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CHAPTER 6: TRACE ELEMENT CHEMISTRY 
 
 

6.1 INTRODUCTION 

This Chapter documents the characteristic trace element chemistry associations that 

occur with gold in hypogene sulphide ore types from the SMD gold and copper deposits. 

Previous trace element studies involved company sponsored reviews of stream geochemical 

trace element associations and anomalies by Agnew (1998); down-hole trace element 

associations with gold based on the SMD drill hole geochemical data were investigated by 

Hackman (1998). Before this study there are no known investigations of trace elements in SMD 

gold-bearing pyrite generations involving the application of LA-ICPMS, or the distribution of 

associated trace elements with gold using PIXE NMP imaging methods.  

Initial trace element investigations conducted during this research project used LA-

ICPMS as a reconnaissance tool to quantitatively point probe or burn across individual sulphide 

grains in SMD ore samples to determine where gold occurs in the SMD sulphides and to 

establish the associated mineral paragenesis for pre-, syn- and post-gold ore assemblages in the 

SMD SHGD and copper deposits (Chapter 5). Subsequently, the main objectives set for the 

follow-up trace element studies of the SMD gold-bearing ore stage sulphides presented in this 

Chapter were to:  

(a) document trace element signatures associated with pre- and syn-gold ore pyrite 

generations in the SMD SHGD and copper deposits, and 

(b) investigate the distribution of trace elements associated with pre- and syn-gold ore 

pyrite generations in the SMD SHGD and copper deposits.  
 
Preliminary LA-ICPMS results from trace element studies of the SMD pyrite 

generations were documented in the UTAS annual research progress reports by Cromie (2005, 

2006) and also published as extended abstracts in Cromie et al. (2006a, b). The initial PIXE 

NMP results were presented in research reports by Cromie (2006, 2007).  

This chapter commences with documentation of trace element signatures associated 

with the SMD pre- and syn-gold ore pyrite generations based on LA-ICPMS data generated in 

this study (Section 6.2). Then the results and images from follow-up PIXE NMP investigations 

are presented in Section 6.3, which also provides new insights into the distribution of the trace 

elements associated with the SMD pre- and syn-gold ore pyrite types. The chapter concludes 

with a discussion and summary of the SMD trace element results (Section 6.4). The potential 

sources of the SMD trace elements is discussed in Chapter 8.   
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6.2 TRACE ELEMENT GEOCHEMISTRY OF SMD PYRITE 

6.2.1 Introduction 

Recent trace element geochemical studies of different pyrite generations in SHGD 

published by Zhang et al. (2005), Wood and Large (2007) and Large et al. (2007) describe the 

application of LA-ICPMS techniques to (a) investigate the possible sources of metals that occur 

in gold-bearing pyrite generations, in an attempt to determine the source of the gold, and (b) 

document the characteristic trace element associations present in the various pyrite generations 

from SHGD to identify chemical vectors to assist mineral exploration to discover economic 

gold resources. Zhang et al. (2005) indicated that high-grade gold in main-gold ore stage 

samples from the unmetamorphosed Carlin-type gold deposits in southern China occurs in a 

late epigenetic stage and is coincident with high concentrations of As-Hg-Sb-Tl and low levels 

of Ag, Zn, Pb and Cu that predominantly occur in overgrowth rims of pyrites surrounding 

earlier gold poor cores of pyrite, marcasite and arsenopyrite. By contrast , Wood and Large 

(2007) and Large et al. (2007) carried out detailed paragenetic studies of pelitic SHGD in 

Central Victoria, Australia and Sukhoi Log, Siberia, combined with LA-ICPMS investigations. 

They found that higher concentrations of gold and arsenic mainly occur in early syngenetic and 

syndiagenetic pyrite, and the lower levels of gold and arsenic are mainly in the later generations 

of metamorphic pyrite. These pyrite studies provide useful insights into (a) the residence of 

gold, (b) the characteristic trace element vectors associated with gold, (c) the possible source of 

gold, and (d) the paragenetic timing of gold deposition. 

The primary objectives of this LA-ICPMS study of SMD pyrite types conducted at 

CODES, UTAS were: (1) to identify which sulphide minerals contained gold to assist mineral 

paragenesis studies to determine the pre-, syn- and post-gold ore stage mineral assemblages 

present in the SMD SHGD and copper deposits (Chapter 5), (2) to determine the residence of 

gold and the associated trace elements in the pre- and syn-main gold ore stage pyrite 

generations, and (3) to document the characteristic trace element signatures associated with 

gold in the pre- and syn-main gold ore stage pyrite generations that can then be applied to 

mineral exploration to discriminate between gold poor and gold enriched pyrite indicators 

respectively.  

The first objective of this study to identify the pre-, syn- and post-main gold ore stage 

sulphides was achieved and the results were presented in Chapter 5 to constrain the respective 

mineral assemblages for SMD Stages 1 to 5. Section 6.2 presents the trace element data sets 

obtained during additional LA-ICPMS analyses, mainly from the SMD Stages 2 and 3 (pre-

main gold ore stages) and the SMD Stage 4 (main-gold ore stage) pyrite generations occurring 

in the SMD SHGD and copper deposits, in turn documenting the  residence of gold and the 

characteristic trace element associations with gold in these pyrite generations. 
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6.2.2 Analytical methods 

6.2.2.1 Sample selection and preparation 

The pyrite samples chosen for this LA-ICPMS study were prepared at CODES, UTAS as 

25mm diameter round polished mounts that were selected from gold-bearing sulphide ore 

samples from the SMD SHGD and copper deposits and were then initially used during the 

paragenetic investigations presented in Chapter 5. Subsequently, representative pyrite types 

from the SHGD and copper skarn deposits in SMD Stages 2 to 4A were chosen for LA-ICPMS 

testing to determine their trace element composition and the presence of gold (Fig. 6.2.1). SMD 

Stage 1 framboidal pyrite was not included in this study due to its rarity and very fine grainsize  

(i.e. <15 mm) that made it unsuitable for analysis by LA-ICMPS. The internal textures of pyrite 

samples were investigated and highlighted using nitric acid etching prior to LA-ICPMS 

analyses. The etching method involves the application of a few droplets of 70% nitric acid 

(HN03) to the required location on the polished mounts for a period of up to 30s then rinsing 

with water to remove the acid. Minerals with arsenic are commonly deeply etched by nitric acid 

and so this procedure can greatly assist in highlighting pyrite growth zones (Fig. 6.2.1.). 

6.2.2.2 LA-ICPMS analysis technique 

The concentrations of trace elements in the SMD pyrite types investigated in this study 

were all determined by LA-ICPMS at CODES, UTAS, using the analytical techniques 

described by Wood and Large (2007) and Large et al. (2007). The CODES LA-ICPMS 

instrumentation uses a 213-mm New Wave UP213 solid state Nd-YAG laser microprobe that is 

equipped with an 8x lens connected via a TV monitor to view samples, and coupled with an 

Agilent 4500 quadrupole mass spectrometer (Large et al., 2007).  The spot laser method was 

mainly used to selectively test rim and core compositions of individual pyrite grains. Some 

laser line traverses were also conducted, mainly to investigate trace element zonation across 

pyrite grains. All spot analyses were pre-ablated with the laser at 1 Hz for 5s to remove any 

surface contamination. Subsequently, the time-resolve mode is used to collect data over a 100s 

period, involving an initial 30s background analysis of the gas and followed by a 70s period 

with the laser on. Samples were mostly ablated with a laser beam diameter of either 15 or 30 

m with a repetition rate of 5 Hz and laser energy of ~6 /Jcm2 and all analyses were conducted 

in an atmosphere of pure He gas that was used to carry the ablated particles to the ICPMS for 

analysis. All LA-ICPMS analyses were quantified against the STGL2b2 standard established 

by Danyushevsky et al. (2003), using Fe as the internal standard. Machine drift and 

instrumental mass bias were monitored by routinely analysing 4 laser spots on standard 

STGL2b2 every hour during each LA-ICPMS analytical batch. An Excel spread sheet macro 

constructed by CODES, UTAS was used to reduce all the LA-ICPMS data obtained, with 

results presented in Appendix 6.2.1.  



Chapter 6 – Trace Element Chemistry 

 
207

6.2.3 Morphology of SMD pyrite types 

Seven main types of pyrite from the SMD SHGD and copper deposits were 

investigated for their trace element compositions using the LA-ICPMS analytical method, 

namely: (a) SMD SHGD Pyrite 2B (SMD Stage 2), Pyrite 3B (SMD Stage 3B), Pyrite 4A 

(SMD Stage 4A) comprising types 4A1-4A4 and (b) SMD copper deposit skarn zone, including 

Pyrite SKN1 (SMD Stage 3B) and Pyrite SKN2 (SMD Stage 4A). The trace element 

composition of Chalcopyrite 3C (SMD Stage 3C) from the SMD copper deposits was also 

studied. The morphology of these pyrite types and chalcopyrite are previously described in 

Chapter 5 and herein presented with a summarised description in Fig. 6.2.1. Pyrite types with 

core and rim zones were mainly targeted by LA-ICPMS spot analysis for this study (Fig. 6.2.1).  

 
Fig. 6.2.1. Photomicrographs showing the textural variations of the seven main types of SMD pyrite analysed by 
LA-ICPMS, namely Pyrite 2B, Pyrite 3B, Pyrite 4A1 to 4A4 and Pyrite SKN1 and Pyrite SKN2. 

A. SMD Stage 2B euhedral Pyrite 2B (Py 2B) with thick rims and spongy cores hosted by calcareous shale (CSH). 
The black dots along the rims and towards the cores of Py 2B are LA-ICPMS points. Sample NLU0060300, 
Nalou SHGD. 

B. SMD Stage 3B massive yellow Pyrite 3B (Py 3B) intergrown with minor galena (gn), dark brown sphalerite 
(sp) and quartz (qtz) occurring in a vein. Sample DIS0481036, Discovery West SHGD. 

C. SMD Stage 4A subhedral Pyrite 4A1 (Py 4A1) with spongy textured gold poor cores and thin high-grade gold-
bearing pyritic overgrowths along the margins of Py 4A1, intergrown with quartz (qtz). The black dots on the 
rims and at the cores of Py 4A1 are LA-ICPMS points. Sample NLU0060300. 

D. SMD Stage 4A hexagonal and cubic examples of Pyrite 4A2 (Py 4A2) with high-grade gold-bearing pyritic 
overgrowths along the margins of Py 4A2. Sample DIS0560681, Discovery West SHGD. 

E. SMD Stage 4A cluster of euhedral Pyrite 4A3 crystals (Py 4A3) surrounded by a pyritic overgrowth (<30 m) 
occurring in black calcareous shale (CSH). Sample DIS0560681, Discovery West SHGD. 

F. SMD Stage 4A cluster of subhedral Pyrite 4A4 crystals (Py 4A4) surrounded by thick colloform textured 
overgrowth bands of pyrite (>30 m). Sample DIS0211124, Discovery Main SHGD. 

G. SMD Skarn Stage 2B pyrite (Py-SKN1) composed of pale yellow sub-rounded pyrite with fractures filled by 
SKN Stage 3 chalcopyrite (cpy). Sample KHN4090719, Khanong copper deposit.  

H. SMD Skarn Stage 2B massive sub-rounded pyrite (Py-SKN1) surrounded by rough textured SKN Stage 4 
pyrite (Py-SKN2). Sample DIS2991102, Discovery East SHGD copper skarn zone.  
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6.2.4 LA-ICPMS trace element results from the SMD pyrite types 

6.2.4.1 Background 

A total of thirty-five polished round mounted samples containing SMD pyrite types 

were testing by the LA-ICPMS spot analysis technique during trace element investigations, 

comprising twenty samples from the SMD SHGD and fifteen samples from the SMD copper 

deposits. In this study, a total of 258 LA-ICPMS spot analyses tested the eight main SMD 

pyrite types shown in Fig. 6.2.1. Results for the combined trace element data obtained are 

tabulated in Appendix 6.2.1. The data include 37 analyses of Pyrite 2B, 15 of Pyrite 3C, 110 of 

Pyrite 4A, 44 of Pyrite SKN1, 45 of Pyrite SKN2 and 17 of Chalcopyrite 3C (Fig. 6.2.1).  

The LA-ICPMS data presented in Appendix 6.2.1 contain two combined data sets.           

The first set was collected during preliminary investigations from a total of 62 LA-ICPMS spot 

analyses on SMD SHGD pyrites, with data for 15 elements acquired to allow for longer 

counting times during the laser ablation routine to enhance the ICPMS detection of gold.            

The longer counting times allowed collection of data for Ag, As, Au, Co, Cu, Fe, Mo, Ni, Pb, 

Sb, Se, Ti, Tl, W and Zn. The second data set containing the remaining 189 LA-ICPMS spot 

analyses includes data for a total of 29 elements, comprising  Ag, As, Au, Ba, Bi, Cd, Co, Cr, 

Cu, Fe, La, Mn, Mo, Ni, Os, Pb, Re, Sb, Se, Sn, Te, Th, Ti, Tl, U, V, W, Zn and Zr. When 

these two data sets were combined, some trace element cells for the first data set of 62              

LA-ICPMS spot points in Appendix 6.2.1 did not have any trace element data recorded for 

them and are therefore shown as having no data (i.e. nd), namely for Ba, Bi,  Cd, Cr, La, Mn, 

Os, Re, Sn, Te, Th, U, V and Zr. Some laser ablation spot analyses also obtained trace element 

data that were below the ICPMS detection limits and therefore, these data are recorded in 

Appendix 6.2.1 and shown as red text for the below detection limit values obtained.  

The results presented here from this LA-ICPMS trace element study consist of two 

main groups of pyrite types involving (a) SMD SHGD pyrite types and (b) SMD copper 

deposit pyrite types. LA-ICPMS results from the three main SMD SHGD pyrite types 

investigated comprise Pyrite 2B (Section 6.2.4.2), Pyrite 3B (Section 6.2.4.3) and Pyrite 4A 

(Section 6.2.4.4) with the bi-variate plots of the combined data from these SHGD pyrite types 

presented in Section 6.2.4.5. The remaining LA-ICPMS analyses comprise two types of pyrite 

from the SMD copper deposits, namely Pyrite SKN1 (Section 6.2.4.6) and Pyrite SKN2 

(Section 6.2.4.7), and also Chalcopyrite 3C (Section 6.2.4.8) Bi-variate plots of Au versus other 

trace elements using the total combined pyrite data set from both the SMD SHGD and the SMD 

copper deposit are presented in Section 6.2.4.9 to investigate the correlation of trace elements 

from this LA-ICPMS study. Only data that was obtained above the detection limits of the         

LA-ICPMS are presented. A discussion and summary of results is presented in Section 6.2.5.  
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6.2.4.2 Pyrite 2B composition 

LA-ICPMS analyses indicate that pre-main gold stage Pyrite 2B (SMD Stage 2) is 

characterised by high levels of (in descending order of abundance) Pb, Ni, Co, As, Cu, Ti, 

minor concentrations of Cr, Zn, Sb, Mn, Se, Ba, Te and trace amounts of V, Bi, Mo, Ag, Sn, Tl, 

W, U and Au (Table 6.2.1; Figs. 6.2.2 and 6.2.3). The LA-ICPMS results for a total of 37 

points obtained from Pyrite 2B are provided in Appendix 6.2.1, the mean concentrations of 

each trace element obtained are presented in order from the highest to the lowest in Table 6.2.1 

and the ranges of trace element contents are shown in Fig. 6.2.2. The highest trace element 

concentrations in Pyrite 2B ranged from 10 to 4896 ppm Pb (mean = 609 ppm Pb); 1 to 2358 

ppm Ni (mean = 493 ppm Ni); and 0.4 to 3155 ppm Co (mean = 326 ppm Co). Elevated levels 

of arsenic ranging from 18 to 1462 ppm As (mean = 313 ppm) were also observed in 33 LA-

ICPMS points (Table. 6.2.1). Only low concentrations of gold were detected in 18 out of 37 

LA-ICPMS points tested in Pyrite 2B, ranging from <0.1 and up to 0.5 ppm Au with a mean 

value of 0.2 ppm Au (Table. 6.2.1; Figs. 6.2.2 and 6.2.3).  

 

Table. 6.2.1. Statistical summary of the trace element concentrations of Pyrite 2B determined from 37 LA-ICPMS 
points. These ppm results are ranked in order from the highest to the lowest based on the mean trace element 
concentrations with Pb being the highest and Au the lowest. The statistics shown are calculated from the trace 
element values that were above the LA-ICPMS detection limits (ADL).    
 

 Trace Number of Mean Median Minimum Lower Upper Maximum Std.Dev.

Element LA Points Value Quartile Quartile Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Pb 37 609.0 322.0 10.2 179.4 708.2 4896.1 885.85

Ni 37 493.3 228.6 1.3 96.7 658.1 2357.9 608.80

Co 37 326.3 81.3 0.4 23.0 324.0 3155.1 656.85

As 33 313.4 234.7 18.1 75.3 306.1 1462.1 351.46

Cu 35 241.4 39.3 4.6 20.0 211.9 3706.8 648.46

Ti 37 208.6 54.3 4.7 14.4 337.4 914.1 285.33

Cr 13 82.0 15.2 5.9 9.7 104.8 398.8 119.74

Zn 29 74.2 29.3 1.0 6.2 132.6 444.4 103.52

Sb 35 39.1 28.0 1.8 11.8 62.3 167.6 33.86

Mn 14 32.5 10.2 2.3 4.1 30.4 145.7 45.08

Se 7 18.5 7.9 4.0 4.6 18.7 71.4 24.11

Ba 20 16.3 3.0 0.3 1.1 24.1 105.8 26.42

Te 8 11.1 2.8 0.3 0.8 25.4 30.5 13.57

V 18 5.1 1.9 0.2 0.7 7.0 26.2 6.76

Bi 20 4.0 2.2 0.0 1.4 6.5 13.7 3.99

Mo 15 2.8 1.7 0.2 0.5 3.9 13.8 3.53

Ag 31 1.9 1.3 0.3 0.7 2.5 11.3 2.07

Sn 16 1.6 1.3 0.8 1.0 1.9 3.6 0.78

Tl 36 0.6 0.3 0.0 0.1 0.6 2.9 0.78

W 20 0.4 0.2 0.0 0.1 0.7 2.3 0.57

U 17 0.3 0.1 0.0 0.1 0.5 1.2 0.36

Au 18 0.2 0.2 0.0 0.1 0.3 0.5 0.13  
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Fig. 6.2.2. Box plots showing the ranges and averages of trace element compositions in Pyrite 2B (SMD Stage 2) 
from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each element 
represent the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median value 
(ppm) for each element and the black lines show the range of minimum and maximum values for elements (ppm). 
These box plots confirm the presence of elevated levels of Pb, Ni, Co, As, Cu, Sb, Zn, Ti and trace Au in the cores 
of Pyrite 2B (A), but only lower concentrations of Pb and Au were detected on the rims of Pyrite 2B (B). 
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LA-ICPMS output traces confirm the presence of elevated levels of Pb, Ni, Co, As, Cu, 

Sb, Zn, Ti and trace Au (<0.3 ppm Au) towards the cores of Pyrite 2B. However, only low 

concentrations of Pb (<400 ppm) and Au (<0.1 ppm) occur on the rim margins (Fig. 6.2.3). 

 

 

 
Fig. 6.2.3. Details of spot LA-ICPMS analyses on pre-main gold ore stage Pyrite 2B (SMD Stage 2) collected from 
the Nalou SHGD in drill core, Sample NLU0060300 (i.e. DDH NLU006 @ 30.0 m). 
A. Photomicrograph of Pyrite 2B from sample NLU0060300 showing the position for LA-ICPMS spot 2A1 

located in the spongy textured pyrite core region. Reflected Light. 
B. A typical ICPMS counts multi-element output profile for data collected from the Pyrite 2B analysis by laser 

ablation at spot location 2A1. This ICPMS output is numbered as NLU006030-2A1 and represents the trace 
element data collected from the core region shown in (A). This particular analysis used a 75s background gas 
analysis time and a 225s laser on ICPMS collection time. The ICPMS multi-element profile for laser ablation 
spot 2A1 shows consistently very high counts of Fe that represents the laser ablating down through the pyrite 
grain (black line). Both Pb and Co are the second and third most abundant elements in the core region of Pyrite 
2B (blue and white lines respectively). The spike in the Pb trace (blue line) indicates a micro-inclusion of 
galena in Pyrite 2B. Other high counts in Pyrite 2B at spot location 2A1 include Ni (dark green line), Bi (purple 
line) and Cu (light green line). In summary, the core region of Pyrite 2B at LA-ICPMS sample location 
NLU006030-2A1 is characterised by high counts of Pb, Co, Ni, Bi and Cu.  

