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ABSTRACT

Presented here is @mprehensive study of volatitdement signatures from massive
sulfidedeposits of the Batlist Mining Camp (BMC), Canadaaker ablation inductively
coupled plasma mass spectromelt& {ICP-MS) methods were developed and applied to
measuréis, Bi, Cd, Hg, In, Ga, Ge, Sh, Se, Sn, Tg] dhin sulfides (pyrite, sphalerite,
galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite/tennantite) and
phyllosilicates (white mica, chlorite, and biotitdp addition, LA-ICP-MS analyses
yielded concentrationsf unpublished volatile elemés in standards includingg = 0.46

ppm and Te = 296 ppm in NIST610 £ 245), Tl = 69 ppm in MASS (n = 232), and

Hg = 4.57 ppm and Te = 233 ppm in G$& (h = 33).

Pyrite from the BMC displays extensive textural arrays, which are categorized in
two man types of predeformation and deformation textures. Texturaligtinct pyrite
assistdabricatingthe evolutionary history of pyrite and consequently the massiliiele
deposits of the BMC. Most forms of pyrite from the BMC are arsenian, containitay up
7.3 wt. % As, as well as significant abundancesTlpfSb, Sn, Bi, Ag, and Se. The
examinedsulfide minerals accommodate volatile elements to different extertte
integrated LAICP-MS data of allsulfides provide a mean®f differentiating the
hydrothermalsulfide facies. Comparisoithe volatile-element budget of the examined
minerals within host rocks demonstmthat white mica represents the most highly
concentrated source of Tl, Sn, Hg, In, as well as Ba. On the lutinel,sulfide minerals
host the main concentration of Bi, As, Sbh, Se, Cd, Pb, Ni, Cu, and Co. Chlorite, and to a
lesser degree white mica, is distinctly enriched in Zn, relatiweitfade minerals(except

sphaleritef the host rocks.



The abundancesnd compositional variation o$ulfides, in particulay pyrite,
chlorite, and white mica in the host rocks of the known VMS deposits investigated in the
present study offer potential mieolhemical vectoring tools. The elevated concentration
of volatile elenents insulfide minerals, in particular pyrite, and chlorite and white mica,
occurred proximal to ore horizons as welllassubtle occurrence of volatile elements in
white mica and pyrite distal to ore horizon present the potential footprint of buried

sulfides.



PREFACE

Thepr esent di s s elemeattSigmatugeof foldandgenic MassvSulfide
Deposits in the Bathurst Mi sapagebaSestpdy Ne w
utilizing laser ablatioAnductively coupledplasmamass spectrometry (LACP-MS) to
examine the volatikelement concentrationsof silicate andsulfide phases in VMS
deposits and their associated host rocks. The Introductory chapter discusses the
characteristics of the volatile elements of intergstnciples of the LA-ICP-MS
technique sampling and methodologies, geological setbighe BMC, minerakation,
hydrothermal architecture, deposit backgrouadd previouly reported background
volatile-element signatures from the volcanogenic massswfide deposits and
associated host rocks of the Bathurst Mgn@@amp (BMC), Canada. Chaptee2plains

the volatile-element determinations isulfide minerals from volcanogenienassive
sulfide depositsby LA-ICP-MS, including thechallengesandinnovative developments
Chapter 3documents the chemical variation of the ksylfide minerals pyrite,
sphalerite,galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrig)discusses
implications with respect to ore gesis and exploration. Chapter 4 focuses extensively
on chemical signature of pyrite and proposes a pyrite reiceonical vectoring tool for
VMS exploration. Chapters 5 and &xamine the volatilelement composition of
phyllosilicates, including dbrite, white micg and biotite Chapter Soffers the optimal
LA-ICP-MS methodology for the examinatiophyllosilicates in texturallgomplex
samplesof the BMC. The origin of phyllosilicates and their compositional variation are
also discussed as are phyllosilicagsed micrachenical vectoring tools. Chapter 6

offers an extensive investigation on white mica chemical variation and its potential in



VMS exploration. The summary of outcomes from this dissertats summarized in
chapter 7

This study was carried out as a component ofTdugeted Geoscience Initiative
IV (TGI-4) Program. TGH (www.nrcan.gc.ca) was a five years project ended in 2015,
focused on expanding geoscientific knowledge and developing new eedtyggtools to
increase 1industryds success in exploring
principal objective of TGHU program was to; 1) develop innovative, new, and
unconventnal detection and vectoring methodologies for VMS exploration, and 2)
understand the controls on precious metal (gold, silver) endowment or enrichment in
VMS deposits. The contribution of the current study in this program was development
and application ©LA-ICP-MS technique in docuenting the volatileelementvariation
of the keysulfide minerals and phyllosilicates from the representative massilfele
deposits and associated host rocks of the Bathurst Mining Camp, northern New
Brunswick, Canada. Here we propose potential mic@hemical vectoring tools,
including analysis ofulfides, in particular pyrite, as well as phyosilicates like chlorite

and white mica.
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Chapter 1 Introduction and background

1.1 General introduction

The characteristics of volatilelements their host minerals, theigpplication in
exploration principles ofthe LA-ICP-MS technique,and LA-ICP-MS methodologies
applied for evaluation of chemical composition aulfides and phyllosilicatesare
presentedn the first part othis chapter. Thegeological settingore minealization, and
hydrothermal architecturen conjuction with description of the studied deposits and
backgroundn the volatileelement signature of the volcanogenic massiuéde (VMS)
deposits and associated host rockshef Bathurst Mining Cam@BMC), Canada are

comprehensivelpresented

1.2 Volatile elements

The volatileelements constitute a large number of elements in the periodic table and
include menbers of the siderophile groupa, Ge, As, Ag, Au, Sh, Tl, and Bi and the
chalcophile group, SeCd, In, Sn, Te, Hg, and Pb (McDonough and Sun 1995; Jenner

1996). Subdivision othese groupss often made based dhe relativevolatility of

individual elements Moderately volatile elements condense at temperatures between
1250e and 80 elCi,ghMhye rvealsattihl e el ements conoc
(see McDonough and Sun 1995). The behaviour of some vaéiteents varies greatly

as a function othe geological environmenEor examplethallium has chalcophiland

lithophile behaviour Thallium behaves as a chalcophile element in sulphidic systems



(i.e., in sulfide melts and in Sich hydrothermal fluids; McGoldrick et al. 1979;
Heinrichs et al. 1980andas a lithophile element in the absenceuafides (Shaw 1952;
Heinrichs et al. 198 Galer et al. 1989
In geochemistry, these volatile elements are classifiedsa®wmelting point
TypeB O-stoof ti nt er medi ate cationsé (Au, Ag, H

