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ABSTRACT
Presented here is a comprehensive study of volatile-element signatures from massive
sulfide deposits of the Bathurst Mining Camp (BMC), Canada. Laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) methods were developed and applied to
measure As, Bi, Cd, Hg, In, Ga, Ge, Sb, Se, Sn, Te, and Tl in sulfides (pyrite, sphalerite,
galena,

chalcopyrite,

pyrrhotite,

arsenopyrite,

and

tetrahedrite/tennantite)

and

phyllosilicates (white mica, chlorite, and biotite). In addition, LA-ICP-MS analyses
yielded concentrations of unpublished volatile elements in standards including Hg = 0.46
ppm and Te = 296 ppm in NIST610 (n = 245), Tl = 69 ppm in MASS-1 (n = 232), and
Hg = 4.57 ppm and Te = 233 ppm in GSE-1G (n = 33).
Pyrite from the BMC displays extensive textural arrays, which are categorized in
two main types of pre-deformation and deformation textures. Texturally-distinct pyrite
assists fabricating the evolutionary history of pyrite and consequently the massive sulfide
deposits of the BMC. Most forms of pyrite from the BMC are arsenian, containing up to
7.3 wt. % As, as well as significant abundances of Tl, Sb, Sn, Bi, Ag, and Se. The
examined sulfide minerals accommodate volatile elements to different extents. The
integrated LA-ICP-MS data of all sulfides provide a means of differentiating the
hydrothermal sulfide facies. Comparison the volatile-element budget of the examined
minerals within host rocks demonstrates that white mica represents the most highly
concentrated source of Tl, Sn, Hg, In, as well as Ba. On the other hand, sulfide minerals
host the main concentration of Bi, As, Sb, Se, Cd, Pb, Ni, Cu, and Co. Chlorite, and to a
lesser degree white mica, is distinctly enriched in Zn, relative to sulfide minerals (except
sphalerite) of the host rocks.
ii

The abundances and compositional variation of sulfides, in particular, pyrite,
chlorite, and white mica in the host rocks of the known VMS deposits investigated in the
present study offer potential micro-chemical vectoring tools. The elevated concentration
of volatile elements in sulfide minerals, in particular pyrite, and chlorite and white mica,
occurred proximal to ore horizons as well as the subtle occurrence of volatile elements in
white mica and pyrite distal to ore horizon present the potential footprint of buried
sulfides.
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PREFACE
The present dissertation, “Volatile-Element Signatures of Volcanogenic Massive Sulfide
Deposits in the Bathurst Mining Camp, New Brunswick, Canada” is a paper-based study
utilizing laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) to
examine the volatile-element concentrations of silicate and sulfide phases in VMS
deposits and their associated host rocks. The Introductory chapter discusses the
characteristics of the volatile elements of interest, principles of the LA-ICP-MS
technique, sampling and methodologies, geological setting of the BMC, mineralization,
hydrothermal architecture, deposit background, and previously reported background
volatile-element signatures from the volcanogenic massive sulfide deposits and
associated host rocks of the Bathurst Mining Camp (BMC), Canada. Chapter 2 explains
the volatile-element determinations in sulfide minerals from volcanogenic massive
sulfide deposits by LA-ICP-MS, including the challenges and innovative developments.
Chapter 3 documents the chemical variation of the key sulfide minerals (pyrite,
sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite) and discusses
implications with respect to ore genesis and exploration. Chapter 4 focuses extensively
on chemical signature of pyrite and proposes a pyrite micro-chemical vectoring tool for
VMS exploration. Chapters 5 and 6 examine the volatile-element composition of
phyllosilicates, including chlorite, white mica, and biotite. Chapter 5 offers the optimal
LA-ICP-MS methodology for the examination phyllosilicates in texturally-complex
samples of the BMC. The origin of phyllosilicates and their compositional variation are
also discussed as are phyllosilicate-based micro-chemical vectoring tools. Chapter 6
offers an extensive investigation on white mica chemical variation and its potential in
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VMS exploration. The summary of outcomes from this dissertation is summarized in
chapter 7.
This study was carried out as a component of the Targeted Geoscience Initiative
IV (TGI-4) Program. TGI-4 (www.nrcan.gc.ca) was a five years project ended in 2015,
focused on expanding geoscientific knowledge and developing new cutting-edge tools to
increase industry’s success in exploring for deep mineral deposits in Canada. The
principal objective of TGI-4 program was to; 1) develop innovative, new, and
unconventional 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 of LA-ICP-MS technique in documenting the volatile-element variation
of the key sulfide minerals and phyllosilicates from the representative massive sulfide
deposits and associated host rocks of the Bathurst Mining Camp, northern New
Brunswick, Canada. Herein, we propose potential micro-chemical vectoring tools,
including analysis of sulfides, in particular pyrite, as well as phyosilicates like chlorite
and white mica.
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1. Chapter 1 Introduction and background

1.1

General introduction

The characteristics of volatile elements, their host minerals, their application in
exploration, principles of the LA-ICP-MS technique, and LA-ICP-MS methodologies
applied for evaluation of chemical composition of sulfides and phyllosilicates are
presented in the first part of this chapter. Then geological setting, ore mineralization, and
hydrothermal architecture, in conjuction with description of the studied deposits and
background on the volatile-element signature of the volcanogenic massive sulfide (VMS)
deposits and associated host rocks of the Bathurst Mining Camp (BMC), Canada are
comprehensively presented.
1.2

Volatile elements

The volatile elements constitute a large number of elements in the periodic table and
include members of the siderophile group Ga, Ge, As, Ag, Au, Sb, Tl, and Bi and the
chalcophile group, Se, Cd, In, Sn, Te, Hg, and Pb (McDonough and Sun 1995; Jenner
1996). Subdivision of these groups is often made based on the relative volatility of
individual elements. Moderately volatile elements condense at temperatures between
1250˚ and 800˚C, whereas the highly volatile elements condense at temperatures < 800˚C
(see McDonough and Sun 1995). The behaviour of some volatile elements varies greatly
as a function of the geological environment. For example, thallium has chalcophile and
lithophile behaviour. Thallium behaves as a chalcophile element in sulphidic systems
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(i.e., in sulfide melts and in S-rich hydrothermal fluids; McGoldrick et al. 1979;
Heinrichs et al. 1980) and as a lithophile element in the absence of sulfides (Shaw 1952;
Heinrichs et al. 1980; Galer et al. 1989).
In geochemistry, these volatile elements are classified as as low-melting point
Type-B ‘soft- to intermediate cations’ (Au, Ag, Hg are the ‘softest’, Cu, Cd, Tl, Pb
‘medium-soft’, and In, Sn, Sb, Bi are ‘intermediate’). They have low charge/radius (Z/r –
Z = mono or divalent) and therefore low ionic potential (don’t form ionic solids as easily)
(see Barnes 1997; White 2013). These elements can be called “mobile” to contrast with
the concept of ‘immobile’ elements with high charge/radius. The volatile elements have
unique geochemical behaviour in response to oxidation state, transport, and deposition
processes. In addition, subsequent metamorphism and deformation can profoundly affect
the primary volatile-element concentrations in rocks via 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 mineral deposits can potentially be
used as a vector to mineralization. Poor understanding of the geochemical behaviour of
volatile elements in mineralized districts and the subsequent effects of metamorphism
and weathering, in addition to analytical limitations has, until recently, precluded the
development of practical volatile-element pathfinder tools. However, with the advent and
rapid development of micro-analytical techniques such as LA-ICP-MS systems and
computerized data manipulation, the detection and interpretation of volatile-element
fingerprints of ore systems is now possible.
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The volatile elements Hg, Tl, Sb, and As have been suggested as potential
pathfinders in geochemical prospecting for a wide variety of base- and precious-metal
deposits (Boyle and 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 ore-vectors are: 1) their presence in mineralizing fluids, 2) their
relatively high vapour pressure characteristics, and 3) their role as transporting agents
(ligands) during metal transport in the mineralization processes. In VMS systems, Hg, Tl,
Sb, and As have been investigated, with most attention paid to Hg (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; Lentz et al.
1997; Goodfellow and McCutcheon 2003; Lentz 2005 and references therein). Volatile
elements can be incorporated into the sulfide minerals during the early stage of ore
formation. However, recrystallization and remobilization of sulfides during regional
metamorphism and deformation may liberate volatile elements (especially Hg) to varying
extents. These liberated volatiles can be fixed in the structure of metamorphic sulfides
and silicates formed in the deposits or their host rocks. In the BMC, remobilization of Hg
(post Acadian uplift) via ground water movement can also form surficial Hg anomalies
(see Lentz 2005). Post-depositional modifications of the ores also create concentration of
Tl and Sb by metamorphism-induced mobilization and incorporation of these elements in
metamorphic aureoles (Carr et al. 1986).
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1.2.1

Volatile-element bearing phases

The main repository for volatile elements in VMS systems is sulfide minerals, although
carbonates and silicates can be important. Volatile-element concentrations in specific
minerals vary from trace to major element amounts. The volatile-element concentration is
controlled by the inherent characteristics of the individual mineral phase through
accommodation within their crystal structure and/or micro- to nano-inclusions.
Physicochemical factors (e.g., temperature and pressure) and availability (background
concentration in fluid) of the volatile elements affect the patterns of volatile-element
distributions among the coexisting minerals. Post-depositional processes, such as
metamorphism and deformation, result in redistribution and remobilization of volatile
elements, as well as the formation of new volatile-element bearing phases. Some volatile
elements occur in a number of minerals. For example, Tl can reside in sulfides, in
particular pyrite (see Murao and Itoh 1992; Zhou et al. 2005; Fan et al. 2014; see
Chapters 3 and 4), and silicates, in particular K-bearing minerals, i.e., nepheline, alkali
feldspar, amphibole, biotite, and white mica (e.g., Shaw 1952; Baker et al. 2010;
Hettmann et al. 2014; see Chapters 5 and 6). Therefore, volatile elements can form
distribution haloes that are much broader than the mineralization footprint from with
which they are associated. The volatile-element signature can be vigorously traced in
minerals from the known ore bodies in the BMC district.
1.2.2

Mineral micro-chemical exploration vectors based on volatile-element
concentrations

To develop a lithogeochemical vectoring tool, systematic variations in major-, minor-,
and/or trace-element concentrations of the enveloping host rocks must be established. To
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do so, assessment of the spatial variation in whole rock and/or mineral chemistry from
deposit-proximal to deposit-distal areas must be made. The whole-rock lithogeochemical
exploration in highly altered and metamorphosed terrains can be complicated by
overlapping haloes that obscure the clear interpretation of vectors. Previous work has
shown that mineral-chemical vectors to mineralization can be recognized over distances
of several hundred metres in low grade metamorphic terrains (Urabe et al. 1983).
Likewise, alteration zonation, based on mineralogical and bulk-geochemical studies, have
been well documented for many massive sulfide deposits around the world (Urabe and
Scott 1983; Urabe et al. 1983; Seyfried et al. 1988; Lentz and Goodfellow, 1993;
Goodfellow and Peter 1994; Leistel et al. 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 obstacles to successful mineral-chemical
investigations. However, the advent of micro-analytical techniques (e.g., LA-ICP-MS)
that can quickly deliver accurate data, which has made studies of mineral composition
easier and faster. The analytical robustness and cost effectiveness are the main
advantages of micro-analytical approaches, and have allowed their potential as mineral
vectoring tools to be investigated. The latter enables investigation of target mineral(s)
throughout the host rocks to the mineralization.
In the case of massive sulfide deposits, sulfide minerals (in particular pyrite) are
ubiquitous and have been effectively used in exploration 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 to proximal footwall and hanging-wall zones
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(tens to hundred metres away from the mineralized zones) (see Lentz et al. 1997). In
contrast, white mica can occur in areas distal to (up to several hundred m below) the ore
horizon. The volatile-element variation within both chlorite and white mica are
investigated. To validate the applicability of any micro-analytical technique, a careful
consideration with other methods is necessitated. The introduced micro-chemical
approaches needs to be examined in association with other geochemical and geophysical
exploration methods not only in the VMS deposits of the BMC, but also in prospecting
for buried volcanogenic massive sulfide 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
environmentally 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

Current laser ablation technology evolved from the initial use of visible and infrared
wavelengths (Perkins et al. 1991, 1993; Jackson et al. 1992; Pearce et al. 1992; Darke and
Tyson 1993) to generation of ultraviolet beams by quadrupling or quintupling of solidstate Nd:YAG lasers (Jenner et al. 1993; Longerich et al. 1996; Nesbitt et al. 1997;
Jeffries et al. 1998; Günther et al. 1999). The introduction of gas-source (e.g., ArF)
excimer lasers producing a short-wavelength beam from a primary UV photon source
(Günther et al. 1997; Sylvester and Ghaderi 1997) has advanced the measuring capability
and sensitivity, and is used extensively in earth sciences investigations.
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To achieve controlled ablation, the surface of the target (e.g., mineral grain) is
irradiated by a focused laser beam, and a portion of the target is converted into a vapourphase aerosol. This aerosol is then transferred in an Ar or Ar + He carrier gas via plastic
(NylonTM) tubing to the ICP–MS. 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 entering the ion lens, quadrupole mass filter, and ion detection system (see
Jackson et al. 2001; Sylvester 2006).
1.4

Sampling and Methodologies

One hundred and eighty-seven samples from ten drill cores representing the major
deposits of the Bathurst Mining Camp (Brunswick 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 Lake) were selected for this study. Polished sections
were examined in order to document mineralogy and textural relationships (see Appendix
1). The chemical compositions of sulfide and phyllosilicates were obtained using a LAICP-MS system in Department of Earth Sciences, University of New Brunswick,
Fredericton, Canada. The system used was a Resonetics Resolution™ M-50 193 nm laser
connected to an Agilent 7700x quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) (Fig. 1.1). The ICP-MS was operated at 1450-1550W and a torch depth of
4.5-5.0 mm. It was tuned during ablation of a raster line across NIST610 glass, to achieve
ThO+/Th+ < 0.3% (monitor of oxide production),

238

U+/232Th+ ~ 1.0 (monitor of plasma

robustness), and 44Ca++/44Ca+<0.3% (monitor of double-charged production). Raw counts
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were collected on the ICP-MS in peak-hopping mode (total quadrupole sweep time about
1 s) and recorded in time-resolved format.
Data deconvolution was undertaken offline using the Iolite™ 2.5 Trace Element
Data Reduction Scheme (Paton et al. 2011). Spikes in the data were automatically filtered
using the default 2σ outlier rejection in the Iolite internally-standardized trace-element
data reduction scheme.
1.4.1

LA-ICP-MS methodologies of sulfides

Sulfide phases (i.e., pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and
tetrahedrite/tennantite) have been examined for major- , minor- and trace-element
concentrations (Si, S, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, W, Ag, Au, and Pb), as well as
volatile-element concentrations (Hg, Cd, In, As, Sb, Te, In, Se, Sn, Ga, Ge, Bi, and Tl) by
LA-ICP-MS. Analyte dwell times were set individually, with the longest dwell times set
for the lowest concentration elements or elements of interest. In spot-analysis mode,
sulfide phases were ablated for 40 s followed by 60-120 s of gas background purging.
The spot-size diameters 17, 24 or 33 µm were chosen depending on the thickness of
sections, textural features, and analytical criteria in order to achieve the best possible
detection limits. The laser beam was fired at 3-4 Hz repetition rate with the laser energy
at the energy density (fluence) regulated at ~1.0 J/cm2. Arsenopyrite, tetrahedrite, and
galena were ablated in highly controlled condition described 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 mineral; data were obtained from stoichiometric values
published at www.webmineral.com. Iron was used as an internal standard for
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quantification of pyrite, chalcopyrite, pyrrhotite, and arsenopyrite. Zinc, Pb, and Cu were
applied for sphalerite, galena, and tetrahedrite, respectively (following the methodology
explained in Chapter 2). NIST610, BCR2G, and GSE-1 glass were used as quality control
standards. Since MASS-1 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 complex or non-stoichiometric
phases. For example, in the case of the tetrahedrite-tennantite solid solution, the variation
of Fe is wider relative to Cu between the end members; attributing larger errors in data
(see Chapter 2). Also, LA-ICP-MS analysis of arsenic-rich minerals, such 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 from other sulfides, 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 and therefore elemental values are considered to be internally consistent.
The LA-ICP-MS technique can also be used to generate elemental images of
single and multi-phase sulfide assemblages, providing semi-quantitative data. Imaging
was performed by ablating sets of parallel raster lines across the sample using a 17 or 24
μm beam size, with line spacing equal to the beam diameter, and scan speed set to half of
the beam size at a laser frequency of 10 Hz. Identical rasters were conducted on reference
standard MASS-1 and NIST610 throughout each mapping run in order to correct for
instrument drift. For the purpose of cell washout, gas stabilization, and computer
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processing time, 15 or 20 s background acquisition time was collected at the beginning of
every raster. In all, a set of 20 elements were analyzed 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 sensitivity drift in the system. The Laurin Technic Pty ‘Squid’
smoothing device was removed for trace element imagining ensuring the fastest possible
washout from the cell (~5 orders of magnitude in 1 s). Also, individual raster line by LAICP-MS is another powerful tool to generate semi-quantitative data of chemical
composition of minerals and explore chemical heterogeneity level within the examined
mineral.
LA-ICP-MS images of pyrite were compiled and processed using Iolite 2.5, using
Fe CPS elemental map as a guide to masking the non-pyrite material. To produce the
quantitative 2D concentration maps from these intensity rasters, a Fe value of 46 wt. %
was used as the internal standard. Concentration scales for each map are internally
standardized and reported in absolute ppm. The correction of sulfide assemblage images
was determined by assuming the mean S value of the phases present as internal standards.
In this study, LA-ICP-MS element images are presented for two different sulfide
assemblages, galena + sphalerite + tetrahedrite ± pyrite and pyrite + pyrrhotite +
chalcopyrite + sphalerite. For the examined ablation conditions that offer a lateral
resolution, elemental images display slight compositional inhomogeneity in some of the
sulfide minerals (limited by the laser spot size and line spacing).
It is important to note that LA-ICP-MS spot analysis data can be highly variable
among the analyzed multiple spots of individual sulfides, so manipulation of the 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 and values below detection for arsenopyrite
were excluded from the dataset for statistical calculations. Finally, although caution was
exercised in the selection of LA-ICP-MS targets, the possibility of the occurrence of
nano- and micro-inclusions in the subsurface is high. In the case of micro-inclusions,
detection by LA-ICP-MS time-resolved depth profiles (depending on the spot size and
inclusion size) is relatively easy and can be treated during data correction. However,
nano-scale inclusions cannot be resolved by LA-ICP-MS and consequently not accounted
for during data correction.
1.4.2

LA-ICP-MS methodologies of phyllosilicates

Chemical variation of chlorite, white mica, and biotite was determined for a total of 32
isotopes of 7Li,

23

Na, 24Mg,

27

Al, 29Si, 35Cl, 39K, 44Ca,

49

Ti, 53Cr, 55Mn, 57Fe,

59

Co,

60

Ni,

63

Cu, 66Zn, 75As, 77Se, 81Br, 85Rb, 88Sr, 111Cd, 115In, 118Sn, 123Sb, 125Te, 133Cs, 137Ba, 202Hg,

205

Tl,

208

Pb, and

209

Bi. Data acquisition consisted of a measurement of the gas

background for 40 s, followed by 40 s of sample ablation using crater diameter of 66 µm.
The laser beam was fired at 4 Hz repetition rate with the laser energy at the energy
density (fluence) regulated at ~1.5 J/cm2. Raster lines on phyllosilicates were obtained
using the same ablation conditions as spot analysis with the raster speed assigned as half
of the beam size, i.e., 33 µm. 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 limits.
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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 matrix-mismatch 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 standardization utilized K for reduction of white mica, based on the mean K
stoichiometric value of muscovite and celadonite end members (K mean stoichiometric=9.5 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 K value 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 representative white mica from the BMC reported by McClenaghan (2011)
i.e., Simean in white mica=23.9 wt.%. Chlorite calibration used Si as internal standard (Simean in
chlorite=11.8

wt. %) and Al (Almean in chlorite=9.8 wt. %) from the representative chlorite of

the BMC reported in (McClenaghan 2011). Biotite calibration used Si as internal
standard (Simean

in biotite=17

wt. %) obtained from EPMA; Lentz et al. 1997. Although

variation in the trace-element concentrations via different approaches is minimal, the
application of suitable internal standardization methodology can result in more reliable
assessment of the major- and minor-elements concentrations.
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The quality of the obtained data is checked by monitoring NIST612 (GeoReM
database; Jochum et al. 2011) and BCR-2G (GeoReM database) as consistency standards
along with phyllosilicates. The NIST612 and BCR-2G standards were calibrated versus
NIST610, using published values for Si as the internal standard (SiNIST612= 33.6 wt. %
and SiBCR-2G= 25.4 wt. %) (Table 1.1). The obtained values have an acceptable degree of
accuracy within 2 standard deviations (± 2 STDEV) of the published values for NIST612
and BCR-2G (Figs. 1.2 and 1.3, respectively). The measured mean In (35.5 ppm), Sb
(31.1 ppm), and Sn (34.2 ppm) values of NIST612 vary from the published values of
38.9, 34.7, and 38.6 ppm, (Jochum et al. 2011, GeoReM database), respectively (Table
1.1). However, reproducibility is typically less than 10% relative standard deviation
(RSD %) for all of the volatile elements, except Tl and Hg (Fig. 1.2). The acquired data
for BCR-2G agrees well with the published values (GeoReM database) 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, respectively (Fig. 1.3). Replicate analyses of BCR-2G
yielded a precision of less than 10 % in RSD for all of the elements, except As, Se, Cd,
In, Sb, Hg, Tl, and Bi (Table 1.1).
Careful examination is required in order to choose an appropriate spot on white
mica, chlorite, and biotite for LA analysis, because of the fine-grained nature of the
samples and the intimate association of phyllosilicates with fine-grained quartz,
carbonate, and pyrite. In some cases textural complexities precluded LA-ICP-MS
analysis of some 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 µm, which was sufficient considering the grain
size and textures of the samples. LA raster lines conducted on masses of white mica
display varying levels of inhomogeneity depending on the texture. Figure 1.4 shows LAICP-MS raster imaging across white mica the Halfmile Lake Deep zone and Louvicourt
deposits. Figure 1.4a shows LA-ICP-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 inclusions. It
should be noted that there was no evidence of inclusions optically and the speed of laser
traverse precludes the possibility of intersecting sub-surface inclusions; this indicates the
occurrence of nano-inclusions in the white mica structure. Thallium occurs in moderate
amounts and has a relatively regular profile with no anomalously high concentrations.
Both In and Hg occur in minor amounts and have irregular profiles (Fig. 1.4a). In
contrast, raster LA-ICP-MS conducted on white mica without showing any internal
structure demonstrate smoother pattern for Ba and Tl, and fewer irregularities 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 some slight irregularities (Fig. 1.5). The other volatile 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 phyllosilicates. This can be achieved by increasing
the number of spot analyses so as to obtain a sufficiently large database.
1.5

Geological setting, mineralization, and hydrothermal architecture of the BMC,
Canada

1.5.1

Regional geology

The BMC massive sulfide deposits form part of a bimodal volcanic and sedimentary
sequence. This sequence is part of a Middle Ordovician arc and back-arc system that
developed on the Gondwanan continental margin of the northern Appalachians, eastern
Canada (Goodfellow and McCutcheon 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 Cambro-Ordovician
Miramichi Group (490-478 Ma) occurs at the base of the sequence and consists of a
passive-margin 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 constitutes the Sheephouse 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. The Fournier Group is the youngest
group (~ 465 Ma); it is defined by ocean-floor mafic volcanic and related sedimentary
rocks that were obducted onto the para-autochthonous sequences. The Bathurst
Supergroup formed within an intra-crustal (continental) proto-back-arc basin (similar to
the Japan Sea) and is referred to as the Tetagouche-Exploits Basin (van Staal 1987).
Most of the forty-six deposits in the BMC are associated with the first-erupted
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felsic volcanic units in the Tetagouche, California Lake, and Sheephouse 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 Spruce Lake and Mount Brittain formations
(McCutcheon et al. 2001). The Sheephouse Brook Group, in the southern BMC, hosts
only one known VMS deposit, i.e., Chester, which is hosted by the Clearwater Stream
Formation (Goodfellow and McCutcheon 2003; Fig. 1.6).
Closure of the Tetagouche-Exploits back-arc 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 zone polyphase brittle- to ductile-deformation 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 this region) refolded pre-existing Salinic structures leading to complex refolded 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 massive sulfide deposits
and their associated stockwork stringer zones are mainly controlled by D1 thrusts and D2
upright isoclinal structures (Goodfellow and McCutcheon 2003 and references therein).
1.5.2

Ore mineralization

Massive sulfides in the BMC have been interpreted to form coevally with their host
volcaniclastic and sedimentary rocks (Stanton 1959; McAllister 1960; Jambor 1979;
McCutcheon 1992). The massive sulfide deposits of the BMC can be divided into as
many as five distinct hydrothermal facies, namely: 1) sulfide stringer zone (veins and
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impregnations of sulfide 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) vent complex (basal Cu zone or
basal sulfide facies composed of pyrrhotite + magnetite + pyrite + chalcopyrite + quartz ±
sphalerite ± galena), 3) bedded sulfide facies (or banded sulfide facies consisting of
layered Zn-Pb-rich sulfide of pyrite > sphalerite + galena ± chalcopyrite, pyrrhotite, and
tetrahedrite), 4) bedded pyrite (pyrite ± sphalerite ± galena), and 5) carbonate-oxidesilicate iron formation (Goodfellow and McCutcheon 2003 and references therein). Also,
hydrothermal events spanning 12 to 14 m.y. have been recognized in the BMC, including
Caribou (472-470 Ma), Brunswick and Chester (469-468 Ma), and Stratmat (467-465
Ma) horizons. The Stratmat and Brunswick horizons both occur in the Tetagouche Group,
whereas the Caribou and Chester horizons occur in the 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
massive sulfide deposits of the BMC is highly variable and reflects the 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 whole-rock geochemical signatures are the key tools in
distinguishing pre- and post-ore hydrothermal alteration facies. Hydrothermal alteration
enveloping the feeder zones of VMS deposits in the BMC are laterally (1-5 km) and
vertically (hundreds of metres) extensive and distinguishable on the basis of mineralogy
and bulk chemistry. At the Brunswick No. 12 deposit, four deposit-related hydrothermal
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alteration zones (zones I to IV) are recognized (Luff et al. 1992; Lentz and Goodfellow
1993, 1994, 1996; Goodfellow et al. 2003). Zone I is associated with the 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 fine-grained milky quartz (40-90%), Fe-rich chlorite (3-15%),
carbonate (5-12 %, mainly calcite) with variable sericite (10-20%), and sulfides (5-25%,
mainly pyrrhotite, chalcopyrite, pyrite, tetrahedrite, and arsenopyrite) (Fig. 1.7). Zone I is
transitional downward into zone II (potassic alteration zone from Yang et al. 2003; Yang
and Scott 2003), which is typically formed of K-feldspar (5-25%), Fe-rich chlorite (310%), sericite (10-55%, compositionally phengitic), minor quartz (10-15%), and sulfides
(5-10%, mainly pyrite, pyrrhotite, chalcopyrite, sphalerite) (Fig. 1.7). Zones I and II are
transitional outward into zone III (Na-Mg alteration zone by Yang et al. 2003; Yang and
Scott 2003), which consists of sericite (30-60%, muscovitic), Fe-Mg-chlorite (15-60%),
albite (5-20%), and subordinate sulfides (0-15%) (Fig. 1.7). Zone III 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 (30-70%) and Mg-rich chlorite (40-50%) (Fig.
1.7). In some deposits continued post-ore hydrothermal activity results in the extension of
zones III and IV alteration into the hanging wall for up to several 10s of metres (Luff et
al. 1992; Lentz and Goodfellow 1993a,b,c, 1994; Goodfellow et al. 2003).
1.6
1.6.1

Deposit background
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
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up-section of sub-alkalic felsic volcanic rocks (Nepisiguit Falls Formation) to felsicdominated 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 Group, including 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. 12 deposit contains over 329 Mt of massive sulfides comprising 163
Mt of Zn-Pb-rich massive sulfides and 166 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 Staal and Williams 1984). The Nepisiguit Falls
Formation in the shallow footwall consists of massive and granular quartz- and quartzfeldspar crystal tuff, with subordinate tuffaceous sedimentary rocks (Lentz 1999b). Welldeveloped sulfide stringer zone mineralization and a large alteration halo have been
recognized in the footwall (Luff et al. 1992; Lentz and Goodfellow 1993). The iron
formation (carbonate-oxide-silicate) including carbonate and chlorite facies overlies the
massive sulfides (Peter and Goodfellow 1996). The hanging wall consists of effusive
volcanic rocks dominated by light to dark grey, fine-grained felsic hyalo-tuff interbedded
with aphyric to sparsely feldspar porphyritic (<5 % phenocrysts) rhyolite flows and
related rocks of the Flat Landing Brook 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 interbedded siltstone, Fe-Mn-rich slate, and chert
(Rogers et al. 2003; van Staal et al. 2003b).
The Brunswick No. 12 deposit consists of four zones, the Main, West, East, and
V2 zones, that merge at depth in the nose of a large F2 structure and are thought to
represent a single continuous horizon (van Staal and Williams 1984; Luff et al. 1992).
Three sulfide facies are recognized: 1) vent complex facies dominated by pyrite and
pyrrhotite, with subordinate chalcopyrite, and minor sphalerite, 2) bedded sulfide consists
of a layered Zn-Pb-rich 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 chalcopyrite interlayered with chloritic
iron formation near the hanging wall (Luff et al. 1992; McClenaghan et al. 2009).
Samples examined as part of this study were collected from discovery drill hole (A1)
(Fig. 1.8a).
1.6.1.2 Brunswick No. 6
The Brunswick No. 6 deposit occurs at roughly the same stratigraphic position as the
Brunswick No. 12 deposit. The footwall consists of rhyodacitic quartz- and quartzfeldspar phyric tuffs and flows and related rocks assigned to the Nepisiguit Falls
Formation, whereas the hanging wall consists of rhyolitic flows, breccias, and
hyaloclastites of the Flat Landing Brook Formation (Lentz and McCutcheon 2006; Wills
et al. 2006). The Brunswick No. 6 deposit is a well-zoned massive sulfide, similar to
Brunswick No. 12, in which three main zones are distinguished in the massive sulfide
horizon, including vent complex (Cu zone) (MacLellan et al. 2006), bedded sulfide (ZnPb), and bedded pyrite. The massive sulfides are capped by iron formation (magnetite20

chert) and overlie a well-developed stringer zone (Lentz and McCutcheon 2006).
Samples from this deposit were collected from drill holes B-259 (Zn-Pb zone) and B-238
(Cu zone) (Fig. 1.8b).
1.6.1.3 Heath Steele B zone
The Heath Steele B zone is hosted by a thick, interbedded sequence of laminated
mudstone, siltstone, and felsic volcanic tuff near the base of the Nepisiguit Falls
Formation (Lentz et al. 1997 and references therein). The massive sulfides are divided
into three facies: 1) brecciated or fragmental pyrrhotite with subordinate chalcopyrite and
pyrite, 2) bedded pyrite, 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
bedded sulfides. This interpretation is supported by the presence of high temperature
mineral assemblages and overall base-metal zonation patterns (Lusk 1969; 1972). The
samples examined from this deposit were collected from drill hole B-3409, 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 chalcopyrite (Fig. 1.8c).
1.6.1.4 Halfmile Lake Deep zone
The Halfmile Lake Deep zone deposit is hosted at or near the base of the Nepisiguit Falls
Formation in the downward-facing limb of the ‘Halfmile Lake Anticline (Walker and
McCutcheon 2011). The host sequence consists of sedimentary rocks of the Patrick
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Brook Fm that are stratigraphically overlain and structurally underlain 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 semi-massive sulfides and oxide facies iron
formation (of the Deep zone) that are collectively assigned to the Nepisiguit Falls
Formation. The upward-facing 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 quartz-feldspar crystal tuff 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 HN-99-119 (Fig. 1.8d; Walker and McCutcheon
2011). The massive sulfide lens at the Deep zone is dominated by pyrite and contains
only very minor fragments of the chlorite-altered host rock. The stringer and
disseminated sulfides in the immediate footwall are very limited. A significant thickness
of Algoma type, oxide-facies iron formation is in-folded in the sulfide 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 horizon (see Lentz and
Langton 1993, 1995; Downey et al. 2006). The immediate footwall of the deposit
comprises a relatively thin sequence of felsic volcanic rocks with fine-grained aphyric to
very sparsely quartz-feldspar crystal phyric-rich volcaniclastic rocks and interlayered
sedimentary rocks of mixed tuffaceous and terrigenous origin (Lentz and Langton 1993,
1995).
In terms of metal zonation a basal stringer zone consisting pyrite-chalcopyritepyrrhotite in the footwall is overlain by a pyrite-sphalerite zone that is in-turn overlain by
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a pyrite-sphalerite-galena zone in the upper-most and distal parts of the system
(Goodfellow et al. 2003b; Zulu 2012). The Key Anacon East zone massive sulfides are
overlain by hyaloclastic and rhyolite fragments with siliceous feldspar-phyric rhyolite of
the Flat Landing Brook Formation. The Flat Landing 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 core KA-93-42 (Fig.
1.8e).
1.6.1.6 Louvicourt
The Louvicourt deposit sits at the top of the Flat Landing Brook Formation and is
conformably overlain by mafic volcanic rocks of the Little River Formation
(McClenaghan et al. 2006). The massive sulfides consist of coarse-grained 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 massive sulfides are extensively recrystallized and fractured with veins
infilled by barite and silica. Barite occurs throughout the sulfide lens and is associated
with minor jasper, quartz, hematite and chlorite (McClenaghan et al. 2006). Samples
from Louvicourt examined as part of the present study were collected from drill core
LGF-6 (Fig. 1.8f).
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 Lake, and Mount
Brittain nappes (van Staal et al. 2003b).

23

1.6.2.1

Caribou

The Caribou deposit is the largest massive sulfide deposit in the California Lake Group
and the second largest deposit in the BMC with a historical sulfide resource estimate of
approximately 70 Mt (Gandhi 1977; Cavelero 1993). The 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
feldspar-porphyritic to aphyric felsic volcanic rocks of the Spruce Lake Formation
(Goodfellow 2003). The deposit consists of a vent complex and bedded sulfide facies that
is underlain by a sulfide stringer zone (Goodfellow 2003). The Caribou deposit is divided
into six en echelon massive sulfide 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 from drill core 62-55 located on
the western limb of the Caribou synform (Fig. 1.8g).
1.6.2.2 Armstrong A
The Armstrong A deposit is hosted within chloritic to sericitic feldspar-phyric
flows, related tuffs and intercalated sedimentary rocks of the Spruce Lake Formation (SL
Formation) (van Staal et al. 2002). The 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 mineralization. Sampled used in this
study were collected from drill hole A-14.
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1.6.2.3 Restigouche
The Restigouche deposit is hosted within feldspar crystal-rich and crystal-poor packages
of the Mount Brittain Formation (MB Fm), which conformably overlies sedimentary
rocks of the Miramichi Group. The ore body consists of two lenses of massive sulfides
that merge locally and are underlain by a stringer stockwork zone with associated
alteration (Gower and McCutcheon 1997; Bein 2010). Massive sulfides consist of bedded
pyrite, sphalerite, and galena with minor chalcopyrite and pyrrhotite. Pyrite exhibits
variable amounts of recrystallization, occurring as coarse-grained porphyroblasts and
fine-grained aggregates. Samples examined during this study were collected from drill
core CP-39 (Fig. 1.8h).
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 grey-green shale, greywacke, and phyllite, whereas the
hanging wall is dominated by massive to pillow flows and related epiclastic rocks
(Walker and McDonald 1995). Locally, sedimentary mélange characterized by a black
shale matrix is spatially associated with the massive sulfides. The sulfide body is a
relatively thin sheet composed exclusively of transported sulfides 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 mineralization. Samples examined
during this study were collected from drill core CL-94-2 (Fig. 1.8i).
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1.7

Previous work on the volatile-element concentrations of VMS deposits and
host rocks of the BMC

The distribution of volatile elements in VMS deposits of the BMC have been reported
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;
McClenaghan 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 No. 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% of the Hg with an average concentration of 18 ppm which were
similar to analyses determined by Jonasson and Sangster (1975). Subsequently, the Hg
content of ores in the BMC has been determined to be quite variable. The data provided
by Goodfellow and McCutcheon (2003) show that the Hg concentrations of 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
concentrations of volatile elements have been shown to be variable among the various
hydrothermal horizons; that is, Hg 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). The bulk-chemical composition of a given sulfide facies may vary
greatly among deposits (Goodfellow and McCutcheon 2003): the vent complex facies is
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typically enriched in Au, Bi, Se, and Ge relative to bedded sulfide and bedded pyrite
facies, whereas the bedded sulfide facies is elevated 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 massive sulfide and in the enveloping host
rocks (Goodfellow and McCutcheon 2003). The Louvicourt deposit has elevated
concentrations of some volatile elements; for example, Sb, Hg, and Tl (McClenaghan et
al. 2006). Also, elemental distribution patterns from sulfide facies from Brunswick No.
12 are reported by McClenaghan et al. (2009). Most previous work at the mineral scale
has focused on precious metals e.g., Au and Ag (Lentz 2002; McClenaghan et al. 2003,
2004, 2009; Zulu 2012; Wright 2016).
There are few studies on the volatile-element 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 extent Tl, in the 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, Hg, and Sb signature in the hangingwall and footwall zones of the Heath Steele B zone deposit. Also, the Halfmile Lake
Deep zone deposit was examined by whole-rock analysis and some of the volatile
elements have been detected (Adair 1992; Lentz 1996; Mireku 2001; Mireku and Stanley
2007; Walker and McCutcheon 2011).
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1.8

Dissertation objectives

The main objectives of this research are:
1) To develop protocols and improve the LA-ICP-MS technique used to examine the
volatile-element composition of sulfide and silicate minerals.
2) To document the volatile-element concentrations and distribution within key sulfides
(pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite) and
phyllosilicates (chlorite, white mica, and biotite) from representative volcanogenic
massive sulfide deposits and their associated host rocks in the BMC.
3) To document volatile-element variations among inter- and intra-sulfide minerals with
attention to textural criteria in order to aid in ore genesis interpretation and to elucidate
the modification of primary volatile distributions by later syngenetic hydrothermal
alteration (zone refining) and subsequent metamorphism (lower- to upper-greenschist
faceis) and polyphase deformation events.
4) To use LA-ICP-MS techniques to document the variation of volatile elements in
chlorite and white mica in host rocks in areas distal and proximal to mineralization.
5) To address the potential of volatile-element concentrations in chlorite, white mica, and
sulfides, in particular pyrite as vectoring tools in the exploration of VMS deposits in the
BMC.
1.9

Dissertation outline

The dissertation is broadly divided into examination of sulfides (Chapters 2, 3, and 4) and
phyllosilicates (Chapters 5 and 6). Chapter 2 discusses LA-ICP-MS protocols for
determination of the volatile-element suite within sulfide minerals, including a short
review of LA-ICP-MS analysis of sulfides, challenges, and developments. Chapter 3 is a
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comprehensive examination of the geochemical characteristics of key sulfide minerals
(pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite) as
acquired by LA-ICP-MS from sulfide horizons throughout the host rocks and VMS
deposits of the BMC. Chapter 4 is extensively focused on geochemical variations of in
texturally-distinct pyrite, and introduces of pyrite micro-chemical vectoring tool to aid in
VMS exploration. Chapter 5 presents data on the volatile-elements signature of
phyllosilicates (chlorite, white mica, and biotite). Chapter 6 is focused on the
geochemical variation of white mica throughout the host rocks of the deposits, and
presents a volatile element, based white mica vectoring tool for VMS exploration.
Chapter 7 offers conclusions of the project as well as recommendations for future work.
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Figure 1.1. Schematic diagram shows the components of a 193 nm excimer laser
ablation system combined with a quadrupole ICP-MS instrument.
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Figure 1.2. Assessment of the accuracy of NIST612 standard analyzed by LA-ICPMS. Comparison was done with published mean values from complied published
values (grey line) from GeoReM database (Jochum et al. 2011). The grey area
presents ±2 standard deviation of the obtained data. The black line is mean of
obtained elemental values in this study. X axis is the standard analytical position
based on the order of analysis.
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Figure 1.3. Assessment of the accuracy of BCR-2G standard analyzed by LA-ICPMS. Comparison was done with published mean values from complied reported
values (grey line) from GeoReM database.The grey area presents ±2 standard
deviation of the obtained data. The black line is mean of obtained elemental values
in this study. X axis is the standard analytical position based on the order of
analysis.
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Figure 1.4. Raster LA-ICP-MS spectra for selected elements in white mica from a)
Halfmile Lake Deep zone, and b) Louvicourt deposits, showing distribution of
volatile elements along the raster line.
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Figure 1.5. Raster LA-ICP-MS spectra for selected elements in chlorite from a)
Brunswick No. 12, and b) Halfmile Lake Deep zone deposits, showing the
distribution of volatile elements as well as Zn, Pb, Ba, and Mn along the raster line.
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Figure 1.6. Simplified geological map of the Bathurst Mining Camp, northeastern
New Brunswick, showing the location of massive sulfide 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 massive sulfide
deposits, case of the Brunswick No. 12 deposit, BMC (modified from Lentz and
Goodfellow 1994).

55

56

57

58

59

60

61

62

63

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
massive sulfide deposits of the Bathurst Mining Camp. a) Geological cross section
11-N (east-west) through the Brunswick No. 12 deposit (after Luff et al. 1992),
showing location of A1 drill hole sampled for this study. b) Detailed geology of the
Brunswick No. 6 area (after Boyle and Davies, 1964; Pertold, 1970) 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 cross section through the
Halfmile Lake deposit (see Walker and McCutcheon 2011), showing the Upper,
Lower, and Deep zones and the location of HN-99-119 drill hole sampled for this
study. e) Geological cross section through the Key Anacon East zone deposit (see
Zulu 2012), showing the location of KA-93-42 drill hole sampled for this study. f)
Geological cross section through the Louvicourt deposit (see McClenaghan et al.
2006), illustrating the location of LGF-6 drill hole sampled for this study. g).
Geologic plan 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 CP-39 drill hole sampled for this
study. i) Surface geology of the Canoe Landing Lake deposit (see Walker and
McDonald 1995), showing the location of CL-94-2 drill hole sampled for this study.
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Table 1.1. Summary of obtained compositional variations of NIST612 and BCR2G in this study (in ppm).
Calculated NIST612 vs. NIST610_Si, n = 164
Analyte

Min

Mean

Max

SD

Published

hmdl

%RSD

%RD

Li

38.9

41.7

45.8

0.99

42

0.51

2.37

-0.78

Na

97750

100799

102810

670

1E+05

1.44

0.67

-2.95

Mg

58.8

60.7

64.0

0.74

77

0.08

1.22

-21.2

Al

10922

11165

11420

76.1

11167

0.38

0.68

-0.02

Cl

10.3

146

460

91.8

131

15.5

63.0

11.2

K

60.3

63.8

66.3

1.16

66.3

1.00

1.82

-3.83

Ca

83210

84806

87700

548

85002

21.18

0.65

-0.23

Ti

34.7

38.4

45.7

1.59

44

0.59

4.16

-12.8

Cr

31.0

35.3

38.7

1.09

36

0.61

3.09

-1.87

Mn

36.4

41.0

42.4

0.99

38

0.32

2.43

7.79

Fe

43.9

69.3

118

13.4

51

2.58

19.3

35.9

Co

33.4

34.2

35.5

0.34

35

0.03

0.99

-2.37

Ni

36.3

38.4

39.9

0.62

38.8

0.18

1.61

-0.91

Cu

30.2

37.6

42.2

1.89

37

0.07

5.03

1.75

Zn

35.7

37.7

39.4

0.79

38

0.14

2.10

-0.87

As

30.6

35.3

42.7

3.04

37

0.58

8.61

-4.51

Se

8.8

13.5

18.3

1.21

0.69

8.97

Rb

29.9

31.3

32.2

0.41

31.4

0.03

1.30

-0.17

Sr

70.1

75.6

79.5

2.13

78.4

0.01

2.81

-3.58

Cd

23.8

27.4

29.9

1.07

28.3

0.04

3.92

-3.28

In

33.5

35.5

37.5

1.08

43

0.01

3.03

-17.4

Sn

33.1

34.2

35.0

0.34

38

0.04

1.00

-10.1

Sb

29.8

31.1

32.5

0.47

38

0.05

1.50

-18.1

Te

28.8

34.4

50.8

2.82

0.17

8.18

Cs

37.5

40.0

42.4

1.19

42

0.01

2.96

-4.72

Ba

36.2

37.6

39.4

0.59

39.7

0.03

1.57

-5.35

Hg

<hmdl

0.2

0.5

0.10

0.17

0.03

57.0

4.04

Tl

10.2

15.8

23.8

2.48

15.1

0.01

15.8

4.43

Pb

35.6

37.9

39.4

0.80

38.57

0.01

2.10

-1.66

Bi

28.3

30.7

32.4

0.84

30

0.01

2.73

2.27
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Table 1.1. continued.
Calculated BCR-2G vs. NIST610_Si, n = 157
Min

Mean

Max

SD

Published

hmdl

%RSD

%RD

7.00

9.29

12.50

0.81

9

0.82

8.70

3.24

21250

22952

24878

764

23962

2.38

3.33

-4.22

19100

20627

21840

513

21467

0.11

2.49

-3.91

68680

71783

73800

1220

70913

0.51

1.70

1.23

<hmdl

93.9

720

108

24.21

115

15072

16558

17950

695

14900

1.58

4.20

11.1

44020

47299

50190

1277

50429

22.20

2.70

-6.21

11330

11946

12660

232

14100

0.76

1.94

-15.3

12.0

14.6

16.7

0.89

17

0.95

6.09

-13.9

1551

1639

1747

42.4

1550

0.47

2.59

5.76

52920

85467

100760

9587

96385

3.63

11.2

-11.3

34.6

36.1

37.6

0.55

38

0.04

1.52

-5.01

10.4

11.8

13.1

0.41

13

0.26

3.50

-9.46

13.6

17.3

21.7

1.25

21

0.23

7.24

-17.7

147

157

169

4.55

125

0.35

2.89

25.8

<hmdl

3.43

8.60

1.97

0.89

57.5

<hmdl

1.02

5.90

0.80

0.91

78.1

44.4

47.2

51.9

1.46

47

0.05

3.09

0.45

288

309

333

8.92

342

0.01

2.89

-9.61

0.10

0.24

0.98

0.17

0.2

0.05

69.2

20.7

0.06

0.10

0.15

0.01

0.11

0.01

11.9

-12.5

1.61

1.85

2.13

0.09

2.6

0.03

4.78

-28.8

0.10

0.29

0.43

0.07

0.35

0.07

22.7

-16.2

<hmdl

0.69

10.9

1.57

0.16

229

0.97

1.08

1.23

0.04

1.16

0.02

4.09

-6.72

589

618

672

13.9

683

0.03

2.25

-9.59

<hmdl

0.52

1.56

0.31

0.05

60.7

0.21

0.28

0.52

0.05

0.3

0.01

17.5

-7.05

9.84

10.8

11.7

0.28

11

0.01

2.63

-1.55

0.02

0.05

0.10

0.01

0.05

0.02

31.8

-9.75

NOTES: NIST610 was calculated based on external standard MASS-1 and
MASS-1 based on the external standard NIST610, Fe as internal standard.
IMER-1 was calculated against MASS-1 and S as internal standard.
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2. Chapter 2 Volatile-element determinations in sulfide minerals
from volcanogenic massive sulfide deposits by LA-ICP-MS:
developments and challenges

Abstract
A methodology for LA-ICP-MS measurement of moderate to high volatile-elements suite
As, Bi, Cd, Hg, In, Ga, Ge, Sb, Se, Sn, Te, and Tl in major sulfide minerals is described.
This includes the optimal ablation and standardization protocols for pyrite, chalcopyrite,
pyrrhotite, sphalerite, galena, arsenopyrite, and tetrahedrite/tennantite from volcanogenic
massive sulfide deposits of the Bathurst Mining Camp. This work builds on previous
studies of sulfide chemical variations determined by LA-ICP-MS. The modifications in
methodology include an assessment of optimized ablation conditions, choice of external
and internal standards, and improvement of data reduction strategies. Accuracy of the
LA-ICP-MS analysis is demonstrated by comparison with published values for reference
standards/materials including MASS-1, NIST610, GSE-1G, and IMER-1. Matrix mismatching effects using a 193 nm excimer laser are not a significant problem and can be
decreased by adjusting ablation conditions. Moreover, by using this approach, a wider
calibration range is attained and elements for which no certified values exist can be
rigorously assessed (e.g., Hg = 0.46 ppm and Te = 296 ppm in NIST610 (n = 245), Tl =
69 ppm in MASS-1 (n = 232), and Hg = 4.57 ppm and Te = 233 ppm in GSE-1G (n =
33)). Different sulfide minerals are demonstrated to require controlled ablation
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conditions, based on their individual characteristics, such as bond strengths, melting
point, and thermal conductivity as well as texture. This approach has the potential to
provide reliable cost- and time-efficient data for academic and industrial applications.
Key words: LA-ICP-MS, matrix mis-matching, standard, sulfide, volatile elements
2.1

Introduction

Sulfide minerals are the major constituents of many ore deposits. Sulfides host significant
concentrations of precious metals (e.g., Au, Ag), base and heavy metals (e.g., Cu, Ni,
Hg), and metalloids (e.g., As, Te, Sb). Accordingly, analytical methods to improve
characterization of their major-, minor-, and trace-element concentrations continue to
evolve. Whole-rock geochemical techniques, such as X-ray Fluorescence (XRF),
Instrumental Neutron Activation Analysis (INAA), Fire Assay Atomic Absorption
Spectrometry (FAAS), and Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
are capable of determining the concentrations of a wide variety of elements. However,
laborious sample preparation procedures, such as flux-fusion and acid-dissolution of
sulfides, diminish the efficiency of these techniques when large regional surveys are
required. Nevertheless, characterizing the chemical variation of sulfide minerals,
especially determination of volatile elements (e.g., As, Bi, Cd, Hg, In, Sb, Se, Sn, and Tl)
at trace-level concentration (<1000 ppm) by these techniques is restricted, although a
technique such as Cold Vapour-Atomic Absorption Spectroscopy (CV-AAS) can be used
to measure mercury (Hall and Pelchat 1997; Hall 2005). Additionally, beside the whole
rock technical issues, the fine-grained nature of many sulfide samples, in particular those
from volcanogenic massive sulfide (VMS) deposits, makes sample separation difficult
and limits the application of these techniques to the analysis of individual sulfide phases.
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By

comparison,

micro-analytical

techniques,

such

as

Electron

Probe

Microanalysis (EPMA), Particle-Induced X-ray Emission (PIXE) (Huston et al. 1995),
and Secondary-Ion Mass Spectrometry (SIMS) (Chryssoulis et al. 2004), enable trace
element determination in sulfide minerals. Volatile-element determinations in sulfide
minerals by EPMA often requires high beam currents and long counting times to achieve
modest detection limits (e.g., 100–300 ppm depending on the trace element). In
comparison, the detection limits gained by PIXE and SIMS methods are typically lower
(below the ~100–300 ppm level) (see Reich et al. 2013 and references therein). Also,
these techniques are time-consuming and thus expensive when examining a large number
of samples.
Currently, laser ablation inductively coupled plasma-mass spectrometry (LA-ICPMS) is extensively applied for quantitative measurement of trace elements in sulfide
phases (Large et al. 2007; Cook et al. 2009, 2016; Zhao et al. 2011; Zhang et al. 2014;
Cook et al. 2016, amongst others). LA-ICP-MS offers detection limits to the sub-ppm
level, as well as the ability to analyze hundreds of grains per day (cost-efficient
technique). In addition, the time-resolved analysis of the LA-ICP-MS allows
visualization of elements profiles to detect occurrence of micro-inclusions in the
subsurface.
The composition of sulfide phases presents challenges for LA-ICP-MS analysis.
First, the high weight proportion of metals in sulfides and the presence of high
concentrations of first row transition metals and sulphur lead to polyatomic interferences
at higher masses (Perkins et al. 1997). Second, the paucity of accessible reference
standards of known composition (i.e., sample-standard bracketing) with proper matrix
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matching; currently, USGS-Standard MASS-1 (Wilson et al. 2002) is the most accessible
standard. Third, the ablation characteristics of sulfides (e.g., melting point) and choice of
the internal standardization approach must be considered for different sulfide minerals.
The optimal LA-ICP-MS methodology for the determination of major-, minor-,
and trace-element concentrations, including a key volatile-element suite (As, Bi, Cd, Hg,
In, Ga, Ge, Sb, Se, Sn, Te, and Tl), in major sulfide phases is presented in this study. The
methodology is applied to a small set of sulfide minerals from VMS deposits of the
Bathurst Mining Camp, Canada. The improved analytical protocol was designed to
optimize ablation conditions, i.e., spot size, energy density, and repetition rate. External
standards were examined along with unknowns for calibration and quality control.
External standards included USGS-Standard MASS-1 as the primary external standard
(Wilson et al. 2002) and NIST synthetic glasses SRM610 (GeoReM database
http://georem.mpch-mainz.gwdg.de). Also, matrix matching requirements for LA-ICPMS targets are discussed with respect to accuracy. Moreover, values for those volatile
elements without reported certified values in the standards, such as Hg and Te in
NIST610 and Tl in MASS-1 are assessed. The synthetic sulfide standards IMER-1 (Ding
et al. 2011) and GSE-1G (GeoReM database) were examined as a consistency standard
for reproducibility and efficiency. The applicability and reliability of internal
standardization, based on stoichiometric values of major elements in sulfides is
explained. The Iolite™ 2.5 program (Trace Element Data Reduction Scheme) that is used
for data reduction is explored to identify improved strategies for sulfide data reduction.
Finally, mineral specific considerations with respect to LA-ICP-MS techniques are

71

provided for pyrite, pyrrhotite, chalcopyrite, arsenopyrite, galena, sphalerite, and
tetrahedrite-tennantite.
2.2
2.2.1

Methodology
Optical microscopy

Detailed optical microscopic (reflected and transmitted light) examination of polished
thin sections is a pre-requisite for LA-ICP-MS analyses of ore and host rocks. Mineral
textures and inter-granular relationships between coexisting sulfides must be documented
prior to LA-ICP-MS analysis. Because LA-ICP-MS is a destructive technique, imaging
of the samples prior to analysis is always recommended. A Zeiss AxioImager A1M
motorized polarizing microscope was employed at the Department of Earth Sciences,
University of New Brunswick to create complete thin section mosaic images of polished
thin sections in order to create a base-map for identifying targets for ablation and for
defining offline ablation sequences.
Sampling points (ablation spots) were selected so as to avoid multiple phases and
inclusions that could restort results. Although inclusions may occur in the subsurface at
the nano- to micro-scale within the ablation volume, the former are readily detectable in
the laser ablation time-series and can be easily omitted from the spectra.
A list of targets was defined using the Zeiss imaging software (ZenPro)
measurement tool. Target list data including ‘spot name, x-coordinate, y-coordinate’ was
compiled directly from the thin section mosaic and saved as a .csv (comma separated
value) file. Images and coordinates of three reference points (fiducial marks) were saved
and used to translate coordinate systems between the Zeiss and laser ablation stage. The
UNB laser ablation system can hold up to six standard size (45×25 mm) thin sections in
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every run, and so target coordinate files for six thin sections were constructed prior to a
laser ablation run. The samples holder has space for up to five 25 mm diameter round
standards that includes tuning standard (NIST610), external standard (MASS-1), and
consistency or quality control (QC) (BCR-2G, GSE-1G, and IMER-1) standards (Fig.
2.1). The loaded sample holder is typically scanned on a flat-bed scanner and the image is
imported as an image overlay in the ablation software to help guide positioning of
ablations. The samples were loaded into the laser sample holder and the X-Y position of
marked spots were imported into the Resonetics GeoStar software v. 6.23 (laser
controlling software) and combined into a single long sequence. Also, random targets on
standards were defined and distributed among the targets. The final sequence comprises a
large number of unknowns combined with external calibration standards and consistency
standards (about 100 points is maximum for a single run, depending on the acquisition
time) ready to be analyzed. Finally, the csv and sequence file can be archived for later
use.
2.2.2

LA-ICP-MS Instrumentation

The LA-ICP-MS instrumentation at the Department of Earth Sciences, University of New
Brunswick, Fredericton, includes a Resonetics Resolution™ M-50 193 nm ArF (excimer)
laser ablation system coupled to an Agilent 7700x quadrupole inductively coupled
plasma-mass spectrometer (Q-ICP-MS) equipped with dual external rotary pumps. LAICP-MS analyses are particularly sensitive to trace-level impurities of Hg in the carrier
gases. Consequently, an inline mercury trap is used in conjunction with all of the gas
lines. In the UNB lab, there is a dedicated high-capacity (up to 20 L/min) Hg trap made
by Vici Metronics on all of the gas lines that enter the laser and ICP-MS. By doing so,
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Hg gas backgrounds remain <1200 count per second (cps) under the highest sensitivity

conditions. The laser ablation (LA) machine has a two-volume low-volume Laurin
Technic Pty (Canberra, Australia) S-155 large format sample cell that is repeatedly
evacuated and backfilled with He to remove traces of air from the cell after each sample
exchange. Ablated aerosol was transported out of the cell via Nylon™ transfer tubes to
the ICP-MS, using 300-350 mL/min He and was combined downstream with a 960
mL/min Ar carrier gas flow and 2.0 mL/min of N2 gas.
2.2.3

Ablation conditions

It has been previously shown that laser-induced elemental fractionation (LIEF) during
ablation can be influenced by laser parameters including wavelength, fluence, and lateral
energy distribution, pulse repetition rate, focal length of the objective, and focus position
relative to the sample (Heinrich et al. 2003, and references therein; Woodhead et al.
2009). Also, LIEF is attributed to element specific characteristics such as difference in
elemental atomic mass, first ionization potential, condensation temperature, and
geochemical behavior. Systematic patterns in LIEF among elements belong to each
period in periodic table is observed (Jenner and O’Neill 2012). In addition, elemental
fractionation can also occur by incomplete vaporization and ionization of particles in the
inductively coupled plasma. Although 193 nm laser ablation systems can minimize
elemental fractionation effects, the amount of melting during ablation is primarily
dependent on the physical properties of that mineral, sulfides, (e.g., bond strengths,
melting point and thermal conductivity) rather than laser adjusting parameters (Gilbert et
al. 2014). The energy of the system can be carefully adjusted to minimize sample melting
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by decreasing the fluence and maybe ablation time and number of laser pulses in order to
increase the reliability of the data (see McFarlane et al. 2016).
A series of experiments were carried out in which each sulfide phase was ablated
over a range of laser fluence values of 0.25, 0.75, 1.25, and 1.75 J/cm2. The laser beam
size was regulated at 44 µm and ablation duration of 40 s. Scanning electron microscope
(SEM) topography images obtained after ablation show the effect of laser fluence values
on partial melting, condensate blanket formation, and pit geometry (Fig. 2.2). The crater
shape is circular at each fluence setting, with crater depth typically increasing with
increasing fluence. Formation of “trulli” structures (see Woodhead et al. 2009) within the
ablation pit occurs in different shape and size in most of the imaged craters, especially
larger ones in ablated pits of arsenopyrite and tetrahedrite. Figure 2.2g demonstrates that
although minimizing the fluence could suppress the formation of melt particles in ablated
tetrahedrite, melt formation during ablation of tetrahedrite appears to inevitable using a
193 nm Excimer laser. Figure 2.3 shows detection limit of the volatile elements in
various laser fluences used to ablate galena. Generally by increasing the fluence detection
limits decrease. Elements such as As, Hg, and Se show much higher detection limits
relative to other elements. Based on the SEM images, galena ablation condition should be
at energy level about 0.5 J/cm2. Suppressing the effects of melt formation may be
possible by adjusting other parameters, such as the ablation time and number of laser
pulses, which can be investigated in future research. Therefore, ablation conditions
should be adjusted to suit the particular sulfide mineral under investigation. This helps to
reduce the effects of melt/condensate droplets in the ablated sites and enhance the system
sensitivity and effects of matrix mismatches as well. Also, more research is necessitated
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to determine the composition of the debris after ablation of sulfides to help optimizing the
LA-ICP-MS methodologies and data reduction (see Zhu et al. 2016).
Detection limits in LA-ICP-MS analysis typically depend on the size of the
ablation pit; however, the fine-grained nature of sulfide minerals in volcanogenic massive
sulfide deposits precludes the use of large ablation spot sizes (Fig. 2.4). Laser crater
diameters of 17, 24, and 33 µm were eventually selected based on textural criteria,
thickness of the polished thin sections, and necessary analytical precision and detection
limits. For instance, for the thin sections that were not of the sufficient appropriate
thickness, detection limits were improved by decreasing the repetition rate and fluence
along with using a slightly larger crater diameter (33 µm). This method allowed a
sufficient volume of material to be sampled, while minimizing the pit depth and
vapourization of the epoxy and glass.