C. Photomicrograph of Pyrite 2B from Sample NLU0060300 showing the position of LA-ICPMS spot 2A3 
located along a thick pyritic rim. Reflected light. 

D. An ICPMS counts multi-element output profile for data collected from the Pyrite 2B analysis by laser ablation 
at spot location 2A3 shown in (C) with data output numbered as NLU006030-2A3. Similar analytical 
conditions to location NLU006030-2A1 were also used at this  LA-ICPMS location resulting in detection of 
very high Fe that represents Pyrite 2B, but only much less counts of Pb were observed on the rim and no 
profiles for Co, Ni and Bi were observed. 

E. A table showing the calculated trace element results in ppm for Pyrite 2B from the laser spots NLU006030-2A1 
(core) and -2A3 (rim) shown in (A) and (C) respectively. Significant levels of trace elements are in the core of 
Pyrite 2B, comprising 920 ppm Pb, 783 ppm Co, 446 ppm Ni, 273 ppm As and trace Au (0.2 ppm). The 
rims of this sample only contain 267 ppm Pb and no detected Au.  
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6.2.4.3 Pyrite 3B trace element composition 

A smaller group of anomalous trace elements was identified during LA-ICPMS 

analyses for pre-main gold stage Pyrite 3B (i.e. SMD Stage 3B), which comprises elevated 

levels of (in order of decreasing abundance) As, Cu, Ni, Pb, minor concentrations of Se, Zn, 

Sb, Co and trace amounts of Ti, Ag, Te, Mo, Au and Tl (Table 6.2.2, Figs. 6.2.4 and 6.2.5). 

Pyrite 3B did not contain detectable levels of Ba, Bi, Cd, Cr, La, Mn, Sn, Th, U, V, W and Zr. 

The LA-ICPMS results for a total of 15 points obtained from Pyrite 3B are provided in 

Appendix 6.2.1 and the mean concentrations of each trace element obtained are ordered from 

the highest to the lowest and shown in Table 6.2.2. 

The highest trace element concentrations detected in Pyrite 3B generally ranged in the 

following order from 6 to 1617 ppm As (mean = 407 ppm As); 2 to 4162 ppm Cu (mean = 333 

ppm Cu); 0.8 to 1060 ppm Pb (mean = 162 ppm Pb); and 0.1 to 618 ppm Ni (mean = 118 ppm 

Ni)(Table 6.2.2, Fig. 6.2.4). The Cu and As levels detected by LA-ICPMS in Pyrite 3B are 

similar to those observed for Pyrite 2B, but the Pb and Ni levels in Pyrite 3B are at least 300 

ppm lower than those in Pyrite 2B (see Tables 6.2.2 and 6.2.1). Low grades of gold were 

mainly detected as inclusions in eight out of fifteen LA-ICPMS points tested in Pyrite 3B, 

ranging from <0.1 and up to 2 ppm Au with a mean value of 0.5 ppm Au and are slightly higher 

in concentration than those observed in Pyrite 2B (Table 6.2.1).  
 
 
 

Table. 6.2.2. Statistical summary of the trace element concentrations of Pyrite 3B determined from 15 LA-ICPMS 
points. These ppm results are ranked in order from highest to lowest based on the mean trace element concentrations 
with As being the highest and Au the lowest. The statistics shown are calculated only from trace element values that 
were above the LA-ICPMS detection limits (ADL).    

 
Trace Number of Mean Median Minimum Lower Upper Maximum Std.Dev.

Element LA Points Value Quartile Quartile Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

As 14 407.7 205.1 6.0 482.3 496.492 1617.5 76.0

Cu 14 333.4 14.8 1.7 82.1 1102.767 4162.3 7.4

Pb 13 161.7 42.4 0.0 123.1 299.258 1060.1 3.3

Ni 13 118.1 14.0 0.1 147.6 201.493 618.1 4.8

Se 2 63.1 63.1 43.4 82.8 27.898 82.8 43.4

Zn 7 49.6 6.4 0.7 81.7 86.720 235.3 4.7

Sb 13 35.8 24.4 0.6 42.2 41.996 141.8 8.5

Co 12 33.5 13.6 0.3 18.2 55.175 170.0 5.9

Ti 11 9.1 7.9 3.6 9.4 6.031 26.3 7.2

Ag 11 5.6 4.7 0.1 10.0 5.255 16.2 0.4

Te 2 4.5 4.5 3.6 5.3 1.210 5.3 3.6

Mo 5 2.9 4.3 0.1 5.1 2.608 5.1 0.1

Au 8 0.5 0.3 0.1 0.7 0.577 1.8 0.1

Tl 6 0.5 0.2 0.0 0.5 0.740 1.9 0.0  
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Fig. 6.2.4. Box plot showing the ranges and averages of trace element compositions in Pyrite 3B (SMD Stage 3) 
from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each element 
represent the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median value 
(ppm) for each element and the black lines show the range of minimum and maximum values for elements (ppm). 
This box plot confirm the presence of  elevated levels of (in order of decreasing abundance) As, Cu, Ni, Pb, minor 
concentrations of Se, Zn, Sb, Co and trace amounts of Ti, Ag, Te, Mo, Au, Tl and Bi. 
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The LA-ICPMS output traces for Pyrite 3B confirmed the consistent presence of 

elevated levels of Pb and As and trace Sb and Cu in Sample DIS0561142 from the Discovery 

West SHGD (Fig. 6.2.5). The gold trace remained constant throughout the first half of the        

LA-ICPMS analysis at spot DIS0561142-1C3, indicating the presence of gold in Pyrite 3B 

containing up to 1.8 ppm Au (Table. 6.2.2). Further comparisons of gold vs the remaining trace 

element data obtained from Pyrite 3B and also Pyrite 2B and Pyrite 4A1 to 4A4 are presented 

in Section 6.2.4.5. 

 
 

 
Fig. 6.2.5. Details of spot LA-ICPMS analyses on pre-main gold ore stage Pyrite 3B (SMD Stage 3) from the 
Discovery West SHGD in drill core Sample DIS0561142 (i.e. DDH DIS056 @ 114.2 m). 

A. Photomicrograph of massive pale yellow Pyrite 3B (Py - 3B) from sample DIS0561142 showing the position of 
three LA-ICPMS spots, 1C1 to 1C3, located along the margins of Pyrite 3B. The results are shown in (C). Dark 
brown sphalerite (Sp-3B) is intergrown with Pyrite 3B.  

B. A typical ICPMS counts multi-element output profile for data collected from the Pyrite 3B analysis by laser 
ablation at spot location 1C3. This ICPMS output is numbered as DIS0561142-1C3 and represents the trace 
element data collected from the location shown in (A). This particular analysis used a 30s background gas 
analysis time and a 70s laser on ICPMS collection time. The ICPMS multi-element profile for laser ablation 
spot 1C3 shows constantly very high counts of Fe that represents the laser ablating down through the pyrite 
grain (black line). Both Pb and As are the second and third most abundant elements in Pyrite 3B. Other high 
counts in Pyrite 3B at spot location 1C3 include Sb and Cu. The gold trace represented by the red line occurs in 
the first half of the laser burn through spot 1C3, indicating the presence of gold in Pyrite 3B. 

C. A table showing the calculated trace element results in ppm for Pyrite 3B from laser ablation spots 
DIS0561142-1C1 to -1C3 shown in (A) and (C) respectively. Significant trace elements levels were detected in 
Pyrite 3B at LA-ICPMS spot DIS0561142-1C3, comprising 1.8 ppm Au, 10 ppm Ag, 931 ppm As, 142 ppm Sb 
and 1060 ppm Pb. The data below detection limit are shown as BDL. 
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6.2.4.4 Pyrite 4A1-4A4 compositions 

The main gold ore stage pyrite from the SMD SHGD includes at least four zoned pyrite 

types, namely Pyrite 4A1 to 4A4 from the SMD Stage 4A mineral assemblage, collectively 

classified as Pyrite 4A (Chapter 5, Section 5.2.5). The SMD Pyrite 4A types investigated were 

commonly <100 m in diameter, so out of a total population of 110 LA-ICPMS spot analyses 

on Pyrite 4A grains, 89 rim zones were tested but only 21 grains were large enough to allow 

both a core and rim analyses (Figs. 6.2.1C-F). LA-ICPMS traverse burns across Pyrite 4A 

grains were initially conducted to determine the residence of gold, but also (a) identified the 

presence of high levels of Au coincident with high levels of As, Ag, Cu, Pb, Sb and Tl in the 

rims of Pyrite 4A and (b) confirmed that the cores of Pyrite 4A had much lower levels of Au, 

As, Sb, Tl, with spikes in the LA-ICPMS trace element profiles indicating the presence of 

minor inclusions of Pb, Ni and Co (Figs. 6.2.6 and 6.2.7). 

 

 
Fig. 6.2.6. Details of a LA-ICPMS profile from a laser burn traverse from point A to D across a main gold ore stage 
Pyrite 4A3 (SMD Stage 4A) grain from the Discovery West SHGD in drill core Sample DIS0560551 (i.e. DDH 
DIS056 @ 55.1 m). 

A. Photomicrograph of a cluster of light yellow Pyrite 4A3 from Sample DIS0560551 showing the starting 
position at spot A for laser burn traverse number DIS056055.1-TR1 towards subsequent points B, C and D for 
the LA-ICPMS trace element profiles shown in (B). The black matrix material surrounding Pyrite 4A3 is 
silicified calcareous shale.  

B. A typical ICPMS counts multi-element output profile for data collected from traverse DIS056055.1-TR1 from 
spot A to D across Pyrite 4A3 shown in (A). From spots A to D, the LA-ICPMS multi-element profile shows 
constantly very high counts of Fe as the laser ablated across the Pyrite 4A3 grain. Between spots A and B the 
rims of Pyrite 4A3 in contain high levels of Au coincident with As, Ag, Cu, Pb and Tl. High levels of Co, Pb 
and Ni mainly occur in the core of Pyrite 4A3 between B and C, and levels of Au, As and Ag are low. From C 
to D the trace element profiles are similar to those observed between spots A and B.  
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Fig. 6.2.7. Details of a LA-ICPMS profile from a laser burn traverse from point A to D across a main gold ore stage 
Pyrite 4A3 (SMD Stage 4A) grain from the Discovery Colluvial SHGD in drill core Sample DIS0050672 (i.e. DDH 
DIS005 @ 67.2 m). 

A. Photomicrograph of a cluster of two pale yellow subhedral Pyrite 4A3 grains from Sample DIS0050672 
showing the starting position at spot A for laser burn traverse number DIS005067.2-TR1 towards subsequent 
points B, C and D for the LA-ICPMS trace element profiles shown in (B). The black matrix material 
surrounding Pyrite 4A3 is calcareous shale.  

B. A typical ICPMS counts multi-element output profile for data collected from traverse DIS056055.1-TR1 from 
spot A to D across Pyrite 4A3 shown in (A). Between spots A to B the laser burn traverse was across black 
calcareous shale matrix material that contains coincident spikes of Fe, Pb and trace Au that possibly indicates 
the presence of a pyrite grain buried below the surface of the sample. From spots B to D, the LA-ICPMS multi-
element profile shows very high counts of Fe where the laser ablated across the two Pyrite 4A3 grains between 
spots B and C and C and D. Between spots B and C and C and D the two Pyrite 4A3 grains contain high levels 
of Au coincident with As, Ag, Cu, Sb, Pb and Tl.  

C. Photomicrograph of main gold ore stage Pyrite 4A1 grains (SMD Stage 4A) with spongy cores and thin pyritic 
overgrowths. Four LA-ICPMS spots numbered 9A1, 9A2, 9B1 and 9B2 are shown for this sample 
NLU0060300 from DDH NLU006 @ 30 m from the Nalou SHGD.   

D. Table showing the calculated trace element results in ppm for Pyrite 4A1 from laser ablation spots 
NLU006030-9A1, -9A2, -9B1 and -9B2 shown in (C). Significant trace elements levels were detected on the 
rims of Pyrite 4A1 ranging from 73 to 88 ppm Au (core 0.1 ppm), 104 to 541 ppm Ag (core 0.1 ppm) and 8099 
to 12778 ppm As (core 146 ppm).  
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The calculated mean concentrations of each trace element obtained from the Pyrite 4A 

LA-ICPMS spot analyses along pyrite rims (N=89) and pyrite cores (N=21) are presented in 

Table 6.2.3. and the ranges are represented in Fig. 6.2.8. The highest trace element levels 

detected by LA-ICPMS in Pyrite 4A are predominantly concentrated along pyrite rims.             

Trace element contents range from 344 to 56400 ppm As (mean = 9444 ppm As); 8 to 19526 

ppm Sb (mean = 925 ppm Sb); 35 to 4069 ppm Pb (mean = 742 ppm Pb);  19 to 13142 ppm Cu 

(mean = 693 ppm Cu); 1 to 2325 ppm Ag (mean = 181 ppm); and 1 to 200 ppm Au (mean = 53 

ppm Au, Table 6.2.3, Fig. 6.2.8A). However, the cores of Pyrite 4A contained lower levels of 

As and Au compared to the rims of Pyrite 4A, comprising (a) 190 to 25258 ppm As with a 

mean value of 4166 ppm As which is 56 % less than the mean value of As detected along the 

rims of Pyrite 4A and (b) <1 to 29 ppm Au with a mean value of 20 ppm Au that is 63 % less 

than the mean value of Au detected on the rims of Pyrite 4A (Table 6.2.3, Fig. 6.2.8B).  

Overall, Pyrite 4A has very high levels of gold, with up to 200 ppm Au, compared to 

the much lower gold contents in Pyrite 3B with <1.8 ppm Au and Pyrite 2B with <0.5 ppm Au 

(Tables 6.2.1 to 6.2.3). The combined data set of 110 spot analyses provided in Appendix 6.2.1 

also confirms that Pyrite 4A is characterised by (a) high levels of coincident Au, As, Ag, Cu, 

Pb, Sb and Tl in overgrowth zones developed along the rims of Pyrite 4A and (b) high levels of 

Pb, Ti, Co and Ni (Table 6.2.3 and Figs. 6.2.6 to 6.2.7) in the cores of Pyrite 4A. 
 
Table 6.2.3. Statistical summary of the trace element concentrations of Pyrite 4A determined from a total of 110 LA-
ICPMS spots comprising 89 rim spot analyses and 21 core spot analyses. The statistics shown are calculated only 
from trace element values that were above the LA-ICPMS detection limits.  The rims of Pyrite 4A contain high 
levels of Au, As, Sb, Pb, Cu, Ag and Tl and the cores contain high levels of Ti, Pb, Co and lower levels of Au, As, 
Ag,  Sb and Cu.  
 

Trace Number of Mean Min Max Std.Dev. Trace Number of Mean Min Max Std.Dev.
Element LA Spots Value Value Element LA Spots Value Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ADL) (ppm) (ppm) (ppm) (ppm)

As 89 9444 344 56400 11476 As 21 4166 190 25258 6477
Sb 89 925 8 19526 2423 Sb 21 262 6 2957 633
Pb 79 742 35 4069 773 Pb 18 390 124 1243 292
Cu 89 693 19 13142 1562 Cu 21 101 10 319 83
Ni 75 281 1 2831 416 Ni 17 281 1 964 282
Ti 85 277 4 2347 476 Ti 18 656 4 3015 818
Zn 81 259 2 4607 788 Zn 13 146 1 1616 443
Mn 42 222 1 3707 659 Mn 15 173 2 1516 411
Ag 89 181 1 2325 408 Ag 20 37 0 360 84
Tl 83 129 0 1600 291 Tl 19 94 0 1627 372
Co 73 91 0 1034 173 Co 17 322 7 3342 784
Te 35 70 0 389 89 Te 10 21 4 51 17
Au 89 53 1 200 47 Au 20 7 0 29 7
Se 31 52 9 346 69 Se 11 43 4 270 76
Ba 37 45 0 855 146 Ba 13 9 0 40 11
Cr 27 16 4 68 15 Cr 11 20 7 38 10
Zr 38 14 0 46 13 Zr 15 37 0 313 78
Bi 46 12 0 187 28 Bi 14 71 0 384 114
Mo 45 10 0 85 15 Mo 7 9 0 24 9
V 38 6 0 38 8 V 14 8 0 14 4
W 82 5 0 56 9 W 17 2 0 4 1

U 26 1 0 10 2 U 8 1 0 4 1

Pyrite 4A - Rims Pyrite 4A - Cores
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Fig. 6.2.8. Box plots showing the ranges and averages of trace element compositions in Pyrite 4A (SMD Stage 4) 
from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each element represent 
the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median value (ppm) for each 
element and the black lines show the range of minimum and maximum values for elements (ppm). The cores of 
Pyrite 4A contain high levels of Ti, Pb, Co and lower levels of Au, As, Ag,  Sb and Cu (A), and the rims of Pyrite 
4A contain high levels of Au, As, Sb, Pb, Cu, Ag and Tl (B). 
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6.2.4.5 Comparison of trace elements from Pyrite 2B, Pyrite 3B and Pyrite 4A 

The SMD SHGD LA-ICPMS spot analysis data tabulated in Appendix 6.2.1 were used 

in this section to compare the trace elements from (a) pre-main gold ore stage Pyrite 2B           

(N = 18) and Pyrite 3B (N = 8) and (b) main-gold ore stage Pyrite 4A (N=110). A series of bi-

variate graphs were plotted as correlation matrices, focusing on the relationship between Au 

and the various trace elements for these pyrite types (Appendix 6.2.2). Positive trends were 

observed for plots of Au vs Ag and Au vs As from the LA-ICPMS data with distinct 

populations observed for Pyrite 2B, Pyrite 3B and Pyrite 4A (Fig. 6.2.9). The Pyrite 2A data for 

both Au vs Ag and As clustered at the lower end of the scale, comprising <1 to >10 ppm Ag 

and <100 to >1000 ppm As within the <0.1 to <1 ppm Au range and the Pyrite 3B data also 

showed similar Au, Ag and As levels and clusters around the Pyrite 2B data populations (Fig. 

6.2.9). In comparison, Pyrite 4A shows strong positive trends ranging from >100 to <10,000 

ppm for both Ag and As within the >1 to 200 ppm Au range (Fig. 6.2.9).  
 
 

  
Fig. 6.2.9. Bi-variate plots showing positive correlation trends for (A) Au vs Ag and (B) Au vs As from the LA-
ICPMS spot analysis data for Pyrite 2B, Pyrite 3B and Pyrite 4A (types 4A1 to 4A4) that are presented in Appendix 
6.2.1. The Pyrite 2B data is represented by black squares, Pyrite 3B (blue diamonds), and Pyrite 4A is represented by 
squares, comprising Pyrite 4A1 (yellow), Pyrite 4A2 (orange), Pyrite 4A3 (pink) and Pyrite 4A4 (red). Both Pyrite 
2B and Pyrite 3B cluster towards the low end of the scales in (A) and (B). Pyrite 4A4 (red) plots in the upper range 
of the Pyrite 4A data trend. 
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 The bi-variate plot of Au vs Cu also shows a tightly clustered positive trend for data 

from the main-gold ore stage Pyrite 4A group with Pyrite 4A4 containing high levels of both 

Cu and Au (Fig. 6.2.10A). However, both Pyrite 2B and Pyrite 3B contained large variations in 

their levels of Cu ranging from >1 to >1000 ppm Cu and generally produced a wide scatter of 

data (Fig. 6.2.10A). A positive trend also occurs for the bi-variate plot of Au vs Sb data from 

SMD SHGD Pyrite 2B, Pyrite 3B and Pyrite 4A (Fig. 6.2.10B).  

