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Abstract

Merlin is the highest-grade Mo and Re deposit in the world, with 6.7 Mt at 1.33% Mo and 23.1 
g/t Re. Merlin is located in the Selwyn Ranges, about 90 km south of the town of Cloncurry, in 
the Eastern Fold Belt of the Mount Isa Inlier. The main host rock to ore is the Kuridala Group, 
which is composed of interbedded black shales and phyllites. The Staveley Formation underlies the 
Kuridala Group and is composed of calc-silicate and phyllitic schists. The Mount Dore Granite 
(1517 ± 7 Ma) forms the eastern boundary and hanging wall to all mineralisation, being thrust 
over the metasedimentary rocks along an east-dipping reverse fault. The moderately east-dipping 
Mount Dore Fault Zone (MDFZ) forms a high strain western boundary and general footwall to 
mineralisation.

The Mount Dore Cu deposit is spatially associated with Merlin. The mineralised corridor 
extends for over 1500 m, and comprises three main zones: the northern Merlin Mo-Re zone, the 
central and eastern hypogene Cu zone, and the southern Cu oxide zone. The Mount Dore Cu 
deposit lies in the hanging wall of the Merlin deposit. 

Unlike quartz vein-hosted and disseminated molybdenite occurrences in porphyry-style 
deposits, molybdenite at Merlin forms the cement to thick packages of heterolithic breccias. Merlin 
molybdenite occurs in two main forms: ‘dirty’, inclusion-rich anhedral grains (molybdenite 1), 
and coarser, subhedral, inclusion-free grains (molybdenite 2). The black shale at Merlin was a 
mechanically incompetent unit, and its natural weakness localised shear zones and breccias, where 
bonanza-grade molybdenite ore zones formed as breccia cement within the brecciated black shale 
unit. Molybdenite and carbonaceous matter are intimately intergrown in the ore zones at Merlin. 
Molybdenite 1 contains abundant carbonaceous matter that can be detected by Raman spectroscopy 
as sub-micron-scale inclusions. Carbonaceous matter (± graphite) and molybdenite 1 cannot be 
distinguished from each other using high spatial resolution microscopy. Only Raman spectral 
data provides evidence for the complete intergrowth of carbonaceous matter (± graphite) and 
molybdenite within the host rock (black shale ± phyllite) units. 

Rhenium concentrations in molybdenite at Merlin vary from 0.03 to 4800 ppm, and Re 
is closely associated with elevated V (~2 to 280 ppm) in the molybdenite structure. These trace 
elements do not correlate specifically with either molybdenite 1 or 2 — they are elevated in both 
textural types. 

The host rocks at Merlin are carbonaceous and there is an intimate intergrowth of carbonaceous 
matter with molybdenite 1 at Merlin. Previous Re-Os dating for Merlin provided a wide range 
of ages (1552 ± 6 to 1503 ± 5 Ma) that are potentially compromised by mixing of Re (and Os?) 
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sourced from old carbonaceous matter in the host rocks and the younger granitic fluids. The 
preferred age of mineralisation at Merlin is the younger age (1503 ± 5 Ma), which is only slightly 
younger than the Mount Dore Granite (1517 ± 7 Ma). 

Oxygen isotope analyses of quartz related to Mo-Re mineralization yielded ∂18Oqtz values of 
9.18–15.9‰ (stage 1), 9.82–15.14‰ (stage 2), and 9.54–17.19‰ (stage 3). These correspond 
to calculated ∂18OH2O values of 6.12–13.65‰ (stage 1; 450°C and 500°C), 0.87–8.25‰ 
(stage 2; 250°C and 300°C), and 4.24–13.13‰ (stage 3; 400°C and 350°C), consistent with a 
predominantly magmatic source of fluids, potentially with minor meteoric water input.   

The Mount Dore Granite is oxidised, highly fractionated I-type granite that has negative 
correlations between SiO2 and TiO2, P2O5 and MgO. Negative anomalies for Ba, Sr, Ti, and Nb 
indicate that feldspars and Fe-Ti oxides were fractionated from the parent magma. Radiogenic 
isotope analyses shows variability in eNd1517Ma values (–4 and –11) indicating that the Mount
Dore Granite was fractionated at the time of its emplacement. Modern eNd values range from –20 
to –25, suggesting that both mafic and felsic components are present in the Mount Dore Granite. 

Merlin formed when magmatic-hydrothermal fluids, possibly with a minor meteoric water 
component, interacted with carbonaceous matter in the brecciated Kuridala Formation. There was 
one major stage of Mo-Re mineralization. The key factors for the formation of Merlin were:
• A sedimentary host succession, marked by repeated C-rich black shale horizons;
• Magmatic-hydrothermal fluid flow and alteration involving the Mount Dore Granite; and
• Tectonic-hydrothermal brecciation that facilitated the movement of oxidised Mo-Re bearing

fluids and intimate interaction with a reduced, carbonaceous chemical and structural trap.
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1.1  Preamble
Molybdenite is the most common molybdenum mineral, occurring primarily in porphyry-style ore 
deposits (Sillitoe, 2010). It is the principal ore mineral in porphyry molybdenum deposits and is an 
associated sulfide in porphyry copper deposits (Table 1.1; Polyak, 2017). 

Approximately 20% of the molybdenum currently produced from mined ore is used to make 
molybdenum-grade stainless steel. Together, engineering grade steel, cast iron and superalloys 
account for about 60% of molybdenum use. The remaining 20% is used in advanced products such 
as lubricant grade molybdenum disulfide (MoS2) and molybdenum chemical compounds (http://
www.imoa.info). Global molybdenum production in 2016 decreased by 4% compared with 2015 
(Polyak, 2017). Identified resources of molybdenum in the world are currently about 14 million 
tons (Polyak, 2017). 