Data acquisition consisted of measurement of the gas background for 40–120 s,
followed by 40 s of sample ablation. Increasing the time between ablations provides
better detection limits, especially for those elements with very low concentration in the
samples. Longer gas-background collection times also allows sufficient time for those
elements requiring longer times for washout through the Nylon transfer tubing (e.g., As,
Hg, Se) to achieve background levels prior to the next ablation. The ICP-MS was
operated at 1450–1550 W and a torch depth of 4.5–5.0 mm. The laser beam was fired at
3.0–3.5 Hz repetition rate with the laser fluence of ~1.0 J/cm2. Additional information
about the operating conditions of this instrument is given in Table 2.1.
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The number of analytes and associated dwell times was elected to ensure that the
total ICP-MS sweep time was <1 s. Individual analyte dwell times were assigned to be
inversely correlated with the expected concentration in the target grain. For instance,
high-concentration elements (S, Fe, and Pb) were set with 0.01 s dwell times; whereas
lower concentration elements were set with 0.03 to 0.06 s dwell times (Table 2.2).
2.2.4

Tuning the ICP-MS

NIST610 glass is used (raster mode) for tuning the laser and ICP-MS to maximize
sensitivity, while minimizing the most common isotope interferences. Oxide production
is tuned to <0.3%, as monitored by ThO+/Th+, and double-charged production to <0.3%,
as monitored by

21

M+/42Ca+ or

22

M+/44Ca+ (M=?). Plasma ionization efficiency was

additionally monitored by measuring 238U+/232Th+ and ensuring that this value was ~1.05.
2.2.5

External standards

The ideal external calibration standard must have: 1) a matrix that chemically and
physically matches the samples to be analyzed, 2) homogeneity at the spatial resolution at
which the technique will be used (e.g., <100 µm), and 3) certified or reliable working
values for the concentrations of all the elements of interest (Ødegard 1999). Elemental
analysis by laser sampling involves a complex relationship between the measured signal
and the actual concentration, because the volume of material ablated varies as a function
of the target matrix (e.g., silicate vs. sulfide matrix). As a result, there will be matrix
effects in the LA-ICP-MS technique that need to be assessed and, if possible, corrected or
minimized (Sylvester 2006). Matrix-matching calibration standards and unknown targets
for LA-ICP-MS analyses are important because: 1) laser-induced elemental fractionation
(LIEF) during ablation is commonly matrix dependent (e.g., Guillong and Günther 2002;
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Jackson and Günther 2003), and 2) the ablation yield varies as a function of the target
matrix.
In the case of sulfides, an external calibration standard with a sulfide-like matrix
is preferred. Several research groups have described synthesized standards for sulfide
analysis by LA-ICP-MS (Date et al. 1987; Jackson et al. 1990; Chenery et al. 1995; Jarvis
et al. 1995; Ballhaus and Sylvester 2000; Wilson et al. 2002; Danyushevsky et al. 2011;
Norman et al. 2003; Arif and Baker 2004; Mungall et al. 2005; Dewaele et al. 2007;
Wohlgemuth-Ueberwasser et al. 2007; Danyushevsky et al. 2011; Ding et al. 2011). The
most commonly used of these standards is USGS-Standard MASS-1 (formerly PS-1 of
Wilson et al. 2002), which is reported to contain ~50 ppm each of Ir, Pt, and Au, in
addition to Ag, As, Bi, Cd, Co, Cr, Ga, Ge, In, Mn, Mo, Sb, Se, and V. In this study
calibration was performed using MASS-1; however, there is no Tl value reported for
MASS-1 (Wilson et al. 2002). In recent years, LA-ICP-MS analyses have been conducted
on MASS-1 (GeoReM database); the average Tl value of ~66 ppm is reported. In this
study an average Tl value of 66 ppm was added to the elemental list of MASS-1 and
applied to the data correction used in this project. In addition, routine analysis of
NIST610 and MASS-1 (n = 232) over the course of one and a half years allowed an
independent assessment of Tl concentration in MASS-1 calibrated against NIST610. The
average Tl value obtained at the end of the project was 69 ppm (± 12 STDEV due to
heterogeneity), which corresponds closely with the published GeoReM values (5%
relative deviation) (Table 2.3, 2.4; Fig. 2.5). In addition, values for Ni and Bi, which are
reported as information values for MASS-1 by Wilson et al. (2002), were also obtained
and presented in this study (see Table 2.4).
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The NIST glasses have been used to calibrate sulfide samples. Previous studies
(Halter et al. 2004; Sylvester 2008) show that matrix-mismatching effects, such as using
NIST610 (a Ca-Na-Si glass) as a standard to calculate element concentrations in MASS1, are not a significant problem. The concentrations for MASS-1 obtained using NIST610
for calibration and Fe as the internal standard, yielded average values within error (what
kind of error) of published values (Fig. 2.5). This comparison can be carried out in two
ways: first, by comparing with the proposed compiled values of MASS-1 by Wilson et al.
(2002), and second, by comparing with average results of LA-ICP-MS analyses on
MASS-1 (GeoReM database: at Florida International University, International Forensic
Research Institute, and National Research Centre of Geoanalysis). All of the elemental
values, with the exception of Hg, have been plotted in Shewart control charts, ranging in
±2σ (2 standard deviations) from the mean. Comparison of results of this study to
previously reported values (Wilson et al. 2002) was deemed to show an acceptable level
of agreement, except for discrepancies for Cd, As, and Ag (Fig. 2.5). Note that Baker et
al. (2006) calculated MASS-1 using NIST610 as an external standard and obtained
comparable values. Based on our results a compositional revision for MASS-1, especially
for Ni, Cd, Bi, Se, Hg, and Tl is recommended.
In this study, the BCR-2G silicate glass reference material (GeoReM database),
NIST610 (Pearce 1997, modified by GeoReM database), GSE-1G (GeoReM database)
were run as quality control checks. Every 10–12 analyses were bracketed by repeat
analyses of the external standards, allowing monitoring of, and correction for,
instrumental drift. When the system is adjusted to provide the proper ablation conditions
for all of the standards and unknowns, secondary standards can be corrected against
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MASS-1. The BCR-2G standard is not well suited to sulfide analysis due to the low
concentration of elements of interest and the required ablation conditions (although it was
analyzed the results are not presented here). The average concentrations obtained for
NIST610 standardized against MASS-1, using Fe as the internal standard, displayed close
correspondence to the reported values (Table 2.4). In addition, Standard GSE-1G was
used as a quality control standard, calibrated against MASS-1 using the proposed Fe
value of 9 wt. % (GeoReM database) as internal standard. Replicate analyses of GSE-1G
(n = 33) yielded relative deviations (%RD) compared to the GeoReM reference values of
±30% for Mn, Co, Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, Sn, W, Pb, and Bi. In this study,
the LA-ICP-MS on GSE-1G standard yielded concentrations of Te (233 ppm) and Hg
(4.57 ppm) (see Table 2.3).
2.2.6

Internal standardization

Internal standardization is used to minimize the effects of differential ablation yield. An
internal standard is typically chosen that matches major- or minor-level concentrations in
both calibration standards and target minerals (Sylvester 2001) and is measurable by
electron microprobe (Longerich et al. 1996), or can be estimated from stoichiometry. The
major element constituents of sulfide phases (i.e., Fe, Zn, Pb, and Cu) are typically
selected as internal standards. One cost-saving measure of quantitative multi-element
LA-ICP-MS analysis of sulfide minerals is that the concentration of the internal standard
can be estimated from stoichiometric values, obviating the need for preparatory microanalytical analysis prior to LA-ICP-MS. We have assumed stoichiometric values of these
major elements as internal standards, because of the relatively small variations in the
stoichiometric composition for most of the sulfide minerals, e.g., pyrite (Abraitis et al.
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2004 and references therein), where the authors reported <1% deviation from the 1:2 Fe
to S ratio. Moreover, based on the previous analyses of the BMC’s pyrite, Fe
concentrations are in the range of stoichiometric values (McClenaghan et al. 2004; 2009).
Hence, applying the stoichiometric Fe value is a reliable and financially efficient
approach in pyrite LA-ICP-MS data reduction. Other sulfides, however, have complex
structures and a wide range of elemental substitutions, which eventually causes greater
errors when their stoichiometric values are used in LA-ICP-MS data reduction.
Consequently, if the absolute values reported here are not 100% accurate, they are
internally consistent at the trace level and errors related to deviations from true major
element stoichimometry are considered small. In the case of tetrahedrite-tennantite,
average major-element values of the end-members were assumed to be those of the
internal standard.
Sylvester (2001) has proposed the use of sulphur as an internal standard for
sulfide analyses by LA-ICP-MS; however, interferences, such as
32,34

16

O16O and

18

O16O, on

S compromise its suitability. In this study, the entire dataset was calculated against S

as an internal standard to obtain the values for major elements, as well as to investigate
the quality of the data correction used in different approaches.
2.2.7

Data reduction strategies

A total of 26 isotopes were monitored (29Si, 34S, 52Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn,
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Ga,

205

Tl,

72

Ge,

208

75

As,

Pb, and

78

Se,

209

95

Mo,

107

Ag,

111

Cd,

115

In,

118

Sn,

123

Sb,

125

Te,

182

W,

197

Au,

202

Hg,

Bi) from which element concentrations were calculated. Elements

were chosen on the basis of lowest abundance and the heavier isotopes with the least
interference. Data reduction and calculation relied upon the Iolite™ 2.5 Trace Element
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Data Reduction Scheme (Paton et al. 2011) running as a plugin in Wavemetrics IgorPro
6.32™ by synchronizing the Geostar laser log file and the Agilent time series data (ICPMS intensity data file) (cps vs. time). The final integration interval for each ablation
(standards and unknowns) was adjusted during data reduction in order to avoid obvious
micro-inclusions and an automated 2σ outlier rejection used as an option in Iolite to reject
instrument-related spikes (e.g., for low-intensity signals). The live time-resolved isotope
signals were monitored during acquisition and targets with anomalous behaviour flagged
for more careful offline processing.
Beside the gas background time addition, Iolite can optimize the detection limits
for elements requiring longer times for washout, such as As, Hg, and Se. For instance,
during the
defined ablation conditions of arsenopyrite (5 grains), detection limits for As are
abnormally high (average 52.5 ppm, when calculated against MASS-1, using Fe as
internal standard) and are probably related to a wide variety of argide interferences (e.g.,
36

Ar38Ar1H+,

40

Ar35Cl+,

36

Ar39K+) present in the gas background and produced during

ablation (McFarlane and Luo 2012; McFarlane and McKeough, 2013). For facilitating
the washout of As from the cell, the time of background was doubled to 120 s with the
last 10 s of the background signal defined as global baseline integrations for correction of
the data in automatic mode. This aids in the definition of a robust background fit in Iolite.
Moreover, by using linear interpolation mode, it is possible to control the background and
prevent tailing under the interval of interest.
In this study, polyatomic interferences have not been corrected. The system was
tuned by monitoring of oxide production (ThO+/Th+<0.3%), so major elements combined
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with Ar might produce significant interferences. For instance, in pyrite, Fe-argide
(56Fe40Ar) may be a significant issue, because of the high abundance of

56

Fe relative to

the other Fe isotopes. The 56Fe40Ar molecule could interfere with 96Mo, but in this study
95

Mo was measured in order to avoid this problem. Also, measurement of isotopes with

masses corresponding to Fe-dimers (110, 112, 113, and 114) was avoided (see Baker et
al. 2006). Moreover, in a Cu-rich matrix phase, 63Cu40Ar production is low (<0.02%), but
can be detected on

103

Rh, but negligible on

105

Pd. Considering that this affects only the

major elements and abundant isotopes, those masses higher than 105 (40Ar65Cu) can be
measured almost free of polyatomic mass interferences when sulfides are analyzed under
dry plasma conditions, as is the case in laser-ablation analysis (Baker et al. 2006). Also,
the accuracy of some analyzed elements is uncertain. For example,
counted with high accuracy, because the isotope weight of
40

72

72

Ge cannot be

Ge is equal to

40

Ar32S,

Ar32O in the standard. So, assuming a more suitable isotope should be considered based

on the suite of elements of interest. In this case, better results can be obtained for 77Se and
121

Sb instead of

78

Se and

123

Sb. In addition, Jiang et al. (1988) for the first time tried an

ICP-MS mode called “cold plasma” to eliminate the effect of argide interferences on
some elements such as Na, Mg, Al, K, Ca and Fe at trace levels. However, it needs to be
applied with caution due to its influence on sensitivity (see Tanner 1995 and references
therein).
2.2.8

Data manipulation

Datasets obtained by LA-ICP-MS are typically very large and require offline analyses
and geochemical statistical treatment using other software packages, such as Microsoft
Excel. For handling the data, values below detection are excluded from the dataset for
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statistical calculations. Data below the detection limit were assigned a value of half of the
mean detection limit (hmdl). Dataset is trimmed 10% (Trim mean) to reject the outliers.
2.2.9

Assessing accuracy and precision

Additional tests of the accuracy of this method were acquired by examining IMER-1 (as
consistency standard with sulfide matrix). The obtained IMER-1 compositional variation
was compared to the suggested values by Ding et al. (2011). IMER-1 was then calculated
against MASS-1 using S as the internal standard. The results demonstrate an acceptable
degree of consistency and reproducibility with a range of ±25 % relative deviation with
the published values for Mn, Co, Cu, Zn, Ge, Ag, Cd, Sn, Sb, W, Tl, Pb, and Bi (Table
2.4).
Data precision was determined, using 245 replicate analyses of the calibration
standard NIST610 and 232 replicate analyses of the MASS-1 in 25 separate runs. The
analytical precision (reproducibility of the analytical results) is variable among elements.
The highest relative standard deviation (RSD %) values are related to Se, Cd, Te, Au, Hg,
Tl, and Pb in both standards. RSD% values for the rest of the elements are less than 10%
(see Table 2.4).
2.3

Application and discussion

The methodology developed here has been applied to a small number of major sulfide
minerals from the massive sulfide deposits of the Bathurst Mining Camp, the results of
which are summarized in Table 2.5. Typical detection limits varied among minerals for
different elements (see Table 2.6). Also, the detection limits were found to fluctuate
slightly when calculations were made against different external standards, while using
different elements for internal standardization. There is a general pattern of lower
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detection limits of volatile elements for pyrite, chalcopyrite, pyrrhotite, and sphalerite
calculated against MASS-1 using major elements (Fe and Zn) as an internal standard in
comparison to results using S as an internal standard. There is no significant variance in
the values of detection limits for galena among the various calculation approaches.
Interestingly, detection limits for arsenopyrite and tetrahedrite are at odds with the
general trend, i.e., lower detection limits are achieved by calculation against MASS-1 and
using S as internal standard.
Data reduction against MASS-1 used S as an internal standard and was compared
to the results obtained from assuming a major element as internal standard in different
sulfide minerals. Binary plots show a good correlation among the data for the various
sulfide phases with the exception of some elements, such as As and Hg in chalcopyrite,
As, Tl, Hg, and Bi in pyrrhotite, and As, Ga, Se, and Sn in sphalerite (Fig. 2.6).
Comparison of the absolute values obtained from using different elements as internal
standard for tetrahedrite shows that data corrected using Cu is more representative than
that using Fe as an internal standard. Also, data reduction using Fe produced incorrect
values for majors, such as Cu, As, and Sb. In samples where solid solution of
tetrahedrite-tennantite occurs, the Cu values of the end members are much closer to each
other than other major elements. In such cases the level of error is decreased when
stoichiometric values of the end members are assumed as internal standard. Detection
limits acquired using Fe in tetrahedrite correction are slightly higher relative to those
obtained by using S and Cu. Finally, sulfide minerals were calculated against both
MASS-1 and NIST610 external standards show acceptable level of discrepancies in terms
of absolute values for most of the trace elements; although matrix mismatch induced bias
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does clearly occur (see Table 2.5). For example, reduction against NIST610 produced
values for major elements that deviated from those obtained using MASS-1 for
calibration.
2.4

Conclusions

The LA-ICP-MS methodologies described herein offer an efficient approach for
determining the volatile-element concentrations of sulfide minerals, the case study of
volcanogenic massive sulfide deposits of the Bathust Mining Camp, Canada. The high
productivity of the target selection method developed at UNB combined with efficient
data acquisition using large sample cell technology makes this a cost-effective approach
for the characterization of volatile abundances of VMS deposits. This method also offers
good spatial resolution (<50 µm) and much lower detection limits than other microanalytical techniques. The long-term monitoring of QA/QC shows the satisfactory
operation of the system. Sulfide minerals need to be ablated under controlled condition
based on their intrinsic mineralogical features (e.g., bond strengths, melting point and
thermal conductivity) as well as textural criteria. Development of better matrix-matched
standards for volatile-element characterization will further enhance the accuracy of the
technique. Also, the refined methodologies generated a large body of elemental values for
standards still requiring confirmation of certified values for those needed consensus.
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Figure 2.1. LA-ICP-MS sample holder, containing six standard polished thin
sections and five standards.
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Figure 2.2. Secondary backscattered SEM images of ablation pit of different sulfide
minerals ablated in different fluence conditions from left to right 0.25, 0.75, 1.25,
and 1.75 J/cm2; a) pyrite, b) pyrrhotite, c) chalcopyrite, d) sphalerite, e)
Arsenopyrite, f) galena, and g) tetrahedrite.
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Figure 2.2. continued
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Fig. 2.3. Plot of detection limit of the volatile elements in various laser fluences used
to ablate galena show that by increasing the fluence, the detection limits generally
decrease. Elements such as As, Hg, and Se show much higher detection limits
relative to other elements. Based on the SEM images, galena ablation condition
should be at energy level about 0.5 J/cm2.
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Figure 2.4. Photomicrographs (plane-polarized reflected light) of representative
massive sulfide samples from the BMC showing inter- and intra-grain complexity.
a) Fine-grained sulfide minerals assemblage (sample from drill hole CP-39 at 31.6
m; Restigouche deposit), b) Inclusion-rich pyrite inter grown with galena and
sphalerite (sample from drill hole CP-39 at 49 m; Restigouche deposit), c) Annealed
texture in pyrite (sample from drill hole LGF-10 at 106.7 m; Louvicourt deposit),
and d) pyrite in different grain size from footwall rocks (sample from drill hole
LGF-10 at 117.8 m; Louvicourt deposit).
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Figure 2.5. Assessment of the accuracy of MASS-1 standard analyzed along with
unknown samples by LA-ICP-MS. Comparison was done with published mean
values from Wilson et al. (2002) (green line) and complied LA-ICP-MS values from
GeoReM database (pink dotted line).
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Figure 2.6. Binary plots of sulfide elemental calculated concentrations versus
MASS-1 obtained from various internal standardization approaches, comparing the
results using S versus other major elements for every sulfide (Fe, Zn, Pb, and Cu).
Mineral abbreviation includes: Py (pyrite), Cp (chalcopyrite), Po (Pyrrhotite), Sp
(sphalerite), Gn (galena), Asp (arsenopyrite), Td (tetrahedrite).
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Table 2.1. Operating conditions for the LA-ICP-MS instrumentation used in this
study.
ICP-MS Agilent 7700x tuning
RF power
1450-1550 W
Torch depth
4.5-5.0 mm
Oxide production
ThO+/Th+ <0.3 %
22
Double-charged
Me++/44Ca+
production
<0.3%
238 + 232
Ionization efficiency
U / Th+ ~1.05
Laser ablation Resonetics S-155
Type
193 nm excimer (20 ns pulse)
Crater diameter
17-24-33 µm
3-3.5
Repetition rate
Hz
Fluence
~<0.5-1 J/cm2
Background time
40-120 s
Ablation time
40 s
Total time per spot
1.3-2.7 min
In cell gas carrier
350 mL/min He and 960 mL/min Ar
N2
2.0 mL/min
NOTES: All instrumentation is located at the LA-ICP-MS lab, Department
of Earth Sciences, University of New Brunswick, Fredericton, CA.
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Table 2.2. Integration Time (sec) setting for LA-ICP-MS analysis on sulfide
minerals.
Mass
Element
29
Si
34
S
52
Cr
55
Mn
56
Fe
59
Co
60
Ni
63
Cu
66
Zn
69
Ga
72
Ge
75
As
77
Se
95
Mo
107
Ag
111
Cd
115
In
118
Sn
121
Sb
125
Te
182
W
197
Au
202
Hg
205
Tl
208
Pb
209
Bi

per
point
0.02
0.01
0.03
0.03
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.04
0.06
0.05
0.04
0.06
0.06
0.02
0.02
0.04
0.05
0.04
0.06
0.06
0.01
0.06
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Table 2.3. Information values for unreported elements for MASS-1, NIST610, GSE1G standards calculated in this study.
MASS-1
Hg
Te
Tl
Si

NIST610 GSE-1G
0.46
4.57
296
233

69
1057

105

Table 2.4. Summary of obtained compositional variations of NIST610, MASS-1,
GSE-1G and IMER-1 in this study (ppm).

Calculated NIST610 vs. MASS-1_Fe, n = 245
Analyte
Cr
Mn
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Mo
Ag
Cd
In
Sn
Sb
Te
W
Au
Hg
Tl
Pb
Bi

Min
163
351
329
676
338
284
315
241
209
100
385
214
136
281
323
277
161
478
15
0
35
365
294

Mean
222
412
385
791
418
339
356
321
303
130
437
252
250
320
365
317
296
543
21
0.46
60
441
355

Max
262
565
475
960
525
425
403
453
400
177
510
295
410
365
409
353
402
599
29
2
84
503
399

Published
405
485
405
459
430
456
438
426
317
109
410
239
259
441
396
369
445
23
61
426
358

STDEV.P
14
29
21
42
28
27
14
24
26
16
21
14
43
14
16
11
33
24
2
0
9
23
21

%RSD
6
7
5
5
7
8
4
8
9
13
5
6
17
4
4
4
11
4
11
76
14
5
6

%RD
-45
-15
-5
73
-3
-26
-19
-25
-5
19
7
5
-3
-27
-8
-14
22
-7
-1
4
-1

NOTES: Min: minimum; Max: maximum; STDEV.P: standard deviation.primary;
RSD%: Ralative Standard Deviation: (STDEV/Mean)*100; RD%: Relative Deviation:
((Mean-Ref)/Ref)*100; NIST610 published values (Pearce 1997, modified by GeoReM
database); MASS-1 published values (Wilson et al. 2002); GSE-1G published values
(GeoReM database); IMER-1 suggested values (Ding et al., 2011). All values are in ppm.
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Table 2.4. (continued).
Calculated MASS-1 vs. NIST610_Fe, n = 232
Mean
(GeoReM)

Analyte

Min

Mean

Max

Published

STDEV.P

%RSD

%RD

Cr

57

68

89

37

5

7

83

Mn

211

304

407.9

260

20

7

17

255

Co

60

70

85.2

67

4

5

4

63

Ni

88

104

139

180

6

5

-42

90

Cu

115000

136996

193000

134000

11558

8

2

119240

Zn

203000

274433

357600

207383

22358

8

32

238175

Ga

51

61

70.4

50

3

4

22

55

Ge

51

66

87.5

50

5

8

32

59

As

52

67

84

65

5

7

4

86

Se

27

45

66

53

7

15

-16

Mo

45

57

64.3

61

3

5

-7

60

Ag

53

63

84

67

4

7

-6

52

Cd

45

73

88.8

70

11

15

4

178

In

54

68

79.9

50

3

5

36

58

Sn

47

59

81

55

3

6

7

56

Sb

50

63

72.6

55

3

5

15

64

Te

15

21

38.8

21

2

11

0

W

14

19

20.99

23

1

5

-19

Au

38

51

68.3

47

6

12

8

Hg

24

81

196

57

37

46

42

Tl

44

69

114

12

18

Pb

59

76

183

80

9

11

-5

76

Bi

47

65

98

66

5

8

-1

65

107

48
66

Table 2.4. (continued).
Calculated GSE-1G vs. MASS-1_Fe, n = 33
Analyte
Cr
Mn
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Mo
Ag
Cd
In
Sn
Sb
Te
W
Au
Hg
Tl
Pb
Bi

Min
140
404
281
514
261
252
316
197
186
10
145
151
110
227
212
207
166
329
1.27
2.54
0.67
263
214

Mean
193
445
334
695
318
318
361
250
291
30
320
174
193
257
255
250
233
423
4.57
4.00
1.41
306
242

Max
270
484
363
775
426
460
405
317
580
76
367
208
261
314.5
297
286
328
487
14.1
7.20
2.11
356
290

Published
377
584
380
428
377
448
445
338
279
26
377
239
196
374
311
419
415
7
2
386
331
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STDEV.P
25
22
18
53
30
37
18
33
79
14
41
12
34
17
17
18
37
38
3
1
0
19
17

%RSD
13
5
5
8
9
12
5
13
27
45
13
7
18
6
7
7
16
9
70
32
24
6
7

%RD
-49
-24
-12
62
-15
-29
-19
-26
4
18
-15
-27
-2
-31
-18
-40
2
-32
-31
-21
-27

Table 2.4. (continued).
Calculated IMER-1 vs. MASS-1_S,
n = 45
Analyte
Cr
Mn
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Mo
Ag
Cd
In
Sn
Sb
Te
W
Au
Hg
Tl
Pb
Bi

Min
0.31
1.25
0.08
0.31
2256
1944
40.6
208300
0.23
0.63
0.06
0.12
0.08
0.05
0.10
133000
0.08
0.03
0.13
0.17
0.12
0.27
0.25

Mean
1.31
3.65
0.26
1.86
3357
2807
63.4
307307
1.42
2.65
0.39
0.22
0.33
0.10
0.17
202369
0.63
0.07
0.21
0.42
0.24
0.46
0.43

Max
2.40
5.60
0.48
4.28
4320
3540
82.0
383900
7.10
6.80
0.78
0.46
0.51
0.16
0.33
257200
1.83
0.14
0.37
0.67
0.33
0.77
0.60

Suggested
0.53
4.2
0.22
0.46
3930
3328
87.8
365500
0.9
1.12
0.2
0.22
0.29
0.24
0.2
269200
0.3
0.08
0.42
0.23
0.21
0.58
0.48
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STDEV.P
0.56
1.15
0.13
1.18
655
597
12.4
61805
1.51
1.37
0.25
0.07
0.11
0.03
0.05
36219
0.41
0.03
0.06
0.12
0.05
0.12
0.10

%RSD
43
32
51
64
20
21
20
20
106
52
65
34
32
29
27
18
65
38
26
28
20
26
24

%RD
147
-13
17
305
-15
-16
-28
-16
57
136
95
0
12
-57
-13
-25
112
-10
-49
82
12
-20
-11

Table 2.5. LA-ICP-MS results for major sulfides in different approaches examined
in this study.
M ine ra l M e t ho d S a m ple N o .

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

B -259-108-6. P y euh

400000

0.28

2.50

381

112

1.13

0.69

0.11

0.92

216

1.38

M A SS-1
Fe

B -259-108-7. P y euh

381000

0.36

1.21

145

221

1.80

1.60

0.20

1.44

72.9

1.39

Py

M A SS-1
Fe

B -259-108-8. P y euh

381000

1.60

3.00

781

79.3

3.10

4.70

0.10

1.47

551

1.08

Py

M A SS-1
Fe

B -259-108-9. P y euh

392000

2.60

5.60

209

108

19.1

36000

0.15

1.12

81.1

1.37

Py

M A SS-1
Fe

B -259-108-11. P y euh

367000

0.26

0.96

148

314

0.32

0.98

0.09

1.42

79.9

2.47

Py

M A SS-1
Fe

B -259-108-12. P y euh

328000

2.65

0.90

252

188

2.60

15.6

0.14

0.90

136

0.51

Py

M A SS-1
Fe

Py

M ine ra l M e t ho d S a m ple N o .
Py
Py
Py
Py
Py
Py

M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. P y euh

0.74

0.07

0.11

0.01

0.10

0.19

0.84

0.09

0.02

0.21

0.02

0.83

0.03

B -259-108-7. P y euh

1.20

0.10

0.08

0.01

0.06

0.28

0.53

0.02

0.00

0.21

0.02

12.00

0.04

B -259-108-8. P y euh

0.24

0.12

0.14

0.02

0.01

0.21

0.33

0.03

0.00

0.37

0.02

2.10

0.03

B -259-108-9. P y euh

0.00

0.62

74.0

13.3

0.14

2.10

0.28

0.08

0.00

0.25

0.03

9.20

0.05

B -259-108-11. P y euh

0.00

0.05

0.00

0.01

0.10

0.20

0.55

0.00

0.00

0.18

0.01

0.36

0.02

B -259-108-12. P y euh

0.15

0.53

0.07

0.01

0.04

3.20

0.33

0.03

0.02

0.21

0.01

10.4

0.02

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

B -259-108-6. P y euh

9100

2.23

3.70

509

81.0

1.40

1.51

0.23

2.76

291

2.27

B -259-108-7. P y euh

8600

2.76

2.40

192

159

2.10

1.49

0.43

4.33

98.0

2.29

B -259-108-8. P y euh

8400

3.60

4.30

1030

56.8

3.70

8.00

0.22

1.97

741

1.77

B -259-108-9. P y euh

8400

5.80

7.90

274

76.7

22.9

59000

0.33

3.33

109

2.24

B -259-108-11. P y euh

7230

1.93

1.79

191

221

0.53

2.06

0.20

4.11

107

4.00

B -259-108-12. P y euh

6150

5.80

1.66

321

132

3.00

25.0

0.29

2.56

181

0.82

M ine ra l M e t ho d S a m ple N o .
Py
Py
Py
Py
Py
Py

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

M ine ra l M e t ho d S a m ple N o .
Py
Py
Py
Py
Py
Py

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

Fe

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. P y euh

0.96

0.13

0.19

0.02

0.21

0.44

1.52

0.10

0.03

0.06

0.03

1.08

0.05

B -259-108-7. P y euh

1.50

0.17

0.13

0.01

0.12

0.62

0.96

0.03

0.00

0.02

0.04

16.0

0.07

B -259-108-8. P y euh

0.30

0.14

0.20

0.03

0.01

0.46

0.59

0.04

0.00

0.12

0.04

2.80

0.06

B -259-108-9. P y euh

0.00

0.73

103

23.3

0.28

3.32

0.51

0.08

0.00

0.29

0.05

11.90

0.09

B -259-108-11. P y euh

0.00

0.08

0.00

0.02

0.20

0.42

0.98

0.00

0.00

0.02

0.02

0.46

0.03

B -259-108-12. P y euh

0.18

0.63

0.11

0.02

0.08

4.90

0.59

0.05

0.03

0.06

0.02

13.2

0.04

110

T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Py

M A SS-1
S

B -259-108-6. P y euh

649000

0.65

5.70

479

154

4.00

1.58

0.24

2.10

223

3.18

Py

M A SS-1
S

B -259-108-7. P y euh

655000

0.84

2.87

210

313

2.50

1.62

0.47

3.40

105

3.29

Py

M A SS-1
S

B -259-108-8. P y euh

645000

2.30

2.47

1050

115

4.40

6.40

0.24

1.57

745

2.57

Py

M A SS-1
S

B -259-108-9. P y euh

622000

3.20

8.00

303

145

25.6

50000

0.34

2.47

110

3.02

Py

M A SS-1
S

B -259-108-11. P y euh

659000

0.61

2.24

227

454

0.74

2.30

0.22

3.32

108

5.78

Py

M A SS-1
S

B -259-108-12. P y euh

728000

3.47

2.33

439

305

3.90

26.00

0.36

2.33

205

1.32

M ine ra l M e t ho d S a m ple N o .
Py
Py
Py
Py
Py
Py

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. P y euh

1.07

0.17

0.25

0.02

0.24

0.44

1.93

0.12

0.05

0.48

0.04

2.40

0.07

B -259-108-7. P y euh

1.90

0.24

0.18

0.01

0.15

0.65

1.26

0.05

0.00

0.49

0.05

17.0

0.09

B -259-108-8. P y euh

0.86

0.08

0.19

0.03

0.03

0.49

0.78

0.06

0.00

0.88

0.05

5.20

0.08

B -259-108-9. P y euh

0.00

0.81

111

17.7

0.31

3.06

0.63

0.05

0.00

0.56

0.07

12.8

0.12

B -259-108-11. P y euh

0.00

0.11

0.01

0.03

0.24

0.46

1.30

0.00

0.00

0.43

0.02

0.54

0.04

B -259-108-12. P y euh

0.22

0.77

0.17

0.02

0.11

5.00

0.87

0.09

0.04

0.53

0.04

14.6

0.06

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
Cp

M A SS-1
Fe

97-KM -29-6. Cp

381000

0.86

2.33

24.0

4.86

368000

767

32.5

2.02

19.0

3.60

Cp

M A SS-1
Fe

97-KM -29-7. Cp

366000

0.98

2.74

2.90

3.26

375000

670

40.9

2.85

14.0

12.7

Cp

M A SS-1
Fe

97-KM -29-8. Cp

361000

0.94

2.80

0.03

4.22

380000

920

26.8

3.95

2.62

14.2

Cp

M A SS-1
Fe

97-KM -29-9. Cp

408000

2.40

3.72

0.08

4.45

382000

655

0.40

2.55

2.40

3.97

Cp

M A SS-1
Fe

97-KM -29-10-Cp

348000

2.30

3.19

0.07

4.51

377000

680

29.4

5.80

2.00

11.1

Cp

M A SS-1
Fe

97-KM -29-11. Cp

367000

1.80

1.81

0.15

2.75

380000

547

23.4

2.01

1.93

10.7

Cp

M A SS-1
Fe

97-KM -29-12. Cp

335000

3.60

3.11

810

2.74

241000

447

17.7

2.53

11600

13.6

M ine ra l M e t ho d S a m ple N o .
Cp
Cp
Cp
Cp
Cp
Cp
Cp

M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

97-KM -29-6. Cp

0.10

13.10

3.91

316

2220

8.90

1.13

0.01

0.11

0.57

1.43

133

13.9

97-KM -29-7. Cp

0.00

16.00

1.19

213

1379

25.0

0.76

0.05

0.03

0.92

2.25

6.88

2.74

97-KM -29-8. Cp

0.08

17.40

2.26

191

1027

28.0

1.19

0.05

0.02

1.53

4.44

22.0

31.6

97-KM -29-9. Cp

0.00

9.27

0.70

124

59.2

5.40

1.26

0.04

0.13

0.74

0.64

3.77

2.35

97-KM -29-10-Cp

0.07

8.39

1.70

288

1802

3.30

0.77

0.04

0.04

0.90

0.31

3.27

2.74

97-KM -29-11. Cp

0.08

10.95

1.43

267

1475

3.04

0.67

0.00

0.00

0.79

0.39

3.15

2.84

97-KM -29-12. Cp

0.74

19.40

0.48

148

517

119

0.81

0.07

0.09

0.64

7.00

1070

92.0

111

T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .
Cp
Cp
Cp
Cp
Cp
Cp
Cp

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

97-KM -29-6. Cp

5760

6.50

2.46

29.0

4.85

428000

1250

50.2

5.32

11.0

9.06

97-KM -29-7. Cp

5220

10.0

7.43

3.50

5.15

434000

1100

62.0

8.48

12.5

12.9

97-KM -29-8. Cp

4850

8.25

7.31

0.04

5.50

438000

1510

40.3

10.5

14.1

15.8

97-KM -29-9. Cp

5310

6.07

10.5

0.25

6.59

439000

1087

0.81

9.71

8.68

5.89

97-KM -29-10-Cp

4240

7.07

6.93

0.20

4.33

432000

1130

43.9

11.9

11.2

9.60

97-KM -29-11. Cp

4300

5.92

3.93

0.17

3.38

433000

908

35.1

6.62

7.32

10.1

97-KM -29-12. Cp

3800

3.87

8.39

910

3.46

274000

744

26.6

9.85

14200

12.8

M ine ra l M e t ho d S a m ple N o .
Cp
Cp
Cp
Cp
Cp
Cp
Cp

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

Fe

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

97-KM -29-6. Cp

0.25

15.2

5.40

519

3040

13.9

1.58

0.01

0.13

0.77

1.76

166

18.0

97-KM -29-7. Cp

0.00

18.5

1.65

346

1881

38.0

2.11

0.13

0.01

0.17

2.80

8.60

3.43

97-KM -29-8. Cp

0.24

20.0

3.12

308

1400

42.1

1.57

0.10

0.02

0.77

5.51

27.3

40.6

97-KM -29-9. Cp

0.00

10.6

0.96

199

80.3

7.90

2.28

0.11

0.12

0.22

0.71

4.59

2.93

97-KM -29-10-Cp

0.00

9.41

2.35

458

2431

4.60

1.41

0.00

0.13

0.12

0.29

4.06

3.42

97-KM -29-11. Cp

0.22

12.6

1.96

421

1983

4.39

1.42

0.00

0.00

0.15

0.45

3.89

3.63

97-KM -29-12. Cp

0.84

22.1

0.67

232

690

173

1.86

0.07

0.09

0.44

8.70

1320

116

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
Cp

M A SS-1
S

97-KM -29-6. Cp

272000

0.84

1.26

22.0

4.88

321000

720

29.7

4.80

8.00

5.27

Cp

M A SS-1
S

97-KM -29-7. Cp

278000

1.30

3.82

2.70

5.20

324000

650

36.9

2.92

11.0

9.30

Cp

M A SS-1
S

97-KM -29-8. Cp

287000

1.06

3.70

0.08

5.45

337000

800

25.2

3.58

10.2

11.6

Cp

M A SS-1
S

97-KM -29-9. Cp

251000

0.72

4.86

0.13

5.98

294000

522

0.33

3.08

9.30

3.11

Cp

M A SS-1
S

97-KM -29-10-Cp

298000

0.95

3.62

0.12

4.44

353000

685

29.1

7.00

2.95

7.50

Cp

M A SS-1
S

97-KM -29-11. Cp

284000

0.76

1.95

0.15

3.29

329000

502

21.9

2.31

1.84

5.80

Cp

M A SS-1
S

97-KM -29-12. Cp

309000

1.40

4.82

820

3.90

217000

463

17.4

4.03

10300

10.9

M ine ra l M e t ho d S a m ple N o .
Cp
Cp
Cp
Cp
Cp
Cp
Cp

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

97-KM -29-6. Cp

0.13

11.5

3.63

288

2070

8.30

0.85

0.01

0.09

0.99

1.24

110

12.3

97-KM -29-7. Cp

0.00

14.3

1.13

201

1348

25.0

1.15

0.09

0.00

0.86

2.30

6.48

2.62

97-KM -29-8. Cp

0.13

15.4

2.09

180

1002

26.1

0.84

0.07

0.02

0.73

4.28

20.0

31.2

97-KM -29-9. Cp

0.00

7.06

0.57

103

51.3

4.51

1.13

0.07

0.08

0.52

0.49

2.89

1.94

97-KM -29-10-Cp

0.00

7.49

1.67

286

1837

3.15

0.79

0.00

0.07

1.31

0.22

3.17

2.80

97-KM -29-11. Cp

0.12

9.57

1.36

251

1419

2.92

0.77

0.00

0.00

0.72

0.35

2.86

2.81

97-KM -29-12. Cp

0.93

17.7

0.48

147

528

144

1.16

0.06

0.05

0.95

7.10

990

106

112

T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Po

M A SS-1
Fe

HN-119-1247-6. P o

376000

1.32

2.52

87.9

33.0

3.90

2.05

0.33

1.85

2.54

81.0

Po

M A SS-1
Fe

HN-119-1247-7. P o

369000

3.60

3.15

62.2

72.1

1.00

1.76

0.26

3.14

3.06

51.7

Po

M A SS-1
Fe

HN-119-1247-8. P o

418000

2.20

5.60

97.2

47.2

0.88

2.14

0.44

2.61

15.80

96.0

Po

M A SS-1
Fe

HN-119-1247-9. P o

427000

9.20

4.11

90.9

42.3

0.88

2.17

0.50

3.57

2.66

102

Po

M A SS-1
Fe

HN-119-1247-10. P o

435000

1.26

3.16

90.2

49.6

1.07

1.62

0.45

2.64

2.71

84.7

Po

M A SS-1
Fe

HN-119-1247-11. P o

452000

1.10

40.0

95.1

41.8

1.12

9.30

0.89

3.21

2.53

73.4

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

HN-119-1247-6. P o

0.20

1.87

0.15

0.02

0.46

0.65

1.22

0.11

0.00

0.95

0.07

3.00

2.28

HN-119-1247-7. P o

0.08

0.86

0.25

0.04

0.16

0.51

1.15

0.04

0.00

0.86

0.06

0.85

0.61

HN-119-1247-8. P o

0.00

0.52

0.15

0.01

0.29

0.75

2.30

0.05

0.00

0.90

0.05

1.16

0.24

HN-119-1247-9. P o

0.10

0.13

0.21

0.02

0.16

0.49

1.03

0.00

0.00

0.68

0.09

0.80

0.38

HN-119-1247-10. P o

0.10

3.53

0.15

0.04

0.25

0.75

0.82

0.05

0.08

1.30

0.04

3.04

3.87

HN-119-1247-11. P o

0.10

0.18

0.16

0.03

0.35

0.53

2.77

0.00

0.00

0.75

0.06

0.81

0.66

Fe

M ine ra l M e t ho d S a m ple N o .
Po
Po
Po
Po
Po
Po

M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe

M ine ra l M e t ho d S a m ple N o .
Po
Po
Po
Po
Po
Po
Po

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

HN-119-1247-5. P o

4030

7.91

6.47

100

32.3

2.13

7.81

1.20

5.62

15.67

135

HN-119-1247-6. P o

4420

9.40

5.46

103

27.4

2.03

6.63

0.80

4.22

12.95

98.0

HN-119-1247-7. P o

3790

7.19

7.86

68.8

48.8

1.96

5.91

0.47

8.20

8.68

57.8

HN-119-1247-8. P o

4330

8.07

16.3

108

29.5

1.48

3.66

1.25

6.72

12.61

107

HN-119-1247-9. P o

4450

9.20

8.23

100

28.0

1.82

6.74

0.97

12.1

11.24

112

HN-119-1247-10. P o

4620

12.2

8.62

100

33.1

2.48

5.17

0.57

6.39

9.94

96.0

HN-119-1247-11. P o

4830

7.54

49.0

106

26.2

1.55

13.40

0.85

7.70

11.97

79.0

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

HN-119-1247-5. P o

0.00

1.60

0.44

0.09

0.30

1.91

2.04

0.00

0.00

0.06

0.08

90.0

4.00

HN-119-1247-6. P o

0.59

1.64

0.09

0.04

1.00

1.70

2.54

0.24

0.00

0.10

0.20

2.30

2.93

HN-119-1247-7. P o

0.00

0.89

0.00

0.05

0.41

0.94

3.13

0.10

0.00

0.71

0.17

0.87

0.77

HN-119-1247-8. P o

0.00

0.31

0.53

0.04

0.73

1.66

5.67

0.12

0.00

0.08

0.13

1.48

0.17

HN-119-1247-9. P o

0.25

0.19

0.47

0.00

0.32

1.03

2.19

0.00

0.00

0.79

0.21

0.87

0.46

HN-119-1247-10. P o

0.28

3.59

0.00

0.10

0.00

1.63

2.42

0.00

0.00

0.17

0.12

3.50

4.68

HN-119-1247-11. P o

0.00

0.41

0.00

0.09

0.73

1.42

7.03

0.00

0.00

0.08

0.07

0.98

0.82

M ine ra l M e t ho d S a m ple N o .
Po
Po
Po
Po
Po
Po
Po

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
610
Fe
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

525000

1.14

2.47

81.0

33.3

1.09

2.39

0.31

1.44

3.12

71.9

HN-119-1247-7. P o

637000

1.13

4.58

61.3

73.1

1.35

2.74

0.23

3.62

2.71

57.5

M A SS-1
S

HN-119-1247-8. P o

535000

1.07

7.93

88.0

38.3

0.85

2.90

0.52

2.49

18.40

84.0

Po

M A SS-1
S

HN-119-1247-9. P o

569000

5.40

4.13

80.7

39.8

1.08

2.71

0.42

4.66

7.10

92.0

Po

M A SS-1
S

HN-119-1247-10. P o

523000

6.30

4.19

76.9

41.3

1.42

2.03

0.24

2.39

2.65

75.6

Po

M A SS-1
S

HN-119-1247-11. P o

504000

2.00

36.0

78.5

32.1

0.85

7.40

0.33

2.77

11.0

61.6

Po

M A SS-1
S

HN-119-1247-6. P o

Po

M A SS-1
S

Po

M ine ra l M e t ho d S a m ple N o .
Po
Po
Po
Po
Po
Po

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

HN-119-1247-6. P o

0.31

1.30

0.01

0.02

0.48

0.73

1.28

0.15

0.00

0.98

0.10

1.52

2.17

HN-119-1247-7. P o

0.00

0.70

0.00

0.02

0.25

0.52

2.03

0.08

0.00

1.02

0.10

0.65

0.68

HN-119-1247-8. P o

0.00

0.45

0.24

0.02

0.38

0.77

3.08

0.08

0.00

0.87

0.07

1.07

0.21

HN-119-1247-9. P o

0.15

0.11

0.22

0.00

0.17

0.49

1.22

0.00

0.00

0.70

0.11

0.84

0.45

HN-119-1247-10. P o

0.16

2.73

0.00

0.04

0.00

0.76

1.31

0.00

0.00

1.86

0.06

2.38

3.42

HN-119-1247-11. P o

0.00

0.23

0.00

0.03

0.36

0.63

3.63

0.00

0.01

0.83

0.03

0.66

0.60

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
Sp

M A SS-1
Zn

B -259-108-6. Sp

72900

326800

1.70

323

2.32

1.94

1850

0.16

2.31

0.87

2.42

Sp

M A SS-1
Zn

B -259-108-7. Sp

76600

333000

0.44

299

1.11

1.68

930

0.43

1.97

4.40

2.50

Sp

M A SS-1
Zn

B -259-108-8. Sp

72600

333900

0.34

530

3.10

3.10

1220

0.18

1.37

9.10

2.00

Sp

M A SS-1
Zn

B -259-108-9. Sp

74620

332700

2.80

342

0.70

1.47

864

0.14

1.79

6.10

1.94

Sp

M A SS-1
Zn

B -259-108-10. Sp

68900

323100

2.70

272

1.05

1.35

1040

0.46

3.90

0.92

1.43

Sp

M A SS-1
Zn

B -259-108-11. Sp

70100

327100

1.80

297

1.09

1.07

970

0.21

1.19

0.79

1.25

Sp

M A SS-1
Zn

B -259-108-12. Sp

75500

322300

2.60

296

1.17

1.60

282

0.91

1.35

0.95

1.46

M ine ra l M e t ho d S a m ple N o .
Sp
Sp
Sp
Sp
Sp
Sp
Sp

M A SS-1
Zn
M A SS-1
Zn
M A SS-1
Zn
M A SS-1
Zn
M A SS-1
Zn
M A SS-1
Zn
M A SS-1
Zn

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. Sp

0.05

16.87

1360

254

0.15

7.63

0.83

0.02

0.00

23.7

0.36

670

0.06

B -259-108-7. Sp

0.21

14.70

1312

254

0.50

4.42

0.98

0.05

0.02

23.8

0.21

6.20

0.05

B -259-108-8. Sp

0.03

20.20

1322

249

0.11

12.7

0.66

0.02

0.00

22.0

0.20

2900

2.10

B -259-108-9. Sp

0.17

9.29

1303

253

0.35

2.94

0.44

0.53

0.02

24.2

0.17

4.80

0.04

B -259-108-10. Sp

0.00

15.30

1302

248

0.22

3.90

0.74

0.02

0.00

21.6

0.16

27.00

0.05

B -259-108-11. Sp

0.00

18.20

1334

247

2.40

10.1

0.89

2.20

0.02

24.5

0.30

6.20

0.05

B -259-108-12. Sp

0.08

14.00

1299

250

0.43

12.4

0.00

0.09

0.03

27.3

0.56

9.40

0.05
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .
Sp
Sp
Sp
Sp
Sp
Sp
Sp

610
Zn
610
Zn
610
Zn
610
Zn
610
Zn
610
Zn
610
Zn

Fe

S

Cr

Mn

Co

Ni

Cu

Ga

Ge

As

Se

B -259-108-6. Sp

37310

2904

3.20

261

1.63

0.96

1320

0.23

2.21

2.59

2.59

B -259-108-7. Sp

39550

3132

1.83

240

0.79

0.63

670

0.41

3.33

2.03

0.91

B -259-108-8. Sp

37800

3314

0.86

430

2.20

1.00

873

0.25

1.99

5.70

1.69

B -259-108-9. Sp

39160

3475

3.60

278

0.51

0.83

621

0.29

2.76

4.80

1.39

B -259-108-10. Sp

55600

3770

23.2

910

0.73

1.19

1260

15.7

13.6

3.44

2.09

B -259-108-11. Sp

37400

3678

1.90

244

0.77

0.53

700

0.37

2.45

5.80

1.40

B -259-108-12. Sp

40620

3753

1.51

241

0.83

0.99

203

0.97

3.00

2.04

1.86

M ine ra l M e t ho d S a m ple N o .
Sp
Sp
Sp
Sp
Sp
Sp
Sp

610
Zn
610
Zn
610
Zn
610
Zn
610
Zn
610
Zn
610
Zn

Zn

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. Sp

0.05

12.3

1095

278

0.20

7.04

0.84

0.00

0.00

7.46

0.28

510

0.06

B -259-108-7. Sp

0.10

10.7

1060

277

0.18

3.97

0.69

0.02

0.01

7.63

0.16

4.70

0.06

B -259-108-8. Sp

0.00

14.7

1072

272

0.14

12.30

0.80

0.02

0.00

7.16

0.17

2200

1.70

B -259-108-9. Sp

0.13

6.74

1060

277

0.28

2.82

0.41

0.33

0.02

8.00

0.15

3.60

0.04

B -259-108-10. Sp

0.00

15.2

906

293

1.42

4.49

1.10

0.03

0.00

14.3

0.18

34.0

0.09

B -259-108-11. Sp

0.00

13.3

1091

269

2.10

10.20

1.03

1.35

0.00

8.32

0.26

4.67

0.04

B -259-108-12. Sp

0.05

10.2

1065

272

0.47

12.20

0.00

0.06

0.05

9.40

0.42

7.10

0.06

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
Sp

M A SS-1
S

B -259-108-6. Sp

68200

2.50

295

2.00

2.73

1820

594000

0.29

2.34

1.89

4.85

Sp

M A SS-1
S

B -259-108-7. Sp

70800

0.67

263

0.99

1.78

900

584000

0.24

3.45

4.30

1.69

Sp

M A SS-1
S

B -259-108-8. Sp

68000

0.32

460

2.50

2.88

1200

580000

0.32

2.07

6.50

3.15

Sp

M A SS-1
S

B -259-108-9. Sp

68700

2.80

300

0.58

2.38

873

587000

0.17

2.81

6.50

2.56

Sp

M A SS-1
S

B -259-108-10. Sp

66000

3.60

239

0.90

2.83

1120

612000

0.55

3.80

2.09

3.15

Sp

M A SS-1
S

B -259-108-11. Sp

66800

2.00

262

0.95

1.60

990

613100

0.51

2.53

7.60

2.64

Sp

M A SS-1
S

B -259-108-12. Sp

74500

2.20

261

1.05

3.03

289

631800

0.94

3.10

3.20

3.51

M ine ra l M e t ho d S a m ple N o .
Sp
Sp
Sp
Sp
Sp
Sp
Sp

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108-6. Sp

0.09

16.29

1273

243

0.31

7.00

1.49

0.00

0.00

24.4

0.33

670

0.09

B -259-108-7. Sp

0.17

13.60

1219

238

0.27

3.89

1.19

0.04

0.02

24.6

0.20

5.80

0.09

B -259-108-8. Sp

0.00

19.20

1230

232

0.21

12.80

1.40

0.04

0.00

22.2

0.20

2600

1.80

B -259-108-9. Sp

0.08

8.73

1236

238

0.16

2.73

0.71

0.55

0.04

24.0

0.18

4.50

0.07

B -259-108-10. Sp

0.00

15.50

1287

243

0.14

3.73

1.54

0.05

0.00

22.3

0.17

26.0

0.12

B -259-108-11. Sp

0.00

17.40

1346

242

2.30

10.30

1.79

2.20

0.00

24.9

0.32

6.10

0.06

B -259-108-12. Sp

0.09

13.90

1332

250

0.51

13.00

0.00

0.05

0.09

28.7

0.52

9.30

0.10
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

B -259-108.6-1. Gn

690

203000

0.19

4.60

0.77

4.16

3800

1090

1.34

5.80

3.20

19.7

M A SS-1
Pb

B -259-108.6-2. Gn

9.62

171000

0.16

1.13

0.70

4.32

52.7

1.65

0.56

7.30

0.71

31.3

Gn

M A SS-1
Pb

B -259-108.6-3. Gn

11.69

190000

3.70

1.03

0.57

4.70

34.0

1.70

0.60

4.50

0.82

33.1

Gn

M A SS-1
Pb

B -259-108.6-4. Gn

9.99

169000

0.15

1.05

0.71

3.49

2.90

1.20

0.53

3.30

0.77

216

Gn

M A SS-1
Pb

B -259-108.6-5. Gn

9.28

154000

0.15

1.07

0.55

3.95

2.40

1.39

0.43

1.31

2.20

27.8

Cd

Pb

Gn

M A SS-1
Pb

Gn

M ine ra l M e t ho d S a m ple N o .
Gn
Gn
Gn
Gn
Gn

M A SS-1
Pb
M A SS-1
Pb
M A SS-1
Pb
M A SS-1
Pb
M A SS-1
Pb

Mo

Ag

In

Sn

Sb

Te

W

Au

Hg

Tl

B -259-108.6-1. Gn

0.84

7200.00 19.5

0.26

6.70

5900

1.49

0.06

0.03

0.96

15.7

515

B -259-108.6-2. Gn

1.15

2560.00 5.20

0.09

25.5

1900

3.20

0.05

0.04

0.30

13.8

511

B -259-108.6-3. Gn

0.63

2410.00

6.20

0.11

25.0

1940

5.30

0.05

0.04

0.28

20.8

529

B -259-108.6-4. Gn

0.51

949.00

3.70

0.03

4.45

605

4.80

0.03

0.04

0.33

23.2

438

B -259-108.6-5. Gn

0.65

380.00

5.90

0.03

0.50

137

1.00

0.05

0.03

0.29

9.45

475

M ine ra l M e t ho d S a m ple N o .
Gn
Gn
Gn
Gn
Gn

610
Pb
610
Pb
610
Pb
610
Pb
610
Pb

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

B -259-108.6-1. Gn

570.00

1.23

0.72

5.00

0.88

3.12

3400

1260

0.87

3.97

2.90

18.0

B -259-108.6-2. Gn

8.00

16500

0.62

0.90

0.80

3.24

47.9

1.84

0.79

8.10

1.17

28.4

B -259-108.6-3. Gn

1.33

6080

7.20

0.82

0.64

3.54

31.0

1.89

0.86

3.16

1.34

29.6

B -259-108.6-4. Gn

8.30

3380

0.57

0.84

0.80

2.64

2.65

1.34

0.76

2.74

1.23

191

B -259-108.6-5. Gn

1.11

2300

0.59

0.86

0.62

2.98

2.10

1.54

0.61

3.26

2.00

24.4

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

B -259-108.6-1. Gn

0.89

6600.00 12.4

0.36

6.50

7200

2.30

0.05

0.03

0.33

15.3

569

B -259-108.6-2. Gn

0.59

2360.00 3.34

0.12

25.6

2300

3.50

0.04

0.04

0.28

13.5

565

B -259-108.6-3. Gn

0.66

2240.00 4.02

0.16

25.8

2360

5.80

0.04

0.03

0.12

20.4

586

B -259-108.6-4. Gn

0.53

888.00

2.44

0.04

4.71

734

5.20

0.03

0.04

0.84

22.9

486

B -259-108.6-5. Gn

0.67

358.00

3.91

0.04

0.54

167

1.52

0.04

0.03

1.36

9.37

527

M ine ra l M e t ho d S a m ple N o .
Gn
Gn
Gn
Gn
Gn

610
Pb
610
Pb
610
Pb
610
Pb
610
Pb

Bi

116
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

520

0.16

2.90

0.64

3.50

2750

740.00

0.52

5.20

1.80

18.1

B -259-108.6-2. Gn

9.37

0.16

1.10

0.68

4.21

49.1

1.60

0.54

5.60

0.69

32.3

M A SS-1
S

B -259-108.6-3. Gn

10.51

1.80

0.92

0.51

4.22

33.0

3.10

0.54

2.40

0.74

30.0

Gn

M A SS-1
S

B -259-108.6-4. Gn

9.89

0.15

1.04

0.70

3.46

2.58

1.19

0.52

3.80

0.76

225

Gn

M A SS-1
S

B -259-108.6-5. Gn

9.80

0.16

1.13

0.58

4.17

3.40

1.47

0.45

1.38

2.70

30.4

Cd

Gn

M A SS-1
S

B -259-108.6-1. Gn

Gn

M A SS-1
S

Gn

M ine ra l M e t ho d S a m ple N o .
Gn
Gn
Gn
Gn
Gn

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

B -259-108.6-1. Gn

0.71

4800.00 12.5

0.17

5.70

4100

1.25

0.05

0.02

0.78

10.7

562000

337

B -259-108.6-2. Gn

0.54

2200.00 4.20

0.07

21.4

1630

2.80

0.05

0.04

0.30

11.4

687000

396

B -259-108.6-3. Gn

0.57

1910.00

4.72

0.10

20.6

1590

4.60

0.04

0.03

0.25

15.5

624000

369

B -259-108.6-4. Gn

0.51

832.00

2.84

0.03

4.04

538

4.60

0.03

0.04

0.33

18.3

693000

350

B -259-108.6-5. Gn

0.69

359.00

4.98

0.03

0.70

135

1.06

0.05

0.03

0.30

8.48

788000

401

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
A sp

M A SS-1
Fe

94-DL-32-1. A sp

228000

0.70

0.87

2.17

39.3

1.00

0.77

0.19

1.66

398000

29.7

A sp

M A SS-1
Fe

94-DL-32-1. A sp

243000

0.83

0.99

3.29

56.6

0.73

0.88

0.22

1.88

426000

48.1

A sp

M A SS-1
Fe

94-DL-32-1. A sp

266000

1.40

1.00

4.25

47.3

1.90

3.70

0.22

1.91

459000

51.4

A sp

M A SS-1
Fe

94-DL-32-1. A sp

294000

3.10

1.00

2.95

32.0

1.80

0.89

0.22

1.91

439000

11.2

A sp

M A SS-1
Fe

94-DL-32-1. A sp

259000

4.20

0.71

5.12

104

0.77

0.96

0.25

1.71

412000

27.4

M ine ra l M e t ho d S a m ple N o .
A sp
A sp
A sp
A sp
A sp

M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

94-DL-32-5.A sp

0.28

0.12

0.20

0.24

0.08

990

1.02

0.01

0.11

0.44

0.03

6.00

0.06

94-DL-32-5.A sp

2.64

0.13

0.23

0.27

0.09

1690

1.33

0.01

0.07

0.55

0.03

3.40

0.05

94-DL-32-5.A sp

4.15

82.0

0.67

0.33

21.3

1400

2.23

0.01

0.14

0.64

25.2

40600

55.0

94-DL-32-5.A sp

0.32

0.28

0.23

0.29

0.09

989

0.51

0.01

0.10

0.70

0.06

13.00

0.16

94-DL-32-5.A sp

14.8

0.05

0.20

0.24

0.08

2160

1.53

0.01

0.04

0.87

0.02

11.00

0.06
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .
A sp
A sp
A sp
A sp
A sp

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

2340

1.83

1.78

2.37

22.9

1.00

1.70

0.43

5.10

394000

24.3

94-DL-32-1. A sp

2560

2.13

2.06

3.58

35.2

0.65

1.98

0.50

5.93

427000

40.3

94-DL-32-1. A sp

2750

2.07

2.00

4.50

27.4

1.14

1.92

0.49

5.76

462000

40.6

94-DL-32-1. A sp

3020

6.00

2.04

2.98

18.6

1.70

1.95

0.50

5.86

435000

9.60

94-DL-32-1. A sp

2660

8.00

1.45

5.40

61.7

0.76

2.10

0.56

5.26

406000

22.4

M ine ra l M e t ho d S a m ple N o .
A sp
A sp
A sp
A sp
A sp

610
Fe
610
Fe
610
Fe
610
Fe
610
Fe

Fe

94-DL-32-1. A sp

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

94-DL-32-5.A sp

0.49

0.10

0.29

0.31

0.15

1160

0.77

0.01

0.11

0.33

0.02

5.10

0.07

94-DL-32-5.A sp

2.45

0.11

0.34

0.37

0.18

1990

0.90

0.01

0.07

0.44

0.01

1.60

0.03

94-DL-32-5.A sp

3.68

70.0

0.33

0.45

19.8

1620

1.85

0.01

0.12

0.49

19.9

33500

51.0

94-DL-32-5.A sp

0.56

0.26

0.33

0.39

0.17

1151

0.88

0.01

0.10

0.55

0.05

60.00

0.17

94-DL-32-5.A sp

14.0

0.08

0.30

0.33

0.15

2540

0.95

0.02

0.04

0.66

0.01

10.00

0.03

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

M ine ra l M e t ho d S a m ple N o .
A sp

M A SS-1
S

94-DL-32-1. A sp

303000

0.63

0.85

1.85

32.4

0.85

0.76

0.19

1.62

363000

25.7

A sp

M A SS-1
S

94-DL-32-1. A sp

264000

0.73

0.86

2.49

46.5

0.65

0.77

0.19

1.64

363000

38.4

A sp

M A SS-1
S

94-DL-32-1. A sp

250000

1.00

0.83

3.46

36.7

1.50

2.90

0.18

1.58

347000

38.2

A sp

M A SS-1
S

94-DL-32-1. A sp

228000

2.03

0.76

1.88

19.1

1.23

0.67

0.17

1.44

301000

7.80

A sp

M A SS-1
S

94-DL-32-1. A sp

266000

3.15

0.63

3.99

76.9

0.87

0.84

0.22

1.50

342000

20.1

M ine ra l M e t ho d S a m ple N o .
A sp
A sp
A sp
A sp
A sp

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

94-DL-32-5.A sp

0.27

0.05

0.19

0.20

0.08

859

0.43

0.01

0.09

0.41

0.03

5.10

0.05

94-DL-32-5.A sp

2.22

0.06

0.20

0.23

0.08

1306

1.03

0.01

0.05

0.42

0.02

3.20

0.04

94-DL-32-5.A sp

3.09

60.0

0.51

0.24

16.0

1040

1.51

0.01

0.10

0.48

19.4

28800

43.1

94-DL-32-5.A sp

0.24

0.20

0.17

0.19

0.07

660

0.39

0.01

0.07

0.49

0.04

34.0

0.10

94-DL-32-5.A sp

12.4

0.04

0.18

0.19

0.07

1750

1.07

0.01

0.03

0.67

0.02

9.90

0.04
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

LGF-6-215-2. Td

943000

1.76

6.35

0.92

7.84

M A SS-1
Fe

LGF-6-215-3. Td

1382000 10.6

17.4

1.73

Td

M A SS-1
Fe

LGF-6-215-4 Td

1007000 10.8

13.7

Td

M A SS-1
Fe

LGF-6-215-5. Td

1228000 5.20
Mo

Ag

LGF-6-215-2. Td

1.49

LGF-6-215-3. Td
LGF-6-215-4 Td
LGF-6-215-5. Td

Td

M A SS-1
Fe

Td

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe
M A SS-1
Fe

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

610
Fe
610
Fe
610
Fe
610
Fe

Td
Td
Td

610
Fe
610
Fe
610
Fe
610
Fe

Ga

Ge

As

Se

1079000 170100

1.34

6.35

481000

9.38

12.6

1361000

278000

1.77

10.5

683000

15.2

1.40

13.2

1163000

207000

1.58

6.94

357000

11.5

33.0

1.09

9.33

1220000 213900

1.87

11.6

567000

61.0

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

105000

2138

0.19

0.47

309000

2.82

0.12

0.07

1086

0.56

50.0

4.44

1.94

193000

2610

0.89

5.40

492000

5.91

0.15

0.96

1364

3.10

460

6.87

2.14

160000

2580

1.00

1.65

450000

2.98

0.06

0.21

641

0.85

97.0

3.51

2.12

131200

2820

0.42

1.19

426000

3.78

0.09

1.00

2070

3.68

192

5.85

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

LGF-6-215-2. Td

10180

16.2

16.6

2.26

10.6

1190000

241100

4.00

22.0

504000

23.0

LGF-6-215-3. Td

14900

17.8

12.7

4.23

17.0

1499000 393000

5.27

36.2

711000

37.0

LGF-6-215-4 Td

10880

13.0

13.3

3.41

17.8

1278000 291000

4.67

23.8

370000

27.8

LGF-6-215-5. Td

13300

13.7

22.0

2.64

12.5

1338000 299000

5.49

39.7

584000

30.4

M ine ra l M e t ho d S a m ple N o .
Td

Zn

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

LGF-6-215-2. Td

3.43

97500

2473

0.58

1.16

355000

6.64

0.22

0.17

357

0.84

47.0

4.56

LGF-6-215-3. Td

4.46

179000

3010

0.62

5.50

565000

13.9

0.28

1.01

456

4.70

440

7.04

LGF-6-215-4 Td

4.90

149000

2970

1.36

1.18

518000

6.98

0.11

0.22

218

1.30

92.0

3.60

LGF-6-215-5. Td

4.83

121700

3230

0.53

0.68

489000

8.83

0.17

1.07

717

5.65

181

5.98
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T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Td

M A SS-1
Cu

LGF-6-215-2. Td

27870

370000

0.69

2.48

0.36

3.05

67900

0.52

2.48

184000

3.66

Td

M A SS-1
Cu

LGF-6-215-3. Td

22200

410000

3.10

4.60

0.53

3.89

87700

0.55

3.24

204000

4.68

Td

M A SS-1
Cu

LGF-6-215-4 Td

25800

351000

4.00

5.20

0.50

4.73

74500

0.57

2.49

121500

4.12

Td

M A SS-1
Cu

LGF-6-215-5. Td

24240

427000

1.40

11.6

0.39

3.33

74200

0.67

4.16

194000

22.0

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

LGF-6-215-2. Td

0.58

41500

857

0.07

0.18

120300

1.10

0.05

0.03

431

0.22

19.6

1.80

LGF-6-215-3. Td

0.60

59900

816

0.28

1.76

154100

1.82

0.05

0.27

444

1.01

151

2.14

LGF-6-215-4 Td

0.77

58600

975

0.36

0.63

163100

1.07

0.02

0.10

246

0.37

39.0

1.36

LGF-6-215-5. Td

0.76

45900

1002

0.19

0.34

148200

1.35

0.03

0.36

731

1.34

66.5

2.08

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

LGF-6-215-2. Td

25740

3830

2.64

2.71

1.01

3.13

89500

0.65

3.59

195000

3.75

LGF-6-215-3. Td

20550

4250

4.80

4.90

0.37

1.72

115400

0.68

4.67

213000

4.77

LGF-6-215-4 Td

23900

3640

6.10

5.50

0.55

2.19

97800

0.70

3.57

125700

4.19

LGF-6-215-5. Td

22510

4430

2.05

12.3

0.51

2.67

97300

0.82

5.95

198000

17.2

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

LGF-6-215-2. Td

0.56

37300

917

0.10

0.19

130900

1.08

0.04

0.03

99.0

0.30

17.3

1.70

LGF-6-215-3. Td

0.58

53800

870

0.35

1.70

167200

1.79

0.04

0.29

99.1

1.41

133

2.01

LGF-6-215-4 Td

0.74

52600

1037

0.45

0.61

176400

1.05

0.02

0.10

53

0.52

34.0

1.27

LGF-6-215-5. Td

0.72

41200

1062

0.24

0.33

159700

1.33

0.03

0.38

154

1.90

58.5

1.95

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

M A SS-1
Cu
M A SS-1
Cu
M A SS-1
Cu
M A SS-1
Cu

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

610
Cu
610
Cu
610
Cu
610
Cu

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

610
Cu
610
Cu
610
Cu
610
Cu

T a ble 2 .5 . ( c o nt inue d) .
M ine ra l M e t ho d S a m ple N o .

