Fig.,28A, B) and AgAu- rich tellurides occurring mainly
as inclusions in py2 (Fig. 26A, B, C) along with the highest AandAg concentrations (Fig.

4.26C, D).

Geochemicall, py2 differs from the barren pyWhich ischaracterized by annealed grains
disseminated in pyrrhotite grains (Fig24) in addition to variable pyrites from the
Meadowbank deposit (cf. Sec. 4.1.1). Selected criteria froraige et al. (2009ata set

cannot be applied this py2 due to itdigh Ni and Ag contentdig. 4.27A) whereas théew
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spot analysis data for pyl suggestaetamorphic/hydrothermal orogestgpe chemical affinity
(Fig. 4.27B). Comparison of pyandpy2 data with two distinct pytes from the Sukhoi Log
deposit Fig. 4.28; Large et al., 2007) show that pyl displays a pattern similar to pyrites formed
from metamorphic/hydrothermal conversion of early diagenetic pyrite from sedimentary rocks
within the Sukhoi Log deposit (data iflgF4.9) whereas py2 from the Musselwhite deposit
shows a pattern similar to getdlluride pyrite from beddingarallel quartz veinlets from the
Sukhoi Log depositwhich were generated by anternally derivedluid. These distinct
geochemical relationgts suggesthereforethat pyl and py2 from the Musselwhite deposit may
haveformed from different fluids. Moreover, pyl may represent a proxy for metamorphic
pyrrhotite as their relationship (pyl versus pyrrhotite) suggests an increase of metamorphic
condtions leading to annealing and recrystallization of pyl and crystallization of pyrrhotite

confirmingthat pyrrhotite may be formed froametamorphic/hydrothermal orogestigpe fluid.

4.5.3.2Implications for gold mineralization

The LA-ICP-MS trace element chentig and petrography indicate that the metamorphic
pyrrhotite is associated with gold mineralization along with aAgure-Se (As) element
association reported by Oswald et al. (2015). Gold inntiniralizing event was later
remobilized by subsequent fils having &b, Bisignature into a fracture netwomdpresenting a
second gold evenin addition, a probable thirgold mineralizing event is reported for the first
time at this localityassociated with late pyrite (i.e., py2) with an-Ag element associatipas
illustrated by arAu-Ag- rich telluride mineralization. This latter event differs from the gold
bearing pyrrhotite eventherebysuggestinghreedifferent mineralizingluids. It is noted also
that pyl is probably formed from metamorphic/hydrothermal orogenic fluids whereas py2

reflects a distinct fluidwhich may represent eitharmetamorphior magmatic componenas
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documented by thisotopicanalyses (i.e.,”N, /#O) of Isaac (2008)which suggest that-8ype

granite dykes located ll&kmeterswest of thedepositmay represent a potentiaid source

4.6 Discussion

In this study, three Canadian Algoitype BIFhosted gold deposits (i.e., Meadowbaakd
Meliadine districs from the Churchill ProvingeMusselwhiteareafrom the Superior Province)
were selected for detailed-gitu LA ICP-MS elemental mapping and point analysis of sulfide
phasesn order to assess potential sourfirsmineralizing fluids, asseslemental associations,
determinetherelativetiming of metal and sulfide enrichment event@d to evaluate the gold

enrichment processes.

The complexity in element associations documented here for nominally similar BIF hosted
Au deposits is a funn of several aspects: (1) element coupling and decoupling; (2) elemental
paragenesis; and (3) the natafeeactivatioror overprintingevents in orogenic deposits
(Kontak, 2015). The variabomplexityof mineral geochemistry inydrothermal ore systes is
consistent with longevity of the mineralizing systems (Kontak, 2(A&Yher, as is considered
below, the stratigraphic associations at the level of the greenstosenbedte mineralization
occursand the gold source are additional parameters that affect thecelhsignal of the

sulfides

4.6.1LA-ICP-MS method: implications for identifying gold events and their chemical

signature

The element distribution maps as well as the traemdespot analyses reported herein were

determined by LACP-MS on caréully selected sulfide phase such as pyrite, arsenopyrite and
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pyrrhotitecharacterized petrographically and by SEMis method can provide meaningful
guantitative distributions of major, minor and trace elements as maps or profiles in addition to
concetrratiors by resolving the data as time domain slices. Importantly, this latter process then

permits evaluating the data in terms of malement chemical associations.

The major advantage of LEICP-MS maps and timeesolved traverses over various forms
of bulk analysids the ability to recognize precisely any element associations as well as their
spatial distribution in the sulfide lattice (e.g., fracture networks, inclusions) as the laser beam
scans across each sulfide sample, thus minimizing the awgedftectof more conventional
bulk solutionbased ICPMS analyses (e.g., Janvier et al., 2005wald et al. 2015).
Furthermore, this study shows that quantitative traverses, edmehbined with careful
petrographi@bservationsmay provide observations similar element distribution maps but in
a shorter timeframee(g., elementahapping é arsenopyrite graings Lawley et al. (2015c)
versus line traverses of arsenopyrite grains herein) and also for less cost (Note: also not
discussed here, one of the limiting factors of LA {KIB mapping is the cosivhich istime and
lab dependent). Furthermotlge compilationof time-slice datasetsom LA-ICP-MS analysis
provide a means to assdgghthe number of gold events and the elemental signature of each,
which has not been so easily available before, but with this method can be more routine.
However, a limitation at present has to do with the size of the laser W@sh perhapsannot
analyze very small sulfide grains and during rastering and travergingveragedataover small

(relative to the beam diameter) inclusions and fractures.
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4.6.2Comparison of elemental association and implications for source reservoirs of gold

mineralizing events

At the Meadowbank deposianalysis of sulfides indicates two dsti gold eventsas
represented by micrmclusionsandinvisible gold within the overgrowth rim domain, both
associated witlhe same pyrite generation (i.e., py2his pyrite is considered twriginate via a
dissolution/precipitatioprocess (e.g., Putnis, 2002; Putnis et al., 2007; Putnis and Putnis, 2010),
which affected thearly diagenetic framboidal pyrite (i.e., pyIhe fluids, which mediated
formation of the pyrite (py2), are considered&oof metamorphic/hydrothermalkigin and
generated byr@genic processelencesimilar to the origin of pyrites observed in the Sukhoi
Log, Bendigo and Spanish Mountain sedimleosted gold deposits (Large et al., 2007, 2009,
2011) Analysis of the cores of these metamorphic pyrites from the latter localibeged they

are enrichedh a variety of elements including Mo, Pb, Ni, Co, W.

Although the golebearing pyritgpy2) appeardrom petrographic observations to form after
early diagenetic pyrite, Auas well as Se, Te, As and some part of the Ag, Sb bualgears to
represent an external metamorphic/hydrothermal,fluidch precipitated coevally with/or
during the latestagegrowthof py2 as part of the sulfidation (i.e., replacemenof pre-existing

strataboundnagnetite bands.

In the Meliadine goldlistrict, e gold event along with later remobilization is recorded for
arsenopyrite grains in theZone and Pump depositBhe first gold mineralizing event is
associated with an ABg-SeTe element association as invisible grainsyidrbthermal
arsempyrite grains. Late remobilization is illustrated by precipitation of gutl fracture

networks or crosscutting veins either as native oriioleigold (Wagner et al., 2007) by base
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metatrich metamorphic fluids (e.g., PbBi-, Se and Te rich fluids).

The Musselwhite deposit also displdliseedistinct gold eventsvhich are associated with
either metamorphic pyrrhotite or late pyrite grains. The first gold event show#\g-Se Te
(As) element association grithsed on the data heremay indicae ths mineralizationoccurs
asinvisible gold within the pyrrhotite lattice. In contrast, the second event as evidenced by the
presence abase metaénrichmentbon fracture networks in pyrrhotite grains, presumably reflects
alate, metalrich metamorphic fluid (i.eCuw-, Zn-, Bi- and Pb+ich fluid), which appears to have
remobilized and concentrategold in fracture set$:inally, athird gold event, hosted in a late
generation of pyrite, exhibits akg-Te element association and differs from the firgrg\by its
distinct gold sourcevhich may be metamorphic/magmatic rather than

metamorphic/hydrothermal orogenic (Isaac, 2008).

These three BHRosted gold deposits, located in different geological provinces, exhibit
similarities regarding thaaferredsource and relativéiming of gold events based on the element
associations(i.e., Au-As-SeTe-Ag), textural and chemical evidence documented lfe
remobilization into fracture networks by base meit metamorphic fluids (mainly PBi-rich)
as observedin pyrite, pyrrhotite and arsenopyrite grains. The gold event associated with this
element association appears to have been introduced by an external fluid as seen intipgrite at
Meadowbank deposit anth hydrothermal arsenopyriten the Meliadine gold district or
metamorphic pyrrhotite latticen the Musselwhite deposit. This geochemical similarity among
different deposits confirms the epigenetic origin of gold and suggests a common source from
which these elements were leached and subsequdrahneld along structural conduits (e.g.,

faults, shear zones) intdlgomatype BIF host rocks at higher crustal level These BIF
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horizonsrepresentin the context of the ore deposit setting, potentialssasithe iron contentof

these rocks astas a favorale chemical trapthrough its highly reactive capacity with the
reducing, sulfidic golebearing fluid which led to gold precipitation, as discussed by many (e.g.,
Poulsen et al., 2000; Dubé et Gosselin, 20Pfillips and Powell, 2010)This process is
anabgous to that which would occur in other rock types, for example where a similar fluid
would interact withcarbonbearing rocks (e.g., graphitic mudstone, black shale) and thereby
reducing the golstomplex and precipitating gold within quadarbonate vaing systera

(Phillips and Powell, 2010).

Regarding each constituent of the element association related to gold mineralization, Pitcairn
et al. (2006) pointed othat Au, Ag, As, and Se are found in significantly lower concentrations
in rocks of higher m@amorphic rank compared to their unmetamorphosed protoliths. This
observation has been interpreted to suggest the source rabkderelements may initially be
unaffected or onlyveakly affected by a givemetamorphic event before the liberation of these
elementdollowed by a significant metamorphic event and tranagionby a fluid phase. This
process represents a d&atdization model in which thelementof interestmay be removed
from source rock at the greensckashphibolite transition during pgrade metamorpéin(e.g.,
Pitcairn et al., 2006; Phillips and Powell, 2010) and cabied low-salinity, HLO-CO,-H5S rich
fluid (Phillips and Powell, 2010). In this study, the metamorphic/hydrothermal orogenic
processes appear to halréven fluids leadng to the concentration of precious metals and

associated elements into the BlRlksstrated by Figures 40,4.13 and 427.

