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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yielded concentrations of unpublished volatile elements in standards including Hg = 0.46 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.  
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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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



iv 

 

PREFACE 

The present dissertation, ñVolatile-Element Signatures of Volcanogenic Massive Sulfide 

Deposits in the Bathurst Mining Camp, New Brunswick, Canadaò 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 industryôs 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 

1250ę and 800ęC, whereas the highly volatile elements condense at temperatures < 800ęC 

(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 ósoft- to intermediate cationsô (Au, Ag, Hg are the ósoftestô, Cu, Cd, Tl, Pb 

ómedium-softô, and In, Sn, Sb, Bi are óintermediateô). They have low charge/radius (Z/r ï 

Z = mono or divalent) and therefore low ionic potential (donôt form ionic solids as easily) 

(see Barnes 1997; White 2013). These elements can be called ñmobileò to contrast with 

the concept of óimmobileô 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 solid-

state 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.  



 

7 

 

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 vapour-

phase aerosol. This aerosol is then transferred in an Ar or Ar + He carrier gas via plastic 

(Nylon
TM

) tubing to the ICPïMS.  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 LA-

ICP-MS system in Department of Earth Sciences, University of New Brunswick, 

Fredericton, Canada. The system used was a Resonetics ResolutionÊ 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

+
/
232

Th
+
 ~ 1.0 (monitor of plasma 

robustness), and 
44

Ca
++

/
44

Ca
+
<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 IoliteÊ 2.5 Trace Element 

Data Reduction Scheme (Paton et al. 2011). Spikes in the data were automatically filtered 

using the default 2ů 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/cm
2
. 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 

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

ɛm 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 óSquidô 

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 LA-

ICP-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 
7
Li, 

23
Na, 

24
Mg, 

27
Al, 

29
Si, 

35
Cl, 

39
K, 

44
Ca, 

49
Ti, 

53
Cr, 

55
Mn, 

57
Fe, 

59
Co, 

60
Ni,  

63
Cu, 

66
Zn, 

75
As, 

77
Se, 

81
Br, 

85
Rb, 

88
Sr, 

111
Cd, 

115
In, 

118
Sn, 

123
Sb, 

125
Te, 

133
Cs, 

137
Ba, 

202
Hg, 

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/cm
2
. 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 LA-

ICP-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 re-

folded fold structures. Peak metamorphic conditions vary from 325° to 400°C and 6 to 7 

kbars (Currie et al. 2003).  The present distribution and shape of 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-oxide-

silicate 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 (3-

10%), 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 Deposit background 

1.6.1 Tetagouche Group deposits 

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

several internally imbricated and folded nappes. This group shows a general progression 
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up-section of sub-alkalic felsic volcanic rocks (Nepisiguit Falls Formation) to felsic-

dominated bimodal volcanic rocks (Flat Landing Brook Formation) to alkalic basalts 

(Little River Formation) (Goodfellow et al. 2003). Most of the deposits examined as part 

of this study are hosted by the Tetagouche 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 quartz-

feldspar crystal tuff, with subordinate tuffaceous sedimentary rocks (Lentz 1999b). Well-

developed 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 quartz-

feldspar 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 (Zn-

Pb), and bedded pyrite. The massive sulfides are capped by iron formation (magnetite-
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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 óHalfmile 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-chalcopyrite-

pyrrhotite 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).  
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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 hanging-

wall 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-ICP-

MS. 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-ICP-

MS. 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. 



 

54 

 

 

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). 
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Figure 1.8. Caption is in the next page.  
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Figure 1.8. Geologic cross sections, plans, and stratigraphic profiles of studied 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




























































































































































































































































































































































































































































































































































































































































































































































































































































