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

20800

0.64

2.29

0.33

2.82

320000

50700

0.48

2.29

138600

3.38

LGF-6-215-3. Td

13560

2.00

3.50

0.43

3.10

284000

58200

0.44

2.58

131600

3.73

M A SS-1
S

LGF-6-215-4 Td

18870

3.00

4.10

0.41

3.91

326000

57700

0.47

2.05

96300

3.40

M A SS-1
S

LGF-6-215-5. Td

15800

1.20

7.80

0.30

2.56

281000

49000

0.51

3.19

124400

13.1

Td

M A SS-1
S

LGF-6-215-2. Td

Td

M A SS-1
S

Td

Td

M ine ra l M e t ho d S a m ple N o .
Td
Td
Td
Td

M A SS-1
S
M A SS-1
S
M A SS-1
S
M A SS-1
S

Fe

S

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

LGF-6-215-2. Td

0.54

29900

606

0.07

0.17

92700

1.02

0.04

0.02

298

0.13

12.8

1.38

LGF-6-215-3. Td

0.48

39100

501

0.18

1.13

106000

1.45

0.04

0.21

265

0.68

106

1.39

LGF-6-215-4 Td

0.63

41900

686

0.27

0.49

128800

0.88

0.02

0.06

172

0.26

32.0

1.03

LGF-6-215-5. Td

0.58

29000

618

0.12

0.25

99900

1.04

0.03

0.23

430

0.87

45.5

1.32
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Table 2.6. Mean detection limits (in ppm) for the trace elements analyzed by LAICP-MS for examined sulfide minerals.
Mineral Method Sam ple No.
Py
Py
Py
Cp
Cp
Cp
Po
Po
Po
Sp
Sp
Sp

MASS-1
Fe
610
Fe
MASS-1
S
MASS-1
Fe
610
Fe
MASS-1
S
MASS-1
Fe
610
Fe
MASS-1
S
MASS-1
Zn
610
Zn
MASS-1
S

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

B-259-108-12. Py

2234 0.55 1.89 0.04 2.36 0.78 1.66 0.26 2.15 1.72 2.74

B-259-108-12. Py

10.7 4.18 3.66 0.07 2.26 1.30 3.53 0.57 6.35 6.50 4.46

B-259-108-12. Py

56.9

1.30 4.48 0.10 5.54 1.86 3.93 0.62 5.06 4.03 6.38

97-KM-29-12. Cp

6371 1.64 5.63 0.13 7.65 1.60 3.44 0.68 4.99 4.30 6.22

97-KM-29-12. Cp

34.5 13.6 13.4 0.24 9.50 3.60 8.58 1.82 15.9 21.0 13.3

97-KM-29-12. Cp

81.0

1.77 6.87 0.14 9.47 2.09 3.64 0.82 5.61 5.41 7.73

HN-119-1247-11. Po

7402 2.14 7.48 0.25 8.90 2.04 3.93 0.79 5.67 5.42 7.22

HN-119-1247-11. Po

38.1 17.6 17.5 0.15 9.55 3.84 11.2 1.74 14.6 23.7 12.4

HN-119-1247-11. Po 84.5

2.39 9.06 0.10 9.61 2.22 4.16 0.68 5.79 5.99 7.83

B-259-108-12. Sp

32.6 2834 0.69 3.05 0.09 3.02 0.96

0.33 3.11 1.79 3.25

B-259-108-12. Sp

18.2 7.72 3.03 4.00 0.10 1.75 0.91

0.44 5.09 4.41 3.41

B-259-108-12. Sp

52.7

1.07 5.6
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0.18 4.92 1.67 3.35 0.57 5.16 3.15 6.16

Table 2.6. (continued).

Mineral Method Sam ple No.

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

Py

MASS-1
B-259-108-12. Py
Fe

0.00 0.12 0.08 0.02 0.15 0.42 0.96 0.03 0.01 0.48 0.04 0.07 0.07

Py

610
Fe

0.00 0.20 0.14 0.04 0.3

Py

MASS-1
B-259-108-12. Py
S

0.00 0.27 0.2

Cp

MASS-1
97-KM-29-12. Cp
Fe

0.09 0.25 0.08 0.04 0.37 0.94 1.88 0.05 0.04 1.48 0.11 0.25 0.15

Cp

610
Fe

97-KM-29-12. Cp

0.20 0.47 0.13 0.10 0.45 2.47 3.49 0.10 0.06 0.15 0.26 0.45 0.32

Cp

MASS-1
97-KM-29-12. Cp
S

0.11 0.27 0.06 0.04 0.23 1.16 1.91 0.06 0.04 1.59 0.15 0.25 0.18

Po

MASS-1
HN-119-1247-11. Po 0.19 0.27 0.36 0.05 0.55 1.23 3.10 0.08 0.03 1.81 0.13 0.23 0.16
Fe

Po

610
Fe

Po

MASS-1
HN-119-1247-11. Po 0.21 0.34 0.16 0.04 0.55 1.30 4.18 0.10 0.00 2.09 0.16 0.29 0.18
S

Sp

MASS-1
B-259-108-12. Sp
Zn

0.08 0.16 0.12 0.02 0.24 0.71 1.30 0.03 0.02 0.70 0.06 0.11 0.10

Sp

610
Zn

B-259-108-12. Sp

0.07 0.16 0.09 0.02 0.28 1.12 1.39 0.02 0.02 0.04 0.06 0.08 0.12

Sp

MASS-1
B-259-108-12. Sp
S

0.12 0.28 0.14 0.02 0.41 1.37 2.32 0.05 0.04 1.25 0.09 0.13 0.17

B-259-108-12. Py

0.91 1.72 0.05 0.02 0.05 0.07 0.12 0.12

0.04 0.35 0.98 2.25 0.08 0.03 1.12 0.09 0.17 0.15

HN-119-1247-11. Po 0.32 0.51 0.41 0.11 1.00 2.94 7.14 0.13 0.00 0.18 0.28 0.52 0.34
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Table 2.6. (continued).

Mineral Method Sam ple No.

Fe

S

Cr

Mn

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Gn

MASS-1
B-259-108.6-5. Gn
Pb

21.6 1947 0.33 2.38 1.32 8.25 1.29 3.05 1.09 2.62 1.43 3.76

Gn

610
Pb

2.46 2.13 1.27 1.9

Gn

MASS-1
B-259-108.6-5. Gn
S

Asp

MASS-1
94-DL-32-5.Asp
Fe

2057 0.54 1.83 0.34 3.70 0.27 1.75 0.44 3.62 0.43 3.25

Asp

610
Fe

10.7 4.09 3.73 0.66 4.10 0.49 3.86 0.99 11.2 1.20 5.6

Asp

MASS-1
94-DL-32-5.Asp
S

Td

MASS-1
LGF-6-215-5. Td
Fe

Td

610
Fe

Td

MASS-1
LGF-6-215-5. Td
Cu

13.7 4235 1.17 4.42 0.89 7.50

3.57 1.15 6.18 7.30 8.48

Td

610
Cu

5.74 11.0 4.47 4.82 1.22 4.86

4.57 1.43 8.89 12.9 8.63

Td

MASS-1
LGF-6-215-5. Td
S

B-259-108.6-5. Gn

20.3

94-DL-32-5.Asp

5.05

1.56 6.72 2.33 3.09

0.31 2.24 1.25 7.82 1.21 2.88 1.03 2.48 1.35 3.57

0.46 1.57 0.29 3.18 0.23 1.51 0.38 3.11 0.38 2.79

3.32 12.4 2.57 21.5 4.47 10.3 3.28 17.7 20.9 24.3

LGF-6-215-5. Td

LGF-6-215-5. Td

1.49 6.21 1.17 3.4

75.4 30.3 32.3 6.27 28.9 10.7 31.4 9.71 60.8 88.2 59.1

11.4

0.97 3.66 0.73 6.19 1.29 2.94 0.95 5.05 6.04 6.98
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Table 2.6. (continued).

Mineral Method Sam ple No.

Mo

Ag

Cd

In

Sn

Sb

Te

W

Au

Hg

Tl

Pb

Bi

Gn

MASS-1
B-259-108.6-5. Gn
Pb

1.28 0.40 1.55 0.05 0.4

1.11 2.08 0.09 0.07 0.60 0.05

0.12

Gn

610
Pb

1.34 0.39 1.28 0.08 0.45 1.51 3.19 0.08 0.07 0.01 0.05

0.14

Gn

MASS-1
B-259-108.6-5. Gn
S

1.20 0.38 1.46 0.05 0.37 1.04 1.96 0.09 0.07 0.57 0.05 0.35 0.12

Asp

MASS-1
94-DL-32-5.Asp
Fe

0.57 0.12 0.43 0.01 0.17 0.3

Asp

610
Fe

94-DL-32-5.Asp

1.00 0.20 0.64 0.04 0.33 0.62 1.75 0.02 0.02 0.04 0.02 0.15 0.06

Asp

MASS-1
94-DL-32-5.Asp
S

0.49 0.10 0.37 0.01 0.14 0.25 0.86 0.01 0.01 0.26 0.01 0.07 0.03

Td

MASS-1
LGF-6-215-5. Td
Fe

3.85 1.66 3.67 0.37 0.87 2.62 7.75 0.21 0.15 5.67 0.26 0.57 0.68

Td

610
Fe

LGF-6-215-5. Td

8.81 3.62 9.38 1.13 2.14 6.98 18.2 0.39 0.37 0.41 0.85 1.20 1.58

Td

MASS-1
LGF-6-215-5. Td
Cu

1.35 0.58 1.29 0.13 0.31 0.91 2.67 0.07 0.05 1.98 0.09 0.20 0.24

Td

610
Cu

1.3

Td

MASS-1
LGF-6-215-5. Td
S

B-259-108.6-5. Gn

LGF-6-215-5. Td

1.00 0.01 0.01 0.31 0.01 0.08 0.03

0.53 1.38 0.17 0.32 1.01 2.62 0.06 0.05 0.06 0.13 0.18 0.23

1.11 0.48 1.06 0.11 0.26 0.74 2.19 0.06 0.04 1.63 0.07 0.16 0.19
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3.

Chapter 3 LA-ICP-MS of sulfide minerals from the volcanogenic massive
sulfide deposits of the Bathurst Mining Camp, Canada: application of
volatile-elements variations in genesis interpretation and exploration of
VMS deposits

Abstract
The world-class Middle Ordovician polymetallic Zn-Pb-Cu-Ag volcanogenic massive
sulfide deposits of the Bathurst Mining Camp, northern New Brunswick, Canada were
investigated using laser ablation inductively coupled plasma-mass spectrometry (LAICP-MS). Quantitative and semi-quantitative reconnaissance of the volatile-elements
suite As, Bi, Cd, Hg, In, Ga, Ge, Sb, Se, Sn, Te, and Tl of key sulfides, including pyrite,
chalcopyrite, pyrrhotite, sphalerite, galena, arsenopyrite, and tetrahedrite/tennantite is
addressed with emphasis on elemental distribution patterns (inter- and intra-sulfides), ore
genesis, and potential exploration application in VMS settings.
Occurrence of volatile elements in sulfides is a mineral-specific feature. Pyrite is
the major constituent of massive sulfides. After arsenopyrite, which is the major host for
As, most forms of pyrite from the BMC are arsenian, containing up to 7.3 wt. % As. All
sphalerite from the deposits are enriched in Cd and In (up to 4168 and 11010 ppm,
respectively) relative to moderate concentration of Hg ranging from 7.64 to 236 ppm.
Galena is the second highest carrier of Ag (54.6-7200 ppm) after tetrahedrite. Galena is
enriched in Sb (1.67-9290 ppm), Se (1.15-6530 ppm), Bi (0.08-328000 ppm), and Tl
(2.33-1225 ppm). Chalcopyrite accommodates significant concentrations of As (0.1125

78000 ppm), Sb (0.07-29800 ppm), Sn (0.13-16600 ppm), Ag (0.15-13100 ppm), Bi
(0.01-6300 ppm), In (0.05-1341 ppm), and Se (0.42-1250 ppm). Pyrrhotite is not an
important carrier of volatile elements compared to other sulfides; however, noticeable
concentrations of As (up to 97000 ppm), Pb (up to 30600), Sb (up to1777 ppm), and Se
(up to 303 ppm) occur in some of pyrrhotite. Apart from the major occurrence of As in
arsenopyrite, noticeable amounts of Sb (0.66-143000 ppm) are variable within
arsenopyrite from different BMC deposits. Tetrahedrite is the principal host of Sb
(68700-493000 ppm), As (73-231800 ppm), and Ag (546-207000 ppm). High
concentrations of Ag in some tetrahedrite grains classify them as Ag-tetrahedrite and
freibergite (over 20 wt. % Ag). There are anomalous values of volatile elements unique to
each deposit which is related to physicochemical condition of ore deposition, sulfide
assemblages, sulfide facies, and subsequent metamorphism and deformation events. The
integrated LA-ICP-MS data of all sulfides provide a means of differentiating the
hydrothermal sulfide facies. The bedded facies is significantly enriched in Ga, Ge, Ag, In,
Sn, Sb, and Au. The vent complex is predominantly enriched in Se and Bi, and in case of
occurrence of minor amounts of arsenopyrite, the abundances of Ge, Cd, Sn, Sb, Au, Hg,
and Bi are elevated. Comparing the bedded sulfide and vent complex facies, the bedded
pyrite and the stringer zones are less enriched in volatile elements.
The integrated LA-ICP-MS data of all sulfides from footwall and hanging-wall
zones support the pyrite chemical trends (Chapter 4) with augmented signatures of some
volatile elements controlled by occurrence of minor sulfide phases, such as arsenopyrite
and pyrrhotite. In the host rocks in which pyrrhotite is more abundant than pyrite, the
pattern of Se, Ni, and Co are vectoring toward mineralization. Therefore, the distributions
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of volatile elements, in particular Sb, Tl, Sn, Bi, and Ag within pyrite and Se (as well as
Ni and Co) within pyrrhotite throughout the footwall and hanging-wall zone of known
VMS deposits offer potential vectoring tools to mineralization. The trend of
compositional variation in pyrite and pyrrhotite in the host rocks suggest associations
with known ore horizons. The proposed sulfide vectoring tool is a complementary
technique with other approaches in prospecting areas would open a new window in VMS
exploration.
Keywords:

Bathurst

Mining

Camp,

LA-ICP-MS,

massive

sulfide

deposits,

metamorphosed, polyphase deformation, sulfide minerals, syngenetic, volatile elements.
3.1

Introduction

The volatile-element suite members As, Bi, Cd, Hg, In, Ga, Ge, Sb, Se, Sn, Te, and Tl are
important geochemical tracers in terms of elucidating the processes of ore genesis, and
can be important ore-vectoring tools. Also, some volatile elements, such as Ga and Ge,
are also economically valuable elements. Sulfide minerals are the key repositories of
volatile elements in metallic mineral deposits. The degree to which a particular mineral
phase is enriched in volatile elements is dependent on the abundance of the elements in
the system, mineral paragenesis, and their abundances, and the relative fractionation of
volatile elements among sulfide phases (see Huston et al. 1995; Large et al. 2007; Cook
et al. 2009; 2011a, b, c).
Developments in micro-analytical technology have fundamentally enhanced our
ability to unravel the complexities of volatile-element distribution and evolution in
sulfide phases. Recently, laser ablation inductively coupled plasma-mass spectrometry
(LA-ICP-MS) has been among the most applied micro-analytical techniques in the realm
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of sulfide chemical characterization (Large et al. 2007, 2013; Cook et al. 2009; 2011a, b,
c; Genna and Gaboury 2015; George et al. 2015a, b; Maslennikov et al. 2009;
McClenaghan et al. 2009; Wohlgemuth-Ueberwasser et al. 2014 to name a few). LAICP-MS offers a number of advantages over other techniques in that it is a cost effective
way to investigate a large number of samples, large number of elements simultaneously
analyzed, detection limits in sub-ppm level (under optimum conditions), 2-D mapping of
elemental distribution, and visualization of elemental profiles (ion beam intensities versus
time). However, LA-ICP-MS on sulfides is challenging due to the high concentration of
major elements, leading to polyatomic interferences at higher masses (Perkins et al.
1997), availability of suitable external standards, and intrinsic differences among sulfide
species. The LA-ICP-MS analyses reported herein follows the parameters and protocols
outlined in Chapter 2.
Volatile-element signatures of massive sulfides from the Bathurst Mining Camp
were investigated previously (Goodfellow 1975; Jonasson and Sangster 1975; Chen
1978; Jambor 1979, 1981; Petruk and Schnarr 1981; Luff et al. 1992; Lentz and
Goodfellow 1993a, 1996; Lentz et al. 1997; Lentz 2002; Goodfellow and McCutcheon
2003a, b; McClenaghan et al. 2003, 2004, 2009; MacLellan et al. 2006; Walker and
Lentz 2006; McClenaghan 2011; Zulu 2012; Wright 2016). Most of the later data were
acquired from whole-rock analyses, which had detection limits that were not sufficiently
low enough to reliably assess their accuracy. Nevertheless, limited sulfide analyses
conducted by EPMA (Lentz 2002; McClenaghan et al. 2003, 2004, 2009; Zulu 2012) and
LA-ICP-MS (McClenaghan et al. 2009; Wright 2016) suggests that further research is
required in order to document inter- and intra-sulfide compositional variation.
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In terms of exploration, the volatile elements (notably Hg, Tl, Sb, and As) have
the most potential as vectors towards mineralization for a wide variety of base- and
precious-metal deposits in VMS deposits (Boyle and Jonasson 1973, 1984; Ryall, 1977,
1979a, b, 1981, Ryall et al. 1981; Carr et al. 1986). Among the volatile elements, Hg is
the most studied element (Russia; Saukov 1946; Ozerova 1971, 1959; Ozerova et al.
1975, Australia: Ryall 1977, 1979a, b, 1981; Ryall et al. 1981, US: Friedrich and Hawkes
1966a, b; Turek et al. 1976, Japan: Takeuchi et al. 1970; Tono 1974, Canada: Sinclair
1977; Boldy 1979, 1981; Goodfellow 1975; Lentz 2005, amongst others), whereas
limited information is available for the distribution of elements such as Tl, Sb, and As in
VMS systems (Boyle and Jonnason, 1973, 1984 and references therein; Murao and Itoh
1992; Lentz and Goodfellow 1993a; Lentz et al. 1997; Large et al. 2001 and references
therein).
Herein, the results of LA-ICP-MS investigation of five major sulfide phases
(pyrite, sphalerite, galena, chalcopyrite, and pyrrhotite) and two minor sulfide phases
(arsenopyrite and tetrahedrite/tennantite) are reported. The deposits of the Bathurst
Mining Camp were chosen for this study because they have all been affected by later
metamorphism and deformation events, thereby providing a good opportunity to
investigate micro- and macro-chemical modifications resulting from greenschist and
locally amphibolite facies metamorphism. This study is a step forward from the single
sulfide chemical variation, whereby the chemical variability of different sulfide
parageneses is investigated by single spot and imaging LA-ICP-MS. In addition to
massive sulfide ore, the present study is expanded to include investigation of the sulfide
phases disseminated throughout the host-rock sequence to any VMS deposit system.

129

Since previous determinations of volatile elements in the massive sulfides of the BMC
are mostly restricted to whole-rock data from some of the major deposits (Goodfellow
1975; Lentz and Goodfellow 1993a; Gandhi 1978; Govett 1983; Goodfellow 2003; Lentz
et al. 1997; McClenaghan et al. 2006), the existing data can only provide a general
perspective with respect to the volatile-element dispersion haloes around the deposits.
The objectives of this study are: 1) to determine which phase(s) are the key hosts
of volatile elements in studied sulfide assemblages and relative volatile-element content
among coexisting sulfide phases, 2) to achieve a better understanding of the volatileelement sources, transport- and depositional-mechanisms in order to estimate temperature
of formation and geochemical characteristics of the ore-bearing solutions and host rocks
of the studied deposits, 3) to apply the above to help elucidate the effects of syngenetic to
polyphase metamorphic processes have on massive sulfide deposits, 4) to quantify the
volatile-element enrichment and/or depletion trends in the footwall and hanging wall of
deposits, and investigate any correspondence between pattern observed from whole-rock
and mineralogical data, and 5) to propose of micro-chemical vectoring tools that are
applicable to VMS systems in the BMC or elsewhere.
3.2
3.2.1

Results
Sulfide petrography

The massive sulfide ores from the BMC are typically quite fine grained (less than 5
micron in diameter in framboidal pyrite to several centimetres in diameter in
recrystallized minerals) and commonly texturally complex. Five minerals (pyrite,
sphalerite, galena, chalcopyrite, and pyrrhotite) commonly account for 95% of these
deposits with the remaining 5% attributed to silicates, oxides, carbonates, and minor
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sulfides like arsenopyrite, marcasite, and tetrahedrite-tennantite, plus sulfosalts. Minor to
trace amount of sulfides, in particular, pyrite and pyrrhotite exist in the enveloping host
rocks of the BMC.
3.2.1.1 Pyrite
Pyrite is the major component of the massive and semi-massive sulfides accounting for
up to 80 and 30 volume %, respectively. Pyrite may also account for up to 5 volume % in
the host rocks. Based on the textural criteria and grain size, pyrite is categorized into: 1)
pre-deformation (primary pyrite) that is divided into 4 sub-types (Py1a-d), and 2)
deformation-related (metamorphic) types. The latter is subdivided into syn-deformation
(Type 2a) and post-deformation (Type 2b) (see Table 4.1). Examples of the various pyrite
types are presented in Figure 3.1.
3.2.1.1.1 Pre-deformation textures
Pre-deformation pyrite textures include primary and pseudo-primary types; that include
framboidal, colloform, and very fine-grained euhedral pyrite (Py1a), spongy cores (Py1b),
massive pyrite (Py1c), and relict pyrite (Py1d). Py1a commonly occurs as framboidal pyrite
in discrete spheres (<15 µm in diameter) or as aggregates of small pyrite cubes (Fig.
3.1a). Py1a also includes similar size cube-shaped microcrystals (discrete grains) that
likely formed by recrystallization of original framboidal pyrite. Py1a forms fine-grained
layered or banded pyrite parallel to bedding in black slate (e.g., Canoe Landing Lake
deposit), in siliceous horizons (e.g., Brunswick No. 12 deposit), and in phyllosilicate
bands (e.g., Caribou deposit). Py1b are pseudo-primary and display textures such as
spongy cores (corroded cores or sieved texture) that have been locally preserved and are
typically rimmed by late euhedral and (or) clean pyrite overgrowths (Fig. 3.1b). Spongy
131

cores typically contain inclusions of silicates and/or other sulfide phases. Pyrite Py1c
include masses of pyrite, occasionally showing primary colloform, and layering/banding
textures that are discordant to the main tectonic fabric. These pseudo-primary masses are
typically rich in inclusions (Fig. 3.1c). Py1d is relict pyrite, which occurs in the matrix
with pyrrhotite and (or) chalcopyrite (Fig. 3.1d). This type of pyrite is typically anhedral
to round is of variable grain size and is common in the vent complex facies.
3.2.1.1.2 Deformation textures
3.2.1.1.2.1 Syn-deformation textures
Py2a1: commonly occurs as clean metamorphic overgrowths and/or completely
recrystallized primary pyrite (see Fig. 3.1b). Also, discrete euhedral to subhedral grains
that occur mostly in the host rocks and that contain inclusions of prograde metamorphic
silicates are indicative of coeval crystallisation with these phases (Fig. 3.1e). Py2a1 likely
formed by recrystallization during late diagenesis or early stage regional metamorphism.
The growth of discrete Py2a1 grains accompanied the pressure solution of quartz fringes
parallel to the main schistosity. Py2a2 growth was coincident with ductile deformation and
is marked by elongated pyrite in association with silicates (Fig. 3.1f).
Py2a3 grains contain cataclastic texture developed in single grains and massive
pyrite, and are consistent with grain size reduction. The degree of fracturing and
brecciation in these grains is variable and ranges from isolated euhedral pyrite grains with
few fractures to more massive fine-grained pyrite masses with abundant fractures (Fig.
3.1g).
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3.2.1.1.2.2 Post-deformation textures
Py2b1 shows equilibrium texture marked by pyrite with annealed mosaics exhibiting 120°
triple junctions and curved grain boundaries. The metablastic growth of pyrite occurs in a
matrix of the silicates or more ductile sulfides, like chalcopyrite and pyrrhotite due to
metamorphism (Fig. 3.1h). Py2b2 consists of the large discrete rhombohedral and cubic
porphyroblasts (Fig. 3.1i).
3.2.1.2 Sphalerite
Sphalerite is the second main constituent of the bedded sulfide facies and can be found in
smaller proportions in the other facies, as well as the proximal footwall and hanging-wall
samples. Sphalerite occurs as anhedral (laminated) masses, wispy and discontinuous
bands, and is commonly intergrown with pyrite, galena, chalcopyrite, and tetrahedrite.
Less commonly, sphalerite is enclosed by gangue or sulfide minerals (Fig. 3.2a, b, c). In
some samples, sphalerite is interstitial to pyrite, whereas in other examples sphalerite
occurs as inclusions in other sulfide phases (Fig. 3.2b). Chalcopyrite disease has been
recognized some of the sphalerite samples, in particular, samples from near the base of
the massive sulfides (Fig. 3.2d).
3.2.1.3 Galena
In the majority of samples, Galena generally occurs in minor to trace amounts and is
intergrown with other sulfide phases; in particular, galena forms blebs, veins,
disseminations, and inclusions. Galena along with sphalerite interstitially fills the matrix
between pyrite grains (see Fig. 3.2a, b, c). The proportion of galena is higher in the
bedded sulfide than the vent complex or bedded pyrite facies.
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3.2.1.4 Chalcopyrite
Chalcopyrite is most abundant in samples from the vent complex, which occurs as
massive to anhedral grains. Chalcopyrite forms network-textured intergrowths replacing
pyrrhotite, sphalerite, and pyrite (Fig. 3.3a). In the stringer zone, chalcopyrite commonly
replaces pyrite, but can also fill fractures or as inclusions in pyrite and pyrrhotite (Fig.
3.3b).
3.2.1.5 Pyrrhotite
Pyrrhotite is most common in vent complex samples, where it exhibits curvilinear grain
boundaries, triple-point grain boundaries, and durchbewegung textures (Fig. 3.3c). Also,
pyrrhotite relicts may occur in the core of pyrite porphyroblasts. In the host rocks of some
deposits, pyrrhotite occurs in association with silicates in zones that parallel the main
structural fabric (Fig. 3.3d).
3.2.1.6 Arsenopyrite
Arsenopyrite occurs in minor amounts as overgrowths on sulfides, in particular, pyrite,
and also as euhedral to subhedral porphyroblastic crystals (sometimes clustered) (Fig.
3.4a). It also locally occurs in the matrix of silicates in host rock samples (Fig. 3.4b).
3.2.1.7 Tetrahedrite/tennantite
Tetrahedrite/tennantite occurs in trace amount as masses, intergrowths, disseminated
anhedral blebs, and inclusions in other sulfide phases, such as pyrite, galena, and
chalcopyrite (Fig. 3.4c). The Louvicourt deposit contains the highest quantity of
tetrahedrite/tennantite among the studied BMC deposits; here, large masses and blebs of
tetrahedrite/tennantite occur as semi-massive sulfides. Tetrahedrite/tennantite masses
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typically coexist with galena and sphalerite (see Fig. 3.4c). One of the samples of
Brunswick No. 6 (sample 97-KM-29) also contains trace amounts of tetrahedrite (Fig.
3.4d). In some samples the small grain size does not allow ablation. Tetrahedrite masses
commonly contain inclusions of chalcopyrite, galena, and sphalerite.
Figure 3.5 displays some replacement textures among the sulfides of the BMC
samples. Replacement of framboidal pyrite by sphalerite and galena is a common feature
seen in samples containing framboidal pyrite (Fig. 3.5a). Also, some samples show
complex replacement textures between sulfide phases, pyrite most likely is replaced by
pyrrhotite and sphalerite (Fig. 3.5b). Marcasite-pyrite intergrowth is seen in samples from
the lower temperature part of the system; most probably marcasite is a secondary phase in
Figure 3.5c. Also, relict pyrite is observed in vent complex samples. Most likely, pyrite is
replaced by chalcopyrite and pyrrhotite (Fig. 3.5d).
3.2.2
3.2.2.1

LA-ICP-MS results of sulfide minerals
Volatile-element distribution at the mineral scale in sulfides

A whole dataset and summary statistics of LA-ICP-MS analyses carried out on 187
polished thin/thick sections from ten deposits of the BMC is presented in ESM Table
S3.1-S3.7.
Figure 3.6 shows a massive sulfide assemblage comprising coexisting galena,
sphalerite, and tetrahedrite, and a small grain of pyrite (sample from drill hole LGF-6 at
238; Louvicourt deposit). The pyrite grain is not the target of this experiment. Data
correction was done assuming the mean S value of three phases; galena, sphalerite, and
tetrahedrite (S=25 wt. %). The concentration of In, Cd, and Hg (as well as Mn, not
shown) are highest in sphalerite. Antimony, Ag, and As are highest in tetrahedrite; the
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distribution of As in tetrahedrite is not homogenous, which indicates the presence of Asrich species. Galena is enriched in Bi and some parts of the grain are elevated in Tl.
Examination of similar assemblages (not shown) resulted in the same distribution
patterns with the exception that in some cases galena has elevated Te concentrations
relative to other coexisting sulfides.
Figure 3.7 presents LA-ICP-MS images on a sulfide assemblage that include
pyrite, pyrrhotite, chalcopyrite, and sphalerite (sample from drill hole HN-99-119 at 1247
m; Halfmile Lake Deep zone deposit). The mean S value of four phases (S=39 wt. %) is
assumed in data reduction. Chalcopyrite shows enrichment in Ag and Sn. Sphalerite has
the highest concentrations of Hg, In, and Mn. As and Co are preferentially elevated in
pyrite, particularly enriched on pyrite rims.
In addition to grain imaging, single raster lines across sulfide grains can provide
quick and valuable information regarding the homogeneity and zoning in the grain. LAICP-MS raster lines across two euhedral pyrite grains show significant inhomogeneity
suggesting the presence of micro-inclusions of other phases (Fig. 3.8a, b). In contrast,
raster lines across sphalerite and galena display grains showing a relatively homogeneous
distribution of volatile elements (Fig. 3.9). The concentrations of In and Cd in sphalerite
are elevated and are consistent across the traverse, whereas Hg occurs in lower
concentration and is slightly irregular in its distribution (Fig. 3.9a). High concentrations
of Bi and Ag within galena occur in very smooth patterns, whereas Tl and Sb have
slightly more irregular profiles (Fig. 3.9b). Chalcopyrite displays a relatively uneven
distribution pattern in the spectrum for Sn, and highly irregular patterns for the other
volatile elements and other elements such as Zn and Pb (Fig. 3.10a). The LA-ICP-MS

136

traverse across pyrrhotite shows highly irregular patterns for Pb, Bi, Sb, Tl, and As for
the first half part of the raster line, which then becomes more regular to the end of the
traverse (Fig. 3.10b). A LA-ICP-MS traverse across a grain of arsenopyrite with a
homogeneous distribution of As is shown in Fig. 3.11a. It is likely that the major
elements within arsenopyrite (Fe and As) also vary slightly across the latter grain;
however, such variation is not easily detectable in qualitative LA-ICP-MS traverses.
Antimony and Bi are the most enriched of the volatile elements in arsenopyrite, both of
which have very irregular patterns. The distribution of Pb is highly spiky (Fig. 3.11a),
and does not co-vary with Bi. The variation of Zn in a tetrahedrite mass (Fig. 3.11b) is
consistent along the raster; however, Sb shows a distinctive gradual increase at the point
labelled (t), which coresponds with increases in Ag (smoothly distributed) and to a lesser
extent Bi. At the same point, there are decreases in As (flat pattern), Fe and, to a lesser
degree, Pb. Cadmium occurs at medium concentrations and is quite regular along the
traverse line. Thallium concentration is generally very low, but the overall pattern is a
similar pattern to As and Pb.
3.2.2.1.1 Pyrite
Pyrite grains exhibit the most complex heterogeneity among the sulfides examined (see
Chapter 4). The compositional variations among texturally-distinct pyrite types as
determined by LA-ICP-MS (n = 699 analyses) are presented and summarized in ESM
Table S3.1. LA-ICP-MS profiles of representative texturally-distinct pyrite are presented
in Figure 3.12. LA-ICP-MS profiles of framboidal pyrite show lower Fe and higher Cu
concentrations relative to other grains present. The intermediate concentrations of Bi, Tl,
Pb, Ag, Sb, Se, and Hg, as well as lower concentrations of Se, display slight irregularities
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in their outlines. Arsenic occurs at background levels (Fig. 3.12a). On the other hand, LA
spectra of Pb and Zn are spiky in massive pyrite. However, Sb, as well as Bi and Ag,
display relatively smooth patterns. Tl, Sn, and Hg occur in lower concentrations, showing
irregular patterns (Fig. 3.12b). Figure 3.12c and d present a grain with a spongy core and
recrystallized rim. The abundances of Pb, As, Sb, and Bi are similar, showing smooth As
and Sb patterns and some irregularities in Pb and Bi outlines. Zinc is ragged, suggesting
the occurrence of inclusions. Profiles of Ag, Sn, and Cu show also irregular patterns.
Figure 3.13 shows mean pyrite compositions from various deposits. The volatile
elements in pyrite are highly variable, which can differentiate the deposits from each
other. Gallium concentrations in pyrite from the Restigouche, Halfmile Lake Deep zone,
and Canoe Landing Lake deposits are distinctly higher (>3 ppm) than the other deposits
(<1 ppm). The trimmed mean Ge content of pyrite from all deposits falls within a narrow
range (0.74-2.59 ppm). Trimmed mean As content of pyrite from Heath Steele B zone,
Halfmile Lake Deep zone, and Caribou are lower than other deposits (553, 904, 749 ppm
TrimMean, respectively). The trimmed mean As abundances are highest in pyrite from
the Louvicourt, Armstrong, and Canoe Landing Lake deposits (averaging 4924, 2390,
and 2103 ppm, respectively). The Se concentrations of pyrite are highly variable; the
lowest Se concentrations in pyrite are from Louvicourt deposit (3.23 ppm TrimMean) to
the highest from Halfmile Lake Deep zone deposit (47.4 ppm TrimMean). The trimmed
mean Ag content in pyrite is elevated at the Louvicourt and Caribou deposits (37.4 and
29.6 ppm, respectively). The Cd and In concentrations of pyrite are highly variable;
pyrite from Louvicourt, Heath Steele B zone, Brunswick No. 12, Key Anacon East zone,
and Brunswick No. 6 contain <1 ppm Cd, and pyrite from Louvicourt, Restigouche, and
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Key Anacon East zone has the lowest In (0.04, 0.04, and 0.03 ppm in TrimMean,
respectively). Pyrite from Brunswick No. 6 contains pyrite has some of the highest Sn
concentrations (4.89 ppm in TrimMean), whereas pyrite from Louvicourt has the lowest
(0.35 ppm in TrimMean). The highest trimmed mean Sb concentrations in pyrite are from
the Louvicourt (309 ppm in TrimMean); whereas the lowest are from the Heath Steele B
zone (11.5 ppm in TrimMean) and Key Anacon East zone (15.5 ppm in TrimMean). The
Te concentrations of pyrite are lowest from Armstrong A and Brunswick No. 6 deposits
(0.29, 0.36 ppm TrimMean, respectively) and highest Te belongs to pyrite from
Restigouche (3.92 ppm TrimMean). The mean Au content of pyrite is highest in samples
from the Louvicourt and Caribou deposits (0.75, 0.89 ppm TrimMean, respectively) and
falls within a range in other deposits with lowest concentrations from Key Anacon East
zone (0.06 ppm). In terms of Hg, the highest concentrations are in pyrite of Armstrong A,
Louvicourt, and Canoe Landing Lake deposits (3.00, 2.70, 1.57 ppm TrimMean,
respectively). The highest Tl concentrations in pyrite were from the Louvicourt and
Canoe Landing Lake deposits (167, 80.7 ppm TrimMean, respectively). The highest Pb
concentrations of pyrite were obtained from samples collected at Caribou deposit (4828
ppm in TrimMean), followed with having lower levels in samples from the Halfmile
Lake Deep zone (3070 ppm TrimMean) deposit. Bismuth concentrations in pyrite were
highest in samples from the Caribou (183 ppm TrimMean) and lowest in samples from
Louvicourt (3.5 ppm TrimMean).
The volatile element bivariant plots presented in Figure 3.14 show the similarities
and differences between pyrite from different deposits of the BMC. Most forms of pyrite
from the BMC are arsenian with As concentrations ranging from 0.25 to 73000 ppm. A
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plot of Au vs. As (r´=0.44) shows that most of the pyrite contain Au (up to 13.3 ppm)
with all samples plotting below the gold saturation line (see Reich et al. 2005; Large et al.
2007 for the Au saturation line) (Fig. 3.14a, b). Both Sb and Tl concentrations of pyrite
show a strong correlation (r´=0.79) in all deposits (Fig. 3.14c, d). The abundances of Sb
range from below detection limit to 6280 ppm and Tl from below detection limit to 9160
ppm (in one of the framboidal pyrite grains from Canoe Landing Lake deposit). Tin in
pyrite varies from 0.02 to 17600 ppm with the majority of samples from Louvicourt and
Key Anacon East zone deposits having less than 0.2 ppm Sn. In contrast, Hg is > 1 ppm
in the majority of pyrite grains from Louvicourt (ranging 0.17-210 ppm) and Canoe
Landing Lake deposits (ranging 0.12-14.8 ppm), whereas only a few grains from
Brunswick No. 12 and Armstrong have Hg concentrations < 1 ppm (Fig. 3.14e, f). The Se
concentrations of pyrite fluctuate greatly and range from 0.16 to 420 ppm. The majority
of pyrite grains analyzed from the Heath Steele B zone and Canoe Landing Lake deposits
have Se concentrations > 10 ppm. The Bi concentrations of pyrite vary from below the
detection limit to 1310 ppm in pyrite from Caribou deposit (Fig. 3.14g, h).
Concentrations of other volatile elements, such as Te, In, and Cd, are below 1 ppm for the
majority of the analyzed pyrite grains (ESM Table S3.1).
There are chemical variations among the various texturally distinct pyrite types.
For example, Py1a framboidal pyrite notably contains relatively high Tl, Hg, As, and Sb
(see ESM Table S3.1), with elevated, but less notable amounts Bi, Pb, and Sn. There can
be distinct variation in the Tl in framboidal pyrite among deposits; for example at
Brunswick No. 12, the trimmed mean Tl=2.68 ppm, whereas at Caribou and Canoe
Landing Lake the trimmed mean Tl concentrations are 530 and 2287 ppm, respectively.
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Canoe Landing Lake and Brunswick No. 12 have similar trimmed mean values of Hg
(6.36 and 6.04 ppm, respectively), and are distinctly higher than samples from Caribou,
which have trimmed mean Hg concentrations in framboidal pyrite of 1.75 ppm. The
range of As concentrations of framboidal pyrite of Caribou (1420-1700 ppm), Canoe
Landing Lake (1710-13490 ppm), and Brunswick No. 12 (540-7030 ppm) are similar;
likewise the Sb concentrations of framboidal pyrite are similar, e.g., Caribou (182-199
ppm), Canoe Landing Lake (42.2-1428 ppm), and Brunswick No. 12 (60-224 ppm).
Volatile elements vary in broad ranges within Py1b, Py1c, and Py1d types. Most of
the grains show enrichment in Sb, Tl, As, Au, and Pb (see ESM Table S3.1). In Py2a1,
discrete anhedral to euhedral grains display a wide variation in trace elements among
deposits. Anhedral grains have variations in Au, As, Sb, Bi, Tl, Pb, Te, Cu, Co, and Ni
concentrations that are close to variations observed in Py1c. Anhedral Py2a1 grains shows
a positive trend between Tl and Sb. Py2a2 (elongated texture) display chemical variations
similar to the massive and anhedral pyrite. Py2a2 is moderately to highly enrich in Sb, Tl,
and Hg. Py2a3 (cataclastic textures) display moderate enrichment in volatile elements with
the exception of samples from Caribou, which have low Hg concentrations (see ESM
Table S3.1; see Chapter 4). Py2b1 (annealed) and Py2b2 (porphyroblastic) samples contain
a moderate concentration of Sb, Tl, and As, with higher concentrations in samples from
the Louvicourt and Restigouche deposits. Marcasite pseudomorph grains occur in some
samples and have volatile elements that range from moderate to high concentrations;
however, As is depleted in all marcasite pseudomorph grains examined (see ESM Table
S3.1).
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3.2.2.1.2 Sphalerite
A total of 220 LA-ICP-MS spot analyses were obtained from sphalerite in the present
study (ESM Table S3.2). Figure 3.15 displays representative single spot LA-ICP-MS
spectra for selected elements in sphalerite from Louvicourt, Canoe Landing Lake, and
Brunswick No. 12 deposits. Sphalerite from Louvicourt (Figure 3.15a) has high and
slightly irregular spectra of Fe and Cu, relatively regular spectra of Hg, In, and Ag, minor
concentrations of Pb, Bi, and Cd, and negligible occurrence of Sb, As, and Ga
(background level). An anomalous and distinct Pb hump is attributed to a sub-surface Pbbearing inclusion. Sphalerite from Canoe Landing Lake (Figure 3.15b) has very high
concentrations of Fe, and high but irregular Cu concentrations. The concentrations Cd
and In are high and even, whereas the distribution of Hg, Sb, Pb, and Ag concentrations
are flat. In contrast, the lower concentrations of Sn, Ga, Bi, and Tl have an irregular
distribution. Sphalerite from Brunswick No. 12 (Figure 3.15c) is In-rich and has very
regular In distribution. The Cd concentrations are also regular, whereas the distribution of
Ag and Sb is slightly irregular. Lead, Sn, Bi, Tl, As, and Hg are elevated but have an
irregular distribution. A hump in the Cu profile indicates ablation through a Cu-bearing
inclusion.
The trimmed mean concentrations of volatile elements for all of the analysed
sphalerite grains are plotted in Figure 3.16. Sphalerites from the various deposits show
considerable chemical variation. Cadmium is highly elevated within sphalerite from all of
the deposits and trimmed means 1505 ppm (range 20.8 to 4168 ppm). The highest In
content of sphalerite is from the Brunswick No. 12 deposit (TrimMean 1141 ppm), and
the lowest content in sphalerite is from Restigouche and Louvicourt, with trimmed means
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of 21.7 and 17.1 ppm, respectively. Anomalous enrichment of Hg is observed in
sphalerite from Louvicourt (TrimMean 257 ppm) and Canoe Landing Lake (TrimMean
237 ppm) deposits, whereas the range in Hg concentrations of the other deposits is
between 16.0 and 62.1 ppm. Tin displays a wide range among the deposits, with the
highest trimmed mean concentrations obtained from Canoe Landing Lake (108 ppm),
Heath Steele B zone (63.0 ppm), and Brunswick No. 12 (49.7 ppm), whereas the lowest
concentrations were from the Louvicourt deposit (0.20 ppm). The trimmed mean
concentrations of Sb, As, Bi, Se, Ga, Ge, and Ag in sphalerite are below 100 ppm in all
deposits. However, the Brunswick No. 12 deposit contains sphalerite in which Ag is
enriched (trim mean 35.0 ppm) relative to other deposits of the BMC. Thallium values in
sphalerite from all of the deposits occur at negligible concentrations, except of Brunswick
No. 12 (6.25 ppm in trim mean), Key Anacon (2.35 ppm in trim mean), and Brunswick
No. 6 (1.28 ppm in trim mean) deposits.
The concentrations of Fe and Zn in sphalerite vary significantly among the
deposits (r´=-0.70), with the lowest Fe concentrations from the Louvicourt deposit
(TrimMean 0.52 wt. %) and the Caribou deposit (TrimMean 3.46 wt. %) (Fig. 3.17a).
Indium displays a positive trend with Cu in sphalerite (r´=0.35); however, the In content
of sphalerite from the Louvicourt and Restigouche deposits is atypically low regardless of
Cu content. In contrast, sphalerite grains from Brunswick No. 12 are highly enriched in
In (Fig. 3.17b). The Cd content of sphalerite varies over a range from 395 to 4168 ppm
(Fig. 3.17c). Sphalerite from the Louvicourt and Canoe Landing Lake deposits are
distinctly enriched in Hg (254 and 237 ppm TrimMeans, respectively) compared to other
deposits. Most of the analyzed sphalerite grains from Brunswick No. 12 are depleted in
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Hg (averaging 21.1 ppm) (Fig. 3.17d). The Tl and Ga concentrations in sphalerite vary
from <dl to 248 ppm, and 0.07 to 46 ppm, respectively. Sphalerite from Louvicourt and
Canoe Landing Lake has a similar range of Tl and Ga (Fig. 3.17e, f). The Ge
concentrations for all sphalerite in the dataset range between 0.46 and 382 ppm (Fig.
3.17g). Sphalerite grains contain a wide range of As (<dl-1570 ppm) and Sb (0.08-315)
(Fig. 3.17h), whereas the silver concentrations range from 7.64 to 363 ppm, and correlate
positively with Sb, Sn, and Pb over a wide range of Sn and Pb concentrations (Fig. 3.17i,
j, k). Bismuth concentration displays high variance in the samples (Fig. 3.17l). Sphalerite
from bedded sulfide is more enriched in Ag, Cd, In, Sb, Au, Tl, and Pb relative to
sphalerite from the vent complex. In contrast, sphalerite from the vent complex is
elevated in Co, Cu, and Se relative to sphalerite from the bedded facies (ESM Table
S3.2).
3.2.2.1.3 Galena
Single spot time-resolved LA-ICP-MS outlines of galena from Caribou, Brunswick No.
12, and Brunswick No. 6 deposits are presented in Figure 3.18. Galena grains analyzed
show a high concentration of Bi>Ag>Tl (Fig. 3.18a,b) and slightly higher Tl over Ag in
Figure 3.18c. The distribution of all of these elements is generally even except for slight
irregularity in Ag, and a visible hump in Bi (Fig. 3.18c). Se, Sb, and Sn occur in lower
concentrations, except for the Brunswick No. 12 sample (Fig. 3.18c), which contains a
high concentration of Sb and moderate concentration of Se. Galena does not contain
notable concentrations of Hg. Flat LA-ICP-MS patterns support that Bi and Tl likely
happen in solid solution. Ag spectra are sporadically disturbed by the occurrence of submicrometer inclusions.
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All galena samples (n = 122) show a visable positive trend of Ag with (Sb+Bi);
the highest silver concentrations in galena are from the Brunswick No. 6, 12, and Caribou
deposits. Galena from the Louvicourt deposit contains a trimmed mean Ag value of 241
ppm, (ranging 54.6-2147 ppm) (Fig. 3.19a). Some galena samples from Brunswick No. 6
have very high Sb+Bi content attributed to Bi-bearing inclusions. Similarly, the average
Tl concentrations in most of the galena grains from Brunswick No. 6 (656 ppm),
Brunswick No. 12 (334 ppm), Caribou (70.9 ppm), and Key Anacon East zone (146 ppm)
deposits are elevated relative to other deposits (see ESM Table S3.3). The distribution of
Tl in galena from the Louvicourt deposit defines two populations, i.e., Tl >10 ppm and
<10 ppm (Fig. 3.19b). Arsenic and Se are highly variable among the galena in each
deposit (Fig. 3.19c). The Tl and Sn concentrations clearly distinguish samples from
different deposits and show clear discrimination among galena from different deposits;
however, there is no obvious correlation between Tl and Sn in samples from an
individual deposit (Fig. 3.19d). In general, the concentrations of Hg, In, and Ga are low
among the galena analyzed (ESM Table S3.3). The Se concentrations of galena from Cu
zone (TrimMean 5985 ppm) are markedly higher than galena from the bedded sulfide
(Zn-Pb) zone (TrimMean 49 ppm) of the Brunswick No. 6 deposit.
3.2.2.1.4 Chalcopyrite
The LA-ICP-MS ablation time-series for chalcopyrite grains from the Brunswick No. 12
deposit illustrates the significant of In, Sn, and Ag, the time interval ablation selected to
calculate the composition of the grain (Fig. 3.20a). In the Brunswick No. 12 sample, In
and Sn occur in high concentration and Ag and Zn in moderate concentrations relative to
the other trace elements. The smooth and regular LA-ICP-MS patterns for In, Sn, and Ag
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suggest that crystal structure substitutions controls their distribution. The chalcopyrite
grain from Louvicourt deposit (Fig. 3.20b) shows diminishing patterns in Fe and Cu with
time (depth). The occurrence of modest amounts of In and Ag with smooth outlines is
higher than the other volatile elements. This grain does not host a significant amount of
Zn and Se.
LA-ICP-MS spot analyses indicate that for the deposits studied chalcopyrite may
host a broad range of volatile elements (ESM Table S3.4). Figure 3.21 shows the
trimmed mean distribution of volatile elements, with generally a high concentration of
As, Pb, Sn, Sb, In, and Ag, moderate concentrations of Se, Ga, Cd, and Bi, and generally
minor concentrations of Ge, Te, Hg, and Tl. There is a positive correlation (r´=0.59)
between Sn and In in all chalcopyrite grains examined, with the lowest In and Sn
concentrations from Louvicourt and Canoe Landing Lake deposits (Fig. 3.22a). The Sn
content is highly elevated in some chalcopyrite grains from Brunswick No. 6 and Key
Anacon deposits. The maximum Sb concentrations reach 100 ppm, but do not correlate
with In (Fig. 3.22b). Likewise, there is no obvious correlation of In with Ag (r´=0.03) or
Tl (r´=-0.12) (Fig. 3.22c, d), or Se (not shown). Chalcopyrite from vent complex facies is
preferentially enriched in Se, Cd, Sb, Au, Hg, Tl, and Bi, whereas the bedded sulfide
facies hosts chalcopyrite with elevated concentrations of Ga, Ge, Ag, In, Sn, and Pb
(ESM Table S3.4).
3.2.2.1.5 Pyrrhotite
Pyrrhotite is not typically a significant host of volatile elements. Time-resolved LA-ICPMS profiles of pyrrhotite grains from the Heath Steele B zone and Canoe Landing Lake
deposits illustrate the distribution of volatile elements (Fig. 3.23). Figure 3.23a show a
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pyrrhotite single-spot LA profile over the t1-t2 interval. This grain displays a low and
constant Se concentration, whereas the content of the other volatile elements is at or
below detection limits. Pyrrhotite from Canoe Landing Lake deposit has a minor amount
of Zn, whereas the volatile elements occur at background levels (Fig. 3.23b).
The LA-ICP-MS analysis of pyrrhotite (n = 209) shows As, Se, Sb, and Pb
occurring in moderate concentrations relative to other volatile elements (Fig. 3.24).
Arsenic is detectable in most of the grains from the Canoe Landing Lake (n = 23,
TrimMean=275 ppm), Brunswick No. 6 (n = 12 TrimMean=42.8 ppm), Brunswick No.
12 (n = 49, TrimMean=14.8 ppm), and Key Anacon East zone (n = 38, TrimMean=12.8
ppm) deposits. Pyrrhotite also contains Se up to 303 ppm (Fig. 3.24a), Bi up to 310 ppm
(Fig. 3.24b), Pb up to 30600 ppm (Fig. 3.24c), and Sb up to 1777 ppm (Fig. 3.24d). The
Heath Steele B zone and Halfmile Lake Deep zone deposits contain pyrrhotite with As
and Sb concentrations below the hmdl for the majority of the analyzed grains; however,
the trimmed mean concentration of Se in each of these deposits is high, 90.5 and 30.4
ppm, respectively (Fig. 3.24a, d; ESM Table S3.5).
3.2.2.1.6 Arsenopyrite
Although arsenopyrite is a minor mineral phase in massive sulfides of the BMC, it can
contain significant quantities of volatile elements. One hundred and fifty arsenopyrite
grains from the BMC deposits were analyzed. Because the arsenic content of arsenopyrite
is below the analytical detection limits, it is not reported in this study; the relationship
between As and other trace elements could not be quantitatively established. Figure 3.25
displays single spot LA-ICP-MS spectra for selected elements in arsenopyrite from
Brunswick No. 12 and Key Anacon East zone deposits. Not surprisingly single-spot LA147

ICP-MS spectra of arsenopyrite indicate a very high concentration of As showing a
slightly irregular pattern. It is notable that the arsenic background increases above 1000
cps after ablating a spot (Fig. 3.25). The distribution of antimony is variable, e.g., it may
be regular (Fig. 3.25a), or irregular (Fig. 3.25b). Lead in both grains shows highly
irregular patterns and typical higher concentrations in the Brunswick No. 12 sample (Fig.
3.25a). Bismuth is unevenly distributed in both samples.
Comparison of analyses from the cores and rims of arsenopyrite grains shows that
there is no consistency in elemental patterns (Figs. 3.26, 3.27). The core and rim of an
arsenopyrite grain from Caribou deposit contain similar Sb and Au; however, the rim is
enriched in Co, Cu, Ag, In, Pb, and Bi relative to the core (Fig. 3.26a). In contrast, an
arsenopyrite grain from Key Anacon East zone deposit displays the inverse pattern in
terms of core and rim elemental distribution. Ablated rims from the different part of the
grain show slight compositional variation (Fig. 3.26b). The complexity is presented in
Figure 3.27 where arsenopyrite grains in one sample demonstrate variable trace element
variations from core to rim. However, the Sb content is consistent in terms of being the
most abundant trace element in arsenopyrite and ranges from below detection limit to
143000 ppm (Fig. 3.29; ESM Table S3.6).
3.2.2.1.7 Tetrahedrite
A limited number (n = 20) of tetrahedrite grains from the Louvicourt and Brunswick No.
6 deposits were analyzed. Representative single-spot LA-ICP-MS down-hole profiles of
tetrahedrite demonstrate the occurrence of Cu>Sb>As, followed by Fe, Ag, and Zn.
Mercury occurs in moderate concentrations and is regularly distributed, as is Cd, which
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decreases slightly toward the end of ablation. The concentrations of Bi, Pb, and In are
low with irregular patterns (Fig. 3.29).
In addition to Sb and As, some tetrahedrite grains are enriched in Ag (Louvicourt:
0.05-11.5 wt. % and Brunswick No. 6: 17.1-20.7 wt. %), and can be classified as Agtetrahedrite (argentiferous) (Fig. 3.30); in fact, some grains contain more than 20 wt. %
Ag and can be termed as freibergite (Riley 1974). The grains containing higher Sb
accommodate more Ag, whereas those with higher As contain less Ag (ESM Table S3.7).
Zinc also occurs in significant concentration in tetrahedrite and ranges from 5.28 to 13.7
wt. % in Louvicourt samples and from 12.1 to 12.5 wt. % in Brunswick No. 6 samples.
However, no systematic relationship between Zn and Ag is recognized (Fig. 3.30b). The
concentration of Cd (TrimMean 1000 ppm), Hg (TrimMean 395 ppm), Bi (TrimMean
166 ppm), and Pb (TrimMean 2489 ppm) are significant, whereas the concentration of
other volatile elements (Ge, In, Sn, Tl, and Au) are low (ESM Table S3.7).
3.2.2.2 Volatile-element distribution at the deposit scale
Integrated LA-ICP-MS data of all sulfide phases are illustrated in profiles through several
deposits (Figs. 3.31-3.44). The trends are drawn using the mean concentration of each
element in individual minerals and multiplied by the modal percentage of that mineral in
the sample (polished thin section). The final multi-component elemental budget is the
mean of its individual components in every thin section (blue symbols). Also, the sum
total of the mean elemental variation in the sulfide assemblages are plotted (red symbols).
The general trend of the elements in the host tocks is analogous to the pyrite volatile
element profiles presented in Chapter 4. Enrichment in certain volatile element(s) is
observed depending on the sulfide mineral accompanying pyrite; for example, in the pair
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pyrite-chalcopyrite, In concentration is controlled by chalcopyrite which shows a highly
enriched pattern.
3.2.2.3 Volatile elements distribution in the host rocks
3.2.2.3.1 Tetagouche Group deposits
3.2.2.3.1.1 Brunswick No. 12
Sulfide assemblages vary throughout the footwall of Brunswick No. 12, and in turn have
highly variable patterns of volatile elements. In addition to pyrite, which was investigated
extensively (see Chapter 4), chalcopyrite is widespread in the studied drill hole.
Chalcopyrite contains significant amounts of In, Ag, Sn, Bi, and Pb. Chalcopyrite
compositional variation along the stratigraphic profile (Fig. 3.31) shows a rather erratic
distribution of the aforementioned elements. Interestingly, the In content of chalcopyrite
increases with proximity to the ore horizon in the shallow footwall (Fig. 3.31). Pyrite is
the only sulfide phase occurs in the hanging wall of Brunswick No. 12 (four datapoints at
the top of the hanging-wall zone). Although the concentrations of volatile elements are
variable in the hanging wall, Tl, As, Sb, Ag, and Pb increase toward the ore horizon (Fig.
3.32).
3.2.2.3.1.2 Heath Steele B zone
Sulfide minerals are limited to the footwall in drill hole HSB-3409 from Heath Steele B
zone deposit. The lower footwall sedimentary rocks of Patrick Brook Formation contain
pyrrhotite with high Se (mean 15.3 ppm), Ni (mean 3382 ppm), and Co (mean 555 ppm),
whereas the concentration of other volatile elements is generally low (see ESM Table
S3.5). In the upper footwall sedimentary rocks of the Nepisiguit Falls Formation, the
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sulfide assemblage includes pyrite, chalcopyrite, pyrrhotite, and a minor amount of
sphalerite. Integrated LA-ICP-MS data show increasing amounts of volatile elements
including Tl, Sb, Ag, Ga, Ge, Hg, Sn, In, Cd, Te, Se, as well as Zn with proximity to the
ore horizon (more than 100 m distance) (Fig. 3.33).
3.2.2.3.1.3 Halfmile Lake Deep zone
At the Halfmile Lake Deep zone, the proximal structural footwall (<30 metres) shows
sharp enrichment of volatile elements. The structural hanging wall of Halfmile Lake
Deep zone contains trace amounts of pyrite and pyrrhotite, with notable abundances of
volatile elements (Fig. 3.34). In particular, elevated concentrations of volatile elements
such as Bi, As, Au, Ag, Hg, Sn, In, Cd, Ga, Ge, Se, and Te (erratic patterns) occur in the
upper part of Nepisiguit Falls Formation within about 400 m of surface likely along the
strike.
3.2.2.3.1.4 Key Anacon East zone
The footwall of the Key Anacon East zone deposit contains mainly pyrrhotite and pyrite
with subordinate chalcopyrite and sphalerite. The average concentrations of Tl, Ag, Hg,
In, Cd, Zn, and Pb, and to a lesser degree Bi and Sb generally increase with proximity to
the ore horizon (100 metre from the ore horizon). The concentrations of volatile elements
within sulfides of the Flat Landing Brook Formation in the immediate hanging wall are
similar to those in the footwall zone. In the hanging wall, mafic volcanic rocks of the
Little River Formation contain sulfide minerals having variable abundances of volatile
elements. In particular, at the top of the section (30 metre from the surface), pyrrhotite
contains much higher amounts of Se, as well as Ni, Co relative to other volatile elements
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(see ESM Table S3.5). At depths of 180 to 190 metres below surface, sulfides phases are
enriched in all of the volatile elements (except Hg and Ge) (Fig. 3.35).
3.2.2.3.1.5 Louvicourt deposit
The sulfide assemblage in the immidiate footwall of the Louvicourt deposit consists of
pyrite, chalcopyrite, sphalerite, galena, and tetrahedrite. The volatile elements are highly
concentrated within sulfides and Tl, As, Sb, Ag, Ga, Hg, In, Cd, and Zn concentrations
relative to other examined deposits. General increasing trends with proximity to the ore
horizon are seen. The hanging-wall tuff and magnetic argillite contain sulfide minerals
that have volatile elements comparable (in the range) to those of the massive sulfide
horizon (Fig. 3.36).
3.2.2.3.2 California Lake Group deposits
3.2.2.3.2.1 Armstrong A
The immediate footwall of the Armstrong A deposit contains mainly pyrite and minor
arsenopyrite that, with the exception of Hg, Sn, Cd and Zn, have volatile element
concentrations similar to the massive sulfide horizon. The average modals orders of
magnitude are different than the average values due to occurrence of anomoulus amount
of one or more of sulfide minerals in the thin section. The presence of arsenopyrite is
marked by a jump in the concentrations of Bi, Tl, Sb, Au, Ga, Ge, Se, Sn, and In. Pyrite
from the immediate hanging wall contains volatile elements in the same range of the ore
horizon (Fig. 3.37).
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3.2.2.3.2.2 Restigouche
The only sulfide phase in the deep footwall of the Restigouche deposit is pyrite, which
occurs as much as 225 m below the ore horizon. The sulfide assemblage in the very
proximal footwall consists of pyrite and minor chalcopyrite and sphalerite. In the
footwall, volatile elements, i.e., Bi, Tl, Ag, Ga, Se, Hg, Sn, In, Cd, Te, and Zn show
general increasing trends toward the ore horizon. In contrast, As concentrations decrease
with proximity to the ore horizon. A limited number of samples in the hanging wall
contain pyrite with anomalously high mean Tl and As relative to the ore horizon. The
only sample from the immediate hanging wall contain pyrite with elevated Tl, As, Au,
Ga, Ge, Te, Ni, and Co relative to the ore horizon (Fig. 3.38).
3.2.2.3.2.3 Canoe Landing Lake
At the Canoe Landing Lake deposit, footwall rocks contain pyrite and minor chalcopyrite
proximal to the massive sulfide horizon. In the footwall, the average modal values of Tl,
Sb, Hg, and Pb increases incrementally toward the ore horizon. A similar pattern is
recognized in the proximal hanging wall. In the shallow hanging wall variably elevated
volatile element concentrations, i.e., Bi, Tl, As, Se, Hg, Cd, Te, Pb, and Co are detected
over 200 m above the sulfide horizon in mafic and sedimentary rocks (Fig. 3.39).
3.2.2.4 Volatile element distribution in the massive sulfide horizons
3.2.2.4.1 Tetagouche Group deposits
3.2.2.4.1.1 Brunswick No. 12
Limited samples from the ore horizon (samples belong to different facies are marked in
Appendix 1) of Brunswick No. 12 display the typical zonation in terms of mineralogy
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and sulfide chemical variation. Samples from the bedded sulfide facies are enriched in
As, Sb, Ga, Se, and to a lesser extent Hg. In contrast, vent complex samples are elevated
in Bi, Ag, Sn, Ni, and Co. At the top of the sulfide horizon, samples are dominated by
pyrite (90 %) and subordinate sphalerite, chalcopyrite, and pyrrhotite and can be
categorized as bedded pyrite. Volatile elements within bedded pyrite are typically in
lower concentration relative to bedded sulfide samples (see Fig. 3.32; see ESM Table
S3.1).
3.2.2.4.1.2 Brunswick No. 6
The bedded (Zn-Pb) zone at Brunswick No. 6 (Drill hole B-259) shows a subtle chemical
variation along the sulfide horizon as a result of the occurrence of minor minerals in
some samples. The Bi, Sb, Ag, and In concentrations are higher within the sulfides at the
top of the sulfide horizon (45 meters depth) relative to the middle part of the sulfide
horizon of Zn-Pb zone at Brunswick No. 6 (Fig. 3.40). The vent complex (Cu) zone at
Brunswick No. 6 (Drill hole B-238) is dominated by pyrite, chalcopyrite, pyrrhotite with
minor sphalerite and galena. Variation of Bi (22923 ppm in TrimMean), Tl (183 ppm in
TrimMean), Sb (4021 ppm in TrimMean), Ag (196 ppm in TrimMean), Se (1144 ppm in
TrimMean), Sn (64.6 ppm in TrimMean), In (40.9 ppm in TrimMean), and Cd (222 ppm
in TrimMean) are pronounced (sample B-238-1351) (Fig. 3.41).
3.2.2.4.1.3 Halfmile Lake Deep zone
The zonation of sulfide horizon of drill hole HN-99-119 can be differentiated based on
mineralogy and chemical variations. The bedded sulfide facies (sample at 1214 m) show
elevated concentrations of Bi, Tl, As, Sb, Au, Ag, Ga, Ge, Se, Pb, and slightly In and Te
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relative to the bedded pyrite (sample at 1204 m). The bedded pyrite at the top of the
horizon is distinctly depleted in all volatile elements, except Hg and Sn (Fig. 3.42).
3.2.2.4.1.4 Key Anacon East zone
The zonation of sulfide horizon at the Key Anacon East zone is differentiated based on
mineralogy and chemical variation in vent complex and bedded sulfide facies (Fig. 3.43).
The transition from vent complex to bedded facies sulfides (see Appendix 1 for sample
type) is marked by a significant increase in pyrite (see Chapter 4 and ESM Table S3.1)
most probably at the expense of pyrrhotite, and by the occurrence of arsenopyrite in
bedded sulfide facies, enriched in all of the volatile elements. At higher levels in the
bedded sulfide horizon, there is little chemical variation.
3.2.2.4.1.5 Louvicourt
At the Louvicourt deposit, volatile elements are highly enriched and variable within the
sulfide horizon but do not show any clear zonation (Fig. 3.36).
3.2.2.4.2 California Lake Group deposits
3.2.2.4.2.1 Caribou
The bedded sulfide facies at the Caribou deposit is variably enriched in volatile elements.
Within 20 metres of the bedded sulfide facies, variations of most elements are evenly
distributed with exception of notable enrichment of Zn, Hg, Cd, and to a lesser extent Ga,
Ge, Sb, Sn, and Ni within the pyrite, sphalerite, galena, and minor chalcopyrite
assemblage at the top of the horizon (Fig. 3.44). Very proximal stringer zone contains
sulfides in which Bi, As, Sb, Au, Ag, Sn, In, Cd, Zn, and Co sharply increase with
proximity to the ore horizon.
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3.2.2.4.2.2 Armstrong A
The massive sulfide lens at Armstrong consists of pyrite and subordinate chalcopyrite,
sphalerite, and arsenopyrite. Within the ore horizon of Armstrong A deposit, the variation
of volatile elements varies slightly depending on the sulfide assemblage. The presence of
minor amounts of arsenopyrite is marked by enrichment in Bi, Sb, Au, and Se (Fig. 3.37).
3.2.2.4.2.3 Restigouche
At the Restigouche deposit, the bedded sulfide facies shows elemental zonation,
specifically, Tl, Sb, Au, Ag, Hg, Sn, and Ni increase toward the hanging wall in the upper
part of the sulfide horizon, whereas Se, Te, and Co increase toward the footwall (Fig.
3.38).
3.2.2.4.2.4 Canoe Landing Lake
The chemical variation within sulfide horizon of Canoe Landing Lake is stable for most
of the elements. However, Tl, Se, Sn, In, Te, Ni, and Co clearly decreases toward the top
of the sulfide horizon (Fig. 3.39).
3.3
3.3.1