Australia’s Economic Demonstrated Resources of molybdenum increased from 167 kilotonnes 
(kt) in 2011 to 203 kt in 2012 (Polyak, 2017). Inferred resources of molybdenum increased only 
slightly from 562 kt in 2011 to 572 kt in 2012 (Polyak, 2017). 

Chapter 1
Introduction

Table 1.1 World molybdenum production and reserves. Source: Polyak (2017) 

Mine	production	 Reserves																		
(thousand	tons)	2015	 2016	

United States 47,400 31,600 2,700 
Armenia 7,200 7,000 150 
Australia - - 190 
Canada 2,300 1,700 260 
Chile 52,600 52,000 1,800 
China 83,000 90,000 8,400 
Iran 3,500 3,500 43 
Kazakhstan - - 130 
Kyrgyzstan NA NA 100 
Mexico 11,300 12,300 130 
Mongolia 2,000 2,500 160 
Peru 20,200 20,000 450 
Russia 4,500 4,500 250 
Turkey 900 1,000 100 
Uzbekistan 450 450 60 
World Total (rounded) 235,000 227,000 15,000 
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Fig. 1.1  Geological map of Queensland showing molybdenum and rhenium occurrences (State of Queensland, 
Department of Natural Resources and Mines, 2014)
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Queensland accounts for 66% of Australia’s total inferred resources  (Fig. 1.1; http://www.
australianminesatlas.gov.au/aimr/commodity/molybdenum, accessed October 9, 2017; https://www.
dnrm.qld.gov.au/__data/assets/pdf_file/0017/238112/molybdenum.pdf, accessed October 9, 2017). 

Non-porphyry Mo deposits are very rare globally. The Merlin Mo-Re deposit in NW 
Queensland is one such deposit. It was discovered in late 2008 and was one of Chinova Resources’ 
(formerly Ivanhoe Australia) biggest exploration successes. It contains approximately 6.4 million 
tonnes (Mt) of ore, grading 1.5% Mo and 26 ppm Re. Additionally, a zone of bonanza-grade 
molybdenite was discovered less than 100 meters from the surface. The resource of this zone, known 
as Little Wizard, has not been defined as yet. Exceptional features of the project included the high 
grade of the molybdenum resource and rather shallow depth, which contributed to projected 
estimate of strong and continuing cash flows and high revenues when the deposit is brought into 
production.

1.2  Aims
This Ph.D. study of the Merlin deposit is designed to achieve the following aims:
1. Characterisation of the Merlin orebody, particularly with reference to the occurrence, distri-

bution and genetic implications of carbonaceous matter and trace elements, such as Re, in the 
molybdenite ore;

2. Investigate the evolution of the Mount Dore Granite and other granites in the area, in order to 
understand the relationships (if any) between granite emplacement, mineralisation, and tectono-
thermal events; 

3. Use oxygen isotope analyses of quartz to resolve fluid sources at Merlin; and 
4. Improve the understanding of the genesis of the molybdenum-rhenium mineralisation at Mer-

lin, and assess whether the deposit belongs to the broad family associated with IOCG deposits, 
which are common in the Cloncurry region. 

1.3  Location and access
The Mount Dore-Merlin deposit is located 145 km southeast of Mount Isa and approximately 700 
km west of Townsville. Access is by air from Mount Isa, Townsville and Brisbane via all-weather 
airstrips at Osborne, or by road from Cloncurry, 140 km to the north. Fieldwork was conducted 
over six weeks in 2013 and 2014, and involved logging and sampling of 30 drill holes through 
Merlin.

1.4  Previous studies
Previous research studies on Merlin deposit were undertaken by Kirkby (2009), Greene 

(2011), and Babo (2014). Kirkby’s (2009) honours thesis focussed on defining the alteration and 
mineralisation features, the relationship between the Mount Dore and Merlin deposits, and the 
sulphur, carbon, and oxygen isotopic characteristics of ore and gangue minerals to help constrain 
processes of ore genesis. Greene’s (2011) study aimed to further constrain the physicochemical 
nature and origin of the mineralising hydrothermal fluids through cathodoluminescence and fluid 
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inclusion studies of quartz from Merlin. He used this information to refine the genetic model for 
Merlin, and discussed implications for the classification of the deposit style. Babo’s (2014) Ph.D. 
thesis proposed that two generations of molybdenite mineralisation occurred at Merlin based on 
Re-Os dating (~1535 Ma and ~1521 Ma). Babo et al. (2017) identified six stages of hydrothermal 
and metallogenic evolution responsible for the formation of the Merlin deposit, based on 
geochronological, textural, and structural evidence. 

Other studies in this particular region are restricted, despite the proximity of the Mount 
Dore IOCG deposit, which has been known for over a century. The most noteworthy work is the 
Ph.D. thesis of Beardsmore (1992), which remains the most comprehensive study of the local area. 
Beardsmore assessed the geology, paragenesis, geochemistry, and isotopic signature of the Kuridala-
Selwyn region of north-western Queensland, and concluded that epigenetic mineralisation across 
the Cloncurry Fold Belt appears to be the result of large-scale devolatilisation of the crust during 
the declining stages of regional deformation and metamorphism. The characteristics of each deposit 
depend on the combination of local factors such as structure and rock types that adjoin it for 
leaching of metals (Beardsmore, 1992).

Ivanhoe Australia undertook an extensive drilling program of the Mount Dore-Starra Line-
Mount Elliott region between 2003 and 2008. In October 2008, one drill hole intersected strong 
molybdenite mineralisation below the Mount Dore deposit. This was the first discovery of the high 
grade Merlin Mo-Re deposit. The discovery announcement of the Merlin deposit was made in 
December 2008 and stressed the importance of the exploration program from shallow infill drilling 
in the southern zone of the Mount Dore resource to progressive extension and infill of the northern 
less-weathered copper oxide zone and the Merlin deposit (Pratt and McAuley, 2013).

