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CHAPTER 5:     MINERALOGY, TEXTURES AND PARAGENESIS 

 
 

5.1 INTRODUCTION 

This Chapter documents the mineralisation characteristics for hypogene ore types 

occurring in the SMD gold and copper deposits, focussing on mineral assemblages and 

paragenetic relationships. One of the primary tasks undertaken during this project has been to 

establish the nature and residence of gold occurrence and the timing of sulphide and gold ore 

assemblages in the SMD. The main objectives of this Chapter are to: 

(a) First establish where gold occurs in sulphides and the associated mineral paragenesis 

for pre-, syn- and post-gold ore assemblages occurring in the SMD SHGD; 

(b) Determine where gold occurs in the SMD copper deposit sulphide ore-assemblages;  

(c) Determine if gold occurs in sulphide assemblages at the Padan Mo (-Cu) porphyry 

Prospect, including the associated mineral assemblages and;  

(d) Investigate if there are genetic links between gold occurring in the SMD SHGD and the 

SMD copper deposits.  

This Chapter commences with the description of the hypogene mineral paragenesis 

established for: (a) the SMD SHGD that includes the Nalou and Discovery gold deposits 

(Section 5.2), followed in turn by a description of the mineral paragenesis for (b) the SMD Cu 

deposits, namely Khanong and Thengkham South including the Discovery East and Phavat  

Au-Cu deposits (Section 5.3), and (c) the SMD porphyry Cu (-Mo) deposit and prospect at 

Thengkham South and Padan respectively (Section 5.4). The age of Mo (-Cu) mineralisation 

occurring in the SMD is presented in Section 5.5, based on a Re-Os geochronology study 

conducted during this project. The chemical-compositional variations of sphalerite in the syn-

mineralisation stages were also investigated and the analytical results are presented in           

Section 5.6. Section 5.7 discusses the common mineral paragenetic links between the SMD 

gold and copper deposits and also concludes this Chapter by presenting a combined SMD 

paragenesis for the hypogene minerals. A comparison of the combined SMD mineral 

paragenesis for the gold and copper deposits documented in this Chapter with other known 

mineral district examples are discussed later in Chapter 8.   

5.1.1 Previous petrology investigation 

Previous initial documentation of the petrology for the rock types collected during 

various SMD exploration phases was conducted for Rio Tinto through consulting reports by 

Coote (1992), Comsti (1996a, b, c; 1997a, b; 1998a, b), Bridges and Herrington (1999). 

Consulting petrology reports for Oxiana Limited include: Pontifex (2000a, b) and APS (2004, 

2005). During 2005, a detailed XRD and petrological study was conducted by Leach (2005) for 
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Oxiana Limited to investigate the distribution of alteration and vectors towards gold 

mineralisation at the Nalou, Discovery West, Discovery Colluvial and Discovery Main gold 

deposits. A company report by Smith (2003) and publication by Smith et al. (2005) discuss 

dolomitisation and silicification occurring in the SMD SHGD. Loader (1999) and Cannell and 

Smith (2008) introduce the supergene oxide ore mineral assemblages observed for the Khanong 

copper deposit. Overall, there is very little previous information available on: (a) the nature of 

gold occurrence, and;   (b) the timing of gold and copper mineralisation occurring in the SMD. 

5.1.2 Petrology research methods 

Documentation of the mineralisation characteristics and the paragenesis of mineral 

assemblages occurring in the SMD gold and copper deposits were determined by: (a) initially 

studying the cross-cutting and textural relations of veins and mineral assemblages during drill 

core logging and also from the drill core and hand specimens collected (Appendix 1.2), and   

(b) followed-up by thin section or polished mount petrology investigations. The mineral 

parageneses presented in this Chapter are described in terms of stages of mineral assemblages. 

Where applicable, aspects of the alteration petrology studies from APS (2004, 2005), Smith 

(2003), Smith et al. (2005) and Leach (2005) are also referenced to and incorporated with the 

author’s own petrological research in this Chapter in the overall presentation of the ore-

paragenesis for the gold and copper deposits in the SMD. The analytical methods used during 

this petrology study are here in described. 

5.1.2.1 Methods used to investigate the nature of gold occurrence 

During ore-petrology studies the following techniques were used to determine the 

nature of gold occurrence in both gold and copper ore samples from the SMD, involving: 

(a) Etching of sulphides using 70 % HNO3 to enhance the presence of zoning textures; 

(b) Application of the Laser Ablation Inductively Coupled Plasma Mass Spectrometer 

(LA-ICPMS) at CODES, UTAS as a first-pass reconnaissance tool to quantitatively                

(i) probe, and (ii) burn across individual sulphide grains to determine where and how 

gold and associated trace elements may be occurring. Detailed trace element results 

from this research are also presented in Chapter 6.0, and; 

(c) Mineral identification and mapping of the paragenetic stages using backscattered 

electron imaging (BSE) methods on a scanning electron microscope with a Mineral 

Liberation Analyser (SEM-MLA) at the Central Science Laboratory (CSL), UTAS.  

5.1.2.2 Carbonate mineral identification 

Carbonate mineral identifications undertaken during the SMD petrology studies were 

first aided by the staining of carbonate rock slabs cut from each sample. The staining procedure 

involved (1) etching of samples for 30 seconds using a mixture of HCl (0.2 %) and Alizarin red 

S, then; (2) staining by potassium ferricyanide (1%) for one minute. A first pass assessment of 
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the carbonate type present was then based on the colour of the carbonate minerals in the 

samples after staining that are summarised in Table 5.1, using the staining method described by 

Adams et al. (1995). Results indicated that (1) calcite dominant minerals stained a pink-red 

colour; (2) dolomite did not stain, and; (3) ferroan dolomite and/or ankerite stained blue, 

according to the criteria shown in Table 5.1. Follow-up carbonate mineral identifications were 

determined from quantitative mineral chemistry analyses, using a CAMECA SX-100 electron 

microprobe at CSL, UTAS (Appendix 5.1).  
 

Table 5.1 Summary list of possible staining colours for carbonate minerals (after: Adams et al., 1995) 

Staining Reagents:

Carbonate Minerals: Calcite Ferroan Calcite Ferroan Calcite Dolomite Ferroan Dolomite Ankerite

Fe 2+ free Fe 2+ poor Fe 2+ rich Fe 2+ free Fe 2+ / Mg 2+ <1 Fe 2+ / Mg 2+ >1

Staining Colours: Red Mauve Purple Not Stained Light Blue Dark Blue

0.2% HCl; 0.2% Alizarin red S; 1 % Potassium Ferricyanide

 

5.1.2.3 Feldspar mineral identification using chemical stains 

Feldspar identification during modal estimations conducted on samples of SMD felsic 

intrusion primarily used the staining procedures by Deer et al. (1985). Alkali feldspars (K, Na) 

[AlSi308] stained a yellow colour after hydrofluoric acid etching and application of sodium 

cobaltinitrate stain. Plagioclase feldspars Na [AlSi308]-Ca [AlSi308] stained a pink colour after 

the application of a barium chloride dip followed by amaranth stain. 

5.1.2.4 Compositional variation investigations of sphalerite and garnet 

Investigations of the compositional variation for sphalerite and garnet were conducted 

at the Central Science Laboratory (CSL), UTAS using a CAMECA SX-100 electron 

microprobe. Microprobe analyses of sphalerite crystals required two operating conditions. 

Condition one for sphalerite used a 2.2 m diameter beam of 2 x 10-10 amps and an accelerating 

voltage of 20 keV during the quantitative determination of Zn, Fe, S, Cu and Mn. Condition 

two for sphalerite used a 2.2 m diameter beam but required a higher current of 3.5 x 10-10 

amps at an accelerating voltage of 20 keV to quantitatively determine As, Ag, Cd, Sb, Au and 

Bi. Each sphalerite grain was analysed along traverses from the core to the rim using at least 3 

to 7 microprobe points with the results averaged for each grain. Appendix 5.2 provides the 

microprobe analytical results for sphalerite. 

Garnet microprobe analyses used a 2.0 m diameter beam of 2 x 10-10 amps and an 

accelerating voltage of 15 keV during the quantitative determination of Na, Si, Al, Mg, K, Ca, 

Mn, Fe, Zn, Ti, Cr and S. Each garnet grain was also analysed along traverses from the core to 

the rim using at least 3 to 9 microprobe points with the results averaged for each grain. The 

microprobe analytical results for garnet are provided in Appendix 5.3.  
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5.2 SMD SHGD MINERALISATION AND PARAGENESIS 

5.2.1 Introduction 

Paragenetic studies of the SMD SHGD are based on 23 diamond drill holes located in 

the Sepon mining area that were logged and sampled from 10 cross-sections, along those 

presented in Chapter 4 (Appendices 1.1 and 1.2). PIMA spectral analyses were conducted to 

assist the determination of the alteration mineral types (Appendix 5.4). Petrology, texture and 

paragenesis studies were aided by the selection of gold-bearing drill core samples and 

investigation of the different types of pyrite occurring in polished thin sections and mounts 

containing gold grades ranging from <2 g/t Au to >30 g/t Au collected from the Nalou and 

Discovery West, -Colluvial, -Main and -East gold deposits. Due to the absence of visible gold 

in samples collected for this study, the investigative approach initially involved detailed 

petrology of acid etched sulphides from gold ore zones combined with the use of LA-ICPMS as 

a reconnaissance tool to quantitatively determine where gold occurs and in which minerals. 

Subsequently, using the framework established for sulphides detected with gold, an 

understanding of the mineral assemblages hosting gold could then be placed into a paragenetic 

context as a stage.  

Sulphide minerals present in the SMD SHGD include: (a) early euhedral pyrite, 

sphalerite and galena occurring in veins and as breccia fill, (b) abundant finely disseminated 

pyrite in gold ores, and (3) later stage stibnite veins. No realgar, orpiment or cinnabar was 

observed. Gangue minerals include quartz, dolomite, sericite and minor ankerite and calcite.    

At least 5 main paragenetic mineral assemblage stages have been identified during this study 

that consistently occur at the Nalou and Discovery West, -Colluvial, -Main and -East gold 

deposits, and shown in Fig. 5.2.1. The mineral assemblage stages identified include: 

Stage 1:     Framboidal pyrite-calcite-dolomite 

Stage 2:     Diagenetic pyrite (gold-poor; <0.3 ppm Au)-calcite 

Stage 3A:  Subhedral pyrite-galena-sphalerite-dolomite 

Stage 3B:  Subhedral pyrite-galena-sphalerite-quartz-dolomite-sericite Au                 

(i.e. a low-grade sub-stage generally containing <3 ppm Au) 

Stage 3C:  Sulphosalts (Cu-Sb-As)-quartz  Au 

Stage 4A:  Disseminated pyrite-Au-quartz  

    (i.e. a high grade sub-stage with 3 to >200 ppm Au) 

    Stage 4B:  Quartz-telluride (Hg Au) 

    Stage 5:     Quartz-dolomite-calcite-stibnite 

 

The sections to follow in Chapter 5 describe each of these paragenetic stages in turn. 
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A key finding during this paragenetic investigation was the detection of at least four 

generations of gold mineralisation, commencing with: (a) gold poor diagenetic pyrite (Stage 2); 

(b) low-grade gold-bearing pyrite and sphalerite occurring in base-metal veins (Stage 3B);            

(c) high-grade main-gold stage disseminated pyrite with arsenic-abundant pyritic overgrowths 

filling fractures and voids (Stage 4A), and; (d) late-stage fractures cutting all sulphide stages 

and containing gold associated with Hg-telluride (Stage 4B). The four associated gold stages 

observed to date are represented in Fig. 5.2.1.  

 

 

 
SHGD Stage: 1 2 3 4 5

Gold Stage Pre Au Trace Au Minor Au Major Au Post Au

MINERAL

Dolomite - ferroan RPL

Dolomite - sparry VN VN

Calcite VN VN VN

Sericite VN

Quartz VN FR & VN VN

Pyrite - framboidal (Pyrite 1) DIAGEN

Pyrite - nodular (Pyrite 2A) DIAGEN

Pyrite - spongy (Pyrite 2B) DIAGEN

Pyrite - euhedral (Pyrite 2C) DIAGEN

Pyrite - massive (Pyrite 3A) VN

Pyrite - colloform (Pyrite 3B) VN

Pyrite - disseminated (Pyrite 4A) FR & VN

Gold (with sulphides) INCL (Pyrite 2B) INCL (Pyrite 3A) RIMS (Pyrite 4A)

Gold (with telluride) FR & VN

Galena VN

Sphalerite VN

Sulphosalts VN

Stibnite VN

 
Fig. 5.2.1. Paragenetic diagram showing the hypogene mineral assemblages from Stages 1 to Stage 5 occurring in 
the SMD SHGD. Black filled Stage sections represent major minerals observed and grey spotted Stage 
sections represent minor minerals. Abbreviations: DIAGEN=Diagenetic, FR=Fracture fill, INCL=Gold 
occurs as inclusions in sulphide host mineral, RPL = Replacement of the host rock, VN=Vein.  
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5.2.2 Stage 1: Framboidal pyrite + calcite + dolomite  

The earliest minerals formed during syn- to post-sedimentation in the SMD include: 

framboidal pyrite (Pyrite 1), white calcite veins and ferroan dolomite. All of these minerals are 

hosted predominantly by calcareous shale in the SMD and are collectively classified into        

Stage 1. Descriptions of the Stage 1 minerals are herein presented, as below. 
 

5.2.2.1 Framboidal pyrite (Pyrite 1) 

Rare framboidal pyrite forms small cauliflower and oval-shaped crystal clusters (<0.5 

mm diameter) that mostly occur parallel to bedding in calcareous shales, in particular within the 

Discovery Formation at the Discovery Colluvial deposit (Fig. 5.2.2). This is the first generation 

of pyrite observed in the SMD and has been classified as Pyrite 1 in Stage 1 of the paragenetic 

sequence (Fig. 5.2.1).  The pyrite occurs as euhedral and sub-euhedral microcrystals that vary 

from <1 to 5 m in diameter, that form both irregular and spherical shaped clusters from <20 to 

>100 m across (Fig. 5.2.2). Pyrite 1 is interpreted to have formed during early basin 

diagenesis as it is also incorporated into the structure of later generations of diagenetic pyrite 

described in Stage 2. Similar types of early stage stratiform framboidal pyrite have also been 

observed at the Sukhoi Log gold deposit in Russia as described by Large et al. (2008). 
 
 

 
Fig. 5.2.2. Photomicrographs showing textural features of SMD Stage 1 framboidal pyrite (Pyrite 1). 
(A) Framboidal pyrite (Pyrite 1) in a cluster hosted by calcareous shale (CSH) at the Discovery Colluvial deposit 

(Sample DIS0050460), transmitted light (TML). 
(B) Close-up view of area (A) showing Pyrite 1 hosted by calcareous shale (CSH), reflected light (RFL). 
(C) Pyrite 1 hosted by a calcareous shale (CSH) groundmass comprised of detrital quartz, mica and organic 

components (Sample DIS0050460), using both transmitted and cross-polar light.  
(D) Close up view of Pyrite 1 (spherical shaped framboidal pyrite) shown in (C), reflected light (RFL). 
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5.2.2.2 Calcite (Calcite 1) 

Early stage white calcite veins occurring in the SMD SHGD were observed by Smith 

(2003) to be mostly hosted by calcareous shale rocks, in particular the Discovery Formation 

and interpreted to have been developed early in the diagenesis of the Sepon Basin.  These are 

the earliest formed generation of calcite veins known in the SMD and are herein classified as 

Calcite 1. The Calcite 1 veins are generally straight and thin (<1cm wide), cut the bedding of 

host rocks and often occur 20 m to 50 m above gold mineralised zones (Fig. 5.2.3A). Calcite 1 

veins are in turn cut by bedding parallel pressure dissolution cleavage (Fig. 5.2.3B and -C). 

5.2.2.3 Dolomite (Dolomite 1) 

The presence of iron-carbonates (Dolomite 1) occurring along pressure dissolution 

cleavage was identified by the author using the carbonate staining method of Adams et al. 

(1995) and petrological studies of blocks of Discovery Formation calcareous shale from the 

SMD SHGD (Fig. 5.2.3). Subsequent microprobe testing at CSL of the carbonate grains along 

the pressure dissolution cleavage zones confirmed the presence of ferroan dolomite that is 

comprised of 1.2-6.8 % FeO, 13.0-20.1% MgO and 31.6-33.0% CaO (Fig. 5.2.3, Appendix 

5.1). This ferroan dolomite is interpreted to be one of the earliest generations of dolomite 

occurring in the SMD and is classified as Dolomite 1. Fine to medium-grained interlocking 

rhombic and anhedral shaped grains of Dolomite 1 are developed sub-parallel to the pressure 

dissolution cleavage (Figs. 5.2.3B - D). Minor black organic components were also observed 

along the pressure dissolution cleavage (Fig. 5.2.3D). Dolomite 1 is similar to those occurring 

in the variable dolomite intervals reported in the Discovery Formation by Leach (2005).  

The occurrence of early stage dolomitisation in the SMD is also reported by Morris 

(1997a, 1997b, 1998), Smith (2003) and Leach (2005). Precursor bedding parallel pressure 

solution textures observed in the SMD SHGD are reported by Smith (2003) to be well 

developed and abundant as discrete centimetre zones, and they are separated by zones barren 

of pressure solution that are predominantly hosted by calcareous shale rocks, in particular, the 

Kengkeuk and Discovery Formations. Smith (2003) also noted that pressure solution textures 

cut white calcite veins (Calcite 1) and interpreted that they were formed during basin 

diagenesis, involving burial metamorphism. The primary dolomitisation period in the SMD 

that predominantly altered the Nalou and Discovery Formations is interpreted by Smith (2003) 

to be post the major development of pressure dissolution features and was most likely during 

late diagenesis. Leach (2005) also interprets that dolomitisation occurring in the SMD SHGD 

is diagenetic in origin, is developed early in the paragenesis of the SMD SHGD and pre- the 

RDP magmatic event, involving (a) pervasive alteration of the Nalou Formation bioclastic 

calcareous rocks to fine- to medium-grained granular dolomite, and (b) variable alteration of 

the Discovery Formation calcareous shale rocks to dolomite and ankerite.  
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Fig. 5.2.3. Examples of Dolomite 1 (ferroan dolomite) observed at the Nalou gold deposit. 

(A). Geology log for drill hole NLU072 showing the intervals of dolomitisation and location of representative 
samples containing Dolomite 1shown in (B) and (C). Abbreviations: FR = fractures, FZ = fault zone, MBX = 
mosaic breccia, RBX = rubble breccia, VN = veins, CSH = calcareous shale (Discovery Formation), DOL = 
dolomite (Nalou Formation), JAS = jasperoid (quartz). 

(B). Photograph of carbonate stained Sample NLU0720430 @ 43m depth showing: (a) the presence of minor 
dolomite (Dolomite 1) occurring along pressure solution cleavage (i.e. the blue stained areas) that are in turn cut 
by (b) later pink carbonate veins (i.e. the pink stained veins).  

(C). Photograph of carbonate stained Sample NLU0720450 @ 45m depth also showing: (a) non-dolomitised 
calcareous shale (i.e. dark pink-red stained areas indicating calcite), (b) presence of minor ferroan dolomite 
(Dolomite 1) occurring along the pressure solution cleavage (i.e. blue stained areas), (c) thin calcite veins 
(Calcite 1) with traces of pyrite (red stained veins) cutting calcareous shale, in turn cut by (d) thick pink 
carbonate veins, and  (e) a non-stained area to the right of dashed line.  

(D). Photomicrograph of the red boxed area outlined in photograph (C) to show an example containing birefringent 
fine- to medium-grained interlocking rhombic and anhedral shaped grains of Dolomite 1 that are developed 
sub-parallel to the pressure dissolution cleavage (i.e. the black organic lines). Sample NLU0720450. 

(E). Summary Table of microprobe results to show the chemistry of Dolomite 1 occurring in DDH NLU072. A 
Ternary plot representing the tabulated microprobe data presented in (E) confirming the presence of ferroan 
dolomite (Dolomite 1) and calcite (Calcite 1) detected during carbonate analyses in this study (Appendix 5.1). 
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5.2.3 Stage 2: Diagenetic pyrite-calcite  

Stage 2 is characterised by three types of gold-poor pyrite: (a) semi-massive nodular 

shaped pyrite (Pyrite 2A); (b) euhedral spongy textured pyrite (Pyrite 2B) and; (c) euhedral 

angular pyrite (Pyrite 2C) that are interpreted to have formed during basin diagenesis and have 

been affected by deformation processes (Figs. 5.2.1 and 5.2.4). Calcite (Calcite 2) also fills in 

fractures occurring in both Pyrite 2A and Pyrite 2C later in the development of Stage 2 and also 

cuts pressure solution cleavages containing Stage 1 ferroan dolomite alteration (Fig. 5.2.5). 

5.2.3.1 Semi-massive nodular pyrite (Pyrite 2A) 

Semi-massive pyrite with an elongated nodular appearance often contains cores        

(<5 mm diameter) with massive euhedral interlocking crystals of pyrite surrounded by an outer 

rim (>1 mm diameter) of more diffuse and poorly interlocking crystals of subhedral pyrite 

(Figs. 5.2.1, 5.2.4A and B). This pyrite type is rare and generally >5 mm in diameter, also 

occurs as isolated nodules mostly in Discovery Formation calcareous shale and is classified as 

Pyrite 2A. LA-ICPMS analyses from this study indicate that type Pyrite 2A is gold poor, 

generally containing <0.2 ppm Au and has very low levels of arsenic (< 200 ppm As), as 

described further in Chapter 6. Pyrite 2A from the Discovery Colluvial and -Main deposits was 

identified in Samples DIS0030241 and DIS0110283 respectively (Figs. 5.2.4A-B).  

5.2.3.2 Euhedral spongy pyrite (Pyrite 2B) 

Large euhedral pyrite crystals (>1 mm diameter) with thick rims (>200 m) and porous 

spongy textured cores generally occur both parallel and sub-parallel to the laminated bedding of 

calcareous shale host rocks (Fig. 5.2.1). This pyrite type is classified as Pyrite 2B and may 

occur as isolated crystals or in clusters, as shown in Samples NLU0060300 and NLU0730347 

from the Nalou gold deposit (Figs. 5.2.4C and 5.2.4D). Pyrite 2B is also gold poor and 

sometimes shows a decrease in gold contents from the core (<0.3 ppm Au) to the rim (<0.1 

ppm Au), and also has very low levels of arsenic (< 300 ppm As) as indicated from LA-ICPMS 

analyses and shown in Fig. 5.2.4D. Later stage quartz associated with a deformation event 

during Stage 4 also occurs as pressure shadows around Pyrite 2B (Fig. 5.2.4C). 

