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ABSTRACT 

 
This study addresses trace element concentrations and distributions in hydrothermal 

base metal sulphide (BMS) ores using samples from a wide variety of ore deposits and 

conditions of ore formation. The ranges of trace elements that can be incorporated into 

natural sphalerite, galena, chalcopyrite and tetrahedrite-tennantite are determined, as are the 

preferred equilibrium trace element partitioning trends among these sulphides.  

The previously documented coupled substitution Ag++(Bi, Sb)3+↔2Pb2+ in galena is 

confirmed, yet should also be modified to include Cu+ and Tl+. However, when Bi and/or Sb 

are present at concentrations above ~2000 ppm, incorporation likely includes the creation of 

site vacancies. Thallium is always principally hosted in galena when BMS assemblages 

including sphalerite and chalcopyrite are mapped with LA-ICP-MS. Trace element mapping 

also reveals oscillatory and sector compositional zoning of various elements in galena for the 

first time. It is inferred that the partitioning of certain minerals between galena and sphalerite 

pairs is both predictable and systematic. 

This systematic partitioning is explored and it is shown that the primary factors 

controlling the preferred BMS hosts of almost all trace elements in sphalerite-galena-

chalcopyrite assemblages are element oxidation state, ionic radii of the substituting elements, 

element availability and the maximum trace element budget that a given sulphide structure 

can accommodate. In contrast, it is revealed that temperature, pressure, redox conditions at 

time of crystallization and metal source, do not significantly affect the preferred BMS host of 

almost all trace elements. The only exceptions to this recognized in the study are the critical 

metals Ga, In and Sn in assemblages recrystallized at high metamorphic grades. Observed 

partitioning patterns can be used to assess whether a particular BMS assemblage co-

crystallized. 
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Compared to sphalerite and galena, trace element concentrations in chalcopyrite are 

typically quite low (tens to hundreds of ppm). Nevertheless, it is shown that chalcopyrite can 

host a wide range of trace elements, and the concentrations of such elements generally 

increase in chalcopyrite in the absence of other co-crystallizing sulphides. Importantly, 

chalcopyrite is generally a poor host for most elements considered harmful or unwanted in 

the smelting of Cu (except for Se and Hg on occasions), which suggests it is rarely a 

significant contributor to the presence of such elements in copper concentrates. The 

concentrations of Zn and Cd in chalcopyrite show systematic variation that depends, at least 

in part, on the temperature of BMS crystallization. The Cd:Zn ratios in coexisting 

chalcopyrite and sphalerite may be used to assess if the physiochemical conditions remained 

constant during BMS crystallization. 

Since minerals of the tetrahedrite isotypic series are also common components in base 

metal ores, investigation into the trace element chemistry of tetrahedrite-tennantite is relevant 

to understanding the controls on trace element partitioning in such ores. It is shown that 

tetrahedrite-tennantite will always be the primary host of Ag, Fe, Cu, Zn, As and Sb, and will 

be the secondary host of Cd, Hg and Bi in co-crystallizing BMS assemblages. Conversely, 

tetrahedrite-tennantite is a poor host for the critical metals Ga, In and Sn, all of which will 

prefer to partition to co-crystallizing BMS. 
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CHAPTER 1: INTRODUCTION 

 

This chapter provides an overview of the history of trace element analysis of sulphide 

minerals, details of the laser ablation inductively-coupled plasma mass spectrometry used 

extensively in this study, common applications of trace element data and the objectives and 

structure of this thesis.  

 

1.1 A brief history of trace element data for common sulphides 

 

Metal sulphides represent some of the most economically important minerals in the 

Earth’s crust. They are the principal sources of base metals and are also abundant 

components of precious metal deposits. About a dozen of the 400 or so sulphide minerals are 

sufficiently common that their mineralogy, geochemistry and paragenesis have become of 

widespread interest to geologists concerned with understanding geological processes (Bowles 

et al., 2011). 

Interest in sulphide-hosted trace elements began in the 1930s. Much of the research at that 

time was focused on understanding the hosts of economic elements in sulphide ores (e.g., 

Noddack and Noddack, 1931; Warren, 1932; Warren and Loofbourow, 1932; Lord, 1933; 

Oftedahl, 1940; Stoiber, 1940). At the same time, the treatment of such ores for optimum 

extraction of economic elements was also being pursued (e.g., Hoffman, 1934; Park, 1934; 

Sebba and Pugh, 1937). Element analysis during this period was generally conducted using 

wet chemistry techniques, and as such all analyses were made on bulk mineral separates. 

These bulk methods were greatly limited in their ability to recognize inhomogeneity in 
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minerals (e.g., inclusions, or compositional zoning). These studies were compiled into the 

authoritative paper published by Fleischer (1955). 

From the late 1950s to 1960s, the development and commercialization of electron probe 

microanalysis (EPMA) initiated significant development in the quality of element analysis in 

all minerals, including sulphides. The technique provided microanalysts with the ability to 

truly measure elements in-situ. This permitted researchers to accurately determine 

concentrations of minor elements in sulphides as part of ore deposit studies (e.g., Fujiki, 

1963; Urasima, 1968), contributed to an expansion of synthetic experiments (e.g., Kano and 

Nambu, 1967; Takenouchi and Fujiki, 1968), and led to the recognition of many solid 

solution series in nature (e.g., Nakamoto et al., 1969; Sugaki et al., 1970). In a similar way, 

the development and popularization of secondary ion mass spectrometry (SIMS) and particle-

induced X-ray emission (PIXE) through the 1980s caused the next revolution in 

microanalysis (e.g., Duchesne et al., 1983; Harris et al., 1984; McIntyre et al., 1984; Cabri et 

al., 1984, 1985; Chryssoulis et al., 1986, 1987, 1989; Remond et al., 1987; Cathelineau et al., 

1988; Chryssoulis 1989). Such techniques allowed the quantification of elements at much 

lower minimum detection limits than offered by EPMA.  

Through each new development in microanalysis over the last six decades, numerous new 

opportunities have arisen for sulphide research. Yet despite the many changes to 

microanalytical techniques, the main drivers for such sulphide research has largely remained 

the same; notably, the desire to understand how elements of interest are hosted in ore bodies, 

what controls their distribution, and how they can best be exploited.  

For example, research targeted at the characterization of trace element distributions in 

pyrite and arsenopyrite has been driven by the desire to understand how ‘invisible gold’ is 

hosted in the Fe-sulphides with the purpose of determining its role in refractory ores, in 

which recovery by conventional methods is unsatisfactory. It has long been recognized that 
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pyritic Au ores can contain Au that is neither visible under the microscope, nor recoverable 

using conventional processing techniques (e.g., Bürg, 1935), and that the proportion of this 

invisible gold can significantly influence the economic viability of some ores in a negative 

way (Henley, 1975; Gasparrini, 1983; Cabri, 1988; Harris, 1990). 

In a series of papers in the late 1980’s and early 1990’s, Cabri, Chryssoulis and co-

workers applied new microanalytical techniques (proton microprobe, SIMS) to the problem 

of invisible gold. These studies not only confirmed the presence of invisible gold as lattice-

bound or nanoparticulate Au within the structures of common sulphides (pyrite and 

arsenopyrite; see below), but were able to generate accurate quantification of such Au at 

concentrations down to the ppb-level (Cabri, 1987, 1988, 1992; Chryssoulis et al., 1987, 

1989; Cabri et al., 1989; Cook and Chryssoulis, 1990). These pioneering studies also 

demonstrated that chalcopyrite and other base metal sulphides were poor hosts for invisible 

gold. It was recognized that Au-rich pyrite is generally also enriched in As, and that pyrite is 

typically less efficient at hosting Au than coexisting arsenopyrite, often by concentrations of 

an order of magnitude or more. The role of pyrite as an economically significant Au carrier 

was, however, potentially high or dominant where arsenopyrite was rare or absent. The 

relationship between Au and As was also consistent with work on Au-rich arsenopyrite being 

undertaken at the same time (Cathelineau et al., 1988). Throughout the subsequent 20 years 

or so, many dozens of studies (e.g., Arehart et al., 1993; Huston et al., 1995; Large et al., 

2009; 2014; Cook et al., 2013a) have contributed to a now sizeable dataset for Au and other 

trace elements in pyrite.  

Most of these studies have largely confirmed the important role of As as a ‘catalyst’ for 

the incorporation of Au in pyrite. This relationship, and the occurrence of lattice-bound 

versus particulate Au, was quantified by Reich et al. (2005), who showed a wedge-shaped 

area on a Au vs. As plot, under which Au may be expected to occur in solid solution, and 
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above which it would form nanoparticles or larger inclusions of visible Au. This implies that 

nanoparticle nucleation is controlled by concentration of Au and As above the saturation limit 

in the crystal lattice, i.e., at Au/As > 0.02. Reich et al. (2006) were also able to show that the 

size of Au nanoparticles in As-bearing pyrite controls their thermal stability, and they 

observed size-dependent coarsening or dissolution of Au nanoparticles in arsenian pyrite 

under thermally-induced gradients at temperatures above 370 °C. The association between 

Au and As has also fueled effort to derive the chemical state of Au incorporated in pyrite and 

the substitution mechanism(s) by which this takes place (e.g., Cook and Chryssoulis, 1990; 

Friedl et al., 1995; Fleet and Mumin, 1997; Simon et al., 1999; Savage et al., 2000; Deditius 

et al., 2014). 

The paradigm of arsenic-mediated incorporation of Au was also discussed by Cook et al. 

(2009a), who demonstrated enrichment of several hundreds of ppm Au in arsenic-free pyrite 

from the Dongping deposit, Hebei Province, China. It was suggested that other elements, 

such as Bi, Pb and Te, may also play a role as catalysts for Au incorporation in a similar way 

to As. Subsequent work on the same material (Ciobanu et al., 2012) revealed the presence of 

abundant nano and fine particles of Au-bearing phases, notably a range of Au-(Ag)-tellurides.  

The abundance of literature addressing trace element incorporation in pyrite (and 

arsenopyrite) has emerged largely in the absence of similar studies on common base metal 

sulphides (BMS). This is despite the fact that many BMS are common in a range of different 

hydrothermal ore types and environments, and can be significant hosts of economically 

important elements. Of particular relevance here are sphalerite, galena and chalcopyrite, the 

three most common BMS and the principle ores of Zn, Pb and Cu, respectively. These BMS 

may host elements representing valuable by-products that can be extracted from an ore (e.g., 

Cd and In in sphalerite, Ag in galena), or impurities that may reduce the value of an ore or 

pose an environmental hazard should such an ore be treated incorrectly (e.g., Bi in galena; 
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Lane et al., 2016). In spite of the advances in microanalysis that have occurred over the 

previous 50 years, the distribution and partitioning of trace elements in base metal sulphide 

ores remains poorly understood. 

In addition to the relative lack of literature on trace elements in BMS, the development 

and rapid expansion of high-resolution scanning electron microscopy and chemical mapping 

techniques has shown extraordinary inhomogeneity in many natural materials, inferring that 

much of the published minor and trace element data for sulphides may simply be an average 

of more than one compositionally-distinct zone. Many of the contemporary techniques that 

provide reliable, quantitative analytical data for sulphides (EPMA, SIMS, PIXE and laser 

ablation inductively-coupled plasma mass spectrometry; LA-ICP-MS) remain ‘bulk’ 

methods, inasmuch as the offered spatial resolution may be less than that of individual micro-

inclusions or chemical-structural features in the analyzed grain (e.g., micron-scale lamellar 

banding). Nevertheless, if researchers are aware of the limitations of such techniques, and 

where applicable use processes that may indirectly indicate the presence of inhomogeneity, 

such microanalytical techniques can provide reliable data with direct application to 

geological problems.  

 

1.2 The Laser Ablation Inductively-Coupled Plasma Mass 

Spectrometry technique 

 

The continual growth in popularity of microanalytical techniques amongst researches in 

the geosciences has been largely due to the continual technological advancement of such 

techniques and the constantly expanding range of geological problems microanalytical data 

can be applied to. In regards to LA-ICP-MS, analytical resolution, sensitivity and speed have 

greatly improved over the last 20 to 30 years, coupled with increased access to a wide range 
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of homogeneous reference calibration standards and a reduction in instrument price. This has 

led to the technique being extensively used by researchers in laboratories all over the world to 

acquire trace element data for many different minerals. LA-ICP-MS boasts detection limits 

much less than 1 ppm for many heavy elements while still maintaining a relatively small 

spatial resolution (typically in the tens of μm range). Despite allowing hundreds of analyses 

within a day, and the simultaneous measurement of more than 25 elements per analysis, the 

technique remains relatively cheap to run. Details on the history of the LA-ICP-MS technique 

over the past 20-30 years are given in Fryer et al. (1995), Sylvester (2008a) and Sylvester and 

Jackson (2016). In addition, descriptions of LA-ICP-MS hardware, software, methods and 

routine applications are given in Sylvester (2001, 2008a), Vanhaecke and Degryse (2012), 

Thomas (2013) and Jenner and Arevalo (2016). 

Significant advances to LA-ICP-MS systems have come through the development of 

multi-collector ICP-MS instruments, which allow greater trace element sensitivity than their 

quadrupole counterparts (e.g., Blichert-Toft and Albarede, 1997; Lee and Halliday, 1995; 

Marechal et al., 1999; White et al., 2000), and femtosecond laser ablation systems, as 

opposed to traditional nanosecond alternatives (Russo et al., 2002; Koch and Günther, 2007). 

Perhaps most notable, however, is the flexibility users now have in utilizing different laser 

functions to tackle geological problems; lasers ablation systems may be used to create ‘spots’ 

(deep craters at a single point), ‘trenches’ (shallower craters along a line) or ‘maps’ (many 

trenches adjacent and parallel). Spot analysis provides the best spatial resolution, and is the 

most widely used technique in determining trace element compositions. However, it is 

possible that compositional variation across a mineral or sample can be missed using spot 

analysis alone. Trenches and maps lower spatial resolution due to a greater analysed surface 

area, but compositional changes can usually be monitored and measured. LA-ICP-MS ‘maps’ 

are ideal for providing visualization of compositional variability (assuming such variability 
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does not occur below the spatial resolution provided by the laser), and have clearly revealed 

complex chemical zoning in a range of minerals (e.g., pyrite; Large et al., 2009, molybdenite; 

Ciobanu et al., 2013a). Maps can either be used to display qualitative information (expressed 

as counts-per-second) or quantitative compositions (typically ppm) based on an assigned 

internal standard. 

Despite the widespread popularity of LA-ICP-MS amongst geological researchers, the 

method is not without its limitations. Compared to microanalytical techniques such as 

EPMA, sample volumes analysed by LA-ICP-MS are quite large. Thus, there is potential that 

LA-ICP-MS spots or trenches can unknowingly analyse fine-scale inclusions of distinct 

mineral phases beneath the sample surface. If such inclusions are large enough and are 

heterogeneously dispersed within a laser spot, then it is possible to recognise their presence 

on time-resolved down-hole ablation profiles (e.g., Cook et al., 2009b). However, if 

inclusions are small (e.g., nanoparticles) and homogeneously distributed, then they will be 

invisible on such profiles. Therefore, it is imperative that the locations of LA-ICP-MS spots 

be selected by other techniques (e.g., scanning electron microscopy [SEM]) before analysis to 

ensure the mineral surface is free of any noticeable inclusions. This, along with careful 

inspection of all time-resolved down-hole ablation profiles, generally provides reliable trace 

element data (Cook et al., 2016). Additionally, areas directly adjacent to laser craters can be 

extracted by focussed ion beam scanning electron microscopy (FIB-SEM) and examined 

using transmission electron microscopy (TEM; Ciobanu et al., 2011). This technique allows 

one to distinguish between trace elements hosted in solid solution as opposed to fine-scale 

inclusions, and also potentially allows for the identification of such inclusions (Ciobanu et 

al., 2012). 

Problems may also be encountered by repeatedly analysing similar areas in different 

grains of the same mineral. Consistently placing LA-ICP-MS spots in the centres of mineral 
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grains that are oscillatory zoned from core to rim can result in a large systematic error in the 

data set. Similarly, issues are encountered if some trace elements are only present in mineral 

pores, fractures or cleavage plains. The presence of such trace element rich zones will likely 

be overlooked since such areas are typically not selected for spot analysis. For example, Au is 

concentrated in specific inclusion rich zones in pyrite from Dongping, China; areas that 

would generally be avoided by when placing laser spots (Cook et al., 2009a). This highlights 

the danger of relying on a single technique for providing trace element data. Ideally, spot 

analysis should be accompanied by compositional mapping, especially if the analysed 

mineral is suspected of heterogeneity.  

Integral to applying LA-ICP-MS data to geological problems is the correct identification 

and interpretation of data trends, patterns and groups. However, the speed and ease of the 

LA-ICP-MS technique, and thus its ability to generate large amounts of data quickly, can 

mean that data is not properly processed or interpreted. Prior to LA-ICP-MS analysis, it is 

vital that thorough optical microscopy and SEM work be carried out on a wide range of 

representative sample material, focusing on the identification of mineral textures including 

different mineral generations, overgrowths, compositional zones and replacement reactions. 

This should provide insights for the separation of compositional data into groups that reflect 

actual temporal or textural phenomena, as well as allowing data trends to be placed in their 

proper geological contexts. For example, at the Chang’an gold deposit, Sanjiang region, 

China, diagenetic pyrite is preserved as cores within euhedral pyrite overgrowth rims formed 

during metamorphic recrystallization (Zhang et al., 2014). These two pyrite generations can 

be recognized from their textures, as well as from their vastly different trace element 

signatures.  

In addition to recognizing mineral textures, sulphide mineral solutions, stability 

relationships and solid solution series are also of importance for understanding trace element 
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distributions. Key publications on sulphide thermochemistry and phase equilibria include 

Barton and Skinner (1967, 1979), Barton (1970), Craig and Scott (1976), Vaughan and Craig 

(1997), Fleet (2006) and Sack and Ebel (2006). These sources also contain compilations of 

published phase relation data for geologically important binary, ternary and higher-order sub-

systems.  

It is also important to determine the right statistical treatments for a particular dataset as 

these directly influence geological interpretations. Different treatments have been discussed 

by a range of authors (e.g., Winderbaum et al., 2012; Marques de Sá, 2014; Frenzel et al., 

2016; Makvandi et al., 2016a; 2016b), and their application depends primarily on the purpose 

of a given study. 

Although typically disregarded, factors related to the LA-ICP-MS hardware and function 

may also impact data quality and precision. Fractionation can occur due to different processes 

taking part during LA-ICP-MS analysis, e.g., if melting is induced at the sample during 

ablation. This problem seems to be reduced using femtosecond lasers (Wohlgemuth-

Ueberwasser and Jochum, 2015). Recent research has also investigated fractionation of 

ablated material as it moves from the sample to the plasma and into the mass spectrometer 

(Gilbert et al., 2014). Particle size, selective ionization and various chemical reactions may 

cause different elements to be transported within the LA-ICP-MS system differently. For 

example, it has recently been shown that sulfur isotopes may fractionate up to 2 ‰ δ34S 

during laser ablation of pyrite with a 193 nm ArF laser (Zhu et al., 2017). This is due to 

variable decomposition of pyrite under different laser conditions. Similarly, fractionation 

may also be caused during spot analysis as the laser ablates deeper into the sample with time. 

Most fractionation problems can be mitigated or eliminated using suitable matrix-matched 

standards and properly regulating operating parameters (e.g., Günther et al., 2001; Jackson 
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and Günther, 2003; Günther and Koch, 2008; Sylvester, 2008b; Norman et al., 1996; 2003; 

Wohlgemuth-Ueberwasser et al., 2007; Danyushevsky et al., 2011; Zhu et al., 2017).  

 

1.3 Applications of trace element data 

  

Although there are issues and limitations that need to be considered when using any 

microanalytical technique, including LA-ICP-MS, such techniques have proven powerful in 

their ability to collect reliable trace element data that can be applied to a wide range of 

geological problems and contexts. As such, trace element data has become crucial to studies 

in economic geology, as well as to the mining industry directly. Applications are wide, 

varying and contrasting and so only a few selected applications will be described here to 

illustrate this range. First and foremost, essentially all minerals that are mined contain trace 

elements, and sometimes such trace elements, if valuable and present at high enough 

concentrations, can be recovered and exploited as by-products of the primary ore. As 

discussed above, much of the now sizeable body of work relating to trace elements in pyrite 

and arsenopyrite was driven by the desire to understand how invisible Au is hosted in the Fe-

sulphides with the purpose of determining its role in refractory ores. In a similar way, many 

critical metals (e.g., In, Ge, Ga, Sc, Re) that generally do not form discrete economically 

exploitable minerals must be extracted from ores primarily concentrating other metals. In 

contrast, trace elements can also become impurities in concentrates, usually because they 

reduce the overall grade of the concentrate, and sometimes because the element in question 

represents an environmental hazard (e.g., Lane et al., 2016). If a concentrate contains too 

much of an impurity element, then a significant financial penalty will be incurred from the 

smelter. Thus, in a given ore system it is often necessary to know which minerals host either 



 LUKE GEORGE Ph.D. DISSERTATION  
 

13 
 

valuable by-product elements, or penalty elements, and at what concentrations, so that the ore 

can be processed accordingly. 

Understanding the genesis of ore bodies is vitally important, particularly for those in the 

minerals industry who need conceptual models for exploration of new deposits. Trace 

element data can provide crucial information relating to the evolution of mineralizing fluids 

and the mineralizing system. Through analysis of minerals in host rock and ore, the sources 

of mineralizing fluids and stages of mineralization and overprinting can often be determined. 

For example, Large et al. (2013) use LA-ICP-MS trace element maps of pyrite from the 

Carbon Leader Reef in the Witwatersrand basin, South Africa, to argue that Au concentration 

at Witwatersrand initially resulted from a sedimentary accumulation of Au-rich detrital 

pyrite, followed by an addition of Au in hydrothermal pyrite overgrowths on detrital pyrite 

during peak metamorphism. This interpretation is supported by the fact that detrital pyrite has 

similar trace element composition to digenetic pyrites of the West Rand Group, and is 

intergrown with alumina silicates and organic matter, while later pyrite overgrowths are 

enriched in the same trace elements concentrated in altered brecciated pyrite associated with 

brittle fracture zones in the Carbon Leader Reef.  

Smith et al. (2004) also investigate the origin and evolution of skarns in the Beinn an 

Dubhaich Aureole, Isle of Skye, Scotland, by measuring the trace element contents in 

garnets. Variations in the rare earth element (REE) and U compositions of garnets reflect 

crystallization under near equilibrium conditions to almost super-saturation, as well as from 

essentially small amounts of fluid in a closed system to a larger more open system. Most 

garnets are light REE (LREE) enriched with flat heavy REE (HREE) distributions. These 

trends are interpreted to result from essentially closed system fractional crystallization from a 

fluid at equilibrium with pre-existing minerals. Iron-rich garnet with positive Eu anomalies 

and increased LREE contents relative to HREEs represent crystallization following the 
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addition of new externally buffered fluid into the skarn system. In contrast, Fe-poor garnet 

with HREE enrichment and negative Eu anomalies are thought to be the result of REE 

surface sorption during disequilibrium growth from a super-saturated solution.  

Reich et al. (2016) report pyrite geochemical data from the Los Colorados iron oxide-

apatite (IOA) deposit, Chile. They show that the high Co/Ni ratios in pyrite are typical of a 

magmatic-hydrothermal origin related to more mafic magmatism than pyrite from porphyry 

Cu deposits. Compositionally and texturally, Los Colorados pyrite is also similar to pyrite 

from iron oxide copper gold (IOCG) deposits. They thus infer that metals hosted within 

pyrite (e.g., Cu, Au, Ag, As, Zn, Pb, Cd, Sb, Se and Te) are sourced from fluids related to 

mafic or intermediate magmas, and that Fe-Cu-Au-rich fluids that form IOA systems may 

continue to migrate up through the crust to form IOCG deposits. 

Heidarian et al. (2016) show different magnetite generations in the Chadormalu magnetite-

apatite deposit, Bafq district, Central Iran, can be differentiated based on their trace element 

signatures. Using FeO, SiO2, Al2O3 and CaO concentrations, it is shown that primary 

magnetite is likely related to magmatic-hydrothermal fluid and that secondary magnetite that 

replaces primary magnetite is related to more of a meteoric brine-dominated fluid. These two 

magnetite generations also show evidence of fluid assisted recrystallization to form a third 

late stage magnetite. The authors suggest that Chadormalu is a Kiruna-type iron-oxide 

deposit formed through the evolution of an ore fluid from magmatic-hydrothermal to more 

brine dominant, and that Fe contents increase during fluid evolution.  

The recent increased interest in vector approaches to mineral exploration is also an 

application of trace element data related to the search for new deposits. These approaches are 

based on there being systematic trace element variation in a specific mineral or mineral group 

in various rock types across an ore deposit and alteration envelope. Such variation is 

attributable to the fact that even subtle physiochemical changes in the ore environment as a 
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function of distance to mineralization are typically reflected in trace element incorporation 

into minerals. If predictable compositional trends relating to distance from mineralization can 

be identified for a given mineral in a specific terrane, then it may be possible to be directed 

towards potential mineralization in a similar terrane by measuring trace element abundances 

in the same mineral. A number of studies have investigated the viability of this method in 

specific terranes, using different minerals (see Cook et al., 2016, and references therein), 

though none have been applied generally outside their immediate contexts. For example, 

numerous studies (e.g., Nadoll et al., 2012; Boutroy et al., 2014; Acosta-Góngora et al., 2015; 

Canil et al., 2016; Makvandi et al., 2016a; 2016b) have shown the potential of magnetite as 

an indicator mineral in a range of different systems including Ni-Cu-PGE, IOCG, porphyry, 

skarn and VMS deposits. Gahnite has also been used as a pathfinder to mineralization in the 

Proterozoic Broken Hill terrane, and more recently, trace element analysis has defined certain 

gahnite compositional fields that allow the mineral to be used as an exploration guide to high-

grade sulphide rich ore (O’Brien et al., 2015).  

Also worth mentioning is the use of trace elements in geochronology, perhaps the most 

common application of trace element data (e.g., Cocherie and Robert, 2008). U-Pb zircon 

geochronology was first developed on mineral separates during the 1950s using thermal 

ionisation mass spectrometry (TIMS). Subsequently, in-situ geochronology analysis was 

allowed by SIMS, and later, specially designed sensitive high-resolution ion microprobe 

(SHRIMP). LA-ICP-MS U-Pb dating was then established in the early 1990s after 

considerable development of laser ablation systems, including the reduction of operating 

wavelengths and use of matrix matched reference standards (e.g., Fryer et al., 1993; Feng et 

al., 1993). Whereas original TIMS techniques could only analyse at the scale of whole zircon 

grains, in-situ methods generally allow zircons with complex internal structures and 

evolutionary histories to be dated through the analysis of individual growth zones related to 
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specific temporal events. Since the 1990s, in-situ geochronology by LA-ICP-MS has been 

applied to a wide range of additional minerals including allanite (Pal et al., 2011; Darling et 

al., 2012; Gregory et al., 2012), apatite (Chew et al., 2011; Thomson et al., 2016), xenotime 

(Liu et al., 2011), rutile (Zack et al., 2011), hematite (Ciobanu et al., 2013b, Courtney-Davies 

et al., 2016), cassiterite (Li et al., 2016) and epidote group minerals (Mcfarlane, 2016). The 

development of multi-collector ICP-MS has allowed for high-precision isotope ratio 

determination, greatly aiding the simplicity and ease of isotope systematics (Woodhead et al., 

2016). Thus, although LA-ICP-MS geochronology techniques are less sensitive compared 

with SHRIMP or ID-TIMS, they can nevertheless provide rapid, cost-effective and 

sufficiently accurate data.  

Various geothermobarometers have also been developed utilizing trace element data. For 

example, Watson and Harrison (2005) define a geothermometer based on Ti substitution into 

zircon. As Ti4+ substitutes directly for Si4+ in the zircon structure, the thermometer is based 

on the simple TiO2(rutile) = TiO2(zircon) reaction in a TiO2 saturated system. Measuring the Ti 

content in 54 Hadean zircons from Jack Hills, Western Australia, they infer that the zircons 

crystallized at ~700 oC, essentially identical to zircon crystallization temperatures in modern 

water saturated granitoids. They conclude that within ~100 million years of the earth’s 

formation, granites were forming through crustal anatexis, and the processes of erosion and 

sediment recycling had begun. A similar geothermobarometer has been defined by Hayden et 

al. (2008) based on Zr replacing Ti in the crystal lattice of titanite. Analysis of Zr in titanate 

from seven rocks of well constrained crystallization conditions shows that the 

thermobarometer reliably estimates temperatures consistent with independent constraints to 

within 20 °C over the temperature range of 600 to 1000 °C.  
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1.4 Research objectives and thesis structure 

 

As applications for trace element data have expanded, this has naturally led to a 

substantial increase in the number of individual minerals in which trace elements have been 

measured. Similarly, research focussing on experimentally determining the maximum 

solubility limits of many trace elements in a variety of minerals has also grown (e.g., Kojima 

and Sugaki, 1985; Liu and Chang, 1994; Lepetit et al., 2003; Chutas et al., 2008). Emerging 

from this work is a broad understanding of the common trace elements expected to be hosted 

in different minerals, at what concentrations, and the underlying reasons for the observed 

trends (Table 1.1). This has further led to knowledge of the expected partitioning behaviours 

of key trace elements in different geological systems (e.g., the platinum group elements and 

gold, between pyrrhotite, pentlandite, pyrite and BMS in magmatic sulphide ore deposits; 

Holwell and McDonald, 2010; Dare et al., 2011, and references therein). Such an 

understanding is fundamental to the range of economic applications for trace element data 

since such data is directly related to the genesis of ore systems and their optimal processing. 

Nevertheless, some minerals and systems are far better understood than others (e.g., pyrite 

and arsenopyrite compared to the base metal sulphides), and therefore there is significant 

opportunity to expand our knowledge of trace element partitioning behaviours, and in 

particular, their incorporation into certain minerals in specific systems.  
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Table 1.1. Selected studies that address the trace element composition of common sulphides, iron-oxides, rock-

forming silicates and accessory minerals. After Cook et al. (2016).  

Minerals Reference(s) 

Sphalerite Cook et al. (2009b); Ye et al. (2011); Cook et al. (2012); 

Murakami and Ishihara (2013); Lockington et al. (2014); 

Belissont et al. (2014); Cook et al. (2015) 

Chalcopyrite Butler and Nesbitt (1999); Wohlgemuth-Ueberwasser et al. 

(2015) 

Bornite, chalcocite-group Cook et al. (2011) 

Pyrite Large et al. (2007); Cook et al. (2009a); Large et al. (2009); 

Winderbaum et al. (2012); Ingham et al. (2014); Large et al. 

(2014) 

Arsenopyrite Morey et al. (2008); Sung et al. (2008); Cook et al. (2013a); 

Lawley et al. (2015) 

Enargite Deyell and Hedenquist (2011) 

Molybdenite Ciobanu et al. (2013a) 

Pyrrhotite-pentlandite-(pyrite, Ni-

arsenides) in magmatic ores, including 

PGE deposits 

Barnes et al. (2008) 

Bismuth chalcogenides and sulphosalts Ciobanu et al. (2009) 

Hematite Ciobanu et al. (2013b) 

Magnetite Nadoll et al. (2014); Dare et al. (2014) 

Chromite Pagé and Barnes (2009) 

Gahnite O’Brien et al. (2015) 

Scheelite, wolframite, ferberite Goldmann et al. (2013); Song et al. (2014); Hazarika et al. (2016); 

Raju et al. (2016) 

Xenotime, florencite Cook et al. (2013b) 

(Calcic, skarn) garnet and other skarn calc-

silicates (pyroxenes, clinozoisite etc.) 

Smith et al. (2004); Gaspar et al. (2008); Ismail et al. (2014); Xu 

et al. (2016) 

Feldspars Kontonikas-Charos et al. (2014) 

Rutile and titanite Smith et al. (2009); Ismail et al. (2014); Fu et al. (2016) 

Apatite Ismail et al. (2014); He et al. (2016); She et al. (2016) 

Fluorite Gagnon et al. (2003) 
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This project aims to better understand the trace element composition of minerals in the 

BMS group, and, in turn, trace element partitioning patterns between them. This work 

principally focuses on the BMS sphalerite, galena and chalcopyrite, three of the most 

common BMS, and the principle ores of Zn, Pb and Cu respectively. In addition, tetrahedrite-

tennantite, a sulphosalt solid solution series that commonly co-crystallizes with BMS is also 

considered. This project was carried out using a variety of microanalytical techniques, most 

notably the LA-ICP-MS technique, and the methods employed are described in Chapter 2.  

Of the three BMS focussed on here, sphalerite has been the object of the most thorough 

trace element studies (e.g., Bethke and Barton, 1971; Johan, 1988; Axelsson and Rodushkin, 

2001; Cook et al., 2009b; Ye et al., 2011; Cook et al., 2012; Murakami and Ishihara, 2013; 

Lockington et al., 2014; Belissont et al., 2014; Cook et al., 2015), in large part to understand 

the distribution of critical elements (e.g., In, Ge, or Ga). Such elements generally do not form 

discrete minerals that are economically exploitable, rather are typically produced as by-

products of Zn mining. In contrast to sphalerite, trace element studies of galena are relatively 

scarce and have mostly focused on the elements Ag, Bi and Sb (e.g., Van Hook, 1960; Foord 

et al., 1988; Foord and Shawe, 1989; Jeppsson, 1989; Lueth et al., 2000; Costagliola et al., 

2003; Chutas et al., 2008; Renock and Becker, 2011), elements commonly hosted at 

relatively high concentrations in the Pb-sulphide. Chapter 3 thus outlines a broad LA-ICP-

MS study of galena specimens from a range of different galena-bearing ores. It is shown that 

galena can be a significant host of a number of important trace elements including Sn, Tl and 

Cu. Both Cu and Tl appear to partition into galena as part of the coupled substitution (Ag, 

Cu, Tl)+ + (Bi, Sb)3+ = 2Pb2+. Bismuth is the most abundant trace element measured in galena 

with concentrations reaching over 36,000 ppm, however the incorporation of concentrations 

above ~2,000 ppm likely involves the creation of vacancies in the galena lattice. For the first 
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time, trace element oscillatory and sector compositional zoning is observed within epithermal 

galena.  

For some trace elements, it is noted that partitioning patterns are generally predictable 

between galena and co-crystallizing sphalerite. However, the presence of other co-

crystallizing minerals, especially chalcopyrite, affects the distributions of some elements. 

These findings are the basis for the subsequent study detailed in Chapter 4, which 

investigates the systematic partitioning of trace elements between co-crystallizing sphalerite, 

galena and chalcopyrite in hydrothermal ores. The aim is to identify the primary controls on 

trace element partitioning and determine the preferred BMS hosts of a suite of trace elements. 

It is shown that partitioning is governed principally by element oxidation state, ionic radius of 

the substituting element, element availability and the maximum trace element budget that a 

given sulphide mineral can accommodate. All trace elements have a single preferred BMS 

host under all investigated physiochemical conditions. The only exceptions are Sn, Ga and In 

where partitioning behaviours change at high metamorphic grades during BMS 

recrystallization.  

One additional observation is that chalcopyrite trace element concentrations are typically 

quite low, especially when compared to sphalerite and galena. Furthermore, the majority of 

prior studies investigating the trace element composition of chalcopyrite have focused on a 

limited suite of elements and often the minimum detection limits of the microanalytical 

techniques used were too high to accurately determine trace element ranges and 

concentrations (e.g., Harris et al., 1984; Cabri et al., 1985; Kase, 1987; Brill, 1989; Huston et 

al., 1996; Scott et al., 2001; Moggi-Cecchi et al., 2002; Serranti et al., 2002; Shalaby et al., 

2004; Demir et al., 2008; Layton-Matthews et al., 2008; Monteiro et al., 2008; Demir et al., 

2013; Gena et al., 2013; Reich et al., 2013; Cioacă et al., 2014; Helmy et al., 2014; G. Wang 

et al., 2015; Wohlgemuth-Ueberwasser et al., 2015; Sadati et al., 2016). Therefore, Chapter 
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5 explores chalcopyrite trace element chemistry in detail, aiming to establish which trace 

elements may be hosted by chalcopyrite in a wide variety of settings. It is shown that 

chalcopyrite may host a wide range of elements, some of which are rarely if ever reported in 

previous studies. As chalcopyrite is often present in far greater abundance compared to other 

sulphides in many Cu-ores, it may be the main host of many trace elements in a given system. 

An important consideration is that chalcopyrite may even host enough Se and Hg to cause an 

associated Cu-concentrate to incur a monetary penalty from a smelter. The Zn:Cd ratio of 

chalcopyrite systematically varies depending in part on temperature of crystallization. If the 

Zn:Cd ratios of co-crystallizing chalcopyrite and sphalerite are approximately constant and 

equal, it implies the sulphides formed under constant physiochemical conditions.  

In addition to sphalerite, galena and chalcopyrite, minerals of the tetrahedrite isotypic 

series are also widespread components of base metal ores, where they commonly co-

crystallize with BMS. Thus Chapter 6 considers the trace element chemistry of tetrahedrite-

tennantite to determine which trace elements can be incorporated, at what levels of 

concentration, and how the presence of tetrahedrite-tennantite influences patterns of trace 

element partitioning in base metal ores. It is shown that tetrahedrite-tennantite is a significant 

carrier of a range of trace elements, which should be recognized when assessing the main 

hosts of trace elements in any given assemblage. The presence of tetrahedrite-tennantite in 

co-crystallizing BMS assemblages will influence the distribution patterns of Fe, Cu, Zn, As, 

Ag, Cd, Sb, Hg and Bi. Perhaps most noteworthy, tetrahedrite-tennantite will always be the 

primary host of Ag in a co-crystallized BMS ore. In contrast, tetrahedrite-tennantite is a poor 

host for the critical metals Ga, In and Sn, all of which prefer to partition to co-crystallizing 

BMS. 
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Chapter 7 summarises all the key findings of this project, outlines current research gaps 

as well as further opportunities for additional investigation. Chapter 8 provides all additional 

material for this thesis, and finally, Chapter 9 collates all references cited within the thesis.  
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CHAPTER 2: METHODOLOGY 

 

This chapter provides a brief description of the samples used in this study, the criteria used 

to select them, and sample preparation. In the second part of the chapter, details of each 

microanalytical technique are outlined. These include Optical Microscopy, Scanning Electron 

Microscopy (SEM), Electron Probe Microanalysis (EPMA) and Laser Ablation Inductively-

Coupled Plasma Mass Spectrometry (LA-ICP-MS). 

 

2.1 Sample selection and preparation  

 

A total of 115 samples from 38 deposits in 12 countries were used in this study (Table 

2.1). Most samples originate from the personal collections of Prof. Nigel Cook and Dr. 

Cristiana Ciobanu, with additional material sourced from the South Australian Museum and 

the Tate Museum (The University of Adelaide) as indicated in Table 2.1. Samples were 

deliberately selected from a wide variety of deposit types, geological terranes and conditions 

of ore formation. This was to ensure that the measured trace element distributions and 

partitioning behaviours were sufficiently representative of an extensive range of conditions 

and environments. This does not imply that the sample suite is completely representative of 

each different deposit type (given the extraordinary variety ore deposits exhibit), only that it 

includes examples of as many different base metal sulphide (BMS) ores as possible. All 

samples contain at least one BMS (including tetrahedrite-tennantite), although most contain 

more than one co-existing sulphide phase. 
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Table 2.1. List of samples used in this study 
Locality Sample Used in 

Chapter 
Locality Sample Used in 

Chapter 

Allihies Mine, Ireland G13301* 6 Kochbulak, Uzbekistan 30 3 
Assarel, Bulgaria ASR 10 5  33 5 
 ASR 5A 5  38 3 
 ASR KB P12077 5  47 3 
Baia de Aries, Romania BdA 99-1 3 Lega Dembi, Ethiopia 7011A 3 
 BdA 99-5 3 Medcritting, Australia G6948* 6 
 BdA 99-9 3 Mofjellet, Norway Mo11 3 
Baita Bihor, Romania BB158 3  Mo16 5, 6 
 BB55 3, 4, 5  Mo17A 5, 6 
 BBH15-21 5  Mo2 3, 4 
 BBH16AB 3  Mo5 3, 5 
 BBH16B 3, 4 Mooloowatana HS, Australia G15977* 6 
 BBH20 3, 4 Mt. Camel, Australia G10847* 6 
 BBH25 3 Mt. Isa, Australia 5984B C1 3 
 BBH28A 3  5984B C2 3 
 BBH32 3, 4  5985 C1 4 
Bleikvassli, Norway Bv-1 3, 4, 5  5990 C1 3 
 Bv-4 5 Oraparinna, Australia G14867* 6 
 Bv-97-3 3 Oravita, Romania ORV1 5, 6 
 Bv97-52 6  ORV4 5, 6 
 V446 3, 6  ORV4a 5 
 V538 3, 6  ORV4B 4, 5 
 V57-852 3 Pulganbar, Australia G871* 6 
 V598572 4, 5  G874* 6 
Bor, Serbia BOR14 5  G882* 6 
Broken Hill, Australia BH218 3, 4, 5 Ring Valley, Australia G879* 6 
 BH221 3 S. Wheal Exmouth, England G13289a* 6 
 BH233 3  G13289b* 6 
 BH73 4, 5 Siegen, Germany G16152* 6 
 G11701* 6  G6946* 6 
 G14549a* 6 Sulitjelma, Norway CV01.1 5 
 G14549b* 6  CV01.2a 5 
 G16396* 6  CV01.2b 5 
Curtin Davis Mine, Australia G14246* 6  CV01.3 5 
Elatsite, Bulgaria Elatsite b a 5  CV01.4 5 
 ELS 157 3, 5  CV01.6b 5 
Emperor Gold Mine, Fiji VFI031** 6  NC4172 5 
Evelyn Mine, Australia EV8** 6  NC5839 5 
Gortdrum Mine, Ireland G29851* 6  NC6894 5 
Great Boulder Mine, Australia G6940* 6  Su3 5 
Grosskogel Mine, Austria G16835* 6  Sulis 1b 5 
Herja, Romania Hj13 3, 4, 5, 6 Sulis2a 5 
 Hj14 3, 6 Sullivan, Canada Sul-1 3 
Kalgoorlie, Australia G11579* 6 Tinga, Australia G12640* 6 
Kanmantoo, Australia KTDD086(11) 5 Toroiaga, Romania Emeric2 3, 4, 5 
 KTDD086(12) 5  T1a 3, 5 
 KTDD086(8) 5  TOR189 5 
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 KTDD086(9) 5  TOR191 4, 5 
 KTDD178(12) 5  TOR197 3, 4, 5 
 KTDD178(7) 5  Toroiaga R0 5 
 KTDD178(8) 5 Vorta, Romania DM3 3 
 KTDD180(3) 5  DMV99-22 3, 5 
 KTDD180(7) 5  ZN 99.2 3 
 KTDD180S(4) 5 Webb's Ag Mine, Australia G6949* 6 
 KTDD180S(5) 5 Yerranderrie, Australia G6951* 6 
Kapp Mineral, Norway Kmi 2a 4, 5  G873* 6 
 Kmi 2b 3    
 Kmi 4 3 *Sample derives from the South Australian Museum.  
 Kmi 5 4 **Sample derives from the Tate Museum, The University of 

Adelaide 

 

Samples that displayed clear textural evidence for equilibrium co-crystallization of BMS 

were especially sought after (e.g., showing ~120o triple-junction grain boundaries between 

sulphides; see Fig. 2.1), since trace element distributions in co-crystallized assemblages 

reveal equilibrium element partitioning resulting directly from the prevailing conditions 

during ore formation. While the geological histories of the deposits represented in Table 2.1 

are diverse, those ores with relatively simple geological histories (i.e., single BMS deposition 

event, minimal to no secondary overprinting) were favoured for inclusion in the study. This 

was done to ensure that trace element partitioning trends related predominantly to primary 

events. Nevertheless, some samples, particularly those containing tetrahedrite-tennantite 

sourced from the South Australian Museum and the Tate Museum, come from deposits with 

poorly constrained, or even unknown geological histories (e.g., from historic workings or 

prospects). In these cases, sulphide co-crystallization may still be determined from textural 

evidence, and only the effects of the co-crystallized sulphide assemblage on trace element 

partitioning are considered. Brief descriptions of the deposits that samples were sourced from 

may be found in the respective chapter(s) (and their appendices) each sample was used in 

(see Table 2.1).   
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Figure 2.1. Representative back-scattered electron images illustrating textural evidence for 
BMS and tetrahedrite-tennantite co-crystallization. (a) ~120o triple-junction grain 
boundaries between tetrahedrite (Tet), sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) 
from Kalgoorlie, Australia (orogenic Au deposit). (b) ~120o triple-junction grain boundaries 
between sphalerite, galena and chalcopyrite from Herja, Romania (epithermal deposit). (c) 
~120o triple-junction grain boundaries between sphalerite, galena and tennantite (Ten) from 
Bleikvassli, Norway (recrystallized SEDEX deposit). (d) ~120o triple-junction grain 
boundaries between sphalerite, galena and chalcopyrite from Baita Bihor, Romania (skarn 
deposit). Bn = bornite. In each example note the grain boundaries curving towards the triple 
junction in order to approximate 120°. 
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Most samples were obtained as ready-prepared polished blocks, with size ranging from 1-

2 inches; most were circular, although a few were rectangular. Some rock fragments were 

part of the material acquired from the South Australian Museum and the Tate Museum and 

these were sent to Adelaide Petrographic Laboratories for mounting in epoxy as 1-inch 

diameter polished blocks. All existing polished blocks were thoroughly re-polished and 

cleaned prior to use in this study. Some of the older polished blocks were professionally re-

polished by Adelaide Petrographic Laboratories. All carbon coating necessary for SEM and 

EPMA was carried out by Adelaide Microscopy (University of Adelaide) staff where all 

microanalytical work was also conducted.  

 

2.2 Optical Microscopy  

 

Prior to any microanalytical work being conducted, all samples were thoroughly examined 

by reflected light optical microscopy using a Nikon Eclipse LV100 POL Petrographic 

Microscope. The LV100 is equipped with a high-intensity halogen light source that gives 

bright images with lower heat production, thus reducing heat-induced focus drift. Optical 

microscopy was used to classify the main sulphide phases present in each sample, categorize 

any textural features on the sample scale, and identify areas to be specifically investigated 

using scanning electron microscopy (i.e., smaller scale textural features, additional phases to 

be classified).  
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2.3 Scanning Electron Microscopy (SEM) 

 

SEM work was conducted using a FEI Quanta 450 Field Emission Gun (FEG) 

Environmental Scanning Electron Microscope. The Quanta 450 is a High Resolution Field 

Emission SEM that may be operated in either Environmental SEM (for wet samples), Low 

Vacuum (for non-conductive samples) or High Vacuum modes (for high resolution imagery 

of conductive samples). As all samples were carbon coated prior to SEM work, imaging was 

carried out in High Vacuum mode. The ~15 nm thick carbon coat was produced by a Quorum 

Q150TE vacuum evaporator. Prior to insertion into the sample chamber, carbon-coated 

polished blocks were fixed to a 12 mm-diameter aluminium sample holder using double-

sided carbon tape that extended to the sample surface. Operating conditions remained 

constant at 20 kV, 10 mm working distance, 0o stage tilt and 130 Pa chamber pressure. While 

the Quanta 450 is equipped with both secondary electron (SE) and backscattered electron 

(BSE) detectors, sample characterization and imaging was primarily carried out in BSE 

mode. The Quanta 450 is also equipped with a SDD energy dispersive X-ray spectrometer 

(EDS) detector that was used for semi-quantitative compositional analysis.  

The mineralogy of each sample was characterized by SEM using BSE mode at various 

magnifications and contrasts to highlight heterogeneities. Special attention was given to 

recognizing various mineral textures, including different mineral generations, overgrowths, 

compositional zones and replacement reactions. Such textures have direct implications for 

gathering and interpreting compositional data generated by EPMA or LA-ICP-MS. For the 

purposes of this study it was integral that compositional data for different grains of the same 

mineral, or different minerals, was compared only when they related to the same temporal 

and geological phenomena. The EDS system was used to identify, and provide semi-

quantitative compositional information on the different minerals in each sample, most 
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importantly, the sulphide phases. Finally, the SEM was also used to locate areas of sulphide 

grains that were ‘clean’ and free of any noticeable inclusions. Such areas were noted and 

used for the placement of EPMA and LA-ICP-MS spots, while areas where inclusions 

occurred were avoided (Fig. 2.2).  

 

Figure 2.2. Representative back-scattered electron images illustrating areas where 
inclusions were recognized and thus avoided when placing EPMA and LA-ICP-MS spots. 
Sp = sphalerite, Gn = galena, Cp = chalcopyrite, Tet = tetrahedrite, Bi-Ss = Bi-sulphosalt. 
Areas containing (a) gangue, (b) tetrahedrite and (c) galena inclusions are circled in red. (d) 
Area containing exsolutions of a Bi-sulphosalt in galena.  
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2.4 Electron Probe Microanalysis (EPMA)  

 

Quantitative microanalysis of major and minor elements in minerals of the tetrahedrite 

isotypic series was carried out using a Cameca SXFive Electron Probe Microanalyser running 

PeakSite software. The SXFive EPMA has five wavelength dispersive spectrometers (WDS) 

for EPMA analysis, as well as an EDS, the ability to scan the electron beam and an optical 

microscope. The arrangement of diffraction crystals within the WDS can be adjusted 

depending on the material being analysed. For this study, spectrometers 1 and 4 were large 

area pentaerythritol (LPET) crystals, spectrometer 2 was a thallium hydrogen phthalate 

(TAP) crystal, and spectrometers 3 and 5 were large area lithium fluoride (LLIF) crystals. 

Large area crystals increase count rate and thus improve element detection limits.  

For tetrahedrite-tennantite analysis the beam operating conditions were maintained at 20 

keV, 20 nA, a takeoff angle of 40o and a beam size of 5 μm. The suite of elements analyzed 

was S, Pb, Cd, As, Se, Fe, Cu, Mn, Ag, Sn In, Hg, Zn, Ni, Co, Sb, Te, Bi, Tl and Ga. 

Acquisition order was set such that each spectrometer had approximately equal measurement 

times. Thus spectrometer 1 measured S, Pb, Cd and Bi, spectrometer 2 measured As and Se, 

spectrometer 3 measured Fe, Cu, Mn and Ga, spectrometer 4 measured Ag, Sn, In, Sb, Te and 

Tl and spectrometer 5 measured Hg, Zn, Ni and Co. Probe for EPMA software, distributed by 

Probe Software Inc., was used for calibration and data reduction (Donovan, 2014). 

Calibration was performed on certified natural and synthetic standards from Astimex Ltd. and 

P&H Associates. A list of X-ray lines, standards used and count times are shown in Table 

2.2. Tetrahedrite-tennantite EPMA element maps were also generated using an operating 

voltage of 20 keV and 224 nA with a step size of 4 μm. Thus there was slight spot overlap on 

each line.  
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Table 2.2. EPMA X-ray lines, standards and count times.  
 

      
Element 
/X-Ray 
Line 

Standard 
Peak 
Count 
Time (s) 

Background 
Type/Fit 

# of Background 
Points Acquired 
(Lo side of peak/Hi 
side of peak) 

Background 
Count Time 
(Lo/Hi; s) 

S Kα P&H block Chalcopyrite 10 Multipoint 2/2 10/10 

Pb Mα P&H block Galena 30 Multipoint 4/3 7.5/40 

Cd Lα P&H block Greenockite 60 Multipoint 2/2 30/30 

As Lα Astimex Gallium Arsenide 30 Multipoint 2/2 20/5 

Se Lα P&H block Bismuth Selenide 100 Multipoint 2/3 90/60 

Fe Kα P&H block Chalcopyrite 10 Multipoint 2/2 10/10 

Cu Kα P&H block Chalcopyrite 10 Linear - 10/10 

Mn Kα P&H block Rhodonite 30 Multipoint 2/2 20/20 

Ag Lα P&H block Silver/Silver Telluride 30 Multipoint 1/2 20/5 

Sn Lα P&H block Cassiterite 30 Multipoint 2/2 20/20 

In Lα Astimex Indium 30 Multipoint 2/1 5/20 

Hg Lα P&H block Cinnabar 100 Multipoint 3/3 90/90 

Zn Kα P&H block Sphalerite 30 Multipoint 2/2 10/10 

Ni Kα Astimex Pentlandite 30 Linear - 10/10 

Co Kα Astimex Cobalt 30 Multipoint 2/2 10/10 

Sb Lα Astimex Stibnite 30 Multipoint 2/2 20/20 

Te Lα P&H block Silver Telluride 30 Multipoint 2/2 20/20 

Bi Mα P&H block Bismuth Selenide 30 Multipoint 2/2 20/5 

Tl Mα Astimex Thallium 20 Linear - 10/10 

Ga Kα P&H block Gallium Arsenide 20 Linear - 10/10 
  

There exists a number of X-ray overlap interferences on many of the elements measured in 

tetrahedrite-tennantite in this study. Corrections must therefore be applied to the analyzed X-

ray intensities based on the measurements of additional standards. A list of the relevant 

element overlap interferences and the standards used for correction are listed in Table 2.3, 

along with mean minimum detection limits for each analyzed element.  
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Table 2.3. Element overlap corrections and mean minimum detection limits (99% confidence; data in wt. %). 

    Element 
/X-Ray Line 

Overlapping X-Ray 
Line/Diffraction Order Overlap Standard Mean 

MDL 
S Kα Co Kα1 III, Sb Lγ3 II, Hg Lγ1 I Astimex Cobalt, Astimex Stibnite, Astimex Cinnabar 0.013 
Pb Mα Fe Kβ1 III, As Kβ1 V P&H block Chalcopyrite, Astimex Gallium Arsenide 0.037 

Cd Lα Pb Lβ1 IV, Ag Lβ1 I, Se Kβ1 IV Astimex Galena, P&H block Silver Telluride, 
Astimex Bismuth Selenide 0.031 

As Lα Sb Lβ1 III, Fe Kα1 V, Co Kβ1 
VI 

Astimex Stibnite, P&H block Chalcopyrite, Astimex 
Cobalt 0.043 

Se Lα As Lβ3 I, Te Lβ3 III, Co Kα1 V Astimex Gallium Arsenide, P&H block Silver 
Telluride, Astimex Cobalt, Astimex Nickel 0.018 

Fe Kα Pb Lβ3 II P&H block Galena 0.020 
Cu Kα - - 0.031 
Mn Kα Hg Lβ1 II, As Kβ1 II P&H block Cinnabar, P&H block Gallium Arsenide 0.015 

Ag Lα Hg Lβ2 IV, Cu Kβ2 III, Mn Kα1 
II 

P&H block Cinnabar, P&H block Chalcopyrite, 
P&H block Rhodonite 0.041 

Sn Lα Co Kα1 II, Hg Lγ1 IV Astimex Cobalt, P&H block Cinnabar 0.026 

In Lα Cd Lβ1 I, Bi Lβ3 IV, Hg Lα2 III P&H block Greenockite, P&H block Bismuth 
Selenide, P&H block Cinnabar 0.031 

Hg Lα - - 0.042 
Zn Kα - - 0.030 
Ni Kα - - 0.022 
Co Kα Hg Lγ1 II P&H block Cinnabar 0.018 
Sb Lα Bi Lα1 III P&H block Bismuth Selenide 0.022 

Te Lα Sn Lβ3 I, Se Kα1 III, Ni Kα1 II P&H block Cassiterite, P&H block Bismuth 
Selenide, Astimex Pentlandite 0.024 

Bi Mα Pb Mβ I P&H block Galena 0.057 
Tl Mα Hg Mβ I Astimex Cinnabar 0.126 
Ga Kα Pb L1 I P&H block Galena 0.041 

 

As many of the trace elements contained within sulphides are hosted at concentration 

levels below typical EPMA detection limits, EPMA was not used to determine which trace 

elements were present in a sulphide, nor to determine partitioning trends between sulphide 

phases. EPMA was used primarily to quantify major element compositions in the 

tetrahedrite-tennantite solid solution series. In particular, Cu concentrations in tetrahedrite-

tennantite determined by EPMA were used as the internal standard for quantifying 

tetrahedrite-tennantite LA-ICP-MS data. In some cases EPMA was used to check the 

precision of LA-ICP-MS data for elements measurable by both methods (see next section) 

and in these cases EPMA operating conditions were maintained as above.  
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2.5 Laser Ablation Inductively-Coupled Plasma Mass 

Spectrometry (LA-ICP-MS)  

 

2.5.1 LA-ICP-MS spot analysis 

 

Quantitative trace element spot analyses of galena in Chapter 3 were obtained using a New 

Wave UP-213 nm Nd:YAG laser-ablation system coupled to an Agilent HP-7500cx 

inductively-coupled plasma mass spectrometer. All quantitative spot analyses in chapters 4, 5 

and 6 were carried out using an ASI M-50-LR 193 nm Excimer laser attached to an Agilent 

7700cx Quadrupole inductively-coupled mass spectrometer. Designed by Laurin Technic 

Pty., the ASI laser ablation system utilizes a two-volume small volume ablation cell, boasting 

superior trace element sensitivity, washout and stability (Müller et al., 2009). The sample is 

ablated in an atmosphere of ultra-high purity (UHP) He (0.7 L/min), and the resulting aerosol 

is mixed with Ar (0.93 L/min) after leaving the ablation cell. The aerosol mix passes through 

a pulse-homogenizing device (squid) proceeding direct introduction into the torch.  

Throughout each LA-ICP-MS session, the ICP-MS was calibrated regularly by optimising 

the voltages that control the lens parameters. Frequent calibration maintains maximum 

sensitivity on the isotopes of interest, as well as minimizing the production of molecular 

oxide species to levels typically below 0.2 %. These are undesirable species such as 232Th16O 

and doubly charged ion species (i.e., 140Ce2+). 

Whilst analyzing galena on the New Wave laser ablation system, the laser spot size was 

maintained at 30 μm, at a repetition rate of 4 Hz, producing a flux at the sample surface of 

~0.5 J/cm2. Based on these settings, SEM inspection of ablation craters reveals that the 

approximate ablation rate for galena is ~0.6–1.0 μm/s. Since this is a high ablation rate 
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compared to other sulphides, while using the ASI system to analyze galena the energy output 

was set at 80 mJ, the repetition rate was increased to 10 Hz while the spot size was lowered 

significantly to 8-12 μm to ensure the sensitive ICP-MS was not oversaturated with Pb. 

During analysis of sphalerite, chalcopyrite and tetrahedrite-tennantite, the laser beam energy 

output was maintained at 100 mJ, a 26 μm spot size was used and the repetition rate was set 

at 10 Hz. The total acquisition time for each individual spot analysis was typically 60 s; 30 s 

of background measurement followed by 30 s of sample ablation. Using the New Wave laser, 

however, acquisition time was 80 s comprising 30 s of background measurement and 50 s of 

sample ablation. A 40 s delay time was allowed after each spot analysis to ensure the ablation 

cell was sufficiently washed-out, the gases stabilized and computer processing had finished.  

During the analysis of galena outlined in chapter 3, the following suite of isotopes were 

measured: 33S, 34S, 53Cr, 55Mn, 57Fe, 58Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 75As, 82Se, 95Mo, 

107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 197Au, 202Hg, 205Tl, 204Pb, 206Pb, 208Pb, and 209Bi. 

Dwell times for all elements were set at 0.05 s, except for Ag, Sb and Bi which were set at 

0.03 s, and S and Pb which were set at 0.007 s. While using the ASI LA-ICP-MS the isotopes 

analyzed were 34S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 72Ge, 75As, 82Se, 95Mo, 107Ag, 

111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 197Au, 202Hg, 205Tl, 206Pb, 207Pb, 208Pb and 209Bi. Dwell 

times for each isotope was set at 0.01 s, while 115In, 197Au and 205Tl were set at 0.05 s to 

achieve a lower minimum detection limit.  

Three analyses of the MASS-1 sulphide reference material (formerly PS-1; Wilson et al., 

2002) were made before and after a maximum of 12 unknown spot analyses. Thus instrument 

drift was monitored and, using the bracketed MASS-1 analyses, a linear drift correction was 

applied to the unknown analyses. All spot data calculations were carried out using GLITTER 

data reduction software (Van Achterberg et al., 2001). The internal standard elements used 

for quantification of analyses were as follows: Zn for sphalerite, Pb for galena and Cu for 



 LUKE GEORGE Ph.D. DISSERTATION  
 

61 
 

chalcopyrite and tetrahedrite-tennantite. Stoichiometric sphalerite, galena and chalcopyrite 

were assumed, thus values of 61 wt. % Zn in sphalerite (allowing for 4.06 wt. % Fe), 86.6 wt. 

% Pb in galena and 34.63 wt. % Cu in chalcopyrite were used. The maximum possible error 

resulting from using these values rather than actual values determined by EPMA is ~13 % for 

sphalerite and galena, and significantly less for chalcopyrite, and thus the maximum error 

was almost always less than instrumental error. The Cu wt. % value for tetrahedrite-

tennantite in each sample as determined by EPMA was used as the internal standard for 

quantifying tetrahedrite-tennantite LA-ICP-MS data. The internal standard weight must be 

entered as an oxide wt. % in GLITTER, i.e., ZnO, PbO or Cu2O. Thus element weights were 

converted to oxide weights based on formulas 2.1-2.4 below. 

 

2.1                  𝑤𝑡. % 𝑍𝑛 𝑖𝑛 𝑠𝑝ℎ𝑎𝑙𝑒𝑟𝑖𝑡𝑒 × (
𝑍𝑛 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 + 𝑂 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠

𝑍𝑛 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠
)                                         

= 61 × (
65.39 + 15.999

65.39
) = 𝟕𝟓. 𝟗𝟐𝟖 

 

2.2                  𝑤𝑡. % 𝑃𝑏 𝑖𝑛 𝑔𝑎𝑙𝑒𝑛𝑎 × (
𝑃𝑏 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 + 𝑂 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠

𝑃𝑏 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠
)                                                

    = 86.6 × (
207.2 + 15.999

207.2
) = 𝟗𝟑. 𝟐𝟖𝟕 

 

2.3                  𝑤𝑡. % 𝐶𝑢 𝑖𝑛 𝑐ℎ𝑎𝑙𝑐𝑜𝑝𝑦𝑟𝑖𝑡𝑒 × (
2 × 𝐶𝑢 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 + 𝑂 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠

2 × 𝐶𝑢 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠
)                            

                   = 34.63 × (
2 × 63.546 + 15.999

2 × 63.546
) = 𝟑𝟖. 𝟗𝟖𝟗𝟓 

 

2.4                  𝑤𝑡. % 𝐶𝑢 𝑖𝑛 𝑡𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑖𝑡𝑒/𝑡𝑒𝑛𝑛𝑎𝑛𝑡𝑖𝑡𝑒 × (
2 × 𝐶𝑢 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 + 𝑂 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠

2 × 𝐶𝑢 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠
) 

                                           = 𝐷𝐸𝑇𝐸𝑅𝑀𝐼𝑁𝐸𝐷 𝐵𝑌 𝐸𝑃𝑀𝐴 × (
2 × 63.546 + 15.999

2 × 63.546
) = 𝑿 
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The general aim was to collect a minimum of 10 spot analyses per sulphide per sample, 

assuming a sample contained a sufficient number of coarse enough grains of a given sulphide 

to allow for this. 10 analyses was typically adequate to establish trace element variation in a 

sample. Nevertheless, LA-ICP-MS mapping is desirable to truly quantify variation, especially 

where systematic zonation is present. For elements hosted in solid solution in a mineral, LA-

ICP-MS time-resolved downhole profiles will appear smooth (e.g., Fig. 2.3a), whereas sub-

surface inclusions usually show as peaks on such profiles (e.g., Fig. 2.3b) if they are 

sufficiently large. Using GLITTER, the LA-ICP-MS downhole profile for each element in 

each individual unknown or MASS-1 spot analysis was carefully manually checked for peaks 

that may indicate an inclusion was accidentally ablated. If an inclusion was recognized, the 

analysis was discarded. In special cases where an inclusion was only ablated towards the end 

of a spot analysis, the selected time interval for integration excluded the section of the 

downhole ablation profile in which the inclusion was recognized (e.g., Fig. 2.3c). Ignoring 

analyses that are below the minimum detection limits (mdl) gives an over-estimation of the 

actual mean concentration of a given element in a sulphide, while treating <mdl values as 0 

gives an under-estimation of the mean. As such, analyses that were below the mdl for a given 

element in a sulphide were generally given the artificial value mdl/2 since this normally 

allows for a closer estimation of the actual mean. In cases where all analyses of a certain 

element in a sulphide were below the mdl, these analyses were ignored and no mean was 

calculated.  

Despite this thorough data checking process, as well as only analyzing areas of samples 

that are free of noticeable inclusions based on SEM imagery of the exposed surface, it is still 

impossible to detect all possible inclusions that may affect LA-ICP-MS data. Indeed, given a 

laser spot diameter in the tens of microns, only heterogeneously distributed inclusions that 

are in the order of tens to hundreds of nm or more could be recognized on time-resolved 
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downhole ablation profiles. If inclusions are smaller than that and homogenously distributed 

within a sample, the downhole profile will appear smooth. Similarly, spot analyses are unable 

to resolve chemically distinct regions (e.g., exsolution lamellae) of a sulphide mineral that are 

smaller than the lateral spatial resolution of the laser spot. In such a case, the resulting 

smooth LA-ICP-MS downhole profile would simply be an average of chemically distinct 

regions. In the same way, smooth time-resolved downhole profiles can also represent an 

averaging effect due to limited depth resolution based on rapid ablation of soft minerals (e.g., 

galena and, to a lesser extent, chalcopyrite), and a large list of isotopes causing a long sweep 

time.  

 

Figure 2.3. Representative LA-ICP-MS time-resolved downhole profiles for galena and the 
MASS-1 sulphide reference material. cps = counts per second. (a) Smooth profiles as 
evidence for Bi, Ag, Tl, Te, Cd and Cu in solid solution in galena. (b) Comparable peaks on 
Sb, Hg and Cd profiles indicate the presence of inclusions in galena. (c) Peaks at the end of 
the Ag and Sb profiles indicate the presence of an inclusion in galena. In this case 
quantification may still be achieved by integrating the profile before the peaks. (d) Smooth 
Zn, Tl, Fe, Ag and Mn profiles for the MASS-1 standard indicating these elements are 
homogeneously distributed. Small peaks on the Au profile likely indicate the presence of Au 
particles.  
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EPMA was used to check the precision of some LA-ICP-MS data, particularly for 

elements present in sulphides at concentrations measurable by both methods. Figure 2.4 

shows representative scatter-plots displaying bi-element variation in both EPMA and LA-

ICP-MS data for a given sulphide in a given sample. In each case, the LA-ICP-MS data is 

largely reproducible, plotting in and around EPMA data with high precision.  

 

Figure 2.4. Representative scatter-plots showing the precision of LA-ICP-MS data as 
compared to EPMA data for elements measurable by both methods in (a & b) galena, (c) 
sphalerite and (d) tetrahedrite from individual samples.  

 
As a measure of LA-ICP-MS accuracy, 1σ errors for each element from multi-sulphide 

analyses, as well as typical minimum detection limits (99 % confidence), are shown in Table 

2.4. Errors are generally <10 % of the mean for most elements, especially those present in a 

sulphide at concentrations >1 ppm, and thus data accuracy may be considered good. Errors 
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for galena are somewhat higher due to the smaller spot size used. GLITTER calculates error 

based on counting statistics for ablation signal and background (i.e., internal uncertainty), as 

well as taking into account mass bias, the correction of unknowns to standards, laser induced 

elemental fractionation (LIEF) and instrument drift (i.e., external uncertainty). A 1 % relative 

uncertainty is assigned to the element concentrations in the standard, and 3 % relative 

uncertainty is given to the value of the internal standard. If a stable ablation cell is assumed, 

the largest contribution to analytical uncertainty is LIEF, followed by counting statistics and 

instrument drift. LIEF is minimized by keeping spot size, frequency and output energy 

constant from unknown to standard. Counting statistics are improved by setting dwell times 

and the method run time to as long as reasonably possible. The linear instrument drift 

correction is optimised by analyzing standards as often as possible.  