 

 
Fig. 6.2.10. Bi-variate plots showing positive correlation trends for (A) Au vs Cu and (B) Au vs Sb from the LA-
ICPMS spot analysis data for Pyrite 2B, Pyrite 3B and Pyrite 4A (types 4A1 to 4A4) that are tabulated in Appendix 
6.2.1.  
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 Similarly, the bi-variate plot of Au vs Tl shows a positive correlation trend for Pyrite 

2B, Pyrite 3B and Pyrite 4A (Fig. 6.2.11A). However, there is a wider variation in the scatter of 

the Tl data from Pyrite 4A, ranging from <1 up to > 1000 ppm Tl (Table 6.2.3 and Fig. 

6.2.11A). Minor positive correlation trends were also observed from the LA-ICPMS data for 

(a) Au vs Mo (ranging from >0.1 to 100 ppm Mo, Fig. 6.2.11B) and (b) Au vs W (ranging from 

>0.1 to <100 ppm W, Fig. 6.2.11C).  
 
 
 
 

 

 
Fig. 6.2.11. Bi-variate plots showing positive correlation trends for (A) Au vs Tl, (B) Au vs Mo and (C) Au vs W 
from the LA-ICPMS spot analysis data for Pyrite 2B, Pyrite 3B and Pyrite 4A (types 4A1 to 4A4) that are tabulated 
in Appendix 6.2.1.  
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 Generally flat bi-variate plots with wide scatters of data were obtained for Bi, Co, Ni, 

Pb, Se, Ti, V and Zn, indicating that increasing trace element levels do not influence increases 

in the concentrations of Au in Pyrite 2B, Pyrite 3B and Pyrite 4A (Fig. 6.2.12A-H). However, 

high Pb levels occur in both Pyrite 2B and Pyrite 4A, ranging from <100 to >1000 ppm Pb, but 

very low levels occur in Pyrite 3B with <1 ppm Pb (Fig. 6.2.12D). Overall, the bi-variate plots 

of LA-ICPMS trace element data obtained from the SMD SHGD pyrite types Pyrite 2B, Pyrite 

3B and Pyrite 4A indicate that (a) strong positive correlations exist for Au vs Ag, -As, -Cu, Sb 

and -Tl (Figs. 6.2.9 and 6.2.10), (b) minor positive correlations of Au vs Mo and -W occur (Fig. 

6.2.11), and (c) poor correlations with flat data trends exist for Au vs Bi, -Co, -Ni, -Pb, -Se, -Ti, 

-V and -Zn (Fig. 6.2.12). 

 
 
 

 

 
Fig. 6.2.12. Bi-variate plots showing generally flat trends for (A) Au vs Bi, (B) Au vs Co, (C) Au vs Ni, (D) Au vs 
Pb, (E) Au vs Se, (F) Au vs Ti, (G) Au vs V and (H) Au vs Zn from the LA-ICPMS spot analysis data from the SMD 
SHGD pyrite types Pyrite 2B, Pyrite 3B and Pyrite 4A (types 4A1 to 4A4) that are tabulated in Appendix 6.2.1.  
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6.2.4.6 Pyrite SKN1 

Pyrite SKN1 from the SMD Stage 3B skarn mineral assemblage is characterised by 

massive subhedral pyrite that occurs in the primary Cu ore zones at the Khanong and 

Thengkham Cu deposits (Chapter 5, Section 5.3.3.2 and Fig. 6.2.1G). A total of 44 LA-ICPMS 

spot analyses tested Pyrite SKN1 with the results presented in Appendix 6.2.1 indicating that it 

typically contains (a) high levels of Cu, Co, Se, Ni, Bi, Mn and Te (b) minor levels of As, Mo, 

Pb, Ag V, W and Ti, and (c) traces of Sb, U, Tl and Au (Table 6.2.4). The main high trace 

element compositions in Pyrite SNK1 ranged from: 1 to 15141 ppm Cu (mean = 980 ppm Cu), 

0.1 to 1429 ppm Co (mean = 310 ppm Co), 12 to 598 ppm Se (mean = 190 ppm Se) and 0.2 to 

1110 ppm Ni (mean = 131 ppm Ni, Table 6.2.4; Fig. 6.2.13). The high levels of (a) Zn or (b) Bi 

and Te detected in Pyrite SKN1 occur mainly in large inclusions (Fig. 6.2.14). Gold levels were 

detected in 20 LA-ICPMS spots on Pyrite SKN1 and were very low, ranging from <0.1 to 0.7 

ppm Au (mean = 0.2 ppm Au) and mainly occurring in inclusions (Fig. 6.2.14). Overall, Pyrite 

SKN1 from the SMD copper deposits is characterised by (a) high levels of Cu, Co, Se and Ni, 

(b) low levels of As, Pb, Sb, and Tl and (c) inclusions containing Zn, Bi and Te (Table 6.2.4). 

By comparison, Pyrite 3B (SMD Stage 3B) from the SMD SHGD contains similar levels of Ni, 

Cu and Au with Pyrite SKN1 but also differs slightly by having (a) higher levels of As and Pb 

(b) lower levels Mo and Se and (c) no inclusions containing Bi or Te (Table 6.2.2).  

Table 6.2.4. Statistical summary of the trace element concentrations of Pyrite SKN1 determined from a total of 44 
LA-ICPMS spot analyses (Appendix 6.2.1). The statistics shown are calculated only from those trace element values 
that are above the LA-ICPMS detection limits (ADL).   

 
Trace Number of Mean Median Minimum Lower Upper Maximum Std.Dev.

Element LA Points Value Quartile Quartile Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Zn 23 1785.7 12.5 0.0 1.7 730.2 31637.4 6588.1

Cu 41 980.5 89.2 1.2 10.8 239.1 15141.3 3180.4

Co 38 310.3 83.2 0.1 3.7 365.1 1428.5 449.0

Se 39 190.1 185.4 12.3 103.8 258.4 597.5 112.7

Ni 40 130.5 35.1 0.2 5.9 191.9 1110.4 209.3

Bi 40 118.7 4.8 0.0 1.5 65.4 2456.8 402.2

Mn 20 117.2 28.1 0.3 2.8 106.9 636.1 200.2

Te 26 111.2 11.2 0.1 2.4 44.4 1642.3 332.1

As 36 79.5 22.4 0.6 7.3 120.7 426.1 112.0

Mo 16 51.7 3.7 0.0 0.3 11.7 632.8 158.3

Pb 43 37.0 5.0 0.0 0.3 16.2 567.6 108.7

Ag 34 19.8 3.3 0.0 0.3 18.6 99.3 31.3

V 26 16.3 2.2 0.0 0.1 14.1 157.3 34.2

W 24 15.5 0.4 0.0 0.0 5.3 150.1 37.8

Ti 37 10.8 5.8 3.9 5.4 7.5 69.3 14.9

Sb 24 3.7 1.0 0.0 0.3 3.8 27.8 6.7

U 17 1.2 0.1 0.0 0.0 0.4 17.3 4.2

Tl 24 1.0 0.1 0.0 0.0 0.4 6.6 1.8
Au 20 0.2 0.1 0.0 0.0 0.3 0.7 0.2
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Fig. 6.2.13. Box plot showing the ranges and averages of trace element compositions in Pyrite SKN1 (SMD Stage 
3B) from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each element 
represent the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median value 
(ppm) for each element and the black lines show the range of minimum and maximum values for elements (ppm). 
This box plot indicated the presence of  elevated levels of (in order of decreasing abundance) high levels of Cu, 
Co, Se, Ni, Bi, Mn and Te, minor levels of As, Mo, Pb, Ag V, W and Ti, and traces of Sb, U, Tl and Au  
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The ICPMS output traces for Pyrite SKN confirmed the presence of elevated levels of 

Co and Se in Sample TKM0050311 from the Thengkham South copper deposit (Fig. 6.2.14). 

Large inclusions with high levels of Bi and Te and minor levels of Pb and Au were also 

observed from the ICPMS output traces as the laser burned down through Pyrite SKN1 at spot 

TKM0050311-1B2 (Fig. 6.2.14B). Bi-variate plots comparing Au vs the trace element data 

obtained by LA-ICPMS from Pyrite SKN1 with the data set from this SMD SHGD and copper 

deposit pyrite study are presented in Section 6.2.4.9. 

 
 
 

 
Fig. 6.2.14. Details of a spot LA-ICPMS analysis of Pyrite SKN1 from the SMD Stage 3B skarn assemblage in 
Thengkham South copper deposit from drill core Sample TKM0050311 (i.e. DDH TKM005 @ 31.1 m). 

A. Photomicrograph of subhedral pale yellow Pyrite SKN1 (Py - SKN1) from Sample TKM0050311 showing the 
position of LA-ICPMS spot 1B2 in the core of Pyrite SKN1; results are shown in (B). Dark brown sphalerite 
(Sp) is intergrown with Pyrite SKN1 and quartz (Qtz). Later SMD Stage 3C chalcopyrite (Cp-3C) fills fractures 
cutting Pyrite SKN1 and quartz.  

B. Typical ICPMS counts multi-element output profile for data collected from the Pyrite SKN1 analysis by laser 
ablation at spot location 1B2. This ICPMS output is numbered as TKM0050311-1B2 and represents the trace 
element data collected from the location shown in (A). This particular analysis used a 45s background gas 
analysis time and a 90s laser on ICPMS collection time. The ICPMS multi-element profile for laser ablation 
spot 1B2 shows constantly very high counts of Fe that represents the laser ablating down through the pyrite 
grain. Co and Se are the second and third most abundant elements that occur constantly throughout Pyrite 
SKN1. The gold trace occurs in the first quarter of the laser burn through spot 1B2, indicating the presence of 
an inclusion containing gold. The other spikes in the output traces indicate the presence of two large inclusions 
with coincident Bi, Pb and Te. Overall, Pyrite SKN1 at this locations characterised by high counts of Co and Se 
and also contains large inclusions with Bi-Pb-Te.  

C. Table showing the calculated trace element results in ppm for Pyrite SKN1 from laser ablation spots 
TKM0050311-1B2 shown in (B). The results confirm the presence of high levels of Co and Se and also show 
the high values obtained for Bi and Te when the two inclusions were intersected in spot 1B2, as shown in (B). 
This sample also contained 0.7 ppm Au and 3 ppm Ag, but contained only traces of As, Cu and Pb.  
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6.2.4.7 Chalcopyrite 3C 

Chalcopyrite 3C from the SMD Stage 3C skarn mineral assemblage mainly fills 

fractures cutting Pyrite SKN1 and predominantly occurs in the primary Cu ore zones at the 

Khanong, Thengkham and Discovery East deposits (Chapter 5, Section 5.3.4 and Fig. 6.2.1G). 

A total of 35 LA-ICPMS spot analyses tested Chalcopyrite 3C, with the results presented in 

Appendix 6.2.1. Besides containing very high levels of Cu, Chalcopyrite 3C typically contains 

(a) high levels of Zn, Se and Bi, (b) minor levels of Sn, Ag, Pb, Mo, V, Ti, As and Te, and            

(c) very low levels of As, Sb, Ni, W, Ba, Co, U, Au and Tl (Table 6.2.5). High copper 

concentrations ranged from 14.0 % Cu to 60.4 % Cu (mean = 31.8 % Cu) in Chalcopyrite 3C. 

The high trace element concentrations in Chalcopyrite 3C ranged from: 7 to 3968 ppm Zn 

(mean = 559 ppm Zn), 46 to 839 ppm Se (mean = 285 ppm Se), 1 to 1196 ppm Bi (mean = 128 

ppm Bi), 2 to 469 ppm Sn (mean = 99 ppm Sn) and 2 to 248 ppm Ag (mean = 50 ppm Ag; 

Table 6.2.5, Fig. 6.2.15). Minor inclusions observed in Chalcopyrite 3C from the LA-ICPMS 

output traces mainly contained: (a) Zn , (b) Te and Bi and (c) Au (Fig. 6.2.16). Only very low 

levels of gold were detected, mainly as inclusions in 16 LA-ICPMS spots with values ranging 

from 0.01 to 0.9 ppm Au (mean = 0.2 ppm Au), similar to those observed in Pyrite SKN1 

(Tables 6.2.5 and 6.2.4 respectively). In contrast to Pyrite 4A from the SMD SHGD main-gold 

ore stage (i.e. SMD Stage 4A), the trace element levels in Chalcopyrite 3C are very low in Au, 

As, Sb, Tl, Co, Ni and Pb but are higher for Bi, Se, Sn and Te (Tables 6.2.3 and 6.2.5 

respectively).  
 
 
Table 6.2.5. Statistical summary of the trace element concentrations of Chalcopyrite 3C determined from a total of 
35 LA-ICPMS spot analyses (Appendix 6.2.1). The statistics shown are calculated only from trace element values 
that are above the LA-ICPMS detection limits (ADL).   

 Trace Number of Mean Median Minimum Lower Upper Maximum Std.Dev.

Element LA Points Value Quartile Quartile Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Cu 35 318324.8 326130.6 140088.6 281085.2 337961.1 603808.6 94696.2
Zn 33 558.6 209.0 6.8 58.5 735.0 3968.3 826.7
Se 35 285.2 243.7 46.1 186.3 360.7 838.7 163.0
Bi 35 127.7 63.2 1.4 25.9 118.4 1195.5 216.5
Sn 33 98.7 63.6 2.1 3.8 128.0 469.2 125.4
Ag 35 50.3 18.2 2.3 7.3 74.0 248.0 63.1
Pb 35 44.3 12.5 2.7 9.2 33.1 553.3 96.0
Mo 15 36.4 1.2 0.1 0.3 7.6 458.8 117.7
V 23 27.9 2.0 0.0 0.3 13.4 399.9 83.6
Ti 29 25.9 5.7 3.2 5.0 8.5 529.2 97.0
As 17 20.6 9.8 0.8 5.6 22.7 89.7 24.4
Te 21 20.4 5.0 0.6 2.9 18.1 174.5 38.6
Sb 28 10.9 4.4 0.2 2.0 15.4 80.6 16.1
Ni 13 3.0 1.3 0.2 0.9 3.1 13.2 3.8
W 22 3.0 0.6 0.0 0.1 1.8 37.3 7.9
Ba 16 2.5 0.8 0.1 0.3 2.2 20.5 5.1
Co 28 2.0 1.3 0.1 0.5 2.3 10.9 2.4
U 16 0.7 0.3 0.00 0.03 0.8 3.1 0.9
Au 16 0.2 0.1 0.01 0.04 0.3 0.9 0.2

Tl 21 0.2 0.1 0.00 0.02 0.1 1.1 0.3  
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Fig. 6.2.15. Box plot showing the ranges and averages of trace element compositions in Chalcopyrite 3C (SMD 
Stage 3C) from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each 
element represent the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median 
value (ppm) for each element and the black lines show the range of minimum and maximum values for elements 
(ppm). This box plot shows that Chalcopyrite 3C contains high levels of Zn, Se and Bi, minor levels of Sn, Ag, 
Pb, Mo, V, Ti, As and Te, and very low levels of As, Sb, Ni, W, Ba, Co, U, Au and Tl. 
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The presence of elevated levels of Bi and Sn and also inclusions of Au in Chalcopyrite 

3C in Sample KHN1790830 from the Khanong copper deposit were confirmed in the ICPMS 

output trace for laser ablation spot 1C2 (Fig. 6.2.16A-C). Large inclusions with high levels of 

Bi, Sn and Pb and minor levels of Au and Te were also detected by the ICPMS output traces for 

this sample (Fig. 6.2.16B). Bi-variate plots comparing Au vs the trace element data obtained by 

LA-ICPMS from Chalcopyrite 3C with the data set from this SMD SHGD and copper deposit 

pyrite study are presented in Section 6.2.4.9. 

 
 

 
Fig. 6.2.16. Details of a spot LA-ICPMS analysis on Chalcopyrite 3C from the SMD Stage 3C skarn assemblage in 
Khanong copper deposit drill core Sample KHN1790830 (i.e. DDH KHN179 @ 83.0 m). 

A. Photomicrograph of subhedral pale yellow-white Pyrite SKN1 (Py) with a filling of dark yellow Chalcopyrite 
3C between grains (Cp) in a matrix of quartz from sample KHN1790830 showing the position of LA-ICPMS 
spot 1C2 on Chalcopyrite 3C, the results of which are shown in (B).  

B. ICPMS counts multi-element output profile for data collected from the Chalcopyrite 3C analysis by laser 
ablation at spot location 1C2. This ICPMS output is numbered as KHN1790830-1C2 and represents the trace 
element data collected from the location shown in (A). This particular analysis used a 45s background gas 
analysis time and a 90s laser on ICPMS collection time. The ICPMS multi-element profile for laser ablation 
spot 1C2 shows constantly very high counts of both Cu and Fe that represents the laser ablating down through 
chalcopyrite. Other trace elements that consistently occur in Chalcopyrite 3C include Pb, Bi and Sn. Spikes in 
the ICMPS output traces indicate the presence of inclusions with high concentrations of coincident Bi-Pb-Sn 
and also Au. Chalcopyrite 3C is characterised by high levels of Cu-Bi-Sn-Se-Te and also has minor amounts of 
gold occurring in inclusions.  

C. A table showing the calculated trace element results in ppm from laser ablation spots KHN1790830--1C1 
(Pyrite SKN1) and KHN1790830-1C2 (Chalcopyrite 3C) shown in (A). Results confirm the presence of high 
levels of Cu, Bi, Se and inclusions containing Au. In comparison, the results for Pyrite SKN1 from spot 
KHN1790830-1C1 also contain high levels of Bi and Te but are poor in Cu, Se, Pb and As. 
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6.2.4.8 Pyrite SKN2 

Irregular shaped and rough-textured Pyrite SKN2 from the SMD Stage 4 skarn mineral 

assemblage predominantly fills fractures cutting both SMD Stage 3 Pyrite SKN1 and 

Chalcopyrite 3C and was mainly observed in the primary Cu skarn zones at the Discovery East 

and Phavat deposits (Chapter 5, Section 5.3.5 and Fig. 6.2.2H). A total of 17 LA-ICPMS spot 

analyses tested Pyrite SKN2 with the results presented in Appendix 6.2.1 and were ranked by 

their median values in Table 6.2.6 to filter out the large proportion of inclusion values 

producing high mean values. Pyrite SKN2 is characterised by the following order of median 

trace element values, comprising (a) high levels of Cu, As, Bi, Co, Se, Pb, Zn, Ag and Te; (b) 

minor levels of Sb, Ni, Sn, Mo, Au and (c) trace levels of V, Ti, W, Tl and U (Table 6.2.6). The 

main inclusions in Pyrite SKN2 contained Cu, Bi, Co, Pb, Zn, Sb and Mo as indicated by the 

large mean values vs median values calculated for these elements in Table 6.2.6. The main high 

concentrations of elements not occurring as inclusion ranged in value from 11 to 3583 ppm  As 

(median = 368 ppm As), 66 to 523 ppm Se (median = 198 ppm Se), 9 to 1808 ppm Ag (median 

= 110 ppm Ag) and 12 to 268 ppm Te (median = 62 ppm Te, Fig. 6.2.17). LA-ICPMS output 

traces indicated that gold occurs consistently throughout Pyrite SKN2 with a wide range of 

values from 0.3 to 293 ppm Au and a median value of 2 ppm Au (Table 6.2.7 and Fig. 6.2.18). 

In comparison to Pyrite 4A from the SMD SHGD main-gold ore stage (SMD Stage 4A), the 

trace element levels in Pyrite SKN2 are (a) similar for As, Ag, Au and Pb (b) lower for Sb, Tl, 

Co, and Ni, and (c) higher for  Se, Bi, Mo, V and Te (Tables 6.2.3 and 6.2.6 respectively). 