This study does nothowever, advocate for extraction of Au and other metals fromrguid
diagenetic pyrite hosted withgabonaceous black shale successiastas been argued for

several sedimeftiosted orogenic gold deposit settingd yge et al. 2007, 2009, 2011)he
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reason for this conclusion relates to the results presented above whereby elemental rhapping o
framboidal pyrite in the Central BIF from the Meadowbank depiosiicates a lack agignificant

Au content In addition, we note that there is also a lack of any gold association with a specific
suite of elementg.g., Co, Ni, Pb, Zn, W, Mdhatare highly concentrated in the diagenetic

pyrite (Figs. 48, 4.10). Furthermorga similar argument is made based on data for the Meliadine

gold district andMusselwhite deposit.

Finally, the second gold event reportestein forthe Musselwhite deposit does not share
either geochemicabr mineralogical similarities with the other deposits studlethat this gold
event ischaracterized by afu-Ag- tellurideassociationAs explained previously, this late
event may refledthe ingress of a neexternal AuAg-Te rich fuid suggesting a different fluid
sourcethan the first event and a different gold enrichment prodésslatter is based on the
observation thathe gold-bearing pyrite does not show an element association typical of a
metamorphic/hydrothermal process suggested for the Meadowbank deposit and the first gold
event in the Musselwhite deposit. This secanderalization event appeatsweverto

represent a minor part of the Musselwhite deposit relative to firstegelot.

4.6.3Influence of the stratigraphy

Although the three deposits show similarities regarding potentialdaudces and timing of
the main gold event, significant differences do exist howastr which sulfides are auriferous:
pyrite in Meadowbank, arsenopyrite in Meliadine and pyrrhotite in Musselwhite. This difference
in terms of a repository for golwhay be influenced by the stratigraphy with which godgring
fluids reacted. For instance, formation of arsenopyrite requir€s.gs Kretschmar and Scott,

1976), which, for the case cddimenthosted gold deposits, is commonly sourced from
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sedimentary wallrock(e.g., Kontak and Smith, 199Bjerlein and Crowe, 2000;homas et al.,
2011) The fact that there lsigherproportion ofmetasedimentary rock the Meliadine gold
district comp@ared to the Meadowbank and Musselwhite deposits is consistent with this
interpretation. Furthermoréhe influence of stratigraphy also illustratedy theelemental
budgetsn sulfides For instance, pyrrhotite associated with gold mineralizatioime

Musselwhite deposits enriched in Ni, Co, Pd relative to pyrrhotite from the Meliadine gold
district, which suggest themineralizing fluids at the former deposit equilibrated to some extent
with an ultramafiemafic componenin the stratigraphywhichis not prominent in the Meliadine

gold district. Again, the geology of the settings is consistent with this interpretation.

However, the influence of the stratigraphy on the mineralizing fluid emphasises an
important problem regarding preservation of geldor during exchange with the wallrock
which may modify fluid pH as well as other parameters encouraging destabilizitiengold
complex in the fluid Of partialar relevance in this regard is the suggestion by Phillips and
Powell (2010) that a mimalized fluid with some internal bufferings provided for example by
the presence of GOn the mineralizing fluidswould allow interaction with stratigraphy without

destabilization of the gold complex.

4.6.4Influence of late deformation and metamorphism on gold mineralization

The influence of postre formation processes such as deformation and metamorphism is an
important issue in gold deposits in the context of whether new gold is being introduced or pre
existing gold is being remobilized internally. Atdwf the depositstudied, there is evidence for
later stage events, which partiatemobilize gold fromearliersulfide lattice (i.e., arsenopyrite

andpyrrhotite)due to introduction of base metagaringfluids alongfracture networksThis
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process rasts inconcentrating gold either as visibiativegold or aninvisible component

within sulfidegrains.

Such remobilization and upgradinggold is not a welknown phenomenon and has
previously beestudied in several deposit types, including VHMS (éWagner et al., 2007)
sedimenthosted gold (e.qg., Large et al., 2007, 20@&)d orogenic gold (Tomkins et al., 2004).
In these latter studies, these authors refer to a eBg#Edm metamorphic evenith gold
internally redistributedin contrast, fo the Meliadine and Musselwhite deposits, the element
associations of themetalbearingfluids carryingPb-Bi-Zn and PBi-Cu-Zn, respectively
suggest the influence afsimilar stratigraply in the fluid chemistry Contrary tocelement
associatioawith Au, such asAg andAs, the base metals do not exhibit variations related to
metamorphic grade (Pitcairn et al., 2006) and may theredpresent weak stdreenschist to
amphibolite facies conditions. Furthermpas pointed out by Lawley et al. (2015),
remobilization of gold within a greenstone belt or within a deposit is an event of lesser
magnitude relative to the original mineralizing event, thus the original nature of the primary

event is retained.

4.6.5Source of Au

There are many possible source resenfoirgold in orogenic deposits and constraining
their origins is challenging due to the equivocal nature of the fluid chemistry (e.g., isotopes, mass
balances, fluid inclusions), as discussed extensively (McCuaig and Kerrich, 1994, 1998; Ridley
and Diamond2000; Groves et al., 2003; Goldfarb et al., 2005; Pitcairn et al., 2006; Goldfarb
and Groves, 2015). Included among the many models suggested are the oldeggrangene

terranes (Frimmel and Hennigh, 2015), clastic sediments in Phanerozoic bedsr(fet al.,
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2006), sulfides (e.qg., diagenetic) in black shales (Large et al., 2007; Thomas et al., 2011),
VHMS-style sulfide precipitates in volcanielated hydrothermal systems (Moss et al., 2001) or
the subcontinental lithosphere (Bierlein et alQ@0and the mantle (Yue and He, 2008)the
previous sections we have eliminated the possible role of arsenian pyrite hosted in clastic
sediments and pyritic black shales associated with the studieddBtEd depositsvhich may

have contributed Au (c6ec. 2). However, several lines of evidence pointing to a mantle source
for the gold are possibl&everal authors proposed that mad#eived material such as hydrated
and carbonated mafic to ultramafic melts (e.g., Groves et al., 1987; Phillips aatl, RO1®0)

may contribute to precious metal enrichment and in several studies base®srs®é&de
geochronology there seems to be some support (e.g., the Witwatersrand, Homestake deposits;
Frimmel et al., 2014; Caddey et al., 1991; Morelli et al., 20@@particular relevance here is

the case fothe Homestake gold depaqsis it is hosted by Algorgype BIF andshows a similar
gold-trace element association, this befagAg-As-Te-Se (Caddey et al., 1991; Morelli et al.,
2010).Morelli et al. (2010) sggested that gold introduction is coincident with exhumation of
crustal blocksThus, although not conclusivéhere is a consisterlement association with

another BIFhosted gold system which is at least suggestive that a common source may be

represerdgd for in the two settings.

Therefore, a possible scenario is that the mantle supplied a component of heat to the deep
crust to form mafic melts from which gold westracted by metamorphism/hydrothermal
processes. Within the Abitibi greenstone belt,éhsra clear spatial association between
extensional structures bounding successor basins and eari@hAUMS deposits (Gibson pers.
Comm. 2015) and it must be recalled th@tereas the proximal heat source for VMS systems is

subvolcanic intrusive gratoids (e.g., Franklin et al., 20Q%here is a very clear mantle
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component seen in recent studies (Chen et al., 2015). Finally, the Au content of mantle sulfides is

an adequate source for gold in mantérived systems (Yue and He, 2008).

4.7 Conclusiors

In this study of three Canadian Algorhge BIFhosted gold we havietegrated the results
of quantitative element distribution maps and traverse and spot analyses producetCigy LA
MS with detailed petrography of the same samples. The data provide théobaise evaluation
of gold distribution patterns in various sulfide phases (i.e., pyrite, pyrrhotite and arsenopyrite)
present andetermination of element associations and therefore the ability to assess the source
and timing of gold event(sThe comma gold mineralizing event for these deposits, which are
epigenetic and associated with intense sulfefdacement oftratabound, Feich mineralogy
typical of BIF, is characterized by an Ms-SeTe-Ag element association in additiona@dater
stage rembilization along fracture networks by a base mb&aring metamorphic fluid (mainly
a PbBi bearingfluid). The results of this study suggest that gold events in these deposits are
related to metamorphic/hydrothermal orogenic processes driven by dezailah of an
unmetamorphosed source rock leading to the generation ebgatthg fluids which were
structurally focused into oxidend silicatefacies BIF. This latter rock/perepreserga sink for
the goldbearing fluid as its iron content acts as a favorable reactant for the sulfidic fluid
transporting the gold which leads to destabilization of gold in solution assuming transport as a
bisulfide complex. This study has also highlights the possible influence of the host stratigraphy
which may act tetabilize the dominant sulfide in the system (e.g., arsenopyrite versus pyrite).
Furthermore, subsequent deformation and metamorphic eventsaveactedto remobilize
earlier gold which provides a means to upgrade tidr, as evidencelly the occurrece of
gold along late fracture networks associated wittiBPé&nrichment.
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4.9 Figure captions

Figure4.1: Localization of the three deposits investigated in this stlidg.Meadowbank
deposit and the Meliadine gold district are within the Churchill Province, west of the Hudson
Baywhereas, the Musselwhite deposit is located within the Superior Province, south of the

Hudson Bay (after Wheeler et al., 1996).
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Figure 42: .Paragenetic chart for sulfides minerals and magnetite from BIFs in the Meadowbank

deposit.
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Figure 43: Reflected light photomicrographs of sulfide minerfaom the Meadowbank deposit.

A to D) Aggregates of fingrained, sooty pyrite 1 and coaigeined, sievdextured pyrite 2

hosted in metamolpc pyrrhotite and overprinted by later stage magnetite. Pyrite 2 may rarely
show some internal zonation suggesting pyrite 1’ inclusions. E) Euhedral to subhedral grains of
pyrite 3 overprinting magnetite and metamorphic pyrrhotite. F) iaered, anhedt to

subhedral chalcopyrite at the margin of metamorphic pyrrhotite. Abbreviations: Ccp =

chalcopyrite, Mt = magnetite, Po = pyrrhotite, Py = pyrite, Qtz = quartz.
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Figure 44: Paragenetic chart for sulfides minerals and magnetite from BIFs in the Meliadine

gold district.
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Figure 45: Reflected light photomicrographs of sulfide mineratsrirthe Meliadine gold

district. A to E) Strongly fractured, coarggained, euhedral, sievextured arsenopyrite crystals
showing anhedral to subhedral grains and aggregates of pyrrhotite, chalcopyrite and galena along
late fractures and/or as inclusions with gold. F) Unfractured, inckisen finedgrained

euhedral arsenopyrite 2 that occurs alarfgliation in a quartz matriAbbreviations: Am =
amphiboles, Aspy = arsenopyrite, Au = gold, Ccp = chalcopyrite, Gn = galena, Mt = magnetite,

Po = pyrrhotite, Py = pyrite, Qtz = quartz.
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Figure 46: Paragenetic chart fsulfides minerals and magnetite from BIFs in the Musselwhite

deposit.
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Figure 47: Reflected light photomicrographs of sulfide minerals from the Musselwhite deposit.