Table 2.4. Minimum detection limits (99% confidence) and 1σ errors from multi-sulphide analyses (data in ppm). 

 

Sphalerite Galena Chalcopyrite 
Tetrahedrite- 

Tennantite 
 
 

Tennantite 

Element MDL 1σ Error MDL 1σ Error MDL 1σ Error MDL 1σ Error 
34S 236 32383 3141 75366 195 40775 812 90305 
Mn 0.11 42 1.6 1.5 0.16 0.35 0.43 0.87 
57Fe 3.8 2744 35 25 3.1 25355 24 4494 
Co 0.01 0.08 0.17 0.10 0.02 0.08 0.04 0.62 
Ni 0.06 0.08 0.72 0.53 0.13 0.22 0.42 0.35 
Cu 0.28 10 5.1 5.1 0.86 10953 0.92 11699 
Zn 1.3 19290 4.8 10 0.61 42 5.5 7630 
Ga 0.01 0.38 0.17 0.10 0.02 0.11 0.05 0.05 
As 0.91 0.82 8.5 10 1.4 1.0 3.7 5383 
Se 2.2 2.4 28 351 1.8 8.1 11 11 
Mo 0.02 0.02 0.31 0.21 0.06 0.08 0.07 0.06 
Ag 0.02 0.26 0.15 227 0.03 2.9 0.13 1743 
Cd 0.18 289 1.5 11 0.12 0.80 0.60 113 
In <0.01 0.93 0.03 0.04 <0.01 0.56 0.01 0.13 
Sn 0.08 0.17 0.66 1.5 0.09 1.6 0.37 0.47 
Sb 0.04 0.10 0.29 130 0.06 0.22 0.33 46585 
Te 0.08 0.06 1.2 9.4 0.17 0.26 0.25 0.30 
W 0.01 <0.01 0.13 0.07 0.03 0.01 0.03 0.02 
Au 0.01 0.01 0.07 0.05 0.01 0.02 0.02 0.03 
Hg 0.08 4.9 0.65 0.46 0.08 0.10 0.89 15 
Tl <0.01 <0.01 0.03 0.23 <0.01 0.01 0.01 0.03 
207Pb 0.04 0.32 0.84 27388 0.03 0.92 0.12 4.1 
Bi <0.01 0.01 0.06 128 0.01 0.11 0.01 6.5 

         Data calculated by taking the mean of each spot in each sample, then taking the median of the sample means.  
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2.5.2 LA-ICP-MS mapping 

 

Various LA-ICP-MS element maps of areas on selected sample surfaces, ranging in size 

from 0.25 – 9 mm2, were made to give a visual representation of elemental distributions in 

sulphide grains, and among minerals in given assemblages. The ASI LA-ICP-MS system was 

used to generate all trace element maps. Mapping was achieved by ablating multiple parallel 

adjacent trenches in a grid across the sample surface. For all maps, the laser beam scan speed 

was maintained at 10 μm/s, the repetition rate was 10 Hz and energy output set at 80-100 mJ. 

Depending on the size of the area to be mapped, the laser spot size was varied between 7-10 

μm to ensure each map provided adequate spatial resolution, and also that unnecessarily long 

map acquisition times were avoided. The distance between adjacent trenches was varied to 

match the laser spot size. The isotopes analyzed were typically those listed in section 2.5.1 

above. As with spot analysis, the dwell time for each element was set at 0.01 s, while In, Au 

and Tl were set at 0.05 s. A 30 s background measurement was acquired before the ablation 

of each trench, followed by a 20 s delay to ensure the ablation cell was sufficiently washed-

out, the gases stabilized and computer processing had finished. Three identical trenches were 

ablated on the MASS-1 standard before and after ablation on the unknown.  

All LA-ICP-MS trace element maps were processed with Iolite (Paton et al., 2011), an 

open source software package for ICP-MS data processing developed by the Melbourne 

Isotope Group as an add-in for the data analysis program Igor by WaveMetrics. Since the 

acquisition of some larger maps took many hours, in which significant instrument drift could 

conceivably occur, a linear drift correction was applied to the unknown trench analyses based 

on the MASS-1 analyses acquired before and after a mapping run. The average background 

intensity for each element was then subtracted from its corresponding trench acquisition, and 

the resulting time-resolved linear intensities were compiled into a two dimensional image for 
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each element.  

The resulting LA-ICP-MS images are only qualitative; they are based on the background-

subtracted counts per second (cps) for each element. Since the ablation rate of different 

minerals may vary over orders of magnitude, and cps is directly proportional to the ablation 

rate, the cps measurement may vary significantly when ablating different minerals even using 

the same laser settings. This implies that qualitative (cps) LA-ICP-MS maps can only be used 

to recognize variation in a mineral (e.g., compositional zoning), but cannot be used to 

compare the concentration intensity of an element in different minerals, nor can quantitative 

concentrations be determined for a single mineral. Quantitative LA-ICP-MS maps can be 

generated by using an internal standard in Iolite. Imputing an internal standard value tells 

Iolite the concentration of one element in the mapped area, allowing the concentration of all 

other elements to be calculated. Nevertheless, a map consisting of multiple phases can 

generally not be quantified with a single internal standard if each phase contains a vastly 

different concentration of the internal standard. However, in the case of base metal sulphide 

assemblages, each mineral contains S at comparable concentrations (e.g., sphalerite = 33.06 

wt. % S, galena = 13.4 wt. % S and chalcopyrite = 34.94 wt. % S). Thus semi-quantitative 

LA-ICP-MS maps of assemblages comprising multiple BMS were created in this study using 

25 wt. % S as the internal standard. This value represents the approximate average S 

concentration in the assemblage. The resulting LA-ICP-MS maps display semi-quantified 

concentrations for all sulphides in a map on a single scale bar expressed in parts-per-million, 

allowing for the comparison of trace element concentrations in multiple sulphides.  

Figure 2.5 shows Ag, Sb and Cd LA-ICP-MS maps of a zoned sphalerite-galena-

chalcopyrite assemblage from the Herja epithermal deposit, Romania. The maps were 

quantified using 25 wt. % S as the internal standard. LA-ICP-MS spot analyses were also 
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Figure 2.5. Comparison between semi-quantitative LA-ICP-MS trace element maps (Ag, 
Sb and Cd; ppm scales) of a galena (light grey)–sphalerite (dark grey)–chalcopyrite 
(yellow) assemblage from the Herja epithermal deposit (Romania) with spot analyses (in 
ppm) immediately adjacent to the mapped area. An average sulphur value of 25 wt. % 
was used as the internal standard for the maps. 
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obtained from around the edges of the mapped area for comparison. The concentrations 

defined by the spot analysis closely match those shown on the map. Discrepancies are 

typically less than 10 % of the spot concentrations, and are usually less than the uncertainty 

of assigning an exact value to a particular colour on the map. Thus this method of quantifying 

BMS maps is generally reliable, and provides a powerful tool in comparing and visualizing 

trace element distributions in multiple BMS. Such maps compliment LA-ICP-MS spot data, 

but should not replace such data. Where precise quantitative concentration data is required, 

spot data is always required. 

    

2.5.3 The MASS-1 standard 

  

While the analysis of galena in chapter 3 was carried out using the original MASS-1 

sulphide standard certificate of analysis given in Wilson et al. (2002), the latest certificate of 

analysis was chosen for quantification in Chapters 4, 5 and 6. This certificate is available on 

the United States Geological Survey website (United States Geological Survey, 2016), and is 

reproduced in Table 2.5. Given subtly different concentration values in the two different 

MASS-1 certificates used in this study, there may be some implications for comparing the 

concentrations of some elements in galena between chapter 3 and the subsequent chapters. 

This may also be the case when comparing a sulphide analyzed here using the latest MASS-1 

certificate, with the same sulphide analyzed in another study using the original MASS-1 

certificate. Nevertheless, as the latest certificate was used for all analyses determining trace 

element partitioning trends outlined here, they will be reliable and internally consistent. The 

latest MASS-1 certificate contains no value for Ge, precluding quantification of Ge in 

sulphides analyzed in chapters 4, 5 and 6. This is despite the fact that some sulphides, 

particularly sphalerite (e.g., Cook et al., 2009), commonly contain Ge. In addition, and even 
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if the Ge value in the original MASS-1 certificate is used, Ge concentrations generally cannot 

be quantified with confidence (except perhaps when present at concentration >>10 ppm) 

given the many isotopic interferences of Ge isotopes (e.g., 70Ge, 72Ge, 73Ge, 74Ge) with 

molecular species such as 36Ar34S, 40Ar32S, 56Fe16O, 40Ar33S, 57Fe16O, 56Fe16O1H, 40Ar34S and 

58Ni16O. 

Table 2.5. MASS-1 certificate of analysis (United States Geological 
Survey, 2016). 
 
Element Concentration (ppm) Element Concentration (ppm) 
Na 33,000 Cd 60 
V 63 Sn 59 
Cr 65 In 50 
Fe 156,000 Sb 60 
Mn 280 Ba 14 
Co 60 W 20 
Ni 97 Tl 50 
Cu 134,000 Pb 68 
Zn 210,000 Bi 60 
Ga 64 S 276,000 
As 65 Hg 57 
Se 51 Ir 42 
Mo 59 Te 15 
Ag 50 Au 57 

 

The MASS-1 standard is a poly-metal pressed pellet with an Fe-Zn-Cu-S matrix, but is not 

matrix matched to the structure of the sulphides analyzed in this study. It was chosen for this 

study since a reliable and well-circulated sulphide matrix matched standard does not exist. As 

such, some presently unquantifiable elemental fractionation may occur during the ablation of 

materials with different matrices. Nevertheless, the errors relating to such fractionation would 

likely be within instrument errors for most elements (typically <10 %), especially when 

analyzing sphalerite, chalcopyrite and tetrahedrite-tennantite since the concentration of the 

internal standard elements in these sulphides compared to MASS-1 are within the same order 

of magnitude. Similarly, any errors relating to the small amount of Pb in the MASS-1 
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standard compared to galena (4 orders of magnitude difference) are likely minimal since the 

response of the electron multiplier is linear over 9 orders of magnitude, and an electron 

multiplier pulse to analog calibration was performed before each LA-ICP-MS run. Therefore 

the counts per second/parts per million yield should not be significant when using standards 

with a low concentration of the internal standard element compared to the unknown, as was 

shown for the analogous case of molybdenite (Ciobanu et al., 2013). Danyushevsky et al. 

(2011) investigated the suitability of an analogous sulphide standard (STDGL2b2, containing 

1,216 ppm Pb) for the analysis of galena and, using Pb as an internal standard, analyzed 

pressed-powder pellets by XRF and solution ICP-MS. Results showed that standard 

analytical errors resulting from matrix-dependent fractionation were low (<15 %) but could 

be as higher for W, Zn, and Cd. Nevertheless, if the quantification of some elements was 

slightly affected by fractionation or other errors, it would be internally consistent and would 

not affect any conclusions, especially those relating to the partitioning of trace elements 

between sulphides.   

The use of the MASS-1 standard in this study also assumes the concentrations of elements 

in the pressed pellet are homogeneous, even though there have been reports that some 

elements, especially Au, may be heterogeneously distributed (e.g., Wilson et al., 2002). In 

some analyses, it seems inclusions of Au bearing particles (possibly large Au nanoparticles) 

were present in the MASS-1 standard, as the peaks on the representative LA-ICP-MS time-

resolved downhole ablation profile in Figure 2.3d show. Such analyses were simply 

discarded, or else the integrated signal excluded any inclusion related peaks, as is the norm 

with the analogous case of an inclusion in an unknown analysis. No other inclusion related 

peak associated with any other element was ever recognized on a MASS-1 LA-ICP-MS 

downhole profile.  
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ABSTRACT 

 

Concentration data are reported for 18 trace elements in chalcopyrite from a suite of 53 

samples from 15 different ore deposits obtained by laser-ablation inductively-coupled 

plasma-mass spectrometry. Chalcopyrite is demonstrated to host a wide range of trace 

elements including Mn, Co, Zn, Ga, Se, Ag, Cd, In, Sn, Sb, Hg, Tl, Pb and Bi. The 

concentration of some of these elements can be high (hundreds to thousands of ppm) but 

most are typically tens to hundreds of ppm. The ability of chalcopyrite to host trace elements 

generally increases in the absence of other co-crystallizing sulphides. In deposits in which the 

sulphide assemblage recrystallized during syn-metamorphic deformation, the concentrations 

of Sn and Ga in chalcopyrite will generally increase in the presence of co-recrystallizing 

sphalerite and/or galena, suggesting that chalcopyrite is the preferred host at higher 

temperatures and/or pressures. Trace element concentrations in chalcopyrite typically show 

little variation at the sample scale, yet there is potential for significant variation between 

samples from any individual deposit. The Zn:Cd ratio in chalcopyrite shows some evidence 

of a systematic variation across the dataset, which depends, at least in part, on temperature of 

crystallization. Under constant physiochemical conditions the Cd:Zn ratios in co-crystallizing 

chalcopyrite and sphalerite are often approximately equal. Any distinct difference in the 

Cd:Zn ratios in the two minerals, and/or a non-constant Cd:Zn ratio in chalcopyrite, may be 

an indication of varying physiochemical conditions during crystallization. 

Chalcopyrite is generally a poor host for most elements considered harmful or unwanted 

in the smelting of Cu, suggesting it is rarely a significant contributor to the overall content of 

such elements in copper concentrates. The exceptions are Se and Hg which may be 
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sufficiently enriched in chalcopyrite to exceed statutory limits and thus incur monetary 

penalties from a smelter. 

 

5.1 Introduction  

 

Chalcopyrite is the principal ore mineral of copper (Geoscience Australia, 2015). 

Concentrates produced from chalcopyrite-rich ores may also be significantly enriched in 

other elements. Silver is one such element and is commonly extracted as an economic by-

product during copper smelting and refining (Ayres et al., 2002). Other elements, including 

As, Sb, Hg, Bi and Se, may become enriched in copper concentrates during ore processing 

and can, if present at high enough concentrations, result in substantial financial penalties 

when sold on the world market (e.g., Fountain, 2013). Yet despite the importance of 

chalcopyrite in the minerals industry, there is a relative lack of understanding as to the 

different trace elements chalcopyrite can accommodate into its structure, as well as the ranges 

of concentration of these elements. 

Detailed studies addressing trace element concentrations in chalcopyrite are relatively 

scarce when compared to other common sulphide minerals, notably pyrite (e.g., Huston et al., 

1995; Large et al., 2009; Winderbaum et al., 2012; Belousov et al., 2016), or sphalerite and 

galena (e.g., Bethke and Barton, 1971; Blackburn and Schwendeman, 1977; Johan, 1988; 

Foord and Shawe, 1989; Cook et al., 2009; George et al., 2015). Much of the published data 

for chalcopyrite (e.g., Harris et al., 1984; Cabri et al., 1985; Kase, 1987; Brill, 1989; Huston 

et al., 1996; Scott et al., 2001; Moggi-Cecchi et al., 2002; Serranti et al., 2002; Shalaby et al., 

2004; Demir et al., 2008; Layton-Matthews et al., 2008; Monteiro et al., 2008; Demir et al., 

2013; Gena et al., 2013; Reich et al., 2013; Cioacă et al., 2014; Helmy et al., 2014; Wang et 

al., 2015a; Wohlgemuth-Ueberwasser et al., 2015; Sadati et al., 2016) is focused on a limited 
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suite of trace elements, and often the minimum detection limits of the microanalytical 

techniques used are too high to truly establish trace element diversity and concentration 

levels. 

More work is thus necessary to establish the ability of chalcopyrite to host trace elements 

in a wide range of environments and settings. With this goal in mind, we used laser-ablation 

inductively-coupled plasma mass spectrometry (LA-ICP-MS) to report the concentration 

ranges of 18 trace elements (elements typically present at concentrations < 1 wt. %) in natural 

hydrothermal chalcopyrite from a diverse suite of 53 samples from different ore types, 

settings and environments, and physiochemical conditions of ore formation. The trace 

element chemistry of chalcopyrite in deposits of magmatic origin is not part of this study. A 

number of studies on the topic have been published, enabling a sound understanding of trace 

element partitioning in chalcopyrite-bearing magmatic ores (e.g., Barnes et al., 2006; Holwell 

and McDonald, 2007; Godel and Barnes, 2008; Dare et al., 2010; Djon and Barnes, 2012; 

Piña et al., 2012; Prichard et al., 2013; Chen et al., 2014; Duran et al., 2015; Barnes and 

Ripley, 2016; Smith et al., 2016). The LA-ICP-MS technique offers both sub-part-per-million 

level precision for many heavier elements and micrometer-scale spatial resolution. LA-ICP-

MS may also reveal the presence of micro-inclusions within the analyzed spot since if they 

are large enough and heterogeneously distributed, they are recognizable on time-resolved 

downhole spectra (e.g., George et al., 2015). The dataset reveals chalcopyrite to be an 

important trace element carrier in many ore deposits. Our data carries implications for both 

ore genesis and mineral processing. We also show that the Cd:Zn ratio in chalcopyrite (and 

co-existing sphalerite) may assist in determining if physiochemical conditions remained 

constant during base metal sulphide crystallization.  
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5.2 Background  

 

5.2.1 Chalcopyrite crystal structure 

   

Chalcopyrite crystallizes in a body-centred tetragonal lattice system with tetrahedrally-

coordinated Cu, Fe and S atoms. Both Cu and Fe are ordered into the cation sites. Pauling 

and Brockway (1932) regarded the bonding between atoms in the chalcopyrite structure as 

effectively covalent with valencies of Cu and Fe atoms fluctuating between monovalent-

divalent, and divalent-trivalent, respectively. The strong covalent nature of chalcopyrite was 

also affirmed by Donnay et al. (1958). Hall and Stewart (1973) likewise argued for a strong 

covalent configuration with an effective ionic state between Cu+Fe3+S2
2- and Cu2+Fe2+S2

2-. 

Nevertheless, for the sake of convenience, chalcopyrite is usually represented with ions of 

specific valencies, i.e. Cu+Fe3+S2
2-. 

Despite this, Todd and Sherman (2003), Todd et al. (2003) and Mikhlin et al. (2005) have 

argued, on the basis of X-ray absorption spectroscopy (XAS) and X-ray absorption near-edge 

structure (XANES) spectra, that the nominal valencies in chalcopyrite should be  

Cu2+Fe2+S2
2-. This was rejected by Pearce et al. (2006), who affirmed that Cu in chalcopyrite 

is nominally monovalent, and that Fe is nominally trivalent. Nominally divalent character in 

copper sulphides is very rare, and energy peaks associated with Cu2+ can be explained by 

contamination by Cu2+ species. Li et al. (2013) confirmed that evidence for the presence of 

Cu2+ and Fe2+ has been largely discredited, but emphasises that the actual valence state of 

chalcopyrite should be understood as intermediate between Cu+Fe3+S2
2- and Cu2+Fe2+S2

2- due 

to covalent bonding. 
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5.2.2 Previous trace element data 

 

A number of previous studies addressed the composition of natural chalcopyrite, yet most 

of these had purposes other than to establish if chalcopyrite is a good host for trace elements. 

Kase (1987), Brill (1989), Scott et al. (2001), Serranti et al. (2002), Shalaby et al. (2004), 

Demir et al. (2008), Layton-Matthews et al. (2008), Monteiro et al. (2008), Demir et al. 

(2013), Gena et al. (2013), Cioacă et al. (2014), Helmy et al. (2014), Wang et al. (2015a) and 

Sadati et al. (2016) report on chalcopyrite from various locations. However, in each case, 

only electron probe microanalysis (EPMA) is used to determine chalcopyrite composition. 

With minimum detection limits in the order of hundreds of ppm unless exceptionally long 

count times are used, EPMA is not an adequate technique for determining many trace 

element abundances. Harris et al. (1984), Cabri et al. (1985), Huston et al. (1996) and Moggi-

Cecchi et al. (2002) used proton microprobe, Reich et al. (2013) used secondary ion mass 

spectrometry (SIMS) and Wohlgemuth-Ueberwasser et al. (2015) used LA-ICP-MS to 

investigate chalcopyrite from different localities. While these analytical techniques boast 

minimum detection limits significantly lower than EPMA, none of these studies reported data 

for more than six elements. The elements reported are typically common trace constituents, 

so few inferences about the presence of other trace elements could be drawn. Chalcopyrite 

compositions were determined by Bajwah et al. (1987), Butler and Nesbitt (1999) and Ulrich 

et al. (2002) by atomic absorption spectroscopy (AAS), solution ICP-MS and ICP optical 

emission spectrometry (OES), respectively. These techniques remain bulk methods and so are 

limited in their ability to determine lattice bound trace constituents with confidence. Other 

studies such as Subba Rao and Naqvi (1997), McClenaghan et al. (2009), Cook et al. (2011) 

and Maydagan et al. (2013) only measured chalcopyrite in a limited number of samples 

(maximum of four), as they primarily focused on characterizing the chemistry of complex 
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phase assemblages. The different emphasis of such studies highlights the need for a more 

detailed investigation of a larger, more diverse sample suite, considering a wider range of 

potential trace elements, and utilizing an analytical technique with low minimum detection 

limits. We acknowledge that the spectrum of elements analyzed in chalcopyrite has been 

somewhat restricted by the availability of appropriate matrix-matched standards, particularly 

with respect to some chalcophile semi-metals, and thus data quality remains, to this day, 

better for some elements than for others (e.g., Se, As, Au). 

Despite their limitations, the prior studies cited above, and indeed other more thorough 

investigations of chalcopyrite composition (e.g., Huston et al., 1995; Maslennikov et al., 

2009; Revan et al., 2014; Wang et al., 2015b; George et al., 2016), provide a valuable 

background for understanding chalcopyrite as a trace element carrier and serve as a broad 

foundation for the present study. The maximum reported concentrations of various trace 

elements in chalcopyrite from different deposit types is summarized in Table 5.1. 

Silver is the trace element most frequently reported in chalcopyrite. Shalaby et al. (2004) 

described unusual green chalcopyrite from the Um Samiuki volcanogenic massive sulphide 

(VMS) deposit, Egypt, hosting up to 4.3 wt. % Ag. More typically, concentrations are in the 

tens to hundreds of ppm range, although sometimes reaching into the thousands, for example 

from the Izok Lake Zn-Cu-Pb deposit, N.W.T, Canada (Harris et al., 1984), the Kidd Creek 

mine, ON, Canada (Cabri et al., 1985), the Bottino Mine, Italy (Moggi-Cecchi et al., 2002), 

and Mantos Blancos, northern Chile (Reich et al., 2013). 

Experiments in the Cu-Fe-Zn-S system have revealed that chalcopyrite may dissolve up to 

0.9 at. % zinc at 500 oC, 0.8 at. % at 400 oC and 0.6 at. % at 300 oC (Kojima and Sugaki, 

1985). Indeed Huston et al. (1995) measured Zn in chalcopyrite from Australian volcanic-

hosted massive sulphide (VHMS) deposits at concentrations from below the minimum 

detection limit up to as much as 5 wt. %. They concluded that concentrations up to 2,000 
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Table 5.1: Maximum reported trace element contents chalcopyrite by deposit type as reported in the literature 

Deposit Type Mn Co Ni Zn Ga As Se Ag Cd 
Epithermal 43 ppm 

(George et 
al., 2016) 

3.3 ppm 
(George et al., 

2016) 
- 

1.6 wt. % 
(Demir et al., 

2008) 

1.3 ppm 
(George et al., 

2016) 

0.73 ppm 
(George et al., 

2016) 

300 ppm 
(Moggi-Cecchi 

et al., 2002) 

630 ppm 
(Moggi-Cecchi 

et al., 2002) 

24 ppm 
(George et al., 

2016) 
Skarn 540 ppm 

(Bajwah et 
al., 1987) 

7,500 ppm 
(Bajwah et al., 

1987) 

925 ppm 
(Bajwah et al., 

1987) 

1.83 wt. % 
(Helmy et al., 

2014) 

0.23 ppm 
(George et al., 

2016) 

0.54 ppm 
(George et al., 

2016) 

538 ppm 
(Cook et al., 

2011) 

0.3 wt. % 
(Helmy et al., 

2014) 

25 ppm 
(Bajwah et al., 

1987) 
Porphyry 0.02 wt. % 

(Maydagan 
et al., 2013) 

249 ppm 
(Cioaca et al., 

2014) 

9 ppm 
(Maydagan et 

al., 2013) 

0.22 wt. % 
(Maydagan et 

al., 2013) 
- 

0.05 wt. % 
(Maydagan et 

al., 2013) 

0.03 wt. % 
(Rubin and 
Kyle, 1997) 

0.05 wt. % 
(Maydagan et 

al., 2013) 

0.55 ppm 
(Maydagan et 

al., 2013) 
Exhalative 642 ppm 

(Revan et al., 
2014) 

40 ppm 
(Maslennikov 
et al., 2009) 

3.2 ppm 
(Maslennikov et 

al., 2009) 

810 ppm 
(Huston et al., 

1995) 

0.13 ppm 
(George et al., 

2016) 

282 ppm 
(Maslennikov et 

al., 2009) 

0.46 wt. % 
(Cabri et al., 

1985) 

0.19 wt. % 
(Cabri et al., 

1985) 

10 ppm 
(Huston et al., 

1995) 
Recrystallized  
Exhalative 

196 ppm 
(George et 
al., 2016) 

2,720 ppm 
(Thole, 1976) 

3,300 ppm 
(Thole, 1976) 

1.86 wt. % 
(Shalaby et al., 

2004) 

16 ppm 
(George et al., 

2016) 

2,000 ppm 
(Huston et al., 

1995) 

480 ppm 
(Serranti et al., 

2002) 

4.3 wt. %  
(Shalaby et al., 

2004) 

77 ppm 
(Serranti et al., 

2002) 
 

         

Deposit Type In Sn Sb Te Au Hg Tl Pb Bi 

Epithermal 14 ppm 
(George et 
al., 2016) 

2.3 wt. % 
(Kase, 1987) 

4.2 ppm 
(George et al., 

2016) 

0.04 ppm 
(George et al., 

2016) 
- 

95 ppm 
(George et al., 

2016) 

0.01 ppm 
(George et al., 

2016) 

630 ppm 
(Moggi-Cecchi 

et al., 2002) 

0.05 ppm 
(George et al., 

2016) 
Skarn 2,214 ppm 

(Andersen et 
al., 2016) 

47 ppm 
(George et al., 

2016) 

0.28 ppm 
(George et al., 

2016) 

6.6 ppm 
(Cook et al., 

2011) 

0.2 ppm 
(Cook et al., 

2011) 

2.9 ppm 
(George et al., 

2016) 

0.03 ppm 
(Cook et al., 

2011) 

175 ppm 
(Bajwah et al., 

1987) 

37.9 ppm 
(Cook et al., 

2011) 
Porphyry 

- 
122 ppm 

(Maydagan et 
al., 2013) 

0.1 wt. % 
(Maydagan et 

al., 2013) 

306 ppm 
(Cioaca et al., 

2014) 

0.05 ppm 
(Maydagan et 

al., 2013) 
- - 

0.17 wt. %  
(Maydagan et 

al., 2013) 

0.53 ppm 
(Maydagan et 

al., 2013) 
Exhalative 1,119 ppm 

(Cabri et al., 
1985) 

1,345 ppm  
(Cabri et al., 

1985) 

488 ppm 
(Maslennikov et 

al., 2009) 

7,447 ppm 
(Maslennikov 
et al., 2009) 

7.73 ppm 
(Maslennikov et 

al., 2009) 

32 ppm 
(George et al., 

2016) 

1 ppm 
(Maslennikov et 

al., 2009) 

2,943 ppm 
(Maslennikov et 

al., 2009) 

1,353 ppm 
(Maslennikov et 

al., 2009) 
Recrystallized  
Exhalative 

100 ppm 
(Huston et 
al., 1995) 

2,940 ppm 
(Huston et al., 

1995) 

31 ppm 
(McClenaghan 

et al., 2009) 

0.05 ppm 
(George et al., 

2016) 

0.16 ppm  
(McClenaghan 

et al., 2009) 

2.3 ppm 
(McClenaghan 

et al., 2009) 

0.14 ppm 
(George et al., 

2016) 

287 ppm 
(Ulrich et al., 

2002) 

0.07 ppm 
(McClenaghan 

et al., 2009) 

          
Only anomalous reports that have obviously been influenced by micro-inlusions are excluded. Other reports may still be influenced by micro-inclusions.  

Literature review is thorough, though not exhaustive. 
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ppm probably reflect Zn in solid solution (substituted for Fe), but that concentrations 

exceeding 2,000 ppm Zn are likely the result of micro-inclusions of sphalerite. Moggi-Cecchi 

et al. (2002) also concluded that high Zn distributions in chalcopyrite from Italian and Slovak 

deposits are predominantly related to micro-scale inclusions of Zn-bearing phases. 

Nevertheless, high Zn values of 1.86 wt. %, 1.83 wt. %, 1.73 wt. % and 1.64 wt. % have been 

measured in chalcopyrite by Shalaby et al. (2004), Helmy et al. (2014), Serranti et al. (2002) 

and Wang et al. (2015a), respectively, and have not been attributed, in any case, to inclusion 

related Zn. 

Huston et al. (1995) measured arsenic in chalcopyrite from Australian VHMS deposits 

into the thousands of ppm. These high concentrations of As could not be readily attributed to 

micro-inclusions of distinct As-bearing phases and so they concluded that As can substitute 

into the chalcopyrite lattice up to about 2,000 ppm. Scott et al. (2001) and Wang et al. 

(2015a) reported chalcopyrite containing up to 1,600 ppm As from Woodlawn, N.S.W., 

Australia, and the Xiaozhen Cu deposit, Shaanxi Province, China, respectively.  

Bethke and Barton (1971) showed that chalcopyrite could accommodate as much as 0.5 

mol. % eskebornite (CuFeSe2) at 390 oC, and thus may be a significant host of selenium. 

Cabri et al. (1985) reported as much as 0.46 wt. % Se in chalcopyrite from Kidd Creek, 

Ontario, while Monteiro et al. (2008) and Wang et al. (2015a) each recorded over 2,000 ppm 

Se in chalcopyrite from Xiaozhen, China, and Sossego, Brazil, respectively.  

Exceptional reports of cobalt and nickel in chalcopyrite suggest that the Cu-sulphide may, 

on rare occasions, be a good host for Co and Ni. Bajwah et al. (1987) documented 

chalcopyrite from Big Cadia, N.S.W., Australia, which hosted up to 7,500 ppm Co and 925 

ppm Ni. Thole (1976) recorded up to 2,700 ppm Co and 3,300 ppm Ni in chalcopyrite from 

the Shamrocke mine, Zimbabwe. Wang et al. (2015a) measured up to 1,700 ppm Co and 

4,100 ppm Ni in chalcopyrite from the Xiaozhen Cu deposit, Shaanxi Province, China, while 
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Wang et al. (2015b) also reported chalcopyrite containing 6,178 ppm Co and 2,496 ppm Ni 

from the Shilu Fe-Co-Cu ore district in the Hainan Province of South China. 

Lead concentrations in chalcopyrite are uncommonly reported in the thousands of ppm, 

though such high concentrations are likely the result of micro-inclusions of Pb bearing 

phases, frequently galena. Among such anomalous reports are 7,054 ppm Pb in chalcopyrite 

from Yaman-Kasy, Russia (Maslennikov et al., 2009), and 0.34 wt. % Pb in chalcopyrite 

from the Xiaozhen Cu deposit, Shaanxi Province, China (Wang et al., 2015a). Maximum 

reported Pb concentrations in chalcopyrite are ordinarily in the hundreds of ppm (e.g., 

Bajwah et al., 1987; Moggi-Cecchi et al., 2002). 

High levels of bismuth and tellurium are measured in chalcopyrite from active seafloor 

hydrothermal systems. Gena et al. (2013) recorded up to 0.32 wt. % Bi in chalcopyrite 

associated with bismuthinite from the Tiger sulphide chimney, Southern Okinawa Trough, 

Japan, while 45 ppm Te was measured in chalcopyrite from the Broken Spur vent field by 

Butler and Nesbitt (1999). Nevertheless, chalcopyrite is generally a poor host of both 

elements with reported concentrations from ore deposits rarely exceeding 10 ppm (e.g., 

Maydagan et al., 2013; George et al., 2016).  

Chalcopyrite may contain up to a few ppm gold at most. Synthetic experiments carried out 

by Simon et al. (2000) showed that up to 16 ppm Au is soluble in chalcopyrite at 500 oC, 

dropping to 4 ppm at 400 oC. Reports of chalcopyrite hosting hundreds of even thousands of 

ppm Au are almost certainly related to Au-bearing mineral inclusions (e.g., Maslennikov et 

al., 2009). Nevertheless some studies have reported tens of ppm Au in chalcopyrite (e.g., 

Revan et al., 2014).   

Although there are some rare reports of thousands of ppm antimony and cadmium in 

chalcopyrite (e.g., Revan et al., 2014), concentrations rarely reach into the hundreds of ppm. 

Monteiro et al. (2008) measured up to 330 ppm Sb in chalcopyrite from the Sossego IOCG 
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deposit, Brazil, and up to 77 ppm Cd have been reported from Arinteiro, Galicia, Spain 

(Serranti et al., 2002). 

Over 2.3 wt. % tin has been measured in chalcopyrite from the Izumo vein, Toyoha mine, 

Japan (Kase, 1987), and from a sulphide chimney in an active seafloor hydrothermal system 

(Gena et al., 2013). Both studies attributed the Sn to solid solution. Huston et al. (1995) 

measured up to 2,940 ppm Sn in chalcopyrite from the Dry River South VHMS deposit, 

Eastern Australia, and inferred that Sn substitutes for Fe. They noted that the highest Sn 

concentrations occur in the more reduced and highly metamorphosed deposits, which is a 

reflection of the tendency of Sn to only be transported in significant quantities at reduced, 

high temperature conditions (Eugster, 1986). George et al. (2016) confirmed that in deposits 

that have recrystallized at amphibolite facies and above, chalcopyrite will typically host more 

Sn than co-crystallizing sphalerite or galena. 

Reports of high levels of manganese in chalcopyrite originate from VMS deposits. Revan 

et al. (2014) reported chalcopyrite containing up to 958 ppm Mn from VMS deposits of the 

eastern Pontide orogenic belt, NE Turkey, while Maslennikov et al. (2009) measured up to 

771 ppm Mn in chalcopyrite from the Yaman-Kasy VMS deposit, Southern Urals, Russia.  

Chalcopyrite is isostructural with roquesite (CuInS2) and thus significant concentrations of 

indium can be hosted in chalcopyrite, most likely in the Fe site (Wittmann, 1974). In the SW 

England ore region, chalcopyrite accounts for the majority of the In budget (locally 

containing up to 2,200 ppm) despite sphalerite and stannite group minerals typically hosting 

higher concentrations (Andersen et al., 2016). Cabri et al. (1985) reported chalcopyrite from 

the Kidd Creek deposit, Canada, carrying as much as 1,119 ppm In, while Kieft and Damman 

(1990) measured up to 0.9 wt. % In in chalcopyrite from the Gåsborn area, West Bergslagen, 

Sweden. 
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Reports of gallium, mercury and thallium in chalcopyrite are rare and concentrations are 

almost exclusively in the order of a few ppm (e.g., Maslennikov et al., 2009; McClenaghan et 

al., 2009; Cook et al., 2011). Revan et al. (2014) did, however, report chalcopyrite containing 

up to hundreds of ppm Tl.  

 

5.2.3 Sample suite 

 

Fifty-three samples were analysed from 15 different deposits in Australia, Bulgaria, 

Norway, Romania, Serbia and Uzbekistan (Table 5.2). The selected deposits are from a 

variety of different ore types including epithermal, skarn, porphyry, VMS, and sedimentary 

exhalative (SEDEX) systems. Some VMS and SEDEX sulphide ores have been recrystallized 

due to regional metamorphism and deformation.  

Seven samples came from the Romanian epithermal systems Herja and Toroiaga; an 

additional sample was added from the Kochbulak epithermal deposit in Uzbekistan. Six 

samples originated from the Romanian skarn deposits, Baita Bihor and Oravita. The 

Bulgarian porphyry deposits of Assarel and Elatsite contributed five samples, and another 

porphyry sample came from Bor (Serbia). The undeformed Vorta VMS deposit, Romania, 

and SEDEX Kapp Mineral prospect, Norway, contributed one sample each. SEDEX deposits 

in which the sulphide assemblages recrystallized during regional metamorphism and 

deformation (recrystallized SEDEX) contributed eight samples; two from Broken Hill, 

Australia, and six from Bleikvassli and Mofjell in Norway. Twelve samples came from the 

Norwegian VMS deposit Sulitjelma, in which the sulphide assemblages also recrystallized 

during metamorphism and deformation (recrystallized VMS). Finally, eleven samples were 

added from the Kanmantoo deposit, South Australia, interpreted as a metamorphosed, 
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remobilised syngenetic sulphide ore. Brief descriptions of these deposits are provided as 

Electronic Appendix A, together with key references for each. 

Table 5.2: Summary of deposits and samples used in this study 

Deposit/Type Samples 
Conditions of formation or 

metamorphism References 
Herja, Romania 
Epithermal 
(Neogene) 

Hj13 Formed at ~<200 °C Lang (1979);  
Cook and Damian 

(1997) 
Toroiaga, 
Romania 
Epithermal 
(Neogene) 

Emeric2 Formed at ~350 °C Szöke and Steclaci 
(1962);  

Gotz et al. (1990) 
T1a 

TOR189 
TOR191 
TOR197 

Toroiaga R0 
Kochbulak, 
Uzbekistan 
Epithermal 
(Late 
Paleozoic) 

33 Formed at 200-400 °C Kovalenker et al. 
(1997); 

Islamov et al. 
(1999); 

Plotinskaya et al. 
(2006) 

Baita Bihor, 
Romania 
Skarn 
Antoniu 
orepipe - 
proximal 
Marta orepipe - 
distal 
(Cretaceous) 

BB55 (Antoniu) Formed at ~500 °C (proximal), 
~375 °C (distal) 

Cioflica et al. 
(1971, 1977);  
Shimizu et al. 

(1995);  
Ciobanu et al. 

(2002) 

BBH15-21 
(Antoniu) 

Oravita, 
Romania 
Skarn 
(Cretaceous) 

ORV1 - Gheorghiţescu 
(1975);  

Cioflica and Vlad 
(1981);  

Constantinescu et 
al. (1988) 

ORV4 
ORV4a 
ORV4B 

Assarel, 
Bulgaria 
Porphyry 
(Cretaceous) 

ASR 5A Base metal sulphides formed at 
300-150 °C 

Strashimirov 
(1993); 

Popov et al. 
(2000); 

Strashimirov et al. 
(2002) 

ASR 10 
ASR KB P12077 

Bor, Serbia 
Porphyry 
(Cretaceous) 

BOR14 - Janković (1990); 
Janković et al. 

(1998) 
Elatsite, 
Bulgaria 
Porphyry 
(Cretaceous) 

Elatsite b a Various assemblages deposited at 
190-575 °C 

Dragov and 
Petrunov (1996); 
Georgiev (2008) ELS 157 
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Vorta, Romania 
VMS 
(Jurassic) 

DMV 99-22 Formed at 250-300 °C Ciobanu et al. 
(2001) 

Kapp Mineral, 
Norway 
SEDEX 
(Late 
Precambrian?) 

Kmi 2a Very weakly metamorphosed Flood (1967) 

Broken Hill, 
Australia 
Recrystallized 
SEDEX 
(Proterozoic) 

BH73 Granulite facies  
(750-800 °C, 5-6 kbar) 

Haydon and 
McConachy 

(1987);  
Parr and Plimer 

(1993);  
Plimer (2007); 

Spry et al. (2008) 

BH218 

Bleikvassli, 
Norway 
Recrystallized 
SEDEX 
(Ordovician) 

Bv-1 Upper amphibolite-lower granulite 
facies  

(570 °C, 7.5-8 kbar) 

Vokes (1963; 
1966);  

Cook et al. (1998) 
Bv-4 

V598572 

Mofjell, 
Norway 
Recrystallized 
SEDEX 
(Paleozoic) 

Mo5 Amphibolite facies 
(550 °C, 7 kbar?) 

Saager (1967); 
 Cook (2001) Mo16 

Mo17A 

Sulitjelma, 
Norway 
Recrystallized 
VMS 
(Ordovician) 

CV01.1 Lower amphibolite facies 
(450-500 °C) 

Cook et al. (1990; 
1993); 

Cook (1992; 1994; 
1996); 

Barrie et al. (2010) 

CV01.2a 
CV01.2b 
CV01.3 
CV01.4 

CV01.6b 
NC4172 
NC5839 
NC6894 

Su3 
Sulis 1b 
Sulis2a 

Kanmantoo, 
Australia 
Metamorphosed
, remobilised 
syngenetic 
sulphide ore 
(Cambrian) 

KTDD086(8) Amphibolite facies 
(530-630 °C, 2.2-5.4 kbar) 

Jensen and Whittle 
(1969); 

Verwoerd and 
Cleghorn (1975); 
Seccombe et al. 

(1985); 
Both et al. (1995); 
Spry et al. (2010) 

KTDD086(9) 
KTDD086(11) 
KTDD086(12) 
KTDD178(7) 
KTDD178(8) 

KTDD178(12) 
KTDD180(3) 
KTDD180(7) 

KTDD180S(4) 
KTDD180S(5) 

Abbreviations: VMS = volcanogenic massive sulphide, SEDEX = sedimentary exhalative 
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5.3 Experimental methods  

 

Each sample was prepared as a polished block and characterized by reflected light 

microscopy and backscattered electron (BSE) imaging prior to LA-ICP-MS analysis. Only 

areas of chalcopyrite grains free of noticeable inclusions were selected for LA-ICP-MS 

analysis.  

LA-ICP-MS analysis was carried out using a Resonetics M-50-LR 193 nm Excimer laser 

attached to an Agilent 7700cx Quadrupole ICP mass spectrometer (Adelaide Microscopy, 

The University of Adelaide). The Resonetics laser, designed by Laurin Technic Pty., uses a 

two-volume ablation cell for outstanding trace element sensitivity, washout and stability 

(Müller et al., 2009). The ablation cell was filled with UHP He (0.7 L/min) that was mixed 

with Ar (0.93 L/min) after leaving the cell, and was directly introduced to the torch through a 

“squid” (pulse homogenizing device). The ICP-MS was calibrated regularly in order to 

maximize sensitivity, whilst keeping production of molecular oxide species (i.e., 

232Th16O/232Th) and doubly-charged ion species (i.e., 140Ce2+/140Ce+) as low as possible, and 

typically <0.2 %.  

Laser beam energy output was set at 100 mJ at a 26 μm spot size using a repetition rate of 

10 Hz. Each analysis comprised a 30 s background measurement followed by 30 s of sample 

ablation, while a 40 s delay was allowed after each spot analysis to ensure adequate cell 

wash-out, gas stabilization, and computer processing time. Analyzed isotopes include 34S, 

55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 75As, 82Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 

125Te, 182W, 197Au, 202Hg, 205Tl, 206Pb, 207Pb, 208Pb and 209Bi. Dwell times for In, Au and Tl 

were set to 0.05 s, while all other elements were set to 0.01 s. Mean errors and the minimum 

detection limits for common trace elements in each sample are provided as Electronic 

Appendix B. Typically 10 analyses were made on chalcopyrite in a given sample and as 
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many multiple grains were analysed as possible. Multiple analyses of the MASS-1 sulphide 

reference material (formerly PS-1; Wilson et al., 2002) bracketed batches of up to 10 

unknown analyses. This allowed monitoring of instrument drift, and a linear correction based 

on the bracketed MASS-1 analyses was applied to all unknown analyses. The latest MASS-1 

certificate of analysis (United States Geological Survey, 2014) was used. The stoichiometric 

nature of chalcopyrite was checked and confirmed by electron probe microanalysis, which 

also indicated that trace elements were typically present at concentrations below minimum 

detection limits with that method. Thus, a value of 34.63 wt. % Cu (stoichiometric 

chalcopyrite) was used as an internal standard. GLITTER data reduction software (Van 

Achterbergh et al., 2001) was used to carry out data calculations. Given poorly constrained 

sulphur isotopic interference on 66Zn measurements (e.g., Danyushevsky et al., 2011), we 

accept that the concentration data for Zn reported here may be less accurate than for some 

other elements. We also acknowledge that there exist a number of other polyatomic 

interferences that may necessitate, in cases where concentrations of the interfered element are 

sufficiently high, correction to derive precise abundance data using LA-ICP-MS. Examples 

include direct mass interference from 115Sn when measuring the content of In (Jenner and 

O'Neill, 2012), or 59Co16O interference when measuring 75As (Patten et al., 2013). We have 

not made such corrections to the dataset, confident that although such interferences can 

impact on data quality when the elements concerned are present at wt. % concentration, they 

are negligible (well within instrumental error) for low ppm values of the order reported here. 

An exhaustive treatment of all potential interferences for all trace elements would be well 

beyond the scope of the present manuscript. 
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5.4 Results  

 

Distinguishing whether a trace element is present in solid solution as opposed to 

microscale mineral inclusions within a given mineral is an ongoing difficulty for 

microanalytical research (e.g., Cook et al., 2016). In order to produce a reliable dataset, it is 

integral that all data is properly evaluated and great care is taken to monitor information that 

may suggest the presence of inclusions (for example LA-ICP-MS downhole spectra; e.g., 

George et al., 2015, assessing all element combinations that may indicate inclusions; e.g., 

proton microprobe work of Cabri et al., 1985 or Huston et al., 1995). If not, doubt may be 

placed on the reliability of any anomalous trace element report from the literature, especially 

those where wt. % levels have been measured for trace elements typically present at ppm 

levels. Nevertheless, one must also be cautious in attributing an anomalous trace element 

report from the literature to micro-inclusions of a distinct phase, simply because it is 

uncharacteristic. Given the right conditions, many minerals may host anomalous 

concentrations of trace elements not easily attributed to micro-inclusions. We have 

endeavoured to only analyse areas of chalcopyrite that were free of any noticeable inclusions. 

Nevertheless, some analyses showed anomalous results, and corresponding LA-ICP-MS 

downhole spectra revealed irregular profiles implying the presence of micro-inclusions 

beneath the chalcopyrite surface. Such analyses were discarded. The remaining LA-ICP-MS 

downhole spectra were relatively smooth indicating measurement of trace element 

concentrations in solid solution (Fig. 5.1). In some cases, where inclusions were only present 

at the end of an individual downhole spectrum (e.g., Fig. 5.1d), concentrations were still 

calculated by only integrating the signal before the inclusion-related peak. Table 5.3 

summarizes the trace element data, showing 18 trace elements measured in chalcopyrite. The 

full dataset is provided as Electronic Appendix C. Individual spot analyses were plotted as 
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cumulative plots (Fig. 5.2) allowing visualization of the trace element variation within each 

deposit as well as within deposit types. Although the concentrations of some elements in 

chalcopyrite varied significantly across sample suites from individual deposits, variance was 

generally limited within any given sample. There was certainly no evidence of systematic 

grain-scale zonation as has been reported for other base metal sulphides (e.g., galena and 

sphalerite in low temperature epithermal ores from Herja; George et al., 2015). Chondrite-

normalized spider plots (Fig. 5.3) were used to depict the mean trace element compositions of 

chalcopyrite (as well as the range of concentrations) in each different deposit type. 

Molybdenum and W were seldom present in chalcopyrite at concentrations above minimum 

levels of detection (see footnote to Table 5.3).  

Zinc was the trace element most highly concentrated in chalcopyrite - sample Hj-13 from 

Herja (epithermal) contained chalcopyrite that hosted as much as 1,596 ppm Zn. Smooth LA-

ICP-MS downhole spectra from Hj-13 indicated the Zn was present in solid solution (Fig. 

5.1c). All chalcopyrite in samples from the epithermal deposits contained high levels of Zn; 

chalcopyrite from porphyry deposits hosted little Zn. Variation within samples from 

individual deposits was extremely low, usually only over a single order of magnitude. 

Chalcopyrite from the epithermal, exhalative and recrystallized exhalative deposit types all 

had remarkably uniform Zn compositions.  

The highest silver concentration in chalcopyrite from any sample analysed here was 1,112 

ppm (BH73, from the Broken Hill recrystallized SEDEX deposit). High concentrations of Ag 

appeared typical of chalcopyrite from un-recrystallized and recrystallized exhalative deposits 

as well as epithermal systems. Chalcopyrite in these deposit types was all similarly enriched 

in Ag by around 1,000 times chondritic concentrations. Chalcopyrite from the skarn at 

Oravita and the porphyry deposits had the lowest Ag concentrations, usually <10 ppm. 
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Sample variation over one or two orders of magnitude appeared normal within individual 

deposits (e.g. Toroiaga; epithermal, Baita Bihor; skarn, Mofjell; recrystallized SEDEX etc.). 

 

 

Figure 5.1. Representative time-resolved LA-ICP-MS downhole spectra for chalcopyrite. Y 
axis = counts per second, X axis = time (s). On each figure the point the laser is fired is 
indicated on the X axis. (a-c) Relatively flat spectra reflecting solid solution for Sn, In, Bi, 
Pb, Ag, Se, Cd, Zn and Co in chalcopyrite from Kanmantoo, Sulitjelma and Herja, 
respectively. The slight downward trajectory of the spectra indicates a lessening of ablated 
material over time due to gradual deepening of the ablation hole. (d) Relatively flat spectra 
for Ga (Bleikvassli). Peaks at the end of the Zn, Sn and Mn spectra (as marked on the 
figure) are suggestive of an inclusion of sphalerite. Concentrations are calculated by 
selecting and integrating only the signal before the peak. 
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Table 5.3: Summary of trace element concentrations in chalcopyrite determined by LA-ICP-MS (data in ppm) 

                     Locality Sample BMS 
 

Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 
Herja Hj-13 M. (10) 51 4.2 0.39 1596 0.09 0.07 8.6 167 7.6 1.7 10 0.71 - 0.001 0.17 0.002 2.0 0.005 
Romania Cp,Sp,Gn St. Dev. 14 1.4 0.57 699 0.05 0.04 7.7 59 2.7 0.77 3.4 0.77 - 0.001 0.04 0.002 1.6 0.003 
Epithermal 

  
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Toroiaga EMERIC2 M. (9) 0.2 - 0.06 136 2.0 0.27 19 95 2 32 42 11 - 0.02 1.7 0.003 14 0.22 
Romania Cp,Sp,Gn St. Dev. - - 0.07 - 1.4 0.31 13 60 - 13 25 9.3 - 0.04 2.0 0.002 15 0.30 
Epithermal T1a M. (10) 2.4 0.03 - 533 0.60 1.1 1.7 41 10 15 20 2.5 0.25 0.004 0.23 0.001 2.4 0.03 

 
Cp,Sp,Gn St. Dev. 2.4 0.05 - 385 0.31 0.97 1.7 38 7.8 2.4 10 2.0 0.40 0.01 0.13 0.001 1.4 0.03 

 
TOR189 M. (10) 0.98 13 0.28 629 0.27 0.71 78 787 10 20 18 2.2 0.45 0.02 0.46 0.01 1.2 0.9 

 
Cp St. Dev. 0.62 2.6 0.33 827 0.19 0.51 27 91 13.1 4.0 7.5 2.1 0.52 0.03 0.15 0.01 1.1 0.76 

 
TOR191 M. (10) 0.8 0.04 0.02 939 0.27 - 1.4 34 19 33 27 0.91 0.02 0.01 234 0.003 1.4 0.01 

 
Cp,Sp,Gn St. Dev. 0.97 0.05 0.02 844 0.11 - 1.8 45 17.4 21 16 0.63 0.02 0.02 91 0.002 1.4 0.01 

 
TOR197 M. (10) 0.9 0.02 0.02 1419 0.12 1.2 1.5 203 25 19 11 1.7 0.10 0.01 292 0.004 3.3 0.02 

 
Cp,Sp,Gn St. Dev. 1.4 0.05 0.03 857 0.10 0.86 1.3 75 16 4.7 4.1 1.6 0.10 0.01 214 0.004 4.5 0.02 

 
Toroiaga R0 M. (10) 0.88 0.03 - 1192 0.44 1.6 1.6 5.4 18 18 15 0.56 - 0.002 0.28 - 1.5 0.03 

 
Cp,Sp,Gn St. Dev. 1.1 0.10 - 580 0.44 1.1 1.2 7.3 7.8 7.5 12 0.35 - 0.004 0.17 - 0.77 0.02 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kochbulak 33 M. (10) 0.88 0.04 0.02 915 0.17 0.86 31 11 19 2.7 11 0.30 0.39 0.02 0.05 0.26 1.5 10 
Uzbekistan Cp St. Dev. 0.89 - 0.07 285 0.15 0.50 6.2 5.5 4.7 1.1 3.6 0.27 0.39 0.03 0.05 0.23 0.69 2.8 
Epithermal 

  
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Baita Bihor BB55 M. (10) 6.9 10 0.09 618 0.06 0.32 7.9 14 12 106 122 0.75 0.13 0.12 0.11 0.10 1.7 0.48 
Romania Cp,Gn St. Dev. 5.5 7.6 0.10 240 0.04 0.36 3.9 14 13 8.8 19 1.1 0.15 0.10 0.04 0.15 3.7 0.44 
Skarn BBH15-21 M. (10) 2.1 11 1.3 1041 0.82 0.99 136 35 41 185 176 0.03 1.9 0.03 0.09 0.03 4.6 6.7 

 
Cp,Sp St. Dev. 5.3 5.8 0.91 153 0.18 0.91 23 7.1 10 37 32 0.03 1.14 0.06 0.06 0.04 2.6 3.2 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Oravita ORV1 M. (10) 0.24 0.15 - 248 0.19 1.4 43 2.9 1.1 8.6 1.1 2.4 0.27 0.01 0.12 0.01 3.3 0.15 
Romania Cp,Gn St. Dev. 0.19 0.10 - 120 0.12 1.0 14 1.3 0.96 2.6 1.0 3.2 0.30 0.01 0.13 0.01 4.6 0.12 
Skarn ORV4 M. (10) 0.27 0.04 - 156 0.37 2.6 4.7 2.9 1.3 8.1 2.5 1.8 0.08 0.003 0.08 0.01 2.9 0.07 

 
Cp St. Dev. 0.17 0.05 - 26 0.43 1.6 5.5 2.5 0.71 1.6 1.5 2.6 0.17 0.01 0.08 0.01 3.9 0.08 

 
ORV4a M. (10) 0.17 0.01 0.03 140 0.23 1.0 10 8.0 1.3 9.2 2.0 10 0.22 0.01 0.12 0.05 4.0 0.35 

 
Cp St. Dev. 0.11 0.02 0.09 29 0.14 0.81 10 4.4 1.1 1.2 1.1 21 0.31 0.01 0.07 0.09 5.5 0.97 

 
ORV4B M. (10) 0.10 0.01 0.03 12 0.28 0.40 13 1.3 1.1 0.81 0.43 0.38 0.45 0.03 21 0.09 31 4.7 

 
Cp,Sp,Gn St. Dev. 0.07 0.03 0.03 15 0.12 0.28 18 1.8 1.0 0.89 0.26 0.33 0.31 0.02 14 0.20 31 2.8 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Assarel ASR 5A M. (10) 0.53 0.01 - 24 0.52 0.50 12 2.7 2.6 0.20 0.18 0.45 0.27 0.01 35 0.01 8 3.1 
Bulgaria Cp,Sp,Gn St. Dev. 0.73 0.01 - 29 0.32 0.11 6.8 1.8 3.5 0.23 0.14 0.57 0.18 0.01 24 0.01 7.5 2.1 
Porphyry ASR 10 M. (10) 0.24 - 0.04 11 0.51 0.82 18 2.8 0.27 7.0 0.91 0.12 0.11 0.02 0.07 0.01 5.8 1.3 

 
Cp St. Dev. 0.27 - 0.12 3.8 0.34 0.30 21 1.6 0.26 5.1 1.0 0.22 0.19 0.01 0.05 0.03 8.5 1.5 

 
ASR KB P12077 M. (10) 0.36 0.02 - 8.4 0.20 1.5 226 2.1 0.73 2.8 1.0 0.07 0.54 0.02 0.08 0.02 16 20 

 
Cp St. Dev. 0.50 0.02 - 4.5 0.14 1.3 64 2.0 0.51 0.69 0.33 0.11 0.99 0.02 0.08 0.07 27 17 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 
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Bor BOR14 M. (10) 2.4 0.05 - 65 0.14 1.3 2.4 12 0.77 0.69 16 0.13 0.04 0.06 0.09 0.23 12 6.2 
Serbia Cp St. Dev. 1.7 0.06 - 32 0.14 1.1 1.7 9.0 0.98 0.21 10 0.11 0.12 0.06 0.09 0.17 10 3.3 
Porphyry 

  
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Elastite Elastite b a M. (10) 0.60 0.82 - 1.2 0.34 0.78 313 2.5 0.11 2.4 2.0 0.99 0.19 0.002 0.06 0.05 10 1.0 
Bulgaria Cp St. Dev. 1.1 0.65 - 1.5 0.41 0.41 240 2.9 0.19 0.25 1.6 0.97 0.29 0.004 0.06 0.06 10.6 1.2 
Porphyry ELS 157 M. (6) 0.76 0.04 - 34 0.96 1.7 2.8 14 0.59 0.35 0.12 4.4 0.23 0.03 0.11 0.01 27 0.61 

 
Cp,Sp,Gn St. Dev. 0.62 0.09 - 10 0.34 2.0 0.86 8.4 0.41 0.08 0.06 4.5 0.27 0.02 0.15 0.02 26 0.67 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Vorta DMV 99-22 M. (8) 0.27 1.5 - 258 1.0 2.8 - 44 1.2 0.10 0.30 2.4 0.02 0.01 0.72 0.07 8 0.29 
Romania Cp,Sp,Gn St. Dev. 0.29 4.1 - 235 0.66 2.3 - 28 1.2 0.27 0.31 2.1 0.05 0.02 0.81 0.07 18 0.79 
VMS 

  
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kapp Mineral kmi 2a M. (9) 14 0.16 0.26 216 0.16 1.0 2.5 174 3.3 1.4 15 30 0.04 0.01 47 0.06 - 0.26 
Norway Cp,Gn St. Dev. 20 0.15 0.28 140 0.04 0.78 1.6 52 2.5 0.50 4.1 17 0.05 0.01 39 0.03 - 0.32 
SEDEX 

  
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Broken Hill BH73 M. (5) 23 1.7 0.14 519 5.9 - - 1112 1.8 1.7 307 0.7 0.05 0.01 0.05 0.10 13 0.01 
Australia Cp,Sp,Gn St. Dev. 25 1.4 0.13 336 1.3 - - 259 1.7 0.24 53 0.69 0.08 0.003 0.04 0.13 13.2 0.01 
Recrystallized BH262 M. (10) 2.5 0.44 0.21 460 8.6 1.2 - 138 2.2 1.3 389 0.60 - 0.002 0.09 0.002 2.5 0.004 
SEDEX Cp,Sp,Gn St. Dev. 1.4 0.57 0.44 128 4.6 0.86 - 127 1.4 0.19 69 0.52 - 0.003 0.07 0.003 2.0 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Bleikvassli Bv-1 M. (5) 2.1 0.01 0.01 371 24 - 2.3 597 0.85 19 712 7.3 - 0.24 0.41 0.64 4.1 0.03 
Norway Cp,Sp,Gn St. Dev. 2.1 0.02 0.01 66 14 - 1.9 295 0.25 3.5 571 4.2 - 0.35 0.28 0.65 3.4 0.03 
Recrystallized Bv-4 M. (10) 34 0.24 0.10 425 22 1.2 3.5 4.3 2.0 36 1108 3.8 - 0.004 0.17 0.04 1.6 0.06 
SEDEX Cp,Sp,Gn St. Dev. 11 0.35 0.25 67 9.2 0.84 2.3 2.39 0.91 3.0 362 2.9 - 0.01 0.08 0.03 1.35 0.09 

 
V598572 M. (9) 46 0.29 1.3 490 1.7 0.39 13 12 5.6 24 1017 1.0 0.14 0.01 0.85 0.03 2.7 0.02 

 
Cp,Sp,Gn St. Dev. 18 0.61 3.0 70 1.0 0.66 10 4.0 2.8 3.7 188 1.5 0.20 0.004 0.37 0.06 6.7 0.02 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Mofjell Mo5 M. (10) 5.3 0.01 1.3 565 0.42 - 16 26 3.1 0.87 3.0 1.1 0.60 0.004 0.16 0.12 2.6 0.01 
Norway Cp,Sp,Gn St. Dev. 3.3 0.02 0.83 145 0.17 - 5.4 1.8 0.75 0.35 1.3 1.8 0.70 0.004 0.09 0.27 1.5 0.01 
Recrystallized Mo16 M. (10) 0.18 0.01 - 589 0.17 7.8 8.8 12 48 0.11 0.76 2.4 0.26 0.02 0.03 0.01 1.4 0.003 
SEDEX Cp St. Dev. 0.14 0.02 - 86 0.10 4.0 2.2 1.0 18 0.06 0.19 2.7 0.29 0.02 0.03 0.01 1.1 0.003 

 
Mo17A M. (10) 0.12 0.02 0.01 393 0.15 5.2 3.9 32 51 0.30 0.39 58 0.15 0.02 0.10 0.09 37 0.06 

 
Cp,Gn St. Dev. 0.18 0.03 0.03 101 0.14 3.0 2.8 22 16 0.09 0.13 58 0.22 0.03 0.05 0.24 37 0.10 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Sulitjelma CV01.1 M. (10) 0.42 5.8 0.02 699 0.06 1.8 194 248 43 0.46 0.12 - 0.74 0.003 0.16 0.003 0.85 0.22 
Norway Cp St. Dev. 0.29 4.7 0.05 31 0.04 1.0 14 32 3.2 0.07 0.09 - 0.64 0.003 0.09 0.002 0.54 0.15 
Recrystallized CV01.2a M. (10) 0.44 7.2 0.09 722 0.10 1.2 166 240 44 0.39 0.08 0.07 1.7 - 0.11 0.002 0.68 0.32 
VMS Cp St. Dev. 0.24 8.3 0.14 91 0.09 0.48 11 89 8.9 0.04 0.04 0.07 1.1 - 0.08 0.001 0.37 0.18 

 
CV01.2b M. (10) 0.27 0.91 - 586 0.04 2.0 153 163 34 0.59 0.09 0.06 1.4 0.002 0.14 0.002 1.1 0.43 

 
Cp St. Dev. 0.19 0.44 - 73 0.05 1.2 11 36 4.9 0.65 0.07 0.08 0.63 0.002 0.12 0.003 1.3 0.45 

 
CV01.3 M. (10) 0.34 0.15 0.07 350 0.20 1.5 849 162 18 0.96 0.26 0.02 0.10 0.004 0.06 0.05 0.29 0.42 

 
Cp,Sp St. Dev. 0.25 0.12 0.12 56 0.11 0.98 51 32 3.8 0.11 0.17 0.02 0.16 0.01 0.04 0.14 0.18 0.20 

 
CV01.4 M. (10) 0.23 2.1 0.09 555 0.04 1.0 212 202 27 1.3 0.55 0.14 0.03 0.003 0.22 0.03 0.89 0.62 

 
Cp St. Dev. 0.17 1.1 0.13 63 0.04 0.60 11 17 4.8 0.16 0.25 0.16 0.10 0.005 0.17 0.05 0.57 0.37 
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CV01.6b M. (10) 0.26 0.19 0.24 394 0.14 1.0 722 196 22 0.67 0.31 0.04 0.08 0.003 0.11 0.01 0.76 0.81 

 
Cp,Sp St. Dev. 0.12 0.10 0.19 57 0.10 0.81 42 17 7.1 0.06 0.24 0.05 0.13 0.005 0.09 0.03 0.47 0.56 

 
NC4172 M. (10) 6.0 3.4 0.65 282 0.63 0.97 22 41 4.0 5.4 10 10 0.60 0.01 0.10 0.85 17 4.5 

 
Cp St. Dev. 3.3 2.0 0.78 110 0.74 0.71 6.3 17 1.5 1.8 1.6 3.2 0.68 0.01 0.06 0.93 10.0 2.8 

 
NC5839 M. (10) - 1.1 0.18 471 12 0.94 46 38 2.8 6.3 66 1.5 1.1 0.02 0.13 0.01 1.4 0.25 

 
Cp,Sp St. Dev. - 0.67 0.15 156 3.2 0.77 8.5 5.7 1.6 1.1 6.2 1.0 0.90 0.02 0.12 0.01 0.83 0.34 

 
NC6894 M. (10) 0.24 0.02 0.02 128 0.37 2.9 68 8.4 2.1 20 53 0.13 1.2 0.05 0.39 0.002 0.46 0.07 

 
Cp,Sp St. Dev. 0.20 0.04 0.03 10 0.12 1.9 9.4 2.4 0.59 2.6 6.6 0.09 0.75 0.04 0.26 0.001 0.34 0.06 

 
Su3 M. (10) 0.58 2.4 3.1 148 0.39 0.91 8.7 31 3.3 14 22 0.07 0.70 0.24 0.15 0.001 2.5 5.9 

 
Cp St. Dev. 0.83 0.60 1.3 59 0.14 0.53 3.3 12 0.75 0.64 7.8 0.08 0.26 0.23 0.09 0.001 2.3 2.6 

 
Sulis 1b M. (10) 5.3 0.25 0.11 439 9.0 1.3 53 37 2.8 6.5 58 1.7 0.72 0.01 0.32 0.01 1.3 0.74 

 
Cp,Sp St. Dev. 2.8 0.27 0.27 67 1.9 1.2 7.1 5.1 1.0 0.70 7.6 1.08 0.53 0.02 0.12 0.03 1.00 1.6 

 
Sulis2a M. (10) 16 0.41 0.23 402 2.5 2.0 67 19 5.9 1.5 3.2 1.0 0.85 0.004 0.36 0.001 3.3 0.73 

 
Cp,Sp St. Dev. 4.1 0.31 0.29 68 0.63 1.3 7.5 3.3 1.1 0.25 1.0 0.31 0.72 0.004 0.22 0.001 2.3 1.1 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kanmantoo KTDD086(8) M. (10) 1.3 0.54 1.3 350 2.4 1.1 106 83 1.5 16 80 0.18 0.14 0.12 0.07 0.01 21 2.2 
Australia Cp St. Dev. 0.39 0.43 1.04 145 0.30 0.81 11 115 0.75 5.4 13 0.09 0.16 0.13 0.05 0.01 14 1.03 
Metamorphosed KTDD086(9) M. (10) 0.68 0.34 0.18 427 2.2 1.4 234 19 1.5 13 58 0.22 0.12 0.07 0.09 0.003 43 2.7 
remobilised Cp St. Dev. 0.40 0.12 0.17 75 1.3 0.79 64 6.6 0.33 3.4 10 0.18 0.09 0.05 0.07 0.003 23 1.4 
syngenetic KTDD086(11) M. (10) 0.54 0.40 0.14 352 4.3 0.80 48 15 2.0 10 72 0.11 0.60 0.02 0.08 0.003 6.3 0.38 
sulphide ore Cp St. Dev. 0.25 0.12 0.14 64 0.65 0.55 5.8 6.2 0.57 2.5 15 0.11 0.73 0.02 0.07 0.003 2.4 0.15 

 
KTDD086(12) M. (10) 0.84 0.35 0.13 390 4.7 1.9 52 20 3.0 15 62 0.14 1.9 0.02 0.11 0.001 5.4 1.3 

 
Cp St. Dev. 0.55 0.10 0.17 71 1.2 1.7 5.9 9.2 0.36 3.5 11 0.09 0.76 0.02 0.12 0.001 2.0 1.2 

 
KTDD178(7) M. (10) 0.13 3.0 0.36 433 0.35 1.0 59 23 1.3 51 149 0.08 0.35 0.02 0.07 0.004 41 1.7 

 
Cp St. Dev. 0.09 1.1 0.21 65 0.13 1.1 5.9 3.8 0.66 11 64 0.06 0.22 0.02 0.06 0.003 30 0.76 

 
KTDD178(8) M. (9) 0.08 0.76 0.57 301 0.46 1.1 50 26 2.3 15 318 - 0.57 0.01 0.06 0.001 1.9 0.10 

 
Cp St. Dev. 0.05 0.57 0.63 112 0.20 1.1 18.9 11.7 0.98 6.8 142 - 0.35 0.004 0.05 0.001 1.04 0.06 

 
KTDD178(12) M. (10) 0.11 1.3 0.39 356 0.71 0.93 32 43 1.8 19 314 0.03 0.32 0.03 0.07 0.001 1.9 0.21 

 
Cp St. Dev. 0.07 0.58 0.29 60 0.28 0.42 3.2 8.3 0.57 9.0 100 0.01 0.27 0.02 0.05 0.001 1.3 0.14 

 
KTDD180(3) M. (7) 0.80 4.4 0.17 350 0.23 1.6 18 26 0.82 55 24 0.20 0.53 0.003 0.14 0.24 0.92 1.4 

 
Cp St. Dev. 0.38 4.2 0.32 63 0.13 1.3 2.5 30 0.31 2.5 4.4 0.13 0.34 0.003 0.09 0.46 0.73 1.2 

 
KTDD180(7) M. (10) 0.33 0.88 0.42 507 1.4 1.3 12 18 1.3 38 206 0.08 0.88 0.16 0.11 0.17 0.74 3.5 

 
Cp St. Dev. 0.22 0.35 0.39 84 0.38 1.3 3.5 6.2 0.43 11 47 0.05 0.58 0.14 0.07 0.54 1.2 2.8 

 
KTDD180S(4) M. (10) 0.44 2.1 0.06 520 0.59 2.0 54 86 2.3 49 298 0.09 0.37 0.07 0.17 0.01 44 16 

 
Cp St. Dev. 0.47 1.18 0.08 63 0.13 1.5 4.5 13 0.43 2.5 141 0.08 0.31 0.05 0.08 0.01 14 23 

 
KTDD180S(5) M. (10) 1.9 2 0.29 389 0.64 1.2 60 123 1.1 21 305 0.16 0.68 0.19 0.11 0.003 28 30 

 
Cp St. Dev. 1.4 3 0.39 155 0.19 0.94 9.1 10 0.64 3.7 82 0.11 0.58 0.09 0.09 0.002 24 20 

                     Abbreviations - BMS: base metal sulphides, Cp: chalcopyrite, Sp: sphalerite, Gn: galena, M.: mean, St. Dev.: standard deviation. 
(X) = number of individual spot analyses in that sample. Dash = insufficient data to perform calculation (all analyses <mdl). Other <mdl values were treated as mdl/2. 
The 18 elements displayed are commonly present at measurable concentrations. Mo and W were measured but are rarey present above minimum levels of detection.  
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Figure 5.2. Cumulative plots showing individual spot concentrations of Mn, Co, Zn, Ga, Se, 
Ag, Cd, In, Sn, Sb, Hg, Tl, Pb and Bi in chalcopyrite from each deposit. Chalcopyrite 
concentration data for each deposit is sorted in ascending order and plotted in succession 
along the X axis. Y axis = concentration (parts per million). Red points are from epithermal 
deposits, green are from skarn deposits, yellow are from porphyry deposits, purple are from 
the Vorta VMS deposit, light blue are from the Kapp Mineral SEDEX prospect, orange are 
from recrystallized SEDEX deposits, dark blue are from the Sulitjelma recrystallized VMS 
deposit and grey are from the Kanmantoo deposit, interpreted as a metamorphosed, 
remobilised syngenetic sulphide ore. The average composition for each deposit type is given 
as a horizontal coloured line.  
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Figure 5.3. Chondrite normalized spider plots for 14 common trace elements in chalcopyrite 
from different deposit types. Data normalized with values from McDonough and Sun 
(1995). (a) Comparison of the mean concentration of each trace element in chalcopyrite 
from different deposit types. (b) Mean concentration and range of each trace element in 
chalcopyrite from epithermal, skarn, porphyry, exhalative and recrystallized exhalative 
deposits. Epithermal deposits consist of Herja, Toroiaga and Kochbulak, skarn deposits 
consist of Baita Bihor and Oravita, Porphyry deposits consist of Assarel, Bor and Elatsite, 
exhalative deposits consist of Vorta and Kapp Mineral and recrystallized exhalative deposits 
consist of Broken Hill, Bleikvassli, Mofjell and Sulitjelma.  
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Tin was highly concentrated in chalcopyrite from the recrystallized SEDEX deposits 

Broken Hill and Bleikvassli, and also at both Baita Bihor (skarn) and Kanmantoo 

(metamorphosed, remobilised syngenetic sulphide ore). The most Sn-rich chalcopyrite here 

was from sample Bv-4 (Bleikvassli; recrystallized SEDEX), which hosted an average of 

1,108 ppm Sn. Smooth LA-ICP-MS downhole spectra from Bv-4 suggested the Sn was 

present in solid solution (Fig. 5.1d). Chalcopyrite from Oravita (skarn), Assarel (porphyry), 

Elatsite (porphyry) and Vorta (VMS) all hosted low levels of Sn. Variation appeared to be 

considerable within samples from a single deposit, for example, in the case of the Sulitjelma 

(recrystallized VMS) samples, Sn concentrations in chalcopyrite fluctuated over four orders 

of magnitude. 