5.2.3.3 Euhedral angular pyrite (Pyrite 2C) 

Pale yellow-white coloured euhedral angular pyrite (>200 m diameter), classified as 

Pyrite 2C, occurs mostly as clusters along folded Discovery Formation calcareous shale bedding, 

indicating that it was formed prior to deformation (Figs. 5.2.1 and 5.2.4E). Some of the Pyrite 2C 

shapes are acicular in crystal habit and exhibit similarities to arsenian pyrite, as shown in Fig. 

5.2.4F. Pyrite 2C is also gold poor (<0.1 ppm Au) but contains higher concentrations of arsenic than 

Pyrite 2A and Pyrite 2B, as detected during LA-ICPMS analyses, ranging from >300 to 1600 ppm 

As (Fig. 5.2.4F). Examples of Pyrite 2C occur in Samples DIS0200266 and DIS0370641 from the 

Discovery Main and -West gold deposits respectively (Figs. 5.2.4E and F). 
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Fig. 5.2.4 Photomicrographs showing textural features of Stage 2 diagenetic types Pyrite 2A, 2B and 2C from the 
SMD SHGD.  
(A). Pyrite 2A containing semi-massive pyrite with an elongated nodular appearance and cores of massive euhedral 

interlocking crystals of pyrite surrounded by an outer rim (>1 mm diameter) of more diffuse and poorly 
interlocking crystals of subhedral pyrite. This pyrite type is rare and generally >5 mm in diameter and typically 
occurs as isolated nodules mostly within Discovery Formation calcareous shale (Discovery Colluvial Sample 
DIS0030241). Reflected light (RFL). 

(B). Elongate nodular shaped Pyrite 2A from the Discovery Main deposit, generally gold poor and containing <0.3 
ppm Au. Later stage quartz was observed as pressure shadows around Pyrite 2A and also fills fractures cutting 
this pyrite type. Sample DIS0110283 (RFL). 

(C). Euhedral pyrite (Pyrite 2B) with thick rims and spongy cores that were mostly observed along calcareous shale 
(CSH) bedding at the Nalou deposit. Fibrous quartz (qtz) can also form pressure shadows around Pyrite 2B. 
Sample NLU0730347 (RFL). 

(D). A LA-ICPMS tested example of gold poor Pyrite 2B from Nalou showing laser points (black dots) reporting 
0.02-0.1 ppm Au occurring in the rims and up to 0.2 ppm Au occurring in the spongy core sections. Sample 
NLU0060300 (RFL).  

(E). Pale yellow-white coloured euhedral angular pyrite (Pyrite 2C) that occurs mostly as clusters along folded 
Discovery Formation calcareous shale bedding at the Discovery Main deposit. Sample DIS0200266 (RFL).  

(F). Close-up view of image in (E) showing some Pyrite 2C shapes that are acicular in crystal habit and exhibit 
similarities to arsenian pyrite (RFL). Pyrite 2C is also gold poor (<0.1 ppm Au) but contains higher 
concentrations of arsenic than Pyrite 2A and Pyrite 2B, ranging from >300 to 1600 ppm As were detected from 
LA-ICPMS analyses. Examples of Pyrite 2C were observed in calcareous shale samples from the Discovery 
Main and Discovery West gold deposits. 
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5.2.3.4 Calcite (Calcite 2) 

Pale cream to light pink-coloured calcite veins (<1 cm thick) was observed during the 

logging of drill core from the Nalou deposit to occur in <20 to >30 m thick intervals in the 

hangingwall sections above mineralised broken zone contacts, as previously represented in Fig. 

5.2.3. This second generation of calcite veins are classified as Calcite 2 and have been observed 

to cut the Stage 1 pressure solution cleavages containing ferroan dolomite (Dolomite 1; Figs. 

5.2.3 and 5.2.5). Small Calcite 2 veinlets can also fill fractures cutting Stage 2 pyrite types 

Pyrite 2A, 2B and 2C. Electron microprobe analyses indicated that Calcite 2 is carbonate 

dominant, but is poor in iron, magnesium and manganese (Figs. 5.2.5A-D, Appendix 5.1).  

Smith (2003) also reported pink calcite veins similar to Calcite 2, but appear to be 

texturally similar to the Stage 1 calcite veins (Calcite 1) and also confirmed that they are likely 

to be later than the Calcite 1 veins due to cutting pressure solution cleavage containing Stage 1 

Dolomite 1 (Figs. 5.2.3A-C and 5.2.5). Leach (2005) also confirmed that pinkish calcite veins 

similar to Calcite 2 can extend for up to 30 m to 40 m above fractured and mineralised gold ore 

zones at the Nalou and Discovery Main gold deposits. The degree of decarbonatisation and 

subsequent infilling of fractures by pink calcite is interpreted by Leach (2005) to determine the 

thickness and proportion of veins developed in the fractured hangingwall sections above gold-

mineralisation due to the redistribution of carbonate generated during decarbonatisation. 
 

 
Fig. 5.2.5. Textural features and chemistry of pink calcite (Calcite 2) identified by carbonate staining and microprobe 
analyses at the SMD SHGD. 
(A). Photograph of a polished thin-section prepared from Nalou showing the position of 9 microprobe points tested 

to determine the composition of carbonate minerals selected. The numbers from 1 to 9 correlate with those in 
the table shown and prefixed with NLU0720368- . Sample NLU0720368 

(B). Photograph of a petrology block that was used to prepare the polished thin-section shown in (A) that was also 
stained using the carbonate method by Evamy (1962). Pink calcite veins stained a light red-pink colour and the 
grey unstained areas are calcite dominant non-dolomitised calcareous shale (CSH). The blue stained areas in 
pressure solution cleavage zones contain Ferroan dolomite with <7 % FeO and >13 % MgO (Dolomite 1). 
Sample NLU0720368 

(C). A Ternary plot representing microprobe data presented in (D) confirming the composition of pink calcite veins 
(Calcite 2) detected during carbonate analyses in this study (Appendix 5.1). 

(D). Summary table of microprobe results from the SMD SHGD to show the chemistry of Calcite 2.  
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5.2.4 Stage 3: Pyrite-sphalerite-galena + sulphosalts + dolomite + quartz + sericite + Au 

Stage 3 represents a low-grade gold-bearing base metal dominant group of assemblages 

that occurs mostly in cross-cutting veins and to a lesser extent, as breccia matrix fill hosted by 

dolomite (Nalou Formation), calcareous shale (Discovery Formation) and sericite altered RDP 

intrusion rock types (Figs. 5.2.6 to 5.2.10). This stage is comprised of at least three sub-stages: 

(a) Stage 3A: pyrite-sphalerite-galena-dolomite hosted by carbonate rocks, (b) Stage 3B: pyrite-

sphalerite-galena-quartz-sericite + Au predominantly hosted by RDP, and (c) Stage 3C: quartz-

sulphosalts (tetrahedrite) hosted by both RDP and carbonate rocks. Low-gold grades of up to 3 

ppm Au were detected in both Stage 3B pyrite and sphalerite during LA-ICPMS analyses 

(Section 5.2.5.1). The mineral assemblages for Stages 3A to 3C are herein described. 

5.2.4.1 Stage 3A 

The Stage 3A sub-assemblage is composed of pyrite-sphalerite-galena-dolomite                  

+ chalcopyrite and is predominantly hosted by irregular shaped veins (<3cm wide) and vein 

breccias that cut dolomite rocks belonging to the Nalou Formation. Stage 3A examples can be 

observed in drill core intervals from the Nalou, Discovery West and -Main deposits (Fig. 5.2.6).  
 

 
Fig. 5.2.6. Photographs of drill core showing textural features of Stage 3A veins hosted by Nalou Formation 
dolomite, at the SMD SHGD. 
(A). Bioclastic dolomite (BDM) host rock with a thick white sparry dolomite vein containing Dolomite 2 (Dol 2) 

and minor grains of dark brown sphalerite (sp) and silvery galena (gn) along  the vein margins, cut by later 
Stage 5 white calcite veins (cal). Sample NLU0730498 (Nalou deposit).  

(B). Bioclastic dolomite (BDM) showing a preserved conical shell, cut by a Stage 3A base metal vein (<2 cm wide) 
comprising dark brown sphalerite (sp) and minor galena (gn) and pyrite (py) along the vein margins with the 
central portions filled by white sparry Dolomite 2 (Dol 2). Sample NLU0060756 (Nalou Deposit).  

(C). Larger irregular base metal vein cutting a bioclastic dolomite (BDM) host rock, comprising semi-massive 
brown sphalerite (sp), dull yellow pyrite (py) and galena (gn). Sample NLU0720704 (Nalou deposit).  

(D). Stage 3A vein with angular breccia clasts of bioclastic dolomite (BDM) and a matrix fill of minor brown 
sphalerite (sp) and dull yellow pyrite (py) along vein margins with the remainder filled by white sparry 
Dolomite 2 (Dol 2). Sample DIS0502301 (Discovery West deposit).  
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Stage 3A is characterised by minor amounts of zoned light to dark brown resinous 

sphalerite and trace subhedral pyrite and galena that predominantly occur along vein margins, 

with the remaining central vein zones filled by white dolomite (Fig. 5.2.6). Fractures cutting the 

Stage 3A assemblage can also contain a filling of Stage 3C quartz and sulphosalts (Section 

5.2.4.3). A later Stage 4A assemblage comprised of high-grade gold-bearing zoned 

disseminated pyrite and quartz was also observed to fill fine late-stage fractures that cut the 

Stage 3A and 3C sub-assemblages (Section 5.2.4.2). 

5.2.4.1.1 Pyrite (Pyrite 3A) 

Minor pale-yellow euhedral and sub-euhedral pyrite grains (Pyrite 3A) are generally 

>200 m in diameter and mostly occur as intergrowths along sphalerite crystal boundaries 

during Stage 3A (Figs. 5.2.7A-C).  Embayed margins along crystals occur mainly with the sub-

euhedral crystal forms of Pyrite 3A (Figs. 5.2.7A-C). Some sections of Stage 3A veins contain 

intense fracturing of Pyrite 3A and subsequent fracture filling by Stage 3A galena, sulphosalts 

and also later Stage 4A quartz-disseminated pyrite-Au (Fig. 5.2.7B).  

5.2.4.1.2 Sphalerite (Sphalerite 3A) 

Sphalerite (Sp-3A) generally occurs towards vein margins, suggesting early formation 

during Stage 3A vein fill development (Figs. 5.2.6-5.2.7). Good examples of zoning in 

sphalerite occur during Stage 3A, often consisting of dark iron-rich cores with more than one 

lighter brown-green resinous banded zones of sphalerite in turn rimmed by later dark sphalerite 

(Figs. 5.2.7A and D). Crystals can vary from euhedral hexagonal shaped forms (<1mm 

diameter) to sub-euhedral crystalline masses (>1mm diameter). Intergrowths of minor pale 

yellow sub-euhedral pyrite and galena generally occur towards the crystal boundary of 

sphalerite (Fig. 5.2.7A). Traces of fine pin-head shaped disseminations (<0.25 mm diameter) of 

dark yellow chalcopyrite can also occur randomly throughout sphalerite (Fig. 5.2.7C). Later 

stage fractures cutting sphalerite can also be filled with Stage 3C sulphosalts and minor quartz, 

and/or cut by Stage 4 veins with finely disseminated pyrite and quartz, both examples of which 

are presented in the sections to follow.   

5.2.4.1.3 Galena (Galena 3A) 

Minor silver-grey galena (Galena 3A) is also intergrown with Stage 3A sphalerite and 

pyrite, but mostly along the margins of sphalerite (Fig. 5.2.7A). Rare trace inclusions of pyrite 

and sphalerite can also occur in Galena 3A, indicating syn-mineral development. Elongate and 

triangular shaped cleavage strain pits can be observed in Galena 3A that is commonly squeezed 

and remobilised into surrounding fractures of more brittle pyrite and sphalerite during later post 

Stage 3A structural movements (Figs. 5.2.7B and 5.2.7C). 
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5.2.4.1.4 Dolomite (Dolomite 3A) 

Late coarse crystalline textured milky white dolomite predominantly fills veins cutting 

dolomite host rocks (Figs. 5.2.6A-C). This carbonate generation remained a white to light blue 

colour after carbonate stains were applied using the method by Evamy (1962) and only reacts 

very slightly when HCl acid was also applied to the mineral surface, indicating that it is 

predominantly dolomite. Individual crystals are generally <1mm in diameter, exhibit rhombic 

cleavages and form euhedral interlocking crystal boundaries (Fig. 5.2.7D). The Stage 3A 

dolomite generation is syn-early base metal mineralisation and is classified as Dolomite 3A and 

is also interpreted to post-date the earlier Stage 1 ferroan dolomite generation (i.e. Dolomite 1).   

 

 
Fig. 5.2.7. Photomicrographs showing textural features of Stage 3A at the SMD SHGD. 
(A). Sphalerite 3A (sp) inter-grown with euhedral Pyrite 3A (py) and Galena 3A (gn) hosted by a Dolomite 3A (Dol 

3A) vein at Discovery West (DSW). Sample DIS050230. Reflected light (RFL).  
(B). Close-up view of crushed Stage 3A yellow Pyrite 3A (py) with Stage 3A light-grey Galena 3A (gn) squeezed 

into fractures between pyrite, DSW Sample DIS0502301(RFL).  
(C). Sphalerite 3A (sp) containing finely disseminated dark yellow chalcopyrite and pyrite, suggesting chalcopyrite 

disease in sphalerite at Nalou (NLU) Sample NLU0060756. Triangular pits in Galena 3A (gn) indicate strain 
and subhedral Pyrite 3A (py) contains inclusions of sphalerite (brown spots) suggesting co-precipitation. 
Transmitted light (TML). 

(D). Sphalerite (sp) with intergrowths of sub-euhedral Pyrite 3A (py) in a vein containing Dolomite 3A (Dol 3A). 
Transmitted light and cross-polar light were used to show the banded textured iron-content zonation in resinous 
sphalerite. DSW Sample DIS0502301. 
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5.2.4.2 Stage 3B 

Stage 3B is a low-grade gold-bearing sub-assemblage that is composed of pyrite-

galena-sphalerite-quartz-dolomite-sericite+Au and commonly hosted by veins (<5cm wide) that 

predominantly cut RDP and to a minor extent also by Nalou Formation dolomite and Discovery 

Formation calcareous shale adjacent to RDP intrusions containing Stage 3B mineralisation 

(Fig. 5.2.8). Stage 3B is characterised by pyrite dominant veins with minor amounts of galena 

and dark brown resinous sphalerite with associated quartz and sericite filling the remainder of 

the veins (Figs. 5.2.8 and 5.2.9). Sericite alteration mainly overprints RDP rocks. PIMA 

spectral analyses indicate that sericite is mainly illite or muscovite (Appendix 5.4) Later stage 

milky white dolomite fills between euhedral quartz crystals during Stage 3B and is also similar 

to Stage 3A dolomite. Examples of Stage 3B veins were observed in the footwall RDP rocks in 

the open pit at Discovery Colluvial and also in drill core samples from the Discovery Colluvial 

and -West gold deposits (Fig. 5.2.8).  

 

 

 
Fig. 5.2.8 Photographs showing textural features examples of Stage 3B mineralisation hosted in rhyodacite porphyry 
(RDP) and calcareous shale (CSH) at the SMD SHGD. 
(A). Sheared vein containing Stage 3B galena (gn), pyrite 3B1 (py) and sphalerite (sp) hosted by fractured RDP at 

the Discovery West deposit. Sample DIS0561203. 
(B). Displaced Stage 3B veins comprising galena (gn), sphalerite (sp), Pyrite 3B1 (py) and Dolomite 3B (Dol 3B) 

cutting sericite-altered RDP at the Discovery Main deposit. Sample DIS0120602.   
(C). Stage 3B base metal matrix fill of sphalerite (sp), galena (gn) and Pyrite 3B1 (py) hosted by dolomitised 

Discovery Formation calcareous shale at the Nalou deposit. Sample PCNL03006.  
(D). Base metal sample from a fault zone cutting RDP hosting Stage 3B sphalerite (sp), Pyrite 3B1 (py) and galena 

(gn) cut by Stage 5 milky white calcite (cal) veins at the Discovery Colluvial deposit. Sample DIS0010998. 
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Crushed zones, micro faults and fractures cutting the Stage 3B assemblage can also 

contain later stage mineralisation, comprising (a) Stage 3C quartz and sulphosalts, and/or (b) a 

later Stage 4A assemblage comprised of high-grade gold-bearing zoned disseminated pyrite and 

quartz that cuts all other previous stages (Sections 5.2.4.3 and 5.2.5.1). 

5.2.4.2.1 Massive pyrite (Pyrite 3B1) 

Pale yellow massive pyrite with interlocking euhedral crystal boundaries occurs mostly 

along veins that are generally <5cm wide and to a lesser extent, occurs in breccia matrix fills 

(Figs. 5.2.8B and 5.2.9A-C). This pyrite type is classified as Pyrite 3B1 and is generally inter-

grown with minor sphalerite and galena (Figs. 5.2.9A-C). Pyrite 3B1 is similar in texture to 

Pyrite 3A but is more abundant and massive. Minor inclusions of galena and sphalerite was 

also observed in Pyrite 3B1, indicating coprecipitation during mineralisation. Low grade-gold 

ranging from >0.4 to 2 ppm Au was detected during LA-ICPMS analyses within both the core 

and rim zones in Pyrite 3B1 samples tested, indicating that low levels of gold occur throughout 

this pyrite type (Fig. 5.2.9B). Crushed zones containing Pyrite 3B1 are often filled by sulphides 

in the form of Stage 3B strained galena squeezed into fractures and/or later stage finely 

disseminated pyrite and quartz (Fig. 5.2.9B).  The crystal margins of Pyrite 3B1 can also 

exhibit embayments filled with later quartz and disseminated pyrite types (Section 5.2.5.1). 

5.2.4.2.2 Colloform Pyrite (3B2) 

Some of the more massive Stage 3B pyrite dominant veins also contain examples of 

colloform banded and radial textured pyrite (Fig. 5.2.9D). This pyrite generation is classified as 

Pyrite 3B2 and occurs with the same stage as Pyrite 3B1. Radial crystal of Pyrite 3B2 are 

generally >0.5 mm in diameter, and colloform bands can be >0.25 mm thick (Fig. 5.2.9D).     

No obvious inclusions of sphalerite or galena were observed in the colloform bands of Pyrite 

3B2. Stage 3B sphalerite appears to be inter-grown along Pyrite 3B2 crystal boundaries and 

does not fill late fractures, suggesting syn-formation (Fig. 5.2.9D). Good examples of Pyrite 

3B2 were observed in drill core from the Discovery Colluvial deposit.  

5.2.4.2.3 Galena (Galena 3B) 

Minor galena (Galena 3B) is also similar to Galena 3A but more dominant than 

sphalerite within Stage 3B veins and is also intergrown with the Stage 3B pyrite and sphalerite 

(Fig. 5.2.9C). Rare trace inclusions of pyrite and sphalerite also occur in Galena 3B, indicating 

syn-mineral development. Elongate and triangular shaped cleavage strain pits occurring in 

Galena 3B indicating post-mineralisation strain is also commonly squeezed into surrounding 

fractures in more brittle Stage 3 pyrite and sphalerite fractures (Fig. 5.2.9C). 
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5.2.4.2.4 Sphalerite (Sphalerite 3B) 

Dark brown rough textured sphalerite (Sphalerite 3B) mostly occurs as minor 

intergrowths with Pyrite 3B1 in Stage 3B veins and breccia matrix fill (Fig. 5.2.9). Sphalerite 

3B is texturally similar to Sphalerite 3A with regards to both containing traces of randomly 

distributed fine pin-head shaped inclusions of dark yellow chalcopyrite. However, sphalerite 3B 

does not appear to contain iron zonation like Sphalerite 3A, but is dominantly dark brown in 

colour through out individual crystals. Gold grades of up to 0.4 ppm Au were detected during 

LA-ICPMS tests on this sphalerite generation (Fig. 5.2.9B). Later stage fine fractures also cut 

Sphalerite 3B and are often filled by Stage 4 quartz and pyrite (Fig. 5.2.9B and Section 5.2.5.1). 

 

 
Fig. 5.2.9. Photomicrographs showing textural features of Stage 3B mineralisation at the SMD SHGD.  
(A). Fractured Stage 3B Pyrite 3B1 (py) dominant vein with minor intergrowths of sphalerite (sp) and trace galena 

(gn) hosted along the faulted margins of a sericite (ser) altered RDP intrusion at the Discovery West deposit. 
Secondary fractures are filled by Stage 4 quartz + disseminated pyrite with Au. Sample DIS0561142. Reflected  
(RFL) and transmitted lights (TML).  

(B). Stage 3B sphalerite (sp), galena (gn) and Pyrite 3B1 (py) as a vein breccia matrix fill in Discovery Formation 
calcareous shale host rock at the Nalou deposit. Sample PCNLU03006 (RFL).  

(C). Stage 3B vein with intergrown sphalerite (sp), galena (gn), Pyrite 3B1 (py) and euhedral quartz (qtz) hosted by 
RDP at the Discovery West deposit. Sample DIS0481036 (RFL).  

(D). Stage 3B vein hosted by RDP at the Discovery Colluvial deposit and containing colloform pyrite (Pyrite 3B2) 
intergrown with minor sphalerite (sp) and galena (gn) and in turn, cut by late fractures with Stage 4A quartz and 
pyrite (qtz + py). Sample DIS001066 (RFL). 
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5.2.4.2.5 Quartz (Quartz 3B) 

Minor quartz (Quartz 3B) with euhedral crystal shapes generally grow along the vein 

margins, towards the central zones and constitutes <10 modal % of the Stage 3B vein 

assemblage (Fig. 5.2.9A). Quartz 3B crystals vary from <1 to >5 mm length and <3 mm width 

and are also generally fractured, recording post-mineralisation deformation. Stage 3B sulphides 

are intergrown with Quartz 3B, in particular along vein margins (Fig. 5.2.9A). Milky cream-

coloured dolomite fills the central portions of the veins between Stage 3B sulphides and          

Quartz 3B. 

5.2.4.2.6 Dolomite (Dolomite 3B) 

Late stage cream coloured milky textured dolomite (Dolomite 3B) with rhombic crystal 

cleavage generally fills the remaining void spaces in Stage 3B veins (Fig. 5.2.8B). This 

generation of carbonate did not stain and reacted very weakly to acid tests, suggesting that it is 

dominantly dolomite with similarities to Stage 3A dolomite. Dolomite 3B can constitute >20 

modal % of the vein assemblage and was mostly observed in Stage 3B veins that cut RDP host 

rocks at the Discovery Main deposit (Fig. 5.2.8B). 