1.5  Thesis outline
The project aims to provide an understanding of the trace elements in the Merlin molybdenite 

ore, and how these relate to ore genesis. This includes an assessment of the involvement of 
carbonaceous matter and graphite from the host rocks in mineralising process. The overall study 
provides a better understanding of the relationships between granite intrusion, deformation, fluid 
flow and mineralisation at Merlin, in order to help near-mine and regional mineral exploration in 
the Cloncurry Fold Belt, Queensland. This work includes assessing whether Mount Dore Granite is 
chemically distinct among the plutons of the Williams Batholith. This Ph.D. project has generated 
a range of new geological and geochemical data sets, and regional compilations, that have wide 
applications to geological issues at Merlin and the broader Cloncurry district. 

This Ph.D. thesis starts with an introductory chapter defining the aims, approaches and 
methods, followed by reviews of the regional and local geological settings. New results are provided 
in Chapters 4 to 6, which include data on the Mount Dore granite, 

A closing chapter summarizes the major findings and presents a genetic model of the Merlin 
deposit. Specific details of the thesis’ chapters are as follows:

• Chapter 1 – Introduction 
• Chapter 2 – Regional geology – a review of the main sedimentary, metamorphic, igneous, 
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hydrothermal, and deformation events. This chapter also provides a brief outline of the Williams 
and Naraku batholiths. A short review of the major ore deposits in the Eastern fold belt of Mount 
Isa Inlier is also provided.  

• Chapter 3 – Local geology – reviews the local stratigraphy, supplemented by observations 
from drill hole logging, combined with new field data. The paragenesis of Merlin is described, as are 
the different styles of molybdenite mineralisation and how they relate to the host stratigraphy.  

• Chapter 4 – whole-rock major, minor, and trace element geochemistry data are presented for 
a detailed petrogenetic analysis of the Mount Dore Granite and related granitoids from the region. 

• Chapter 5 – Cathodoluminescence and SHRIMP-SI oxygen isotope analyses of different 
generations of quartz from Merlin to assess depositional conditions and fluid sources for Merlin.

• Chapter 6 – Mineralogical characterisation of molybdenite at Merlin. In this chapter, a 
combination of optical microscopy, scanning electron microscopy, Raman spectroscopy and LA-
ICP-MS imaging are used to explain the types and textures of C-rich inclusions in molybdenite, as 
well as to study trace element compositions of molybdenite at Merlin.

• Chapter 7 – Constraints on the formation of the Merlin Mo-Re deposit.
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Chapter 2
Regional Geology

2.1. Introduction

The Merlin deposit is located in the Eastern Fold Belt of the Mount Isa Inlier of northwest 
Queensland. This Proterozoic terrain is composed of metamorphosed clastic and chemical 
sedimentary rocks and bimodal volcanic rocks, and has been intruded by various granites that 
were emplaced between 1520–1490 Ma (Wyborn, 1998).  Both Merlin and the Mount Dore Cu 
deposits are part of the Cloncurry district in the Eastern Fold Belt of the Mount Isa Inlier, a region 
well-endowed with IOCG and Pb-Zn deposits.  Some of the deposits in this district are large, most 
notably the Cannington Ag-Pb-Zn Broken Hill-type deposit (Bodon, 2002). This chapter:
• Provides the necessary context for discussion of the local geology in the Mount-Dore Merlin 

region; and
• Highlight recent advancements in our understanding of the geology of the Eastern Succession of 

the Mount Isa Inlier.  

2.2. Stratigraphy

The Proterozoic stratigraphy of the Mt. Isa Inlier consists of four main stratigraphic sequences 
(Blake, 1987; Blake and Stewart, 1992; Beardsmore, 1992; Bodon, 2002; Kirkby, 2009; Fig. 2.1). 
The basement sequence of sedimentary rocks was deformed and metamorphosed by the 1.89–1.87 
Ga Barramundi Orogeny (Blake and Stewart, 1992). It is rarely exposed in the eastern Mt Isa Block 
(Williams, 1998). 

The late Neoproterozoic rifted margin of Australia, the Broken Hill and Mount Isa terranes 
are notable in reconstructions of Rodinia that juxtapose the deformed Proterozoic basins of eastern 
Australia against terranes of equivalent age in the south-western United States (Burrett and Berry, 
2000; Karlstrom et al., 1999, 2001) or Mexico (Wingate et al., 2002). Between them, these two 
terranes preserve one of the most complete records of 1800–1600 Ma basin formation in Australia. 

All sequences in the Mt Isa Inlier most likely accumulated in an intracontinental rift setting 
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Fig. 2.1  Simplified geology of the southern Mount Isa Inlier showing the location (inset) and the threefold division into 
north–south trending zones marked out by major faults and/or granitic batholiths. Also highlighted is the distribution 
of basement, granite suites, major mines and prospects. Geology adapted from Blake (1987). (Source: Foster and Austin, 
2008)
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(e.g., Wyborn and Blake, 1982; Blake, 1987). The sedimentary rocks of the Cover Sequences 
are typically shallow marine or fluvial in origin (Blake et al., 1990). Cover Sequence 2 (CSQ 2) 
unconformably overlies CSQ 1 (Blake et al., 1990).