Discussion
Volatile elements

3.3.1.1 Volatile element source
Based on the genetic model of VMS deposits worldwide, the composition of all massive
sulfides is controlled by the rock-forming mineralogy of the footwall stratigraphy through
leaching of ore-metals by convection of hydrothermal fluids as well as magmatic input
(Franklin et al. 1981, 2005; Lydon 1988a, b; Yang and Scott 1996; Scott et al. 1997).
First, the continentally derived sedimentary rocks of Miramichi Group, which are the
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basement to the volcano-sedimentary host rock and massive sulfide deposits of the BMC,
are a likely source of base and precious metals (Goodfellow et al. 2003a, b; McClenaghan
et al. 2003). Black shale of the Patrick Brook Formation (top of Miramichi Group) has
significant mean concentrations of Hg (33.6 ppm), Tl (1.17 ppm), S (4.76 ppm), Sn (4.89
ppm), As (31.2 ppm), and Ga (25.6 ppm), and trace abundances of the other volatile
elements (Goodfellow et al. 2003a, b; compiled data).
In general, the second potential source for volatile elements comprises the felsic
volcanic and volcaniclastic rocks in the immediate footwall, which were leached during
hydrothermal fluid circulation (Doe 1994; Hannington et al. 1995). The metal budget of
VMS deposits is related to the tectonic setting and the magmatic evolution of host
volcanic rocks (Sawkins 1990). Ore metals and volatiles are found to be enriched in the
residual melt during the fractionation of the arc-related magmas (Stanton 1994). The
magmas that formed the volcanic rocks hosting the BMC deposits originated by partial
melting of an amphibolite-grade lower crust fuelled by emplacement of mafic magmas
into the lower crust (Lentz 1999). The high Th rhyolites that constitute > 65% of the
bimodal suites in the Bathurst Mining Camp are enriched in incompatible elements, as
well as Pb and Zn. Although the chemical variation of volcanic rocks in the BMC is well
documented, the volatile element concentrations, with the exception of Ga (and Zn), have
not been examined in detail (Rogers et al 2003a).
The third possible source of the volatile element budget of the BMC massive
sulfides is via direct contemporaneous magmatic volatile degassing, which can directly
contribute ore metals and volatiles in the hydrothermal system (Large 1992; Hannington
et al. 1995; Solomon and Zaw 1997; Goodfellow and McCutcheon 2003; Yang and Scott
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1996, 2003; McClenaghan et al. 2006). Emplacement of plutons co-magmatic with felsic
volcanic host rocks (I to A type), within the footwall rocks of the Miramichi Group
(Whalen et al. 1998), can potentially contribute volatiles and heat to the hydrothermal
system. In the VMS deposits of the BMC, the source of Sn, In, Au, As, and Sb is thought
to be dominantly from magmatic fluids (Goodfellow and McCutcheon 2003). According
to McClenaghan et al. (2003), Au was likely supplied to the massive sulfide deposits
during degassing of metal-rich magmatic fluids. McClenaghan et al. (2003) also suggest
that the more radiogenic Pb isotope composition of sulfides from the California Lake
Group and the positive correlation between Au and sulfide tonnage suggest greater
involvement of high-level Ordovician magma bodies as metal sources in the California
Lake block. Moreover, a detailed study of Louvicourt deposit has shown that elevated
Sb-Ag-Au-Tl-Hg content of this deposit may be analogous to other high sulphidation
VMS deposit, which may be associated with the magmatic source (McClenaghan et al.
2006). A modern example from PACMANUS contains sulfides enriched in Pb, As, Sb,
Bi, Hg, and Te. High Pb concentrations in VMS deposits are typical for felsic-hosted
systems with Pb derived from break-down of feldspars and clay (Barrie and Hannington
1999). The volatile element signature of these deposits is a function of the various
magmatic volatile inputs (fluids and host rocks) and physicochemical conditions at the
site of deposition (e.g., Stanton 1994; Hannington et al. 1995; Yang and Scott 1996).
3.3.1.2 Transport mechanisms of volatile elements
The transport of metal in hydrothermal systems can be understood in terms of the theory
of hard and soft Lewis acids and bases (Pearson 1963; Ahrland 1968; Parr and Pearson
1983). According to this classification, the volatile elements of interest in this study
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belong to the group of soft metals (i.e., Ag+, Au+, Au3+, Hg2+, Cd2+, Sn2+, Tl+, Tl3+), as
well as borderline metals (Bi3+, and probably As3+ and Sb3+). Because the soft metals
tend to combine with soft ligands, the bisulfide and thio-complexes are likely the most
important ligands in hydrothermal systems of VMS deposits. Since the hard-soft model is
temperature dependent, increasing temperature leads to harder interaction between metal
and ligands and the dominancy of chlorocomplexes. Transport of Au in the BMC is
attributed to Au-chlorocomplexes rather than the Au-bisulfide complexes (McClenaghan
et al., 2003). Also, other complexes based on the stability of the complex and availability
of the ligands can play role in metal transporting, for example, thioarsenic (As3S63-)
complexes can be the dominating complex in some circumstances.
Mercury can be transported in hydrothermal fluids as a bisulfide complex, as well
as aqueous or gaseous Hg0, whereas Hg+-chloride complexes are relevant only under
oxidizing conditions. The stable Hg complex was likely the hexaquomercury species,
which is expected to play a major role in the transport of Hg in hydrothermal fluids at
temperatures higher than 250°C (Barnes and Seward 1997). Experiments show that Hg
from a shale source can be lost during the early stages of the greenschist facies
metamorphism (Barnes and Seward 1997), based on devolatilization and other fluid-rock
reactions.
3.3.1.3 Deposition
3.3.1.3.1 Occurrence of volatile elements in individual sulfide phases
Incorporation of volatile elements in sulfides can be controlled by: 1) non-stoichiometric
substitution in the crystal, 2) stoichiometric substitution in the crystal, and 3) micro- to
nano-scale inclusions of other phases (cf. Fleet et al. 1989; Huston et al. 1995). Any
159

combination of these processes is possible, in particular in regionally or contact
metamorphosed sulfide bodies in general and in any complex fine-grained sulfide
assemblages.
As stated previously (see section 3.5), the LA-ICP-MS data collected during this
study can identify large inclusions (depending on crater size); however, this technique
cannot distinguish between structural substitution and homogeneously distributed nanoscale inclusions. The multi-element data obtained during LA-ICP-MS analysis provides
the opportunity of monitoring a large number of elements simultaneously. The results in
checking concurrent variations of different trace elements within the laser spectra reveal
inter-element correlation within a specific sulfide grain.
3.3.1.3.1.1 Pyrite
Incorporation of elements within the pyrite structure is summarized from research
conducted over decades from different ore deposits (see Chapter 4 for a comprehensive
summary). In pyrite from the BMC deposits, As can occur as non-stoichiometric
substitution, as well as As-bearing inclusions (McClenaghan et al. 2003; 2004; Chapter
4). Substitution of As in the pyrite structure causes a charge imbalance that allows
incorporation of trivalent cations of Mn3+, Au3+, Sb3+, and possibly Bi3+ (Cook and
Chryssoulis 1990; Huston et al. 1995). A stoichiometric substitution mechanism is
suggested for Se and Te in pyrite (Huston et al. 1995; Maslennikov et al. 2009; Deditius
et al. 2011). In this study, LA-ICP-MS analyses of 669 pyrite grains (and n=868 see
Chapter 4) from widely diverse textures failed to identify the presence of Au as nanoparticles. However, McClenaghan et al. (2004) reported the presence of absorbed submicroscopic Au-Ag alloy on As-rich surfaces of secondary pyrite (and arsenopyrite).
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Thallium occurs isomorphically replacing iron in the pyrite structure, where the
concentration of Tl is relatively low at <2000 ppm (Fan et al. 2014). Thallium correlates
positively with As in pyrite, and is consistent with a model of Me3+(AsS)3- substituting
for Fe2+(S2)2- (Cook and Chryssoulis 1990). Primary pyrite is enriched in both Tl and As,
suggesting a syngenetic relationship. In fact, the degree of metamorphic recrystallization
seems to be inversely proportional to the concentration of Tl and Au within pyrite,
because it promotes the removal of metastable As dissolved in the pyrite structure and
consequently Tl and Au (Huston et al. 1995; McClenaghan et al. 2004, 2009). Cadmium,
In, Sn, and Hg occur in low concentrations in pyrite, likely by substituting into the Fe in
the pyrite structure.
As suggested by other studies (Large et al. 2009; Maslennikov et al. 2009;
Melekestseva et al. 2013), the LA-ICP-MS of texturally-distinct pyrite in the current
study suggests that early forms of pyrite (framboidal, colloform, and massive) contain
higher levels of trace elements. Recrystallization of pyrite results in the loss of these
elements from the pyrite structure and their subsequent redistribution into other sulfide
phases as discrete grains (commonly as inclusions in pyrite). It is, however, controversial
as to how recrystallization affects elements occurring via stoichiometric substitution,
such as Ni and Co, as well as Se and Te in the pyrite structure.
3.3.1.3.1.2 Sphalerite
Sphalerite hosts a broad range of trace elements, including volatile elements (Cook et al.
2009; Ye et al. 2011; Efimenko et al. 2014; Lockington et al. 2014; WohlgemuthUeberwasser et al. 2015). Trace-element content of sphalerite is directly controlled by the
sphalerite formation temperature (Cook et al. 2009 and references therein). Bethke and
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Barton (1971) also list the source of metals, fluid composition, and evolution, cooling
history, coexisting sulfides, and the amount of sphalerite in the system can all affect the
trace-elemental distribution within sphalerite. For instance, Co and In are concentrated in
hypo- and mesothermal ores, whereas Ga and Ge (Hg and Sn) are concentrated in lowertemperature ores and the formation temperature for Ge-rich sphalerite is lower than Garich sphalerite. The occurrence of elements in sphalerite is controlled by both crystal
structure substitution and inclusions. LA-ICP-MS data obtained in this study support the
substitutional processes controlling sphalerite compositions. Zinc is practically always
isomorphously replaced by Fe, as indicated by the inverse correlation of Fe and Zn (see
Cook et al. 2009 and references therein). Partial solid solution exists between FeS and
ZnS; up to 56 mol% FeS can replace ZnS under laboratory conditions (Vaughan and
Craig 1978). Copper occurs in concentrations over a wide range in sphalerite, which
plays a significant role as charge-balance assisting element for the coupled substitution
mechanisms responsible for the incorporation of the trace elements in sphalerite. Strong
binary correlations suggest direct substitutions as Zn2+ ↔ (Fe2+, Cd2+) and coupled
substitutions as 2Zn2+ ↔ Cu+ + Sb3+, 3Zn2+ ↔ Ge4+ + 2Ag+, and 3Zn2+ ↔ In3+
+ Sn3+ +

(vacancy) despite no clear evidence for the presence of Sn4+ (Tauson et al.

1977, 2005; Pattrick et al. 1998; Cook et al. 2009a; Ye et al. 2011; Belissont et al. 2014).
Flat LA-ICP-MS patterns for In indicate structure-bound substitution via coupled
substitution with Cu (Cook et al. 2009). It is possible that As occurs within sphalerite as a
replacement for S. In addition sphalerite can host Se and Te, and may form solid
solutions with sphalerite (for Se: ZnSe, stilleite; for Te: ZnTe). The occurrence of high
concentrations of the volatile elements in sphalerite is most likely attributed to inclusions
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of discrete minerals (Cook et al. 2009). The incorporation of Sb and As in sphalerite
occurs via inclusions (Cook et al. 2009; Maslennikov et al. 2009). Higher Ag
concentrations, particularly when high Pb values are also attributed to small inclusions of
discrete minerals.
3.3.1.3.1.3 Galena
George et al. (2015b) presented a comprehensive database, which show galena can host
an extensive range of elements (e.g., Ag, Sb, and Bi). Silver is substituted into the galena
structure via the simple 2Ag+ ↔ Pb2+ substitution (maximum 0.4 mol % at 615 °C; van
Hook 1960). This replacement reaction via this mechanism cannot produce a level in
excess of 0.1 mol % without a coupled Bi or Sb substitution (Pring and Williams 1994).
This process is explained via the coupled substitution Ag++(Bi, Sb)3+ ↔ 2Pb2+
(Costagliola et al. 2003; Chutas et al. 2008; Renock and Becker 2011). Since the
solubility of Ag2S in galena is too small to allow solid solution in appreciable amounts at
realistic depositional temperatures (200-300°C), coupled substitution allows the
incorporation of Ag into galena either as miargyrite (AgSbS2) or matildite (AgBiS2)
(Chutas et al. 2008). This coupled substitution is temperature dependent, and can reach a
complete solid solution at temperatures above 420°C (van Hook 1960; Hoda and Chang
1975; Amcoff 1976; Sharp and Buseck 1993; Ghosal and Sack 1999). Foord et al. (1988)
and Foord and Shawe (1989) have shown that Ag solubility in galena can reach to 9.4
wt% at temperatures between 350° and 400°C via this coupled substitution mechanism.
Also, Chutas et al. (2008) argued that Bi is preferentially incorporated relative to Sb
during coupled substitution. LA-ICP-MS of galena from a variety of ore deposits
examined by George et al. (2015b) confirmed the Ag++(Bi,Sb)3+↔ 2Pb2+ substitution;
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however, the mol % Ag within the galena structure cannot exceed mol % levels of Bi+Sb,
or else sub-micrometer-scale inclusions of other Ag-bearing phases will occur (Sharp and
Buseck 1993; Lueth et al. 2000; Cook and Ciobanu 2003). However, at higher
concentrations of Bi+Sb (≥ 2000 ppm), Ag does not strongly correlate with Bi+Sb,
suggesting site vacancies [2(Bi,Sb)3++ ↔ 3Pb2+] as another influential substitutional
mechanism (George et al. 2015b). In addition, depending on the dominancy of Bi or Sb,
micro-inclusions of Bi/Sb-bearing phases are inferred. Galena from Hackett River Main
zone, Nunavut, Canada display a strong positive correlation between Ag and Bi,
especially in type 2b mineralization, via structure substitution and sporadic inclusions
(Grant et al. 2015). The absolute concentration of Bi and Sb within galena is highly
variable among the studied deposits, suggesting different substitution mechanisms. For
example, galena from the Caribou deposit contains high concentrations of Bi (2660
to11980 ppm) relative to Sb (5.97 to 93.2 ppm) (see ESM Table S3.3). The positive
correlation between Ag and Bi, suggest that AgBiS2 is most likely the mineral species
responsible for the apparent partitioning of Ag into galena. In contrast, galena grains
from the Restigouche deposit have much lower Bi (0.08 to 826 ppm), but are highly
enriched in Sb (166 to 1680 ppm), implying that the AgSbS2 species is responsible for the
Ag content of galena (see Grant et al. 2015). Galena from the Cu zone of Brunswick No.
6 contains significant Bi (36000 to 328000 ppm), and has silver concentrations that range
from 884 to 1321 ppm (ESM Table S3.3). Zulu (2012) noted that galena from the Key
Anacon deposits are enriched in Bi relative to Sb (microprobe analyses), and are in
agreement with results of this study (avg. Bi=1161 ppm and avg. Sb=747 ppm), and
suggest that AgBiS2 was likely responsible for the Ag content of galena from Key
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Anacon. Also, Bi/Sb increases towards the base (higher temperature part) of the massive
sulfide lens. LA-ICP-MS analyses of galena detect slight irregularities in Sb profiles and
also visible Bi humps in some grains, suggesting that mineral inclusions are responsible
for elevated Sb and Bi.
The solubility of AgAsS2 in galena has been quantified by Renock and Becker
(2011). However, the coupled substitution process for the occurrence of As in galena was
not confirmed (Chutas et al. 2008; George et al. 2015b). Galena analyzed in this study,
specifically those galena grains with higher As concentrations (0.11 to 390 ppm),
typically have elevated Ag values (54.6 to 7200 ppm) (ESM Table S3.3); however, the
absence of a correlation (r´=0.16) between Ag and As negates the possibility of a perfect
coupled substitution. LA-ICP-MS profiles (see Fig. 3.18b) do suggest that As likely
occurs as a structure substitution. This is better to be evaluated by another microanalytical technique.
Thallium values of up to 0.27 ppm are reported for galena from Säkkijärvi,
Finland (Shaw 1952). Murao and Itoh (1992) reported Tl from Kuroko-type ore, in which
Tl is more enriched in yellow ore and pyrite concentrates than in Zn-Pb concentrates.
Nriagu (1998) documented Tl concentrations up to 20 ppm in galena. Also, the lower Tl
content of galena relative to pyrite is reported from the Drenchwater sediment-hosted
massive sulfide deposit, Brooks Range, Alaska (Graham et al. 2009). George et al.
(2015b) documented Tl concentrations of 1.2 ppm in galena from Broken Hill and 248
ppm in the Bleikvassli deposit. LA-ICP-MS flat time-resolved down-hole spectra for Tl
suggest structure substitution in galena. Therefore, the proposed coupled substitution is
(Ag, Cu, Tl)++(Bi,Sb)3+ ↔ 2Pb2+, showing strong positive relationships in galena from
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epithermal and SEDEX deposits (see George et al. 2015). Positive correlations of Ag, Cu,
Tl with Bi, Sb supports the multi-component coupled substitution mechanism in galena.
LA-ICP-MS analyses of galena from the BMC deposits typically have Tl
concentrations above 10 ppm in most deposits (up to 1225 ppm for some galena grains of
Brunswick No. 6); however, the majority of galena grains from the Louvicourt deposit
are lower from 2.39 to 78.1 ppm, as are some galena from the Restigouche deposit (2.33
to 50.6 ppm; ESM Table S3.3). The smooth time-resolved down-hole spectra for Tl in
these galena grains suggest that Tl occurs via structure substitution.
Selenium can substitute for S in the galena structure, forming a solid solution of
galena and clausthalite (PbSe) above 300°C (Coleman 1959; Chang 1994). Selenium
concentration in galena reaches 1742 ppm in the metamorphosed SEDEX Bleikvassli
deposit (George et al. 2015b and references within). In the BMC selenium concentrations
in galena vary extensively (from 1.15 to 6530 ppm) among the deposits investigated
(ESM Table S3.3). The highest Se values belong to some samples from Brunswick No. 6
and Halfmile Lake Deep zone deposits. Here Se is distributed uniformly throughout the
ablated portion of the galena.
The highest Te (41.6 ppm in TrimMean) concentration is observed in galena
grains from Brunswick No. 6, in which Se (1881 ppm in TrimMean) is elevated. The
occurrence of Te in galena is most likely controlled by the presence of micrometer- to
submicrometer-scale inclusions of altaite (PbTe). A continuous solid solution between
galena and altaite does not exist due to miscibility gaps between end-members below
805°C (Darrow et al. 1966; Chang 1994).
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Tin occurs in the lowest concentrations in most Louvicourt galena analysed but
are wide ranging (0.04-2250 ppm), with the exception of some grains having abnormal
Sn content due to the occurrence of Sn-bearing inclusions. Tin has its highest
concentration in some grains from Brunswick No. 6 (0.48-179 ppm), Brunswick No. 12
(8.64-133 ppm), and Key Anacon East zone (81.2-131 ppm). George et al. (2015)
reported notable Sn concentrations (up to 619 ppm) within galena from the Bleikvassli
deposit. Bethke and Barton (1971) and Tauson et al. (1986) demonstrated that Cd and Hg
could be incorporated into galena via solid solution; however, Ga, In, and Hg
concentrations of galena obtained in the present study never exceed <2.2 ppm.
3.3.1.3.1.4 Chalcopyrite
Indium, Ag, and Se and to a lesser extent Sn and Zn are the most common substitutions
within chalcopyrite (Fleischer 1955; Campbell et al. 1985; Huston 1995). Indium, which
substitutes into the Fe site, is the most extensive substitution within chalcopyrite. Indium
concentrations in chalcopyrite are reported from Australian massive sulfide deposits up to
100 ppm (Huston et al. 1995). Significantly high concentrations of In are recorded from
the Kidd Creek deposit (Campbell et al. 1985). Previously, chalcopyrite from Brunswick
No. 12 was found to have a mean In value of 35 ppm and range from 16 to 43 ppm
(McClenaghan et al. 2009). The In content of all chalcopyrite examined in this study
varies widely among all of the deposits ranging from 0.05 to 1341 ppm. Indium content
of chalcopyrite is highest from the Brunswick No. 12 (up to 950 ppm) and Louvicourt (up
to 1341 ppm) deposits.
Three mechanisms have been suggested to explain the presence of Ag in
chalcopyrite: 1) Ag substitution within the crystal structure, 2) presence of sub167

microscopic inclusions of Ag-bearing minerals, or 3) presence of a several-micron-thick
oxidized Ag film on the surface of the chalcopyrite (Chen et al. 1980; Harris et al. 1984;
Cabri 1992; Grant et al. 2015). In VMS deposits, chalcopyrite can host significant
amounts of Ag via structure substitution. Prouvost (1966) showed that chalcopyrite can
contain 5 to 8 wt. % of Ag in solid solution, primarily substituting for Cu. Harris et al.
(1984) reported that 76% of the Ag budget in the Izok Lake VMS deposit occurs within
chalcopyrite as a solid solution. In the stringer zone of the Kidd Creek deposit, 60% of
the Ag occurs as a solid solution within chalcopyrite (Cabri 1992). Similarly, eastern
Australian VMS deposits contain Ag-bearing chalcopyrite (Huston et al. 1996). Grant et
al. (2015) reported Ag-bearing chalcopyrite in higher temperatures part of VMS system.
McClenaghan et al. (2009) reported a mean Ag value of 6.4 ppm (ranging from
1.6-18 ppm) from chalcopyrite of Brunswick No. 12. Silver of the analyzed chalcopyrite
in this study varies from 0.15 to 13100 ppm, with the highest Ag in chalcopyrite from the
Louvicourt deposit, which is most likely structure bound substitution as suggested by
smooth Ag profiles.
Selenium substitutes for S in the chalcopyrite structure. General enrichment of Se
in chalcopyrite is a factor of fluid temperature, with the highest solubility of Se in fluids
of ̴ 350 ˚C (Hannington et al. 1991; 1995; 1999a, b; Huston et al. 1995; Butler and
Nesbitt 1999; Revan et al. 2014). Chalcopyrite from the Cu zone of Brunswick No. 6
contains three times the Se content of chalcopyrite in the Zn-Pb zone (see ESM Table
S3.4).
Sn-rich volcanic-hosted massive sulfide deposits (e.g., Kidd Creek and Neves
Corvo) and most Sn deposits are characterized by reduced mineral assemblages
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(Patterson et al. 1981; Campbell et al. 1985). The enrichment of Sn in chalcopyrite only
occurs in reduced, Cu-rich deposits, because Sn can only be transported in significant
quantities under reducing conditions and at high temperatures (Eugster 1986). High Sn
concentrations are a specific feature of medium- to high-temperature sulfides from VMS
deposits (Hannington et al. 1999a). Because sulfides may incorporate Sn at high
temperatures (300-500 °C), it is likely that Sn2+ substitutes for Fe2+ in the high
temperature chalcopyrite (Maslennikov et al. 2009). Tin varies significantly among the
BMC deposits, with the highest concentrations occurring in the more reduced and
strongly metamorphosed Brunswick No. 12 and 6 deposits. Tin in chalcopyrite from
Brunswick No. 12 noted by McClenaghan et al. (2009), ranges from 370 to 1687 ppm
and averages 1323 ppm, whereas LA-ICP-MS analyses of chalcopyrite from Brunswick
No. 12 (this study), shows Sn ranging from 11.2-16600 ppm.
The occurrence of trace amounts of Te in chalcopyrite from the vent complex is
attributed to structural substitution (Huston et al. 1995; Butler and Nesbitt 1999), or as
micro inclusions of tellurides and sulfotellurides (Maslennikov et al. 2013). Oxidation of
Te on the surface of the outer walls of chimneys at temperatures below 230°C and under
strongly oxidized conditions (Jaireth 1991) can result in the formation of tellurides.
Reported high Te content (1840 ppm) occurs within the outer walls of the hydrothermal
chimneys from the Upper-Cretaceous VMS deposits, NE Turkey (Revan et al. 2014).
The mean Te content of chalcopyrite from this study of sulfides in the BMC averages
1.78 ppm and ranges from 0.16 to 77 ppm.
Arsenic and Sb also occur at low levels in chalcopyrite. Information on
concentration and mechanisms of substituting of As and Sb in chalcopyrite is not
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comprehensive. Huston et al. (1995) suggested that high concentrations of As (> 500
ppm) coupled with low levels (< 100 ppm) of Sb and Ag in examined chalcopyrite, due
to the existence of tetrahedite-tennantite (Td-Tn) is not likely. On the other hand,
Wohlgemuth-Ueberwasser et al. (2015) reported chalcopyrite analyzed by LA-ICP-MS,
which showed inclusions of sulfosalts or tetrahedrite-tennantite. Chalcopyrite from the
Brunswick No. 12 deposit contains mean As and Sb concentrations of 286 and 11 ppm,
respectively (McClenaghan et al. 2009). The majority of the chalcopyrite grains
examined in this study contain less than 500 ppm As. Several chalcopyrite grains, mostly
from the Louvicourt deposit, have high As concentrations (up to 37000 ppm). The As
content correlates positively with the high Sb (up 29800 ppm) and suggests the
occurrence of As-Sb inclusions, such as Td-Tn, galena, and/or sulfosalts. Substitution of
As into the chalcopyrite structure likely occurs via replacement the trivalent Fe site.
Raven et al. (2014) reported Tl values up to 40.5 ppm within chalcopyrite, which
varies from inner to outer part of the examined chimneys from hydrothermal chimneys
from the Upper-Cretaceous VMS deposits, NE Turkey. Thallium concentrations of
chalcopyrite examined in the present study are up to 30 ppm. Chalcopyrite from the vent
complex is differentiated from the bedded sulfide facies by relatively lower Tl values.
Chalcopyrite also has elevated As (up to 1138 ppm), Se (up to 236 ppm), and Ag
concentrations (up to 529 ppm).
3.3.1.3.1.5 Pyrrhotite
Pyrrhotite is a non-stoichiometric compound of iron sulfide (Fe1-xS), where x varies from
0 (FeS) to 0.125 (Fe7S8). The non-stoichiometry is due to a system of ordered vacancies
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within the Fe structure (Vaughan and Craig 1978). Substitution of Ni, Co, Mn, and Cu
occurs for Fe and Se is likely replaced of the S in the pyrrhotite structure.
3.3.1.3.1.6 Arsenopyrite
Antimony can occur in significant amounts in arsenopyrite as a result of direct
substitution for As (Huston et al. 1995). Most probably other trivalent ions, e.g., Bi can
substitute in the same manner. Arsenopyrite can accommodate Au in solid solution where
it exchanges for Fe sites (Wu and Delbove 1989; Fleet and Mumin 1997; Cabri et al.
2000; Liang et al. 2014).
3.3.1.3.1.7 Tetrahedrite
In addition to the occurrence of Sb and As in the tetrahedrite (Td)-tennantite (Tn) solid
solution series, a broad range of elemental substitutions have been reported. Structure
bound substitution is responsible for this chemical complexity. Antimony and As show
complete mutual substitution in the semi-metal sites (SM) between the tetrahedrite
(Cu12Sb4S13) and tennantite (Cu12As4S13) end-members (Johnson et al. 1986; Breskovska
and Tarkian 1994; Mishra and Mookherjee 1991). Tetrahedral (TET) sites substitution
introduces other compositional end-members, such as ferroan tetrahedrite, zincian
tetrahedrite, and mercurian tetrahedrite (Seal et al. 1990; Sack 1992). In the Td-Tn
structure, two out of six triangular sites are occupied by Zn2+ and Fe2+, whereas the other
four sites contain Cu+ and potentially Ag+. Likewise, silver can be substituted for Cu+ in
freibergite rather than Cu2+ atoms via coupled substitution (Kalbskopf 1972). Trace
elements, such as Hg, Co, and Ni, can substitute into the two Fe-Zn sites. Four triangular
sites are ﬁlled with Sb, As, Bi, and/or Te. Sulphur occupies 12 tetrahedrally and one
hexagonally coordinated site and can be substituted by Se (Makovicky 2006 and
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references therein). Thermodynamically, simultaneous incorporation of Ag and As, and
Ag and Zn into Td-Tn is inhibited (O’Leary and Sack 1987; Sack 2005; Sack and
Goodell 2002; Sack et al. 2003,). Tin and Ge can be substituted for the semi-metals
through charge balanced exchange (Sn,Ge)2+ + (Fe,Zn)2+ ↔ (As,Sb)3+ + Cu+ or (Sn,Ge)2+
+ Fe3+ ↔ (As,Sb)3+ + Fe2+. Other studies report the presence of Pb, Co, Ni, Au, and Mn
within Td-Tn (Bishop et al. 1977; Pattrick and Hall 1983).
3.3.2

Volatile elements distribution in massive sulfides of the BMC

3.3.2.1 Volatile-element zonation
The large database of coexisting sulfides presented herein allows the assessment of
volatile-element partitioning and elemental zonation in various hydrothermal facies. In
the following comparison, the equilibrium state is not necessarily considered.
The integrated sulfide LA-ICP-MS data from various hydrothermal facies of some
deposits do show a distinct chemical zonation (Fig. 3.45). For example, at Brunswick No.
6, the mean Se and Bi concentrations are higher in the Cu zone (Fig. 3.45a). Gallium, Ge,
Ag, In, Sn, Sb, and Au are typically enriched in Zn-Pb zone of Brunswick No. 6 deposit
(Fig. 3.45a). The bedded sulfides at the Key Anacon East zone deposit consists of pyrite,
sphalerite, galena, and subordinate chalcopyrite and arsenopyrite. This zone has higher
mean concentration values of all volatile elements relative to the vent complex (pyrite,
chalcopyrite, pyrrhotite, and minor sphalerite). In addition, volatile elements from the
stringer zone sulfides have a lower mean concentration of volatile elements relative to the
bedded sulfide and vent complex facies (Fig. 3.45b).
The chemical zonation in each sulfide facies can be a reflection of the variability
in the composition of the major sulfide minerals (see Figs. 3.7 and 3.8). Both sphalerite
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and chalcopyrite occur in different sulfide facies of the studied deposits. Potentially, the
chemical differences in sphalerite and chalcopyrite from different sulfide facies represent
the chemical zonation footprint of that horizon.
Figure 3.46a shows a chemical variation of sphalerite from Zn-Pb and Cu zones
of the Brunswick No. 6 deposit. Sphalerite from Zn-Pb zone is Fe-poor relative to Cu
zone. Sphalerite from Zn-Pb zone is enriched in Mn, Ga, As, In, Sn, Au, Tl, Pb, and Bi,
whereas sphalerite from the Cu zone is enriched in Se (ESM Table S3.2). At the Key
Anacon East zone deposit, sphalerite from the bedded facies has higher mean Ag, Sb, Tl,
and Pb concentrations and lower Co than the Cu zone; however, the In and Bi
concentrations of sphalerite from the two facies are similar (Fig. 3.46b).
Figure 3.46d displays the chemical variation within chalcopyrite from Zn-Pb and
Cu zones of Brunswick No. 6. Variation of As, In, Sn, Sb, Tl, Pb, and Bi is higher within
chalcopyrite from Zn-Pb zone compared to Cu zone in which Se, Ag, and Au are notably
elevated. At the Key Anacon East zone deposit, chalcopyrite from bedded sulfide facies
concentrates Ga, Sn, Sb, Hg, and Pb more than chalcopyrite from vent complex facies
(Fig. 3.46e).
3.3.2.2 Volatile-elements distribution regionally
Figure 3.47a, b shows the mean content of volatile elements, as well as Cu, Zn, and Pb
from the massive sulfide deposits investigated during this study. The concentrations of
volatile elements are distinctive to every individual deposit. The Tetagouche Group
hosted deposits contain higher mean concentrations of Ga, Ge, As, Se, Ag, In, Sn, Sb, Te,
and Bi, whereas the California Lake Group hosted deposits are more enriched in Zn, Cd,
Au, Hg, Tl, and Pb (Fig. 3.47c). These differences can be related to the different metal
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source, different deposit genesis, and subsequent metamorphism and deformation
processes.
3.3.3

Implication for superimposed hydrothermal alteration, metamorphism, and
deformation

Despite the syngenetic origin proposed for the massive sulfide deposits of the BMC,
superimposed zone refining processes, metamorphism, and associated deformation events
complicate interpretations at the micro- to mega-scales. Zone refining via interaction of
early formed sulfides with later higher temperature prograding hydrothermal fluids
results in extensive recrystallization and replacement of the early precipitated sulfides
(Eldridge et al. 1983). Massive sulfide deposits in the BMC have undergone middle to
upper grade greenschist facies metamorphism, 400°C; 5-7 kbars (Lentz 1999b, 2002;
Currie et al. 2003) and locally blueschist-facies regional metamorphism (van Staal et al.
1992). Rocks in the California Lake Group, which are located in the northwest portion of
the Bathurst Mining Camp, are less metamorphosed than those of in the Tetagouche
Group (Currie et al. 2003). Peak metamorphic conditions range from 350 C and 5.5 kbar
for the Caribou deposit to 360-400 C and 5.8 kbar for Brunswick No. 12 and No. 6 areas
(Currie et al. 2003). Metamorphism resulted in extensive textural and chemical
modification of sulfides (see Chapter 4). Additionally, D1 and, to a lesser extent, D2
structures (de Roo and van Staal 2003) developed by thrusting and folding concomitant
with recrystallization and remobilization of sulfides (van Staal et al. 1990; Goodfellow et
al. 2003a, b), and are responsible for the current morphology of the deposits. Typically,
sulfides have been thickened in the hinges of the folds (van Staal and Williams 1984), by
preferential mobilization of the ductile sulfide minerals (galena and sphalerite). The strain
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is highly heterogeneous, even at the deposit scale and the degree of mobilization is highly
variable within and among deposits (Goodfellow et al. 2003a, b and references therein).
3.3.3.1 Petrographic evidence of superimposed hydrothermal alteration,
metamorphism, and deformation
Despite the locally preserved primary textures of refractory sulfides, in particular pyrite
(see Fig. 3.1) and arsenopyrite, primary depositional textures are not preserved during
deformation and associated metamorphism because of the highly ductile characteristics of
the primary ore sulfides (sphalerite, galena, and chalcopyrite). Pyrrhotite commonly
exhibits durchbewegung textures (Fig. 3.3c) (see Vokes 1969) indicating intense ductile
deformation. Recrystallization results in increased grain size of sulfide minerals and leads
to porphyroblastic textures in pyrite, marcasite, and arsenopyrite. Detailed ore
petrography has documented a number of ductile and brittle deformation textures in
pyrite (see Chapter 4 for more detail), including grain growth, preferred pyrite
elongation, annealing texture, cataclastic texture and dynamic recrystallization.
3.3.3.2 Chemical evidences of superimposed hydrothermal alteration, metamorphism,
and deformation
In the BMC, syn-metamorphic sulfide recrystallization led to remobilization and local
redistribution of trace elements, including precious metals (de Roo and van Staal 2003;
Chapter 4). On the basis of LA-ICP-MS data reported herein, the mass change of volatile
elements during deposit formation and subsequent deformation and metamorphism can
be postulated. The comprehensive effects of metamorphism and associated deformation
on VMS ores have been summarize previously (Vokes 1969; Mookherjee 1970; Craig
and Vokes 1993; Spry et al. 2007). The deposits investigated during the present study are
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affected by lower to upper greenschist facies regional metamorphism; therefore, it is
reasonable to assume that metamorphism may be responsible for the redistribution of
volatile elements among the sulfide phases in a given deposit (see Chapter 4).
3.3.3.2.1 Pyrite
Pyrite and pyrrhotite are primary minerals in VMS deposits (Lonsdale et al. 1980). Most
forms of pyrite are highly influenced by zone refining, metamorphism, and associated
deformation events. Large (1977) suggested the formation of pyrite from transformation
of pyrrhotite in the vent complex by the following reactions:
FeS + 2H+↔ Fe2+ + H2S, (2)
Fe2+ + H2S + 1⁄2O2↔ FeS2 + H+ + H2O, (3)
The distribution of trace elements among coexisting pyrite, pyrrhotite, and
chalcopyrite from the Cu zone of Brunswick No. 6 is presented in Figure 3.48. Pyrrhotite
is typically lower in Co, Cu, As, Sb, Sn, Pb, and Bi relative to pyrite (ESM Table S3.5),
and may have been depleted during desulphidation process. Both pyrrhotite and
chalcopyrite are depleted in Co, As, Sb, Pb, and Bi relative to pyrite; however, Cu, Ag,
In, and Sn are highly elevated in chalcopyrite, which is consistent with general
distribution pattern of these elements in chalcopyrite (Fig. 3.48).
These trace element trends can be explained by the decomposition of pyrite to
pyrrhotite (desulphidation) during prograde metamorphism, such as reported for
Caledonian massive sulfide deposits (Lianxing and McClay 1992; Craig and Vokes
1993). In deposits metamorphosed to higher grades, slow cooling (during a retrograde
phase of metamorphism) of pyrrhotite results in the release of sulphur (desulphidization),
which is subsequently fixed as pyrite (Vaughan and Craig 1997). In the Brunswick No. 6
176

deposit, the formation of pyrrhotite by metamorphic desulfidation of pyrite is not
completely acceptable, as the pyrrhotite-bearing zone do not entirely envelope the
deposit. In this case, interaction with metamorphic fluids along the host rock-sulfide
contact is limited and may locally play a role in the formation of pyrrhotite (MacLellan et
al. 2006).
In the footwall of Heath Steele B zone, Halfmile Lake Deep zone, and Brunswick
No. 12 deposits, coexisting pyrite and pyrrhotite in the veins, display depletion in Bi, Pb,
Tl, Au, Sb, As, and Cu within pyrrhotite relative to pyrite (Fig. 3.49). Interestingly, in all
cases, the Se content of pyrite and pyrrhotite falls within the same range. Generally, Co
and Ni concentrations of pyrrhotite from the host rocks are elevated relative to pyrrhotite
from the vent complex facies (see ESM Table S3.1 and S3.5). If desulfidation is the
mechanism for converting pyrrhotite to pyrite, then metamorphic pyrite must have also
scavenged the trace elements. There are similarities in elemental loss within pyrite to
metamorphic pyrrhotite from Bendigo gold mine, Australia (Thomas et al. 2011) via the
following reaction:
FeS2 + H2O → FeS + H2S + 0.5O2
At upper greenschist to lower amphibolite facies, the breakdown of pyrite to
pyrrhotite in sedimentary rocks and greenstones is facilitated by the release of
metamorphic water associated with the dehydration of chlorite at temperatures between
450 °C and 600 °C (Thomas et al. 2011). This can explain the occurrence of pyrite in the
proximal footwall where chlorite is a widespread phase. Still, it is difficult to interpret
these conversions due to the several phases of deformation and associated metamorphism
in the BMC. In addition, the lower grade metamorphism in some of the deposits does not
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support the formation of pyrite from pyrrhotite by metamorphic desulphidation reactions
as the required temperatures may not have been reached.
3.3.3.2.2 Sphalerite
Constraining the effects of regional metamorphism in the chemical composition of
sphalerite has not been well documented (Lockington et al. 2014 and references therein).
Recrystallized sphalerite has lower and more homogeneously distributed Cu than primary
sphalerite. Recrystallization of sphalerite tends to expel Pb, Bi, Ag, and possibly Sn and
Sb, and at the same time reincorporate structurally bound elements such as Fe, Cd, Mn,
In, and Hg. Extensively recrystallized sphalerite of the BMC examined in this study show
highly variable chemical composition. Sphalerite from the Brunswick No. 12 deposit is
conspicuously depleted in Zn and Hg and enriched in In. In contrast, In concentrations
are much lower in sphalerite from the Restigouche and Louvicourt deposits. Restigouche
sphalerite also has low Co. Mercury values are highest in sphalerite from the Louvicourt
and Canoe Landing Lake deposits. The comparison of sphalerite from deposits with
similar metamorphic grade suggests that chemical variation is at least in part genetically
controlled. The Louvicourt deposit is highly enriched in volatile elements (McClenaghan
et al. 2006), and sphalerite has elevated Hg consistent with the bulk composition. In
addition, the physicochemical conditions of ore formation implied for Louvicourt suggest
a higher fS2 and lower temperatures of mineralization, and are consistent with lower Fe
content of sphalerite (Barton and Toulmin 1966; Scott and Barnes 1971). The above
suggest that trace element content of sphalerite may be a useful tool for the genetic
differentiation of deposits (Cook et al. 2009).
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A comparison of sphalerite data in this study with data from other VMS deposits
metamorphosed to various grades (Lockington et al. 2014) shows that BMC sphalerite
contains higher Ag, In, Sn, Sb, Hg, and Tl. Increasing metamorphic grade results in a
decrease in the mean concentrations of Ag, In, Sn, Sb, and Tl (Fig. 3.50).
3.3.4

Implications for volatile-element vectoring tools in VMS exploration

Limited published data exists on the application of micro-analytical techniques to the
analysis of sulfide phases occurring in the enveloping host rocks of VMS deposits (Baker
et al. 2006, Rogers et al. 2014; Grant et al. 2015; Genna and Gaboury 2015; Chapter 4).
Pyrite, as the most abundant sulfide phase in the host rocks of the BMC, was investigated
in detail (Chapter 4). Volatile element concentrations in pyrite, in particular, Bi, Tl, As,
Sb, Sn, and to a lesser extent Hg all increase with proximity to the ore horizons in the
distal parts of the felsic volcanic and sedimentary footwall sequences (i.e., at a distance
up to several hundred metres). Both proximal footwall and hanging-wall zones contain
pyrite with volatile element concentrations that are similar in concentration of volatile
elements with pyrite from sulfide horizons. However, the volatile element content is
higher in exhalative sedimentary rocks relative to pyrite from the massive sulfides.
Integrated LA-ICP-MS data for the entire sulfide phases are presented in vertical
profiles of the studied drill holes (see Figs. 3.31-3.44). Samples from footwall stringer
zones proximal to the massive sulfide horizons contain appreciable quantities of pyrite,
pyrrhotite, chalcopyrite, and minor amounts of sphalerite. In footwall rocks more distal to
the sulfide horizons, minor amounts of pyrite are accompanied by subordinate
chalcopyrite, pyrrhotite, and arsenopyrite. The general trend of the elements is analogous
to the pyrite volatile-element profiles (see Chapter 4). Enrichment in volatile elements is
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dependent on the presence of a specific sulfide phase(s) and on the amount of that phase.
For example, in the pair of pyrite and chalcopyrite, indium concentration is controlled by
chalcopyrite (and its abundance), which shows the greatest enrichment. When pyrrhotite
occurs in the host rocks, Se, as well as Co and Ni, is highly elevated in concentration.
The trace-element geochemistry of sulfides, in particular, the volatile elements,
may potentially offer a deposit vectoring tool in the exploration of VMS deposits.
However, more research is required to better define lateral (along strike) proximal-todistal trends in known ore systems. Then, its application as a complementary technique
with other approaches in prospecting areas would open a new window in VMS
exploration.
3.4

Conclusions

1. The application of LA-ICP-MS techniques can be used to characterize the chemical
composition, in particular, the volatile element content (As, Bi, Cd, Hg, In, Ga, Ge, Sb,
Sn, Te, and Tl), of sulfides with low detection limits.
2. The volatile element concentrations within various coexisting sulfides are highly
variable, and are subject to the intrinsic ability of each mineral phased to host a particular
element(s), as well as physicochemical conditions of ore formation, ore genesis, and
subsequent metamorphism and deformation events.
3. The results of LA-ICP-MS on coexisting sulfides from the BMC show that most forms
of pyrite in the BMC are arsenian with As concentrations ranging from 0.25 ppm to 7.3
wt.%. Arsenic also locally occurs in trace level in sphalerite and chalcopyrite. Antimony
and Tl are variably distributed among different sulfides, but are typically elevated in
arsenopyrite, galena, and pyrite. Galena and to a lesser extent chalcopyrite preferentially
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concentrate Ag, Bi, Se, and Te. Tin is highly elevated in chalcopyrite and arsenopyrite.
Cadmium, Hg, and In occur in pyrite, sphalerite, and galena, with pyrite containing the
highest concentrations. Gallium, Ge, and Au are among the least concentrated elements
in all of the investigated sulfide phases. Beside major occurrence of Sb and As in
tetrahedrite, Ag and Hg are resided within tetrahedrite in high concentration.
4. Integrated LA-ICP-MS data for all of the analyzed sulfides demonstrate distinctive
chemical zonation, regarding sulfide mineral paragenesis of each hydrothermal facies.
5. The elemental distribution along the stratigraphic profiles of the investigated deposits
offer micro-geochemical vectoring tool potentially applicable in VMS exploration.
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Figure 3.1. Photomicrographs (plane-polarized reflected light) of representative
pyrite textures from massive sulfide deposits of the BMC. a) Framboidal pyrite
(Py1a) in siliceous matrix. Sample from drill hole A1-017 at 86 m; Brunswick No. 12
deposit. b) Pyrite idioblast containing an inclusion-rich, spongy (corroded) core
(Py1b), and overgrowth rim (Py2a1). Sample is from drill hole LPA-019 at 95 m;
Brunswick No. 12 deposit. c) Pyrite mass (Py1c), exhibiting colloform and banding
textures. Sample from drill hole CL-94-2 at 246 m; Canoe Landing Lake deposit. d)
Relict pyrite (Py1d) in a matrix of chalcopyrite. Sample is from drill hole 95-LAP-16
at 389 m; Heath Steele B zone deposit. e) Euhedral pyrite (Py2a1) parallel to
schistosity. Sample from drill hole A-14 at 154 m; Armstrong A deposit. f)
Elongated pyrite (Py2a2). Sample from drill hole A1, LPA-016 at 75 m; Brunswick
No. 12. g) Cataclastic pyrite (Py2a3). Sample from drill hole A-14 at 171 m;
Armstrong deposit. h) Annealed pyrite (Py2b1). Sample from drill hole LGF-10 at
107 m; Louvicourt deposit. i) Large inclusion-rich pyrite porphyroblast (Py2b2).
Sample from drill hole B-259 at 33 m; Brunswick No. 6 deposit.

206

Figure 3.2. Photomicrographs (plane-polarized reflected light) of representative
sphalerite and galena samples from massive sulfide deposits of the BMC. a) A
bedded sulfide sample containing masses of sphalerite (Sp), showing intergrowth
with pyrite (Py) and galena (Gn). Sample from drill hole HN-119-99 at 1214 m;
Halfmile Lake Deep zone deposit. b) A bedded sulfide sample, showing pyrite
interstitial growth of sphalerite and galena to pyrite. Sample from drill hole 62-55115 at 35 m; Caribou deposit. c) Coexisting sphalerite, galena, chalcopyrite (Cp) and
tetrahedrite (Td). Sample from drill hole LGF-6-238 at 73 m; Louvicourt deposit. d)
Occurrence of chalcopyrite disease within sphalerite. Sample from drill hole A1-580
at 177 m; Armstrong deposit.
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Figure 3.3. Photomicrographs (plane-polarized reflected light) of representative
chalcopyrite and pyrrhotite samples from massive sulfide deposits of the BMC. a)
Cu-zone sample consisting of pyrite (Py) in a matrix of chalcopyrite (Cp) and
pyrrhotite (Po). Sample from drill hole B-238-1351 at 412 m; Brunswick No. 6
deposit. b) Chalcopyrite occurring as fracture fillings and inclusions in pyrite and
sphalerite. Sample from drill hole CP-39-231 at 70.4 m; Restigouche deposit. c) Cuzone sample containing masses of pyrrhotite and exhibiting durchbewegung
textures. Sample from drill hole B-238-1351 at 412 m; Brunswick No. 6 deposit. d)
Pyrrhotite relicts hosted by silicates and aligned parallel to the main schistosity.
Sample from drill hole CL-94-2 at 204 m; Canoe Landing Lake deposit.
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Figure 3.4. Photomicrographs (plane-polarized reflected light) of representative
arsenopyrite (Asp) and tetrahedrite (Td) from massive sulfide deposits of the BMC.
a) Euhedral arsenopyrite porphyroblasts coexisting with sphalerite (Sp) and galena
(Gn) in a matrix of silicates. Sample from drill hole 62-55-208 at 63.4 m; Caribou
deposit. b) Euhedral to subhedral porphyroblasts coexisting with pyrite (Py) and
sphalerite. Sample from drill hole A14-580 at 177 m; Armstrong deposit. c) Masses
of tetrahedrite containing chalcopyrite (Sp) inclusions coexisting with sphalerite and
pyrite. Sample from drill hole LGF-6-238 at 73 m; Louvicourt deposit. d)
Tetrahedrite coexisting with chalcopyrite, pyrite, and sphalerite. Sample from drill
hole 97-KM-29 at 33 m; Brunswick No. 6 deposit.
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Figure 3.5. Photomicrographs (plane-polarized reflected light) of representative
replacement textures in massive sulfide samples from massive sulfide deposits of the
BMC. a) Replacement of framboidal pyrite (Py) by sphalerite (Sp) and galena (Gn).
Sample from drill hole CL-94-42 at 238.3 m; Canoe Landing Lake deposit. b)
Replacement texture showing pyrite replaced by pyrrhotite (Po) and sphalerite.
Sample from drill hole A1-048 at 365.5 m; Brunswick No. 12 deposit. c) Marcasite
(Mc)-pyrite intergrowth. Sample from drill hole B-259-108 at 33 m; Brunswick No.
6 deposit. d) Replacement of chalcopyrite (Cp) and pyrrhotite by pyrite. Sample
from drill hole B-238-1351 at 412 m; Brunswick No. 6 deposit.
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Figure 3.6. Selected LA-ICP-MS element images of sulfide assemblage, including
galena (Gn) + sphalerite (Sp) + tetrahedrite (Td) ± pyrite (Py). Sample from drill
hole LGF-6-238 at 73 m; Louvicourt deposit. Note that Bi, Tl, and in to a lesser
degree Te are concentrated in galena, whereas sphalerite preferentially concentrates
Cd, In, Hg, and Mn. In contrast Sb, As, and Ag are sequestered in tetrahedrite.
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Figure 3.7. LA-ICP-MS element images of the sulfide assemblage pyrite (Py) +
pyrrhotite (Po) + chalcopyrite (Cp) + sphalerite (Sp). Sample from drill hole HN-99119 at 1247 m; Halfmile Lake Deep zone deposit. Note preferential incorporation of
Ag and Sn by chalcopyrite. Sphalerite is the primary phase hosting Hg, In, and Mn.
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Figure 3.8. LA-ICP-MS raster traverses across euhedral pyrite grains. a) Samples
from drill hole 94-DL-32 at 402 m; Key Anacon East zone deposit, and b) drill hole
A-14 at 158 m; Armstrong A deposit. Note the highly spiky and irregular elemental
distribution across the raster lines, indicating presence of inclusions and general
inhomogeneity of the pyrite grains.
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Figure 3.9. LA-ICP-MS raster traverses across a) sphalerite sample from drill hole
A1-047 at 365 m; Brunswick No. 12 deposit and b) galena sample from drill hole 6255 at 35 m; Caribou deposit. Note the regular distribution of elements, especially
those occurring in higher concentration within sphalerite (In and Cd), and galena
(Ag and Bi).
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Figure 3.10. LA-ICP-MS raster traverses across. a) chalcopyrite from drill hole A1047 at 365 m; Brunswick No. 12 deposit, and b) pyrrhotite from drill hole A1-047 at
365 m; Brunswick No. 12 deposit. Note the highly irregular trace element
distribution in chalcopyrite and near the beginning of the pyrrhotite traverse.
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Figure 3.11. LA-ICP-MS raster traverses across; a) arsenopyrite from drill hole
HN-99-119 at 1247 m; Halfmile Lake Deep zone deposit, and b) tetrahedrite from
drill hole LGF-6-238 at 73 m; Louvicourt deposit. Note the smooth As pattern, and
highly irregular Sb, Pb, and Bi distribution in (a). Note distinct elemental variation
along the tetrahedrite traverse with increasing Sb, Ag, and Bi and decreasing As
and Pb from the T time to the end of the raster line.
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Figure 3.12. Single-spot LA-ICP-MS spectra for selected elements in representative
texturally-distinct pyrite from the BMC. a) Sample from drill hole 62-55-215 at 65.5
m; Caribou deposit, b) sample from drill hole CL-94-2 at 243 m; Canoe Landing
Lake deposit, c and d) A1-051 at 1205 m; Brunswick No. 12 deposit.
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Figure 3.13. Integrated LA-ICP-MS data showing the trimmed mean trace element
concentrations of all analyzed pyrite grains by deposit.

218

Figure 3.14. Binary discrimination plots of pyrite analyzed by LA-ICP-MS (n = 699)
during this study a) and b) Au vs. As; c) and d) Sb vs. Tl; e) and f) Sn vs. Hg; and g)
and h) Se vs. (see ESM Table S3.1). Symbol key is presented in parts (a) and (b).
The dotted lines are the half mean detection limit (hmdl). Spearman Rank
correlation coefficients (r') are displayed with all of the pyrite data shown in binary
plots.
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Figure 3.15. Single-spot LA-ICP-MS spectra for selected elements in representative
sphalerite from the BMC. a) Sample from drill hole LGF-6-210 at 64 m; Louvicourt
deposit, b) sample from drill hole CL-94-2 at 244.8 m; Canoe Landing Lake deposit,
and c) A1-044 at 305 m; Brunswick No. 12 deposit.
220

Figure 3.16. Integrated LA-ICP-MS data showing the trimmed mean trace element
concentrations of all sphalerite analyses on a deposit basis.

221

Figure 3.17. Binary plots of a) Fe vs. Zn, b) In vs. Cu, c) In vs. Cd, d) Hg vs. Fe, e)
Hg vs.Tl, f) Ga vs. Hg, g) Ge vs. Hg, h) As vs. Sb, i) Ag vs. Sb, j) Ag vs. Sn, k) Ag vs.
Pb, and l) Bi vs. Pb for all sphalerite analyses obtained during this study (see ESM
Table S3.2). Symbol key is presented in part (a). The dotted lines are showing the
concentrations <hmdl of the presented element. Spearman Rank correlation
coefficients (r') are displayed with all of the sphalerite data shown in binary plots.
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Figure 3.17. continued.
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Figure 3.18. Single-spot LA-ICP-MS spectra for selected trace elements in
representative galena from the BMC. a) Sample from drill hole 62-55 at 46 m;
Caribou deposit, b) sample from drill hole A1at 366 m; Brunswick No. 12 deposit,
and c) B-238 at 412 m; Brunswick No. 6 deposit.
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Figure 3.19. Binary plots of a) Ag vs. Sb+Bi, b) Tl vs. Sb+Bi, c) As vs. Se, and d) Tl
vs. Sn for galena analyzed by LA-ICP-MS during this study from selected massive
sulfide deposits of the BMC (see ESM Table S3.3). Symbol key for all is presented in
part (a). The dotted lines are one half of the mean detection limit (hmdl). Spearman
Rank correlation coefficients (r') are displayed with all of the galena data shown in
binary plots.
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Figure 3.20. Single-spot LA-ICP-MS spectra for selected trace elements in
representative chalcopyrite from the BMC. a) Sample from drill hole LPA-039 at
267 m; Brunswick No. 12 deposit, and b) sample from drill hole LGF-6-212 at 65 m;
Louvicourt deposit.
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Figure 3.21. Integrated LA-ICP-MS data of the trimmed mean trace elemental
concentrations of all chalcopyrite analyzed on a deposits by deposit basis.
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Figure 3.22. Binary discrimination plots of chalcopyrite analyses collected during
this study; a) In vs. Sn, b) In vs. Sb, c) In vs. Ag, and d) In vs. (see ESM Table S3.4).
Symbol key for all is presented in part (a). The dotted lines are one half of the mean
detection limit (hmdl). Spearman Rank correlation coefficients (r') are displayed
with all of the chalcopyrite data shown in binary plots.
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Figure 3.23. Single-spot LA-ICP-MS spectra for selected trace elements in
representative pyrrhotite samples; a) Sample from drill hole 95-LPA-17 at 405 m;
Heath Steele B zone deposit, and b) CL-94-2 at 168 m from the Canoe Landing Lake
deposit.
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Figure 3.24. Binary plots of Se versus a) As, b) Bi, c) Pb, and d) Sb for pyrrhotite
analyzed by LA-ICP-MS during this study (see ESM Table S3.5). Symbol key is
presented in part (a). The dotted lines are one half the mean detection limit (hmdl).
Spearman Rank correlation coefficients (r') are displayed with all of the pyrrhotite
data shown in binary plots.
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Figure 3.25. Single-spot LA-ICP-MS spectra for selected elements in representative
arsenopyrite sample from the BMC. a) Sample from drill hole A1 at 358 m;
Brunswick No. 12 deposit, and b) DL-94-31 at 382 m; Key Anacon East zone
deposit.
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Figure 3.26. LA-ICP-MS spot analyses showing the chemical variation between the
core and rim comparison of arsenopyrite porphyroblasts: Samples are from a) drill
hole 62-55 at 62.8 m; Caribou deposit, and b) DL-94-31 at 382 m; Key Anacon East
zone deposit.
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Figure 3.27. LA-ICP-MS spot analyses showing the chemical variation between the
core and rim of an arsenopyrite porphyroblasts. Sample is from drill hole 62-55 at
63.4 m; Caribou deposit.
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Figure 3.28. Binary plots of Sb vs. a) Au b) Ag, c) Se, d) Sn, e) Tl, and f) Bi for all
arsenopyrite analyses collected during this study (see ESM Table S3.6). Symbol key
is presented in part (a). The dotted lines are one half of the mean detection limit
(hmdl). Spearman Rank correlation coefficients (r') are displayed with all of the
arsenopyrite data shown in binary plots.
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Figure 3.29. Single-spot LA-ICP-MS spectra for selected elements in a tetrahedrite
(Td) grain from drill hole LGF-6-217 at 66 m; Louvicourt deposit. In addition to Cu
and Sb occurring in very high concentrations, As, Ag, and Zn concentrations are
high and show relatively smooth and parallel signals, indicative of even distribution
throughout the tetrahedrite structure. Also, smooth Hg and relatively smooth Cd
occur in medium concentrations. In contrast, Bi, Pb, and In abundances are low and
display irregular patterns. Asp = arsenopyrite and Py = pyrite.
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Figure 3.30. Binary plots of a) Ag vs. Sb and b) Ag vs. Zn for all tetrahedrite from
Louvicourt and Brunswick No. 6 deposits analyzed during this study (see ESM
Table S3.7). Symbol key is presented in part (a).
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Figure 3.31. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of chalcopyrite plotted with
respect to stratigraphic profile of Brunswick No. 12 deposit along drill hole A1.
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Figure 3.32. Caption is in the next page.
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Figure 3.32. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Brunswick No. 12 deposit along drill hole A1.
Black rimmed symbols represent samples from stratigraphic hanging-wall
stratigraphy. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Py=Pyrite, Po=Pyrrhotite, Cp=Chalcopyrite, Sp=Sphalerite, Gn=Galena,
Asp=Arsenopyrite, Td=Tetrahedrite. The hanging-wall samples are marked with
black-marked symbols.
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Figure 3.33. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Heath Steele B zone deposit along drill hole HSB3409. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Abbreviation of sulfide phases is presented in Fig. 3.32.
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Figure 3.34. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Halfmile Lake Deep zone deposit along drill hole
HN-99-119. Black rimmed symbols represent samples from the structural hanging
wall. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Abbreviation of sulfide phases is presented in Fig. 3.32. The hanging-wall samples
are marked with black-marked symbols.
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Figure 3.35. Caption is in the next page.
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Figure 3.35. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Key Anacon East zone deposit along drill hole
KA-93-42. Black rimmed symbols are from the hanging wall. Red symbols present
the summation of mean concentrations of volatile elements in each sulfide phase of
sulfide assemblages. Blue symbols present the summation of mean concentrations of
volatile elements in each sulfide phase multiple to the modal proportion of each
sulfide phase of sulfide assemblages. Abbreviation of sulfide phases is presented in
Fig. 3.32. The hanging-wall samples are marked with black-marked symbols.
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Figure 3.36. Caption is in the next page.

244

Figure 3.36. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Louvioucrt deposit along drill hole LGF-6. Black
rimmed symbols are from the hanging wall. Red symbols present the summation of
mean concentrations of volatile elements in each sulfide phase of sulfide
assemblages. Blue symbols present the summation of mean concentrations of
volatile elements in each sulfide phase multiple to the modal proportion of each
sulfide phase of sulfide assemblages. Abbreviation of sulfide phases is presented in
Fig. 3.32. The hanging-wall samples are marked with black-marked symbols.
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Figure 3.37. Caption is in the next page.
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Figure 3.37. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Armstrong A deposit along drill hole A-14. Black
rimmed symbols are from the hanging wall. Red symbols present the summation of
mean concentrations of volatile elements in each sulfide phase of sulfide
assemblages. Blue symbols present the summation of mean concentrations of
volatile elements in each sulfide phase multiple to the modal proportion of each
sulfide phase of sulfide assemblages. Abbreviation of sulfide phases is presented in
Fig. 3.32. The hanging-wall samples are marked with black-marked symbols.
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Figure 3.38. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Restigouche deposit along drill hole CP-39. Black
rimmed symbols are from the hanging wall. Red symbols present the summation of
mean concentrations of volatile elements in each sulfide phase of sulfide
assemblages. Blue symbols present the summation of mean concentrations of
volatile elements in each sulfide phase multiple to the modal proportion of each
sulfide phase of sulfide assemblages. Abbreviation of sulfide phases is presented in
Fig. 3.32. The hanging-wall samples are marked with black-marked symbols.
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Figure 3.39. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Canoe Landing Lake deposit along drill hole CL94-2. Black rimmed symbols are samples from the hanging wall. Red symbols
present the summation of mean concentrations of volatile elements in each sulfide
phase of sulfide assemblages. Blue symbols present the summation of mean
concentrations of volatile elements in each sulfide phase multiple to the modal
proportion of each sulfide phase of sulfide assemblages. Abbreviation of sulfide
phases is presented in Fig. 3.32. The hanging-wall samples are marked with blackmarked symbols.
249

Figure 3.40. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Brunswick No. 6 deposit intersected by drill hole
B-259. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Abbreviation of sulfide phases is presented in Fig. 3.32.
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Figure 3.41. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Brunswick No. 6 deposit intersected by drill hole
B-238. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Abbreviation of sulfide phases is presented in Fig. 3.32.
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Figure 3.42. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile through the sulfide horizon of Halfmile Lake Deep
zone intersected by drill hole HN-99-119. Photomicrographs of each sample are
presented. Red symbols present the summation of mean concentrations of volatile
elements in each sulfide phase of sulfide assemblages. Blue symbols present the
summation of mean concentrations of volatile elements in each sulfide phase
multiple to the modal proportion of each sulfide phase of sulfide assemblages.
Abbreviation of sulfide phases is presented in Fig. 3.32.
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Figure 3.43. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of sulfide horizon of Key Anacon East zone deposit
intersected by drill hole KA-93-93-42. Two photomicrographs related to bedded
sulfide and vent complex samples are presented. Red symbols present the
summation of mean concentrations of volatile elements in each sulfide phase of
sulfide assemblages. Blue symbols present the summation of mean concentrations of
volatile elements in each sulfide phase multiple to the modal proportion of each
sulfide phase of sulfide assemblages. Abbreviation of sulfide phases is presented in
Fig. 3.32.
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Figure 3.44. LA-ICP-MS integrated geochemical data profiles illustrating
representative elemental concentrations (in ppm) of sulfide minerals plotted with
respect to stratigraphic profile of Caribou deposit intersected by drill hole 62-55.
Red symbols present the summation of mean concentrations of volatile elements in
each sulfide phase of sulfide assemblages. Blue symbols present the summation of
mean concentrations of volatile elements in each sulfide phase multiple to the modal
proportion of each sulfide phase of sulfide assemblages. Abbreviation of sulfide
phases is presented in Fig. 3.32.
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Figure 3.45. LA-ICP-MS integrated data show the mean elemental concentrations of
sulfides from various hydrothermal facies of a) Brunswick No. 6, and b) Key
Anacon East zone. The Bedded sulfide facies is typically enriched in Ga, Ag, Sn, Sb,
Au, Tl, and Pb, whereas samples from the vent complex are enriched in Se and Bi,
and sporadically Sb. Stringer zone sulfides are depleted in trace elements relative to
bedded sulfide and vent complex facies.
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Figure 3.46. LA-ICP-MS integrated data show the mean elemental concentrations of
sphalerite (a and b) and chalcopyrite (c and d) from various hydrothermal facies at
Brunswick No. 6 and Key Anacon East zone deposits.
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Figure 3.47. LA-ICP-MS integrated data show the mean composition of all sulfides
from a) Tetagouche Group deposits, b) California Lake Group deposits, and c) the
mean comparision of sulfides from the Tetagouche and California Lake groups.
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Figure 3.48. LA-ICP-MS integrated data show the mean of elemental concentrations
of coexisting pyrite (Py), pyrrhotite (Po), and chalcopyrite (Cp) of sample B-238 at
412 m from Brunswick No. 6 deposit.