5.2.4.3 Stage 3C 

The Stage 3C mineral assemblage is predominantly comprised of sulphosalts in the 

form of tetrahedrite intergrown with minor galena and quartz. Stage 3C primarily fills late stage 

fractures and voids between the earlier Stage 3A and 3B mineral assemblages. Examples of 

Stage 3C were observed in veins cutting (a) Stage 3A veins hosted by Nalou Formation 

dolomite at the Nalou deposit (Figs. 5.2.10A-D), and also in veins cutting (b) Stage 3B 

sulphide veins hosted by RDP at the Discovery Colluvial and Discovery West deposits         

(Fig. 5.2.10E).  

Back scattered electron (BSE) imaging of Stage 3 sulphide assemblages using an SEM 

MLA at CSL, UTAS identified the presence of at least two sulphosalt generations filling 

fractures and voids in a sample from the Nalou deposit (Figs. 5.2.10A-C). Stage 3C has been 

divided into the following two sub-stages based on the weight % of arsenic (wt % As) 

contained within sulphosalts: (1) Stage 3C1 comprised of light grey rough textured Cu-Sb-As 

dominant sulphosalt containing >15 wt % As, and; (2) Stage 3C2 consists of light grey smooth 

textured Cu-Sb sulphosalt that contains <10 wt % As (Fig. 5.2.10B). Both of these sub-stages 

contained minor galena (Galena 3C) and quartz (Quartz 3C).  
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Fig. 5.2.10 Photomicrographs showing textural features of Stage 3B base metal veins cut by Stage 3C sulphosalts at 
the SMD SHGD. 

(A). Photograph of Nalou Formation bioclastic dolomite (BDM) cut by a large Stage 3B base metal vein comprised 
of semi-massive brown sphalerite (sp), dull yellow pyrite (py) and minor galena (gn) in turn observed to be cut 
by Stage 3C sulphosalts in the red boxed area that is enlarged in (B). Nalou deposit Sample NLU0720704.  

(B). Photomicrograph of the area outlined in the red box in (A) showing a scanning electron microscope (SEM) 
backscattered secondary electron (BSE) image outlining areas with intergrown and crushed Stage 3B massive 
Pyrite 3B1 (py, dark grey areas), sphalerite 3B (sp, medium grey), galena 3B (gn: white) and quartz 3B (qtz,  
black) intergrown. The fractured Pyrite 3B1 rim shown contains 1.4 g/t Au (LA-ICPMS point). In turn, Stage 
3C1 Cu-Sb-As sulphosalt (SS-1: rough textured and light grey with >15 wt % As) fills the fractures in Stage 
3B. Later Stage 3C2 Cu-Sb sulphosalt (SS-2: smooth textured and light grey, with <10 wt % As) combined 
with minor galena and minor quartz fills small fractures cutting both Stage 3B and Stage 3C1.  

(C). An image showing the SEM energy dispersive spectral (EDS) profile for the Cu-Sb-As sulphosalt type SS-1 
identified in the areas shown in photomicrograph (B). 

(D). Stage 3B veins hosted by RDP at the Discovery West deposit, containing brown sphalerite (sp) with inclusions 
of pin-point type disseminations of yellow-orange chalcopyrite (cpy) intergrown with galena (gn) and minor 
pyrite (py), in turn cut by Stage 3C thin grey veins comprised of sulphosalts (Reflected light, RFL).                      
Sample DIS0481036  
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5.2.5 Stage 4: Disseminated pyrite-Au-quartz + telluride (Hg-Au) 

Stage 4 represents a high-grade gold bearing assemblage group comprised of two sub-

stages: (1) Stage 4A: disseminated pyrite-Au-quartz (i.e. containing high-grade gold), and           

(2) Stage 4B quartz-telluride (Hg-Au, Fig. 5.2.1). The highest gold grades observed to date in 

the SMD SHGD paragenesis primarily occur during Stage 4 and are typically associated with 

arsenic-rich pyritic overgrowths occurring as rims surrounding the cores of Stage 4A 

disseminated pyrite and can also to a lesser extent occur in earlier Stages 2 or 3 pyrite cores 

(Sections 5.2.5.1.1 to 5.2.5.1.4). The Stage 4 mineral assemblages is often structurally 

controlled and typically occurs in veins, fractures and brecciated zones cutting calcareous shale, 

dolomite and RDP host rocks. Fine fractures and broken zones cutting earlier Stage 2 pyrite and 

Stage 3 base metal sulphide assemblages occurring in the SMD SHGD can also be filled by 

Stage 4 mineralisation (Section 5.2.5.1). 

The lateral extent of high-grade gold mineralisation associated with the SMD SHGD is 

reported to be variable away from feeder fault zones and is also interpreted to be controlled by 

the degree of decarbonatisation of carbonate units and/or structural preparation of host rocks to 

enable the passage of ore-stage mineralising fluids (Manini et al., 2001; Smith, 2003; Smith et 

al. 2005; Leach, 2005). Smith et al. (2005) report that rheological contacts between calcareous 

shale (CSH) and RDP or CSH and dolomite are interpreted to provide potential structurally 

prepared sites for high-grade gold mineralisation to occur in the SMD SHGD. Fractured 

calcareous shale rocks belonging to the Discovery Formation and also to a lesser known extent 

the Kengkeuk Formation, host most of the currently known Stage 4 high-grade gold 

mineralisation occurring in the SMD SHGD (Manini et al., 2001; Smith et al. 2005).  

5.2.5.1 Stage 4A: Quartz-disseminated pyrite-Au (high-grade) 

The Stage 4A mineral assemblage represents the main high-grade gold stage in the 

SMD SHGD. Stage 4A is typically represented by a mineral assemblage of finely disseminated 

pyrite containing arsenic-enriched rims with associated high-grade gold occurring with quartz 

(Quartz 4A) that often forms jasperoid in pervasively silicified zones. The main host rock for 

Stage 4A mineralisation is predominantly decarbonatised calcareous shale (Fig. 5.2.11). 

However, fractures cutting earlier Stage 3 base metal veins hosted by RDP and dolomite host 

rocks have also been observed to contain Stage 4A mineralisation with high-gold grades 

detected along the rims of pyrite, as shown in the examples from the Discovery West and 

Nakachan gold deposits (Figs. 5.2.12 and 5.2.13). At least four main types of gold-bearing 

Stage 4A pyrite with arsenic enriched rims containing high concentrations of gold surrounding 

low-grade gold cores have been observed in the SMD SHGD during this study and are herein 

classified as Pyrite 4A1 to Pyrite 4A4 (Sections 5.2.5.1.1 to 5.2.5.1.4). 
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Fig. 5.2.11. Textural characteristics of Stage 4A gold bearing pyrite types Pyrite 4A1 and Pyrite 4A2 hosted in 
Discovery Formation calcareous shale (CSH) at the Nalou SHGD in Sample NLU0060300. The gold grades shown 
in this figure are reported from LA-ICPMS investigations that will be described in Chapter 6. 
(A). Photograph of drill core showing disseminated stage 4A pyrite hosted in weakly silicified calcareous shale 

(CSH). The red boxed area shown outlines the area containing gold-bearing pyrite types Pyrite 4A1 (py-4A1) 
and Pyrite 4A2 (py-4A2) that are represented in (B) and (C) respectively. 

(B). Photomicrograph of  CSH hosted Stage 4A pyrite type Pyrite 4A1 containing a spongy textured core similar to 
Pyrite 2B with a gold poor core containing 0.1 ppm Au and thin pyritic overgrowths varying in grade from 72 
to 83 ppm Au.  

(C). Photomicrograph of CSH hosted Stage 4A euhedral pyrite type Pyrite 4A2 with 20 ppm Au in the core and a 
thicker pyritic overgrowth containing 36 ppm Au along the rim.  

 
 
 

Fig. 5.2.12. Textural features of Stage 3B base metal veins with low gold grades (<1 ppm Au), in turn fractured and 
filled by Stage 4A quartz and pyrite with high gold grades (>30 ppm Au) in rhyodacite porphyry (RDP). 
(A). Photograph of RDP drill core sample DIS0561142 collected from the Discovery West gold deposit hosting 

Stage 3B veins comprised of sphalerite 3B (sp), galena 3B (gn) and pyrite (3B1). The red box outlined 
represents the area shown in (B).  

(B). Photomicrograph of a Stage 3b vein from Sample DIS0561142 using Transmitted Light (TML) and Reflected 
Light (RFL) to show Stage 3B sulphides comprising pyrite 3B1 (py 3B) inter grown with minor sphalerite 3B 
(sp) and galena 3B (gn) with quartz, cutting sericite (ser) altered RDP.  The red box in this image represents the 
area in (C) that shows the Stage 3B sulphide vein fractured and filled by a later generation of pyrite and quartz 
(Stage 4A).  

(C). Photomicrograph showing the location of low gold grades detected during LA-ICPMS analyses in the Stage 3B 
sulphides for pyrite 3B1 (i.e. 0.4 to 0.7 ppm Au in py 3B) and sphalerite 3B (i.e. 0.1 ppm Au). Fractures cutting 
Stage 3B are in turn filled by Stage 4A quartz (qtz 4A) and crushed textured pyrite with very thin pyritic 
overgrowths along the rims containing high gold grades. The red box in this image represents the area in (D) 

(D). Photomicrograph of the red boxed area outlined in (D) showing three LA-ICPMS points that identified high 
levels of gold occurring in Stage 4A pyrite 4A3 with thin pyritic overgrowths, containing between 30 to           
38 ppm Au, Sample DIS0561142 (RFL).  
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Fig. 5.2.13. Photomicrographs showing textural features of sulphide and gold-ores from the Nakachan gold Prospect 
hosted by brecciated bioclastic dolomite, comprising early Stages 3b base-metal veins, cut by fractures filled with 
high-Au bearing Stage 4A pyrite. The gold grades shown in this figure are reported from LA-ICPMS investigations 
that will be described in Chapter 6. 

(A). A early Stage 3b vein (>1 cm wide) containing crushed pyrite 3B (py 3B), sphalerite 3B (sp) and galena 3B 
(gn), inturn cut by fractures with Stage 4A pyrite (py 4A3) containing high-gold along pyrite rims and quartz 
(qtz). The red boxed area outlines the photomicrograph enlarged area shown in (B). Sample NAK0010180. 
Reflected Light (RFL). 

(B). Close-up view of the red boxed area outlined in (A) showing two LA-ICPMS points that identified high levels 
of gold occurring in Stage 4A pyrite 4A3 with thin pyritic overgrowths, containing between 82 to 150 ppm Au. 
Sample NAK0010180 (RFL). 

(C). Stage 3b vein with crushed sphalerite 3B (sp) with fractures filled by zoned Stage 4A pyrite with high gold 
levels (py 4A3) and quartz (qtz). The red boxed area outlines the photomicrograph enlarged area shown in (D). 
Sample NAK0060937 (RFL). 

(D). Close-up view of the red boxed area outlined in (C) showing three LA-ICPMS points that identified high levels 
of gold occurring in Stage 4A pyrite 4A3 with thin pyritic overgrowths, containing between 12 to 121 ppm Au. 
Sample NAK0060937 (RFL). 
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5.2.5.1.1 Pyrite 4A1 

Pyrite 4A1 characteristically has a core of spongy textured pyrite that is predominantly 

gold poor (<0.3 ppm Au). Pyritic overgrowths surround the spongy pyrite cores as thin rims 

that are generally <20 m thick. Point LA-ICPMS analyses along the pyritic rims using a <12 

um diameter laser beam detected between 72 to 90 ppm Au with elevated arsenic 

concentrations of up to 1.2 wt % As associated with gold in the rims (Figs. 5.2.11B and 

5.2.14A and B). The shape of Pyrite 4A1 varies from sub-euhedral to irregular with some 

containing embayed margins and all are generally <2000 m in diameter (Fig. 5.2.14A). The 

core zone of Pyrite 4A1 is comparatively similar in appearance to spongy textured Pyrite 2B 

that occurs in Stage 2 (Figs. 5.2.4C-D and 5.2.14A-B). Pyrite 4A1 was mostly observed in 

Discovery Formation calcareous shale at the Nalou and Discovery West deposits. 

 

 

 
Fig. 5.2.14. Photomicrographs showing textural features of Stage 4A Pyrite 4A1from the Nalou deposit containing 
gold-poor spongy textured cores and thin high-grade gold bearing pyrite overgrowths along the rims of the spongy 
cores. The gold grades shown in this figure are reported from the LA-ICPMS investigations described in Chapter 6.  
(A). Photomicrograph of Pyrite 4A1 with a characteristic spongy textured gold poor core (0.2 ppm Au) and irregular 

embayed margins that contain a thin rim of gold-enriched pyrite with 2 to 23 ppm Au. The red boxed area 
represents the area shown in (B). Nalou deposit Sample NLU0730347. Reflected Light  (RFL). 

(B). A photomicrograph zoomed in view to show the thin gold bearing thin rim outlined in (A). 
(C). Photomicrograph showing a similar type of Pyrite 4A1 in Sample NLU0730347, but showing a more 

pronounced thin pyritic overgrowth along the rim of a core of spongy pyrite (RFL).  
(D). Photomicrograph of Pyrite 4A1 that is similar to those shown in (A) and (B), but containing higher gold grades 

in the thin rims ranging from 72 to 83 ppm Au and 0.1 ppm AU in the spongy core zone. Nalou deposit Sample 
NLU0060300 (RFL). 
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5.2.5.1.2 Pyrite 4A2 

Pyrite 4A2 typically contains both euhedral cubic and hexagonal shaped crystals that 

are mostly <100 m in diameter and have pyritic overgrowths occurring as rims (<20 m thick) 

along crystal margins (Figs. 5.2.11C and 5.2.15). This pyrite type commonly occurs as 

abundant individual crystals occurring in clusters of finely disseminated pyrite with quartz 

filling fractured zones in the host rock and often occurring with quartz 4A (Figs. 5.2.15A-D). 

The cores of Pyrite 4A2 are massive and also gold poor with LA-ICPMS analyses detecting 

values of <0.7 ppm Au. The rims of Pyrite 4A2 contain very high gold concentrations ranging 

from >100 ppm Au and up to 199 ppm Au with associated elevated arsenic concentrations of 

up to 2.1 wt % As (Fig. 5.2.15). Examples of this pyrite type were observed at the Nalou and 

Discovery Colluvial gold deposits (Fig. 5.2.15).  

 

 

Fig. 5.2.15. Photomicrographs showing textural features of Stage 4A disseminated euhedral pyrite (Pyrite 4A2) with 
gold-poor massive cores and high-grade gold-bearing thick pyrite overgrowths along the rims. The gold grades 
shown in this figure are reported from the LA-ICPMS investigations described in Chapter 6. 
(A). Discovery Formation calcareous shale (CSH) cut by a thin quartz vein (qtz 4A) vein packed with euhedral and 

subhedral Pyrite 4A2 (py 4A2) with thick pyritic overgrowths. Discovery Colluvial deposit Sample 
DIS0050522. Reflected Light (RFL) and Transmitted Light (TML). 

(B). Close-up photomicrograph view of euhedral Pyrite 4A2 examples (py 4A2) showing massive pyrite cores 
surrounded by thick pyritic overgrowths. Discovery Colluvial Sample DIS0050671 (RFL). 

(C). Triangular Pyrite 4A2 crystals surrounded by thick pyritic overgrowth rims. Discovery Colluvial Sample 
DIS0050719 (RFL). 

(D). Euhedral Pyrite 4A2 hosted by calcareous shale (CSH) showing both hexagonal and cubic crystal forms with 
gold poor cores (0.2 ppm Au) and gold enriched pyritic overgrowths along the rims containing 180 to 199 ppm 
Au. Discovery West deposit Sample DIS0560681 (RFL). 
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5.2.5.1.3 Pyrite 4A3 

Pyrite 4A3 is euhedral to sub-euhedral in shape, with individual pyrite crystals 

generally <100 m in diameter and often occurring in clusters of three or more pyrite crystals. 

The main characteristic of Pyrite 4A3 are the thick pale grey - cream coloured pyritic 

overgrowths occurring as rims (<30 m wide) that appear to link clusters of this pyrite type 

(Figs. 5.2.16A-D). The cores of Pyrite 4A3 have a similar texture to the massive pyrite of 

Pyrite 3B (Figs. 5.2.16A-C). Variable gold concentrations were detected by LA-ICPM in the 

cores of Pyrite 4A3, ranging from 0.1 to 29 ppm Au that are generally lower in gold 

concentration than the pyritic overgrowths along the margins of pyritic clusters (Figs. 5.2.16A, 

B and D). High concentrations of gold were also detected in the rims of Pyrite 4A3, ranging 

from >10 to 148 ppm Au that also contained associated elevated arsenic levels of <0.36 wt % 

As (Figs. 5.2.16A, B and D). Examples of Pyrite 4A3 were mainly observed in Discovery 

Formation calcareous shale at the Discovery West and Discovery Colluvial gold deposits.  

 

 
Fig. 5.2.16. Photomicrographs showing textural features of Stage 4A euhedral Pyrite 4A3 (Py 4A3) comprising 
clusters of pyrite linked by gold-bearing pyritic overgrowths. The gold grades shown in this figure are reported from 
the LA-ICPMS investigations described in Chapter 6. 
(A). Discovery Formation calcareous shale (CSH) hosting euhedral pyrite (py 4A3) with low grade gold in the cores 

(2 ppm Au), linked by a high grade gold bearing pyritic overgrowth along rims containing 148 ppm Au. 
Discovery West deposit Sample DIS0560681. Reflected Light (RFL). 

(B). Similar to (A) clearly showing the pyritic overgrowth surrounding a cluster of Pyrite 4A3 crystals. Discovery 
West deposit Sample DIS0560681 (RFL). 

(C). A thick pale-grey pyritic overgrowth with 20 ppm Au linking a cluster of Pyrite 4A3 crystals containing gold 
poor cores (0.1 ppm Au). Sample DIS0560681 (RFL).  

(D). Pyrite 4A3 with thick rims containing 37ppm Au and cores with elevated gold (29 ppm Au) from the Discovery 
Colluvial deposit (RFL). Sample DIS0050672. 
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5.2.5.1.4 Pyrite 4A4 

Pyrite 4A4 typically shows distinct thick colloform growth bands (<100 m) 

surrounding cores of massive pyrite (Figs. 5.2.17A-D). The massive pyrite cores of Pyrite 4A4 

are generally <200 m in diameter and often occur in clusters with more than two pyrite grains 

(Figs. 5.2.17A-D). Both euhedral to sub-euhedral pyrite cores with triangular and cubic shapes 

occur in Pyrite 4A4 and are similar to those associated with Pyrite 4A3 types (Figs. 5.2.17A-

D). Very high concentrations of gold were detected during point LA-ICMPS analyses along the 

rims of Pyrite 4A4, that were generally >30 ppm Au and up to 114 ppm Au with associated 

high arsenic levels ranging from 2.2 t0 5.6 % As (Figs. 5.2.17A and C). The cores of Pyrite 

4A4 generally contained <30 ppm Au and <2 % As (Figs. 5.2.17A and C). Examples of Pyrite 

4A4 were observed mostly in silicified intervals of Discovery Formation calcareous shale at the 

Discovery -Main and -East gold deposits. 
 
 

 
Fig. 5.2.17. Photomicrographs showing textural features of Stage 4A colloform banded Pyrite 4A4 from the 
Discovery Main deposit with high-grade gold in Sample DIS0211124 hosted by Discovery Formation calcareous 
shale (CSH). The gold grades shown in this figure are reported from the LA-ICPMS studies described in Chapter 6. 
(A). Clusters of Pyrite 4A4 (py 4A4) with colloform type banded high-grade gold bearing pyritic overgrowths (143 

ppm Au) on subhedral to euhedral pyrite cores (8 ppm Au). Reflected Light (RFL). 
(B). Close-up of the red boxed area outlined in (A) showing Pyrite 4A4 with subhedral massive pyrite cores, 

surrounded by banded (colloform type) pyritic overgrowths (RFL). 
(C). Radial type pyrite with a core containing 29 ppm Au and an outer pyrite band with 68 ppm Au (RFL). 
(D). Colloform type pyrite banding along the margins of a core of massive Pyrite 4A4 (RFL).  
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5.2.5.1.5 Quartz 4A 

Quartz associated with the gold-bearing Stage 4A pyrite types Pyrite 4A1-4A4 is 

classified as Quartz 4A (Figs. 5.2.18A-D). Subhedral and equigranular crystals of clear Quartz 

4A are generally <100 mm in diameter, often occurs in microfractures, veins and breccia matrix 

fill and can also pervasively replace voids in host rocks (Figs. 5.2.18A-D). Pervasively silicified 

host rocks comprising Quartz 4A are locally called jasperoid in the SMD SHGD. Smith (2003) 

reported that jasperoid is a term used to name intensely silicified rocks in the SMD and also 

noted that dark-coloured jasperoid comprising weakly banded to massive textures reflects the 

intense silicification of the parent host rocks, in particular calcareous shale. Both mottled and 

banded dark grey jasperoid was also observed in silicified dolomite host rocks by Smith (2003). 

High grades of gold ranging from 1 to >10 g/t Au occurring in the SMD SHGD are often 

associated with jasperoid that is predominantly located along zones of intense fracturing and 

dissolution breciation, especially along the rheological contacts between calcareous shale units 

occurring above dolomite or locally in contact with rhyodacite (Smith, 2003; Leach, 2005). 
 

 
Fig. 5.2.18. Photomicrographs showing examples of Stage 4A quartz associated with Stage 4A gold-bearing pyrite. 
(A). Distribution of white-light grey Stage 4A quartz (qtz 4A) replacing brecciated dark grey Discovery Formation 

calcareous shale (CSH). Finely disseminated Stage 4A gold-bearing pyrite (py 4A) is associated with                
quartz 4A. The rock type classification of this sample is called jasperoid due to the pervasive replacement of 
CSH by Quartz 4A. Reflected Light (RFL) and Transmitted Light (TML). 

(B). Close-up of the red boxed area selected in (A) showing Quartz 4A (light grey - white) with associated Pyrite 4A 
(py 4A) replacing the groundmass of calcareous shale. Sample DIS0560551 is represented in both (A) and (B) 
and is from the Discovery West deposit (RFL). 