O6medsamt 6, and I n, Sn, Sb, W®chargefragiusqdint er me

Z = mono or divalent) and therefore | ow io
(seeBarnes 1997White 2013. These el ements can be call e
the concept of O6i mmobi | @adfThe Volatileelementhavei t h  hi

unique geochemical behauoin response t@xidation statgtransport, and deposition
processes. In addition, subsequertamorphism and deformatiean profoundly affect
theprimaryvolatile-element concentrations in rackia redistribution in time and space.
Volatile elements occur in low abundance (less than 1 ppm) in most geological
terranes (Heinrichs et al. 1980; McDonough and Sun 1995; Rudnick and Gao 2003).
Consequently, low levels of enrichment related to mindegdosits can potentially be
used as a vector to mineralization. Poor understanding of the geochemical nebfvio
volatile elements in mineralized districts and the subsequent effects of metamorphism
and weathering, in addition to analytical limitationas, until recently, precluded the
development of practical volatitelement pathfinder tools. However, with the advent and
rapid development of micranalytical techniques such as {8P-MS systems and
computerized data manipulation, the detectaond inerpretation of volatilelement

fingerprintsof ore systemg now possible



The volatile elements Hg, Tl, Sb, and As have been suggested as potential
pathfinders in geochemical prospecting for a wide variety of-baseé preciousnetal
deposits (Boyle ah Jonasson 1973, 1984; Boldy 1979, 1981; Ryall 1977; 1979 a, b;
1981; Ryall et al. 1981; Carr et al. 1986). The features of volatile elements that make
them good candidates as aectors are: 1) their presence in mineralizing fluids, 2) their
relatively hgh vapaur pressure characteristics, and 3) their role as transporting agents
(ligands) during metal transport in the mineralization processes. In VMS systems, Hg, TI,
Sb, and As have been investigated, wiiibist attention paid tédg (Russia: Saukov 1946;
Ozerova 1959, 1971; Ozerova et al. 1975, Australia: Ryall 1979 a, b; Ryall 1981; Ryall et
al. 1981, US: Friedrich and Hawkes 1966; Turek et al. 1976, Japan: Takeuchi et al. 1970;
Tono 1974, Canada: Sinclair 1977; Boldy 1979, 1981; Goodfellow 1975; Lermtlz e
1997; Goodfellow and McCutcheon 2003; Lentz 2005 aidrences therejnVolatile
elements can be incorporated into ghdfide minerals during the early stage of ore
formation. However, recrystallization and remobilization sofifides during regioal
metamorphism and deformation may liberattatite elements (especially Hg) varying
extents. These liberated volatiles can be fixed in the structure of metamsuffides
and silicates formed in the deposits or their host rocks. In the BMC, reratibih of Hg
(post Acadian uplift) via ground water movement can also form surficial Hg anomalies
(see Lentz 2005). Poedepositionaimodifications of the ores also crea@ncentratiorof
Tl and Sbby metamorphis-induced mobilization anthcorporationof these elements

metamorphic aureoles (Carr et al. 1986).



1.2.1 Volatile-elementbearing phases

The main repository for volatile elements in VMS systesnsulfide minerals,although
carbonates and silicatesin be important. Matile-element concentrations ispecific
mineralsvary from trace to major element amourftkevolatile-element concentratias
controlled by the inherent characteristics of the individoaheral phase through
accommodationwithin their crystal structure andf micro- to naneinclusions.
Physicochemical factorge.g., temperatureand pressureand availability (background
concentration in fluid)of the volatile elementsffect the patterns of volatitelenent
distributiors among the coexisting minerals. Pedépositional processes, such as
metamorphism and deformation, result in redistribution and remobilization of volatile
elements, as well as the formation of new volagllEmentbearing phases. 8 volatile
elements occur in a number of minerals. For exampl can reside irsulfides, in
particular pyrite (see Murao and Itoh 199hou et al. 2005; Fan et al. 2Q14ee
Chapters3 and 3, and silicates, in particular-Kearing minerals, i.e., nepheline, alkali
feldspar, amphibole, biotite, and white micag(e Shaw 1952; Baker et al. 2010;
Hettmann et al. 2014; see Chapters 5 ahdT®erefore,volatile elements can form
distribution haloes that are much broader than the mineralizdtotprint from with
which they are assoced The volatileelement sigature can be vigorously traced in

minerals from the known ore bodies in the BMC district.

1.2.2 Mineral micro -chemical exploration vectorshased on volatileelement
concentrations
To develop a lithogeochemical vectoring tool, systematic variations in {najoror-,

and/or traceelementconcentration®f the enveloping host rocks must be established. To



do so, assessment of the spatial variation in whole rock and/or mineral chemistry from
depositproximal to depositistal areas must be made. The whalek lithogeochemical
exploration in highly altered and metamorphosed terrains can be complicated by
overlapping haloeshat obscue the clear interpretation of vectors. Previous work has
shown that minerathemical vectors to mineralization can be recognized over distances
of several hundred metres in low grade metamorphic terrains (Urabe et al. 1983).
Likewise, alteration zonatiomased on mineralogical and btdkochemical studies, have
beenwell documented for many massigalfide deposits arounthe world Urabe and

Scott 1983; Urabe et al. 1983; Seyfried et al. 1988; Lentz and Goodfellow, 1993;
Goodfellow and Peter 1994; Leistdlal. 1997; Large et al. 2001; Hannington et al. 2003;
Yang and Scott 2003; Yang et al. 2003 and references therein).

Analytical difficulties are the main obstaclés successfulmineratchemical
investigations. Howeverhé advent ofmicro-analyticaltechniques €.g., LA-ICP-MS)
that can quickly deliver accate datawhich has madestudies of mineral composition
easier and fasterThe analyticalrobustness and cost effectiveness are the main
advantages of micranalytical approacheand have allowedheir potential as mineral
vectoring tools to be investigated@he latter enablesnvestigation oftarget mineral(s)
throughout the host rocks to the mineralization.

In the case of massiwaulfide depositssulfide minerals (in particular pyrite) are
ubiquitous and have been effaatly used inexploration based on their chemical
composition(Ryall 1977; Corbett 2001). In addition, metamorphosed host rocks of the
VMS deposits, such as BMC are predominantly composed of phyllosilicates, including

chlorite and white mica. Chlorite is limited proximal footwall and hangingall zones



(tens to hundrednetres away from the mineralized zongsge Lentz et al. 1997)n
contrast, white mica can occur in areas distal to (up to several hundred n thelawe
horizon. The volatileelement variation within both chlorite and white mica are
investigated. To a&lidate the applicability of any micranalytical technique, a careful
consideration with other methods is necessitated. The introduced -chemacal
approaches needs to be examined in association with other geochemical and geophysical
exploration methodsot only in the VMS deposits of the BMC, but also in prospecting

for buried volcanogenic massigelfide mineralization and elsewhere in the world.

1.2.3 Environmental issues

The volatile elements examined in this study, such as As, Cd, Hg, In, Sb, Tl are
envionmentally persistent and toxic pollutants. Understanding the processes of
transformation and distribution of these elements in mining areas can be used to eliminate

or mitigate potential environmental issues arising from the mining process.