Table 6.2.7. Statistical summary of the trace element concentrations of Pyrite SKN2 determined from a total of 17 
LA-ICPMS spot analyses (Appendix 6.2.1). The statistics shown are calculated only from those trace element values 
that were above the LA-ICPMS detection limits (ADL).   

Trace Number of Mean Median Minimum Lower Upper Maximum Std.Dev.

Element LA Points Value Quartile Quartile Value

(ADL) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Cu 17 6667.5 1778.3 33.9 436.1 12107.0 21787.3 7896.4
As 17 907.8 368.1 11.0 123.4 1479.1 3583.2 1078.8
Bi 17 595.1 206.3 24.1 105.1 729.7 2821.8 798.5
Co 17 603.6 190.3 57.1 110.8 802.4 2422.1 789.1
Se 17 198.2 149.0 65.5 123.7 234.6 523.4 132.0
Pb 17 802.5 135.4 27.2 89.1 968.5 6391.4 1559.6
Zn 17 962.3 124.9 10.2 33.1 1880.7 5176.8 1507.5
Ag 17 271.8 109.9 8.6 68.2 144.0 1807.7 476.4
Te 17 73.4 62.0 12.2 23.4 101.6 268.4 68.1
Sb 17 976.6 57.1 0.6 9.3 172.7 8849.4 2577.0
Ni 17 163.0 39.4 4.8 25.8 385.1 443.9 183.3
Sn 14 18.7 16.4 1.0 3.6 25.4 58.8 17.7
Mo 9 804.6 15.0 1.0 5.8 36.0 7092.6 2358.1
V 15 34.1 9.3 0.6 4.4 19.7 253.9 69.0
Ti 14 41.6 6.5 5.0 5.9 19.6 278.7 79.7
W 16 17.8 5.8 0.2 2.7 10.8 148.9 37.6
Tl 17 2.9 2.3 0.1 0.7 4.3 10.6 2.8
Au 16 44.7 1.8 0.3 1.0 37.6 293.1 88.5
U 12 0.2 0.1 0.0 0.1 0.2 0.5 0.2
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Fig. 6.2.17. Box plot showing the ranges and averages of trace element compositions in Pyrite SKN2 (SMD Stage 4) 
from the SMD. Trace elements are presented in order of atomic number. The grey boxes for each element represent 
the 25 % to 75 % data ranges, the horizontal black lines in each read box represent the median value (ppm) for each 
element and the black lines show the range of minimum and maximum values for elements (ppm). This box plot 
shows that Pyrite SKN2 contains high levels of Cu, As, Bi, Co, Se, Pb, Zn, Ag and Te, minor levels of Sb, Ni, Sn, 
Mo, Au and trace levels of V, Ti, W, Tl and U. 
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High counts for Bi, Cu, Pb and As were detected in the ICPMS output trace for laser 

ablation spot 3C2 on Pyrite SKN2 from the Discovery East deposit copper skarn zone Sample 

DIS0231396 (Fig. 6.2.18A-B). The quantitative trace element data for spot 3C2 tabulated in 

Fig. 6.2.18C also confirm the presence of 2822 ppm Bi, 2.17 % Cu and 1291 ppm Pb. A large 

inclusion containing Zn and minor Te-bearing inclusions were also detected in Pyrite SKN2 at 

spot -3C2 (Fig. 6.2.18B). A constant ICPMS output trace for Au was also detected in Pyrite 

SKN2 at spot 3C2 which contained 6 ppm Au (Fig. 6.2.18C). Bi-variate plots comparing Au 

with the trace element data obtained by LA-ICPMS from Pyrite SKN1 with the full data set 

tabulated in Appendix 6.2.1 from this study are presented in Section 6.2.4.9. 
 
 
 

 

Fig. 6.2.18. Details of a spot LA-ICPMS analysis on Pyrite SKN2 from the skarn assemblage (SMD Stage 4A) in 
core Sample DIS0231396 from the Discovery East SHGD copper skarn zone (i.e. DDH DIS023 @ 139.6 m). 

A. Photomicrograph of subhedral pale yellow-white Pyrite SKN1 (Py) with a filling of dark yellow Chalcopyrite 
3C between grains (Cp), cut by dark-grey mottled textured Pyrite SKN2 (Py-SKN2) from sample DIS0231396 
showing the position of LA-ICPMS spot 3C2 on Pyrite SKN2, the results of which are shown in (B).  

B. ICPMS counts multi-element output profile for data collected from the Pyrite SKN2 analysis by laser ablation 
at spot location 3C2. This ICPMS output is numbered as DIS0231936-3C2 and represents the trace element 
data collected from the location shown in (A). This analysis used a 45s background gas analysis time and a 90s 
laser on ICPMS collection time. The ICPMS multi-element profile for laser ablation spot 3C2 shows constantly 
very high counts for Bi, Cu, Pb and Fe representing the laser ablating down through Pyrite SKN2. Spikes in the 
ICMPS output traces indicate the presence of inclusions with high concentrations of coincident Zn and Te. Au 
consistently occurs throughout Pyrite SKN2. Pyrite SKN2 is characterised by high levels of Bi-Cu-Pb-Se-Te 
and Au. 

C. Table showing the calculated trace element results in ppm from laser ablation spots shown in (A) at 
DIS0231396-3C1 (Pyrite SKN1), -3C2 (Pyrite SKN2) and -3C3. Results confirm the presence of high levels of 
Bi, Cu, Pb, Se, Te and Au in Pyrite SKN2 at spot DIS0231396-3C2. 
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6.2.4.9 Comparison of trace elements from the SMD SHGD and SMD copper deposits 

The SMD SHGD and SMD copper deposit LA-ICPMS spot analysis data tabulated in 

Appendix 6.2.1 were used in this section to investigate the correlation of trace elements from 

(a) pre-main gold ore stage Pyrite 2B (N=18), Pyrite 3B (N=8), Pyrite SKN1 (N=44) and 

Chalcopyrite 3C (N=35) and (b) main-gold ore stage SMD SHGD Pyrite 4A (N=110) and 

SMD copper deposit Pyrite SKN2 (N=17). A series of bi-variate graphs were plotted as 

correlation matrices, focusing on the relationship between Au and the various trace elements 

for these pyrite types (Appendix 6.2.2). 

The bi-variate plot of Au vs As shows that all of the SMD pyrite types mainly have 

positive correlation trends (Fig. 6.2.19). At the low end of the spectrum, pre-main gold ore 

stage Pyrite SKN1 and Chalcopyrite 3C from the SMD copper deposits have relatively low 

concentrations of As (<150 ppm As) and Au (<0.9 ppm Au) whereas Pyrites 2B and 3B from 

the SMD SHGD have higher values of As (up to 1463 ppm As) but lower Au (<0.5 ppm Au, 

Fig. 6.2.19). At the high end of the spectrum, both Pyrite 4A (SMD SHGD) and Py-SKN2 

(SMD copper deposits) from the main-gold ore stage trend positively with respect to increasing 

gold contents (Fig. 6.2.19). However, the As values in Pyrite SKN2 were lower, ranging from 

11 to 3583 ppm As but also contained high Au grades of up to 293 ppm Au, whereas Pyrite 4A 

contained higher As values ranging from 344 to 56400 ppm As and contained similar gold 

grades up to 200 ppm Au (Fig. 6.2.19). This suggests that Pyrite SKN1 (SMD Stage 4A) from 

proximal copper skarn zones in the SMD copper deposits has a similar relationship to Pyrite 4A 

(SMD Stage 4A) in the distal SMD SHGD with respect to high As levels being an important 

integral trace element in relation to the development of high Au levels in pyrite. 

 
 

 
Fig. 6.2.19. Bi-variate plots showing positive correlation trends for Au vs As. This plot is generated from the Au and 
As LA-ICPMS spot analysis data tabulated in Appendix 6.2.1 for (a) Pyrite 2B (Py-2B), Pyrite 3B (Py-3B) and 
Pyrite 4A (Py-4A) from the SMD SHGD and (b) Pyrite SKN1 (Py-SKN1), Pyrite SKN2 (Py-SKN2) and 
Chalcopyrite 3C (Cp-3C) from the SMD copper deposits.  
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The plot of Au vs Ag shows a positive correlation trend for Pyrite 2B, Pyrite 3B and 

Pyrite 4A associated with the SMD SHGD (Fig. 6.2.20A). In contrast, pyrite types from the 

SMD copper deposits have Au vs Ag trends with (a) scattered distributions for Pyrite SKN1 

and Chalcopyrite 3C and (b) a flat trend for Pyrite SKN2 (Fig. 6.2.20A), indicating that the 

SMD copper deposits may have more Ag variability with increasing Au values. Both plots for 

Au vs Sb (Fig. 6.2.20B) and Au vs Tl (Fig. 6.2.20C) also have similar positive trends to those 

observed for Au vs As that are shown in Fig 6.2.19. 
 
 
 

 

 

 
Fig. 6.2.20. Bi-variate plots showing positive correlation trends for Au vs Sb, -Tl and -Ag. These plots are generated 
from the Au, Ag, Sb and Tl LA-ICPMS spot analysis data tabulated in Appendix 6.2.1 for (a) Pyrite 2B, Pyrite 3B 
and Pyrite 4A from the SMD SHGD and (b) Pyrite SKN1, Pyrite SKN2 and Chalcopyrite 3C from the SMD copper 
deposits.  
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 The bi-variate plots of Au vs Cu, -Mo and -W indicate moderately positive correlation 

trends for these trace elements in Pyrite 4A (Fig. 6.2.15A to C respectively). Pyrite SKN2 also 

shows a broad moderately positive correlation trend for Au vs Cu, but appears to contain much 

higher levels of Cu than Pyrite 4A and also wider variability of Cu levels (Fig. 6.2.15A).           

The remaining pyrite types represented in Fig 6.2.15 mainly show  widely variable distributions 

with no distinct correlation trends for Cu, Mo and W with respect to increasing Au levels    

(Fig. 6.2.15A-C).  

 

 

 
Fig. 6.2.21. Bi-variate plots showing positive correlation trends for Pyrite 4A with respect to Au vs Cu, -Mo and -W. 
The blue arrow shows the direction of the trace element trends in each bi-variate plot. The remaining pyrite types 
shown in this figure mainly exhibit scattered distributions. These plots are generated from the Au, Cu, Mo and W 
LA-ICPMS spot analysis data tabulated in Appendix 6.2.1 for (a) Pyrite 2B, Pyrite 3B and Pyrite 4A from the SMD 
SHGD and (b) Pyrite SKN1, Pyrite SKN2 and Chalcopyrite 3C from the SMD copper deposits.  
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 The bi-variate plots for Au vs Bi (Fig. 6.2.22A) and Au vs Se (Fig. 6.2.22B) show 

negative trends against increasing Au levels for both main-gold ore stage Pyrite 4A and Pyrite 

SKN2, but pre-main gold ore stage Pyrite SKN1 and Chalcopyrite 3C contain higher Bi and Se 

contents at low Au levels (Fig. 6.2.22A and 6.2.22B respectively). Relatively broad flat trends 

occur for all of the SMD pyrite types for Au vs Ni (Fig. 6.2.22C), Au vs V (Fig. 6.2.22E) and 

Au vs Zn (Fig. 6.2.22F). Pyrite types from the SMD SHGD, namely Pyrite 2B, Pyrite 3B and 

Pyrite 4A show a flat trend for Au vs Pb and contain up to 13142 ppm Pb (Fig. 6.2.22D).         

In contrast, Pyrite SKN1 and Chalcopyrite 3C from the pre-main gold ore stage copper skarn 

assemblages plot with a positive correlation trend with lower Pb values of up to 600 ppm Pb 

and <1 ppm Au (Fig. 6.2.22D). 

 Overall, SMD Stage 4A (main-gold ore stage) Pyrite 4A and Pyrite SKN1 typically 

show (a) strong positive correlation trends for Au vs Ag, As, Sb and Tl, (b) low-angled positive 

correlation trends for Au vs Cu, Mo, W, and negative correlation trends for Au vs Bi and Se. 

The pre-main gold ore stage Pyrite SKN1 and Chalcopyrite 3C are characterised by high in Bi 

and Se at low Au levels with negative trends and are low in Pb.  

 
 
  

 
Fig. 6.2.22. Bi-variate plots showing the trends of Au vs Bi, Se, Ni, Pb, V and Zn using the LA-ICPMS data from the 
SMD pyrite types tabulated in Appendix 6.2.1. The SMD pyrite types in this figure include Pyrite 2B, Pyrite 3B and 
Pyrite 4A from the SMD SHGD and (b) Pyrite SKN1, Pyrite SKN2 and Chalcopyrite 3C from the SMD copper 
deposits.  
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6.2.5 Discussion  

The analyses of trace elements in pyrite from the SMD SHGD and SMD copper 

deposits provide important constraints on (a) the occurrence and paragenetic stages of Au and 

(b) the characteristic trace element signatures of each pyrite types investigated, which in turn 

may be able to be applied to target specific deposit types.  

6.2.5.1 SMD gold occurrences 

LA-ICPMS analyses for Au in SMD pyrite established that Au occurs in all of the 

SMD pyrite types investigated (Table 6.2.6 and 6.2.23). The lowest concentrations of Au occur 

in the paragenetically early pre-main gold ore stage pyrite generations, namely Pyrite 2B (SMD 

Stage 2), Pyrite 3B and Pyrite SKN1 (SMD Stage 3B) and Chalcopyrite 3C (SMD Stage 3C; 

Table 6.2.6). The highest Au concentrations occur later in main-gold ore stage Pyrite 4A and 

Pyrite SKN1 (SMD Stage 4A; Table 6.2.6).  

Pyrite 2B is one of the earliest formed SMD pyrite types and occurs in the distal type 

SHGD. It contains very low gold levels (i.e. <0.5 ppm Au), mainly concentrated in the pyrite 

cores (Section 6.2.4.2 and Table 6.2.6). All of the SMD Stage 3B and 3C pyrite types from 

both the distal SHGD and proximal copper deposits contain low levels of gold that 

predominantly occurs in inclusions (Table 6.2.6). Pyrite 3B associated with the SMD Stage 3B 

base metal veins in the distal SHGD contains low levels (up to 1.8 ppm) Au, mainly occurring 

in large inclusions (Section 6.2.4.3). By comparison, SMD Stage 3B Pyrite SKN1 associated 

with proximal skarn assemblages in the SMD copper deposits also contains low levels of Au, 

(up to 0.7 ppm), mainly occurring in small inclusions (Section 6.2.4.6). Chalcopyrite 3C from 

the SMD Stage 3C proximal skarn mineral assemblage in the SMD copper deposits also 

contains low levels of Au (up to 0.9 ppm) incorporated in small inclusions (Section 6.2.4.7). 

The highest concentrations of gold ranging from >1 up to 293 ppm Au predominantly resided 

in the pyritic overgrowth rims of SMD Stage 4A main gold ore stage pyrite types, namely 

Pyrite 4A and Pyrite SKN1 (Table 6.2.6). LA-ICPMS burns across Pyrite 4A confirmed that 

high Au levels were evenly distributed throughout the pyritic overgrowth rims (Section 

6.2.4.4). 

Table  6.2.6. Statistics for LA-ICPMS spot analyses of gold in pyrite types from the SMD SHGD and SMD Cu 
deposits. The typical residence location of gold in the different pyrite types is also shown. 
 

 Pyrite Type Paragenetic Deposit Number Mean Median Std.Dev. Minimum Maximum Residence

(SMD) Stage (SMD) Type of Spots (ppm) (ppm) (ppm) (ppm) (ppm) of gold

 Pyrite 2B Stage 2 SHGD 19 0.17 0.16 0.13 0.027 0.52 Pyrite cores

 Pyrite 3B Stage 3B SHGD 8 0.52 0.35 0.58 0.050 1.83 Inclusions

 Pyrite SKN1 Stage 3B Cu skarn 20 0.18 0.08 0.20 0.002 0.74 Inclusions

 Chalcopyrite 3C Stage 3C Cu skarn 16 0.20 0.11 0.23 0.012 0.90 Inclusions

 Pyrite SKN2 Stage 4A Cu skarn 24 36.44 3.88 73.73 0.290 293.07 Pyrite rims

 Pyrite 4A Stage 4A SHGD 109 44.84 34.46 45.82 0.184 199.99 Pyrite rims
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A plot showing the range of gold levels identified in the SMD pyrite types analysed by 

LA-ICPMS illustrates that the paragenetic early pyrite types in the SMD all contain low gold 

levels ranging from 0.01 up to 1.8 ppm Au as represented by SMD Stages 2, 3B and 3C (Fig. 

6.2.23). However, the highest contents of gold occur in the paragenetically late SMD pyrite 

types represented by SMD Stage 4A with a wide range of Au values from 0.2 and up to 293 

ppm Au (Fig 6.2.23). For comparison, a detailed paragenetic and LA-ICPMS study using five 

generations of gold-bearing pyrite types from the Sukhoi Log SHGD by Large et al. (2007) 

established that the highest Au levels were in the paragenetically early syn-diagenetic pyrite 

generations and the lowest levels of Au were in the later metamorphosed pyrite generations. 

The results of this study indicate that the levels of gold in the SMD pyrite significantly increase 

over time, opposite to what was observed in the Sukhoi Log SHGD, indicating that gold in the 

SMD probably formed by different late stage processes. 

 
 

 
Fig. 6.2.23. Range and mean Au contents for the different SMD pyrite generations listed in Table 6.2.6.  The mean 
Au values for each pyrite generation are represented by the dark blue triangles.  

 
 

6.2.5.2 Gold-arsenic relationships in SMD pyrites 

Previous studies of pyrite generations from Carlin, epithermal and orogenic gold 

deposits have observed that (a) positive correlations occur between the levels of Au and As 

dissolved in pyrite, and (b) the amount of Au incorporated into the structure of pyrite is 

controlled by the amount of As present (e.g. Cook and Chyssoulis, 1990; Cline, 2001; Reich et 

al., 2005; Wood and Large, 2007; Large et al., 2007).  Cook and Chyssoulis (1990) report that 

the high As level in arsenian pyrite is economically important in Carlin-type gold deposits as it 

enhances the hosting of Au as nanoparticles in the structure of the pyrite crystals. At very high 

As to Au ratios, pyrite becomes supersaturated in As and lattice space is no longer available for 

Au to be incorporated into pyrite structure, resulting in Au forming as larger inclusions of 

electrum above the calculated Au saturation line that was established for the Carlin-type gold 

deposits in Nevada by Reich et al. (2005).  
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Reich et al. (2005) also report that main-gold ore stage pyrite from the Carlin-type gold 

deposits plots within a defined field below the Au saturation line (Fig. 6.2.24). Using the LA-

ICPMS data from this study tabulated in Appendix 6.2.1, the Au-As relationship for all of the 

SMD pyrite types tested are compared to the established field for the Carlin-type gold deposits 

in Fig. 6.2.24. Most of the data from this study also plots below the Au saturation line with the 

exception of three LA-ICPMS spot analyses from SMD Stage 4A Pyrite SKN2 (Fig. 6.2.24). 

All of the SMD Stage 4A-Pyrite 4A from the main gold ore stage also occurs within the known 

Carlin SHDG field, including most of SMD Stage 4A-Pyrite SKN2 (Fig. 6.2.24). Some of the 

pre-main gold ore stage data from Pyrite 2B (SMD Stage 2) and Pyrite 3B (SMD Stage 3B) 

also plot in the lower regions of the Carlin-type gold deposits field (Fig. 6.2.24). However, all 

of the SMD pre-main gold ore stage skarn associated pyrite mainly plot outside of the Carlin-

type gold deposits field, namely Pyrite SKN1 (SMD Stage 3B) and Chalcopyrite 3C (SMD 

Stage 3C; Fig. 6.2.24). Overall, LA-ICPMS trace element investigations have established that 

(a) both SMD Stage 4A main-gold ore stage Pyrite 4A and Pyrite SKN2 contain the highest 

gold levels and (b) they also both share similar Au-As relationships to the pyrite types from the 

main gold ore stage reported by Reich et al. (2005) and Large et al. (2007) in the Carlin-type 

gold deposits (Fig. 6.2.24).  