258

Figure 3.49. LA-ICP-MS integrated data show the mean of elemental concentrations
of coexisting pyrite (Py) and pyrrhotite (po) from host rocks of a) 95-LPA-15 at 370
m; Heath Steele B zone, b) HN-99-119 at 308 m; Halfmile Lake Deep zone, and c)
LPA-053 at 368 m; Brunswick No. 12 deposits.
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Figure 3.50 Comparison of elemental distribution in sphalerite from the BMC to
Røros, Sulitjelma, and Broken Hill massive sulfide deposits (Lockington et al. 2014)
metamorphosed in different grades. Note decrease in abundance of some volatile
elements with increasing metamorphic grade.
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4.

Chapter 4 Assessment of pyrite composition by LA-ICP-MS techniques
from massive sulfide deposits of the Bathurst Mining Camp, Canada:
from textural and chemical evolution to its application as a vectoring tool
for the exploration of VMS deposits

Abstract
PYRITE is ubiquitous throughout the massive sulfide deposits of the Bathurst Mining
Camp, Canada. Pyrite locally preserves primary, pseudo-primary textures, as well as
secondary textures that formed in response to the hydrothermal, metamorphic, and
deformation processes to which the host sequence was exposed. In the Bathurst Mining
Camp most forms of pyrite are arsenian (up to 3.13 wt. % As), with considerable
enrichment in Tl, Sb, Sn, Bi, Ag, Se, and to a lesser extent Cd, Ga, Te, Hg, Ge, In, and
Au. LA-ICP-MS analyses of primary pyrite show significant enrichment in volatile
elements; in particular, Tl, Sb, As, and Hg as well as Bi, Pb, and Sn. In contrast,
secondary pyrite (syn-to post-deformation varieties) is not particularly enriched in these
elements. Superimposed metamorphism typically causes loss of volatile elements to
different degrees, except for Se.
Pyrite chemical variations have the potential to monitor ore petrogenesis at interand intra-deposit scales. Pyrite from the Cu-zone is enriched in Se relative to pyrite from
Zn-Pb zone, in which Tl is elevated. Throughout the host sequence volatile-element
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concentrations of pyrite vary by several orders of magnitude, with the highest volatile
element concentrations in footwall rocks immediately proximal to the deposit. Moreover,
elevated volatile-element concentrations of pyrite are recognized in footwall felsic
volcanic and sedimentary rocks as much as several hundred metres away from the
deposit. Hanging-wall zones contain pyrite with volatile-element concentrations close to
pyrite from sulfide ore. The volatile-element concentrations of pyrite are higher in
exhalative sedimentary rocks than pyrite from the sulfide mineralization itself.
The spatial variation in volatile element concentrations in pyrite as identified
using LA-ICP-MS can be used to identify otherwise invisible deposit-related haloes.
Ultimately, this technique, when combined with traditional exploration tools, can be used
to vector toward VMS mineralization in the Bathurst Mining Camp and possibly
elsewhere.
Keywords: Bathurst Mining Camp (BMC), deformation, host rock, LA-ICP-MS,
massive sulfides, pyrite, texture, volatile elements.
4.1

Introduction

Pyrite is a common sulfide phase occurring in many ore deposits; in particular, it is a
major constituent of volcanogenic massive sulfide deposits worldwide (Deer et al. 2011).
Considerable research has been conducted on the composition and texture of pyrite.
Results of this work have been used in exploration, mining, and environmental
applications (Huston et al. 1993, 1995; Craig et al. 1998; Abraitis et al. 2004 and
references therein; Large et al. 2007, 2009, 2013, 2014; Cook et al. 2009, 2013; Koglin et
al. 2010; Zhao et al. 2011; Reich et al. 2013, Zhang et al. 2014, Ingham et al. 2014,
Velásquez et al. 2014; Genna and Gaboury 2015; Gregory et al. 2015, Keith et al. 2016).
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Pyrite is not a simple iron disulfide; rather, several additional minor and trace elements
are commonly incorporated into its simple cubic crystal structure. Pyrite typically hosts
minor elements, such as Cu, Ni, As, and Co, as well as trace elements such as Au, Ag,
Pb, Zn, Sb, Se, Te, Hg, Tl, and Bi. In some cases pyrite can accommodate minor
elements to the wt. % level. In particular, As, which substitutes for Fe and S in pyrite, can
reach concentrations up to 16.6 wt.% (Pals et al. 2003) and is referred to as arsenian
pyrite (Deditius et al. 2008, 2014 and references therein). Similarly, concentrations of Tl
in pyrite may reach up to 35000 ppm (Murao and Itoh 1992; Zhou et al. 2005; Fan et al.
2014), cuprian (Cu-bearing) pyrite (Pačevski et al. 2008), Au-bearing pyrite (Reich et al.
2005), and rare occurrence of Pb-bearing pyrite (Pačevski et al. 2012) have been
documented. Two main processes responsible for the occurrence of these elements in
pyrite have been proposed: 1) micrometer- to nano-scale inclusion of elements such as
Cu, Zn, Pb, Ba, Bi, Ag, and Sb (Deditius et al. 2011), and 2) structural substitution,
including nonstoichiometric substitution in the case of As, Tl, Au, and possibly Mo, and
stoichiometric substitution in the case of Co, Ni, Se, and Te (Fleet et al. 1989; Huston et
al. 1995; Large et al. 2007).
The refractory nature of pyrite (Barton 1970; Scott et al. 1977) allows it to resist
the remobilization and recrystallization processes that commonly affect softer sulfides,
such as sphalerite, galena, and chalcopyrite. Consequently, pyrite is able to preserve
evidence of earlier high-temperature ore-forming conditions that would otherwise be lost
during subsequent diagenesis and/or metamorphism (Large 1977; McClay and Ellis 1983,
1984; Marshall and Gilligan 1987, 1993; Brown and McClay 1993; Cook 1996; Cook et
al. 1993; Craig and Vokes 1993; Brown 1994; Craig et al. 1998; Tiwary and Deb 1998;
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Marshall et al. 2000; Barrie et al. 2010, 2011). The preservation of textural patterns in
pyrite is closely associated with its chemical and isotopic zoning. Consequently,
elucidation of the processes responsible for the textural variation relies heavily on microanalytical methodologies to assess its composition in high spatial resolution at higher
sensitivities. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
has been extensively applied in the evaluation of trace elements in sulfides and in pyrite
in particular (e.g., Chenery et al. 1995;Yang et al. 2006; Large et al. 2007, 2009, 2013,
2014; Morey et al. 2008; Cook et al. 2009; Graham et al. 2009; Ulrich et al. 2009;
Thomas et al. 2011; Zhao et al. 2011; Deol et al. 2012; Maydagán et al. 2013; Franchini
et al. 2014; Rogers et al. 2014; Wohlgemuth-Ueberwasser et al. 2014; Genna and
Gaboury 2015). However, only very few LA-ICP-MS studies on pyrite from VMS
deposits have been reported (e.g., Wagner et al. 2007; Maslennikov et al. 2009,
McClenaghan et al. 2009; Wohlgemuth-Ueberwasser et al. 2014; Genna and Gaboury
2015; Wright 2016). The majority of these studies were focused on elucidating the oreforming processes.
Mapping of sulfide distribution in VMS deposits is one of the most effective
exploration tools (Corbett 2001). Pyrite is specifically targeted because of its high
abundance in these deposits. However, there have only been a limited number of studies
investigating compositional variation of pyrite as a potential ore-vectoring tool (Roberts
1982; Ryall 1977; Huston et al. 1995; Baker et al. 2006, Rogers et al. 2014; Genna and
Gaboury 2015). In VMS systems of the BMC most of the work on pyrite chemical
variation has been focused on vectoring capabilities in horizons immediately adjacent
(above, below), or distal to the massive sulfides, i.e., iron formation (exhalite), tuffite,
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and sedimentary rocks. These studies also investigated oxide and carbonate phases in
terms of micro-chemical vectors (e.g., Peter and Goodfellow 1996; Spry et al. 2000; Peter
and Goodfellow 2003 and references therein; Peter et al. 2003 a, b; Genna and Gaboury
2015). Volatile elements, such as Hg, Tl, Sb, and As, have been introduced as potential
pathfinders in geochemical prospecting for a wide variety of base- and precious-metal
deposits (Boyle and Jonasson 1973, 1984; Boldy 1979; 1981; Ryall 1979 a, b; 1981;
Ryall et al. 1981; Carr et al. 1986). However, there is limited knowledge of the
distribution of these elements and key residence phases throughout the host rocks of the
massive sulfide deposits.
In this contribution, pyrite chemical data is assessed by LA-ICP-MS in the spot,
imaging, and raster modes, from selective massive sulfide deposits of the BMC, Canada.
We present compositional data for pyrite, focusing on the volatile element suite (As, Tl,
Sb, Hg, In, Cd, Sn, Te, Se, and Bi), with respect to textural features and mineral
parageneses. These data are used to constrain the textural control and influence of the
superimposed deformation and metamorphic effects on the distribution and correlation of
volatile elements. This data can be used to address questions of ore genesis and
potentially in mineral exploration. We introduce a pyrite micro-chemical vectoring tool,
focusing on volatile element dispersion haloes, as an innovative approach to vectoring
into mineralization centres in tectonized volcanogenic massive sulfide deposits. This
technique can be used to complement other techniques for the exploration of VMS
deposits at depth.
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4.2
4.2.1

Results
Pyrite petrography

Pyrite in the massive sulfide deposits of the BMC occurs in association with different
mineral assemblages that were previously introduced as three principal facies, including
the: 1) vent complex, 2) bedded sulfide, and 3) bedded barren pyrite. In addition, finely
laminated sulfide lenses hosted by iron formation near the hanging wall of some of the
deposits contain various amounts of pyrite. Additionally, host rocks associated with
massive sulfide deposits contain pyrite from 0.5 to over 25 % in volume (see Appendix
1).
Petrographic observations on pyrite show significant variations in grain size and
microstructure. Pyrite grain size can be directly related to grade of metamorphism;
however, brittle deformation causes decreasing grain size. Consequently, grain size alone
cannot be used as a criterion to classify pyrite as primary or secondary. In the current
study textural criteria and grain size were used to categorize pyrite in to: 1) predeformation (primary pyrite) that is divided into 4 sub-types (Py1a-d), and 2) deformationrelated (metamorphic) types. The latter is further divided into syn-deformation (Type 2a)
and post-deformation (Type 2b) (Table 4.1).
4.2.1.1 Pre-deformation textures
Py1a: includes fine-grained layered or banded pyrite parallel to bedding in black slate
(Canoe Landing Lake deposit), siliceous horizons (Brunswick No. 12 deposit), and
phyllosilicate bands (Caribou deposit). Py1a commonly occurs as framboidal pyrite in
discrete sphere shape (<15µ in diameter) or aggregated form (Fig. 4.1a). Py1a also
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includes similar size cube-shaped microcrystals (discrete grains), which likely formed by
recrystallization of original framboidal pyrite (Fig. 4.3a).
Py1b: consists pyrite with pseudo-primary and display textures, such as spongy
cores (corroded cores or sieved texture) that have been locally preserved, and typically
rimmed by late euhedral and or clean overgrowths (Fig. 4.1b). Spongy cores typically
contain inclusions of silicates and (or) other sulfide phases.
Py1c: includes massive pyrite, occasionally showing primary colloform, and
layering/ banding textures that are discordant to the main tectonic fabric. These pseudoprimary masses are typically rich in inclusions (Fig. 4.1c).
Py1d: is relict pyrite that occurs in the matrix of pyrrhotite and (or) chalcopyrite
during the zone refining processes (Fig. 4.1d). This type of pyrite is typically anhedral
rounded pyrite of different grain sizes found in vent complex facies.
4.2.1.2 Deformation textures
4.2.1.2.1 Syn-deformation textures
Py2a1: is the commonly clean overgrowth and/or recrystallized primary texture pyrite (see
Fig. 4.1b). Also, discrete euhedral to subhedral grains mostly occurring in the host rocks,
contain inclusions of prograde metamorphic silicates indicative of coeval crystallisation
with these phases (Fig. 4.2a, b). Py2a1 is possibly formed by recrystallization during late
diagenesis or early metamorphic processes. The growth of discrete Py2a1 occurs
accompanying the pressure solution of quartz fringes parallel to the main schistosity.
Py2a2: includes ductile deformation texture is limited in the studied samples. It
forms as elongated pyrite in association with silicates (Fig. 4.2c).
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Py2a3: comprises cataclastic textures dominant in single grains and massive pyrite,
which generally led to grain size reduction. The degree of fracturing is variable; euhedral
single grains of pyrite show few fractures, whereas massive pyrite is more fractured and
form small single grain pyrite shapes. Py2a3 is characterized by the intense development
of fractures that intersect at 90°, matching to the cubic cleavage of pyrite, as well as
curved fractures (rupture). Locally fractured and brecciated pyrite is infilled with later
ductile sulfides (sphalerite, chalcopyrite, and galena) and silicates (Fig. 4.2d).
4.2.1.2.2 Post-deformation textures
Py2b1: showing equilibrium (annealing) textures; the metablastic growth of pyrite in a
matrix of the silicates or more ductile sulfides like chalcopyrite and pyrrhotite due to
metamorphism (Fig. 4.3a). The process of annealing led to mosaic textures and
impingement of pyrite grain boundaries, resulting in 120° triple junctions and curved
grain boundaries.
Py2b2: extensive recrystallization and overgrowth textures, which show the large
discrete rhombohedral and cubic porphyroblasts, are evidence of higher grade
metamorphism. In the studied samples, the largest pyrite porphyroblasts are from
Brunswick No. 6 (Fig. 4.3b).
In some of the host-rock samples, there are replacement textures between
pyrrhotite and pyrite (Fig. 4.3c). Also, the intergrowth of marcasite pseudomorphs and
pyrite is a common feature, especially in the low-temperature part of the system (Fig.
4.3d).
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4.2.2

LA-ICP-MS chemical variation of texturally-distinct pyrite

LA-ICP-MS spot analyses (n = 862), 5 rasters, and 15 maps of pyrite were acquired on
193 polished sections from the ore zones and host rocks of selective massive sulfide
deposits of the BMC. A Whole dataset and summary statistics results of the LA-ICP-MS
analyses of pyrite from representative deposits of the BMC are presented in ESM Table
S4.2. The chemical variation of pyrite is presented in terms of the average of at least 2
spot analyses for every distinct texture. This dataset shows broad variations in pyrite
volatile element compositions among the studied deposits (ESM Table S4.2). Also, based
on textural classification and occurrence in different parts of the hydrothermal system,
pyrite may show broad chemical discrepancies within a single deposit or among several
deposits.
Arsenic concentrations range from below the half mean of the limit of detection
(0.23 ppm) up to 3.31 wt. %, with the latter high-As analyses categorized as arsenian
pyrite (Fig. 4.4). As moderately covariants with Au (r´=0.45). All of the pyrite samples
plot below the gold saturation line (Fig. 4.4), suggesting structure bound substitution of
Au in the pyrite structure. Pyrite analyzed during this study were found to host a variable
concentration of volatile elements, most significantly Sb, Tl, As, Bi, Sn, and Hg.
Antimony and Tl are strongly correlated (r´=0.78) and moderate covariation is seen for
Sb vs. As (r´=0.28) and Bi (r´=0.34) (Fig. 4.5). Mercury is highly elevated in most pyrite
from the Louvicourt and Canoe Landing Lake deposits and some of the pyrites from
Brunswick No. 12 and Armstrong A deposits (Fig. 4.5). Large numbers of pyrite grains
have low concentrations of In and Cd (Fig. 4.7), whereas Te and Sn occur at moderate
levels (Fig. 4.5).
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4.2.2.1 Pre-deformation pyrite composition
Py1a framboidal pyrite collected from the Canoe Landing Lake (in the massive sulfide
horizon and above the massive sulfides in the hanging wall), Caribou (below the massive
sulfide horizon in the footwall rocks), and the Brunswick No. 12 (below the massive
sulfide horizon in the footwall rocks) deposits is noticeably enriched in Tl, Hg, As, and
Sb (Fig. 4.6), with lesser amounts of Bi, Pb, and Sn relative to other generation of predeformation pyrite. It is notable that Tl values in framboidal pyrite from the Brunswick
No. 12 are lower than those from the Canoe Landing Lake and Caribou deposits. All of
the py1a framboids analyzed during this study are arsenian (e.g., Caribou: 1092-1122 ppm
As, Canoe Landing Lake, 1144-18660 ppm As, and Brunswick No. 12, 254-4900 ppm
As). Due to the fine-grained nature and aggregation of py1a framboids, there is the
potential for contamination analyses due to the intricate intergrowth in the sedimentary
matrix, as well as replacement of pyrite by other sulfide phases. To verify the accuracy of
the analysis and visualize the elemental spectra of ablated framboidal pyrite, the LA-ICPMS spot profiles of selected trace elements are useful and of exploration interest. For
example, a framboid from the Canoe Landing Lake deposit (Fig. 4.7) displays a fairly flat
pattern for most of the selected elements, suggesting the possibility of structure bound
substitution; however, Pb displays a rather ragged or irregular pattern suggesting
nonstructure substitution. The LA spectra (Fig. 4.7) also shows that from t1-t2 framboidal
pyrite is being analyzed that needs to be removed from the rest of the ablation (t2 to the
end of ablation) in which matrix was being ablated, hence systematically decreasing the
trace element concentrations. The ablated matrix does not show any distinctive volatile
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element concentration, whereas the ablated pyrite has moderate concentrations of Sb and
Cu followed by Bi, Zn, and Ag, and minor Tl and Hg.
Py1b, Py1c, and Py1d, typically display broader ranges of volatile elements with a
higher percentage of samples having notable Sb, Tl, As, Au, and Pb (ESM Table S4.2;
See Fig. 4.6 for selected deposits). Most of the Py1b are arsenian with as much as 2.1 wt%
As in samples from the Canoe Landing Lake deposit. Representative single-spot LA-ICPMS time-resolved profiles for a spongy core pyrite display enrichment in Pb, Sb, and Tl
and lower concentration of Cu, Zn, Ag, and As. Except for Pb, Sb, and Tl that are
consistent with their distribution, most other elements show slight irregularities in their
profiles and an overall decreasing trend to the end of the profile (Fig. 4.8a). Note that the
last 13 s of the analysis must be removed during data correction due to a diminishing of
signals to eliminate lower ablated volume. In the case of As, there is a detectable hump in
the profile, indicating a subsurface impurity of an As-bearing phase (Fig. 4.8 a).
Py1c is relatively enriched in volatile elements from different deposits (see ESM
Table S4.2). Single-spot LA-ICP-MS spectra of Py1c show distinct humps (anomalously
high zones) of Zn and Sn at the end of the ablation, indicating the presence of microinclusions of a mineral containing those elements in the subsurface (Fig. 4.8 b). After
ablating for 10 seconds there are sharp increases in the As and Bi intensity, which plateau
and remain constant for the duration of the ablation. There is a considerable irregularity
in the patterns of Cu, Zn, and Ag. Figure 4.9 shows LA-ICP-MS trace element maps from
a small part of Py1c with colloform texture (sample is from drill hole CL-94-2 at 242.8 m;
Canoe Landing Lake deposit). The Fe image shows slight differences in Fe concentration
across the massive pyrite and clearly, highlights the colloform texture. Other element
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maps show that pyrite cores enriched in Ni, Au, Ag, Sb, Bi, and Hg and to a lesser extent
Pb and Te. Outward from the core is a zone characterized by low concentrations of the
above-listed trace elements, but higher Mn concentrations. Outboard of the Mn-enriched
zone is a second less-well defined zone enriched by the same elements as the core as well
as As. The apparent elemental heterogeneity of Py1c required additional LA-ICP-MS
imaging in order to better constrain the detail of their chemical variations which are not
presented herein.
Py1d has a moderate concentration of most volatile trace elements, except slightly
higher values of Se (31 ppm in mean) in sample B-238 at 412 m from Brunswick No. 6
(Cu zone). LA-ICP-MS spot analysis of a Py1d grain from this sample display the
moderate concentration of As, Pb, and Cu with irregular profiles and relatively smooth
Sb and Bi profiles. Selenium concentration is low throughout the profile (Fig. 4.8 c). At
the end of ablation (t2 to the end of ablation), subsurface Zn impurities correlate with an
increase in the In content, whereas there is a generally low Se content (Fig. 4.8 c).
4.2.2.2 Syn-deformation pyrite composition
Py2a1, are discrete anhedral to euhedral grains, displaying a wide variation in trace
elements among deposits. Anhedral grains have compositional ranges in Au, As, Sb, Bi,
Tl, Pb, Te, Cu, Co, and Ni concentrations that are similar with variations in Py1c.
However, the variations of As, Tl, Sb, and Pb are higher in Py2a1 than Py1c from
Restigouche, Halfmile Lake Deep zone, and Heath Steele B zone deposits (ESM Table
S4.2). Euhedral Py2a1 grains from Canoe Landing Lake and Brunswick No. 12 are
noticeably more enriched in As (Fig. 4.6). Figure 4.12 presents LA-ICP-MS trace
element maps of various elements from an anhedral pyrite grain containing sporadic,
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dominantly silicate inclusions, collected from drill hole A-14 at 151 m at the Armstrong
A deposit (Fig. 4.10). The Fe content is marginally lower on the rims and somewhat
variable throughout the grain. Copper distribution is heterogeneous, whereas As shows
rhythmic zonation that outward from an As-enriched core shows evidence of two or three
As-enriched zones separated by As depleted zones. Gold does not occur in significant
concentrations, but does exhibit a minor enrichment as a thin band in the rim along with
some tiny inclusions randomly distributed across the grain (Fig. 4.10). Likewise, the Sb
content is generally low except for a few areas of enrichment that are irregularly
distributed across the grain.
Recrystallized rims of Pyr2a1 grains are optically distinct from the inclusion-rich
cores. Time-resolved LA-ICP-MS raster lines of euhedral pyrite (Fig. 4.11) show the
trace element distribution across a grain with a spongy core. The cores of these grains
contain tiny inclusions as detected by the irregular distribution of elements in the LA
raster outlines. Recrystallized rims are clean, i.e., more homogenous as indicated by
lower trace element concentrations. This is in agreement with the spot analysis, for
example, a pyrite grain from the tuffaceous sedimentary sample in the hanging wall of
the Brunswick No. 12 shows a recrystallized rim (very low inclusion relative to the core)
presenting depletion of all volatile elements (except Se) relative to core (Fig. 4.12). A
similar euhedral pyrite grain from semi-massive sulfide horizon of the Brunswick No. 12
displays the same low trace-element concentrations in the recrystallized rim.
Representative time-resolved LA-ICP-MS signals comparing the core and rim of one of
these grains are presented in Figure 4.13. In both, LA-ICP-MS patterns of As are quite
smooth, whereas patterns for other elements are irregular.
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Figure 4.14 is presented to confirm the textural influence on elemental
distribution in pyrite. A euhedral pyrite (sample from drill hole HN-99-119 at 1250 m;
Halfmile Lake Deep zone) in a phyllosilicate matrix shows sieve-texture in core and rim
and some areas of clean (inclusion free) pyrite. LA-ICP-MS imaging conducted on this
grain shows elemental enrichment directly corresponding to the textural patterns. As
expected the Fe content is more enriched in the areas of clean pyrite, whereas the sievedtextured parts have elevated volatile-element concentrations (As, Pb, and Bi and to a
lesser degree Ag, Sb, and Tl), relative to the clean parts of the grain. Nickel, like Bi, is
highly enriched in sieved-texture areas as are Cu, Co, and Mn.
In Figure 4.15, LA-ICP-MS conducted on a larger portion of pyrite, including
massive pyrite at the upper part and an aggregate of recrystallized pyrite in the lower part
(sample from drill hole A14 at 171 m). The Fe content clearly defines a sharp boundary
between the two parts, with higher Fe in recrystallized aggregates. Arsenic and to a lesser
extent Co and Au are enriched in recrystallized aggregate, whereas Sb, Pb, and Tl
achieve higher concentrations in the massive pyrite. Indium is locally elevated in
association with small chalcopyrite grains interstitial to the pyrite grains.
Py2a2 (elongated texture) display chemical variation similar to the massive and
anhedral pyrite; Py2a2 is moderately to highly enriched relative to in Sb, Tl, and Hg. Py2a3
(cataclastic textures) display a moderate enrichment of volatile elements with exception
of samples from Caribou, which have low Hg concentrations (Fig. 4.6).
4.2.2.3

Post-deformation pyrite composition

Py2b1 (annealed) and Py2b2 (porphyroblastic) samples from the Louvicourt and
Restigouche deposits have high concentrations of volatile elements (Sb, Tl, and As),
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whereas similar pyrite grains from other deposits have moderate concentrations of these
elements. With respect to the grain size and textural criteria of these pyrite grains, a
single spot analysis does not yield an accurate average of elemental concentrations.
Consequently, a number of spot analyses are required to yield an accurate average
composition.
A limited number of ablated marcasite pseudomorph grains yielded notable
concentrations of volatile elements relative to pyrite grains with the exception of As,
which is depleted in all marcasite pseudomorph grains examined (see ESM Table S4.2).
Figure 4.16 illustrates representative time-resolved LA-ICP-MS signals for ablated
marcasite from the Brunswick No. 6 deposit. The spectra begin by hitting a Pb-, Sn-, Ag-,
and (or) In-bearing inclusion, which was eliminated during the data reduction process.
The rest of the ablation profile (t1-t2) shows that the grain is enriched in Pb, with
moderate concentrations of As, Cu, and Sb and minor amounts of Tl, Ag, Sn, Bi, and a
minor Hg. The profiles of Cu, Sb, Tl, Ag, Sn, and Hg are smooth, whereas the As content
decreases toward the end of the ablation. Marcasite shows a slightly lower concentration
of S relative to pyrite.
4.2.3

LA-ICP-MS profile characteristics of pyrite from the BMC

In addition to the textural-controlled chemical variability, pyrite from different parts of
the hydrothermal system (hanging-wall, footwall, and ore horizons), also show chemical
variability. The abundance of pyrite overall increases towards the ore horizon in both the
hanging-wall and footwall zones of the deposits studied, consequently, its presence and
proportion can be used as a guide to proximity to ore horizons. Integrated LA-ICP-MS
analyses of pyrite presented in this study indicate that As, Sb, Tl, and to a lesser extent
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Hg, Cd, In, Bi, Se, Te, Au, and Ag, in addition to Pb, Cu, and Zn display general
variations among deposits. Interestingly, the chemical variation of pyrite is generally
consistent with whole-rock compositional trends investigated at Heath Steele B zone
(Lentz et al. 1997), Halfmile Lake Deep zone (Walker and McCutcheon 2011), and
Brunswick No. 12 (Lentz and Goodfellow 1993, 1994). Figures 4.17 to 4.26 present
stratigraphic logs of pyrite volatile element profiles of the drill holes examined during
this study.
4.2.3.1

Chemical variation of pyrite from the host rocks of massive sulfides

4.2.3.1.1 Tetagouche Group deposits
4.2.3.1.1.1 Brunswick No. 12
Pyrite from the footwall of Brunswick No. 12 displays highly variable concentrations of
volatile elements. Four types of footwall alteration are recognized in the Nepisiguit Falls
Formation at Brunswick No. 12 (Lentz and Goodfellow 1994). The most proximal of
these (zone 1), is an intensely silicified zone, immediately below the massive sulfides
(Lentz and Goodfellow 1996). Pyrite in zone 1 occurs as veins or disseminations and
accounts for 5 to 20% of the sample volume. Zone 1 is underlain by zone 2, which is
marked by Fe-chlorite, K- rich mica and sulfide veins and disseminations dominated by
pyrrhotite and/or pyrite with trace amount of sphalerite and galena. Zone 3 lies outboard
of zones 1 and 2 and is dominated by Fe-Mg-chlorite, sericite, albite, and less abundant
sulfides (0-15%). Pyrite is the most abundant sulfide in zone 3 and typically occurs as
fine-grained disseminations. Zone 3 is transitional outboard into zone 4, which is
dominantly a Na-Mg-chlorite zone with minor sulfides. Integrated LA-ICP-MS analyses
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of pyrite (regardless of textural differences) show elevated concentrations of Se in zone I
(Si alteration zone) compared to zone IV (Na-Mg-K alteration zone) (Fig. 4.18). The plot
of Sb vs. As shows that the majority of pyrite collected from the Si zone have higher Sb
and As concentrations than the pyrite from other alteration zones. Also, with increasing
proximity to the ore horizon, there is a strong positive correlation between Sb and As
(r´=0.77) and weak correlation between Cu and Se (r´=0.23). Pyrite in the hanging-wall
rocks of the Brunswick No.12 deposit (drill hole A1) is enriched in As, Sb, and Pb, and to
a lesser degree Tl and Hg (Fig. 4.17). The mean concentration of Tl, As, Sb, Au, Ag, and
Hg is higher in pyrite from felsic volcanic rocks of Flat Landing Brook Formation
relative to mafic rocks of Little River Formation.
4.2.3.1.1.2 Heath Steele B zone
The Heath Steele B zone is hosted in crystal-rich felsic volcaniclastic rocks and
associated tuffaceous sedimentary rocks of the Nepisiguit Falls Formation. Pyrite occurs
only in the upper footwall sedimentary rocks (within 175 m distance from the ore
horizon). The concentrations of Bi, Sb, Tl, Se, Cu, and Pb and to a lesser degree As, Ag,
In, Sn, and Te in pyrite increase with proximity to the ore horizon. The everage modals of
Hg, Cd, and Zn show inceasing trends; however, their average values do not display any
obvious trends (Fig. 4.19).
4.2.3.1.1.3 Halfmile Lake Deep zone
The Halfmile Lake Deep zone is hosted within quartz-feldspar crystal tuff and related
volcaniclastic rocks of the Nepisiguit Falls Formation and is structurally overlain by
sedimentary rocks of the Patrick Brook Formation. Drill hole HN-99-119 of the Halfmile
Lake Deep zone contains disseminated pyrite throughout the footwall and the hanging
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wall of the deposit. The volatile elements of pyrite are variably enriched in the
volcaniclastic rocks of the Nepisiguit Falls Formation of the hanging wall along strike
(Fig. 4.20).
4.2.3.1.1.4 Key Anacon East zone
Pyrite in the Nepisiguit Falls Formation in the footwall of the Key Anacon East zone
contains volatile elements (Bi, As, Ga, Ge, Se, Hg, and Te) mostly in similar
concentrations with those in the sulfide horizon. Pyrite from rhyolite of Flat Landing
Brook Formation in the immediate hanging wall of the deposit contains volatile elements
similar to those in the sulfide horizon. Mafic volcanic rocks of the Little River Formation
in the upper part of hanging wall of the deposit contain pyrite with variable abundances
of volatile elements. In particular, about 150 m above the sulfide horizon, concentrations
of some volatile elements such as Bi, As, and Te within pyrite are slightly elevated
compared to those in Flat Landing Brook Formation and much closer in concentration to
those in the sulfide horizon (Fig. 4.21).
4.2.3.1.1.5 Louvicourt
At the Louvicourt deposit, the average concentrations of volatile elements such as Ga,
Ge, Se, Sn, In, and Te in pyrite from the altered footwall rhyolite of the Flat Landing
Brook Formation are similar to pyrite in the ore horizon. There is a subtle increasing
trend of Tl, As, Sb, Au, and Hg toward the ore horizon in the footwall zone (Fig. 4.22).
The tuff-magnetitic argillite in the hanging-wall zone shows erratic patterns of volatile
elements.
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4.2.3.1.2 California Lake Group deposits
4.2.3.1.2.1 Armstrong A
The Armstrong A deposit is hosted within chlorite-sericite-feldspar phyric rhyodacite of
the Spruce Lake Formation. Pyrite from the very proximal footwall of the deposit is
enriched in As and Sb. The trend is typically one of increasing volatile element
concentrations toward the ore horizon; however, this trend is only identified at short
distances from the ore horizon, in very proximal footwall samples. Samples from the
proximal hanging wall comprise pyrite that has volatile-element concentrations similar to
those of the ore horizon (Fig. 4.23).
4.2.3.1.2.2 Restigouche
The footwall sequence of the Restigouche deposit consists of silicified and chloritic,
aphyric to sparsely feldspar-phyric rhyolite flows and hyaloclastite. Pyrite is the only
sulfide mineral present in the deep altered felsic rocks of footwall of the Restigouche
deposit. With proximity to the ore horizon, pyrite is accompanied by minor amounts of
chalcopyrite and sphalerite. Pyrite from the footwall of the Restigouche deposit generally
increases in Bi, Tl, Sb, Ag, Se, Sn, In, Cd, Te, as well as Zn, Pb, and Cu toward the ore
horizon (from as much as 225 m away). In contrast, the As content of pyrite decreases
with proximity to the ore horizon. A limited number of samples available from the
rhyodacite feldspar crystal tuff in the hanging wall contain pyrite with elevated mean
concentrations of Bi, As, Sb, Au, Ag, Se, Hg, In, and Te that are higher than pyrite from
the ore horizon (Fig. 4.24). Pyrite from an overburden sample in the hanging wall shows
a noticeable concentration of Tl, Sb, and Hg.
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4.2.3.1.2.3 Canoe Landing Lake
The Canoe Landing Lake deposit is hosted by thinly bedded shale, greywacke, phyllite,
hyaloclastite, epiclastic rocks and pillowed flows of the Canoe Landing Lake Formation
(van Staal et al. 2002). The black to grey-green shales are interbedded with thin-bedded,
fine-grained sandstones that locally contain pyritic nodules and laminations. Pyrite from
both proximal footwall and hanging wall at Canoe Landing Lake show increasing trends
of volatile elements as one approaches the mineralized horizon, most notably Tl, Sb, Hg,
and Pb. Pyrite from mafic and sedimentary rocks at the top of the Canoe Landing Lake
deposit show variable concentrations of volatile elements, with more enrichment in Bi,
Tl, As, Hg, Cd, Pb, and Cu over 200 metres above the sulfide horizon (Fig. 4.25).
4.2.3.2 Chemical variation of pyrite from the hydrothermal sediments
A limited number of samples collected from the Algoma-type iron formation at
Brunswick No. 6 and the magnetite-bearing argillite horizon above the ore horizon at the
Louvicourt deposit are presented. A laterally continuous iron formation consisting of
magnetite, quartz, chlorite, and minor pyrite caps the sulfide horizon of Brunswick No. 6.
Figure 4.26 displays the range and mean values of examined elements within pyrite from
iron formation and massive sulfide hosizons. Pyrite from the iron formation yielded the
mean concentration of Mn, Ni, Zn, Ga, Mo, Ag, Cd, In, Sn, Sb, W, Hg, and Pb that are
higher than pyrite from the bedded facies of the massive sulfides (Fig. 4.26).
At the Louvicourt deposit, the mean concentrations of Zn, Bi, Cu, Sn, In, and Te
in pyrite from the upper part of magnetite-bearing argillite are higher than pyrite from
intercalated crystal tuff of iron formation (below it) and the sulfide horizon. Thallium,
As, Sb, Au, Hg, and Pb concentrations in the upper portion of the iron formation increase
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with proximity to sulfide mineralization. In contrast, Zn, Bi, Cu, Sn, and In all decrease
toward the sulfide lens (Fig. 4.22).
4.2.3.3 Chemical variation of pyrite from sulfide horizons
The scatter plots of As vs. Se, Tl, and Se/Tl (Fig. 4.27 a,b,c), can be useful in
differentiating pyrite from vent complex (Cu-rich) and bedded sulfide (Zn-Pb-rich) zones
of Brunswick No. 6. Pyrite from the vent complex has higher Se content than pyrite from
the bedded sulfide zone (see ESM Table S4.2). Likewise, lower Tl and higher Se/Tl
relative to As easily distinguish high-temperature pyrite in the vent complex from lowtemperature pyrite in the bedded sulfide zone at Brunswick No. 6 (ESM Table S4.2).
4.3
4.3.1

Discussion
Pyrite evolution

4.3.1.1 Recording the deformation and metamorphic history
A syngenetic origin for the BMC massive sulfide deposits is proposed (see Goodfellow et
al. 2003 and references therein). Extensive lateral iron formations associated with most of
the BMC massive sulfide deposits (McAllister 1960; Peter and Goodfellow 1996; Peter et
al. 2003), plus the architecture of deposits, comprising bedded ore and bedded pyrite
facies, and a vent complex underlain by a sulfide stringer zone, that is analogous to
modern and weakly deformed ancient sea-floor sulfide deposits suggest an exhalative
seafloor hydrothermal origin. In addition, there are several lines of evidence, based on
pyrite in the BMC, that invoke a seafloor hydrothermal origin. First, bedded pyrite
textures, well-preserved in several deposits, show sedimentary sulfide precipitation
features (Goodfellow 2003). Second, fine-grained pyrite framboids that form laminae in
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several deposits (Chen 1978; Goodfellow 2003; this study) are generally considered to
form by low-temperature bacterial processes prior to superimposed metamorphic and
deformational events. The local preservation of primary textures in BMC deposits is
consistent with the sulfide textural modification reported from deposits that have
undergone upper greenschist to amphibolite facies metamorphism elsewhere (McClay
and Ellis 1983, 1984). Other than the obvious aspects of strain partitioning, the
deformation-related textures that are recorded in pyrite may reflect the timing of
deformation relative to thermal evolution (Gilligan and Marshall 1987); however, based
on thin section scale, this may not be a realistic interpretation. In this study, documented
pre-deformation and deformation textures in pyrite (see Fig. 4.28) show that formation of
pyrite is controlled by both syngenetic and epigenetic processes.
Despite the syngenetic model proposed for the formation of massive sulfide
deposits of the BMC (Goodfellow et al. 2003 and references therein), zone-refining
processes and superimposed metamorphism and deformation have profoundly affected
the deposits at mega-, meso-, and micro-scales (see also Lusk and Crouse 1997). The
zone-refining processes lead to the replacement of the early precipitated, lowtemperature, fine-grained sulfides by coarse-grained recrystallized sulfides through
interaction with higher temperature prograding hydrothermal fluids (Eldridge et al. 1983).
Metamorphism-induced modifications of sulfides may include a combination of textural
and mineralogical changes, generation of new or additional phases, redistribution of
major- and minor-components, and mineral and chemical zoning (McDonald 1967).
Polyphase ductile-brittle deformation has triggered sulfide remobilization, resulting in
both mechanical and chemical modifications. Mechanical processes that accommodate
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strain include brittle deformation (brittle failure, cataclastic flow, and grain-boundary
sliding) and ductile deformation (dislocation glide, dislocation creep, and deformation
twinning). Chemical processes include diffusive mass transfer (structure-diffusion creep,
grain-boundary diffusion creep, and solution precipitation creep (Vokes 1969; McClay
1977; Cox 1987; Gilligan and Marshall 1987; Cook et al. 1993; Vokes and Craig 1993).
Despite the effects of polyphase deformation, the massive sulfides of the BMC
can still be recognized as atypical examples of stratiform volcanogenic massive sulfide
(VMS) deposits (McAllister 1960; Luff 1975; van Staal and Williams 1984; de Roo and
van Staal 2003). Recognition of the VMS origin of these deposits is possible because the
primary chemical zoning is preserved and can be used to identify of up to five distinct
hydrothermal facies, namely: 1) sulfide stringer zone, 2) vent complex, 3) bedded ore, 4)
bedded pyrite, and 5) Algoma-type carbonate-oxide-silicate iron formation (Luff et al.
1992; Lentz, 1999a; Goodfellow and McCutcheon 2003; this study). Beside the
heterogeneity of the strain, the competency (ductility) contrasts among the various
sulfides and gangue components have resulted in a complex microstructure and interrelationship among the sulfide grains. Also, peak metamorphic conditions in the camp
range from 325° to 400°C and 6 to 7 kbars, which typically resulted in sulfide
recrystallization (Lentz 2002; Currie et al. 2003). Despite locally preserved primary
textures in pyrite (as previously reported by Chen 1978; McClenaghan et al. 2006, 2009),
there is a wide range of secondary textures that resulted from hydrothermal,
metamorphic, and deformation processes (this study). Pyrite from different primary facies
behaves differently in response to deformation. For example, in the bedded ore and vent
complex facies, most of the strain has been taken up by the more ductile minerals, such as
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galena, sphalerite, pyrrhotite, and chalcopyrite. In the host rocks, chlorite, sericite, and
locally carbonaceous phases are more susceptible to strain, whereas pyrite behaves as a
rigid body (de Roo and van Staal 2003; Goodfellow and McCutcheon 2003; this study).
Relict pyrite within vent complex facies (pyrrhotite-dominant mineralization) is
commonly rounded and is consistent with metamorphic recrystallization of pyrite (Craig
and Vaughan 1994; this study). In high strain zones, there is a general reduction in the
grain size of pyrite by dynamic recrystallization during inhomogeneous and (or) possibly
coherent cataclastic flow of sulfides (Brown and McClay 1993, de Roo and van Staal
2003; this study). Indentation and dissolution, axial cracking, micro-fracturing, and grain
boundary sliding occur due to brittle deformation (Brown and McClay 1993; McClay and
Ellis 1984 and references therein). Although plastic deformation of pyrite is a common
feature at temperatures greater than 450˚C at 300 MPa (Brill 1989; Boyle et al. 1998), it
may also occur at temperatures as low as ~ 325°C (Barrie et al. 2010 and references
therein). Serrated pyrite porphyroblasts locally display granoblastic annealed texture
(mosaic or durchbewegung) related to the differentiation of pyrite-rich layers during D1,
and annealing to larger crystals during peak M1 metamorphism. The annealing of
adjacent pyrite grains leads to the development of mosaic textures, resulting in 120° triple
junctions and curved grain boundaries. Grain growth and annealing dominate at higher
metamorphic temperatures (mid- to upper-greenschist facies) and are likely to have
obliterated any evidence of deformation by dislocation processes (McClay and Ellis
1983). In the lower strain zones, coarse discrete pyrite porphyroblasts may have formed
at the peak of metamorphism (D2) (Currie et al. 2003). Alternatively, they may be the
remnants of highly deformed pyrite veins that were progressively reduced in grain size
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syn-D1 or post-D1 deformation (de Roo and van Staal 2003). The former interpretation is
based on coarse-grained pyrite occurs with chlorite in deformed sulfide veins that may
display wall rock partitions between the veins or alteration envelopes (de Roo and van
Staal 2003). In the stringer zone, high strain will cause a general reduction in grain size,
as well as the development of strain shadows and fringes of quartz and chlorite on the
margin of pyrite (see Fig. 5.4a) (winged objects of Passchier and Trouw 1996) parallel to
the S1 fabric, and are interpreted as the predominant D1 deformation mechanism resulting
from thrust faulting.
At the Key Anacon East zone deposit, unstrained euhedral pyrite porphyroblasts
overprint D1 and D2 structures, i.e., are a syn- to post-D2, and are a result of the intrusion
of the Pabineau Falls Granite, which initiated a static recrystallization event (Zulu 2012;
Zulu et al. 2016). The remobilization and reprecipitation of sulfides is also a
paragenetically late feature as indicated by the formation of veins and veinlets that crosscut the metamorphic fabric. Minor marcasite occurs in some samples, which can be
inverted to pyrite during low-temperature metamorphic replacement (Cook et al. 1994).
A summary evolutionary history of pyrite from the BMC is illustrated in Figure 4.28.
The remobilization of sulfides in response to metamorphism and deformation has
been recognized at some of the deposits (de Roo and van Staal 2003); however, there is a
question as to what is the dominant mechanism(s) responsible for remobilization? The
solid-state "mechanical" transfer and liquid-state "chemical" transfer (hydrothermal
dissolution and re-precipitation) or a combination of the two is most likely the dominant
mechanisms for mobilization/remobilization of sulfides (Marshall and Gilligan 1993;
Marshall et al. 2000). Alternatively, partial melting and subsequent mobilization of this
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melt(s), is proposed for deposits that have undergone high-temperature metamorphic
conditions, e.g., upper amphibolite to granulite grade (Lawrence 1967, 1972; Vokes
1971; Frost et al. 2002; Tomkins et al. 2007). However, this mechanism is not applicable
to the Bathurst Mining Camp deposits as the temperatures reached during metamorphism
(max. 400oC) were not sufficiently high (Currie et al. 2003; de Roo and van Staal 2003).
Solution transfer is an important sulfide deformation mechanism, particularly in
the case of pyrite (McClay and Ellis 1983, 1984; Cox 1987; Lianxing and McClay 1992).
In the BMC massive sulfides, the prevailing metamorphic conditions favour solution
transfer playing a significant role in terms of microstructural modifications (de Roo and
van Staal 2003). The textures formed as a result of solution transfer include: 1) the
removal of angular corners or edges of pyrite grains (Fig. 2.2b), 2) development of
elongated pyrite adjacent to foliation septa rich in phyllosilicates (Fig. 2.2c), 3)
metamorphic growth of pyrite porphyroblasts across S1 in metavolcanic rocks in the
immediate host rocks to the massive sulfides, 4) the formation of pyrite-rich tectonic
veins, and 5) development of sulfide, quartz, or chlorite strain shadows adjacent to pyrite
in the host rocks (see Fig. 5.4a) (cf. Lentz 1999b).
Apart from the major cations (e.g., Pb, Zn, and Cu), the trace-element components
of the sulfides have also been affected by zone refining, deformation, and metamorphic
processes (Huston et al. 1995; Larocque et al. 1995; Spry et al. 2000; Houghton et al.
2004). Recrystallization during zone refining expels inclusions from pyrite resulting in a
complementary decrease in the major- and trace-element concentrations of those
inclusions (e.g., Cu, Zn, Pb; Huston et al. 1995). During metamorphism, the distribution
of trace elements in a sulfide grain will be modified by partial melting (Frost et al. 2002;
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Tomkins et al. 2007), or by re-equilibration processes without melting (Lentz 2002;
Wagner et al. 2007; Sharrad et al. 2014; Wohlgemuth-Ueberwasser et al. 2014). For
example, the redistribution of Au has been proposed for many massive sulfide deposits
metamorphosed under greenschist facies (Marshall and Gilligan 1987; Larocque et al.
1995; Marshall et al. 2000; Wagner et al. 2007). In this process Au in pyrite is
progressively liberated with increasing degree of recrystallization under sub-melting
point conditions. For example, massive ores that has interacted little with metamorphic
fluid can maintain their primary Au distribution, whereas strongly brecciated and veined
parts of the system (i.e., those parts of the system that interacted extensively with
metamorphic fluid) lost much of their primary Au content (Wagner et al. 2007). In gold
deposits (Cook et al. 2009; Thomas et al. 2011; Cook et al. 2013) and Carlin-type Au
deposits (Large et al. 2007, 2009; Su et al., 2008), this process is invoked to explain Au
redistribution. Upgrading of Au, Ag, and Sb in remobilized coexisting minerals is
reported by Cook et al. (1998). Zheng et al. (2013) reported the enrichment of Cu, Ag,
Au, Pb, and Zn in metamorphic pyrite, in which LA-ICP-MS time-resolved outlines
clearly show the occurrence of inclusions containing these elements. Comparision of
pyrite texture shows that recrystallized rims (see Fig 4.1b) are clean relative ro spongy
cores in which silicate and sulfide inclusions are a common feature. LA-ICP-MS timeresolved outlines are able to distinguish inclusion of other phases (in the applied
resolution level) (see Fig. 4.13). No enrichment of major- and minor-element is seen in
recrystallized pyrite.
Metamorphism results in the liberation and subsequent mobilization of trace
elements (e.g., Zn, Cu, Pb, Ag, and Mo) that occur as non-stoichiometric substitutions
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and (or) nano-inclusions in primary forms of pyrite, and precipitates them in new phases
or into coexisting minerals. Large et al. (2014 and references therein) suggested that
elements occurring as stoichiometric substituents in the pyrite structure (e.g., Co, Ni, As,
and Se) tend to be immobile and may even become enriched during metamorphism. In
massive sulfide deposits, Huston et al. (1995) argued that metamorphism has mobilized
those elements that occur as inclusions and non-stoichiometric substitution (As, Tl, Au,
and possibly Mo) in the pyrite structure. However, elements residing in pyrite by
stoichiometric relations, such as Ni, Co, and Se that are unaffected (or less affected) by
subsequent hydrothermal and (or) polyphase metamorphic processes. Similarly, Craig et
al. (1998) studied a large number of pyrite grains from a variety of deposits and argued
that metamorphism, even at high grades, has very little effect on the trace element content
of pyrite. LA-ICP-MS on texturally-distinct pyrite in this study show loss of volatile
elements during secondary processes. However, Se behaves differently and show
enrichment in recrystallized pyrite (see Fig. 4.12).
Lentz (2002) noted that recrystallized arsenopyrite intergrown with pyrite
displays lower As, Co, and Ni concentrations in the rim relative to the grain core in BMC
deposits. Likewise, there is evidence for the limited redistribution of Au on the microscale at the Brunswick No. 12 deposit (McClenaghan et al. 2009). Specifically, Au and
Ag released from pyrite, subsequently precipitates as an Au-Ag alloy (inclusions)
surrounding As-rich regions in pyrite margins of clusters and rhombohedral grains of
arsenopyrite (McClenaghan et al. 2004). Redistribution of Au via Au (HS)–2 (bisulfide)
complexes within massive sulfides, under high aH2S and near-neutral pH has been
suggested by Currie et al. (2003). The higher Au concentrations of deposits hosted by the
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California Lake Group compared to those hosted by the Tetagouche Group is due to synmetamorphic deformation (McClenaghan et al. 2009). Also, deposits such as Heath
Steele (HC-4) and Louvicourt display anomalous Au values (2.27 and 1.42 ppm,
respectively) relative to other deposits in the Tetagouche Group (see McClenaghan et al.
2003). Pyrite LA-ICP-MS image analyses presented in this study (Fig. 4.12) confirms the
loss of volatile elements (Hg, As, Tl, Sb, Sn, Bi, as well as Au and Ag) from pyrite
resulting from metamorphic recrystallization. This study also found that Se is the only
volatile element to be unaffected or least affected in pyrite during metamorphism (see
Fig. 4.12 and ESM Table S4.2)
Is there any elemental transfer from the massive sulfides to the enclosing host
rock? The lack of evidence for significant sulphidation of the iron formation overlying
the Brunswick No. 12 (and Brunswick No. 6) deposits indicate that mass movement of
sulfide-bearing fluids did not occur (McClenaghan et al. 2003). However, small volumes
of pyrite (both primary and secondary) in the host rocks of the BMC massive sulfide
deposits do contain appreciable abundances of volatile elements (see Fig. 4.17-4.25 and
ESM Table S4.2)
4.3.1.2 Pyrite formation in the host rocks of massive sulfide
The abundance of pyrite increases from the distal part of the hydrothermal systems (in
both footwall and hanging-wall zones) with proximity to the ore horizon (from less than
1% to 5-25% in the stringer zone facies) (see Appendix 1). Pyrite may increase in
abundance with increasing degree of hydrothermal alteration (Lentz et al. 1997), and (or)
by increasing the temperature in the up-flow hydrothermal zones, and (or) by changes in
the sulphidation state of the system.
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Iron in the pyrite can be derived from wall rocks depending on the bulk
compositions. In the mafic units of Boucher Brook and Canoe Landing formations,
metabasalt and metagabbro are mostly altered to chlorite that can act as the source of Fe
for the formation of pyrite (see Appendix 1). These units post-date mineralization by 3-5
m.y. and contain post-depositional metamorphic pyrite. In the felsic volcanic units
belonging to the Flat Landing Brook (post-deposit formation 1-3 m.y.), Nepisiguit Falls,
and Mount Brittain formations, the occurrence of pyrite is commonly in close association
with iron-rich minerals, notably carbonate (ankerite), biotite (which mostly altered to
chlorite), and iron oxides (see Chapter 5). During incipient alteration of the felsic
volcanic rocks as a result of the fluid-rock interaction, igneous biotite will alter to
chlorite; feldspar will undergo hydrolysis reactions to form phyllosilicates. Petrographic
evidence for alteration of biotite to chlorite in the Heath Steele B zone samples can be
counted as one of the possible sources of Fe (Lentz et al. 1997; Chapter 5). This is
consistent with the formation of pyrite by the sulphidation of the iron component of
igneous biotite within the potassic alteration zone and is analogous to the sulphidation of
iron and feldspar hydrolysis in the phyllic alteration assemblages in copper porphyry
deposits (Beane and Bodnar 1995; Harris and Golding 2002; this study).
In metasedimentary rocks the dissolution of pyrrhotite (+ pyrite) by metamorphic
fluid results in higher activity of Fe. The hydrostatic solubility of Fe in the K-feldsparmuscovite-quartz assemblage at 400˚C and 200 MPa is about 200 ppm, which can be
increased by an order of magnitude with the absence of feldspar (Hemley et al. 1992). In
addition, desulphidation of pyrite to pyrrhotite with increasing temperature should also
contribute to an increase in S2 activity in the solution (Ferry 1981). In some of the BMC
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deposits (e.g., Halfmile Lake), there are pieces of evidences of desulphidationsulphidation processes, showing replacement textures of pyrite-pyrrhotite assemblages.
The low S subgroup in Brunswick No. 12 (Lentz and Goodfellow 1993) contains
deposition of pyrrhotite over pyrite, which is consistent with dominance of pyrrhotite
over pyrite in the Si-alteration zone within a zone of reduced low S fugacity.
Transformation of pyrite to pyrrhotite by metamorphic desulphidation reactions is
proposed in metamorphic districts. Vaughan and Craig (1997) argued that slow
metamorphic cooling of pyrrhotite results in little change in the composition of this
mineral, and the small amount of sulphur that is released is rapidly fixed as pyrite.
Secondary (metamorphic) pyrite occurs throughout the BMC, and indicates the
possibility that Fe is fixed by sulphur released during metamorphism. In contrast, Peter et
al. (2003) have proposed that hydrothermal input of Fe into the basin, in which the
hydrothermal sediments were deposited, explains the Fe-rich nature of the sedimentary
rocks of the Heath Steele Belt, and accounts for the Fe-rich nature of the associated
silicate assemblage (e.g., chlorite, stilpnomelane) and carbonate minerals that are
commonly associated with Fe sulfides. It could be also possible that Fe-oxides (primary?)
in the host rocks supply Fe to form pyrite.
4.3.2

Volatile elements: source and speciation

Volatile elements in hydrothermal massive sulfide deposits may have been originally
derived from: 1) continentally derived sedimentary rocks of Miramichi Group during
hydrothermal fluid circulation (Goodfellow et al. 2003; Rogers et al. 2003), 2) felsic
volcanic and volcaniclastic rocks during hydrothermal fluid circulation (Hannington et al.
1995; Goodfellow et al. 2003), and 3) contemporaneous magmatic volatile degassing
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(Large 1992; Hannington et al. 1995; Goodfellow and McCutcheon 2003; Yang and Scott
2003; McClenaghan et al. 2006), or 4) from local seawater reaction and reduction to form
sulfides, as the seawater is known to be sulphate bearing. Moreover, during regional
metamorphism, redistribution of trace elements in metamorphic fluids results in solutions
rich in metal sulfides, especially divalent species such as Cu, Pb, Zn, Ag, Au, etc.
(Glasson and Keays 1978; Haack et al.1984).
Huston et al. (1995) summarized three possibilities to explain the occurrence of
trace elements in sulfide minerals, namely: 1) mineral inclusions (Cu, Zn, Pb, Ba, Bi,
Ag), 2) elements that occur as nonstoichiometric substitution in the structure (As, Tl, Au,
and possibly Mo; Fleet et al. 1989), and 3) elements that occur as stoichiometric
substitution for Fe (Co and Ni) or S (Se and Te). The mineral chemistry of pyrite in the
BMC is reported previously (McClenaghan et al. 2004, 2009) and, as shown in this study
(Figs. 4.6 and 4.7 and ESM Table S4.2), is mostly arsenian pyrite in nature. The majority
of LA-ICP-MS time-resolved profiles of pyrite examined in this study show smooth
patterns for As, interpreted as a structure-bound substitution (Fig. 4.9, 4.10, and 4.15).
Arsenic is the most common non-stoichiometric substituent in pyrite (Fleet et al. 1989,
1993; Simon et al. 1999; Reich et al. 2005; Reich and Becker 2006), and is
accommodated by As substituting for S; however, the difference in valence of As and S
results in the formation of AsS3- and As24- groups, following substitution of one and two
As atoms for S atoms in the disulfide dianion, respectively. This substitution process
results in an overall imbalance in charge, which necessitates the incorporation of trivalent
cations of Mn3+, Au3+, Sb3+, and possibly Bi3+ in order to maintain charge balance (Cook
and Chryssoulis 1990; Huston et al. 1995). This is indicated by the positive Spearman
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Rank correlations between As versus Mn, Au, Sb, and Bi, in BMC pyrite (McClenaghan
et al. 2009). The spearman rank correlations (see ) of aforementioned elements within
pyrite from the current study advocate the substitution processes. McClenaghan et al.
(2004) also reported adsorbed sub-microscopic Au-Ag alloy on As-rich surfaces of
secondary pyrite (and arsenopyrite). The occurrence of Tl in pyrite and marcasite has
been reported in some polymetallic deposits (Shaw 1952 and references therein;
Duchesne et al. 1983; Murao and Itoh 1992; Fan et al. 2014). Thallium is commonly
elevated in colloform pyrite by extraction from solutions by adsorption processes or via
direct crystallization from a fluid (Roedder 1968). Thallium isomorphically replaces iron
in the pyrite structure where the concentration of Tl is relatively low (<2000 ppm; Fan et
al. 2014). At higher concentrations of Tl, the difference in ionic radius between Tl+ and
Fe2+ necessitates the formation of Tl-bearing minerals (lafossaite: TlAsS2 or lorandite:
TlCl). In this study, the highest Tl concentration in pyrite is 23480 ppm from Canoe
Landing Lake deposit followed by 4110 ppm from Louvicourt deposit. This needs to be
exmined with another micro-analytical technique to investigate the presence of nanoinclusions of Tl-bearing minerals within pyrite. Thallium correlates positively with As in
pyrites, which is consistent with a model proposed by Cook and Chryssoulis (1990),
whereby Me3+(AsS)3- substitutes for Fe2+(S2)2-. Similar to As, Tl is enriched in colloform
pyrite (this study), suggesting a syngenetic origin. Metamorphic recrystallization expels
metastable As, the loss of which leads to a decrease in the amount Tl and Au that can be
incorporated in the pyrite structure (Huston et al. 1995; McClenaghan et al. 2004; 2009;
this study). Variations in the Se content of pyrite could be caused by four mechanisms: 1)
fractionation of Se with temperature (e.g., Bethke and Barton 1971), 2) preferential
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uptake of either Se or S during sulfide precipitation, i.e., changes in the Se/S ratio of the
fluid, 3) fractionation of Se owing to changes in redox and (or) pH conditions
(Yamamoto 1976), or 4) mixing of hydrothermal fluids. Enrichment of Se in
recrystallized pyrite relative to spongy primary or pseudo-primary pyrite necesiates more
research. Occurrence of other volatile elements such as Cd, In, Sn, and Hg in pyrite can
likely be explained via replacement of Fe in the pyrite structure.
4.3.3

Pyrite micro-chemical vectoring: Implications in VMS exploration

Volatile elements such as Hg, Tl, Sb, and As have been proposed as potential pathfinders
in geochemical prospecting for a wide variety of base- and precious-metal deposits. The
features of volatile elements that favour them as potential vectors are their presence in
mineralizing fluids, their relatively high vapour pressure characteristics, and their role as
transporting agents of metals during the mineralization processes (Boyle and Jonasson
1973, 1984; Ryall 1979 a, b; 1981; Ryall et al. 1981; Carr et al. 1986). These
characteristics imply that volatile elements can form haloes that are much broader than
the mineralization footprint from which they formed. In VMS systems several volatile
elements (Hg, Tl, Sb, and As) have been studied to some degree; however, Hg is by far
the most extensively studied in VMS settings in, for example, Russia (Saukov 1946;
Ozerova 1959, 1971; Ozerova et al. 1975), Australia (Ryall 1979 a, b; 1981; Ryall et al.
1981), US (Friedrich and Hawkes 1966; Turek et al. 1976), Japan (Takeuchi et al. 1970;
Tono 1974), Canada (Sinclair 1977; Goodfellow 1975; Boldy 1979, 1981; Lentz 2005).
In the BMC, whole-rock data has been used to identify Hg haloes at several deposits,
including Brunswick No. 12 (Goodfellow 1975; Lentz and Goodfellow 1993), Caribou
(Gandhi 1978; Govett 1983; Goodfellow 2003, Wright 2016), Heath Steele B zone
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(Lentz et al. 1997), and Louvicourt (McClenaghan et al. 2006). Lentz and Goodfellow
(1993) identified enrichments in Hg, Sb, and to lesser extent Tl, in the hanging wall of
the Brunswick No 12 deposit. Footwall rocks at the Heath Steele B zone show increasing
Hg, As, and Sb with proximity to the ore horizon (Lentz et al. 1997).
The above mentioned studies were useful in identifying general volatile element
trends; however, they shed little light as to the mineral phase(s) hosting the volatile
elements, the distribution and magnitude of enrichment or depletion, or the relationship
between the patterns observed from whole-rock data and the mineralogical data.
As shown by the profiles generated during this study, pyrite in the altered footwall
units typically displays increasing volatile element concentrations with proximity to the
ore horizon (Figs. 4.17-4.25). In the proximal footwall zones, volatile elements display
values close to the sulfide horizons. In the footwall of Heath Steele B zone deposit, trends
of Tl, Hg, and Sn increase with proximity to the ore horizon (about 100 m to ore horizon)
(Fig. 4.19). The volatile elements can be traced in distal zones of the deep footwall,
where their magnitude incrementally increases with proximity to the sulfide horizon (see
Figs. 4.19 and 4.24). In hanging-wall alteration zones, no consistent pattern of volatileelement enrichment or depletion in pyrite was recognized (see Figs. 4.17-4.25). Zonation
of Sb, Tl, Bi, and Hg is pronounced, displaying subtle enrichment at the top of the
hanging-wall zones (Figs. 4.17, 4.20, 4.21, 4.24, 4.25). Given that whole-rock analyses
from several deposits suggest hanging-wall enrichment in volatile elements (Gandhi
1978; Lentz and Goodfellow 1993; Lentz et al. 1997 to name a few) more work is
required.
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The LA-ICP-MS analysis of pyrite can be used to discriminate among lithological
formations. For example, integrated data shown in Figure 4.29 presents the mean trace
elemental content of pyrite from three formations in the structural hanging wall (upwardfacing limb) of the Halfmile Lake Deep zone. These data suggest that higher mean
concentrations of volatile elements along with major elements (Pb, Cu, and Zn) can be
expected for the Nepisiguit Falls Formation, with slightly lower concentrations in the Flat
Landing Brook and even lower concentrations in the Patrick Brook Formation. The
Patrick Brook Formation appears to have marginally higher Sn and Te relative to the Flat
Landing Brook Formation. These patterns, however, are not necessarily consistent among
deposits as variation could be the result of several factors, including distance from the ore
horizon, alteration type and intensity, and superimposed metamorphic and deformational
effects. This can be potentially used in differentiating different formations in the camp
which needs to be more worked.
As described previously, pyrite from different alteration zones displays cryptic
chemical variations. Figure 4.18a illustrates weak correlation between Cu and Se
(r´=0.23), showing higher Se concentration within pyrite from Si alteration zone relative
to Na-Mg-K alteration zone. The plot of Sb vs. As (Fig. 4.18b) shows that the majority of
pyrite collected from the Si zone has higher Sb and As concentrations than the pyrite
from other alteration zones. In general, with increasing proximity to the ore horizon, a
strong positive correlation between Sb and As (r´=0.77) exists. This may have
implication in occurrence of high-tempreture pyrite close to the ore horizon that needs to
be investigated in other deposits.
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Results of this study suggest that pyrite from the Nepisiguit Falls Formation
(immediate footwall to the majority of deposits in the BMC) can contain notable amounts
of volatile elements. A comparison of pyrite from the Nepisiguit Falls Formation at
Brunswick No. 12, Halfmile Lake Deep zone, and Heath Steele B zone show similar
ranges in volatile element concentrations, except for higher mean Tl and Sb in the
Halfmile Lake Deep zone, and higher Sn and In at Brunswick No. 12 (Fig. 4.30). Despite
the general elemental overlap in different deposits (unique to Nepisiguit Falls Formation
in all aforementioned deposits) the subtle differences can be used in prospecting areas
nearby the explored deposits.
The pyrite volatile element vectoring tool proposed in this study, combined with
previous whole-rock data, shows a potential approach in the exploration of known
massive sulfide depositions in the BMC. This technique needs to be examined in other
VMS settings in other camps, as well as prospecting districts, to give us further
knowledge and application assurance. LA-ICP-MS technique as a reliable and fast data
generator can facilitate obtaining mineralogical data in academic and industrial
applications.
4.4

Conclusion

Summarized outcomes of pyrite textural and chemical investigation from selected
massive sulfide deposits of the BMC are:
1. Textural variation in pyrite from ore zones, and footwall and hanging-wall rocks
collected from ten deposits in the BMC can be broadly divided into pre-deformation
(primary) and syn- to post- deformation (secondary) varieties. Primary and pseudoprimary textures including framboidal, spongy cores, massive, and relict pyrite are locally
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well preserved. Secondary textures are generated by zone refining, metamorphism, and
deformation result in recrystallization of pyrite as large porphyroblasts and annealed
pyrite masses, which may contain post-deformation pyrite species. These secondary
textures include overgrowth rims of pyrite, discrete euhedral and anhedral grains parallel
with schistosity, and cataclastic and elongated pyrite.
2. LA-ICP-MS spot analyses of texturally-distinct pyrite show higher concentrations of
volatile elements (Tl, Sb, As, and Hg and to a lesser extent Bi, Pb, and Sn) in predeformation pyrite. The LA-ICP-MS imaging illustrates complex elemental distribution
in massive pyrite with primary colloform and fine-scale banding textures. Sieved-texture
pyrite is, in general, more enriched in most of the volatile elements relative to
recrystallized and (or) overgrowth pyrite due to loss of volatile elements during
recrystallization. The LA-ICP-MS time-resolved line scans show that structure
substitution and submicron-inclusions are both responsible for the occurrence of volatile
elements in pyrite structure.
3. LA-ICP-MS chemical variation of pyrite identified in this study, shows notable
concentrations of volatile elements with most forms of pyrite enriched in As (up to 3.31
wt.%), with complementary enrichments in Sb, Tl, Bi, Sn, Te, and Hg. Apart from the
textural-controlled chemical variation, the physicochemical conditions of ore deposition
directly influence the chemical characteristics of saturating pyrite. This can help in
discriminating among different depositional facies and evolution of the hydrothermal
system. Moreover, the chemical variation among pyrite from different deposits may help
to elucidate the ore genesis unique to each deposit.
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4. Development in micro-analytical techniques, e.g., LA-ICP-MS, can be useful in
establishing chemical variation of a mineral phase(s), occurring ubiquitously throughout
the host sequence or along specific horizons (e.g., exhalative horizons), and is necessary
for development of proposing techniques. Herein, pyrite is investigated throughout the
host-rock sequences and across various hydrothermal alteration zones associated with the
massive sulfide deposits of the BMC. Chemical variations in pyrite as determined by LAICP-MS show patterns in footwall and hanging-wall zones. In the felsic volcanic and
sedimentary footwall rocks, volatile elements, in particular, Sb, Tl, Sn, and Bi generally
increase with proximity to ore. In proximal footwall and hanging-wall zones, the
concentration of various volatile elements in pyrite is close to pyrite from the ore deposit.
Limited analysis of pyrite from the overlying iron-formation samples suggests higher
concentrations of volatile elements than pyrite from the massive sulfide ore.
5. The LA-ICP-MS technique applied in this study can provide reliable and cost-efficient
data in surveying a large number of pyrite grains. Established LA-ICP-MS pyrite
database suggest that the volatile element (Sb, Tl, As, Bi, Sn, Te, and Hg) content of
pyrite has the potential to be a useful deposit vectoring tool. Specifically, application of
this technique, in conjunction with traditional exploration methodology, is a useful and
innovative approach in discovering broad and often cryptic volatile element dispersal
haloes associated with VMS mineralization.