(C). A thin vein (< 200 m) comprised of sub-hedral equigranular Quartz 4A (qtz 4A) and zoned Pyrite 4A (py 4A) 
cutting silicified Discovery Formation calcareous shale (CSH). Sample DIS0560681 collected from the 
Discovery West deposit (RFL and TML). 

(D). A thin vein (< 100 m) dominantly comprised of gold-bearing zoned Pyrite 4A (py 4A) and Quartz 4A (qtz 
4A) cutting silicified Discovery Formation calcareous shale (CSH). Sample DIS0050522 collected from the 
Discovery Colluvial deposit (RFL). 
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5.2.5.2 Stage 4B: Hg-Au telluride-quartz 

The Stage 4B mineral assemblage was observed in gold-ore samples from the Nalou 

deposit hosted by Discovery Formation calcareous shale. Late stage Hg-Au telluride-quartz 

(Stage 4B) was observed along fine fractures (<0.5 mm) cutting both Stage 2 and Stage 4A 

minerals, using BSE imaging techniques with an Energy Dispersive Spectrometer (EDS) on the 

SEM MLA at CSL, UTAS (Figs. 5.2.19A-E). Stage 4B appears to be later than Stage 4A as it 

does not occur in some pyrite gold mineralised Stage 4A pyrite samples as shown in Fig. 

5.2.19C but can also be observed to fill late fractures cutting Stage 4A pyrite in Figure   

5.2.19D-E. Trace element mapping of Stage 2 and Stage 4A pyrite examples from the SMD 

SHGD also supports the late introduction of tellurium (Te) associated with Hg, Au occurring in 

fractures during Stage 4B that will be further explained in Chapter 6.  
 

 

 
Fig. 5.2.19. Photomicrographs showing textural features of Stage 4B (Hg-Au telluride-quartz) at the Nalou SHGD.  
(A). A scanning electron microscope (SEM) backscattered secondary electron (BSE) image of Stage 2B pyrite 

(medium grey area) with fractures filled by Hg-Au telluride (white). Sample NLU0060300. 
(B). Close-up SEM BSE image of the area outlined in the red box in (A) showing Hg-Au telluride (white) and 

quartz (dark grey) filling fractures cutting Stage 2 Pyrite 2B (py 2B). 
(C).  A SEM BSE image of Stage 4A gold bearing Pyrite 4A2 containing no Stage 4B Hg-Au telluride, indicating 

that Stage 4B is later than Stage 4A. Sample NLU0060300.  
(D). A SEM BSE image of Stage 4A gold bearing Pyrite 4A2 (medium grey) showing later stage fractures filled by 

Stage 4B Hg-Au telluride (white areas), confirming that Stage 4B is later than Stage 4A. Sample NLU0060300.  
(E).  A graph showing the SEM energy dispersive spectral (EDS) profile for the Hg-Au telluride mineral identified 

in the areas shown in photomicrograph (D). Note the green arrow in (E) points to the white area in (D) where 
Au-Hg and telluride (Te) was identified. 
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5.2.6 Stage 5: Quartz-stibnite-calcite 

Stage 5 represents a post main-gold ore mineral assemblage group that is comprised of 

at least three sub-stages, namely: (1) Stage 5A: stibnite-quartz-dolomite, (2) Stage 5B: quartz-

dolomite and; (3) Stage 5C: calcite-quartz (Fig. 5.2.1). The Stage 5 mineral assemblage 

typically occurs as vein and breccia fillings for sub-stage 5A with sub-stages 5B and 5C 

predominantly hosted by veins. All earlier mineral assemblage Stages 1 to 4B in the Sepon 

SHGD can be cut by the Stage 5 vein assemblages.  

5.2.6.1 Stage 5A: Stibnite-quartz-dolomite 

The Stage 5A mineral assemblage is composed of minor silvery-blue coloured acicular 

and elongate bladed stibnite crystals (>1mm long) intergrown with quartz and dolomite that 

were observed to occupy voids developed in sheared, crushed and brecciated intervals of 

Discovery Formation calcareous shale, in particular at the Nalou gold deposit (Fig. 5.2.20). 

Both quartz and dolomite form equigranular euhedral crystals (<0.5 mm diameter) that appear 

to mostly develop along the margins of veins or breccia clasts and grow in towards the central 

portions of the void spaces, with stibnite mostly occupying the central areas of voids (Fig. 

5.2.20). The Stage 5A mineral assemblage was observed to cut all earlier stages in the SMD 

SHGD, in particular the Stage 4 main-gold ore mineral assemblages at Nalou (Fig. 5.2.20). 

 

 
Fig. 5.2.20. Textural features associated with the Stage 5A stibnite-quartz-dolomite assemblage hosted by veins and 
in breccia fill. Nalou SHGD Sample PCNLU03002. 

(A). Photograph of a hand specimen with sub-angular clasts of black-dark grey brecciated gold-bearing Discovery 
Formation calcareous shale (CSH) and a matrix fill of stibnite (sb)-quartz-dolomite. 

(B). Photomicrograph of a close-up view of the red boxed area in (A) showing gold-bearing brecciated CSH clasts 
filled by light-brown quartz-dolomite (qtz-dol) fill with silvery network textured stibnite (sb). Reflected Light 
(RFL) and Transmitted Light (TML). 

(C). Photomicrograph showing a mix of equigranular quartz (white-light grey) and dolomite (light brown - cream) 
intergrown with stibnite (black) towards the centre of the matrix fill (TML). 
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5.2.6.2 Stage 5B: Quartz-dolomite 

The Stage 5B mineral assemblage typically comprises milky white quartz and dolomite. 

Both vein and breccia sections cutting the Stage 3 base metal assemblages at the Discovery 

Colluvial gold deposit were observed to be cut and filled by later Stage 5B quartz and dolomite 

(Figs. 5.2.21A-B). The dolomite associated with Stage 5B stained a blue colour using the 

method by Evamy (1962) indicating that it also contains iron (Fig. 5.2.21B).    

 

5.2.6.3 Stage 5C: Calcite-quartz 

The Stage 5C mineral assemblage is composed of thin calcite veins (>1 mm and < 5mm 

diameter) containing large euhedral calcite crystals (>0.5 mm diameter) exhibiting strong 

rhombic cleavage development and also minor euhedral quartz (<0.5 mm diameter) developed 

along the vein margins (Figs. 5.2.21B-C). This Stage 5C carbonate vein assemblage was 

observed to cut the Stage 3 base metal veins hosted by dolomite and RDP, in particular at the 

Nalou, Discovery West and Discovery Colluvial gold deposits (Figs. 5.2.21B-C). Carbonate 

staining using the method by Evamy (1962) produced a distinctive pink staining of the 

carbonate in these veins that have also been confirmed to be calcite during subsequent electron 

microprobe analyses (Figs. 5.2.21B-C). 

 

 

 
Fig. 5.2.21. Textural features associated with both the Stage 5B stibnite-quartz-dolomite and Stage 5C calcite-quartz 
assemblages hosted by veins and breccias at the Discovery Colluvial and Nalou deposits. 

(A). Photomicrograph showing a Stage 3B base metal vein hosted by Discovery Formation calcareous shale (CSH) 
comprised of  sphalerite (sp)-galena (gn)-pyrite (py), in turn cut by thin Stage 5B veins composed of quartz and 
dolomite in Discovery Colluvial deposit Sample DIS0010660. Reflected Light (RFL). 

(B). Photograph of carbonate stained Sample DIS0010998 from the Discovery Colluvial deposit showing Stage 3B 
pyrite (py)-galena (gn) cut by Stage 5B white quartz (qtz) and blue stained dolomite (dol), in turn cut by later 
Stage 5C calcite (cal)-quartz veins.   

(C). Photograph  showing the textural features of Stage 5C calcite (cal) - quartz (qtz) veins cutting Stage 3A veins 
with pyrite and sphalerite (py- sp) hosted by bioclastic dolomite (BDM). Sample NLU0720985, Nalou SHGD.  
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5.2.7 SMD SHGD mineral paragenesis summary 

The key findings of the SMD SHGD mineral paragenesis study are summarised below:  

 The SMD SHGD contain at least 5 main paragenetic mineral assemblages represented as 

Stages 1 to 5 that consistently occur at the Nalou and Discovery West, -Colluvial, -Main 

and -East gold deposits. The mineral assemblage stages and sub-stages identified include: 

Stage 1:     Framboidal pyrite-calcite-ferroan dolomite 

Stage 2:     Diagenetic pyrite (gold-poor; <0.3 ppm Au)-calcite  

Stage 3:     Low-grade gold-bearing base metal assemblages with 3 sub-stages: 

Stage 3A:  Subhedral pyrite-galena-sphalerite-dolomite 

Stage 3B:  Subhedral pyrite-galena-sphalerite-quartz-dolomite-sericite+Au                 

    (i.e. a low-grade sub-stage generally containing <3 ppm Au) 

Stage 3C:  Sulphosalts (Cu-Sb-As)-quartz-sericite + Au 

Stage 4:     High-grade gold-bearing pyrite-quartz assemblage with 2 sub-stages: 

Stage 4A:  Disseminated pyrite-Au-quartz  

(i.e. a high grade sub-stage with 3 to >200 ppm Au) 

Stage 4B:  Quartz-Telluride (Hg +Au) 

Stage 5:     Quartz-dolomite-calcite-stibnite (i.e. Post-Stage 4 high-grade Au) 

 The Stage 3A base metal assemblage is predominantly hosted by dolomite and is 

interpreted to be earlier than the Stage 3B base metal assemblage that cut RDP host rocks. 

Reports by Loader et al. (1999) and Leach (2005) noted observations of an early MVT-

style generation of carbonate-hosted base metal veins and also a later generation of RDP 

intrusion associated base metal veins. In this study, both the Stage 3A and 3B base metal 

veins contain similar mineralogy, but both differ in their host-rock associations. Hence, the 

exact timing of both Stage 3A and Stage 3B is relatively unknown but may be able to be 

resolved though the findings of the Pb-isotope investigations presented in Chapter 7. 

 At least four generations of gold mineralisation associated with the SMD SHGD mineral 

assemblage Stages 2 to 4B were identified during this study, commencing with:  

(a) Gold poor diagenetic pyrite (Stage 2),  

(b) Low-grade gold bearing pyrite and sphalerite occurring in base-metal veins (Stage 3B), 

(c) High-grade main-gold stage disseminated pyrite with gold enriched arsenic-abundant 

pyritic overgrowths filling fractures and voids (Stage 4A) and, 

(d) Late-stage Hg-Au telluride filling fractures cutting all sulphide stages (Stage 4B).  

 Overall, the SMD SHGD mineral assemblage Stages 1 - 5 were mainly observed to occur 

distally from the SMD Cu deposits and SMD Porphyry Cu (-Mo) deposits described in 

Sections 5.3 and 5.4 respectively.  
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5.3 SMD COPPER DEPOSIT MINERALISATION AND PARAGENESIS 

5.3.1 Introduction 

Hypogene paragenetic studies of the SMD copper deposits are herein presented and are 

primarily based on drill hole samples collected from the Khanong and Thengkham South 

deposits. The location, geological setting and preliminary mineralogy of the deposits were 

presented in Chapter 4. Due to the presence of copper-bearing skarn assemblages, the 

Discovery East gold deposit (drill holes DIS023 and DIS299) which is located adjacent to the 

Khanong copper deposit and gold-bearing quartz-sulphide samples containing chalcopyrite and 

bornite in drill holes VAT001 and VAT006 from the Phavat gold-copper deposit were also 

included in this study. Petrology and paragenesis studies were aided by the selection of gold-

bearing drill core samples from these four SMD deposits containing copper. The different types 

of hypogene sulphide minerals such as pyrite and chalcopyrite occurring in the selected 

polished thin sections and mounts contained gold grades ranging from <0.3 g/t Au to                

>2.5 g/t Au (Appendix 1.2). 

Due to the absence of visible gold in samples collected for this copper deposit study, 

the investigative approach initially involved detailed petrology of acid etched sulphides from 

copper ore zones containing gold combined with the use of LA-ICPMS as a reconnaissance 

tool to quantitatively determine where gold occurs and in which minerals. Subsequently, using 

the framework established for sulphides detected with gold, an understanding of the mineral 

assemblages associated with the various minerals hosting gold could then be placed into a 

paragenetic context as a stage. The series of skarn mineral assemblages observed during this 

study for the Khanong and Thengkham South copper deposits and Discovery East copper skarn 

zones are first presented for comparison with each other in Fig. 5.3.1 to show the common links 

and are then collectively summarised in Fig. 5.3.2. In summary, the following five main 

paragenetic mineral assemblages that are represented as skarn (SKN) Stages 1 to 5 in Fig. 5.3.2 

have been identified during this study and consistently occur at both the Khanong and 

Thengkham South copper deposits, and also the Discovery East deposit copper skarn zone: 

SKN Stage 1: Prograde garnet skarnpyroxene-biotite-potassium feldspar 

SKN Stage 2: Early retrograde base metal skarn, comprising three sub-stages: 
 Stage 2A: Chlorite-epidote 

 Stage 2B: Chlorite-quartz-calcite-sphalerite-pyriteAu 

   (i.e. a low gold grade sub-stage containing <0.4 ppm Au in pyrite) 
  Stage 2C:  Sphalerite-galena 

SKN Stage 3:    Retrograde copper skarn with: Quartz-chalcopyritebornitemolybdeniteAu  

   (i.e. a low gold grade substage with <0.9 ppm Au in chalcopyrite) 

SKN Stage 4: Late retrograde skarn with: Quartz-carbonate-pyriteAu 

   (i.e. a high gold grade sub-stage with >1 to 293 ppm Au in pyrite) 
SKN Stage 5:    Late calcite-quartz-fluorite veins. 
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Thengkham South Discovery East Khanong

Main 
Event

Sub 
Event

(Skarn Cu - Mo + Au) (Skarn Cu + Au) (Skarn Cu + Au)

(Not observed) SKN Stage 5B: Dol (VN) (Not observed)

SKN Stage 5A: Cal (VN) SKN Stage 5A: Cal (VN) SKN Stage 5A: Cal-Qtz-Fl (VN)

SKN 
Stage    

4

SKN Stage 4: Pyrite (PY - SKN2) - 
Qtz-2 (Late VN fill in CPY-1)            
(high-grade >1 to 293 ppm Au          
in Py-SKN2 at VAT)

SKN Stage 4: Pyrite (PY - SKN2) - 
Qtz-2 (Late VN fill in CPY-1)            
(high-grade >1 to 41 ppm Au           
in Py-SKN2 at DSE)

(Not observed)

SKN 
Stage    

3

SKN Stage 3: Qtz - Cpy (CPY-1)      
-Bn-Mo-Hem (Retrograde VN)          
(Au in CPY-1 unknown)

SKN Stage 3: Qtz - Cpy (CPY-1)     
+ Au (Retrograde VN)                      
(<0.1 - 0.4 ppm Au in CPY-1)

SKN Stage 3: Qtz - Cpy (CPY-1)      
- Mo + Au (Retrograde VN)               
(<0.2 - 0.9 ppm Au in CPY-1)

SKN 
Stage    

2C
(Not observed) (Not observed)

SKN Stage 2C: Sp - Gn 
(Retrograde VN)

SKN 
Stage    

2B

SKN Stage 2B: Chl - Epi                  
- Qtz - Pyrite (Py-SKN1)                
(Retrograde VN)                               
(Au unknown)

SKN Stage 2B: Qtz - pyrite              
(Py-SKN1)                             
(Retrograde VN)                               
(<0.1 ppm Au in Pyrite SKN1)

SKN Stage 2B: Chl - Epi - Qtz - 
Pyrite (Py-SKN1) - Sp - Cal               
(Retrograde VN)                                
(<0.4 ppm Au in Pyrite SKN1)

SKN 
Stage    

2A

SKN Stage 2A: Chl - Epi 
(Retrograde RPL)

(Not observed)
SKN Stage 2A: Chl - Epi 
(Retrograde RPL)

SKN 
Stage    

1

SKN Stage 1; Prograde stage:     
(a) garnet skarn alteration (RPL in 
carbonate rocks) and (b) diopside 
and biotite alteration in non-
calcareous rocks

SKN Stage 1; Prograde garnet 
skarn alteration (RPL)

SKN Stage 1; Prograde garnet 
skarn alteration (RPL)

SKN 
Stage    

5

Deposit

E
A
R
L
Y

L
A
T
E

 
Fig. 5.3.1. A combined SMD hypogene mineral paragenesis chart for SKN Stages 1 to 5. This chart groups together 
the mineral paragenesis observed from the Thengkham South copper deposit, the Discovery East  gold deposit 
containing copper skarn zones, and the Khanong copper deposit. The aim of this chart is to demonstrate the common 
SKN mineral assemblage parageneses observed between these three deposits containing copper and gold, using the 
LA-ICPMS detection of gold in sulphides as a key guide to indicate the paragenetic links. The combined SMD 
paragenetic  sequence comprises at least five stages, commencing with the interpreted oldest with SKN Stage 1 and 
the youngest represented by SKN Stage 5. The blue text represents mineral assemblages observed to contain gold 
hosted by sulphides. The dashed blue arrows represent the interpreted paragenetic links between deposits. 
Abbreviations used: DSE = Discovery East deposit, Vat = Phavat deposit, RPL = replacement, VN = vein fill,          
SKN = skarn, Au = gold, Bn = bornite, Cal = calcite, Chl = chlorite, Cpy = chalcopyrite, Cu = copper,                     
Dol = dolomite, Epi = epidote, Hem = hematite,  Mo = molybdenite, Py = pyrite, Qtz = quartz, Ser = sericite,            
Sp = sphalerite. 
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Sulphide minerals that are consistently present in the hypogene zones of the SMD 

Khanong and Thengkham South copper deposits and also the Discovery East deposit copper 

skarn zones include: (a) early base metal veins with pyrite, sphalerite and minor galena                

(b) chalcopyrite and trace bornite in fractures and veins, and (c) late stage arsenic-rich pyrite 

filling fractures in earlier sulphides. Gangue minerals occurring in these three deposits mainly 

include garnet, epidote, chlorite, sericite, quartz, calcite and minor dolomite. Similar sulphide 

minerals observed in the Phavat gold-copper deposit include (a) chalcopyrite and bornite in 

veins, and (b) late stage arsenic-rich pyrite filling fractures in earlier sulphides. 

During paragenetic investigations in this study, the presence of at least two low-grade 

generations of gold mineralisation were detected in the SMD Khanong and Thengkham South 

copper deposits and the Discovery East deposit copper skarn zones commencing with: (a) gold-

poor early retrograde skarn (i.e. SKN Stage 2) with euhedral pyrite (Py-SKN1) containing   

<0.4 ppm Au and minor sphalerite in veins, and (b) low-grade gold-bearing retrograde skarn 

(SKN Stage 3) veins with chalcopyrite containing inclusions of gold ranging from 0.1– 0.9 ppm 

Au. A third generation of gold mineralisation was also observed, mostly in the copper skarn 

zones of the Discovery East and Phavat deposits where chalcopyrite occurring in the retrograde 

SKN Stages 2 and 3. These stages were again cut by a late retrograde SKN Stage 4 arsenic-rich 

pyrite (Py-SKN2) containing high gold grades ranging from 1–293 ppm Au. The sub-sections 

to follow describe the mineral assemblages for SKN Stages 1 to 5 represented in Fig. 5.3.2. 

 
 

SKN Stage: 1 2 3 4 5

SKN Event: Prograde Retrograde Retrograde (Cu) Retrograde Post

Gold Stage Pre Au Low Au Low Au High Au Post Au

MINERAL

Garnet RPL

Pyroxcene RPL

Biotite RPL

Potassium Feldspar VN

Chlorite RPL & VN

Epidote RPL & VN

Dolomite VN

Calcite VN FR & VN VN

Fluorite VN

Quartz VN FR & VN FR & VN VN

Gold (associated with sulphides) INCL (PY-SKN1) INCL (CPY) (PY-SKN2)

Pyrite (Py-SKN1) VN

Pyrite (Py-SKN2) FR & VN

Sphalerite VN

Galena VN

Chalcopyrite FR & VN

Bornite FR & VN

Molybdenite FR & VN

 
Fig. 5.3.2. Summary of the hypogene mineral assemblages and paragenesis for SKN Stages 1 to 5 present in the 
SMD copper deposits, based on observations from the Khanong, Thengkham South, Discovery East and Phavat 
deposits. Black filled Stage sections represent major minerals observed and grey spotted Stage sections represent 
minor minerals. Abbreviations: FR = Fracture fill, INCL = Gold occurs as inclusions in sulphide host mineral,            
RPL = Replacement of the host rock, SKN = Skarn, VN = Vein  
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5.3.2 SKN Stage 1: Prograde skarn 

Prograde skarn minerals observed in the Khanong, Thengkham South and Discovery 

East deposits comprise (a) major orange-pink garnet and minor light green pyroxene 

replacement of carbonate rocks, (b) strong biotite alteration of silt and claystone rocks, and (c) 

light red-brown potassium (K)-feldspar alteration along quartz-vein margins in RDP rocks 

(Smith, 2004). Garnet is one of the main earliest prograde skarn alteration minerals in the SMD 

copper deposits and is classified into SKN Stage 1 which also includes associated pyroxene, 

biotite and K-feldspar (Fig. 5.3.2). Microprobe analyses and BSE imaging across individual 

garnet grains from SKN Stage 1 altered zones at the Khanong, Thengkham South and 

Discovery East deposits was conducted at CSL, UTAS during this study, confirming the 

presence of zoned andradite garnet that will be discussed in Section 5.5.  Zoned SKN   Stage 1 

euhedral garnets vary in size from finer grained (<200m diameter) cumulations replacing 

carbonate host rocks through to coarse-grained (>1cm) aggregates that can also occur in host 

rock fractures (Fig. 5.3.3). No sulphides are known to be associated with SKN Stage 1. 

 
 

 
Fig. 5.3.3. Textural features of SKN Stage 1 prograde garnet skarn in DDH TKM035, Thengkham South deposit. 

(A). Photograph of SKN Stage 1 pink garnet (gar) and light-green pyroxene (px) overprinted by dark-green chlorite 
and epidote (SKN Stage 2A chl + epi) and cut by late veins (SKN Stage 2B Py-SKN1). Drill core sample 
TKM0350564 from hole TKM035 @ 56.4m depth. 

(B). Photomicrograph of the red boxed area outlined in (A) showing clusters of sub-hedral light brown andradite 
garnet (gar) and matrix fill of white calcite. Transmitted Light (TML).  

(C). A close up photomicrograph view showing the zonation of the garnets (gar) in (B). Transmitted Light (TML).  