The highest concentration of selenium in chalcopyrite here was 849 ppm (from sample 

CV01.3, Sulitjelma; recrystallized VMS). Sample concentrations varied over three orders of 

magnitude at Sulitjelma, as well as in the Assarel (porphyry), Elatsite (porphyry) and 

Toroiaga (epithermal) samples. Typically, however, variation over two orders of magnitude 

was observed in samples from any deposit. Chalcopyrite from Kapp Mineral (SEDEX) and 

Bor (porphyry) hosted the least Se. Selenium concentrations in chalcopyrite from exhalative 

deposits were very uniform, although depleted relative to other deposit types. Overall, mean 

Se concentrations in chalcopyrite from different deposit types varied by two orders of 

magnitude. 

Chalcopyrite in sample BBH15-21 from Baita Bihor (skarn) hosted 185 ppm indium, the 

most of any sample. Relative to other deposits, In was highly enriched in chalcopyrite at 

Baita Bihor, as well as Toroiaga (epithermal), Bleikvassli (recrystallized SEDEX) and, to a 

lesser extent, also at Kanmantoo (metamorphosed, remobilised syngenetic sulphide ore). 

Indium concentrations in chalcopyrite varied over one or two orders of magnitude within 

samples from the same deposit, although at Assarel (porphyry), sample concentrations 
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fluctuated over no less than four orders of magnitude. The chalcopyrite in the Vorta (VMS) 

sample contained the least In. Chalcopyrite from the different deposit types varied in its In 

content over two orders of magnitude. 

We did not record more than 1 ppm mercury and thallium in chalcopyrite across the 

sample suite, although in a few individual samples chalcopyrite hosted high levels of Hg: 

samples TOR197 and TOR191 (Toroiaga; epithermal) both contained chalcopyrite hosting 

over 200 ppm Hg, while tens of ppm were present in chalcopyrite from kmi 2a (Kapp 

Mineral; SEDEX) and ASR 5A (Assarel; porphyry). Mean Tl concentrations in chalcopyrite 

from different deposit types varied very little, all approximately uniform with chondritic 

compositions. Mercury concentrations in chalcopyrite, on the other hand, varied over five 

orders of magnitude; the most of any element here. Chalcopyrite from recrystallized 

exhalative deposits was grossly depleted in Hg compared to other deposit types.  

Manganese, cadmium and lead were all commonly present in chalcopyrite at 

concentrations between 0.1 and 50 ppm. Concentrations of Mn and Cd in chalcopyrite 

samples from any single deposit varied up to two orders of magnitude, although Cd 

concentrations varied less than that for many deposits. Lead concentrations in chalcopyrite on 

the other hand fluctuated over three orders of magnitude in samples from a given deposit. 

The highest mean concentrations in chalcopyrite for each element in any given sample were 

51 ppm Mn (V598572; Bleikvassli; recrystallized SEDEX), 51 ppm Cd (Mo17A; Mofjell; 

recrystallized SEDEX) and 44 ppm Pb (KTDD180S(4); Kanmantoo; metamorphosed, 

remobilised syngenetic sulphide ore). All epithermal chalcopyrite analysed here was 

uniformly enriched in Cd relative to other deposit types. While Cd concentrations in 

recrystallized exhalative chalcopyrite were sometimes also high, the range of concentrations 

measured was large and extended quite low.  
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Concentrations of antimony and bismuth in chalcopyrite reached 58 ppm (Mo17A; 

Mofjell; recrystallized SEDEX) and 30 ppm (KTDD180S(5); Kanmantoo; metamorphosed, 

remobilised syngenetic sulphide ore), respectively. Concentrations of both elements in 

chalcopyrite from samples of individual deposits usually varied across two and four orders of 

magnitude. Kochbulak (epithermal), Baita Bihor (skarn), Assarel (porphyry) and Kanmantoo 

(metamorphosed, remobilised syngenetic sulphide ore) all hosted chalcopyrite containing 

high levels of Bi but low levels of Sb, whereas Mofjell (recrystallized SEDEX) chalcopyrite 

contained high levels of Sb but low levels of Bi. Overall, Sb was most enriched in 

chalcopyrite from exhalative deposits compared to other deposit types.  

Concentrations of cobalt and gallium in chalcopyrite across the sample suite were 

typically between 0.001 and 10 ppm. Relative to other deposit types, chalcopyrite from the 

recrystallized exhalative deposits was enriched in Ga, specifically, Bleikvassli (recrystallized 

SEDEX) and Broken Hill (recrystallized SEDEX). Chalcopyrite concentrations in sample 

Bv-1 (Bleikvassli) reached 24 ppm Ga. Cobalt concentrations in chalcopyrite were highest in 

sample TOR189 (Toroiaga; epithermal) where 13 ppm Co was measured. Porphyry 

chalcopyrite was depleted in Co relative to other deposit types.  

Arsenic, nickel, tellurium and gold were all sometimes present at measurable 

concentrations in chalcopyrite, however individual analyses were frequently below the 

minimum limit of detection. The highest concentrations of these elements in chalcopyrite was 

7.8 ppm As (Mo16; Mofjell; recrystallized SEDEX), 3.1 ppm Ni (Su3; Sulitjelma; 

recrystallized VMS), 1.9 ppm Te (in both BBH15-21; Baita Bihor; epithermal, and 

KTDD086(12); Kanmantoo; metamorphosed, remobilised syngenetic sulphide ore) and 0.24 

ppm Au (in both Bv-1; Bleikvassli; recrystallized SEDEX, and Su3; Sulitjelma; recrystallized 

VMS). 
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5.5 Discussion  

 

5.5.1 Chalcopyrite as a trace element host 

 

Chalcopyrite is generally considered to be a relatively poor host for trace elements, at least 

if compared to other common Cu-(Fe)-sulphides (e.g., bornite and chalcocite; Cook et al., 

2011), sphalerite (Cook et al., 2009) or galena (George et al., 2015). Indeed, LA-ICP-MS 

element maps presented by George et al. (2016) demonstrated that chalcopyrite is generally 

the ‘least preferred’ host for a range of trace elements when chalcopyrite, sphalerite and 

galena are inferred to co-crystallize. 

A summary of relevant literature reveals that only Ag, Zn, As, Se, Co and Pb are usually 

reported as trace components in solid solution within chalcopyrite, whereas Mn, In, Tl, Ga 

and Hg are seldom referred to, if at all. There is also a relative scarcity of empirical 

concentration data for natural chalcopyrite compared to other sulphides, and in cases where 

data are reported, often the full range of elements were not checked, or the minimum levels 

of detection for many trace elements were too high to gain a proper appreciation of 

concentration ranges (e.g., Harris et al., 1984; Cabri et al., 1985; Kase, 1987; Brill, 1989; 

Huston et al., 1996; Scott et al., 2001; Moggi-Cecchi et al., 2002; Serranti et al., 2002; 

Shalaby et al., 2004; Demir et al., 2008; Layton-Matthews et al., 2008; Monteiro et al., 2008; 

Demir et al., 2013; Gena et al., 2013; Reich et al., 2013; Cioacă et al., 2014; Helmy et al., 

2014; Wang et al., 2015a; Wohlgemuth-Ueberwasser et al., 2015; Sadati et al., 2016). The 

dataset presented in this study, encompassing a wider range of trace elements, and with the 

generally lower minimum detection limits afforded by LA-ICP-MS, thus allow for a new 

evaluation of chalcopyrite as a trace element carrier. 
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Zinc was the most abundant trace element present in the chalcopyrite analysed here with 

individual spot concentrations exceeding 2,000 ppm in the Herja and Toroiaga epithermal 

systems. The only other trace elements commonly present at over 100 ppm were Se, Ag and 

Sn. As such, the trace element budget for chalcopyrite was generally lower than in other co-

existing base metal sulphides for which data are available (e.g., Cook et al., 2011; George et 

al., 2016). Yet despite the lower overall concentrations compared to other common sulphides, 

particularly when they co-crystallize with chalcopyrite, it is apparent that the latter is able to 

incorporate a wide range of trace elements. Manganese, Co, Zn, Ga, Se, Ag, Cd, In, Sn, Sb, 

Hg, Tl, Pb and Bi were all commonly present at measurable levels in chalcopyrite. Generally, 

trace element concentrations showed little variation at the sample scale, yet most elements 

showed significant variation of four to five orders of magnitude across the sample suite and 

even from samples within individual deposits. Significantly, Mn, In, Tl, Ga and Hg were all 

commonly present at measurable concentrations in chalcopyrite despite rarely being reported 

in most previous studies. Other trace elements that were occasionally present in chalcopyrite 

include Ni, As, Te and Au. Thus, considering the greater abundance of chalcopyrite relative 

to other sulphides in many Cu-ores, in a given deposit chalcopyrite may be the main sulphide 

host for many of the elements listed above. 

 

5.5.2 Trace element incorporation 

 

The incorporation of trace elements into the chalcopyrite structure is more complex than 

in other common base metal sulphides, particularly sphalerite or galena. Covalent bonding in 

chalcopyrite means that Goldschmidt’s rules (Goldschmidt, 1954) cannot be used to predict 

partitioning trends as for purely ionic structures (e.g., George et al., 2016). Instead, in any 

given ore system, the trace element content of chalcopyrite will largely depend on the 
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presence or absence of other co-crystallizing sulphides, particularly sphalerite and galena. All 

trace elements analysed here (except for Zn in the absence of sphalerite) preferentially 

partition into co-crystallizing sphalerite or galena if those phases are present (George et al., 

2016). This is demonstrated in Figures 5.4a and b, which show the concentration of different 

trace elements in chalcopyrite from Toroiaga and Oravita, respectively. In the first case, Co, 

Se, Ag and Bi concentrations are all significantly lower in hydrothermal chalcopyrite that co-

crystallized with sphalerite and galena than in chalcopyrite from assemblages in which the 

other base metal sulphides are absent (Fig. 5.4a). This supports observations (George et al., 

2016) that Co will preferentially partition into sphalerite, and Se, Ag and Bi into galena, 

when those base metal sulphides co-crystallize with chalcopyrite in hydrothermal settings. At 

Oravita, Co, Zn, Ag, In and Sn concentrations are all significantly lower in chalcopyrite 

associated with sphalerite compared to chalcopyrite that has crystallized without any 

sphalerite in the polished section (Fig. 5.4b). Again the sphalerite has incorporated a 

significant proportion of the trace element budget. We thus conclude that hydrothermal 

chalcopyrite crystallizing without sphalerite and/or galena, is likely to host greater 

concentrations of Co, Zn, Se, Ag, In, Sn and Bi, whereas the concentration of these elements 

will be reduced when sphalerite and/or galena co-crystallize. Consequently, chalcopyrite may 

be thought of as a sink that will incorporate much of the ‘leftover trace element budget’ not 

taken up into other co-crystallizing sulphides (sphalerite and galena in the cases above), and 

efficiently explains why chalcopyrite is able to host a wide range of trace elements while 

measured concentrations are generally low. A similar relationship exists between 

chalcopyrite and pyrite, the latter well known to incorporate high levels of As, Co and Ni, 

and possibly also others (e.g., Large et al., 2009; Winderbaum et al., 2012). Similarly, in ores 

containing bornite and/or chalcocite, such as Olympic Dam, South Australia, these minerals 

are likely to host, and control the distribution of Ag and Bi, with chalcopyrite only an 
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Figure 5.4. Plots showing the dependency of the trace element composition of 
chalcopyrite on co-crystallizing base metal sulphides (BMS). Chalcopyrite concentration 
data for each BMS assemblage in each deposit is sorted in ascending order and plotted in 
succession along the X axis. (a) Chalcopyrite in samples from Toroiaga. Data to the left 
of plot is from chalcopyrite co-crystallizing with sphalerite and galena. Data to the right 
of plot is from chalcopyrite crystallizing without other BMS nearby. (b) Chalcopyrite in 
samples from Oravita. Data to the left of plot is from chalcopyrite co-crystallizing with 
sphalerite. Data to the right of plot is from chalcopyrite crystallizing without other BMS 
nearby. (c) Chalcopyrite at Sulitjelma. Data to the left of plot is from chalcopyrite co-
crystallizing with sphalerite. Data to the right of plot is from chalcopyrite without other 
BMS crystallized nearby. 
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important Ag-Bi-host when bornite and chalcocite are absent (Cook et al., 2015).  

In the case of those deposits in which the sulphides recrystallized during syn-metamorphic 

deformation (Broken Hill, Bleikvassli, Mofjell and Sulitjelma), the presence or absence of 

other co-crystallizing base metal sulphides influences trace element incorporation into 

chalcopyrite in a different way. Under metamorphic conditions of amphibolite facies or 

above, both Ga and Sn will typically partition into chalcopyrite over co-crystallizing 

sphalerite, distinct from the preferred host of these trace elements at lower temperatures 

(sphalerite in the case of Ga; George et al., 2016). This is illustrated by Figure 5.4c, which 

shows the concentration of different trace elements in chalcopyrite from recrystallized 

samples from the Sulitjelma VMS deposit. Concentrations of Co are significantly lower in 

chalcopyrite that has recrystallized together with sphalerite if compared to chalcopyrite-only 

assemblages. This is the same trend depicted in Figures 5.4a and b, showing that Co is 

preferentially partitioned into sphalerite over chalcopyrite at all temperatures and pressures 

(George et al., 2016). The trends for Ga and Sn contrast, however, with those shown by Co, 

in that the concentrations of both Ga and Sn are significantly higher in chalcopyrite that has 

recrystallized with sphalerite. Our interpretation is that, during recrystallization associated 

with sub-solidus deformation, Ga and Sn present in pre-existing sphalerite has been 

remobilized and re-partitioned into chalcopyrite thus increasing the concentration of these 

elements in the latter more so that if it had recrystallized alone.  

Other factors certainly play a contributing role in trace element incorporation into 

chalcopyrite however. For example, Tl is preferentially incorporated into galena over either 

chalcopyrite or sphalerite (George et al., 2016). However, in the absence of galena and/or 

sphalerite, chalcopyrite will still not host more than negligible concentrations of Tl (never 

more than a few ppm in the sample suite analysed here). There must therefore be factors 

intrinsic to the chalcopyrite crystal structure that influence trace element incorporation. 
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Bonding in the chalcopyrite structure is strongly covalent with an effective ionic state 

between Cu+Fe3+S2
2- and Cu2+Fe2+S2

2- (Li et al., 2013). Yet Goldschmidt’s rules for trace 

element incorporation into ionic structures (Goldschmidt, 1954) may still be helpful in 

understanding the observed trace element trends in chalcopyrite. As per Goldschmidt’s rules, 

the ionic radius of a substituting trace element is a major control on trace element 

incorporation. The ionic radii of Zn2+, Sn4+ and In3+ in tetrahedral coordination all fall within 

a ‘window’ between the ionic radii of Fe3+ and Fe2+ (Fig. 5.5). Although Ag+ is significantly 

outside this ‘window’, is still the monovalent ion closest in size to Cu+ in tetrahedral 

coordination. These elements (plus Se which can be assumed to substitute for S) were the 

highest concentration trace constituents measured in chalcopyrite here. Ni2+ and Co2+ also fall 

within the Fe3+ and Fe2+ ‘window’ but were never significantly concentrated in chalcopyrite 

here, possibly due to their incorporation into nearly ubiquitous pyrite. Occasional studies 

have, however, measured high concentrations of Co and Ni in chalcopyrite (e.g., Bajwah et 

al., 1987; Thole, 1976; Wang et al., 2015a; Wang et al., 2015b). Despite the above 

observations, mechanisms of trace element incorporation into covalent structures represents a 

significant research gap and further study is needed to understand partitioning controls. 

 

 

 

Figure 5.5. Plot showing the ionic 
radius of various trace element ions 
in tetrahedral coordination - as in 
chalcopyrite (data from Shannon, 
1976). Red dots represent Fe3+, Cu2+, 
Cu+ and Fe2+. Red area represents the 
zone in which trace elements have 
ideal ionic radii for incorporation 
into chalcopyrite. 
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5.5.3 Correlation between Cd and Zn 

 

A noteworthy correlation between Cd and Zn concentrations in chalcopyrite is observed 

across the dataset. This strong correlation is unique as all other trace element pairs show little 

to no correlation. In general, higher Zn concentrations in chalcopyrite are associated with 

higher Cd concentrations. Concentration data from a number of individual deposits fit well to 

lines of differing positive slope that pass through the origin (Fig. 5.6a), such that chalcopyrite 

from individual deposits display relatively constant Cd:Zn ratios. This ratio increases from 

the VMS Vorta deposit (0.002), to the Herja epithermal system (0.003), to the SEDEX Kapp 

Mineral deposit (0.007), to the Toroiaga (0.010) and Kochbulak (0.012) epithermal systems, 

to the Baita Bihor skarn (0.017) and finally to the recrystallized VMS and SEDEX deposits 

Sulitjelma (0.021) and Mofjell (0.042), respectively. The Cd:Zn ratio in chalcopyrite 

(Cd/Zncp) increases with the inferred temperature of crystallization, thus strongly suggesting 

that temperature is a significant factor influencing Cd/Zncp, as illustrated by Figure 5.7. We 

note that this same trend is observed when chalcopyrite data are plotted for samples without 

any coexisting sphalerite (Fig. 5.6b). The data are thus unlikely to be influenced by sphalerite 

inclusions accidently (co)-analysed in the chalcopyrite, except perhaps in one population of 

chalcopyrite from Mofjell with low Cd but relatively high Zn. 

Although crystallization temperature clearly influences Cd/Zncp, it is unlikely to be the 

sole factor controlling incorporation of the two elements. For instance, the Cd/Zncp for 

Broken Hill (0.002) and Bleikvassli (0.004) appear anomalous as they are far too low to 

solely reflect sulphide crystallization temperature in these high temperature deposits. 

Schwartz (2000) noted similar systematic variation in the Cd:Zn ratio of sphalerite (Cd/Znsp) 

in different deposit types, particularly among Mississippi Valley-type (MVT) and exhalative 

(VMS and SEDEX) deposits. Schwartz reasoned that temperature played a role in 
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Figure 5.6. Binary plots showing correlation between Cd and Zn in chalcopyrite. (a) 
Data for Herja, Toroiaga, Kochbulak, Baita Bihor, Vorta, Kapp Mineral, Mofjell and 
Sulitjelma fits well to lines of positive slope that pass through the origin. (b) Only data 
from samples without any coexisting sphalerite is plotted. As general trends remain, the 
data are unlikely to be influenced by sphalerite inclusions accidently (co)-analysed in the 
chalcopyrite. (c) Data from Oravita, Assarel, Elatsite and Kanmantoo does not fit to lines 
of positive slope. See text for explanation.  
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determining Cd/Znsp but noted that reduced fS2 and pH were also significant. These three 

factors control the stability of Cd and Zn complexes in an ore fluid, and thus the partitioning 

coefficients of Cd and Zn. Despite this, these influences alone cannot explain Cd:Zn ratios in 

natural sphalerites, prompting Schwartz (2000) to conclude that the Cd:Zn ratio in the ore-

forming fluid is the most important factor in determining Cd/Znsp. A similar conclusion was 

reached by Gottesmann and Kampe (2007). 

 

Figure 5.7. Plot showing the correlation between the Cd:Zn ratio in chalcopyrite and 
inferred chalcopyrite crystallization temperature. Inferred crystallization temperatures are 
only estimates. Deposits with no known crystallization temperatures have not been plotted, 
nor have those deposits whose chalcopyrite Cd versus Zn plots do not correlate well along a 
line of positive slope. Error bars represent one standard deviation.  

 

It is likely that the Cd:Zn ratio in the ore-forming fluid, as well as factors controlling the 

stability of Cd and Zn complexes in the fluid (e.g., temperature, sulphur activity, pH), would 

also control Cd/Zncp. Thus specific physiochemical conditions should result in a particular 

Cd:Zn ratio in either sphalerite or chalcopyrite, and this ratio should remain constant if the 

physiochemical conditions do not change. Consequently, chalcopyrite from an individual 
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deposit that has a relatively constant Cd:Zn ratio likely crystallized in a system during which 

the physiochemical conditions remained constant. In deposits such as Oravita, Assarel, 

Elatsite and Kanmantoo, where the Cd versus Zn plots for chalcopyrite do not correlate well 

along a line of positive slope (Fig. 5.6c), chalcopyrite likely crystallized under evolving, and 

possibly highly localised physiochemical conditions. 

Figure 5.8 shows the mean Cd:Zn ratios in chalcopyrite and co-crystallizing sphalerite. In 

most samples chalcopyrite and sphalerite have very similar Cd:Zn ratios. Since the Cd:Zn 

ratio in the ore-forming fluid is the most important factor in determining Cd/Znsp, the 

relationship between chalcopyrite and sphalerite is probably a reflection of co-crystallization 

from a common ore-forming fluid, in which case the ore fluid Cd:Zn ratio is also the most 

critical factor in controlling Cd/Zncp. Nevertheless, some samples do show differences in the 

Cd:Zn ratios of the two minerals. Typically, when a difference is present, the Cd:Zn ratio is 

higher in chalcopyrite than in sphalerite. Samples from Oravita, Assarel and Elatsite reveal 

mean chalcopyrite Cd:Zn ratios that are an order of magnitude greater than in sphalerite. 

Interestingly, these are the same deposits whose chalcopyrite Cd versus Zn plots do not 

correlate well, and where changing physiochemical conditions were invoked to explain the 

observed trends (Fig. 5.6c). It thus seems that evolving physiochemical conditions may affect 

Cd/Zncp to a greater extent than Cd/Znsp, leading to marked differences in the mean Cd:Zn 

ratios of the two minerals. This is intuitive since Cd and Zn concentrations in chalcopyrite 

may vary over three and four orders of magnitude, respectively, allowing Cd/Zncp to change 

over a possible seven orders of magnitude. In sphalerite, however, Cd concentrations 

generally vary over only one order of magnitude (Cook et al., 2009), and Zn concentrations 

are fixed, so limiting the Cd/Znsp to vary no more than one order of magnitude. 

The Cd:Zn ratios in chalcopyrite and sphalerite may be useful in indicating whether 

physiochemical conditions remained constant during base metal sulphide crystallization. A 
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fixed Cd/Zncp approximately equal to Cd/Znsp would indicate co-crystallization of the two 

sulphides from the same ore-forming fluid under constant physiochemical conditions. If 

Cd/Zncp is constant yet distinct from Cd/Znsp, the two sulphides probably crystallized at 

different times and/or from different ore-forming fluids. A non-constant Cd/Zncp, especially 

if combined with a distinct difference in Cd/Znsp indicates varying physiochemical conditions 

during sulphide crystallization. A more thorough investigation is required to determine how 

Cd/Zncp depends on ore-forming fluid chemistry and/or other factors. The temperature 

dependant nature of the Cd:Zn ratio in both sphalerite and chalcopyrite may even potentially 

allow a geothermometer to be defined based on the partitioning of Cd and Zn among 

sphalerite-chalcopyrite pairs, assuming other factors affecting Cd/Zncp and Cd/Znsp can be 

accounted for. 

 

Figure 5.8. Plot showing the similarity between the Cd:Zn ratios in chalcopyrite and co-
crystallizing sphalerite from various deposits. Error bars represent one standard deviation.  
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5.5.4 Deleterious elements 

 

Knowledge of, or the ability to predict, the trace element chemistry of base metal 

sulphides carries critical economic implications. The presence of harmful or unwanted 

elements (deleterious elements) in sulphide copper ores is a significant concern for many 

mining operations selling their concentrate on the world market. If bound within the lattice of 

the common Cu-(Fe)-sulphides (chalcopyrite, bornite, chalcocite) or as inclusions within 

those minerals, elements including Co, Zn, As, Se, Cd, Sb, Hg, Pb and Bi will move to 

copper concentrates after froth flotation (Mular et al., 2002). Such elements reduce the 

overall grade of the copper concentrate and may require further, often costly treatment to 

remove them from final copper products. Smelters thus impose financial penalties on 

concentrates which contain deleterious elements at greater than certain tolerated levels. 

Different smelters have different lists of deleterious elements and different penalty rates for 

unwanted elements in a copper concentrate (e.g., Lane et al., 2016). Table 5.4 shows 

approximate maximum concentrations of deleterious elements that may be present in a 

copper concentrate before a financial penalty is incurred. Many mining operations therefore 

work hard to separate deleterious elements from their final saleable concentrate or seek to 

blend ores from different sources.  

Table 5.4: Copper concentrate deleterious elements 

Deleterious  
element 

Approximate limit in concentrate 
before charge is incurred (ppm) 

Co+Ni 5000 
Zn 30,000 
As 1000-2000 
Se 500 
Cd 200 
Sb 1000 
Hg 10 
Pb 10,000 
Bi 200-500 

  Data from Zanetell (2007) and Fountain (2013). 
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Integral to any approach to reducing the concentrations of potential penalty elements in a 

concentrate is an understanding of the mineralogical hosts for each element in primary ore. 

Since the copper minerals collected from a froth flotation circuit are usually the final saleable 

copper concentrate (Zanetell, 2007), the concentration of deleterious elements in a 

concentrate generated from a chalcopyrite-dominant ore will be directly related to the 

concentration of deleterious elements within chalcopyrite. Ordinarily, chalcopyrite hosts low 

enough concentrations of most penalty elements as to not be a significant contributor of such 

elements in a final copper concentrate. On the basis of the data presented here, only in 

exceptional circumstances could chalcopyrite itself be expected to contribute to excessive Co, 

Zn, As, Cd, Sb, Pb and Bi in a copper concentrate. Grains of, for example, arsenopyrite, 

enargite or tennantite (for As), tetrahedrite (for Sb), galena (for Pb), and Bi-chalcogenides 

(for Bi) could be considered the likely ‘culprits’, and efforts may be made to prevent flotation 

of these minerals. 

Chalcopyrite can, however, potentially host sufficient Se or Hg to be a culpable host. 

Copper concentrates may incur monetary penalties from the smelter if they contain in excess 

of 500 ppm Se. We measure Se concentrations in chalcopyrite up to 1,000 ppm, which could 

potentially produce copper concentrates with high Se that is difficult to remove prior to 

smelting. Mercury may represent an even more serious problem in chalcopyrite-dominant 

copper concentrates. A number of chalcopyrite samples analysed here contain more Hg than 

the smelter limit of 10 ppm; we even measure hundreds of ppm Hg in chalcopyrite. Japanese 

smelters charge additional monetary penalties for every 1 ppm over the 10 ppm Hg limit 

while the Chinese government has banned the import of copper concentrates that exceed 100 

ppm Hg altogether (Fountain, 2013). This renders concentrates produced from a Hg-rich 

chalcopyrite ore of limited value, or in the worst case, unsaleable.  
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5.6 Conclusions  

 

 Chalcopyrite may host a wide range of trace elements including Mn, Co, Zn, Ga, Se, Ag, 

Cd, In, Sn, Sb, Hg, Tl, Pb and Bi. The readiness of chalcopyrite to host trace elements 

generally increases in the absence of other co-crystallizing sulphides, particularly 

sphalerite and galena. 

 In deposits that have recrystallized sulphide assemblages, the concentration of Sn and Ga 

in chalcopyrite will generally increase in the presence of co-recrystallizing sphalerite 

and/or galena. 

 Trace element concentrations in chalcopyrite typically show little variation at the sample 

scale, yet potential for significant variation between samples from any individual deposit.  

 The Zn:Cd ratio in chalcopyrite shows systematic variation that depends, in part, on 

crystallization temperature. 

 Under constant physiochemical conditions (e.g., temperature, fS2, pH), the Cd:Zn ratios in 

co-crystallizing chalcopyrite and sphalerite are often approximately equal. A distinct 

difference in the Cd:Zn ratios, and/or a non-constant chalcopyrite Cd:Zn ratio, may 

indicate varying conditions. 

 Chalcopyrite is generally a poor host of most penalty elements, Exceptions are Se and 

Hg, which can be sufficiently enriched in, and difficult to remove from, chalcopyrite-

dominant copper concentrates.  
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Abstract: M inerals of the tetrahedrite isotypic series are widespread components of base metal 
ores, where they co-exist w ith common base metal sulphides (BMS) such as sphalerite, galena, and 
chalcopyrite. We used electron probe microanalysis and laser-ablation inductively-coupled plasma 
mass spectrometry to obtain quantitative multi-trace element data on tetrahedrite-tennantite in a 
suite of 37 samples from different deposits w ith the objective of understanding which trace 
elements can be incorporated, at what levels of concentration, and how the presence of 
tetrahedrite-tennantite influences patterns of trace element partitioning in base metal ores. Apart 
from Fe and Zn, Hg and Pb are the two most abundant divalent cations present in the analysed 
tetrahedrite-tennantite (up to 10.6 wt % Hg and 4 wt % Pb). Cadmium, Co and Mn are also often 
present at concentrations exceeding 1000 ppm. Apart from one particularly Te-rich tetrahedrite, 
most contained very little Te (around 1 ppm), irrespective of prevailing assemblage. Bismuth is a 
common minor component of tetrahedrite-tennantite (commonly > 1000 ppm). Tetrahedrite-tennantite 
typically hosts between 0.1 and 1000 ppm Se, while Sn concentrations are typically between 0.01 
and 100 ppm. Concentrations of Ni, Ga, Mo, In, Au, and Tl are rarely, if ever, greater than 10 ppm in 
tetrahedrite-tennantite and measured W concentrations are consistently < 1 ppm. Taking into account 
the trace element concentrations in co-crystallizing BMS, the results presented allow the partitioning 
trends between co-crystallized sphalerite, galena, chalcopyrite, and tetrahedrite-tennantite to be 
defined. In co-crystallizing BMS assemblages, tetrahedrite-tennantite w ill always be the primary 
host of Ag, Fe, Cu, Zn, As, and Sb, and will be the secondary host of Cd, Hg, and Bi. In contrast, 
tetrahedrite-tennantite is a poor host for the critical metals Ga, In, and Sn, all of which prefer to 
partition to co-crystallizing BMS. This study shows that tetrahedrite-tennantite is a significant carrier of 
a range of trace elements at concentrations measurable using contemporary instrumentation. This 
should be recognized when establishing protocols for trace element analysis of tetrahedrite-tennantite, 
and when assessing the main hosts of trace elements in any given assemblage, e.g., for 
geometallurgical purposes. 

Keywords: tetrahedrite-tennantite; trace elements; laser-ablation inductively-coupled plasma mass 
spectrometry; element partitioning 

 

1. Introduction 

The tetrahedrite isotypic series [1–4] can be expressed by the general formula A6(B,C)6X4Y12Z, 
where A = Cu or Ag in triangular coordination, B = Cu or Ag in tetrahedral coordination, C = Fe or 
Zn, or more rarely Pb, Hg, Cd or Mn also in tetrahedral coordination, X = Sb, As, or more rarely Bi or 
Te in trigonal pyramidal coordination, Y = S or Se in tetrahedral coordination, and Z is S or Se in a 



 LUKE GEORGE Ph.D. DISSERTATION  
 

189 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

190 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

191 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

192 
 

 



 

 

 
L

U
K

E
 G

E
O

R
G

E
 P

h
.D

. D
ISSE

R
T

A
T

IO
N

 
 

 

193 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

194 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

195 
 
 



 

 

196 

 C
H

A
P

T
E

R
 6

: P
A

R
T

IT
IO

N
IN

G
 B

E
T

W
E

E
N

 SP
H

A
L

E
R

IT
E

-G
A

L
E

N
A

-C
H

A
L

C
O

P
Y

R
IT

E
-T

E
T

R
A

H
E

D
R

IT
E

           
 

 



 
 

 
 

 
L

U
K

E
 G

E
O

R
G

E
 P

h
.D

. D
ISSE

R
T

A
T

IO
N

 
 

 

197 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

198 
 

 



 

 

 
L

U
K

E
 G

E
O

R
G

E
 P

h
.D

. D
ISSE

R
T

A
T

IO
N

 
 

 

199 

 



 

 

 C
H

A
P

T
E

R
 6

: P
A

R
T

IT
IO

N
IN

G
 B

E
T

W
E

E
N

 SP
H

A
L

E
R

IT
E

-G
A

L
E

N
A

-C
H

A
L

C
O

P
Y

R
IT

E
-T

E
T

R
A

H
E

D
R

IT
E

 
  

 

200 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

201 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

202 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

203 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

204 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

205 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

206 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

207 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

208 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

209 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

210 
 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

211 
 

 



 CHAPTER 6: PARTITIONING BETWEEN SPHALERITE-GALENA-CHALCOPYRITE-TETRAHEDRITE   
 

212 
 

 



213 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



214 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7 
 

SUMMARY AND 
RECOMMENDATIONS 

 
 

 

 

 

 

 

 



 

216 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 LUKE GEORGE Ph.D. DISSERTATION  
 

217 
 

7.1 Summary 

 

7.1.1 Trace element distributions in base metal sulphides and tetrahedrite-

tennantite 

 

Of the sulphides considered here, tetrahedrite-tennantite has the greatest potential to host a 

wide range of minor and trace elements at the highest concentrations, owing to extensive 

fields of solid solution (e.g., Moëlo et al., 2008). Major components of the tetrahedrite-

tennantite series including Cu, Fe, Zn, Sb, As, and in some cases Ag, as well as minor 

components Hg and Pb, may all be present at concentrations exceeding 1 wt. %. In addition, 

Cd, Co, Mn, Bi and Te may all be present above 1,000 ppm, while Se and Sn are occasionally 

concentrated above 100 ppm. This potential trace element diversity should be recognized 

when analyzing tetrahedrite-tennantite for trace elements, as well as when establishing the 

primary hosts of economic elements for metallurgical purposes. Compositional zoning seems 

to be common in tetrahedrite-tennantite, especially in epithermal systems. These results are 

likely also applicable to other sulphosalt series with extensive solid solutions. There are 

currently few published trace element datasets for other sulphosalts, even though they may be 

carriers of elements of value. For example, significant concentrations of Au have been 

documented in various bismuth sulphosalts, as well as the tetradymite group and aleksite 

series of Bi and Bi-Pb-chalcogenides (Ciobanu et al., 2009; 2016). 

Although to a lesser extent, sphalerite may also be a significant host for a range of minor 

and trace elements (e.g., Cook et al., 2009). Iron is most abundant, normally present above 1 

wt. % and frequently as high as 8 – 10 wt. %. Furthermore, Mn, Cd, and less commonly, In, 

Sn and Hg, may also be concentrated above 1 wt. %. More typical concentrations for these 
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elements are hundreds to thousands of ppm. Cobalt, Cu and Ga may also be concentrated 

above 100 ppm.  

Galena commonly hosts Bi, Ag and Sb at concentrations which range from hundreds to 

thousands of ppm. Apart from these three common trace components, Se, Cd, Sn and Te are 

the only additional elements that may be routinely expected to be present above 100 ppm. 

Trace element sector and oscillatory zoning has been recognized in epithermal galena for the 

first time, and it is inferred that this relates to slow crystal growth in a closed, local system. 

Compared with the other sulphides considered in this study, chalcopyrite generally hosts 

trace elements at low levels. Measured concentrations of Zn, Ag and Sn, the three most 

common trace components in chalcopyrite, only exceed 1,000 ppm in rare cases. Selenium, 

In and Hg are the only additional elements measured at concentrations above 100 ppm. 

Nevertheless, given its abundance in many Cu ores, chalcopyrite may be the most significant 

host for a wide range of trace elements (e.g., Mn, Cd, Pb, Sb, In and Bi), despite their low 

absolute concentrations (e.g., chalcopyrite accounts for the majority of the In budget in the 

SW England ore region despite sphalerite and stannite-group minerals typically hosting 

higher concentrations; Andersen et al., 2016). Interestingly, no grain-scale zonation has been 

observed in any of the chalcopyrite samples studied in Chapter 5, even in low temperature 

epithermal environments where co-crystallized sphalerite and galena display extensive grain-

scale zoning (e.g., Herja). The fine scale repetitive zoning observed in galena in such 

systems, and to a lesser extent sphalerite, support an intrinsic mechanism for oscillatory 

zoning formation (Shore and Fowler, 1996). A number of different intrinsic mechanisms 

have been suggested to produce oscillatory zoning, e.g., resulting from differing endmember 

phase solubilities controlling the supersaturation threshold for nucleation (e.g., Putnis et al., 

1992), or based on pH controlled adsorption and desorption changing the electrical charge on 

crystal surfaces (e.g., Wang and Merino, 1992). Whatever the mechanism, the absence of 
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such oscillatory zoning in chalcopyrite may be due to the preference of all trace elements to 

partition to sphalerite or galena (oscillatory zoning is only noted for trace elements in 

sulphides that are their preferred host). Any intrinsic mechanism for oscillatory zonation 

formation may only act on trace elements that are actively partitioning into a mineral, not 

passively partitioning for lack of a better host, as is the typical case for chalcopyrite. More 

work, including compositional mapping, may yet reveal inhomogeneous trace element 

distributions in chalcopyrite, especially in systems where co-crystallizing sulphides are 

absent.  

In general, there is little evidence, at least among the samples studied here, or in the 

existing literature, to suggest that the distribution and concentration of trace elements in base 

metal sulphides or tetrahedrite-tennantite is markedly distinct in genetically different deposit 

types. Characterization of deposit type based purely on sulphide trace element analysis 

appears to be an over-simplification of the wide variation present in most types of deposits. It 

seems rather that local factors inherent to individual deposits play the crucial role of 

determining the trace element signature of that deposit. For example, one skarn deposit may 

be anomalously enriched in Bi (e.g., Baita Bihor analyzed here), while another may not be. 

This primarily depends on the geological environment which the deposits form in, and the 

source of ore-forming fluids, not simply the fact that they are both ‘skarns’. Although the 

source of ore-forming fluids in any given deposit type may be analogous, and thus the 

concentrations of metals in the fluids may be somewhat comparable (e.g., sourced from a 

magma in the case of an epithermal deposit as opposed to sediments for SEDEX deposits), 

this distinction should not be overstated. For example, Chapter 5 showed that chalcopyrite 

from Bleikvassli and Mofjell has vastly different Cd, In and Sn signatures, despite the fact 

that both are recrystallized SEDEX deposits within regionally metamorphosed rock packages 

in the Scandinavian Caledonides. Distinct Sn, Se and As signatures are also noted in 
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chalcopyrite from Balcooma and Dry River South, two VMS deposits hosted within the same 

lower amphibolite facies metamorphosed lithologies, Queensland, Australia (Huston et al., 

1995). 

Although not commonly observed, there is evidence that post-crystallization element 

mobilization at the grain-scale does occur in some assemblages. For example, in some base 

metal sulphide assemblages from the recrystallized Broken Hill deposit, N.S.W., Australia, 

galena and sphalerite are zoned in that they show a depletion in trace elements at grain 

boundaries and adjacent to fractures (Fig. 7.1). This is likely the result of secondary sub-

solidus leaching of Ag and Sb from galena, and Co from sphalerite, along grain boundaries 

and fractures following fluid-rock interaction post recrystallization. Such secondary trace 

element mobilization may even appear to alter the preferred host of some trace elements (e.g., 

in Figure 7.1 chalcopyrite now hosts more Ag than galena, contrary to what is normally 

observed). Further evidence for post-crystallization element diffusion in sulphides is seen in 

the depletion of Ag and other trace elements towards the margins of bornite grains in the 

Olympic Dam iron-oxide copper gold ore (Ciobanu, pers. comm.). This is an area in which 

additional research is needed.  

 

Figure 7.1. LA-ICP-MS trace element maps (Ag, Sb, Co; ppm scales) of an assemblage 
comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) from the 
Broken Hill recrystallized SEDEX deposit. Note depletion of Ag and Sb in galena and Co in 
sphalerite at grain boundaries and adjacent to fracture. Depleted boundaries are much wider 
than the beam diameter and are thus are not edge effects due to poor resolution.  
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7.1.2 Trace element partitioning in base metal sulphide ores 

 

In hydrothermal base metal sulphide ores comprising co-crystallized sphalerite, galena and 

chalcopyrite, almost all trace elements will be primarily concentrated in either sphalerite or 

galena. Sphalerite will be the primary host of Fe, Cd and Mn, and in most cases, also the 

chief host for Co, Cu and Hg (Fig. 7.2). Galena will host the major proportion of the Ag, Bi, 

Sb, Se, Tl, Te and As budgets. Zinc is the only trace element that prefers to partition to 

chalcopyrite (in the absence of sphalerite). Chalcopyrite will generally only host high trace 

element concentrations in the absence of either sphalerite or galena (or other Cu-(Fe)-

sulphides such as bornite or chalcocite; Cook et al., 2011; 2015a). The only exception is in 

ores that undergo syn-metamorphic sulphide recrystallization. Under such conditions, the 

concentration of Ga, In and Sn increases in chalcopyrite due to repartitioning from sphalerite 

and galena such that in recrystallized ores, chalcopyrite is typically the main host of Ga and 

Sn, and occasionally the main host of In. Similar compositional changes may occur in 

feldspars that undergo recrystallization (Passchier and Trouw, 2005). In ores that have not 

recrystallized, Sn may be hosted in either sphalerite, galena or chalcopyrite. 

Synthetic experiments have shown that grain-boundary and lattice diffusion of Fe and Mg 

between diopside and ferrosalite is essentially nonexistent at 900 oC and 15 kbar without any 

intergranular H2O present (Watson and Lupulescu, 1993). When ~2.4 wt. % fluid is added, 

diffusion is observed on the scale of a few millimeters during experiments lasting 21 days. 

These experiments highlight the importance of fluids in re-partitioning elements from one 

mineral to another. Thus, the re-partitioning of Ga, In and Sn during recrystallization 

associated with regional metamorphism is likely driven by metamorphic fluids present, and 

the heating and subsequent cooling over long time scales likely allows for chemical transport 
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over longer distances (on the scale of metres or tens of metres) and homogenization of 

recrystallized phases. 

 

Figure 7.2. Schematic diagram showing the main hosts of various trace elements in a 
hydrothermal ore in which sphalerite, galena and chalcopyrite have co-crystallized.  

 

If tetrahedrite-tennantite is also present in a hydrothermal base metal sulphide ore and co-

crystallizes with sphalerite, galena and chalcopyrite, many trace elements will preferentially 

partition to tetrahedrite-tennantite. In such an assemblage, tetrahedrite-tennantite will be the 

primary host of Cu, Sb, As, Zn, Ag, and typically also Fe (Fig. 7.3). On rare occasions, it may 

also host the most Hg and Cd.  
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Figure 7.3. Schematic diagram showing the main hosts of various trace elements in a 
hydrothermal ore in which tetrahedrite-tennantite, sphalerite, galena and chalcopyrite have 
co-crystallized. 

 

The preferred partitioning of all trace elements (except for Sn) is governed primarily by 

the sulphides present in the co-crystallizing assemblage. Even during sulphide crystallization 

under vastly different physiochemical conditions (e.g., temperature, pressure, redox 

conditions), preferred partitioning patterns for most elements will not be altered. The only 

exceptions are Ga, In and Sn under conditions of syn-metamorphic recrystallization. The 

observed consistency of trace element partitioning is due to the fact that the primary factors 

controlling partitioning are intrinsic to the substituting trace elements and their sulphide 

hosts. Such factors include trace element oxidation state, ionic radius of the substituting trace 

element, element availability in the ore forming environment (e.g., for some trace elements to 

be incorporated in sulphides, they need other elements of certain oxidation state and ionic 
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radius present in the system to participate in coupled substitutions) and the maximum trace 

element budget that a sulphide mineral can accommodate (e.g., in the case of Fe and Hg 

partitioning between sphalerite and tetrahedrite-tennantite). 

Many ore deposits also contain other minerals that may be the primary hosts of various 

trace elements listed above. For example, pyrite (and arsenopyrite) is typically a good host of 

Co, Ni and As (Cabri et al., 1985; Bajwah et al., 1987; Huston et al., 1995; Reich et al., 2005; 

Large et al., 2009; Deditius et al., 2014). Bornite and chalcocite may concentrate significant 

amounts of Ag and Bi (Cook et al., 2011), certainly more than coexisting chalcopyrite. 

Although textural observations often suggest that pyrite and arsenopyrite did not crystallize 

in equilibrium with sphalerite, galena, chalcopyrite and tetrahedrite-tennantite, in cases where 

they do co-crystalize, this would undoubtedly affect the partitioning preferences for some 

trace elements (e.g., Cook et al., 2015a). Some oxide minerals may be stable with sulphides 

at certain physiochemical conditions and therefore crystallize in an ore deposit at the same 

time. For example, cassiterite is stable with both sphalerite and galena over quite extensive 

Eh and pH ranges (Fig. 7.4). Tin would obviously preferentially partition to cassiterite when 

the oxide co-crystallizes with the sulphide assemblage.  
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Figure 7.4. Simplified Eh-pH stability field diagrams for sphalerite, galena, chalcopyrite 
and cassiterite at 25 oC and 1 atm.  Figure modified from Sato (1992) and Giaccherini et al. 
(2016). 
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7.2 Research gaps and recommendations  

 

7.2.1 Partitioning coefficients and geothermobarometry 

 

Although the preferred host of almost all trace elements does not change under varying 

physiochemical conditions, this does not imply that the absolute concentration of trace 

elements in a given sulphide or multi-phase assemblage will not be altered by factors such as 

pressure and temperature (analogous to other systems, e.g., Sr and Ba partitioning into 

plagioclase; Blundy and Wood, 1991, or rare earth element partitioning into hydrothermal 

minerals; Morgan and Wandless, 1980). It has been shown in Chapter 5 that the ratio of 

certain trace elements in co-crystalizing sulphides does depend to some degree on 

physiochemical conditions such as temperature (e.g., Cd:Zn ratio in chalcopyrite). Thus, the 

next step in understanding trace element partitioning in hydrothermal base metal sulphide 

ores is an attempt at quantifying partitioning coefficients (e.g., Xsphalerite/Xgalena, 

Xsphalerite/Xchalcopyrite and Xgalena/Xchalcopyrite) under different physiochemical conditions. 

In magmatic sulphide ore deposits, the distribution and partitioning of trace elements, 

including the platinum group elements (PGE; Ru, Rh, Pd, Os, Ir, Pt) and gold, between 

pentlandite, pyrrhotite, chalcopyrite/cubanite and pyrite, has been the subject of extensive 

study in recent years (e.g., Barnes et al., 2006; Holwell and McDonald, 2007; 2010; Godel 

and Barnes, 2008; Dare et al., 2010; 2011; Djon and Barnes, 2012; Piña et al., 2012; Prichard 

et al., 2013; Chen et al., 2014; Duran et al., 2015; Barnes and Ripley, 2016; Smith et al., 

2016). This work has shown that most PGE, particularly Pd, have a strong affiliation with 

pentlandite, while Ru, Rh, Os, Ir are also primarily concentrated in pyrrhotite on occasions. 

Chalcopyrite is typically relatively barren of PGE (as has been shown for other trace 

elements in Chapter 5). In addition to these trends, the partitioning coefficients for many 
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trace elements between sulphide liquid, silicate melts and mono-sulphide solid solution have 

been quantified (e.g., Campbell and Barnes, 1984; Peach et al., 1990; 1994; Barnes and 

Picard, 1993; Fleet et al., 1993; 1999; Li et al., 1996; Barnes et al., 1997; Jugo et al., 1999; 

Ripley et al., 2002; Mungall et al., 2005; Helmy et al., 2010). Although much work has 

focused on natural specimens, quantification has typically involved synthetic crystallization 

of sulphides from melts using experimental approaches (e.g., evacuated silica capsules, 

piston-cylinder apparatus).  

As has been the case for magmatic sulphide ore deposits, attempts at quantifying trace 

element partitioning coefficients in hydrothermal base metal sulphide ores would almost 

certainly necessitate an experimental approach in which natural conditions are reproduced in 

the laboratory. Using natural assemblages to quantify partitioning coefficients introduces too 

many variables that are difficult to constrain with any confidence. For example, the 

physiochemical conditions during primary base metal sulphide crystallization must be 

precisely known, sulphides must co-crystallize at equilibrium and subsequently must preserve 

their trace element composition throughout their post-depositional history. Analogously, in 

magmatic sulphide ores, the work focused on determining chalcophile element partitioning 

coefficients between silicate melts and sulphides from natural specimens (e.g., Keays and 

Campbell, 1981; Sharpe, 1982; Barnes and Naldrett, 1985; Klöck and Palme, 1988; 

Prendergast and Keays, 1989) has also been fundamentally limited. Variables include poorly 

constrained initial magma conditions, the fact that the partitioning of some elements may be 

controlled by the presence or absence of certain magmatic phases, and that measured element 

concentrations may be a product of post-magmatic processes or metamorphism (e.g., 

Boudreau et al., 1986; Naldrett and Lehmann, 1988; Peach et al., 1990). Experimental 

apparatus allows each unknown variable to be constrained, and thus partitioning coefficients 

to be accurately determined. 
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Experiments involving hydrothermal fluids have been carried out to investigate element 

diffusion and partitioning in various silicates and oxides (see Table 7.1). This reveals the 

potential of using similar experiments to investigate trace element partitioning among base 

metal sulphides. Nevertheless, such hydrothermal experimental approaches would almost 

inevitably include difficulties, as has been the case for the hydrothermal experimental work 

on silicates and oxides. Simple assemblages typically used in experiments are rare in nature, 

and therefore results may have limited applicability to real world examples where more 

complex assemblages exist (e.g., assemblages comprising clinopyroxene used by Watson and 

Lupulescu (1993) would typically also include other minerals such as feldspar, olivine, quartz 

etc.). Phases used as starting products may be poorly soluble in experimental fluids (e.g., 

zircon; Ayers and Watson, 1991). Chemical starting products may unfavorably oxidize or 

reduce (e.g., reduction of PbO and PbO2 to Pb0 by hydrogen influx; Watson et al., 1997). 

Minerals of interest may fail to crystallise from fluid when required (e.g., the inability to 

effectively crystallize zircon below 1000 oC; Watson et al., 2006). Alternatively, too many 

unwanted or accessory minerals may crystallize in place of minerals of interest (e.g., 

baddeleyite crystallizing instead of zircon; Ayers and Watson, 1991). The grain size of 

synthesised sulphides may be too small for microanalysis (e.g., hydrothermally grown zircon; 

Watson et al., 1997). Additionally, designing an experiment that takes into account the large 

number of variables potentially effecting trace element partitioning is difficult. All these 

potential problems stem from the fact that it can often be extremely difficult to accurately 

reproduce natural hydrothermal conditions in synthetic experiments, especially crystallization 

and cooling times. This is highlighted by the results shown in Chapters 4 and 5 that trace 

element partitioning is affected to the greatest extent during conditions of recrystallization 

during metamorphism. This is likely not exclusively due to the prevailing physiochemical 
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conditions during such metamorphism, but related to the long time-scales such 

recrystallization occurs over, and slow cooling post recrystallization. 

Table 7.1 Examples of hydrothermal fluid experiments on various minerals either through element 
partitioning between existing grains, or partitioning into newly crystallizing grains 

Mineral Reference 

Diopside Zielinski and Frey, 1974 

Quartz Matsuhisa et al., 1978 

Phlogopite Bos, 1990 

Olivine Watson, 1991 

Clinopyroxene Watson and Lupulescu, 1993 

Zircon Watson et al., 1997; 2006 

Rutile Watson et al., 2006 

Tourmaline See references in London, 2011 

 

Nevertheless, if a suitable method could be developed that allowed for either co-

crystallization of base metal sulphides from a hydrothermal solution, or partitioning of trace 

elements between existing base metal sulphides at equilibrium, then the partitioning trends 

outlined in Chapters 4 and 6 could be elucidated, and partitioning coefficients between 

sulphides could be calculated for various physiochemical conditions. This would inevitably 

lead to the possibility of developing geothermobarometers for hydrothermal base metal 

sulphide ores. 

Over the years, a number of efforts have been made to develop geothermometers using 

trace elements in sulphides. For example, Sack (2000; 2005) and Gallego Hernández and 

Akasaka (2010) have sought to derive crystallization temperatures using the compositions of 

Ag-rich tetrahedrite solid solutions, and Bethke and Barton (1971) and Bortnikov et al. 

(1995) have tried using the partitioning of Cd and Mn between sphalerite/wurtzite and galena 
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to determine the temperature of ore formation. Such attempts have been mirrored by the 

development of analogous approaches for the determination of metamorphic conditions using 

the accessory minerals zircon, rutile and titanate (Watson et al., 2006; Ferry and Watson, 

2007; Hayden et al., 2008). Titanium in zircon and zirconium-in-rutile geothermometry has 

also been successfully applied to ore systems (e.g., Ismail et al., 2014; Sharrad et al., 2014). 

Although establishing a reliable, well-calibrated sulphide geothermometer useful for routine 

application has eluded researchers, it is hoped that hydrothermal synthetic experiments on 

base metal sulphides could allow for such a geothermometer to be defined in future. 

 

7.2.2 The oxidation state of tin in sulphides 

 

While partitioning trends for most trace elements have been shown to be consistent, Sn is 

an element displaying erratic partitioning in lower temperature (non-recrystallized) 

hydrothermal base metal ores. Sphalerite, galena and chalcopyrite have all been observed to 

be the main Sn host in such assemblages (Fig. 7.5). Yet despite the erratic partitioning of Sn 

in these systems, Sn partitioning is observed to be consistent in deposits where the base metal 

sulphide assemblage has undergone syn-metamorphic recrystallization. Under such 

conditions, chalcopyrite is always observed to be the preferred Sn host. Various explanations 

may be advanced for the unique partitioning behaviour of Sn, three of which are briefly 

outlined here that are based on either Sn partitioning in the 2+ oxidation state, the 4+ 

oxidation state, or a combination of both.  
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Figure 7.5. LA-ICP-MS trace element maps for tin (ppm scales) in non-recrystallized 
assemblages comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) 
from (a) the Toroiaga epithermal deposit, Romania, (b) the Mt. Isa SEDEX deposit, 
Australia and (c) the Herja epithermal deposit, Romania. Note how Sn is primarily hosted in 
different base metal sulphides in each assemblage.  

 

Firstly, the erratic partitioning of Sn may be due to it being present in different oxidation 

states in different hydrothermal environments (e.g., as Sn2+ or Sn4+), and the comparative 

preference of these oxidation states for one sulphide species over the others. In phases of the 

SnS-In2S3-SnS2 system (where Sn2S3 is part of this system), Sn is present as both Sn2+ and 

Sn4+, i.e., Sn2+S and Sn4+S2 (Lefebvre et al., 1991). As such, Sn2S3 is a mixed valence Sn 

compound, comprising both Sn2+ and Sn4+ (Jiang and Ozin, 1998). It is thus possible that Sn 

may be present in different oxidation states when hosted by different minerals, and even that 

both Sn oxidation states may coexist in the same phase. The different stabilities of these Sn 

oxidation states in different environments may explain the observed trends. 
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Among other deposits, consistent Sn partitioning in recrystallized assemblages has been 

noted in both Broken Hill, Australia, and Bleikvassli, Norway, two recrystallized SEDEX 

ores. Interestingly, the Bleikvassli system is oxidized, evidenced by large pyrite metablasts, 

and a distinct syn-metamorphic sulphidation–oxidation halo enclosing the ore (Rosenberg et 

al., 2000). In contrast, Broken Hill is strongly reduced, as evidenced by the stability of 

pyrrhotite, a lack of pyrite, and the Eu enrichment of proximal exhalites (Lottermoser, 1989; 

Leyh and Conor, 2000). Thus, it may seem somewhat unlikely that erratic Sn partitioning is 

due solely to differing Sn oxidation states, since erratic Sn partitioning is not observed in 

Broken Hill and Bleikvassli assemblages where different Sn oxidation states might be 

expected, i.e., reduced Sn2+ at Broken Hill and oxidised Sn4+ at Bleikvassli. Yet pH also has a 

strong control on the oxidation state of Sn, with acidic conditions favouring Sn4+ and alkali 

conditions favouring Sn2+ (Brookins, 1988). Without more detailed data on the stability of Sn 

oxidation states as a function of, for example, Eh and temperature, it is difficult to draw 

general conclusions about the likely oxidation state of Sn in different environments.  

Shannon (1976) does not define the ionic radius of Sn2+ in any coordination and asserts 

that it is impossible to do so, since Sn2+ distorts the host compound such that the ionic radius 

differs depending on the host. Similarly, Lefebvre et al. (1991) show that, in contrast to Sn4+, 

Sn2+ is concentrated in strongly distorted sites in phases of the SnS-In2S3-SnS2 system. The 

partitioning behaviour of the Sn2+ cation between ionic base metal sulphides (and to a lesser 

extent covalent chalcopyrite) cannot, therefore, be predicted from Goldschmidt’s rules 

(Goldschmidt, 1954) as can be done for most trace elements.  

Assuming Sn2+ is the form of tin hosted in base metal sulphides, and since incorporation of 

Sn2+ into a compound is accompanied by significant distortion of that compound, then Sn2+ 

incorporation may be limited, or aided, by lattice distortion induced in the host compound by 

external factors. For example, the incorporation of other minor and trace elements into a host 
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compound also typically causes lattice distortion to some degree (e.g., distortion of the 

goethite lattice caused by substitution of Co, Ni, Cu, Zn, Cd and Pb; Gerth, 1990, or Ag and 

Sb substitution into galena; Sharp et al., 1990). In such a scenario, Sn2+ incorporation may be 

limited if the host lattice cannot be distorted more than it already has been by incorporation 

of other minor and trace elements. On the contrary, an already distorted host lattice may 

provide the ideal environment for a substituting Sn2+ cation. Lattice distortion is also 

produced during deformation associated with regional metamorphism (Passchier and Trouw, 

2005). The consistent partitioning of Sn to chalcopyrite during syn-metamorphic 

recrystallization may, therefore, be a product of somewhat-consistent sulphide deformation as 

a result of regional metamorphism, at least in the recrystallized deposits studied here, 

whereas lesser amounts of distortion in the absence of regional metamorphism often allow 

either sphalerite or galena to be the primary Sn host.  

According to Goldschmidt’s rules (Goldschmidt, 1954), it should be difficult to 

incorporate Sn4+ into the lattice of either ionic sphalerite or galena since the charges on the 

bivalent cations in these sulphides differ by more than one unit with Sn4+. Thus, complex 

coupled substitutions, such as those proposed by Johan (1988) for sphalerite, would be 

necessary for incorporation of Sn4+ into ionic sulphides. Such substitutions are entirely 

dependent on there being other bivalent and monovalent cations present to facilitate Sn4+ 

incorporation. Thus the erratic partitioning of Sn in lower temperature (non-recrystallized) 

base metal ores may be a result of Sn4+ substitution being driven by the partitioning 

preferences of the available 1+ and 2+ cations (assuming Sn4+ incorporation into sulphides). 

Since the 4+ oxidation state of Sn is more stable than 2+ (Harrison, 1989), this explanation 

does seem favorable, at least in part. In this scenario, the preference of Sn for chalcopyrite, 

especially in base metal sulphide assemblages that have undergone syn-metamorphic 
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recrystallization, may be due to the covalent nature of chalcopyrite ‘tolerating’, at least to 

some degree, charge imbalance.  

It is desirable that further studies be undertaken to determine the oxidation state of Sn (and 

potentially other trace elements of interest) when hosted in different base metal sulphides 

using various X-ray Absorption Spectroscopy (XAS) methods at synchrotron radiation 

sources, i.e., X-ray Absorption Near-Edge Structure (XANES), Extended X-ray Absorption 

Fine Structure (EXAFS), or even X-ray Photoelectron Spectroscopy (XPS). Such methods 

have successfully determined the oxidation states of important elements in such base metal 

sulphides before (e.g., Cu and Ge in sphalerite; Cook et al., 2012; 2015b, Ag in galena; Giuli 

et al., 2005). Tin may be hosted in sphalerite, galena and chalcopyrite at high enough 

concentrations to allow such analyses to be possible using synchrotron radiation. For 

example, sphalerite from Toyoha, Japan, contains between 1000 ppm to >1 wt. % Sn (Cook 

et al., 2009). Some galena specimens from Bleikvassli, Norway, contain more than 700 ppm 

Sn, and chalcopyrite from the same deposit may host more than 1000 ppm Sn. XAS 

investigation that determines whether Sn is typically hosted as Sn2+, as Sn4+, or a mixture of 

both (when Sn is present at high concentrations in base metal sulphides), will allow inference 

to be made on the controls of Sn partitioning. The most likely explanation, however, may be 

that the partitioning of Sn between base metal sulphides, especially in lower temperature 

(non-recrystallized) ores, is a function of multiple parameters whose relative influence differs 

from case to case.  

 

7.3 Practical economic implications  

 

The data and interpretations outlined in this study have direct implications for the minerals 

industry, and economic geology in general. First and foremost, the LA-ICP-MS datasets for 
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sphalerite, galena, chalcopyrite and tetrahedrite-tennantite presented here offer a fundamental 

understanding of which trace elements may be expected within these hydrothermal sulphides, 

and at roughly what levels of concentration. This provides guidelines for future LA-ICP-MS 

researchers as to which elements should be measured (and which elements should have lower 

priority, or need not be measured at all) when analysing different sulphides.  

As this work has endeavoured to report elements present in solid solution in the 

investigated sulphides, the datasets presented here may also be used to help recognise 

anomalous analyses affected by micro-inclusions in new LA-ICP-MS datasets. Nevertheless, 

one should be cautious in attributing an anomalous analysis as ‘inclusion-related’ simply 

because it is anomalous. Chapters 3, 5 and 6 have shown, as have other studies, that many 

sulphides can host anomalous concentrations of trace elements not easily attributed to micro-

inclusions given the right conditions (e.g., Co and Ni in chalcopyrite; Bajwah et al., 1987, Mo 

in sphalerite; Orberger et al., 2003).  

The knowledge of what trace elements may be expected within the investigated sulphides, 

and at what levels of concentration, is also directly applicable to understanding the hosts of 

economic elements in hydrothermal base metal sulphide ores. This especially relates to 

elements that can be recovered and exploited as by-products of the primary ore if valuable 

and present at high enough concentrations. For example, galena has long been noted as a 

potential economic carrier for the precious metal Ag, yet it has been shown in Chapter 6 that 

when tetrahedrite-tennantite co-crystallizes with galena, Ag will always prefer to partition to 

tetrahedrite-tennantite. This implies that tetrahedrite-tennantite is commonly the primary Ag 

host in an ore if it is present at a high enough volume. The critical metals In, Ga and Sn 

generally do not form discrete economically exploitable minerals, and therefore must be 

extracted from ores primarily concentrating other metals. Chapters 4, 5 and 6 have helped 

identify the primary hosts of these elements in hydrothermal base metal sulphide ores 
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(typically sphalerite), how these hosts change during syn-metamorphic recrystallization (i.e., 

repartitioning to chalcopyrite), as well as identifying which sulphides will not typically host 

these elements in significant amounts (e.g., tetrahedrite-tennantite).  