A, B) Anhedral to subhedral, annealed grains of pite anhedral to subhedral chalcopyrite

grains as inclusions and/or along late fractures in metamorphic pyrrhotite. C) Anhedral pyrrhotite
inclusions alondractures in porphyroblasts of coargeined, almandine garnet along with

euhedral to subhedral ptg as dissemination in quartz matrix. D) Subhedral grains of
metamorphic pyrrhotite with minor inclusions of pyrite 1, overprinted by late subhedral, coarse-
grained grains of pyrite showing possible pyrrhotite inclusidb&reviations: Ccp =

chalcopyrite, Grt = garnet, Mt = magnetite, Po = pyrrhotite, Py = pyrite, Qtz = quartz.
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Figure 48: LA ICP-MS maps showing the distribution of selected trace elemepigites from
sample AMB126223(Meadowbank deposit). A) Reflectéght photomicrograph of the

mapped pyrite crystals (i.e., pyl, pyl’and py2) that occur in a matrix of metamorphic pyrrhotite.
B to L) Element maps plotted as concentrations scaled between the data me8listardard
deviations. This plotting was used to maximize the contrast for the majority of data while
maintaining a linear scale and, therefore, the maximum concentrations of the scale are not the
true maximums present in the sample. Tlapsillustrate elemental enrichment of Co, Ni, W

and Mo with lecally minor amounts of Sb, Pb, Ag, Bi and Au in pyditevhereas pyrite 2 has an
elemental association of W, Tl, Co and Ni, and finally Mo, Au, Sb and minor Cu appear to
envelope pyrite 2. Abbreviations: Po = pyrrhotite; Py = pyrite. Note that white dashed lines on

element maps illustrated distribution of pyl, pyl’ and py2.
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Figure 49: Binary plot of Ag versus Ni (ppm) for selected pyrites from four diffeseaiment

hosted gold depositse., the Sukhoi Log, Bendigo, &pish Mountain and North Carlin Trend;

data from Large et al., 2007). The distribution of these trace elements within these pyrites allows
their distinction among early diagenetic (red field), metamorphic/hydrothermal orogenic (blue

field) and Carlintype (green feld) deposit settings. Abbreviations: Py = pyrite.
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Figure 410: Selected binary element plots (in ppm) illustrating the distribution of trace elements
amongst variable pya events for sample AMB26223from the Meadowbank deposit. A to K)
Binary element plots of Ag versus Ni grouped by selected trace elements, which show the
distribution in the pyrite fields defined by Large et al. (2009). The red field corresponds to early
diagenetic pyrite, the blue field corresponds to metamorphic/hydrothermal orbgmnioyrite

and the green field corresponds to metamorphic/hydrothermal ®gvémpyrite (see Fig. 9 for

further explanation). L) Plot of(Co+Pb+Ni+W+Mo) versus (As+Se+Te) grouped by Au

content, which shows that one gold event is associated with high As+Se+Te contents. Note that
the detection limit for Ag is at about 0.4 ppm. Groups A and B refer to remobilization of element
during thecorversion of pyl to py2 via dissolutigrecipitation processes which resulted in

formation of the metamorphic/hydrothermal orogemyee py2. Abbreviation: Py = pyrite.
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Figure 411: Summary of results for a LA ICRIS trawerse of a metamorphic pyrrlitetgrain for
sample AMB 126231from the Meadowbank deposit. A) Reflected light photomicrograph of the
pyrrhotite grain analysed with the black line showing the LA-M® traverse. B) Concentration
profiles (in ppm; note logcsile) versus time (in seconds) for selected trace elements along the
analysed traverse. It is noted that the only one spot at t = 16s shows gold mineralization, as

indicated by the red field.
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Figure 412: LA ICP-MS maps showing the distribution of selected trace elemempigites

from sample AMB126231(Meadowbank deposit). A) Reflected light photomicrograph of
mapped pyrite crystals (i.e., py2) disseminated in chert bands. B to L) Element maps plotted as
concentations scaled between the data mediar3standard deviations. This plotting was used

to maximize the contrast for the majority of data while maintaining a linear scale and, therefore,
the maximum concentrations of the scale are not the true maximasenpm the sample. The
maps illustrate variable elemental enrichments of Co, Ni, As, Se in core of pyrite 2 and
enrichments of Mo, Sb, Te, Bi and &gveloping the pyrite 2. Note that white arrows may

represent possible inclusions. Abbreviation: Py steyQtz = quartz.
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Figure 413: Selected element binary plots (in ppm) illustrating the distribution of trace elements
amongst variable pya events for sample AMB26231from the Meadowbank deposit. A to J)
Binary dement plots of Ag versus Ni grouped by selected trace elements, which show
distribution in the pyrite fields defined by Large et al. (2009). The red field corresponds to early
diagenetic pyrite, the blue field corresponds to metamorphic/hydrothermahartygee pyrite

and the green field corresponds to metamorphic/hydrothermal ®grémpyrite (see Fig. 9 for

further explanation). K) Plot of(Mo+Sb+Te+Bi+Pb) versus (Co+As) grouped by Au content,
which show that twalistinctgold eventswhich are déned by distinct elemental associations,

are represented with variable Co+As contents. Note that the detection limit for Ag is at about 0.4

ppm. Abbreviation: Py = pyrite.
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Figure 414: LA ICP-MS maps showing the distriboh of selected trace elements in pyrite from
sample AMB126228(Meadowbank deposit). A) Reflected light photomicrograph of the
mapped pyrite crystal (i.e., py3) that occurs in a chert band. B to E) Element maps plotted as
concentrations scaled between ttata median +8 standard deviations. This plotted was used
to maximize concentrations for the majority of the data while maintaining a linear scale and,
therefore, the maximum concentrations of the scale are not the true maximums present in the
sample.The naps illustrate the variable elemental enrichments of Co, Ni, Pb and Bi in the core

of pyrite 3. Abbreviation: Py = pyrite, Qtz = quartz.
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Figure 415: Selected binary element plots (in ppm) illustrating tis¢ridhution of trace elements
amongst variable pya events for sample AMB26228from the Meadowbank deposit. Ato I)
Binary element plots of Ag versus Ni grouped by selected trace elements, which show the
distribution in the pyrite fields defined by lge et al. (2009). The red field corresponds to early
diagenetic pyrite, the blue field corresponds to metamorphic/hydrothermal orbgmnioyrite

and the green field corresponds to metamorphic/hydrothermal ®gvémpyrite (see Fig. 9 for

further explaation). Note that the detection limit for Ag is at about 0.4 ppm.Abbreviation: Py =

pyrite.
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Figure 416: Binary element plot (in ppm) of Ag versus Pb using a compilation of individual
time-slices of data from the pyriteaite element maps cdisiples AMB126223 and AMB
126231from the Meadowbank deposithis diagram illustrates the presence of two gold events
in the pyrite grains, one indicated by inclusions in pyrite 2 that are associated with high Ag and
Pb contents, and second indicated by the metah rim of pyrite 2 that is associated with weak

Ag and variable Pb contents. Abbreviations: Py = pyrite.
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Figure 417: LA ICP-MS trace element profiles for a traverse done on an@ogdte grain in sample MEDO4from the Meliadine

gold deposit. A) Reflected light photomicrograph of the analyzed arsenopyrite grain. The black solid line represemsséhe trav
whereas the dashed black lines, numbered from 1 to 6, represenfrantuices. B) Selected trace element profiles (concentrations in
ppm) for the traverse shown in A). Note the following features highlighted in the figures: 1) the dashed black linetheefeicto
fractures observed in the previous image; 2) the greysflalghlight areas of significant elemental enrichments; 3) the black arrows
(for Sb and Mo profiles) indicate significant depletions relative to the rest of the grain and correspond to Au enrictrptitea

red dashed line in the Au profile refers e thigher detection limit of the tirsice dataset (as each data has their own detection
limit). It is noted that all element concentrations except Au, are on a logarithmic scale. Abbreviations: Aspy = arsenopyrite; Po =

pyrrhotite.
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Figure 418: LA ICP-MS trace element profiles for a traverse done on an arsenopyrite grain in samp@LBlEdm the Meliadine

gold deposit. A) Reflected light photomicrograph of the analyzed arsenopyrite grain. The black solid line represents the traverse,
whereas the dashed black lines, numbered from 1 to 5, represenfranitvoes. B) Selected trace element profiles (concentrations in
ppm) for the traverse shown in A). Note the following features highlighted in the figures: 1) the daskdithé$ refer to the micro
fractures observed in the previous image or suggested by analyses; 2) the grey fields highlight areas of significaht elementa
enrichments; and 3) the red dashed line in the Au profile refers to the higher detection limtiroélice dataset (as each data has
their own detection limit). It is noted that all element concentrations except Au, are on a logarithmic scale. Abbrésations:

arsenopyrite; Po = pyrrhotite.
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Figure 419: LA ICP-MS trace element profiles for a second traverse done on an arsenopyrite graplenNdg&h018 from the

Meliadine gold deposit. A) Reflected light photomicrograph of analyzed arsenopyrite grain. The black solid line repeesents th

traverse whereas the thesl black lines, numbered from 1 to 5, represent nifaciures. B) Selected trace element profiles

(concentrations in ppm) for the traverse shown in A). Note the following features highlighted in the figures: 1) thepzloedly

dashed black lines reféo microfractures observed in the previous image, or suggested by analyses, the more spaced dashed black
line refers to possible sphalerite inclusion; 2) the grey fields highlight areas of reflect significant elemental enriahch8phtée red
dashedine in the Au profile refers to the higher detection limit of the tghee dataset (as each data has their own detection limit). It

is noted that all element concentrations except Au, are on a logarithmic scale. Abbreviations: Aspy = arsenopyrite; GIn = galena, Po =

pyrrhotite, Sph = sphalerite.
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Figure 420: LA ICP-MS trace element profiles for a traverse done on an@ogdte grain in sample MED18from the Meliadine

gold deposit. A) Reflected light photomicrogragtitee analyzed arsenopyrite grain with its inclusions of pyrrhotite and chalcopyrite.

B) A close up of the previous image showing the location of the of the laser ablation traverse across arsenopyrite and pyrrhotite, as
represented by the solid black liri®). Selected trace element profiles (concentrations in ppm) for the traverse shown in B). Note the
following features highlighted in the figures: 1) the grey fields highlight areas of significant elemental enrichmentthened?

dashed line in the Aprofile refers to the higher detection limit of the tislee dataset (as each data has their own detection limit).