(D). A BSE SEM photomicrograph image of the red boxed area outlined in (C) showing zonation present in the 
hexagonal shaped sub-hedral andradite garnets (gar) in a matrix of calcite (cal). 



Chapter 5 – Mineralisation, Textures and Paragenesis 

 
173

 

 
Fig. 5.3.4. Textual features of SKN Stage 1 garnet skarn from the Khanong and Discovery East deposits. 

(A). Photograph of drill core showing light grey-cream coloured SKN Stage 1 garnet (gar) over printed by SKN 
Stage 2A chlorite (chl) and epidote (epi), in turn cut by SKN Stage 2B veins with quartz (qtz)-calcite (cal)- 
chlorite (chl)-pyrite (py)-sphalerite (sp). The outlined red box area shows the location of the photomicrograph 
in (B). Sample KHN4090917 from hole KHN409 @ 91.7 m depth, Khanong copper deposit. 

(B). Photomicrograph of a thin section showing a framework of fractured SKN Stage 1 euhedral garnets (gar) 
surrounded by SKN Stage 2B calcite (cal) and quartz (qtz). Sample KHN4090917. Transmitted Light (TML). 

(C). A SEM photomicrograph BSE image of a thin section showing fractured SKN Stage 1 euhedral garnets (gar) 
that exhibit growth zoning and in turn are surrounded by a matrix of SKN Stage 2B calcite (cal) and quartz 
(qtz). Traces of SKN Stage 2B chalcopyrite (cpy) are shown as white patches filling late stage fractures cutting 
SKN Stage 1 garnet. Sample KHN4090917. 

(D). SEM photomicrograph BSE image of a thin section showing fractured SKN Stage 1 euhedral garnets (gar) that 
exhibit growth zoning and in turn are surrounded by a matrix of SKN Stage 2B calcite (cal) and quartz (qtz). 
Minor chalcopyrite (cpy) shown as white patches fill late stage fractures in garnet. Sample KHN4090958 in 
drill hole KHN409 @ 95.8m depth from the Khanong copper deposit. 

(E). Photograph of drill core showing SKN Stage 1 prograde garnet (gar, pink) overprinted by SKN Stage 2B quartz 
(qtz)-calcite (cal)- chlorite (chl)- pyrite (py)- sphalerite (sp) and in turn, cut by thin milky white calcite veins. 
The outlined red box area represents the location of the photomicrograph in (F). Sample DIS0231303 from hole 
DIS023 @ 130.3m depth, Discovery East deposit. 

(F). SEM photomicrograph BSE image of a thin section showing fractured SKN Stage 1 zoned euhedral garnet 
(gar), inturn filled by minor chalcopyrite (cpy, white areas). Sample DIS0231303. 
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5.3.3 SKN Stage 2: Retrograde chlorite-epidote-pyrite-sphalerite-carbonate-quartz skarn  

The SKN Stage 2 represents low-grade gold-bearing base metal dominant group of 

retrograde skarn assemblages with early generations replacing host rocks and the later 

generations occurring mostly in veins and as matrix fill in fault zones cutting dolomite or 

siltstone rocks. This stage consists of at least three sub-stages: (a) SKN Stage 2A: chlorite-

epidote overprinting host rock minerals (b) SKN Stage 2B: pyrite-sphalerite-quartz-calcite-

chloriteAu occurring in veins, and (c) SKN Stage 3C: sphalerite-galena filling fractures (Figs. 

5.3.2 and 5.3.5-5.3.7). No copper-bearing minerals were observed in the SKN Stage 2 sub-

assemblages. However, low-gold grades of up to 0.4 ppm Au were detected as inclusions in 

SKN Stage 2B pyrite (Py-SKN1) during LA-ICPMS studies that will be discussed in Chapter 6. 

The mineral assemblages for SKN Stages 2A to 2C are herein described.  

5.3.3.1 SKN Stage 2A 

The SKN Stage 2A sub-assemblage mainly occurs in skarn altered carbonate host rocks 

and is composed of chlorite-epidote. Both chlorite and minor epidote were only observed 

overprinting SKN Stage 1 prograde garnet skarn at both the Khanong and Thengkham South 

deposits (Figs. 5.3.5A-C).  

 

 
Fig. 5.3.5 Photographs showing textural features of the SKN Stage 2A mineral assemblage in drill core from the 
Khanong, Thengkham South and Discovery East deposits. 
(A). Photograph of drill core with pink SKN Stage 1 garnet (gar) overprinted by SKN Stage 2A chlorite and epidote 

(chl + epi), inturn cut by thin SKN Stage 2B veins comprising pyrite (Py-SKN1)-sphalerite-quartz-calcite-
chloriteAu. Sample KHN0131050 from DDH KHN013 @ 105m depth, Khanong deposit. 

(B). Photograph showing intense SKN Stage 2A chlorite-epidote alteration (chl+epi) of siltstone. SKN Stage 2B 
veins with pyrite (Py-SKN1)-sphalerite-quartz-calcite-chloriteAu cut SKN Stage 2A. Sample KHN4090719 
from DDH KHN409 @ 71.9m depth, Khanong deposit. 

(C). Photograph of drill core showing dark-green SKN Stage 2A chlorite (chl) and epidote (epi) overprinting Stage 
1 pink-orange garnet (gar) and light-green pyroxene (px). Sample TKM0350564 from DDH TMK035 @ 56.4 
m depth, Thengkham South copper deposit. 
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5.3.3.2 SKN Stage 2B 

The SKN Stage 2B is a low-grade gold-bearing retrograde sub-assemblage that is 

composed of pyrite-sphalerite-quartz-calcite-chloriteAu and hosted by irregular shaped veins 

(<5 cm wide) or occurs as a pyrite dominant semi-massive sulphide fill along fault zones (>10 

cm wide). Examples of the SKN Stage 2B assemblage were observed cutting SKN Stage 1 in 

the Thengkham South (DDH TKM035 and TKM047) and also the Khanong deposit (DDH 

KHN013 and KHN409) (Figs. 5.3.5A and 5.3.6). The main characteristics of the SKN Stage 2B 

sulphide minerals include euhedral pyrite (<1 mm to >5 mm) with sub-rounded margins and 

spongy textured cores, herein classified as Py-SKN1. Minor dark-brown resinous sphalerite is 

often intergrown with Py-SKN1 along veins and also forms semi-massive sulphide intervals in 

breccia and fault zones (Figs. 5.3.6-5.3.7). Low-gold grades of up to 0.4 ppm Au were detected 

in LA-ICPMS analyses as inclusions in Py-SKN1 from the Khanong, Thengkham South, 

Discovery East and Phavat deposits (Fig. 5.3.7). The remainder of this assemblage comprises 

tan-coloured calcite intergrown with euhedral quartz that fills voids between a framework of 

sulphides and minor dark-green chlorite that mainly occurs along vein margins (Fig. 5.3.6). 
 

 
Fig. 5.3.6. Photographs showing textural features of the SKN Stage 2B mineral assemblage overprinting the SKN        
Stage 1 and SKN Stage 2A assemblages from the Khanong, Thengkham South deposits. 

(A). Photograph of drill core with pink SKN Stage 1 garnet (gar) and light green pyroxene (px) cut by thin (<5mm 
wide) SKN Stage 2B veins comprising pyrite (Py-SKN1)-sphalerite-quartz-calcite-chlorite (vein margins). 
Sample TKM0350551 from DDH TKM035 @ 55.1m depth, Thengkham South deposit. 

(B). Photograph of a milky white quartz dominant SKN Stage 2B vein comprising dark-yellow pyrite (Py-SKN1) 
with associated sphalerite-calcite-chlorite cutting dark red-brown SKN Stage 1 garnet skarn. Sample 
TKM0470923 from DDH TKM047 @ 92.3m depth, Thengkham South deposit. 

(C). Photograph of drill core with SKN Stage 2B semi-massive sulphide mostly comprising pyrite (Py-SKN1), 
including minor dark-brown sphalerite (sp) and white quartz-calcite cutting SKN Sage 2A chlorite and epidote 
(chl + epi). Sample KHN0131124 from DDH KHN013 @ 112.4m depth, Khanong deposit. 

(D). Photograph of SKN Stage 2B semi-massive sulphide predominantly comprising coarse grained pyrite                 
(Py-SKN1) and white quartz-calcite cutting marble after limestone. Sample KHN4090598 from hole KHN409 
@ 59.8m depth, Khanong deposit. 
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5.3.3.3 SKN Stage 2C 

SKN Stage 2C is a minor retrograde sub-assemblage comprising minor resinous dark-

brown sphalerite intergrown with traces of galena. This assemblage mainly occurs along the 

central sections of veins filling fractures in SKN Stage 2B Py-SKN1 (Fig. 5.3.7). No gold was 

detected in SKN Stage 2C sphalerite or galena during LA-ICPMS analyses.  

 

 

 

Fig. 5.3.7. Textural features of SKN Stage 2B sulphides from the Khanong copper deposit. 
(A). Photograph of drill core with SKN Stage 2B semi-massive sulphide mostly comprising pyrite (Py-SKN1) with 

minor dark-brown sphalerite (sp) and white quartz-calcite (qtz-cal). Sample KHN0131168 from DDH KHN013 
@ 116.8m depth. 

(B). Photomicrograph of a polished thin section comprising SKN Stage 2B dark-brown sphalerite (sp) and pyrite 
(Py-SKN1) cut by fractures filled with SKN Stage 3 quartz (qtz). Reflected light used (RFL). Sample 
KHN0131168 

(C). A close up photomicrograph of a polished thin section comprising SKN Stage 2B dark-brown sphalerite (sp) 
and pyrite (Py-SKN1) cut by fractures filled with SKN Stage 3 quartz (qtz). Reflected light used (RFL). Sample 
KHN0131168 

(D).  Transmitted light photomicrograph showing growth band zonation occurring in SKN Stage 2B sphalerite (sp) 
occurring in Sample KHN0131168.  
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5.3.4 SKN Stage 3: Retrograde quartz-chalcopyritebornitemolybdeniteAu skarn 

The SKN Stage 3 represents a low-grade gold-bearing retrograde copper skarn stage 

with a mineral assemblage hosted predominantly by fractures and veins comprising quartz-

chalcopyritebornitemolybdeniteAu (Figs. 5.3.2 and 5.3.8). The first appearance of copper 

bearing sulphides in the SMD copper deposits was observed to be mainly associated with the 

SKN Stage 3 mineral assemblage that cuts earlier generations of SKN Stage 1 and 2 veins and 

semi-massive sulphide zones at the Khanong, Thengkham South, Discovery East and Phavat 

deposits (Fig. 5.3.8). The SKN Stage 3 is characterised by chalcopyrite and minor quartz that 

was observed to fill fractures cutting SKN Stage 2B pyrite (i.e. Py-SKN1) and also along 

fractures cutting and rimming SKN Stage 1 garnets as shown in Fig. 5.3.8A-C. Gold inclusions 

containing <0.9ppm Au were detected in SKN Stage 3 chalcopyrite from the Khanong deposit 

during LA-ICMPS investigations for this study (Figs. 5.3.8A-C and 5.3.9A-C). Minor bornite 

was also observed to be intergrown with SKN Stage 3 chalcopyrite at the Thengkham South 

copper deposit and Phavat gold-copper prospect (Fig. 5.3.8D). Although molybdenite was not 

observed with the SKN Stage 1 to 5 mineral assemblages during this study, it cannot be ruled 

out. APS (2004) reported traces of molybdenite occurring with chalcopyrite at the Thengkham 

South copper deposit.  
 

 
Fig. 5.3.8. Photomicrographs showing the textural features of SKN Stage 3 sulphides, SMD Cu deposits. 
(A). Fractured sub-hedral SKN Stage 2B pyrite (Py-SKN1) filled by SKN Stage 3 chalcopyrite (cpy). Sample 

KHN4090719 (DDH KHN409 @ 71.9m depth), Khanong deposit. Transmitted Light (TML) 
(B). Mosaic fractured pale-grey SKN Stage 2B pyrite (Py-SKN1) filled by SKN Stage 3 chalcopyrite (cpy). Sample 

TKM0050412 (DDH TKM005 @ 41.2m depth), Thengkham South deposit. TML.. 
(C). A BSE SEM image showing zonation present in a SKN Stage 1 hexagonal shaped andradite garnet (gar) with 

SKN Stage 3 chalcopyrite (cpy) filling fractures and garnet rims (white). Sample TKM0050412 (DDH 
TKM005 @ 41.2m depth, also the same sample as in B), Thengkham South deposit. 

(D). Intergrown SKN Stage 3 chalcopyrite (cpy) and bornite (bn) overprinted by SKN Stage 4 pyrite (Py-SKN2). 
Sample VAT0061464 (DDH VAT006 @ 146.4m), Thengkham South deposit. TML. 
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5.3.5 SKN Stage 4: Late retrograde pyrite-quartz-calcite-Au skarn  

A late retrograde skarn high-grade gold-bearing mineral assemblage with thin veins 

(<1cm wide) comprising pyrite-quartz-calcite-Au represents SKN Stage 4. The earlier SKN 

Stage 1 to 3 assemblages were observed to be cut by SKN Stage 4, mainly in the Discovery 

East deposit copper skarn zones and also the SKN Stage 3 assemblage at the Phavat deposit. 

Etching of pyrite from the SKN Stage 4 mineral assemblage with 70% nitric acid during 

petrology investigations revealed a grey to dark grey pyrite herein classified as Py-SKN2 that 

etched deeply to show rough patchy textured clusters of irregular shaped fine-grained pyrite 

and also pyrite overgrowths on earlier pyrite cores (Fig. 5.3.9). The texture of Py-SKN2 

observed at both the Discovery East and Phavat deposits is similar (Fig. 5.3.9). Fractures 

cutting both the SKN Stage 2 pyrite (Py-SKN1) and SKN Stage 3 chalcopyrite and bornite 

were observed to be filled by SKN Stage 4 pyrite (Py-SKN2) and minor quartz and calcite (Fig. 

5.3.9). High-gold grades ranging from 1 to 41 ppm Au and up to 293 ppm Au were detected 

during LA-ICPMS analyses along the margins of Py-SKN2 from the Discovery East and 

Phavat deposits with the cores of Py-SKN2 containing <1 ppm Au (Fig. 5.3.9). Pyrite                 

Py-SKN 2 represents the third generation of gold-bearing sulphides associated with the SMD 

copper deposits identified during this study that will be discussed further in Chapter 6. 

 
  

 
Fig. 5.3.9. Photomicrographs showing the textural characteristics of SKN Stage 4 gold-bearing pyrite (Py-SKN2) 
combined with LA-ICPMS results for gold at the Discovery East and Phavat deposits. 

(A). Fractured white sub-hedral SKN Stage 2B pyrite (Py-SKN1) filled by yellow SKN Stage 3 chalcopyrite (cpy) 
with fractures filled by grey SKN Stage 4 pyrite (Py-SKN2) containing up to 4 ppm Au. Sample DIS0231960 
(DDH DIS023 @ 196m), Discovery East deposit. Transmitted Light (TML). 

(B). SKN Stage 4 quartz (qtz) and sub-hedral clusters pyrite (Py-SKN2) containing up to 41 ppm Au. Sample 
DIS2991021 (DDH DIS299 @ 102.1m), Discovery East deposit. TML. 

(C). SKN Stage 3 chalcopyrite (cpy) and bornite (bn) cut by SKN Stage 4 pyrite (Py-SKN2) with up to 41 ppm Au. 
Sample VAT0061464 (DDH VAT006 @ 146.4m), Phavat Prospect. TML. 

(D). A cluster of SKN Stage 4 pyrite (Py-SKN2) containing up to 293 ppm Au in a matrix of SKN Stage 4 quartz 
(qtz) and calcite (cal). Sample VAT0061464 (DDH VAT006 @ 146.4m, the same sample as shown in C). 
Phavat Prospect. TML. 
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5.3.6 SKN Stage 5: Calcite-quartz-fluorite  

SKN Stage 5 represents a late stage mineral assemblage of calcite-quartz-fluorite that 

consists of at least two sub-assemblages hosted predominantly by thin veins comprising:          

(a) Stage 5A: calcite-quartz and (b) Stage 5B: calcite-fluorite (Fig. 5.3.10). The SKN Stage 5A 

assemblage is characterised by pink calcite with minor quartz occurring in veins ranging from 

<1mm and >5 mm wide. SKN Stage 5A was observed to cut both prograde SKN Stage 1 and 

retrograde SKN Stage 2 to 4 assemblages at the Thengkham South deposit (Figs. 5.3.10A-B). 

SKN Stage 5B is rarely observed and is hosted by minor veins (<5mm wide) 

containing mostly white calcite with traces of euhedral rhombic-shaped purple fluorite             

(Figs. 5.3.10C-D). Fluorite was only observed in the Khanong copper deposit in DDH KHN179 

(Figs. 5.3.10D). No gold grades are known for SKN Stage 5 due to the absence of sulphides to 

be able to test for the presence of gold and associated trace elements using the LA-ICPMS 

method.   
 
 
 
 

 
Fig. 5.3.10. Photographs showing textural features of SKN Stage 5 veins in the SMD copper deposits. 

(A). Pink-light brown SKN Stage 1 garnet skarn (gar) cut by SKN Stage 2B pyrite-quartz-calcite-chlorite-veins, 
inturn cut by late SKN Stage 5A white-pink calcite-quartz veins. Sample TKM0350675 from DDH TKM035 @ 
67.5m depth, Thengkham South deposit. 

(B). A close up photograph of  light brown SKN Stage 1 garnet skarn (gar) cut by SKN Stage 2B pyrite-quartz-
calcite-chlorite-veins (green), inturn cut by late SKN Stage 5A pink-white calcite-quartz veins. Sample 
TKM0350643 from DDH TKM035 @ 64.3m depth, Thengkham South deposit. 

(C). Photograph of semi-massive sulphide composed of SKN Stage 2B pyrite (Py-SKN1) and quartz cut by late 
SKN Stage 5B calcite (white) veins with traces of fluorite (purple). Sample KHN1790855 from hole KHN179 
@ 85.5m depth, Khanong deposit. 

(D). Photomicrograph showing SKN Stage 5 fluorite (purple) from the red boxed area outlined in (C).  
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5.3.7 SMD copper deposits mineral paragenesis summary 

The main observations from the SMD copper deposits mineral paragenesis study are 

summarised below:  

 The SMD copper deposits contain at least five main paragenetic mineral assemblages, 

represented as skarn (SKN) Stages 1 to 5 which occur at both the Khanong and Thengkham 

South copper deposits and also in the Discovery East deposit copper skarn zones: 

SKN Stage 1: Prograde garnet skarnpyroxene-biotite-potassium feldspar 

SKN Stage 2: Early retrograde base metal skarn, comprising three sub-stages: 
 Stage 2A: Chlorite-epidote 

 Stage 2B: Chlorite-quartz-calcite-sphalerite-pyriteAu 

     (i.e. a low gold grade sub-stage containing <0.4 ppm Au in pyrite) 
Stage 2C:  Sphalerite-galena 

SKN Stage 3: Retrograde copper skarn with: Quartz-chalcopyritebornite 

molybdeniteAu 
      (i.e. a low gold grade substage with <0.9 ppm Au in chalcopyrite) 

SKN Stage 4: Late retrograde skarn with: Quartz-carbonate-pyriteAu 

 (i.e. a high gold grade sub-stage with >1 to 293 ppm Au in pyrite) 
SKN Stage 5:     Late calcite-quartz-fluorite veins 

 Sulphide minerals present in the SMD copper deposits hypogene zones include: (a) early 

base metal veins with pyrite, sphalerite and minor galena (b) chalcopyrite and trace bornite 

in veins, and (c) late stage arsenic-rich pyrite filling fractures in sulphides. Gangue minerals 

are mainly garnet, epidote, chlorite, sericite, quartz, calcite and dolomite.  

 The presence of at least two low-grade generations of gold mineralisation were detected in 

the SMD Khanong and Thengkham South copper deposits and the Discovery East deposit 

copper skarn zones commencing with:  

(a) Gold-poor early retrograde skarn (i.e. SKN Stage 2) with euhedral pyrite (Py-SKN1) 

containing <0.4 ppm Au,  

(b) Low-grade gold-bearing retrograde skarn (SKN Stage 3) veins with chalcopyrite 

containing inclusions of gold ranging from 0.1 – 0.9 ppm Au.  

 A third generation of gold mineralisation was also observed, mostly in the Discovery East 

deposit and Phavat deposit copper skarn zones where chalcopyrite occurring in the 

retrograde SKN Stages 2 and 3 were cut by a late retrograde SKN Stage 4 arsenic-rich 

pyrite (Py-SKN2) containing high-grades of gold ranging from 1 – 293 ppm Au.  

 In summary, the SMD copper deposits SKN Stages 1 - 5 represent skarn mineral 

assemblages that occur proximal to the main RDP intrusions, in particular the Khanong and 

Discovery East deposits are located adjacent to the Padan RDP intrusion in the eastern SMD 

sector and the Thengkham South and Phavat deposits are located adjacent to the main 

Thengkham RDP intrusion in the central SMD sector (Chapter 4, Section 4.3).  
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5.4 SMD PORPHYRY MINERALISATION AND PARAGENESIS 

5.4.1 Introduction 

Hypogene paragenetic studies of the SMD porphyry style mineralisation hosted by 

rhyodacite porphyry intrusions (RDP) is based on three drill holes that were available for this 

study, namely TKM022 from the Thengkham South Cu deposit and PDN001 and PDN002 

from the Padan Cu-Mo Prospect. The location, geological setting and preliminary mineralogy 

of the Thengkham South deposit and Padan Prospect were previously introduced in Chapter 4. 

Paragenetic studies were aided by the investigation of sulphide minerals such as pyrite, 

chalcopyrite and molybdenite occurring in polished thin sections and mounts prepared from the 

samples collected from these three drill holes. PIMA spectral analyses were conducted to assist 

the determination of the alteration minerals. Gold grades reported for drill holes PDN001 and 

PDN002 were poor and generally <0.06 ppm Au and both holes only contained low copper 

tenor ranging from <0.11 % Cu and up to 0.48 % Cu (LXML, 1995, LXML, 1999). Weak 

molybdenite mineralisation is occurring throughout both of the Padan Prospect holes varied in 

grade from >5 ppm Mo up to 1020 ppm Mo (LXML, 1995, LXML, 1999). The gold grades 

reported for TKM022 were also poor with <0.1 ppm Au, but contained copper tenor ranging 

from >0.02 % Cu and up to 3.48 % Cu (LXML, 1998). Molybdenite grades were also weak in 

TKM002 and varied from >5 ppm Mo and up to 656 ppm Mo (LXML, 1998). 