In contrast to economically valuable elements, some elements can become impurities in 

concentrates, making such concentrates liable to financial penalties or difficult to market, and 

sometimes causing them to become an environmental hazard (e.g., Lane et al., 2016). This 

study allows researchers and metallurgists to identify which sulphide may be the culpable 

host of deleterious elements in a base metal concentrate, and thus assist in the processing of 

the corresponding ore. For example, it has been recognized that chalcopyrite may potentially 

host enough Se and Hg to cause a produced Cu-concentrate to incur a monetary penalty from 

a smelter, or in the worst case, cause such a concentrate to be unsaleable.  

In recent years, much research has focused on vector approaches to mineral exploration 

based on there being systematic trace element variation in a specific mineral or mineral group 

in different rock types across an ore deposit and alteration envelope (e.g., Nadoll et al., 2012; 

Boutroy et al., 2014; Acosta-Góngora et al., 2015; O’Brien et al., 2015; Canil et al., 2016; 

Makvandi et al., 2016a; 2016b). Despite this, no trace element exploration vector has been 

applied generally outside its immediate context of a single well-explored deposit or orefield. 

This is partly due to the failure of exploration vectors defined in one environment to be 

representative of another environment, especially given the wide variation in individual 

deposits, even deposits of the same type. In addition, the necessity for large sample volumes, 

the high level of analytical noise in such samples, and the fact that vector techniques are 

expensive and time consuming, has also hindered their applicability (e.g., Cook et al., 2016). 

Nevertheless, as research continues, it is hoped that a reliable and widely applicable trace 

element exploration vector could be defined. While subtle physiochemical changes in the ore 

environment as a function of distance to mineralization are typically reflected in the absolute 
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concentration of trace elements in minerals, Chapters 4 and 6 have shown that the co-

crystallizing mineral assemblage has the greatest control on trace element partitioning into 

minerals. Thus, it is recommended that future research aimed at investigating potential trace 

element exploration vectors should not focus on absolute trace element concentrations in a 

single mineral without considering the assemblage such a mineral co-crystallized in. Rather, 

a holistic approach is necessary, taking into account the partitioning of trace elements as 

determined by the co-crystallizing assemblage, as well as physiochemical controls on trace 

element incorporation.  

Several tools have been identified in this study that may help in the characterization of 

hydrothermal base metal sulphide ores, as well as aiding the understanding of their genesis. 

Firstly, Chapters 4 and 6 have established the preferred hosts of various trace elements when 

base metal sulphides and tetrahedrite-tennantite co-crystallize, an understanding that may be 

used to help determine whether any other analogous assemblage has co-crystallized. 

Specifically, if the sulphide hosts of various trace elements in a given base metal sulphide 

assemblage do not correlate to the typical hosts described in Chapters 4 and 6 (see Tables 7.2 

and 7.3), then it is likely that such an assemblage did not co-crystallize. On the other hand, if 

the primary sulphide hosts do correlate to the preferred hosts described in Chapters 4 and 6, 

then it may be suggestive of a co-crystallized assemblage. If both Ga and Sn, and possibly In, 

are more highly concentrated in chalcopyrite compared with sphalerite or galena, then this 

likely indicates that the sulphide assemblage has recrystallized. It has also been shown in 

Chapter 5 that the Cd:Zn ratios in co-existing chalcopyrite (Cd/Zncp) and sphalerite (Cd/Znsp) 

may be useful in indicating whether physiochemical conditions varied during base metal 

sulphide crystallization. A constant Cd/Zncp approximately equal to Cd/Znsp indicates that 

both sulphides have co-crystallized under constant physiochemical conditions from the same 

ore-forming fluid. If Cd/Zncp is constant yet markedly distinct from Cd/Znsp, the two 
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sulphides likely crystallized from distinct ore-forming fluids and/or at different times. A 

variable Cd/Zncp, especially coupled with a distinct difference in Cd/Znsp, likely indicates 

varying physiochemical conditions during sulphide crystallization. It would be helpful for 

these tools to be tested in additional ore deposits to determine their reliabilities and outline 

their exceptions. Nevertheless, given the common association of sphalerite, galena, 

chalcopyrite and tetrahedrite-tennantite in different ore types and geological environments 

(e.g., Bowles et al., 2011), the tools outlined in this study have potential to be widely 

applicable in a range of ore systems. 

 

Table 7.2 Preferred hosts for various trace elements in a co-crystallizing Sp-Gn-Cp assemblage 

Trace Element Mn Fe Co Cu Zn Ga As Se 
 Preferred Host Sp1 Sp>Gn1 Sp>Cp3 Sp>Gn3 Cp1 Sp2 Gn>Sp1 Gn1 
           Trace Element Ag Cd In Sn Sb Te Hg Tl Bi 

Preferred Host Gn1 Sp>Gn1 Sp>Cp2 ?* Gn>Cp1 Gn1 Sp>Cp3 Gn1 Gn1 
          Abbreviations: Sp = sphalerite, Gn = galena, Cp = chalcopyrite.  
1Trend observed in all examined samples. 
2Recrystallization increases element concentration in Cp and may make Cp primary host. 
3Trend generally, yet not always, true. 

*Recrystallization increases Sn concentration in Cp such that Cp is usually primary host in recrystallized 
 samples. Below recrystallization conditions, no trend is observed. 

 

Table 7.3 Preferred hosts for various trace elements in a co-crystallizing TetTen-Sp-Gn-Cp assemblage 

Trace 
Element Mn Fe Cu Zn Ga As Se Ag 

Preferred 
Host Sp1 TetTen>Sp3 TetTen 

>Sp3 TetTen1 Sp2 TetTen>Gn1 Gn1 TetTen>Gn1 

         Trace 
Element Cd In Sn Sb Te Hg Tl Bi 

Preferred 
Host 

Sp> 
TetTen3 Sp>Cp2 ?* TetTen>Gn1 Gn1 Sp>TetTen3 Gn1 Gn>TetTen1 

         Abbreviations: TetTen = tetrahedrite-tennantite, Sp = sphalerite, Gn = galena, Cp = chalcopyrite.  
1Trend observed in all examined samples. 
2Recrystallization increases element concentration in Cp and may make Cp primary host. 
3Trend generally, yet not always, true. 

*Recrystallization increases Sn concentration in Cp such that Cp is usually primary host in recrystallized 
 samples. Below recrystallization conditions, no trend is observed. 
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ELECTRONIC APPENDIX A FOR CHAPTER 3 

American Mineralogist: Feb-March 2015 Deposit AM-15-24862 
     George et al.: Trace and minor elements in galena 

       Electronic Appendix. Mean minimum detection limits and precision values for each sample (99% confidence, 
ppm) 

             M I N I M U M  D E T E C T I O N  L I M I T S 
        SAMPLE 65Cu 82Se* 107Ag 111Cd 115In 118Sn 121Sb 125Te 197Au 202Hg 205Tl 209Bi 

BH218 (n=24) 1.4 71 0.35 1.9 0.10 0.86 0.51 3.9 0.36 0.28 0.10 0.17 

BH221 (n=23) 1.4 57 0.35 1.8 0.10 0.83 0.51 3.8 0.36 0.33 0.10 0.18 

BH233 (n=24) 72 171 0.54 2.7 0.10 2.1 0.38 3.0 0.09 0.39 0.03 0.10 

Bv-1 (n-24) 340 215 1.9 7.5 0.22 3.2 0.96 9.7 0.18 1.0 0.04 0.16 

Bv-97-3 (n=24) 521 1534 2.5 10 0.30 5.3 1.1 9.6 0.22 1.3 0.06 0.22 

V446 (n=12) 1.9 31.0 0.48 2.4 0.11 0.86 0.60 4.2 0.45 0.40 0.12 0.21 

V538 (n=12) 2.1 38.0 0.51 2.7 0.13 1.1 0.69 4.9 0.52 0.52 0.13 0.23 

V57-852 (n=12) 30 64.0 0.18 0.74 0.03 0.71 0.17 0.78 0.02 0.20 0.01 0.04 

Mo 2 (n=23) 1.5 103 0.36 2.1 0.10 0.89 0.53 3.3 0.32 0.30 0.08 0.16 

Mo 5 (n=12) 1.6 - 0.38 2.0 0.10 0.77 0.48 3.2 0.40 0.28 0.10 0.16 

Mo 11 (n=24) 12 - 0.18 0.54 0.03 0.75 0.19 0.74 0.03 0.27 0.01 0.04 

BB55 (n=11) 187 - 1.3 5.5 0.16 2.9 0.70 5.9 0.10 0.52 0.04 0.16 

BB158 (n=12) 190 669 1.1 4.4 0.16 2.8 0.71 3.8 0.12 0.57 0.03 0.14 

BBH16AB (n=24) 34 72.0 0.19 0.73 0.04 0.82 0.14 0.87 0.03 0.31 0.01 0.05 

BBH16B (n=24) 158 172 1.1 3.8 0.16 3.0 0.64 5.3 0.13 0.84 0.04 0.13 

BBH20 (n=24) 9.2 45 0.07 0.35 0.02 0.82 0.08 0.49 0.02 0.12 0.01 0.04 

BBH25 (n=12) 19 76.2 0.13 0.50 0.03 0.68 0.12 0.88 0.02 0.17 0.01 0.04 

BBH28A (n=24) 247 - 1.3 6.4 0.23 3.4 0.72 6.5 0.14 0.87 0.04 0.15 

BBH32 (n=12) 24 - 0.17 0.57 0.03 0.65 0.90 0.78 0.03 0.18 0.01 0.05 

ELS-157 (n=24) 315 155 1.6 7.3 0.27 3.9 0.85 6.9 0.17 0.84 0.05 0.16 

7011 A (n=24) 48 146 0.32 1.8 0.07 1.9 0.37 1.7 0.06 0.62 0.02 0.09 

BdA 99-1 (n=11) 208 - 1.3 7.3 0.20 5.2 0.90 8.3 0.20 1.1 0.05 0.20 

BdA 99-5 (n=24) 39 97 0.47 1.8 0.08 2.4 0.36 2.9 0.08 0.43 0.03 0.11 

BdA 99-9 (n=12) 85 289 0.64 3.1 0.12 3.0 0.49 4.3 0.15 0.50 0.03 0.17 

Hj13 (n=24) 76 655 0.62 2.8 0.10 4.2 0.40 3.3 0.09 0.62 0.03 0.10 

Hj14 (n=24) 214 - 1.5 6.2 0.23 4.2 0.90 3.3 0.17 1.0 0.05 0.17 

Emeric2 (n=23) 224 116 1.3 4.8 0.17 3.1 0.68 5.2 0.14 0.84 0.03 0.14 

T1a (n=24) 167 112 1.1 4.2 0.16 3.6 0.67 5.0 0.15 0.69 0.04 0.19 

TOR197 (n=12) 126 208 0.86 4.2 0.15 3.3 0.63 4.9 0.15 0.57 0.04 0.16 

30 (n=23) 38 146 0.19 0.78 0.03 0.72 0.16 1.1 0.02 0.19 0.01 0.04 

38 (n=12) 56 - 0.28 0.97 0.04 0.80 0.20 0.83 0.02 0.17 0.01 0.04 

47 (n=24) 71 366 0.35 1.5 0.05 0.83 0.22 1.7 0.03 0.26 0.01 0.05 

DM3 (n=24) 34 133 0.22 0.74 0.04 0.82 0.14 0.99 0.03 0.24 0.01 0.05 
DMV99-22 
(n=24) 166 216 1.1 4.6 0.14 2.9 0.51 4.9 0.10 0.53 0.03 0.12 

Sullivan (n=24) 25 133 0.17 0.75 0.03 0.86 0.15 0.71 0.03 0.35 0.01 0.04 

ZN 99.2 (n=24) 14 175 0.21 0.87 0.05 1.5 0.28 1.3 0.05 0.43 0.02 0.07 
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5984B C1 (n=12) 1.7 109 0.43 2.3 0.12 0.93 0.57 4.4 0.40 0.41 0.12 0.16 

5984B C2 (n=11) 1.1 84.0 0.31 1.8 0.10 1.0 0.50 2.7 0.33 0.30 0.07 0.13 

5990 C1 (n=24) 120 564 0.69 3.1 0.11 2.5 0.51 3.5 0.10 0.48 0.03 0.12 

Kmi 2b (n=24) 188 167 0.98 3.4 0.14 2.8 0.58 4.5 0.27 0.76 0.07 0.14 

Kmi 4 (n=24) 119 641 0.97 4.1 0.17 4.0 0.72 5.5 0.15 0.83 0.04 0.18 
  

            Minimum detection limits are unique for each spot analysis and vary from run to run. The dataset was 
collected over a six-month period 
Minimum detection limits can be influenced by factors including the element concentrations in the 
previous sample 

 *Median values are shown for 
Se. 

          

             R E L A T I V E  P R E C I S I O N   ( % ) 
         SAMPLE 65Cu 82Se 107Ag 111Cd 115In 118Sn 121Sb 125Te 197Au 202Hg 205Tl 209Bi 

BH218 (n=24) 37.3 - 10.1 13.0 28.9 17.0 16.4 66.2 40.9 52.8 16.8 11.9 

BH221 (n=23) 42.4 - 17.9 24.4 28.2 17.9 25.0 65.9 82.2 71.4 13.1 14.2 

BH233 (n=24) - - 32.3 40.1 49.4 16.3 21.0 137 129 62.9 12.7 28.9 

Bv-1 (n-24) - - 32.5 74.4 29.7 17.2 18.1 149 129 - 12.3 15.7 

Bv-97-3 (n=24) - - 39.0 60.7 29.3 22.2 24.5 148 132 - 14.9 24.5 

V446 (n=12) 33.7 - 18.1 31.5 20.2 11.9 11.0 52.3 55.3 37.7 18.6 33.9 

V538 (n=12) 63.0 - 62.3 54.0 20.6 36.4 32.8 109 - - 28.6 48.9 

V57-852 (n=12) 369 - 17.8 22.5 18.7 14.5 15.6 52.1 93.3 38.7 17.4 8.4 

Mo 2 (n=23) 49.5 - 32.5 33.5 51.5 48.4 35.4 59.8 70.4 58.3 23.7 27.6 

Mo 5 (n=12) 29.3 - 16.1 25.9 - 46.6 17.3 46.8 - 32.6 27.5 21.8 

Mo 11 (n=24) 178 - 16.7 20.6 36.7 37.7 18.3 29.7 84.3 20.2 15.9 10.6 

BB55 (n=11) 667 - 33.7 37.5 102 37.1 39.1 63.0 51.1 61.4 6.3 20.7 

BB158 (n=12) 711 - 24.5 50.5 112 - 44.3 20.1 57.4 60.9 13.4 14.5 

BBH16AB (n=24) 208 - 20.5 25.2 83.7 32.8 14.0 18.0 65.6 44.8 14.9 9.2 

BBH16B (n=24) - - 31.9 33.5 111 - 41.6 52.6 102 - 14.6 20.9 

BBH20 (n=24) 147 - 16.0 13.2 66.2 29.1 15.0 30.1 80.0 46.0 5.6 7.2 

BBH25 (n=12) 246 - 18.6 18.4 91.4 - 13.6 21.1 102 43.0 8.4 10.2 

BBH28A (n=24) - - 32.5 40.8 76.1 48.8 27.9 38.4 133 38.9 19.7 20.0 

BBH32 (n=12) - - 18.7 22.3 92.3 36.5 12.1 34.7 53.8 42.7 13.0 11.9 

ELS-157 (n=24) - - 34.8 48.4 131 - 26.6 45.7 131 - 21.3 20.4 

7011 A (n=24) 242 - 57.2 54.4 100 - 48.2 52.2 136 61.1 39.3 47.0 

BdA 99-1 (n=11) - - 31.4 31.8 113 - 25.4 98.3 65.2 - 29.9 22.4 

BdA 99-5 (n=24) - - 31.0 30.5 49.2 - 18.1 50.9 127 43.4 14.7 12.0 

BdA 99-9 (n=12) - - 30.3 29.4 66.7 - 26.4 68.2 75.7 49.1 34.3 10.9 

Hj13 (n=24) 288 - 17.9 27.4 92.9 42.8 25.5 48.3 127 - 16.5 14.4 

Hj14 (n=24) - - 30.1 55.9 93.5 41.4 28.5 107 127 - 14.3 22.7 

Emeric2 (n=23) - - 38.7 28.4 92.6 39.6 23.9 52.7 120 44.2 21.1 16.7 

T1a (n=24) 460 - 31.4 30.5 56.4 44.6 25.3 44.1 95.5 38.8 19.9 15.1 

TOR197 (n=12) 372 - 45.5 36.0 60.6 40.9 35.4 63.3 137 39.2 41.4 16.6 

30 (n=23) 594 - 36.1 35.4 66.7 65.3 21.9 36.0 42.2 46.9 12.6 16.9 

38 (n=12) 661 - 20.2 31.2 49.2 22.0 14.4 43.0 44.9 37.0 7.3 10.5 

47 (n=24) 718 - 24.5 34.4 25.4 33.8 22.0 35.2 44.9 34.8 15.5 21.4 
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DM3 (n=24) 374 - 16.3 29.0 90.9 - 12.9 45.3 54.3 43.3 16.6 38.9 
DMV99-22 
(n=24) 707 - 38.1 64.0 94.7 53.1 27.0 108 115 40.0 10.7 40.3 

Sullivan (n=24) 351 - 15.0 25.1 10.2 10.0 13.2 128 131 58.5 14.3 9.5 

ZN 99.2 (n=24) - - 14.4 24.7 65.7 26.0 17.6 130 136 - 12.7 11.5 

5984B C1 (n=12) 45.9 - 32.9 - 33.9 28.9 23.8 - - 60.5 41.6 19.1 

5984B C2 (n=11) 51.7 - 35.5 29.0 - 27.0 23.8 - - 55.3 32.1 23.0 

5990 C1 (n=24) - - 27.4 52.0 91.7 36.7 23.1 116 131 49.2 13.3 16.7 

Kmi 2b (n=24) 42.9 - 29.2 26.3 87.3 39.3 32.0 148 133 57.5 29.2 25.0 

Kmi 4 (n=24) - - 20.7 41.5 93.6 47.3 20.7 133 129 49.0 22.4 24.3 
  

            Precision values for Se exceed 100% in all cases. 
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ELECTRONIC APPENDIX A FOR CHAPTER 5 

APPENDIX A: BRIEF DESCRIPTIONS OF SAMPLED DEPOSITS 

HERJA 

The epithermal vein system at Herja, consisting of more than 180 veins, is located in the 

metallogenic district around Baia Mare, northern Romania. Veins are hosted by Samartian-

Pannonian volcanics and Neogene and Paleogene sediments. Herja is one of a number of 

major polymetallic ores of epithermal type of Neogene age in the Carpathians and Apuseni 

Mts. associated with subduction and slab-detachment (Neubauer et al., 2005).  

The Herja veins follow fractures orientated along a ENE-WSW trend which are associated 

with a subvolcanic body of pyroxene andesite and porphyritic quartz microdiorite (Cook and 

Damian, 1997). Veins are classified in two sets, the southern and northern. The southern vein 

set are surrounded by porphyritic quartz microdiorite while the northern veins are enclosed 

by altered sediments (Cook and Damian, 1997). Hydrothermal activity associated with 

andesitic volcanism has been dated via the K-Ar method between 11.5 and 8 Ma, with 

mineralisation occurring at 8.8 ± 0.6 Ma (Edelstein et al., 1992; Lang et al., 1994). As a 

whole, the system extends to more than 1000 m at a width of 1200 m. Pb and Zn are 

relatively evenly distributed throughout; little evidence exists for any vertical zonation 

(Borcos et al., 1975).  

The ore is massive, often drusy without abundant vugs, and consists of sphalerite, galena 

with lesser chalcopyrite, pyrite, pyrrhotite, marcasite, tetrahedrite and various sulphosalts. 

Gangue minerals are quartz and calcite. Mineralisation is interpreted as being single phase, 

with pyrite and pyrrhotite deposited first followed by sphalerite and galena. Idiomorphic 

chalcopyrite, galena and marcasite were deposited last at temperatures probably well below 

200 oC, often coating other minerals (Borcos et al., 1975). 
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TOROIAGA 

The Toroiaga epithermal Cu-Pb-Zn-Ag-Au system is part of the Neogene Toroiaga-

Tiganul sub-volcanic Massif, Maramures Mountains, northwest Romania (100 km east of 

Herja). The deposit is comprised of a number of polymetallic hydrothermal veins, some of 

which are several hundred meters long, which plunge sharply to the southwest (Cook, 1997). 

These polymetallic veins are interpreted as healing fractures associated with the last of five 

injections of magma into the epithermal system (Borcos, 1967).  

The epithermal system is vertically zoned with chalcopyrite increasing downwards while 

sphalerite, galena, a rich variety of sulphosalts and gold increase upwards (Borcos et al., 

1982). The primary ore minerals at Toroiaga are Au-bearing pyrite and pyrrhotite (at lower 

levels), chalcopyrite, marcasite, arsenopyrite, sphalerite and galena. The presence of 

porphyry copper mineralisation beneath the epithermal vein system was proposed by 

Socolescu (1954) and supported by Chioreanu et al. (1993) but not confirmed. The mine was 

closed in 2003; additional exploration was carried out in 2006-2008 but failed to establish 

significant additional reserves. 

KOCHBULAK 

The Kochbulak deposit is located in the Kochbulak-Kairagach caldera in the Chatkel-

Kurama ore district, Uzbekistan. The caldera is located at the intersection of the Southern 

Angren and Lashkerek-Dukent fault zones and is filled with andesites, dacites and minor 

volcanics (Akcha and Nadak formations), rhyolite (Oyasai and Kyzylnura formations) and 

other subvolcanic intrusions (Islamov et al., 1999). Mineralisation is primarily concentrated 

within volcanics of the Nadak formation. Volcanic rocks have been mildly affected by a 

propylitic alteration while faults and ore zones concentrate more intense chlorite-epidote and 
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silica alteration (Islamov et al., 1999). These ore zones are controlled by structures resulting 

in three types of ore; steeply dipping veins, flat lenticular lodes and ore pipes.  

Mineralisation is classified in three groups; gold-pyrite, gold-polysulphide and gold-

telluride (Islamov et al., 1999). The gold-pyrite mineralisation is most prominent at depth and 

is typified by low grades of finely dispersed gold in pyrite. The gold-polysulphide group is 

most prominent at upper levels with gold associated with a complex assemblage of Cu-Pb-

Zn-Bi and –Sb minerals (Plotinskaya et al., 2006). The gold-telluride group has gold 

associated with tellurides such as calaverite, petzite, sylvanite, hessite, stützite and empessite 

and is most prominent close to surface. Developed reserves at Kochbulak are 5.6 Mt of ore at 

13.4 g/t Au and 120 g/t Ag (Islamov et al., 1999). 

BAITA BIHOR 

Baita Bihor is a Cu-Au-Pb-Zn-Mo skarn deposit located in the northernmost district of the 

Upper Cretaceous Banatitic Magmatic and Metallogenetic Belt (Ciobanu et al., 2002). This 

belt extends for 1500 km through Romania, Serbia and Bulgaria, and hosts many intrusion-

related ore deposits. The host rocks at Baita Bihor are sedimentary and metamorphic rocks of 

Permo-Mesozoic and Paleozoic ages, respectively. The skarn system at Baita Bihor (Cioflica 

et al., 1971; 1977) consists of around 10 orepipes controlled by major faults in the area. A 

large granite pluton some 1-1.2 km below the surface is responsible for the mineralisation. 

Ages for intrusion and mineralisation coincide at ~ 74 Ma (Ciobanu et al., 2002; Zimmerman 

et al., 2008).  

The mine closed in 2007. Commodities exploited included Cu, Mo, Zn, Pb and Mo; the 

main ore minerals are bornite, chalcopyrite, molybdenite, sphalerite and galena. Lesser 

pyrrhotite, pyrite and magnetite are also present. More than 100 different minerals have been 

reported, making it well known among mineralogists. The deposit is particularly noted for the 

unusual enrichment in Bi, which is hosted primarily by a wide range of rare Bi-sulphosalts, 
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many of which are only known from this single locality (e.g. cuproneyite;  Ilinca et al. 2012). 

The abundance of Bi and intimate association of Bi-minerals in the Cu-ores presented a 

significant problem in ore processing, and was one reason for closure of the operation.  

Ores are contained in skarns varying from magnesian (spinel – forsterite – chondrodite – 

phlogopite) to calcic (scapolite – diopside – wollastonite – vesuvianite) in composition. There 

is a marked west-to-east metal zonation (Mo-Cu-Pb/Zn) across the orefield, but each orepipe 

also features similar zonation trends from the core of each orepipe to the skarn-marble 

contact, sometimes with superposition of discrete zones due to telescoping (Cook et al. 2009, 

unpubl. consultancy report). 

ORAVITA 

The Oravita deposit is located ~350 km away from Baita Bihor along the Late Cretaceous 

Banatitic Magmatic and Metallogenetic Belt, Romania (BMMB; e.g., Ciobanu et al., 2002). 

The BMMB contains a range of magmatic-hydrothermal mineralization styles relating to the 

same magmatic event, and formed in subduction settings during Neotethys closure. Oravita is 

one of the many Cu–Au skarns that are satellite to porphyry Cu–Mo-intrusions within the 

Banat region (SW Romania and Serbia), known for its rich deposits (e.g., von Cotta, 1864). 

As with many Cu skarns, it also contains base metal ores and minor W-mineralization 

(Gheorghitescu, 1975; Cioflica and Vlad, 1981; Constantinescu et al., 1988). Oravita is one 

of the few localities where gehlenite skarns are known along the BMMB (Katona et al., 2003; 

Marincea et al., 2011). Although such skarns are barren, they provide an upper temperature 

limit (~750 °C) for initiation of the skarn system close to intrusion contacts. 

ASSAREL 

The Assarel Cu-Au deposit (130 Mt reserves @ 0.44% Cu, 0.2 g/t Au) is situated in the 

Panagyurishte ore district of the central Srednogorie zone, Bulgaria, an ore district featuring a 
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pairing of large porphyry systems with epithermal ‘massive sulphide’ deposits (von Quadt et 

al., 2005). The Panagyurishte district follows a NNW-SSE orientated structural corridor 

within the Banatitic Magmatic and Metallogenic Belt (BMMB; Ciobanu et al., 2002), a belt 

of Late Cretaceous calc-alkaline magmatism. The deposit consists of stockwork-style 

porphyry mineralization within volcanic host rocks (Angelkov and Parvanov, 1980; 

Bogdanov, 1987). Geochronology points to multiple generations of intrusion in the Medet-

Assarel orefield in the 85-70 Ma period (e.g., Zimmerman et al., 2008). The dominant 

hypogene quartz + chalcopyrite ± pyrite assemblage is associated with sericitic and sericitic-

propylitic alteration. Galena and sphalerite are found mostly in veins at depth, and in the 

upper part of the deposit where high-sulphidation mineralization overprints porphyry style 

ore (Strashimirov et al., 2002). Ore mineralogy studies have been carried out by Bogdanov 

(1987), Petrunov et al. (1991), Strashimirov (1993) and Popov et al. (2000).  

BOR 

Also hosted in the BMMB is the Bor porphyry system, Serbia. Similar to Panagyurishte, 

the Bor district is also characterised by hypabyssal intrusions within contemporary volcanic 

host rocks. However, mineralization within the Bor district occurs over a greater vertical 

extent and exposed porphyritic intrusions close to mineralization are less common and 

sometimes only inferred at depth. Ore occurs as stockworks below a high-sulphidation 

epithermal system; massive sulphide mineralization grades down to porphyry style some 800 

m below the current surface (Janković, 1990; Janković et al., 1998). A feature of the district 

is the large vertical extent of mineralisation exposed across the district. Porphyry-style 

mineralisation occurs in a variety of styles and at various locations as stockworks in plutonic 

cupolas (Valja Strz), at the same level as dyke swarms above intrusions (Veliki Krivelj), and 

as stockworks above intrusions, but below high-sulphidation epithermal ores (Bor; Janković, 

1990). 
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ELATSITE 

The >300 Mt Elatsite porphyry copper system is located in the Panagyurishte 

metallogenetic district in central Bulgaria. This district contains hypabyssal intrusions with 

approximately coeval volcanic rocks that host the ore. At Elatsite, the porphyritic intrusion is 

either monzonite or diorite, and is exposed adjacent to the mineralisation (Strashimirov and 

Popov, 2000). Coupled with the porphyry system is high-sulphidation epithermal-style 

massive sulphide mineralisation at Chelopech (Kouzmanov et al., 2002). Porphyry ore 

stockworks are concentrated along the boundary between the porphyry intrusion and the 

schist/granite basement. The system has a strong potassic alteration and lesser argillic 

alteration. Mineralisation has been dated at ~92-90 Ma (Von Quadt et al., 2005; Zimmerman 

et al., 2008), placing it within the same upper Cretaceous metallogenic belt as Baita Bihor 

(Ciobanu et al., 2002). 

The Elatsite deposit is moderately gold-rich, contains a number of rare polymetallic 

minerals and, notably in the massive magnetite-bornite core, also platinum group metals 

(Dragov and Petrunov, 1996; Kouzmanov et al., 2000; Strashimirov et al., 2002). Galena-

sphalerite-chalcopyrite assemblages are found in distal cm-scale veins at the perimeters of the 

porphyry mineralisation. 

VORTA 

Vorta is a massive and disseminated Zn-Pb-(Cu)-(Ag)-(Au) deposit located in the Vorta-

Dealul Mare-Barbura belt, Barasti Formation, Romania. Mineralisation is ophiolite hosted 

and Middle to Late Jurassic in age. The deposit is composed of lenses of variable grade that 

are discontinuous along an east-west alignment (Ciobanu et al., 2001). Mineralisation comes 

in two types, the first being massive but compact lenticular and spheroidal bodies with the 

second being disseminations and veinlets which surround and overprint the massive 



 CHAPTER 8: ADDITIONAL MATERIAL   
 

266 

mineralisation. The fine-grained ore is contained in a reworked, remobilised quartz rich 

breccia hosted within alkali basalt lavas altered to a calcite-quartz-chlorite-albite assemblage 

(Ciobanu et al., 2001). The deposit is non-metamorphosed and it is believed to closely 

resemble VMS-style mineralization formed at the ocean floor. 

KAPP MINERAL 

The small Kapp Mineral prospect is located 2.5 km east of Isfjorden Radio in the Hecla 

Hoek Complex, which extends along the entire west coast of Spitsbergen, Svalbard 

Archipelago. The basement rocks of the archipelago are Precambrian and to a lesser extent 

lowermost Paleozoic. These rocks, comprising a wide range of metamorphosed sedimentary 

and igneous lithologies, outcrop widely on Western Spitsbergen. Beginning in the Silurian, 

around 400 million years ago, these rocks were involved in the formation of the Caledonide 

mountain chain. Erosion of the mountain chain and development of a central basin began in 

the Devonian after the end of mountain building, enabling the deposition of thick volumes of 

sedimentary rocks. This was followed by continued sedimentation throughout the 

Carboniferous and Permian, and into the Mesozoic as Svalbard moved northwards. The 

complex is a thick metamorphosed sequence consisting of latest Precambrian, Eocambrian 

and lower Paleozoic rocks of both igneous and sedimentary origin.  

Lead-Zn ores at Kapp Mineral were worked on a small scale in the 1920’s. Sphalerite and 

galena occur within a brecciated carbonate phyllite (Flood, 1967). The breccia zone, from 

which the bulk of the ore was exploited is several metres wide and contains a mass of 

crosscutting calcite veins. Many of these are barren, but some contain veinlets of sphalerite 

and galena a few cm in thickness. 
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BROKEN HILL 

The giant (>300 Mt) Broken Hill Pb-Zn-Ag orebody lies in the south-eastern part of the 

Curnamona Craton, South-eastern Australia, within Early to Middle Proterozoic meta-

sedimentary and meta-volcanic rocks of the Willyama Supergroup (Haydon and McConachy, 

1987). These rocks encompass a range of metamorphic lithologies including pelitic, 

quartzofeldspathic and mafic rocks (Pidgeon, 1967; Haydon and McConachy, 1987). They 

were deposited in a continental back-arc environment between ca. 1710-1640 Ma, and were 

subsequently deformed during the Olarian Orogeny ca. 1600-1580 Ma (Clarke et al., 1986; 

Stevens, 1986; Stevens et al., 1988; Stüwe and Ehlers, 1997). There is a regional progressive 

increase in metamorphic grade from northwest to southeast, ranging from andalusite grade to 

granulite grade (Binns, 1964). Sedimentary rocks of the Adelaidian sequence (ca. 820-750 

Ma) were unconformably deposited onto the metamorphic rocks during break-up of the 

Rodinia supercontinent. Both the Adelaidian and Willyama Supergroups then underwent 

deformation during the Delamerian Orogeny (520-500 Ma). 

There is a substantial literature on the genesis of the Broken Hill orebody (Greenfield et 

al., 2003; Webster, 2006; Spry et al., 2008). Phillips et al. (1985), Plimer (1986) and Parr and 

Plimer (1993) argued that deposition of the Broken Hill ore deposit was coeval with bimodal 

felsic–mafic volcanism and pre-metamorphic alteration. The most commonly accepted 

(sedimentary-exhalative) genetic model therefore encompasses formation by hydrothermal 

processes and subsequent multi-phase high-grade metamorphism and deformation. This has 

been favoured by many authors (Stanton and Russell, 1959; Both and Rutland, 1976; Laing et 

al., 1978; Plimer, 1979; 1984; 2007; Parr and Plimer, 1993; Marshall and Spry, 2000; Spry et 

al., 2007). 

Overprinting of the Broken Hill deposit during high-temperature metamorphism led to 

substantial recrystallization of both ore and host rock assemblage. An alternative model 
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involving syntectonic introduction of metals during peak metamorphism or post-tectonic 

replacement has been proposed (Stillwell and Edwards, 1956; Stillwell, 1959; Lewis et al., 

1965; Nutman and Ehlers, 1998; Rothery, 2001; Gibson and Nutman, 2004). A second 

alternative model considers metamorphic melting of a primary sediment-hosted 

mineralization (Lawrence, 1967; Mavrogenes et al., 2001). Some researchers (Mavrogenes et 

al., 2001; Frost et al., 2002; 2005) have argued that extensive melting of the sulphide 

assemblages may have occurred. Others (e.g. Spry et al., 2008) suggest that although there 

may have been localised partial melting of minor parts of the ore, there was no substantial 

liquidation of the sulphides during the metamorphic event. 

BLEIKVASSLI 

The Bleikvassli deposit is located ~45 km southeast of Mo i Ranan north-central Norway. 

Mining between 1957 and 1997 produced about 5.0 Mt of ore grading 4.0% Zn, 2% Pb, 

0.15% Cu and 25 g/t Ag. The main orebody is made up of interlayered lenses of massive 

sulphide ore hosted within amphibolites, quartzites, mica schists and quartzofeldspathic 

gneisses of the Uppermost Allochthon, Scandinavian Caledonides (Ramberg, 1967; Stephens 

et al., 1985; Bjerkgard et al., 1997). The deposit is believed by most researchers to be of 

SEDEX-type (Vokes, 1963; 1966; Skauli, 1990; 1992; 1993; Skauli et al., 1992a; 1992b; 

Moralev et al., 1995; Cook et al., 1998). 

The deposit underwent Caledonian metamorphism at peak conditions of roughly 570 °C 

and 7.5-8 kbar (Cook, 1993; Rosenberg et al., 1998). At least five phases of syn-metamorphic 

deformation are recognised (Bjerkgard et al., 1995). Spry et al. (1995) identified a syn-

metamorphic sulphidation-oxidation halo enclosing the ores. Ore petrography is 

comprehensively described by (Vokes, 1963). Massive ores are medium-grained (mm-scale) 

and comprise assemblages of pyrite-sphalerite-galena ore with lesser amounts of pyrrhotite 

and chalcopyrite. Pyrrhotite and base-metal sulphides occupy the matrix between the pyrite 
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metablasts. A distinct pyrrhotite-rich ore, usually with greater chalcopyrite content and often 

displaying a brecciated texture, with numerous, generally rounded, clasts of wall-rock schists 

and vein quartz occurs close to the footwall in the southern part of the deposit. 

Remobilisation of ore components is abundant, with a characteristic ‘wall rock 

mineralization’ that includes abundant, coarse Pb-As-(Sb)-sulphosalt-dominant assemblages 

emplaced in crosscutting veins within wallrock adjacent to massive ore (Vokes, 1963; Cook 

et al., 1998). 

MOFJELL 

The Mofjell deposit, located roughly 1 km south of the city of Mo i Rana, north-central 

Norway, is hosted within metapelitic quartz-mica-feldspar gneisses and amphibolites of the 

Mofjellet Group in the Rødjngsfjellet Nappe complex of the Uppermost Allochthon of the 

Scandinavian Caledonides (Saager, 1967; Bjerkgard et al., 2001). Bjerkgard et al. (1997) 

proposed that the Mofjellet Group was formed in a volcanic arc or a back-arc basin. The 

Mofjell deposit was under exploitation between 1926 and 1987, producing 4.3 Mt of ore 

grading 3.61% Zn, 0.71% Pb, 0.31% Cu, as well as sulphuric acid from pyrite. The presence 

of gold was confirmed during exploration work carried out since 1990; a remaining resource 

of ~4 Mt is indicated.  

The deposit consists of three massive, stratiform lenses and has been metamorphosed at 

lower amphibolite facies conditions of approximately 550°C and 7 kbar (Bjerkgard et al., 

2001). The ores and host rocks have experienced at least one stage of deformation and 

folding. Like Bleikvassli, the Mofjell deposit is interpreted to be of SEDEX-type (Bjerkgard 

et al., 2001). Sulphide recrystallization and mobilization of minor elements, including gold, is 

widespread with sulphosalt-rich remobilizate assemblages noted within thin veinlets, up to 3 

cm in width,  located in host rocks immediately adjacent to massive pyrite ore (Cook, 2001). 
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SULITJELMA 

The Sulitjelma Cu-Zn orefield (Cook et al., 1990, 1993; Cook, 1996), central-north 

Norway, hosts over 20 sulphide bodies totalling around 35 Mt of massive sulphide. The 

sulphide bodies are dominantly, though not exclusively, located at the contact between the 

Otervatn Volcanic Formation, a dominantly basaltic sequence, and the overlying 

metasedimentary Furulund Group. Geology and metamorphism of the district are discussed 

by Boyle et al. (1985), Burton et al. (1989) and Boyle and Westhead (1992). The stratiform 

and stratabound sulphides are interpreted to have formed as a single stratigraphic interval via 

chemical exhalative precipitation of hydrothermal fluids onto the seafloor from hydrothermal 

vents (Cook et al., 1990). Deposit geochemistry is consistent with convective circulation of 

heated seawater and leaching of subjacent mafic volcanic rocks. Amphibolite facies regional 

metamorphism and accompanying deformation significantly modified the geometry of 

individual sulphide lenses and their spatial relationships with associated alteration (Cook et 

al. 1990). Isoclinal folding led to stacking of mineralized horizons within the stratigraphy; 

multiple sulphide bodies are arranged en-echelon within each horizon (Cook et al., 1993). 

Sulitjelma ores are widely cited as spectacular examples of the effects of deformation on 

sulphide assemblages. These include durchbewegt textures, involving milling of refractory 

sulphides such as pyrite within matrices of ductile sulphides, plastic deformation of giant 

pyrite porphyroblasts and shearing along the ore horizons producing sulphide mylonites 

(Cook et al., 1990, 1993; Cook, 1996). There is evidence for sulphide recrystallization, 

remobilization, and local redistribution of trace elements, including precious metals, within 

the sulphide bodies (Cook, 1992, 1994, 1996). Chalcopyrite typically occurs, together with 

lesser sphalerite and pyrrhotite, in the sulphide matrix between coarse pyrite. Remobilized 

chalcopyrite is also observed filling fractures in refractory pyrite (Cook, 1994). Peak 

metamorphic conditions have been estimated at ca. 450-500 °C; see also Barrie et al. (2010). 



 LUKE GEORGE Ph.D. DISSERTATION  
 

271 

KANMANTOO 

The Kanmantoo Cu deposit 

(http://www.hillgroveresources.com.au/section/Projects/Kanmantoo) is hosted within 

metasedimentary rocks of the Cambrian Kanmantoo Group, Adelaide Fold Belt, South 

Australia; predominately psammitic schists with lesser aluminous pelites, black shales and 

calc-silicates (Oliver et al., 1998). Deposition occurred in the Kanmantoo trough about 520 

Ma and rocks were deformed and metamorphosed at (~530-630 oC and 2.2-5.4 kbar during 

the ~500 Ma Delamerian Orogeny (Offler and Fleming, 1968; Sandiford et al., 1992; 1995). 

Although Thomson (1975), and several more recent authors attributed much of the 

mineralization to late-stage regional metamorphism, Jensen and Whittle (1969), Verwoerd 

and Cleghorn (1975), Seccombe et al. (1985), Both et al. (1995) and Spry et al. (2010) 

regarded the deposit, and others in the same belt, as having a syn-sedimentary (possibly 

VMS-style) genesis, albeit with substantial evidence for syn-metamorohic deformation and 

associated remobilization. The most common mineral assemblage in the Kanmantoo ore is 

quartz-chlorite-garnet ± pyrrhotite ± chalcopyrite. Mineralization is pipe-like and stratabound 

within a garnet-andalusite-biotite schist (Seccombe et al., 1985). At least three deformation 

events are recognised (e.g., Toteff, 1999). 
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ELECTRONIC APPENDIX B FOR CHAPTER 5 

APPENDIX B: Mean errors and minimum detection limits determined by LA-ICP-MS (data in ppm) 

                     
Locality Sample 

 
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Herja Hj-13 1σ error 3.3 0.28 0.24 93 0.01 0.03 3.3 11 0.64 0.08 0.67 0.09 0.05 0.001 0.02 0.003 0.51 0.002 
Romania 

 
MDL 0.07 0.003 0.02 0.67 0.01 0.05 3.0 0.004 0.07 0.001 0.03 0.01 <0.001 0.002 0.02 0.001 0.01 0.002 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Toroiaga EMERIC2 1σ error 39 - 0.31 19413 5.3 0.57 46 63 119 40 46 20 - 0.89 5.3 0.01 31 0.75 

Romania 
 

MDL 0.23 <0.001 0.16 3.2 0.02 0.19 7.7 0.01 0.29 0.003 0.05 0.02 <0.001 0.005 0.06 0.003 0.07 0.01 

 
T1a 1σ error 0.87 0.03 0.04 111 0.13 0.90 2.5 4.5 3.7 0.84 1.6 0.26 0.38 0.01 0.07 0.002 0.28 0.01 

  
MDL 0.15 0.03 0.11 0.42 0.03 1.1 1.5 0.03 0.12 0.004 0.08 0.03 <0.001 0.01 0.05 0.003 0.04 0.01 

 
TOR189 1σ error 0.18 1.3 0.23 159 0.08 1.0 11 35 3.1 0.92 1.1 0.42 0.26 0.02 0.09 0.005 0.48 0.19 

  
MDL 0.14 0.02 0.12 0.44 0.02 1.2 1.2 0.02 0.09 0.004 0.07 0.02 0.12 0.005 0.06 0.002 0.02 0.004 

 
TOR191 1σ error 0.15 0.01 0.02 267 0.04 0.90 0.59 5.4 6.2 2.5 1.9 0.10 0.03 0.01 427 0.001 0.88 0.003 

  
MDL 0.08 0.005 0.03 0.13 0.01 1.4 0.84 0.01 0.04 0.002 0.04 0.01 0.07 0.004 19 0.001 0.03 0.003 

 
TOR197 1σ error 0.15 0.01 0.03 329 0.02 0.88 0.72 10.0 5.3 0.74 0.47 0.11 0.06 0.01 1784 0.002 0.85 0.003 

  
MDL 0.10 0.01 0.04 0.17 0.01 1.5 1.1 0.01 0.05 0.002 0.05 0.01 0.07 0.01 41 0.001 0.03 0.002 

 
Toroiaga R0 1σ error 0.21 0.07 - 112 0.12 1.2 1.0 3.7 2.3 1.5 3.1 0.10 0.06 0.01 0.08 0.001 0.21 0.01 

  
MDL 0.16 <0.001 <0.001 0.46 0.02 1.4 1.1 0.02 0.08 0.003 0.09 0.02 0.18 0.01 0.07 0.002 0.02 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kochbulak 33 1σ error 0.35 1.7 0.18 58 0.07 1.0 3.7 1.1 2.2 0.19 1.5 0.10 0.34 0.02 0.05 0.04 0.21 0.64 

Uzbekistan 
 

MDL 0.16 0.03 0.14 0.48 0.03 1.4 1.6 0.02 <0.001 0.004 0.08 0.04 0.22 0.01 0.04 0.003 0.03 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Baita Bihor BB55 1σ error 4.9 11 2.8 79 0.01 0.10 3.2 2.8 0.92 3.8 9.3 0.07 0.10 0.02 0.03 0.01 19 0.10 

Romania 
 

MDL 0.07 0.004 0.03 0.83 0.01 0.06 3.1 0.004 0.09 0.002 0.03 0.01 0.09 0.001 0.02 0.001 0.02 0.003 

 
BBH15-21 1σ error 0.47 7.6 1.2 105 0.14 0.69 40 3.2 3.0 14 19 0.02 0.60 0.02 0.05 0.01 0.45 0.46 

  
MDL 0.16 0.03 0.13 0.49 0.03 1.0 1.6 0.03 0.16 0.01 0.08 0.03 <0.001 0.01 0.05 0.003 0.03 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Oravita ORV1 1σ error 0.13 0.05 0.06 12 0.06 1.1 6.4 0.25 0.31 0.72 0.19 0.21 0.27 0.01 0.07 0.004 0.35 0.03 

Romania 
 

MDL 0.17 0.03 0.19 0.51 0.02 1.5 1.5 0.02 0.12 0.004 0.11 0.03 0.14 0.01 0.09 0.002 0.02 0.005 

 
ORV4 1σ error 0.12 0.03 0.05 13 0.10 1.1 1.9 0.29 0.38 0.77 0.43 0.18 0.25 0.01 0.05 0.01 0.35 0.02 

  
MDL 0.15 <0.001 0.15 0.44 0.03 1.4 1.7 0.04 0.13 0.004 0.08 0.03 <0.001 0.01 0.07 0.003 0.03 0.01 

 
ORV4a 1σ error 0.12 0.02 0.16 13 0.07 0.96 4.3 0.52 0.39 0.84 0.25 0.88 0.31 0.01 0.06 0.02 0.44 0.04 

  
MDL 0.17 0.04 <0.001 0.44 0.04 1.4 2.0 0.03 0.14 0.004 0.10 0.03 <0.001 0.01 0.06 0.004 <0.001 0.01 
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ORV4B 1σ error 0.06 0.01 0.02 4.2 0.03 1.1 2.1 0.10 0.14 0.04 0.05 0.04 0.13 0.02 46 0.01 2.2 0.21 

  
MDL 0.09 0.01 0.03 0.19 0.01 0.85 0.88 0.01 0.06 0.001 0.04 0.01 0.06 0.01 23 0.001 0.05 0.004 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Asarel ASR 5A 1σ error 0.10 0.01 0.02 19 0.06 0.63 1.8 0.20 0.49 0.02 0.04 0.05 0.11 0.01 60 0.004 11 0.19 

Bulgaria 
 

MDL 0.11 0.01 0.05 0.18 0.01 0.99 1.1 0.01 0.07 0.002 0.04 0.01 0.10 0.01 20 0.001 0.05 0.003 

 
ASR 10 1σ error 0.12 0.01 0.36 1.2 0.10 0.87 5.5 0.25 0.17 0.49 0.16 0.04 0.29 0.02 0.04 0.01 0.57 0.10 

  
MDL 0.16 0.03 <0.001 0.43 0.03 1.3 1.8 0.03 0.14 0.01 0.10 0.03 0.23 <0.001 0.05 0.003 0.03 0.01 

 
ASR KB P12077 1σ error 0.16 0.03 0.05 1.4 0.09 1.3 47 0.29 0.33 0.38 0.24 0.03 0.66 0.02 0.07 0.01 1.8 2.2 

  
MDL 0.16 <0.001 0.16 0.46 0.02 1.6 1.7 0.03 <0.001 0.004 0.08 0.03 <0.001 0.01 0.08 0.003 <0.001 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Bor BOR14 1σ error 0.25 0.04 0.07 3.2 0.06 0.98 1.6 0.89 0.28 0.08 1.4 0.05 0.22 0.04 0.05 0.03 1.3 0.35 

Serbia 
 

MDL 0.20 0.05 0.24 0.68 0.04 1.5 1.9 0.04 0.19 0.01 0.11 0.03 <0.001 0.01 0.06 0.003 0.03 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Elastite Elastite b a 1σ error 0.15 0.13 - 0.55 0.14 0.95 42 0.55 0.10 0.19 0.26 0.14 1.8 0.05 0.05 0.02 64 0.11 

Bulgaria 
 

MDL 0.16 <0.001 <0.001 0.63 0.03 1.3 1.6 0.03 0.12 0.004 0.08 0.03 0.20 0.01 0.06 0.004 0.04 0.01 

 
ELS 157 1σ error 0.19 0.07 - 2.7 0.17 1.2 1.8 1.1 0.38 0.06 0.08 0.44 0.32 0.02 0.06 0.01 4.9 0.24 

  
MDL 0.18 <0.001 <0.001 0.68 0.04 1.5 1.9 0.03 0.12 0.005 0.10 0.03 <0.001 <0.001 0.07 <0.001 <0.001 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Vorta DMV 99-22 1σ error 0.27 0.01 - 186 0.17 7.8 1.0 3.1 2.8 0.01 0.11 0.38 0.10 0.07 0.12 0.02 19 0.01 

Romania 
 

MDL 0.17 0.04 <0.001 0.60 <0.001 1.5 1.8 0.04 0.19 0.005 0.08 0.04 0.29 0.01 0.06 0.004 0.14 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kapp Mineral kmi 2a 1σ error 9.5 0.04 0.12 20 0.02 0.68 0.93 8.3 0.39 0.07 0.55 1.0 0.04 0.01 337 0.01 - 0.07 

Norway 
 

MDL 0.08 0.01 0.03 0.12 0.01 1.1 0.82 0.01 0.04 0.001 0.04 0.01 0.05 0.004 30 0.001 0.09 0.002 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Broken Hill BH73 1σ error 31 0.22 0.08 82 0.75 0.09 2.9 82 0.31 0.23 27 1.4 0.13 0.005 0.04 0.01 12 0.01 

Australia 
 

MDL 0.21 0.01 0.05 2.2 0.02 0.17 5.5 0.01 0.21 0.005 0.13 0.05 0.27 0.01 0.07 0.01 0.04 0.02 

 
BH262 1σ error 0.29 0.10 0.22 42 1.1 0.83 0.92 14 0.48 0.14 42 0.12 0.07 0.005 0.06 0.003 0.37 0.01 

  
MDL 0.17 0.02 0.13 0.53 <0.001 1.2 1.5 0.03 0.13 0.01 0.10 0.03 0.21 0.01 0.07 0.004 0.03 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Bleikvassli Bv-1 1σ error 0.19 0.01 0.03 29 1.7 0.05 1.4 51 0.12 1.4 57 0.60 0.03 0.04 0.06 0.05 0.96 0.005 

Norway 
 

MDL 0.07 0.004 0.03 0.74 0.01 0.09 1.8 0.004 0.08 0.001 0.04 0.02 0.09 0.001 0.02 0.001 0.02 0.004 

 
Bv-4 1σ error 4.6 0.10 0.20 57 1.7 0.94 1.6 0.48 0.48 1.6 82 0.55 - 0.02 0.06 0.05 0.61 0.03 

  
MDL 0.17 0.02 <0.001 0.64 <0.001 1.2 1.5 0.03 0.10 0.004 0.07 0.03 <0.001 0.01 0.06 0.002 0.06 0.01 

 
V598572 1σ error 6.7 0.03 0.33 40 0.17 0.14 3.6 1.1 0.92 2.0 124 0.33 0.10 0.004 0.13 0.004 0.27 0.01 

  
MDL 0.07 0.003 0.04 0.78 0.01 0.15 3.1 0.004 0.07 0.001 0.04 0.01 0.07 0.001 0.02 0.001 0.02 0.005 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Mofjell Mo5 1σ error 0.65 0.01 0.38 63 0.11 0.73 5.6 2.8 0.70 0.13 0.41 0.19 0.49 0.01 0.05 0.02 0.37 0.01 
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Norway 
 

MDL 0.17 0.03 0.14 0.69 <0.001 1.1 1.3 0.03 0.13 0.01 0.09 0.03 <0.001 0.01 0.06 0.003 0.05 0.01 

 
Mo16 1σ error 0.11 0.01 0.02 85 0.05 2.0 2.6 1.0 4.1 0.02 0.18 0.31 0.13 0.01 0.09 0.003 0.33 0.003 

  
MDL 0.14 0.01 0.05 0.34 0.01 2.2 2.1 0.02 0.10 0.003 0.08 0.06 0.11 0.01 0.05 0.002 0.05 0.004 

 
Mo17A 1σ error 2.2 0.01 0.04 38 0.04 1.5 1.6 2.5 8.0 0.05 0.10 4.6 0.21 0.01 0.12 0.03 3.9 0.02 

  
MDL 0.13 0.01 0.05 0.27 0.02 1.7 1.9 0.02 0.08 0.003 0.07 0.06 0.12 0.01 0.09 0.002 0.02 0.004 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Sulitjelma CV01.1 1σ error 0.10 0.53 0.05 50 0.02 1.2 19 9.7 4.2 0.04 0.08 0.07 0.21 0.01 0.10 0.002 0.13 0.02 

Norway 
 

MDL 0.18 0.02 0.06 0.74 0.02 2.2 2.6 0.03 0.12 0.004 0.14 0.14 0.21 0.01 0.11 0.003 0.03 0.01 

 
CV01.2a 1σ error 0.09 0.59 0.06 50 0.03 1.0 25 19 2.3 0.05 0.07 0.05 0.32 0.003 0.09 0.002 0.49 0.03 

  
MDL 0.13 0.01 0.04 0.47 0.01 1.7 1.7 0.01 0.08 0.003 0.11 0.09 0.13 0.01 0.09 0.002 0.02 0.01 

 
CV01.2b 1σ error 0.08 0.10 0.01 69 0.02 0.78 26 17 2.8 0.07 0.05 0.04 0.40 0.004 0.06 0.002 0.13 0.04 

  
MDL 0.11 0.01 0.04 0.33 0.01 1.1 1.4 0.02 0.07 0.003 0.07 0.06 0.11 0.01 0.07 0.002 0.02 0.004 

 
CV01.3 1σ error 0.15 0.05 0.10 68 0.08 1.0 205 26 2.6 0.21 0.11 0.02 0.21 0.01 0.04 0.02 1.1 0.10 

  
MDL 0.20 0.03 0.13 0.57 0.04 1.5 1.7 0.03 0.16 0.005 0.10 0.04 0.00 0.01 0.04 0.003 0.03 0.01 

 
CV01.4 1σ error 1.2 0.23 0.14 42 0.07 0.82 46 11 3.2 0.11 0.14 0.05 0.21 0.01 0.06 0.01 0.15 0.06 

  
MDL 0.19 <0.001 0.22 0.54 <0.001 1.2 2.0 0.03 0.14 0.01 0.11 0.03 0.00 0.01 0.07 0.004 0.03 0.01 

 
CV01.6b 1σ error 0.12 0.06 0.19 25 0.05 0.78 230 13 3.1 0.08 0.11 0.03 0.13 0.01 0.05 0.01 0.13 0.07 

  
MDL 0.17 0.03 0.15 0.63 0.03 1.2 1.5 0.03 0.16 0.004 0.09 0.04 0.26 0.01 0.07 0.003 0.05 0.01 

 
NC4172 1σ error 1.1 0.45 0.28 17 0.11 0.95 6.1 2.8 0.84 0.49 1.2 0.76 0.54 0.02 0.05 0.09 11 0.51 

  
MDL 0.15 0.02 <0.001 0.54 0.03 1.3 1.6 0.03 0.13 0.004 0.08 0.03 0.00 <0.001 0.06 <0.001 0.02 0.01 

 
NC5839 1σ error 1.0 0.11 0.07 30 1.8 1.0 3.7 2.4 0.63 0.52 5.1 0.22 0.56 0.02 0.12 0.01 0.28 0.05 

  
MDL 1.4 0.01 0.03 0.97 0.08 1.5 0.72 0.03 0.19 0.01 0.14 0.06 0.30 0.02 0.15 0.01 0.08 0.02 

 
NC6894 1σ error 0.12 0.01 0.05 15 0.09 1.5 16 0.70 0.47 3.2 8.0 0.08 0.38 0.02 0.32 0.002 0.11 0.02 

  
MDL 0.15 0.02 0.13 0.75 0.02 1.9 1.9 0.02 0.11 0.003 0.12 0.10 0.16 0.01 0.09 0.003 0.02 0.01 

 
Su3 1σ error 0.14 0.26 0.68 7.3 0.09 0.88 2.9 1.3 0.62 0.56 1.1 0.06 0.39 0.08 0.10 0.002 0.28 0.36 

  
MDL 0.17 0.04 <0.001 0.61 0.03 1.3 1.4 0.03 0.15 0.01 0.09 0.04 0.000 0.01 0.06 0.003 0.03 0.01 

 
Sulis 1b 1σ error 0.55 0.07 0.22 31 0.99 0.88 16 1.5 0.55 0.51 7.4 0.27 0.41 0.01 0.07 0.01 0.21 0.06 

  
MDL 0.18 0.03 <0.001 0.45 0.03 1.3 1.7 0.02 0.15 0.004 0.08 0.03 0.25 0.01 0.06 0.003 0.03 0.01 

 
Sulis2a 1σ error 2.3 0.08 0.11 46 0.46 1.3 12 1.5 1.1 0.16 0.49 0.19 0.29 0.004 0.50 0.002 0.41 0.08 

  
MDL 0.13 0.01 0.04 0.89 0.01 1.7 1.5 0.01 0.09 0.003 0.11 0.08 0.11 0.01 0.07 0.002 0.02 0.01 

   
Mn Co Ni Zn Ga As Se Ag Cd In Sn Sb Te Au Hg Tl Pb Bi 

Kanmantoo KTDD086(8) 1σ error 0.19 0.43 0.26 105 0.32 0.84 7.7 5.7 0.60 1.2 6.4 0.07 0.12 0.03 0.06 0.003 1.9 0.35 

Australia 
 

MDL 0.12 0.01 0.05 0.40 0.02 1.3 1.9 0.02 0.09 0.003 0.08 0.08 0.15 0.01 0.08 0.002 0.02 0.004 

 
KTDD086(9) 1σ error 0.12 0.05 0.08 37 0.30 1.1 33 1.1 0.28 1.4 6.3 0.08 0.09 0.02 0.11 0.003 4.9 0.25 

  
MDL 0.16 0.01 0.10 0.77 0.02 1.8 2.1 0.01 0.12 0.003 0.11 0.11 0.17 0.01 0.09 0.003 0.02 0.01 

 
KTDD086(11) 1σ error 0.12 0.06 0.07 30 0.62 1.1 12 1.3 0.40 1.2 9.2 0.07 0.30 0.01 0.12 0.003 0.88 0.06 

  
MDL 0.12 0.01 0.04 0.50 0.02 1.5 1.7 0.01 0.09 0.003 0.09 0.09 0.14 0.01 0.08 0.003 0.02 0.005 
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KTDD086(12) 1σ error 0.13 0.05 0.08 20 0.50 1.2 6.0 2.2 0.44 1.4 6.0 0.07 0.56 0.01 0.07 0.002 0.58 0.15 

  
MDL 0.13 0.01 0.05 0.40 0.02 1.6 1.7 0.01 0.08 0.003 0.10 0.08 0.12 0.01 0.08 0.003 0.02 0.01 

 
KTDD178(7) 1σ error 0.07 0.20 0.10 17 0.06 0.85 8.5 2.1 0.28 3.6 13 0.05 0.15 0.02 0.05 0.003 5.5 0.13 

  
MDL 0.10 0.01 0.03 0.30 0.01 1.2 1.4 0.01 0.07 0.002 0.08 0.07 0.11 0.01 0.07 0.002 0.02 0.005 

 
KTDD178(8) 1σ error 0.07 0.11 0.14 25 0.08 0.88 6.5 3.7 0.39 1.4 30 0.05 0.29 0.01 0.07 0.001 0.23 0.02 

  
MDL 0.11 0.01 0.04 0.35 0.02 1.3 1.6 0.02 0.08 0.002 0.08 0.07 0.07 0.005 0.07 0.002 0.02 0.01 

 
KTDD178(12) 1σ error 0.07 0.28 0.13 56 0.13 0.69 3.6 4.8 0.31 1.9 42 0.04 0.19 0.01 0.05 0.001 0.23 0.04 

  
MDL 0.10 0.01 <0.001 0.29 0.01 1.0 1.4 0.01 0.07 0.002 0.06 0.06 0.11 0.01 0.07 0.002 0.02 0.003 

 
KTDD180(3) 1σ error 0.11 1.8 0.95 31 0.05 0.73 3.1 3.2 0.17 2.9 2.9 0.06 0.35 0.005 0.06 0.02 0.13 0.12 

  
MDL 0.11 0.01 0.05 0.34 0.01 1.1 1.6 0.01 0.07 0.003 0.07 0.07 0.10 0.01 0.08 0.002 0.01 0.004 

 
KTDD180(7) 1σ error 0.09 0.12 0.15 49 0.14 0.86 1.9 1.1 0.25 2.2 25 0.05 0.28 0.03 0.13 0.05 0.10 0.27 

  
MDL 0.12 0.01 <0.001 0.36 0.01 1.3 1.6 0.01 0.07 0.003 0.08 0.08 0.13 0.01 0.06 0.002 0.02 0.005 

 
KTDD180S(4) 1σ error 0.19 3.5 3.5 212 0.26 1.4 8.9 22 0.80 19 127 0.07 0.19 0.03 0.12 0.005 16 4.6 

  
MDL 0.11 0.01 0.05 0.34 0.01 1.3 1.5 0.01 0.09 0.002 0.08 0.08 0.14 0.01 0.08 0.002 0.03 0.005 

 
KTDD180S(5) 1σ error 0.23 2.0 8.3 46 0.11 1.3 8.7 6.0 0.34 1.6 15 0.08 0.30 0.06 0.29 0.003 2.7 2.6 

  
MDL 0.12 0.01 0.06 0.42 0.01 1.5 1.6 0.01 0.08 0.003 0.09 0.08 0.12 0.01 0.07 0.002 0.02 0.01 

   
                  

MDL = minimum detection limit (99% confidence). Dash = insufficient data to perform calculation. 