1.3 Principles of LA-ICP-MS

Currentlaser ablationtechnologyevolved from the initial use of visible and infrared
wavelengths (Perkins et al. 1991, 1993; Jackson et al. 1992; Pedrcd8RaDarke and
Tyson 1993)to generation of ultraviolet beams by quadrupling or quintupling of solid
state Nd:YAG lasers (Jenner et al. 1993; Longerich et al. 1996; Nesbitt et al. 1997;
Jeffries et al. 1998; Gunther et al. 1999). The introduction ofsgasce (e.g., ArF)
excimer lases producing a shosavelength beam from a primary UV photon source
(Gunther et al. 1997; Sylvester and Ghaderi 1997) has advHree@asuring capability

and sensitivity, and is used extensively in earth sciences investigations.



To achieve controlledbdation, the surface of the target (¢.guineral grain) is
irradiated by a focused laser beam, and a portion of the target is converted intara vapo
phase aerosol.his aerosol is then transferred in an Ar or Ar + He carrier gaplasgic
(Nylon™) tubing to the ICPMS. Upon entering and transiting the plasma, entrained
polyatomic clusters and aerosols are first disaggregated into atomic species and then
ionized prior to passing through a sample and skimmer cone (the interface region) and
finally enteing the ion lens, quadrupole mass filter, and ion detection system (see

Jackson et al. 2008ylvester 2006

1.4 Sampling and Methodologies

One hundred and eightevensamples from ten drill cores representing the major
deposits of the Bathurst Mining CanfBrunswick No. 12 and No. 6, Heath Steele B
zone, Halfmile Lake Deep zone, Key Anacon East zone, Louvicourt, Caribou, Armstrong
A, Restigouche, and Canoe Landing Lakere selected for this studyolished sections

were examined in order to document malegy and texturalelationships (see Appendix

1). The chemical compositions stilfide and phyllosilicates were obtained using a-LA
ICP-MS system in Department of Earth Sciences, University of New Brunswick,
Fredericton, Canada. The system used was anRedoi ¢ s Re s50 198 miasem E M
connected to an Agilent 7700x quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) (Fig. 1.1). The ICRMS was operated at 149G50W and a torch depth of
4.55.0 mm. It was tuned during ablation ofaster line across NIST610 glass, to achieve
ThO'/Th* < 0.3% (monitor of oxide productionj*®U*/>*Th* ~ 1.0 (monitor of plasma

robustness), antfCa"*/**Ca’<0.3% (monitor of doubleharged production). Raw counts



were collected on the ICKS in peakhopping mode (total quadrupoleveep time about
1 s) and recort] in timeresolved format.
Data deconvolution was undertaken offline using the Blit25 Trace Element
Data Reduction SchenfPaton et al. 2091 Spikes in the data were automatically filtered
using the defaul't 20 out |-staedardizedetjaeelentento n i n

data reduction scheme.

1.4.1 LA-ICP-MS methodologies ofulfides
Sulfide phases (i.e., pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and
tetrahedrite/tennantitehave been examined famajor , minor and traceslement
concentrations (Si, S, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, W, Ag, Au, and&hbjvell as
volatile-element concentrations (Hg, Cd, In, As, Sb, Te, In, SeGa8nGe, Bi, and Tlhy
LA-ICP-MS. Analyte dwell times were set individually, with the longest dwell times set
for the lowest concentration elements or elements of intdrestpotanalysis mode,
sulfide phases were ablated for 40 s followed byl@0 s of gas background purging.
The spotsize diameters 17, 24 or 33 um were chosen depending on the thickness of
sections, textural features, aadalytical criteria in order to adhie the best possible
detection limits. The laser beam was fired @ Bz repetition rate with the laser energy
at the energy density (fluence) regulated at ~1.0 2J/&msenopyrite, tetfgedrite, and
galena were ablated highly controlled condition desibed in Chapter 2.

Concentrations in unknowns were standardized against external standard USGS
MASS-1 and internal standardization was achieved using the stoichiometric value of a
major element in the target mineralata were obtained frorstoichiometre values

published at www.webmineral.com. Iron wassed as an internal standard for


http://www2.unb.ca/earthsciences/Facilities/LAICPMS.php#_ENREF_1

guantification ofpyrite, chalcopyrite, pyrrhotite, and arsenopyrite. Zinc, Pb, and Cu were
applied for sphalerite, galena, atedrahedrite respectively(following the nethodology
explained in Chapte?). NIST610, BCR2G, and GSEglass were used as quality control
standards. Since MASS shows some heterogeneity, in particular for Hg, Au, Se, and
As, the absolute values presented here may not be 100% accurate; however, they are
internally consistent in trace level concentrations. Choice of the stoichiometric values as
an internal standard may not be appropriate in chemically coropleanstoichiomeric
phasesFor example, in the case of the tetrahedrtenantite solid solution, the variation
of Fe is wider relative to Cu between the end members; attributing larger errors in data
(see Chapter 2). Also, LLACP-MS analysis of arseridch mineralssuch as arsenopyrite
cannot establish precise As values due to very high background for As and variable
values, and so are not reported in this study. Moreover, detection limits obtained from
arsenopyrite analyses are significantly higher than those ftbensulfides, which cause
the exclusion of many data below the instrumental detection limit. Although uncertainties
can be incorporated into the error, they do not change the relative abundances of trace
elements anthereforeelemental valueareconsideed to be internally consistent.

The LA-ICP-MS technique can also be used to generate elemental images of
single and multi-phasesulfide assemblages, providing sequantitative data. Imaging
was performed by ablating sets of parallel raster lines atlressample using a 17 or 24
em beam size, with |line spacing equal to t
the beam size at a laser frequency of 10 Hz. Identical rasters were conducted on reference
standard MASSL and NIST610throughouteach maping run in order to correct for

instrument drift. For the purpose of cell washout, gas stabilization, and computer



processing time, 15 or 20 s background acquisition time was collected at the beginning of
every raster. In all, a set of 20 elements wesdyaed with dwell times of 0.01 s for each
element with the exception of the volatile elements, which had dwell times of 0.04 s,
resulting in a total sweep time of 0.5 s. The total ablation time should be less than 2.5
hours to have negligible sensitivityr i f t i n the system. The La
smoothing device was removed for trace element imagemsgringthe fastest possible
washout from the cell (~5 orders of magnitude in JAf§o, individual raster line by LA
ICP-MS is another powerful tool to generate semantitative data of chemical
composition ofmineralsand explore chemical heterogeneity level within the examined
mineral.

LA-ICP-MS images of pyrite were compiled ansdpessed using lolite 2.5, using
Fe CPS elemental map as a guide to masking thepyraie material. To produce the
guantitative 2D concentration maps from these intensity rasters, a Fe value of 46 wt. %
was used as the internal standard. Concentratiorssdat each map are internally
standardized and reported in absolute pphe correction okulfide assemblage images
was determined by assuming the mean S value of the ghv@sest as internal standards.
In this study, LA-ICP-MS element images are presed for two differentsulfide
assemblages, galena + sphalerite + tetrahedrite = pyritepgriig + pyrrhotite +
chalcopyrite + sphalerite. For the examined ablation conditions that offateil
resolution, elemental images display slight compositiant@dmogeneity in some of the
sulfideminerals (limited by the laser spot size and line spacing).