Due to the absence of visible gold in samples collected for this petrological study, the 

approach initially involved microscopic and textural investigations of acid etched sulphides 

from copper mineralised zones combined with the use of LA-ICPMS as a reconnaissance tool 

to quantitatively determine if gold occurs and in which minerals. Preliminary drill core logging 

observations of the Padan and Thengkham South mineral assemblages presented in Chapter 4 

are also used in this section as the framework to help constrain the paragenesis of sulphide 

samples collected from both of these deposits containing pyrite, chalcopyrite and molybdenite. 

In summary, at least four main paragenetic mineral assemblages hosted by RDP rocks 

consistently occur at both the Thengkham South copper deposit and Padan Prospect and are 

herein represented as porphyry (Porphyry) Stages 1 to 4 (Fig. 5.4.1): 
 

Porphyry Stage 1: Potassium feldspar (K-spar) alteration of RDP 

Porphyry Stage 2: Sericite-chlorite alteration overprints altered RDP  

Porphyry Stage 3: Retrograde infiltration veins cut altered RDP (4 sub-stages): 

 Porphyry Stage 3A: Early quartz veins with K-spar alteration along vein margins, 

 Porphyry Stage 3B: Quartz-euhedral pyrite veins, 

  Porphyry Stage 3C: Quartz-chlorite-epidote-molybdenite-chalcopyrite-hematite 

 Porphyry Stage 3D: Late quartz-carbonate-veins, and 

Porphyry Stage 4: Massive quartz veins 
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Sulphide minerals that are present in the porphyry type zones at both the Padan Cu-Mo 

Prospect and the Thengkham South copper deposit include: (a) early minor euhedral pyrite in 

Porphyry Stage 3B and (b) later chalcopyrite and molybdenite in Porphyry Stage 3C. Gangue 

minerals mainly include quartz, potassium feldspar, sericite, minor chlorite, epidote, calcite and 

hematite (Fig. 5.4.1). During paragenetic investigations it was difficult to confirm the presence 

of gold associated with the Porphyry Stage 3B and 3C sulphides. A total of 20 LA-ICPMS 

points tested both Porphyry Stage 3B pyrite (Py-3B) and Porphyry Stage 3C chalcopyrite (Cpy-

3C) from DDH PDN002 with 17 out of the 20 analyses resulting in below detection limit for 

gold. Only one LA-ICPMS point indicated a trace of low-grade gold in Py-3B containing 0.13 

ppm Au and two LA-ICPMS points on Cpy-3C also contained very low-grade gold varying 

from 0.02 to 0.06 ppm Au (Section 5.4.4). Overall, there are only some indications of very-low 

grade gold present in the Porphyry Stage 3B and 3C sulphides. The sub-sections to follow 

describe in turn the mineral assemblages for Porphyry Stages 1 to 4 represented in Fig. 5.4.1. 
 
 
 
 
 

Porphyry Stage: 1 2 4

Copper Stage: Pre Cu Pre Cu 3A 3B 3C 3D Post Cu

MINERAL

Potassium Feldspar RPL VN

Sericite RPL

Chlorite RPL VN

Calcite VN

Quartz VN VN VN VN VN

Gold (in sulphides) PY-4B1 Cpy-4B2

Pyrite (Py-4B1) VN

Chalcopyrite (Cpy-4B2) VN

Molybdenite VN

Hematite VN

3

 

Fig. 5.4.1. Paragenetic diagram showing the Porphyry Stages 1to 4 established for the SMD Porphyry style Cu-Mo 
mineralisation based on observations from Padan Prospect (DDH PDN001 and PDN002) and Thengkham South 
(DDH TKM002). Black filled Stage sections represent major minerals observed, grey spotted Stage sections 
represent minor minerals and yellow Stage sections show the minerals in which gold was detected. Abbreviations: 
RPL = Replacement of the host rock, VN = Vein.  
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5.4.2 Porphyry Stage 1: Potassium feldspar 

At least two porphyry style mineral phases can be observed to alter RDP intrusion host 

rocks prior to the emplacement of sulphide-bearing veins at both the Padan Prospect and 

Thengkham South deposit, namely (a) Porphyry Stage 1 potassium feldspar (K-spar) alteration 

and (b) Porphyry Stage 2 sericite-chlorite alteration. Porphyry Stage 1 is characterised by the 

alteration of RDP framework minerals, consisting of (a) potassium feldspar alteration of 

elongate sub-hedral rectangular shaped plagioclase feldspar phenocrysts and (b) the rounding of 

large (>5 mm) peanut shaped quartz phenocrysts (Figs. 5.4.2A-D). Pervasive Porphry Stage 1 

potassic alteration of RDP was observed in the lower sections of DDH PDN002 between          

192.5 m to 316.6m and throughout DDH TKM002 (Figs. 5.4.2A-B). The Porphyry Stage 1 

potassic alteration of RDP is a distinctive dark red-brown colour and typically replaces earlier 

plagioclase feldspar phenocrysts and fills voids between fine crystalline quartz in the RDP host 

rocks (Fig. 5.4.2D). 
 
 
 
 

 
Fig. 5.4.2. Photographs showing textural features associated with the Porphyry Stage 1mineral assemblage, SMD. 

(A). Photograph of rhyodacite (RDP) in drill core at Padan Prospect. The RDP shown is altered by Porphyry (Phry) 
Stage 1 potassium feldspar (K-spar) which is light brown-red coloured. Porphyry Stage 3A quartz veins (white) 
also cut RDP in this interval. Drill core photo of DDH PDN002 between 292 - 296m depth, Padan Prospect. 

(B). A close up view of Porphyry Stage 1 altered RDP (brown) cut by irregular shaped Porphyry Stage 3A quartz 
veins. Sample PDN0022460 from DDH PDN002 @ 246 m depth, Padan Prospect. 

(C). A sample showing K-spar altered RDP (brown) containing some typical peanut shaped rounded quartz 
phenocrysts (white), in turn cut by Porphyry Stage 3 quartz veins (white). Sample TKM0220120 from DDH 
TKM022 @ 12 m depth, Thengkham South Cu deposit. 

(D). Photomicrograph of a thin section sample of PDN0022870 from hole PDN002 @ 287m depth. The RDP host 
rock in this sample is altered by Porphyry Stage 1 K-spar where the original framework feldspar minerals 
shown alteration along their margins. A later Porphyry Stage 3B vein with brassy-yellow coloured pyrite            
(Py-3B) and sub-hedral quartz cuts RDP in this sample. Transmitted Light (TML) and Reflected Light (RFL). 
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5.4.3 Porphyry Stage 2: Sericite-chlorite 

The Porphyry Stage 2 assemblage is predominantly comprised of pale light-green to 

cream coloured sericite and trace lime green chlorite (Fig. 5.4.1 and 5.4.3). Cream-coloured 

Porphyry Stage 2 sericite-chlorite pervasively altered sections of early Porphyry Stage 1 

potassic altered RDP, especially in DDH PDN002 between 172 m to 225 m depth (Figs. 

5.4.3A-C). PIMA tests at CODES, UTAS on sericite altered samples collected in this interval 

mainly indicated compositions of muscovite and illite. Pale light-green Porphyry Stage 2 

sericite was also observed to form reaction rims around earlier dark brown-red coloured 

Porphyry Stage 1 potassic altered feldspar phenocrysts in RDP between 192 m to 316 m depth 

in DDH PDN002 (Fig. 5.4.3D).  

 
 
 
 

 
Fig. 5.4.3. Photographs showing textural features associated with Porphyry Stage 2 in the SMD. 

(A). Rhyodacite porphyry (RDP) altered by Porphyry (Phry) Stage 2 cream to pale-green coloured sericite (ser alt) 
and trace lime-green chlorite. Porphyry Stage 3 quartz veins (white) also cut RDP in this interval. The drill core 
shown is from DDH PDN002 between 220-223m depth, Padan Prospect. 

(B). Close up view of the RDP drill core interval outlined by the red boxed area shown in (A). The original RDP 
host hock in this sample is now pervasively altered by Porphyry Stage 2 cream-tan coloured sericite (ser)-
chlorite (chl) and is in turn cut by later Porphyry Stage 3A quartz veins. Sample PDN0022230 from DDH 
PDN002 @ 230 m depth, Padan Prospect. 

(C). RDP altered by early Porphyry Stage 1 potassium feldspar (K-spar, medium-light brown areas), inturn altered 
by Porphyry Stage 2 sericite (ser, lime-green areas). Later Porphyry Stage 3A quartz (qtz) veins (white) with 
light orange-pink K-spar alteration along their margins also cut this altered RDP sample. Sample PDN002575 
from DDH PDN002 @ 257.5 m depth, Padan Prospect. 

(D). Light-brown Porphyry Stage 1 potassium feldspar (K-spar) altered RDP with oval shaped white quartz 
phenocrysts and lime-green-brown feldspar phenocrysts inturn altered by Porphyry Stage 2 sericite (ser). A 
later Porphyry Stage 3C vein containing quartz (grey) chalcopyrite (brassy yellow) and hematite (red) cuts this 
altered RDP sample. Sample PDN0023015 from DDH PDN002 @ 301.5m depth, Padan Prospect. 
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5.4.4 Porphyry Stage 3: Quartz infiltration veins 

Porphyry Stage 3 is characterised by quartz dominant retrograde infiltration veins 

cutting altered RDP host rocks (Figs. 5.4.4A-D). At least four sub-generations of Porphyry 

Stage 3 quartz veins occur, namely: (a) Porphyry Stage 3A: early quartz-potassium feldspar 

veins, (b) Porphyry Stage 3B: quartz-pyrite veins, (c) Stage 3C: quartz-pyrite-chalcopyrite-

molybdenite-chlorite-hematite veins, and (d) Porphyry Stage 3D: late quartz-carbonate-veins 

(Fig. 5.4.4D).  

 
 
 

 
Fig. 5.4.4. Photographs showing textural features associated with SMD Porphyry Stage 3A to 3D veins. 

(A). Brown coloured Porphyry Stage 1 potassium altered (K-spar) rhyodacite porphyry (RDP) cut by irregular 
shaped milky white quartz (qtz) veins (Porphyry Stage 3A). Minor light orange-pink coloured K-spar alteration 
also occurs along the Porphyry Stage 3A quartz vein margins. Sample PDN0022568 from DDH PDN002 @ 
256.8 m depth, Padan Prospect. 

(B). The Porphyry Stage 1 potassium altered (K-spar) RDP is cut by linear-type Porphyry Stage 3B quartz (Qtz) 
veins (light grey) containing minor brass coloured pyrite (i.e. Py-3B). Sample PDN00223116 from DDH 
PDN002 @ 311.6 m, Padan Prospect. 

(C). Porphyry Stage 1 potassium altered (K-spar) RDP showing rounded quartz phenocrysts (white). Linear-type 
Porphyry Stage 3C quartz veins (Qtz) cut the RDP shown and comprise minor brass coloured pyrite (i.e. Py-
3C), chalcopyrite (Cpy) and dark-grey molybdenite (Mo), including traces of chlorite and hematite. The 
Porphry Stage 3C molybdenite collected from this hole was dated using the Re-Os method, as described in 
Section 5.5. Sample PDN0022846 from DDH PDN002 @ 284.6 m, Padan Prospect. 

(D). The Porphyry Stage 1 K-spar altered RDP in this sample is cut by (i) Porphyry Stage 3B quartz - pyrite veins 
(white) and in turn, cut by (ii) later thin Porphyry Stage 3D cream coloured quartz-calcite (cal) veins. Sample 
PDN0022917 from DDH PDN002 @ 291.7 m, Padan Prospect. 
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The Porphyry Stage 3C  mineral assemblage predominantly occurs along veins cutting 

RDP host rocks and comprises quartz with minor amounts of pyrite-chalcopyrite-molybdenite-

chlorite-hematite (Fig. 5.4.5A). Dark yellow Porphyry Stage 3C chalcopyrite with pitted 

surface textures is often associated with quartz and fills fractures in earlier generations of 

sulphides, in particular the Porphyry Stage 3B silver-grey pyrite (Py-3B1, Figs. 5.4.5B-D).              

LA-ICPM analyses from this study detected very low levels of gold in Porphyry Stage 3C 

chalcopyrite ranging from 0.02 - 0.06 ppm Au (Fig. 5.4.5D).  

 
 

 
Fig. 5.4.5. Textural features showing Porphyry Stage 3C sulphides containing chalcopyrite. 

(A). Photograph of Porphyry (Phry) Stage 2 sericite (Ser) altered rhyodacite porphyry (RDP) cut by                      
(i) Porphyry Stage 3B quartz and euhedral pyrite (>2 mm diameter), inturn crushed and filled by (ii) Porphyry 
Stage 3C quartz (Qtz)-chlorite-epidote-molybdenite (Mo)-chalcopyrite (Cpy)-hematite along a vein. Sample 
PDN0022036, Padan Prospect.  

(B). Photomicrograph of Porphyry Stage 3C dark yellow chalcopyrite (cpy) and quartz (Qtz) surrounding pre-
existing Porphyry Stage 3B silver-grey pyrite (Py-3B1). LA-ICPMS analyses indicated the presence of 0.13 
ppm Au in Porphyry Stage 3B pyrite (Py-3B) and 0.02 to 0.06 ppm Au in Porphyry Stage 3C chalcopyrite 
(cpy). Sample PDN0022345 in DDH PDN002 @ 234.5 m depth, Padan Prospect. Reflected Light (RFL). 

(C). Photomicrograph showing Porphyry Stage 3C dark yellow chalcopyrite (cpy) and quartz (Qtz) filling fractures 
in pre-existing Porphyry Stage 3B silver-grey pyrite (Py-3B1). Sample PDN0022342 in DDH PDN002                  
@ 234.2 m depth, Padan Prospect. RFL.  

(D). Photomicrograph of Porphyry Stage 3C dark yellow chalcopyrite (cpy) and quartz (Qtz) that also fills fractures 
in pre-existing Porphyry Stage 3B silver-grey pyrite (Py-3B1). Sample PDN0022265 in DDH PDN002                
@ 226.5 m depth, Padan Prospect. RFL..   
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Minor amounts of molybdenite occurs within the SMD Porphyry Stage 3C quartz vein 

assemblage cutting K-spar altered RDP (Fig. 5.4.6). Porphyry Stage 3C molybdenite was 

mainly observed in drill core samples from DDH TKM022 at the Thengkham South copper 

deposit and DDH PDN002 at Padan Prospect (Figs. 5.4.6A-D). Generally only weak 

molybdenite mineralisation occurs throughout both of these drill holes with variable grades 

ranging from >5 ppm Mo and up to 1020 ppm Mo (LXML,  1995, LXML, 1999). Silvery-grey 

molybdenite was observed to be intergrown with Porphyry Stage 3C chalcopyrite and quartz 

that fills fractures in Porphyry Stage 3B pyrite (Fig. 5.4.6E). No gold was detected during           

LA-ICPMS analyses in  Porphyry Stage 3C molybdenite. 

 
 
 
 

 
Fig. 5.4.6. Textural features showing Porphyry Stage 3C sulphides containing molybdenite. 

(A). Photograph of drill core with Porphyry Stage 1 potassium feldspar (K-spar) altered rhyodacite porphyry (RDP) 
from the Thengkham South copper deposit. The drill core shown is from DDH TKM022 between 45.7 to 49 m. 
The red boxed outline shows the location of the sample represented in (B).  

(B). Photograph of drill core showing a silvery-grey molybdenite (Mo) hosted by a Porphyry Stage 3C white quartz 
(Qtz) vein (<20 mm wide) cutting K-spar altered (Porphyry Stage 1) RDP. Sample TKM0220476 from DDH 
TKM022 @ 47.6 m depth, Thengkham South deposit. 

(C). Another photograph example showing drill core with silvery-grey molybdenite hosted by a Porphyry Stage 3C 
white quartz vein (<10 mm wide) cutting  K-spar altered (Porphyry Stage 1) RDP. Sample TKM0220486 from 
DDH TKM022 @ 48.6 m depth, Thengkham South deposit. 

(D). A photograph of drill core showing RDP altered by Stage 2 sericite (cream coloured) and in turn, cut by 
Porphyry Stage 3C quartz veins with minor silver - dark grey molybdenite along vein margins, including traces 
of chalcopyrite (cpy). Sample PDN002208 from DDH PDN002 @ 208m depth, Padan Prospect. 

(E). Photomicrograph of a thin section showing traces of grey molybdenite (Mo) intergrown with yellow Porphyry 
Stage 3C chalcopyrite and quartz (Qtz) that fills fractures in earlier Porphyry Stage 3B pyrite (Py-3B1). Sample 
PDN0022342 from DDH PDN002 @ 234.2 m depth, Padan Prospect. Reflected Light (RFL). 
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5.4.5 Porphyry Stage 4: Massive quartz veins 

Massive irregular shaped milky white sugary textured quartz veins (>5 cm wide) were 

mainly observed in a very siliceous zone from 0 m to >210 m depth in DDH PDN002 at Padan 

Prospect (Figs. 5.4.7A-C).  These massive quartz veins are classified into Porphyry Stage 4 as 

they were observed to cut the earlier Porphyry Stage 3C vein assemblages hosted in RDP. 

Traces of molybdenite, chalcopyrite and malachite were noted in the massive Porphyry Stage 4 

veins, commencing from 110m depth onwards in DDH PDN002 (LXML, 1999). Fractures in 

Porphyry Stage 4 quartz are often filled by red-brown iron oxides (Fig. 5.4.7C). 

 
 
 
  

 
Fig. 5.4.7. Photographs showing textural features of SMD Porphyry Stage 4 quartz veins 

(A). Drill core from DDH PDN002 showing Porphyry Stage 4 massive quartz veins occurring in an interval from 65 
to 70m depth. This style of pervasive massive quartz vein development occurs from 0 to 110 m depth in this 
drill hole at Padan Prospect.  

(B). Drill core showing Porphyry Stage 4 quartz (Qtz) veins (white-grey) cutting RDP that is altered by Porphyry 
Stage 2 sericite-chlorite (tan coloured patches). Drill core from DDH PDN002 in an interval from 207 to 210 m 
depth at Padan Prospect. 

(C). Drill core showing Porphyry Stage 4 massive quartz (Qtz) with minor fractures filled by iron oxides (red-
brown). Sample PDN0021700 from DDH PDN002 @ 170.0 m depth, Padan Prospect. 
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5.4.6 SMD porphyry style mineral paragenesis summary 

The principal observations from the SMD porphyry style mineral paragenesis study are 

summarised below:  

 At least four main paragenetic mineral assemblages hosted by RDP rocks consistently occur 

at both the Thengkham South copper deposit and Padan Prospect which are summarised 

below as porphyry (Porphyry) Stages 1 to 4: 
 

Porphyry Stage 1: Potassium feldspar (K-spar) alteration of RDP. 

Porphyry Stage 2: Sericite-chlorite alteration overprints altered RDP.  

Porphyry Stage 3: Retrograde infiltration veins cut altered RDP (4 sub-stages): 

 Porphyry Stage 3A: Early quartz veins with K-spar alteration along vein margins, 

 Porphyry Stage 3B: Quartz-euhedral pyrite veins, 

  Porphyry Stage 3C: Quartz-chlorite-epidote-molybdenite-chalcopyrite-hematite, 

 Porphyry Stage 3D: Late quartz-carbonate-veins. 

Porphyry Stage 4: Massive quartz veins. 

 Sulphide minerals that are present in the porphyry zones include: (a) early minor euhedral 

pyrite in Porphyry Stage 3B and (b) later chalcopyrite and molybdenite in Porphyry Stage 

3C. Gangue minerals mainly include quartz, potassium feldspar, sericite, and minor chlorite, 

epidote, calcite and hematite. 

 The presence of gold associated with the Porphyry Stage 3B and 3C sulphides was difficult 

to confirm during this study. Only 3 out of the 20 LA-ICPMS sample points contained some 

indications of very-low grade inclusions of gold present in the Porphyry Stage 3B pyrite         

(<0.13 ppm Au, n = 1) and Stage 3C chalcopyrite (<0.06 ppm Au, n = 2).     

 Overall, the SMD Porphyry Stages 1 - 4 represent porphyry style mineral assemblages that 

were observed to be closely associated with their RDP intrusion host rocks, in particular at 

the Padan Prospect and Thengkham South copper deposit (Chapter 4, Section 4.3).  
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5.5 RHENIUM - OSMIUM DATING OF SMD STAGE 3 MOLYBDENITE 

5.5.1 Introduction 

Prior to this study, no direct determination of the age of sulphide mineralisation 

occurring in the SMD was conducted to establish the age of molybdenite associated with 

copper mineralisation. The detailed paragenetic studies previously presented in this Chapter 

have documented at least five main SMD mineralisation stages, constraining the ore-

paragenesis of gold, copper and molybdenite that in turn indicate links between the (a) central 

porphyry Mo (-Cu) intrusions (Section 5.4), (b) proximal Cu-Mo (-Au) skarns (Section 5.3) and 

(c) the distal SHGD (Section 5.2). Minor amounts of molybdenite have mostly been observed 

to occur during the SMD Stage 3 mineral assemblages comprising (a) retrograde-stage                

Cu (-Mo) skarn mineralisation (Section 5.3), and (b) porphyry intrusion associated Mo (-Cu) 

mineralisation at both the Padan and Thengkham rhyodacite-porphyry (RDP) intrusions 

(Section 5.4). Molybdenite is also interpreted to form pre- to syn-development of the Stage 3 

base metal assemblage occurring in the distal type SHGD in the SMD (Section 5.2).  

LA-ICPMS U-Pb dating of zircons from RDP samples conducted during an earlier 

study of the Thengkham West (TKW) copper deposit indicated that: (a) the pre-syn sulphide 

mineralised RDP (Sample TKW0531307) is the oldest intrusion in the SMD, yielding an age of 

297  4 Ma, and (b) post-mineralisation RDP (Sample TKW0531157) yielded a much younger 

age of 283  2 Ma (Table 5.7.2). The TKW U-Pb zircon dates broadly bracket the copper-skarn 

mineralisation in the SMD between 297  4 and 283  2 Ma (Section 3.4.5). Hence, to further 

constrain the age of intrusion and skarn related sulphide mineralisation in the SMD, the Re-Os 

dating of two samples containing molybdenite associated with Stage 3C copper mineralisation 

was undertaken. This section presents the Re-Os ages for two SMD molybdenite samples, one 

from the Padan Prospect and the other from the Thengkham South deposit (Table 5.5.1).  