 

 

Fig. 6.2.24. Bi-variate plot of As vs Au using the LA-ICPMS data from the SMD pyrite types tabulated in Appendix 
6.2.1. The dark green Au saturation line is after Reich et al. (2005) and Large et al (2007). The dark blue dashed line 
represents the boundary of the As vs Au data field known for typical Carlin-type gold deposits main-gold ore stage 
pyrite, adapted after Reich et al. (2005) and Large et al. (2007). The SMD pyrite types in this figure include Pyrite 
2B, Pyrite 3B and Pyrite 4A from the SMD SHGD and (b) Pyrite SKN1, Pyrite SKN2 and Chalcopyrite 3C from the 
SMD copper deposits. 
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6.2.5.3 Gold and silver concentration in SMD pyrites 

The SMD pyrite types investigated by LA-ICPMS in this study contain a wide range of 

Au and Ag concentrations with values from <0.1 to 100 - <1,000 ppm Au and <0.1 to 1,000 - 

<10,000 ppm Ag (Figs. 6.2.25 and 6.2.26). The SMD pyrite types have both Au and Ag 

concentrations in the 10 - <100 ppm range. However, high Ag levels occur mostly in SMD 

pyrite types, with analyses ranging from 1 to <1000 ppm Ag; the highest gold levels occur in 

the 100 - <1,000 ppm Au range (Figs. 6.2.25 and 6.2.26, respectively). 
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Fig. 6.2.25. Histogram of Au concentration in all pyrite types analysed by LA-ICPMS from the SMD. 
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Fig. 6.2.26. Histogram of Ag concentration in all pyrite types analysed by LA-ICPMS from the SMD. 
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6.2.5.4 Gold-silver ratios in SMD pyrite 

The bi-variate plot of Au vs Ag previously presented in Fig. 6.2.20 indicated a positive 

correlation trend for the majority of SMD pyrite types. The Au/Ag ratios for each of the SMD 

pyrite types investigated in this study are presented in Table 6.2.8. Results indicate that the pre-

main gold ore stage pyrite types, i.e., Pyrite 2B, Pyrite 3B, Pyrite SKN1 and Chalcopyrite 3C, 

have the lowest Au/Ag ratios with mean values that range from 0.02 to 0.21, (Table 6.2.8). 

Chalcopyrite 3C has the lowest mean Au/Ag ratio of 0.02 (Table 6.2.8). Pyrite SKN2 

associated with the main gold-ore stage in the skarn zones at the SMD copper deposits is 

slightly higher with a mean Au/Ag ratio of 0.41 (Table 6.2.8). Pyrite 4A from the main gold ore 

stage (SMD Stage 4A) has the highest mean Au/Ag ratio of 1.29 and is significantly higher 

than the other SMD pyrite types (Table 6.2.8). 

Cline et al. (2005) report that lithogeochemical studies of Carlin-type gold deposits in 

Nevada indicate that the typical Au/Ag ratio in sedimentary rocks is >10 and approximately 10 

in igneous dikes, indicating that higher levels of Au relative to Ag are present during gold ore 

formation. In comparison, the Au/Ag ratio of Pyrite 4A (SMD Stage 4A) is much less with a 

ratio of 1.29, indicating that higher levels of Ag are present in the SMD mineralising system 

during main gold ore formation (Table 6.2.8).   

Overall, results from this study indicate that the Au/Ag ratios in pyrite can discriminate 

between the SMD mineralisation stages, in particular (a) Pyrite 4A (SMD Stage 4A) associated 

with the main gold ore stage in the SMD SHGD and (b) Chalcopyrite 3C (SMD Stage 3C) 

associated with hypogene copper in the SMD copper deposits (Table 6.2.8). 

 

Table 6.2.8. Statistics for Au/Ag ratios determined from LA-ICPMS analyses of SMD pyrite types.  

Pyrite Type Paragenetic

(SMD) Stage (SMD)

Pyrite 2B SMD Stage 2 17 0.12 0.07 0.02 0.50 0.016 0.125

Pyrite 3B SMD Stage 3B 8 0.21 0.11 0.01 0.74 0.066 0.257

Pyrite SKN1 SMD Stage 3B 18 0.14 0.10 0.00 0.57 0.026 0.160

Chalcopyrite 3C SMD  Stage 3C 16 0.02 0.01 0.00 0.11 0.001 0.032

Pyrite SKN2 SMD Stage 4A 16 0.41 0.02 0.00 2.71 0.737 0.858

Pyrite 4A SMD Stage 4A 109 1.29 0.53 0.02 8.59 2.418 1.555

Maximum Variance Std.Dev.Number Mean Median Minimum
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6.2.5.5 Characteristic trace element associations in SMD pyrite types 

The characteristic trace element associations for each of the SMD pyrite types 

investigated in this study are summarised in order of paragenetic stages, commencing with 

Pyrite 2B (SMD Stage 2) in Table  6.2.9. The trace elements categorised for each pyrite type 

are ranked in decreasing order of their mean value concentrations within the categories of         

(a) Primary (>100 ppm trace element levels), (b) Secondary (>10 ppm to <100 ppm) and            

(c) Tertiary (<10 ppm) based on the data tabulated in Appendix 6.2.1. The pyrite types are also 

grouped to enable comparison of the trace element signatures between pyrite types from (a) the 

SMD distal SHGD and (b) the proximal Cu skarn zones in the SMD copper deposits (Table 

6.2.9). The SMD pyrite types have the following individual characteristic trace element 

signatures that are summarised from Table 6.2.9:  

 Pyrite 2B (SMD Stage 2) is diagenetic; it was only observed in the SMD distal SHGD and 

primarily contains Pb-Ni-Co-As-Ti towards the pyrite cores, including traces of up to 0.5 

ppm Au. Secondary trace elements include Cr-Zn-Sb-Mn-Se-Ba-Te.  

 Pyrite 3B (SMD Stage 3B) is associated with base metal veins in the SMD distal SHGD 

and comprises a primary order of As-Cu-Ni-Pb and secondary order Se-Zn-Sb-Co. 

Inclusions of Au were also detected with mean values of 0.52 ppm Au. 

 Pyrite SKN1 (SMD Stage 3B) is associated with the proximal skarn mineral assemblages in 

the SMD copper deposits and consists of a primary order of Cu-Co-Se-Ni-Bi-Mn-Te and 

secondary order As-Mo-Pb-Ag-V-W-Ti and also inclusions with Au (mean =0.2 ppm Au). 

This pyrite type contains higher levels of Zn, Co, Se, Bi, Mn, Te and V, and also lower 

levels of As, Pb and Au when compared to Pyrite 3B from the distal SHGD (Table 6.2.9). 

 Chalcopyrite 3C (SMD Stage 3C), also associated with the proximal skarn mineral 

assemblages in the SMD copper deposits, is one of the main sources of hypogene copper in 

the SMD and consists of primary order Cu-Zn-Se-Bi, secondary order Sn-Ag-Pb-Mo-V-Ti-

As-Te and also contains minor inclusions with Au (mean = 0.2 ppm Au). Higher levels of 

Sn and Mo occur in Chalcopyrite 3C when compared to Pyrite SKN1.  

 Pyrite SKN2 (SMD Stage 4A) cuts the earlier proximal skarn mineral assemblages in the 

SMD copper deposits, is classified into the main gold ore stage assemblages as it typically 

contains high Au values ranging from 1 to 293 ppm Au and is also closely associated with 

a primary order of Cu-As-Bi-Co-Se-Pb-Zn-Ag and secondary order of Te-Sb-Ni-Sn-Mo. 

 Pyrite 4A (SMD Stage 4A) is classified with the main gold ore assemblages in the SMD 

distal SHGD as it contains high gold values of up to 200 ppm Au that typically occurs in 

pyritic overgrowth rims in close association with a primary order of As-Sb-Pb-Cu-Ni-Ti-

Zn-Mn-Ag-Tl and secondary order Co-Te-Se-Ba-Cr-Bi. This pyrite type contains higher 

levels of As, Sb and Tl and lower levels of Bi, Cu, Co, Se, Sn and Mo when compared to 

Pyrite SKN2 from the skarn assemblages in the proximal Cu deposits (Table 6.2.9). 
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6.3 PIXE TRACE ELEMENT STUDY OF SMD SULPHIDE-ORES 

6.3.1 Introduction 

Proton-Induced X-ray Emission (PIXE) analytical and imaging techniques were used 

on a total of 16 sulphide grain areas from 9 gold-bearing  samples selected from the SMD distal 

SHGD and proximal skarn Cu deposits. The main aims of this PIXE study were to: (1) try to 

image/map the areas where gold occurs in sulphide grains that contained gold detected by 

earlier LA-ICPMS studies at CODES (i.e. Section 6.2) and (2) identify and map the distribution 

of trace elements associated with gold.  

This research project was supported by a CSIRO Postgraduate Scholarship Agreement 

that provided two days of PIXE Nuclear Microprobe (NMP) analytical time during 2005 and 

2006. Dr Chris Ryan (CSIRO) and Dr. David Belton (CSIRO/CODES) conducted all PIXE 

analytical work for this study through the CSIRO-GEMOC Nuclear Microprobe facility at the 

University of Melbourne (Fig. 6.3.1). The method of PIXE NMP analysis used is described in 

Section 6.3.2. New insights into the distribution of the trace elements associated with gold in 

the selected SMD gold-bearing sulphide grains were acquired during this study (Section 6.3.3). 

The PIXE NMP results obtained from this study will be presented in the order established in 

Section 5.5 for the combined mineral paragenesis system for SMD Stages 2, -3B and -4A. 

6.3.2 PIXE analytical method 

PIXE NMP techniques enable non-destructive qualitative imaging and quantitative 

trace element analytical methods to be used during investigations of delicate fluid inclusions or 

small sulphide grains; these techniques have been applied in studies by Anderson et al. (1989), 

Baker et al., (2008), Griffin et al. (1991), Khin Zaw et al. (1996, 2003), Petrie et al. (2005), 

Ryan (2000, 2004) and Ryan et al. (1991, 1995, 1996, 2001). The PIXE NMP method uses a 

beam of high energy protons focused onto targets such as mineral grains or fluid inclusions to 

generate X-rays that are collected by an energy dispersive detector to identify the elements 

present (Griffin et al., 1991). Individual trace element concentrations are determined from the 

resultant spectral peaks using methods described by Ryan et al. (1991). When compared to 

other electron microprobe methods, the main advantage of PIXE NMP is that it can achieve 

very low detection limits by using protons to produce high X-ray yields with very low 

backgrounds (Griffin et al., 1991; Ryan et al., 1991).  

The selected sulphide grains for this PIXE NMP study were prepared as 25 mm 

diameter round polished mounts.  The co-ordinates for the chosen location on selected sulphide 

grains areas were pre-recorded prior to analyses using an X and Y stage at the CSIRO-GEMOC 

PIXE NMP facility located at the University of Melbourne (Fig. 6.3.2). All samples were 

washed in an ultrasonic bath of water to remove polishing compounds before carbon coating.  
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Fig. 6.3.1. Photograph of the CSIRO-GEMOC Nuclear Microprobe (NMP) facility at the University of Melbourne 
that was used for PIXE analyses. The round stainless steel sample loading chamber at the end of the proton beam 
line is located towards the middle of this photograph near the small blue screen TV monitor. 
 
 

  
Fig. 6.3.2. Photograph of the X and Y co-ordinate measuring equipment (left) attached to the X and Y stage on the 
microscope shown (right) that was used to pre-record the co-ordinates of the sulphide sample locations required prior 
to PIXE NMP analyses at the CSIRO-GEMOC Nuclear Microprobe (NMP) facility, University of Melbourne. 
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Individual samples were loaded for analysis into the sample chamber shown in              

Fig. 6.3.1. In this study, the PIXE used a proton beam diameter of 1.5-m and a beam current 

of 3 MeV to fully resolve 3 m diameter mineral grains to depths of up to 30 m in the larger 

sulphide grains (Chris Ryan, pers com., 2007). PIXE NMP trace element image mapping and 

line traversing methods were applied, using the methods described by Ryan et al. (1995) and 

Ryan et al. (2001). Areas of up to 200-m x 200-m were scanned by the beam on the selected 

sulphide grains. The GeoPIXE software package was used to project elemental images;, this 

method is explained at website http://nmp.csiro.au/GeoPIXE.html. The http://www.nmp.csiro. 

au/dynamic.html algorithm was applied to resolve inter-element signal overlap, in particular 

between Au, Zn and W to clarify and produce quantitative elemental images, following the 

methods of  Ryan et al. (1995), Ryan et al. (1996), Ryan (2000, 2004) and Petrie et al. (2005).  

6.3.3 SMD PIXE NMP Results 

Six types of pyrite from the SMD were selected from SMD Stages 2, 3B, 4A and 4B 

for PIXE NMP trace element mapping (Table 6.3.1). Types Pyrite 2B (SMD Stage 2) and 

Pyrite 3B (SMD Stage 3B) are examples of SMD pre-main gold ore stage pyrite that are cut by 

later generations of gold-bearing pyrites. Pyrite types 4A1-4A4 (SMD Stage 4A) are high-grade 

gold-bearing examples from the SMD main-gold ore stage and Pyrite SKN2 represents an 

equivalent high-grade gold-bearing sample form the SMD copper deposits (i.e. SKN Stage 4). 

PIXE NMP results from the six types of pyrite listed in Fig. 6.3.3 are presented in turn below. 

Table. 6.3.1. List of SMD pyrite types tested by PIXE at the CSIRO-GEMOC Nuclear Microprobe facility at the 
University of Melbourne. Abbreviations: FR = fracture, Py = pyrite, Py-SKN2 = Pyrite-SKN2. 

Deposit UTAS Number CSIRO Number Pyrite Types Comments

(SMD) (Sample) (PIXE Analysis) (SMD Stages) (Au g/t)

NLU NLU0060300 60300-3A Pyrite 2B & 4B Stage 2 PY (no-Au) with Stage 4b Hg-Au-Telluride in FR 23

DSW DIS0561142 61142-1A Pyrite 3B & 4A3  Stage 4A zoned PY cutting Stage 3b vein 1.0

NLU NLU0060300 60300-2A Pyrite 4A1 Stage 4A PY cut by Stage 4b Hg-Au-Telluride in FR 23

NLU NLU0060300 60300-2B Pyrite 4A1 Stage 4A PY cut by Stage 4b Hg-Au-Telluride in FR 23

DSW DIS0560551 60551-5A Pyrite 4A1 Stage 4A zoned PY (< 50 microns) with high Au in rims 7

DSC DIS0050672 50672-2C Pyrite 4A2 Stage 4A zoned PY with high Au in rims 8.8

DSC DIS0050672 50672-3C Pyrite 4A2 Stage 4A zoned PY with Low Au cores & high Au in rims 8.8

DSC DIS0050731 50731-4A Pyrite 4A2 Stage 4A zoned pyrite with thick rims & high Au grades 8.5

DSC DIS0050731 50731-Q Pyrite 4A2 Stage 4A zoned pyrite with thick rims & high Au grades 8.5

DSW DIS0560551 60551-1A Pyrite 4A3 Stage 4A zoned PY with Au poor cores and high Au rims 6.8

DSM DIS0111124 2-4-2 Pyrite 4A3 Stage 4A zoned pyrite with thick rims & high Au grades

DSW DIS0560681 DIS-681-4B Pyrite 4A3 Stage 4A zoned pyrite with thick rims & high Au grades

DSW DIS0560681 DIS-681-5B Pyrite 4A3 Stage 4A zoned pyrite with thick rims & high Au grades

NAK NAK0060937 NAK-937-6 Pyrite 4A3 Stage 4A zoned pyrite with thick rims & high Au grades

DSM DIS0111124 2-4-1 Pyrite 4A4 Stage 4A zoned pyrite with banded rims & high Au grades

DSE DIS2991021 2-1-3 Pyrite SKN2 SKN Stage 4 pyrite (Py-SKN2) with high Au grades  
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6.3.3.1 SMD Stage 2 (Pyrite 2B) overprinted by late SMD Stage 4A and SMD  Stage 4B   

Preliminary petrology investigations using SEM and LA-ICPMS techniques on SMD 

Stage 2 pyrite (Pyrite 2B) from the pre-main-gold ore-stage assemblage in Nalou SHGD 

sample NLU0060300 identified (a) the presence of very low gold (<0.2 ppm Au) in two large 

euhedral Pyrite 2B crystals (Fig. 6.3.3A) and (b) the occurrence of Hg-Au telluride located 

along the fractured boundary between two Pyrite 2B crystals (Fig. 6.3.3A). The Fe image 

generated from the PIXE NMP analyses across Sample NLU0060300 shows the outlines of 

Pyrite 2B and confirmed the presence of a fractured contact between the two Pyrite 2B grains 

(Fig. 6.3.3B). The main trace element characteristic of Pyrite 2B identified by PIXE NMP 

analyses is the presence of elevated levels of Ni and Pb, as shown in Fig. 6.3.3C and 6.4.3D 

respectively. The matrix surrounding Pyrite 2B contains elevated levels of Rb (Fig. 6.3.3E) and 

similar levels of Tl are indicated in both Pyrite 2B and the surrounding matrix (Fig. 6.3.3.F).  
 
 
 

 
Fig. 6.3.3. Images showing the trace element distributions within Pyrite 2B (SMD Stage 2) in sample NLU0060300 
collected from the Nalou SHGD.  

A. A scanning electron microscope (SEM) backscattered secondary electron (BSE) image of Pyrite 2B (medium 
grey area) with fractures filled by Hg-Au telluride (white) and quartz (black). The red boxed area outlines the 
area represented by the PIXE NMP trace element images shown in (B)-(F).  

B. A PIXE NMP trace element image showing the distribution of iron in the area outlined in (A). The bright 
orange-yellow colours indicate high concentrations of Fe in Pyrite 2B and the black areas show matrix areas 
with no Fe. The scale shown in this image is also the same for images (C)-(F).  

C. A PIXE NMP trace element image showing the distribution of Ni in Pyrite 2B. The orange-light blue colours 
indicate elevated levels of Ni in the Pyrite 2B cores and the black areas show matrix areas with no Ni. The 
yellow dashed line represents the outline of Pyrite 2B shown in (B). 

D. A PIXE NMP trace element image showing elevated levels of Pb (orange-light blue colours) towards the cores 
of Pyrite 2B and the black areas show matrix areas with no Pb.  

E. A PIXE NMP trace element image showing elevated levels of Rb (orange-light blue colours) in the matrix 
surrounding and fractures cutting Pyrite 2B that is outlined by the yellow dashed lines.  

F. A PIXE NMP trace element image showing the distribution of Tl in Pyrite 2B and the matrix. 
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PIXE NMP analysis of Sample NLU0060300 also identified the presence of high As, 

and minor Cu, Sb and Se in the margins of Pyrite 2B, as shown in Figs. 6.3.4C-F respectively 

and Fig. 6.3.5. The As is confirmed as deposited later than the bulk of Pyrite 2B as it is 

predominantly concentrated along the margins as thin rims (<20 mm) and also as traces of As 

disseminated throughout the calcareous shale matrix (Fig. 6.3.4C and 6.3.5). The combination 

of coincident As, Cu, Sb and Se detected by the PIXE NMP in Sample NLU0060300 is 

interpreted as a later stage of mineralisation that is probably associated with the SMD Stage 4A 

mineral assemblage, which mainly occurs with the SMD main gold ore stage sulphides 

described in Sections 5.2, 5.5 and  6.2. 

 
 

 
Fig. 6.3.4. Images showing the SMD Stage 4A trace element distributions of As, Cu, Sb and Se surrounding Pyrite 
2B (SMD Stage 2) in sample NLU0060300collected from the Nalou SHGD. 

A. Scanning electron microscope (SEM) backscattered secondary electron (BSE) image of Pyrite 2B (medium 
grey area). The red boxed area outlines the area of the PIXE NMP trace element images shown in (B)-(F).  

B. PIXE NMP trace element image showing the distribution of iron (Fe) in the area outlined in (A). The bright 
orange-yellow colours indicate high concentrations of Fe in Pyrite 2B and the black areas show matrix areas 
with no Fe. The scale shown in this image is also the same for images (C)-(F).  