It is important to note that LACP-MS spot analysis data can be highly variable

among the analyzed multiple spots of individsalfides, so manipulation ahe dataset
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was conducted assuming half of the detection limit to prevent exclusion of a large
number of data points. However, in the case of arsenopyrite very high detection limits
restricted the applicability of this protocol amdlues below detectiorof arsenopyrite

were excluded from the dataset for statistical calculations. Finally, although caution was
exercised in the selection of LKCP-MS targets, the possibility of the occurrence of
nane and micreinclusions in the subsurface is high. In thesec@f micreinclusions,
detection by LAICP-MS time-resolved depth profiles (depending on the spot size and
inclusion size) is relatively easy and can be treated during data correction. However,
nanascale inclusions cannot be resolved by-IFP-MS and cosequently not accounted

for during data correction.

1.4.2 LA-ICP-MS methodologies of phyllosilicates

Chemical variation of chlorite, white mica, and biotite was determioed total of 32
isotopes of Li, #Na, #Mg, ?'Al, 2°Si, *°Cl, 3K, *Ca, *°Ti, *°Cr, **Mn, *'Fe, *°Co, °*Ni,

63CU, GGZn, YSAS, 7789,8]8[', 85Rb, BSSr’ 111Cd, llSIn, llgSn,lBSb,lZSTe, 133Cs,137Ba, 202Hg,

205T|, 2%pp and ?°Bi. Data acquisition consisted of a measurement of the gas
background for 40 s, followed by 40 s of sample adnatising crater diameter of 66 um

The laser beam was fired at 4 Hz repetition rate with the laser energy at the energy
density (fluence) regulated at ~1.5 JfcriRaster lines on phyllosilicates were obtained
using the same ablation conditions as spolyaisawith the raster speed assigned as half

of the beam size, i.e., 33 um. Since the concentration of volatile elements is commonly
low in phyllosilicates, the dwell time was adjusted for each analyte to be able to measure

them with better detection linsit
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In the current study, the NIST610 certified glass (Pearce et al. 1997, modified by
GeoReM database) was used as the external reference for sensitivity calibration
NIST610 elemental values are reported with some level of inhomogeneity for some
elements For instance, heterogeneous Tl values of NIST610 (Eggins and Shelley 2010)
may increase errors in correction of data using NIST610. However as described by
Chapter 2 (without regarding to matmxismatch issue), Tl can be obtained at ppm levels
by LA-ICP-MS. The methodology developed in this study can provide reliable Tl value
within phyllosilicates (see Hettmann et al. 2014).

Internal sandardization utilized Kor reduction of white nta, based on the mean K
stoichiometric value of muscovite and celadle end members (Kean stoichiometrc9.5 Wt.

%). Since the variation of K among white mica species varies over a narrower range
relative to other major element components, using K as internal standardization offers an
optimal approach. The applied Wlue is consistent with the K range obtained from the
previous studies (Lentz et al. 1997). In order to obtain the K values of white mica the data
was corrected applying Si as an internal standard, based on the mean values obtained by
EPMA on representate white mica from the BMC reported bylcClenaghan (2011)

I.€., Skean in white mica23.9 Wt.%. Chlorite calibration used Si as internal standard-(3i
chiorite=11.8 wt. %) and Al (Ahean in chiorie9-8 Wt. %) from the representative chlorite of

the BMC reported in (McClenaghan 2011). Biotite calibration used Si as internal
standard (Siean in bioite17 Wt. %) obtained from EPMA,; Lentz et al. 199%though
variation in the tracelement concentrationga different approaches is minimal, the
applicdion of suitable internal standardization methodology can result in more reliable

assessment of the maj@nd minorelements concentrations.
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The quality of the obtained data isechked by monitoring NIST612 (GeoRe
database; Jochum et al. 2011) and BER(GeoReMdatabase) as consistency standards
along with phyllosilicates. The NIST612 and B@R standards were calibrated versus
NIST610, using published values for Si as the internal standa@drtS— 33.6 wt. %
and Sicraoc= 25.4 wt. %) Table 11). The obtained values have an acceptable degree of
accuracy within 2 standard deviations (x 2 STDEV) of the published values for NIST612
and BCR2G (Figs. 1.2 and 1,3respectively). The measured mean In (35.5 ppm), Sb
(31.1 ppm), and Sn (34.2 ppm) valuesNdi6T612 vary from the published values of
38.9, 34.7, and 38.6 ppm, (Jochum et al. 2@doReMdatabase), respective{yable
1.1). However, reproducibility is typically less than 10% relative standard deviation
(RSD %) for all of the volatile elementsxeept Tl and HgFig. 1.2. The acquired data
for BCR-2G agrees well with the published valu€&eoReMdatabase) for all elements
except As (3.43 ppm), Sn (1.85 ppm), and Zn (157), which vary from the published
values of 7.2, 2.6, and 125 ppm, respecti€ig. 1.3. Replicate analyses of BCER5
yielded a precision of less than 10 % in RSD for all of the elements, except As, Se, Cd,
In, Sb, Hg, Tl, and Bi{able 11).

Careful examination is required in order to choose aqrogiate spot on white
mica, chlorite, and biotitefor LA analysis, because of the fugeained nature of the
samples and the intimate association of phyllosilicates with-giiamed quartz,
carbonate, and pyrite. In some cases textural complexities precludd@RMS
analysis of eme of the thin sections or made it necessary to decrease the number of spot

analysis sites.
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Establishing the presence or absence of mineral zoning is important for an
evaluation of chemical equilibrium. Line scans across grains were performed in order to
investigate trace element variability within masses of chlorite and white mica. This work
was conducted using a beam size of 33 pum, which was sufficient considering the grain
size and textures of the samples. LA raster lines conducted on masses of white mi
display varying levels of inhomogeneity depending on the texture. Figure 1.4 shews LA
ICP-MS raster imaging across white mica the Halfmile Lake Deep zoné@ndcourt
deposits. Figure ladshows LAICP-MS raster on a part of mass white mica displaying
the crenulation cleavage texture, in which Mn and Ba are high and variable along the
raster. The Bi, Pb, and Sb profiles are irregular suggesting the presence of iscltision
should be noted that there was no evidence of inclusions optically and #iea$paser
traverse precludes the possibility of intersectingsuface inclusions; this indicates the
occurrence of nanmclusiors in the white mica structure. Thallium occurs in moderate
amounts and has a relatively regular profile with no anomaldugh concentrations.