5.5.2 Re-Os analytical method 

Two SMD samples of Stage 3C quartz vein-hosted molybdenite were submitted to          

Dr. Holly Stein, the Director of the AIRIE facility at the Department of Earth Resources at 

Colorado State University (CSU) for determination of (a) their Re-Os isotopic composition and 

(b) age (Fig. 5.5.1). The AIRIE molybdenite laboratory at CSU determined the total Re (187Re 

and 185Re) and 187Os concentrations for the two SMD molybdenite samples listed in           

Table 5.5.1. A Carius-tube digestion method was used for this study, whereby samples 

containing between 10 to 31 mg molybdenite were dissolved and equilibrated with double 190Os 

spikes in HNO3-HCl (inverse aqua regia) by sealing in a thick-walled glass ampoule and 

heating for 12 hours at 230°C. The Os is recovered by directly distilling from the Carius tube into 

HBr and then, micro-distillation is used to purify. Anion exchange was used to recover Re.  
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The extracted Re and Os was loaded onto Pt filaments and the isotopic compositions 

were determined using ID-NTIM mass spectrometry at CSU. Two in-house molybdenite 

standards, calibrated at AIRIE, are run routinely as an internal check (Stein et al., 1997; Markey 

et al., 1998). The assumed is initial 187Os / 188Os = 0.2 + 0.1. The age is calculated by applying 

the equation 187Os = 187Re (eλt – 1), where λ is the decay constant for 187Re and t is the 

calculated age. The 187Re decay constant used is 1.666 x 10-11 yr-1 with an uncertainty of 0.31% 

(Smoliar et al., 1996). All errors are reported two-sigma and absolute for the last decimal place 

indicated (Table 5.5.1). The uncertainties that may be involved in the age calculations include 

those associated with: (1) magnification with spiking, (2) 185Re and 190Os spike calibrations, 

0.05% and 0.15%, respectively, (3) mass spectrometric measurement of isotopic ratios, and          

(4) the 187Re decay constant (0.31%). The AIRIE molybdenite laboratory blanks used for this 

study comprised (a) 0.720 + 0.01 pg for Re, (b) 0.730 + 0.002 pg for Os and (c) 187Os / 188Os = 

0.257 + 0.001 (H. Steine perscom., 2008). 

 

 
Fig. 5.5.1. Photographs showing textural features of the Padan and Thenkham South RDP samples containing Stage 
3C quartz veins hosting molybdenite that were submitted to AIRIE (CSU) for Re-Os geochronology determination.  

(A). Diamond drill core with potassic altered RDP from Padan Prospect DDH PDN002 containing Sample 
PDN0022088 that is outlined by the red boxed area and is also represented in (B). 

(B). Sample PDN0022088 from DDH PDN002 @ 208.8 m showing dark-grey molybdenite hosted by a Stage 3C 
quartz vein cutting an altered RDP host rock.  

(C). Diamond drill core with potassic altered RDP from the Thengkham South copper deposit, DDH TKM022 
containing sample TKM0220467 that is outlined by the red boxed area and is also represented in (D). 

(D). Sample TKM0220467 from DDH TKM022 @ 46.7 m showing dark-grey molybdenite hosted by a Stage 3C 
quartz vein cutting an altered RDP host rock.  
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5.5.3 SMD Re-Os results 

The Re-Os geochronology results from AIRIE, CSU for the two SMD samples 

containing molybdenite associated with Stage 3 chalcopyrite are listed in Table 5.5.1, namely 

for (1) Padan Prospect (Sample PDN0022088 from DDH PDN002 @ 208.8 m) and                   

(2) Thengkham South copper deposit (Sample TKM0220476 from DDH TKM022 @ 47.6 m). 

Both of these samples are hosted by Stage 3C quartz veins cutting RDP rocks (Fig. 5.5.1). Each 

sample was analysed twice, with a replicate made from the same molybdenite separate in 

Sample PDN002088 and a new molybdenite separate made from Sample TKM0220476         

(Table 5.5.1). A comparison of the SMD Re-Os geochronology results in Table 5.5.1 versus the 

earlier U-Pb zircon geochronology results from the Thengkham West copper deposit presented 

in Section 3.4.5 are collectively summarised in Table 5.5.2 and Fig. 5.2.7. 

 

Table 5.5.1. AIRIE (CSU) Re-Os geochronology results for samples from Padan and Thengkham South. 

 
AIRIE Run # Molybdenite Sample Name Re, ppm 187Os, ppb Re-Os Ages, Ma

MDID-673
PDN0022088 (Padan, Sepon, Laos)           -
first analysis

431.3 (7) 1278 (6) 282.4 ± 1.6

MDID-687
PDN0022088 (Padan, Sepon, Laos)          - 
second analysis (same separate)

444.7 (2) 1308 (2) 280.2 ± 1.0

MDID-831
TKM0220476 (Thengkham, Sepon, Laos)   -
first analysis

94.3 (1) 284.2 (1) 287.2 ± 1.0

MDID-836
TKM0220476 (Thengkham, Sepon, Laos)    
- second analysis (new separate)

108.5 (2) 325.8 (1) 286.1 ± 1.0

Sample weights of 10-31 mg analyzed by Carius tube dissolution using double Os spike and ID-NTIMS

Errors reported are two-sigma and absolute for last decimal place indicated  
 
Table 5.5.2. Comparison of the SMD Re-Os (AIRIE, CSU) and U-Pb (CODES, UTAS) geochronology results from 
the Thengkham South Cu deposit (TKM) and the Padan Mo (-Cu) Prospect (PDN). 

Sample # Area E N Lithology Age Dev (2) Test Lab. / Geochron Method / Mineral

(UTM) (UTM) (Ma) (Ma)

TKW0531307 TKW 597102 1873810 RDP 297.0 4.0
CODES / U-Pb LAICPMS / Zircon           
(RDP: Pre-syn mineralisation)

TKW0531157 TKW 597102 1873810 RDP 283.0 2.0
CODES / U-Pb LAICPMS / Zircon             
(RDP: Post mineralisation)

PCTKM03001 TKM 600027 1874282 RDP 287.8 2.3
CODES / U-Pb LAICPMS / Zircon           
(RDP: Pre-syn mineralisation)

PCTKM03003 TKM 600251 1874353 RDP 287.8 2.6
CODES / U-Pb LAICPMS / Zircon           
(RDP: Pre-syn mineralisation)

TKM0220476 TKM 598800 1874700 RDP 287.2 1.0
AIRIE (CSU) / Re-Os / Molybdenite             
(MDID-831) - Stage 3C

TKM0220476 TKM 598800 1874700 RDP 286.1 1.0
AIRIE (CSU) / Re-Os / Molybdenite              
(MDID-836) - Stage 3C

PDN0022740 PDN 610500 1875700 RDP 287.0 2.0
CODES / U-Pb LAICPMS / Zircon                
(RDP: Pre-syn mineralisation)

PDN0022088 PDN 610500 1875700 RDP 282.4 1.6
AIRIE (CSU) / Re-Os / Molybdenite              
(MDID-673) - Stage 3C

PDN0022088 PDN 610500 1875700 RDP 280.2 1.0
AIRIE (CSU) / Re-Os / Molybdenite              
(MDID-687) - Stage 3C
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5.5.4 Discussion and summary 

The Thengkham South Cu deposit (TKM) Re-Os results for the Stage 3C molybdenite 

from Sample TKM0220476 yielded 287.2 1 Ma and with a replicate age of 286.1 1 Ma           

(Table 5.5.1 and Fig. 5.5.2). Both of these Re-Os ages for the Sample TKM0220476 are very 

similar to those U-Pb ages obtained for the zircons from the TKM RDP samples collected in 

Samples PCTKM03001 and PCTKM03003 that yielded 287.2  2.3 Ma and 287.2  2.6 Ma 

respectively (Table 5.5.2). Hence, these results indicate that the Re-Os age of Stage 3C 

molybdenite with copper at TKM is (a) the same and (b) syn-genetic with the formation of the 

TKM RDP intrusions that have a U-Pb zircon age of 287.22.6 Ma (Table 5.5.2 and Fig. 5.5.2).  

A slightly younger Re-Os age was obtained from the Stage 3C molybdenite at the 

Padan Mo (-Cu) Prospect in DDH PDN002 (Sample PDN0022088) that yielded 282.4 1.6 Ma 

with a replicate age of 280.2  1 Ma (Table 5.5.1 and Fig. 5.5.2). In comparison, the U-Pb 

zircon date obtained from a Padan RDP sample collected from the same drill hole in Sample 

PDN0022088 yielded an older age of 287.2  2 Ma (Table 5.5.2). Despite this 7 Ma difference 

in ages, the Padan Re-Os age is younger than the Padan RDP intrusion age but also occurs 

within the age range for the other SMD U-Pb zircon ages for RDP (Table 5.5.2 and Fig. 5.5.2).  

Overall, the timing of the Stage 3C intrusion-related and associated retrograde skarn 

copper-molybdenite mineralisation in the SMD is constrained during this study by Re-Os 

dating to be a 7 Ma period between 287.2  1 Ma to 280.2  1 Ma (Fig. 5.5.2). Both these SMD 

Re-Os results provide a better timing constraint than those previously determined for the TKW 

U-Pb zircon dates that indicated a 17 Ma mineralisation period in the SMD ranging from        

297 Ma (pre-syn mineralisation) to 280 Ma (post-mineralisation) as represented in Fig. 5.5.2. 
 
 
 

 
Fig. 5.5.2. Comparison of the SMD Re-Os and U-Pb results presented in Table 5.5.2 for the Padan Mo (-Cu) 
Prospect (PDN), the Thengkham South Cu deposit (TKM) and Thengkham West Cu deposit (TKW). The red dashed 
line shows the range of U-Pb ages from zircons in RDP from both TKM and PDN. The dashed blue line shows (a) 
the range of Re-Os ages for both TKM and PDN, and (b) the overlap for both the U-Pb and Re-Os age groups from 
the TKM and PDN deposits. The Re-Os ages determined for TKM and PDN have established that SMD Stage 3C 
molybdenite associated with SMD Stage 3C copper is constrained between 280.2 1 Ma and 287.2  1 Ma.  
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5.6 COMPOSITIONAL VARIATION IN SPHALERITE 

5.6.1 Introduction 

Electron microprobe techniques have been used to determine some of the 

physiochemical conditions of ore-forming fluids present in volcanic-hosted massive sulphide 

(VHMS) hydrothermal systems by investigating the of FeS contents of sphalerite during the  

studies by Hannington and Scott (1989) and Khin Zaw and Large (1996). Furthermore, 

Gemmell et al. (1988) and Khin Zaw and Henderson (1993) have also conducted studies of FeS 

contents in sphalerite to characterise the ore-forming fluids present in epithermal deposits.           

In this study, the FeS contents of sphalerite from the SMD SHGD and the Khanong copper 

deposit were analysed to investigate the zinc ore-fluid characteristics and the relationship with 

gold (Section 5.6.3). Additionally, the trace element compositions of the SMD sphalerite types 

are herein presented to demonstrate the relationships between Zn versus Fe, and in turn Zn 

versus Cu (Section 5.6.4). This section concludes with a summary of results (Section 5.6.6). 

5.6.2 Textural features of SMD sphalerite 

The paragenetic relations and textural features for the three main types of sphalerite 

occurring in the SMD investigated during this study were previously described in this Chapter, 

namely Sphalerite 3A and Sphalerite 3B at the SHGD (Sections 5.2.4.1.1 and 5.2.4.2.4 

respectively), and Sphalerite 3B at the Khanong copper deposit (Section 5.3.3.3). Sphalerite 3A 

(Stage 3A) is predominantly hosted by dolomite and is characterised by sub-hedral crystal 

shapes with dark brown cores and light brown rims (Fig. 5.2.7A-D). The rhyodacite porphyry 

(RDP) hosted Sphalerite 3B (Stage 3B) at the SHGD is texturally similar to Sphalerite 3A, but 

appears to be entirely composed of dark brown sphalerite through out individual crystals           

(Fig. 5.2.9A-D). Dark brown Sphalerite 3B (Stage 3B) hosted by retrograde skarn assemblages 

cutting RDP at Khanong is also very similar to Sphalerite 3B at the SMD SHGD, but can 

contain some minor red-brown banded zones within individual crystals (Fig. 5.3.7). 

5.6.3 Analytical method 

The electron microprobe method used during this study of the SMD sphalerite types is 

previously described in Section 5.1.2.4. The measured compositions of sphalerite from the 

SMD deposits are listed in Appendix 5.2 for the suite of elements comprising Zn, Fe, S, Cu, 

Mn, Ag, As, Cd, Sb and Au. The majority of electron microprobe spot analyses on the SMD 

sphalerite types recorded for Ag, As, Cd, Sb and Au are below detection limit (Appendix 5.2). 

A total of nine polished thin sections containing Stage 3A or Stage 3B sphalerite were analysed 

during this study, comprising eight from the SMD SHGD and one sample from the Khanong 

copper deposit (Appendix 5.2). 
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5.6.4 FeS content of SMD sphalerite 

The calculated FeS mole % values determined for sphalerite from the SMD SHGD and 

the Khanong copper deposit are presented in Table 5.6.1 and graphed in Fig. 5.6.1. At least 

three populations of FeS mole % results were observed and appear to cluster according to the 

paragenetic stage of sphalerite (Fig. 5.6.1). Early stage light brown Sphalerite 3A hosted by 

dolomite rocks at the SMD SHGD is the earliest formed and has the lowest FeS compositions 

ranging from  <1 mole % and up to 7 mole % with a skewed population centred around                

2 mole % (Fig. 5.6.1). Later stage dark brown Sphalerite 3B hosted by RDP at the SMD SHGD 

has low to moderate FeS values ranging from 3 mole % to 12 mole % and centred around              

9 mole % (Fig. 5.6.1). Dark brown Sphalerite 3B from the Khanong copper deposit has 

moderate to high FeS compositions ranging from 13 mole % and up to 18 mole % (Fig. 5.6.1). 

 The majority of Au and Ag results obtained during microprobe analyses were below 

detection limit (Appendix 5.2A). Hence, no direct comparison of microprobe data for Au or Ag 

from this study could be made with FeS mole %. Furthermore, a comparison of the known 

average grade of Au (ppm) in drill core did not confirm any clear relationships with                  

FeS mole % (Table 5.6.1; Fig. 5.6.2). 
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Fig. 5.6.1. Histogram of FeS mole % in sphalerite from the SMD gold and copper deposits. The results shown are 
listed in Table 5.6.1. Abbreviations used: ST3A-DOL-SHGD = Stage 3A sphalerite hosted by dolomite at the SMD 
SHGD, ST3B-RDP-SHGD = Stage 3B sphalerite hosted by rhyodacite porphyry (RDP) at the SMD SHGD, ST3B-
RDP-SKN = Stage 3B sphalerite hosted by rhyodacite porphyry (RDP) in a retrograde skarn (SKN) assemblage at 
the Khanong copper deposit. 
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Table 5.6.1. Summary of microprobe analysis of the average FeS mole % composition in sphalerite with the average 
gold grade of diamond drill core samples from the SMD gold and copper deposits. 

Sample No. Grain FeS Zn Fe Cu Au Deposit Hostrock Type Stage
(No.) mole % wt % wt % wt % (ppm)

DIS0502301 ZN3-1 1.09 64.62 0.63 0.05 0.14 DSW Dolomite SHGD 3A
DIS0502301 ZN3-2 4.28 63.08 2.47 0.18 0.14 DSW Dolomite SHGD 3A
DIS0502301 ZN3-3 0.14 66.23 0.08 0.06 0.14 DSW Dolomite SHGD 3A
DIS0502301 ZN3-4 0.82 65.49 0.47 0.06 0.14 DSW Dolomite SHGD 3A
DIS0502301 ZN3-5 2.96 64.36 1.72 0.10 0.14 DSW Dolomite SHGD 3A

NLU0060756 ZN6-1 0.80 65.98 0.47 0.40 0.9 NLU Dolomite SHGD 3A
NLU0060756 ZN6-2 5.22 62.68 3.07 1.04 0.9 NLU Dolomite SHGD 3A
NLU0060756 ZN6-3 2.96 64.06 1.73 0.73 0.9 NLU Dolomite SHGD 3A
NLU0060756 ZN6-4 2.44 65.13 1.43 0.17 0.9 NLU Dolomite SHGD 3A
NLU0060756 ZN6-5 1.69 64.68 0.99 1.08 0.9 NLU Dolomite SHGD 3A

NLU0720704 ZN7-1 6.84 59.84 4.01 1.81 2.2 NLU Dolomite SHGD 3A
NLU0720704 ZN7-2 2.00 64.09 1.17 0.03 2.2 NLU Dolomite SHGD 3A
NLU0720704 ZN7-3 3.01 62.88 1.76 1.07 2.2 NLU Dolomite SHGD 3A
NLU0720704 ZN7-4 6.07 61.70 3.55 0.33 2.2 NLU Dolomite SHGD 3A
NLU0720704 ZN7-5 6.89 61.67 4.03 0.01 2.2 NLU Dolomite SHGD 3A

PCDSM05002 ZN8-1 2.87 63.62 1.67 0.02 NR DSM Dolomite SHGD 3A
PCDSM05002 ZN8-2 7.81 60.75 4.56 0.00 NR DSM Dolomite SHGD 3A
PCDSM05002 ZN8-3 7.02 61.40 4.11 0.01 NR DSM Dolomite SHGD 3A
PCDSM05002 ZN8-4 7.03 61.31 4.11 0.00 NR DSM Dolomite SHGD 3A
PCDSM05002 ZN8-5 2.46 63.58 1.43 0.02 NR DSM Dolomite SHGD 3A
PCDSM05002 ZN8-6 7.22 61.25 4.22 0.03 NR DSM Dolomite SHGD 3A

PCNLU03006 ZN9-1 2.68 64.32 1.56 0.03 NR DSM Dolomite SHGD 3A
PCNLU03006 ZN9-2 2.87 64.32 1.67 0.01 NR DSM Dolomite SHGD 3A
PCNLU03006 ZN9-3 2.47 64.46 1.44 0.02 NR DSM Dolomite SHGD 3A
PCNLU03006 ZN9-4 3.93 63.30 2.29 0.01 NR DSM Dolomite SHGD 3A
PCNLU03006 ZN9-5 5.98 62.50 3.51 0.06 NR DSM Dolomite SHGD 3A

DIS0010661 ZN1-1 8.49 60.41 4.96 0.16 0.1 DSC RDP SHGD 3B
DIS0010661 ZN1-2 6.83 61.61 4.00 0.85 0.1 DSC RDP SHGD 3B
DIS0010661 ZN1-3 7.66 59.10 4.49 2.71 0.1 DSC RDP SHGD 3B
DIS0010661 ZN1-4 9.83 58.01 5.76 2.63 0.1 DSC RDP SHGD 3B
DIS0010661 ZN1-5 9.57 60.37 5.58 0.01 0.1 DSC RDP SHGD 3B

DIS0010998 ZN2-1 10.06 59.85 5.85 0.02 0.2 DSC RDP SHGD 3B
DIS0010998 ZN2-2 12.12 58.58 7.07 0.01 0.2 DSC RDP SHGD 3B
DIS0010998 ZN2-3 11.26 59.05 6.57 0.01 0.2 DSC RDP SHGD 3B
DIS0010998 ZN2-4 9.09 60.61 5.28 0.01 0.2 DSC RDP SHGD 3B
DIS0010998 ZN2-5 4.82 63.34 2.78 0.00 0.2 DSC RDP SHGD 3B
DIS0010998 ZN2-6 3.91 64.09 2.26 0.02 0.2 DSC RDP SHGD 3B

DIS0561203 ZN4-1 9.29 55.91 5.49 5.23 0.1 DSW RDP SHGD 3B
DIS0561203 ZN4-2 10.33 54.53 6.11 6.05 0.1 DSW RDP SHGD 3B
DIS0561203 ZN4-3 10.47 53.90 6.21 6.32 0.1 DSW RDP SHGD 3B
DIS0561203 ZN4-4 8.82 57.80 5.21 3.14 0.1 DSW RDP SHGD 3B
DIS0561203 ZN4-5 9.13 55.93 5.40 5.09 0.1 DSW RDP SHGD 3B

KHN0131240 ZN5-1 16.21 56.31 9.64 0.03 0.1 KHN RDP Cu (SKN) 3B
KHN0131240 ZN5-2 13.92 57.85 8.25 0.03 0.1 KHN RDP Cu (SKN) 3B
KHN0131240 ZN5-3 18.80 54.67 11.20 0.00 0.1 KHN RDP Cu (SKN) 3B
KHN0131240 ZN5-4 14.11 57.77 8.38 0.01 0.1 KHN RDP Cu (SKN) 3B
KHN0131240 ZN5-5 13.19 58.22 7.82 0.41 0.1 KHN RDP Cu (SKN) 3B

 
Abbreviations used in Table 5.6.1: DSC = Discovery Colluvial, DSM = Discovery Main, DSW = Discovery West,                      
KHN = Khanong, NLU = Nalou, NR = no result, RDP = rhyodacite porphyry, SHGD = sedimentary rock hosted 
gold deposit, SKN = skarn. 
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Fig. 5.6.2. Plot of FeS mole % in sphalerite versus the average grade of gold (Au ppm) in drill core containing 
sphalerite from the SMD gold and copper deposits. The results shown are listed in Table 5.6.1. Abbreviations used: 
ST3A-DOL-SHGD = Stage 3A sphalerite hosted by dolomite at the SMD SHGD, ST3B-RDP-SHGD = Stage 3B 
sphalerite hosted by rhyodacite porphyry (RDP) at the SMD SHGD, ST3B-RDP-SKN = Stage 3B sphalerite hosted 
by RDP in a retrograde skarn (SKN) assemblage at the Khanong copper deposit. 
 

5.6.5 Comparison of the SMD sphalerite zinc contents 

A comparison of Zn wt % versus Fe wt % contents occurring in the SMD sphalerite 

types listed in Table 5.6.1 indicates that Fe wt % increases when Zn wt % decreases (Fig.5.6.3).           