299

References

Abraitis, P., Pattrick, R., and Vaughan, D., 2004, Variations in the compositional, textural
and electrical properties of natural pyrite: a review: International Journal of
Mineral Processing, v. 74, p. 41-59.

Baker, T., Mustard, R., Brown, V., Pearson, N., Stanley, C., Radford, N., and Butler, I.,
2006, Textural and chemical zonation of pyrite at Pajingo: a potential vector to
epithermal gold veins: Geochemistry: Exploration, Environment, Analysis, v. 6,
p. 283-293.

Barrie, C.D., Cook, N.J., and Boyle, A.P., 2010, Textural variation in the pyrite-rich ore
deposits of the Røros district, Trondheim Region, Norway: implications for pyrite
deformation mechanisms: Mineralium Deposita, v. 45, p. 51-68.

Barrie, C.D., Pearce, M.A., and Boyle, A.P., 2011, Reconstructing the pyrite deformation
mechanism map: Ore Geology Reviews, v. 39, p. 265-276.

Barton, P., 1970, Sulfide Petrology: Mineralogical Society of America Special Paper 3, p.
187-198.

Beane, R., and Bodnar, R., 1995, Hydrothermal fluids and hydrothermal alteration in
porphyry copper deposits: Porphyry copper deposits of the American
Cordillera.Arizona Geol Soc Digest, v. 20, p. 83-93.

Bethke, P.M., and Barton, P.B., 1971, Distribution of some minor elements between
coexisting sulfide minerals: Economic Geology, v. 66, p. 140-163.
300

Boldy, J., 1979, Exploration discoveries, Noranda district, Quebec. (Case History of a
Mining Camp), in Hood, P.J., ed., Geophysics and Geochemistry in the Search for
Metallic Ores, Geological Survey of Canada Economic Geology Report 31, p.
593-603.
Boldy, J., 1981, Prospecting for deep volcanogenic ore: Canadian Institute of Mining and
Metallurgy Bulletin, v. 74, No. 834, p. 55-65.

Boyle, A., Prior, D., Banham, M., and Timms, N.E., 1998, Plastic deformation of
metamorphic pyrite: new evidence from electron-backscatter diffraction and
forescatter orientation-contrast imaging: Mineralium Deposita, v. 34, p. 71-81.

Boyle, R.W., and Jonasson, I.R., 1973, The geochemistry of arsenic and its use as an
indicator element in geochemical prospecting: Journal of Geochemical
Exploration, v. 2, p. 251-296.

Boyle, R.W., and Jonasson, I.R., 1984, The geochemistry of antimony and its use as an
indicator element in geochemical prospecting: Journal of Geochemical
Exploration, v. 20, p. 223-302.

Brill, B., 1989, Trace-element concentrations and partitioning of elements in ore minerals
from the CSA Cu–Pb–Zn deposit, Australia: Canadian Mineralogist, v. 27, p. 263274.

Brown, D., 1994, Low temperature, low pressure deformation and metamorphism of the
Vangorda massive sulfide orebody, Yukon, Canada: Mineralium Deposita, v. 29,
p. 330-340.
301

Brown, D., and McClay, K., 1993, Deformation textures in pyrite from the Vangorda PbZn-Ag deposit, Yukon, Canada: Mineralogical Magazine, v. 57, p. 55-66.

Carr, G.R., Wilmshurst, J.R., and Ryall, W.R., 1986, Evaluation of mercury pathfinder
techniques: base metal and uranium deposits: Journal of Geochemical
Exploration, v. 26, p. 1-117.

Chen, T., 1978, Colloform and framboidal pyrite from the Caribou deposit, New
Brunswick: Canadian Mineralogist, v. 16, p. 9-15.

Chenery, S., Cook, J.M., Styles, M., and Cameron, E.M., 1995, Determination of the
three-dimensional distributions of precious metals in sulfide minerals by laser
ablation microprobe-inductively coupled plasma-mass spectrometry (LAMP-ICPMS): Chemical Geology, v. 124, p. 55-65.

Cook, N.J., Klemd, R. and Okrusch, M., 1994. Sulfide mineralogy, metamorphism and
deformation in the Matchless massive sulfide deposit, Namibia: Mineralium
Deposita, v. 29, p. 1-15.

Cook, N.J., 1996, Mineralogy of the sulfide deposits at Sulitjelma, northern Norway: Ore
Geology Reviews, v. 11, p. 303-338.

Cook, N.J., Ciobanu, C.L., Meria, D., Silcock, D., and Wade, B., 2013, Arsenopyritepyrite association in an orogenic gold ore: tracing mineralization history from
textures and trace elements: Economic Geology, v. 108, p. 1273-1283.

302

Cook, N.J., Halls, C., and Boyle, A.P., 1993, Deformation and metamorphism of massive
sulfides at Sulitjelma, Norway: Mineralogical Magazine, v. 57, p. 67-67.

Cook, N.J., Ciobanu, C.L., and Mao, J., 2009, Textural control on gold distribution in Asfree pyrite from the Dongping, Huangtuliang and Hougou gold deposits, North
China Craton (Hebei Province, China): Chemical Geology, v. 264, p. 101-121.
Cook, N.J., and Chryssoulis, S.L., 1990, Concentrations of “invisible gold” in the
common sulfides: Canadian Mineralogist, v. 28, p. 1–16.
Cook, N.J., Spry, P.G., Vokes, F.M., 1998, Mineralogy and textural relationships among
sulphosalts and related minerals in the Bleikvassli Zn-Pb-(Cu) deposit, Nordland,
Norway: Mineralium Deposita, v. 34, p. 35-56.

Corbett, K., 2001, New mapping and interpretations of the Mount Lyell mining district,
Tasmania: a large hybrid Cu-Au system with an exhalative Pb-Zn top: Economic
Geology, v. 96, p. 1089-1122.

Cox, S., Etheridge, M., and Wall, V., 1987, The role of fluids in syntectonic mass
transport, and the localization of metamorphic vein-type ore deposits: Ore
Geology Reviews, v. 2, p. 65-86.

Craig, J.R., and Vokes, F.M., 1993, The metamorphism of pyrite and pyritic ores: an
overview: Mineralogical Magazine, v. 57, p. 3-18.

Craig, J., Vokes, F., and Solberg, T., 1998, Pyrite: physical and chemical textures:
Mineralium Deposita, v. 34, p. 82-101.

303

Craig, J.R., and Vaughan, D.J., 1994, Ore Microscopy and Ore Petrography (second ed.).
Wiley Interscience, New York, N.Y.

Currie, K., van Staal, C., Peter, J., and Rogers, N., 2003, Conditions of metamorphism of
the main massive sulfide deposits and surrounding host rocks in the Bathurst
Mining Camp: Massive Sulfide Deposits of the Bathurst Mining Camp, New
Brunswick, and northern Maine: Economic Geology Monograph, v. 11, p. 65-78.

De Roo, J., and van Staal, C., 2003, Sulfide remobilization and sulfide breccias in the
Heath Steele and Brunswick deposits, Bathurst Mining Camp, New Brunswick:
Economic Geology Monograph 11, p. 479-496.

Deditius, A.P., Reich, M., Kesler, S.E., Utsunomiya, S., Chryssoulis, S.L., Walshe, J.,
and Ewing, R.C., 2014, The coupled geochemistry of Au and As in pyrite from
hydrothermal ore deposits: Geochimica et Cosmochimica Acta, v. 140, p. 644670.

Deditius, A.P., Utsunomiya, S., Reich, M., Kesler, S.E., Ewing, R.C., Hough, R., and
Walshe, J., 2011, Trace metal nanoparticles in pyrite: Ore Geology Reviews, v.
42, p. 32-46.

Deditius, A.P., Utsunomiya, S., Renock, D., Ewing, R.C., Ramana, C.V., Becker, U., and
Kesler, S.E., 2008, A proposed new type of arsenian pyrite: composition,
nanostructure and geological significance: Geochimica et Cosmochimica Acta, v.
72, p. 2919-2933.

304

Deer, W.A., Bowles, J., Howie, R.A., Vaughan, D., and Zussman, J., 2011, Rock-forming
Minerals: Non-silicates: oxides, hydroxides and sulfides. Volume 5A. Geological
Society of London.

Deol, S., Deb, M., Large, R.R., and Gilbert, S., 2012, LA-ICPMS and EPMA studies of
pyrite, arsenopyrite and loellingite from the Bhukia-Jagpura gold prospect,
southern Rajasthan, India: Implications for ore genesis and gold remobilization:
Chemical Geology, v. 326-327, p. 72-87.

Duchesne, J., Rouhart, A., Schoumacher, C., and Dillen, H., 1983, Thallium, nickel,
cobalt and other trace elements in iron sulfides from Belgian lead-zinc vein
deposits: Mineralium Deposita, v. 18, p. 303-313.

Eldridge, C.S., Barton Jr, P.B., and Ohmoto, H., 1983, Mineral textures and their bearing
on formation of the Kuroko orebodies: Economic Geology Monograph 5, p. 241281.

Fan, Y., Zhou, T., Yuan, F., and Wu, M., 2014, Geological and geochemical constraints
on the genesis of the Xiangquan Tl-only deposit, eastern China: Ore Geology
Reviews, v. 59, p. 97-108.

Ferry, J.M., 1981, Petrology of graphitic sulfide-rich schists from south-central Maine: an
example of desulphidation during prograde regional metamorphism: American
Mineralogist, v. 66, p. 908-930.

305

Fleet, M., MacLean, P., and Barbier, J., 1989, Oscillatory-zoned As-bearing pyrite from
strata-bound and stratiform gold deposits: an indicator of ore fluid evolution:
Economic Geology Monograph 6, p. 356-362.

Fleet, M.E., Chryssoulis, S.L., MacLean, P.J., Davidson, R., and Weisener, C.G., 1993,
Arsenian pyrite from gold deposits; Au and As distribution investigated by SIMS
and EMP, and colour staining and surface oxidation by XPS and LIMS: Canadian
Mineralogist, v. 31, p. 1-17.

Franchini, M., McFarlane, C., Maydagán, L., Reich, M., Lentz, D.R., Meinert, L., and
Bouhier, V., 2015, Trace metals in pyrite and marcasite from the Agua Rica
porphyry-high sulfidation epithermal deposit, Catamarca, Argentina: textural
features and metal zoning at the porphyry to epithermal transition: Ore Geology
Reviews, v. 66, p. 366-387.

Friedrich, G.H., and Hawkes, H.E., 1966, Mercury as an ore guide in the Pachuca-real
Del Monte District, Hidalgo, Mexico: Economic Geology, v. 61, p. 744-753.

Frost, B.R., Mavrogenes, J.A., and Tomkins, A.G., 2002, Partial melting of sulfide ore
deposits during medium-and high-grade metamorphism: Canadian Mineralogist,
v. 40, p. 1-18.

Gandhi, S.M., 1978, Exploration rock geochemical studies in and around the Caribou
sulfide deposit, New Brunswick, Canada: Unpublished Ph.D. Thesis, University
of New Brunswick, Fredericton, N.B., 316 p.

306

Genna, D., and Gaboury, D., 2015, Deciphering the hydrothermal evolution of a VMS
System by LA-ICP-MS using trace elements in pyrite: an example from the
Bracemac-McLeod Deposits, Abitibi, Canada, and implications for exploration:
Economic Geology, v. 110, p. 2087-2108.

Gilligan, L., and Marshall, B., 1987, Textural evidence for remobilization in
metamorphic environments: Ore Geology Reviews, v. 2, p. 205-229.

Glasson, M., and Keays, R., 1978, Gold mobilization during cleavage development in
sedimentary rocks from the auriferous slate belt of central Victoria, Australia;
some important boundary conditions: Economic Geology, v. 73, p. 496-511.

Goodfellow, W.D., and McCutcheon, S., 2003, Geologic and genetic attributes of
volcanic sediment-hosted massive sulfide deposits of the Bathurst Mining Camp,
northern New Brunswick-a synthesis: Economic Geology Monograph 11, p. 245301.

Goodfellow, W.D., Peter, J., Winchester, J., and van Staal, C., 2003, Ambient marine
environment and sediment provenance during formation of massive sulfide
deposits in the Bathurst Mining Camp: importance of reduced bottom waters to
sulfide precipitation and preservation: Massive Sulfide Deposits of the Bathurst
Mining Camp, New Brunswick, and northern Maine, Economic Geology
Monograph 11, p. 129-156.

307

Goodfellow, W.D., 1975, Major and minor element halos in volcanic rocks at Brunswick
No. 12 sulfide deposit, N.B., Canada: In: Elliot, I.L., and Fletcher, W.K., eds.
Geochemical Exploration 1974. Elsevier, Amsterdam, p. 279-295.

Goodfellow, W.D., 2003, Geology and genesis of the Caribou deposit, Bathurst Mining
Camp, New Brunswick, Canada: Economic Geology Monograph 11, p. 327-360.

Govett, G.J.S., 1983, Rock Geochemistry in Mineral Exploration: Elsevier, Amsterdam,
461 p.

Graham, G.E., Kelley, K.D., Slack, J.F., and Koenig, A.E., 2009, Trace elements in Zn–
Pb–Ag deposits and related stream sediments, Brooks Range Alaska, with
implications for Tl as a pathfinder element: Geochemistry: Exploration,
Environment, Analysis, v. 9, p. 19-37.

Gregory, D.D., Large, R.R., Halpin, J.A., Baturina, E.L., Lyons, T.W., Wu, S.,
Danyushevsky, L., Sack, P.J., Chappaz, A., and Maslennikov, V.V., 2015, Trace
element content of sedimentary pyrite in black shales: Economic Geology, v. 110,
p. 1389-1410.

Haack, U., Heinrichs, H., Boness, M., and Schneider, A., 1984, Loss of metals from
pelites during regional metamorphism: Contributions to Mineralogy and
Petrology, v. 85, p. 116-132.

308

Hannington, M.D., Larocque, A.C., Petersen, S., and Pona, P.A., 1995, The occurrence of
gold in sulfide deposits of the TAG hydrothermal field, Mid-Atlantic ridge:
Canadian Mineralogist, v. 33, p. 1285-1310.

Harris, A.C., and Golding, S.D., 2002, New evidence of magmatic-fluid–related phyllic
alteration: implications for the genesis of porphyry Cu deposits: Geology, v. 30, p.
335-338.
Hemley, J.J., Cygan, G.L., Fein, J.B., Robinson, G.R., D’Angelo, W.M., 1992,
Hydrothermal ore forming processes in the light of studies in rock-buffered
systems I: Iron - copper - zinc - lead sulfide solubility relations: Economic
Geology, v. 87, p. 1-22.

Houghton, J., Shanks, W., and Seyfried, W., 2004, Massive sulfide deposition and trace
element remobilization in the Middle Valley sediment-hosted hydrothermal
system, northern Juan de Fuca Rdge: Geochimica et Cosmochimica Acta, v. 68, p.
2863-2873.

Huston, D.L., Sie, S.H., Suter, G.F., Cooke, D.R., and Both, R.A., 1995, Trace elements
in sulfide minerals from eastern Australian volcanic-hosted massive sulfide
deposits; Part I, Proton microprobe analyses of pyrite, chalcopyrite, and
sphalerite, and Part II, Selenium levels in pyrite; comparison with delta 34 S
values and implications for the source of sulfur in volcanogenic hydrothermal
systems: Economic Geology, v. 90, p. 1167-1196.

309

Huston, D., Sie, S., Suter, G., and Ryan, C., 1993, The composition of pyrite in
volcanogenic massive sulfide deposits as determined with the proton microprobe:
Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, v. 75, p. 531-534.

Ingham, E.S., Cook, N.J., Cliff, J., Ciobanu, C.L., and Huddleston, A., 2014, A combined
chemical, isotopic and microstructural study of pyrite from roll-front uranium
deposits, Lake Eyre Basin, South Australia: Geochimica et Cosmochimica Acta,
v. 125, p. 440-465.

Keith, M., Häckel, F., Haase, K.M., Schwarz-Schampera, U., and Klemd, R., 2016, Trace
element systematics of pyrite from submarine hydrothermal vents: Ore Geology
Reviews, v. 72, p. 728-745.

Koglin, N., Frimmel, H.E., Minter, W.L., and Brätz, H., 2010, Trace-element
characteristics of different pyrite types in Mesoarchaean to Palaeoproterozoic
placer deposits: Mineralium Deposita, v. 45, p. 259-280.

Large, R.R., 1977, Chemical evolution and zonation of massive sulfide deposits in
volcanic terrain: Economic Geology, v. 72, p. 549-572.

Large, R.R., 1992, Australian volcanic-hosted massive sulfide deposits: features, styles
and genetic models: Economic Geology, v. 87, p. 471–510.

Large, R.R., Danyushevsky, L., Hollit, C., Maslennikov, V., Meffre, S., Gilbert, S., Bull,
S., Scott, R., Emsbo, P., and Thomas, H., 2009, Gold and trace element zonation

310

in pyrite using a laser imaging technique: implications for the timing of gold in
orogenic and Carlin-style sediment-hosted deposits: Economic Geology, v. 104,
p. 635-668.

Large, R.R., Halpin, J.A., Danyushevsky, L.V., Maslennikov, V.V., Bull, S.W., Long,
J.A., Gregory, D.D., Lounejeva, E., Lyons, T.W., and Sack, P.J., 2014, Trace
element content of sedimentary pyrite as a new proxy for deep-time ocean–
atmosphere evolution: Earth and Planetary Science Letters, v. 389, p. 209-220.

Large, R.R., Maslennikov, V.V., Robert, F., Danyushevsky, L.V., and Chang, Z., 2007,
Multistage sedimentary and metamorphic origin of pyrite and gold in the giant
Sukhoi Log deposit, Lena gold province, Russia: Economic Geology, v. 102, p.
1233-1267.

Large, R.R., Meffre, S., Burnett, R., Guy, B., Bull, S., Gilbert, S., Goemann, K., and
Danyushevsky, L., 2013, Evidence for an intrabasinal source and multiple
concentration processes in the formation of the Carbon Leader Reef,
Witwatersrand Supergroup, South Africa: Economic Geology, v. 108, p. 12151241.

Larocque, A., and Hodgson, C., 1995, Effects of greenschist-facies metamorphism and
related deformation on the Mobrun massive sulfide deposit, Quebec, Canada:
Mineralium Deposita, v. 30, p. 439-448.

Lawrence, L., 1967, Sulfide neomagmas and highly metamorphosed sulfide deposits:
Mineralium Deposita, v. 2, p. 5-10.
311

Lawrence, L., 1972, The thermal metamorphism of a pyritic sulfide ore: Economic
Geology, v. 67, p. 487-496.

Lentz, D.R., 1999a, Petrology, geochemistry, and oxygen isotope interpretation of felsic
volcanic rocks and related rocks hosting the Brunswick No. 6 and No. 12 massive
sulfide deposits, Bathurst Mining Camp, New Brunswick, Canada: Economic
Geology, v. 94, p. 57-86.

Lentz, D.R. 1999b, Deformation-induced mass transfer in felsic volcanic rocks hosting
the Brunswick No. 6 massive-sulfide deposit: geochemical effects and
petrogenetic implications: Canadian Mineralogist, v. 37, p. 489-512.

Lentz, D.R., 2002, Sphalerite and arsenopyrite at the Brunswick No. 12 massive-sulfide
deposit, Bathurst Camp, New Brunswick: constraints on P-T evolution: Canadian
Mineralogist, v. 40, p. 19-31.

Lentz, D.R., 2005, Mercury as a lithogeochemical exploration vectoring technique: a
review of methodologies and applications, with selected VMS case histories:
Gangue, v. 85, p. 1-8.

Lentz, D.R., and Goodfellow, W.D., 1993, Geochemistry of the stringer sulfide zone in
the discovery hole at the Brunswick No. 12 massive sulfide deposit, Bathurst,
New Brunswick: Geological Survey of Canada Paper 93-1E, p. 259-269.

Lentz, D. and Goodfellow, W.D., 1994, Character, distribution, and origin of zoned
hydrothermal alteration features at the Brunswick No. 12 massive sulfide deposit,

312

Bathurst Mining Camp, New Brunswick, In Current Research. Compiled and
edited by S.A. Abbott: New Brunswick Department of Natural Resources and
Energy, Minerals Resources, Information Circular 94-1, p. 94-119.

Lentz, D.R., and Goodfellow, W.D., 1996, Intense silicification of footwall sedimentary
rocks in the stockwork alteration zone beneath the Brunswick No. 12 massive
sulfide deposit, Bathurst, New Brunswick: Canadian Journal of Earth Sciences, v.
33, p. 284-302.

Lentz, D.R., Hall, D.C., and Hoy, L.D., 1997, Chemostratigraphic, alteration, and oxygen
isotope trends in a profile through the stratigraphic sequence hosting the Heath
Steele B zone massive sulfide deposit, New Brunswick: Canadian Mineralogist, v.
35, p. 841-874.

Lianxing, G., and McClay, K., 1992, Pyrite deformation in stratiform lead-zinc deposits
of the Canadian Cordillera: Mineralium Deposita, v. 27, p. 169-181.

Luff, W.M., 1975, Structural geology of Brunswick No. 12 open pit: CIM Bulletin, v. 68,
p. 64-74.

Luff, W.M., Goodfellow, W.D., and Juras, S.J., 1992, Evidence for a feeder pipe and
associated alteration at Brunswick No. 12 massive-sulfide deposit: Exploration
and Mining Geology, v. 1, p. 167-185.

Lusk, J., and Krouse, H.R., 1997, Comparative stable isotope and temperature
investigation of minerals and associated fluids in two regionally metamorphosed

313

(Kuroko-type) volcanogenic massive sulfide deposits: Chemical Geology, v. 143,
p. 231-253.

Marshall, B., and Gilligan, L., 1993, Remobilization, syn-tectonic processes and massive
sulfide deposits: Ore Geology Reviews, v. 8, p. 39-64.

Marshall, B., and Gilligan, L.B., 1987, An introduction to remobilization: information
from ore-body geometry and experimental considerations: Ore Geology Reviews,
v. 2, p. 87-131.

Marshall, B., Vokes, F., and Larocque, A., 2000, Regional metamorphic remobilization:
upgrading and formation of ore deposits: Reviews in Economic Geology, v. 11, p.
19-38.

Maslennikov, V., Maslennikova, S., Large, R., and Danyushevsky, L., 2009, Study of
trace element zonation in vent chimneys from the Silurian Yaman-Kasy volcanichosted massive sulfide deposit (southern Urals, Russia) using laser ablationinductively coupled plasma mass spectrometry (LA-ICPMS): Economic Geology,
v. 104, p. 1111-1141.

Maydagán, L., Franchini, M., Lentz, D., Pons, J., and McFarlane, C., 2013, Sulfide
composition and isotopic signature of the Altar Cu-Au deposit, Argentina:
constraints on the evolution of the porphyry-epithermal system: Canadian
Mineralogist, v. 51, p. 813-840.

314

McAllister, A.L., 1960, Massive sulfide deposits in New Brunswick: Canadian Institute
of Mining and Metallurgy Bulletin, v. 53, p. 88-98.

McClay, K., 1977, Pressure solution and Coble creep in rocks and minerals: a review:
Journal of the Geological Society, v. 134, p. 57-70.

McClay, K., and Ellis, P., 1983, Deformation and recrystallization of pyrite:
Mineralogical Magazine, v. 47, p. 527-538.

McClay, K., and Ellis, P., 1984, Deformation of pyrite: Economic Geology, v. 79, p. 400403.

McClenaghan, S.H., Goodfellow, W.D., and Lentz, D., 2003, Gold in massive sulfide
deposits, Bathurst Mining Camp: distribution and genesis: massive sulfide
deposits of the Bathurst Mining Camp, New Brunswick, and northern Maine.
Economic Geology Monograph 11, p. 303-326.

McClenaghan, S.H., Lentz, D.R., and Cabri, L.J., 2004, Abundance and speciation of
gold in massive sulfides of the Bathurst Mining Camp, New Brunswick, Canada:
Canadian Mineralogist, v. 42, p. 851-871.

McClenaghan, S.H., Lentz, D.R., Martin, J., and Diegor, W.G., 2009, Gold in the
Brunswick No. 12 volcanogenic massive sulfide deposit, Bathurst Mining Camp,
Canada: evidence from bulk ore analysis and laser ablation ICP-MS data on
sulfide phases: Mineralium Deposita, v. 44, p. 523-557.

315

McClenaghan, S.H., 2011, Trace-element Systematics of Volcanogenic Massive Sulfide
Deposits in the Bathurst Mining Camp, New Brunswick, Canada: Exploration to
Petrogenetic Implications. Unpublished Ph.D. Thesis, University of New
Brunswick, Fredericton, N.B., 694 p.

McClenaghan, S.H., Lentz, D.R., and Beaumont-Smith, C., 2006, The gold-rich
Louvicourt volcanogenic massive sulfide deposit, New Brunswick: a Kuroko
analogue in the Bathurst Mining Camp: Exploration and Mining Geology, v. 15,
p. 127-154.

McDonald, J., 1967, Metamorphism and its effects on sulfide assemblages: Mineralium
Deposita, v. 2, p. 200-220.

Morey, A.A., Tomkins, A.G., Bierlein, F.P., Weinberg, R.F., and Davidson, G.J., 2008,
Bimodal distribution of gold in pyrite and arsenopyrite: examples from the
Archean Boorara and Bardoc shear systems, Yilgarn Craton, Western Australia:
Economic Geology, v. 103, p. 599-614.

Murao, S., and Itoh, S., 1992, High thallium content in Kuroko-type ore: Journal of
Geochemical Exploration, v. 43, p. 223-231.

Ozerova, N., 1959, The use of primary dispersion halos of mercury in the search for leadzinc deposits: Geochemistry, v. 7, p. 793-802.

Ozerova, N.A., 1971, Primary dispersion halos of mercury: International Geology
Review, v. 13, p. 1-108.

316

Ozerova, N.A., Rusinov, V.L., and Ozerov, Y.K., 1975, The mercury in sulfide deposits
emplaced in volcanic suites: Mineralium Deposita, v. 10, p. 228-233.
Pačevski, A., Libowitzky, E., Živković, P., Dimitrijević, R., and Cvetković, L., 2008,
Copper-bearing pyrite from the Čoka Marin polymetallic deposit, Serbia: mineral
inclusions or true solid-solution?: Canadian Mineralogist, v. 46, p. 249-261.
Pačevski, A., Moritz, R., Kouzmanov, K., Marquardt, K., Živković, P., and Cvetković,
L., 2012, Texture and composition of Pb-bearing pyrite from the Čoka marin
polymetallic deposit, Serbia, controlled by nanoscale inclusions: Canadian
Mineralogist, v. 50, p. 1-20.

Pals, D.W., Spry, P.G., and Chryssoulis, S., 2003, Invisible gold and tellurium in arsenicrich pyrite from the Emperor gold deposit, Fiji: implications for gold distribution
and deposition: Economic Geology, v. 98, p. 479-493.

Passchier, C.W., and Trouw, R.A.J., 1996, Microtectonics: 1st Edition, Berlin, Springer
Verlag, 289 p.

Peter, J.M., and Goodfellow, W.D., 2003, Hydrothermal sedimentary rocks of the Heath
Steele Belt, Bathurst Mining Camp, New Brunswick: Part 3. Application of
mineralogy and mineral and bulk compositions to massive sulfide exploration In:
Goodfellow, W.D., McCutcheon, S.R., and Peter, J.M., eds. Massive sulfide
deposits in the Bathurst Mining Camp, New Brunswick and northern Maine:
Economic Geology Monograph 11, p.417–434.

317

Peter, J.M., and Goodfellow, W.D., 1996, Mineralogy, bulk and rare earth element
geochemistry of massive sulfide-associated hydrothermal sediments of the
Brunswick Horizon, Bathurst Mining Camp, New Brunswick: Canadian Journal
of Earth Sciences, v. 33, p. 252-283.

Peter, J.M., Kjarsgaard, I.M., and Goodfellow, W.D., 2003a, Hydrothermal sedimentary
rocks of the Heath Steele Belt, Bathurst Mining Camp, New Brunswick: Part 1.
Mineralogy and mineral chemistry In: Goodfellow, W.D., McCutcheon, S.R., and
Peter, J.M., eds. Massive sulfide deposits in the Bathurst Mining Camp, New
Brunswick and northern Maine: Economic Geology Monograph 11, p. 361-390.
Peter, J.M., Goodfellow, W.D., and Doherty, W., 2003b, Hydrothermal sedimentary
rocks of the Heath Steele Belt, Bathurst Mining Camp, New Brunswick: Part 2.
Bulk and rare earth element geochemistry and implications for origin In:
Goodfellow, W.D., McCutcheon, S.R., and Peter, J.M., eds. Massive sulfide
deposits in the Bathurst Mining Camp, New Brunswick and northern Maine:
Economic Geology Monograph 11, p.391-416.

Reich, M., and Becker, U., 2006, First-principles calculations of the thermodynamic
mixing properties of arsenic incorporation into pyrite and marcasite: Chemical
Geology, v. 225, p. 278-290.

Reich, M., Deditius, A., Chryssoulis, S., Li, J., Ma, C., Parada, M.A., Barra, F., and
Mittermayr, F., 2013, Pyrite as a record of hydrothermal fluid evolution in a
porphyry copper system: A SIMS/EMPA trace element study: Geochimica et
Cosmochimica Acta, v. 104, p. 42-62.
318

Reich, M., Kesler, S.E., Utsunomiya, S., Palenik, C.S., Chryssoulis, S.L., and Ewing,
R.C., 2005, Solubility of gold in arsenian pyrite: Geochimica et Cosmochimica
Acta, v. 69, p. 2781-2796.

Roberts, F.I., 1982, Trace element chemistry of pyrite: a useful guide to the occurrence of
sulfide base metal mineralization: Journal of Geochemical Exploration, v. 17, p.
49-62.

Roedder, E., 1968, The non-colloidal origin of colloform textures in sphalerite ores:
Economic Geology, v. 63, p. 451-471.

Rogers, N., van Staal, C., Winchester, J., and Fyffe, L., 2003, Provenance and chemical
stratigraphy of the sedimentary rocks of the Miramichi, Tetagouche, California
Lake and Fournier groups, northern New Brunswick: Massive Sulfide Deposits of
the Bathurst Mining Camp, New Brunswick, and Northern Maine. Edited by WD
Goodfellow, SR McCutcheon, and JM Peter. Economic Geology Monograph 11,
p. 111-128.

Rogers, R., Ross, P.S., Goutier, J., and Mercier-Langevin, P., 2014, Using physical
volcanology, chemical stratigraphy, and pyrite geochemistry for volcanogenic
massive sulfide exploration: an example from the Blake River Group, Abitibi
Greenstone Belt: Economic Geology, v. 109, p. 61-88.

Ryall, W., 1977, Anomalous trace elements in pyrite in the vicinity of mineralized zones
at Woodlawn, NSW, Australia: Journal of Geochemical Exploration, v. 8, p. 7383.
319

Ryall, W.R., 1979a, Mercury distribution in the Woodlawn massive sulfide deposit, New
South Wales: Economic geology Lancaster, Pa., v. 74, p. 1471-1484.

Ryall, W.R., 1979b, Mercury in the Broken Hill (N.S.W., Australia) lead-zinc-silver
lodes: Journal of Geochemical Exploration, v. 11, p. 175-194.

Ryall, W.R., 1981, The forms of mercury in some Australian stratiform Pb-Zn-Ag
deposits of different regional metamorphic grades: Mineralium Deposita, v. 16, p.
425-435.

Ryall, W.R., Scott, K.M., Taylor, G.F., and Moore, G.P., 1981, Mercury in Stratabound
copper mineralization in the Mammoth area, northwest Queensland: Journal of
Geochemical Exploration, v. 16, p. 1-11.

Saukov, A.A., 1946. Geochemistry of mercury. Akad. Nauk. USSR. Inst Geol. Nauk.,
No. 78, Ser. 17, p. 129.

Scott, S., Both, R., and Kissin, S., 1977, Sulfide petrology of the Broken Hill region, New
South Wales: Economic Geology, v. 72, p. 1410-1425.

Sharrad, K.A., McKinnon-Matthews, J., Cook, N.J., Ciobanu, C.L., and Hand, M., 2014,
The Basil Cu–Co deposit, Eastern Arunta Region, Northern Territory, Australia: a
metamorphosed volcanic-hosted massive sulfide deposit: Ore Geology Reviews,
v. 56, p. 141-158.

Shaw, D.M., 1952, The geochemistry of thallium: Geochimica et Cosmochimica Acta, v.
2, p. 118-154.
320

Simon, G., Kesler, S.E., and Chryssoulis, S., 1999, Geochemistry and textures of goldbearing arsenian pyrite, Twin Creeks, Nevada; implications for deposition of gold
in Carlin-type deposits: Economic Geology, v. 94, p. 405-421.

Sinclair, I., 1977, Primary dispersion patterns associated with the Detour zinc-coppersilver deposit at Lac Brouillan, Province of Quebec, Canada: Journal of
Geochemical Exploration, v. 8, p. 139-151.

Spry, P., Peter, J., and Slack, J., 2000, Meta-exhalites as exploration guides to ore:
Reviews in Economic Geology 11, p. 163-201.

Su, W., Xia, B., Zhang, H., Zhang, X., and Hu, R., 2008, Visible gold in arsenian pyrite
at the Shuiyindong Carlin-type gold deposit, Guizhou, China: implications for the
environment and processes of ore formation: Ore Geology Reviews, v. 33, p. 667679.

Takeuchi, T., Momose, H., and Mitsuta, S., 1970, Study of mercury halo method for the
prospecting of black ore deposits: Journal of Mining and Metallurgy Institute of
Japan, v. 86, p. 409-412.

Thomas, H.V., Large, R.R., Bull, S.W., Maslennikov, V., Berry, R.F., Fraser, R., Froud,
S., and Moye, R., 2011, Pyrite and pyrrhotite textures and composition in
sediments, laminated quartz veins, and reefs at Bendigo gold mine, Australia:
insights for ore genesis: Economic Geology, v. 106, p. 1-31.

321

Tiwary, A., Deb, M., and Cook, N.J., 1998, Use of pyrite microfabric as a key to tectonothermal evolution of massive sulfide deposits-an example from Deri, southern
Rajasthan, India: Mineralogical Magazine, v. 62, p. 197-212.

Tomkins, A.G., Pattison, D.R., and Frost, B.R., 2007, On the initiation of metamorphic
sulfide anatexis: Journal of Petrology, v. 48, p. 511-535.

Tono, N., 1974, Minor element distribution around Kuroko deposits of northern Akita,
Japan: Geology of Kuroko Deposits, Society of Mining Geology of Japan, Mining
Geology Special, p. 399-420.

Turek, A., Tetley, N., and Jackson, T., 1976, Study of metal dispersion around Fox
orebody in Manitoba: CIM Bulletin, v. 69, p. 104-110.

Ulrich, T., Kamber, B.S., Jugo, P.J., and Tinkham, D.K., 2009, Imaging elementdistribution patterns in minerals by laser ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS): Canadian Mineralogist, v. 47, p. 1001-1012.

van Staal, C.R., and Williams, P., 1984, Structure, origin, and concentration of the
Brunswick 12 and 6 orebodies: Economic Geology, v. 79, p. 1669-1692.

van Staal, C.R., Wilson, R.A., Rogers, N., Fyffe, L.R., Gower, S.J., Langton, J.P.,
McCutcheon, S.R., and Walker, J.A., 2002, Geology, Bathurst Mining Camp and
surrounding areas, New Brunswick: Geological Survey of Canada, Open File
4182.

322

Vaughan, D., and Craig, J., 1997, Sulfide ore mineral stabilities, morphologies, and
intergrowth textures, In Barnes, H.L., (ed.), Geochemistry of Hydrothermal Ore
Deposits: version 3, p. 367-434.

Velásquez, G., Béziat, D., Salvi, S., Siebenaller, L., Borisova, A.Y., Pokrovski, G.S. and
De Parseval, P., 2014, Formation and deformation of pyrite and implications for
gold mineralization in the El Callao District, Venezuela: Economic Geology, v.
109, p.457-486.

Vokes, F., 1969, A review of the metamorphism of sulfide deposits: Earth-Science
Reviews, v. 5, p. 99-143.

Vokes, F., 1971, Some aspects of the regional metamorphic mobilization of preexisting
sulfide deposits: Mineralium Deposita, v. 6, p. 122-129.

Vokes, F., and Craig, J., 1993, Post-recrystallisation mobilization phenomena in
metamorphosed stratabound sulfide ores: Mineralogical Magazine, v. 57, p. 1919.

Wagner, T., Klemd, R., Wenzel, T., and Mattsson, B., 2007, Gold upgrading in
metamorphosed massive sulfide ore deposits: Direct evidence from laserablation–inductively coupled plasma–mass spectrometry analysis of invisible
gold: Geology, v. 35, p. 775-778.

Walker, J., and McCutcheon, S., 2011, A chemostratigraphic assessment of core from the
discovery hole of the Halfmile Lake Deep VMS zone, Bathurst Mining Camp,

323

northeastern New Brunswick. In Geological Investigations in New Brunswick for
2010. Edited by G.L. Martin. New Brunswick Department of Natural Resources;
Lands, Minerals and Petroleum Division, Mineral Resource Report, v. 2, p. 1-49.

Wohlgemuth-Ueberwasser, C.C., Viljoen, F., and McClung, C.R., 2014, Metamorphic
alteration of the massive sulfide horizon from the Salt River VMS deposit (South
Africa): Ore Geology Reviews, v. 56, p. 45-52.

Wright, J., 2016, An analysis of Au-Ag mineralization in the Caribou base-metal VMS
deposit, New Brunswick; examination of nano- to micro-scale inter- and intrasulfide distribution and its relation to interpretation of saturation mechanisms and
geometallurgy: unpublished M.Sc. thesis, University of New Brunswick,
Fredericton, N.B., Canada, 190 p.

Yamamoto, M., 1976, Relationship between Se/S and sulfur isotope ratios of
hydrothermal sulfide minerals: Mineralium Deposita, v. 11, p. 197-209.

Yang, K., and Scott, S.D., 2003, Geochemical relationships of felsic magmas to ore
metals in massive sulfide deposits of the Bathurst Mining Camp, Iberian Pyrite
Belt, Hokuroku District, and the Abitibi Belt: massive sulfide deposits of the
Bathurst Mining Camp, New Brunswick, and northern Maine. Economic Geology
Monograph 11, p. 457-478.

Yang, X., Lentz, D.R., and Sylvester, P.J., 2006, Gold concentrations of sulfide minerals
in granitoids from southwestern New Brunswick, Canada: Mineralium Deposita,
v. 41, p. 369-386.
324

Zhang, J., Deng, J., Chen, H., Yang, L., Cooke, D., Danyushevsky, L., and Gong, Q.,
2014, LA-ICP-MS trace element analysis of pyrite from the Chang'an gold
deposit, Sanjiang region, China: implication for ore-forming process: Gondwana
Research, v. 26, p. 557-575.

Zheng, Y., Zhang, Y., Chen, Y., Hollings, P., and Chen., H., 2013, Metamorphosed PbZn-(Ag) ores of the Keketale VMS deposit, NW China: evidence from ore
textures, fluid inclusions, geochronology and pyrite compositions: Ore Geology
Reviews, v. 54, p. 167–180.

Zhao, H., Frimmel, H.E., Jiang, S., and Dai, B., 2011, LA-ICP-MS trace element analysis
of pyrite from the Xiaoqinling gold district, China: implications for ore genesis:
Ore Geology Reviews, v. 43, p. 142-153.

Zhou, T., Fan, Y., Yuan, F., Wu, M., Hou, M., Voicu, G., Hu, Q., Zhang, Q., and Yue, S.,
2005, A preliminary geological and geochemical study of the Xiangquan thallium
deposit, eastern China: the world’s first thallium-only mine: Mineralogy and
Petrology, v. 85, p. 243-251.

Zulu, J.D.S., 2012, Deformation and Metamorphism of the Key Anacon Zn-Pb-Cu-Ag
Deposits, Bathurst Mining Camp, New Brunswick, Canada. Unpublished Ph.D.
Thesis, University of New Brunswick, Fredericton, N.B., 608 p.

Zulu, J.D.S., Lentz, D.R., Walker, J.A., McFarlane, C.R.M., 2016, Recognizing and
quantifying metamorphosed alteration zones through amphibolite facies
metamorphic overprint at the Key Anacon Zn-Pb-Cu-Ag deposits, Bathurst
325

Mining Camp, New Brunswick, Canada: Journal of Geochemical Exploration, v.
165, p. 143-158.

326

Figure 4.1. Photomicrographs (plane-polarized reflected light) of representative
pyrite primary textures (pre-deformation) from massive sulfide deposits of the
BMC. a) Py1a (framboidal pyrite) in black slate matrix (sample from drill hole CL94-2 at 238.3 m; Canoe Landing Lake deposit). b) Pyrite idioblast containing an
inclusion-rich, spongy (corroded) core (Py1b), and overgrowth rim (Py2a1) with
discrete framboidal pyrite in the phyllosilicate matrix (sample from drill hole 62-55
at 65.5 m; Caribou deposit). c) Py1c (pyrite mass) exhibiting colloform and banding
textures (sample from drill hole CL-94-2 at 242.8 m; Canoe Landing Lake deposit).
d) Py1d (relict pyrite) in a matrix of chalcopyrite (sample from drill hole 95-LAP-16
at 389 m; Heath Steele B zone deposit).
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Figure 4.2. Photomicrographs (plane-polarized reflected light) of representative
secondary (syn-deformation) pyrite textures from massive sulfide deposits of the
BMC. a) Euhedral pyrite parallel to schistosity (Py2a1) (sample from drill hole A-14
at 154 m; Armstrong deposit). b) Anhedral pyrite oriented parallel to the schistosity
(Py2a1) (sample from drill hole A-14 at 154 m; Armstrong deposit). c) Elongated
pyrite (Py2a2) (sample from drill hole A1, LPA-016 at 75 m; Brunswick No. 12), Ser:
sericite; Qz: quartz. d) Cataclastic pyrite (Py2a3) (sample from drill hole A-14 at 171
m; Armstrong deposit).
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Figure 4.3. Photomicrographs (plane-polarized reflected light) of representative
secondary (post-deformation) pyrite textures from massive sulfide deposits of the
BMC. a) Annealed pyrite (Py2b1) (sample from drill hole LGF-10 at 107 m;
Louvicourt deposit). b) Large inclusion-rich porphyroblast of pyrite (Py2b2) (sample
from drill hole B-259 at 33 m; Brunswick No. 6 deposit). c) Replacement texture of
pyrite and pyrrhotite (sample from drill hole A1-053 at 368 m; Brunswick No. 12
deposit). d) Marcasite-pyrite intergrowth (sample from drill hole B-259 at 33 m;
Brunswick No. 6 deposit).
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Figure 4.4. Binary plot of Au versus As (in ppm) for all forms of pyrite (n = 862)
analyzed by LA-ICP-MS from selected massive sulfide deposits of the BMC; a)
deposits related to Tetagouche Group and b) deposits related to California Lake
Group (see ESM Table S4.2). The dotted line is showing the concentrations <hmdl
(half mean detection limit) of Au and As. Spearman Rank correlation coefficient (r')
is displayed with all of the pyrite data shown in binary plots of Au versus As.
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Figure 4.5. Binary plots of Sb (in ppm) versus a) Tl, b) As, c) Hg, d) Bi, e) In, f) Cd,
g) Te, and h) Sn for all forms of pyrite analyzed by LA-ICP-MS during this study
from selected massive sulfide deposits of the BMC (see ESM Table S4.2). Symbol
key is presented in part (a). The grey areas showing the concentrations <hmdl of the
presented element. Spearman Rank correlation coefficients (r') are displayed with
all of the pyrite data shown in binary plots.
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Figure 4.5. continued.
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Figure 4.6. Tl versus Sb and As versus Hg discrimination diagrams for texturallydistinct pyrite determined by LA-ICP-MS from Caribou (a, b), Canoe Landing
Lake (c, d), and Brunswick No. 12 (e, f) deposits (see ESM Table S4.2). Dotted lines
are showing the concentrations <hmdl of the presented element.
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Figure 4.7. Single-spot LA-ICP-MS spectra for selected elements in a framboidal
pyrite (Py1a), cut from T1-T2 in data reduction, from drill hole CL-94-2 at 238 m;
Canoe Landing Lake deposit. Most elements show relatively smooth and parallel
signals indicative of even distribution throughout the pyrite structure. The spikier
pattern for Pb is indicative of micro-inclusion of a Pb-phase (maybe galena).
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Figure 4.8. Single-spot LA-ICP-MS time-resolved profiles for Py1b, Py1c, and Py1d
textures. a) A spongy core pyrite (T1-T2) with smooth patterns of Pb, Sb, and Tl
enrichment indicating incorporation in the crystal structure and a distinctive hump
in As pattern indicating a included phase. b) Mass pyrite with highly irregular Cu,
Zn, and Ag profiles. Note jump in the As and Bi pattern (black dotted line) and
visible Sn-Zn bearing inclusion in the depth at the end of the ablation (marked as
pink dotted ellipsoid). c) Pyrite relict grain with irregular profiles for As, Pb, and
Cu and relatively smooth Sb and Bi profiles.
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Figure 4.9. Photomicrograph and complementary LA-ICP-MS imaging of trace
elements distribution in mass pyrite (Py1c) exhibiting colloform texture (sample
from drill hole CL-94-2 at 242.8 m; Canoe Landing Lake deposit). The first picture
shows a reflected light microphotograph of the imaged area of pyrite. The Fe (CPS:
counts per second) image shows slight difference in Fe concentration across the
mass pyrite and clearly highlights the colloform texture. Pyrite core enriched in Ni,
Au, Ag, Sb, Bi, and Hg and to a lesser extent Pb and Te. Outward from the core is a
zone characterized by low concentrations of the above listed trace elements but
higher Mn concentrations. Outboard of the Mn enriched zone is a second less-well
defined zone enriched by the same elements as the core as well as As.
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Figure 4.10. Photomicrograph and complementary LA-ICP-MS images of an
anhedral pyrite grain (Py2a1) in phyllosilicate matrix (sample from drill hole A-14 at
151 m; Armstrong deposit). The first picture is a reflected light microphotograph of
the analyzed pyrite grain showing tiny inclusions of silicates. The Fe (CPS: counts
per second) image shows slight difference in Fe concentration across the grain.
Copper distribution is heterogeneous, whereas arsenic shows rhythmic zonation.
Gold does not occur in significant concentration, but does exhibit a minor
enrichment as a thin band in the rim along with some tiny inclusions randomly
distributed across the grain. The Antimony content is generally low except for a few
areas of enrichment that are irregularly distributed across the grain.

337

Figure 4.11. LA-ICP-MS raster traverses across grains with spongy cores and
recrystallized rims. Note that cores are marked by irregular, locally high trace
element concentrations, whereas the rims are marked by lower concentration traceelements with regular distribution.
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Figure 4.12. LA-ICP-MS spot analysis comparison of recrystallized rim and spongy
core in pyrite from Brunswick No. 12 deposit. Note that the recrystallized rim (very
low inclusion relative to the core), is depleted in all of the volatile elements (except
Se) relative to the core.
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Figure 4.13. Time-resolved LA-ICP-MS signals from a) spongy core (Py1b) and b)
recrystallized rim (Py2a1) of pyrite grain. Note trace-element a depletion in the
recrystallized rim relative to the spongy core. Both rim and core have smooth AS
profiles, whereas other elements have more irregular distribution (sample from drill
hole A1 at 367 m; Brunswick No. 12 deposit).
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Figure 4.14. Photomicrograph and complementary LA-ICP-MS imaging conducted
on a euhedral pyrite with sieved-texture (spongy) core (Py1b), and rim of clean
inclusion free) pyrite (Py2a1) (sample from drill hole HN-99-119 at 1250 m; Halfmile
Lake Deep zone). Fe content is more enriched in the areas of clean pyrite. Sievedtextured parts have elevated volatile element concentrations (As, Pb, and Bi and to a
lesser degree Ag, Sb, and Tl), relative to the clean parts of the grain. Nickel, like Bi,
is highly enriched in sieved-texture areas as are Cu, Co, and Mn.
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Figure 4.15. Photomicrograph and complementary LA-ICP-MS images of a pyrite
area showing massive pyrite (upper part) and recrystallized pyrite aggregate (lower
part). The Fe content clearly defines a sharp boundary between the two parts, with
higher Fe in recrystallized aggregate. Arsenic and to a lesser extent Co and Au are
enriched in recrystallized aggregate, whereas Sb, Pb, and Tl achieve higher
concentrations in the massive pyrite. Indium is locally elevated in association with
small chalcopyrite grains interstitial to the pyrite grains.
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Figure 4.16. Time-resolved LA-ICP-MS signals for ablated marcasite (sample from
drill hole B-259 at 33 m; Brunswick No. 6 deposit). Although marcasite shows
coxcomb texture, the variation of As, Sb, Ag, Tl, Sn, and Hg (T1-T2) is structurebound controlled.
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Figure 4.17. Caption is in the next page.
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Figure 4.17. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Brunswick No. 12 deposit
(drill hole A1), BMC. The hanging-wall samples are marked with black-marked
symbols.
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Figure 4.18. Pyrite composition from proximal (Si) and distal (Na-Mg-K) alteration
zone in the footwall of the drill hole A1; Brunswick No. 12 deposit. Note elevated
concentration of Cu and Se in Si zone relative to K-Na-Mg zone and increase in Cu,
Se, Sb, As with proximity to the ore horizon.
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Figure 4.19. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Heath Steele B zone deposit
(HSB-3409), BMC.
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Figure 4.20. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Halfmile Lake Deep zone
deposit (drill hole HN-99-119), BMC. The hanging-wall samples are marked with
black-marked symbols.
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Figure 4.21. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Key Anacon East zone
deposit (drill hole KA-93-42), BMC. The hanging-wall samples are marked with
black-marked symbols.
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Figure 4.22. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Louvicourt deposit (drill
hole LGF-6), BMC. The hanging-wall samples are marked with black-marked
symbols.
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Figure 4.23. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Amstrong A deposit (drill
hole A-14), BMC. The hanging-wall samples are marked with black-marked
symbols.
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Figure 4.24. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements of pyrite plotted on the stratigraphic profile of Restigouche deposit (drill
hole CP-39), BMC. The hanging-wall samples are marked with black-marked
symbols.
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Figure
4.25.
LA-ICP-MS
geochemical
data
profiles
illustrating
volatile trace elements of pyrite plotted on the stratigraphic profile
of Canoe Landing Lake deposit (drill hole CL-94-2), BMC. The
hanging-wall
samples
are
marked
with
black-marked
symbols.
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Figure 4.26. Comparison of mean chemical composition of pyrite from the iron
formation and massive sulfides of Brunswick No. 6 deposit. Note that mean
concentration of Mn, Ni, Zn, Ag, Cd, In, Sn, Sb, Pb in pyrite from the exhalative
iron formation are consistently higher than those from the massive sulfides.
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Figure 4.27. Volatile element based discrimination diagrams of pyrite from Cu zone
and Zn-Pb zone; Brunswick No. 6. a) As versus Se, b) As versus Tl and c) As versus
Se/Tl.
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Figure 4.28. The summary of different type of pyrite is presented. a) Incipient
recrystallization results in the formation of poly-framboidal aggregates, spongy,
atoll-shaped, colloform, and mass pyrite. Also, the larger aggregates of polyframboids and spongy textures coalesce further into large areas of inclusion-rich
anhedral to subhedral pyrite (porous mass pyrite). Theses textural modification can
occur during early burial digenesis of the sulfides. b) The key effects of more
advanced recrystallization is formation much coarser grain and the formation
and/or remobilization of secondary, precious-metal-enriched minerals. In this stage,
clean pyrite overgrowth is mantled the pseudo-primary pyrite. These processes can
be concomitant to zone-refining stage, in which replacement of earlier formed
minerals in the sulfide mound. Different deformation events cause brittle-ductile
deformation attributes. c) Excessive recrystallization forms annealed and coarse
porphyroblasts of pyrite.
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Figure 4.29. Mean trace element content of pyrite from the Flat Landing Brook (n =
5), Nepisiguit Falls (n = 22) and Patrick Brook (n = 2) formations in the structural
hanging wall (downward-facing limb) of the Halfmile Lake Deep zone (see ESM
Table S4.2).
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Figure 4.30. Mean volatile element content and range in pyrite from the Nepisiguit
Falls Formation at the Brunswick No. 12, Halfmile Lake Deep zone, and Heath
Steele B zone deposits. The colored symbols represent the elemental range of all
pyrite and the black symbols represent the mean elemental values.
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Table 4.1. Summary classification of texturally-distinct pyrite in the current study.

Pre-deformation textures
Py1a

framboidal and small cube

Py1b

spongy core

Py1c

mass

Py1d

relict

Deformation textures
Syn-deformation
textures

Post-deformation textures

Py2a1

overgowth/discrete euhedral to
subhedral

Py2b1

Py2a2

elongaed

Py2b2

Py2a3

cataclastic
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anealing
coarse
porphyroblast

5.