Error is calculated from internal (counting statistic noise) and external signal uncertainties (mass bias, correction of unknowns to standards, laser induced elemental fractionation [LIEF] and instrument drift).  
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ELECTRONIC APPENDIX C FOR CHAPTER 5 

APPENDIX C: Complete chalcopyrite trace element dataset determined by LA-ICP-MS (data in ppm) 

Herja Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Hj-13 65.61 6.85 0.488 1281.95 0.067 0.072 3.13 150.33 6.82 1.899 9.52 0.599 <0.00 0.0039 0.238 0.0045 1.375 0.0047 

 
30.27 4.47 <0.0166 2037.62 0.0338 0.065 11.31 73.02 6.55 2.223 13.88 0.883 <0.00 <0.0018 0.144 0.00132 2.09 0.0044 

 
36.41 3.62 1.23 989.95 0.015 <0.0276 7.52 148.97 4.76 1.42 4.45 0.603 <0.00 <0.0020 0.225 0.00236 2.9 0.009 

 
73.38 3.57 Inc 2497.46 0.114 0.088 18.31 111.99 11 1.512 11.54 1.347 Inc <0.0020 0.165 0.0043 2.82 0.0088 

 
49.01 3.18 0.585 1056.17 0.07 <0.056 23.8 134.28 5.34 3.12 16.63 0.325 <0.00 0.001 0.168 <0.00110 1.496 0.0024 

 
52.67 4.92 1.53 1061.9 0.074 0.143 11.67 263.35 6.82 2.6 7.38 0.216 <0.00 <0.00126 0.156 <0.00117 1.252 0.0022 

 
67.13 6.36 Inc 2283.27 0.206 <0.049 <3.21 195.26 12.3 0.44 7.97 2.6 <0.00 <0.0026 0.161 Inc 1.299 <0.0033 

 
47.62 2.43 0.026 2681.61 0.102 0.078 5.71 144.93 10.36 1.368 9.2 Inc <0.00 <0.00156 0.166 0.00179 Inc 0.0084 

 
48.45 3.89 Inc 1224.69 0.106 0.13 <3.33 219.4 7.4 1.477 9.58 0.141 <0.00 <0.00205 0.135 0.0024 1.044 0.0038 

 
43.18 3.15 Inc 845.25 0.063 <0.060 <3.32 232.38 4.88 1.12 9.87 0.379 <0.00 <0.0030 0.098 0.0034 6.05 <0.0035 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

EMERIC2 Inc - <0.29 Inc 4.68 <0.49 36.55 23.76 Inc 47.85 65.01 20.75 - Inc 6.63 <0.010 27.04 0.97 

 
Inc - <0.15 Inc 4.07 <0.00 17.03 10.76 Inc 44.35 57.48 15.02 - Inc 3.14 0.006 14.17 0.36 

 
Inc - 0.2 Inc 1.94 0.31 26.38 147.17 Inc 43.87 34.95 8.39 - <0.0059 1.02 <0.0033 11.04 0.25 

 
Inc - 0.07 Inc 1.11 <0.22 26.85 109.11 Inc 42.68 53.1 3.03 - 0.09 1.36 <0.0032 4.77 0.013 

 
Inc - <0.00 Inc 1.47 1.06 22.41 72.12 Inc 26.29 18.87 16.97 - <0.0023 0.82 0.0047 13.95 0.16 

 
Inc - <0.00 Inc 1.61 0.25 33.34 48.07 Inc 20.91 13.29 1.72 - 0.009 0.66 <0.0017 3.01 0.006 

 
1.78 - 0.045 1219.6 1.27 <0.13 <5.79 177.36 13.97 28.16 49.43 4.33 - 0.09 0.79 <0.0016 3.64 0.015 

 
Inc - <0.00 Inc 0.47 0.19 <5.32 154.91 Inc 12.5 7.14 27.27 - 0.0033 0.39 0.0032 47.25 0.19 

 
Inc - <0.028 Inc 1.22 0.19 <5.41 114.75 Inc 21.06 77.25 1.84 - 0.0053 0.43 <0.0016 2.65 0.059 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

T1a Inc 0.041 <0.00 836.28 0.81 <1.24 Inc Inc 13.42 14.26 4.36 0.51 0.5 0.019 0.201 0.0028 0.64 0.041 

 
5.29 0.036 <0.00 490.72 1.02 <1.13 <1.53 18.14 9.08 17.38 21.23 3.04 0.33 0.012 0.228 0.0037 3.07 0.0207 

 
3.86 0.156 <0.00 784.67 0.31 2.82 2.31 29.28 15.17 14.49 14.71 4.45 <0.00 <0.00 0.45 <0.0039 4.07 0.042 

 
Inc <0.00 <0.00 Inc 0.78 <1.02 2.14 87.98 Inc 14.14 14.81 0.87 <0.00 <0.00 0.108 <0.00 1.48 <0.0051 

 
1.35 <0.00 <0.00 927.82 0.96 2.96 <1.19 86.27 13.09 17.54 30.09 6.43 1.22 <0.0081 0.188 <0.00255 4.05 0.032 
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5.27 <0.00 <0.111 846.46 0.33 <1.03 <1.28 Inc 17.51 10.66 13.05 1.92 <0.00 <0.00 0.083 <0.00233 0.93 <0.00 

 
3.86 <0.00 <0.00 730.59 0.211 <1.17 5.59 79.46 17.28 13.33 23.63 2.54 <0.00 <0.00 0.137 <0.00 3.76 0.089 

 
4.65 <0.00 <0.00 709.09 0.228 <1.26 <1.57 82.87 19.41 18.45 41.93 0.294 <0.00 <0.00 0.44 <0.00292 0.485 0.032 

 
Inc <0.0252 <0.00 Inc 0.73 1.37 3.73 26.43 Inc 12.53 14.76 0.99 0.44 <0.00 0.155 <0.00 2.58 0.046 

 
Inc <0.041 <0.00 Inc 0.67 <1.14 <1.78 1.16 Inc 15.23 17.07 3.55 <0.00 <0.00 0.293 <0.00274 3.36 0.0197 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

TOR189 0.41 10.12 1 Inc 0.508 <1.21 54.76 848.01 Inc 24.16 19.17 2.45 0.31 0.049 0.353 <0.00168 3.12 2.09 

 
2.13 10.79 0.48 Inc 0.445 <1.08 86.72 873.69 Inc 14.6 22.28 3.88 0.58 <0.0049 0.564 0.0064 1.84 1.411 

 
1.2 11.37 0.18 1926.1 0.507 <1.12 89.47 871.4 27.65 15.11 9.67 1.45 <0.119 <0.00 0.433 <0.0017 1.68 1.114 

 
0.52 7.89 <0.00 1588.34 0.416 <1.06 80.25 840.32 28.2 16.05 6.81 0.573 0.3 <0.00 0.474 0.0015 0.99 0.762 

 
0.15 14.64 0.53 Inc 0.098 <0.99 64.34 878.15 Inc 19.87 24 2.67 <0.00 0.093 0.64 <0.00 1.24 0.928 

 
1.26 15.08 <0.089 Inc 0.25 <1.02 85.09 671.48 Inc 21.79 27.55 6.95 1.44 0.016 0.51 0.009 Inc Inc 

 
1.16 13.84 <0.151 Inc <0.00 Inc 105.53 626.94 Inc 21.7 20.42 Inc 1.34 0.015 0.176 0.049 Inc Inc 

 
0.35 14.45 0.49 1486.98 0.072 1.72 22.67 794.85 22.97 24.7 24.85 0.88 <0.00 0.013 0.64 <0.00197 0.68 0.538 

 
1.53 11.15 <0.00 Inc 0.152 1.5 119.17 715.92 Inc 22.35 12.41 3.02 0.23 0.0104 0.475 0.0025 2.64 2.08 

 
1.04 15.73 Inc 1289.12 0.268 <1.34 74.24 749.05 21.1 15.06 8.99 0.358 0.29 <0.00 0.291 0.0019 0.121 0.312 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

TOR191 3.25 0.055 <0.00 1881.32 0.522 <1.26 <0.78 10.06 43.35 17.97 18.96 0.481 <0.00 0.067 246.65 0.0073 0.55 0.0034 

 
1.04 <0.00 <0.00 Inc 0.269 <1.63 <1.00 118.1 Inc 63.76 53.38 1.39 <0.00 0.0184 228.63 <0.0020 3.85 <0.0057 

 
1.04 0.0069 0.068 1643.07 0.236 <1.30 <0.78 100.13 32.47 18.6 26.39 0.686 <0.00 <0.0041 241.62 <0.00072 0.63 0.0127 

 
Inc 0.0062 <0.00 Inc 0.235 <1.41 <0.87 3.85 Inc 21.01 16.5 0.791 0.066 <0.0056 176 0.0056 1.83 0.0418 

 
0.546 <0.0038 <0.044 1551.22 0.183 <1.12 <0.69 0.681 36.25 23.38 58.12 0.51 <0.070 0.0195 243.38 0.0013 0.95 0.0032 

 
Inc 0.11 <0.0241 Inc 0.232 <1.23 <0.78 Inc Inc 20.39 17.41 1.35 <0.00 0.0108 307.76 0.002 0.89 <0.0021 

 
0.277 0.154 <0.0273 1928.34 0.395 <1.37 4.11 Inc 30.01 31.33 26.51 0.99 <0.050 0.0073 321.01 <0.00211 Inc 0.0066 

 
Inc 0.0133 0.046 Inc 0.118 <1.45 1.64 66.32 Inc 79.84 20.55 2.29 <0.092 <0.0026 371.86 0.0053 3.93 <0.00 

 
1.07 0.0297 <0.00 1101.59 0.263 <1.46 5.41 40.55 24.8 24.67 7.23 0.363 <0.00 0.0064 57.93 0.0019 0.78 <0.00182 

 
0.646 0.0169 <0.0307 1279.57 0.288 <1.49 <1.00 Inc 26.66 28.12 25.59 0.209 <0.00 0.0073 150.1 <0.00117 0.75 <0.0027 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

TOR197 1.88 <0.0133 <0.00 1851.67 0.041 <1.67 <1.18 219.63 39.07 11.82 6.13 0.567 0.089 <0.0063 313.33 0.0052 0.92 0.0601 

 
Inc <0.0096 0.05 Inc 0.09 <1.74 <1.21 168.03 Inc 25.63 9.75 3.65 <0.077 <0.0075 Inc <0.0018 14.2 0.0151 

 
Inc <0.0068 <0.041 Inc 0.032 <1.67 <1.30 313.96 Inc 26.21 9.15 3.07 <0.078 0.0124 Inc <0.0018 2.86 0.0048 

 
<0.087 <0.00 <0.055 1722.68 0.199 <1.33 <1.01 271.86 31.29 20.92 12.18 0.44 <0.00 0.0213 448.59 <0.00118 0.5 0.0029 
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0.398 <0.0074 <0.00 1772.9 0.184 3.37 <0.98 157.3 33.36 16.88 7.58 0.524 0.064 0.0041 553.89 <0.00 1.27 0.003 

 
0.243 <0.0049 0.093 2175.55 0.079 <1.21 <0.97 162.87 33.14 18.55 9.4 0.688 0.181 0.0019 499.54 <0.00 1.01 0.0104 

 
<0.095 0.149 <0.00 704.24 0.301 <1.40 1.9 83.67 7.47 13.87 20.27 4.94 0.105 0.0052 362.83 0.0093 8.29 <0.00205 

 
4.28 0.0075 <0.037 2140.61 0.058 <1.56 3.4 208.92 39.82 15.22 10.3 1.371 0.35 <0.0035 322.54 0.0107 1.46 <0.0032 

 
0.237 0.021 <0.00 2130.61 <0.0069 1.39 2.87 138.63 32.86 17.37 7.01 0.824 <0.00 0.033 414.46 0.0041 1.27 0.0572 

 
1.38 0.04 <0.00 1690.97 0.187 1.86 3.36 305.87 30.27 20.34 13.42 0.862 0.104 <0.0061 Inc 0.0041 0.75 0.0096 

Toroiaga Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Toroiaga R0 0.88 <0.00 <0.00 1782.7 0.248 <1.24 2.84 2.58 23.92 23.94 11.95 0.77 <0.00 <0.0050 <0.070 <0.00 1.61 0.0215 

 
0.66 <0.00 <0.00 1724.7 0.29 2.58 <1.14 1.51 25.46 20.62 12.26 0.224 <0.178 <0.00 0.096 <0.00161 1.03 0.0111 

 
1.25 <0.00 <0.00 1573.81 0.5 4 3.71 2.77 24.6 18.6 25.03 1.32 <0.00 <0.00 0.12 <0.00299 2.66 0.046 

 
0.88 <0.00 <0.00 1558.11 <0.00 1.92 2.73 Inc 20.87 11.15 2.27 0.62 <0.00 <0.00 0.236 <0.00267 1.14 <0.00 

 
<0.18 0.318 <0.00 703.69 1.54 1.73 <1.33 1.96 16.14 1.03 1.96 0.534 <0.00 0.0048 0.495 <0.00203 0.296 <0.0070 

 
<0.22 <0.00 <0.00 1570.89 0.51 <1.98 <1.49 Inc 25.97 21.1 28.5 0.425 <0.00 <0.0078 0.35 <0.00248 1.69 0.047 

 
Inc <0.00 <0.00 Inc 0.089 <1.33 2.21 Inc Inc 19.27 35 0.8 <0.00 0.012 0.57 <0.00 1.48 0.051 

 
<0.145 <0.00 <0.00 878.46 0.119 2 1.84 9.27 15.52 28.27 Inc 0.074 <0.00 <0.00 0.3 <0.00232 0.65 0.0068 

 
1.24 <0.00 <0.00 1367.25 0.64 <1.19 <0.94 21.89 14.5 15.99 24.63 0.31 <0.00 <0.00 0.26 <0.00 2.14 0.054 

 
3.6 <0.00 <0.00 763.87 0.42 <1.27 <0.83 13.75 17.61 19.89 12.32 0.56 <0.00 <0.00 0.35 <0.00235 2.52 0.029 

Kochbulak Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

33 2.88 0.404 <0.00 1440.78 0.052 <1.43 31.59 8.59 25.92 2.93 13.88 0.63 0.24 <0.00 0.117 0.38 2.38 7.4 

 
0.49 Inc <0.00 1338.76 0.386 <1.58 34.41 10.43 27.57 3.99 12.62 0.143 <0.239 0.016 <0.064 0.51 1.84 12.29 

 
0.59 Inc <0.00 949.28 0.109 <1.54 32.95 11.67 16.08 1.63 8.55 0.381 0.71 0.023 0.14 0.0179 1.85 10.04 

 
1.88 Inc <0.00 575.06 <0.00 <1.17 22.61 12.76 14.6 1.99 8.19 Inc 0.72 0.015 <0.037 0.161 1.57 15.7 

 
1.07 Inc <0.00 806.22 <0.00 <1.41 40.66 7.38 18.97 3.75 11.48 0.147 Inc <0.014 <0.042 0.05 0.71 12.1 

 
0.47 Inc 0.23 948.11 0.131 <1.30 25.35 8.11 21.06 1.79 10.19 0.463 1.18 0.009 0.068 0.262 1.02 13.64 

 
<0.14 Inc <0.00 588.71 0.35 2.27 35.7 7.48 14.15 2.93 11.04 0.39 <0.00 <0.0106 <0.027 0.53 0.84 8.22 

 
Inc Inc <0.00 915.25 0.39 <1.49 27.2 25.09 16.64 1.64 6.76 0.78 <0.00 0.086 <0.035 0.58 0.71 7.49 

 
0.89 Inc <0.00 726.48 0.152 <1.29 24.91 6.98 14.83 4.48 18.59 <0.0228 0.43 0.019 <0.033 0.086 2.64 9.82 

 
0.42 Inc <0.00 863.54 0.12 <1.45 38.81 6.52 17.55 1.39 7.12 0.034 0.51 <0.00 0.081 0.0018 1.36 8.29 

Baita Bihor Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

BB55 14.74 24.26 Inc 597.73 0.06 0.82 6.04 Inc 13.88 88.43 133.98 0.037 0.121 0.0028 0.119 0.0433 0.95 0.528 

 
1.98 8.9 0.087 549.45 0.0063 0.276 4.42 12.82 3.59 100.12 109.34 0.365 <0.00 0.0112 0.088 0.023 0.35 0.0763 

 
10.59 Inc Inc 935.73 <0.0078 0.494 6.75 12.33 12.09 107.49 157.57 2.96 0.119 0.13 0.12 0.206 1.41 0.592 
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4.5 14.89 0.253 724.33 0.054 0.046 11.87 2.73 6.19 98.92 105.01 0.058 0.24 0.0409 0.048 0.0017 0.77 0.461 

 
7.34 10.12 0.025 672.95 0.046 0.5 12.53 9.25 6.16 113.4 125.86 0.233 0.135 0.109 0.092 0.12 12.21 1.439 

 
2.52 4.7 0.218 659.16 0.067 <0.038 10.85 9.53 7.19 98.31 96.19 0.074 <0.00 0.096 0.136 <0.00107 0.46 0.624 

 
Inc Inc Inc 737.05 0.117 Inc <5.22 26.11 46.87 116.61 111.33 1.43 <0.00 0.321 0.177 0.452 Inc Inc 

 
16.54 11.12 0.046 Inc 0.043 0.97 5.5 10.08 14.88 110.68 112.16 2.32 <0.00 0.083 0.111 0.183 Inc 0.844 

 
6.75 18.21 0.206 647.44 0.139 <0.079 5.01 50.1 8.38 109.84 139.77 0.008 0.25 0.252 0.101 <0.00088 0.31 0.0887 

 
3.89 11.65 0.104 655.67 0.044 0.078 13.62 7.35 5.36 111.82 129.08 0.025 0.46 0.11 0.06 <0.00113 0.41 0.147 

Baita Bihor Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

BBH15-21 <0.148 11.43 0.94 907.98 0.92 <0.89 112.55 32.97 33.75 162.65 168.56 <0.00 3.9 0.011 <0.055 0.04 4.63 14.12 

 
0.2 10.63 0.4 910.05 0.81 <1.05 184.19 49.46 40.46 206.32 175.63 0.058 1.19 0.0056 0.08 0.128 11.07 4.89 

 
0.37 6.02 1.91 768.55 0.87 <0.98 117.69 32.45 22.76 224.16 184.64 0.034 2.84 0.202 0.084 0.0133 3.93 6.51 

 
17 11.54 1.54 1261.17 0.6 1.85 159.71 29.51 46.52 166.85 200.11 0.077 2.93 0.025 0.139 0.079 5.63 7.74 

 
Inc 13.17 1.77 996.97 0.7 <1.17 111.36 32.37 38.81 186.53 187.57 <0.034 1.3 0.012 <0.058 0.008 1.48 5.8 

 
2.12 14.52 2.57 1104.41 0.92 <1.04 125.02 27.98 40.5 221.43 212.79 <0.0202 2.19 0.01 <0.047 0.0147 3.15 7.76 

 
0.48 13.33 2.48 1118.47 1.04 <1.12 145.91 25.73 36.13 245.27 208.97 <0.0238 1.53 <0.0086 0.082 0.0179 3.26 7.86 

 
0.28 21.88 1.33 1092.48 0.73 1.15 128.88 39.24 61.1 154.24 157.84 <0.035 2.23 0.016 0.154 0.0043 3.62 4.16 

 
<0.152 6.89 0.21 1017.91 0.56 3.26 136.16 40.01 38.71 140.94 103.49 <0.00 Inc 0.0059 0.21 0.0102 5.33 1.68 

 
<0.171 Inc Inc 1236.25 1.09 <1.00 141.71 38.87 48 144.24 155.44 0.056 0.94 0.037 0.082 0.0303 3.82 5.99 

Oravita Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ORV1 <0.14 <0.00 <0.00 220.62 0.061 1.47 44.95 2.7 1.15 8.14 0.73 0.301 0.72 <0.0063 <0.080 <0.00255 0.98 0.043 

 
<0.104 0.35 <0.00 474.7 0.412 <0.94 52.85 4.97 3.6 12.16 3.52 0.037 <0.00 <0.00 0.086 <0.00140 1.22 0.108 

 
<0.126 0.109 <0.00 337.34 0.188 2.65 38.64 3.88 1.17 7.91 0.55 4.83 0.41 0.008 <0.067 0.0094 3.85 0.129 

 
0.26 0.106 <0.00 288.7 0.201 <1.32 40.11 3.73 1.08 9.46 0.71 0.084 0.44 <0.00 <0.072 <0.00 1.59 0.276 

 
0.47 0.177 <0.00 186.54 0.101 <1.80 49.23 3.21 1.01 10.58 0.15 9.58 0.66 0.0065 0.334 0.0175 4.9 0.04 

 
0.3 0.184 <0.188 24.11 0.042 <2.12 27.78 3.65 1.01 6.24 1.59 4.76 <0.00 0.027 0.15 0.017 15.67 0.423 

 
0.6 0.214 <0.00 226.55 0.292 <2.41 66.87 1.45 0.23 8.73 1.61 2.8 <0.00 <0.00 0.38 0.0043 2.45 0.089 

 
0.34 <0.0261 <0.00 234.55 0.294 <1.64 50.07 3.38 0.88 10.21 1.54 <0.0203 0.48 <0.00 <0.090 <0.00 0.353 0.173 

 
0.15 0.11 <0.00 160.44 0.235 <1.41 17.31 1.45 <0.00 2.89 <0.090 1.53 <0.00 0.023 <0.075 <0.00199 0.69 0.07 

 
<0.138 0.189 <0.00 325.48 0.114 3.77 44.23 1.07 1.14 9.74 0.97 <0.0250 <0.00 <0.00 0.076 <0.00 1.71 0.152 

Oravita Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ORV4 <0.155 0.075 <0.00 136.6 0.405 6.06 <1.86 1.17 0.96 4.22 4.2 5.26 <0.00 0.019 <0.082 0.04 9.82 0.029 

 
0.32 <0.00 <0.00 167.41 0.171 <1.52 17.58 2.15 0.52 9.02 <0.116 0.86 <0.00 <0.00 <0.071 0.0023 5.33 0.249 
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0.28 <0.00 <0.00 143.72 1.53 2.29 3.15 2.02 0.64 8.82 4.05 0.157 0.45 <0.00 0.103 <0.00 0.361 0.0135 

 
<0.16 0.049 <0.00 172.71 <0.00 2.74 9.31 4 1.28 9.5 2.12 0.185 0.37 <0.00 <0.063 <0.00 0.101 0.0196 

 
0.25 0.061 <0.00 142.38 0.292 2.57 <1.92 1.64 0.68 7.24 2.84 5.33 <0.00 <0.0088 <0.069 0.0173 1.55 0.025 

 
0.15 <0.00 <0.00 158.05 0.162 3.81 5 6.76 0.69 7.47 2.94 <0.0206 <0.00 <0.00 <0.060 <0.00 9.67 0.028 

 
<0.16 0.159 <0.00 147.44 0.127 3.54 <1.55 1.51 1.47 7.82 4.2 <0.037 <0.00 <0.00 0.074 <0.00252 0.7 0.191 

 
0.55 <0.00 <0.146 129.36 0.356 1.48 <1.60 7.8 2.32 8.97 1.53 0.092 <0.00 <0.00 0.112 <0.00 0.105 0.067 

 
0.39 0.048 <0.00 143.61 0.285 <1.48 7.53 1.26 1.6 9.8 0.187 6.16 <0.00 <0.00 0.082 0.0198 1.82 0.053 

 
0.49 0.041 <0.00 218.12 0.339 2.1 <2.15 0.97 2.5 7.76 3.23 0.117 <0.00 <0.0096 0.281 <0.00 0.041 <0.0061 

Oravita Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ORV4a <0.17 <0.00 <0.00 129.36 0.52 2.83 <1.74 0.83 1.32 7.81 3.32 <0.037 <0.00 <0.00 0.068 <0.00 0.174 <0.013 

 
0.19 0.046 <0.00 148.1 0.057 <1.38 14.38 6.25 1.38 11.66 2.47 16.97 <0.00 <0.0093 0.091 0.118 0.508 0.057 

 
0.18 <0.00 <0.00 142.39 0.327 <1.18 4.31 11.5 <0.118 7.78 3.51 2.24 0.41 0.007 0.08 0.0043 10.25 3.12 

 
<0.21 <0.00 <0.00 100.96 0.276 <1.54 <2.32 6.07 0.39 9.39 3.12 1.01 0.88 <0.00 0.18 <0.00 0.99 0.066 

 
0.42 <0.00 <0.00 84.28 0.268 1.8 13.52 13.61 1.84 10 2.39 0.3 <0.00 <0.0109 <0.057 0.0026 11.63 <0.0100 

 
0.26 <0.00 0.27 139.98 0.233 <1.28 <1.87 14.36 0.45 8.1 1 0.286 <0.00 <0.009 0.255 <0.00 0.355 0.116 

 
<0.18 <0.039 <0.00 186.87 0.044 <1.31 18.72 9.67 3.35 9.53 0.77 68.04 0.44 <0.00 0.13 0.281 13.66 0.103 

 
<0.19 <0.00 <0.00 145.64 0.22 Inc 4.67 8.73 2.81 10.1 1.36 6.45 <0.00 0.028 <0.065 0.058 1.26 0.054 

 
<0.134 <0.00 <0.00 162.94 0.248 <1.30 6.82 5.35 0.47 8.42 1.81 0.045 0.43 0.008 0.175 <0.00 <0.00 <0.0079 

 
0.17 0.05 <0.00 155.43 0.122 1.46 32.61 3.5 0.69 9.19 0.44 8.34 <0.00 <0.0102 0.14 0.0077 1.04 <0.00 

Oravita Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ORV4B 0.244 <0.0074 <0.00 11.35 0.035 <0.74 <0.74 0.302 1 0.0415 0.426 0.103 0.21 0.0141 <21.33 0.0065 24.58 2.62 

 
<0.098 0.0096 0.036 Inc 0.2 1.01 6.04 0.292 1.84 0.0958 0.444 0.169 0.69 0.028 35.52 0.0043 Inc 1.823 

 
0.09 <0.0062 <0.0258 Inc 0.203 <0.84 16.77 0.26 1.34 2.62 0.54 0.133 0.228 0.028 <20.12 0.0016 11.45 3.2 

 
<0.087 <0.0073 <0.0249 5.61 0.329 <0.80 5.23 0.262 0.173 0.493 0.362 0.22 0.151 0.021 <21.61 0.0025 11.99 3.78 

 
0.12 0.09 0.036 40.19 0.486 Inc 3.44 6.2 2.71 0.297 0.247 0.929 0.41 0.047 28.52 0.13 96.1 5.16 

 
<0.113 <0.0096 <0.00 9.54 0.323 <1.06 6.54 0.825 0.213 1.088 0.339 0.131 0.64 0.0195 <34.67 0.098 19.08 5.77 

 
0.167 <0.00 <0.0265 38.23 0.298 <0.85 10.06 0.9 0.179 0.5 0.531 0.838 1.13 0.026 48.8 0.0169 69.55 4.11 

 
<0.086 <0.0059 0.082 9.82 0.384 Inc 15.7 2.09 0.223 0.664 0.361 0.775 0.53 0.052 <21.21 0.0206 52.79 11.12 

 
0.136 0.0092 <0.0271 6.03 0.238 <0.87 61.5 1.166 0.418 2.16 1.038 0.254 0.278 0.052 <24.48 0.0042 21.94 7.21 

 
<0.089 0.0123 0.058 Inc 0.284 <0.82 5.42 0.561 2.53 0.163 0.046 0.227 0.205 Inc 30.3 0.648 5.04 1.875 

Asarel Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ASR 5A 0.115 0.0071 <0.051 12.1 0.446 <0.80 9.67 0.623 0.22 0.0053 0.213 0.085 0.22 <0.0061 80.71 0.0046 3.68 0.711 
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<0.073 0.0188 <0.00 Inc 0.684 <0.65 10.75 2.36 6.49 0.012 0.394 0.079 0.073 0.0148 29.78 0.0073 13.41 1.458 

 
1.09 <0.0070 <0.00 7.8 0.206 <0.93 6.89 2.82 0.88 0.0102 <0.041 0.508 0.202 0.051 <23.67 0.0115 17.41 2.23 

 
0.487 <0.0087 <0.036 87.46 0.281 <1.16 6.08 3.53 10.25 0.0258 0.054 0.761 0.131 0.019 48.24 0.0509 Inc 7.27 

 
0.145 <0.00 <0.039 15.56 0.397 <1.26 26.26 1.51 0.84 0.11 0.403 0.14 0.45 0.01 <25.55 0.0029 3.77 2.52 

 
0.415 0.043 <0.00 67.02 0.364 <1.06 13.34 7.23 5.22 0.49 <0.049 0.069 0.4 <0.0063 <24.46 0.0272 Inc 2.42 

 
2.42 <0.0116 <0.00 Inc 0.658 <1.25 15.8 2.58 Inc 0.427 0.088 0.622 0.33 <0.0095 40.57 0.0069 12.32 3.45 

 
0.349 0.022 <0.071 10.89 1.15 <1.14 2.29 1.89 0.51 0.442 0.136 1.91 0.119 0.0079 <22.69 0.0132 Inc 4.88 

 
0.226 <0.0069 <0.040 22.79 0.162 <0.90 17.32 1.43 0.79 0.477 0.262 0.035 0.164 0.0072 64.93 0.0036 8.6 5.46 

 
<0.082 <0.0041 <0.00 20.44 0.891 <0.75 10.22 2.77 0.431 0.0066 0.254 0.286 0.64 0.0193 39.01 0.0117 19.7 1.087 

Asarel Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ASR 10 <0.17 <0.00 <0.00 12.03 0.54 <1.38 <1.95 1.85 0.72 3.19 0.192 0.078 <0.00 0.016 0.178 <0.00 7.22 0.884 

 
0.39 <0.00 <0.00 16.74 0.393 <1.33 46.64 1.45 0.45 16.6 3.13 0.042 <0.00 <0.00 <0.053 <0.00 2.45 0.643 

 
<0.15 <0.00 <0.00 10.01 0.306 <1.35 25.64 1.43 <0.00 8.75 1.87 <0.0248 0.3 0.016 0.084 <0.00 3.21 1.67 

 
<0.17 <0.00 <0.00 9.77 0.469 <1.33 4.18 2.67 0.39 3.13 0.54 <0.034 <0.00 0.019 <0.051 <0.00 1.62 0.476 

 
<0.17 <0.00 <0.00 13.31 0.46 1.45 48.8 2.45 0.23 14.01 1.77 0.043 <0.00 <0.00 <0.050 0.0048 2.42 0.705 

 
0.88 <0.00 <0.00 3.88 0.039 <1.20 44.75 6.54 <0.00 9.53 0.31 0.75 <0.00 0.029 0.097 0.093 29.58 5.47 

 
<0.134 <0.00 <0.00 8.19 1.13 1.31 3.93 2.14 <0.118 2.27 0.87 0.086 0.39 <0.00 <0.039 0.0022 2.86 0.354 

 
<0.22 <0.034 0.38 16.28 0.085 <1.74 <2.64 3.34 <0.00 6.04 <0.18 <0.046 <0.00 0.033 0.073 0.0036 2.92 0.857 

 
0.51 <0.0225 Inc 10.7 0.89 <1.17 2.79 4.26 0.6 3.57 0.187 0.033 <0.00 0.023 0.099 <0.00 2.95 0.809 

 
<0.18 <0.00 <0.00 10.39 0.75 <1.46 <2.01 2.12 0.24 3.22 0.109 0.091 0.45 0.031 <0.049 0.0115 3.25 0.818 

Asarel Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 
ASR KB 
P12077 <0.19 0.038 <0.00 4.99 0.138 3.04 253.54 2.83 0.64 2.31 0.81 0.079 1.65 0.038 <0.093 <0.00285 5.11 16.45 

 
<0.17 <0.00 <0.00 18.25 0.49 <1.60 292.4 1.04 <0.00 2.68 1.51 <0.0208 <0.00 <0.00 <0.077 <0.00 12.86 29.99 

 
0.31 0.049 <0.00 8.16 0.292 <1.78 288.62 1.96 0.81 2.39 0.47 <0.047 <0.00 0.008 <0.083 <0.00 4.93 8.66 

 
<0.13 0.054 <0.163 7.7 <0.0242 <1.36 232.86 1.67 0.9 2.23 0.71 0.195 0.46 0.018 <0.061 0.0027 5 15.89 

 
<0.14 <0.00 <0.00 8.43 0.245 <1.41 136.01 1.11 0.38 3.56 1.27 <0.0191 <0.00 <0.00 <0.067 0.0034 2.02 5.57 

 
1.08 <0.00 <0.00 5.02 0.209 <1.74 164.75 7.49 1.6 2.52 1.34 0.354 <0.00 0.059 0.244 0.209 90.48 63.51 

 
<0.134 0.045 <0.00 5.22 <0.00 1.49 148.48 2.52 1.23 2.99 1.03 <0.032 0.37 0.015 <0.053 0.0045 17.65 19.36 

 
0.25 <0.00 <0.00 8.17 0.225 <1.41 217.37 1.07 <0.00 2.53 1.13 <0.0290 <0.00 0.014 <0.068 <0.00 5.07 15.49 

 
<0.17 <0.00 <0.00 3.93 0.162 4.62 205.64 1.27 0.74 2.53 1.19 <0.0220 <0.00 0.008 <0.078 0.0045 7.83 23.17 

 
1.46 <0.00 <0.00 14.3 0.22 <2.24 324.96 0.19 0.99 4.45 0.71 <0.033 2.95 <0.00 0.22 <0.00 4.84 3.85 
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Bor Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

BOR14 3.48 0.111 <0.238 82.17 0.274 <2.01 <3.40 7.02 0.38 0.583 13.53 0.279 <0.00 0.012 <0.101 0.019 16.25 5.83 

 
3.39 <0.00 <0.00 96.37 <0.00 <1.46 2.92 6.44 0.79 0.419 16.76 <0.0274 <0.00 0.019 0.291 0.011 5.24 3.51 

 
2.28 <0.00 <0.00 75.53 <0.00 2.45 3.95 13.17 0.94 0.862 16.16 0.275 <0.00 0.086 <0.071 0.251 22.49 6.29 

 
2.41 <0.042 <0.00 76.97 0.076 <1.37 2.98 3.29 0.93 0.668 12.43 0.1 <0.00 <0.00 <0.052 0.196 19.52 4.75 

 
<0.26 0.134 <0.00 9.4 0.054 <1.93 <2.68 31.23 <0.00 0.678 4.07 0.041 <0.00 0.067 0.207 0.366 2.61 8.66 

 
<0.16 <0.00 <0.00 2.11 <0.0303 <1.13 6.08 20.25 <0.00 0.915 8.31 0.293 0.37 0.149 <0.052 0.28 1.24 8.71 

 
5.75 0.05 <0.00 72.03 0.119 <1.49 <1.80 17.09 3.36 1.059 37.48 <0.029 <0.00 0.037 <0.056 0.46 30.19 12.62 

 
2.48 0.055 <0.00 69.95 0.389 <1.41 2.72 8.67 0.26 0.694 30.88 0.13 <0.00 0.12 <0.061 0.216 9.09 7.02 

 
1.65 <0.00 <0.00 78.96 0.13 4.16 <2.05 8.19 0.26 0.411 14.51 0.131 <0.00 0.136 0.103 0.466 14.06 2.97 

 
2.03 0.162 <0.00 85.63 0.32 <1.51 <1.71 1.96 0.77 0.628 7.73 0.033 <0.00 0.023 0.108 0.0052 2.1 1.3 

Elastite Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Elastite b a 0.25 0.92 <0.00 <0.98 0.75 <1.30 211.08 1.42 <0.00 2.55 3.77 0.492 <0.191 <0.00 <0.061 0.0088 10.99 0.229 

 
0.59 0.88 <0.00 <0.68 0.487 <1.13 285.5 2.52 <0.00 1.92 3.76 0.251 0.64 0.012 <0.058 <0.00 6.47 0.07 

 
0.69 0.64 <0.00 <0.77 <0.00 <1.37 964.25 9.31 <0.00 2.82 1.31 0.71 Inc <0.00 0.131 0.007 Inc 3.31 

 
<0.157 0.194 <0.00 1 <0.00 <1.27 291.31 Inc 0.31 2.68 0.255 2.23 Inc Inc <0.058 0.146 Inc Inc 

 
<0.18 0.6 <0.00 0.97 <0.00 1.93 114.95 0.71 <0.126 2.54 0.46 2 0.37 <0.00 <0.063 0.064 23.16 1.82 

 
<0.146 0.59 <0.00 1.12 0.62 <1.15 275.27 2.19 <0.108 2.51 3.12 0.178 0.74 <0.00 <0.054 0.0109 23.38 0.165 

 
0.28 2.6 <0.00 5.28 0.452 <1.40 321.12 2.1 0.53 2.33 4.31 0.187 <0.206 <0.00 0.098 0.0022 10.5 0.028 

 
3.69 0.61 <0.00 <0.58 1.13 <1.13 117.82 5.96 <0.106 2.21 1.69 2.68 <0.00 <0.00 0.048 0.136 25.7 0.98 

 
0.2 0.604 <0.00 <0.54 <0.00 <1.53 283.33 1.24 0.22 2.43 1.26 0.085 Inc <0.011 <0.064 0.0167 Inc 0.363 

 
<0.18 0.57 <0.00 1.86 <0.00 <1.38 261.44 Inc <0.00 2.47 <0.088 1.11 Inc Inc 0.19 0.07 Inc 2.85 

Elastite Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

ELS 157 <0.15 <0.00 <0.00 36.92 1.51 <1.25 3.64 13.76 0.67 0.276 0.185 3.77 0.38 0.021 <0.072 0.0072 65.5 1.64 

 
0.26 <0.00 <0.00 52.2 0.7 <1.36 2.81 6.45 0.23 0.346 0.186 0.71 0.39 0.014 <0.063 <0.00 16.98 0.191 

 
1.02 <0.00 <0.00 29.32 0.61 <1.21 2.59 10.15 1.14 0.394 0.16 1.32 <0.00 0.06 <0.061 <0.00 41.67 1.13 

 
1.29 <0.00 <0.00 27.94 0.99 <1.42 2.95 8.81 0.65 0.467 <0.111 1.88 <0.00 <0.00 0.41 <0.00 38.78 0.71 

 
1.58 <0.00 <0.00 25.18 0.77 1.89 <2.47 18.07 0.85 0.249 <0.098 6.25 <0.00 0.034 0.096 0.036 Inc Inc 

 
0.36 0.217 <0.00 30.23 1.2 5.55 3.5 29.57 Inc 0.383 <0.178 12.76 0.62 0.06 <0.092 0.029 Inc Inc 

Vorta Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

DMV 99-22 0.17 <0.00 <0.00 451.08 0.35 3.19 <1.43 29.73 2.07 0.0049 <0.073 3.23 <0.00 0.032 0.465 0.0138 8.22 0.0102 

 
<15.21 11.71 <0.00 Inc <2.75 Inc <120.95 Inc Inc 0.76 Inc Inc Inc Inc Inc Inc Inc 2.24 
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<0.19 <0.00 <0.00 198.61 0.98 2.82 <1.89 51.63 0.48 <0.0045 0.73 2.63 <0.00 0.022 0.403 0.167 52.59 <0.00 

 
Inc <0.00 <0.00 Inc 2.15 5.78 <2.09 92.43 Inc <0.00 0.23 3.88 <0.00 Inc 2.6 0.059 Inc <0.0099 

 
0.83 <0.00 <0.00 Inc 1.29 4.5 <1.39 53.3 Inc <0.00 0.37 5.59 <0.00 <0.00 1.04 0.081 Inc <0.0100 

 
0.42 <0.00 <0.00 395.46 0.105 <1.46 <1.68 56.49 1.3 <0.00 0.192 0.112 <0.00 Inc 0.339 <0.0042 6.05 0.0188 

 
<0.20 <0.036 <0.00 479.09 0.63 Inc <1.94 18.18 2.23 0.023 0.79 Inc <0.294 0.008 0.35 0.058 Inc <0.0074 

 
0.51 <0.034 <0.00 538.33 1.44 5.21 <2.09 51.43 3.19 <0.00 <0.116 3.51 <0.00 0.034 0.59 0.161 Inc <0.00 

Kapp Mineral Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

kmi 2a Inc 0.393 Inc 268.65 0.124 <1.18 4.61 169.52 1.88 1.863 16.39 20.19 <0.00 0.014 <37.36 0.0117 Inc 0.526 

 
43.12 0.083 0.233 Inc 0.233 <1.26 4.77 197.57 9.11 1.846 19.01 17.26 <0.00 <0.0029 84.49 0.0426 Inc 0.42 

 
0.336 0.062 0.304 457.96 0.119 <1.03 3.2 230.23 5.35 1.023 16.09 45.01 0.106 0.0056 <31.36 0.0707 Inc Inc 

 
1.033 <0.00 0.039 172.81 0.13 2.37 1.03 169.19 2.51 1.67 14.52 41.26 <0.049 0.0106 75.72 0.0717 Inc 0.96 

 
24.14 0.386 0.723 264.58 0.108 <1.01 2.4 97.98 2.85 1.92 15.42 29.06 <0.00 0.0034 61.92 0.089 Inc 0.152 

 
48.27 Inc Inc 130.91 0.153 Inc Inc 185.41 2.47 0.638 9.21 64.02 0.11 0.0047 102.72 0.098 Inc Inc 

 
5.56 0.104 0.312 358.42 0.204 1.34 0.99 257.72 2.85 1.64 20.67 21.04 <0.00 0.031 Inc 0.0502 Inc 0.0253 

 
Inc 0.228 0.688 85.06 0.179 1.77 2.1 104.22 1.28 0.747 7.89 17.41 <0.051 0.0113 67.84 0.0481 Inc 0.131 

 
3.52 0.158 <0.035 206.15 0.196 1.69 3.09 155.74 1.74 1.67 14.87 11.77 0.073 0.0117 Inc 0.0353 Inc 0.114 

Broken Hill Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

BH73 Inc 0.431 0.177 897.89 7.6 <0.150 <6.61 1286.9 1.7 1.46 268.73 Inc Inc <0.0139 <0.087 0.305 Inc <0.022 

 
48.17 1.09 0.164 Inc 4.95 <0.199 <5.90 1060.2 4.53 1.72 288.1 0.8 <0.22 <0.0113 <0.071 0.0135 25.97 <0.0176 

 
15.56 0.556 <0.047 474.65 4.58 <0.177 <4.68 1450.34 <0.19 1.94 364.55 1.15 <0.00 <0.0075 0.116 0.0348 11.58 0.0176 

 
49.34 3.09 0.312 707.89 7.03 <0.159 <5.07 963.15 1.84 1.57 252.85 1.53 <0.00 <0.0093 <0.058 0.0082 26.91 0.026 

 
Inc 3.23 Inc 516.97 5.58 <0.157 <5.23 798.03 0.93 2.04 362.66 Inc <0.32 0.0109 <0.063 0.134 Inc <0.0152 

Broken Hill Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

BH262 2.59 0.054 <0.00 588.4 14.47 <1.37 <1.61 89.47 2.25 1.65 498.91 0.53 <0.00 <0.00 0.234 <0.00 2.78 <0.00 

 
1.34 1.24 <0.00 337.74 16.89 <1.33 <1.41 337.04 0.8 0.97 274.65 1.76 <0.00 <0.00 0.107 0.0093 3.29 0.035 

 
1.85 0.73 0.85 532.38 6.75 2.29 <1.35 24.1 2.15 1.26 342.44 0.172 <0.181 0.008 0.08 <0.00 0.96 <0.00 

 
4.73 0.035 <0.00 529.09 5.81 <1.13 <1.44 182.63 1.68 1.22 367.99 0.062 <0.00 <0.00 0.112 0.0047 1.47 <0.00 

 
5.1 <0.00 <0.131 690.16 4.61 <1.09 <1.33 39.81 5.42 1.19 383.64 0.73 <0.00 <0.0081 0.159 <0.0037 7.74 <0.0055 

 
1.17 1.6 1.23 432.5 7.77 2.84 <1.15 32.95 2.34 1.23 421.71 0.319 <0.236 <0.00 <0.070 <0.00311 1.3 <0.0066 

 
3.02 0.155 <0.00 410.41 4.56 <1.23 <1.54 281.4 1.86 1.29 399.7 1.09 <0.00 <0.00 <0.066 <0.00 2.88 <0.00 

 
1.68 <0.00 <0.00 242.79 5.56 1.95 <1.38 18.63 0.5 1.05 346.58 0.3 <0.00 <0.0075 0.103 <0.00 1.97 <0.00 

 
1.92 0.119 <0.00 407.08 6.1 <1.62 <2.05 66.55 3.34 1.3 360.18 0.86 <0.00 <0.00 <0.091 0.0046 2.21 <0.00 
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1.75 0.5 <0.00 432.57 13.57 <1.14 <1.58 304.32 1.59 1.44 494.8 0.216 <0.00 <0.00 <0.061 <0.0039 0.81 <0.00 

Bleikvassli Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Bv-1 2.29 0.051 Inc 359.23 33.72 <0.078 <1.77 614.23 0.84 19.81 787.14 12.33 <0.00 0.075 0.284 0.68 Inc 0.0624 

 
1.4 <0.00 0.035 463.58 32.94 <0.082 3.23 425.6 1 21.94 1226.33 7.14 <0.00 0.0363 0.262 0.197 5.85 0.0536 

 
0.469 0.0143 <0.034 366.67 25.64 <0.104 <1.88 443.85 1.16 21.9 1296.75 2.55 <0.00 0.103 0.346 0.159 1.74 0.0065 

 
5.59 <0.00 <0.0246 387.96 0.094 <0.069 <2.06 400.85 0.69 14.35 123.63 3.96 <0.00 0.111 0.259 0.442 4.27 0.0064 

 
0.746 <0.00 <0.00 279.95 28.15 <0.127 5.24 1102.3 0.535 15.82 125.04 10.73 <0.086 0.86 0.92 1.74 8.79 0.0404 

Bleikvassli Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Bv-4 38.77 0.255 <0.00 472.53 24.02 2.76 6.51 6.99 1.82 43.79 1482.03 7.18 <0.00 <0.00 0.169 0.103 4.08 0.046 

 
39.03 0.044 <0.00 470.22 25.55 <1.15 4.34 4.31 1.28 37.98 1265.91 3.72 <0.00 <0.0080 <0.067 0.034 2.44 0.0266 

 
27.89 0.045 0.77 394.5 30.82 2.52 <1.46 5.19 1.91 35.49 1020.7 3.61 <0.00 <0.00 0.158 0.028 1.72 0.023 

 
18.59 0.22 <0.00 294.04 23.7 <1.30 <1.87 4.69 1.9 34.79 622.12 9.31 <0.00 0.034 0.3 0.039 Inc Inc 

 
32.69 <0.00 <0.00 441.88 21.54 1.24 2.46 5.85 0.87 38.18 1202.82 4.73 <0.00 <0.00 0.182 0.08 1.64 0.072 

 
26.23 0.49 <0.00 352.7 29.92 <1.06 7.4 5.85 2.17 33.8 601.88 3.35 <0.00 <0.00 0.095 0.039 2.59 0.081 

 
60.48 <0.00 <0.00 462.76 30.73 1.32 3.72 4.39 2.36 35.65 1521.38 2.4 <0.00 <0.00 0.159 0.0146 2.44 0.0238 

 
35.96 1.14 <0.00 380.85 1.43 <1.05 4.85 Inc 2.17 34.19 668.87 Inc <0.00 <0.00 0.171 Inc Inc 0.298 

 
32.19 0.158 0.22 465.28 15.22 <1.34 <1.85 Inc 1.47 34.48 1227.06 Inc <0.00 0.0061 0.171 Inc Inc 0.0217 

 
31.72 0.028 <0.00 514.7 14.11 <1.42 3.25 5.47 4.26 35.6 1468.32 3.52 <0.00 <0.00 0.271 0.032 1.29 0.039 

Bleikvassli Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

V598572 46.81 0.0099 0.272 464.43 0.927 0.96 32.87 11.18 4.75 26.51 1025.58 0.168 <0.00 0.007 0.89 0.0014 0.174 0.032 

 
48.55 0.096 0.305 441.3 1.41 <0.18 19.15 13.46 3.73 24.48 1088.52 1.87 0.35 0.0062 0.7 0.186 0.452 0.0202 

 
48.65 0.339 0.82 489.73 1.92 <0.15 21.3 17.24 5.31 23.36 1073.57 4.84 <0.00 0.0082 1.6 <0.00132 0.187 <0.0048 

 
57.93 <0.00 <0.00 475.93 1.64 0.16 14.23 9.3 4.39 23.52 1202.99 0.412 <0.00 0.0062 0.71 0.00139 0.182 0.011 

 
55.3 0.035 <0.00 479.86 1.54 <0.14 10.17 12.89 4.09 22.17 840.08 0.319 0.31 0.0153 0.93 0.0035 0.176 0.0176 

 
49.06 1.9 9.17 487.25 1.18 1.96 9.74 15.5 5.48 26.06 1190.48 Inc <0.00 0.0032 1.24 0.091 20.51 0.0264 

 
57.29 0.0176 0.095 618.1 1.26 <0.124 <2.34 11 5.29 16.07 965.39 0.423 <0.058 0.0094 0.63 0.0015 0.78 0.0084 

 
52.65 0.0273 1.34 376.06 1.51 <0.128 10.1 15.49 4 26.61 1149.67 0.5 0.51 0.014 0.6 0.0043 0.456 0.0197 

 
Inc 0.178 <0.00 573.49 4.33 <0.17 <3.09 3.85 12.96 29.31 619.82 0.79 <0.080 0.0066 0.355 0.0085 1.5 0.084 

Mofjell Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Mo5 13.03 0.059 3.18 324.76 0.128 <1.01 7.69 27.59 2.98 0.49 0.63 0.7 <0.00 <0.0095 0.132 <0.00 0.55 <0.0112 

 
7.35 <0.00 1.2 509.5 0.38 <1.06 10.91 27.63 2.79 1.27 4.4 0.247 <0.00 <0.0103 0.183 0.002 0.98 0.0097 

 
7.68 <0.0298 1.05 666.67 0.62 <1.19 12.71 26.79 2.97 1.35 4.26 0.419 1.17 <0.00 0.167 <0.00 1.5 <0.0093 
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4.3 <0.0291 1.08 497.56 0.59 <1.24 15.91 25.12 3.09 1.14 3.85 0.359 <0.00 <0.00 0.13 <0.0029 1.98 <0.0064 

 
1.5 <0.0303 0.27 321.07 0.58 <1.16 22.61 28.75 1.87 0.567 2.78 0.369 <0.00 <0.0115 <0.080 0.0065 3.02 0.0071 

 
4.55 <0.00 1.34 653.03 0.43 <1.19 18.74 24.46 3.37 1.15 4.39 0.26 0.75 0.008 0.125 <0.00287 1.59 0.0072 

 
5.14 <0.00 1.13 682.21 0.226 <1.12 18.57 26.12 2.49 0.512 2.58 0.58 0.78 0.009 0.271 <0.0047 3.26 0.0224 

 
3.19 <0.0280 1.81 712.24 0.57 <1.14 16.5 29.11 4.4 0.537 1.6 6.05 1.4 0.008 0.331 0.748 5.13 0.0069 

 
2.56 <0.00 1.69 631.99 0.283 Inc 12.13 25.5 3.26 0.67 1.59 1.42 1.88 <0.00 0.174 0.48 4.36 <0.00 

 
4.16 <0.00 0.27 648.31 0.37 <1.19 25.16 23.78 4.24 0.99 3.64 0.85 <0.00 <0.00 <0.055 <0.00 3.76 <0.0092 

Mofjell Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Mo16 <0.19 0.038 <0.00 728.85 0.157 10.35 9.94 13.08 82.11 0.067 0.95 8.83 <0.00 <0.00 <0.06 0.017 Inc <0.0059 

 
<0.145 <0.019 <0.00 547.03 0.289 9.94 5.16 11.02 50.66 0.12 0.57 0.448 0.55 0.023 <0.039 <0.0024 0.309 <0.00 

 
0.157 <0.0182 <0.053 514.67 0.301 11.86 10.16 11.03 53.85 0.198 0.67 1.42 0.31 <0.00 <0.041 0.0049 1.2 <0.0040 

 
<0.142 <0.00 <0.00 551 0.176 13.55 10.47 11.94 50.53 0.2 0.91 1.31 <0.115 <0.0060 <0.041 <0.00234 0.81 0.006 

 
0.151 0.017 <0.041 621.97 0.104 8.42 6.72 13.13 52.31 0.152 0.43 2.02 <0.126 0.07 <0.036 <0.00183 1.97 <0.00 

 
0.3 <0.0105 <0.00 540.17 0.13 6.37 9.14 12.18 15.58 0.031 0.78 0.528 0.158 0.045 <0.057 <0.0019 1.97 0.0086 

 
<0.12 <0.0104 <0.00 650.89 <0.00 5.45 7.47 10.16 25.43 0.0174 0.58 0.59 <0.090 0.017 <0.043 <0.00236 3.11 <0.00318 

 
0.46 0.05 <0.00 482.02 0.036 <1.86 11.53 10.72 46.69 0.107 0.75 2.47 0.3 0.0072 <0.055 0.035 1.41 <0.0039 

 
0.36 <0.0132 <0.00 719.12 0.219 2.83 6.2 12.58 52.87 0.152 1.04 5.35 0.95 0.008 <0.058 <0.00141 3.26 <0.0032 

 
<0.17 <0.0110 <0.00 532.58 0.266 8.54 10.84 10.97 46.74 0.1 0.87 0.78 0.168 0.0042 0.11 <0.00204 0.382 0.0061 

Mofjell Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Mo17A Inc <0.00 <0.00 250.1 0.236 5.48 <1.79 24.45 32.22 0.248 0.412 29.41 <0.00 0.031 <0.089 0.0175 19.39 0.0332 

 
Inc <0.00 0.101 311.82 0.209 10.37 8.49 24.62 30.79 0.239 0.303 40.51 <0.00 0.04 0.12 <0.00193 28.46 0.0305 

 
Inc <0.0093 <0.055 361.68 0.393 7.08 7.56 78.52 58.28 0.232 0.28 134.99 0.65 0.084 <0.102 0.0195 69.1 0.342 

 
Inc 0.032 <0.00 493.46 0.043 5.23 3.84 58.11 45.93 0.279 0.37 157.93 Inc 0.009 0.15 0.124 98.38 0.095 

 
0.34 <0.0097 <0.00 401.77 0.087 7.78 <2.27 16.14 47.08 0.298 0.429 10.89 0.21 <0.00 <0.101 0.0012 6.4 <0.0042 

 
Inc 0.013 <0.00 352.22 0.117 7.2 1.71 41.79 55.72 0.242 0.46 94.57 0.29 0.0075 0.18 0.76 77.49 0.048 

 
<0.13 <0.0122 <0.00 322.62 <0.00 <1.67 <1.72 35.09 54.29 0.442 0.17 95.88 <0.00 <0.00 0.1 <0.00 63.13 0.032 

 
0.53 <0.00 <0.00 356.95 0.022 2.26 5.19 17.12 35.87 0.229 0.361 12.41 0.34 0.017 0.14 <0.00 6.04 0.0125 

 
0.15 0.102 <0.00 571.78 0.077 2.64 5.5 16.52 79.88 0.353 0.579 0.639 <0.114 0.0065 <0.10 0.0019 0.517 <0.00 

 
<0.130 <0.0117 <0.00 510.04 0.349 3.38 3.36 9.51 68.57 0.472 0.58 1.41 <0.00 <0.0074 0.11 <0.00 0.65 <0.00 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.1 0.45 10.36 0.063 710.06 0.035 <2.38 191.27 239.53 40.62 0.347 <0.163 <0.144 0.25 0.0058 0.29 <0.00258 1.04 0.155 

 
0.6 9.92 <0.00 744.19 0.088 <2.86 215.93 270.4 48.76 0.387 <0.166 <0.173 <0.29 <0.0095 <0.151 <0.0045 0.9 0.236 
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<0.192 12.19 <0.00 662.54 0.077 2.45 185.48 248.25 48.56 0.452 <0.148 <0.135 0.152 <0.00 0.16 0.0032 1.09 0.381 

 
0.32 7.35 <0.00 745.22 0.061 3.73 214.18 266.76 44.94 0.471 <0.142 <0.137 0.54 <0.0075 0.22 0.0044 1.72 0.3 

 
0.255 2.88 0.151 696.7 0.057 2.88 187.71 255.98 43.38 0.459 0.243 <0.132 1.09 <0.00 0.167 <0.0031 1.3 0.515 

 
0.26 0.91 <0.00 664.12 0.0165 2.7 187.83 212.33 41.39 0.49 0.303 <0.160 0.29 <0.0124 0.26 0.0066 0.343 0.127 

 
1.08 10.67 <0.00 668.8 0.149 <1.55 175.95 238.36 41.02 0.54 <0.096 <0.087 1.97 <0.00 0.22 0.0036 0.53 0.049 

 
<0.157 1.58 <0.060 687.05 0.042 <1.90 199.43 289.2 40.97 0.506 <0.131 <0.114 0.33 <0.0092 <0.096 <0.0022 1.32 0.239 

 
0.53 1.32 <0.00 686.12 <0.021 <2.31 204.32 182.93 41.28 0.565 <0.135 <0.138 1.42 <0.0080 <0.116 <0.0047 0.211 0.088 

 
0.51 1.21 <0.00 724.8 0.106 <2.21 181.91 273.48 40.36 0.403 0.163 <0.147 1.17 <0.0110 <0.113 <0.0037 0.091 0.064 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.2a 0.62 14.19 <0.045 719.39 0.348 <1.77 155.76 272.65 53.57 0.391 0.132 <0.091 4.23 <0.0048 0.15 0.0039 0.48 0.124 

 
0.837 28.32 0.424 828.35 0.138 1.61 154.8 331.28 58.38 0.368 <0.089 0.269 2.22 <0.0037 0.127 <0.0013 1.39 0.608 

 
0.73 7.26 0.197 775.93 0.131 <1.90 159.94 269.27 47.88 0.369 <0.118 <0.095 2.38 <0.0054 <0.100 <0.0033 0.19 0.12 

 
0.318 1.86 <0.00 714.52 0.02 <1.97 156.36 229.89 32.03 0.404 0.144 <0.090 1.56 <0.0078 0.16 0.0035 0.8 0.271 

 
0.451 2.21 <0.00 861 0.049 <2.03 184.24 267.32 49.8 0.394 0.147 <0.108 1.44 <0.0056 0.29 0.0023 0.74 0.362 

 
0.453 2.05 0.138 647.94 0.078 2.23 167.08 237.91 32.6 0.452 <0.137 <0.099 1.39 <0.0055 <0.102 <0.00 0.3 0.161 

 
0.457 6.04 0.118 565.95 0.059 <1.65 167.32 282.05 39.37 0.388 <0.104 <0.081 0.59 <0.0067 0.15 0.0036 0.87 0.427 

 
0.122 3.45 <0.00 770.9 0.059 <1.35 173.09 Inc 49.41 0.463 <0.086 <0.068 0.8 <0.0038 <0.067 <0.0023 0.71 0.576 

 
0.171 4.67 <0.00 704.98 0.101 1.55 155.83 258.67 38.63 0.301 <0.099 <0.066 0.67 <0.0037 <0.065 0.0021 1 0.375 

 
0.201 1.83 <0.00 630.79 0.042 <1.80 183.5 254.64 39.83 0.39 <0.114 <0.099 1.82 <0.0103 <0.091 <0.0026 0.33 0.164 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.2b 0.419 0.418 <0.045 532.32 0.021 2.12 180.38 195.46 36.84 2.44 <0.077 <0.075 2.09 <0.0050 0.384 <0.0015 0.073 0.041 

 
0.222 0.863 <0.00 650.14 0.062 3.5 150.77 157.33 26.4 0.354 <0.069 <0.071 1.68 <0.00 0.112 <0.00219 0.324 0.157 

 
0.199 0.529 <0.00 553.38 0.037 3.38 155.2 82.5 28.91 0.43 <0.073 <0.069 0.12 <0.00 0.114 0.0048 1.76 0.8 

 
0.53 1.39 <0.00 646.55 0.07 1.15 150.21 175.93 32.5 0.344 0.221 <0.054 1.08 0.0031 0.076 <0.00 0.679 0.318 

 
0.168 0.417 <0.044 484.99 0.165 1.75 160.93 144.4 35.37 0.398 0.195 0.283 0.63 <0.0068 <0.068 0.0102 3.63 1.36 

 
0.197 0.708 <0.00 564.26 0.075 3.62 140.88 176.66 29.81 0.365 0.11 <0.075 1.54 <0.0074 0.208 0.0022 0.132 0.0444 

 
<0.078 0.91 <0.00 519.46 <0.00 <0.85 141.83 130.78 34.94 0.405 <0.048 <0.050 1.19 <0.00 <0.050 <0.00 2.93 0.849 

 
0.58 1.78 <0.00 607.47 <0.00 <1.11 144.58 176.1 42.69 0.385 <0.072 <0.062 1.74 <0.0065 0.194 0.0024 0.95 0.566 

 
0.271 0.99 <0.00 571.71 <0.00 1.55 152.47 189.45 32.16 0.407 0.139 <0.075 1.93 <0.00 <0.074 <0.0016 0.374 0.128 

 
<0.108 1.12 <0.00 728.11 0.018 2.23 150.92 204.67 39.16 0.325 <0.063 <0.062 1.88 <0.00 0.263 <0.00 0.071 0.051 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.3 0.69 0.159 <0.00 385.59 0.212 3.45 926.37 194.54 18.89 0.9 0.38 <0.00 <0.00 <0.00 <0.058 <0.00 0.36 0.56 
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0.74 0.116 <0.00 384.94 0.34 1.8 849.8 218.09 19.03 1.03 0.38 <0.048 <0.00 <0.00 <0.053 <0.00 0.08 0.161 

 
0.25 0.43 <0.144 286.35 0.34 <1.56 871.79 133.4 16.02 0.84 <0.103 <0.046 0.31 <0.0093 0.083 0.004 0.4 0.61 

 
<0.22 0.188 <0.00 397.11 0.17 <1.56 818.69 148.81 21.97 0.88 0.178 <0.0256 <0.00 <0.00 0.121 0.0046 0.325 0.61 

 
0.35 0.186 <0.129 336.11 0.21 <1.38 730.36 160.51 24.13 0.95 0.37 <0.033 <0.00 <0.0118 0.085 <0.00 0.33 0.382 

 
<0.20 0.107 0.36 326.75 0.208 2.84 857.15 192.83 20.09 0.88 0.098 0.054 0.32 <0.00 <0.041 <0.0028 0.098 0.181 

 
0.4 0.042 <0.00 232.64 <0.00 1.68 866.45 148.89 11.95 0.94 0.175 0.041 <0.00 0.027 <0.041 <0.00 Inc 0.08 

 
0.55 0.078 <0.00 373.86 0.051 <1.56 834.51 156.88 14.67 0.91 0.37 <0.00 <0.00 <0.00 <0.047 0.0021 0.48 0.56 

 
<0.21 <0.034 0.19 358.98 0.227 <1.34 842.02 109.91 16.03 1.11 0.55 <0.040 <0.00 <0.00 0.13 0.452 0.256 0.57 

 
<0.18 0.186 <0.00 413.09 0.239 1.62 890.34 158.94 21.87 1.17 <0.144 <0.0229 0.37 <0.00 0.062 0.0024 0.56 0.47 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.4 <0.17 2.55 <0.00 531.36 0.06 <1.17 215.72 208.94 24.6 1.24 0.55 0.034 <0.00 <0.00 0.639 <0.0028 1.63 0.964 

 
Inc 3.98 0.26 432.74 Inc 1.39 231.91 226.86 24.21 1.053 0.73 0.373 <0.00 <0.00 0.344 0.096 0.84 1.106 

 
<0.19 2.57 <0.00 552.43 <0.00 <1.20 211.25 205.81 23.38 1.103 0.26 <0.034 <0.00 <0.00 0.16 <0.00302 0.253 0.179 

 
0.25 1.59 <0.00 651.89 0.06 2.12 226.73 210.03 28 1.15 0.86 0.183 <0.00 <0.00 0.1 <0.00 0.39 0.279 

 
<0.153 1.23 <0.00 556.45 0.062 <1.04 208.11 192.96 26.77 1.47 0.78 0.472 <0.00 <0.00 0.271 0.055 1.67 0.405 

 
0.42 0.83 0.32 496.16 0.134 1.43 210.76 170.37 21.48 1.44 0.43 0.157 <0.00 <0.0119 0.177 0.149 1.59 0.643 

 
0.24 0.82 <0.00 588.66 <0.00 <1.03 196.8 206.75 25.56 1.29 0.43 <0.00 <0.00 <0.00 0.17 <0.0039 1.04 0.843 

 
0.54 2.73 <0.224 531.93 <0.00 <1.76 201.37 189.92 39.21 1.3 0.27 0.096 <0.00 <0.00 0.18 0.02 0.7 1.12 

 
0.3 1.36 0.24 581.34 0.05 <1.00 201.49 191.03 27.17 1.13 0.32 <0.0274 0.32 0.0067 <0.056 0.0021 0.52 0.429 

 
0.26 2.99 <0.00 624.1 0.049 1.74 214.16 220.62 27.3 1.52 0.91 0.06 <0.00 0.013 0.124 <0.00 0.263 0.183 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

CV01.6b 0.34 0.085 <0.00 335.14 <0.00 <1.16 682.11 170.49 14.18 0.683 <0.103 0.082 <0.00 <0.00 <0.075 0.011 1.36 1.64 

 
<0.23 0.254 0.3 331.71 0.244 <1.31 732.12 205.71 10.47 0.554 <0.106 <0.064 0.39 <0.00 0.108 0.084 0.92 0.969 

 
0.33 0.171 0.24 360.93 0.144 <1.10 702.39 186.42 15.85 0.63 0.44 <0.032 <0.194 <0.00 0.114 0.0111 1.27 1.76 

 
0.33 <0.00 0.25 392.52 0.248 <1.09 679.42 201.65 19.18 0.68 0.289 0.037 <0.00 <0.00 0.19 <0.00 0.66 0.443 

 
0.41 0.105 0.59 336.51 0.179 <1.37 746.12 223.1 32.59 0.751 0.59 <0.05 <0.241 0.014 0.256 <0.0032 0.5 0.567 

 
0.2 0.303 0.29 375.28 0.286 1.96 792.58 197.67 25.73 0.708 0.69 <0.00 <0.00 0.008 <0.069 <0.00 0.121 0.316 

 
<0.20 0.176 <0.00 420.55 0.067 1.42 770.67 169.25 27.38 0.666 0.32 <0.0283 <0.35 <0.00 0.233 0.0095 0.87 1.164 

 
0.37 0.318 <0.00 503.09 0.087 2.9 746.53 210.13 26.55 0.654 0.091 <0.00 <0.00 <0.0095 <0.050 0.004 0.373 0.219 

 
0.31 0.176 0.33 425.51 0.101 <1.14 709.82 199.08 27.16 0.63 0.5 <0.039 <0.00 <0.00 <0.067 <0.00263 0.166 0.258 

 
<0.164 0.27 0.39 454.68 <0.0290 <1.10 662.22 196.88 25.4 0.754 <0.081 0.162 <0.00 <0.00 <0.063 0.0144 1.32 0.757 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 
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NC4172 Inc 2.45 <0.00 214.61 0.25 <1.24 34.79 Inc 3 1.9 11.86 10.9 1.66 0.013 <0.076 2.03 Inc Inc 

 
Inc 2.6 0.46 Inc 0.27 1.69 12.21 70.36 6.57 4.35 6.65 13.51 <0.00 <0.00 0.14 3.03 Inc Inc 

 
6.54 Inc 2.46 342.27 2.62 <1.27 26.24 39.88 3.71 5.71 9.51 4.27 Inc <0.00 <0.060 0.19 13.01 3.38 

 
7.42 3.68 1.01 337.87 0.72 2.74 16.17 43.28 4.12 5.38 8.96 10.08 0.37 0.025 0.163 0.25 20.36 5.46 

 
7.66 2.65 0.24 290.54 <0.0280 <1.34 19.96 48.61 5.75 5.19 8.56 9.81 <0.00 <0.00 0.188 0.519 28.1 6.28 

 
9.85 2.62 <0.00 333.08 0.6 <1.04 24.53 42.89 4.72 6.89 9.82 9.32 0.59 <0.00 0.051 0.781 22.54 4.89 

 
5.67 7.6 1.29 289.13 0.334 <1.43 26.49 38.39 1.71 7.56 11.43 13.51 0.64 0.014 0.191 0.365 26.53 5.66 

 
8.1 4.3 0.79 344.77 0.62 <1.24 21.87 49.42 4.38 8.2 11.37 15.23 1.78 0.013 0.092 0.416 23.95 8.15 

 
7.4 3.53 0.24 284.97 0.218 <1.54 17.77 42.8 2.92 4.18 8.57 7.82 <0.00 0.025 <0.068 0.548 17.95 7.36 

 
7.57 4.87 <0.00 384.78 0.67 <1.42 22.19 38.84 2.77 5.06 9.21 7.94 0.97 0.0072 0.106 0.34 18.32 4.18 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

NC5839 <1.56 0.3 0.208 370.5 13.99 <1.63 42.14 36.2 2.6 7.14 75.38 2.69 0.44 0.088 <0.19 <0.019 2.54 0.16 

 
<1.62 1.093 0.295 414.43 13 <1.65 41.1 34.96 2.62 6.48 64.21 1.36 1.16 <0.0304 <0.18 <0.023 0.7 0.066 

 
<2.08 0.23 0.119 726.12 9.16 <2.10 51.83 34.85 5.71 7.81 71.46 1.33 2.02 <0.032 0.34 <0.021 1.18 0.96 

 
<1.29 0.392 <0.042 521.45 8.26 <1.31 65.2 37 3.47 4.87 55.08 3.37 <0.00 <0.014 <0.135 0.022 2.33 0.319 

 
<1.34 1.17 0.229 346.53 11.67 <1.37 48.91 44.7 4.03 6.08 65.76 1.98 2.62 <0.0201 <0.14 <0.009 1.63 0.065 

 
<1.87 1.42 0.51 768.43 9.58 3.1 52.51 51.04 4.62 6.4 67.68 2.31 <0.37 0.031 <0.20 <0.022 1.64 0.78 

 
<1.12 0.506 0.243 462.82 8.85 <1.11 43.79 35.16 0.79 4.29 59.07 0.65 0.93 <0.0292 <0.122 <0.0094 0.12 <0.0222 

 
2.19 1.59 <0.041 381.35 19.1 <1.27 38.4 36.45 1.52 6.79 70.38 1.08 0.46 <0.027 <0.124 <0.012 0.95 0.059 

 
<1.07 1.99 0.125 388.66 11.92 <1.08 42.89 40.9 1.7 5.78 61.37 0.5 1.1 <0.016 <0.106 <0.0158 2.1 0.028 

 
<1.15 1.88 0.049 333.03 12.72 <1.15 36.43 31.69 1.02 7.17 70.45 0.222 2.23 <0.017 0.36 <0.0084 0.39 <0.0198 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

NC6894 <0.10 0.131 <0.00 119.08 0.5 5.33 62.01 6.76 1.06 18.72 49.32 <0.076 2.63 0.105 0.72 <0.00240 0.171 0.024 

 
<0.20 0.016 <0.130 146.6 0.352 <2.51 74.92 5.05 2.49 18.85 51.32 0.151 1.38 0.029 0.74 <0.00242 0.135 0.029 

 
<0.132 <0.0093 <0.00 127 0.415 2.25 60.18 6.72 2.58 18.31 57.97 <0.090 1.84 <0.0079 0.32 <0.0034 0.321 0.054 

 
0.32 0.016 <0.00 137.89 0.385 5.04 74.83 7.42 2.21 17.28 52.99 0.125 0.7 0.056 0.44 <0.00202 0.63 0.051 

 
0.5 <0.014 <0.00 124.28 0.184 5.24 77.85 11.64 2.4 25.84 44.02 0.3 0.48 0.074 0.13 0.0016 1.19 0.198 

 
<0.155 <0.020 <0.00 119.5 0.258 3.04 77.88 11.04 2.2 22.88 59.06 0.179 0.29 <0.0106 0.1 <0.0018 0.386 0.073 

 
0.33 <0.0247 0.094 114.85 0.264 <2.40 72.06 10.26 2.53 19.49 59.26 <0.120 0.63 0.127 0.55 0.0056 0.49 0.0187 

 
<0.133 <0.00 <0.00 129.91 0.53 4.11 54.66 9.1 1.42 18.05 42.83 0.201 0.66 0.034 0.13 <0.0033 0.285 0.106 

 
0.58 <0.00 <0.00 126.88 0.51 <1.59 53.15 10.58 2.84 21.2 50.64 0.191 1.21 0.013 0.14 <0.00214 0.8 0.147 

 
0.29 0.0164 <0.00 134.75 0.332 <1.84 69.39 5.91 1.49 21.39 62.04 <0.109 1.81 0.031 0.62 <0.0036 0.143 0.029 
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Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Su3 <0.170 1.71 2.55 148.44 0.227 <1.33 10.5 27.56 2.51 13.49 29.09 <0.036 0.75 0.202 0.29 <0.00 0.201 3.09 

 
1.21 3.25 1.37 105.97 0.329 <1.47 11.98 29.65 4.44 13.24 14.88 0.115 0.72 0.077 0.085 <0.00 3.33 7.71 

 
<0.17 1.49 1.19 105.28 0.333 <1.22 8.43 45.26 3.11 12.89 30.27 0.025 1.24 0.123 0.17 0.0019 2.56 4.51 

 
2.66 3.12 5.05 138.24 0.394 <1.21 6.5 26.28 2.22 13.11 28.83 0.257 0.36 0.76 0.136 <0.00264 1.58 6.98 