Both In and Hg occur in minor amounts and have irregular profiles (Fig. 1.4a). In
contrast, raster LACP-MS conducted on white mica without showing any internal
structure demonstrate smoother pattern for Ba and Tl, and fewer amégal and no
visible spike for the other volatile elements, especially Sb, Sn, and Pb (Fig. 1.4b). LA
raster lines across chlorite masses indicate generally very high concentrations of Mn and
Zn, with someslight irregularities (Fig. 1)5 The other volile elements have highly
irregular patterns at very low concentrations with no distinct chemical zonation. These

data suggest that textural criteria must be taken into consideration in order to determine a
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representative chemical variation in phyllosites This can be achieved by increasing

the number of spot analyses so as to obtain a sufficiently large database.

1.5 Geological setting, mineralizationand hydrothermal architecture of the BMC,

Canada

1.5.1 Regional geology

The BMC massivesulfide deposits form part of a bimodal volcanic and sedimentary
sequence. This sequence is part of a Middle Ordovician arc aneatiaslystem that
developed on the Gondwanan continental margin of the northern Appalachians, eastern
Canada (Goodfellow and McCutatn 2003). The BMC can be divided into five groups,
namely: Miramichi, Tetagouche, California Lake, Sheephouse Brook, and Fournier
groups(Fig. 1.6; van Staal 1987; van Staal et al. 2003a, b). The Ca@kdovician
Miramichi Group (490478 Ma) occurs at thbase of the sequence and consists of a
passivemargin continentally derived turbidite sequence of quartz wacke, quartzite,
siltstone, and shale deposited on the Gondwana margin. The Miramichi Group was
succeeded by Bathurst Supergroup that constitueeSkieephouse Brook, Tetagouche,
California Lake, and Fournier groups. The first three groups mainly include ensialic
volcanic and sedimentary rocks, which are dominated by two distinct cycles of felsic
volcanism that give way up section to mafic rocks. Fbarnier Group is the youngest
group (~ 465 Ma); it is defined by oceflnor mafic volcanic and related sedimentary
rocks that were obducted onto the pawmochthonous sequences. The Bathurst
Supergroup formed within an intaustal (continental) protbackarc basin (similar to

the Japan Sea) and is referred to as the Tetagdtxghieits Basin (van Staal 1987).

Most of the fortysix deposits in the BMC are associated with the-&rsipted
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felsic volcanic units in the Tetagouche, California Lake, aneefhouse Brook groups.
In the case of the Tetagouche Group 24 of 32 deposits are associated with the Nepisiguit
Falls Formation. In the California Lake Group, 12 of 13 deposits are spatially associated
with first pulse felsic volcanic rocks of the Sprucake and Mount Brittain formations
(McCutcheon et al. 2001). The Sheephouse Brook Group, in the southern2isI€
only one known VMS deposit, i.e., Chester, which is hosted by the Clearwater Stream
Formation (Goodfellow and McCutcheon 206¢3. 1.6).

Closure of the TetagoucHexploits backarc basin from the Late Ordovician to
Early Silurian resulted in the incorporation of the Miramichi Group and Bathurst
Supergroup rocks into the Brunswick subduction complex (van Staal 1994). Within the
subduction zoa polyphase brittleto ductiledeformation marked by thrust faulting and
tight to isoclinal folding and lower to upper greenschist and locally blueschist facies
metamorphism during the Salinic Orogeny. Subsequent Acadian deformation (Late
Silurian in thisregion) refolded prexisting Salinic structures leading to complex re
folded fold structures. Peak metamorphic conditions vary from 325° to 400°C and 6 to 7
kbars (Currie et al. 2003). The present distribution and shape of magHide deposits
and heir associated stockwork stringer zones are mainly controlled, byixts and B

upright isoclinal structures (Goodfellow and McCutcheon 2003 and references therein).

1.5.2 Ore mineralization

Massivesulfides in the BMChave beerninterpreted to form coevallwith their host
volcaniclastic and sedimentary rocks (Stanton 1959; McAllister 1960; Jambor 1979;
McCutcheon 1992)The massivesulfide deposits of the BMC can be divided into as

many as five distinct hydrothermal facies, namelysdlfide stringer zone (veins and
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impregnations ofsulfide minerals, including pyrrhotite and/or pyrite with minor
chalcopyrite, and traces of sphalerite and galena) in hydrothermally altered sedimentary
and volcanic rocks that underlie the vent complex, 2) ventptex (basal Cu zone or
basalsulfidefacies composed of pyrrhotite + magnetite + pyrite + chalcopyrite + quartz +
sphalerite + galena), 3) beddedlfide facies (or bandedulfide facies consisting of
layered ZnPbrich sulfide of pyrite > sphalerite +aena + chalcopyrite, pyrrhotite, and
tetrahedrite), 4) bedded pyrite (pyrite £ sphalerite + galena), and 5) carocidde
silicate iron formation (Goodfellow and McCutcheon 2003 and references théism).
hydrothermal events spanning 12 to 14 mawehbeen recognized in the BMC, including
Caribou (472470 Ma), Brunswick and Chester (4868 Ma), and Stratmat (46465

Ma) horizons. The Stratmat and Brunswick horizons both occur in the Tetagouche Group,
whereas the Caribou and Chester horizons occting California Lake and Sheephouse

Brook groups, respectively.

1.5.3 Hydrothermal architecture of the BMC

The geochemical composition of the altered volcanic and sedimentary rocks hosting the
massivesulfide deposits of the BMC is highly variable and refletiie diversity and
intensity of alteration processes during hydrothermal activity (Luff et al. 1992; Lentz and
Goodfellow 1993, 1996; Goodfellow 2003; Yang et al. 2003; Yang and Scott 2003).
Mineral assemblages and whaobteck geochemical signatures are tkey tools in
distinguishing preand postore hydrothermal alteration facies. Hydrothermal alteration
enveloping the feeder zones of VMS deposits in the BMC are lateraByk(t) and
vertically (hundreds of metres) extensive and distinguishable on $ie dfamineralogy

and bulk chemistry. At the Brunswick No. 12 deposit, four depefated hydrothermal
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alteration zones (zones | to IV) are recognized (Luff et al. 1992; Lentz and Goodfellow
1993, 1994, 1996, Goodfellow et al. 2003). Zone | is assocrgtadhe upper part of the
alteration pipe (stringer zone) and is immediately stratigraphically below the massive
sulfides. This zone is characterized by silicification (Yang et al. 2003; Yang and Scott
2003) and consists of fingrained milky quartz (4@0%), Ferich chlorite (315%),
carbonate (82 %, mainly calcite) with variable sericite ({20%), andsulfides (525%,
mainly pyrrhotite, chalcopyrite, pyrite, tetrahedrite, and arsenopyFitg) 1.7. Zone | is
transitional downwal into one Il (potasic alteration zone from Yang et al. 2003; Yang
and Scott 2003), which is typically formed otf&ldspar (525%), Ferich chlorite (3

10%), sericite (15%, compositionally phengitic), minor quartz {18%), andsulfides
(5-10%, mainly pyrite, pyrrhotitechalcopyrite, sphalerite) (Fid.7). Zones | and Il are
transitional outward into zone Il (Nllg alteration zone by Yang et al. 2003; Yang and
Scott 2003), which consists of sericite {80%, muscovitic), Fég-chlorite (1560%),

albite (520%), and shordinate sulfides (0-15%) (Fig. 1.7). Zone lll is transition
outboard into zone IV, which is the most distal of the footwall alteration zones. Zone IV
is dominated by the development of albite-{@%) andVg-rich chlorite (4650%) (Fig.