Chapter 5 LA-ICP-MS examination of volatile elements in phyllosilicates
from volcanogenic massive sulfide deposits host sequences, Bathurst
Mining Camp, Canada: a potential micro-chemical vectoring tool in VMS
exploration

Abstract
Phyllosilicates (chlorite and white mica) are the most ubiquitous silicate phases
throughout the Middle Ordovician metamorphosed (greenschist facies) volcanogenic
massive sulfide deposits and associated host rocks of the Bathurst Mining Camp, Canada.
Chemical variations of chlorite and white mica (and limited biotite) are investigated by
LA-ICP-MS. Thallium is distinctly enriched within all analyzed white mica (up to 719
ppm) relative to chlorite (up to 50 ppm). Chlorite concentrates volatile elements,
including Sn (up to 4600 ppm), Hg (up to 7.3 ppm), Sb (up to 35 ppm), As (up to 1320
ppm), In (up to 307 ppm), Cd (up to 83 ppm), and Se (up to 606 ppm). White mica hosts
Sn (up to 1316 ppm), Hg (up to 93 ppm), Sb (up to 1630 ppm), As (up to 14800 ppm), In
(up to 1186 ppm), Cd (up to 98 ppm), and Se (up to 38 ppm). Compositional variations of
chlorite and white mica show proximal footwall and hanging-wall (up to 100 metre away
from the ore horizon) footprints of volatile elements up to 10 times in magnitude relative
to those occurring outboard of the hydrothermal alteration zones. Volatile elements
within white mica (Tl, As, Sb, Sn, Hg, and In) and to a lesser extent chlorite shows
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distinctive increasing tendency with proximity to the ore horizons. Stratigraphically distal
occurrences of trace levels of volatile elements within chlorite and in particular within
white mica are detectable up to several hundred metres from the sulfide horizons. The
volatile-element vectoring tool established for phyllosilicates can potentially serve as a
complementary method to other geochemical and geophysical exploration techniques in
prospecting for buried volcanogenic massive sulfide mineralization.
Keywords: Bathurst Mining Camp (BMC), chlorite, host rock, LA-ICP-MS, massive
sulfide deposit (VMS), phyllosilicate, vectoring tool, volatile elements, white mica.
5.1

Introduction

Hydrothermal alteration zones enveloping massive sulfide deposits have been extensively
investigated (e.g., in Canada: Roberts and Reardon 1978; Gibson et al. 1983; Urabe and
Scott 1983; Lesher et al. 1986a, b; Slack and Coad 1989; MacLean and Barrett 1993;
Lentz and Goodfellow 1993a, b, 1996; Barrett and MacLean 1994a, b, in Australia:
Hendry 1981; Large 1977, 1992; Gemmell and Large 1992; Huston 1993; Doyle 2001;
Huston and Kamprad 2001; Large et al. 2001a and references therein; Schardt et al. 2001,
in Japan: Urabe et al. 1983; Ohmoto 1996, in Iberian Pyrite Belt: Piantone et al. 1993,
1994; Leistel et al. 1997; Sánchez-España et al. 2000, in Sweden: Hannington et al. 2003,
as well as modern sea floor analogues: Seyfried et al. 1988; Goodfellow and Peter 1994,
Paulick and Bach 2006, amongst others). The diversity of the hydrothermal alteration
zones is manifest by mineral assemblages, chemical variations, and proximity to the
orebody, which strongly reflect the type of their host rock, ore-forming fluid, and the
hydrothermal alteration processes. Classic lithogeochemical techniques (e.g., whole rock,
isotopic, and mineral-chemical variations) have been used extensively to determine and
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categorize the alteration haloes associated with formation of massive sulfides. Variations
in the distribution of major elements, such as Si, Mg, Fe, Na, K, Ca, and Al have been
proposed as vectoring tools in VMS exploration (Iberian Pyrite Belt: Leistel et al. 1997;
Sánchez-España et al. 2000; massive sulfides of Australia: Large et al. 2001a, b and
references therein; massive sulfides of Ural: Maslennikov et al. 2012; Canada: Urabe and
Scott 1983; Urabe et al. 1983; Lentz and Goodfellow 1993a, b, 1996; Lentz 1996). Ratiobased alteration indices, such as the Ishikawa alteration index (AI), the chloritecarbonate-pyrite index (CCPI) (Ishikawa et al. 1976; Large et al. 2001b), and the
alteration box plot, which uses a combination of the AI and CCPI (Large et al. 2001a, b,
c), can be used to differentiate between deposit-proximal and deposit-distal alteration
related to VMS ores. Also, numerical treatment of the whole-rock data (Stanley and
Madeisky 1994) and calculation of mass changes (loss or gain) have been extensively
used to study hydrothermal alteration associated with VMS deposits (Gresens 1967;
Grant 1986, 2005). Moreover, minor- and trace-element whole-rock data show extensive
haloes surrounding some massive sulfide deposits. For example Ba, Mn, As, Mo, Bi, Hg,
and more typically Tl and Sb display distinctive enrichment with proximity to the ore
bodies (Shaw 1952; Smith and Huston 1992, Lentz et al. 1997, Paulick et al. 2001; Large
et al. 2001a and references therein).
A detailed analysis of hydrothermal components related to formation of massive
sulfide deposits is essential in order to comprehensively understand hydrothermal
alteration facies. Chemical variations of carbonates, oxides, sulfides, and phyllosilicates
have been documented in many VMS settings. Among these phases, chlorite and white
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mica are perhaps the most extensively-developed in terms of distribution in VMS-related
hydrothermal systems (Fleet et al. 2003).
Chemical variations of chlorite have been used as the basis of deposit vectoring
tools (e.g., Urabe and Scott 1983; McLeod and Stanton 1984; Lydon 1988a, b; Gemmell
and Fulton 2001; Large et al. 2001a, c). Variation in the Fe/Mg of chlorite reflects spatial
and temporal relationships with massive sulfide mineralization. Alteration indices such as
the Fe/(Fe+Mg) (Urabe et al. 1983) and 100* Mg/(Mg+Fe+Mn) (McLeod and Stanton
1984) of chlorite are useful for describing and quantifying hydrothermal alteration of
VMS deposits. In these systems the Mg content of chlorite commonly increases with
increasing proximity to the core of the footwall alteration system (e.g., Seneca, Southbay,
and Corbet deposits: Urabe and Scott 1983; Hellyer deposit: Gemmell and Fulton 2001;
Mount Read and Mount Windsor deposits: Large et al. 2001c; Mount Read deposit:
Herrmann et al. 2001; Thalanga deposit: Paulick et al. 2001). The reverse pattern has
been recorded with the Fe content of chlorite increasing with proximity to the core of the
alteration pipe (e.g., Heath Steele: Wahl 1977; Lentz et al. 1997; Brunswick No. 12: Juras
1981; Luff et al. 1992; Lentz and Goodfellow 1993a, 1994; Lentz and Goodfellow 1996,
Halfmile Lake: Adair 1992; Lentz 1996; Walker and McCutcheon 2011, Caribou:
Goodfellow 2003, Restigouche: Bein 2010, and Key Anacon: Zulu 2012, Zulu et al.
2016), Horne (MacLean and Hoy 1991), Hercules in Australia (Eastoe et al. 1987),
Kuroko deposits of Japan (Urabe et al. 1983), and Matagami, Quebec (Kranidiotis and
MacLean 1987).
Likewise, white mica major- and minor-element content from VMS systems has
been extensively investigated. Phengitic content (measured by molar Si/Al ratio and
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Fe+Mg), Fe and Mg variation, as well as element ratios, such as Si/Al, Na/(Na+K), and
(Ba+K)/Na are deposit vectoring tools developed for white mica (Herrmann et al. 2001;
Large et al. 2001a, c; Leistel et al. 1994, 1997; Toscano et al. 1993). White mica from
VMS deposits worldwide show two main compositional affinities: 1) phengitic (bariumrich) white mica that occurs proximal to the ore horizon (e.g., Hellyer: Yang et al. 2011,
and Rosebery: Large et al. 2001a, c, Tasmania, Australia; Heath Steele B zone: Lentz et
al. 1997; Brunswick No. 12: Luff et al. 1992; McClenaghan 2011, BMC, Canada; NevesCorvo: Relvas et al. 2006, Iberian Pyrite Belt), or 2) muscovitic white mica occurs at the
inner alteration zone proximal to ore (e.g., Western Tharsis and Mt. Lyell, Tasmania,
Highway Reward and Mt. Windsor subprovince, Queensland: Herrmann et al. 2001).
Notwithstanding the studies listed above, the trace element variation within
chlorite and white mica has been less widely applied due to the analytical difficulties
inherent in texturally complex samples. LA-ICP-MS is suitable for the investigation of
texturally complex samples, although the ability to examine large number of samples
(hundreds of grains per day), at low detection limits for volatile elements (ppm to subppm level), but has seldom been applied to phyllosilicates (Clarke and Bogutyn 2003;
Yang and Rivers 2000; see Chapters 3 and 4).
LA-ICP-MS analysis is employed herein to measure a wide range of elements,
including the volatile element suite (As, Tl, Sb, Hg, In, Cd, Sn, Se, and Bi) in chlorite and
white mica. The aims of this study are: 1) develop the optimal methodology by LA-ICPMS for determining of volatile element concentrations in chlorite and white mica, 2) to
document magnitude and style of volatile element occurrence in chlorite and white mica
throughout the footwall and hanging-wall zones, 3) to elucidate the volatile element
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dispersion haloes associated with VMS deposits of the BMC and introduce a potential
micro-chemical vectoring tool for VMS exploration.
5.2
5.2.1

Results
Petrography

The host rocks of the BMC comprise three main groups, felsic volcanic rocks,
sedimentary rocks, and mafic rocks. All of the volcanic-host rock samples examined
display foliated and recrystallized groundmass.
5.2.1.1 Felsic volcanic rocks
The main mineral phases in the felsic volcanic units are in variable proportions, quartz,
feldspar, albite, biotite, stilpnomelane, garnet, carbonate, chlorite, and white mica. The
least-altered samples from volcaniclastic rocks of Nepisiguit Falls Formation contain
subhedral to euhedral feldspar and quartz crystals in a fine-grained phyllosilicate-rich
groundmass. These rocks have macro- to micro-structurally distinct domains, specifically
microlithons of quartz and feldspar (Q-domain) and phyllosilicate-rich septa folia (Mdomains). The potassium feldspars are turbid and display Carlsbad and tartan twinning
(in microcline) (Fig. 5.1a, b). Feldspar phenocrysts, phenoclasts, and locally
porphyroclasts are commonly enveloped by fringes of recrystallized quartz and
phyllosilicates that define the S1/S2 composite fabric (Fig. 5.1c). In footwall crystal tuff
from the Heath Steele B zone, K-feldspar is partially replaced by twinned albite and
phyllosilicates. Recrystallized mosaic quartz is common on the margins of feldspars and
along pull-apart fractures (Fig. 5.1d). With increasing intensity of alteration, albite and Kfeldspar phenocrysts are replaced by fine-grained intergrowths of quartz and
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phyllosilicates (Fig. 5.1e). In the hanging-wall sequences alteration of quartz-feldspar
crystal tuff is marked by albitization of K-feldspar in the proximal areas, whereas
Carlsbad-twinned chessboard and polysynthetic albite is more common in the vent distal
areas (Fig. 5.1f).
Proximal to the ore horizons, in hanging-wall and footwall zones, fine-grained
recrystallized quartz veins and veinlets are common and were affected by deformation
(Fig. 5.2a). Quartz phenocrysts commonly display recrystallized fine-grained (mosaic)
forms filling out the interstices, especially pull-apart fractures in coarse feldspar
phenocrysts (Fig. 5.2b). In addition, fine-grained quartz fringes commonly associated
with feldspar and sulfide grains are characteristics of more altered rocks and stringer
zones as well as highly deformed samples (Fig. 5.2c, d). Myrmekitic textures occur in the
least-altered quartz-feldspar crystal tuff of the Nepisiguit Falls Formation (Fig. 5.2e).
Fine-grained quartz and carbonate are common in semi-massive sulfide samples (Fig.
5.2f). Flat Landing Brook Formation samples consist of aphyric rhyolite with a
groundmass of very fine-grained quartz and phyllosilicates in well-developed sericitic
bands (Fig. 5.3a). Mount Britain Formation consists of quartz and feldspar in a finegrained intermixed of phyllosilicates and quartz (Fig. 5.3b).
5.2.1.2 Sedimentary rocks
Sedimentary rocks with varying amounts of tuffaceous material from the Nepisiguit Falls
Formation consist of fine-grained phyllosilicates and quartz, locally recrystallized quartz
veins and masses of chlorite (Fig. 5.3c, d). Sedimentary rocks of the Patrick Brook
Formation (dark grey to black slate, siltstone, and quartzo-feldspathic wacke) have a fine-
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grained matrix of phyllosilicates and quartz (commonly in a recrystallized mosaic) and a
minor larger quartz grains (Fig. 5.3e).
5.2.1.3 Mafic rocks
Mafic rocks of the BMC are highly metamorphosed and deformed. Figure 5.3f shows a
typical mafic sample from Little River Formation, in which a sericite band occurs in finegrained groundmass of quartz and is cut by a late chlorite lath.
5.2.1.4 Phyllosilicates
5.2.1.4.1 Chlorite
Chlorite is ubiquitous phase throughout the BMC, as a major component of exhalative
sedimentary rocks, including Algoma-type iron formation and chloritic tuff in areas distal
to mineralization. Chlorite content increases with proximity to the vent zone and is
commonly associated with disseminated to semi-massive sulfides in proximal footwall
alteration zones (Si alteration zone) (see Appendix 1). Different textural generations of
chlorite can be distinguished on the basis of optical properties. Chlorite colour varies
from olive-green to brown-yellow, with anomalous interference colours, ranging from
very pale grey to greyish green- to deep blue-green deep blue-violet (Berlin-blue; Fig.
5.4). Chlorite in quartz-feldspar augen schist (QFAS) and quartz augen schist (QAS) of to
the Nepisiguit Falls Formation occurs as disseminated, medium- to fine-grained flakes
and masses or patchy aggregates and bands (Fig. 5.4a), and as epitaxial growths
associated with sericite, feldspar, and quartz in more distal part of the hydrothermal
system (Fig. 5.4b). In some samples, chlorite fills pull-aparts in porphyroblasts and
fractures (Fig. 5.4c). Chlorite in tuffaceous sedimentary rocks of the Patrick Brook

367

Formation is commonly associated with sulfide veins (Fig. 5.4d). Proximal to the ore
horizons, chlorite typically occurs as chloritic bands/layers in close association with
sulfides. Metamorphic mineral growth which produces complex intergrowths, resulted in
the formation of beards, fringes and shadows of chlorite on the margins of individual
sulfide porphyroblasts (e.g., pyrite), and as an interstitial component with sulfide phases
(Fig. 5.4e). In semi-massive sulfide samples chlorite may be associated with quartz and
carbonates (Fig. 5.4f).
5.2.1.4.2 White mica
Varying proportions of white mica occur in VMS-related hydrothermal alteration zones
of the BMC, most commonly as potassically-altered (sericitic) zones developed in
quartzo-feldspathic volcaniclastic rocks of the Nepisiguit Falls Formation. Clastic and
exhalative sedimentary rocks of the Patrick Brook Formation, sedimentary rocks of
Nepisiguit Falls Formation, and rhyolite of Flat Landing Brook Formation and Mount
Britain Formation are affected by alteration processes generating phyllosilicates, in
particular sericite replacement textures. In these units, white mica typically occurs as
fine-grained fibres or isolated pods intermixed with quartz and chlorite. K-feldspar
phenocrysts and the groundmass of volcanic rocks may be partially to completely replace
by sericite, chlorite, and quartz (Fig. 5.5a, b). Sericitic-rich bands or septa (Fig. 5.5c),
defining penetrative S1 foliation are common, as are kink bands and crenulation
cleavages in sericitic bands (Fig. 5.5d).
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5.2.1.4.3 Biotite
Biotite typically occurs in potassically-altered (sericitic) zones developed in quartzofeldspathic volcaniclastic rocks of the Nepisiguit Falls Formation. Most of biotite grains
are partially or completely altered to chlorite (Fig. 5.6).
5.2.2

LA-ICP-MS results of phyllosilicates

A whole dataset and summary statistics of the LA-ICP-MS spot analyses on chlorite,
white mica, and biotite are presented in ESM Tables S5.1-S5.3. Up to six LA-ICP-MS
spot analyses on chlorite and white mica were collected from each thin section. Figure
5.7 shows selected representative LA-ICP-MS series (count per second versus time) for
spot analyses on chlorite and white mica from the Louvicourt deposit, which retained the
highest volatile element concentrations among the studied deposits. Signals clearly
exhibit smooth patterns over time for Zn, In, and Pb in chlorite (Fig. 5.7a), and Sb, Pb,
Tl, As, Zn, and Hg in muscovite (Fig. 5.7b) and are interpreted to reflect structure-bound
substitution. In some cases, irregular patterns for volatile element distribution are
interpreted to indicate the presence of micro-inclusions of other minerals, depending on
the size of inclusion and resolution level.
The key difference in volatile elements between chlorite and white mica is the
lower Tl content in chlorite. The trimmed mean Tl content of chlorite averages 0.3 ppm
for all of the deposits, with the exception of Louvicourt deposit that has chlorite with an
anomalously high trimmed mean Tl content of 7.8 ppm. A similar pattern was recognized
in white mica, which has a trimmed mean Tl value of 6.6 ppm for all of the deposits with
exception of the Armstrong A and Louvicourt deposits that have white mica with
anomalously high trimmed mean Tl concentrations of 86.2 ppm and 204 ppm,
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respectively (see Fig. 5.8). Binary plots, using Tl as a proxy element on x axes versus Sb,
Hg, As, Sn, In, and Bi are presented for chlorite and white mica separated on a deposit
basis (Fig. 5.9).
5.2.2.1 Chlorite chemical variation
Antimony displays a weak Spearman Rank correlation with Tl (r´=0.25) in chlorite and
varies from <hmdl to 35.4 ppm with a few sporadically higher Sb concentrations in
chlorite from Brunswick No. 12 and Heath Steele B zone (Fig. 5.9a, b, c). The Hg content
of chlorite is somewhat variable with values of up to 7.3 ppm, 5.5 ppm, and 3.33 ppm
from the Louvicourt, Restigouche, and Heath Steele B zone deposits, respectively (Fig.
5.9d, e, f). The concentration of As in the majority of chlorite samples is below 10 ppm,
and does not correlate with Tl (r´=0.01) (Fig. 5.9g, h, i). Sn weakly correlate with Tl
(r´=0.24) in chlorite, with Sn concentrations ranging from <hmdl to 100 ppm, with a few
anomalously enriched grains from Louvicourt having up to 983 ppm (Fig. 5.9j, k, l). The
In content fluctuates from <hmdl to a maximum of 307 ppm in samples from the
Louvicourt deposit (Fig. 5.9m, n, o). Also, some chlorite grains from Halfmile Lake Deep
zone deposit have higher In concentrations (up to 42.2 ppm). The Bi content of chlorite is
generally low with over 70% of the analyses reporting below the detection limit, with
some chlorite grains returning Bi concentrations of up to 19 ppm (Fig. 5.9p, q, r). Also,
trimmed mean Se and Cd concentrations in all chlorite samples are low with the
exception of a few anomalously high values from Halfmile Lake Deep zone, likely due to
occurrence of inclusions (not shown) (see ESM Table S5.1).
Based on the petrography of the samples, chlorite occurs in several generations.
Herein, two distinct generations of chlorite have been investigated for volatile element
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variations (Fig. 5.10a, b). Neo-crystallized chlorite at the fringes of pyrite shows higher
As, Se and Sb in both examples and distinctly higher values of Cd, In, Sn, and Bi (Fig.
5.10b) relative to chlorite bands.
5.2.2.2 White mica chemical variation
The range in volatile element content of white mica is similar to that of chlorite with the
exception of anomalously high values in white mica from the Louvicourt and Armstrong
A deposits (see Figs. 5.8, 5.9). The Sb content of white mica from the Louvicourt deposit
ranges from 0.82 to 1630 ppm, whereas much lower values were obtained from the
Armstrong A deposit (0.48-73.4 ppm) and Brunswick No. 12 (0.71-38.0 ppm) deposits.
At the Halfmile Lake Deep zone, Heath Steele B zone, and Restigouche deposit’s white
mica had trimmed mean Sb concentrations of 1.23, 1.11, and 1.43 ppm, respectively (Fig.
5.9a, b, c). The Hg content of white mica varies between 0.09-3.96 ppm in white mica
from most deposits. However, white mica from the Louvicourt deposit contains up to 93
ppm Hg (Fig. 5.9d, e, f). The pattern for As is similar with the majority of white mica
containing less than 10 ppm As. The exceptions are elevated values from the Louvicourt
deposit (up to 14800 ppm) and the Armstrong A deposit which returned up to 5700 ppm
As (Fig. 5.9g, h, i). The Sn content of white mica from all deposits falls within a range of
2.52 to 1316 ppm, and correlate weakly with Tl (r´=0.19) (Fig. 5.9j, k, l). The In and Bi
concentrations of white mica are similar to those of chlorite with the majority of the
grains containing < 10 ppm (Fig. 5.9m, n, o, p, q, r), with some grains from the
Louvicourt and Armstrong A deposits having anomalously high In and Bi concentrations
(see ESM Table S5.2).
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Figure 5.11 shows a LA-ICP-MS raster line across sericitic bands and finegrained sericite in the matrix. Mn occurs in highest concentration followed by Zn with
relative flat pattern across the raster line. Ba and Pb are highly variable across the raster
line. Highly irregular volatile element patterns do not show any difference across the
raster line (Fig. 5.11).
5.2.2.3 Biotite chemical variation
Two of the thin sections were examined for concentration of volatile elements in biotite.
Volatile-element composition of biotite is presented in ESM Table 5.3. Comparing the
results with white mica and chlorite in the same thin section shows that the distribution of
Tl among phyllosilicate phases (Fig. 5.12) is in the order: biotite (primary/secondary) >
white mica (distal alteration) > chlorite (proximal alteration). Other element do not show
exact same pattern among phyllosilicates in two thin sections. Antimony in sample 95LPA-10 increase in order of chlorite < white mica < biotite, but this pattern does not exist
in the other sample (Fig. 5.12a). In average, biotite is more enriched in Hg, Sn, Ba,
relative to chlorite and white mica (Fig. 5.12b, c, d). The average Mn and Zn are
distributed among phyllosilicates in both thin sections in the order of biotite > chlorite >
white mica (Fig. 5.12e, f).
5.2.3

Chemical variation of phyllosilicates from the host rocks of massive sulfides

With the exception of As, all of the volatile elements, as well as Ba, occur in higher
concentrations in white mica relative to chlorite (see Figs. 5.13-5.19); however, the
magnitude of the concentration of these elements is highly variable in the deposits
studied (see ESM Tables S5.1 and S5.2).
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5.2.3.1 Tetagouche Group deposits
At the Brunswick No. 12 deposit, footwall crystal tuff and tuffaceous sedimentary rocks
of the Nepisiguit Falls Formation contain white mica that is highly enriched in Tl, Sn, In,
and Zn, with mean concentrations of 36.4, 83.2, 1.79, and 166 ppm, respectively (Fig.
5.13). The Tl, As, Sb, and Pb content of white mica from the K-Na-Mg alteration halo
(zone II and III) in the Nepisiguit Falls Formation (shallow footwall) are elevated relative
to white mica from more proximal alteration zones (Fig. 5.13). In comparison, white
mica in the hanging-wall rocks of the Flat Landing Brook Formation contain higher
concentration of Sb and Ba with mean concentrations of 9.36 and 3309 ppm, respectively
(ESM Table S5.2). Chlorite in the footwall has lower volatile element content than white
mica. The Tl, As, Sn, and Ba concentrations of chlorite in the footwall increase with
proximity to the ore horizon (see Fig. 5.13). Limited data on chlorite from the hanging
(Flat Landing Brook Formation) suggest similar or higher volatile element concentrations
relative to coexisting white mica (ESM Table S5.1).
White mica from the footwall of the Heath Steele B zone contains Tl (1.96-4.69
ppm), As (0.69-25.5 pm), Sb (0.19-3.92 ppm), Sn (3.65-333 ppm), Hg (0.48-2.3 ppm),
and In (0.11-6.01 ppm), in addition to occurrence of Zn (7.98-312 ppm), Pb (1.59-17.5
ppm), Mn (67.1-3870 ppm), and Ba (178-1812 ppm). In these rocks, the Tl, Sb, and to a
lesser extent Sn and In concentrations of white mica increase with proximity to the ore
horizon (from 100 m to the ore horizon). The footwall enrichment of As, Sb, Pb, and to a
lesser degree Hg is more prominent in white mica in the sedimentary rocks relative to the
crystal tuff. With the exception of Zn and Mn, chlorite at Heath Steele typically has lower
volatile element concentrations than white mica (Fig. 5.14; ESM Table S5.1). Volatile
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elements, such as Sb (0.04-27.4 ppm), Sn (0.02-7.96 ppm), and to a lesser extent Hg
(0.04-1.13 ppm) and In (<hmdl-0.65 ppm), are highly variable within footwall chlorite,
but tend to increase with proximity to the ore horizon. White mica from crystal tuff in the
hanging wall, at Heath Steele (Fig. 5.14) displays increasing concentrations of Tl, Sb, and
to a lesser extent Sn and In with proximity to the ore horizon. Likewise, in the hanging
wall the Ba and Zn contents of white mica increase with proximity to the ore horizon.
Chlorite in the hanging wall, proximal to the ore horizon (≤150 m above), have Tl
concentrations up to 5.21 ppm and are enriched relative to chlorite from the proximal
footwall. The abundances of As (0.3-11 ppm), Sb (0.07-5.76 ppm), Hg (0.07-3.33 ppm),
Zn (176-2300 ppm), and Mn (457-6635 ppm) in chlorite from the proximal hanging wall
is similar to those in proximal footwall; however, the Sn (0.03-22.8 ppm) and In (<hmdl11.8 ppm) concentrations of hanging-wall chlorite are higher than chlorite from the
footwall.
At the Halfmile Lake Deep zone (Fig. 5.15), volatile element concentrations (Tl,
Sn, and Pb) of white mica incease from the immediate host rock in both side of the
sulfide horizon. Similar but more erratic patterns for Zn are observed in chlorite. In the
structural hanging wall (upward-facing limb), crystal tuff, and interlayered volcaniclastic
rocks of the Nepisiguit Falls Formation (stratigraphic footwall) show subtlely higher
volatile element concentrations in white mica (Sb, Sn, Hg, as well as Mn and Ba) relative
to clastic sedimentary rocks of Patrick Brook Formation (Fig. 5.15). The Tl, Sb, Sn, Hg,
In, and Ba concentrations of chlorite are obviously lower than white mica, but follow
similar trends to white mica. Chlorite in the massive sulfide samples and iron formation
contains elevated concentrations of In, Zn, Pb, Sb, and As.
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Crystal tuff from the footwall of the Key Anacon East zone (Fig. 5.16) contains
white mica in which Tl (3.56-8.08 ppm), As (1.52-6.3 ppm), Hg (0.53-1.86 ppm), Zn (14194 ppm), Pb (0.75-51.7 ppm), and Ba (362-2469 ppm) increase, to varying degrees,
with proximity to the ore horizon from depths of 100 m below the ore horizon. However,
the Sb, Sn, and In concentrations of white mica tend to decrease slightly with proximity
to the ore horizon. White mica in mafic volcanic rocks of the Little River Formation tend
to have higher Tl concentrations in proximity to the sulfide horizon, whereas As, Sn, In,
and Zn concentrations in white mica are higher in more distal parts of Little River
Formation. Rhyolites of Flat Landing Brook Formation in the immediate hanging wall
contain white mica with Tl concentrations ranging between 4.67 and 10.1 ppm, slightly
higher than Little River Formation volcanic rock higher in the hanging wall (Fig. 5.16).
The other volatile elements occur in notable values and similar to those occur in Little
River Formation. Chlorite at Key Anacon East is best formed in the mafic volcanic rocks
of the Little River Formation. In the Little River Formation the Tl (<hmdl-3.43 ppm), Sn
(<hmdl-25.2 ppm), Hg (0.19-2.16 ppm), and In (0.01-2.89 ppm) concentrations of
chlorite are higher in rocks more distal to the massive sulfide (ore) horizon. Zinc and Mn
content of chlorite are higher relative to white mica, and either can increase or decrease
with respect to proximity to the ore horizon (Fig. 5.16).
At the Louvicourt deposit (Fig. 5.17), white mica from the footwall is marked by
increasing trends Tl (95.6-229 ppm), Sb (1.26-18.8 ppm), Hg (0.66-1.44 ppm), Pb (1.2385400 ppm), and Ba (7606-16450 ppm) with proximity to the sulfide horizon. As in the
footwall, white mica from the hanging-wall tuff and magnetic argillite tend to be enriched
in volatile elements (Tl, Sn, Hg, Zn, Mn, and Ba) with proximity to the massive sulfide
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horizon. The concentration of Sn and In in white mica from the sulfide horizon in higher
than that of white mica from the hanging-wall or footwall zones.
At Louvicourt deposit, the development of chlorite is restricted to the hangingwall tuff and magnetic argillite (a narrow interval of about 3 m immediately above the
ore horizon). The volatile elements of chlorite from the hanging-wall tuff occur in notable
concentrations, including Tl (0.05-50.1 ppm), As (1.67-11.8 ppm), Hg (0.45-2.41 ppm),
Zn (99.9-2832 ppm), Ba (2.27-87000 ppm), and Mn (151-6170 ppm) and tend to increase
with proximity to the ore horizon. The Sb (0.07-1.91 ppm), Sn (0.03-1.92 ppm), In (0.020.16 ppm), and Pb (0.12-9900 ppm) concentrations do not show increasing trends;
however, Sb, Sn, In, and to a lesser extent As and Hg are highly enriched in chlorite from
the top of the sulfide horizon.
5.2.3.2 California Lake Group deposits
At the Armstrong A deposit, a limited number of white mica within chlorite to sericite
altered feldspar phyric rhyolite and phyllite of the Spruce Lake Formation in both
proximal footwall and hanging wall was analyzed. In the immediate proximal footwall
(except Sb, Sn, Pb) and hanging-wall zones (within 10 m of massive sulfide horizon), the
concentrations of Tl, Sb, Sn, Zn, Pb, Ba and to a lesser degree Hg increase with
proximity to the ore horizon (Fig. 5.18).
At the Restigouche deposit (Fig. 5.19), white mica in the footwall shows general
but erradic increasing trends of Tl (in TrimMean from 1.77 to 17.2 ppm), As (in
TrimMean from 0.79 to 12.3 ppm), Pb (in TrimMean from 0.23 to 1.75 ppm), Sn (in
TrimMean from 6.6 to 14.7 ppm), and to a lesser extent Hg (in TrimMean from 0.96 to
1.99 ppm) and Sb (in TrimMean from 0.81 to 1.63 ppm) with decreasing distance to the
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ore horizon. A single sample from very proximal hanging wall contains white mica with
similar abundances of Tl, As, and Sn, and higher Pb (avg. 23.9 ppm), Mn (avg. 834 ppm),
and to a lesser extent Sb (avg. 2.76 ppm) to white mica from the proximal footwall
values. Volatile element concentrations of chlorite over a distance up to 100 m below the
sulfide zone show increasing trends of Tl, Sb, Hg, In, Zn, and Mn with proximity to the
ore horizon, whereas As and Pb decrease with proximity to the massive sulfide horizon
(Fig. 5.19).
5.3
5.3.1

Discussion
Origin of phyllosilicates in the BMC

The origin of any particular phyllosilicate grains proximal to a VMS deposit in the BMC
is not straightforward because any one of several potential processes, e.g., epigenetic,
authigenic, and superimposed metamorphic, may be responsible for their formation
(Cipriani et al. 1971; Laird 1988). However, the close association between chlorite and
phengite in massive sulfides suggests a common authigenic origin for both minerals
(McCutcheon 1992; Peter et al. 2003).
Hydrothermal metasomatic processes, such as devitrification (Staudigel and Hart
1983; Utzmann et al. 2002; Gifkins et al. 2005 and references therein; Wolff-Boenisch et
al. 2006; Giorgetti et al. 2006; Valle et al. 2010) and hydrolysis via interaction with
heated seawater, have been suggested as the dominant processes responsible for
formation of phyllosilicates (Adair 1992; Luff et al. 1992; Lentz and Goodfellow 1993,
1996; Lentz et al. 1997; Goodfellow et al. 2003; Lentz and McCutcheon 2006). At
Brunswick No. 12 deposit, the whole-rock geochemistry of the least-altered crystal tuff
show irregular Na/K and Mg values, suggesting post-depositional devitrification due to
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seawater reaction (Lentz and Goodfellow 1993a). The groundmass of felsic rocks from
Nepisiguit Falls Formation is very fine-grained and is composed mostly of chlorite,
sericite, and quartz. Luff et al. (1992) argued that the precursor of the crystal tuffs
(Nepisiguit Falls Formation) were probably crystal vitric tuffs. The origin of albite and
K-feldspar is not well understood in VMS settings (Munhá et al. 1980); however, Kfeldspar replacement of plagioclase and albitization of plagioclase have been observed in
VMS deposits of the Kuroko district in Japan and of the Iberian Pyrite Belt (Munhá et al.
1980; Green et al. 1983 and references therein). In the BMC, primary albitization of Kfedspar has been reported (Lentz and Goodfellow 1993a); however, with increasing
intensity of alteration, white mica and chlorite stabilize in the system via alteration of the
albite and K-feldspar. So, both devitrification and hydrolysis processes can account for
the formation of phyllosilicates in these systems. In the least-altered rocks, albitization is
the dominant type of alteration and is marked by the presence chessboard albite
pseudomorphing K-feldspar phenocrysts in the Nepisiguit Falls Formation (Juras 1981;
Lentz et al. 1997). With increasing intensity of hydrolytic alteration, albite will be
replaced by intergrowths of white mica and quartz following the reaction (eq. 1) proposed
by Morton and Nebel (1984):
3 albite+ 1 K+ + 2H+ ↔ 1 sericite + 6 quartz + 3 Na+ (1)
There is some evidence of albite replacement by K-feldspar (see Lentz et al. 1997), which
is inferred to be as result of low-temperature fluids with high Na+/K+ (see Munhá et al.
1980). Alteration of K-feldspar forms white mica via the following reaction (eq. 2):
3KAlSi3O8 + 2H+ ↔ KAl3Si3O10(OH)2 + 6SiO2 + 2K+ (2)
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This reaction fixes K, as well as increases the proportion of quartz in the sericite-rich
zones. By increasing the intensity of alteration, chloritization occurs at the expense of
white mica (de-phengitization) (Morton and Nebel 1984) (eqs. 3 and 4):
sericite + 7.5(Fe, Mg)+2 + 7.61 quartz + 24.22H2O ↔ 1.5 chlorite + K+ + 14H+ +
6.11H4SiO4 (3)
or
sericite + 1.02(Fe, Mg)+2 + 2.796 quartz + 1.632H2O ↔ 0.204 chlorite + 1.296
pyrophyllite + K+ +1.04H+ (4)
This alteration resulted in the addition of Fe, Mg, Mn, and Ca to the rocks and the
removal of K (eq. 5).
Albite + 2.5(Fe, Mg)+2 + 0.316 quartz + 7.632H2O ↔ 0.5 chlorite + 4H+ + 1.816H4SiO4
+ Na+ (5)
Collectively, these reactions account for variable mass change of Na, K, and Si and a
mass gain of Mg relative to volcanic compositions (Lentz 1999b). Chlorite can also be
formed by the alteration of primary biotite; however, in the vicinity of the deposits
investigated, it is likely that the biotite is metamorphic in origin (see Lentz et al. 1997).
Also, destruction of iron oxides as observed in this study can be another possible process
in formation of chlorite.
The initiation of a hydrothermal cell at a VMS setting most likely formed Mg-rich
smectite or illite that, in response to subsequent hydrothermal alteration and (or)
metamorphism, converted to chlorite or muscovite. Peter et al. (2003) proposed that a
precursor mineral (nontronite) or the reaction of primary Fe-bearing phases (i.e., siderite)
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with chert (now quartz) was responsible for the formation of chlorite in the iron
formation and related crystal tuff at Heath Steele Belt.
Textural criteria can help to discriminate primary hydrothermal from
metamorphic phyllosilicates. Primary chlorite tends to be euhedral and forms sheaf-like,
radiating, spherulitic, atoll-like, botryoidal or aggregates without having a preferred
orientation and being wrapped by schistosity. In contrast, metamorphic minerals may or
may not exhibit strong preferred orientation depending on the local stress intensity. The
oriented chlorite mostly forms in pressure shadows or extensional fractures as fibrous
minerals, and may show textural features of dynamic or annealing crystallization.
Differentiation between these textural generations is challenging because they are
mechanically weak and can easily rotate into tectonic fabrics. Metamorphic
(porphyroblastic) minerals will grow over earlier fabrics and may or may not have a
preferred orientation (depending on the local stress field). In particular, in distal part of
the hydrothermal system where relict igneous minerals, such as albite typically occur.
Alteration of albite to phyllosilicates and (or) carbonates is considered to be a function of
hydrothermal activity (Morton and Nebel 1984). There are several lines of evidence
showing the preservation of the primary minerals around the deposits. In areas of the
BMC in which metamorphism occurred at lower grades, the relict primary mineral such
as partially altered augite and biotite have been locally preserved (Currie et al. 2003).
Also, the preservation of igneous textures, such as euhedral (possibly fractured) Kfeldspar and beta-form quartz phenocrysts, has been reported (Lentz et al. 1997; Lentz
1999a, b). However, Lentz et al. (1997) also reported the occurrence of metamorphic
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biotite partially altered to chlorite along the fractured surfaces and formed during late- to
post-S2 (Fig. 5.6).
The preservation of some phyllosilicates may locally occur due to similar range of
temperature between the hydrothermal event and metamorphic events. Also,
compositional variation of white mica and chlorite in the hydrothermal conduit of
Brunswick No. 12, Heath Steele B zone deposits (Luff et al. 1992; Lentz and Goodfellow
1993a; Lentz et al. 1997) can directly account for the fossilized hydrothermal up-flow
zone. Moreover, the Ba-rich nature of white mica in the BMC (Peter and Goodfellow
1996; Peter et al. 2003; McClenaghan 2011) is interpreted to reﬂects deposit-related
hydrothermal enrichment, similar to white mica from the Kristineberg deposit
(Hannington et al. 2003).
The occurrence of Fe-rich species of chlorite in proximity to the ore horizon(s)
shows that pyrite was not the only Fe-fixing phase. Higher concentrations of volatile
elements in phyllosilicates relative to coexisting sulfides (e.g., pyrite) in the host rocks
suggest limited formation of pyrite during the late metamorphic event (see Chapter 4).
van Staal (1985) has suggested that Fe-rich chlorite replaced the earlier forms as a result
of decrease in Mg/Fe during the retrograde stages of D1. Chlorite compositions from the
BMC (McClenaghan 2011, Zulu 2012, and this study, see Figs. 5.9; 5.13-5.19) are highly
variable and influenced by protolith composition and proximity to the hydrothermal
centre.
In addition, Lentz (1999b) reported the chemical variation, (EMPA) of septa and
micro-lithons in the vicinity of Brunswick No. 6 deposit. Pervasive growth of the
phyllosilicates by the formation of discrete septa results the development of differential
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layering. Mass-balanced EMPA data showed that Si and Zn are preferentially removed
from the septa relative to the microlithons, along with notable changes in Fe, Mg, Mn,
Na, and K (Lentz 1999b). One of the final products of the consequential changes is
formation of chlorite at the expense of other phyllosilicates such as white mica, and
sulfides such as pyrite (Lentz 1999b). Based on Lentz 1999b, it appears that mass
changes related to deformation do not operate over large distances and are not significant
in terms of potential application as a vectoring tool.
Examination of volatile elements within two distinct generations of chlorite shows
higher values of As, Se, and Sb and distinctly higher values of Cd, In, Sn, and Bi within
Neo-crystallized chlorite at the fringes of pyrite relative to chlorite bands (see Fig. 5.10).
Most likely Neo-crystallized chlorite scavange the volatile elements during
recrystallization process. Also, different generations of white mica display highly
variable Ba profiles and no distinctive difference in concentration of volatile elements,
Zn, and Mn (see Fig. 5.11). More work is required to establish the different generations
of chlorite and white mica and their chemical variation in this texturally complex setting.
Results of this study suggest that the distribution of Tl among phyllosilicate
phases (Fig. 5.12) is in the order: biotite (primary/secondary) > white mica (distal
alteration) > chlorite (proximal alteration). Other volatile elements do not show a
consistent pattern, but on average biotite concentrates more volatile elements.
Petrographic evidence (Fig. 5.6) shows that chlorite may be the final product of alteration
of biotite and white mica. The loss of volatile elements (Tl, Hg, Sb, and Sn) during this
process may account for the hierarchy of volatile element concentrations among these
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minerals, which is the lowest in chlorite. Mn and Zn are distributed among phyllosilicates
in the order of chlorite > biotite > white mica (Fig. 5.12e, f).
5.3.2

Distribution of volatile elements in phyllosilicates

The crystal structure of phyllosilicates makes possible the accommodation of a wide
range of elements. The chemical composition of chlorite is controlled by bulk-rock
composition, temperature, and pressure (Zane et al. 1998a, b and references therein).
Chlorite can accept substituting elements in both the tetrahedral talc layer (2:1 layer
R6Z8O20(OH)4) and the octahedral brucite (R6(OH)12) layer (R = Mg, Fe2+, Al, and Fe3+,
occasionally Cr, Mn, V, Ni, Cu, Zn, Ti, Li; Z=Si, partially replaced by Al, occasionally
by Fe3+, B3+, Zn2+, Be2+) (Bailey 1988 and references therein). The Tschermak,
dioctahedral and FeMg-1 substitution are common substitutional processes in chlorite.
In the case of white mica the most common substitution process is Tschermak
substitution (coupled octahedral and tetrahedral cation substitutions: [Fe2+, Mg2+]VI + Si4+
↔ (Al3+)VI + (Al3+)IV) (Guidotti and Sassi 1976, 1998a, b; Guidotti et al. 1994a, b).
Tschermak substitution results in white mica with compositions transitional from
muscovite to celadonite, commonly referred to as phengite or phengitic white mica. In
the octahedral site Al3+ is commonly replaced by Mg2+ and Fe2+. In addition, Fe3+, Mn2+,
Cr3+, Ti4+, Li+, and V5+ can be accommodated in tetrahedral sites. In addition to
octahedral and tetrahedral site replacements described above, it has interlayer cation K+
can accommodate large ion lithophile elements substitution (e.g., Ba2+, Rb+, Cs+, Ca2+,
Sr2+ and REE) in white mica. However, their inclusion may result in low occupancy in
the interlayer space (Guidotti 1994a, b). The same pattern can explain occurrence of Tl
and Hg in the white mica chemical structure (Shaw 1952). Chlorite is unlikely to
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incorporate significant Tl, due to the lack of suitable structure sites that can accommodate
the large Tl+ ion (cf. Matthes 1987). However, the volume of published material
pertaining to the investigation of volatile element substitution in chlorite and white mica
is quite limited; however, it is likely that Tschermak substitution is the main governing
process.
If volatile-element substitution in phyllosilicate structure follows the main rule of
coupled substitution similar to occurrence of Ti into the octahedral site in chlorite and
biotite, most probably we can propose a thermally-controlled process involving multiple
cations and possibly anions. In case of Ti, biotite and white mica host the bulk Ti budget
of the host rocks of the BMC (see McClenaghan, 2011; this study). So, Ti-bearing oxides
are expected from alteration of biotite to chlorite (see McClenaghan, 2011). The lower
budget of Ti of chlorite may reflect the high levels of octahedral Al unique to the chlorite
structure (Ryan and Reynolds, 1997). Ti content of chlorite shows a general increasing
trend with proximity to the ore horizon, maybe related to higher temperature up-flow
zone (see ESM Table S5.1). By analogy, the temperature-related substitution process can
be assumed for volatile elements such as Tl, Sn, Sb, Hg, and In in the structure of
phyllosilicates. In addition to temperature, composition of protolith, mineral assemblages,
oxidation state, pH of the hydrothermal fluids, as well as element existence and
endowment in the system are concerned. Then, the elemental substitution in
phyllosilicates can provide a powerful tool in mineral exploration. Herein, time-resolved
LA-ICP-MS profiles of chlorite and white mica from the BMC show that these phases
can contain high concentrations of regularly distributed volatile elements, e.g., In and Sn
in chlorite and Tl, Sb, and Sn in white mica, indicating structure bound substitution of
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these elements (see Fig. 5.6). Although the presence of nano-scale inclusions of other
mineral phases cannot be completely ruled out, they cannot be easily investigated given
the limited ability of the LA-ICP-MS to resolve grains at that size.
5.3.3

Exploration significance

Because alteration zonation, based on mineralogical and chemical studies, is well defined
for the major deposits of the BMC (Yang et al. 2003 and references therein),
hydrothermal alteration haloes are valid targets leading to sulfide deposition. The
relatively widespread distribution of white mica and chlorite in the BMC makes them a
good exploration tool. At the macro-scale, the distribution and type of phyllosilicates
have been successfully used as a deposit-vectoring tool in VMS environments worldwide
(Urabe and Scott 1983; McLeod and Stanton 1984; Lydon 1988a, b; Leistel et al. 1994,
1997; Toscano et al. 1993; Gemmell and Fulton 2001; Herrmann et al. 2001; Large et al.
2001a, b, c). The main focus of the previous vectoring tools utilizing phyllosilicate
chemical variation was the major elements and limited minor and trace elements.
However, the trace-element concentrations of phyllosilicates, in particular the volatile
elements (As, Tl, Sb, Hg, In, Cd, Sn, Te, Se and Bi), have not been widely used as an
exploration tool even though these elements could potentially be used in a wide variety of
base- and precious-metal deposits (Boldy 1979, 1981; Ryall 1979 a, b; Ryall 1981; Ryall
et al. 1981; Carr et al. 1986; Boyle and Jonasson 1973, 1984). The main reasons could be
analytical difficulties and cost-related issues. The advent of new generation microanalytical techniques and developments in methodologies enables in introduction of
innovative approaches in exploration.
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Herein, the LA-ICP-MS analyses of chlorite and white mica have shown
appreciable levels of volatile elements; particularly Tl, Sn, Hg, Sb, As, and In. Where
alteration intensity increases with proximity to the sulfide horizon, the occurrence of
chlorite becomes prevalent. Chlorite tends to have Tl concentrations several orders of
magnitude lower than coeval white mica. Other volatile elements (e.g., Sb, Sn, and Hg)
occur in lower concentration relative to white mica, but notable values were measured
within chlorite. Chlorite contains higher amounts of Zn and Mn, whereas white mica
contains higher Ba concentrations (Figs.5.13-5.19 and ESM Tables S5.1 and S5.2).
In both proximal footwall and hanging wall of the deposits (i.e., within <20 to 50
m of the ore horizon) chlorite and white mica have elevated volatile element
concentrations (Tl, Sn, Sb, and Hg), which increase with proximity to the ore horizon. In
more distal parts of these systems, volatile element concentrations are highly variable and
tend to reflect the bulk composition of the protolith.
At the Brunswick No. 12 and Halfmile Lake Deep zone deposits, refolded
footwall rocks are enriched in volatile elements, specifically Tl and Sn in white mica and
Zn and Pb in chlorite (Fig. 5.13 and 5.14). Distal footwall phyllosilicates are highly
variable in terms of volatile element concentrations. White mica and chlorite from
magnetite-bearing argillite and tuff in the hanging wall of Louvicourt deposit have
elevated Tl, Hg, Zn, Mn, and Ba concentrations that increase with proximity to the ore
horizon (Fig. 5.17). At the Key Anacon East zone deposit, which is affected by contact
metamorphism, the distribution pattern of volatile elements in white mica and chlorite is
similar to that of other deposits; however, the variation of Tl and As in white mica is less
pronounced, whereas the Hg, Zn, Pb, Mn, and Ba concentrations increase toward the ore

386

horizon (Fig. 5.16). In contrast, chlorite from the hanging-wall mafic rocks is highly
variable in terms of volatile element concentrations. At the Restigouche deposit, footwall
rocks consists of at least 225 m of silicified and chloritized, aphyric to sparsely feldsparphyric rhyolite flows and hyaloclastite. The Tl, As, and Pb concentrations of white mica
increase in excess of 15 times from distal areas to the ore horizon, whereas the
concentrations of Sn, Sb, Hg, and In increase 2 times over the same interval. In contrast,
the Tl, Sb, Hg, and In content of chlorites over the same interval display only subtle
increases with proximity to the ore horizon, whereas the Zn and Mn concentrations of
increase 2 and 3 times, respectively (Fig. 5.19).
Comparison of the chemical composition of phyllosilicates related to known VMS
deposits with phyllosilicates formed outside of mineralized areas may help to
differentiate between phyllosilicates from barren and mineralized areas. We propose that
Tl, Sn, Sb, Hg as well as Zn, Mn, and Ba be investigated further due to distinct
differences in absolute values among the examined phyllosilicates in known VMS setting
of the BMC and prospecting regions in combination with other techniques and other
VMS settings elsewhere. In ancient VMS settings, a critical point is interpretation of the
volatile-element composition of phyllosilicates with attention to metamorphism and
deformation events, which may hinder recognition of primary features. Metamorphicrelated redistribution of volatile elements among coexisting phyllosilicates (chlorite,
white mica, and biotite) may be important in terms of deposit targeting.
5.4

Conclusions

Phyllosilicates (white mica and chlorite) are ubiquitous phases in the BMC in altered
volcano-sedimentary rocks and commonly display significant compositional variation in
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terms of their trace element concentrations. This study has documented the variation in
volatile-element concentrations of chlorite and white mica via LA-ICP-MS. The main
outcomes of this study are:
1. White mica can host significant amounts of Tl (1.35-719 ppm), Sn (2.52-1316 ppm),
Hg (0.09-93 ppm), Sb (0.08-1630 ppm), As (0.41-14800 ppm), In (0.07-1186 ppm), Cd
(up to 98 ppm) and Se (up to 39 ppm). Chlorite can accommodate Tl (up to 50.1 ppm),
Sn (up to 4600 ppm), Hg (up to 7.3 ppm), Sb (up to 35.4 ppm), As (up to 1320 ppm), In
(up to 307 ppm), Cd (up to 83.2 ppm), and Se (up to 606 ppm). Thallium is the only
element that is consistently enriched in white mica relative to chlorite in the deposits
investigated during this study.
2. Volatile elements can reside in chlorite and white mica as either structure substitution
or as micro- to nano-inclusion of other phases. The latter is beyond the detectable limits
of the LA-ICP-MS system employed during this study. It is most likely that the high
concentration of Tl, Sn, Sb, and As identified in white mica during the present study
occur as via structure-bound substitution.
3. Compositional variations in the volatile-element content of chlorite and white mica in
the host rocks of the VMS deposits investigated in the present study offer a potential
deposit-vectoring tool. Specifically, proximal footwall and hanging-wall rocks (up to 100
m away from the ore) contain white mica and chlorite that are significantly enriched in
volatile elements. Also, distal to the ore horizon (several hundred metres away from the
ore), subtle enrichments of volatile elements is probably related to massive sulfide
occurrences at depth. In particular, volatile-element footprints of white mica as it occurs
distal to the ore can be traced more rigorously. More work is required to establish the
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chemical variation among phyllosilicates in the laterally distal areas, specifically
collection and analysis of phyllosilicate in areas distal to known deposits in order to
quantify background values.
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Figure 5.1. Photomicrographs (crossed-polarized light) of representative Kfeldspar-albite occurrence in felsic volcanic rocks of Nepisiguit Falls Formation
from the BMC. a) Subhedral to euhedral twinned sanidine feldspar phenocryst,
which is corroded and partly replaced by white mica and quartz, and coarse quartz
phenocrysts in a very fine-grained groundmass of sericite, quartz, and chlorite (HN99-119 at 517 m). b) Turbid K-feldspar and microcline with tartan twinning in a
very fine-grained groundmass of sericite, chlorite, and quartz (95-LPA-7 at 184 m).
c) Coarse turbid K-feldspar with quartz and phyllosilicates, mostly sericitic fringes
aligned parallel the main fabric in a very fine-grained groundmass of quartz and
phyllosilicates (95-LPA-21 at 465 m). d) K-Feldspar replaced by albite (albitization)
(95-LPA-25 at 899 m). e) Pseudomorph of feldspar consisting phyllosilicate and
quartz (HN-99-119 at 629 m). f) Albite phenocrysts in a very fine-grained
groundmass of quartz and phyllosilicates (95-LPA-25 at 899 m).
408

Figure 5.2. Photomicrographs (crossed-polarized light) of representative quartz
occurrences in felsic volcanic rocks of Nepisiguit Falls Formation from the BMC. a)
Folded and recrystallized milky quartz crystals in a very fine-grained groundmass
of quartz and phyllosilicates (HN-99-119 at 1141 m). b) Coarse turbid K-feldspar
phenocryst with intergranular vein of recrystallized quartz (HN-99-119 at 304 m).
c) Quartz phenocryst with quartz-rich pressure shadow in a very fine-grained
groundmass of quartz and phyllosilicates (95-LPA-11 at 256 m). d) Quartz and
subordinate chlorite fringes around a pyrite porphyroblast (95-LPA-17 at 405 m). e)
Quartz phenocryst enveloped by myrmekitic texture and recrystallized quartz in a
very fine-grained groundmass quartz and phyllosilicates (95-LPA-17 at 405 m). f)
Semi-massive sulfide sample, in which tension fractures are filled by recrystallized
quartz and calcite (94-DL-70 at 426 m).
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Figure 5.3. Photomicrographs (crossed-polarized light) of representative volcanic
rocks of Flat Landing Brook Formation, Mount Britain Formation, sedimentary,
and mafic rocks from the BMC. a) Sericitic bands in aphyric groundmass of very
fine-grained quartz mixed with phyllosilicates (LGF-6 at 247 m). b) Quartz and
feldspar phenocrysts occur in a fine-grained intermixed of phyllosilicates and quartz
(CP-39 at 242 m). c) Tuffaceous sedimentary rocks from Nepisiguit Falls Formation
consist of fine-grained phyllosilicates and quartz and minor recrystallized quartz
veins (95-LPA-13 at 321 m). d) Masses of chlorite in a matrix of fine-grained
tuffaceous sedimentary material (LPA-040 at 268 m). e) Sedimentary rocks of
Patrick Brook Formation (fine-grained sandstone and siltstone) consist fine-grained
quartz matrix as well as recrystallized mosaic form of quartz (HN-99-119 at 946 m).
f) Mafic rocks of Little River Formation, in which sericitic band occurred in finegrained quartz and it is cut by a late chlorite lath (94-DL-60 at 167 m).
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Figure 5.4. Photomicrographs (crossed-polarized light) of various chlorite varieties
from the BMC. a) Chlorite mass enclosing pyrite porphyroblast (A1-028 at 158 m).
b) Wispy chlorite surrounding quartz phenocryst in a fine-grained groundmass of
quartz and phyllosilicates (95-LPA-5 at 165 m). c) Turbid K-Feldspar phenocryst
hosting blebs of chlorite (see arrows) (95-LPA-8 at 219 m). d) Sulfide-chloritequartz vein in very fine-grained matrix (A1-023 at 120 m). e) Massive chlorite
enveloping a pyrite grain (HN-99-119 at 1250 m). f) Semi-massive sulfide sample, in
which tension gashes are filled by chlorite, recrystallized quartz, carbonate mainly
calcite, and subordinate white mica (94-DL-70 at 426 m).
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Figure 5.5. Photomicrographs (crossed-polarized light) of representative white mica
varieties from the BMC. a) and b) K-feldspar phenocrysts in volcanic rocks with
groundmass partially or completely are replaced by intergrowth of sericite,
chlorite, and quartz (HN-99-119 at 308 m and 95-LPA-10 at 239 m). c) Sericite-rich
bands or septa quartz-feldspar tuff (LPA-054 at 369 m). d) Kink bands and
crenulation cleavages in sericitic and chloritic bands (HN-99-119 at 1250 m).
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Figure 5.6. Photomicrographs (left photo in plan-polarized light, right photo in
crossed-polarized light) showing textural relationships that suggest alteration of
biotite to chlorite; a, b) 95-LPA-23 at 580 m, c, d) HN-99-119 at 629 m, e, f)
alteration of iron-oxide to chlorite (95-LPA-10 at 239 m).
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Figure 5.7. Single-spot LA-ICP-MS spectra for selected elements a) chlorite from
LGF-6 at 65.5 m, and b) white mica from LGF-6 at 68 m; Louvicourt deposit. These
samples have the highest volatile-element concentrations among the deposits
investigated as part of this study. The distribution of Zn and In in chlorite shows
the smooth patterns indicative of structure bound substitution, whereas Pb and Sn
display slight irregularities in their profiles. Sb occurs in trace abundances, whereas
Tl and Bi occur in negligible concentration levels with highly irregular patterns.
White mica is highly enriched in Pb, Sb as well as As, Tl, and Zn and lower
concentrations of Hg all with relatively smooth patterns.
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Figure 5.8. Trimmed mean content of volatile elements and Mn, Zn, Ba, and Pb
(ppm) of; a) chlorite, and b) white mica, from BMC deposits examined during this
study, c) comparison of data presented in a and b.
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Figure 5.9. Binary plots of Tl (in ppm) versus Sb, a), b) and c); Hg, d), e) and f,); As,
g), h) and i); Sn j), k) and l); In, m), n), and o); Binary plots of Tl (in ppm) versus
Sb, a), b) and c); Hg, d), e) and f,); As, g), h) and i); Sn j), k) and l); In, m), n), and
o); and Bi, p), q), and r) for chlorite and white mica from selected massive sulfide
deposits of the BMC as determined by LA-ICP-MS during this study (see ESM
Tables S5.1 and S5.2). The dotted lines are equivalent to ½ of the mean detection
limit (<hmdl of the presented element).
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Figure 5.9. continued
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Figure 5.9. continued
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Figure 5.10. Variation in the volatile-element content (ppm) between two
generations of chlorite from the Heath Steele B zone deposit (sample 95-LPA-17 at
405 m). Neo-crystallized chlorite on the margin of pyrite grains contains higher As,
Se, and Sb in both examples. In contrast, higher Cd, In, Sn, and Bi concentrations
are associated with chlorite fringes relative to chlorite bands in (b).
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Figure 5.11. Raster LA-ICP-MS spectra for selected elements in white mica from
the Heath Steele B zone deposit, showing distribution of volatile elements along the
imaged line.
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Figure 5.12. Binary discrimination diagrams showing Tl versus a) Sb, b) Hg, c) Sn,
d) Ba, e) Zn and f) Mn (see ESM Tables S5.1-S5.3). Distribution of volatile elements
among coexisting biotite-chlorite-white mica from Heath Steele B zone (samples 95LPA-10 at 239 m and 95-LPA-21 at 466 m). (WM: White Mica, Chl: Chlorite, and
Bi; Biotite).
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Figure 5.13. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite (green symbols
and lines) and white mica (pink symbols and lines) plotted with respect to
stratigraphic profile of the Brunswick No. 12 deposit along drill hole A1. Black
marked line symbols represent samples from the hanging wall. The hanging-wall
samples are marked with black-marked symbols.
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Figure 5.14. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite and white mica
plotted with respect to stratigraphy of the Heath Steele B zone deposit intersected
by drill hole HSB-3409. Black marked line symbols represent samples from the
hanging wall. The hanging-wall samples are marked with black-marked symbols.
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Figure 5.15. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite and white mica
plotted with respect to the stratigraphy of the Halfmile Lake Deep zone deposit
intersected by drill hol HN-99-119. Black marked line symbols represent samples
from the hanging wall. The hanging-wall samples are marked with black-marked
symbols.
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Figure 5.16. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite and white mica
plotted with respect to the stratigraphy of the Key Anacon East zone intersected by
drill hole KA-93-42. Black marked line symbols represent samples from the hanging
wall. The hanging-wall samples are marked with black-marked symbols.
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Figure 5.17. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite and white mica
plotted with respect to the stratigraphy of Louvicourt deposit intersected by drill
hole LGF-6. Black marked line symbols represent samples from the hanging wall.
The hanging-wall samples are marked with black-marked symbols.
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Figure 5.18. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of white mica plotted with
respect stratigraphy of the Armstrong A deposit intersected by drill hole A-14.
Black marked line symbols represent samples from the hanging wall. The hangingwall samples are marked with black-marked symbols.
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Figure 5.19. LA-ICP-MS geochemical data profiles illustrating volatile trace
elements, as well as Zn, Pb, Mn, and Ba content (in ppm) of chlorite and white mica
plotted with respect stratigraphy of the Restigouche deposit intersected by drill hole
CP-39. Black marked line symbols represent samples from the hanging wall. The
hanging-wall samples are marked with black-marked symbols.
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6.

Chapter 6 Composition of white mica from massive sulfide deposits of the
Bathurst Mining Camp, Canada: Implications for VMS exploration

Abstract
The chemical variation of the volatile elements whitin white mica in the host rocks
enveloping massive sulfide deposits of the Bathurst Mining Camp is constrained by LAICP-MS. White mica can host significant amounts of Tl, Sn, Hg, Sb, As, and to a lesser
extent In. Significant Se, Bi, and Cd concentrations are typically restricted to white mica
very proximal to the ore horizons. The occurrence of Tl, Sn, Sb, and probably As is
controlled by crystal chemical substitution. However, the occurrence of micro- to nanoscale inclusions of other phases may also contribute to the budget of these elements.
White mica close (within 50 metre and up to 100 metre) to the massive sulfides in both
the hanging wall and footwall is notably enriched in Tl, Sb, Hg, and variably in As, Sn,
and In, and can be used to vector toward mineralization. In distal zones up to several
hundred metres distance, the variation of volatile elements in white mica is less
significant; however, subtle anomalies are recognized. Variation in the ∑ Tl+Sb+Sn+Hg
can also serve as a vectoring tool similar to individual elements in both proximal and
more effectively in distal zones. This methodology can serve as a complementary tool to
other geochemical and geophysical exploration methods in prospecting for buried
volcanogenic massive sulfide mineralization.
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Keywords: Bathurst Mining Camp (BMC), host rock, LA-ICP-MS, massive sulfide
deposit (VMS), ore-vectoring, phyllosilicate, texture, volatile elements, white mica.
6.1

Introduction

White mica is a common phase in hydrothermal alteration zones associated with massive
sulfide deposits (Australia: McLeod and Stanton 1984; Herrmann et al. 2001; Large et al.
2001a, b, c; Paulick et al. 2001; Yang et al. 2011; Spain: Leistel et al. 1994, 1997 and
references therein; Sáez et al. 1999; Canada: Lentz et al. 1997; Modern: Paulick and Bach
2006). Conventionally, the major-element content of white mica has been investigated in
terms of a VMS deposit vectoring tool. Techniques such as Short Wavelength Infrared
(SWIR) spectroscopy (Paulick and Bach 2006; Hermman et al. 2001; Yang et al. 2011),
and Electron-Probe Microanalysis (EPMA) are commonly employed in the assessment of
the chemical variation of white mica from VMS deposits. Changes in the Fe and Mg
content, silica content (“phengicity”) of white mica, as well as element ratios such as
Si/Al, Na/(Na+K), and (Ba+K)/Na are the most commonly used chemical vectors
(Herrmann et al. 2001; Large et al. 2001; Leistel et al. 1994, 1997; Toscano et al. 1993).
Compositional variation of white mica from VMS deposits commonly falls into one of
two distinct alteration trends: 1) phengitic (barium-rich) white mica that occurs proximal
to the ore horizon (e.g., Hellyer: Yang et al. 2011, and Rosebery: Large et al. 2001a,
Tasmania, Australia; Heath Steele B zone: Lentz et al. 1997; Brunswick No. 12; Luff et
al. 1992; McClenaghan 2011, BMC, Canada; Neves-Corvo: Relvas et al. 2006, Iberian
Pyrite Belt, Spain); or 2) systems where phengitic white mica occurs at the outer edge of
the alteration zone with sodic muscovite proximal to ore (Western Tharsis and Mt. Lyell,
Tasmania, Highway Reward and Mt. Windsor subprovince, Queensland: Herrmann et al.
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2001. Deposits such as Mount Windsor and Mount Read contain white mica with subtle
changes in composition (Herrmann et al. 2001; Huston and Kamprad 2001; Large et al.
2001c). Despite the extensive literature on the major element compositions of white mica,
very little work has been conducted in terms of trace element concentrations. However,
whole-rock data from VMS deposits worldwide show hydrothermal dispersion haloes
with anomalous concentrations of volatile elements.
Thallium, Sb, and Hg are among the most investigated volatile elements in VMS
systems. Concurrent research on Australian VMS deposits (Thalanga (Paulick et al.
2001), Hellyer (Gemmell and Fulton 2001), Western Tharsis (Huston and Kamprad
2001), and Highway Reward (Doyle 2001)) indicate that the zinc-rich deposits at
Rosebery, Hellyer, and Thalanga have the most extensive Tl and Sb haloes, whereas the
copper-rich deposits at Western Tharsis, Highway-Reward, and Gossan Hill have
negligible Tl haloes (Large et al. 2001c). Enrichment in Tl, Se, and Sb, and relatively
high concentrations of Zn and As proximal to mineralization is reported from Iberian
Pyrite Belt alteration zones (Piantone et al. 1993, 1994; Leistel et al. 1994). In the
Noranda district (Quebec, Canada), a distinct primary Hg dispersion halo was
documented in the hanging-wall rocks of the Norbec deposit (Boldy 1979, 1981). In the
BMC massive sulfides, whole-rock data from Brunswick No. 12 (drill hole A1) show
distinctive enrichments in Hg, Sb, and to a lesser extent Tl, in the hanging wall of the
deposit (Lentz and Goodfellow 1993a). In addition, the Heath Steele B zone also has a
noticeable volatile-element signature (Lentz et al. 1997). As investigated in Chapters
3and 4, pyrite and pyrrhotite in the upper footwall of Heath Steele B zone contain a
significant amount of volatile elements. However, existing whole-rock data from deeper
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footwall and hanging-wall zones (Lentz et al. 1997) suggest the presence of other
volatile-element hosting phases.
The ubiquitous occurrence of white mica in VMS hydrothermal systems, its role
as a scavenger of volatile elements, and its potential as a vector to mineralization are the
motivation for comprehensive investigation of its trace element composition. White mica
chemical variation can assist in the reconstruction of the spatial, temporal, and chemical
evolution of fluid/rock interaction processes as well as identifying the eﬀects of
hydrothermal alteration through the metamorphic overprint. A technique such as LAICP-MS offers high spatial resolution sampling, cost effectiveness in surveying a large
number of samples, and providing low detection limits for volatile elements (see Chapter
5). In this contribution chemical variation of white mica, focusing on volatile-element
suite (As, Tl, Sb, Hg, In, Cd, Sn, Se, and Bi), from the host rocks of representative
massive sulfide deposits of the Bathurst Mining Camp is investigated by LA-ICP-MS to
shed light on the aforementioned applications.
6.2
6.2.1

Results
Petrography

Detailed petrographic descriptions of the BMC host rocks are presented in Chapter 5. The
various hydrothermal alteration zones contain variable abundances of white mica. In
particular, alteration of quartzo-feldspathic volcaniclastic rocks and interlayered
sedimentary rocks of the Nepisiguit Falls Formation, clastic and exhalative sedimentary
rocks of Patrick Brook Formation, and rhyolite of Flat Landing Brook Formation produce
white mica in various proportions.
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The white mica forms fine-grained fibrous intergrowths and aggregates with other
phases, commonly exhibiting partial to complete replacment K-feldspar phenocrysts and
the groundmass (Fig. 6.1a). White mica also occurs as isolated pods (Fig. 6.1b) and more
commonly sericitic-rich bands or septa (Fig. 6.1c). In addition, kink bands and
crenulation cleavages are common features in sericitic bands (Fig. 6.1d). In some of the
samples white mica occurs intermixed with other silicates and sulfides; for example,
inter-mixed sericite and fine-grained pyrite and quartz (Fig. 6.1e), and the rare occurrence
of white mica in massive sulfide samples in needle and bleb form are observed (Fig.
6.1f).
6.2.2

LA-ICP-MS results of white mica

A whole dataset and summary statistics of LA-ICP-MS analysis on white mica is
presented in ESM Table S6.1. White mica from the BMC can have a significant range of
volatile-element concentrations, e.g., Tl (0.29-744 ppm), Sn (0.32-1069 ppm), Hg (<dl52.4 ppm), Sb (<dl-3650 ppm), As (<dl-17100 ppm), and to a lesser extent In (0.04-524
ppm). As shown in Figure 6.2b, the smooth LA-ICP-MS patterns for Tl, Sb, Sn, and As
suggest that these elements occur as structure-bound substitutions. The Se, Bi, and Cd
concentrations of 60% of the white micas analyzed is below the detection limits, and only
white mica from very proximal alteration zones contain detectable concentrations of Se
(≤ 23.5), Bi (≤ 50.1 ppm), and Cd (≤ 201 ppm). In addition to volatile elements, the white
mica also contains the high concentration of Ba (up to 21.2 Wt. %), Zn (up to 7.18 wt.
%), Mn (up to 18.9 wt. %), and Pb (up to 3.66 wt. %). The trimmed mean volatileelement concentrations of white mica from each deposit are presented in Figure 6.3; note
the wide range of values among deposits, with the Louvicourt deposit having atypically
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high volatile-element concentrations. Binary plots of volatile elements versus Tl (Fig.
6.4) show a positive moderate covariation between Tl and Sb (r´=0.60), Pb (r´=0.50), Hg
(r´=0.46), and a somewhat no correlation of Tl with Sn (r´=0.19), As (r´=0.18), and In
(r´=0.28).
6.2.2.1 Tetagouche Group deposits
Deposit-related white mica from crystal tuff of the Nepisiguit Falls Formation in the
footwall of the Brunswick No.12 deposit have trimmed mean trace-element
concentrations, e.g., Tl (25.7 ppm), Sn (78.1 ppm), In (1.51 ppm), and Zn (73.7 ppm),
which are higher than in the hanging wall (Flat Landing Brook Formation) (see ESM
Table S6.1). In contrast, trimmed mean volatile-element concentrations of Sb (13.6 ppm)
and Ba (3184 ppm) are in higher concentrations in white mica from Flat Landing Brook
Formation (see ESM Table S6.1). Thallium, Sn, In and to a lesser degree Hg
concentrations of white mica from Na-Mg-K alteration zone related to Nepisiguit Falls
Formation in the footwall increase with proximity to the ore horizon (Fig. 6.5).
At the Heath Steele B zone crystal-rich felsic volcaniclastic rocks and associated
tuffaceous sedimentary rocks of the Nepisiguit Falls Formation contain white mica in
which volatile elements are variably enriched, specifically: Tl (0.62-14.8 ppm), As (<dl20.9 ppm), Sb (0.17-10.7 ppm), Hg (0.04-2.61 ppm), In (0.09-34.4 ppm), as well as Zn
(<dl-1358 ppm), Pb (0.98-85.7 ppm), Mn (59-21530 ppm), and Ba (178-9500 ppm) (see
Fig. 6.6 and see ESM Table S6.1). White mica from sedimentary rocks and crystal tuff in
the footwall shows general increasing concentrations of Tl, Sb, and to a lesser extent Sn
and In with proximity to the ore horizon. The lower and upper footwall sedimentary
rocks contain white mica in which Hg is distinctly enriched relative to white mica from
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lower footwall crystal tuff. White mica from proximal upper footwall zone is marked
with increasing trends of Tl, Sb, In, as well as Zn. Distribution of Pb, Mn, and Ba in the
footwall is highly erratic. In the proximal upper footwall zone, Mn and Ba decrease with
proximity to the ore horizon. Manganese content of white mica from the footwall crystal
tuff is highly elevated. White mica from crystal tuff in the hanging wall shows erratic
increasing concentrations of Tl, Sb, Hg, and to a lesser extent Sn and In with proximity to
the ore horizon. In the hanging wall, Ba content of white mica markedly increases with
proximity to the ore horizon (Fig. 6.6).
The Halfmile Lake Deep zone comprises white mica that contains lower volatileelement concentrations than other deposits. However, volatile-element concentrations,
especially Tl, As, Sn, In, Pb, and to a lesser extent Sb and Hg are elevated by several
orders magnitude in the very proximal enveloping host rocks on both sides of the sulfide
horizon. Crystal tuff and interlayered volcaniclastic rocks of the Nepisiguit Falls
formation from the upward-facing limb in the structural hanging wall have subtly higher
concentration of volatile elements (Sb, Sn, Hg, as well as Mn and Ba) relative to clastic
sedimentary rocks of Patrick Brook Formation (Fig. 6.7).
At the Key Anacon East deposit, the footwall contains white mica in which
volatile elements fluctuate in a narrow range, including Tl (3.46-5.52 ppm), As (1.543.18 ppm), Sb (0.18-0.84 ppm), Sn (10.6-21.3 ppm), Hg (0.91-2.12 ppm), and In (0.230.34 ppm). The concentrations of elements, such as As, Hg, In, Zn, Pb, as well as Ba tend
to show subtle increasing trends with proximity to the massive sulfide horizon. In the
hanging wall of the deposit, mafic volcanic rocks of the Little River Formation contain
white mica in which Tl incrementally increases down section toward the rhyolites of Flat
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Landing Brook Formation. The other volatile elements do not show distinctive trends, but
occur in noticeable amounts (As, Sn, Zn, and Pb), particularly at the upper zone of the
Little River Formation horizon. White mica from rhyolite in the hanging wall Flat
Landing Brook Formation contains lower concentrations of Tl, As, Sb, Sn, and In than
white mica from quartz-feldspar crystal tuff of Nepisiguit Falls Formation in the footwall
of the deposit (Fig. 6.8).
At the Louvicourt deposit, the absolute concentration and range of volatileelement concentrations in white mica is the highest among the deposits studied; Tl (72.9744 ppm), As (<dl-17100 ppm), Sb (0.9-3650 ppm), Sn (3.11-1069 ppm), Hg (0.7-52.4
ppm), In (0.12-524 ppm), Zn (59.9-71800 ppm), and Pb (1.06-36600 ppm). White mica
from the altered footwall rhyolite of the Flat Landing Brook Formation show increasing
concentrations of Tl, As, Sb, Zn, Pb, as well as Ba and to a lesser extent Sn and Hg with
proximity to the ore horizon (although Zn and Sn values drop at the middle datapoint).
White mica associated with magnetite-bearing argillite and tuff at the top of the sulfide
has volatile-element content that increase with proximity to the ore (Fig. 6.9).
6.2.2.2 California Lake Group deposits
At the Armstrong A deposit, white mica within chlorite to sericite-altered feldspar phyric
rhyolite and phyllite of the Spruce Lake Formation within 10 m of massive sulfide
mineralization horizon exhibit increasing Tl values in both footwall and hanging-wall
zones. The proximal hanging wall shows increasing values of Tl, As, Sb, Zn, Pb, and to a
lesser degree Hg with proximity to the ore horizon (Fig. 6.10).
The footwall sequence of the Restigouche deposit consists of silicified and
chloritized, aphyric to sparsely feldspar-phyric rhyolite flows and hyaloclastite. Trace
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element concentrations of white mica from the footwall, specifically Tl and to lesser
extent Sb, Hg, In, and Pb, increase with proximity toward the ore horizon. These trends
are erradic but recognizable from as much as 225 m away from massive sulfides (Fig.
6.11). Binary plots of volatile elements Sb (r´=0.45), Hg (r´=0.76), and Pb (r´=0.47)
versus Tl from the footwall zone of the Restigouche deposits show positive correlation
and increase with proximity to the ore (Fig. 6.12a, b, c). In contrast, Sn (r´=0.25) and As
(r´=0.25) do not show correlation with Tl and Ba exhibits a strong negetive Spearman
Rank correlation with Tl (r´=-0.86) (Fig. 6.12d, e, f).
6.3
6.3.1