Note that all element concentrations are on a logarithmic scale (as each data has their own detection limit). Abbreviations: Aspy =
arsenoprite; Ccp = chalcopyrite; Po = pyrrhotite.
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Figure 421: Selected binary plots (in ppm) illustrating distribution of Au and Te content in
various element associations from the compilation of traverses analyses done on arsenopyrite
grains fom the Meliadine gold deposA) Binary plot of Ni+Te+Se+Sb+Mo versus Pb+Bi+Zn
grouped by Au content. B) Binary plot of Co versus Pb+Bi+Zn+Ag, which reflects the presence
of Co-rich and Cepoor areas in the arsenopyrite. Note that the areas enriched in Au occur in
areas depleted in Co and near fractures. C) Binary plot of Pb+Bi+Zn versus Ag, which reflects
two distinct domains based on Au content. D) Binary plot of Se+Sb versus Ni+Co+Te, which
shows two domains based on the Au content with the late overgrowth enriche@anTdi

being relatively depleted in Au. E) Binary plot of Bi versus Mo grouped by Te content. The data
reflect the formation of BMo rich tellurides. F) Binary plot of Bi versus Mo grouped by Au
content. Note tat the data show a similar trend as seen in the previous image suggesting Au is

closely associated with Bilo tellurides.
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Figure 422: LA ICP-MS trace element profiles for a traverse done on dhpiite grain in

sample E59965#0om the Musselwhite deposit. A) Reflected light photomicrograph of the
analyzed pyrrhotite along with local chalcopyrite inclusion. The black solid line represents the
traverse whereas the dashed black lines, numbered from 1 to 2, represeifitacticres. B)

Selected trace element profiles (concentrations in ppm) for the traverse shown in A). Note the
following features highlighted in the figures: 1) the closely spaced dashed black lines refer to
micro-fractures observed in the previousgge, the more spaced dashed black lines refer to
possible inclusions; 2) the grey fields highlight areas of significant elemental enrichments; and 3)
the red dashed line in Au profile refers to the higher detection limit ofglive-dataset (as each

data has his own detection limit). It is noted that As and Au concentrations are on a logarithmic

scale. Abbreviations: Ccp = chalcopyrite; Po = pyrrhotite; Qtz = quartz.
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Figure 423: LA ICP-MS trace element profiles for a traverse done on dnpiite grain in

sample E5996580m the Musselwhite deposit. A) Reflected light photomicrograph of
pyrrhotite, pyrite and chalcopyrite inclusions along fractures in garnet grain disseminated in
chert. B) A close up of the fractufided of pyrrhotite in garnet grain. Thddek solid line
represents the traverse whereas the dashed black line referring to 1 represetitactuceo C)
Selected trace element profiles (concentrations in ppm) for the traverse shown in B). Note the
following features highlighted in the figures: 1) the closely spaced dashed black lines refer to
micro-fractures observed in the previous image or suggested by analyses, the more spaced
dashed black line refers to a possible inclusion; 2) the grey fieldsghpareas of significant
elemental enrichments; and 3) the red dashed line in the Au profile refers to the higher detection
limit of the timeslice dataset (as each data has his own detection limit). It is noted that alll
element concentrations except&tal Au, are on a logarithmic scale. Abbreviations: Ccp =

chalcopyrite; Grt = garnet; Py = pyrite; Po = pyrrhotite.
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Figure 424: Binary plot (in ppm) of Cu+Ag+Te+Se, representing Au element association in the
pyrrhotite coe, versus Pb+Bi, which represents Au element association in the pyrrhotite
fractures using a compilation of individual tirmgices of data from the pyrrhotite trace element
traverse of samples E599651, E599654, E599658 and E599666 from the Musselvdsite de

(Gourcerol et al., 2015b). These data suggest that there is only one Au event.
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Figure 425: LA ICP-MS trace element profiles for a traverse done pyae grain in sample
E599658rom the Musselwhite deposit.)Reflected light photomicrograph of pyrrhotite, pyrite
and chalcopyrite inclusions along fractures in garnet grain disseminated in chert. B) A close up
of the fracture filled of pyrrhotite in garnet grain. THadk solid line represents the traverse
whereas the dashed black lines, numbered from 1 to 3, representfractiges in the pyrite. C)
Selected trace element profiles (concentrations in ppm) for the traverse shown in B). Note the
following features highlighted in the figures: 1) the closely spat@eshed black lines refer to
micro-fractures observed in the previous image, the more spaced dashed black line refers to
possible sphalerite inclusion; 2) the grey fields highlight areas of significant elemental
enrichment; and 3) the red dashed linehm Au profile refers to the higher detection limit of the
time-slice dataset (as each data has his own detection limit). It is noted that all element
concentrations are on a logarithmic scale. Abbreviati@ns= garnet; Py = pyrite; Po =

pyrrhotite; Qtz = quartz.
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Figure 426: Selected binary plots (in ppm) showing the distribution of Au and Te for pyrite data
for sample E599658 from the Musselwhite depdditte that the data are also grouped by colour
according to theiAu and Te contents. A) Binary plot for Au versus Ag with Te content color
coded, which shows the presence ofAg and Ag rich tellurides. B) Binary plot of Zn+Bi+Pb
versus Ag with Te color coded which shows-Ach and AgAu- rich tellurides. C) Binary plot

of Zn+Bi+Pb versus Ag with Au colored coded which shows that Au is associated either in
fractures or disseminated in pyrite but that the highest Au contents are associated with
inclusions.D) Binary plot of Ag versus Se with Au color coded which shawfose relationship

between Au and Ag content.
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Figure 427: Binary element plots (in ppm) of Ag versus Ni for pyl and py2 from the
Musselwhite deposit along with the fields for different pyrites, as defined by LarggZ20@9).

Note that the data are also grouped by colour according to their Au contents. A) Distribution of
data forpy2 analyzed by traverse mode from samples E599658 (FigN&fe that the detection

limit for the Ag was 0.4 ppm. B) Distribution of ddta pyl spot analyses for sample E599656.
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Figure4.28: Abundance of selected major and trace elements for pyl and py2 from the
Musselwhite deposghown in blue and red lines, respectively. These data are compayeldt
telluride pyrite from beddingarallel quartz veinlets and pyrite from sedimentary rocks, in green
and purple lines, respectively. The latter data are from Large et al. (2007), as indicated in the

legend.
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Chapter 5: Conclusiors

The study of the Algoméype BIFs represents two distinct challenges: firstly, their
characterization vides an important contribution to extending our understanding of the
geochemical evolution of early Earth through the Archean to the early Proterozoic, and secondly,
as many of them host wortdass gold deposits (e.g., the Homestake, Lupin, Musselwhite
deposits; Frei et al., 2009; Biczok et al., 2012.), understanding their chemistry potentially
contributes to identification of new deposits. In this thesis project, four different Alggraa
BIF-hosted gold deposits from Canada (i.e., the ~4 Moz Au Me&DVQ N GHSRVLW WKH -
Au Meliadine district; the ~6 Moz Au Musselwhite deposit; and the ~4 Moz Au Beardmore-
Geraldtondistrict) were selected for study in order to : (1) define the depositional setting of the
BIFs using REE+Y systematics of chert asxy for their primary signature; (2) assess gold
enrichment processes through examining the textures and trace element zoning of variable
sulfides (i.e., pyrite, arsenopyrite and pyrrhotite); and (3) establish whether there is a particular

geochemical typ of Algomatype BIF associated with gold mineralization.

The initial approach illustrated in Chapter 2 and 3, was to analyze barren versus mineralized
chert samples from the four Algorgpe BIFs by LAICP-MS method in order to define the
depositional s¢ing of the BIFs regarding their primary signature using REE+Y systematics. The
study recognized a similar signature for the four different Algtype-BIFs showing: (1)
interaction of seawater with Fe¢yhydroxides, as suggested by their heavy REE enanohm
coupled with La and Y enrichments; (2) contributions from fteghperature (>250°C)
hydrothermal fluids, as suggested by positive Eu excursions; and (3) detrital contamination,
suggested by relatively consistent REE concentrations and a chondriticl &V LR L H < +R

27). Moreover, based on ansitu SIMS oxygen isotopic study, the influence of seawater
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reacting with cherts during the diagenesis was documented. These chemical indicators help to
define the geodynamic setting for the BIFs (i.etricied basin versus open seawater) but also to
better understand Archean processes (e.g., diagenesis). However, it appears from the results of
this study that the primary signature of the chert does not record a chemical signature that may
be used as a vector for potential gold mineralization, as barren and mineralized chert samples
show similar primary signatures that suggest therefore an epigenetic gold mineralizing model for
these deposits rather than an initial syngenetic gold enrichment event, which has long been

suggested and debated.

Several questions emerged from the findings in this thesis, among them is whether gold in
the BIFhosted gold deposits originates from the same source rock (e.g., black shale; Large et al.,
2007, 2009) and therefore rigthe gold represent a similar process of enrichment in this
deposit type (e.g., Steadman et al., 2014; Gao et al., 2015). Based on quantitative element
distribution maps of sulfide phases combined with line traverses and spot analyses on similar
sulfides(i.e., pyrite, pyrrhotite, arsenopyritasing LAICP-MS, the main gold event in the
Meadowbank, Meliadine and Musselwhite gold deposits has been shown to be characterized by
an AuAs-SeTe-Ag trace metal association in chapter 4. This event is assowdktethitense
stratabound sulfideeplacement of Feich material with a later remobilization into fracture
networks by late stage, base meteh metamorphic fluids (RBi-rich). The epigenetic origin of
the gold mineralization is confirmed and the origf the fluids is attributed to
metamorphic/hydrothermal orogenic processes that were driven by devolatilization of weakly to
unmetamorphosed source rocks of similar character in all the deposit sites studied. Generation of
gold-bearing fluid along withie specific element suite was channelled via major crustal faults

and/or shear zones within low tensile strength rocks reacting with stratigraphic units. Due to its
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high iron content, Algomaéype BIF acts as a favorable chemical trap with a high efficiércy
reducing golddch fluid due to sulfidation reactions in the geisting oxide, silicate and/or
carbonate facies of the BIF to generate-bearing sulfides (e.g., pyrite, pyrrhotite and
arsenopyrite). Therefore, it appears that precipitation af moAlgomatype BIF represents a
confluence of favorable conditions (e.g., structural, lithogeochemical, fluid conditions,
stratigraphic units, etc.) rather than a specific geochemical type of Algg®ad&IF associated

with gold.