 
0.83 1.97 4.31 97.46 0.46 <1.52 4.4 40.76 3.11 14.71 13.67 Inc 0.62 0.54 0.32 0.0037 5.74 7.71 

 
<0.15 2.66 3.55 113.29 0.55 <1.13 4.71 15.65 4.29 14.47 8.94 <0.0311 0.91 0.112 0.1 <0.0034 0.54 3.63 

 
<0.171 2.88 3.99 147.12 0.107 2.05 10.34 25.05 2.58 14.23 21.32 <0.033 0.39 0.098 0.062 <0.00 4.1 11.44 

 
<0.17 2.37 2.42 247.17 0.55 <1.38 7.22 15.92 3.49 13.29 27.26 0.047 0.77 0.062 0.06 0.0023 0.319 3.9 

 
<0.22 2.67 3.93 262.59 0.5 1.72 7.91 28.76 3.87 13.97 29 <0.054 0.45 0.106 0.16 <0.0049 6.24 4.48 

 
0.59 2.08 2.45 112.18 0.43 <1.31 14.92 52.74 3.62 13.09 17.63 0.142 0.76 0.27 0.107 <0.00265 0.2 5.35 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Sulis 1b 3.58 <0.00 <0.00 407.41 6.58 1.59 55.06 30.34 1.98 5.27 43.06 0.87 0.58 <0.00 0.369 0.0057 0.584 0.121 

 
3.77 0.104 <0.00 546.37 7.92 <1.05 56.94 34.53 3.6 6.93 60.18 1.78 0.9 <0.00 0.329 0.0039 0.87 0.06 

 
4.27 0.88 0.85 487.8 7.73 <1.26 50.45 31.37 3.67 7.14 63.94 1.68 0.45 0.025 0.324 <0.0026 1.19 0.159 

 
4.2 0.479 <0.00 425.53 8.89 <1.26 52.74 34.31 1.53 6.32 61.53 Inc 1.13 0.0054 0.157 0.094 Inc 0.516 

 
12.84 0.088 0.24 365.9 9.47 <1.25 60.84 45.09 2.07 7.94 67.23 1.69 0.38 0.044 0.216 0.0073 3.47 0.333 

 
3.66 0.407 <0.00 443.69 8.63 <1.64 60.28 42.71 3.79 6.35 56.72 4.11 1.47 0.031 0.267 0.0082 2.56 0.318 

 
5.99 <0.00 <0.00 315 7.9 <1.30 56.33 32.58 2.52 6.48 46.42 1.95 0.87 0.0056 0.374 0.0018 1.51 0.231 

 
5.6 0.129 <0.00 503.22 11.73 2.74 58.2 41.87 2.27 6.63 61.95 2.41 Inc 0.0062 0.61 0.004 0.84 5.33 

 
4.96 0.141 <0.00 431.71 12.73 3.89 44.12 38.06 4.47 6.26 55.12 0.99 <0.00 <0.00 0.251 0.0038 1.15 0.211 

 
4.42 0.265 <0.00 459.21 8.14 <1.25 38.76 36.24 1.94 6.16 59 1.84 1.43 0.021 0.341 0.0036 1.07 0.138 

Sulitjelma Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

Sulis2a 19.2 0.297 0.21 391.91 1.88 3.79 69.36 15.72 4.63 1.33 3.65 0.86 0.87 <0.00 0.34 <0.00166 1.02 0.096 

 
21.44 1.06 <0.00 487.32 2.95 <1.86 78.87 20.31 7.09 1.58 3.35 1.23 2.24 <0.0054 0.71 0.0024 7.22 0.621 

 
19.8 0.417 0.157 452.42 3.18 2.22 59.45 20.75 5.31 1.81 3.82 0.94 <0.084 0.015 0.48 <0.0019 3.94 0.303 

 
16.88 0.253 0.11 324.48 2.48 <2.02 69.36 24.97 4.57 1.3 3.14 0.59 <0.16 <0.0118 0.25 <0.00306 2.48 0.134 

 
19.54 0.83 0.118 499.23 2.52 <2.02 71.97 18.23 7.87 1.93 4.46 1.72 0.74 <0.0085 0.56 <0.0035 7.52 0.795 

 
15.44 0.167 <0.00 323.7 2.54 2.16 53.64 15.21 6.42 1.5 2.48 0.72 1.46 <0.0037 0.23 <0.00108 3.31 0.149 

 
13.48 0.208 0.179 464.29 2.29 <1.75 73.24 19.27 5.26 1.38 2.19 1.23 1.02 <0.0095 0.62 <0.0032 1.6 0.212 

 
10.34 0.061 0.35 361.02 1.61 3.43 66.21 17.88 6.84 1.59 2.26 1.01 <0.00 <0.0058 0.24 <0.00265 0.92 3.89 

 
10.2 0.47 1 340.69 3.63 <1.35 59.98 13.59 5.2 1.75 4.98 0.95 1.37 <0.0060 0.1 <0.00173 2.8 0.86 
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12.36 0.293 0.13 376.4 1.9 3.89 68.42 20.57 5.52 1.16 2.12 0.99 0.69 <0.0054 0.1 <0.0022 2.53 0.197 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD086(8) 0.64 Inc Inc 307.98 2.5 <1.30 88.17 173 0.99 6.5 59.43 0.167 <0.00 0.436 0.172 0.0137 0.481 2.65 

 
1.88 1.49 0.092 404.04 2.57 1.64 94.45 130.44 1.68 26.16 76.68 <0.087 0.15 0.07 <0.085 <0.0019 11.6 3.91 

 
1.33 0.468 0.73 318.28 2.27 <1.37 105.02 29.34 1.65 12.5 104.11 0.266 <0.00 0.023 <0.085 0.0031 26.43 2.09 

 
0.9 0.418 0.42 290.34 2.66 <1.18 104.04 370.07 1.17 19.84 74.58 0.174 <0.172 0.224 <0.063 0.0106 42.85 3.18 

 
1.55 0.95 0.85 402.87 2.18 2.09 110.82 25.28 1.52 12.65 71.19 <0.096 <0.185 0.054 <0.093 <0.00214 11.37 1.98 

 
1.06 Inc 1.69 Inc 2.77 <1.20 107.52 30.42 Inc 15.09 88.37 0.255 <0.00 0.134 <0.069 0.046 25.66 Inc 

 
1.83 0.558 2.86 449.4 1.73 <1.04 101.29 8 1.58 19.43 79.71 0.219 0.29 0.008 0.167 <0.00244 43.48 2.21 

 
1.38 0.39 1.78 351.06 2.18 2.88 100.69 15.01 1.47 18.35 70 0.191 0.162 0.037 <0.080 <0.00166 12 1.46 

 
1.34 0.604 1.52 542.13 2.39 <1.55 122.21 27.3 2.98 14.44 82.39 0.281 0.52 0.075 <0.089 0.0025 20.23 2.19 

 
1.35 0.515 2.85 431.49 2.58 <1.30 124.89 17.17 1.91 19.15 96.71 0.116 <0.21 0.119 <0.084 0.0122 12.45 1.92 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD086(9) <0.122 0.297 0.239 319.34 0.022 1.8 222.36 33.58 1.14 4.88 31.55 0.469 <0.168 0.049 <0.099 0.0037 2.15 3.08 

 
1.26 0.613 <0.00 561.07 2.03 <1.79 208.68 23.13 1.39 14.67 63 0.51 <0.141 0.039 <0.105 <0.0029 62.14 4.74 

 
0.361 0.253 0.088 410.75 1.98 <1.40 190.35 15.02 1.65 13.7 59.39 <0.097 <0.113 0.017 <0.074 <0.0016 46.42 3.99 

 
0.409 0.277 0.46 404.27 1.67 <1.68 207.83 16.75 1.11 13.93 56 <0.106 <0.135 0.047 <0.087 0.0084 42.05 2.08 

 
0.93 0.433 0.086 523.58 1.79 <2.12 223.16 19.79 1.86 16.44 59.63 0.369 0.32 0.149 <0.11 <0.0024 65.79 2.62 

 
1.27 0.434 0.182 454.94 1.31 <1.89 209 20.02 1.44 13.54 60.06 0.13 <0.27 0.134 <0.090 <0.00311 42.24 4.51 

 
0.499 0.277 0.48 356.38 1.78 3.06 177.53 8.59 1.25 17.35 56.94 0.083 0.163 0.0169 0.14 0.0041 32.13 0.759 

 
0.7 0.188 0.084 368.15 2.39 <2.08 239.84 14.02 2.03 13.98 60.85 0.181 <0.00 0.094 0.26 0.0013 80.78 1.96 

 
0.38 0.346 0.191 460.26 4 2.46 259.63 17.93 1.76 13.02 61.02 <0.141 0.21 0.082 <0.096 0.0068 31.07 2.29 

 
0.89 0.275 <0.00 413.49 4.64 <2.13 402.37 17.18 1.18 10.74 67.72 0.243 <0.18 0.113 0.14 <0.0034 22.1 0.98 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD086(11) 0.297 0.369 0.168 396.58 5.17 <1.48 55.65 12.4 2.1 12.19 84.65 0.125 <0.00 0.0086 <0.084 0.0012 7.2 0.387 

 
0.79 0.357 <0.00 232.77 4.36 <1.15 40.54 10.81 1.87 9.17 80.65 0.329 <0.00 0.014 0.064 0.0033 4.98 0.559 

 
0.249 0.497 0.197 377.08 5.06 <1.47 47.21 11.49 1.73 10.36 80.8 <0.089 0.39 <0.0062 <0.080 <0.00 5.48 0.206 

 
0.38 0.59 <0.00 381.05 2.78 Inc 47.46 15.12 1.35 9.54 47.02 <0.092 <0.00 <0.014 <0.07 0.0044 9.76 0.421 

 
0.374 0.464 0.076 443.66 4.41 <1.78 48.04 20.36 2.45 11.92 80.64 <0.118 0.61 0.018 <0.094 0.0041 2.5 0.155 

 
0.39 0.345 <0.046 318.12 4.39 <1.26 44.48 7.06 2.59 11.18 69.26 <0.079 0.33 0.01 0.073 <0.0046 8.28 0.401 

 
0.73 0.537 0.237 347.46 4.53 <1.54 40.77 22.69 1.95 7.24 48.53 <0.107 0.98 0.017 0.12 <0.00187 4.5 0.278 

 
0.54 0.197 0.28 266.63 4.16 <1.04 44.17 25.25 2.83 11.28 83.12 <0.069 2.45 0.007 <0.06 0.009 6.81 0.251 
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0.61 0.363 <0.00 348.47 4.02 2.18 49.6 19 0.91 6.53 58.91 0.292 0.38 0.072 0.1 <0.00207 3.92 0.588 

 
1.03 0.33 0.39 404.14 4.4 <1.91 58.15 8.47 2.13 15.05 81.52 <0.103 0.82 0.019 0.25 0.0012 9.31 0.522 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD086(12) 2.24 0.224 0.261 489.38 1.77 <2.14 57.7 43.25 3.17 12.28 48.66 <0.109 2.65 <0.0078 <0.100 0.0024 4.66 4.65 

 
0.56 0.273 <0.00 304.23 4.53 <1.36 43.22 13.15 2.71 18.15 59.35 0.24 1.51 <0.0035 0.103 <0.00 6.9 0.88 

 
0.34 0.243 0.117 328.89 5.99 <1.37 51.56 24.31 3.42 19.26 77.75 0.151 0.54 0.017 0.151 <0.00 5.76 0.607 

 
0.53 0.274 0.21 377.91 5.45 4.99 56.1 20.57 2.14 18.08 76.43 0.227 3 0.011 <0.091 <0.00280 4.07 0.569 

 
0.8 0.431 0.057 356.91 5.23 <1.90 56.55 20.87 3.27 14.97 52.91 <0.085 2.25 0.041 0.44 <0.0033 6.72 0.9 

 
0.79 0.497 <0.045 350.56 5.66 4.53 55.56 11.78 3.22 18.22 71.29 <0.087 1.7 0.0108 0.091 <0.0041 4.83 0.719 

 
0.72 0.359 0.121 378.09 4.27 <1.72 52.31 12.44 3.08 16.09 65.56 0.23 1.72 0.0053 <0.080 0.0044 8.37 0.88 

 
0.493 0.492 <0.00 452.58 4.79 3.6 59.38 16.65 3.19 11.39 67.6 0.104 1.61 0.017 <0.076 0.0028 6.19 0.76 

 
1.26 0.425 0.53 516.95 3.99 1.21 42.13 16.49 3.02 9.82 48.38 0.226 1.16 0.018 0.14 <0.00 1.16 1.68 

 
0.62 0.31 <0.00 348.51 4.89 <1.28 49.49 16.58 2.99 11.18 55.93 <0.069 2.71 0.074 <0.063 <0.00 4.91 1.01 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD178(7) 0.308 3.98 0.088 498.12 0.272 4.13 58.59 17.78 2.54 36.05 92.38 <0.074 0.47 <0.0076 0.121 <0.0016 15.9 1.212 

 
<0.116 1.59 0.307 446.02 0.281 <1.48 66.89 24.55 1.28 57.75 102.21 0.092 0.169 0.027 <0.088 0.005 13.27 2.59 

 
<0.103 2.66 0.195 457.43 0.62 <1.28 55.69 23.21 2.21 51.26 116.91 0.205 0.39 0.011 <0.077 0.0078 23.11 1.115 

 
<0.092 2.46 0.303 363.04 0.484 <1.13 63.61 26.06 0.89 52.11 55.18 0.077 0.79 0.02 <0.063 0.0043 12.67 1.77 

 
<0.108 2.99 0.44 412.5 0.393 <1.18 58.64 23.82 1.04 57.05 254.82 <0.063 0.6 0.039 0.123 0.0014 53.98 1.029 

 
<0.085 3.45 0.53 326.84 0.135 <1.04 55.78 23.87 0.39 54.6 232.16 <0.047 0.2 0.027 <0.059 0.0078 71.41 0.879 

 
0.197 2.89 0.78 440.3 0.347 <1.34 53.99 22.41 0.66 44.59 206.76 <0.086 0.37 Inc <0.071 0.0021 87.1 1.48 

 
0.164 5.44 0.336 530.08 0.267 <1.14 66.48 26.5 1.33 55.64 139.52 <0.066 0.123 0.017 <0.062 0.0071 20.44 3.08 

 
0.237 2.27 0.471 487.67 0.366 <1.45 61.88 28.54 1.17 70.13 156.41 0.128 <0.19 0.076 0.203 0.005 29.42 2.58 

 
0.13 1.92 0.139 372.15 0.363 1.31 47.91 16.26 1.14 32.34 135.34 0.091 0.34 0.02 <0.052 <0.00111 84.7 1.73 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD178(8) <0.136 1.46 0.317 359.15 0.637 2.68 59.01 23.97 3.01 19.76 363.44 <0.100 0.92 <0.0060 <0.107 0.0023 3.07 0.118 

 
<0.079 1.48 0.8 305.27 0.61 3.51 45.01 26.45 1.54 18.94 434.1 <0.053 1.15 0.008 0.119 0.0026 3.33 0.111 

 
<0.125 0.618 0.059 380.64 0.451 <1.44 57.76 26.05 2.67 16.38 415.94 <0.076 0.74 <0.0050 <0.074 <0.00228 0.89 0.0305 

 
<0.109 0.758 0.314 373.71 0.324 <1.28 54.58 48.31 2.72 16.61 317.62 <0.068 0.48 0.0104 <0.067 <0.0025 2.4 0.118 

 
0.105 0.574 0.21 302.72 0.395 <1.24 43.66 23.4 2.4 13.51 242.07 <0.067 0.54 <0.0043 <0.060 <0.00198 1.22 0.101 

 
0.176 1.63 1.71 371.32 0.597 <1.59 61.87 24.08 2.04 20.45 234.62 <0.090 0.83 0.0069 <0.077 <0.0026 1.99 0.206 

 
<0.115 0.347 0.28 290.2 0.382 <1.33 57.37 30.49 2.57 10.37 410.57 <0.075 0.16 0.013 0.07 <0.00 1.38 0.061 
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0.156 0.577 0.322 351.83 0.71 <1.16 65.81 30.21 2.87 23.54 495.14 <0.048 0.44 <0.0054 <0.057 <0.00181 2.7 0.176 

 
0.122 0.185 1.66 279.24 0.489 <1.15 55.37 27.28 3.5 10.66 266.2 <0.056 0.41 <0.0039 0.16 <0.00130 1.72 0.091 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD178(12) 0.11 0.75 0.237 351.36 0.513 1.35 28.02 46.45 2.01 26.88 271.19 <0.050 0.139 0.039 <0.074 <0.00128 1.01 0.152 

 
<0.097 1.02 0.139 294.68 1.18 <1.02 32.12 46.32 1.61 17.06 217.53 <0.060 <0.12 0.018 <0.076 <0.00233 1.45 0.131 

 
0.236 1.15 0.5 380.23 0.83 <0.98 32.54 51.59 1.59 27.27 389.11 0.071 0.63 0.048 0.202 <0.0030 3.67 0.507 

 
0.137 2.63 0.33 394.13 0.63 1.32 29.51 39.69 2.11 19.1 376.27 <0.055 0.62 0.0136 <0.076 0.0011 1.04 0.127 

 
0.232 0.86 0.89 405.77 0.81 1.54 31.45 44.53 2.1 12.74 391.95 <0.052 0.52 0.041 <0.076 <0.00 1.42 0.189 

 
0.102 1.64 0.1 360.7 0.68 1.1 33.56 45.72 1.88 10.01 358.83 <0.047 0.39 0.069 <0.063 0.0014 2.4 0.364 

 
<0.112 0.92 0.42 426.36 0.75 <1.19 32.45 46.18 2.18 19.87 446.29 <0.061 0.65 0.0107 0.082 0.001 4.67 0.295 

 
<0.104 0.99 0.58 349.62 0.7 <1.11 30.14 45.65 1.83 26.15 274.83 <0.076 0.133 0.0063 <0.079 <0.00 1.97 0.107 

 
<0.102 1.83 <0.00 220.81 0.089 <1.13 39.79 21.16 0.282 1.66 111 <0.070 <0.00 0.003 <0.075 <0.00 0.606 0.169 

 
<0.104 1.31 0.72 377.35 0.92 1.25 29.98 47.15 2.2 30.17 300.12 <0.062 <0.16 0.0066 0.108 <0.00150 0.66 0.051 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD180(3) 0.85 13.25 0.89 379.21 0.442 <1.27 17.9 51.75 0.8 56.68 27.71 0.195 0.57 <0.0092 0.24 1.24 0.92 0.789 

 
1.59 Inc Inc 248.44 0.128 <1.05 19.03 54.26 0.51 50.43 17.83 0.371 0.87 <0.00 0.169 0.0295 2.44 3.68 

 
0.476 2.94 <0.00 294.75 0.204 <1.04 13.83 2.52 0.46 54.58 19.17 0.06 0.24 <0.00 <0.073 <0.0020 0.272 0.492 

 
0.69 3.1 0.093 380.28 0.137 2.8 18.84 2.04 1.14 53.5 29.52 0.212 0.81 <0.00 0.218 <0.0024 0.93 1.21 

 
0.55 4.06 <0.00 380.2 0.236 <0.95 18.52 0.404 1.09 56.57 27.48 <0.061 0.86 0.0079 0.215 0.0031 0.273 0.621 

 
0.9 2.55 0.095 329.49 0.101 3.61 22.01 3.12 0.56 55.89 23.62 0.144 0.38 <0.0052 <0.084 0.394 0.79 0.495 

 
0.57 5.14 0.119 436.28 0.394 2.48 16.94 64.84 1.16 57.7 25.3 0.356 Inc 0.0065 <0.087 0.002 0.84 2.47 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD180(7) 0.64 0.783 0.256 541.05 1.02 <1.31 11.94 19.14 0.99 28.96 152.16 0.121 Inc 0.304 0.071 0.001 4 7.87 

 
0.234 0.617 0.96 430.75 1.38 2.08 4.36 15.33 1.63 42.41 224.05 0.168 1.99 0.157 0.051 <0.00 0.457 3.91 

 
<0.159 1.25 0.084 651.43 1.44 <1.67 10.75 17.51 1.46 36.26 215.71 <0.107 1.49 0.044 0.098 <0.00 0.256 1.69 

 
0.7 1.08 0.74 560.59 1.18 4.74 15.39 16.9 1.6 26.92 143.8 0.135 0.58 0.157 0.18 <0.0023 0.052 2.68 

 
0.297 0.9 0.5 491.43 1.17 <1.45 15.68 28.22 1.95 29.32 222.25 0.092 0.89 0.064 <0.063 <0.00168 0.285 1.51 

 
0.166 0.76 <0.00 599.3 1.68 <1.29 14.64 17.21 1.62 34.57 283.09 <0.079 0.61 0.054 0.14 <0.0015 0.219 1.146 

 
0.435 0.332 Inc 404.36 1.84 1.61 9.77 30.51 1.33 35.48 192.2 <0.089 0.72 0.191 0.16 <0.00 0.143 2.36 

 
<0.121 1.13 0.48 538.1 1.94 <1.34 14.81 10.64 1.38 47.91 270.95 <0.085 0.76 0.036 <0.067 <0.00 0.132 1.84 

 
0.276 0.492 1.05 440.54 1.15 <1.12 11.97 14.56 1.05 38.59 163.63 0.068 0.44 0.149 0.1 <0.00 0.465 2.69 

 
0.445 1.45 0.15 416.08 0.75 <1.01 9.87 14.58 0.43 64.56 190.96 <0.072 1.33 0.466 0.23 1.72 1.43 9.17 
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Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD180S(4) 1.46 Inc Inc 533.65 0.59 <1.29 47.86 90.65 3.07 48.3 462.83 <0.082 0.68 0.073 0.119 0.0016 60.77 73.29 

 
0.177 2.1 <0.00 492.28 0.53 <1.36 53.04 68.45 2.15 49.69 239.31 <0.080 0.3 0.066 0.2 0.0117 47.01 4.37 

 
0.96 3.77 <0.00 596.15 0.4 3.36 47.32 63.84 1.72 48.77 365.62 0.24 0.93 0.139 <0.061 <0.0013 63.21 36.59 

 
<0.108 2.13 0.074 601.34 0.78 2.67 58.57 84.3 2.38 49.64 58.39 0.22 <0.094 0.065 0.21 0.0203 36.74 10.5 

 
0.34 1.25 <0.00 444.01 0.53 3.27 57.9 95.95 1.71 53.8 163.21 <0.089 <0.18 <0.0097 0.17 0.0146 33.54 2.81 

 
0.73 4.2 0.23 604.51 0.53 <1.25 60.98 94.56 2.32 50.6 432.4 <0.082 0.58 0.125 0.19 0.0066 56.8 19.11 

 
<0.133 1.97 0.072 475.71 0.79 4.6 55.24 77.05 2.5 48.72 357.81 <0.094 <0.12 0.0039 0.19 0.0112 22.82 2.93 

 
0.36 1.98 <0.00 452.93 0.46 <1.32 53.11 109.08 2.61 43.86 304.22 <0.072 0.16 0.114 <0.076 0.0085 51.87 3.49 

 
0.23 2.19 0.19 533.6 0.63 2.79 50.81 85.48 2.4 48.93 451.55 0.149 0.27 0.03 0.26 <0.0020 29.21 1.95 

 
<0.114 1.59 <0.062 463.26 0.63 <1.29 53.63 86.24 1.79 50.29 148.83 <0.078 0.63 0.057 0.28 0.0065 36.64 3.03 

Kanmantoo Mn55 Co59 Ni60 Zn66 Ga69 As75 Se82 Ag107 Cd111 In115 Sn118 Sb121 Te125 Au197 Hg202 Tl205 Pb207 Bi209 

KTDD180S(5) 2.52 1.73 Inc 321.95 0.469 <1.18 45.43 107.86 0.47 21.18 131.2 0.07 0.27 0.198 0.08 0.0036 29.27 66.73 

 
0.64 8.91 0.83 430.71 0.63 1.46 62.69 133.03 0.75 29 355.63 0.08 1.13 0.142 <0.065 <0.00205 78.1 21.3 

 
5.49 1.43 0.57 538.35 0.825 <1.32 57.97 117.86 0.65 22 396.02 0.218 0.66 0.2 <0.064 <0.00 33.62 37.14 

 
2.6 0.26 Inc 495.68 0.67 <1.42 58.3 133.17 0.85 23.75 393.32 <0.070 2.06 0.044 <0.07 <0.00 44.93 45.98 

 
1.43 Inc Inc 324.44 0.52 <1.39 58.21 137.14 1.03 17.96 251.53 0.073 0.37 0.124 <0.069 0.0059 11.95 30.16 

 
0.97 3.86 0.56 391.57 0.8 3.41 64.13 128.23 1.52 17.43 292.23 0.211 0.38 0.215 0.14 0.0053 0.9 4.51 

 
1.48 Inc Inc 497.13 0.768 <1.47 63.29 114.52 0.67 20.84 342.46 0.185 0.36 0.259 0.09 <0.0023 3.98 10.47 

 
1.28 2.67 0.92 404.25 0.265 <1.43 74.47 112.62 0.86 19.16 337.53 0.28 0.62 0.108 0.14 0.0045 3.21 10.86 

 
0.54 Inc Inc 481.56 0.87 2.38 46.42 127.09 2.68 17.52 226.49 0.102 <0.104 0.205 0.15 <0.00220 35.19 22.56 

 
2.03 Inc Inc Inc 0.582 <2.19 69.39 116.93 1.3 24.66 322.6 0.386 0.88 0.369 0.33 0.0026 41.38 53.45 

                   
Inc = data influenced by micro-inclusion. - = data could not be determined.  
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ELECTRONIC APPENDIX A FOR CHAPTER 6 

Electronic Appendix A. EPMA methodology 

      
Element Standard X-ray 

Line On Peak 
Time (s) 

Background 
Time (s) 

Average 
MDL 
(wt. %) 

 S Chalcopyrite S Kα 10 20 0.013 
Pb Galena Pb Mα 30 47.5 0.037 
Cd Greenockite Cd Lα 60 60 0.031 
As Gallium Arsenide As Lα 30 25 0.043 
Se Bismuth Selenide Se Lα 100 150 0.018 
Fe Chalcopyrite Fe Kα 10 20 0.020 
Cu Chalcopyrite Cu Kα 10 20 0.031 
Mn Rhodonite Mn Kα 30 40 0.015 
Ag Silver/Silver Telluride Ag Lα 30 25 0.041 
Sn Cassiterite Sn Lα 30 40 0.026 
In Indium In Lα 30 25 0.031 
Hg Cinnabar Hg Lα 100 180 0.042 
Zn Sphalerite Zn Kα 30 20 0.030 
Ni Pentlandite Ni Kα 30 20 0.022 
Co Cobalt Co Kα 30 20 0.018 
Sb Stibnite Sb Lα 30 40 0.022 
Te Silver Telluride Te Lα 30 40 0.024 
Bi Bismuth Selenide Bi Mα 30 25 0.057 
Tl Thallium Tl Mα 20 20 0.126 
Ga Gallium Arsenide Ga Kα 20 20 0.041 
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ELECTRONIC APPENDIX B FOR CHAPTER 6 

Electronic Appendix B. Mean errors and minimum detection limits determined by LA-ICP-MS (data in ppm) 
                      Sample 

 
Mn Fe Co Ni Zn Ga As Se Mo Ag Cd In Sn Te W Au Hg Tl Pb Bi 

G16396 
1σ 
error 0.55 6311 0.71 0.39 16461 0.05 1099 11 0.08 16470 941 0.09 3.9 0.68 0.03 0.43 29 0.03 8.4 62 

 
MDL 0.39 19 0.04 0.37 5.2 0.04 2.4 11 0.06 0.13 0.74 0.01 0.34 0.25 0.02 0.02 0.72 0.01 0.09 0.01 

G11579 
1σ 
error 5.8 6087 3.7 0.64 14185 0.07 4276 38 0.07 2472 322 1.3 0.52 19 0.04 0.04 11 0.03 0.64 500 

 
MDL 0.93 44 0.08 0.94 9.1 0.11 11 22 0.12 0.24 1.6 0.02 0.75 0.45 0.06 0.04 1.3 0.03 0.24 0.03 

G13289b 
1σ 
error 0.77 12143 44 0.29 134074 0.06 72892 19 0.09 2038 2187 0.31 0.97 0.53 0.03 0.05 9.3 0.15 270 41 

 
MDL 0.40 4415 14 0.20 37580 0.03 28051 7.9 0.03 399 619 0.06 0.37 0.11 0.01 0.02 3.5 0.05 52 8.7 

G6940 
1σ 
error 6.0 3584 0.10 0.31 9409 0.04 1781 28 0.04 2797 117 0.74 0.37 6.0 0.01 0.03 16 0.02 0.44 118 

 
MDL 0.46 24 0.04 0.42 5.1 0.05 2.1 12 0.06 0.15 0.54 0.01 0.42 0.18 0.03 0.02 0.92 0.02 0.16 0.02 

G13289a 
1σ 
error 0.30 1185 4.4 0.24 11051 0.03 14576 10 0.04 396 242 0.03 0.26 0.12 0.01 0.01 2.4 0.02 15 1.2 

 
MDL 0.34 17 0.03 0.32 3.3 0.04 3.7 8.5 0.05 0.06 0.42 0.01 0.30 0.20 0.02 0.02 0.60 0.01 0.06 0.01 

V446 
1σ 
error 23 5890 0.03 0.11 1687 0.07 6.5 4.9 0.04 20196 45 0.13 2.1 0.07 - 0.01 10 0.04 0.32 5.8 

 
MDL 0.09 1.9 0.01 0.05 0.19 0.01 1.0 1.3 - 0.02 0.06 0.002 0.05 0.08 - 0.004 0.07 0.002 0.01 0.004 

V538 
1σ 
error 6.0 4665 0.01 0.01 975 0.05 12 1.5 - 9484 20 0.06 1.8 0.06 - 0.01 1.9 0.03 3.6 2.5 

 
MDL 0.07 1.3 0.00 0.03 0.23 - 0.80 1.1 - 0.02 0.08 0.002 0.04 0.07 - 0.01 0.06 0.001 0.09 0.003 

Hj13 
1σ 
error 14 4872 0.04 - 1610 0.02 17 1.3 0.05 5135 14 0.03 0.09 0.23 0.01 0.36 0.07 0.07 25 0.37 

 
MDL 0.09 1.4 0.01 - 0.24 0.01 0.79 0.81 - 0.02 0.09 0.002 0.05 0.12 - 0.004 0.03 0.001 0.01 0.004 

G6951 
1σ 
error 0.86 135 8.8 0.55 51815 0.05 12230 11 0.06 4932 5047 0.04 0.45 0.35 0.01 0.06 9.0 0.09 20 0.02 

 
MDL 0.61 30 0.05 0.62 6.2 0.07 4.3 13 0.09 0.19 0.95 0.02 0.53 0.33 0.03 0.03 0.94 0.02 0.17 0.01 

Bv97-52 
1σ 
error 29 2459 0.00 0.04 1539 0.04 19809 1.3 0.03 482 59 0.23 5.2 0.03 0.003 0.002 11 0.003 0.12 0.61 

 
MDL 0.07 1.5 0.01 0.03 0.16 0.01 1.7 1.2 0.02 0.01 0.04 0.001 0.05 0.07 0.01 0.004 0.07 0.001 0.04 0.003 

G10847 
1σ 
error 3.7 3093 0.03 0.34 34906 0.10 47886 12 0.06 1097 265 0.04 0.42 0.30 0.02 0.03 889 0.04 2.9 0.23 

 
MDL 0.59 29 0.04 0.50 7.2 0.06 8.7 16 0.08 0.12 0.78 0.01 0.52 0.43 0.04 0.03 0.80 0.02 0.12 0.01 

EV8 
1σ 
error 0.83 5897 0.05 0.22 1883 0.06 14 10 0.02 38907 88 0.25 41 0.42 0.02 0.03 2.6 0.43 5472 137 
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MDL 0.26 13 0.02 0.24 2.7 0.03 1.5 7.8 0.04 0.14 0.24 0.01 0.24 0.16 0.02 0.01 0.64 0.01 0.11 0.01 

Hj14 
1σ 
error 7.0 3914 0.01 0.05 791 0.01 20 1.4 0.08 19580 33 0.02 2.4 0.15 0.01 2.0 0.09 0.04 4.2 0.01 

 
MDL 0.13 2.9 0.01 - 0.34 0.02 1.2 1.2 0.07 0.09 0.08 0.002 0.07 - 0.02 0.01 0.03 0.003 0.03 0.01 

G6948 
1σ 
error 62 4405 0.05 0.39 5554 0.05 1092 27 0.05 3563 67 0.13 8.3 0.42 0.01 0.02 1.1 0.01 0.55 248 

 
MDL 0.53 26 0.04 0.50 5.5 0.07 3.1 13 0.08 0.15 0.61 0.01 0.48 0.31 0.03 0.03 1.1 0.02 0.16 0.02 

G14549b 
1σ 
error 0.62 9084 0.30 0.40 10356 0.07 626 10 0.08 7170 1706 0.08 4.4 0.16 0.01 0.25 15 0.22 2593 112 

 
MDL 0.41 20 0.04 0.37 4.6 0.04 2.6 10 0.05 0.12 0.50 0.01 0.32 0.19 0.03 0.02 0.61 0.01 0.09 0.01 

Mo17A 
1σ 
error 0.08 3603 0.03 0.05 1145 0.01 1254 1.3 0.02 5963 140 0.01 0.03 0.20 0.002 0.02 1.1 0.02 0.62 0.33 

 
MDL 0.06 1.0 0.01 0.02 0.12 0.01 0.92 0.9 0.02 0.01 0.04 0.001 0.03 0.06 0.01 0.003 0.05 0.001 0.01 0.002 

ORV1 
1σ 
error 0.10 1660 2.7 0.55 6714 0.04 4653 5.7 0.09 486 85 0.06 0.05 0.30 - 0.01 8.3 0.005 0.46 1.1 

 
MDL 0.11 2.1 0.02 0.09 0.31 0.03 1.3 1.1 - 0.02 0.07 0.004 0.05 - - 0.01 0.05 0.002 0.09 - 

G14549a 
1σ 
error 0.36 5221 0.17 0.31 8762 0.05 808 6.0 0.02 4457 495 0.11 8.0 0.09 0.01 0.06 5.9 0.05 84 262 

 
MDL 0.28 14 0.02 0.22 3.0 0.03 1.9 6.9 0.04 0.07 0.26 0.01 0.25 0.18 0.02 0.02 0.61 0.01 0.05 0.01 

G873 
1σ 
error 0.49 5224 0.28 0.36 13513 0.05 17027 11 0.10 7027 499 1.7 0.36 0.18 0.03 0.04 10 0.03 4.9 0.03 

 
MDL 0.56 28 0.05 0.53 6.4 0.06 4.7 15 0.08 0.16 0.74 0.01 0.51 0.26 0.04 0.03 1.4 0.02 0.21 0.02 

G16152 
1σ 
error 0.33 2490 292 1.1 9075 0.04 24871 10 0.28 660 35 0.41 2.8 0.14 0.02 0.02 604 0.01 1.4 2.5 

 
MDL 0.49 24 0.04 0.46 5.1 0.05 7.1 15 0.07 0.09 0.60 0.01 0.42 0.29 0.04 0.02 1.0 0.02 0.16 0.01 

G871 
1σ 
error 0.34 3757 96 0.31 4651 0.04 15639 12 0.08 35 27 0.02 0.27 0.22 0.02 0.02 66848 0.01 0.47 0.05 

 
MDL 0.43 21 0.04 0.35 7.5 0.05 5.0 12 0.06 0.19 0.62 0.01 0.37 0.25 0.03 0.02 1.4 0.01 0.09 0.01 

G874 
1σ 
error 0.27 1470 67 0.21 8291 0.03 6570 8.1 0.06 26 21 0.21 0.22 0.15 0.02 0.01 35714 0.01 0.76 0.05 

 
MDL 0.36 18 0.03 0.29 5.5 0.04 2.4 8.5 0.05 0.02 0.40 0.01 0.28 0.19 0.02 0.02 1.2 0.01 0.05 0.01 

G879 
1σ 
error 1.7 11235 0.82 0.87 5465 0.09 2600 20 0.06 3419 68 3.4 0.76 0.32 0.05 0.07 6.0 0.04 3.7 221 

 
MDL 0.88 42 0.08 0.88 8.7 0.09 6.4 21 0.14 0.26 1.2 0.02 0.74 0.62 0.08 0.04 1.4 0.02 0.27 0.02 

G882 
1σ 
error 0.53 2879 104 0.52 3280 0.07 26355 29 0.13 23 45 0.38 0.47 0.37 0.03 0.04 33702 0.02 5.2 0.68 

 
MDL 0.82 41 0.07 0.83 9.2 0.08 8.8 25 0.13 0.30 1.2 0.02 0.73 0.46 0.05 0.05 2.0 0.02 0.50 0.02 

G6946 
1σ 
error 0.62 4021 8.2 5.2 13070 0.07 4024 22 0.06 942 183 0.28 0.59 0.36 0.03 0.04 447 0.01 1.5 17 

 
MDL 0.73 37 0.06 0.63 9.4 0.08 5.9 19 0.09 0.14 0.96 0.02 0.62 0.49 0.05 0.03 0.92 0.02 0.23 0.02 

G6949 
1σ 
error 2.0 8470 0.11 0.77 3348 0.07 1266 18 0.05 1808 65 3.7 0.79 0.14 0.01 0.07 4.0 0.17 5.4 505 
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MDL 0.62 32 0.05 0.53 8.9 0.07 5.1 17 0.07 0.16 0.85 0.01 0.53 0.28 0.03 0.03 0.82 0.02 0.13 0.01 

G11701 
1σ 
error 0.42 7954 19 0.42 3048 0.04 17 13 0.07 25776 156 0.04 0.93 0.30 0.03 0.04 65 0.01 1.5 3.4 

 
MDL 0.50 25 0.04 0.48 6.9 0.06 2.9 14 0.06 0.25 0.80 0.01 0.46 0.32 0.04 0.03 1.0 0.01 0.17 0.01 

G14246 
1σ 
error 1.8 6518 0.35 0.27 1953 0.04 484 6.9 0.05 1582 45 0.85 0.37 0.21 0.01 0.02 15 0.03 0.59 252 

 
MDL 0.40 20 0.03 0.35 4.6 0.04 3.7 8.5 0.06 0.04 0.39 0.01 0.33 0.24 0.02 0.02 0.83 0.01 0.07 0.01 

G14867 
1σ 
error 0.37 4494 11 0.33 1925 0.05 60186 66 0.08 4.7 19 0.43 0.30 0.23 0.02 0.02 982 0.03 0.53 437 

 
MDL 0.55 26 0.04 0.45 6.5 0.06 8.9 12 0.08 0.03 0.51 0.01 0.42 0.29 0.03 0.03 1.9 0.02 0.09 0.02 

Mo16 
1σ 
error 4.1 5726 1.6 1.5 1608 0.08 9437 2.0 0.02 1743 223 0.01 0.04 0.71 - 0.01 35 0.01 0.43 0.37 

 
MDL 0.06 1.0 0.00 - 0.12 0.01 0.82 0.77 - 0.01 0.03 0.001 0.03 0.06 - 0.002 0.03 - 0.01 0.003 

G29851 
1σ 
error 0.68 17398 31 0.87 13465 0.09 103447 20 0.43 228 136 0.08 0.51 1.1 0.05 0.07 37159 0.06 45 319 

 
MDL 0.85 43 0.08 0.88 9.1 0.10 14 23 0.11 0.18 1.4 0.02 0.67 0.52 0.05 0.04 2.1 0.02 0.21 0.02 

ORV4 
1σ 
error 1.7 1018 0.24 0.42 4801 0.03 5383 4.0 0.12 91 113 0.64 0.05 1.0 - - 7.0 0.01 0.38 7.5 

 
MDL 0.12 2.1 0.02 0.13 0.32 0.03 1.6 1.0 - 0.02 0.11 0.003 0.06 0.15 - - 0.05 0.002 0.03 0.01 

G12640 
1σ 
error 15 7330 0.62 0.62 21215 0.07 91213 55 0.11 236 98 0.08 0.70 3.1 0.02 0.04 407 0.05 1.5 6.5 

 
MDL 0.68 34 0.05 0.78 7.7 0.08 11 15 0.10 0.17 1.3 0.02 0.56 0.35 0.04 0.03 1.1 0.02 0.22 0.01 

G13301 
1σ 
error 0.60 11654 177 7.6 7397 0.14 26979 70 0.04 40 895 0.62 0.46 1.2 0.03 0.02 681 0.02 3.3 25 

 
MDL 0.53 26 0.05 0.56 5.2 0.06 4.8 13 0.09 0.15 0.76 0.01 0.45 0.31 0.03 0.03 0.85 0.01 0.21 0.01 

G15977 
1σ 
error 3.1 6462 5.4 0.32 24410 0.06 21116 12 0.04 122 325 0.02 0.36 0.36 0.01 0.08 156 0.01 1.0 2.6 

 
MDL 0.41 21 0.04 0.39 4.6 0.05 3.4 12 0.06 0.08 0.54 0.01 0.36 0.18 0.03 0.02 0.97 0.01 0.09 0.01 

G16835 
1σ 
error 0.87 4402 25 0.63 23381 0.07 86436 14 0.11 967 34 0.17 0.44 0.70 0.06 0.20 5419 0.03 8.9 371 

 
MDL 0.55 25 0.05 0.60 5.0 0.06 8.5 11 0.09 0.10 0.75 0.01 0.45 0.36 0.03 0.02 0.99 0.01 0.12 0.02 

VFI031 
1σ 
error 142 29 0.02 0.18 12202 0.16 21645 245 0.06 4986 124 1.4 0.91 792 0.01 0.59 1784 0.05 7.7 0.22 

 
MDL 0.35 16 0.03 0.27 8.1 0.04 4.2 10 0.04 0.13 0.55 0.01 0.28 0.22 0.02 0.02 0.69 0.01 0.08 0.01 

                      
MDL = minimum detection limit (99% confidence). Dash = insufficient data to perform calculation. 

Error is calculated from internal (counting statistic noise) and external signal uncertainties (mass bias, correction of unknowns to standards, laser induced elemental fractionation [LIEF] and 
instrument drift).   
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ELECTRONIC APPENDIX C FOR CHAPTER 6 

Electronic Appendix C. Complete trace element datasets for tetrahedrite-tennantite, sphalerite, galena and chalcopyrite determined by LA-ICP-MS (data in ppm).  
                         Tetrahedrite-tennantite 

                    Sample Mn Fe Co Ni Cu Zn Ga As Se Mo Ag Cd In Sn Sb Te W Au Hg Tl Pb Bi 

G16396* 1.2 31666 2.1 0.35 I.S. 71229 0.02 3607 - 0.15 52313 6381 0.54 92 403970 1.6 <0.001 0.57 91 0.02 Inc. 16 

 
0.18 32232 2.2 0.21 I.S. 56656 0.02 4685 - 0.03 38003 4385 0.47 1.0 414757 0.69 0.01 1.3 110 0.05 Inc. 1.1 

 
1.3 35925 1.8 0.20 I.S. 88051 0.04 6411 - 0.03 129323 5137 0.45 1.2 459984 3.4 <0.001 1.1 117 0.55 81 1321 

 
2.1 26829 5.4 2.7 I.S. 73561 0.41 5906 - 0.49 26821 5064 0.28 1.7 414580 2.7 0.01 0.96 104 0.02 Inc. 365 

 
0.19 34188 2.8 0.68 I.S. 89780 0.04 3764 - 0.03 130532 4693 0.64 32 463333 0.95 <0.001 0.37 73 0.005 87 6.9 

 
2.1 23409 3.4 0.17 I.S. 105129 0.08 4179 - 0.28 93069 4711 0.47 40 453995 2.3 0.18 1.6 85 0.05 Inc. 16 

 
1.8 26424 2.3 0.18 I.S. 103384 0.10 3945 Inc. 0.04 104085 3878 0.71 2.5 439138 1.7 0.01 0.36 49 0.05 Inc. 2311 

 
3.1 33111 1.6 0.18 I.S. 85478 0.02 5256 - 0.03 123162 4272 0.83 0.15 429298 0.09 0.01 1.1 106 0.05 Inc. 169 

 
1.3 40601 3.5 0.23 I.S. 69797 0.09 4297 - 0.03 129172 5303 0.66 7.3 437146 0.55 0.06 0.06 106 0.05 16 206 

 
0.24 33050 1.9 0.49 I.S. 54174 0.03 4152 - 0.13 14792 5852 0.71 102 400897 0.48 0.08 0.07 93 0.04 Inc. 36 

G11579 36 33277 26 0.31 I.S. 96558 0.03 30443 80 0.04 20899 2494 5.6 0.23 461342 67 - 0.04 77 0.01 0.85 3022 

 
33 34110 21 0.27 I.S. 96178 0.04 31176 40 0.04 22142 2570 6.0 0.20 466437 28 - 0.04 75 0.02 2.9 2596 

 
32 33192 19 0.69 I.S. 105753 0.08 39211 44 0.07 25208 2948 7.3 0.51 571280 40 - 0.03 125 0.02 2.5 3657 

 
31 30583 22 0.29 I.S. 100466 0.03 20379 83 0.04 21772 2447 8.3 0.24 475959 60 - 0.07 43 0.19 8.1 2591 

 
30 31437 16 0.29 I.S. 99155 0.09 21154 51 0.05 21656 2348 7.5 0.79 468965 51 - 0.01 69 0.04 1.5 2754 

 
31 33730 24 0.32 I.S. 97790 0.04 21280 41 0.05 25169 2456 8.3 0.57 488952 24 - 0.01 78 0.05 2.7 2616 

 
34 33976 22 0.42 I.S. 97603 0.04 23854 9.4 0.06 27335 2689 6.2 0.34 516280 63 - 0.01 91 0.04 1.8 2620 

 
33 34722 32 1.8 I.S. 98475 0.05 31050 70 0.31 25095 2540 6.1 0.37 525158 39 - 0.02 111 0.03 2.0 3155 

 
35 32728 18 3.5 I.S. 114107 0.11 28405 57 0.09 25147 3311 8.8 1.4 681930 105 - 0.04 147 0.03 2.7 4392 

 
30 34496 22 0.81 I.S. 108667 0.11 37512 Inc. 0.13 24528 3122 6.3 0.75 674626 26 - 0.04 111 0.08 5.8 2670 

G13289b* 2.0 13813 49 0.13 I.S. 144259 0.02 60855 Inc. 0.02 2656 2224 1.0 1.5 429191 <0.001 <0.001 0.01 8.5 0.13 44 Inc. 

 
0.51 11870 44 0.11 I.S. 139044 0.05 74550 22 0.02 2403 2092 0.13 0.66 393684 0.06 0.01 0.01 11 0.01 143 0.03 

 
0.65 14473 53 0.29 I.S. 134729 0.02 77043 3.7 0.03 3046 1874 0.30 0.14 385364 <0.001 0.01 0.15 2.1 0.07 221 0.41 

 
1.5 10205 38 0.15 I.S. 150589 0.08 62578 4.9 0.02 1862 2649 0.01 0.90 451060 <0.001 0.01 0.01 15 0.72 43 12 

 
0.62 11494 40 0.09 I.S. 132369 0.02 79307 15 0.02 2018 2325 0.02 1.0 365259 <0.001 0.01 0.01 9.9 0.03 203 4.1 

 
0.75 13897 56 0.07 I.S. 125410 0.01 79480 24 0.02 1547 1958 0.03 1.4 335627 0.04 0.01 0.01 9.5 0.03 713 18 

 
0.57 11054 32 0.08 I.S. 129818 0.02 80492 13 0.01 1650 2392 0.02 0.41 341739 <0.001 0.03 0.01 7.6 0.03 724 19 

 
0.33 11618 45 0.12 I.S. 125435 0.01 79956 3.9 0.01 1555 2110 0.004 0.14 335060 <0.001 0.01 0.02 9.3 0.05 354 0.03 

 
0.48 13609 48 0.13 I.S. 126682 0.02 83829 Inc. 0.04 1422 1786 0.71 1.2 352450 0.53 <0.001 0.01 9.6 0.14 226 19 
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0.31 9401 35 0.29 I.S. 132404 0.04 50832 3.6 0.13 2226 2456 0.26 0.65 386750 0.05 0.01 0.02 11 0.28 26 1.9 

G6940 41 39540 0.52 0.40 I.S. 61476 0.08 12597 52 0.03 31995 1723 2.9 1.7 396331 27 0.01 0.01 63 0.03 1.8 1438 

 
41 40226 0.84 0.30 I.S. 56711 0.13 12690 74 0.11 31947 1596 2.4 0.65 370334 65 <0.001 0.01 56 0.02 1.3 1480 

 
51 40742 0.40 0.18 I.S. 60641 0.02 8922 72 0.11 35594 1791 3.4 0.75 402062 28 0.01 0.04 86 0.01 1.7 1398 

 
45 42378 0.49 0.13 I.S. 57541 0.02 18264 80 0.03 33804 1541 3.0 1.3 379608 30 0.01 0.01 65 0.02 1.6 1660 

 
41 39593 0.65 0.14 I.S. 62570 0.02 6457 72 0.02 32134 1774 3.1 0.55 401086 30 0.01 0.01 72 0.02 2.1 1364 

 
24 41136 0.55 0.15 I.S. 60068 0.07 6723 51 0.02 31930 2233 3.5 0.17 393356 83 0.01 0.01 73 0.01 0.93 1509 

 
40 41133 0.50 0.60 I.S. 61308 0.02 10473 42 0.03 33314 2133 2.7 1.7 414570 45 0.01 0.07 83 0.01 1.7 1510 

 
47 43454 0.72 0.43 I.S. 64190 0.06 8237 96 0.17 35113 2107 3.7 1.2 487216 25 0.12 0.02 147 0.07 3.2 1542 

 
50 44020 0.43 0.29 I.S. 60541 0.09 21345 103 0.05 34574 1802 3.9 2.6 428667 26 0.02 0.02 112 0.01 1.4 1837 

 
52 43172 0.45 0.67 I.S. 63807 0.04 20556 90 0.04 32853 1899 5.7 0.70 438708 20 0.02 0.06 106 0.01 2.8 1649 

G13289a* 0.94 11510 35 0.42 I.S. 118233 0.02 86377 4.4 0.02 1689 2205 0.01 0.51 324857 0.09 <0.001 0.01 14 0.02 369 2.0 

 
0.13 6164 14 0.12 I.S. 127472 0.02 76868 3.3 0.02 2455 1873 0.08 0.80 307273 0.06 0.01 0.01 8.2 0.19 18 24 

 
2.2 11195 37 0.12 I.S. 124913 0.02 50583 7.3 0.16 3402 2640 0.13 1.2 353685 <0.001 0.01 0.01 15 0.08 10 0.67 

 
1.2 9289 40 0.35 I.S. 123306 0.01 51540 11 0.02 1448 2030 0.01 0.45 345033 0.09 <0.001 0.01 9.0 0.04 4.6 0.18 

 
0.99 11422 46 0.12 I.S. 119236 0.11 60326 99 0.08 1445 1869 1.3 0.32 343951 <0.001 <0.001 0.01 10 0.04 119 49 

 
0.71 9957 32 0.16 I.S. 122074 0.01 77626 14 <0.001 1680 2276 0.005 0.15 322584 <0.001 0.01 0.01 13 0.07 304 1.1 

 
0.17 11037 51 0.15 I.S. 117968 0.02 49257 35 0.02 1756 1764 0.08 0.15 345284 0.08 0.04 0.01 15 0.05 16 Inc. 

 
1.2 11444 53 0.22 I.S. 117422 0.08 69699 14 <0.001 1453 1884 0.02 0.20 346663 <0.001 <0.001 0.01 17 0.01 130 6.1 

 
0.29 9928 37 0.72 I.S. 123466 0.03 88783 7.2 0.04 1763 2065 0.02 0.74 356879 0.58 0.02 0.01 14 0.03 83 5.2 

 
0.37 9217 31 0.17 I.S. 113559 0.02 58186 15 0.03 1571 1915 0.01 0.15 308215 <0.001 0.01 0.01 11 0.01 22 9.0 

V446 211 52797 0.03 <0.001 I.S. 17063 0.18 47 8.5 0.07 123534 156 1.4 18 334830 0.18 - 0.001 10 0.004 1.9 118 

 
211 54518 0.01 0.50 I.S. 18113 0.14 48 11 <0.001 131463 172 1.3 16 362716 0.04 - 0.04 11 0.07 Inc. 127 

 
186 49521 0.10 <0.001 I.S. 18109 0.26 29 8.9 <0.001 87734 149 1.0 16 324423 <0.001 - 0.002 10 0.47 Inc. 79 

 
210 54915 0.11 0.02 I.S. 17223 0.20 29 21 <0.001 102220 203 0.95 14 367485 <0.001 - <0.001 7.9 0.09 Inc. 120 

V538 126 54637 0.002 <0.001 I.S. 15080 0.21 140 8.9 <0.001 144634 172 0.57 22 339894 0.03 - 0.003 11 0.03 4.8 42 

 
126 53177 <0.001 0.01 I.S. 14911 0.13 53 5.4 <0.001 144809 151 0.61 21 344349 0.32 - <0.001 11 0.56 48 43 

 
114 48945 0.06 <0.001 I.S. 17095 <0.001 84 3.7 <0.001 132288 152 0.73 21 328362 0.03 - 0.01 8.4 0.02 11 49 

Hj13 117 50147 0.13 - I.S. 24225 0.06 156 7.5 0.19 55916 102 0.28 0.03 361858 0.13 <0.001 0.08 0.30 0.39 2.7 3.5 

 
114 53457 0.67 - I.S. 17073 0.03 101 20 <0.001 53319 133 0.17 0.61 360036 2.3 <0.001 0.44 0.26 0.16 2.4 2.1 

 
86 48173 0.10 - I.S. 23434 <0.001 108 3.9 <0.001 63590 98 0.22 0.03 352067 <0.001 <0.001 0.06 0.31 0.50 2.2 2.4 

 
122 51273 0.03 - I.S. 19165 0.04 95 9.3 0.13 48009 136 0.17 0.41 361914 0.26 <0.001 0.11 0.24 0.32 2.9 5.3 

 
126 47254 0.03 - I.S. 22002 0.06 117 7.5 <0.001 50425 100 0.25 0.02 341750 0.62 <0.001 0.06 0.26 0.56 6.5 3.1 

 
80 46996 0.05 - I.S. 24682 0.04 105 7.4 0.07 59395 100 0.23 0.03 340166 <0.001 0.02 0.07 0.37 0.29 3.0 3.5 

 
135 48835 0.03 - I.S. 18632 <0.001 88 12 0.06 51635 134 0.20 Inc. 335632 0.34 <0.001 0.14 0.37 1.0 2.2 3.2 

 
106 45366 0.04 - I.S. 22710 <0.001 151 3.9 0.09 38911 102 0.05 0.04 339022 <0.001 <0.001 0.04 0.57 0.56 3.0 2.9 

 
94 45163 1.1 - I.S. 23772 0.04 128 9.2 0.18 37790 88 0.30 0.05 324531 0.13 <0.001 0.04 0.33 0.54 1.8 1.8 



 

 
 

 
L

U
K

E
 G

E
O

R
G

E
 P

h
.D

. D
ISSE

R
T

A
T

IO
N

 
 

 

301 

G6951* 1.0 173 21 - I.S. 151039 0.04 30432 - 0.03 35395 21464 0.09 0.27 389821 <0.001 - 0.05 20 0.05 44 0.01 

 
0.24 183 21 - I.S. 136419 0.03 30584 - 0.04 29511 21606 0.10 0.21 345842 0.73 - 0.01 19 0.04 56 0.01 

 
1.1 396 22 - I.S. 160797 0.01 40128 - 0.04 32040 26402 0.08 0.15 379921 0.98 - 0.12 20 0.35 Inc. 0.02 

 
1.4 411 27 - I.S. 168827 0.05 39005 - 0.24 37034 29919 0.07 0.40 457188 0.24 - 0.02 65 0.39 91 0.13 

 
0.97 476 25 - I.S. 173027 0.04 39772 Inc. 0.05 37436 27239 0.12 0.78 447330 <0.001 - 0.10 24 0.16 64 0.04 

 
1.8 Inc. 25 - I.S. 167538 0.03 70677 - 0.04 34056 48401 0.14 0.26 426159 0.56 - 0.08 38 0.27 117 0.01 

 
1.9 306 23 - I.S. 204984 0.03 32241 - 0.03 39718 29239 0.13 0.17 491496 <0.001 Inc. 0.10 17 0.24 127 0.06 

 
2.2 562 30 - I.S. 179254 0.04 50884 - 0.04 35547 33298 0.10 0.29 465558 <0.001 - 0.10 28 0.21 Inc. 0.04 

 
2.9 510 36 - I.S. 197578 0.08 55729 - 0.07 35097 31331 0.11 0.26 477786 0.15 - 0.05 26 0.21 132 0.01 

 
1.3 300 38 - I.S. 191539 0.05 56469 Inc. <0.001 38141 30028 0.10 0.35 484994 0.21 - 0.02 32 0.09 52 0.01 

Bv97-52 270 47461 0.02 0.02 I.S. 20840 0.16 141400 5.8 0.04 7409 896 2.5 0.22 104071 - - 0.002 31 0.004 0.41 20 

 
1193 52367 0.03 1.1 I.S. 12219 1.6 211377 4.7 <0.001 3971 1052 4.3 363 2575 - - 0.002 Inc. Inc. 0.88 0.08 

 
364 47969 0.004 <0.001 I.S. 22034 0.13 103140 3.7 <0.001 7537 1018 2.7 0.07 156392 - - 0.002 32 0.002 0.79 12 

 
196 35471 0.004 0.02 I.S. 40841 0.02 161916 1.3 0.10 4590 329 0.29 0.54 81861 Inc. - 0.002 49 <0.001 0.44 7.0 

 
212 35832 0.003 <0.001 I.S. 42308 0.12 163216 4.6 0.05 4535 340 0.30 0.59 80811 - - 0.003 51 <0.001 0.63 8.3 

 
235 59980 <0.001 0.10 I.S. 5862 0.16 185559 2.6 0.01 9617 396 1.4 2.1 31713 - - 0.003 73 0.01 0.29 5.8 

 
381 48749 0.01 0.01 I.S. 23615 0.17 98387 6.5 0.05 7925 1062 3.5 0.28 162687 - - 0.002 25 0.01 0.79 13 

 
258 38382 0.002 <0.001 I.S. 41009 0.19 161361 1.4 0.16 5742 365 0.26 0.60 85267 - - 0.002 63 0.01 1.8 6.9 

G10847 15 10350 0.06 0.29 I.S. 143706 0.47 243107 21 0.17 6116 1174 0.12 0.71 271488 0.25 - 0.02 2313 0.07 8.5 1.3 

 
9.5 9928 0.03 0.91 I.S. 146696 0.62 278285 12 0.18 4568 1421 0.11 0.41 328375 0.33 - 0.03 3095 0.06 36 1.9 

 
15 9728 0.02 0.18 I.S. 144937 0.30 229879 5.5 0.04 5101 1098 0.07 0.64 252690 0.11 - 0.10 1793 0.06 12 1.3 

 
18 9232 0.02 0.15 I.S. 142087 0.22 184679 4.2 <0.001 4477 1218 0.08 2.5 241192 0.62 - 0.30 2043 0.74 Inc. 1.2 

 
14 10331 0.01 0.23 I.S. 137905 0.24 234076 7.1 0.07 1608 1220 0.09 1.6 269257 0.20 - 0.01 2935 0.10 14 1.1 

 
18 10307 0.03 0.67 I.S. 146139 0.36 245469 7.5 0.06 7166 1288 0.10 0.27 280380 0.21 - 0.03 2535 0.01 6.5 1.3 

 
20 9864 0.02 0.27 I.S. 144752 0.28 230923 27 0.03 1857 1312 0.08 1.8 297890 1.4 - 0.02 2868 0.02 10 1.1 

 
24 10109 0.09 0.26 I.S. 147052 0.37 236352 8.3 0.03 1752 1348 0.07 0.26 294628 <0.001 - 0.02 2669 0.02 11 1.2 

 
21 9996 0.02 0.30 I.S. 166803 0.29 293894 10 0.08 2070 1663 0.12 0.79 347368 0.62 - 0.02 3215 0.05 9.8 1.3 

 
24 10200 0.02 0.25 I.S. 148884 0.22 229573 8.4 0.07 16920 1513 0.07 0.26 308602 0.22 - 0.02 3213 0.01 4.6 1.1 

EV8 6.4 53796 0.21 0.15 I.S. 15628 0.18 87 4.4 - 255545 419 1.9 431 293212 0.78 0.03 0.01 10 2.2 31921 984 

 
6.1 54378 0.13 0.58 I.S. 16567 0.18 4.0 31 - 311069 590 0.57 180 348007 0.40 <0.001 0.04 10 5.1 Inc. Inc. 

 
Inc. 68549 0.34 1.4 I.S. 144525 Inc. 117 18 - 294398 1896 8.7 259 306312 0.79 <0.001 0.03 28 4.5 87892 1774 

 
5.8 53853 0.15 0.11 I.S. 14703 0.29 102 15 - 273644 632 1.1 285 303631 0.54 0.01 0.15 12 1.8 33633 1009 

 
8.3 52082 0.19 0.10 I.S. 16881 0.31 168 13 - 271552 715 2.6 720 306846 0.52 0.01 0.06 22 2.5 64226 1489 

 
8.7 49508 0.27 0.11 I.S. 22402 0.33 493 25 - 296578 908 2.4 668 331074 0.64 0.01 0.43 27 6.1 Inc. Inc. 

 
6.8 50051 0.22 0.10 I.S. 16590 0.18 93 3.0 - 260151 773 1.2 335 292667 <0.001 <0.001 0.04 17 0.61 12719 616 

 
15.04 50700 0.14 0.12 I.S. 22758 0.31 127 10 - 294259 1219 4.7 Inc. 322645 <0.001 <0.001 0.02 18 5.7 Inc. Inc. 

 
5.7 57850 0.21 0.32 I.S. 15413 0.04 4.9 15 - 339112 824 1.6 461 354411 2.5 0.15 0.01 34 2.3 Inc. Inc. 
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5.4 54384 0.13 0.12 I.S. 17263 0.07 9.3 56 - 300979 723 1.1 300 330730 2.0 0.01 0.01 12 6.6 Inc. Inc. 

Hj14 36 51776 0.01 <0.001 I.S. 9975 <0.001 58 3.8 0.31 167180 131 0.07 12 293653 0.36 - 3.3 0.38 1.4 Inc. 0.01 

 
86 48435 0.01 <0.001 I.S. 10693 0.03 294 2.4 0.10 173005 145 0.03 12 279682 <0.001 - 7.1 0.26 0.01 Inc. 0.15 

 
88 52222 <0.001 <0.001 I.S. 11137 0.01 369 7.3 <0.001 182311 169 0.01 4.4 293599 <0.001 - 15 0.36 0.01 29 0.003 

 
84 50133 <0.001 <0.001 I.S. 10646 <0.001 446 0.79 <0.001 188588 149 0.01 6.0 295929 <0.001 - 17 0.20 <0.001 34 0.002 

 
94 51173 0.07 0.09 I.S. 11706 0.02 383 1.1 0.09 186483 190 0.13 43 293094 0.16 - 11 0.14 0.01 41 0.002 

 
95 52493 <0.001 <0.001 I.S. 11136 <0.001 309 0.72 <0.001 198797 179 0.06 33 308603 <0.001 - 11 0.24 0.01 52 0.03 

G6948 552 43041 0.09 0.23 I.S. 42397 0.03 11488 187 0.05 26551 968 1.2 73 402035 <0.001 - 0.01 0.49 0.01 3.2 1594 

 
477 43948 0.03 0.33 I.S. 46194 0.06 1900 103 0.07 29794 1220 1.6 57 456198 0.17 - 0.03 0.77 0.01 1.5 2485 

 
465 44237 0.02 0.30 I.S. 42525 0.21 20517 134 0.03 26478 988 1.6 53 418457 0.82 - 0.02 0.62 0.01 3.0 2288 

 
419 42571 0.09 0.85 I.S. 40761 0.02 4617 123 0.03 27681 886 1.7 19 376142 0.74 - 0.01 6.2 0.02 3.7 2089 

 
443 43676 0.03 0.30 I.S. 46845 0.03 14202 170 0.08 26919 1051 1.4 62 434544 <0.001 - 0.02 0.63 0.01 2.6 3016 

 
512 45685 0.03 0.29 I.S. 44406 0.04 11672 276 <0.001 29724 1019 1.6 52 453027 0.53 - 0.02 0.65 0.02 1.7 2318 

 
550 42937 0.21 0.29 I.S. 47274 0.15 4791 68 0.03 29154 1087 1.3 124 436845 0.29 - 0.02 Inc. 0.01 11 1485 

 
614 42985 0.13 0.26 I.S. 49753 0.04 3153 167 0.03 30838 1080 1.4 93 435529 1.5 - 0.02 Inc. 0.04 4.9 1757 

 
499 43061 0.27 0.63 I.S. 47372 0.03 4378 50 0.06 27535 1050 1.2 61 413303 0.88 - 0.01 6.6 0.02 2.3 1389 

 
636 42539 0.25 0.14 I.S. 46071 0.01 5497 77 0.20 31586 980 1.3 53 373290 0.46 - 0.04 3.5 0.02 12 909 

G14549b 2.5 36716 0.32 0.86 I.S. 65969 0.21 2255 4.2 0.03 44759 6192 0.10 14 405268 <0.001 - 0.85 36 0.40 Inc. 1187 

 
4.5 35231 0.39 2.0 I.S. 95168 0.18 1950 29 0.29 42035 3617 0.84 52 398781 <0.001 - 0.38 43 1.2 1926 344 

 
Inc. 44137 1.1 0.17 I.S. 44081 0.23 3411 11 <0.001 35349 3644 0.36 29 388056 0.07 - 0.22 27 2.0 402 271 

 
3.1 38255 0.87 0.41 I.S. 75910 0.21 1623 5.2 0.03 Inc. 4902 0.46 Inc. 431676 <0.001 - 0.27 33 0.24 448 130 

 
2.0 44077 0.88 Inc. I.S. 40637 0.19 1378 26 0.26 58691 3989 0.32 34 403104 0.10 - 0.63 91 1.0 169 39 

 
2.9 45311 2.7 0.21 I.S. 48890 0.09 1213 5.2 <0.001 44370 3439 0.28 4.1 412835 0.33 - 0.41 19 1.5 213 254 

 
0.32 40089 3.1 0.32 I.S. 43457 0.05 1234 8.4 0.03 41662 4721 0.32 1.3 429886 0.58 - 0.49 75 0.57 1928 612 

 
2.1 32321 1.3 0.13 I.S. 67264 0.02 Inc. 14 0.29 57887 5978 0.51 32 401587 0.07 - 0.29 45 0.51 Inc. 601 

 
2.8 40528 0.68 0.79 I.S. 51676 0.02 2956 6.2 0.02 63071 3791 0.03 1.1 409639 0.10 - 0.16 Inc. 0.22 374 1054 

 
0.81 33665 0.67 0.13 I.S. 50654 0.02 1274 3.9 0.02 50831 7036 0.06 2.9 349410 0.11 - 0.20 52 0.63 1509 258 

Mo17A Inc. 33606 0.005 0.17 I.S. 10099 <0.001 59632 3.1 <0.001 11511 1443 0.02 0.16 83708 1.6 - <0.001 3.6 0.002 3.7 4.4 

 
0.69 36316 <0.001 <0.001 I.S. 11688 0.003 57046 9.2 0.01 16503 1256 0.01 0.01 96058 1.5 - 0.27 0.85 0.001 8.1 3.9 

 
0.41 44542 0.10 <0.001 I.S. 14151 0.003 1270 6.4 0.12 91483 2310 0.02 0.02 212140 1.3 - 0.01 2.6 0.23 2.4 2.5 

 
0.39 43583 0.07 <0.001 I.S. 13707 0.03 1403 6.1 0.04 83013 1953 0.03 0.06 211961 0.20 - 0.01 2.3 <0.001 0.40 2.7 

 
0.48 41403 0.51 <0.001 I.S. 14225 0.003 2163 4.4 <0.001 65796 1767 0.03 0.02 200882 0.15 - 0.01 0.90 0.35 12 3.0 

 
0.51 40009 0.27 0.01 I.S. 13079 0.01 1120 5.5 0.04 69372 1775 0.03 0.12 199834 0.22 - 0.05 1.0 0.12 4.5 2.5 

ORV1 0.34 8163 20 3.2 I.S. 72335 <0.001 41486 26 0.14 3394 1191 0.39 0.18 227560 0.90 - 0.004 33 <0.001 7.2 Inc. 