Following the cessation of rifting in the Calvert Superbasin, basin deposition shifted away 
from the Leichhardt River Fault Trough towards the east and northeast (Lawn Hill Platform). The 
Mount Isa region experienced regional subsidence from at least 1640 to 1575 Ma, accompanied by 
deposition of up to 8 km of rhythmically bedded turbidites, carbonaceous shales and stromatolitic 
dolostones in a shallow to deep marine environment (Hutton and Sweet, 1982; O’Dea et al., 1997; 
Jackson et al., 2000; Southgate et al., 2000; Betts et al., 2006). These post-rift sedimentary rocks 
cover the bulk of the former Isa Superbasin (Jackson et al., 2000). They are underlain to the south 
by a slightly older 1670–1640 Ma transgressive package of fluviatile to shallow marine sandstones, 
siltstones and dolostones with subordinate amounts of intercalated black shale. This older package 
has been widely interpreted as part of the Isa Superbasin (e.g., Jackson et al., 2000; Betts et al., 
2006) even though sedimentary facies and the pattern of stratal thickening towards NW and 
WNW-trending normal faults remained unchanged compared to the underlying Calvert Superbasin. 
Deposition of this older package was also accompanied by felsic magmatism, including minor 
intercalations of peperite and locally redeposited tuffaceous beds (Page et al., 2000), indicating 
ongoing tectonic instability and no significant change in the style of magmatic activity from one 
superbasin to the next. Crustal extension evidently did not cease at 1670 Ma with the transition 
from the Calvert to the Isa Superbasin but continued through deposition of the Isa and lower 
McNamara Groups until about 1640 Ma. A protracted period of orogeny and felsic magmatism 
followed, during which there was a significant basin inversion.

The supracrustal Proterozoic sequence is overlain in the south by shallow marine Cambrian 
sedimentary rocks (Fig. 2.1). Elsewhere, it is overlain by terrestrial Mesozoic rocks, localized 
limestone and chert, and Quaternary deposits of the Eromanga Basin (Blake, 1987).

2.2.1. Barramundi basement and Kalkadoon-Leichhardt Belt

The basement units exposed in the Eastern Fold Belt are the Plum Mountain Gneiss and the 
Kurbayia Migmatite (Fig. 2.1). The Kurbayia Migmatite is exposed near the western edge of the 
Kalkadoon- Leichhardt Belt. The Plum Mountain Gneiss crops out near the southeastern flank of 
this belt. Basement units exposed to the west are the Yaringa Metamorphics, and possibly the Saint 
Ronans Metamorphics and the Sulieman Gneiss (Fig. 2.1). The oldest preserved syn-rift sequence 
in the Mount Isa terrane occurs within the relatively undeformed 1800–1750 Ma Leichhardt 
Superbasin (Blake, 1987; Jackson et al., 2000; Neumann et al., 2006). It mainly consists of basaltic 
and felsic volcanic rocks (Eastern Creek Volcanics and Argylla Formation). A predominantly shallow 
marine, fluviatile to lacustrine succession of white quartzite, poorly sorted immature sandstones 
and siltstones, overlies these and red beds with minor amounts of intercalated dolostone (Derrick, 
1982; Blake, 1987; Eriksson and Simpson, 1993; O’Dea et al., 1997; Fig. 2.2). This suite is up 
to several thousand metres thick and extends from the Leichhardt River Fault Trough into the 
southern part of the Lawn Hill Platform (Fig. 2.2). The belt consists mostly of basement, CSQ 1, 
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CSQ 2, and granite. The older Proterozoic rocks of the belt are partly overlain by, and partly faulted 
against, CSQ 2 units of the Leichhardt River Fault Trough and Myally Shelf to the west (Fig. 2.2). 
The Kalkadoon-Leichhardt Belt is separated from the Eastern Fold Belt by a major deformed zone 
(Derrick, 1980; Blake et al., 1984) comprising of Pilgrim and Fountain Range Faults (Fig. 2.1). 

Three post-Barramundi supracrustal sequences form the Proterozoic cover (Fig.2.2).

2.2.1.1. Cover Sequence 1 (CSQ 1; 1.87-1.85 Ga) 
Composed of granites and felsic volcanics that were emplaced shortly after the Barramundi Orogeny 
(Blake, 1987; Blake and Stewart, 1992).

2.2.1.2 Cover Sequence 2 (CSQ 2; 1.78-1.72 Ga)
Comprises of the Argylla Formation, Malbon Group and Mary Kathleen Group (Derrick et al., 
1977), which overlie each other conformably (Blake et al., 1990; Fig. 2.2). The Argylla Formation 
consists of rift-phase dacitic-rhyolitic volcanics (Blake et al., 1990). The Malbon Group includes 
rift-phase basaltic lava and feldspathic sandstone (Blake et al., 1990). The Mary Kathleen Group 
consists of various package of metamorphosed clastic, carbonate and evaporite sedimentary, and 
mafic, intermediate and felsic volcanic rocks (Williams and Skirrow, 2000).

2.2.1.3 Cover Sequence 3 (CSQ 3; 1.67-1.60 Ga)
Includes the informally defined Maronan Supergroup (Beardsmore et al., 1988), the Kuridala 
Formation, Soldiers Cap Group, the Young Australia Group, the Mount Albert Group, Tommy 
Creek Block and the Marimo Slate (Fig. 2.2). The Maronan Supergroup is a carbonate-poor, 
conformable set of metamorphosed siliciclastic, turbiditic sedimentary and basic volcanic rocks 
(Derrick et al., 1976a). West of the Cloncurry Fault, these basal units include the Kuridala 
Formation (Foster and Austin, 2008), which consists of graphitic and pyritic schist, metagreywacke, 
slate, and minor mafic volcanic rocks. The renewed rift volcanic products (basalt flows) of the Toole 
Creek Volcanics overlie the Kuridala Formation (Hatton and Davidson, 2004; Duncan et al., 2011; 
Greene, 2011). 

The basal unit of the Young Australia Group (YAG), the Answer Slate, is composed of graphitic 
and pyritic slate, siltstone and phyllite (Foster and Austin, 2008). This unit is overlain by the 
Staveley Formation, which encompasses interbedded sandstones, siltstone, phyllite, shale and 
mudstones, variously calcareous, ferruginous, feldspathic, and siliceous in nature (Blake, 1987; 
Foster and Austin, 2008; Geological Survey of Queensland, 2011).