5.1 Unreturned question and suggestion for future work

Several questions have been raised from this thesis project, sietnitad contamination in
BIF as well aghe potential source of gold with&dgomatype BIF. Within chapter 2 and 3,
some elements were used as proxies taikyeapatite, zircon or various shale contaminations.
However, elements such as Rland Ga were not included the analyses, which may represent
an oversight from us; therefore, we recomchertiuding them in future workAs shown in
chapter 4, it appears that gold originates froloncadly analogousource in all the studied areas
which is consistent with the overall model of Large et al. (2007, 2009, 2011), which argues for a
gold-rich diagenetic pyrite hosted within carbonaceous black shalessimes. However, early
framboidal pyrite from the Meadowbank deposit does not show a significant Au content, which
would have been consistent with this hypothesis, nor is there a correlation of Auspébifec
suite of elements (e.g., Co, Ni, Pb, Zn, Mg), which are highly concentrated in diagenetic
pyrites. Moreover, this specific suite of elements is not related to gold in the Meliadine gold
district or in the Musselwhite deposit (e.g., Gao et al., 2015) which suggests, therefore, another
source for gold which has not been identified in this study. Proximity of this potential gold

source may represent a vectoring tool in combination with structural study for mineralized
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Algomatype BIFs.
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Appendix A: The geochemisry of chert from the Banded Iron Formation-
type Musselwhite and Meadowbank gold deposits: Distinguishing primary

and mineralization-related signatures of chert

A.1 Abstract

Algomatype banded iron formations (BIFs) are generally Archean chemical sedimentary
rocks comprised of alternating layers of inech minerals and chert of that are stratigraphically
associated with submarine volcanic rocks and localized within greenstone belts. Although much
research has been done on Algetyiae BIFs, their depositional and overall geologic settings are
contentious due to overprinting effects of post depositional deformation and metamorphism and

the absence of modern analogues for comparative studies.

Geochemical study of the gelibsting Algomatype BIFs at the Musselvitk and
Meadowbank deposits provide comparable information on the depositional context for these
Algomatype BIFs. Geochemical tools, such as remeth elements REE+Y systematics, indicate
that chert bands in Algorrtgpe BIF record contributions from: ($eawatercharacterized by
enrichment in HREE relative to LREE, positive La, Gd and Y anomalies; (2) hydrothermal
fluids, characterized by a positive Eu anomaly and a flat pattern; and (3) hydrogeneous
contamination. A detailed study of each of the afaetioned deposits was undertaken to
evaluate the origin of the chert in these BIF settings. A hydrothermal overprint on BIRhiérom
Musselwhite deposit is evidenced by negative Ce anomalies that may be due to late hydrothermal
fluid circulation in the chrt bands replacing the initial seawater component. This hydrothermal

alteration phase may be associated with the gold mineralization.
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A.2 Résumeé

Les formations de fer rubanées (FFR) de type Algoma sont généralement des roches
sédimentaires Archéenne constésél’alternance de minéraux riche en fer et de chert qui sont
stratigraphiqguement associés a des roches volcaniques de typeasoeset localisées dans
des ceintures de roches vertes. Bien que beaucoup de recherches ont été effectuées sur ces
formatiors de fer, leurs parameétres de déposition et caractéristiques géologigues sont
controverseés en raison de la surimpression des différentes épisodes de déformations et

métamorphiques mais également I'absence d'analogue moderne pour des études comparatives.

L’étude géochimique des FFR de type Algoma dans les zones de Mussetwhite
Meadowbankournit des informations comparables sur le contexte de déposition pour les FFR
de type Algoma. Les outils géochimiques, tels que des éléments de terres rares REE+Y,
indiguent que les bandes de chert dans les FFR de type Algoma enregistre la ou les contributions
de : (1) 'eau de mecaractérisée par un enrichissement en terres rares lourdes par rapport a
terres rares légeres, des anomalies posiénd_a, Gd et Y, (2) des fluides hydrothermaux
caractériseés par une anomalie positive en Eu et un spectretp{d8) d’'une contamination
crustale. Une étude détaillée de chacun de ces dépobts précités a été entreprise pour évaluer
l'origine du chert dans ces FIF. Une suniegsion hydrothermale pour certain FlBRalisés
dans les zones de Musselwhite est démontrée par des anomalies négatives en Ce qui pourraient
étre associées a la circulation en fluides hydrothermaux tardifs dans les bandes de chert
remplacant la composantetiale de I'eau de mer. Cette altération hydrothermale pourrait étre

associée & minéralisation aurifere.

118



A.3 Introduction

Algomatype BIFs are thinly bedded chemical sedimentary rocks comprising alternating
layers of ironrich minerals and chert (James, 1954), stratigraphically associated with submarine,
volcanic rocks in Eoarchean to Paleoproterozoic greenstone belts (Goodwin, 1973; Bekker et al.,
2010). Studies of gold deposits associated with Algtypa BIF in Archean cratons have shown
that gold is asociated with localized sulfidaecies zones within regionally extensive oxide
facies units (e.gKaapvaal, Zimbabwe, Superior, Slave and ChurdPHillips et al., 1984,

Bleeker, 2006; Biczok et al., 2012)he depositional and geolagettings of thee deposits are
contentious due to post depositional overprinting and the absence of modern analogues. The
iron-bearing minerals in iron formations precipitated from basin waters and hydrothernsal vent
theyinclude siderite or/and iron oxXyydroxides diagenetically transformed to hematite,
magnetite, iron silicates and sulfidd$e origin of chert is controversial, but the consensus is
that it, like the irorbearing minerals, originated as a seawater precipitate (Bolhar et al., 2005;
Thurston et al., 2011) or as a hydrothermal precipitate (Allwood et al., 2010; Thurston et al.,
2011) orby replacement (Hanor and Duchac, 1990). Because of the possibility of alteration
during diagenesis, we examine the geochemistry of chert beds in that they more lilexlyepres

their original chemistry.

In regard to BIFhosted gold deposits, dbe gold mineralizing fluids prefer one
geochemical type of iron formation versus and?t@de-gold and BIFhosted gold deposits are
widely conceded to be epigenetic (Goldfarb et20001, 2005), thus, at a regional scale the
geochemical signature of the chert component of BIFs may provide a vector towards zones with
an enhanced potential to host gold mineralization. Consequently, a study of the geochemical

characteristics of Algomaye BIF, both barren and those associated with gold mineralization,
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may address important issues regarding these deposits by: (1) providingsinsigttiich type

of iron formation makes a better host for gold mineralization by identifying and using the pre
mineralized chemical signal; (2) allowing a better understanding of the mineralizing processes;
(3) providing a geochemical footprint of the mineralized system; and (4) collectively providing a

vectoring tool from least or unaltered to alterapheralizd zones.

This article presents the results ofsitu laser ablation inductively coupled mass
spectrometric (LA ICRMS) analysis of chert from BtRosted lodegold deposits in the Superior
and Churchill cratons, namely: (1) the Musselwhite deposit (11.23 Mt proven/probable grading
6.34 g/t gold in 2011)n the North Caribou greenstone beltloé SuperioProvince (Biczok et
al., 2012), and (2) the Meadowbank deposit (24.5 Mt proven/probebieserve @ 2.8 g/t in

2011),located in thaVoodburn Lake Grap of the Rae Domain (Churchill Province)

A.4 Geological Setting

A.4.1The Superior Province

The ArcheanSuperior Provinceonsists oeastwest trending continental fragments
interspersed with linear metsedmentary basins (Percival, 2007he 2.93 Ga North Cabou
Superterrane (NCS) was divided into multiple domainstandnegThurston et al., 1991). The
NCS comprisegranitoidbasement (Thurston et al., 1991; Percival, 2007) and overlying
volcanic belts (e.gNorth Caribou greenstone belf)l cratonsedat ca2.87 Ga (Stott et al.,

1989).

The North Caribou greenstone belt lies at the northern boundary of the North Caribou

Terrane (Biczok et al., 2012). This greenstone belt compaisese of metasedimentary rocks
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flanked by metavolcanic unjtall subdvided into eight supracrustal assemblages (Fig; A.1

Breaks et al., 2001Recent geochronological work (Biczok et al., 2012; McNicoll et al., 2013)
dated thaunits of the greenstone belt between 2980 and 2856 Ma. These results also indicate that
the OpapmiskanLake package in the vicinity of tidusselwhitemineis overturnedNIcNicoll

et al., 2013pand likely thrust over the younger metasediments. Further complicating the picture

is the recent discovery of volcanic units immediately south of the mine dated at ~2863 Ma and
2734 Ma (V. McNicoll, pers. comm.). Similar Bllese found in at least three of the volcanic

units of very different ages and it is hoped that this study will help distintheskvarious

BIFs. The belt is bounded by metamorphosesidgdlutonic rocks, in particular the ~2.87 Ga

North Caribou Lake batholith and the Schade Lake gneissic colfgale8562857 Ma

(DeKemp, 1987; Biczok et al., 2012))

A.4.1.1The Musselwhite deposit

Located in the North Caribou greenstone belt (Fig. AllMusselwhitemineis a giant
deposit with past production and current reserves and resources totaling 5.41 million ounces
(Biczok et al., 2012). The lithostratigraphy is dominated by BIFs and mafic to ultramafic
metavolcanic rocks of the 2973<2967 Ma OpapkainMarkop netavolcanic assemblage
(OMU) plus tholeiitic basalts and minor felsic volcanics of the 22882 Ma South Rim
Metavolcanic assemblage (SR{Biczok et al., 2012; McNicoll et al., 2013Recent
geochronologyndfield mapping indicate that the mine stratigraphy is overturned. The deposit
itself is composed of multiple o#godies within two main iron formations within the

Opapimiskan Lakenetavolcanic assemblage.

The OpapimiskarMarkop nmetavolcanic assemblage is composed, from the structueal bas
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to the top, of the “Lower Basalt” unit, the Southern Iron Formation, “Basement Basalt” unit and
the Northern Iron Formation. The South Rimtavolcanic assemblage is composed, from base
to top, of metamorphosed mafic volcaniclastic and flow units naheeB\ol unit, and by

dacitic to rhyolitic rocks named the Avol unit (Otto, 2002; Moran, 2008; Biczok et al., 2012).

The North Iron Formation, the main host to mineralization, is subdivided, from the structural
base to top, into: pyrrhotilech mudstone4H), chertgrunerite (4A), chertmagnetite (4B),
clasticchertmagnetite (“clastic’4B), garnajruneritechert (4EA), garnetiferous amphibolite
(4E) and garnebiotite schist (4F) (Otto, 2002; Moran, 2008; Biczok et al., 2012). The main
mineralized horizos are the 4EA and 4B.The Southern Iron Formation consists of two sub

parallelBIF horizonsgenerally not mineralize(Biczok et al., 2012).