C. PIXE NMP trace element image showing the distribution of arsenic (As) in the area outlined in (A). The bright 
orange-yellow colours indicate high concentrations of As mainly along the outer margins of Pyrite 2B.  

D. PIXE NMP trace element image showing minor elevated levels of Cu (orange - light blue colours) along the 
margins of Pyrite 2B that is also coincident with the As shown in (C). The yellow dashed line represents the 
outline of Pyrite 2B shown in (B). 

E. PIXE NMP trace element image showing minor elevated levels of Sb (orange - light blue colours) that occur 
along the margins of Pyrite 2B; the high values coincide with the areas of elevated As shown in (C). 

F. PIXE NMP trace element image showing minor elevated levels of Se (orange - light blue colours) mainly 
occurring along the margins of Pyrite 2B; the high values coincide with the areas of elevated As shown in (C). 
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The gold detected during PIXE NMP analysis of Sample NLU0060300 was 

predominantly coincident with Hg and Te along a fracture cutting Pyrite 2B (Fig. 6.3.6A, D-E 

and 6.3.7). This coincident Au-Hg-Te appears to be later than the deposition of arsenic as it 

does not occur on the rims of earlier pyrite generations, as arsenic does (shown in Fig. 6.3.6C) 

and it also occupies a late stage fracture cutting Pyrite 2B with arsenic enriched rims (Fig. 

6.3.6D-F). The combination of Au-Hg-Te detected in this sample confirms previous petrology 

studies that identified Au-Hg tellurides in the SMD Stage 4B mineral assemblage described in 

Section 5.2.  

Overall, PIXE NMP analysis of Sample NLU0060300 identified (a) elevated levels of 

Pb in the core zones of Pyrite 2B (SMD Stage 2), (b) elevated and coincident As-Cu-Sb-Se 

along the rims of Pyrite 2B, similar to the trace element association observed for SMD Stage 

4A, and (c) elevated and coincident Au-Hg-Te along late stage fractures cutting Pyrite 2B, 

similar to the trace element association observed for SMD Stage 4B. 
 

 

 
Fig. 6.3.6. Images showing the interpreted SMD Stage 4B trace element distributions of Au, Hg, and Te filling a 
fracture in Pyrite 2B (SMD Stage 2) in Sample NLU0060300 collected from the Nalou SHGD. 

A. Scanning electron microscope (SEM) backscattered secondary electron (BSE) image of Pyrite 2B (medium 
grey area) with fractures filled by Hg-Au telluride (white) and quartz (black). The red boxed area outlines the 
area represented by the PIXE NMP trace element images shown in (B)-(F).  

B. PIXE NMP trace element image showing the distribution of Fe in the selected area outlined in (A). The orang -
yellow colours indicate high concentrations of Fe in Pyrite 2B and black shows matrix areas with no Fe. The 
scale shown in this image is the same as for images (C)-(F).  

C. A PIXE NMP trace element image showing the distribution of arsenic (As) occurring in the selected area 
outlined in (A). The bright orange-yellow colours indicate high concentrations of As predominantly occurring 
along the outer margins of Pyrite 2B.  

D. PIXE NMP trace element images showing the distribution of  Au associated with SMD Stage 4B. The bright 
orange-yellow colours indicate concentrations of Au occurring along late stage fractures cutting Pyrite 2B.  

E. PIXE NMP trace element images showing the distribution of  Hg associated with SMD Stage 4B. The bright 
orange-yellow colours indicate concentrations of Hg  occurring along late stage fractures cutting Pyrite 2B.  

F. PIXE NMP trace element images showing the distribution of  Te associated with SMD Stage 4B. The bright 
orange-yellow colours indicate concentrations of Hg  occurring along late stage fractures cutting Pyrite 2B.  
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6.3.3.2 SMD Stage 3 (Pyrite 3B) cut by late SMD Stage 4A    

Sample DIS0561142 from the Discovery West SHGD was the only sample containing 

vein stage fragments of both SMD Stage 3B pyrite (Py 3B) and galena (Gn 3B) cut by fractures 

filled with SMD Stage 4A pyrite that was able to be imaged for trace elements using PIXE 

NMP (Figs. 6.3.8A-F).  The outlined area to the left of the yellow dashed line in Fig. 6.3.8B-F 

represents SMD Stage 3B pyrite (Py 3B) and PIXE NMP trace element imaging of this area 

indicated that Py 3B is poor in As, Au, Ag and Pb (Fig. 6.3.9). SMD Stage 3B galena (Gn 3B) 

occurs within the green dashed line area as indicated by the high concentration of Pb with 

minor associated Ag, but is poor in As and Fe and appears to contain no gold (Figs. 6.3.8C-F). 

The areas to the right side of the yellow and green dashed lines in Fig. 6.3.8 B-F contain SMD 

Stage 4A pyrite (Py 4A) with PIXE NMP imaging showing high As concentrations and also 

indications of minor Au and Ag disseminated throughout Py 4A (Figs. 6.3.8C-F and 6.3.9).  
 
 

 
Fig. 6.3.8. Images showing the trace element distributions of As and Au for SMD Stage 4A pyrite (Py 4A) filling a 
fracture cutting SMD Stage 3B pyrite (Py 3B) and galena (Gn 3B). Sample DIS0561142. 
A. Photomicrograph of SMD Stage 3B pale yellow pyrite (Py 3B) and silvery galena (Gn 3B) crushed, with 

fractures filled by SMD Stage 4A quartz and arsenic rich pyrite (Py 4A). The red boxed area outlines the area 
covered by the PIXE NMP trace element images shown in (B)-(F).  

B. PIXE NMP trace element image showing the distribution of Fe in the selected area outlined in (A). The orange-
yellow colours indicate high concentrations of Fe and black represent matrix areas with no Fe. The area to the 
left hand side of the yellow dashed line contains pyrite (Py 3B), the green dashed outline indicates Gn 3B and 
the area to the right side of the yellow dashed line contains Py 4A. The scale shown in this image is the same 
for images (C)-(F).  

C. PIXE NMP trace element image showing the distribution of arsenic (As). The bright orange-yellow colours 
indicate high concentrations of As, mainly associated with Py 4A. 

D. PIXE NMP trace element image showing the distribution of gold (Au). The bright orange-yellow colours 
indicate the presence of minor Au that is mainly associated with Py 4A. 

E. PIXE NMP trace element image showing the distribution of silver (Ag). The bright orange-yellow colours 
indicate the presence of minor Ag that is mainly associated with Gn 3B. 

F. PIXE NMP trace element image showing the distribution of lead (Pb). The bright orange-yellow colours 
indicate Gn 3B (galena). 
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Fig. 6.3.9. PIXE NMP Trace element profiles and images for SMD Stage 3B pyrite (Py 3B) and SMD Stage 4A gold 
and arsenic bearing pyrite (Py 4A) in Discovery West SHGD Sample DIS0561142.  
A. PIXE NMP traverse (i.e. DIS056-1A-Traverse 1) stacked trace element profiles for the line from points A to B 

shown in (B) indicated by the green rectangular area. The PIXE NMP trace element profile for Fe generated for 
this traverse has Py 3B to the left of the yellow dashed line shown in (B) with the decrease in Fe towards the 
middle showing a fracture between pyrite grains with Py 4A to the right side of the yellow line. The associated 
PIXE NMP trace element profiles indicate the presence of coincident As, Au, Ag, Se, Pb and Tl in SMD Stage 
4A pyrite (Py 4A). 

B. PIXE NMP trace element image showing the distribution of Fe (wt. %). The area on the left side of the yellow 
dashed line is pyrite (Py 3B), the green dashed outline indicates Gn 3B and the area to the right side of the 
yellow dashed line contains Py 4A.  

C. An RGB image using PIXE NMP trace element data to show the distribution of Au (red-pink), As (green) and 
Fe (blue) for the area in (B). This image shows both As and Au concentrated in SMD Stage 4A pyrite; SMD 
Stage 3B pyrite (Py 3B) and galena (Gn 3B) are poor in As and Au.   
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The PIXE NMP imaging of Sample DIS0561142 confirms the paragenetic observations 

in Chapter 5 that both SMD Stage 3 pyrite 3B and galena 3B belong to an earlier mineral 

assemblage as they are Au and As poor and are cut by SMD Stage 4A pyrite that is high in As 

and also contains Au, Ag, Pb, Se and Tl (Figs. 6.3.8 A-F and 6.3.9).  

6.3.3.3 SMD Stage 4 (Pyrite 4A1) 

Petrological investigations identified at least 4 main types of gold-bearing pyrite 

classified as SMD Stage 4A Pyrite 4A1 - 4A4 that have arsenic enriched rims containing gold, 

surrounding cores poor in both arsenic and gold (Chapter 5, Section 5.2.5). Pyrite 4A1 was 

mainly observed to contain thin pyritic overgrowths (<20 mm thick) surrounding spongy 

textured pyrite cores (Figs. 5.2.14 and 6.3.10). PIXE NMP analysis confirmed the presence of 

high concentrations of As along the margins of Pyrite 4A1 as shown in Figs. 6.3.10 C and G. 
 
 

 
Fig. 6.3.10. Images showing the PIXE NMP trace element distributions for Fe, As and Au for SMD Stage 4A pyrite 
(Py 4A1) in Samples DIS0560551 (Discovery West SHGD) and NLU0060300 (Nalou SHGD). 

A. Photomicrograph of SMD Stage 4A pyrite (Pyrite 4A1) with thin pyrite overgrowths in a matrix of calcareous 
shale (dark grey-black), Sample DIS0560551-5A. The box with the red dashed outline shows the area in PIXE 
NMP trace element images in (B) to (D).  

B. PIXE NMP trace element image showing the distribution of Fe in the selected area outlined in (A). The orange-
yellow colours show high concentrations of Fe in Pyrite 4A1 and black shows matrix areas with no Fe. The 
scale shown in this image is the same for images (B)-(D).  

C. PIXE NMP trace element image showing the distribution of As in the area outlined in (A). High concentrations 
of As mainly occur on the outer margins of Pyrite 4A1.  

D. PIXE NMP trace element image showing the distribution of minor Au in the area outlined in (A). Minor 
disseminated gold (pink-orange colours) is mainly within Pyrite 4A1.  

E. Photomicrograph of SMD Stage 4A pyrite (Pyrite 4A1) with thin pyrite overgrowths in a matrix of calcareous 
shale (dark grey-black), sample NLU0060300-2A. The box with the red dashed outline shows the area 
represented by the PIXE NMP trace element images in (F) to (H).  

F. to H:  PIXE NMP trace element images showing the distribution of Fe (F), As (G) and Au (H) in the area 
outlined in (E). Arsenic (yellow-orange colours) is mainly concentrated along the margins of Pyrite 4A1(G) 
and traces of gold are also on the margins of Pyrite 4A1 (H). 
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The CSIRO method of image regions described at http://nmp.csiro.au/GeoPIXE.html 

was used to determine the average concentrations of trace elements from the PIXE NMP data 

obtained within the selected regions located along the rim, middle and core of Pyrite 4A1 for 

Samples DIS0560551-1A and NLU0060300-5A, as shown in Fig. 6.3.11. The trace element 

concentration results tabulated in Fig. 6.3.11 indicate that both samples have high levels of 

arsenic concentrated along the rims of Pyrite 4A1 with up to 1 % As, whilst their respective 

core zones have <0.5 % As. Higher concentrations of gold ranging from 172 to 194 ppm Au 

were also detected along the rims of Pyrite 4A1 in both samples and their respective core zones 

contained <101 ppm Au. Copper, antimony and selenium were also mainly concentrated along 

the rims of Pyrite 4A1 in both samples, with levels ranging from 1100 to 1400 ppm Cu, 841 to 

1000 ppm Sb and 103 to 200 ppm Se,. Elevated levels of nickel ranging from 867 to 1700 ppm 

Ni were mainly observed in the middle and core zones of Pyrite 4A1 in both samples           

(Fig. 6.3.11).  

A plot of the trace elements from a PIXE NMP traverse across Pyrite 4A1 in Sample 

NLU0060300-2A confirms the presence of elevated levels of As, Cu, and minor Au and Tl 

along the margins of this sample and elevated levels of Ni and Pb towards the pyrite core (Fig. 

6.3.12A-B). Using red-green-blue (RGB) imaging techniques to map the distribution of trace 

elements in Sample NLU0060300-2A, both arsenic and gold are confirmed to be concentrated 

along the margins of Pyrite 4A1 and Ni is concentrated towards the core (Fig. 6.3.12C). 

Concentrations of As, Au, Cu, Sb and Ag were confirmed along the rims of Pyrite 4A1 in 

sample DIS0560551-5A and also elevated levels of Ni and Pb towards the core (Figs. 6.3.11C 

and 6.3.12D). 
 
 
 
 

 
Fig. 6.3.11. PIXE NMP images showing the distribution of arsenic in SMD Stage 4A pyrite (Pyrite 4A1). A. Sample 
DIS0560551 from the Discovery West SHGD. B. Sample NLU0060300 from the Nalou SHGD C. Table of 
associated trace element results for (A) and (B). The green circles represent where the trace elements were analysed 
in each sample for their corresponding rim (R), middle (M) and core (C) pyrite regions.  
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Fig. 6.3.12. PIXE NMP Trace element profiles and images for Pyrite 4A1 (SMD Stage 4A pyrite).  
A. PIXE NMP traverse (i.e. NLU0060300-2A-Traverse 1) stacked trace element profiles for the line from point A 

to B shown in (B) indicated by the green rectangular area. The PIXE NMP trace element profile for Fe 
generated for this traverse shows Pyrite 4A1 between the yellow dashed lines shown in (A).  The associated 
PIXE NMP trace element profiles indicate (a) the presence of coincident and elevated levels of As, Au, Cu and 
Tl along the margins of Pyrite 4A1 and elevated levels of Ni and Cu in the core regions in Sample 
NLU0060300-2A (Nalou SHGD). 

B. PIXE NMP trace element image showing the distribution of arsenic  in Sample NLU0060300-2A. The green 
rectangle outline shows the position of the traverse from A to B shown in (A).  

C. RGB image of Sample NLU0060300-2A using PIXE NMP trace element data to show the distribution of Au 
(red-orange), As (green) and Ni (blue) for the area shown in (B). This image shows both As and Au 
concentrated on the margins of Pyrite 4A1 and Ni mainly in the core. 

D. RGB image of Sample DIS0560551-5A using PIXE NMP trace element data to show the distribution of Au 
(red-orange), As (green) and Ni (blue) for the area shown in Fig. 6.3.11A. This image shows As concentrated 
on the margins of Pyrite 4A1, Ni mainly towards the core and Au disseminated throughout. 
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6.3.3.4 SMD Stage 4 (Pyrite 4A2) 

SMD Stage 4A Pyrite 4A2 is typically euhedral and exhibits both square and hexagonal 

crystal outlines that have overgrowths that occur as single rims <20 m thick (Figs. 6.3.13 A 

and E respectively). Pyrite 4A2 commonly occurs as abundant disseminations or in clusters of 

individual crystals (Chapter 4, Section 5.2.5.1.2 and Fig. 6.3.13). PIXE NMP analysis 

confirmed the presence of high concentrations of arsenic and minor antimony along the 

margins of Pyrite 4A2 in Samples DIS0050672-3C and DIS0050731-Q from the Discovery 

Colluvial SHGD (Fig. 6.3.15). Minor disseminations of gold throughout Pyrite 4A2 were also 

detected by PIXE NMP in both samples (Figs. 6.3.13C and G). 

 
 

 
Fig. 6.3.13. Images showing the PIXE NMP trace element distributions of As, Au and Sb for SMD Stage 4A pyrite 
(Py 4A2) in Samples DIS00050672-3C and DIS0050731-Q, Discovery Colluvial SHGD. 

A. Photomicrograph of SMD Stage 4A pyrite (Pyrite 4A2) with thin pyrite overgrowths along the rims in a matrix 
of calcareous shale (dark grey-black), Sample DIS0050672-3C. This sample shows the pyrite grain  area 
analysed for the PIXE NMP trace element images shown in (B) to (D).  

B. PIXE NMP trace element image showing the distribution of As along the margins of the Pyrite 4A2 crystal 
shown in (A). The orange-yellow colours show high concentrations of As and black represents areas with no 
As. The scale shown in this image is also the same for images (B) to (D).  

C. PIXE NMP trace element image showing the distribution of minor Au in the selected area outlined in (A). 
Minor disseminated gold (pink-orange colours) is mainly within Pyrite 4A2.  

D. PIXE NMP trace element image showing the distribution of Sb in the selected area outlined in (A). Minor Sb 
(pink - light blue colours) mainly occurs on the outer margins of Pyrite 4A2.  

E. Photomicrograph of euhedral SMD Stage 4A pyrite (Pyrite 4A2) with pyrite overgrowths along the rims in a 
matrix of calcareous shale (dark grey-black), sample DIS0050731-Q. This sample shows the pyrite grain  area 
analysed for the PIXE NMP trace element images shown in (F) to (H).  

F. to H:  PIXE NMP trace element images showing the distribution of As (F), Au (G) and Sb (H) from the pyrite 
type shown in (E). Arsenic (yellow-orange colours) is mainly concentrated along the margins of Pyrite 4A2(F), 
traces of gold are mainly disseminated throughout Pyrite 4A2 (G) and antimony mainly occurs towards the core 
of Pyrite 4A2 (H). 
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The average concentrations of trace elements from the PIXE NMP data obtained for the 

selected regions located along the rim, middle and core of Pyrite 4A2 for Samples 

DIS0050672-3C and DIS0050731-Q are tabulated in Fig. 6.3.14. The PIXE NMP trace element 

results in Fig. 6.3.14C indicate that both samples have elevated levels of arsenic concentrated 

along the rims of Pyrite 4A2 ranging from 0.22 to 1.13% As, whilst their respective core zones 

are arsenic poor with only <0.03% As. Higher concentrations of gold ranging from 118 to 230 

ppm Au were mainly detected along the rims of Pyrite 4A2 in both samples and their respective 

core zones contained lesser gold with <60 ppm Au, but are similar levels to those observed for 

gold and antimony in Pyrite 4A1 (Fig. 6.3.11C). Antimony and selenium are concentrated 

along the rims of Pyrite 4A2 in both samples ranging from 190 to 91 ppm Sb and 71 to 65 ppm 

Se respectively, but these levels are generally 50% lower than those observed in Pyrite 4A1 

(Fig. 6.3.11C). Elevated levels of lead ranging from 344  to 692 ppm Pb were mainly observed 

towards the cores of Pyrite 4A2 in both samples (Fig. 6.3.14C).  

PIXE NMP traverses across Pyrite 4A2 in Sample DIS0050672-3C confirm the 

presence of elevated levels of As, Sb, Se and minor Au and Tl along the margins of this sample 

(Fig. 6.3.15A-B). RGB (red-green-blue) imaging using PIXE NMP generated trace elements 

from Sample DIS0050672-3C show arsenic mainly concentrated along the margins of Pyrite 

4A2, gold disseminated throughout, and Pb concentrated in an inner ring towards the core of 

Pyrite 4A2 (Fig. 6.3.15C). High concentrations of arsenic and antimony were also confirmed 

along the rims of Pyrite 4A2 in Sample DIS0050731-Q and minor gold was also distributed 

throughout (Fig. 6.3.15D). 
 
 

 
Fig. 6.3.14. PIXE NMP images showing the distribution of arsenic in SMD Stage 4A pyrite (Pyrite 4A2). Samples 
DIS000672 and DIS0050731 are both from the Discovery Colluvial SHGD, in (A) and (B) respectively. C. Table of 
associated trace elements for (A) and (B).  The green circles show where the trace elements were analysed in each 
sample for their corresponding rim (R), middle (M) and core (C) pyrite regions. The results presented in (C) confirm 
elevated As, Au, Sb, Se and Tl along the rims of Pyrite 4A2 and also indicate the presence of elevated levels of Pb 
towards their core regions.   
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Fig. 6.3.15. PIXE NMP Trace element profiles and images for Pyrite 4A2 (SMD Stage 4A).  
A. PIXE NMP traverse (i.e. DIS0050672-3C-Traverse 1) stacked trace element profiles for the line from point A 

to B shown in (B) shown by the green rectangular area. The associated PIXE NMP trace element profiles 
indicate (a) the presence of coincident and elevated levels of As, Au, Sb and Se along the margins of the pyrite 
in sample DIS0050672-3C (Discovery Colluvial SHGD). 