1.7). In some dposits continued posire hydrothermal activity results in the extension of
zones lll and IV alteration into the hanging wall for up to several 10s of metres (Luff et

al. 1992; Lentz and Goodfellow 1993a,l4,694; Goodfellow et al. 2003).

1.6 Deposit backgraind

1.6.1 Tetagouche Group deposits
The Tetagouche Group comprises mainly felsic and mafic volcanic rocks, which occur in

several internally imbricated and folded nappes. This group shows a general progression

18



up-section of sufalkalic felsic volcanic rocks (Négiguit Falls Formation) to felsic
dominated bimodal volcanic rocks (Flat Landing Brook Formation) to alkalic basalts
(Little River Formation) (Goodfellow et al. 2003). Most of the deposits examined as part
of this study are hosted by the Tetagouche Gromgdhiding Brunswick No. 12, Heath

Steele B zone, Halfmile Lake Deep zone, Key Anacon East zone, and Louvicourt.

1.6.1.1 Brunswick No. 12

The Brunswick No. 1Z2leposit contains over 329 Mt of massswdfides comprising 163

Mt of Zn-Pbrich massivesulfides and166 Mt of low-grade massive pyrite. The deep
footwall zone at Brunswick No. 12 consists of a narrow folded sequence of thinly bedded
graphitic pelites and quartz wackes of the Patrick Brook Formation underlain by the
Nepisiguit Falls Formation (van Staahda Williams 1984). The Nepisiguit Falls
Formation in the shallow footwall consists of massive and granular gaadzquartz
feldspar crystal tuff, with subordinate tuffaceous sedimentary rocks (Lentz 1999b). Well
developedsulfide stringer zone mineralaion and a large alteration halo have been
recognized in the footwall (Luff et al. 1992; Lentz and Goodfellow 1998g ron
formation (carbonateoxide-silicate) including carbonate and chlorite facies overlies the
massivesulfides (Peter and Goodfellow996). The hanging wall consists of effusive
volcanic rocks dominated by light to dark grey, forained felsic hyalduff interbedded

with aphyric to sparsely feldspar porphyritic (<5 % phenocrysts) rhyolite flows and
related rocks of the Flat Landing @k Formation (Lentz 1996a, b; 1999a). The Little
River Formation overlies the Flat Landing Brook Formation and consists of massive to

pillowed alkalic basalt (Brunswick Mines Member), pillow breccia, hyaloclastite,
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peralkaline rhyolite, with minor interbdeed siltstone, F#n-rich slate, and chert
(Rogers et al. 2003; van Staal et al. 2003

The Brunswick No. 12depositconsists of four zones, the Main, West, East, and
V2 zones, that merge at depth the nose of a large,Fstructure and are thought to
represent a single continuous horizon (van Staal and Williams 1984; Luff et al. 1992).
Three sulfide facies are recognized:) vent complex facies dominated by pyrite and
pyrrhotite, with subordinate chalcopyrite, and minor sphalerite, 2) bexdide conssts
of a layered Z#Pbrich sulfide facies, which is dominated by pyrite, sphalerite, and
galena with minor chalcopyrite, pyrrhotite, and tetrahedrite, and 3) finely laminated
pyritic sulfides with minor sphalerite, galena, and chalcopymierlayeredwith chloritic
iron formation near the hanging walLuff et al. 1992; McClenaghan et al. 2009).
Samples examined as part of this study were collected from discovery drill hole (A1)

(Fig. 1.8).

1.6.1.2 Brunswick No. 6

The Brunswick No. 6 deposit occurs raughly the same stratigraphic position as the
Brunswick No. 12 deposit. The footwall consists of rhyodacitic quaatd quartz
feldspar phyric tuffs and flows and related rocks assigned to the Nepisiguit Falls
Formation, whereas the hanging wall consists ofolitig flows, breccias, and
hyaloclastites of the Flat Landing Brook Formation (Lentz and McCutcheon 0§;

et al. 200%. The Brunswick No. 6 deposit is a wethned massiveulfide, similar to
Brunswick No. 12, in which three main zones are diststyed in the massiveulfide
horizon, including vent complex (Cu zone) (MacLellan et al. 2006), besidé&de (Zn-

Pb), and bedded pyrite. The masssudfides are capped byon formation (magnetite
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chert) and overlie a wetleveloped stringer zone (Lentmd McCutcheon 2006).
Samples from this deposit were collected from drill hol€25B (ZnPb zone) and 238

(Cu zone) Fig. 1.8).

1.6.1.3 Heath Steele B zone

The Heath Steele B zone is hosted byhik, interbedded sequence of laminated
mudstone, siltstone, antélsic volcanic tuff near the base of the Nepisiguit Falls
Formation (Lentz et al. 1997 and references therding. massivesulfides are divided

into three facies: 1) brecciated or fragmental pyrrhotite with subordinate chalcopyrite and
pyrite, 2) beddegbyrite, sphalerite, and galena, and 3) massive pyrite (McDonald 1984).
The massive pyrite is fine grained and contains bands of chlorite, quartz, and magnetite.
The brecciated or fragmental ore consists of rounded and angular masses pyrite within a
matrix of pyrrhotite and chalcopyrite and most likely represents an ancient vent complex
that formed by the interaction of ascending hydrothermal fluids with earlier formed
beddedsulfides. This interpretation is supported by the presence of high temperature
mineral assemblages and overall bastal zonation patterns (Lusk 1969; 1972). The
samples examined from this deposit were collected from drill heBA@, which
intersected feeder zone mineralization consisting of discordant stringers of pyrite,
pyrrhotite and chalcopyrite in chloritic tuffaceous sedimentary rocks, and vent complex

mineralization consisting of fragmental pyrrhotite, pyrite, and chalcopyite 1.&).

1.6.1.4 Halfmile Lake Deep zone
The Halfmile Lake Deep zone deposit is hosted at or nearateedd the Nepisiguit Falls
Formation in the downwari aci ng | i mb of the OHalfmile I

McCutcheon 2011). The host sequence consists of sedimentary rocks of the Patrick
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Brook Fm that are stratigraphically overlain and structurallyedath by a narrow
interval (< 100 m) of rocks consisting of 60 m of crystal tuff and volcaniclastic rocks rich
in quartz phenoclasts and 40 m of massive to -$eassivesulfides and oxide facies iron
formation (of the Deep zone) that are collectively gesd to the Nepisiguit Falls
Formation. The upwarthcing limb of the Halfmile Lake fold consists of about 90 m of
Flat Landing Brook Formation that stratigraphically and structurally overlies a complete
section (540 m) through the quafeddspar crystatuff and related volcaniclastic rocks of
the Nepisiguit Falls Formation. Samples from this deposit that were examined as part of
this study were collected from drill core HP®-119(Fig. 1.81; Walker and McCutcheon
2011). The massivesulfide lens at the Dep zone is dominated by pyrite and contains
only very minor fragments of the chlorgdtered host rock. The stringer and
disseminatedulfides in the immediate footwall are very limited. A significant thickness
of Algoma type, oxiddacies iron formations in-folded in thesulfide body and suggest

isoclinal folding Walker and McCutcheon 2011).