The Basement Basalt utyting between the Northern and Southern Iron Formations is a
thick sequence of massivard pillowed tholeiiticbasalt(Moran, 2008). The “Lower Basalt”
unit is the structural footwall (Otto, 2002) and is composed of basalt and ultramafic rocks but
includes extensive andesite (Hollings and Kerrich, 19B183. presence of pillow structures

suggets a submarine environment (Otto, 2002; Moran, 2008).

A.4.1.1.1Deformation

Three deformation events were recognized in the North Caribou greenstone belt (Hall and
Rigg, 1986; Breaks et al., 2001). The first deformatidi) is seen irtight F1 folds up to several
metres longvith a well-developed S1 fabric in schistose ultramafic units, angitheertyscale
repetition of unitgOswald et al., 2014)The second deformation (D2) is the most important
structural fabricwhich produced a moderate to strong,veutical northtrending S2 foliation

axialplanar to mesoscopic F2 folds (Breaks et al., 2001). The third deformation (D3) is
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relatively weak ands recognized by crenulation cleavage overprinting D2 in gruneritdh

BIF.

A.4.1.1.2Metamorphism

Regional metamorphisorf the North Caribou greenstone belt varies from lower greenschist
to low-mid amphibolite facies (Breaks et al., 2001). The Musselwhite area is affected by two
events, one middle amphibolite progragdéd0°C) and the otherchloriteretrograde (210° to

250°C;0Otto, 2002; Isaac, 2008).

A.4.1.1.3Mineralization

Mineralization consists of epigenetic gold associated with-&igdin zonesnainly along
the steep limbs of the folded iron formation (Biczok et al., 2012). Gold mineralization developed

under amphibolite cattions (i.e, 540° to 600°CQtto, 2002).

The most important host of gold mineralization in the Musselwhite mine is the sfacats
iron formation(4EA) composednainly of gruneritegarnet interlayered with chert. Garnets in
barren 4EA are anhedral $ohedral, mediungrained, and contain numerous inclusions of
grunerite, and other silicatéBhe continuation of strain after the formation of brittle
hydrothermal garnets within the relatively more ductile grunerite matrix led to the development
of extersive fractures in the garnets, as well as pressure shadows, into which pyrrhotite and gold
are deposited (Biczok et al., 2012; Kolb, 201GtrBgrade phases such as chlorite are developed
locally (Otto, 2002 The 4B unit consists of finely laminated lag®f quartz, magnetite with
minor grunerite. The typical, “pure” 4B is relatively unaltered adjacent to any mineralized zone
compared to the 4EA. Mineralized 4B is cut by quartzpyfrhotite veins and may develop

grunerite replacement of the quanagretite layers. The “clastic” variety of 4B contains diffuse
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layers of very finegrained chart, magnetite, amphit®ig- garnets. In the vicinity of the high-
strain zones on the limbs of the F2 folds, these silicate layers are prone to replacement by

hydrothermal biotite, garnet +green amphiboleftto, 2002)

A.4.2 The Churchill Province

The Archean Churchill Province has been subdivided into the Hearne and Rae domains,
(Fig. 2.1; Hoffman 1989). The RaeBain consists of the ca. 2.7 Ga Woodburn Lake Group
(Ashton, 1985; Roddick et al., 1992; Aspler and Chiarenzelli, 1996a) and the ca. 2.9 Ga Prince
Albert Group (Schau, 1982; Aspler and Chiarenzelli, 1996a) which includes granitoids and
mafic-ultramafic volcanic rocks, iron formation, shallevater quartz aret@ and minor felsic
volcanic rocks (Miller and Tella, 1995spler and Chiarenzelli (1996a) proposed the quartzites
and komatiites of the Rae Domain were deposited during extension of “Nunavbagément
block (Pehrsson et al., 201 8hatwaslater overlain by volcanic rocks afbackarc sequence or

an arctrench system.

The Hearne Domain is a granijeeenstone terrane composed of nacyglic, mafic to
felsic volcanic rocks intercalated with immature sandstones, pelites, and iron formation with rare
quartz arenites and spiniféextured ultramafic rocks (Miller and Tella, 1995; Aspler and

Chiarenzelli, 1996a).

A.4.2.1The Meadowbank deposit

The Meadowbank deposit in the Rae Domain is contained withikVoodburn Lake Group
(ca. 2.71 Ga) consisg of tholaitic and komatiitic metavolcanic rocks withinor calc-alkaline
felsic tuffs and flowswith intercalated iron formation and clastic metasedimentary rocks

(Armitage et al., 1996; Pehrrson et al., 2004; Sheroei, 2001a, b, 2004; Hrabi et al., 2003

124



All of these units are intruded by mafic and felsic plutonic rocks.

The Meadowbank area (Fig. 2.2) containwe main gold deposits: the Meadowbank mine
and the Vault deposit. The Meadowbank mine is mainly hosted within strongly altered and
deformed, sulfidébearing portions of the Central BIF (Sherlock et al., 2001a; Hrabi et al., 2003;
Sherlock et al., 2004), whereas the Vault deposit is hosted by sehltdtée-pyrite and

carbonatealtered intermediatée felsic volcanic rocks (Hrabi et al., 2003;eBlock et al., 2004).

Numerous units of Algomgype BIF, 0.2 to 10 m thick, have been identified. These BIFs
include the Far West IF, West IF, Central BIF, East BIF, and Grizzly I§eaérally
interlayered with the volcanic rocks and locally with a quartzite &gt .2; Gourcerol et al.,
2013;Shelock et al., 2001a, b; 2004)hese BIF are described more in detail in Gourcerol et al.,

2013.

A.4.2.1.1Deformation

The structural setting of the Meadowbank area is complex, consistingrefgixatscale
ductie deformation events spanning the Neoarchean to Paleoproterozgieléadgerson et al.,
1991; Ashton, 1985; Pehrsson et al., 2013). The D1 and D2 events had a significant effect on the
geometry of the mineralized bodies in the Third Portage area (Ast85; Sherlock et al.,
2004; Janvier et al., 2013). Some relict bedding (SO0) is preserved in the quartz arenite and in the
iron formation (Armitage et al., 1996). D2 represents the main structural event in the

Meadowbank are@lanvier et al., 2013)

A.4.2.1.2Metamorphism

Three distinct regional metamorphic events are recognized in the Meadowbank area. The
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M1 is greenschist grade event dated at <2.60>Ga8-1.9 Ga. The M2 varies across the property
from a midgreenschist to amphibolite grade illustrated. Thisweieedated coeval with D2. The
M3 shows a mieupper greenschist to amphibolite grade, characterized by a new generation of

biotite, garnet, cummingtonite and actinolite and is dated post mineralization (ca. 1.8 Ga)

A.4.2.1.3Mineralization

Five principal mineralied zones are defined (Armitage et al., 1996; Davis and Zaleski,
1998; Pehrsson et al., 2000; Sherlock et al., 2001a, b; Pehrsson et al., 2004; Hrabi et al., 2003)

and these are: Vault, North Portage, Third Portage, Bay Zone and Goose Island (Fig. 2.2).

Theorebodies of the Meadowbank Mine in the Central BIF consist of severpbsaltel
bands of auriferous iron formation. Sherlock et al. (2001a, b) suggested that the orebodies are
mostly developed at the contact between an ultramafic body and the ve&dinwentary
package. According to Armitage et al., (1996) and Sherlock et al., (2001a, b), epigenetic gold
mineralization is closely associated with-D2 deformation and originated from the circulation

of fluids enriched in Mg, K, Ca, S, As, Cu and @anvier et al., 2013)

A.5 Analytical methods and data treatment

Twenty-three samples of iron formation from drill core and outcrop were colléaetthe
Musselwhite deposit (i.echertmagnetite (4B), garnagrunerite(chert) (4EA), garnetiferous
amphibolie (4E) and garndtiotite schist (4F))andthirty-nine from the Meadowbank deposit
(i.e., the Far West, West IF, Central BIF, East BIF and Gr)zZlliese samples were selected for
petrographic study with an emphasis on the chert or-chebbnate phasean effort was made

to avoid BIF with chert bands <0.05 centimeters thick since analysis of such thin bands presents
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challenges. In addition, chert bands were analyzed in preferenceith Bands to minimize the
effects of anydiagenetic alteration. fshed thin sections from these samples were examined in
detail, using both transmitted and reflected light microscopy followed by-EEB!imaging and

analysis.

Traceelements and REE chemistry was obtained on 100 um thick polished sections
following petiographic study. Based on the latter observations, areas for analysis were selected
to minimize the presence of phases other than silica replacing chert, alteration, and mineral
inclusions. Analyses were made using a Resonetics Resolutkthldser ablatio instrument
coupled to a Thermo -$eries Il quadrupole IGMS at the Geochemical Fingerprinting
Laboratory of Laurentian University, in Sudbury, Ontario, using the protocol of Kamber and
Webb (2007). Line traversegere made on the pielected areas ugii40 and 190 um beam
diameters with a repetition rate of 10 Hz and an energy density of 7 Jleenelemental
concentrations reported herein represent, therefore, the integrated signal over the length of the
traverse. The element list used for each amincluded the 14 REEs in addition to Li, Be, Si,

Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Cs, Ba,

Hf, Ta, W, W, TI, Pb, Th and U. Silica was used as the internal standard and the NIST 612 glass
standard was analyzed at the beginning and at the end of each line traverse. The final
concentrations were determined by integration of the signals over the selected length of the

traverse.

Only data from samples where all the REE were above the detection limitaresds
below. In addition, the Queensland (MUQ) shale standard was used for normalizing the REE+Y
values. This shale standard is commonly used for normalization of Archean BIF data due to its

dominantly mafic volcanic provenance that is similar to the expected average terrigenous input
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into the ocean from weathering of upper continental crust Bothar et al., 2005; Thurston et
al., 2011). Furthermore, where discussed below, La, Ce, Eu, Gd anomalies are calculated
following the procedure of Lawrence akdmber (2006) and Pr using the procedure of Bau and

Duslki (1996):
(La/La) wmuo = La/(PRuo* (Prvua/Nduuo)?) (1)
(CelCe)muo = Ce/(Pkuo * (Prmuo/Nduua)) (2)
(Pr/Primuo = Pr/(0.5Cuo + 0.5Ndwug) (3)
(EW/EUJmuo = Eu/(Snwuo? * Thwua) ™ (4)
(Gd/Gd)*wuo = Gd/(Thwug? * Smwuo)™? (5)
(Lu/Lu)*muo = Lu/(Ybmug * (Ybmug/Tmuug)) (6)

A.6 Review of REE+Y systematics in BIF

The abundance of REE+Y in chert is controlled by three possible processes: (1) precipitation
from open marine seawater (e au and Dulski, 1996)2) precipitation from hydrothermal
(i.e., vent sourced) fluids (e.gAllwood et al., 2010; Danielson et al., 1992); and (3) replacement
(e.g, Hanor and Duchac, 1990). All of these processes can be influenced by terrigenous input
(Alexander et al., 2008) and oceanographic processes, such as phosphate precipitation. It is
customary to normalize samples using a shale standard to minimize the influence of terrigenous
input. Yttrium is a raresarth element with a valence df ghough not a lanthanide, thitiss
inserted into the conventional raearth diagram between Dy and Ho based on its geochemical

behavior. Given the large beam size used for the analysis, if other phases werethegsent
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would affect the REE+Y pattern and values for elements such as Ga (i.e., clay mineral
contamination), Zr (felsic ash contamination), and Th/U (phosphate contamjniatiarmodern

setting, the shale normalized REE+Y pattern for material precipitated from seawater shows:

a. Depletion in light raresarth elements (LREEgiative to heavy rarearth elements

(HREE);

b. A strongly supeichondritic Y/Ho ratio (i.e.>27), which produces a positive Y anomaly

that is often between 490;
c. Aslightly positive La anomaly (La/La* between 1.15 and 1.3);
d. A positive Gd anomaly (Gd/Gd* bgeen 1.3 and 1.5);

e. Awell-developed negative Ce anomaly resulting from the oxidation Bft€€e*in

the water column;
f. A minor positive Lu anomaly where analysis of Lu at an appropriate level is available.