Sphalerite 3A (Stage 3A) from the SHGD contains the highest values ranging from >59 wt %  

Zn up to 66 wt % Zn, corresponding with very low values ranging from >0.04 wt % Fe and          

<5 wt % Fe. Sphalerite 3B hosted by RDP from the SHGD varies from >53.5 wt % Zn to >64 

wt % Zn with moderate ranges of >2 wt % Fe up to 7.5 wt % Fe. The highest Fe values occur in 

Sphalerite 3B from the Khanong copper deposit, ranging from >7 wt %  Fe and >11 wt % Fe 

associated with low Zn values ranging from >54 wt % Zn and <58.5 wt % Zn (Fig. 5.6.2).  
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Fig. 5.6.3. Plot of Zn wt % versus Fe wt % in sphalerite types from the SMD SHGD and Khanong copper deposit. 
Abbreviations used: ST3A-DOL-SHGD = Stage 3A sphalerite hosted by dolomite at the SMD SHGD, ST3B-RDP-
SHGD = Stage 3B sphalerite hosted by rhyodacite porphyry (RDP) at the SMD SHGD, ST3B-RDP-SKN = Stage 3B 
sphalerite hosted by RDP in a retrograde skarn (SKN) assemblage at the Khanong copper deposit. 
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A comparison of Zn wt % versus Cu wt % contents occurring in the SMD sphalerite 

types listed in Table 5.6.1 indicates that Cu concentration mainly increase to more than               

2 wt % Cu when Zn decreases to below 59 wt % Zn (Fig.5.6.3). Sphalerite 3A (Stage 3A) from 

the SHGD contains the highest Zn values ranging from >59 wt %  Zn up to 66 wt % Zn, but 

only has low and variable Cu values that are generally <2 wt % Cu (Fig. 5.6.3). Sphalerite 3B 

hosted by RDP from the Discovery West SHGD contained the highest Cu values ranging from 

>2 wt % Cu and up to 6.32 wt % Cu, mainly when the corresponding Zn values were <59             

wt % Zn (Table 5.6.1, Fig. 5.6.3). The majority of Cu  values in Sphalerite 3B from the 

Khanong copper deposit were below detection limit (i.e. <0.04 wt % Cu), except for one 

sphalerite grain that contained 0.41 wt % Cu (Table 5.6.1, Fig. 5.6.3).  
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Fig. 5.6.4. Plot of Zn wt % versus Cu wt % in sphalerite types from the SMD SHGD and Khanong copper deposit.  
The electron microprobe detection limit (DL) for Cu is 0.04 wt %. Abbreviations used: ST3A-DOL-SHGD = Stage 
3A sphalerite hosted by dolomite at the SMD SHGD, ST3B-RDP-SHGD = Stage 3B sphalerite hosted by rhyodacite 
porphyry (RDP) at the SMD SHGD, ST3B-RDP-SKN = Stage 3B sphalerite hosted by RDP in a retrograde skarn 
(SKN) assemblage at the Khanong copper deposit. 
 

5.6.6 Summary 

A study by Gemmell et al. (1988) at the Santo Nino Ag-Pb-Zn epithermal deposit in 

Mexico reports that light sphalerite types contain low FeS mole % values, with a positive 

correlation towards high Fe S mole % in darker coloured sphalerite types, and when combined 

with the supporting fluid chemistry data, the dark sphalerite types were most likely formed 

from magmatic origins. In comparison, similar high FeS mole % values also occur in the dark 

drown Stage 3 Sphalerite 3B types hosted by RDP at the SMD SHGD and at the Khanong Cu 

deposit (Fig. 5.6.1). Additionally, the darker sphalerite types represented by Sphalerite 3B 

shows an increase in Fe wt % when Zn wt % decreases (Fig. 5.6.3). Furthermore, there was no 

clear correlation between Zn and Cu, except for Sphalerite 3B from the SMD SHGD, 

suggesting that Cu increases to >2 wt % Cu when Zn values are <59 wt % Zn (Fig. 5.6.4).  

DL 
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5.7 SMD COMBINED MINERAL PARAGENESIS SUMMARY                                         

5.7.1 Introduction 

This section summarises and presents one combined SMD paragenesis for the 

hypogene minerals only, based on the previously described observations from (1) the SMD 

SHGD (Section 5.2), (2) the SMD Cu (-Au) skarn deposits (Section 5.3) and (3) the SMD 

porphyry Cu (Mo) deposits and prospect (Section 5.4). A key finding during paragenetic 

investigations has been the occurrence of gold detected by LA-ICMPS analyses in pre- and 

syn-gold ore stage sulphides from these three mineral deposit/prospect type areas in the SMD. 

Hence, the paragenesis of gold detected in ore mineral sulphides has been applied in  Section 

5.7.2 to present a paragenetic framework to demonstrate the interpreted links between the 

mineral assemblage stages throughout the SMD that is summarised in Fig. 5.7.1. Section 5.7.3 

summarises the common features of the combined SMD paragenesis for the (i) distal SHGD, 

(ii) proximal Cu (Au) skarn and (iii) central porphyry Cu (-Mo) deposits in Fig. 5.7.2.   

5.7.2 Discussion of the interpreted SMD combined mineral paragenesis  

At least 5 main mineral assemblage stages can be observed across the SMD which are 

collectively grouped together as SMD Stages 1 to 5 (Fig. 5.7.1). The SMD Stages 1 to 5 are 

based on the gold-stage paragenetic observations from this study of the SMD SHGD (Section 

5.2), SMD Cu (-Au) skarn deposits (Section 5.3) and the SMD porphyry Cu (Mo) deposits and 

prospect (Section 5.4). SMD Stages 1 and 2 are gold-poor and interpreted to represent early and 

late basin diagenesis mineral assemblage stages respectively. SMD Stage 3 comprises an early 

carbonate-hosted base metal period (SMD Stage 3A), in turn followed by two low-grade gold- 

bearing RDP hosted base metal vein assemblages (i.e. SMD Stages 3B and 3C). SMD Stage  4 

represents the main high-grade gold bearing event that is interpreted to post-date the SMD 

Stage 3C phase (Fig. 5.7.1). The post-main gold stage assemblages are grouped into SMD 

Stage 5. The common features involved with the combined mineral paragenesis for SMD 

Stages 1 to 5 shown in Fig. 5.7.1 are discussed in the sections to follow. 

5.7.2.1  SMD Stage 1 - Early basin diagenesis 

SMD Stage 1 was mostly observed in drill core from the SMD SHGD (Section 5.7.2). 

The SMD Stage 1 assemblage comprises rare disseminations of framboidal pyrite (Pyrite 1) 

hosted by CSH rocks, and minor ferroan dolomite occurring along pressure solution cleavage in 

CSH rocks, in turn cut by small late stage milky white calcite veins (Section 5.7.2, Fig. 5.7.1). 

This mineral assemblage was not observed to host gold mineralisation during this study, 

although it is not ruled out due to the presence of framboidal pyrite that were mostly too small 

(i.e. <20 m in diameter) to test for gold by LA-ICPMS. SMD Stage 1 is interpreted to form 

early in the diagenesis of the Sepon Basin, during syn- to post-sedimentation (Fig. 5.7.1).  
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 Central Proximal Distal

Porphyry (Cu - Mo) Skarn (Cu + Au) SHGD (Au)

(PDN & TKM) (KHN, DSE, TKM, VAT)  (DSM - NLU)

Not observed SKN Stage 5: Cal-Qtz-Fl (VN) SHGD Stage 5C: Cal-Qtz (VN)

Not observed Not observed SHGD Stage 5B: Qtz-Dol (VN)

Not observed Not observed SHGD Stage 5A: Sb-Qtz-Dol (VN)

SMD 
Stage    

4B
Not observed Not observed

SHGD Stage 4B: Hg-Au telluride-
Qtz (FR and VN)

SMD 
Stage    

4A
Not observed

SKN Stage 4: Pyrite (PY - SKN2) - 
Qtz-2 (Late VN fill in CPY-1) (high-

grade >1 to 293 ppm Au in Py-
SKN2 at DSE and VAT)

SHGD Stage 4A: Pyrite 4A1 to 4A4  
(zoned)-Qtz-Au (high-grade: 3 - 
>200 ppm Au) in FR and VN             

Porphyry Stage 4: Qtz                      
(VN - massive)

Not observed Not observed

Porphyry Stage 3D: Qtz - Cal         
(Late retrograde VN)

Not observed Not observed

Porphyry Stage 3C: Qtz - Mo -     
Cpy (3C) - Chl - Epi - Hem 
(Retrograde VN)                         
(<0.06 ppm Au in Cpy 3C)

SKN Stage 3: Qtz - Cpy (CPY-1)   
- Bn - Mo + Au (Retrograde VN) 

(<0.2 - 0.9 ppm Au in CPY-1)

SHGD Stage 3C: Sulphosalts      
(Cu-Sb-As)-Qtz+Au (FR and VN)

Not observed
SKN Stage 2C: Sp - Gn 
(Retrograde VN)

Not observed

Porphyry Stage 3B: Pyrite (3B) - 
Qtz (Retrograde VN)                        
(<0.13 ppm Au in Pyrite 3B)

SKN Stage 2B: Chl - Epi - Qtz - 
Pyrite (Py-SKN1) - Sp - Cal            
(Retrograde VN)                    
(<0.4 ppm Au in Pyrite SKN1)

SHGD Stage 3B: Pyrite (3B1 & 2) - 
Sp-Gn-Qtz-Ser-Au (<3 ppm Au in 
Pyrite 3B1 and Sp in VN hosted by 
RDP and dolomite)

Porphyry Stage 3A: Qtz - K-spar 
(Early retrograde VN)

Not observed Not observed

Porphyry Stage 2: Retrograde       
ser-chl alteration (RPL)

SKN Stage 2A: Chl - Epi - Dol 
(Retrograde RPL)

Not observed

Porphyry Stage 1: Prograde          
K-spar alteration (RPL)

SKN Stage 1; Prograde garnet 
skarn alteration (RPL)

Not observed

SMD 
Stage    

3A
Not observed Not observed

SHGD Stage 3A: Pyrite 3A -Sp-Gn-
Dol (carbonate-hosted basemetal 
VN and BX fill)

SMD 
Stage    

2
Not observed Not observed

SHGD Stage 2 - Late basin 
diagenesis: (a) Euhedral pyrite 
(Pyrites 2A-C: gold poor, <0.3 ppm 
Au), (b) late cal (VN)

SMD 
Stage    

1
Not observed Not observed

SHGD Stage 1 - Early basin 
diagenesis: (a) early framboidal 
pyrite (Pyrite 1), (b) ferroan 
dolomite along CSH cleavage 
(Dolomite 1), (c) late cal (VN) 
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Fig. 5.7.1. A combined hypogene mineral paragenesis diagram of SMD Stages 1 to 5. This chart groups together the 
SMD mineral paragenesis from the (a) distal SHGD (Section 5.2), (b) proximal  Skarn (Cu + Au) deposits (Section 
5.3), and (c) centrally positioned Porphyry (Cu - Mo) deposit at Thengkham and Padan Prospect (Section 5.4).          
The aim of this chart is to demonstrate the common SMD mineral assemblage parageneses observed between the 
distal, proximal and central mineralisation settings using the LA-ICPMS detection of gold in sulphides as a key 
guide to indicate the paragenetic links. The combined SMD paragenetic  sequence comprises at least five stages, 
commencing with the interpreted oldest SMD Stage 1 and the youngest represented by SMD Stage 5. The red text 
represents mineral assemblages observed to contain gold hosted by sulphides. The solid blue arrows show 
interpreted paragenetic links and the dashed blue arrows represent inferred paragenetic links. Abbreviations used: 
DSC = Discovery Colluvial deposit, DSE = Discovery East deposit, DSM = Discovery Main deposit, KHN = 
Khanong deposit, NLU = Nalou deposit, PDN = Padan prospect, TKM = Thengkham South deposit, Vat = Phavat 
deposit,  BX = breccia fill, FR = fracture fill, RPL = replacement, VN = vein fill, SHGD = sedimentary-hosted gold 
deposit, SKN = skarn, Au = gold, Bn = bornite, Cal = calcite, Chl = chlorite, Cpy = chalcopyrite, Cu = copper,                      
Dol = dolomite, Epi = epidote, K-spar = potassium feldspar, Mo = molybdenite, Py = pyrite, Qtz = quartz,                
Ser = sericite, Sb = stibnite, SS = sulphosalt, and Sp = sphalerite. 
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5.7.2.2 SMD Stage 2 - Late basin diagenesis 

The SMD Stage 2 mineral assemblage was also mainly observed in drill core from the 

SMD SHGD (Section 5.2.3). SMD Stage 2 consists of three types of gold-poor diagenetic 

pyrite, comprising: (a) semi-massive nodular shaped pyrite (Pyrite 2A); (b) euhedral spongy 

textured pyrite (Pyrite 2B) and; (c) euhedral angular pyrite (Pyrite 2C). The SMD Stages 2A to 

2C diagenetic pyrite types only contained very low levels of gold that were generally <0.3 ppm 

Au in the pyrite cores and <0.1 ppm along the pyrite rims (Section 5.2.3). Due to the paucity of 

these pyrite types observed in the samples collected for this study, it was not possible to 

confirm if the SMD Stage 2 generation of pyrite provided a potential source of pre-existing 

gold throughout the SMD for the later stage high-grade gold events. In turn, Stage 2 pink 

calcite (Calcite 2) also filled fractures cutting SMD Stage 2 pyrite generations and also cuts 

pressure solution cleavages containing Stage 1 ferroan dolomite. SMD Stage 2 is interpreted to 

form post-sedimentation and later in the diagenesis of the Sepon Basin (Fig. 5.5.1).  

5.7.2.3 SMD Stage 3 - Main base metal phase  

SMD Stage 3 represents the main base metal dominant group of assemblages in the 

SMD (Fig. 5.7.1). This combined stage consists of three sub-stages: (a) early carbonate-hosted 

pyrite-galena-sphalerite-dolomite veins (SMD Stage 3A), in turn followed by (b) low-grade 

gold-bearing RDP intrusion hosted early retrograde veins with pyrite-sphalerite-galena-quartz-

dolomite (SMD Stage 3B) and (c) late low-grade gold-bearing RDP intrusion hosted retrograde 

veins with quartz-chalcopyrite+bornite+molybdenite (SMD Stage 3C). The SMD Stage 3A 

mineral assemblage was predominantly observed in the SMD SHGD and did not indicate the 

presence of gold during this study. The SMD Stage 3B mineral assemblage is characterised by 

low grades of gold ranging from 0.13 to <3 ppm Au that mainly occur in veins containing 

pyrite and sphalerite which were observed in all three deposit type settings, namely: (a) central 

porphyry (in Pyrite 3B), (b) proximal skarn (in Pyrite SKN1 and sphalerite) and (c) distal 

SHGD (in Pyrite 3B1 and sphalerite, Fig. 5.7.1). The SMD Stage 3C contains chalcopyrite with 

inclusions of low-grade gold ranging from 0.06 to 0.9 ppm Au (Section 5.3.4). Both the SMD 

central porphyry and proximal skarn settings have SMD Stage 3C chalcopyrite, but the distal 

SMD SHGD mainly contained Cu-Sb-As bearing sulphosalts in veins (Fig. 5.7.1).  

The SMD Stage 3A mineral assemblage was only observed to be hosted by carbonate 

rocks in the SMD SHGD, but the exact timing of the formation of base metal mineralisation is 

not constrained. However, the SMD Stage 3B is mainly hosted by veins cutting RDP and also 

carbonate rocks and is therefore interpreted to be post-SMD Stage 3A. Paragenetically, SMD 

Stage 3C is later as it was observed to fill fractures cutting SMD Stage 3B sulphides. The 

timing of the SMD Stage 3C mineral assemblage has been constrained through the Re-Os 

dating of SMD Stage 3C molybdenite to be syn- to late RDP emplacement (Section 5.5). 
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5.7.2.4 SMD Stage 4 - Main high-grade gold phase 

SMD Stage 4 represents the main high-grade gold phase in the SMD (Fig. 5.7.1).         

At least two sub-stages have been observed, namely: (a) SMD Stage 4A pyrite comprising 

high-grades of gold concentrated along (i) the growth rims of pyrite cores that fill fractures 

cutting SMD Stage 3 sulphides in the SMD SHGD (Section 5.2.5) or (ii) associated with rough 

textured pyrite cutting SKN Stage 3C assemblages in the SMD copper deposits (Section 5.3.5) 

and (b) SMD Stage 4B Hg-Au telluride filling fractures in SMD Stage 3 and SMD Stage 4A 

sulphides (Fig. 5.7.1). Both the SMD Stage 4A pyrite types observed in the SMD SHGD and 

the SMD proximal copper skarn deposits contained gold values ranging from >1 and up to 293 

ppm Au (Sections 5.2.5 and 5.3.5 respectively). A trace element relationship between Au and 

As-Sb-Cu-Tl-Se occurring in the SMD Stage 4A pyrite types was also identified during LA-

ICPMS and PIXE NMP studies that will be presented in Chapter 6. The exact timing of the 

SMD Stage  4 main high-grade gold phase is presently not constrained by geochronology, but 

is interpreted from the cross-cutting paragenetic relationships presented in Sections 5.2 and 5.3 

to be post-dated the SMD Stage 3C mineralisation phase (Fig. 5.7.1). 

5.7.2.5   SMD Stage 5 - Post-main high-grade gold phase 

The post-main high-grade gold stage assemblages are grouped into SMD Stage 5 (Fig. 

5.7.1). This assemblage was mostly observed in the SMD SHGD and comprises at least three 

vein assemblages comprising (a) Quartz-stibnite-dolomite (SHGD Stage 5A), (b) Quartz-

dolomite (SHGD Stage 5B) and (c) Calcite-quartz (SHGD Stage 5C). A SKN Stage 5 vein 

assemblage consisting of calcite-quartz-fluorite was observed in the proximal copper skarn 

deposits, in particular at the Khanong copper deposit, and is interpreted to be similar in timing 

to the SHGD Stage 3C assemblage of calcite-quartz (Fig. 5.7.1). No gold grades were observed 

in the sulphide minerals occurring with the SMD Stage 5 mineral assemblage during this study.   

5.7.3 SMD combined mineral paragenesis summary 

The combined SMD paragenesis comprises SMD Stages 1 to 5 and the common 

paragenetic links for the central, proximal and distal deposit types are presented in Figs. 5.7.1 

and 5.7.2 for SMD Stages 3B,  -3C, -4A and -5 and are summarised as follows: 

(1) The SMD Stage 3B mineral assemblage comprises a decrease in gold grades from the 

distal to central deposit settings, with (a) low-grades of gold in both SHGD Stage 3B pyrite 

and sphalerite in the distal SHGD deposits (i.e. <3 ppm Au), (b) lesser gold occurring in 

SKN Stage pyrite in the proximal (Cu-Au) skarn deposits (<0.4 ppm Au) and (c) only 

traces of gold in Porphyry Stage 3B pyrite in the central porphyry type (Cu-Mo) deposits 

(<0.13 ppm Au).  
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(2) SMD Stage 3C comprises chalcopyrite with inclusions of low-grade gold ranging from 

0.06 to 0.9 ppm Au that was observed in both the SMD central porphyry and proximal 

skarn deposit settings, but the distal SMD SHGD settings contained Cu-Sb-As bearing 

sulphosalts (Fig. 5.7.1). The SMD Stage 3C has been constrained through the Re-Os dating 

of SMD Stage 3C molybdenite to be syn- to late RDP emplacement (Section 5.8). 

(3) SMD Stage  4 represents the main high-grade gold phase in the SMD, comprising pyrite 

with high-grades of gold ranging from >1 and up to 293 ppm Au concentrated along (i) the 

growth rims of pyrite cores that fill fractures cutting SMD Stage 3 sulphides in the SMD 

SHGD (Section 5.2.5) or (ii) associated with rough textured pyrite cutting SKN Stage 3C 

assemblages in the SMD copper deposits (Section 5.3.5). 

(4) The SMD Stage 5 vein assemblage consisting of calcite-quartz-fluorite observed in the 

proximal copper skarn deposits is interpreted to be similar in mineral assemblage and 

timing to the distal SHGD assemblage of calcite-quartz-stibnite-dolomite (Fig. 5.7.1). 

 
Central Proximal Distal

Porphyry (Cu - Mo) Skarn (Cu + Au) SHGD (Au)

(PDN & TKM) (KHN, DSE, TKM, VAT)  (DSM - NLU)

Mineral assemblage Not observed Cal-Qtz-Fl Qtz-Sb-Dol-Cal

Gold bearing sulphides Not observed Not observed

Sulphide gold grades Unknown Unknown

Mineral assemblage Not observed Not observed Hg-Au Telluride-Qtz

Gold bearing sulphides Tellurides

Sulphide gold grades Unknown

Mineral assemblage Not observed Qtz-Py (SKN2)-Au Qtz-Py (4A1 to 4A4)-Au

Gold bearing sulphides Pyrite (Py-SKN2) Pyrite (Py-4A1 to Py-4A4)

Sulphide gold grades >1 to 293 ppm Au 3 to >200 ppm Au

Mineral assemblage Qtz-Cpy-Mo-Chl-Epi-Hem+Au Qtz-Cpy-Bn-Mo+Au Qtz-Ser-Sulphosalts (Cu-Sb-As)

Gold bearing sulphides Chalcopyrite (Cpy-3C) Chalcopyrite (Cpy-1), Bornite Not observed

Sulphide gold grades <0.06 ppm Au <0.2 to 0.9 ppm Au Unknown

Mineral assemblage Qtz-Py (3B) Qtz-Py(SKN1)-Sp-Chl-Epi+Au Qtz-Ser-Py (3B1)-Sp-Gn+Au

Gold bearing sulphides Pyrite (Py-3B) Pyrite (Py-SKN2), Sphalerite Pyrite (Py-3B1), Sphalerite

Sulphide gold grades <0.13 ppm Au <0.4 ppm Au <3 ppm Au

Mineral assemblage Not observed Not observed Py-Sp-Gn-Dol

Gold bearing sulphides Not observed

Sulphide gold grades Unknown

Mineral assemblage Not observed Not observed Py-Cal

Gold bearing sulphides Pyrite (Py-2A to 2C)

Sulphide gold grades <0.3 ppm Au

Mineral assemblage Not observed Not observed Py (Framboidal)-Dol-Cal

Gold bearing sulphides Not observed

Sulphide gold grades Unknown
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Fig. 5.7.2. A summary diagram for SMD Stages 1 to 5 showing the main mineral assemblages hosting gold-bearing 
sulphides and their associated gold grades as determined by LA-ICPMS analyses during this study. Abbreviations 
used: DSE = Discovery East, DSM = Discovery Main, KHN = Khanong, NLU = Nalou, PDN = Padan,                
TKM = Thengkham South, Vat = Phavat, SHGD = sedimentary-hosted gold deposit, Au = gold, Bn = bornite,             
Cal = calcite, Chl = chlorite, Cpy = chalcopyrite, Cu = copper, Dol = dolomite, Epi = epidote, Fl = fluorite,                
Hem = hematite, Mo = molybdenite, Py = pyrite, Qtz = quartz, Sb = stibnite, Ser = sericite, Sp = sphalerite.  
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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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