Discussion
Chemical variation of white mica

The composition of white mica is a function of physicochemical conditions, such as
temperature, pressure, and bulk chemical composition (Velde 1965; Cipriani et al. 1971;
Massonne and Schreyer 1987; Heinrich et al. 1995). Compositional variation of white
mica is a consequence of cation substitution in any of the three structural sites: octahedral
(6-fold coordinated),

tetrahedral

(4-fold coordinated),

and interlayer

(12-fold

coordinated) sites. Therefore, white mica composition commonly fluctuates among the
three end-members of muscovite, paragonite, and celadonite (Eugster and Yoder 1955;
Velde 1965). The most common substitution process in white mica is a Tschermak
substitution (coupled octahedral and tetrahedral cation substitutions: [Fe2+, Mg2+]VI + Si4+
↔ (Al3+)VI + (Al3+)IV) (Guidotti and Sassi 1976, 1998). Tschermak substitution results in
white mica with compositions transitional from muscovite to celadonite commonly
referred to as phengite or phengitic white mica. In the octahedral site, Al3+ is commonly
replaced by Mg2+ and Fe2+. In addition, Fe3+, Mn2+, Cr3+, Ti4+, Li+, and V5+ can be
437

accommodated in octahedral sites. Interlayer K+ in muscovite can be replaced by large
ion lithophile elements (e.g., Rb+, Cs+, Ca2+, and Ba2+); however, their inclusion may
result in low occupancy in the interlayer space.
There is limited published material concerning the volatile-element content of
white mica. Most likely, monovalent elements, such as Tl and Hg, replace K in the white
mica structure. Interestingly, Tl in silicate systems behaves as a lithophile element, which
follows the same behavior as Ba and Rb substituting K in white mica structure (Shaw
1952). Time-resolved LA-ICP-MS profiles of white mica from different deposits of the
BMC imply that Tl, Sb, and Sn can all substitute in the white mica structure, whereas
other volatile elements, As, In, Bi, and Hg, can occur as structure substitution or as
inclusions of other phases; the latter can be detected based on the size of inclusion in the
examined level of resolution (see Fig. 6.2).
6.3.2

Metamorphism and deformation effects

Metamorphic grade varies from lower to upper greenschist and locally blueschist facies
(Currie et al. 2003 and references therein). Despite the effects of metamorphism and
deformation, the petrographic analysis indicates preservation of primary igneous and
alteration minerals (and compositions) at some deposits. For example, relict primary
minerals, such as partially altered augite and biotite, have been locally preserved in those
parts of the BMC subjected to the lowest metamorphic temperatures, characterized by the
presence of pumpellyite and stilpnomelane (Currie et al. 2003). Petrographic observation
suggests that biotite alters to chlorite along the fractured surfaces (see Lentz et al. 1997;
see Chapter 5: Fig. 5.6). Preserved euhedral and broken K-feldspar and beta-form quartz
phenocrysts are reported (Lentz et al. 1997; Lentz 1999a, b; see Chapter 5: Fig. 5.1, 5.2).
438

Nevertheless, the alteration history of the BMC area is complicated by regional and
contact metamorphism, accompanied by polyphase deformation.
Silicate parageneses in mafic (epidote and actinolite) and felsic (stilpnomelane,
biotite, and phengite) volcanic rocks of the major deposits of the BMC, suggests
temperatures of 350° to 400°C and pressures above 3 to 4 kbars (300 to 400 MPa)
(Banno 1998). Locally high pressures, up to 5 to 6 kbars (500 to 600 MPa), were
estimated based on actinolites (crossite component) in iron oxide facies rocks (e.g., van
Staal et al. 1990; Currie and van Staal 1999). Currie et al. (2003) identified a narrow
range of P-T for the metamorphism of the Bathurst Camp rocks (350°-400°C, 5.5-5.8
kbars), supporting the internal deformation of some of the nappes containing the
California Lake and Tetagouche groups recording M1 or later metamorphism.
Recrystallized porphyroblasts, such as stilpnomelane, biotite, and garnet, grown across S 1
have been interpreted to be a late phase of M1 metamorphism, likely representing peak
thermal conditions (Currie et al. 2003) that are consistent with sulfide assemblages (Lentz
2002). van Staal et al. (2001) showed the effect of upright F2 folds that refold D1
structures, which are well-developed in the eastern part of the Bathurst Mining, resulting
in differentiated crenulation cleavage (S2), formed partly by rotation of S1 and partly by
dynamic recrystallization and neo-crystallization of white mica, chlorite, and
clinoamphibole parallel to kink band boundaries in the hinges of F2 microkinks and
segments of old deformed grains. This stage referred to as M2, occurred at metamorphic
temperatures below the closure temperature of phengite (350° ± 50°C, van Staal et al.
2003b). However, in some areas, e.g., in the vicinity of the Brunswick 6 deposit, a second
phase of biotite and muscovite (not phengite) growth is related to M2 (van Staal 1985).
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Peak M2 conditions occurred in areas affected by contact metamorphism associated with
upper Silurian-Lower Devonian intrusions and are marked by the occurrence of cordierite
and andalusite (de Roo and van Staal 1994; Zulu 2012). The superimposed D3 and D4
folds and kinks locally overprint D2 fabrics and M2 porphyroblasts, by mechanical
rotation of earlier phyllosilicates; although in zones of higher strain some new growth of
white mica and chlorite occurred (Currie et al. 2003).
Calculated temperature of the hydrothermal fluids responsible for formation of the
massive sulfide deposits of the BMC are estimated based on fluid inclusion salinities and
coexisting sulfides in the stringer zones, the latter recording a range from 350° to 425°C
(Goodfellow and Peter 1999; Luff et al. 1992). At these temperatures, the δ18O values of
the hydrothermal fluids range between 5 and 7 per mil (Lentz 1999a; Lentz et al. 1997)
and are indicative of modified seawater. However, the effects of processes such as sulfide
mineral re-equilibration and the modification of fluid inclusion during regional
metamorphism cast doubt on the validity of the interpreted conditions of deposit
formation. Given the similarity between the temperature range of metamorphism and the
temperature at which hydrothermal alteration occurred, it is possible that some
phyllosilicates may locally preserve the chemical signature of primary hydrothermal
fluids. Previously investigated white mica and chlorite display systematic changes in
composition relative to the main centre of mineralization in the BMC deposits, such as
Brunswick No. 12 and Heath Steele B zone (Luff et al. 1992; Lentz and Goodfellow
1993b; Lentz et al. 1997). Moreover, the white mica is barium-rich in the BMC (Peter
and Goodfellow 1996; Peter et al. 2003; McClenaghan 2011; and this study), presumably
reﬂecting hydrothermal enrichment in the original alteration assemblage, similar to white
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mica from Kristineberg deposit, Sweden (Hannington et al. 2003). The high content of Ba
in silicates (and carbonates) in the Brunswick iron formation is also consistent with a low
sulfate activity. Limited analysis of hydrous minerals from the BMC shows insignificant
content of Cl and F, suggesting that the fluid phase was not concentrated brine (Currie et
al. 2003).
Another uncertainty is breakdown of volcanic glass that is typically unstable
during reaction with aqueous solutions (Utzmann et al. 2002; Wolff-Boenisch et al. 2006;
Gifkins et al. 2005 and references therein; Valle et al. 2010; Staudigel and Hart 1983).
The groundmass of felsic rocks from the Nepisiguit Falls Formation is aphanitic and
composed mostly of chlorite, muscovite, and quartz. Comparison to host rocks of the
Miocene Kuroko deposits (relatively fresh calc-alkaline felsic lavas and tuffs; Dudas et
al. 1983), suggests that the groundmass is the result of alteration of volcanic glass. Luff et
al. (1992) argued that the precursor of crystal tuff in the BMC was probably crystal vitric
tuff.
Pertinent to this study is the effect that the hydration and alteration of volcanic
glass has in terms of mass redistribution; in particular, mass changes in the volatileelement concentrations. Staudigel and Hart (1983) argued a local redistribution pattern of
rare earth elements (REE) during the alteration of a basaltic glass, whereby there is
typically only minor dissolution of magmatic plagioclase phenocrysts (Gifkins et al.
2005); therefore, it could be acceptable that the later hydrothermal alteration (alteration
of phenocrysts), resulting in sericitization and chloritization, is responsible for the major
redistribution of REEs (Genna et al. 2014). In the BMC, less has been done related to
precursor phases of phyllosilicates. REE occurrence in phyllosilicates is insignificant and

441

shows less contribution in the fractionation of REE in massive sulfides (Leybourne and
Cousens 2005; Downey et al. 2006; McClenaghan 2011). So, variation in REE is
controlled by the component hosting these elements and does not necessarily reflect
primary hydrothermal vectors (McClenaghan 2011).
Limited work has been conducted on of the volatile-element budget of the host
rocks of the BMC (Goodfellow et al. 2003; Peter et al. 2003). Moreover, redistribution of
the volatile elements during hydrothermal circulation and subsequent regional
metamorphism and deformation is less well-understood. Deformation-induced mass
transfer is a significant process in the hydrothermally altered-volcanic rocks of the
footwall zones of VMS deposits in the BMC (Lentz 1999b). The mineralogical and
chemical variation of septa and microlithons can provide insight into changes triggered
by deformation. The larger grain size of minerals, such as chlorite, biotite, and phengite
in septa is attributed to higher fluid-enhanced diffusion (Lentz 1999b). These sericiticrich bands or septa (see Fig. 6.1c) define a penetrative S1 foliation that may have grown
in part in response to greenschist facies regional metamorphism (Lentz 1999b). Massbalanced microprobe data has shown that Si and Zn are preferentially removed from the
septa relative to the microlithons, along with notable changes in Fe, Mg, Mn, Na, and K
(Lentz 1999b). However, microlithons did not remain unchanged; cryptic alteration could
occur in microlithons during deformation. Generally, septa have been metasomatically
enriched in Fe and Mg, resulting in a higher proportion of phyllosilicates. In addition,
sulfides (mostly pyrite) in septa formed and overgrew S1. Also, redistribution of trace
elements in metamorphic fluids results in solutions rich in metal sulfides, especially
divalent species such as Cu, Pb, Zn, Ag, Au, etc. (Glasson and Keays 1978; Haack et al.
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1984). Consequently, it seems likely that there can be the partitioning of elements among
coexisting silicates (dominantly phyllosilicates) and sulfides during metamorphism.
Lentz (1999b) concluded that alteration related to deformation has minimal effect, except
for Fe and Zn, indicative of dissolution of disseminated sulfides from the fabrics and
exchange with chlorite. The result of this study did not show meaningful evidences of
volatile-element redistribution between white mica from septa and microlithons (see Fig.
5.11). If assumption of redistribution of the trace elements in sulfides and (or) primary
silicates exists, these elements have been released and fixed in the structure of synmetamorphic phyllosilicates; however, more research is required.
6.3.3

Exploration application

White mica is a widespread phase in felsic and siliciclastic host rocks of VMS systems
and has been extensively investigated for its major-, minor-, and some of trace-elements.
As a result, several ore-vectoring tools have been introduced: phengicity of white mica,
content of Fe and Mg, Si/Al, Na/(Na+K), and (Ba+K)/Na (Toscano et al. 1993; Leistel et
al. 1994; Leistel et al. 1997; Herrmann et al. 2001; Large et al. 2001a, b, c). Application
of these vectoring tools has shown that white mica follows one of two spatial trends: 1)
There is an increase in phengicity (as well as Ba content of white mica with proximity to
the ore horizon (Hellyer: Yang et al. 2011 and Rosebery: Large et al. 2001a, Tasmania,
Australia; Heath Steele: Lentz et al. 1997; Brunswick No. 12; Luff et al. 1992;
McClenaghan 2011, BMC, Neves-Corvo: Relvas et al. 2006, Iberian Pyrite Belt:), and 2)
occurrence of phengite at the outer edge of the alteration system (Western Tharsis and
Mt. Lyell, Tasmania, Highway Reward and Mt. Windsor sub-province, Queensland:
Herrmann et al. 2001). Lentz et al. (1997) reported decreasing Ba concentrations in white
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mica from upper footwall sedimentary rocks of Heath Steele B zone with proximity to the
ore horizon. In contrast, hanging-wall rocks contain phengitic white mica that is highly
elevated in Ba with proximity to the ore horizon. Along the Heath Steele Belt, white mica
in chlorite tuff is typically more phengitic than mica in the iron formation (Peter et al.
2003). McClenaghan (2011) reported white mica, ranging from muscovitic to phengitic,
with variable Ba concentrations from both volcaniclastic and exhalative sedimentary
rocks throughout the BMC.
In general, the whole-rock data show significant variation of volatile-element
suite members, such as As, Tl, Sb, and Hg in VMS deposits. Thallium, Sb, and Hg show
extensive dispersion haloes around VMS deposits in Australia, Spain, and Canada
(Paulick et al. 2001; Gemmell and Fulton 2001; Huston and Kamprad 2001; Doyle 2001;
Large et al. 2001; Piantone et al. 1993, 1994; Leistel et al. 1994; Lentz et al. 1997, van
Staal 1985; Lentz and Goodfellow 1993a; Peter and Goodfellow 1996; Lentz et al. 1997;
Peter et al. 2003; McClenaghan 2011). Nonetheless, knowledge gaps exist regarding the
phase(s) hosting the volatile elements, their magnitude, and distribution of volatile
elements throughout the enveloping host rocks. Fewer studies have examined the traceelement content in white mica in VMS settings.
In the host rocks of the BMC massive sulfide deposits, pyrite is the primary
volatile element-hosting phase (see Chapters 3 and 4). However, whole-rock data from
the same drill holes indicate that volatile-element concentrations can be considerable in
horizons with very little or no pyrite, which suggests that other phases, may also partition
volatile elements (see Lentz et al. 1997). In the current study, LA-ICP-MS analysis
indicates the occurrence of appreciable amounts of volatile elements in white mica; in
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particular, Tl, Sn, Hg, Sb, As and to a lesser extent In. The integrated volatile elements of
white mica typically mark a proximal anomaly within <20 to 50 m of the massive
sulfides that shows increasing Tl, Sb, Hg, and variably enrichment in As, Sn, and In with
proximity to the ore horizons in both hanging-wall and footwall zones (Figs. 5.6, 5.7, 5.8,
5.11 (about 50 m from the ore horizon) and 5.9 and 5.10 (<20 m from the ore horizon). In
more distal zones, up to several hundred metres away from the ore horizons, white mica
shows less, but notable concentrations of volatile elements (in particular Sb, Sn, and Hg),
relative to white mica more proximal to the ore (see Figures 6.5-6.11). The distal
hanging-wall zone of Brunswick No. 12 shows detectable volatile elements such as Tl,
As, and Sb within white mica in < 200 m above sulfide horizon, displaying increasing
trends toward the ore horizon (Fig. 6.5). The occurance of volatile elements within white
mica is distinguishable in the distal hanginging-wall zones of Heath Steele B zone (< 400
m away from the ore horizon) (see Fig. 6.6), Halfmile Lake Deep zone (> 700 m away
from the ore horizon) (see Fig. 6.7), and Key Anacon East zone (> 150 m away from the
ore horizon) (see Fig. 6.8). In addition, white mica from hanging-wall magnetite-bearing
argillite and tuff at top of the sulfide horizon (see Fig. 6.9) displays volatile-element
concentrations that increase with proximity to the ore horizon. The distal footwall zones
of Brunswick No. 12 (about 200 m away from the ore horizon) (see Fig. 6.5), Heath
Steele B zone (about 400 m away from the ore horizon) (see Fig. 6.6), and Restigouche
(about 200 m away from the ore horizon) (see Fig. 6.11) show detectable volatile-element
concentration. Because of the low concentration of some volatile elements, a more
effective vectoring in more distal parts of the system can be achieved when using the sum
Tl, Sb, Sn, and Hg in white mica in the place of single elements (Fig. 6.13). The variation
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in volatile-element concentrations of white mica from the footwall can assist in
determining proximity to the up-flow hydrothermal zone. The effect of hydrothermal
alteration does extend laterally away from the up-flow zone in the footwall; however,
more work is required in order to quantify these effects and constrain the maximum
extent of these alteration haloes.
6.4

Conclusions

White mica is the most widely distributed hydrothermal alteration phase associated with
sulfide mineralization of the BMC. LA-ICP-MS analysis of white mica from the host
rocks of representative deposits shows the significant amounts of volatile elements;
particularly, Tl, Sn, Hg, Sb, As and to a lesser extent In. Also, Se, Bi, and Cd occur in
significant, but variable, amounts in white mica in ore proximal areas. The occurrence of
volatile elements in white mica can take the form of structure substitution (Tl, Sn, Sb and
probably As), whereas other volatile elements occur as micro- to nano-inclusion of other
phases. Adjacent to the ore horizons, white mica is significantly enriched in volatile
elements; with concentrations of Tl, Sb, Hg, and to a lesser extent As, Sn, and In
typically increasing with proximity to the ore. Less significant in terms of absolute value
of the volatile-element concentrations of white mica is seen in more distal zones.
Summation of the most important vectoring elements (Tl, Sb, and Hg) is a more effective
vectoring tool in more distal zones. This study has shown that LA-ICP-MS can provide
an effective method of analyzing the volatile-element content of white mica at the subppm detection limits. This methodology provides a cost-effective and accurate approach
for examining a large number of samples of high textural complexity. Finally, the
establishment of a micro-chemical vectoring tool based on the volatile-element content of
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white mica may prove very useful in the exploration for VMS deposits in the BMC and
elsewhere. However, additional testing and refinement of this technique need to occur
before it can be arbitrarily applied to any VMS system.
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Figure 6.1. Photomicrograph of representative white mica varieties from the VMS
associated host rocks and mineralization from the BMC. a) Fine-grained white mica
in fibrous intergrowth and aggregate form with other phases, partially to totally
replacing both K-feldspar phenocrysts and the aphanitic volcanic groundmass
(sample from drill hole HN-99-119 at 129 m; Halfmile Lake Deep zone deposit). b)
White mica in isolated pod form (sample from drill hole 95-LPA-10 at 239 m; Heath
Steele B zone deposit). c) White mica as sericitic band (sample from drill hole LPA054 at 369 m; Brunswick No. 12 deposit). d) kinked bands and crenulation cleavages
in sericitic bands (sample from drill hole HN-99-119 at 1250 m; Halfmile Lake Deep
zone deposit). e) Inter-mixed sericite and fine-grained pyrite and quartz (sample
from drill hole LGF-6 at 64 m; Louvicourt deposit). f) White mica needle in massive
sulfide sample (sample from drill hole 94-DL-30 at 361 m; Key Anacon deposit).
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Figure 6.2. Single-spot LA-ICP-MS spectra for selected elements in white mica
from; a) Heath Steele B zone, b) Louvicourt, and c) Halfmile Lake Deep zone
deposits. In all three samples Sn, Sb, and Tl show relatively smooth and parallel
signals which are indicative of even distribution throughout the mica structure. In
contrast, the pattern for arsenic is flat (b) as well as a large hump in the beginning
of the ablation (c), indicating structure substitution in the former and As-rich
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inclusion in the latter. The remainder of the volatile elements display irregular and
“hump”distributiontovariousextent.
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Figure 6.3. Trimmed mean volatile elements and Mn, Zn, Ba, and Pb from White
mica from selective deposits of the BMC.
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Figure 6.4. Binary plots of Tl (in ppm) versus a) Sb, b) Hg, c) As, d) Pb, e) Sn, and f)
In for white mica from selected massive sulfide deposits of the BMC as determined
by LA-ICP-MS during this study (see ESM TableS 6.1). Symbol key is presented in
part (b). The grey dotted line present in some figures is equivalent to ½ of the mean
detection limit (<hmdl of the presented element).
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Figure 6.5. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to stratigraphic profile of the Brunswick
No. 12 deposit along drill hole A1. The hanging-wall samples are marked with
darker colour.
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Figure 6.6. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to stratigraphy of the Heath Steele B zone
deposit intersected by drill hole HSB-3409. The hanging-wall samples are marked
with darker colour.
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Figure 6.7. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to the stratigraphy of the Halfmile Lake
Deep zone deposit intersected by drill hole HN-99-119. The hanging-wall samples
are marked with darker colour.
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Figure 6.8. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to the stratigraphy of the Key Anacon
East zone intersected by drill hole KA-93-42. The hanging-wall samples are marked
with darker colour.
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Figure 6.9. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to the stratigraphy of Louvicourt deposit
intersected by drill hole LGF-6. The hanging-wall samples are marked with darker
colour.
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Figure 6.10. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect to stratigraphy of the Armstrong A
deposit intersected by drill hole A-14. The hanging-wall samples are marked with
darker colour.
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Figure 6.11. LA-ICP-MS geochemical data profiles illustrating volatile-element
content of white mica plotted with respect stratigraphy of the Restigouche deposit
intersected by drill hole CP-39. The hanging-wall samples are marked with darker
colour.
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Figure 6.12. Binary bubble plots of Tl (in ppm) versus a) Sb, b) Hg, c) Pb, d) Sn, e)
As, and f) Ba for white mica analyzed by LA-ICP-MS from the footwall of
Restigouche deposit (see ESM Table S6.1). Symbol key is presented in part (a). The
grey dotted line is shows the concentration at ½ the mean detection limit (<hmdl).
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Figure 6.13. LA-ICP-MS geochemical data profiles illustrating (Tl+Sb+Sn+Hg)
content of white mica plotted against stratigraphy for selected deposits from the
BMC with respect to the host group. Refer to Figures 6.5 through 6.11 for
stratigraphic units. The hanging-wall samples are marked with darker colour.
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7.

Chapter 7 Conclusions, implications, and recommendations

The current research was conducted to characterize the inter- and intra-sulfide and
phyllosilicate distribution of volatile elements at the representative volcanogenic massive
sulfide deposits and associated host rocks of the Bathurst Mining Camp (BMC), Canada.
Laser

ablation

methodologies

inductively
were

coupled

developed

to

plasma-mass
provide

spectrometry

quantitative

and

(LA-ICP-MS)

semi-quantitative

reconnaissance of the volatile-element suite, including As, Bi, Cd, Hg, In, Ga, Ge, Sb, Sn,
Te, and Tl. The unique characteristics of volatile elements in terms of their intrinsic
features, such as volatility index, oxidation state, etc., and extrinsic features, such as
variable behavior in the geological environment (e.g., Tl), influences of metamorphism
and deformation events, make them interesting and significant in research and industrial
aspects. Hence, the attempt of this project was firstly to enhance robust methodologies
for determining volatile elements. The LA-ICP-MS protocols developed for sulfides and
phyllosilicates include the assessment of optimized ablation conditions, choice of
external and internal standards, and data reduction strategies. Then, the data were
interpreted in the context of the geology of each studied deposit to answer questions
related to ore petrogenesis. Finally, volatile-element vectoring tools were proposed to
complement other conventional techniques in the exploration of VMS deposits. A
summary of conclusions from each chapter, implications, and recommendations are
presented below.
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7.1

Conclusion

The first part of the dissertation focuses on LA-ICP-MS methodology of sulfides,
challenges and developments, sulfide mineralogy, sulfide chemical composition, and ore
petrogenesis. The effects of superimposed metamorphic and associated deformation on
inter- and intra-distribution of sulfides (sulfide horizons and host rocks) from the
representative VMS deposits of the BMC are presented in Chapters 2, 3, and 4.
The LA-ICP-MS methodology developed for determination of elemental
composition of sulfides (pyrite, sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite,
and tetrahedrite), focusing on the volatile-element suite (As, Bi, Cd, Hg, In, Ga, Ge, Sb,
Sn, Te, and Tl) was an attempt to obtain data with good spatial resolution and much
lower detection limits compared to other micro-analytical techniques. Despite challenges
facing LA-ICP-MS analysis of sulfide minerals, the meticulous refinement of the
conventional methodologies provided significant improvements in accuracy and
precision, resulting in better sulfide chemical composition. The modification in
methodology includes an assessment of optimized ablation conditions, choice of external
and internal standards, and data reduction strategies. This study shows that different
sulfide minerals should be ablated under different conditions, based on their physiochemical characteristics, such as bond strengths, melting point, and thermal conductivity
as well as texture. For example, ablation conditions for galena, arsenopyrite, and
tetrahedrite were optimized to minimize the partial melting at fluence <0.5 J/cm2
condition, which was lower fluence used to ablate other sulfides. This helps to reduce the
effects of melt/condensate droplets in the ablated volume enhances the system sensitivity,
and reduces effects of matrix mismatches as well.
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In addition, we demonstrate that matrix mis-matching effects using a 193 nm
excimer laser can be decreased by optimizing ablation conditions. The bias introduced by
matrix mis-matching effects on the obtained trace elements is negligible. Calibration of
MASS-1 against NIST610 provided Tl value which shows %RSD=18. However, the
effects of matrix mis-matching on produced values for major elements obviously cause
higher errors.
The accuracy of the LA-ICP-MS analyses was demonstrated by comparing
measured and published values for reference standards/materials including MASS-1,
NIST610, and GSE-1G. For example, all of the elemental values obtained for MASS-1,
with the exception of Se, Cd, Te, Au, Hg, Tl, and Pb, show %RSD<10. Moreover, by
using this approach, a wider calibration range is attained and elements for which no
certified values exist can be rigorously assessed. Replicate analyses of NIST610 (n =
245) yielded concentrations of Hg=0.46 ppm and Te=296 ppm. The obtained Tl value in
MASS-1 (n = 232) is 69 ppm. Also, limited ablation of GSE-1G (n = 33) yielded the
concentrations of Hg=4.57 ppm and Te=233 ppm.
Also, one cost-saving measure of quantitative multi-element LA-ICP-MS analysis
of sulfide minerals is that the concentration of the internal standard can be estimated from
stoichiometric values, obviating the need for preparatory micro-analytical analysis prior
to LA-ICP-MS. Although this is not the case for more complex sulfides, such as
tetrahedrite, or non-stoichiametric sulfides, such as pyrrhotite, the absolute values
reported here are not 100% accurate, they are internally consistent at the trace level and
errors related to deviations from true major element stoichiometry are considered small.
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Therefore, the LA-ICP-MS technique achieve high productivity in terms of target
selection and efficient data acquisition using large-format laser-sample cell technology,
making this technique as a cost-effective approach for the characterization of volatileelement concentrations of VMS deposits. This method also offers good spatial resolution
(<50 µm) and much lower detection limits for volatile elements than other microanalytical techniques. This approach has the potential to provide reliable cost- and timeefficient data for academic and industrial applications.
A syngenetic to epigenetic origin is proposed for the massive sulfide bodies of the
BMC (Jambor 1979, Goodfellow et al. 2003 and references therein). Processes such as
zone refining, metamorphism, and deformation have profoundly influenced many of the
deposits at the micro- to mega-scales (Craig and Vokes 1993; Goodfellow and
McCutcheon 2003). Refractory sulfide minerals, such as pyrite and arsenopyrite, locally
preserve primary depositional characteristics in many of these deposits (cf. McClenaghan
et al. 2003; this study). In the case of pyrite, the extensive textures can be generally
categorized into pre-deformation and syn- to post-deformational. The pre-deformational
textures include primary and pseudo-primary types, such as framboidal pyrite, spongy
core pyrite, massive pyrite, and relict pyrite. The syn-deformation textures include
euhedral inclusion-free overgrowths and (or) recrystallized primary pyrite, as well as
ductile and cataclastic textures. The post-deformation textures include annealed pyrite
and large discrete cubic porphyroblasts. Understanding the relationships among the
various textural styles of pyrite helps to elucidate the evolutionary history of pyrite and
consequently the massive sulfide deposits. In terms of volatile-element concentrations,
with the exception of Se that appears to be immobile(?) during deformation, pyrite
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exhibiting deformation-related textures is depleted in volatile elements, having lost them
to different extents relative to primary types. The chemical variation among the
texturally-distinct pyrite ranges over several orders of magnitude, depending on the
prevailing mechanisms unique to each sulfide horizon and deposits.
The concentration of volatile elements in selected sulfide phases (pyrite,
sphalerite, galena, chalcopyrite, pyrrhotite, arsenopyrite, and tetrahedrite) ranges from
trace levels to major components (e.g., As in arsenopyrite and Sb in tetrahedrite). The
summary of the volatile elements in sulfide minerals follows.
Pyrite is the most abundant sulfide phase in the massive sulfides (up to 80 volume
%) of the BMC, and associated host rocks (up to 5 volume %). Pyrite is predominantly
arsenian in nature, with arsenic concentrations up to 7.3 wt. %. Pyrite is also enriched in
Tl (mean 84.9 ppm), Sb (mean 160 ppm), Sn (mean 102 ppm), Bi (mean 45.4 ppm), Ag
(mean 35.0 ppm), Se (mean 17.3 ppm), and to a lesser extent Cd (mean 3.55 ppm), Ga
(mean 2.35 ppm), Te (mean 2.46 ppm), Hg (mean 1.90 ppm), Ge (mean 1.77 ppm), In
(mean 1.38 ppm), and Au (mean 0.53 ppm) (see Chapters 3 and 4, all dataset for pyrite).
Sphalerite from the deposits examined is enriched in Cd and In (up to 4168 and
11010 ppm, respectively). Mercury, with the exception of the Louvicourt (mean 254
ppm) and Canoe Landing Lake deposit (mean 237 ppm), is low in sphalerite and ranges
from 7.64 to 236 ppm and mean 34.7 ppm. The range in concentration of Ga (0.07-46
ppm), Ge (0.46-382 ppm), As (<hmdl-110000 ppm), Se (0.2-205 ppm), Ag (0.63-4100
ppm), Sn (0.06-2210 ppm), Sb (0.08-315 ppm), Tl (0-248 ppm), and Bi (0.01-830 ppm)
in sphalerite are highly variable among deposits.
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Galena is highly enriched in Ag (54.6-7200 ppm), Sb (1.67-9290 ppm), Se (1.156530 ppm), Bi (0.08-328000 ppm), and to a lesser extent As (0.11-390 ppm), Cd (0.84150 ppm), Sn (0.05-2250 ppm), Te (0.13-194 ppm), and Tl (2.33-1225 ppm) (see Chapter
3). The concentrations of Ga (0.08-36.2 ppm), Ge (0.18-15.8 ppm), In (0.01-14.3 ppm),
and Hg (0.05-3.2 ppm) are generally low in galena from all deposits. Anomalously high
Bi concentrations in some galena from the Brunswick No. 6 deposit are related to the
presence of Bi-bearing inclusions.
Chalcopyrite hosts a number of volatile elements, most of which have a wide
range of concentrations: As (0.1-78000 ppm), Sb (0.07-29800 ppm), Sn (0.13-16600
ppm), Ag (0.15-13100 ppm), Bi (0.01-6300 ppm), In (0.05-1341 ppm), and Se (0.421250 ppm). Chalcopyrite from the Louvicourt deposit is distinctly enriched in Sb (mean
795 ppm), Ag (mean 477 ppm), and Ga (mean 222 ppm). In contrast, the abundances of
Cd (0.12-5030 ppm), Ga (0.06-1610 ppm), Hg (0.13-300 ppm), Ge (0.51-270 ppm), and
Tl (0.01-264 ppm), Te (0.16-77 ppm), Au (0-1.77 ppm) are generally lower in
chalcopyrite.
Overall, pyrrhotite is not a significant volatile-element host relative to the other
sulfides; however, As (up to 97000 ppm), Pb (up to 30600), Sb (up to1777 ppm), and Se
(up to 303 ppm) can occur in high concentration in some deposits.
Arsenopyrite is a minor phase in the VMS deposits investigated, but it can
accommodate significant concentrations of most of the volatile elements. In addition to
arsenic which is a major element, arsenopyrite can host a variable concentration of Sb
(0.66-143000 ppm). The mean of all examined arsenopyrite includes: Sb (mean 14170
ppm), Bi (mean 2154 ppm), Pb (mean 7095 ppm), Ag (mean 343 ppm), Tl (mean 126
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ppm), Cd (mean 135 ppm), and In (mean 19 ppm). For example, arsenopyrite from the
Brunswick No. 12 deposit is the most enriched, compared to other deposits, in Sb (mean
55282 ppm), Bi (mean 17806 ppm), Pb (mean 16158 ppm), Ag (mean 5113 ppm), Tl
(mean 1772 ppm), Cd (mean 1488 ppm), and In (mean 193 ppm). In contrast,
arsenopyrite from the Canoe Landing Lake deposit hosts the lowest concentration of
volatile elements relative to the other deposits.
Tetrahedrite occurs in limited amounts, but it is the principle host of Sb (range
68700-493000 ppm), As (range73-231800 ppm), and Ag (range 546-207000 ppm). The
Cd concentration in tetrahedrite varies from 388 to 1768 ppm, and is the second highest
after sphalerite.
The occurrence of volatile elements within sulfides is controlled primarily by
structure bound substitution; however, the presence of micro- to nano-scale inclusions is
inevitable andare not readily detectable by LA-ICP-MS. The LA-ICP-MS imaging of
sulfide assemblages can provide semi-quantitative elemental distribution maps, consistent
with spot-analysis data that can be useful in identifying larger inclusions.
The integration of LA-ICP-MS data of all sulfide data can provide a means to
quantify the volatile-element content of various hydrothermal facies, i.e., stringer zone,
vent complex, bedded sulfides and bedded pyrite zones. Results from this study suggest
that the bedded sulfide facies is significantly enriched in Ga, Ge, Ag, In, Sn, Sb, and Au
relative to other facies, whereas the vent complex is enriched in Se and Bi, and depending
on the presence of minor amounts of arsenopyrite, elevated in Ge, Cd, Sn, Sb, Au, Hg,
and Bi. Relative to the bedded sulfide and vent complex facies, the bedded pyrite and the
stringer zones are less enriched in volatile elements.

479

The second part of the project focuses on phyllosilicates, specifically chlorite,
white mica, and limited number of biotite, LA-ICP-MS methodology, mineralogy, and
chemical variations presented in Chapters 5 and 6. These phases are the most abundant
non-sulfide phases found in the sequences hosting the massive sulfides of the BMC. The
origin of these phyllosilicates is attributed to a number of processes, including
devitrification of volcanic glass, hydrolysis of primary minerals, such as feldspar, and
subsequent alteration of clay minerals and hydrothermally altered volcaniclastic materials
via metamorphism processes.
Chlorite and white mica can host a number of volatile elements with a wide range
in concentration. However, in general, the concentration of most of the volatile elements
in chlorite is subordinate to that of white mica. Volatile elements can reside in chlorite
and white mica as either structure substitution, or as micro- to nano-inclusion of other
phases. Results of this study suggest that thallium is enriched in all analyzed white mica
(up to 744 ppm). White mica hosts Sn (up to 1316 ppm), Hg (up to 93 ppm), Sb (up to
3650 ppm), As (up to 17100 ppm), In (up to 1186 ppm), Cd (up to 201 ppm), and Se (up
to 38.8 ppm). Chlorite concentrates volatile elements, including Tl (up to 50.1 ppm), Sn
(up to 4600 ppm), Hg (up to 7.3 ppm), Sb (up to 35.4 ppm), As (up to 1320 ppm), In (up
to 307 ppm), Cd (up to 83.2 ppm), and Se (up to 606 ppm). It is most likely that the high
concentration of Tl, Sn, Sb and As identified in white mica during the present study occur
as via structure bound substitution based on smooth traces of these elements in timeresolved LA-ICP-MS spectra.
The deposits of the BMC were regionally metamorphosed at lower- to uppergreenschist facies raising the possibility of volatile-element redistribution. Comparison of

480

the volatile-element data shows that the volatile-element budget within a given sulfide
mineral assemblage is most likely genetically controlled. In each of the deposits
investigated the distinctive metal zonation further support the preserved primary feature
of mineralization. However, subtle redistribution of volatile elements from the massive
sulfides may be responsible for volatile-element variations in the enveloping host rocks.
Thallium is a good proxy to evaluate elemental redistribution in the host rocks because it
is highly volatile, incompatible, and dual behaviour in hydrothermal and subsequent
metamorphic events. Sulfide alteration and metamorphism resulting in the release of Tl
from sulfide minerals and subsequent scavenging by white mica in the host rocks may
explains the two orders of magnitude enrichment in white mica relative to coexisting
metamorphic pyrite. Similar patterns of enrichment in white mica relative to pyrite are
recognized for Sn, Hg, and In throughout the host rocks of the BMC.
Figure 7.1 shows the distribution of volatile elements in all sulfide and
phyllosilicates phases examined from drill hole CP-39 from Restigouche deposit. The
occuerence of volatile elements suggest a mineral-specific feature that is observed in
other deposits we well.
7.2

Implications

Spatial variation in the volatile-element concentrations among sulfide minerals as well as
phyllosilicates in the footwall and hanging wall of VMS deposits is the basis of a microchemical vectoring tool proposed in this study. Since LA-ICP-MS is capable of
determining volatile elements in lower detection limits, and surveying large number of
samples to meet a reasonable budget, the potential application of the vectoring tools
presented is significant in academic and industrial arenas of VMS exploration. Three
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vectoring tools are proposed based on the mineral composition obtained by LA-ICP-MS,
focusing on volatile-elements suite.
7.2.1

Pyrite micro-chemical vectoring

Pyrite is the only ubiquitous sulfide phase in the host rocks of the massive sulfide
deposits of the BMC. The felsic volcanic and sedimentary footwall rocks contain pyrite
in which volatile elements, in particular, Sb, Tl, Sn, Bi, Ag, and to a lesser extent As, Hg,
and In increase with proximity to ore. The observed trends are not a function of pyrite
proportion. In proximal footwall and hanging-wall zones, the concentration of various
volatile elements in pyrite is close in concentration to pyrite from the massive sulfide
bodies. Limited analysis of pyrite from the iron-formation that overlies the massive
sulfide lenses has higher concentrations of volatile elements than pyrite from the massive
sulfides. The distribution of volatile elements, in particular, Sb, Tl, Sn, Bi, Ag, and Hg in
pyrite throughout the footwall and maybe hanging-wall zone of known VMS deposits
offers a potential tool to vector toward mineralization. The integration of LA-ICP-MS
data of all sulfide phases in the footwall and hanging-wall zones support the inferred
chemical trends of pyrite alone; however, it is clear that the distribution of some volatile
elements may be heavily influenced by the presence of some minor sulfide phases, e.g.,
arsenopyrite and pyrrhotite. Therefore, careful mineralogical investigation of sulfide
minerals is the base of any vectoring tool.
7.2.2

Phyllosilicate (chlorite and white mica) micro-chemical vectoring

The abundance, distribution, and variation in volatile-element concentrations of chlorite
and white mica in the host rocks of the VMS deposits investigated in the present study
offer potential micro-chemical ore-vectoring tools. Specifically, chlorite, which occurs in
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the proximal footwall and hanging-wall zones of the massive sulfide horizons, shows
evidence of increasing Tl, As, Sb, Sn, and In with proximity to the ore horizon. In
contrast, white mica extends into areas more distal to the massive sulfide bodies in both
the hanging-wall and footwall zones, and the white mica/chlorite ratio decreases with
proximity to the sulfide lenses. White mica is significantly enriched in Tl, Sb, Sn, Hg,
and variably enriched in As, and In. The concentrations of all of these elements increase
with proximity to the ore horizons. In areas more distal (along strike and depth
below/above) to the ore horizon (several hundred metres away from the ore), subtle
increases in Tl, Sb, Sn, and Hg within white mica is probably related to the presence of
sulfide at depth in both stratigraphic and structural deep zones. The results of this work
suggest that the Tl, Sb, Sn and Hg content of white mica can be an effective vectoring
tool in the most distal parts of VMS systems.
A compilation of the volatile elements in all phases examined, in addition to
whole-rock data from the same samples from representative studied deposits, are
presented in Figures 7.2-7.6. White mica is the most highly concentrated source of Tl, Sn,
Hg, In, and Ba in the host rocks sequence, whereas sulfide minerals are the primary host
for Bi, As, Sb, Se, Cd, Pb, Ni, Cu, and Co. Chlorite, and to a lesser degree white mica,
are enriched in Zn relative to pyrite and pyrrhotite in the host rocks (see Figures 7.2-7.6).
7.3

Recommendations


LA-ICP-MS systematics on sulfides can be further enhanced by the development
of better matrix-matched standards to characterize volatile element and improve
the accuracy of this powerful micro-analytical technique. Also, LA-ICP-MS
methodology on phyllosilicates can be more refined to get more accurate major
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elements, such that is a more comprehensive analytical tool. This needs to be
done in conjunction with other micro-analytical techniques to build up reliable
data of major elements.


The proposed mineral-chemical vectoring tools (building on lithogeochemical
vectoring techniques), described above, are based on observed volatile-element
trends in a selected drill corefrom each deposit. In order to better define the 3D
distribution of volatile elements a follow-up study focusing on multiple drill cores
from proximal to distal and lateral zones of each deposit to examine the volatileelement concentrations of pyrite, chlorite, and white is recommended; this would
be similar to what Lentz and Goodfellow (1994) did lithogeochemically on the
Brunswick No. 12 deposit system.



This work could be expanded to provide valuable information on background
volatile-element levels in areas that are distal to ore in order to provide a
meaningful baseline comparison with data from the mineralized zones.



Future work with the proposed vectors should be tested in conjunction with other
exploration methods (geochemical and geophysical) in prospecting for buried
volcanogenic massive sulfide mineralization. In order to determine the robustness
of the geochemical vectors proposed herein, further research must be conducted to
assist interpretation of mineral geochemical signature in VMS-bearing terranes of
variable structural and metamorphic complexity. The compilation of wellorganized databases from mining camps elsewhere can provide valuable
information through time and space in the exploration of VMS deposits.
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The examination of detailed mineral-trace- and major-element compositions of
other minerals (e.g., magnetite and quartz) should also be investigated in order to
assess their potential as vectoring tools.



In addition, the toxic nature of most of the volatile elements is the main concern
of environmental issues in mining districts. Based on fast and reliable data
obtained by LA-ICP-MS, distribution, and transformation of these elements can
be better predicted and appropriate strategies can be made to eliminate or mitigate
the potential environmental issue.



Finally, since LA-ICP-MS based programs such as this can result in large
datasets, care must be taken in terms of the statistical treatment of the data, so
interdisciplinary collaboration in future work can be helpful to better
understanding and interpret the data.
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Figure 7.1. Distribution of volatile elements in all sulfide and phyllosilicates phases
examined from drill hole CP-39 from Restigouche deposit.
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Figure 7.2. Caption is in the next page.
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Figure 7.2. LA-ICP-MS integrated geochemical data profiles illustrating
representative mean elemental concentrations (in ppm) of sulfide minerals (blue
line), pyrite (orange line), chlorite (green line), and white mica (pink line) plotted
with respect to stratigraphic profile of Brunswick No. 12 deposit along drill hole A1.
Black line represents whole-rock data obtained from Lentz and Goodfellow
(1993a,b, 1994).
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Figure 7.3. LA-ICP-MS integrated geochemical data profiles illustrating
representative mean elemental concentrations (in ppm) of sulfide minerals (blue
line), pyrite (orange line), chlorite (green line), and white mica (pink line) plotted
with respect to stratigraphic profile of Heath Steele B zone deposit along drill hole
HSB 3409. Black line represents the whole-rock data obtained from Lentz et al.
1997.
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Figure 7.4. LA-ICP-MS integrated geochemical data profiles illustrating
representative mean elemental concentrations (in ppm) of sulfide minerals (blue
line), pyrite (orange line), chlorite (green line), and white mica (pink line) plotted
with respect to stratigraphic profile of Halfmile Lake Deep zone deposit along drill
hole HN-99-119. Black line represents the whole-rock data obtained from Walker
and McCutcheon 2011.
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Figure 7.5. LA-ICP-MS integrated geochemical data profiles illustrating
representative mean elemental concentrations (in ppm) of sulfide minerals (blue
line), pyrite (orange line), chlorite (green line), and white mica (pink line) plotted
with respect to stratigraphic profile of Key Anacon East zone deposit along drill
hole KA-93-42.
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Figure 7.6. LA-ICP-MS integrated geochemical data profiles illustrating
representative mean elemental concentrations (in ppm) of sulfide minerals (blue
line), pyrite (orange line), chlorite (green line), and white mica (pink line) plotted
with respect to stratigraphic profile of Restigouche deposit along drill hole CP-39.
Black line represents the whole-rock data obtained from McClenaghan 2011.
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Fall 2007-Winter 2010
Petrology, Igneous petrology and geochemistry,
Tarbiat Modares University, Tehran, Iran,
Thesis topic: "Petrology and Geochemistry of Tertiary volcanic rocks from NW
Neyshabur, Iran".
Bachelor of Geology:
Geology,
The University of Isfahan, Isfahan, Isfahan province, Iran.

Fall 2000-Fall 2005

Journal Publications (related to Ph.D. project)
Accepted
- McFarlane, C.R.M., Soltani Dehnavi, A., and Lentz, D.R., 2016, Pb-Isotopic Study of
Galena by LA-Q-ICP-MS: Testing a New Methodology with Applications to BaseMetal Sulfide Deposits. Minerals, 6, 96; doi: 10.3390/min6030096.
-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., 2015, LA-ICP-MS analysis
of volatile trace elements in massive sulfides and host rocks of selected VMS deposits
of the Bathurst Mining Camp, New Brunswick: methodology and application to
exploration, In: Targeted Geoscience Initiative 4: Contributions to the Understanding
of Volcanogenic Massive sulfide Deposit Genesis and Exploration Methods
Development, (eds) J.M. Peter and P. Mercier-Langevin; Geological Survey of Canada,
Open File 7853.

-

Submitted
Soltani Dehnavi, A., McFarlane, C.R.M., and Lentz, D.R., and Walker, J.A.,
Assessment of pyrite composition by LA-ICP-MS techniques from massive sulfide
deposits of the Bathurst Mining Camp, Canada: from textural and chemical evolution
to its application as a vectoring tool for the exploration of VMS deposits (in review)
[Journal Paper].

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., and Walker, J.A.,
Quantification of volatile elements in white mica by LA-ICP-MS: a potential microchemical vectoring tool in VMS exploration (in review) [Journal Paper].

-

Soltani Dehnavi, A., Lentz, D.R., McFarlane, C.R.M., McClenaghan, S.H., and
Walker, J.A., Patterns of fluid-mobile element incorporation in sulfides from the
volcanogenic massive sulfide deposits of the Bathurst Mining Camp, Canada with
potential applications to mineral exploration (in review) [Journal Paper].

-

Soltani Dehnavi, A., McFarlane, C.R.M., Lentz, D.R., McClenaghan, S.H., and
Walker, J.A., Volatile-element haloes of volcanogenic massive sulfide deposits from
the Bathurst Mining Camp, Canada: LA-ICP-MS application in determination of
phyllosilicate chemical variation as a potential micro-chemical vectoring tool in VMS
exploration (in review) [Journal Paper].

-

In preparation
Soltani Dehnavi, A., McFarlane, C.R.M., and Lentz, D.R., Determination of volatile
trace-elements in sulfide minerals by in situ LA-ICP-MS: Developing protocols and
methodologies applicable to massive sulfide deposits; for Geoscience Canada (at the
final stage of internal revision) [Journal Paper].
Conference Presentations
Publication (conference presentation related to Ph.D.)

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., Walker, J.A., 2017, Taletell minerals from massive sulfide deposits of the Bathurst Mining Camp, Canada and
their application in geochemical exploration approaches. Goldschmidt conference,
Paris, FR, August, 2017 [Talk, Accepted Abstract].

-

Soltani Dehnavi, A., McFarlane, C.R.M., and Lentz, D.R, 2017, LA-ICP-MS
systematics in sulfides: challenges, developments, and perspectives. AGS conference,
Fredericton, NB, CA [Talk, Published Abstract)

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., 2015, Volatile-Element
Haloes of Volcanogenic Massive Sulfide Deposits of the Bathurst Mining Camp, New
Brunswick, Canada: Implications of Mineral Micro-Chemical Vectors by Laser

Ablation ICP-MS Systematics in VMS Exploration. SEG conference, TAS, AUS
[Poster, Published Abstract].
-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., 2015, Sulfide
compositional systematics using LA-ICP-MS: insights into distribution of volatile
elements and application in VMS exploration. SGA conference, Nancy, FR [Talk,
Published Abstract].

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., 2015, Pyrite: fool’s gold or
not? insights into the VMS deposits of the Bathurst Mining Camp and potential use as
vectoring tool in exploration of VMS deposits. Goldschmidt conference, Prague, CZ,
August, 2015 [Talk, Published Abstract].

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., 2015, Trace element
systematics of the footwall and hanging wall alteration associated with volcanogenic
massive sulfide deposits of the Bathurst Mining Camp, Canada: Developing LA-ICPMS methodology for phyllosilicates and its application as geochemical vectoring tool
in VMS deposit exploration. AGU-GAC-MAC conference, Montreal, QB, May 2015
[Talk, Published Abstract].

-

Soltani Dehnavi, A., McFarlane, C.R.M., and Lentz, D.R, 2015, White mica chemistry
by in situ LA-ICP-MS techniques: variation of volatile trace elements and its
application in VMS deposit exploration. AGU-GAC-MAC conference, Montreal, QB,
May 2015 [Poster, Published Abstract].

-

Soltani Dehnavi, A., Lentz, D.R., McFarlane, C.R.M., and McClenaghan, S.H., 2014,
In situ LA-ICP-MS systematics for quantitative volatile trace-element measurement in
sulfide minerals: from developing methodology to its application in the case study of
massive sulfide deposits of the Bathurst Mining Camp, Canada, Exploration, Mining
and Petroleum New Brunswick conference, Fredericton, NB, November 2014 [Poster,
Published Abstract].

-

Soltani Dehnavi, A., McFarlane, C.R.M., Lentz, D.R., and McClenaghan, S.H., 2014,
Variations in phyllosilicate mineral chemistry from the massive sulfide deposits of the
Bathurst Mining Camp, Canada: LA-ICP-MS systematics and its application in
determination of volatile trace-element suite applicable in VMS exploration,
Exploration, Mining and Petroleum New Brunswick conference, Fredericton, NB,
November 2014 [Talk, Published Abstract].

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C.R.M., Interpreting volatile traceelement signatures in volcanogenic massive sulfide deposits of the Bathurst Mining
Camp, Canada: Evidence from a LA-ICP-MS study on sulfide minerals, Goldschmidt
conference, Sacramento, US, June 2014 [Poster, Published Abstract].

-

Soltani Dehnavi, A., McFarlane, C.R.M., Lentz, D.R., and McClenaghan, S.H., 2014,
Variation in sulfide mineral chemistry in massive sulfide deposits, Bathurst Mining

Camp, Canada: Implication for measuring volatile trace-elements by LA-ICP-MS and
its application as a vectoring tool for the exploration of VMS deposits, GAC-MAC
Annual Meeting, Fredericton, NB, May 2014 [Talk, Published Abstract].
-

Soltani Dehnavi, A., Lentz, D.R., McFarlane, C.R.M., and McClenaghan, S.H., 2014,
LA-ICP-MS trace-element study of pyrite from massive sulfide deposits of the
Bathurst Mining Camp, Canada: Determination of volatile trace-element contents in
pyrite and its application as a vectoring tool for the exploration of VMS deposits,
GAC-MAC Annual Meeting, Fredericton, NB, May 2014 [Poster, Published Abstract].

-

Soltani Dehnavi, A., McFarlane, and Lentz, D.R., 2013, Sulfide mineral chemistry
from the massive sulfide deposits of Bathurst Mining Camp, Canada: implication for
volatile trace-elements distribution and developing the trace-element exploration
vectoring tool, Exploration, Mining and Petroleum New Brunswick conference,
Fredericton, NB, November 2013 [Poster, Published Abstract].

-

Soltani Dehnavi, A., McFarlane, C.R.M., McClenaghan, S.H., and Lentz, D.R., 2013,
In situ LA-ICP-MS of sulfide minerals in VMS deposits throughout the Bathurst
Mining Camp, New Brunswick, Canada: volatile trace-element contents and
distribution with implications for their syngenetic to polyphase metamorphic history:
Society of Economic Geologists Geoscience for Discovery 2013, Whistler, Canada,
September 24-27 2013. [Poster, ePoster, Published Abstract].

-

Soltani Dehnavi, A., Lentz, D.R., and McFarlane, C., 2012, New insight into the
massive sulfide deposits in the Bathurst Mining Camp, New Brunswick: implication
for volatile-element signatures like Cd, Sb, Tl, As, and Hg elements in massive sulfide,
Exploration, Mining and Petroleum New Brunswick conference, Fredericton, NB,
November 4-6, 2012 [Poster, Published Abstract].

Publication (conference presentation, side projects and previous projects)
- Soltani Dehnavi, A., Rahbari, H., 2015, Persian Turquoise of Neyshabour Mine, NE,
Iran: Implication for Mineral Chemical Variations and Genesis. SEG conference, TAS,
AUS [Poster, Published Abstract].
-

Soltani Dehnavi, A., Rahbari, H.*, Khalatbari-jafari, M., Geochemistry and
geodynamic setting of granitic gneisses in Belqeis Mountain, NW Iran, , Goldschmidt
conference, Sacramento, US, June 2014 [Poster, Published Abstract].

-

Soltani Dehnavi, A., Ghorbani, M.R., Rashidnejad Omran, N., 2009, Occurrence of
the Nb-enriched basaltic andesites, NW Neyshabur, Iran, 23th symposium of
geoscience, Iran, [Poster, Published Abstract].
Skill Summary
(a) Analytical techniques:
 Trained LA-ICP-MS technique (geochemistry (quantitative and qualitative) and
geochronology), worked with a Resonetics Resolution™ M-50 193 nm ArF
(excimer) laser ablation system and an Agilent 7700x quadrupole inductively
coupled plasma-mass spectrometer (Q-ICP-MS).




Familiarized with several geochemical analyses and imaging systematics, such as
SEM (worked with JEOL JSM6400 Digital SEM instrument), EMPA (worked
with JEOL JXA-733 MICROPROBE instrument), ICP-MS, and XRF,
Trained microscopy (Zeiss AxioImager A1M motorized polarizing microscope
and conventional systems), optical mineralogy and imaging.

(b) Geochemical techniques:
 Geochemical sampling,
 Interpretation of geochemical data,
 Mineral exploration.
© Field skills:
 Geological field mapping,
 Core and geotechnical logging,
 GPS.
(d) Specialized Research Software and Computer Skills:
 Windows and Mac,
 Microsoft Office collection,
 Designing software: Corel Draw and Photoshop,
 Geological software: Iolite, Zen Pro, CGDkit, Igpet, Isoplot, Arc GIS, AutoCAD,
 Data compilation and Programming,
 Music software,
 Experience of website administrating (www.iranchoir.com),
 Visual Basic.
(f) Others:
 Trained museum assistant curator: sample preparation, maintenance, and
exhibition,
 Trained fine artist (painting, Persian calligraphy, and Persian handicraft making),
 Trained photographer,
 Trained musician (Soprano singer, playing some instrument).

Awards and Fellowships






[Fall, 2016] Part-Time Merit Award, UNB,
[Spring, 2015] R. W. J. Wright graduate fellowship, UNB,
[Aug. 2015] SGA Travel Grant: Society for Geology Applied to Mineral
Deposits; Travel grant to present Ph.D. work at the SGA international conference
in Nancy, France,
[Sep. 2013] SEG Travel Grant: Society of Economic Geologists; Travel grant to
present Ph.D. work at the SEG international conference in Whistler, BC, Canada,
[2012-2015] Funded Ph.D. project by NRCan Targeted Geoscience Initiative IV
program (TGI4), CA,






[2012-2015] International differential fee award, University of New Brunswick,
CA,
[2007-2010] Top student among M.Sc. petrology students of geology department
at TMU,
[2007] The 13th ranked in national entry examination for enrolment in M.Sc.
level (out of more than a million participants),
[2000] Winner of the “Top High School graduate award” with a GPA of 18.8 (out
of 20).

Research Experience
Research Assistant
September 2012-2017
 Graduate assistant in NRCan Targeted Geoscience project (IV), massive sulfide
section, supported by the Geological Survey of Canada (GSC) (Ottawa), New
Brunswick Energy and Mines, and New Brunswick Innovation Fund), New
Brunswick Energy and Mines, and New Brunswick Innovation Fund).
o Operating LA-ICP-MS and obtaining geochemical and isotopic data, basic
instrument maintenances, reduction, calculation and interpretation of large
scale dataset,
o Ability of detail microscopic studies and imaging in micron scale,
o Ability of working with SEM and EMPA.

Teaching Experience
Fall 2012-Spring 2015
Teaching assistant
 University of New Brunswick, Faculty of Science, Department of Earth Sciences.
Teaching fine arts and music
Other Work Experiences:
 Assistant curator at Natural History Museum
2008-2012
Isfahan, Iran supervised by Prof. Jafarian,
 Independent producer and marketer of handicrafts and fine arts
2008-2012
Isfahan, Iran and Fredericton, Canada,
 Soprano singer
2000-Present
The University of Isfahan choral, Iran philharmonic choir, UNB choral,
and Fredericton Choir Society.

Cultural Activities:
 [2013-2014] Treasurer of AGES (Association of Graduate Earth Scientists),
UNB, CA.



[2008-2012] Honorary member of Natural History Museum of Isfahan under
supervisory of Prof. Jafarian.
 [2011] Writing articles for some Iranian journals and newspapers domestic, such
as “Iran”, (the most popular Iranian daily), Geoscience and mining magazine
(monthly publication the Ministry of mine and mineral) and etelat elmi magazine.
 [Apr. 2002] Administration manager of Sohrab SEPEHRY (an Iranian
contemporary poem) Symposium.
 [2003] Administrative member of 7th symposium of Iranian Geological Society,
the University of Isfahan.
 [2003] Administrative member of 4th Annual Meeting of “Iranian Geology
Student Universities”, the University of Isfahan.
 [2000-2005] Collaboration with the Cultural Institution, the University of Isfahan.
 [2000-2005] Collaboration with the Scientific Society at the Geology Department
at The University of Isfahan.
Volunteer Experience
 [May. 2015] Volunteer at AGU-GAC-MAC conference, Montreal, CA.
 [Nov. 2014-present] Quartermain Earth Science Centre Outreach activities,
supervised by Ann C. Timmermans.
 [Sep. 2013] Volunteer at SEG conference, Whistler, CA.
 [Jul-Jan. 2013] Volunteer at Fredericton multicultural organization as music
instructor for Iranian community, New Brunswick.
Certificates
 [2016] Certified as an International Tour Manager, International Guide Academy,
Denver, CO,
 [2012] Filigree diploma, Technical and Vocational Training Organization
(TVTO), Isfahan, Iran.
 [2012] Semi-precious stone carving diploma, cultural Heritage, handcrafts, and
Tourism Organization (CHTO) of Isfahan Province, Iran.
 [2012] Mushroom production diploma, Agricultural Organization of Isfahan
Province, Iran.
 [2011] Leather handcrafts production, from Technical and Vocational Training
Organization, Isfahan, Iran.
 [2009] Geochemistry, Source and Tectonic setting of Iranian Tertiary Volcanic
Rocks Geological Survey of Iran, By Mark Allen, Durham University, UK,
License 33.
Memberships:
 [2014-present] EAG (European Association of Geochemistry)
 [2013-2015] GAC-MAC (Geological Association of Canada-Mineralogical
Association of Canada)
 [2013-2014] PDAC (Prospectors and Developers Association of Canada)
 [2012-present] SEG student chapter at UNB










[2012-present] SEG (Society of Economic Geologists)
[2012-present] AGES (Association of Graduate Earth Scientists)
[2013-present] Fredericton Choir Society
[2012-present] University of New Brunswick choral
[2007-2010] Iran philharmonic choir (Nouri Choir group) as a soprano singer
[2006-2006] Symphonic Orchestra of Isfahan, as a choir singer
[2000-2005] The University of Isfahan Choral
[2000-2005] Scientific Society at the Geology Department at the University of
Isfahan

Workshop and short course:
 [Aug, 2015] “The Geology and Geochemistry of Gold Deposits” Workshop, SGA
conference, Nancy, France.
 [Aug. 2015] “LA-ICP-MS U-(Th-)Pb Network” workshop, Goldschmidt
conference, Praque, Czech.
 [Nov. 2014] “Evaluating the Potential of Intrusion-Related Ore-Forming
Systems: an examination of mineralizing processes, with examples from the
northern Appalachians” workshop, EMP conference, Fredericton, CA.
 [June, 2014] “Teaching Geochemistry” workshop, Goldschmidt conference,
Sacramento, US.
 [May. 2014] “Cathodoluminescence and its application to geoscience” short
course, GAC-MAC conference, Fredericton, NB, CA.
 [Sep. 2103] “Alteration” short course, SEG conference, Whistler, BC, CA.
 [Feb. 2013] “Joint Modular Course on the Introduction to the Physics and
Chemistry of Hydrothermal Ore Deposits” short course, University of Ottawa,
CA.
 [2009] “Geochemistry, source and tectonic setting of igneous rocks”, by Dr. Allen
geological survey of Iran.
 [2008] “The fate of oceanic lithosphere in subduction zone: a matter of
mechanical coupling (with application to the Neotethys and Iran)’, by Dr. Agard,
geological survey of Iran.
 [2007] “The eruption of the Soufriere Hills volcanoes, Montserrat’, by Prof.
Sparks, geological survey of Iran.
Languages
 Parsi/Persian (mother tongue),
 English (Fluent),
 Deutsch, French, Spanish, and Arabic (Elementary)

Azi
Charcoal and pastel work
Completed Nov. 2016
Size:35*70 cm