Due to the anoxic character of Archean seawadhe shalemormalized REE+Y patterns for
Archean seawater is very similar to modern seawater except that Ce shows a negative anomaly

(Planavsky et al., 2010).

Based on the above criteria, samples with an Archean seawater pattern should be

characterizedby the following in shaleormalized REE+Y plots:
a. Depletion in LREE relative to middle (M) and HREE;

b. A strongly supeichondritic Y/Ho ratio between 50 and 65;
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c. Positive La and Gd anomalies (0.3 to 0.5 and 0.15 to 0.3, respectively);

d. Variable, but welldevdoped positive Eu anomalies (Kamber et al., 2004)

Positive La, Y and Gd anomalies indicate precipitation from seawater under anoxic
conditions (absence of a negative Ce anomaly) with the presence of a positive Eu anomaly
indicating the influence of higlemperature (>250°C) hydrothermal fluids (Kamber et al., 2004;

Bau and Dulski, 1996).

Hydrothermal precipitates are characterized by the lack of LREE depletion, absence of both
La and Gd anomalies, and the presence of a variably developed Eu anomady. Crust
contamination may include mineral phases, such as phosphates, clays, and/or resistant minerals
(e.g, zircon, xenotime, etc.), all of which induce cause a range of effects upon the REE+Y

patterns depending on their modal abundances.

A.7 Results

A.7.1 Musselwhite

Samples from the chembagnetite (4B), garngjrunerite(chert) (4EA), garnetiferous
amphibolite (4E) and garnéiotite schist (4F) were normalized to MUQ (Tables 3.4, 3.5 and

A.1, and Fig. A.2A, A.3A, A.4A, A.5A).

REE+Y normalized data fahe 4B, 4FA and 4E samples show, with some minor
exceptions, relatively uniform patterns. The data include a moderate enrichment in the HREEs
relative to both the LREE and the MREE and La, Gd and Eu positive anomalies Fdb&%
and A.1;Figs.A.2A, A.3A, A.4A, A.5A). The garnebiotite schist (4F) facies samples illustrate,

however, a different pattesignature and very slightly paive to no Eu anomaly (Fid\.5A).
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Due to the low concentrations of the REE+Y, the Y/Ho ratios of samples are weakly positive

(i.e, chondritic values) and are carefully used in this study.

The chertmagnetite (4B) facies (Fig. 2) shows moderate enrichment in the HREE relative
to both the MREE and the LREE (Nd/\y = 0.040.67), positive La, Gd and Eu anomalies
(La/La*wug = 1.52.6, Gd/Gdfug = 0.91.2 and EU/EWiug = 1.7-3.5; Table3.4). Samples
E599668 and E599655 (Fig. 28) show, however, stronger enrichment in the MREE relative to
LREE (Pr/Smyug = 0.120.36 (Fig. A2A) relative to the majority of samples. The chert
magnetitefacies illustrates, therefore, both a seawater and hydrothermal component. To
XQGHUVWDQG WKH GLITHUHQFH L Quokakds ansl tie i, Mhkaiktl GeD WW H U Q
contents are plotted in Figur&s2B, C, and D. The elevated Sr and Mn values (FigCAand B,
respectively) suggest samples E599668 B599655 may be influenced by a source having
enrichment in Mn and also to some extent Sr, fuexy of calcium). Observations made with
the SEMEDS confirmed the presence of ir@mphiboles (gruneriteummingtonite), but also
the occurrence of calciunich amphiboles (actinolite) and irararbonate around the line
traverse and overprinting the chert that could explain the higher concentrations of both Mn and

Sr in these samples.

The data for the garngrunerite(chert) (4EA) (Fig. A3) indicate the saples can be sub

divided into two distinct groups:

(@) Samples E599660, E599662, E599663, E599665 and E599666 show
enrichment in the HREE relative to both the MREE and the LREE (N@'b
0.150.46), and negative La, Gd and strong positive Eu anomalies (ha/t-a*0.02-

0.51, Gd/Gdfuo = 0.30.8, and EU/EWiuo = 2.1-3.48; Table 3.5
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(b) Samples E599654, E599659 and E599667 show variable enrichment in the
HREE relative to both the MREE and the LREE (NaMuo = 0.62.97), and positive
La, Gd and Eu anomalies (La/Lajy = 1.53.02, Gd/Gdfjuq = 0.941.2, and

EU/EU*MUQ = 2.3-3.9;Tab|e3.5).

The first group reflects a strong hydrothermal component without the presence of seawater
input and the second group reflects a hydrothermal and seawater combination for therformat
of chert. Based on Pr/Sug ratios and the Mn, Ga and Sr content, these data suggest sample
E599667 may be influenced by a source enriched in Mn, Sr and Ca (BigEArichment of
these elements could be explained by the presence aidto(i.e, gruneritecummngtonite)
and aluminium-and calciurarich (actinolite) (due to high correlation between the two elements)
amphiboles occurring as inclusions in the chert and around the line traverse as was also

suggested for the chemtagnetite facies.

The aarnetiferaus amphibolite (4E) facies (Fié.4) shows enrichment in the HREE relative
to both the MREE and the LREE (Nd/\y, = 0.1690.71), and variably developed positive La,
Gd and Eu anomalies (La/Ladg = 0.711.6, Gd/Gdfug = 0.9241.05 and EU/EWwiug = 2.42-
2.59;Table3.4). For this facies, both a seawater and hydrothermal contribution are suggested
from the data. Based on the Pripi@ ratios and Sr and Ga contents, a correlation is observed
between Sr and Ga contents for sample E5996551 which sutgestsmple may be influenced
by a S¥, Ga rich source (i.e.proxies of Ca and AFig. A.4B, C). This source could be
explained by presence of aluminiuand calciurrrich (actinolite) amphiboles in the chert
around the line traverse which would also &xpLQ WKH GLIIHUHQFH LQ 5(( FRQWEL
samples. However, the low concentration of Ga and particularly Sr in the other samples could be

due to analytical erroil herefore this discrimination has to be used carefully.
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Finally, the garnebiotite schist(4F) facies (FigA.5) shows variable enrichment in the
MREE relative to both the HREE and LREE (Pr{&& = 0.180.8) and only moderate positive
Eu anomalies (Eu/Ewfo = 1.08-1.94 TableA.1). This unit is distinguished from the other
units by its REE+Ysignature and, furthermore, is similar to the argillite studied by Thurston et al
(2011) which illustrated only weak hydrothermal influence. Based on RySratios and the Sr
and Ga contents (Fig. BB, C), sample E599657 could be affected by the preseinganet
which would explain the G&f ratios. The other samples show a strong correlation among Sr, Ga
and Ta content relative to Pr/Qog ratios (Fig. ASB, C, D) which could be explained by the

presence of plagioclase and biotite (evpran, 2008)

To define the environment of precipitation for the gaigreierite(chert) (4EA) and the
garnetbiotite schist (4F) facies which only show the hydrothermal influence, the Th/U ratio is
used. This ratio in epiclastic sedimentary rocks does not vary much and falls close to the Th/U
ratio of average upper continental crust (i.3€9; Bau and Alexander, 2009). Therefore, in river
water draining continental areas the ratio will be close to 3.9 (or within a 15% error margin);
whereas in seawater it will béoser to 1 if it is considered that the Archean seawater is anoxic
(Fig. A.6A). However, for the Musselwhite sampla#i,the data plot far from the field for river
water, hence it is suggested that the initial seawater signature expected in all thaBIFs w
completely overprinted/or replaced due to the influence of a hydrothermal fluid either during or

post diagenesis in these samples.

All of the BIF facies in the Musselwhite area show a variable seawater component and
positive Eu anomalies (F8gA.2A, A.3A, A.4A, A.5A) which suggest that these samples have
been influenced by both seawater and hydrothermal fluids. In order to evaluate the contribution

of endmember seawater and hydrothermal fluids, a conservative mixing calculation was done
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(Fig. A.7A) which indicateghata highT hydrothermal fluid contribution of less than 20% is

neededo produce the observed Eu/Sm ratios (Fig.A).

A.7.2 Meadowbank

The data set from the Meadowbank area was reported and disby$3edrcerol et al.
(2013). The Far West, \BelF, Central BIF, East BIF and Grizzly were analyzed and normalized
to MUQ (Fig. 2.7) and with some minor exceptions; seawater and hydrothermal inputs were
observed in each deposithe West BIF and East IF showed a detrital component, as indicated
by rdatively flat REE patterns, particulgrfor the LREE. Using a conservative mixing
calculation, an estimate of the detrital input is calculated for each sample using MUQ as a shale

reference.

For the West IF, sample AMB28328 was used as an initial compons lacking any
hydrogeneous input which was then mixed incrementatly detritus. Theletrital inputhas the
effect of producing flatter REE patterns commencing with 0.1% contaminanA(B®). The
contamination is very efficient at modifying thamary REE pattern and, therefore, can account
for most of the patterns observed for samples from this area. The mixing calculations suggest

that the majority of samples were affected by less than 5% shale contaminationg§B)g. A.

For the East BIF, samplAMB-126246 is used as the initial composition to assess
contamination. In this case, contamination with shale does not appear to account for the REE
patterns as well as observed for the West IF (FIi§CAas only four samples (i,AMB -

126245, AMB126247, AMB126248 and AMB126250) are located on/or close to the mixing
trend (Fig. A8D). Thus it appears that samples from the West IF have been more affected than

the East BIF by shale contamination, as constrained by the composition used for the mixing
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cdculations.