The upper unit of the Young Australia Group are carbonaceous slates, siltstones and shales, 
devoid of volcanics but with banded calc-silicates or banded iron formations, known collectively as 
the Marimo Slate.

Cover Sequences 2 and 3 appear to have a broadly concordant stratigraphic contact (Blake et 
al., 1990). Recent age dating indicates that some elements of the original Cover Sequences overlap 
in age. Hence it is preferred to describe the rocks in age and referring to the concept of Cover 
Sequences. The revised chronostratigraphy highlights the following distinct temporal groupings of 
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Fig. 2.2  Revised chronostratigraphic framework (time–space plot) for the Mount Isa Inlier. Modified from the 
compilations of Blake (1987), Blake and Stewart (1992), Page and Sun (1998), Page and Sweet (1998), Page et al. 
(2000), and Foster (2003). The division of the stratigraphy into three Cover Sequences is after Blake (1987), whereas 
the division into the Leichhardt, Calvert and Isan Superbasins and delineation of the ‘Big’, ‘Gun’, ‘River’ and ‘Wide’ 
events is after Jackson et al. (2000), Scott et al. (2000), and Southgate et al. (2000a,b). Names of supersequences in the 
Leichhardt, Calvert and lower Isa Superbasins (shown in italics) are after Neumann et al. (2006). ‘<’: Minimum age for 
the lithology. (Source: Foster and Austin, 2008)
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magmatism and sedimentary accumulation within the Eastern Fold Belt (Foster and Austin, 2008).

2.2.2 1800–1750 Ma sequence

Cover Sequence 1 comprises the Leichhardt Volcanics and part of the undivided Tewinga Group 
in the Kalkadoon-Leichhardt Belt, the Leichhardt Volcanics and tentatively the Candover 
Metamorphics in the Ewen Block of the Western Fold Belt, and the Cliffdale Volcanics of the 
Murphy Tectonic Ridge (Foster and Austin, 2008; Fig. 2.2). The Leichhardt Volcanics form the 
lower part of the Tewinga Group of Derrick et al. (1976a), the upper part of which is represented by 
the Magna Lynn Metabasalt and Argylla Formation of CSQ 2. Unlike the felsic volcanics in CSQ 
2, those in the Leichhardt Volcanics are typically either weakly magnetic or non-magnetic.  The 
majority of the volcanics and sedimentary units of this time are incorporated in CSQ 2 of Blake 
(1987). This phase correlates with the Leichhardt Superbasin (~1800–1750 Ma) defined in the 
Western Fold Belt (Foster and Austin, 2008). 

The sequence was persistent in the Eastern Fold Belt with the upsurge of the Marraba 
Volcanics (mafic) and subsequent accumulation of the Mitakoodi Quartzite and Ballara Quartzite 
between 1760 and 1750 Ma. The calcareous Quilalar Formation, Corella Formation and Doherty 
Formation were then rapidly accumulated across the Mount Isa Inlier from 1750 to 1745 Ma. The 
emplacement of the various intrusions of the Wonga Batholith into this sequence, and emplacement 
of the felsic Fort Constantine Volcanics took place ~ 1750 and 1730 Ma (most intrusions probably 
~ 1740–1730 Ma).

2.2.3  1710–1690 Ma sequence

These sedimentary rocks are all hosted in the Western Fold Belt and are grouped in the Calvert 
Superbasin of Jackson et al. (2000), although the latter ranges from ~1730 Ma to 1690 Ma. Felsic 
volcanics in this sequence are similar in age to rhyolite that intrudes the Doherty Formation in 
the Eastern Fold Belt. The 1710–1690 Ma sequence can be split into subgroups on the basis of 
separation by an unconformity and depositional timing of around 1710 Ma and ~1700–1690 Ma 
(Fig. 2.2). The older group consists of the Bigie Formation (sandstone and conglomerate) and the 
bimodal Fiery Creek Volcanics (1709 ± 3 Ma, co-magmatic with the Weberra Granite). The younger 
group consists of quartz sandstone, feldspathic sandstone, siltstone and shale. The Llewellyn Creek 
Formation in the core of the Snake Creek Anticline in the Eastern Fold Belt is a possible time 
equivalent unit of these 1710–1690 Ma sequences. At Snake Creek the Llewellyn Creek Formation 
has been intruded by a tonalite with a magmatic crystallization age of 1686 ± 8Ma (Rubenach et al., 
2008).

 2.2.4. 1680–1610 Ma sequence

This includes the Maronan Supergroup (or Soldiers Cap Group) in the Eastern Fold Belt and 
the Young Australia Group (Fig. 2.2). These units were ascribed to CSQ 3 (Blake et al., 1987). 
Beardsmore et al. (1988) placed the expanded Soldiers Cap Group (including the upper three units 
of the Kuridala Formation) and the Fullarton River Group (including the basal Kuridala unit) 
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into a conformable sequence termed the Maronan Supergroup (Foster and Austin, 2008). The 
Maronan Supergroup has the largest spatial extent and is the main unit found in the eastern half of 
the Eastern Fold Belt (Beardsmore et al., 1988). There are two main groups of depositional ages for 
these units, ~1680–1650 Ma, and 1630–1610 Ma. Rhyolites and/or tuffs that contributed to this 
belong to the period of 1665–1650 Ma. 

The Mary Kathleen Group as defined by Blake (1987) is the other major lithological unit (along 
with the Soldiers Cap and the Tewinga Group) in the Eastern Fold Belt. Recent geochronology has 
revealed that much of the Mary Kathleen Group is younger than previously thought, and there is 
reason to reassign at least a part of it into the informally named Young Australia Group (Foster and 
Austin, 2008). The term Mary Kathleen Group is retained for the older (CSQ 2) units, including 
the Corella Formation, which crops out in the Mary Kathleen zone and is also the most extensively 
outcropping unit within the Group (Fig. 2.3). 