 
0.40 8178 22 2.8 I.S. 73955 0.14 42114 0.77 <0.001 3357 1042 0.43 0.03 237564 <0.001 - <0.001 24 <0.001 4.7 0.18 

 
0.16 8228 23 1.7 I.S. 70362 0.01 35926 15 <0.001 3384 1070 0.90 0.08 245674 <0.001 - <0.001 38 <0.001 9.7 11 

 
0.04 33437 2.9 6.9 I.S. 1997 0.09 20741 5.7 0.14 5630 108 0.07 0.02 258020 0.30 Inc. 0.01 25 0.02 Inc. 0.05 
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0.05 30660 13 6.9 I.S. 9157 0.06 20882 51 0.48 5163 682 0.09 0.17 263172 1.3 - 0.05 69 0.01 Inc. 4.6 

 
0.12 7161 23 2.8 I.S. 76801 <0.001 35247 22 0.11 3131 954 0.35 0.02 244792 0.73 - <0.001 36 <0.001 1.8 Inc. 

 
0.18 6742 25 0.87 I.S. 78404 0.06 29179 5.1 0.18 3739 1293 0.53 0.17 257401 <0.001 - <0.001 29 0.005 3.4 2.9 

 
0.17 9760 27 0.80 I.S. 74391 <0.001 38090 33 <0.001 3555 1331 0.51 0.04 235996 <0.001 - 0.01 33 0.002 3.4 37 

 
0.28 9164 25 1.8 I.S. 71749 <0.001 30933 17 0.11 3996 1414 0.58 0.39 247532 <0.001 - <0.001 33 <0.001 1.9 0.42 

 
0.05 12846 50 0.62 I.S. 65594 0.06 31149 40 0.10 4883 707 0.11 0.06 240187 0.21 - <0.001 Inc. <0.001 0.32 39 

G14549a 1.1 29362 0.28 0.14 I.S. 53372 0.02 2523 4.2 0.02 61232 2506 0.02 1.9 329615 0.32 0.01 0.08 24 0.29 861 281 

 
2.9 33659 1.5 4.3 I.S. 40046 0.14 4139 17 0.12 62819 3186 0.37 2.4 315541 0.10 0.02 0.36 24 0.36 Inc. 5336 

 
1.8 15481 0.83 0.46 I.S. 102544 0.07 5472 18 0.03 53031 3795 0.01 1.7 368223 <0.001 0.01 0.19 24 0.16 Inc. 1656 

 
1.2 36529 0.30 1.1 I.S. 40439 0.11 2876 2.7 0.01 39740 2425 0.16 22 355981 <0.001 <0.001 0.20 17 0.54 689 826 

 
0.91 38173 0.78 0.81 I.S. 34348 0.09 5825 12 0.02 43820 2102 0.61 102 343816 0.09 <0.001 0.11 19 0.46 957 1636 

 
1.5 39048 0.45 0.14 I.S. 84213 0.16 2948 26 0.03 40725 4472 5.1 24 342205 0.09 <0.001 0.24 33 0.38 Inc. 4866 

 
1.4 34346 0.59 0.09 I.S. 45033 0.15 3252 8.4 0.02 46559 2386 0.17 17 340651 0.08 0.01 0.49 21 0.12 Inc. 3668 

 
1.3 36198 0.79 0.35 I.S. 41816 0.08 5311 0.24 0.01 33540 2103 0.51 79 312188 <0.001 0.05 0.09 8.4 0.47 810 1285 

 
1.5 34995 1.0 0.65 I.S. 40418 0.25 4001 14 0.02 50036 3618 0.62 93 311011 <0.001 0.01 0.15 30 0.19 Inc. 4193 

 
0.62 35231 0.81 0.42 I.S. 40953 0.21 3534 24 0.01 39030 4449 0.66 82 336306 <0.001 0.01 0.09 51 0.07 929 4194 

G873 1.1 28825 0.60 0.31 I.S. 93856 0.17 119007 9.6 0.13 48136 4042 8.1 1.1 409557 0.70 0.03 0.22 73 0.03 30 0.19 

 
2.5 25912 0.17 0.37 I.S. 102707 0.04 119275 9.3 0.06 46933 3087 10 0.32 402930 0.15 0.03 0.07 57 0.07 22 0.09 

 
1.3 26263 0.47 0.49 I.S. 115321 0.07 156752 15 0.05 50736 4828 11 0.50 494590 0.23 0.03 0.08 88 0.08 27 0.09 

 
1.6 30034 5.4 0.40 I.S. 101813 0.13 117266 12 0.05 63925 5223 8.2 1.4 476415 0.19 0.03 0.02 92 0.05 25 0.35 

 
1.3 30338 5.2 0.28 I.S. 88921 0.09 114694 40 0.05 52253 4345 7.8 0.79 380403 0.20 0.02 0.05 94 0.04 26 0.05 

 
0.77 27312 0.47 0.18 I.S. 101701 0.08 93092 4.9 2.9 51396 7664 12 0.87 381658 <0.001 0.01 Inc. 64 0.33 Inc. 0.06 

 
4.0 26677 1.1 0.21 I.S. 90434 0.02 94597 20 0.04 49685 3919 7.3 0.19 361713 0.09 <0.001 0.19 52 0.07 Inc. 0.03 

 
0.19 26546 0.50 0.18 I.S. 87712 0.13 100298 5.1 0.03 44795 4247 9.5 0.42 331473 0.23 0.12 0.04 46 0.01 19 0.05 

 
2.4 23851 0.10 0.98 I.S. 96496 0.02 85400 3.9 0.03 45197 2835 10 0.71 336158 0.06 <0.001 0.04 21 0.06 24 0.09 

 
1.0 22494 0.33 0.15 I.S. 98155 0.13 77970 8.0 0.02 44774 2913 13 0.71 342780 0.06 0.05 0.01 36 0.06 12 0.08 

G16152 0.98 26401 3005 17 I.S. 84799 0.03 179370 6.5 0.11 4224 656 4.0 2.6 274713 - 0.02 0.01 3145 0.02 3.0 38 

 
0.32 26596 3042 9.3 I.S. 86671 0.12 233465 9.2 1.8 4377 678 4.0 38 290133 - 0.03 0.01 4872 0.02 Inc. 94 

 
0.34 28911 2733 15 I.S. 87701 0.04 312625 38 3.6 3803 551 3.6 167 256933 - 0.02 0.02 2352 0.03 55 7.3 

 
0.16 19365 2769 9.5 I.S. 97498 0.02 88635 4.4 0.25 5868 677 5.0 1.4 320734 - <0.001 0.01 3977 0.07 4.2 Inc. 

 
0.27 24707 3088 11 I.S. 86615 0.07 176640 7.7 0.88 4518 692 1.8 3.7 310184 - 0.01 0.01 4273 0.01 4.1 22 

 
0.42 24560 2800 5.9 I.S. 83268 0.01 145921 7.6 2.5 3791 601 2.6 9.7 245887 - <0.001 0.08 1949 0.03 37 7.5 

 
0.75 26822 2821 4.4 I.S. 77978 0.03 202577 32 0.80 4292 717 4.9 35 248094 - <0.001 0.02 3984 0.01 Inc. 29 

 
0.26 27166 2163 15 I.S. 81539 0.05 218215 8.1 1.4 3903 709 1.6 11 265606 - 0.06 0.02 2718 0.01 3.4 6.1 

 
1.0 26862 2577 27 I.S. 80129 0.03 222436 9.5 7.5 4793 801 1.6 7.9 300080 - <0.001 0.02 3324 0.02 5.4 2.7 

 
0.24 12364 126 0.97 I.S. 113744 0.08 117552 7.6 0.46 4956 745 1.4 0.52 324755 - <0.001 0.01 3963 0.02 17 55 

G871 0.58 19847 470 1.5 I.S. 19043 0.03 32093 16 0.06 322 71 0.01 0.21 375093 0.81 0.02 0.02 189602 0.04 0.20 0.11 
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0.35 16636 361 0.27 I.S. 25532 0.04 13554 9.5 <0.001 320 102 0.04 0.30 427876 <0.001 0.02 0.02 252741 0.01 3.9 0.26 

 
0.22 11291 566 0.45 I.S. 26275 0.08 56126 29 0.11 400 164 0.10 0.20 335621 0.23 0.02 0.02 199870 0.01 0.34 0.35 

 
0.26 12451 611 0.21 I.S. 33978 0.08 91346 7.4 0.18 407 213 0.02 1.2 333815 <0.001 0.07 0.04 170873 0.01 2.3 0.18 

 
0.90 20398 145 0.21 I.S. 17236 0.03 160177 31 0.03 298 55 0.43 0.20 265324 0.64 0.02 0.02 110684 0.02 1.8 0.46 

 
0.24 12776 135 0.22 I.S. 17892 0.03 69862 7.0 0.03 400 89 0.03 0.21 333813 <0.001 <0.001 0.08 171082 0.01 0.66 0.06 

 
1.6 11621 Inc. 0.85 I.S. 35014 0.01 83441 16 0.22 334 208 0.10 0.11 282146 0.09 <0.001 0.01 80323 0.004 3.6 0.22 

 
0.22 10503 197 0.21 I.S. 19795 0.02 61098 6.4 0.03 425 136 0.04 0.57 323076 <0.001 0.01 0.02 154442 0.01 0.44 0.06 

 
0.11 13176 229 0.59 I.S. 29500 0.01 40633 21 0.01 404 89 0.16 0.33 301971 <0.001 0.07 0.01 66921 0.04 1.9 0.71 

 
0.18 9581 727 0.67 I.S. 33601 0.11 65944 27 0.55 412 268 0.01 0.16 302144 0.19 <0.001 0.01 95804 0.01 3.1 0.07 

G874 0.13 31143 440 0.11 I.S. 18837 0.09 90487 16 0.03 167 40 3.3 0.50 270609 0.33 0.01 0.01 51135 0.01 4.6 1.2 

 
0.19 9414 317 0.52 I.S. 74668 0.02 64328 4.5 0.12 196 256 0.51 0.15 331700 0.11 0.02 0.01 123817 0.01 7.6 0.02 

 
0.71 18981 1306 0.15 I.S. 47243 0.02 78753 50 0.13 223 111 2.9 0.14 318690 0.31 0.04 0.01 103980 0.02 6.4 1.4 

 
0.14 12486 568 0.23 I.S. 75477 0.02 44565 28 0.10 176 159 0.58 0.12 328259 <0.001 0.03 0.01 55954 0.004 2.7 0.01 

 
0.41 9487 181 0.15 I.S. 85319 0.03 69449 4.7 0.26 189 309 0.88 0.57 336530 0.13 <0.001 0.01 76309 0.01 6.4 0.03 

 
0.21 10787 169 0.18 I.S. 88950 0.03 80486 11 0.17 153 186 3.0 1.2 334090 <0.001 0.02 0.04 62355 0.01 8.7 0.02 

 
0.54 8189 682 0.10 I.S. 62623 0.01 34091 2.6 0.10 266 590 1.2 0.46 339391 0.51 0.01 0.01 92937 0.01 6.8 0.54 

 
0.17 10273 715 0.14 I.S. 68534 0.05 51657 4.0 0.02 211 407 3.2 0.56 337872 0.07 0.01 0.02 94192 0.01 2.6 0.95 

 
0.62 9397 122 0.16 I.S. 84265 0.02 62012 16 0.15 199 301 0.35 0.16 348833 0.17 0.06 0.01 69100 0.02 0.39 0.02 

 
1.5 18417 1071 0.25 I.S. 39771 0.03 96639 7.0 0.05 277 274 2.1 0.86 392516 0.12 <0.001 0.01 131952 0.03 13 0.51 

G879 11 60379 1.4 0.99 I.S. 32979 0.24 3353 - - 27498 357 17 0.40 577874 0.26 0.03 0.06 19 0.10 8.2 1196 

 
Inc. 55658 Inc. Inc. I.S. 39533 0.03 4499 - - 22851 431 23 0.58 476823 0.13 <0.001 0.40 24 0.36 91 1344 

 
12 56776 2.6 0.48 I.S. 32644 0.23 2036 - - 27942 362 16 0.44 563315 0.26 0.05 0.08 9.8 0.08 3.2 1059 

 
7.6 57337 1.9 0.30 I.S. 32054 0.04 4251 - - 25411 284 15 0.28 494550 <0.001 <0.001 0.06 8.7 0.02 2.4 624 

 
6.5 56408 4.2 9.3 I.S. 41733 0.16 9538 - - 31518 496 19 3.7 672341 0.59 0.06 0.03 39 0.20 37 1228 

 
1.6 52942 9.6 0.37 I.S. 44244 0.04 3300 Inc. - 23398 406 11 1.8 498860 <0.001 0.03 0.02 31 0.01 2.1 1100 

 
5.6 55623 2.6 0.47 I.S. 33504 0.06 7464 - - 23037 345 13 0.40 505839 0.35 0.03 0.12 11 0.05 2.8 1051 

 
12 52774 2.5 1.1 I.S. 35319 0.52 2328 - - 24291 395 19 4.5 479191 0.16 0.15 0.13 14 0.21 28 1225 

 
3.3 54001 2.2 0.47 I.S. 32815 0.05 13984 - - 22527 375 8.6 2.0 500881 1.1 <0.001 0.02 25 0.01 1.5 2668 

 
5.5 54156 5.8 3.3 I.S. 31000 0.04 34800 - - 20638 349 10 0.36 463099 <0.001 0.03 0.01 21 0.01 5.3 796 

G882 0.38 33234 1246 0.39 I.S. 19620 0.11 225825 54 0.73 234 194 5.6 0.33 288425 0.22 0.02 0.09 79492 0.01 24 6.6 

 
2.1 33341 1090 1.2 I.S. 18815 0.20 242130 11 1.1 226 160 0.32 0.37 323348 1.6 0.02 0.14 73554 0.05 128 6.8 

 
0.40 30600 976 0.47 I.S. 36154 0.04 180662 27 0.20 213 106 3.2 1.6 354014 0.31 0.02 0.03 64653 0.01 40 1.9 

 
0.46 34967 211 0.48 I.S. 19259 0.23 154997 62 0.12 284 126 2.9 1.8 402352 0.51 0.08 0.03 45776 0.06 8.4 7.3 

 
0.42 32265 165 0.43 I.S. 29407 0.05 109532 13 0.33 293 541 0.19 0.37 432078 0.22 0.02 0.03 66763 0.01 38 9.0 

 
0.40 31993 1190 0.99 I.S. 22723 0.29 229050 220 0.06 231 184 5.8 0.36 325212 0.55 0.06 0.02 70068 0.01 35 8.2 

 
0.52 31768 290 0.54 I.S. 39165 0.23 163180 16 0.27 268 131 1.7 0.48 449131 2.6 0.06 0.03 46722 0.02 16 2.9 

 
1.7 25661 702 0.38 I.S. 37233 0.04 118049 130 0.63 427 213 3.4 0.35 424295 0.19 <0.001 0.02 119006 0.12 78 4.9 
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0.31 6506 106 0.29 I.S. 24693 0.04 92024 10 0.04 449 805 0.08 0.30 349695 0.23 0.02 0.05 321170 0.01 0.16 0.05 

 
0.43 8096 157 0.45 I.S. 20913 0.11 144649 14 0.06 403 816 0.11 0.84 346574 0.45 0.11 0.02 348698 0.01 0.24 0.09 

G6946 0.36 21741 39 15 I.S. 109448 0.04 29118 102 0.16 6386 1237 1.8 0.30 456856 <0.001 <0.001 0.02 2615 0.01 2.5 68 

 
0.36 23844 29 22 I.S. 102458 0.23 25145 30 0.06 6452 1091 1.5 0.31 458643 0.84 <0.001 0.04 1523 0.01 3.7 46 

 
0.52 25611 22 21 I.S. 105561 0.05 40632 60 0.05 7077 1661 0.79 3.1 524278 0.25 <0.001 0.06 3494 0.01 27 19 

 
1.3 24455 24 20 I.S. 102094 0.04 26061 32 0.08 6365 1175 0.78 1.2 458701 <0.001 0.03 0.02 1335 0.01 1.0 17 

 
1.7 17738 126 19 I.S. 112987 0.22 22152 49 0.12 5933 1173 0.85 0.71 405648 <0.001 <0.001 0.01 1896 0.01 1.4 39 

 
1.1 24993 13 34 I.S. 96603 0.14 18097 39 0.03 6332 1141 0.63 1.1 455560 0.62 0.02 0.01 1132 0.01 4.2 25 

 
1.7 20152 116 35 I.S. 118667 0.04 24706 104 0.05 6012 1248 1.2 4.1 490330 0.27 <0.001 0.02 1509 0.01 6.6 502 

 
4.4 17739 77 40 I.S. 120207 0.16 32744 79 0.04 5531 1399 1.9 7.2 474152 0.29 <0.001 0.08 2322 0.01 Inc. 147 

 
1.3 21795 45 36 I.S. 107532 0.28 21040 81 0.03 6051 1283 2.2 3.6 466161 1.0 0.03 0.02 1708 0.03 9.2 66 

 
1.3 21848 42 35 I.S. 109075 0.15 26069 50 0.14 5884 1275 2.2 1.9 474394 0.27 0.07 0.02 1641 0.01 10 55 

G6949 7.7 54438 0.04 0.33 I.S. 31734 0.04 6430 10 0.06 12747 306 19 1.6 488225 <0.001 - 0.02 13 0.60 18 2079 

 
8.1 57377 0.51 0.37 I.S. 32551 0.06 6847 28 0.06 10969 259 29 8.4 486756 Inc. Inc. 0.25 18 1.2 52 2341 

 
5.9 54909 0.02 1.4 I.S. 25677 0.15 8861 16 0.02 12397 237 11 0.57 418388 0.40 - 0.09 11 1.1 29 2700 

 
32 55487 0.75 Inc. I.S. 29965 0.17 16439 8.3 0.04 11392 213 15 4.9 460376 <0.001 - Inc. 9.5 0.34 15 3684 

 
9.1 56484 0.03 0.22 I.S. 26248 0.07 8437 24 0.02 11564 251 9.4 0.54 426552 0.11 - 0.01 6.3 0.08 1.7 3266 

 
8.8 55657 0.12 6.7 I.S. 29109 0.04 8419 40 0.18 12799 294 13 3.1 460980 0.14 - 0.18 10 1.1 26 1261 

 
11 55621 0.54 7.3 I.S. 28174 0.02 7737 4.5 0.02 12431 311 12 2.5 427218 0.08 - 0.12 11 0.47 27 2222 

 
16 56442 0.01 3.3 I.S. 26032 0.25 7639 5.9 0.02 11598 269 9.3 1.5 418326 0.16 - 0.05 19 0.93 11 2080 

 
8.3 57910 0.75 0.39 I.S. 35942 0.06 8334 12 0.05 14518 376 19 1.8 594767 0.22 - 0.07 18 0.22 1.9 5164 

 
5.9 53095 0.40 3.2 I.S. 33139 0.05 10073 12 0.41 11737 312 18 5.2 531971 <0.001 - 0.10 19 0.56 7.3 3411 

G11701 0.29 50615 77 0.27 I.S. 25475 0.04 148 8.7 0.11 301902 483 0.06 0.83 370762 <0.001 0.02 0.02 282 0.13 3.6 24 

 
0.26 43795 60 0.23 I.S. 22184 0.03 130 38 0.04 226723 714 0.12 2.0 328429 0.23 <0.001 0.01 164 0.01 3.0 80 

 
1.7 41475 72 1.9 I.S. 23280 0.03 127 7.5 0.03 214605 1706 0.19 0.24 320655 0.17 <0.001 0.02 219 0.02 2.3 21 

 
2.4 49444 67 0.22 I.S. 23519 0.02 132 5.7 0.25 270378 303 0.20 9.3 336723 <0.001 0.02 0.01 77 0.01 11 38 

 
1.1 49919 68 0.33 I.S. 26385 0.03 164 8.4 0.05 282370 435 0.16 0.28 372828 <0.001 <0.001 0.02 137 0.01 6.6 23 

 
1.4 45703 79 1.1 I.S. 24095 0.03 138 41 <0.001 238149 1621 0.20 2.5 346840 <0.001 <0.001 0.03 257 0.01 3.6 24 

 
0.61 26309 55 0.14 I.S. 56852 0.01 86 3.3 0.08 210048 2536 0.16 1.6 288463 0.08 0.07 0.03 215 0.003 6.5 12 

 
1.1 42757 106 0.88 I.S. 22918 0.04 112 6.9 0.03 205438 550 0.09 2.1 334038 <0.001 0.03 0.05 104 0.01 9.8 4.3 

 
0.93 44627 121 0.25 I.S. 24090 0.03 88 6.7 0.12 219621 331 0.14 25 336465 0.71 <0.001 0.20 104 0.01 9.1 2.3 

 
1.3 45306 73 0.26 I.S. 31393 0.18 210 6.9 0.03 245633 2559 0.13 7.4 348983 <0.001 0.02 0.02 361 0.02 5.8 2.3 

G14246 Inc. 49883 5.0 0.16 I.S. 38865 0.15 4544 - 0.02 12860 428 2.1 0.98 398745 0.52 0.01 0.01 18 0.01 1.1 3075 

 
36 50059 5.2 0.45 I.S. 36883 0.16 11959 - 0.12 12736 436 2.2 0.73 390849 0.08 <0.001 0.02 18 0.03 1.0 1263 

 
19 51217 0.61 0.13 I.S. 35923 0.07 4069 - <0.001 12197 431 4.2 3.3 385601 <0.001 0.01 0.01 34 0.26 8.4 2185 

 
6.7 54006 3.3 0.25 I.S. 30369 0.03 3392 Inc. 0.04 12439 411 5.1 2.0 433938 <0.001 0.01 0.02 61 0.07 2.8 3488 

 
6.4 56695 1.8 0.20 I.S. 23564 0.10 2025 - 0.03 13386 338 14 2.6 397864 0.08 <0.001 0.03 78 0.10 2.1 3488 
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35 59576 2.7 0.47 I.S. 18171 0.02 2536 - 0.02 14608 283 11 1.2 403100 0.65 0.03 0.01 91 0.08 1.6 873 

 
12 58672 1.9 0.15 I.S. 16411 0.02 9359 - 0.06 12274 308 10 0.87 374784 <0.001 <0.001 0.01 69 0.09 2.8 1623 

 
34 52332 2.7 0.12 I.S. 28226 0.02 8951 - 0.02 13371 408 2.3 0.61 383770 0.05 0.01 0.04 39 0.16 9.8 3295 

 
5.6 58359 3.6 0.20 I.S. 17146 0.03 2660 - 0.19 14772 301 9.6 2.2 397867 0.57 0.01 0.05 94 0.04 1.1 2389 

 
11 58918 3.4 0.21 I.S. 16307 0.05 3144 - 0.07 14553 308 12 0.24 409492 0.29 0.01 0.02 81 0.01 1.0 1014 

G14867 0.28 56754 151 0.19 I.S. 17904 0.10 552799 338 0.05 66 194 3.0 0.21 98170 0.10 - 0.03 1234 0.05 2.4 3758 

 
Inc.  52379 148 0.18 I.S. 16011 0.04 529296 300 0.02 58 169 3.0 0.70 66246 0.13 - 0.01 1294 0.49 Inc. 3505 

 
0.70 50621 141 1.1 I.S. 15174 0.02 530265 257 0.02 85 146 2.8 0.98 62603 <0.001 - 0.05 1408 0.45 Inc. 3293 

 
0.37 49175 150 0.34 I.S. 17303 0.05 498297 350 0.35 109 198 3.2 1.5 158469 0.34 - 0.02 11036 0.08 4.0 5937 

 
0.36 51786 142 0.31 I.S. 15572 0.01 370539 301 0.30 66 174 3.0 0.42 108947 <0.001 - 0.02 2622 0.24 Inc. 2677 

 
0.16 49445 145 0.13 I.S. 16594 0.10 410102 124 0.17 93 164 3.0 1.3 123147 0.06 - 0.01 7091 0.01 3.2 3130 

 
0.36 50566 149 0.91 I.S. 17012 0.13 535019 429 0.23 53 179 2.7 0.30 143414 0.25 - 0.02 8673 0.01 2.9 4586 

 
0.41 50694 148 0.36 I.S. 17839 0.14 549079 1175 0.04 44 202 2.9 0.68 159738 1.7 - 0.02 8999 0.05 4.3 2724 

 
0.24 50947 145 1.6 I.S. 16647 0.04 476369 186 0.13 52 201 4.0 0.42 120218 0.84 - 0.01 5684 0.05 2.3 3263 

 
0.38 49624 143 0.32 I.S. 16904 0.04 535705 296 0.24 73 201 2.8 0.30 145757 <0.001 - 0.02 5060 0.01 1.9 4806 

Mo16 14 34434 0.002 <0.001 I.S. 15116 0.02 30592 15 0.03 19270 1866 0.02 0.06 119768 1.5 - 0.01 27 0.001 2.9 3.8 

 
9.1 37210 21 5.0 I.S. 8144 0.17 84476 8.9 <0.001 10799 1086 0.03 0.14 58367 3.4 - 0.05 43 0.10 Inc. 1.9 

 
22 37118 0.04 <0.001 I.S. 3125 <0.001 81385 8.8 <0.001 7618 688 0.03 0.12 49820 1.2 - 0.01 23 0.001 1.6 2.4 

G29851 2.6 42398 75 0.45 I.S. 47180 0.05 584483 37 0.21 747 577 0.21 1.3 30080 1.2 0.02 0.02 74368 0.08 82 529 

 
0.49 41167 72 0.51 I.S. 42074 0.04 492228 12 0.20 663 485 0.22 0.38 27604 0.23 0.17 0.03 73872 0.04 32 322 

 
0.48 41066 93 1.0 I.S. 51287 0.06 456357 77 2.5 1064 560 0.36 1.8 114627 0.32 0.03 0.02 80459 0.01 65 859 

 
0.51 37436 103 2.1 I.S. 54333 0.07 458896 55 0.42 1512 729 0.39 0.40 161189 3.5 0.04 0.03 107978 0.01 42 4745 

 
0.64 37817 131 1.4 I.S. 71298 0.36 585677 48 2.1 1662 633 0.50 2.0 191550 2.0 0.03 0.03 102337 0.04 110 693 

 
0.39 45235 63 0.95 I.S. 48526 0.05 594945 26 0.08 660 505 0.27 0.30 40011 4.4 0.23 0.02 71154 0.02 105 310 

 
0.35 42168 98 0.40 I.S. 45208 0.20 565908 9.8 0.40 583 433 0.20 0.28 25369 0.72 0.06 0.03 74343 0.02 27 653 

 
0.93 37111 53 0.85 I.S. 44820 0.04 559474 24 0.50 648 409 0.15 0.27 23769 1.2 0.03 0.02 72212 0.09 236 556 

 
2.0 48881 43 2.6 I.S. 37919 0.04 497179 9.8 2.8 741 466 0.41 2.0 26127 1.8 0.02 0.73 95588 0.68 295 1835 

 
0.39 43990 51 0.45 I.S. 49453 0.04 565084 33 1.0 807 552 0.41 0.32 75105 1.5 0.06 0.15 56308 0.23 84 3110 

ORV4 60 9115 2.6 0.87 I.S. 94207 0.03 42323 16 0.11 1662 1576 5.8 0.03 266862 3.6 - - 22 0.002 2.6 398 

 
30 10508 0.87 2.1 I.S. 87850 <0.001 59294 12 0.19 1436 1465 6.4 0.02 242188 2.3 - - 26 0.001 1.6 83 

 
25 10416 2.8 2.8 I.S. 89264 <0.001 48058 11 0.15 1576 1557 6.3 0.07 260251 1.0 - - 30 <0.001 Inc. 301 

 
49 13773 1.9 0.56 I.S. 87215 <0.001 110832 12 0.16 832 1184 2.6 0.04 131496 17 - - 12 <0.001 1.2 Inc. 

 
0.38 33243 Inc. 1.5 I.S. 31854 <0.001 46230 4.2 <0.001 1832 658 0.16 0.03 245803 <0.001 - - 78 0.04 2.3 1.3 

 
0.34 14723 8.1 1.1 I.S. 83122 0.01 57027 4.8 0.26 1294 694 4.3 0.21 255710 0.90 - - 49 0.01 7.8 8.6 

 
85 10426 1.4 2.4 I.S. 95007 <0.001 59050 16 1.0 1337 1332 4.7 0.13 262609 2.8 - - 19 0.02 4.1 203 

 
38 9796 1.3 0.95 I.S. 94909 <0.001 41986 11 <0.001 1360 1614 5.8 0.04 287424 1.8 - - 31 <0.001 2.4 109 

 
0.86 19912 7.5 0.71 I.S. 79547 0.10 41084 11 <0.001 1534 884 1.7 0.09 289018 0.66 - - 66 0.04 0.76 120 
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3.8 8828 3.2 6.1 I.S. 99578 0.07 59258 18 <0.001 1225 1725 7.4 0.03 263965 0.46 - - 37 0.01 3.0 38 

G12640 86 38169 2.9 0.93 I.S. 108446 0.17 401110 124 0.04 1267 635 0.34 2.6 228726 5.7 0.02 0.02 1665 0.04 9.7 62 

 
91 37803 3.6 0.48 I.S. 112812 0.05 413475 91 0.04 1306 640 0.36 2.0 228565 5.5 <0.001 0.01 1737 0.02 8.4 59 

 
86 37394 3.3 0.48 I.S. 109756 0.05 426326 138 0.08 1246 622 0.32 2.0 228479 13 0.02 0.02 1807 0.01 8.1 50 

 
58 36752 3.2 0.40 I.S. 108277 0.11 395135 121 0.20 1093 609 0.32 3.1 213923 4.8 0.11 0.02 1580 0.03 3.9 53 

 
69 35354 2.8 0.24 I.S. 111317 0.21 329379 99 0.15 1209 611 0.32 2.6 202632 8.8 <0.001 0.01 1241 0.32 6.7 52 

 
91 36864 2.2 0.53 I.S. 115205 0.06 423460 116 0.14 1438 695 0.34 1.2 249020 4.7 0.02 0.06 1874 0.01 5.7 68 

 
83 35087 3.3 0.22 I.S. 112662 0.02 337115 100 0.65 1133 676 0.31 1.9 206576 5.5 0.01 0.11 1233 0.70 5.4 55 

 
57 33844 2.6 1.7 I.S. 122114 0.05 372837 92 0.07 1717 704 0.36 5.7 318188 7.8 0.02 0.02 2268 0.01 6.0 66 

 
82 37948 3.1 0.95 I.S. 119710 0.04 459051 123 0.08 1426 708 0.31 3.1 248277 9.7 0.03 0.01 1840 0.13 7.6 54 

 
88 34863 4.0 0.24 I.S. 117213 0.03 393371 63 0.05 1173 678 0.46 2.2 188997 5.6 0.01 0.01 1292 0.12 12 23 

G13301 0.24 44236 608 63 I.S. 36058 0.34 71235 48 - 182 7284 2.1 1.3 429054 1.1 0.07 0.01 1752 0.01 9.7 48 

 
0.25 43416 611 50 I.S. 35994 0.21 73458 95 - 154 7249 1.8 0.97 438218 <0.001 0.08 0.01 1889 0.01 6.6 37 

 
0.24 42063 627 85 I.S. 36508 0.03 73108 107 - 123 6224 1.7 0.20 438218 5.3 0.02 0.04 1558 0.01 6.9 75 

 
0.27 46456 617 28 I.S. 38817 0.36 77357 179 - 172 7574 3.5 0.23 465107 8.7 0.01 0.01 2010 0.03 9.1 166 

 
0.30 44307 643 1.1 I.S. 38130 0.04 79206 132 - 128 5117 2.0 1.2 472401 2.7 0.07 0.03 1249 0.05 18 91 

 
7.3 46319 635 25 I.S. Inc. 0.04 104063 116 Inc. 209 Inc. 3.4 0.32 582320 Inc. 0.02 0.02 Inc. 0.05 19 159 

 
0.26 46817 665 16 I.S. 37879 0.33 74455 168 - 172 7445 3.8 0.22 446860 3.3 0.02 0.02 1602 0.02 6.9 143 

 
0.28 43496 638 18 I.S. 38434 0.44 83947 168 - 130 7484 2.5 0.24 450778 0.91 0.01 0.01 1903 0.01 5.2 46 

 
0.27 45404 649 20 I.S. 39244 0.65 80374 168 - 154 8469 3.1 1.8 445931 4.5 <0.001 0.01 2315 0.02 4.4 138 

 
1.1 38313 636 6.5 I.S. 36224 0.23 67042 93 - 155 6196 3.3 0.18 433140 3.9 <0.001 0.07 1445 0.04 21 99 

G15977 9.0 24624 17 0.21 I.S. 94834 0.26 77369 64 0.28 662 1417 0.01 1.1 344274 0.10 - 0.12 297 0.01 1.8 11 

 
7.4 24690 20 0.20 I.S. 94993 0.06 70574 17 0.02 671 1419 0.02 0.79 336204 0.62 - 0.23 321 0.01 5.5 11 

 
9.9 24487 22 0.16 I.S. 91013 0.02 66492 32 0.03 716 1362 0.03 1.1 320719 1.5 - 0.19 165 0.004 1.3 9.3 

 
11 25011 18 0.33 I.S. 96684 0.11 91276 38 0.05 679 1635 0.03 1.0 395386 1.8 - 0.19 269 0.01 6.9 12 

 
9.4 24337 19 0.44 I.S. 97295 0.02 70263 38 0.02 620 1524 0.10 0.14 340670 1.3 - 0.20 347 0.07 7.7 11 

 
13 24931 22 0.66 I.S. 92673 0.17 65842 36 0.02 338 1377 0.04 0.83 332545 0.06 - 0.18 333 0.004 5.5 9.9 

 
6.0 25423 15 0.14 I.S. 90596 0.02 67242 26 0.03 558 1417 0.05 0.43 323235 0.10 - 0.11 191 0.01 1.5 10 

 
7.5 25089 17 0.20 I.S. 96064 0.10 79086 43 0.07 585 1563 0.06 0.80 355561 0.97 - 0.25 319 0.01 2.9 12 

 
9.8 24296 19 0.14 I.S. 94060 0.02 67580 22 0.03 1024 1469 0.05 0.14 330586 2.1 - 0.21 320 0.02 1.9 10 

 
9.1 25065 24 0.31 I.S. 99857 0.34 91016 10 0.03 442 1700 0.01 1.4 408369 1.2 - 0.13 644 0.01 3.7 12 

G16835 0.26 25932 102 2.3 I.S. 103357 0.14 225837 5.3 0.13 3886 360 0.83 0.22 281458 3.6 0.02 0.40 14480 0.05 70 2113 

 
0.28 28064 88 0.31 I.S. 98429 0.04 239247 32 <0.001 4223 367 1.2 0.23 282948 2.7 <0.001 0.38 17394 0.02 73 2213 

 
0.28 27595 94 1.6 I.S. 97400 0.03 257841 5.7 0.05 3876 361 1.1 0.23 273828 0.16 <0.001 0.06 15128 0.04 36 1932 

 
2.7 26691 83 0.25 I.S. 102678 0.16 279051 28 0.02 3810 412 1.5 0.91 280882 <0.001 <0.001 0.07 17066 0.04 53 1953 

 
0.26 29044 84 0.28 I.S. 88294 0.24 263820 5.2 0.05 3568 318 1.3 0.22 258783 1.9 0.08 0.19 14436 0.04 59 1931 

 
7.8 28267 81 0.24 I.S. 90053 0.03 271683 21 0.33 4130 291 0.90 0.22 258457 1.2 <0.001 0.31 14106 0.04 110 4526 
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6.2 29924 81 0.84 I.S. 85724 0.03 284697 5.8 0.10 3499 307 1.0 2.3 254102 0.77 0.39 0.18 13537 0.04 83 2235 

 
0.28 27933 75 0.33 I.S. 90281 0.14 303187 5.7 0.31 3700 252 1.0 0.98 278578 0.16 <0.001 0.08 9541 0.28 43 2381 

 
1.5 30207 91 0.85 I.S. 79991 0.003 304943 7.0 0.30 4373 320 1.2 0.96 260538 <0.001 0.02 0.07 17014 0.03 35 2321 

 
0.31 30785 77 1.9 I.S. 78420 0.28 295683 6.3 0.06 4352 324 0.95 0.78 253229 0.17 <0.001 0.10 14912 0.02 46 2243 

VFI031 802 189 - 0.12 I.S. 130689 1.0 183080 430 0.14 75411 1005 10 1.0 189087 7695 0.03 0.82 6147 0.14 46 1.8 

 
1435 68 - 0.11 I.S. 133409 1.7 124982 598 0.06 100135 924 5.5 0.11 238299 2328 <0.001 2.2 10124 0.09 12 1.6 

 
1015 162 - 0.11 I.S. 135953 1.5 128726 791 0.01 98845 1093 5.7 0.40 238936 1283 0.01 2.0 9897 0.09 12 1.8 

 
1177 104 - 0.12 I.S. 133674 1.5 146163 656 <0.001 96282 1039 5.8 0.15 237145 2569 0.01 4.9 9402 0.25 12 1.7 

 
911 233 - 0.12 I.S. 136847 0.53 152634 571 0.09 93278 1304 7.2 24 221951 1207 0.01 1.8 8216 0.40 167 1.7 

 
744 245 Inc. 0.15 I.S. 135990 1.1 191568 313 1.1 72576 1079 9.4 3.2 206900 11055 <0.001 2.2 4005 0.24 163 1.7 

 
967 143 - 0.13 I.S. 129468 0.78 147238 334 0.16 85166 961 9.7 29 223342 3211 0.01 1.6 3967 0.42 198 1.6 

 
860 117 - 0.19 I.S. 134587 1.3 197957 844 0.10 81225 1243 5.0 1.1 221766 2447 0.01 1.6 13846 0.15 17 1.9 

 
1374 112 - 0.15 I.S. 133228 1.9 150362 793 0.02 96889 1056 4.8 1.3 251686 1822 0.01 2.4 10713 0.08 18 1.9 

 
900 161 - 0.43 I.S. 129716 1.1 170674 907 0.02 88345 1248 5.5 0.53 228393 2862 <0.001 Inc. 13331 0.37 28 1.6 

                       Sphalerite 
                     Sample Mn Fe Co Ni Cu Zn Ga As Se Mo Ag Cd In Sn Sb Te W Au Hg Tl Pb Bi 

G16396* 3.2 6560 2.0 0.05 22 I.S. 0.71 1.0 - <0.001 29 2086 2.0 0.24 3.2 0.13 0.01 0.08 32 0.001 14 0.02 

 
1.3 2002 0.43 0.04 1220 I.S. 6.7 210 - 0.01 209 4646 0.52 4.3 410 0.54 0.003 0.05 29 0.02 315 0.63 

 
0.75 2730 2.4 0.05 323 I.S. 29 1.1 - 0.01 19 2441 3.2 40 21 0.03 0.01 0.02 26 0.004 16 0.04 

 
5.4 8536 7.5 0.17 73 I.S. 16 2.8 - 0.004 26 3166 0.20 1.2 29 <0.001 0.003 0.28 27 0.02 67 0.09 

 
0.92 2062 0.40 0.05 215 I.S. 15 1.8 - 0.02 17 3038 6.9 78 5.4 0.03 <0.001 0.05 36 0.005 12 0.01 

 
0.62 1996 0.54 0.37 49 I.S. 0.82 1.6 - 0.004 23 3739 2.3 4.3 22 0.26 0.002 0.45 36 0.003 50 0.05 

 
1.3 2368 0.48 0.06 1084 I.S. 8.2 123 - 0.01 227 6346 1.8 24 357 0.28 <0.001 0.03 37 0.03 369 0.04 

 
1.3 2765 0.54 0.04 369 I.S. 6.4 13 - 0.01 36 3171 3.0 41 47 0.46 <0.001 0.21 33 0.11 93 0.06 

 
0.76 1826 0.58 0.05 511 I.S. 11 1.5 - 0.01 20 3135 0.23 3.0 22 0.05 0.003 0.03 36 0.01 18 0.01 

 
1.8 2199 8.7 0.32 147 I.S. 6.6 0.34 - 0.02 35 2969 3.0 110 4.0 0.25 0.01 0.05 35 0.002 13 0.01 

G11579 149 10498 23 0.67 Inc. I.S. 0.51 2.6 14 0.01 Inc. 4294 85 0.78 Inc. <0.001 - 0.05 44 0.02 Inc. 0.58 

 
234 11492 35 0.30 Inc. I.S. Inc. 0.44 17 0.03 Inc. 4539 114 0.41 Inc. <0.001 - 0.03 42 0.30 Inc. 0.32 

 
201 9880 26 0.08 Inc. I.S. 0.75 2.6 2.1 0.01 2.3 4455 118 0.59 0.43 0.06 - 0.01 48 0.002 0.48 0.09 

 
229 10523 30 0.05 159 I.S. 0.54 3.1 12 0.01 2.9 4294 116 0.36 3.5 <0.001 - 0.02 36 0.01 1.5 0.09 

 
279 10788 36 0.16 130 I.S. 0.60 0.43 6.9 0.03 1.8 4400 119 0.17 2.6 0.03 - 0.003 37 0.02 1.9 0.21 

 
295 11064 35 0.06 136 I.S. 0.56 2.2 1.4 0.07 1.8 4250 122 0.38 2.1 0.04 - 0.01 35 0.001 1.7 0.18 

 
131 8941 23 0.33 149 I.S. 0.71 0.52 6.7 0.01 3.6 3963 114 0.12 0.78 0.11 - 0.01 37 0.002 2.3 0.32 

 
236 9665 7.0 0.07 111 I.S. 0.62 0.54 12 0.01 0.83 4232 136 0.31 0.17 0.30 - 0.003 46 0.002 0.25 0.03 

 
148 10910 31 0.45 Inc. I.S. 0.87 0.40 15 0.01 2.0 3921 132 0.29 0.36 0.05 - 0.01 29 0.001 0.52 0.003 

 
90 10023 21 0.10 Inc. I.S. 0.65 0.65 10 0.03 3.2 3730 133 0.21 0.04 0.44 - 0.01 35 0.002 0.60 0.04 
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G13289b* 0.73 504 0.56 0.22 Inc. I.S. 3.1 6.7 2.0 0.17 25 8279 0.75 1.4 67 <0.001 0.003 0.002 37 0.13 Inc. 0.33 

 
0.84 2098 0.70 0.03 96 I.S. 22 0.25 0.97 0.13 5.4 2423 Inc. 2.6 7.0 <0.001 <0.001 0.002 31 0.02 16 0.03 

 
3.8 1082 Inc. 0.03 Inc. I.S. 11 6.0 Inc. 1.7 Inc. 6222 0.05 0.42 Inc. <0.001 <0.001 0.01 54 3.0 Inc. Inc. 

 
0.11 49 3.0 0.03 30 I.S. 0.56 0.22 7.1 1.3 2.3 6189 0.07 0.50 2.4 0.03 0.02 0.002 28 0.05 13 0.02 

 
2.1 2465 9.8 0.38 Inc. I.S. 9.5 Inc. Inc. 0.31 82 7897 Inc. 1.5 Inc. 0.01 <0.001 0.02 47 2.7 Inc. Inc. 

 
1.2 2416 1.6 0.04 276 I.S. 14 4.0 5.6 1.9 12 2934 Inc. Inc. 48 Inc. 0.002 0.001 37 0.14 25 0.75 

 
0.44 299 0.80 0.12 182 I.S. 6.0 2.4 5.6 0.01 3.5 10480 0.09 0.38 9.2 <0.001 0.002 0.002 29 0.15 Inc. 0.61 

 
1.1 3036 0.70 0.03 368 I.S. 35 4.5 1.0 0.82 3.5 2085 0.90 0.39 69 0.03 0.01 0.004 34 0.02 3.7 0.01 

 
0.72 1731 Inc. Inc. Inc. I.S. 1.1 Inc. 5.1 0.04 30 9470 0.001 0.13 Inc. <0.001 0.003 0.01 19 0.65 Inc. 1.3 

 
1.9 1040 Inc. 1.3 Inc. I.S. 6.0 13 11 1.6 59 4676 Inc. Inc. Inc. <0.001 0.02 0.05 35 Inc. Inc. Inc. 

G6940 213 16855 0.22 0.04 Inc. I.S. 1.3 0.17 Inc. - 3.6 5351 99 0.44 1.8 <0.001 - 0.003 53 0.01 1.4 0.08 

 
196 16851 0.94 0.21 342 I.S. 1.4 0.37 3.0 - 4.4 5546 83 0.91 3.1 <0.001 - 0.02 43 0.04 3.9 0.15 

 
312 21806 1.0 0.44 295 I.S. 0.63 1.6 1.6 - 2.8 5448 84 0.63 2.1 0.03 - 0.05 50 0.002 5.6 0.62 

 
452 20716 0.93 0.40 192 I.S. 0.95 2.2 7.0 - 3.8 5568 87 0.47 3.1 <0.001 - 0.002 40 0.02 3.3 0.15 

 
452 20721 1.4 0.51 270 I.S. 0.77 2.4 2.1 - 5.4 5511 91 0.61 4.1 <0.001 - 0.04 36 0.03 5.9 0.40 

 
274 17413 0.81 0.55 193 I.S. 1.0 1.2 4.9 - 1.9 5259 81 0.36 1.0 <0.001 - 0.003 43 0.002 2.1 0.18 

G13289a* 0.06 Inc. 0.60 0.07 Inc. I.S. 1.3 Inc. 1.6 0.13 12 9251 0.01 0.67 Inc. 0.03 - 0.003 Inc. 0.47 29 0.33 

 
0.36 101 0.46 0.04 38 I.S. 2.6 11 2.6 0.31 2.7 6129 0.26 0.33 2.7 <0.001 - 0.002 73 0.16 71 0.04 

 
0.87 223 0.35 0.04 260 I.S. 0.64 12 Inc. 0.06 12 9660 0.001 0.60 85 <0.001 - 0.004 72 0.47 53 0.69 

 
Inc. Inc. Inc. 0.04 Inc. I.S. 3.3 5.8 5.6 0.84 21 7453 0.87 0.40 86 0.03 - 0.002 31 0.99 Inc. 1.8 

 
0.36 207 0.75 0.03 197 I.S. 6.6 4.5 1.0 0.01 8.7 9652 0.06 0.37 46 0.03 - 0.002 25 0.47 Inc. 0.33 

 
0.60 272 1.4 0.36 Inc. I.S. 2.0 7.3 3.7 0.88 11 6042 0.29 0.40 37 0.02 - 0.004 25 0.30 Inc. 1.1 

V446 2358 50609 0.04 0.06 83 I.S. 1.4 - 2.3 Inc. 1.2 2043 116 0.64 1.8 0.09 - 0.002 34 0.002 0.51 0.02 

 
2526 55731 0.03 <0.001 100 I.S. 1.5 - 0.68 <0.001 Inc. 2007 130 0.84 4.4 0.31 - <0.001 35 0.04 Inc. 0.03 

 
2466 55998 0.09 <0.001 85 I.S. 1.6 Inc. 3.8 <0.001 1.5 2024 108 1.4 3.7 <0.001 - 0.01 35 0.004 1.1 0.004 

 
2556 55654 0.003 <0.001 105 I.S. 1.7 - 4.3 <0.001 2.9 2165 137 2.0 3.8 <0.001 - 0.01 40 0.01 1.7 0.04 

 
2661 56022 0.02 0.05 150 I.S. 0.97 - 0.81 <0.001 4.9 2203 188 1.8 4.7 <0.001 - 0.01 43 0.02 3.0 0.05 

V538 2145 66133 0.16 - 93 I.S. 6.5 2.0 5.8 <0.001 0.49 2006 48 5.0 2.7 - - Inc. 34 0.002 0.85 0.01 

 
2288 70031 0.05 Inc. Inc. I.S. 6.8 0.48 8.2 <0.001 0.93 1977 46 7.6 1.2 - Inc. - 34 0.001 0.93 0.01 

 
1989 75422 <0.001 - 45 I.S. 6.5 0.53 5.7 Inc. 0.96 1894 52 2.8 0.14 - - - 34 0.001 0.04 0.01 

 
2142 71736 0.12 - Inc. I.S. 6.4 0.50 10 <0.001 1.0 1847 49 4.8 0.69 - - - 39 0.01 0.89 <0.001 

 
2091 75577 0.07 - 46 I.S. 6.0 1.7 9.4 <0.001 1.0 1842 52 3.0 0.10 - - - 35 <0.001 0.38 0.002 

Hj13 3033 102490 108 0.64 Inc. I.S. 2.1 0.31 2.3 <0.001 Inc. 2753 0.16 45 Inc. 0.05 - - 2.8 0.003 Inc. 0.002 

 
2783 100681 106 0.82 90 I.S. 1.9 0.04 2.1 <0.001 0.60 2484 0.24 70 0.01 <0.001 - - 2.7 0.001 0.76 0.004 

 
2937 109905 121 0.72 455 I.S. 2.8 0.05 2.2 <0.001 Inc. 2667 1.7 Inc. 0.36 <0.001 - - 2.7 0.002 Inc. 0.002 

 
3179 117794 119 0.13 132 I.S. 2.3 0.05 5.6 <0.001 0.82 2945 0.50 123 0.15 <0.001 - - 2.7 0.004 1.5 0.01 

 
2615 93406 97 0.73 87 I.S. 4.1 0.05 2.2 0.02 0.69 2250 0.24 73 0.03 <0.001 - Inc. 2.3 0.001 1.3 0.002 
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2013 96597 48 0.42 61 I.S. 2.1 0.08 17 <0.001 0.88 2153 58 5.4 0.06 0.18 - - 2.5 0.001 1.8 0.02 

 
2896 101084 105 0.32 328 I.S. 2.1 0.07 6.7 0.02 1.2 2409 0.34 103 0.17 0.15 - - 2.4 0.001 3.7 0.02 

 
2997 108334 115 0.23 113 I.S. 2.1 0.05 2.0 0.05 0.55 2468 0.23 70 0.12 0.05 - - 2.2 0.001 3.6 0.01 

 
2033 95016 47 0.51 44 I.S. 1.8 0.04 16 <0.001 1.1 2013 44 3.1 0.01 0.05 - - 2.2 0.002 4.2 0.01 

 
2480 83565 59 0.39 Inc. I.S. 2.5 0.05 2.2 <0.001 Inc. 1961 0.30 3.6 Inc. <0.001 - - 2.1 0.001 4.0 0.02 

G6951* 0.81 1691 10.0 0.05 1051 I.S. 0.11 2.4 0.97 0.01 30 8399 1.3 0.14 13 0.02 - 0.05 26 0.003 21 0.001 

 
4.6 5185 9.5 0.06 481 I.S. 0.12 2.9 1.3 0.01 13 10080 0.08 0.76 14 <0.001 - 0.03 31 0.01 21 0.001 

 
2.8 3390 8.0 0.04 1105 I.S. 0.98 4.0 0.99 0.01 32 8908 1.9 0.11 22 0.02 - Inc. 21 0.01 42 0.001 

 
0.98 803 6.5 0.07 763 I.S. 0.32 4.1 0.11 0.70 89 11279 3.7 0.64 26 0.03 - 0.07 28 0.01 Inc. 0.002 

 
2.3 2496 7.6 0.33 481 I.S. 0.10 8.9 1.0 0.005 49 9329 1.1 0.25 37 <0.001 - 0.07 24 0.01 64 0.02 

 
1.7 1613 6.9 0.07 1169 I.S. 0.17 0.45 1.6 0.01 43 9155 0.98 0.24 20 0.05 - 0.01 30 0.002 33 0.01 

 
5.1 2267 5.8 0.06 1985 I.S. 0.40 0.34 4.1 0.01 43 9373 1.1 0.29 21 0.04 - 0.57 31 0.001 17 0.005 

 
2.5 1741 15 0.23 1530 I.S. 0.33 4.8 7.9 0.005 51 9086 1.8 0.45 37 0.03 - 0.02 20 0.001 41 0.001 

 
7.3 6882 11 0.22 1802 I.S. Inc. 0.81 1.2 <0.001 24 8167 3.5 0.55 6.6 <0.001 - 0.08 24 0.002 52 0.001 

 
3.6 2008 15 0.12 1329 I.S. 0.13 0.32 6.5 0.01 69 8122 1.0 0.48 44 <0.001 - 0.52 29 0.01 53 0.001 

Bv97-52 932 68754 0.12 0.03 18 I.S. 3.9 7.0 7.3 - 1.5 1800 13 5.2 0.14 <0.001 <0.001 0.004 46 0.001 0.30 0.01 

 
941 65166 0.09 <0.001 21 I.S. 3.7 4.4 5.9 - 0.98 1768 13 7.2 0.12 <0.001 <0.001 0.004 43 0.001 0.04 0.003 

 
898 64932 0.06 <0.001 17 I.S. 3.9 1.1 3.4 - 1.2 1768 13 1.3 0.23 0.11 0.01 0.003 40 0.01 0.54 0.03 

 
901 65213 0.08 <0.001 17 I.S. 3.4 1.1 3.6 - 1.0 1802 13 3.3 0.17 <0.001 <0.001 0.004 39 0.002 0.36 0.004 

 
899 57622 0.004 0.51 22 I.S. 3.2 3.8 4.9 - 2.0 1754 14 11 4.2 0.05 0.01 0.005 39 0.14 Inc. 0.003 

 
954 67259 0.07 <0.001 14 I.S. 3.8 2.2 5.1 - 0.75 1788 14 1.1 0.02 0.04 <0.001 0.01 35 <0.001 0.26 <0.001 

 
916 65462 0.11 0.04 17 I.S. 3.3 3.2 0.94 - 1.3 1828 13 0.83 0.33 0.09 0.01 0.004 35 0.001 0.21 0.003 

 
881 54907 0.03 0.04 16 I.S. 3.5 3.9 4.6 - 1.6 1778 14 0.43 0.66 <0.001 <0.001 0.002 31 0.004 0.59 <0.001 

 
840 48508 0.01 <0.001 36 I.S. 3.4 3.2 4.4 - Inc. 1743 13 4.6 30 0.04 <0.001 0.05 29 0.59 Inc. 0.02 

 
895 52025 0.01 <0.001 17 I.S. 3.3 0.91 4.3 - 1.1 1910 13 3.4 0.25 <0.001 <0.001 0.003 30 0.001 0.46 0.01 

G10847 22 645 0.01 0.16 102 I.S. 2.9 8.6 - <0.001 Inc. 809 0.32 3.4 5.9 0.05 0.01 0.29 217 0.04 Inc. 0.05 

 
26 767 0.004 0.04 131 I.S. 4.4 10 - 0.76 69 901 0.31 4.8 Inc. 0.02 0.04 0.002 241 0.01 8.0 0.01 

 
29 817 0.004 0.04 59 I.S. 4.1 4.2 - 0.02 28 890 0.40 0.75 0.34 0.02 0.002 0.08 260 0.01 1.0 0.03 

 
26 744 0.004 0.15 50 I.S. 1.8 1.5 - 0.05 32 907 0.48 0.67 0.27 0.03 0.002 0.11 266 0.01 1.1 0.03 

 
24 702 0.004 0.04 83 I.S. 3.6 3.5 - 0.60 25 873 0.35 0.88 0.93 0.02 <0.001 0.02 266 0.02 2.5 0.05 

 
30 788 0.11 0.51 Inc. I.S. 5.7 11 - Inc. Inc. 893 0.35 1.7 Inc. 0.21 0.14 0.06 242 0.01 Inc. 0.06 

 
30 550 0.01 0.04 60 I.S. 2.9 5.4 - <0.001 45 778 0.33 7.9 6.0 <0.001 0.003 0.25 230 0.08 Inc. 0.01 

 
34 765 0.004 0.12 71 I.S. 1.7 2.6 - 0.01 34 952 0.50 3.7 2.3 0.04 0.01 0.09 296 0.01 1.5 0.04 

 
26 763 0.003 0.04 64 I.S. 6.6 1.7 - 0.01 34 881 0.31 1.2 1.1 <0.001 <0.001 0.12 272 0.01 4.3 0.04 

 
24 725 0.003 0.04 84 I.S. 5.6 1.8 Inc. Inc. 24 886 0.40 5.0 0.73 0.07 0.06 0.02 276 0.02 3.9 0.04 

EV8 175 52131 0.40 0.08 86 I.S. 47 0.50 2.4 0.01 18 6584 45 5.1 0.30 <0.001 <0.001 0.01 73 - 4.2 0.10 

 
184 60032 0.48 0.17 120 I.S. 47 1.5 4.4 0.01 15 6500 50 Inc. 0.13 0.03 0.005 0.01 26 - 6.0 0.12 
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166 57301 0.52 0.37 80 I.S. 47 0.42 2.1 0.01 7.8 6406 47 2.1 0.03 0.03 0.02 0.005 47 - 8.5 0.02 

 
171 58725 0.21 0.05 73 I.S. 47 0.28 1.4 0.11 15 6473 50 2.2 1.3 0.04 0.03 0.003 23 - 4.9 0.13 

 
159 57291 0.27 0.16 75 I.S. 48 1.4 7.4 0.01 6.9 6059 57 5.5 0.03 0.04 <0.001 0.004 79 - 0.84 0.02 

 
166 60000 0.16 0.06 92 I.S. 45 0.40 2.0 0.01 14 6011 61 1.7 0.79 <0.001 <0.001 0.003 47 - 3.4 0.28 

 
165 56722 0.26 0.08 72 I.S. 44 0.44 6.1 0.01 9.7 5981 58 5.5 0.03 0.04 0.01 0.004 94 - 1.9 0.05 

 
167 57057 0.27 0.07 69 I.S. 45 0.43 2.2 0.01 9.1 6072 54 3.1 0.03 Inc. 0.01 0.003 45 - 5.5 0.04 

 
149 56666 0.40 0.21 74 I.S. 52 0.42 2.1 0.01 11 5842 52 1.9 0.93 0.03 0.004 0.004 69 - 3.2 0.21 

 
166 58371 0.27 0.40 80 I.S. 57 1.4 1.4 0.04 9.0 5591 46 2.8 0.03 0.02 <0.001 0.002 69 - 1.9 0.03 

Hj14 1930 103692 0.02 - 19 I.S. 4.8 0.82 1.0 <0.001 0.56 3691 0.16 1.4 0.03 <0.001 - - 2.5 <0.001 0.43 <0.001 

 
2308 95290 0.84 - 8.4 I.S. 4.2 1.0 1.1 <0.001 0.23 3473 0.08 0.12 0.14 0.33 - - 3.7 <0.001 0.38 <0.001 

 
1733 92452 0.04 - 27 I.S. 6.4 1.1 1.2 <0.001 Inc. 3005 0.10 4.6 Inc. <0.001 - - 3.8 0.005 Inc. 0.02 

 
1606 81414 0.81 - 17 I.S. 5.3 4.3 1.1 <0.001 0.22 2727 0.02 7.4 0.19 <0.001 - - 4.1 0.002 1.1 0.01 

 
2869 77675 0.33 - 11 I.S. 2.7 1.0 1.4 <0.001 2.2 2530 0.34 0.24 3.1 <0.001 - - 3.4 <0.001 3.2 <0.001 

 
2372 97706 0.98 - 37 I.S. 2.7 2.5 1.5 <0.001 1.0 3164 1.2 Inc. 3.1 <0.001 - - 2.9 0.01 Inc. 0.01 

 
1553 79297 0.65 - 8.4 I.S. 4.6 4.9 5.8 Inc. 0.32 2783 <0.001 1.7 0.05 <0.001 - - 4.2 0.003 0.50 0.01 

 
1701 91220 0.71 - 30 I.S. 3.3 0.96 0.99 <0.001 0.77 3569 0.08 Inc. 0.14 <0.001 - - 3.1 0.003 1.1 0.01 

 
1595 86183 0.67 Inc. 8.6 I.S. 2.2 3.9 5.2 <0.001 0.55 2993 0.01 1.8 0.06 0.35 - - 3.9 <0.001 2.0 0.01 

 
1991 98553 0.62 - 32 I.S. 4.8 2.7 5.6 <0.001 0.99 3744 0.02 5.3 0.41 <0.001 - - 4.4 <0.001 0.37 0.01 

G6948 5827 55793 0.08 - 59 I.S. 0.75 0.46 28 0.12 1.3 5784 88 3.8 0.16 <0.001 0.01 - 17 0.003 1.2 0.19 

 
5049 54721 0.11 - 59 I.S. 0.85 0.45 27 0.08 1.4 5518 89 2.6 1.7 <0.001 0.01 - 17 0.002 0.94 0.22 

 
5136 56445 0.20 - 61 I.S. 1.2 0.46 20 0.04 1.3 5545 92 3.0 1.9 <0.001 0.01 - 19 0.003 1.1 0.12 

 
5372 54603 0.05 - 75 I.S. 0.72 0.42 21 0.14 2.2 5530 92 12 3.8 0.03 <0.001 - 11 0.01 4.2 0.46 

 
4954 53297 0.05 - 64 I.S. 1.5 0.85 26 0.14 1.7 4691 86 1.7 3.9 0.02 0.02 - 12 0.002 2.1 0.35 

 
4474 51155 0.01 Inc. 59 I.S. 1.6 0.42 33 0.01 1.7 4203 89 2.3 3.3 0.04 <0.001 - 15 0.002 2.3 0.29 

 
5418 59282 0.01 - 84 I.S. 0.73 0.28 30 0.24 1.4 4556 87 18 3.1 0.02 0.003 - 6.8 0.01 2.4 0.31 

 
5602 58017 0.73 - 74 I.S. 3.3 0.97 17 0.10 3.7 5327 95 13 0.92 0.04 <0.001 - 46 0.003 0.23 0.003 

 
5243 45044 0.12 - Inc. I.S. 1.8 Inc. 15 0.10 Inc. 4859 88 2.2 Inc. 0.02 0.002 - 21 0.02 5.8 0.29 

 
5746 57005 0.04 - 62 I.S. 0.72 0.66 21 0.24 3.9 5113 88 2.7 2.0 0.04 <0.001 - 13 0.002 0.89 0.08 

G14549b 13 22228 0.54 - 200 I.S. 4.1 0.79 - 0.005 161 4979 49 4.8 30 0.09 - 0.003 35 0.01 19 0.25 

 
16 23569 0.52 - 514 I.S. 2.6 7.5 - 0.01 548 5017 26 9.3 99 0.02 - 0.002 25 0.07 33 0.57 

 
14 22237 0.55 - 240 I.S. 2.5 0.37 - 0.04 128 4628 37 2.8 6.8 0.03 - 0.01 29 0.01 34 0.19 

 
11 21143 0.34 - Inc. I.S. 2.8 0.99 Inc. 0.01 88 4763 36 5.6 81 0.04 - 0.01 45 0.11 101 3.0 

 
1.1 4591 0.30 - 589 I.S. 16 Inc. - 0.01 Inc. 7303 0.85 116 107 <0.001 Inc. 0.01 32 0.001 27 1.3 

 
19 19923 1.3 - 107 I.S. 3.0 2.2 - 0.005 115 12973 1.8 4.2 43 0.02 - 0.003 45 0.03 11 0.38 

 
2.2 5967 0.22 - 98 I.S. 9.9 1.6 - 0.02 73 4291 2.2 46 37 <0.001 - 0.003 37 0.02 7.4 0.42 

 
2.4 6362 0.14 - 148 I.S. 16 1.3 Inc. <0.001 163 4038 2.3 37 48 0.03 - 0.02 87 0.06 18 2.1 

 
16 24419 1.9 Inc. Inc. I.S. 4.4 Inc. - 0.01 Inc. 11790 2.6 25 Inc. 0.02 - 0.01 32 0.03 19 Inc. 
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17 19230 1.7 - 324 I.S. 5.6 0.86 - <0.001 104 11840 3.2 207 114 0.09 - 0.01 48 0.03 10 0.42 

                       Galena 
                     Sample Mn Fe Co Ni Cu Zn Ga As Se Mo Ag Cd In Sn Sb Te W Au Hg Tl Pb Bi 

G16396* 6.7 - 0.11 0.97 43 - - - - 0.11 356 51 0.03 - 601 <0.001 - 0.12 4.7 1.5 I.S. 398 

 
1.4 Inc. 0.11 1.1 26 - - Inc. - 0.11 288 63 0.03 - 607 6.0 Inc. 0.08 4.0 1.7 I.S. 88 

 
1.5 - 0.31 1.1 21 - - - - 0.18 296 32 0.03 - 493 0.68 - 0.09 14 1.4 I.S. 452 

 
3.3 - 0.33 2.4 22 - - - - 0.68 338 42 0.09 - 516 0.72 - 0.11 4.1 1.7 I.S. 648 

 
7.6 Inc. 0.77 1.5 36 - - - - 0.15 301 27 0.21 - 557 0.59 - 0.07 4.1 1.7 I.S. 373 

 
1.9 - 0.13 1.7 13 - - - - <0.001 265 84 0.04 - 639 3.1 - 0.06 12 2.2 I.S. 275 

 
2.1 Inc. 0.17 1.7 14 - - - Inc. 0.66 307 37 0.04 - 364 0.72 - 0.11 2.4 1.6 I.S. 904 

 
12 - 0.17 6.2 26 - - - Inc. 0.17 298 36 0.04 - 593 2.3 - 0.10 6.6 1.9 I.S. 402 

 
5.0 - 0.19 1.5 22 - - Inc. Inc. <0.001 287 48 0.04 Inc. 645 <0.001 - 0.21 15 1.7 I.S. 135 

 
2.8 - 0.33 2.2 34 - - - Inc. 0.60 254 39 0.05 - 571 1.00 - 0.17 8.5 1.8 I.S. 360 

G11579 - - - - 16 Inc. Inc. - 705 - 1211 16 - - 59 Inc. - - Inc. 29 I.S. 10046 

 
- - - - 18 - - - 406 - 1415 38 - - 54 Inc. - Inc. - 28 I.S. 10712 

 
- Inc. - - 16 - - - 485 - 1332 39 - - 43 Inc. - - - 28 I.S. 11509 

G13289b* 1.1 - 0.07 0.69 32 Inc. 0.09 3.6 - 0.13 120 24 0.02 0.71 772 - - - 3.3 0.25 I.S. 0.05 

 
4.7 - 0.30 0.77 32 - 0.09 4.3 - 0.12 54 2.7 0.06 0.85 3513 - Inc. Inc. 1.7 0.22 I.S. 0.11 

 
1.1 - 0.07 0.74 23 - 0.10 8.7 - 0.54 104 23 0.02 0.73 808 - - - 0.48 0.10 I.S. 1.5 

 
4.3 Inc. 0.12 0.83 90 - 0.24 4.4 Inc. 0.14 105 2.5 0.03 1.8 Inc. - - - 0.58 1.4 I.S. 0.86 

 
1.3 - 0.10 0.91 45 Inc. 0.11 33 Inc. 0.85 9.7 19 0.03 0.86 173 - - - 1.7 0.10 I.S. Inc. 

 
1.2 - 0.08 0.81 45 - 0.10 4.0 - 0.13 54 16 0.02 0.85 3230 - - - 1.8 0.32 I.S. 0.57 

 
1.3 - 0.11 0.96 28 Inc. 0.12 4.5 - 0.20 11 19 0.03 0.96 34 - - - 0.55 0.14 I.S. Inc. 