1.6.1.5 Key Anacon East zone
The Key Anacon East zone deposit occurs along the Brunswick hqseerLentz and
Langton 1993, 1995; Downey et al. 2006). The immediatewflb of the deposit
comprises a relatively thin sequence of felsic volcanic rocks withgiiamed aphyric to
very sparsely quartfeldspar crystal phyricich volcaniclastic rocks and interlayered
sedimentary rocks of mixed tuffaceous and terrigenoiggnofLentz and Langton 1993,
1995).

In terms of metal zonation a basal stringer zone consisting {oyrdtieopyrite

pyrrhotite in the footwall is overlain by a pyrgphalerite zone that is-arn overlain by
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a pyritesphaleritegalena zone in the upperost and distal parts of the system
(Goodfellow et al. 2003b; Zulu 2012). The Key Anacon East zone masdifides are
overlain by hyaloclastic and rhyolite fragments with siliceous feldgpwgric rhyolite of

the Flat Landing Brook Formation. The Flaarnding Brook Formation is overlain by
mafic volcanic and intercalated sedimentary rocks of the Little River Formation. Samples
examined as part of the current study were collected from drill cor@X42 (Fig.

1.80).

1.6.1.6 Louvicourt

The Louvicourt deposit sitat the top of the Flat Landing Brook Formation and is
conformably overlain by mafic volcanic rocks of the Little River Formation
(McClenaghan et al. 2006T.he massivesulfides consist of coarsgrained pyrite with

minor galena, sphalerite, chalcopyrite, tetrahedrite, pyrrhotite, arsenopyrite, and native
silver, and are overlain by the chloritic iron formation of the Flat Landing Brook
Formation. The massivaulfides are extengely recrystallized and fractured with veins
infilled by barite and silica. Barite occurs throughout shéfide lens and is associated

with minor jasper, quartz, hematite and chlofkécClenaghan et al. 2006). Samples
from Louvicourt examined as parf the present study were collected from drill core

LGF-6 (Fig. 1.9).

1.6.2 California Lake Group deposits
The California Lake Group consists mainly of volcanic rocks that occur in three major,
internally imbricated nappes, namely: the Canoe Landing, Spruce kakke Mount

Brittain nappes (van Staal et al. 2003b).
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1.6.2.1 Caribou

The Caribou deposit is the largest massutide deposit in the California Lake Group

and thesecond largest deposit in the BMC with a historgafide resource estimate of
approximately70 Mt (Gandhi 1977; Cavelero 1993he Caribou deposit occurs near the
base of the Spruce Lake Formation and is stratigraphically underlain by an interlayered
sequence of carbonaceous shale and feldspathic sedimentary rocks, and is overlain by
feldsparporphyritic to aphyric felsic volcanic rocks of the Spruce Lake Formation
(Goodfellow 2003)The deposit consists of a vent complex and bedd#ule facies that

is underlain by sulfide stringer zone (Goodfellow 2003Jhe Caribou deposit is divided

into six en echelon massiwilfide lenses that are folded around the Caribou synform
(Goodfellow 2003) and consist primarily of pyrite, magnetite, sphalerite, galena, and
chalcopyrite with minor tetrahedrite, marcasite, arsenopyrite, electrum, and bournonite.
Samples investigated during this study were collected fitathcore 6255 located on

thewestern limb of the Caribou synforrig. 1.8)).

1.6.2.2 Armstrong A

The Armstrong A deposit is hosted within chloritic to sericitic feldggaric
flows, related tuffs and intercalated sedimentary rocks of the Spruce Lake Formation (SL
Formation) (van Staal et al. 2002)he sulfide horizon contains conformable layers of
fine-grained recrystallized pyrite, sphalerite, and galena with minor chalcopyrite (Rose
and Johnson 1990). Mineralization consists of recrystallized pyrite within a siliceous
matrix with both massive (stratiform) and stringer mineralizati®empled usedh this

study were collected fromirill hole A-14.
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1.6.2.3 Restigouche

The Restigouche deposit is hosted within feldspar crystaland crystapoor packages

of the Mount Brittain Formation (MB Fm), which conformably overlies sedimentary
rocks of the MiramichiGroup. The ore body consists of two lenses of masailfeles

that merge locally and are underlain by a stringer stockwork zone with associated
alteration (Gower and McCutcheon 1997; Bein 2010). Massilfeles consist of bedded
pyrite, sphalerite, andadena with minor chalcopyrite and pyrrhotite. Pyrite exhibits
variable amounts of recrystallization, occurring as cegrasmed porphyroblasts and
fine-grained aggregates. Samples examined during this study were collected from drill

core CPR39 (Fig. 1.&).

1.6.2.4 Canoe Landing Lake

The Canoe Landing Lake deposit is hosted entirely within the Canoe Landing Lake
Formation. The deposit is underlain by a clastic sedimentary sequence dominated by
thinly interbedded black to greyreen shale, greywacke, and phyllilghereas the
hanging wall is dominated by massive to pillow flows and relapitlastic rocks
(Walker and McDonald 1995). Locally, sedimentary mélange characterized by a black
shale matrix is spatially associated with the massivifides. The sulfide body is a
relatively thin sheet composed exclusively of transpastéfides with local fragments of
footwall sedimentary rocks. The deposit is low grade with no recognizable metal zoning,
and no evidence of footwall alteration or stringer mineralizat®amples examined

during this study were collected from drill core-G4-2 (Fig. 1.8).
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1.7 Previous work on the volatileelementconcentrationsof VMS deposits and