B. PIXE NMP trace element image showing the distribution of arsenic (As wt. %) in sample DIS0050672-3C.  
C. RGB image of Sample DIS0050672-3C using PIXE NMP trace element data to show the distribution of As 

(red-orange), Au (green) and Pb (blue) for the area shown in (B). This image shows As concentrated on the 
margins of Pyrite 4A2 (red), gold disseminated throughout (green) and Pb concentrated within an inner ring 
(blue) towards the core zone of Pyrite 4A2. 

D. RGB image of Sample DIS0050731-Q using PIXE NMP trace element data to show the distribution of Au (red-
orange), Sb (green) and As (blue) for the area shown in Fig. 6.3.14B. This image shows As concentrated on the 
margins, minor gold distributed throughout and Sb mainly concentrated within an inner ring (green) towards 
the core. 
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6.3.3.5 SMD Stage 4 (Pyrite 4A3) 

Pyrite 4A3 from the SMD Stage 4A mineral assemblage is typically composed of 

euhedral to sub-euhedral pyrite crystals (<100 m in diameter) that commonly occur in clusters 

of three or more crystals. Thick pale grey-cream coloured pyrite overgrowths occurring as rims 

(<30 m wide) commonly appear to link clusters of Pyrite 4A3 crystals together (Chapter 5, 

Section 5.2.5.1.3 and Fig. 6.3.16). PIXE NMP analysis confirmed the presence of high 

concentrations of As and minor Sb, Cu, Se along the margins of Pyrite 4A3 in Samples 

DIS0560681-4B and DIS0560681-5B from the Discovery West SHGD (Fig. 6.3.16). Minor 

concentrations of Au along the rims of Pyrite 4A3 were also detected by PIXE NMP in both 

samples as shown in Figs. 6.3.16C to G. 
 
 
 

 
Fig. 6.3.16. Images showing the PIXE NMP trace element distributions of As, Au and Cu for Pyrite 4A3 (i.e. SMD 
Stage 4A) in Samples DIS0560681-4B and DIS0560681-5B, Discovery West SHGD. 
A. Photomicrograph of Pyrite 4A3 (SMD Stage 4A) with a cluster of euhedral pyrite grains surrounded by a pyrite 

overgrowth rim (<30 m) in a matrix of calcareous shale (dark grey-black) in Sample DIS0560681-4B. This 
sample shows the area of Pyrite 4A3 analysed for the PIXE NMP trace element images shown in (B) to (D).  

B. PIXE NMP trace element image showing the distribution of As along the margins of the cluster of Pyrite 4A3 
crystals shown in (A). The orange - yellow colours show high concentrations of As and black represents areas 
with no As. The shape of individual pyrite crystals is highlighted by arsenic-enriched pyrite rims. The scale 
shown in this image is also the same for images (B) - (D). 

C. PIXE NMP trace element image showing the distribution of Au in the selected area shown in (A). Minor Au 
(pink-orange colours) is mainly concentrated with As along the Pyrite 4A3 margins.  

D. PIXE NMP trace element image showing the distribution of Cu in the selected area outlined in (A). Minor Cu 
(pink-light blue colours) mainly occurs on the outer margins of Pyrite 4A3.  

E. Photomicrograph of euhedral Pyrite 4A3 with pyrite overgrowths along the margins of this pyrite cluster in a 
matrix of calcareous shale (grey-black), Sample DIS0560681-5B. This sample shows the area of Pyrite 4A3 
analysed for the PIXE NMP trace element images shown in (F) to (H).  

F. to H:  PIXE NMP trace element images showing the distribution of As (F), Au (G) and Cu (H) in the selected 
area outlined in (E).  Elevated concentrations of As and minor Au and Cu are coincident and are predominantly 
concentrated along the margins of Pyrite 4A3 (i.e. yellow-orange colours) as shown in Fig. 6.3.18F, G and H 
respectively. 
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The concentrations of trace elements from the PIXE NMP data obtained within the 

selected regions from the rim, middle and core of Pyrite 4A3 for samples DIS0560681-4B and  

-5B are tabulated in Fig. 6.3.17. The trace element results presented in Fig. 6.3.17C confirm 

that both samples have high levels of arsenic concentrated along the rims of Pyrite 4A3 ranging 

from 1.5 to 3.3 % As whilst their respective middle and core zones are lower in arsenic ranging 

from 0.2  to 1.2 % As, but are 50% higher than those observed for Pyrite 4A1 and 4A2 (Figs. 

6.3.17C and 6.3.14C respectively).  Concentrations of gold ranging from 86 to 144 ppm were 

detected along the rims of Pyrite 4A3 in both samples, and their respective core zones were 

below detection limits for Au (Fig. 6.3.17C). Copper and antimony are also concentrated along 

the rims of Pyrite 4A3 in both samples, ranging from 512 to 2075 ppm Cu and 147 to 254 ppm 

Sb (Fig. 6.3.11C). Elevated levels of lead ranging from 498  to 823 ppm Pb was mainly 

observed towards the core zones of Pyrite 4A3 in both samples (Fig. 6.3.14C and Fig. 6.3.15). 

No nickel was detected in either of these samples. 

PIXE NMP traverses across Pyrite 4A3 in both Samples DIS0560681-4B and -5B 

confirms the presence of elevated levels of As, Cu, Sb, Se and minor Au along the margins of 

Pyrite 4A3 and elevated levels of Pb towards the core zones (Figs. 6.3.18A-B). RGB (red-

green-blue) imaging techniques using PIXE NMP generated trace elements in both samples 

mainly show the distribution of arsenic predominantly concentrated along the margins of Pyrite 

4A3 and Pb mainly in the core zone of Pyrite 4A3 (Figs. 6.3.18C and D). Gold is difficult to 

see using the RGB imaging technique for both of these samples (Figs. 6.3.18C and -D). 

 
 

 

Fig. 6.3.17. PIXE NMP images showing the distribution of arsenic in SMD Stage 4A pyrite (Pyrite 4A3). Samples 
DIS0560681-4B and DIS0560681-5B from the Discovery West SHGD, in (A) and (B) respectively. C. Table of 
associated trace element results for (A) and (B). The green circles represent where the trace elements were analysed 
in each sample for their corresponding rim (R), middle (M) and core (C) pyrite regions. The results presented in          
(C) confirm elevated As, Au, Cu, Sb and Se along the rims of Pyrite 4A3 and also indicate the presence of elevated 
levels of Pb towards their middle and core regions.   
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Fig. 6.3.18. PIXE NMP Trace element profiles and images for Pyrite 4A3 (SMD Stage 4A).  

A. PIXE NMP traverse (i.e. DIS0560681-5B-Traverse 1) stacked trace element profiles for the line from point A 
to B shown in (B) shown by the green rectangular area. The PIXE NMP trace element profile for Fe generated 
for this traverse highlights the Pyrite 4A3. The associated PIXE NMP trace element profiles indicate (a) the 
presence of coincident and elevated levels of As, Au, Cu, Sb and Se along the margins of Pyrite 4A3 in Sample 
DIS0560681-5B (Discovery West SHGD). 

B. PIXE NMP trace element image showing the distribution of arsenic (As wt. %) in Sample DIS0560681-5B. 
The green rectangle outline shows the traverse line from A to B for DIS0560681-5B-Traverse 1 in (A).  

C. RGB image of Sample DIS0560681-5B using PIXE NMP trace element data to show the distribution of Pb 
(red), Au (green) and As (blue) for the area shown in (B). This image shows As concentrated on the margins of 
Pyrite 4A3 (blue) and Pb concentrated towards the core of Pyrite 4A3. Minor traces of gold (green) could not 
be seen using this imaging method. 

D. RGB image of Sample DIS0560681-5B using PIXE NMP trace element data to show the distribution of Pb 
(red), Au (green) and As (blue) for the area shown in Fig. 6.3.17B. This image also shows As concentrated on 
the margins of Pyrite 4A3 and minor Pb also along the margins of Pyrite 4A3. Minor traces of gold (green) 
could not be seen using this imaging method. 
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6.3.3.6 SMD Stage 4 (Pyrite 4A4) 

Thick colloform growth bands (<100m wide) surrounding cores of massive euhedral 

pyrite are the main visible characteristic of Pyrite 4A4 from the SMD Stage 4A mineral 

assemblage (Chapter 5 - Section 5.2.5.1.4 and Fig. 6.3.19A). Pyrite 4A4 appears to be similar 

to Pyrite 4A3 in texture but differs slightly in that it contains much thicker arsenic-rich pyrite 

overgrowths that typically occur in more than one growth band surrounding a pyrite core (Fig. 

6.3.19A).  PIXE NMP analysis confirmed the presence wide zones with high concentrations of 

As coincident with  elevated levels of Ag, Cu, Pb, Sb, Se and Tl in Sample DIS0111124-1 from 

the Discovery Main SHGD (Fig. 6.3.19A-H). Minor disseminations of gold were also detected 

by PIXE NMP mainly throughout Pyrite 4A4 (Fig. 6.3.19D). 

 
 

 

Fig. 6.3.19. Images showing the PIXE NMP trace element distributions of Ag, As, Au, Cu, Pb, Sb and Tl for Pyrite 
4A4 (i.e. SMD Stage 4A) in Sample DIS0111124-1, Discovery Main SHGD. 
A. Photomicrograph of Pyrite 4A4 (SMD Stage 4A) showing a thick pyrite overgrowth (>20 m); the pyrite 

occurs in a matrix of calcareous shale (dark grey-black) in sample DIS0111124-. This sample shows the area of 
Pyrite 4A3 analysed for the PIXE NMP trace element images shown in (B) to (H).  

B. PIXE NMP trace element image showing the distribution of Ag in a thick pyrite overgrowth on Pyrite 4A4 for 
the area shown in (A). The orange-yellow colours show concentrations of Ag and black represents areas with 
no Ag. Two growth bands are highlighted by the presence of an inner and an outer Ag enriched zone. The scale 
shown in this image is also the same for images (B) - (H). 

C. PIXE NMP trace element image showing the distribution of As in the selected area shown in (A). A thick band 
with elevated As (yellow-orange colours) is mainly concentrated along the margins of Pyrite 4A4.  

D. PIXE NMP trace element image showing interpreted disseminations of Au in the selected area outlined in (A). 
Minor Au (pink - light blue colours) mainly occurs in Pyrite 4A4. The yellow dashed line shows the outline of 
the single crystal of Pyrite 4A4 shown in (A).   

E. to H: PIXE NMP trace element images showing the distribution of Cu (E), Pb (F), Sb (G) and Tl (H) in the 
area outlined in (A).  These images confirm that elevated levels of Cu, Pb, Sb and Tl (i.e. as indicated by the 
pink-blue colours) are (a) coincident with the As enriched zones and (b) are concentrated in the thick pyrite 
overgrowth surrounding Pyrite 4A4.   
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The average concentrations of trace elements from the PIXE NMP data obtained from 

the selected regions located along the rim, middle and core of Pyrite 4A4 for Sample 

DIS0111124-1 are tabulated in Fig. 6.3.20. The trace element results presented in Fig. 6.3.20A 

confirm that this sample has up to 1.78 % As concentrated along the rims of Pyrite 4A4, whilst 

the middle and core zones contain much less arsenic, ranging from 0.12  to 0.3% respectively  

(Fig. 6.3.20A).  Gold was only detected along the rim of Pyrite 4A4, with 41 ppm Au detected 

there (Fig. 6.3.20A and B). High silver levels ranging from 632 on the rim to 101 ppm in the 

core were detected in Pyrite 4A4 and also highlights both inner and outer silver-rich pyritic 

growth bands (Fig. 6.3.20A and C). Copper, lead, antimony and thallium are also mainly 

concentrated along the rims of Pyrite 4A4 in sample DIS0111124-1, which contains up to 466 

ppm Cu,  609 ppm Pb, 719 ppm Sb and 378 ppm Tl (Fig. 6.3.11A). No nickel was detected in 

this sample. 

PIXE NMP traverses across Pyrite 4A4 in sample DIS0111124-1 confirm the presence 

of elevated levels of Ag, As, Au, Cu, Pb, Sb, Se, Tl and traces of Au along the rims             

(Fig. 6.3.21A-B). RGB (red-green-blue) imaging techniques using PIXE NMP generated trace 

element data from this sample confirm the distribution of (a) arsenic predominantly 

concentrated along the margins of Pyrite 4A4, (b) silver occurring along an inner and outer 

growth band, and (c) gold mainly disseminated throughout the thick growth band surrounding 

Pyrite 4A4 and is also coincident with arsenic (Fig. 6.3.21C). No lead or nickel was apparent 

using the RGB imaging technique for this sample (Fig. 6.3.15C and D). 

 
 

 
Fig. 6.3.20. PIXE NMP trace element data (A) and images showing the distribution of arsenic in Pyrite 4A4 (SMD 
Stage 4A) for Sample DIS0111124-1from the Discovery West SHGD (B and C). The green circles shown in (B) 
represent where the trace elements were analysed in each sample for their corresponding rim (R), middle (M) and 
core (C) pyrite regions. The results presented in (A) confirm elevated Ag, As, Au, Cu, Pb, Sb, Se and Tl along the 
rims of Pyrite 4A4. The RGB (red-green-blue) image (C) shows the distribution of disseminated Au (red) in the 
thick rims to Pyrite 4A4 that also contain As (blue) and two zones of silver towards the core and along the outer edge 
of Pyrite 4A4.  
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Fig. 6.3.21. PIXE NMP trace element profiles and images for Pyrite 4A4 (SMD Stage 4A).  
A. PIXE NMP traverse (i.e. DIS0111124-1-Traverse 1) stacked trace element profiles for the line from point A to 

B shown in (B) indicated by the green rectangular area. The PIXE NMP trace element profile for Fe generated 
for this traverse shows Pyrite 4A4. The associated PIXE NMP trace element profiles indicate the presence of 
coincident and elevated levels of Ag, As, Au, Cu, Sb, Se, Tl and Pb in a thick rim around Pyrite 4A4 in Sample 
DIS0111124-1 (Discovery Main SHGD). 

B. PIXE NMP trace element image showing the distribution of arsenic (As wt. %) in Sample DIS0111124-1. The 
green rectangle outline shows the traverse line from A to B for DIS0111124-1-Traverse 1 in (A).  

C. RGB image of Sample DIS0111124-1 using PIXE NMP trace element data to show the distribution of As (red), 
Sb (light-green) and Tl (light-blue) for the area shown in (B). This image shows that As forms a thick zone 
around Pyrite 4A4 and is coincident with minor Sb and Tl.  
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6.3.3.7 SMD Skarn Stage 2B and Stage 4 pyrite 

Two generations of SMD skarn (SKN) stage pyrite, namely SKN Stage 2B pyrite (Py-

SKN1) and SKN Stage 4 pyrite (Py-SKN2) occur in Sample DIS2991102-3 from the copper 

skarn zone at the Discovery East SHGD (Fig.6.3.22A). SKN Stage 2B pyrite (Py-SKN1) is 

composed of sub-rounded massive textured crystals (>0.2 mm diameter) and contains <0.4 ppm 

Au (Chapter 5 - Section 5.3.3.2 and Fig. 6.3.22A). SKN Stage 4 pyrite (Py-SKN2) typically 

comprises light-grey rough textured patchy clusters of fine-grained pyrite that commonly 

occurs as overgrowths on older pyrite generations; it has high gold grades ranging from 1 to 41 

ppm Au and up to 293 ppm Au (Chapter 5 - Section 5.3.5 and Fig. 6.3.22A). Both pyrite types 

were analysed by PIXE NMP in Sample DIS2991102-3 with results indicating (a) the presence 

of only elevated Pb in Py-SKN1 and (b) elevated concentrations of Ag, As, Bi, Cu, Mo, Sb and 

minor Au in Py-SKN2 surrounding Py-SKN1 (Figs. 6.3.22B-J, 6.3.23 and 6.3.24A). 
 
 
 
 

 
Fig. 6.3.22. Images showing the PIXE NMP trace element distributions of Fe, Ag, As, Au, Bi, Cu, Mo, Sb and Pb for 
pyrite types Py-SKN1 (i.e. SMD Stage 2B) and Py-SKN2 (SMD Stage 4) in Sample DIS2991102-3 from the copper 
skarn zone at the Discovery East SHGD. 
A. A photomicrograph of Sample DIS2991102-3 showing early massive pyrite (Py-SKN1) surrounded by rough-

textured pyrite (Py-SKN2) and quartz (dark-grey). This sample shows the area of pyrite analysed for the PIXE 
NMP trace element images in (B) to (J).  

B. PIXE NMP trace element image showing the distribution of Fe for the area shown in (A). The orange - yellow 
colours show concentrations of Fe and black shows areas with no Fe. Both Py-SKN1and Py-SKN2 are shown. 
The scale shown in this image is the same for images (C) - (J). 

C. PIXE NMP trace element image showing the distribution of Ag in the area shown in (A). The white dashed line 
shows the outline of pyrite type Py-SKN1. The yellow-orange and light blue colours indicate the distribution of 
Ag which is mostly in areas containing Py-SKN2.  

D. to H:  PIXE NMP trace element images showing the distribution of As (D), Au (E), Bi (F), Cu (G), Mo (H), Sb 
(I) and Pb (J) in the area outlined in (A).  These images confirm that elevated levels of Au, Bi, Cu, Mo, Sb and 
minor Au (i.e. as indicated by the orange-pink-blue colours) predominantly occur in the areas containing             
Py-SKN2 that surrounds Py-SKN1. Minor Pb mainly occurs in Py-SKN1 (J). The white dashed line also 
represents the outline of pyrite type Py-SKN1 for images (E) and (J). 
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Using the CSIRO method of image regions, the PIXE NMP trace element 

concentration results from 10 individual point locations across Sample DIS2991102 were 

tabulated in Fig. 6.3.23. The results in Fig. 6.3.23B indicate that Py-SKN2 (SMD Stage 4) 

contains elevated levels of arsenic ranging from 442 to 4330 ppm As whilst the paragenetically 

earlier generation of Py-SKN1 (SMD Stage 2B) is arsenic poor with only one point containing 

up to 138 ppm As (i.e. P8 in Fig. 6.3.23A-B). Arsenic appears to be distributed throughout         

Py-SKN2 and does not form distinct overgrowth rims surrounding Py-SKN1. Traces of gold 

(<54 ppm Au) were only observed in Py-SKN2 at points P2 and P3 which both contain >2000 

ppm As (Fig. 6.3.23A-B). Py-SKN1 contains elevated levels of lead ranging from 244 to 449 

ppm Pb and bismuth ranging from 101 to 135 ppm Bi (Fig. 6.3.23B). A range of trace elements 

coincident with arsenic were detected in later stage Py-SKN2, comprising concentrations 

ranging from 53 to 1150 ppm Ag, 40 to 424 ppm Bi, 276 to 27,400 ppm Cu, 97 to 7900 ppm Sb 

and 114 to 3440 ppm Zn (Fig. 6.3.23B).  

The trace element plot from a PIXE NMP traverse across Py-SKN1 and Py-SKN2 in 

Sample DIS2991102-3 confirms (a) elevated levels of Pb predominantly occurring in Py-

SKN1, (b) the presence of high arsenic with coincident elevated levels of Ag, Bi, Cu, Sb and 

Zn only observed in Py-SKN2, and (c) Au mainly coincident with Te in Py-SKN2 (Fig. 