 
1.3 - 0.08 3.6 40 - 0.39 3.9 - 0.16 9.6 13 0.03 1.8 15 - - - 0.53 0.20 I.S. 0.28 

 
3.6 - 0.11 0.96 32 - 0.11 24 - <0.001 86 10 0.03 2.8 446 - - - 2.7 0.17 I.S. 0.61 

 
1.3 Inc. 0.11 1.0 41 - 0.12 4.1 Inc. 0.18 101 19 0.07 0.97 703 - - - 1.3 0.25 I.S. 0.02 

G6940 3.9 - 0.10 2.0 1.7 - - 4.3 Inc. 0.13 1012 38 - 6.9 152 1625 0.07 0.08 1.3 23 I.S. 7253 

 
0.97 - 0.28 0.82 1.7 - - Inc. Inc. 0.15 1057 25 - 7.2 140 1552 0.04 0.06 1.2 26 I.S. 7307 

 
0.92 - 0.07 4.4 4.0 Inc. - 3.6 Inc. 0.17 965 43 - 4.7 102 1589 <0.001 0.14 3.5 33 I.S. 7922 

 
3.0 - 0.38 0.96 11 - - 3.9 Inc. 2.6 994 35 - 5.7 160 658 <0.001 0.07 2.7 43 I.S. 5950 

 
2.2 - 0.08 5.8 5.5 - - 3.7 2014 0.12 1009 63 - 3.4 221 1034 0.08 0.08 1.2 26 I.S. 5664 

 
1.00 - 0.09 0.88 6.3 - - 3.7 1550 0.17 1013 58 - 4.0 175 998 0.33 0.06 1.1 28 I.S. 5626 

 
2.5 Inc. 0.38 0.91 8.5 - - 15 1878 0.13 480 25 - 0.85 72 379 0.06 0.21 1.2 41 I.S. 3206 

 
0.99 - 0.10 0.80 6.2 - - 3.7 1315 0.97 764 37 - 2.3 78 826 0.04 0.08 1.1 42 I.S. 5073 

 
2.2 Inc. 0.09 8.5 2.1 Inc. Inc. 3.6 859 0.46 956 53 - 8.9 126 824 <0.001 0.04 6.0 31 I.S. 5371 

G13289a* - - 0.57 Inc. 16 Inc. 0.41 6.9 - - 9.6 23 - 2.7 16 - - - 1.3 0.11 I.S. 13 
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- - 0.12 - 8.6 - 0.43 25 - - 18 33 - 1.2 15 - - - 3.9 0.14 I.S. 49 

V446 0.50 Inc. 0.07 - 2.3 1.3 Inc. - 457 - 718 10 0.68 215 298 4.4 - - - 59 I.S. 1474 

 
3.6 - 0.03 - 8.6 6.6 - - 440 - 689 8.2 0.64 219 344 3.2 - - Inc. 59 I.S. 1518 

 
0.50 - <0.001 - 10 1.1 - Inc. 435 - 835 12 0.68 270 600 <0.001 - - - 60 I.S. 1414 

 
1.9 - 0.10 - 2.2 1.0 - - 432 - 754 9.9 0.49 181 336 1.6 - - - 61 I.S. 1745 

 
2.3 - <0.001 - 2.6 4.1 - - 396 - 571 6.4 0.42 130 218 1.9 - - - 55 I.S. 1659 

V538 1.3 - 0.14 - - 11 - - 72 - 819 12 0.83 272 667 - - - - 79 I.S. 899 

 
0.49 Inc. 0.06 - - 19 - Inc. 66 - 755 4.4 0.73 254 547 - - - Inc. 83 I.S. 1026 

 
1.2 - 0.14 - - 4.8 - - 71 Inc. 726 6.3 0.69 248 581 - - - - 80 I.S. 739 

 
1.4 Inc. 0.04 - - 1.8 - - 64 - 501 9.9 0.35 141 335 Inc. - - - 75 I.S. 855 

 
2.3 Inc. 0.09 - Inc. 1.7 - - 70 - 922 Inc. 1.4 575 Inc. - - - - 110 I.S. 574 

Hj13 2.9 - - - 1.4 - 0.36 0.38 Inc. - 1294 10.0 0.02 0.89 1734 1.0 - 0.05 0.06 0.36 I.S. 18 

 
3.8 Inc. Inc. - 1.1 - 0.05 0.52 Inc. - 1485 23 0.04 0.33 1686 2.0 - 0.03 0.11 0.23 I.S. 343 

 
0.79 Inc. - - Inc. - 0.11 0.65 Inc. - 955 18 0.03 1.8 1081 0.91 - 0.03 0.04 0.46 I.S. 5.7 

 
5.9 - - - 1.3 - <0.001 1.2 Inc. - 1648 14 0.01 2.6 1989 <0.001 - 0.03 0.05 0.33 I.S. 6.8 

 
7.5 - - - 1.2 Inc. <0.001 0.54 Inc. - 1446 15 0.04 1.9 1668 3.4 - 0.05 0.10 0.27 I.S. 3.4 

 
5.9 - - - 1.5 - 0.13 0.83 Inc. - 1755 16 0.01 2.1 1249 28 - 0.01 0.12 0.58 I.S. Inc. 

 
4.4 - - - 1.2 - 0.33 1.2 Inc. - 1353 15 0.02 5.0 1626 <0.001 - 0.03 0.16 0.33 I.S. 29 

 
3.6 - - - 1.0 Inc. <0.001 0.40 48 - 1258 17 0.03 1.3 1477 13 - 0.04 0.15 0.31 I.S. 49 

 
2.9 - - - 1.7 - <0.001 0.31 390 - 1380 8.9 0.01 1.7 1090 Inc. - 0.01 0.14 0.37 I.S. 771 

 
3.7 - - - 1.2 - 0.07 0.61 73 - 1615 12 0.01 2.5 1757 18 Inc. 0.04 0.04 0.30 I.S. 40 

G6951* 8.4 - 0.13 - 4.2 Inc. - 5.3 - Inc. 25 53 Inc. - 14 Inc. - 0.08 5.3 0.11 I.S. 0.10 

 
1.3 - 0.13 - 3.5 Inc. - Inc. Inc. - 45 111 - - Inc. Inc. - 0.09 1.2 0.03 I.S. 0.28 

 
1.5 - 0.16 - 21 - - 79 - - 34 62 - - 116 Inc. - 0.24 7.0 0.08 I.S. 0.62 

 
4.2 - 0.47 - 4.9 - - 93 - - 12 91 - - 203 Inc. - 0.10 1.6 0.04 I.S. 0.03 

 
1.9 - 1.2 Inc. Inc. Inc. - Inc. - - Inc. Inc. - - Inc. Inc. - 0.46 1.6 0.03 I.S. 0.03 

 
2.4 Inc. 0.30 - 15 - - 23 - - 8.8 62 - - 12 Inc. - 0.14 2.2 0.05 I.S. 0.14 

 
2.6 - 0.19 - 6.3 - - 7.9 - - 14 67 - - 12 Inc. - 0.11 2.3 0.06 I.S. 0.10 

 
2.7 - 0.23 - 20 Inc. - 8.3 - - 19 64 - - 26 Inc. - 0.98 2.4 0.04 I.S. 0.15 

 
3.0 - 0.30 - 6.9 - Inc. 17 - - 7.0 93 - - 20 Inc. - 0.12 2.5 0.10 I.S. 0.16 

Bv97-52 3.7 - 0.06 - Inc. 1.9 0.05 8.3 72 0.22 174 96 0.90 300 745 2.4 - 0.02 - 150 I.S. 220 

 
2.6 - 0.05 - Inc. 1.6 0.04 7.4 76 <0.001 166 104 1.1 314 1103 0.62 - <0.001 - 161 I.S. 192 

 
1.5 - <0.001 - Inc. 1.8 0.07 22 59 0.33 228 89 0.85 336 880 <0.001 - 0.03 - 150 I.S. 202 

 
1.8 - 0.10 - Inc. 3.5 0.08 36 77 0.25 519 24 0.37 112 833 <0.001 - 0.02 - 171 I.S. 252 

 
2.1 Inc. 0.04 Inc. 6.2 1.9 0.09 9.3 153 <0.001 679 11 0.77 247 985 0.76 - 0.02 - 158 I.S. 141 

 
0.66 - 0.05 - 5.8 1.7 0.19 8.8 146 0.20 394 2.9 0.52 180 636 <0.001 Inc. 0.02 - 98 I.S. 147 

 
2.1 Inc. 0.04 - 5.4 1.6 0.09 26 142 <0.001 497 9.0 0.67 175 690 0.39 - 0.02 - 99 I.S. 138 
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2.1 Inc. 0.22 - 29 1.9 0.06 11 170 <0.001 656 3.6 0.65 212 944 <0.001 - <0.001 - 139 I.S. 154 

 
0.79 - 0.05 - 7.4 1.9 0.23 11 207 <0.001 558 6.5 0.32 151 808 0.75 - <0.001 - 119 I.S. 151 

 
2.8 - 0.04 - 18 1.6 0.05 25 215 <0.001 895 5.9 1.1 231 1275 0.66 - 0.04 - 155 I.S. 148 

G10847 Inc. - 0.21 - 3.4 - 0.17 8.7 228 - 120 2.5 0.03 1.2 297 - 0.14 0.19 1.9 0.86 I.S. 13 

 
- - 0.15 - 3.2 - 0.16 7.8 223 - 215 9.8 0.03 1.1 646 - <0.001 0.09 17 1.2 I.S. 12 

 
- Inc. 0.17 - 3.2 - 0.83 Inc. 280 - 94 2.2 0.05 1.1 267 - 0.10 0.08 9.2 0.27 I.S. 12 

 
- Inc. 0.18 - 3.6 - 0.21 8.1 49 - 198 15 0.03 1.2 537 - <0.001 0.11 14 1.1 I.S. 12 

 
- - 0.66 Inc. 3.7 - 0.21 27 43 - 122 2.2 0.04 4.2 299 - 0.30 0.29 1.8 0.53 I.S. 13 

 
- - 0.16 - Inc. - 0.15 5.5 191 - 322 1.7 0.03 0.90 469 Inc. 0.06 0.08 20 1.3 I.S. 11 

 
- Inc. 0.20 - 3.3 - 1.01 6.2 30 - 143 16 0.03 1.0 423 - 0.12 0.06 9.2 0.58 I.S. 12 

 
Inc. - 0.84 - 4.0 - 0.19 6.7 88 Inc. 185 2.8 0.04 1.1 494 - <0.001 0.12 3.8 0.89 I.S. 19 

 
- - 0.14 - 14 - 0.20 13 117 - 94 1.6 0.15 5.6 299 - 0.07 0.10 9.4 0.90 I.S. 15 

 
- Inc. 0.16 - 15 - 0.22 6.7 79 - 135 5.2 0.04 1.2 333 - 0.27 0.11 1.6 0.89 I.S. 12 

EV8 Inc. - 0.39 - Inc. - 0.08 Inc. 228 - 4100 33 2.1 717 538 5.2 - - 1.3 13 I.S. 16679 

 
- Inc. 0.14 - - - 0.30 - 183 - 4420 25 0.47 159 113 1.1 - - 2.3 23 I.S. 15735 

 
- - 0.12 - - - 0.35 - 190 - 4070 28 0.24 120 96 3.2 - - 2.0 27 I.S. 15101 

 
- - 0.16 - - - 0.11 - 108 - 3817 19 1.4 467 230 6.8 Inc. - 13 18 I.S. 13805 

 
- - 0.10 - - - 0.14 - 89 - 3911 22 0.36 116 102 2.5 - - 6.8 16 I.S. 14851 

 
- - 0.21 - - - 0.10 - 102 - 3822 30 0.32 101 29 5.5 - - 9.3 19 I.S. 14432 

 
- - 0.15 - - - 0.18 - 181 - 3939 45 2.4 877 293 12 - - 2.4 2.3 I.S. 14062 

 
- - 0.34 - - - 0.14 - 97 - 4101 67 2.5 836 396 21 - - 3.7 17 I.S. 14743 

 
- - 0.12 - - - 0.13 - 92 - 3859 33 1.1 384 130 <0.001 - - 9.5 31 I.S. 14920 

 
- - 0.11 - - - 0.16 - 131 - 3993 39 2.0 651 293 4.4 - - 5.5 18 I.S. 14395 

Hj14 3.1 - - - 0.69 - - 2.3 53 - 1469 5.3 0.01 1.4 1982 0.70 - <0.001 0.06 1.5 I.S. 1.6 

 
0.96 - - - 0.81 - - 2.4 51 - 1621 13 <0.001 1.2 2166 <0.001 - <0.001 0.06 1.6 I.S. 0.54 

 
0.44 Inc. - - 0.95 - - 2.4 Inc. - 1226 8.9 0.01 1.1 1754 1.2 - <0.001 0.14 2.5 I.S. Inc. 

 
0.49 Inc. Inc. - 0.73 - - 7.9 15 - 1532 11 0.01 1.7 1990 <0.001 - 0.02 0.06 1.2 I.S. 0.57 

 
2.6 - - - 0.81 - - 2.3 Inc. - 1135 11 <0.001 1.3 1442 0.37 - <0.001 0.17 1.1 I.S. Inc. 

 
0.95 - - - 2.0 Inc. - 2.3 57 - 1357 14 <0.001 2.6 1776 <0.001 - <0.001 0.05 1.4 I.S. 3.7 

 
2.6 Inc. - - 5.4 - - 2.5 70 - 1180 9.2 <0.001 0.30 1480 0.74 - 0.04 0.07 1.2 I.S. Inc. 

 
0.76 - - - 2.4 - - 6.8 19 - 1351 9.8 0.01 3.9 1868 0.98 - <0.001 0.34 1.6 I.S. 0.77 

 
4.3 - - Inc. 0.85 - - 2.6 37 - 1084 9.7 0.01 1.3 1480 <0.001 - 0.02 0.05 1.1 I.S. 6.4 

 
1.3 Inc. - - 0.86 - - 6.3 15 - 1552 9.7 0.02 2.6 1782 <0.001 - 0.02 0.06 1.5 I.S. 0.41 

Mo17A 3.5 - - - - 2.3 Inc. 8.3 602 - 523 151 - - 736 50 - <0.001 0.61 0.29 I.S. 239 

 
1.0 Inc. - - - 1.9 - 8.0 729 - 725 224 Inc. - 863 66 - 0.07 2.5 0.28 I.S. 229 

 
0.96 - - - Inc. 3.9 - 16 424 - 402 213 - - 725 65 - 0.14 2.2 0.09 I.S. 222 

 
4.0 - - - - 1.9 - 7.3 482 - 458 201 - - 613 78 - 0.06 2.1 0.09 I.S. 231 
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2.9 - - - - 2.0 - 8.1 479 - 446 195 - - 782 94 - <0.001 0.60 0.12 I.S. 218 

 
1.0 - - - - 1.8 - Inc. 428 - 1043 538 - - 2322 142 - <0.001 0.64 0.16 I.S. 242 

 
1.2 - - - Inc. 2.8 - Inc. 461 - 744 450 - Inc. 1254 115 - 0.17 2.8 0.21 I.S. 239 

 
4.1 - - - - 2.5 - 10 486 - 901 357 - - 2003 133 - 0.08 0.77 0.23 I.S. 272 

 
1.2 - - - - 6.1 - Inc. 447 - 1089 320 - - 1643 146 - 0.05 1.4 0.14 I.S. 225 

 
5.3 - - - - Inc. - 8.6 297 - 1113 489 - - 1666 162 - <0.001 1.8 0.37 I.S. 221 

ORV1 0.46 - <0.001 - Inc. 2.2 - 2.8 173 - 260 6.5 0.02 0.20 1807 Inc. - 0.42 1.7 0.19 I.S. Inc. 

 
0.54 Inc. 0.15 - Inc. 1.1 - 19 170 - 81 0.78 0.01 0.26 316 Inc. - <0.001 0.13 0.06 I.S. 57 

 
2.0 Inc. 0.53 - Inc. Inc. - Inc. 182 - 522 40 0.03 0.23 16746 Inc. - 0.24 2.0 0.10 I.S. 74 

 
0.68 - 0.09 - Inc. 1.7 - 9.4 58 - 97 4.7 <0.001 0.33 2379 Inc. - <0.001 0.17 0.19 I.S. 12 

 
1.5 Inc. <0.001 - Inc. 3.4 - 23 62 - 130 31 0.02 0.26 988 - - 0.03 0.44 0.07 I.S. 40 

 
0.55 Inc. <0.001 - Inc. 1.1 Inc. 4.4 162 - 315 83 <0.001 0.71 3545 Inc. - 0.70 0.90 0.83 I.S. 1.3 

 
0.64 - <0.001 - Inc. 1.4 - 4.7 306 - 134 <0.001 <0.001 0.88 1075 Inc. - 0.16 0.07 0.11 I.S. 88 

 
0.57 - <0.001 - Inc. 1.3 - 5.2 295 - 285 19 0.02 10 2525 Inc. - 0.05 2.1 0.43 I.S. 119 

G14549a 1.3 - 0.11 1.2 Inc. - - 19 17 0.09 1052 43 0.03 1.1 Inc. - - 0.08 1.2 4.6 I.S. 3481 

 
3.8 - 0.10 2.9 Inc. - Inc. 73 15 0.14 699 38 0.07 5.4 1510 - - 0.06 1.0 2.4 I.S. 2163 

 
4.9 - 0.13 6.9 Inc. Inc. - 5.1 18 0.09 662 48 0.02 6.7 885 Inc. Inc. 0.10 1.1 3.8 I.S. 1925 

 
1.0 Inc. 0.09 0.82 Inc. - - 30 Inc. 0.11 2274 48 0.02 0.84 393 - - 0.36 3.6 7.0 I.S. 4993 

 
2.2 - 0.47 0.98 Inc. Inc. - 4.3 18 0.08 1891 44 0.02 0.82 90 - - 0.07 Inc. 4.4 I.S. 5965 

 
1.3 - 0.10 3.3 Inc. - - 5.5 68 0.17 2587 48 0.02 3.5 107 - - 0.06 3.1 16 I.S. 10029 

 
1.3 - 0.27 1.2 Inc. - - 5.4 Inc. 0.75 2900 35 0.06 0.99 63 - - 0.05 4.5 11 I.S. 10753 

 
6.6 - 0.16 6.2 Inc. - - 7.3 37 0.19 2627 32 0.12 1.3 235 - - 0.11 1.6 5.0 I.S. 3850 

G873 - Inc. 0.18 1.4 4.8 - Inc. 13 82 - 145 1.8 - - 346 4.3 - 0.51 4.6 0.05 I.S. 0.06 

 
- - 0.11 1.4 13 - - 12 60 - 117 2.2 - - 262 <0.001 Inc. 0.26 8.4 0.11 I.S. 0.06 

 
- Inc. 0.26 3.5 8.6 - - 40 51 - 66 8.7 - Inc. 141 1.2 - 2.8 2.3 0.16 I.S. 0.45 

 
Inc. - 0.16 3.1 9.0 - - Inc. Inc. - Inc. 4.9 - - Inc. 3.3 - 0.10 7.7 0.20 I.S. 0.05 

 
- - 0.15 1.6 2.8 - - 11 71 - 311 2.3 - - 693 0.88 - 0.10 6.5 0.18 I.S. 0.15 

 
- Inc. 1.7 Inc. Inc. Inc. - Inc. 25 Inc. 104 Inc. - - 581 0.77 - 2.1 4.5 0.30 I.S. 0.24 

                       Chalcopyrite 
                     Sample Mn Fe Co Ni Cu Zn Ga As Se Mo Ag Cd In Sn Sb Te W Au Hg Tl Pb Bi 

G16396* 4.8 297451 0.12 - I.S. 588 5.3 24 20 0.34 291 11 2.5 35 286 8.1 - 5.4 0.54 0.06 Inc. 0.88 

 
0.29 310493 0.02 - I.S. 355 1.1 20 7.3 0.03 474 15 0.52 46 113 2.3 - 0.12 2.1 0.03 Inc. 0.10 

 
1.0 302635 0.08 - I.S. Inc. 5.9 15 6.9 0.04 905 Inc. 2.7 65 216 1.5 - 0.53 9.5 0.22 Inc. 0.51 

 
9.4 298283 0.03 - I.S. 847 4.5 25 28 0.48 Inc. 12 0.48 52 403 6.4 - 2.5 2.2 0.40 Inc. Inc. 

G11579 1.7 308056 0.09 0.70 I.S. 193 0.59 - Inc. Inc. 4.9 6.3 65 64 9.5 - - 0.19 0.89 0.02 9.3 3.2 

 
0.65 302378 0.04 3.5 I.S. 218 1.6 - - - 3.7 1.2 63 72 5.9 - - 0.35 3.0 0.02 6.8 1.7 
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0.71 287692 0.07 0.68 I.S. 209 1.6 - - - 3.0 4.8 64 65 7.7 Inc. - 0.29 3.1 0.05 5.5 2.6 

 
0.68 280144 0.25 0.78 I.S. 214 1.0 Inc. - - 5.2 10 41 40 1.6 - - 0.24 6.0 0.06 5.5 2.3 

G13289b* 0.19 333186 0.05 0.15 I.S. 36 0.02 32 21 0.03 13 1.8 0.75 1.2 477 - - 0.02 1.8 0.84 104 11 

 
0.19 324193 0.01 0.16 I.S. 31 0.02 17 59 0.21 5.7 1.6 0.44 0.90 272 - - 0.01 0.99 0.33 41 7.2 

 
0.44 315206 0.01 0.12 I.S. 45 0.02 32 104 0.02 5.7 0.26 0.64 3.2 373 Inc. - 0.01 1.7 0.35 109 7.7 

 
0.37 297609 0.06 0.32 I.S. 126 0.10 36 90 0.23 Inc. Inc. 0.69 3.8 514 - - 0.01 3.7 0.65 Inc. 1.9 

 
0.20 303505 0.06 1.7 I.S. 12 0.02 20 118 0.04 12 1.7 0.39 0.18 284 - Inc. 0.01 1.3 1.3 Inc. Inc. 

 
0.26 317877 0.02 0.21 I.S. 176 0.03 54 37 0.05 18 1.8 0.20 0.24 781 - - 0.01 1.7 0.95 73 Inc. 

 
1.4 313665 2.2 0.14 I.S. 319 0.02 Inc. 5.0 0.02 88 1.8 0.01 0.52 Inc. - - 0.01 6.7 0.42 Inc. 0.11 

 
0.84 306334 0.47 0.53 I.S. 44 0.13 Inc. 19 7.2 Inc. 0.29 0.01 0.24 9.7 - - 0.01 2.0 8.9 76 0.01 

 
0.21 317692 0.28 0.18 I.S. Inc. 0.08 50 4.6 0.24 Inc. Inc. 0.01 1.6 Inc. - - 0.01 5.3 1.1 Inc. 1.2 

G6940 0.45 314260 0.15 0.34 I.S. 298 1.3 8.4 12 - 13 16 24 247 8.4 1.4 0.02 0.10 0.93 0.05 5.0 0.70 

 
0.65 299974 0.07 0.58 I.S. 486 1.2 2.8 75 - 14 14 27 322 5.1 1.5 0.03 0.15 1.4 0.02 6.4 0.65 

 
0.92 321334 0.03 1.6 I.S. 369 1.1 1.8 45 - 7.8 11 23 172 10 0.68 0.02 0.38 5.9 0.03 7.5 0.99 

 
1.0 320405 0.03 0.31 I.S. 392 2.0 1.6 10.0 - 4.6 5.0 30 208 9.0 0.16 0.09 2.2 4.9 0.02 5.4 5.2 

 
0.75 305942 0.11 0.59 I.S. 350 1.7 13 81 - 7.2 16 39 258 6.2 <0.001 0.04 0.28 3.7 0.03 9.8 1.1 

 
0.24 327322 0.02 0.20 I.S. 309 0.51 3.7 6.3 - 14 5.7 29 144 3.0 4.5 0.01 0.26 0.52 0.05 4.7 0.95 

 
0.25 329718 0.02 0.22 I.S. 193 1.4 1.0 14 - 4.7 7.7 28 127 5.4 0.15 0.02 0.07 1.2 0.07 4.1 0.59 

 
0.20 323050 0.01 0.84 I.S. 345 1.4 0.86 4.9 - 9.9 16 23 145 20 1.4 0.02 0.01 0.40 0.18 6.3 1.4 

 
0.94 318489 0.02 0.22 I.S. 255 2.2 1.1 6.9 - 4.0 12 34 146 10 0.61 0.01 0.30 0.50 0.04 4.8 2.2 

 
1.6 321013 0.07 0.30 I.S. 341 1.4 2.9 18 - 2.9 10 32 276 4.5 0.15 <0.001 0.18 5.4 0.01 2.0 2.0 

G13289a* Inc. 269766 0.02 Inc. I.S. 110 0.10 31 20 - Inc. 5.1 0.01 0.84 365 - - - 5.7 0.98 Inc. 7.5 

 
1.4 276516 0.13 0.62 I.S. 38 0.16 12 5.7 - 13 2.4 0.02 0.19 268 - - - 4.2 0.30 50 2.3 

 
Inc. 287778 0.22 0.21 I.S. 147 0.06 26 5.7 - 28 11 0.01 0.19 627 - - - 0.36 1.0 Inc. 2.4 

 
Inc. 289332 0.02 0.59 I.S. 59 0.21 19 61 - 9.1 0.83 0.16 1.5 143 - - - 3.3 0.29 30 3.4 

 
9.6 266314 0.09 0.40 I.S. 41 0.04 30 10.0 - 1.6 2.1 0.12 2.0 47 - - - 0.65 0.03 7.1 0.08 

V446 3.9 280995 0.05 0.31 I.S. 336 2.4 2.9 5.1 <0.001 25 2.7 67 1315 5.7 <0.001 - - 0.41 0.13 4.0 0.10 

 
13 275577 0.01 <0.001 I.S. 391 0.99 0.64 6.8 <0.001 14 3.2 42 616 Inc. 0.14 - - 0.15 0.66 8.6 0.34 

 
23 295078 <0.001 0.33 I.S. 473 2.0 0.51 0.70 <0.001 12 7.3 41 3630 3.8 0.06 - - 0.20 0.05 2.2 0.17 

 
6.5 284989 0.01 0.32 I.S. 341 2.1 1.4 6.9 <0.001 10 2.0 30 1447 1.4 0.17 - - 0.16 0.05 1.5 0.01 

 
22 289686 0.02 0.15 I.S. 433 2.7 0.70 4.7 0.11 17 2.9 63 1522 4.3 0.24 - - 0.38 0.16 2.7 0.09 

V538 25 296281 0.05 0.15 I.S. 502 12 - 2.5 0.07 4.2 3.7 35 1358 3.4 0.08 - - 0.05 0.10 1.3 0.02 

 
31 288201 0.06 0.19 I.S. 427 12 - 0.94 <0.001 7.5 4.0 22 1429 Inc. <0.001 Inc. - 0.29 0.03 1.0 0.03 

 
19 270844 0.01 0.02 I.S. 380 11 - 2.1 <0.001 9.7 1.8 22 1166 Inc. 0.13 - - 0.21 0.24 0.62 0.01 

 
32 289306 0.01 0.21 I.S. 371 8.7 - 3.2 <0.001 5.5 2.0 26 888 1.3 0.16 - - 0.04 0.04 1.1 0.02 

 
25 274094 0.02 <0.001 I.S. 325 9.3 - 6.8 <0.001 15 2.5 23 973 0.66 <0.001 - Inc. 0.09 0.03 0.44 0.004 

Hj13 66 323308 6.9 0.49 I.S. 1282 0.07 0.07 3.1 <0.001 150 6.8 1.9 9.5 0.60 - - 0.004 0.24 0.005 1.4 0.005 
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30 285136 4.5 0.01 I.S. 2038 0.03 0.07 11 <0.001 73 6.6 2.2 14 0.88 - Inc. 0.001 0.14 0.001 2.1 0.004 

 
36 290374 3.6 1.2 I.S. 990 0.02 0.01 7.5 <0.001 149 4.8 1.4 4.5 0.60 - - 0.001 0.23 0.002 2.9 0.01 

 
73 298771 3.6 14 I.S. 2497 0.11 0.09 18 0.01 112 11 1.5 12 1.3 Inc. - 0.001 0.17 0.004 2.8 0.01 

 
49 285887 3.2 0.59 I.S. 1056 0.07 0.03 24 <0.001 134 5.3 3.1 17 0.33 - - 0.001 0.17 0.001 1.5 0.002 

 
53 285730 4.9 1.5 I.S. 1062 0.07 0.14 12 <0.001 263 6.8 2.6 7.4 0.22 - - 0.001 0.16 0.001 1.3 0.002 

 
67 314607 6.4 8.2 I.S. 2283 0.21 0.02 1.6 0.03 195 12 0.44 8.0 2.6 - - 0.001 0.16 0.37 1.3 0.002 

 
48 317391 2.4 0.03 I.S. 2682 0.10 0.08 5.7 <0.001 145 10 1.4 9.2 Inc. - - 0.001 0.17 0.002 Inc. 0.01 

 
48 275894 3.9 4.1 I.S. 1225 0.11 0.13 1.7 0.005 219 7.4 1.5 9.6 0.14 - - 0.001 0.14 0.002 1.0 0.004 

 
43 316792 3.2 5.8 I.S. 845 0.06 0.03 1.7 <0.001 232 4.9 1.1 9.9 0.38 - - 0.002 0.10 0.003 6.1 0.002 

G6948 0.19 296662 0.15 0.17 I.S. 397 0.53 1.2 5.1 0.03 5.1 2.9 31 2167 23 - - - 0.40 0.04 9.6 0.26 

 
0.51 292976 0.04 0.51 I.S. 868 1.0 3.2 13 0.18 4.4 9.4 23 3965 6.8 Inc. - - 1.1 0.02 1.5 0.08 

 
0.22 291976 0.06 0.23 I.S. 571 0.71 5.7 6.0 0.14 7.7 3.5 16 2246 11 - - - 1.2 0.01 2.0 0.20 

 
0.28 294278 0.12 1.9 I.S. 811 0.30 11 47 0.03 24 22 32 4709 15 - - - 4.2 0.01 4.7 1.4 

 
1.8 304996 0.03 1.9 I.S. 548 1.0 11 28 0.05 12 11 21 2731 9.9 - - - 2.4 0.03 1.6 0.48 

 
0.95 291271 0.17 0.26 I.S. 533 0.92 7.5 7.0 0.04 11 0.44 18 2134 9.6 - - - 0.53 0.04 0.74 0.01 

 
0.34 288835 0.03 0.36 I.S. 705 0.73 2.0 9.5 0.03 19 10 19 2828 6.2 - - - 6.3 0.01 0.68 0.17 

 
0.46 277009 0.24 2.8 I.S. 766 0.86 2.5 30 <0.001 10 3.4 18 3203 12 - - Inc. 0.91 0.01 1.8 0.23 

 
1.5 289622 0.04 1.4 I.S. 526 1.1 2.9 14 0.32 18 2.2 8.5 2614 40 - - - 3.1 0.01 1.5 0.12 

 
0.20 302120 0.02 0.60 I.S. 507 1.6 5.6 5.4 0.03 34 6.7 18 2229 20 - Inc. - 0.47 0.01 2.8 1.5 

G14549b 0.46 319996 Inc. 0.43 I.S. 419 0.56 20 - - 361 15 0.12 7.8 35 - - - 0.78 0.04 15 1.5 

 
21 323367 - 3.5 I.S. 292 0.86 24 Inc. - 169 5.0 0.18 25 Inc. - - - 3.9 0.07 59 1.1 

 
0.48 313322 - 0.48 I.S. 435 0.71 10 - - 251 6.9 0.36 24 96 - - - 4.6 0.05 25 1.8 

 
Inc. 325805 - 1.1 I.S. 249 3.4 5.9 - - 261 10 0.10 3.0 50 - - - 6.2 0.03 11 2.1 

 
0.33 318762 - 0.34 I.S. 334 0.86 6.1 - - 465 18 0.36 97 102 Inc. - - 5.1 0.03 48 5.6 

Mo17A 2.9 273166 <0.001 - I.S. 250 0.24 5.5 0.90 0.26 24 32 0.25 0.41 29 <0.001 - 0.03 0.04 0.02 19 0.03 

 
5.0 289740 <0.001 Inc. I.S. 312 0.21 10 8.5 <0.001 25 31 0.24 0.30 41 <0.001 - 0.04 0.12 0.001 28 0.03 

 
12 283707 0.005 - I.S. 362 0.39 7.1 7.6 <0.001 79 58 0.23 0.28 135 0.65 - 0.08 0.05 0.02 69 0.34 

 
16 285402 0.03 - I.S. 493 0.04 5.2 3.8 <0.001 58 46 0.28 0.37 158 2.4 - 0.01 0.15 0.12 98 0.10 

 
0.34 300560 0.005 - I.S. 402 0.09 7.8 1.1 <0.001 16 47 0.30 0.43 11 0.21 - <0.001 0.05 0.001 6.4 0.002 

 
Inc. 259091 0.01 - I.S. 352 0.12 7.2 1.7 <0.001 42 56 0.24 0.46 95 0.29 - 0.01 0.18 0.76 77 0.05 

 
0.07 301015 0.01 - I.S. 323 <0.001 0.84 0.86 <0.001 35 54 0.44 0.17 96 <0.001 - <0.001 0.10 <0.001 63 0.03 

 
0.53 275177 <0.001 - I.S. 357 0.02 2.3 5.2 0.20 17 36 0.23 0.36 12 0.34 - 0.02 0.14 <0.001 6.0 0.01 

 
0.15 282139 0.10 - I.S. 572 0.08 2.6 5.5 <0.001 17 80 0.35 0.58 0.64 0.06 - 0.01 0.05 0.002 0.52 <0.001 

 
0.07 275328 0.01 - I.S. 510 0.35 3.4 3.4 0.09 9.5 69 0.47 0.58 1.4 <0.001 - 0.004 0.11 <0.001 0.65 <0.001 

ORV1 0.07 240111 <0.001 - I.S. 221 0.06 1.5 45 - 2.7 1.2 8.1 0.73 0.30 0.72 - 0.003 0.04 0.001 0.98 0.04 

 
0.05 257728 0.35 - I.S. 475 0.41 0.47 53 Inc. 5.0 3.6 12 3.5 0.04 <0.001 - <0.001 0.09 0.001 1.2 0.11 

 
0.06 245741 0.11 - I.S. 337 0.19 2.7 39 - 3.9 1.2 7.9 0.55 4.8 0.41 - 0.01 0.03 0.01 3.9 0.13 
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0.26 259213 0.11 - I.S. 289 0.20 0.66 40 - 3.7 1.1 9.5 0.71 0.08 0.44 - <0.001 0.04 <0.001 1.6 0.28 

 
0.47 278394 0.18 - I.S. 187 0.10 0.90 49 - 3.2 1.0 11 0.15 Inc. 0.66 - 0.01 0.33 0.02 4.9 0.04 

 
0.30 272101 0.18 - I.S. 24 0.04 1.1 28 - 3.7 1.0 6.2 1.6 4.8 <0.001 - 0.03 0.15 0.02 Inc. 0.42 

 
0.60 281751 0.21 - I.S. 227 0.29 1.2 67 - 1.5 0.23 8.7 1.6 2.8 <0.001 - <0.001 0.38 0.004 2.5 0.09 

 
0.34 250314 0.01 - I.S. 235 0.29 0.82 50 - 3.4 0.88 10 1.5 0.01 0.48 - <0.001 0.05 <0.001 0.35 0.17 

 
0.15 248526 0.11 - I.S. 160 0.24 0.71 17 - 1.5 <0.001 2.9 0.05 1.5 <0.001 - 0.02 0.04 0.001 0.69 0.07 

 
0.07 260803 0.19 - I.S. 325 0.11 3.8 44 - 1.1 1.1 9.7 0.97 0.01 <0.001 - <0.001 0.08 <0.001 1.7 0.15 

G16152 0.24 260967 0.18 0.25 I.S. 15 0.31 15 7.8 0.04 0.53 0.30 3.7 37 10 0.12 0.02 0.01 2.8 0.01 0.79 0.03 

 
0.24 264271 0.23 0.66 I.S. 2.5 0.41 17 25 1.6 1.2 0.35 1.3 10 21 0.52 0.01 0.01 4.7 0.01 1.3 0.12 

 
0.22 272364 0.02 0.98 I.S. 19 0.33 40 34 0.52 0.88 0.24 1.3 6.3 24 <0.001 0.01 0.02 4.5 0.02 1.8 0.49 

 
0.23 271603 0.75 0.24 I.S. 24 0.28 Inc. 35 0.22 0.29 2.3 2.1 57 Inc. 0.73 0.15 0.02 2.5 0.02 9.4 1.3 

 
0.21 269386 0.22 0.19 I.S. 8.6 0.10 27 6.3 0.08 1.5 0.86 1.4 27 5.1 0.10 <0.001 0.11 4.0 0.01 2.1 0.03 

 
0.22 269202 0.39 0.20 I.S. 7.9 0.23 68 6.5 0.62 2.0 0.26 1.0 58 20 0.15 0.01 0.17 10 0.01 3.2 0.21 

 
0.22 266647 1.3 1.0 I.S. 17 0.07 124 6.2 0.21 4.9 0.29 1.7 Inc. 87 0.11 0.01 0.01 4.2 0.01 1.7 0.57 

 
0.27 268464 0.41 Inc. I.S. 11 0.31 43 7.5 2.1 2.0 0.34 1.7 24 28 0.19 0.02 0.02 0.82 0.01 2.7 0.14 

 
0.76 272437 0.20 0.75 I.S. 29 0.19 Inc. 6.0 1.3 8.0 0.25 4.1 60 Inc. 0.15 0.02 0.06 4.7 0.02 9.2 1.2 

G871 1.5 248855 0.13 - I.S. 17 0.09 71 - 0.44 35 - 0.03 2.2 350 - 0.10 0.27 11 0.12 Inc. 2.3 

 
4.9 243278 0.85 - I.S. 61 0.24 Inc. - Inc. 52 - 0.04 6.0 Inc. - 0.02 0.07 Inc. 0.62 Inc. 2.6 

G874 0.55 300222 0.05 0.41 I.S. 7.8 0.73 3.1 14 0.07 0.65 0.64 1.1 0.41 7.5 1.6 - 0.06 2.9 0.02 Inc. 0.14 

 
6.5 289736 0.57 3.8 I.S. 11 0.13 4.6 20 0.20 0.65 6.0 1.6 3.8 Inc. 1.2 - 0.05 20 0.26 Inc. 1.8 

 
0.20 310084 0.15 0.14 I.S. 2.7 0.26 3.5 5.0 0.02 0.34 1.1 0.52 0.36 Inc. 2.7 - 0.02 4.1 0.01 Inc. 0.35 

 
0.22 314936 0.02 1.2 I.S. 3.0 0.34 4.8 11 0.02 0.42 0.22 0.94 1.1 2.2 0.13 - 0.01 1.9 0.02 43 0.30 

 
0.38 307730 0.35 0.32 I.S. 11 0.10 1.9 8.9 0.04 0.41 0.36 1.2 0.29 2.4 1.0 - 0.02 3.0 0.01 45 0.88 

 
1.4 322891 0.10 0.19 I.S. 6.2 0.14 1.1 27 0.02 0.25 0.19 1.3 0.69 3.5 2.0 - 0.01 4.3 0.01 1.8 0.12 

 
0.33 319045 0.03 0.26 I.S. 4.1 0.11 7.0 50 0.05 0.25 0.23 4.5 0.73 2.1 <0.001 - 0.02 5.3 0.01 3.5 0.01 

 
0.25 315419 0.08 0.21 I.S. 15 0.03 2.8 19 <0.001 0.47 0.49 1.1 1.0 7.1 0.54 - 0.02 6.6 0.02 6.8 0.11 

 
0.21 321571 0.02 2.1 I.S. 2.6 0.10 2.9 16 0.03 2.4 0.24 0.22 0.93 8.1 0.83 - 0.01 7.7 0.04 47 0.17 

 
3.7 309611 0.02 0.24 I.S. 3.1 0.06 8.8 31 <0.001 0.18 0.25 0.82 0.75 5.7 - - 0.01 2.7 0.03 21 0.21 

G879 1.5 252916 0.24 0.94 I.S. Inc. 0.26 67 Inc. 0.05 Inc. 13 31 63 Inc. 0.24 <0.001 0.09 1.9 0.41 25 Inc. 

 
0.32 273915 0.03 0.87 I.S. 71 0.54 36 - <0.001 80 0.47 18 99 Inc. 0.24 <0.001 0.02 2.6 0.01 6.9 12 

 
0.59 269876 0.04 1.2 I.S. 6.1 0.11 3.8 - 0.19 32 2.8 98 162 12 2.4 0.03 0.02 1.00 0.02 4.7 4.1 

 
0.45 263004 0.03 2.0 I.S. 27 0.65 15 - 0.05 29 0.59 77 134 29 1.0 0.10 0.02 0.79 0.04 5.5 9.7 

 
0.45 260518 0.04 0.42 I.S. 25 0.06 11 - <0.001 39 5.1 224 73 Inc. 0.34 <0.001 0.02 0.79 0.01 9.8 7.4 

 
5.4 261263 0.06 0.73 I.S. 7.5 0.08 16 - 0.13 35 6.6 175 105 18 0.67 <0.001 0.04 1.2 0.02 3.5 1.6 

 
11 288633 0.08 2.5 I.S. 30 0.10 21 - 0.71 26 7.2 100 105 30 3.6 0.04 0.06 1.4 0.04 4.5 3.8 

 
4.1 262027 0.15 0.41 I.S. 17 1.7 2.5 - 0.07 58 0.54 51 95 67 1.3 0.13 0.87 0.63 0.89 Inc. Inc. 

 
2.0 266649 0.07 2.3 I.S. Inc. 0.78 25 - 0.09 Inc. 0.66 54 149 Inc. <0.001 0.03 0.03 2.1 0.12 29 24 
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Inc. 271465 0.43 0.71 I.S. 7.4 1.9 4.7 - 0.13 23 0.89 138 94 74 0.37 <0.001 0.03 1.1 0.54 21 19 

G882 - 260352 0.30 0.46 I.S. 4.8 0.14 4.0 12 0.23 0.38 0.65 0.28 1.7 9.6 1.5 0.03 0.01 0.95 0.01 6.3 0.07 

 
- 258669 1.3 0.60 I.S. Inc. 0.15 Inc. 17 0.10 5.6 0.87 2.0 0.53 Inc. 1.4 0.32 0.03 Inc. 0.02 21 1.7 

 
- 264852 0.04 0.44 I.S. 5.2 0.30 12 64 0.10 1.4 0.64 0.11 1.7 14 <0.001 0.19 0.03 5.3 0.03 13 0.17 

 
- 255491 0.04 0.42 I.S. 11 0.28 Inc. 99 0.06 Inc. 0.59 0.04 3.4 Inc. 0.28 <0.001 1.2 Inc. 0.20 Inc. 0.38 

 
- 272901 0.03 0.30 I.S. 2.8 0.02 23 76 <0.001 2.0 1.9 0.44 0.57 15 0.13 0.01 0.02 5.4 0.04 13 0.36 

 
- 284099 0.20 1.5 I.S. 3.5 0.04 8.1 9.3 0.05 0.32 0.41 0.12 1.5 7.5 0.27 0.12 0.06 8.1 0.05 13 0.19 

 
- 290069 0.02 0.25 I.S. 31 0.11 16 7.0 0.04 4.6 4.3 0.15 0.79 17 0.12 0.01 0.01 6.3 0.05 41 0.04 

 
- 303414 0.04 0.65 I.S. 7.7 0.04 6.9 9.4 0.35 1.3 0.57 0.22 1.2 11 0.16 0.03 0.02 0.75 0.01 12 0.06 

 
- 306914 0.32 0.29 I.S. 21 0.13 14 54 <0.001 1.4 0.47 0.10 0.23 37 <0.001 0.01 0.01 11 0.16 15 0.14 

 
- 299663 1.3 1.1 I.S. Inc. 0.19 Inc. 59 0.04 2.7 0.51 0.25 0.34 Inc. 2.0 <0.001 0.01 Inc. 0.08 19 1.0 

G6946 0.32 299507 0.91 1.8 I.S. 4.3 0.46 19 6.7 <0.001 2.9 0.32 4.0 530 41 - - 0.02 5.3 0.04 Inc. 0.13 

 
0.27 309238 0.41 1.5 I.S. 3.4 0.25 32 5.9 0.05 5.7 0.36 2.0 526 46 - - 0.14 2.6 0.01 9.2 0.33 

 
4.8 336463 0.59 1.9 I.S. 7.7 0.07 377 13 0.47 19 0.89 12 177 625 - - 0.35 0.76 0.63 Inc. 3.1 

 
1.4 310441 2.9 0.95 I.S. 22 0.03 Inc. 5.4 0.02 30 0.26 7.2 150 817 - - 0.93 8.9 0.64 Inc. 1.3 

 
0.58 292544 1.4 4.5 I.S. Inc. 0.03 366 5.9 2.8 72 Inc. 11 211 677 - - 6.3 7.0 1.1 Inc. 8.6 

 
0.26 295789 1.0 0.24 I.S. 31 0.47 567 48 1.0 Inc. 1.7 22 254 620 - - 0.08 4.5 0.26 Inc. 0.91 

 
0.28 318479 1.2 0.26 I.S. 78 0.03 587 6.4 0.25 31 3.5 4.6 124 674 - - 2.0 2.1 0.38 Inc. 5.9 

 
7.0 157297 Inc. 2.8 I.S. Inc. 0.20 Inc. 48 0.24 Inc. Inc. 7.9 259 Inc. - - 0.35 Inc. 0.43 179 Inc. 

 
5.9 290677 3.2 5.6 I.S. Inc. 0.04 Inc. Inc. Inc. Inc. 6.2 13 265 1064 - - 0.10 Inc. 0.93 Inc. 6.1 

 
3.3 297135 0.46 0.51 I.S. 139 0.13 109 155 4.6 14 0.53 2.3 537 971 - - 0.72 5.4 0.01 72 1.4 

G6949 4.6 291789 0.02 0.21 I.S. 414 1.2 1.6 16 0.04 13 5.8 179 1048 31 1.6 - 0.01 1.4 0.17 3.0 1.1 

 
0.48 286459 0.03 0.41 I.S. 535 0.98 3.4 12 0.58 7.8 4.3 160 550 Inc. <0.001 - 0.02 0.62 0.27 Inc. Inc. 

 
1.4 286763 0.03 0.27 I.S. 454 0.66 2.5 9.2 0.03 6.3 0.44 178 688 42 0.16 - 0.02 3.6 0.19 3.2 2.0 

 
12 296574 0.05 0.20 I.S. 359 2.0 6.9 6.7 <0.001 13 4.1 153 553 66 1.8 - 0.01 3.1 0.46 11 2.0 

 
4.5 288194 0.03 2.7 I.S. 364 0.84 32 27 0.05 17 7.7 161 298 101 0.31 - 0.02 8.9 0.21 26 12 

 
0.54 281340 0.04 0.46 I.S. 488 1.4 19 15 0.09 2.0 2.4 238 992 29 0.37 Inc. 0.03 3.9 0.19 3.7 4.2 

 
7.1 275520 0.33 0.52 I.S. 514 0.62 18 15 0.10 13 11 180 1299 Inc. 0.39 - 0.03 8.2 0.14 12 8.3 

 
10 277764 0.15 0.32 I.S. 496 0.26 3.5 13 0.50 7.0 4.1 176 342 60 <0.001 - 0.03 4.7 0.70 6.0 1.4 

 
2.7 262341 0.04 5.0 I.S. 496 1.4 15 15 0.08 5.6 8.3 229 1282 67 <0.001 - 0.08 4.6 0.66 7.0 2.9 

 
11 281270 0.05 0.22 I.S. 449 0.32 1.6 16 0.73 13 5.0 178 476 64 <0.001 - 0.03 3.6 0.40 5.3 3.4 

G11701 0.28 287822 0.25 0.28 I.S. 71 0.01 5.1 - 0.03 Inc. 5.3 0.01 0.91 919 - 0.20 0.01 9.0 9.4 63 1.6 

 
0.52 291545 0.04 0.54 I.S. 114 0.06 11 - 0.07 623 3.2 0.03 0.45 848 - 0.13 0.03 12 1.1 104 0.98 

 
0.38 294122 0.14 0.37 I.S. 84 0.17 17 - 0.36 450 4.1 0.06 1.8 663 - 0.03 0.02 6.5 5.2 69 3.0 

 
0.54 291607 0.04 2.1 I.S. 72 0.07 7.8 - <0.001 308 3.1 0.01 0.47 226 - <0.001 0.02 11 0.75 31 0.35 

 
0.54 280270 0.57 0.58 I.S. 128 0.07 15 - 0.12 422 2.8 0.02 0.47 916 - 0.03 0.07 11 8.1 80 2.4 

 
0.61 281795 0.14 0.50 I.S. 135 0.07 12 - <0.001 Inc. 1.0 0.01 2.8 866 - <0.001 0.04 12 2.3 75 1.9 
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2.7 285128 0.05 0.92 I.S. 94 0.32 2.8 - 0.05 437 8.4 0.01 1.1 217 - <0.001 0.02 15 0.57 18 0.17 

 
0.50 280368 0.12 0.53 I.S. 118 0.18 2.7 - 0.20 489 3.4 0.03 1.2 517 - <0.001 0.02 13 2.9 63 4.7 

 
0.43 271485 0.03 0.37 I.S. 90 0.06 2.2 - 0.07 339 2.4 0.01 0.38 1035 - 0.03 0.02 4.7 6.0 116 7.4 

 
1.4 276540 0.03 0.23 I.S. 110 0.30 6.4 - 0.04 Inc. 2.0 0.11 0.23 540 - <0.001 0.01 1.2 3.4 86 0.40 

G14246 0.18 288880 0.16 0.93 I.S. 353 1.6 21 4.2 0.10 2.2 5.3 101 637 24 - - 0.03 0.44 0.14 15 6.9 

 
0.59 292725 0.02 0.15 I.S. 362 2.0 9.2 19 0.03 3.0 3.8 90 425 65 - - 0.02 3.6 0.24 16 11 

 
0.19 282768 0.08 0.14 I.S. 430 1.3 15 4.4 0.11 2.9 4.7 88 586 42 - - 0.03 3.1 0.25 13 11 

 
0.79 288142 0.13 2.1 I.S. 402 1.2 17 4.2 0.16 3.1 2.4 90 1016 25 - - 0.01 4.3 0.18 20 7.1 

 
1.1 287784 0.03 0.18 I.S. 257 1.1 15 5.4 0.03 0.75 2.2 99 477 14 - - 0.01 2.6 0.03 12 4.1 

 
0.20 287233 0.10 0.91 I.S. 509 2.4 1.6 24 0.03 5.3 3.7 141 406 38 - - 0.01 3.8 0.23 13 10 

 
3.2 285782 0.30 0.14 I.S. 338 0.73 14 11 0.11 3.2 4.7 64 692 34 - - 0.01 9.0 0.55 14 13 

 
1.6 284596 0.02 0.57 I.S. 589 1.4 15 4.7 0.04 1.2 7.1 83 639 17 - - 0.01 7.8 0.08 16 14 

 
1.2 283034 0.01 0.33 I.S. 376 0.74 13 4.0 <0.001 2.3 2.1 88 225 28 - - 0.01 4.0 0.17 14 13 

 
0.18 282395 0.14 0.37 I.S. Inc. 1.9 Inc. 4.7 0.02 0.92 5.2 147 219 12 Inc. - 0.01 4.3 0.04 15 14 

G14867 0.84 293267 0.02 1.6 I.S. 2.2 0.18 82 100 0.10 26 0.20 0.03 3.4 8.1 - - 0.13 20 0.09 20 6.2 

 
0.16 314568 0.01 0.15 I.S. 1.9 0.08 80 Inc. 0.16 29 1.1 0.04 1.4 13 - - 0.17 89 0.05 14 4.2 

 
0.99 269372 0.26 1.1 I.S. 2.1 0.04 Inc. 53 0.25 Inc. 0.20 0.07 7.1 67 - - 0.23 Inc. 0.16 34 9.7 

 
0.72 259818 0.02 0.15 I.S. 2.2 0.07 79 25 0.03 42 0.19 0.03 3.1 12 - - 0.27 104 0.03 7.5 3.3 

 
0.20 293796 0.02 0.16 I.S. 9.1 0.03 52 106 0.02 14 0.22 0.05 2.7 6.6 - - 0.03 47 0.06 8.5 5.2 

 
2.1 243143 0.16 1.2 I.S. Inc. 0.02 Inc. Inc. 1.0 88 0.54 0.07 0.61 77 - - 0.17 128 0.08 9.2 19 

 
1.2 294979 0.02 0.23 I.S. 2.7 0.05 26 47 0.04 11 0.25 0.05 4.2 4.6 - - 0.09 8.9 0.01 10 3.8 

 
0.20 283178 0.02 1.1 I.S. 2.2 0.02 40 65 <0.001 22 0.21 0.08 3.7 19 - - 0.18 13 0.12 14 2.5 

 
0.60 291302 0.02 0.36 I.S. 10.0 0.03 75 67 <0.001 9.1 0.25 0.07 4.2 13 - - 0.06 90 0.03 17 15 

 
0.74 291563 0.01 0.16 I.S. 5.1 0.03 54 Inc. 0.74 14 2.7 0.04 1.6 7.9 - - 0.20 51 0.06 14 5.0 

Mo16 0.10 279846 0.04 - I.S. 729 0.16 10 9.9 <0.001 13 82 0.07 0.95 8.8 <0.001 - <0.001 0.03 0.02 11 0.003 

 
0.07 279031 0.01 - I.S. 547 0.29 9.9 5.2 <0.001 11 51 0.12 0.57 0.45 0.55 - 0.02 0.02 0.001 0.31 <0.001 

 
0.16 258379 0.01 - I.S. 515 0.30 12 10 0.10 11 54 0.20 0.67 1.4 0.31 - <0.001 0.02 0.005 1.2 0.002 

 
0.07 276326 <0.001 - I.S. 551 0.18 14 10 0.12 12 51 0.20 0.91 1.3 0.06 - 0.003 0.02 0.001 0.81 0.01 

 
0.15 293286 0.02 - I.S. 622 0.10 8.4 6.7 0.43 13 52 0.15 0.43 2.0 0.06 - 0.07 0.02 0.001 2.0 <0.001 

 
0.30 285367 0.01 - I.S. 540 0.13 6.4 9.1 <0.001 12 16 0.03 0.78 0.53 0.16 - 0.05 0.03 0.001 2.0 0.01 

 
0.06 288811 0.01 - I.S. 651 <0.001 5.5 7.5 0.02 10 25 0.02 0.58 0.59 0.05 - 0.02 0.02 0.001 3.1 0.002 

 
0.46 259398 0.05 - I.S. 482 0.04 0.93 12 <0.001 11 47 0.11 0.75 2.5 0.30 - 0.01 0.03 0.04 1.4 0.002 

 
0.36 269392 0.01 - I.S. 719 0.22 2.8 6.2 <0.001 13 53 0.15 1.0 5.4 0.95 - 0.01 0.03 0.001 3.3 0.002 

 
0.09 285128 0.01 - I.S. 533 0.27 8.5 11 0.02 11 47 0.10 0.87 0.78 0.17 - 0.004 0.11 0.001 0.38 0.01 

G29851 - 323117 0.04 0.68 I.S. 19 0.06 Inc. - 0.17 9.4 0.80 0.11 2.3 Inc. 0.45 0.04 0.22 Inc. 0.02 86 3.2 

 
- 313079 0.05 0.62 I.S. 6.4 0.20 24 Inc. 0.11 30 0.89 0.14 1.5 13 1.6 0.05 0.16 9.7 0.01 124 1.3 

 
- 295608 0.06 0.83 I.S. 7.3 0.11 11 - 0.07 66 2.4 0.08 0.56 13 0.78 0.11 0.04 23 0.21 139 1.6 
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- 312881 0.06 2.2 I.S. 12 0.06 32 - 0.35 10 2.9 0.12 0.45 17 4.3 0.03 0.68 9.9 0.03 121 0.28 

 
- 297033 0.20 0.59 I.S. 5.7 0.07 37 - 0.09 54 0.86 0.06 2.9 11 1.6 0.04 0.02 17 0.01 91 0.56 

 
- 312092 0.05 0.64 I.S. 22 0.17 50 - 0.07 70 0.75 0.06 2.4 6.1 0.31 0.11 0.03 15 0.05 31 0.34 

 
- 292322 0.08 1.3 I.S. 6.0 0.08 35 - 0.08 35 0.81 0.12 4.2 4.6 1.6 0.03 0.03 12 0.02 19 0.08 

 
- 300512 0.14 0.62 I.S. 5.7 0.07 7.3 - 0.09 11 0.73 0.10 1.9 8.3 0.33 0.03 0.07 12 0.03 47 0.22 

 
- 301672 0.06 2.0 I.S. 5.4 0.07 18 - 0.08 6.1 0.92 0.10 0.49 12 0.78 0.03 0.34 9.7 0.01 59 0.29 

 
Inc. 292372 0.06 0.69 I.S. 5.5 0.07 6.8 Inc. 0.08 14 0.92 0.12 0.45 8.5 3.1 <0.001 0.03 12 0.01 50 0.32 

ORV4 0.08 243555 0.08 - I.S. 137 0.41 6.1 0.93 <0.001 1.2 0.96 4.2 4.2 5.3 <0.001 - Inc. 0.04 0.04 9.8 0.03 

 
0.32 231188 <0.001 - I.S. 167 0.17 0.76 Inc. 0.36 2.2 0.52 9.0 0.06 0.86 <0.001 - - 0.04 0.002 5.3 0.25 

 
0.28 240866 <0.001 - I.S. 144 1.5 2.3 3.2 <0.001 2.0 0.64 8.8 4.1 0.16 0.45 - - 0.10 <0.001 0.36 0.01 

 
0.08 232848 0.05 - I.S. 173 <0.001 2.7 9.3 0.36 4.0 1.3 9.5 2.1 0.19 0.37 - - 0.03 <0.001 0.10 0.02 

 
0.25 239708 0.06 - I.S. 142 0.29 2.6 0.96 0.67 1.6 0.68 7.2 2.8 5.3 <0.001 - - 0.03 0.02 1.6 0.03 

 
0.15 232801 <0.001 - I.S. 158 0.16 3.8 5.0 <0.001 6.8 0.69 7.5 2.9 0.01 <0.001 - - 0.03 <0.001 9.7 0.03 

 
0.08 226757 0.16 - I.S. 147 0.13 3.5 0.78 <0.001 1.5 1.5 7.8 4.2 0.02 <0.001 - - 0.07 0.001 0.70 0.19 

 
0.55 231795 <0.001 - I.S. 129 0.36 1.5 0.80 0.18 7.8 2.3 9.0 1.5 0.09 <0.001 - - 0.11 <0.001 0.11 0.07 

 
0.39 238211 0.05 - I.S. 144 0.29 0.74 7.5 <0.001 1.3 1.6 9.8 0.19 6.2 <0.001 Inc. - 0.08 0.02 1.8 0.05 

 
0.49 240699 0.04 - I.S. 218 0.34 2.1 1.1 <0.001 0.97 2.5 7.8 3.2 0.12 <0.001 - - 0.28 <0.001 0.04 0.003 

                       Dash indicates all analyses <mdl. Other <mdl values were treated as mdl/2. I.S. = Internal standard. Inc. = Inclusion detected. 

*Evidence suggests sulphides in sample did not co-crystallize (based on textures and partitioning trends among base metal sulphides). 
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Trace element partitioning between sphalerite, galena and chalcopyrite 
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___________________________________________________________________________ 
 
Despite the abundance of published trace element data for sphalerite, galena and chalcopyrite in 
natural systems (e.g. [1]; [2]; [3]), the partitioning behaviour of trace elements between these co-
crystallizing sulphides remains poorly constrained. Laser-ablation inductively-coupled plasma mass 
spectrometry (LA-ICP-MS) analysis was conducted on seventeen different multicomponent base 
metal sulphide (BMS) assemblages from nine skarn, epithermal and sedimentary exhalative deposits. 
The trace elements consistently measured can be categorized into three groups based on their 
partitioning behaviours between co-crystallizing sphalerite, galena and chalcopyrite (See Table 1). 

 
Group 1 elements are Mn, Fe, Zn, As, Se, Ag, Cd, Sb, Te, Tl and Bi. These elements have the same 
primary preferred BMS host in all examined assemblages, and sometimes also an obvious secondary 
host as well. Group 2 elements are Ga and In. They are primarily hosted in sphalerite in those 
assemblages that have not been recrystallized, whereas a relatively high concentration of these 
elements can be expected in chalcopyrite in recrystallized assemblages. Thus in recrystallized 
deposits, chalcopyrite is typically the primary host of Ga, and occasionally of In. Group 3 elements 
are Co, Cu and Hg. These elements are usually preferentially hosted within sphalerite, however this 
trend is not observed in all assemblages. Tin exhibits partitioning behaviour similar to Group 2 
elements as the concentration of Sn in chalcopyrite is higher in recrystallized assemblages. This 
typically makes chalcopyrite the primary host of Sn in recrystallized assemblages. However, in 
assemblages that have not recrystallized, Sn may be primarily hosted in sphalerite, galena or 
chalcopyrite, and thus does not fit neatly into any of the three groups above. 
 
Temperature, pressure and redox conditions prevalent at the time of BMS crystallization do not 
appear to alter the preferred BMS host of Group 1 and 3 elements. Only high temperatures and 
pressures associated with upper amphibolite to granulite facies metamorphism alter the partitioning 
behaviour of Group 2 elements and Sn. Trace element oxidation state, ionic radius, availability and 
budget that a given BMS mineral can accommodate are the principal factors governing the 
partitioning behaviour of Group 1 elements. Ongoing research continues to investigate how the 
observed trends differ when other co-crystallizing sulphides, e.g. tetrahedrite-tennantite or bornite, 
are present.  
 
References: 

[1] Moggi-Cecchi V et al. (2002) Period Mineral 71:101-109 

[2] Cook N et al. (2009) Geochim Cosmochim Acta 73:4761-4791 

[3] George L et al. (2015) Am Mineral 100:548-569 

Table 1. BMS hosts of various trace elements as determined from LA-ICP-MS analysis. 

Trace Element Mn Fe Co Cu Zn Ga As Se 

 Primary BMS Host Sp1 Sp>Gn1 Sp>Cp3 Sp>Gn3 Cp1 Sp2 Gn>Sp1 Gn1 

           Trace Element Ag Cd In Sn Sb Te Hg Tl Bi 

Primary BMS Host Gn1 Sp>Gn1 Sp>Cp2 ?* Gn>Cp1 Gn1 Sp>Cp3 Gn1 Gn1 

          Abbreviations: Sp = sphalerite, Gn = galena, Cp = chalcopyrite.  
1Group 1 elements. Trend observed in all examined samples. 2Group 2 elements. Recrystallization 
increases element concentration in Cp and may make Cp the primary host. 3Group 3 elements. 
Trend generally, yet not always, true. 
*Recrystallization increases Sn concentration in Cp such that Cp is usually primary host in 
recrystallized samples. Below recrystallization conditions, no trend is observed. 
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Fig. 1. Representative LA-ICP-MS maps showing the distribution of Ag in different 
assemblages. Sp = sphalerite, Gn = galena, Cp = chalcopyrite. 
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Discussion cont.

One question remains: why is Hg largely 

absent from galena, while sometimes 

present at relatively high concentrations 

in sphalerite, when the Hg2+ ion falls within 

15% of the Pb2+ ionic radius in octahedral 

coordination, while well outside 15% of the 

Zn2+ ionic radius in tetrahedral coordination 

(Fig. 4). Hg2+ substitution into sphalerite may 

be aided through direct solid solution with 

the discrete isostructural Hg-bearing minerals 

metacinnabar, tiemannite and coloradoite.

In one sample from the Broken Hill deposit, 

Australia, which underwent syn-metamorphic 

recrystallization, compositional zoning was 

observed in both sphalerite and galena. 

Silver and Sb in galena, and Co in sphalerite, 

are depleted around grain rims and directly 

adjacent to fractures (Fig. 5). Growth-zoned 

sphalerite or galena is normally exceptionally 

rare in recrystallized deposits due to high 

temperatures and ample time for grainscale 

re-equilibration of trace elements. The  

zoning here is thus considered the result 

of secondary leaching following flu

i

d- rock  

interaction.

Co n t r o l s o n  Tr a c e El emen t  Pa r t it io n in g   
bet w een  Spha l er it e a n d Ga l en a

Luke George1, Nigel Cook2 and Cristiana Ciobanu2

1School of Physical Sciences, University of Adelaide, S.A. 5005, Australia     
2School of Chemical Engineering, University of Adelaide, S.A. 5005, Australia

Results

LA-ICP-MS trace element maps were generated on assemblages containing co-crystallized 

sphalerite and galena (Fig. 1) from deposits that are representative of a range of different 

ore types, geologic environments and physiochemical conditions of ore formation. The 

LA-ICP-MS maps confir

m

 pr edi ct abl e par ti ti oni ng pat ter ns  that  ar e independent  of  or e 

type, geological environment, physiochemical conditions etc. Most trace elements display 

predictable behavior, preferring either sphalerite or galena. Silver, for example, always 

prefers galena over sphalerite. Figure 2 shows the distribution of Ag in four representative 

multicomponent assemblages. The LA-ICPMS maps also highlight the more complicated 

partitioning behavior of Sn, being primarily concentrated in both sphalerite and galena in 

different assemblages (Fig. 3).

Abstract

Using LA-ICP-MS trace element mapping of assemblages from a wide range of ore 
deposits, this study investigates the partitioning behavior of trace elements between co-
crystallized sphalerite and galena. Almost all elements display a predictable, systematic 
partitioning between sphalerite and galena which is independent of ore type, geological 
environment or physiochemical conditions. Only the geochemical behavior of Sn, with 
respect to preferred host sulfid

e
,  rema i ns  undet er mi ned in lowe r  temp er at ur e or es .

Introduction

Despite an abundance of published trace element data for both sphalerite and galena in natural 

systems (e.g., Cook et al., 2009; George et al., 2015), the systematic partitioning behavior of trace 

elements between these minerals remains poorly constrained. Gaining such an understanding 

potentially contributes to a number of broad applications in the minerals industry: ore genesis, 

minerals exploration, ore processing and environmental management.

Discussion

Sphalerite and galena both have ionic structures, 

in which the incorporation of trace elements is 

governed principally by Goldschmidt’s fir

s

t rul e of  

substitution (Goldschmidt, 1954). This rule asserts 

that the ability of a given trace element to partition 

into an ionic lattice depends on the similarity of 

its ionic radius to that of the element it replaces. 

Thus most of the LA-ICP-MS mapping data can 

be explained by simply taking into account the 

ionic radius of the substituting trace element ion 

relative to the replaced Zn or Pb (Fig. 4). As such, 

the preferred host of most trace elements is largely 

independent of external factors. Manganese, Fe, 

Co, Cu, Ga, Ge, Cd, In and Hg all prefer sphalerite 

as host, while As, Se, Ag, Sb, Te, Tl and Bi prefer 

galena.

The authors are unaware of ionic radius data for 

either Sn2+ or Sn3+ in tetrahedral or octahedral 

coordination, precluding prediction of the 

behaviour of these ions from Goldschmidt’s fir

s

t 

rule. However, it does seem from the results here 

that galena becomes the preferred Sn host during 

syn-metamorphic recrystallization, supporting 

conclusions reached by George et al. (2015).

When chalcopyrite is also present, Sn, as well as 

Ga, move to chalcopyrite during recrystallization. 

Nevertheless, in lower temperature, non-

recrystallized ores, the partitioning behaviour of Sn 

appears to vary as a function of as-yet unknown 

parameters.

Fig. 4. Plots showing the ionic radius of various trace element ions, both in tetrahedral 
coordination (as in sphalerite) compared to Zn2+ and octahedral coordination (as in 
galena) compared to Pb2+. Data from Shannon 1976.
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Fig. 1. Back-scattered electron images of 

~120o triple junction grain boundaries between 

sphalerite (Sp), galena (Gn) and chalcopyrite 

(Cp) at Herja (A) and Bleikvassli (B) illustrating 

textural evidence for co-crystallization. Note 

the grain boundaries curving towards the triple 

junction in order to approximate 120o. 

Fig. 2. Representative LA-ICP-MS maps showing the distribution of Ag in different 
assemblages. Sp = sphalerite, Gn - galena, Cp = chalcopyrite.

Fig. 3. Representative LA-ICP-MS maps showing the distribution of Sn in different 
assemblages. Sp = sphalerite, Gn - galena.
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