The Marimo Slate in the Tommy Creek Block is constrained between the ages of 1630 and 
1610 Ma. It occurs in slightly younger sequences in the Eastern Fold Belt. 

The majority of the Mount Isa Group in the Western Fold Belt as well as the CSQ 3 units in the 
Eastern Fold Belt were deposited from 1665 to 1650 Ma. The Urquhart Shale at Mount Isa (host 
to the main Pb-Zn-Ag-Cu mineralization) has a well-constrained depositional age of ~1655 Ma, 
within error of the age of 1655 ± 4 Ma obtained from the Marimo Slate (carbonaceous slate, shale 
and siltstone) and of ages obtained from the Mount Norna Quartzite (1654 ± 4 Ma) and the Toole 
Creek Volcanics (1658 ± 8 Ma; Foster and Austin, 2008).

2.3 Tectonic evolution and metamorphism

The eastern margin of the Mount Isa Inlier was deformed, metamorphosed and then intruded by 
massive granites between 1.6 and 1.5 Ga throughout the Isan Orogeny (O’Dea et al., 1997; Betts et 
al., 2006). 

2.3.1 Main deformation events

The Mt Isa Inlier has been exposed to extensive compressional deformation and regional 
metamorphism during two major orogenies. The older orogeny, which took place about 1890 
to 1870 Ma, post-dated the basement sequence, but pre-dated the volcanism related to CSQ 1 
(Blake et al., 1990). The older orogeny is known to have followed the Kalkadoon-Leichhardt 
magmatism (Blake et al., 1990), and has been linked with the Barramundi Orogeny (Etheridge et 
al., 1987). Several generations of folding have been determined in outcropping basement rocks, 
with peak-metamorphic grades up to upper amphibolite facies (Blake et al., 1990).  The younger 
compressional event, named the Isan Orogeny, post-dates the deposition of the Mt Isa Group (CSQ 
3) at around 1670 Ma, and pre-dates the 1550–1500 Ma emplacement of the Williams and Naraku 
batholiths (Blake et al., 1990). 
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2.3.1.1  Main deformation (D1; 1640 Ma) 
This event produced layer-parallel shear zones up to 2000 m thick and around contact between 
major stratigraphic units. D1 is preserved in the form of inclusion trails in syn-metamorphic 
porphyroblasts (Beardsmore, 1992). Porphyroblasts may preserve earlier stages in the development 
of a particular fabric and also preserve remnants of earlier structures (Bell and Rubenach, 1983; Bell 
et al., 1986). Strain shadows and S2 crenulation reactivation in the schistose rocks are also observed 
under D1 deformation. D1 is mostly bedding-parallel, steeply east-dipping and folded around D2 
structures (Beardsmore, 1992). The dominant folds and their associated fabrics in the Kuridala-
Selwyn region have a style and orientation similar to D2 structures identified by Bell (1983) and 
Winsor (1983, 1986) in the western part of the Mount Isa Inlier. The Selwyn Shear, a high strain 
deformation zone, occurs around the boundary between the Soldiers Cap Group and Staveley 
Formation (Beardsmore, 1992). 

2.3.1.2  D2 (1595 Ma)
Structures in the Kuridala-Selwyn region pertaining to the D2 event (1595 Ma) are tight to 
isoclinal, inclined folds. The folding varies dramatically in scale, from several thousand metres 
to several centimetres. D2 is pervasive and slaty cleavage is the main fabric developed in rocks 
(Beardsmore, 1992). Axial planes for D2 structures dip steeply ENE to ESE. The scale of folding is 
strongly dependent on the lithologies in which it is developed (Beardsmore, 1992).

2.3.1.3 D3 (1550 Ma) 
Occurs as open rounded folds with wavelength of tens to hundreds of metres, occurring in bands 
up to 1000 m wide. D3 causes local reorientation of steeply dipping bedding and S2 foliation 
to shallow orientations (Beardsmore, 1992). It displays angular to rounded crenulations with 
wavelengths of several mm developed in S2 foliations. Late metamorphic minerals such as biotite are 
also developed parallel to foliations (Beardsmore, 1992). The sub-vertical axial planes strike NNW; 
variably north to south and have mostly shallow plunging fold axes (Beardsmore, 1992). 

2.3.1.4 D4 (1530 Ma)
This event locally developed NE trending crenulations to the west of the Western Ironstones in the 
D1 Starra Shear Zone (Beardsmore, 1992). The crenulations have the wavelengths of the order of 3 
cm and amplitudes of 1 to 2 cm, plunge to the SW and have axial planes dipping moderately to the 
SE (Switzer, 1987). D4 is assumed to precede faulting, as it is a ductile event. 

2.3.2 Major fault systems

In the Eastern Fold Belt, the earliest phases of the Isan Orogeny are characterised by north-
northwest-directed thrusting along sub-horizontal decollements (MacCready et al., 1998; Betts 
et al., 2000; O’Dea et al., 2006; Giles et al., 2006; Betts et al., 2006). These structures helped 
to partition D1 ductile deformation. Subsequent east-west crustal shortening resulted in the 
upright D2 folds with north-trending fold axes. These define the major regional anisotropy, and 
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were associated with the development of steeply east-dipping reverse faults (O’Dea et al., 1997a; 
MacCready et al., 1998; Betts et al., 2000).