6.3.24A-B). Using red-green-blue (RGB) imaging techniques to map the distribution of trace 

elements in Sample DIS2991102-3, arsenic, copper and traces of gold mainly occur in Py-

SKN2 (Fig. 6.3.24C). Overall, PIXE NMP trace element imaging has confirmed previous 

observations that Py-SKN1 is paragenetically early and that Py-SKN2 is later and associated 

with mineralisation stages comprising (a) As-Ag-Bi-Cu-Sb-Zn and (b) Au-Te (Fig. 6.3.24).   

 

 
Fig. 6.3.23. A. A PIXE NMP image showing the distribution of iron (Fe) in Sample DIIS2991102-3 from the copper 
skarn zone at the Discovery East SHGD. This sample contains Py-SKN1 (SKN Stage 2B) and Py-SKN2  (SKN 
Stage 4). B. Table showing the PIXE NMP point traverse locations for the trace element data. The green circles in 
(A) show where the trace elements were analysed with results presented in (B). The point traverse results shown in 
(B) confirm that elevated Au, Bi, Cu, Mo, Sb and minor Au predominantly occur in the areas containing Py-SKN2 
that surrounds Py-SKN1.  
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Fig. 6.3.24. PIXE NMP trace element profiles and images across Py-SKN1 (SKN Stage 2B) and Py-SKN2 (SKN 

Stage 4) in Sample DIS2991102-3 from the Discovery East SHGD copper skarn zone. 
A. PIXE NMP traverse (i.e. DIS2991102-3-Traverse 1) stacked trace element profiles for the line from point A to 

B shown in (B) indicated by the green rectangular area. The PIXE NMP trace element profile for Fe generated 
for this traverse shows areas containing pyrite. The associated PIXE NMP trace element profiles indicate (a) 
elevated levels of Pb in Py-SKN1, (b) the presence of coincident and elevated levels of Ag, As, Bi, Cu, Sb and 
Zn in Py-SKN1 and (c) Au is coincident with Te in Py-SKN2.  

B. PIXE NMP trace element image showing the distribution of iron (Fe wt. %) in sample DIS2991102-3. The 
green rectangle outline shows the position of the traverse line from A to B for the DIS2991102-3-Traverse 1 
indicated in (A).  

C. - D  RGB images of sample DIS2991102-3 using PIXE NMP data, showing the distribution trace elements in 
(C) comprising Au (red) and As (light-green) in Py-SKN2 and Fe (light-blue) in Py-SKN2 and (D) the presence 
of Au (red), As (green) and copper (light-blue) in Py-SKN2.  
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6.3.4 Discussion and summary of observations from the PIXE NMP pyrite study 

Previous studies by Castor (1997), Ferdock et al. (1999), Simon et al. (1999), Theodore 

et al. (2003) and Kessler et al. (2003) have applied scanning electron microscopy (SEM) using 

back-scattered electron X-ray imaging techniques (BSE) to investigate the distribution of trace 

element overgrowths on gold-bearing sulphides from the Nevada Carlin-type gold deposits. 

These SEM BSE studies showed the presence of arsenian pyrite that commonly occurs with 

micro-disseminated type gold and mainly occurs in overgrowths that commonly form rims 

surrounding earlier pyrite generations. Studies by Zhang et al. (2003, 2005) and Peters et al. 

(2007) also used similar SEM BSE techniques to identify the presence of arsenian pyrite and 

arsenic-rich pyrite forming gold-bearing overgrowths along the margins of earlier pyrite 

generations in the China Carlin-type SHGD. Garnier et al. (2007) also used SEM BSE imaging 

techniques to demonstrate that arsenic-rich rims surround earlier pyrite cores in gold-bearing 

sulphides at the Saint-Andre-de-Ristigouche Carlin-type SHGD in Quebec, Canada. Whilst 

these SEM BSE imaging studies have been useful to map the distribution of the abundant 

elements of Fe, As and S, they have not been able to investigate the distribution of other less 

abundant trace elements that require lower detection limits. However, the studies of gold-

bearing sulphides conducted by Griffin et al. (1991) and Petrie et al. (2005) were able to detect 

and map the distributions of a wider range of trace elements, namely Ag, Au, Cu, Ni, Sb, Se, Pb 

and Zn, using PIXE NMP techniques.  

Previous LA-ICPMS investigations of the SMD pyrite types conducted in this study 

showed the presence of a wide range of trace elements in each pyrite type (Section 6.2), 

indicating that subsequent trace element imaging techniques would need to use PIXE NMP  to 

map the distribution of trace elements requiring detection at low levels, in particular Au, Ag, 

Cu, Se, Sb, Te and Tl. Overall, PIXE NMP analysis of the SMD pyrite types involving (a) trace 

element distribution imaging, (b) stacked trace element profiles, and (c) the selected area image 

point trace element determination methods has helped to confirm the paragenetic relations 

described in Chapter 5 and LA-ICPMS trace element associations presented in Section 6.2. The 

combined trace element associations observed during this PIXE NMP study are presented in 

order of mineral parageneses for SMD Stages 2B, 3B, 4A and 4B in Table 6.3.2. The main 

conclusions from this study are: 

 Pre main-gold stage pyrite types occurring in the SMD Stage 2B (i.e. Pyrite 2B, Section 

6.3.3.1) and SMD Stage 3B (i.e. Pyrite 3B and Pyrite SKN1, Sections 6.3.3.2 and 6.3.3.7, 

respectively) contained only Pb and minor Ni in their core regions. Trace elements As-Ag-

Au-Sb-Se-TlBi-Cu-Mo and/or Au-Hg-Te associated with SMD Stages 4A and 4B were 

observed to both fill fractures and form overgrowths surrounding the earlier SMD Stage 2B 

and 3B pyrite types (Sections 6.3.3.2 to 6.3.3.7).  
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 The main-gold stage pyrite types in SMD Stage 4A contained: (a) coincident and elevated 

levels of As-Ag-Sb-Se-TlCu-Pb associated with gold in pyrite overgrowths on the 

margins of pyrite types 4A1 to 4A4 from the distal type SMD SHGD (Sections 6.3.3.2 to 

6.3.3.6), and (b) coincident elevated levels of As-Ag-Cu-SbBi-Mo associated with pyrite 

SKN2 from the proximal type SMD copper skarn zones in the Discovery East (DSE) 

SHGD (Section 6.3.3.7). These PIXE NMP results indicate that As, Ag and Sb are common 

trace elements occurring throughout the SMD Stage 4A but slight differences include (a) 

the common presence of Se and Tl, minor traces of Cu and the absence of Bi and Mo in the 

distal type SMD SHGD and (b) the common presence of Cu, Bi, Mo and Zn and the 

absence of Se and Tl in the proximal copper skarn type zones in the SMD. 

 The late main-gold stage SMD Stage 4B trace element association of Au with Hg and Te 

was confirmed to (a) occur in fractures cutting SMD Stages 3B and 4A pyrite types in the 

distal type SMD SHGD (Section 6.3.3.1) and (b) fill fractures cutting SMD Stage 4A pyrite 

SKN2 from the proximal copper skarn zones at the Discovery East SHGD (Section 

6.3.3.7). 

 PIXE NMP trace element imaging assisted in showing the distribution of Au in SMD 

Stages 4A and 4B where (a) Au is mainly associated with high concentrations of  As in 

pyrite overgrowths on the margins of SMD Stage 4A pyrite types 4A1 to 4A4 (Sections 

6.3.3.2 to 6.3.3.6) and (b) later stage Au is associated with Hg and Te occurring in fractures 

in SMD Stage 4B (Sections 6.3.3.1 and 6.3.3.7).  
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Table 6.3.2. Summary table of trace element associations detected by PIXE NMP for pyrite types in SMD mineral 
assemblage Stages 2B, 3B, 4A and 4B. Pre main gold stage pyrite types in SMD Stage 2B and SMD Stage 3B 
contained elevated levels of Pb and minor Ni towards their core regions. The main gold stage pyrite types in SMD 
Stage 4A contain (a) coincident and elevated levels of As-Ag-Sb-Se-Tl+Cu-Pb associated with gold in pyrite 
overgrowths on the margins pyrite types 4A1 to 4A4 from the SMD SHGD, and (b) coincident elevated levels of As-
Ag-Cu-Sb+Bi-Mo associated with pyrite SKN2 from the SMD copper skarn zones in the Discovery East (DSE) 
SHGD. The SMD Stage 4B trace element association of Au with Hg and Te was confirmed to (a) occur in fractures 
cutting SMD Stages 3B and 4A pyrite types in the SMD SHGD and (b) fill fractures cutting SMD Stage 4A pyrite 
SKN2 from the copper skarn zones at DSE. Abbreviations used: DSC = Discovery Colluvial, DSE = Discovery East, 
DSM = Discovery Main, DSW = Discovery West, NLU = Nalou, SHGD = sediment hosted gold deposit,                
SMD = Sepon Mineral District. 
 
 
 

SMD 
Stage

PIXE NMP No. SMD 
Deposit

Pyrite type Trace element 
associations

Location of trace 
elements

PIXE data comments Figures

2B NLU0060300-3A NLU 
(SHGD)

Pyrite 2B Pb and Ni only Core of Pyrite 2B         
(Fig. 6.3.3)

No Au detected 6.3.3

3B DIS0561142-1A DSW 
(SHGD)

Pyrite 3B Pb only Core of Pyrite 3B           
(Figs. 6.3.8 - 9)

No Au detected 6.3.8 - 9

3B DIS2991102-3 DSE     
(Cu SKN)

Pyrite SKN1 Pb only Core of Pyrite SKN1      
(Figs. 6.3.22 - 24)

No Au detected 6.3.22 - 24

4A DIS0561142-1A DSW 
(SHGD)

Pyrite 4A As-Ag-Au-Se-Pb-Tl Rim of Pyrite 4A and     
in Pyrite 3B fractures   
(Figs. 6.3.10 - 12)

Au coincident with As 6.3.10 - 12

4A NLU0060300-3A NLU 
(SHGD)

Pyrite 2B As-Cu-Sb-Se Rim of Pyrite 2B        
(Fig. 6.3.4)

No Au detected 6.3.4

4A DIS0560551-5A,  
NLU0060300-2A

DSW 
(SHGD)

Pyrite 4A1 As-Au-Cu-Tl Rim of Pyrite 4A1        
(Figs. 6.3.10 - 12)

High Au levels coincident 
with As, Ag

6.3.10 - 12

4A DIS0560551-5A, 
NLU0060300-2A

DSW 
(SHGD)

Pyrite 4A1 Pb and Ni Core of Pyrite 4A1   
(Figs. 6.3.10 - 12)

Lower Au levels                 
detected in core

6.3.10 - 12

4A DIS0050672-3C, 
DIS0050731-Q

DSC 
(SHGD)

Pyrite 4A2 As-Au-Sb-Se-Tl Rim of Pyrite 4A2      
(Figs. 6.3.13 - 15)

Au coincident with As but 
Ag and Cu are BDL

6.3.13 - 15

4A DIS0050672-3C, 
DIS0050731-Q

DSC 
(SHGD)

Pyrite 4A2 Pb only Core of Pyrite 4A2   
(Figs. 6.3.13 - 15)

Minor Sb towards core 6.3.13 - 15

4A DIS0560681-4B, 
DIS0560681-5B

DSW 
(SHGD)

Pyrite 4A3 As-Au-Cu-Sb-Se Rim of Pyrite 4A3    
(Figs. 6.3.16 - 18)

Au coincident with As but 
Ag and Tl are BDL

6.3.16 - 18

4A DIS0560681-4B, 
DIS0560681-5B

DSW 
(SHGD)

Pyrite 4A3 Pb only Core of Pyrite 4A3     
(Figs. 6.3.16 - 18)

No Au detected in core 6.3.16 - 18

4A DIS0111124-1 DSM 
(SHGD)

Pyrite 4A4 As-Ag-Au-Cu-Sb-
Se-Pb-Tl

Rim of Pyrite 4A4      
(Figs. 6.3.19 - 21)

Au coincident with As, 
growth zones observed

6.3.19 - 21

4A DIS0111124-1 DSM 
(SHGD)

Pyrite 4A4 Only Fe Core of Pyrite 4A4     
(Figs. 6.3.19 - 21)

6.3.19 - 21

4A DIS2991102-3 DSE     
(Cu SKN)

Pyrite SKN2 (a) As-Ag-Bi-Cu-Mo-
Sb 

Throughout Pyrite 
SKN2 that surrounds 
Pyrite SKN1              
(Figs. 6.3.22 - 24)

(a) Minor Bi and Mo 
coincident with As,          
(b) Se and Tl absent          

6.3.22 - 24

4B NLU0060300-3A NLU 
(SHGD)

Pyrite 2B Au-Hg-Te Fractures in Pyrite 2B   
(Figs. 6.3.6 - 7)

Coincident Au-Hg-Te 6.3.6 - 7

4B DIS2991102-3 DSE     
(Cu SKN)

Pyrite SKN2 Au-Te Throughout Pyrite 
SKN2 surrounding 
Pyrite SKN1              
(Figs. 6.3.22 - 24)

Coincident Au-Te 6.3.22 - 24
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6.4 SUMMARY 

The following main points summarise the observations from trace element analyses of 

SMD pyrite types: 

6.4.1 LA-ICPMS trace element investigations 

 LA-ICPMS analyses for Au in SMD pyrites established that Au occurs in all of the SMD 

pyrite types investigated. The lowest concentrations of Au ranging from <0.1 to <1.8 ppm 

Au occur in the paragenetically early pre-main gold ore stage pyrite generations, namely 

Pyrite 2B (SMD Stage 2), Pyrite 3B and Pyrite SKN1 (SMD Stage 3B) and Chalcopyrite 

3C (SMD Stage 3C). The highest concentrations of gold ranging from >1 and up to 293 

ppm Au predominantly resided in the pyrite overgrowth rims of paragenetically later SMD 

Stage 4A main-gold ore stage pyrite, namely Pyrite 4A and Pyrite SKN1. These results 

indicate that the levels of gold in the SMD pyrite types significantly increases over time.  

 Both SMD Stage 4A main gold ore stage Pyrite 4A and Pyrite SKN2 have Au-As 

relationships similar to those in pyrite from the main gold ore stage reported by Reich et al. 

(2005) in the Carlin-type gold deposits, but the pre-main gold ore pyrite types do not have 

the same Au-As relationships, suggesting that pre- versus main gold ore stage pyrite types 

can be identified by this method.  

 The Au/Ag ratios determined for the different SMD pyrite types can be used to 

discriminate between the SMD mineralisation stages, in particular (a) pre-main gold ore 

stage pyrite types, namely for Pyrite 2B, Pyrite 3B, and Pyrite SKN1, have the lowest 

Au/Ag ratios with mean values that range from 0.12 to 0.21, (b) Chalcopyrite 3C associated 

with hypogene copper in the SMD copper deposits has a very distinct low Au/Ag ratio of 

0.02 and (c) Pyrite 4A occurring in the SMD SHGD main-gold ore stage has the highest 

mean Au/Ag ratio of 1.29, which is significantly higher than the other SMD pyrite types.  

 SMD pyrite types have the following characteristic trace element signatures: 

 Pyrite 2B (SMD Stage 2) is diagenetic, was only observed in the SMD distal SHGD 

and primarily contains Pb-Ni-Co-As-Ti towards the pyrite core zones, including traces 

of up to 0.5 ppm Au. Lower level trace elements include Cr-Zn-Sb-Mn-Se-Ba-Te.  

 Pyrite 3B (SMD Stage 3B) is associated with base metal veins in the SMD distal 

SHGD and contains high trace As-Cu-Ni-Pb with lower level Se-Zn-Sb-Co. Gold was 

also detected in this pyrite with mean values of 0.52 ppm Au. 

 Pyrite SKN1 (SMD Stage 3B) is associated with proximal skarn mineral assemblages 

in the SMD copper deposits and contains high trace Cu-Co-Se-Ni-Bi-Mn-Tl, with 

lower level As-Mo-Pb-Ag-V-W-Ti and inclusions containing Au (mean =0.2 ppm Au). 
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 Chalcopyrite 3C (SMD Stage 3C) is associated with the proximal skarn mineral 

assemblages in the SMD copper deposits, and is interpreted to be a source of hypogene 

copper in the SMD; it contains high trace Cu-Zn-Se-Bi, with lower level Sn-Ag-Pb-

Mo-V-Ti-As-Te and also minor inclusions containing Au (mean = 0.2 ppm Au).  

 Pyrite SKN2 (SMD Stage 4A) cuts the earlier skarn mineral assemblages in the SMD 

copper deposits, is classified in the main gold ore stage assemblages as it typically 

contains high Au values ranging from 1 to 293 ppm and is also closely associated with 

high trace Cu-As-Bi-Co-Se-Pb-Zn-Ag and lower level Te-Sb-Ni-Sn-Mo. 

 Pyrite 4A (SMD Stage 4A) is classified with the main gold ore assemblages in the 

SMD distal SHGD as it contains high gold values up to 200 ppm Au that typically 

occur in pyrite overgrowth rims in close association with high trace As-Sb-Pb-Cu-Ni-

Ti-Zn-Mn-Ag-Tl and lower level Co-Te-Se-Ba-Cr-Bi.  

 Bi-variate plots of the SMD LA-ICPMS data indicate that the SMD Stage 4A (main gold 

ore stage) Pyrite 4A and Pyrite SKN1 typically show (a) strong positive correlation trends 

for Au versus Ag, As, Sb and Tl, (b) low-angled positive correlation trends for Au versus 

Cu, Mo, W, and negative correlation trends for Au versus Bi and Se. The pre-main gold ore 

stage Pyrite SKN1 and Chalcopyrite 3C from the SMD copper deposits are characterised 

by high Bi and Se levels with negative trends and are poor in Pb.  

6.4.2 PIXE NMP investigations 

 PIXE NMP imaging of the SMD pyrite types helped to confirm the paragenetic relations 

described in Chapter 5 and LA-ICPMS trace element associations presented in Section 6.2 

(Chapter 6). The results are summarised in the following main points: 

 The SMD pre-main gold stage pyrite types, namely Pyrite 2B, Pyrite 3B and Pyrite 

SKN1, contained only Pb and minor Ni towards core regions. 

 The main-gold stage pyrite types in SMD Stage 4A contained: (a) coincident and 

elevated levels of As-Ag-Sb-Se-TlCu-Pb associated with gold in pyrite overgrowths 

along the margins of Pyrite 4A from the distal type SMD SHGD and (b) coincident 

elevated levels of As-Ag-Cu-SbBi-Mo associated with pyrite SKN2 from the 

proximal type SMD copper skarn zones.  

 Results indicate that As, Ag and Sb are common trace elements throughout SMD Stage 

4A but slight differences include (a) the common presence of Se and Tl, minor traces of 

Cu and the absence of Bi and Mo in the distal type SMD SHGD and (b) the common 

presence of Cu, Bi, Mo and Zn and the absence of Tl in the proximal copper skarn type 

zones in the SMD. 

 PIXE analyses confirmed that (a) Au is spatially associated with high concentrations of 

As in pyrite overgrowths forming the margins of Pyrite 4A (SMD Stage 4A) and (b) 

later stage Au associated with Hg and Te occurs along fractures (SMD Stage 4B).  
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APPENDIX 7.4.2: Laser Raman Spectral (LRS) plots from Geoscience Australia (Canberra) 

for fluid inclusion gases detected within Stage 3 quartz from the SMD Cu 

deposits. 

 



 

APPENDIX 7.4.2: Laser Raman Spectral (LRS) plots from Geoscience Australia (Canberra) 

for fluid inclusion gases detected within Stage 3 quartz from the SMD copper 

deposits. The table below lists the samples included in this appendix. 

 

Sample Number LRS File Reference Number 

KHN1790907 KHN907_1 

KHN4091112 KHN112_1 

PDN0022088 PDN088_1 

PDN0022088 PDN008_2 

PDN0022342 PDN_CU_1 

PDN0022342 PDN_1 

PDN0022342 PDN_2 

PDN0022342 PDN_3 

TKM035064 TKM564_1 

TKM035064 TKM564_2 

TKM035064 TKM564_4 

TKM035064 TKM564_5 

TKM035064 TKM564_6 

TKM035064 TKM564_7 

TKM035064 TKM564_8 

TMK047098 TMK098_1 
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