Forthe samples dfleadowbank deposit arehe Th/U versus (Ce/Caj)o diagram is used
to further test the importance of seawater (RigB). The data confirm the dominance of
seawater, as suggested previously using the positive La, Gdmabe® and enrichment in
HREE relative to MREE and LREE. The samples from the West BIF show adisgersion
relative to the othelMleadowbanldata angevenmore sao that observed for the Musselwhite
samples. This dispersion of data may be prodbgelde more extensive shale contamination
postulated for the Meadowbank BIFhisis supported by the conservative mixing calculations
shown in FigureA.7B which indicate that a high-hydrothermal fluid contribution of higher

than 20% is adequate ¢xplainthe Eu/Sm ratios

A.8 Summary and Discussion

The traceelement signatures for chertAtgomatype BIFs from thesgold deposit settings
have been determined in order to: (1) constrain the origin of the BIF units, (2) assess the effect of
superimposed hydrothmal processes possibly related to gold mineralization on the cherts; and
(3) assess the consequent implications forBIsted gold deposits in general. This report
represents the second part of this study (Gourcerol et al., 2013). Importantly, iragesopkhe
study we validated the application of using LA K&FS analysis in traverse mode on carefully
selected chert bands within BIFs with the appropriate analytical protocols to provide
guantitatively meaningful data. It was also shown that thesewla¢s, plotted in MUQ\ e
normalized patterns, provided internally consistent patterns that reflect the nature and origin of
the fluids from which the chert precipitated. The consistency of the patterns noted in this study

indicatesthat potentially primar chemical signatures have been retained within the selected
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chert samples despite the fact that severaHoostation deformation and metamorphic events,

in some cases to amphibolite facies, have affected the. rocks

A.8.1Implications for the depositional processes of BIFs

Although MusselwhitendMeadowbank differ in their petrographic features, style of gold

mineralization and gdogic tectonic setting, the chert samples show similar geochemistry and

depositional setting:

(1)

(2)

3)

A seawater component is recognizeanost of the BIFs, as reflected by enrichment in
the HREE relative to LREE and MREE, and positive La, Gd, Y anomalies. In some
BIFs (e.g, 4EA, 4F), the combination of the Th/U ratios andHE#d values suggest

that ahydrothermal component overprintedreplaced the seawater componeitiher

during or after diagenesis and thus likely during mineralizing processes

A hydrothermal contribution is recognized in all the BIFs as refleatpdsitive Eu
anomalies. This hydrothermal component is estimated.ab®0%, using the trace
elementchemistry of black smoker fluids as an end memibers confirming that BIFs

formed in areas where black smoker systems formed part of the geological setting.

A detritalcontribution is observable in all the BIFs eithsraatraceeontaminant or
observablesolcanic detritus, depending on the proportion of detritus involikd.
shale contamination appears, however, to be more significant in the data for samples

from the West IF and East BIF.

The results of tis studyindicatethat Algomatype BIFs were formed in a marisetting

close to discharge zones foydrothermal fluids (here, black smoker type fluids).
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A.8.2 Implications for the gold mineralization

A significant outcome of this phase of the study is the recognition efsilgge chemical
overprintingby hydrothermal fluids on the cherts bands close to gold mineralized zones, as
recorded by the modification tfie original seawatetype REE+Y patterns. Athe Musselwhite
deposit, this possible overprint is illustrated by #EA and 4F units. Althoughit 4Fis largely
an argillite and is not strictlyonsidered as a BIF (i.eas chemical sedimentary rocks composed
of iron rich mineral interlayered with chert bands botenas an IF (22.7% Fe2037170), it
still is inferred to show the influence of an overprinting hydrothermal fluid. Unit 4EA, a BIF,
shows strong Eu anomalies tleaincide with negative Ce anomalies ((Ce/Gg& = 0.041.59,
average = 0.66, standard deviation at 1.48jch should be close to 1 in Arclreseawater (i.e.
anoxic conditions). This unit also represents the more mineralized BIF facies in the Musselwhite

area.
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A.10 Figures and Captions

FigureA.1: Geologicalmap of the Muselwhitearea(Biczok et al., 2012).
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FigureA.2: Plots of geochemical data for chert samples from the 4BatiMusselwhiteA)
Shale (MUQ) normalized REE patterns reflecting the influence of ambmesivater and
hydrothermal fluids; B) plot of Sr vs. Pr/Qiy; C) plot of Mn vs. Pr/Smug; D) plot of Ga vs.

PI’/SITMUQ.
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FigureA.3: Geochemical data for chert samples from the 4EAairMusselwhiteA) Shale
(MUQ) -normalized REE patterns reflecting the influence of ambient seawater and hydrothermal

fluids; B) Mn vs. Pr/Smug; C) Ga vs. Pr/Sguo; D) Sr vs. /Smuo.
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FigureA.4: Geochemical data for chert sples from the 4E un#it MusselwhiteA) Shale
(MUQ) -normalized REE patterns reflecting the influence of ambient seawater and hydrothermal

fluids; B) Sr vs. Pr/SRuo; C) Ga vs. Pr/Sgue.
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FigureA.5: Geochemical data for chert samples from the 4FatfilusselwhiteA) Shale
(MUQ) -normalized REE patterns reflecting the influence of ambient seawater and hydrothermal

fluids; B) Sr vs. Pr/Smug; C) Ga vs. Pr/Sgug; D) Ta vs. Pr/Smuo.
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FigureA.6: Plot of Th/U versus (Ce/Caf)q for samples from Musselwhi{@), and
Meadowbank (B) deposits compared to the fields for river water and seawater based on the

continental crust Th/U value of 3.9. A margin of errors of 15% is applied here (after Bau and

Alexander, 2009).
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FigureA.7: A plot of elemental ratio data (Eu/Sm and Snm)/¥ly samples from Musselwhite

(A), andMeadowbank (B) deposits which is udedassess potential contamination of samples

with a highT hydrothermal fluid, as illustrated with the t'omponent conservative mixing

lines. The data for the black smoker fluid is from Bau and Dulski (1999) and data for seawater is

from Alibo and Nozak(1999).
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FigureA.8: Influence of variable detrital contamination on chert sam@eschemical data for

chert samples from the West BIF (A) and the East BIF (C) at the Meadowbank deposit compared

to vaiable amounts of shale contaminat{ped lines) using sample AMB28328 as the initial

sample without any contamination. A plot of (Nd/¥by) YHUV XV 5(( FRQWHQW SSP R
from the West BIF (B) and the East BIF (D) in the Meadowbank area. Except for three of the 8

samples, all are close to or on the mixing line and suggest up to 5% shale contamination.
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A.11 Table and captions

TableA.1: Abundances of elements and REE+Y for samples from the 4F ifa¢hes

Musselwhitearea

Samples E599653 E599657 E599658 E599664 E599673
Si (ppm) 437300 418000 423500 450200 367100
Li (ppm) 7.400 4.290 3.390 1.189 0.193
Be (ppm) 0.061 0.061 0.061 0.061 0.061
Sc (ppm)  4.348 3.499 3.542 3.251 3.134
Ti(ppm) 5.710 43.000 185.000 15.200 5.660
V (ppm) 0.325 5.530 11.300 2.770 0.990
Cr (ppm)  4.590 2.770 6.200 2.840 4.050
Mn (ppm)  3.640 59.600 7.400 30.500 11.000
Fe (ppm) 326 1840 3030 1020 700
Co (ppm) 1.620 1.630 4.300 1.730 1.100
Ni (ppm)  43.300 13.700 46.000 15.300 9.100
Cu (ppm) 199.000  55.000 82.000 45.800 21.600
Zn (ppm) 318.000 125.000 59.000 83.800 64.000
Ga (ppm) 0.212 0.763 1.610 1.036 0.159
As (ppm)  2.860 1.205 1.190 1.740 11.000
Rb (ppm) 0.118 3.140 8.100 1.410 0.109
Sr (ppm) 0.344 1.600 1.380 0.730 0.316
Y (ppm) 0.011 0.154 0.097 0.173 0.076
Zr (ppm)  0.570 0.164 0.156 0.142 0.383
Nb (ppm)  0.035 0.084 0.275 0.114 0.046
Mo (ppm)  1.170 0.210 0.330 3.900 0.235
Ag (ppm)  0.359 0.182 1.000 0.187 0.182
Cd (ppm)  2.740 0.993 0.900 1.333 1.321
In (ppm)  0.206 0.084 0.063 0.162 0.130
Sn (ppm)  0.494 0.665 0.990 0.422 0.246
Sb (ppm)  0.941 0.775 0.880 1.260 0.451
Cs (ppm) 0.030 0.118 0.234 0.144 0.073
Ba (ppm) 0.279 2.160 13.600 2.030 0.278
La (ppm) 0.011 0.163 0.151 0.126 0.199
Ce (ppm) 0.058 0.368 0.710 0.360 0.603
Pr (ppm) 0.012 0.041 0.111 0.063 0.088
Nd (ppm)  0.015 0.144 0.710 0.268 0.360
Sm (ppm) 0.018 0.038 0.470 0.150 0.108
Eu (ppm) 0.007 0.020 0.076 0.051 0.024
Gd (ppm) 0.018 0.045 0.350 0.124 0.066
Tb (ppm)  0.004 0.009 0.019 0.015 0.012
Dy (ppm)  0.009 0.032 0.040 0.050 0.026
Ho (ppm)  0.004 0.008 0.004 0.011 0.010
Er (ppm)  0.008 0.020 0.008 0.017 0.008
Tm (ppm) 0.004 0.003 0.003 0.006 0.006
Yb (ppm)  0.011 0.011 0.011 0.011 0.011
Lu (ppm)  0.004 0.003 0.002 0.005 0.006
Hf (ppm)  0.011 0.008 0.008 0.008 0.008
Ta (ppm) 0.008 0.008 0.020 0.014 0.011
W (ppm)  0.540 0.300 0.470 0.374 0.160
Au (ppm)  0.195 0.035 2.700 0.034 0.030
Tl(ppm)  0.335 0.105 0.104 0.135 0.129
Pb (ppm) 10.740 5.720 14.300 6.810 2.850
Th (ppm)  0.007 0.006 0.007 0.014 0.082
U (ppm)  0.025 0.024 0.065 0.093 0.085
Y/Ho 2.545 20.424 22.558 15.175 7.983
Eu/Eu* 1.503 1.942 1.084 1.672 1.068
La/La* 0.024 0.842 0.970 0.631 0.659
YIY* 0.115 0.790 1.002 0.753 0.459

CelCe* 0.062 0.878 2.105 0.832 0.922
Gd/Gd* 0.796 0.904 1.818 1.097 0.775
Pr/Sm 0.667 1.073 0.236 0.420 0.815

Nd/Yb 1.310 12.743 62.832 23.717 31.858
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