In the Western Fold Belt, the Isan Orogeny records two basin inversion events (O’Dea and 
Lister, 1995; Betts, 2001; Betts et al., 2006). North-south shortening resulted in the inversion of 
pre-existing east-trending rift structures (O’Dea and Lister, 1995; Lister et al., 1999). Subsequent 
east-west shortening resulted in the development of crustal-scale upright folds with north-trending 
fold axes (Bell, 1983; O’Dea et al., 1997b). Each inversion event was accompanied by regional 
metamorphism. An early metamorphic event occurred at ca. 1575 Ma (Hand and Rubatto, 2002) 
and the second metamorphic event, defined by the emplacement of syn-metamorphic pegmatites, at 
1532 ± 7 Ma (Connors and Page, 1995). 

The Late Isan Orogeny (1530–1500 Ma) parallels the Williams Thermal Event, and is 
categorised by ESE to WNW shortening (GSQ, 2011). This triggered brittle reactivation of major 
fault systems including pervasive brecciation (Oliver et al., 2004).  

2.3.2.1  Pilgrim Fault
The Pilgrim Fault Zone (PFZ), and the northeasterly trending Fountain Range Fault (Fig. 2.1) 
probably represent long-acting deep-seated crustal discontinuities along which both vertical and 
horizontal movements have taken place. Many faults mark lithological boundaries, and some occur 
in the axial zones of major folds, especially synclines. PFZ is partly syntectonic or post-tectonic, 
but faulting undoubtedly took place during sedimentation and volcanism, as evidenced by some 
abrupt changes in thickness of rock units. In this shear zone, schistose, mylonitic or brecciated rocks 
predominate, but recognisable remnants of the pre-existing rocks are generally also present. Some 
faulting took place during the Palaeozoic, mainly along reactivated Precambrian structures, and in 
places within the Pilgrim Fault Zone the Cambrian strata were steeply tilted (Blake et al., 1984). 

2.3.2.2  Cloncurry Fault
The Cloncurry Fault is a complex structural zone (Fig. 2.1), which has been variously described as a 
‘late, steeply dipping brittle fault’ (Donchak et al., 1983), a thrust fault (Honman, 1939; Loosveld, 
1989a,b), ‘a shallowly dipping normal fault or detachment’ (De Jong and Williams, 1995) and ‘a 
zone of intense multistage metasomatism’ (De Jong and Williams, 1995). The NNW striking and 
east-dipping Cloncurry Fault is primarily planar and a brittle fault zone that draws the boundary 
between the Maronan Supergroup and Doherty Formation. The western margin of the Maronan 
Supergroup is in contact with the Doherty Formation along this zone, also called Cloncurry 
overthrust (Honman, 1939) and/or Cloncurry Fault (Donchak et al., 1983; Blake et al., 1983). 

Williams and Blake (1993) and De Jong and Williams (1995) described multiple stages of 
metasomatism associated with the Cloncurry Fault, which seems to have been the focus of fluid flow 
during its history. The Cloncurry Fault at the southeastern margin of Mount Isa Inlier is referred to 
as the Marramungee Shear Zone. It deformed the Doherty Formation and Maronan Supergroup 
metasedimentary rocks, amphibolites, granites, pegmatites and quartz or calcite filled veins 
(Newbery, 1990). 

Merlin 
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2.3.2.3  Mount Dore Fault Zone
The Mount Dore Fault Zone (MDFZ) formed during the Isan Orogeny, propagating along the 
major regional unconformity known as Leichhardt River Fault Trough (Adshead-Bell, 2000; Greene, 
2011). This fault juxtaposes the Kuridala Formation with the younger Staveley Formation. This was 
followed by an evolution from primarily ductile deformation to brittle deformation (1550–1540 
Ma; GSQ, 2011), which generated sizeable fault offsets and upright folding. The MDFZ contains 
abundant thick quartz veins. Brecciation is common in the western region of the fault zone, where 
subordinate faults and F3 folds are also observed (Beardsmore, 1992). 

2.3.2.4 Seismic refraction studies 
The crust is around 55 km thick underneath the Mount Isa Inlier. It transitions from lower crustal 
material to mantle material over a broad zone that is 15 km thick (Fig. 2.3; Goncharov et al., 
1997). Low-velocity layers are common in the crust and in the crust-mantle transition zone. Lateral 
variations in velocity within the upper 15 km of the crust can be seen, with relatively lower velocities 
(5.7–6.1 km/s) more common within the Western Fold Belt (Goleby et al., 1998). The detachments 
in turn are cut by steeply east-dipping reverse faults which link into the zone of high-velocity rocks 
defined by the refraction data (Drummond et al., 1998). These lower velocities may indicate the 
major influence of fault zones on the physical parameters along this part of transect. Compared to 
this, the Eastern Fold Belt looks more consolidated with typical velocities of 6.1 km/s and higher 
prevailing in the upper 15 km (Fig. 2.3; Goleby et al., 1998).

2.3.2.5 Seismic reflection studies
The Eastern Fold Belt is part of a fold and thrust belt with a thin-skinned tectonic style. The features 
of this belt were captured in several east-west seismic studies described by Goleby et al. (1998; Fig. 
2.3). The Cloncurry Fault is a late reverse fault that cuts into the sub-horizontal detachment surface. 
The thin-skinned system has been divided by numerous reverse and strike-slip faults as indicated by 
seismic data and geological mapping (Goleby et al., 1998). 