host rocks of the BMC
The distribution of volatile elementn VMS deposits of the BMC have beeeported
previously (Goodfellow 1975; Jonasson and Sangster 1975; Chen 1978; Jambor 1979,
1981; Petruk and Schnarr 1982; Luff et al. 1992; Lentz and Goodfellow 1993, 1996;
Lentz et al. 1997; Goodfellow and McCutcheon 2003; MacLellan et al. 2006;
McClenadnan et al. 2003, 2004, 2006, 2009; McClenaghan 2011; Mireku 2001; Mireku
and Stanley 2007; Walker and Lentz 2006; Walker and McCutcheon 2011; Zulu 2012;
Wright 2016). The early published literature in the BMC reported on Hg content of ores
from Brunswick M. 12 deposit(9 ppm; Petruk and Schnarr 1982) and Heath Steele
deposit(< 4 ppm; Chen and Petruk 1980). Petruk and Schnarr (1982) determined that
sphalerite hosts 35% ofeéhHg with an average concentration of 18 ppm whigte
similar to analyses deterned by Jonasson and Sangste976. Subsequently,hie Hg
content ofores in the BMChas beermetermined to bguite variable. The data provided
by Goodfellow and McCutcheon (2003) show that thecHgcentration®f the deposits
along the Brunswick horizon average 5.3 + 6.4 ppm and those hosted by the Caribou
Horizon average 8.7 £ 15.2 ppm, and correlate strongly with Cd, Zn, Pb, and Sb. The
concentration®f volatile elements have been shown to be variable arttengarious
hydrothermal horizons; that i$jg is greatest at Caribou > Chester > Brunswick >
Stratmat; Sb: Caribou > Stratmat > Brunswick > Chester; As: Caribou > Brunswick >
Chester > Stratmat; Sn: Brunswick > Caribou > Stratmat > Chester (Goodfellow and
McCutcheon 2003). Thbulk-chemical composition of a givesulfide facies may vary

greatly among deposits (GoodfellowdakicCutcheon 2003)he vent complex facies is
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typically enriched in Au, Bi, Se, and Ge relative to beddatlfide and bedded pyrite
facies, wheres the beddedulfide facies iselevated in Ag, Cd, Sn, In, Tl, Hg, Sb, As,

and Ga relative to the other facies. Variations in the volatile elements are observed in the
distal parts of the deposits at the edge of the massilfiele and in the mveloping host

rocks (Goodfellow and McCutcheon 2003). The Louvicourt deposit has elevated
concentration®f some volatile elements; for examp&h, Hg, and TI (McClenaghan et

al. 2006). Also, elemental distribution patterns freuifide facies from Brunwick No.

12 are reported by McClenaghan et al. (20089st previouswork at the mineral scale
hasfocused on preciousietalse.g, Au and Ag (Lentz 2002; McClenaghan et al. 2003,
2004, 2009; Zulu 2012; Wright 2016).

There are few studiesn the volatileelement content of host rocks of the BMC.
Mercury distribution in the footwall and hanging wall of the Brunswick No. 12 was
reported by Goodfellow (1975). Later, Lentz and Goodfellow (1993) demonstrated the
enrichment of Hg, Sb, and to a lesser exteninlihe hanging wall of Brunswick No. 12,
whereas the footwall zone of this deposit was shown to be enriched in Cu, Zn, As, Co, Bi,
and Au. Lentz et al. (1997) documented the As, Au,dtg, Sb signature in the hanging
wall and footwall zones ofhe Heath &ele B bne deposit Also, the Halfmile Lake
Deep one deposit wa examined by wholeock analysis and some of the volatile
elements have bealetected (Adair 1992; Lentz 199@ireku 2001; Mireku and Stanley

2007; Walker and McCutcheon 2011

27



1.8 Dissertation objectives

The main objectives of this research are:

1) To develop protocols and improve the -l@P-MS technique used to examei the
volatile-element composition culfideand silicateminerals.

2) To document the volatidelementconcentrationsand distribution within keysulfides
(pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetraheddte) an
phyllosilicates (chlorite,white micga and biotit¢ from representative volcanogenic
massivesulfidedeposits and their associated host rocks in the BMC.

3) To document volatilelement variations among inteand intrasulfide mineralswith
attention to textural criterian order to aid in ore genesis interpretation and to elucidate
the modification ofprimary volatile distributions by later syngenetic hydrothermal
alteration (zone refining) and subsequent metamorphism {aweuppergreenschist
faceis) and polyphase deformation events.

4) To use LAICP-MS techniques to document the variation of \itdaelements in
chlorite and white mica in host rocks in areas distal and proximal to mineralization.

5) To adiress the potential of volatikeementconcentrationsn chlorite, white mica, and
sulfides, in particular pyrite agectoring too in the expbration of VMS deposits in the

BMC.

1.9 Dissertation outline

The dissertation is broadly dividéato examination ofulfides (Chapters 2,,&nd 4) and
phyllosilicates (Chapters 5 and).6Chapter 2discussesLA-ICP-MS protocols fo

determination of thevolatile-element suite withirsulfide minerals, including a short

review of LA-ICP-MS analysis otulfides, challenges, and devploents. Chapter 8 a
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comprehensive examination of the geochemical characteristics csukiye minerals
(pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite) as
acquired by LAICP-MS from sulfide horizons throughout the host rocks and VMS
deposits of the BMC. Chaptdris extensivelyfocused on geochemical variat®of in
texturally-distinct pyrite,and introduces of pyrite micrchemical vectoring tool toicin

VMS exploration. Chapter Horesents data on the volatdééements signaturefo
phyllosilicates (chlorite,white mica and biotitg. Chapter 6is focused onthe
geochemical variation of white mica throughout the host rocks of the depasits, a
presents a volatile elemerbased white mica vectoring tool rfd/MS exploration.

Chapter 7ffers conclusions of the project as well as recommendations for future work
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Figure 1.6. Simplified geological map of the Bathurst Mining Camp, northeastern
New Brunswick, showing the location of massiveulfide deposits examined during
this study (black circles) (Walker and McCutchean 2011; modified from van Staal et
al. 2003).
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Figure 1.7. Schematic diagram illustrating the lateral extent of chemical haloes,
forming different hydrothermal alteration zones surrounding the massivesulfide
deposits, case of the Brunswick No. 12 deposit, BMC (modified from Lentz and
Goodfellow 1994).
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Figure 1.8. Caption is in the next page.
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Figure 1.8. Geologic cross sections, plans, and stratigraphic profiles of studied
massivesulfide deposits of the Bathurst Mining Camp.a) Geological cross section
11-N (eastwest) through the Brunswick No. 12 deposit (after Luff et al. 1992),
showing location of Al drill hole sampled for this study. b) Detailed geology of the
Brunswick No. 6 area (after Boyle and Davies, 1964; Pertold9Z0) with location of
open pit and drill holes sampled for this study. c) Geological cross section through
the Heath Steele B zone deposit (see Lentz et al. 1997), illustrating the location of
drill hole HSB-3409 sampled for this study. d) Geological crossection through the
Halfmile Lake deposit (see Walker and McCutcheon 2011), showing the Upper,
Lower, and Deep zones and the location of HN9-119 drill hole sampled for this
study. e) Geological cross section through the Key Anacon East zone deposit (see
Zulu 2012), showing the location of KA93-42 drill hole sampled for this study. f)
Geological cross section through the Louvicourt deposit (see McClenaghan et al.
2006), illustrating the location of LGF6 drill hole sampled for this study. g).
Geologic pan of the Caribou deposit (see Goodfellow 2003), showing the location of
62-55 drill hole sampled for this study. h) Geologic cross section of the Restigouche
deposit (see Bein 2010) illustrating the location of GB9 drill hole sampled for this
study. i) Surface geology of the Canoe Landing Lake deposit (see Walker and
McDonald 1995), showing the location of Ct94-2 drill hole sampled for this study.
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