The Eastern Fold Belt has been divided by two sets of strike-slip faults — the Pilgrim Fault and 
faults associated with the Fountain Range Fault in the Mary Kathleen Zone (Goleby et al., 1998). A 
strain disparity exists between the tight folding of the surface rocks and relatively straight reflective 
layers. It may be that a décollement existed during folding; allowing the hangingwall rocks folded 
while the footwall rocks below did not. It is likely that a D2 feature accommodated northwest 
transport of the cover sequences. The only low-angle fault recognised in the region is the D2 
Bulonga thrust, inferred to be a splay off the décollement (MacCready et al., 1998). The reflection 
data reveal different styles of compression-related structures on the eastern and western sides of the 
inlier. The sedimentary and volcanic rocks have been thrust to the west along a number of shallowly 
east-dipping upper crustal detachments (Drummond et al., 1998). Different deformation styles have 
been recognised across the Kalkadoon-Leichhardt Belt. High reflectivity of faults with a close spatial 
relation with mineralisation is responsible for alteration caused by migrating fluids (Drummond et 
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Fig. 2.3  Map of the Mount Isa Inlier showing major structures and mamgmatic provinces along with the trace of the 
reflection transect (MacCready et al., 1998). 
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al., 1998). 

2.3.4 Metamorphism

Metamorphism in the Eastern Fold Belt is related to low to moderate pressures and high 
temperatures, with a geothermal gradient in the range of 45–50°C/km (Jaques et al., 1982). Peak 
metamorphism is considered to be syn-D2  (Rubenach and Barker, 1998) around 1595 - 1580 
Ma (Rubenach, 1993; Foster and Rubenach, 2006) from schists of the Soldiers Cap Group in the 
Snake Creek anticline. The highest metamorphic grades were 4–6 kbar and >600°C, and have been 
noted in partially melted upper amphibolite facies metasedimentary rocks from the core of the 
Snake Creek Anticline, from the southernmost exposures of the Maronan Supergroup and from the 
Cannington Ag–Pb–Zn deposit (Mark et al., 1998).

Localized deformation resulted in overturning of D2 structures with flat axial planes. D3 and 
D4 created steep upright folds and crenulations with north–northwest and northeast trending 
axial surfaces. Calvert Superbasin sedimentary rocks were thrust above older Leichhardt Superbasin 
sedimentary successions (Betts et al., 2000; MacCready et al., 1998), producing large recumbent 
folds. This deformation was accompanied by high-temperature greenschist to upper amphibolite 
metamorphism (ca. 1590–1580 Ma; Page and Sun, 1998; Giles and Nutman, 2002, 2003; Hand 
and Rubatto, 2002).

The emplacement of mafic rocks synchronous with metamorphism occurred at comparatively 
low pressure, but the P–T–t path is complex (Rubenach et al., 2008). Amphibolite facies 
metamorphism in the Mount Isa Inlier transformed pelitic rocks to andalusite + sillimanite ± 
K-feldspar and garnet zones during the D3 and D4 deformation events (Rubenach et al., 2008).

 The isograds and metamorphic peak in the Selwyn Zone related to the D1 event (Jaques 
et al., 1982; Ryburn et al., 1988). The Eastern Fold Belt underwent multiple metamorphic events, 
with the peak temperature synchronous with D2 deformation (Reinhardt, 1992; Oliver et al., 1991; 
Loosveld, 1989a and b; Giles et al., 2006). The extensive evidence for prograde metamorphism from 
andalusite to sillimanite (Reinhardt, 1992) suggested an anticlockwise P–T–t path for the Mary 
Kathleen area.

2.4 Felsic intrusions

2.4.1 Overview

In the Eastern Fold Belt, the earliest known episode of intrusive activity occurred around 1750 
- 1730 Ma (Page and Sun, 1998; Wyborn et al., 1988) and includes the deformed mica (biotite 
and muscovite) plutons of the Jessie granite, Gin Creek granite and Saxby granite, which are 
potentially all syn-extensional granitoids (Figs 2.1 and 2.4). The second episode consists of granite 
and trondhjemite bodies that were emplaced in the Eastern Fold Belt around 1545–1530 Ma (Page 
and Sun, 1998). Major regional-scale folding (D2) and deformation and high-grade metamorphism 
accompanied their emplacement. 

The major felsic intrusive event produced the Cloncurry Supersuite in the Mount Isa Inlier 
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between 1520 and 1490 Ma (Wyborn et al., 1998). This resulted in emplacement of the oxidised, 
I-type plutons that form the bulk of the Williams and Naraku Batholiths in the Eastern Fold Belt 
(Wyborn et al., 1998; Fig. 2.4). The plutons making up these batholiths crop out over at least 2400 
km2. They range in age from 1520 to 1490 Ma and were emplaced after the major deformation 
event (D2) that produced north-south trending structures (Wyborn et al., 1988; Page and Sun, 
1998; Pollard and McNaughton, 1997). The younger intrusions are mostly coarse grained and 
massive, but are strongly foliated near major north-northeast (D4) or north-northeast (D5)- 
trending shear zones (Rubenach and Barker, 1998; Wyborn, 1998). 

Plutons of the Wonga Batholith generally occur as elongate north - trending bodies on the 
eastern margin of the Kalkadoon–Leichardt Belt and within the adjacent Mary Kathleen zone of 
the Eastern Fold Belt (Neumann et al., 2009; Fig. 2.1). The Wonga Suite comprises coarse-grained, 
foliated porphyritic granite and gneiss, which intruded the Argylla Formation, Ballara Quartzite 
and Corella Formation (Wyborn et al., 1998). U-Pb zircon analyses and Rb-Sr data for the Wonga 
granite collectively provides an age of 1671 ± 7 Ma (Page, 1978). 

2.4.2 Naraku Batholith

The Capsize granodiorite and Malakoff granite are two key plutons in the northwest and southeast 
of the Naraku Batholith, respectively with ages around 1500 Ma (Page and Sun, 1998; Fig. 2.4). 
The Capsize granodiorite is composed of plagioclase, quartz, K-feldspar, biotite, hornblende, 
magnetite and sphene (Wyborn et al, 1998). The Malakoff granite is more felsic — hornblende is 
present only in minor amounts. Alteration is not extensive compared to the Williams Batholith, 
although these granitoids have an extensive magnetic halo and associated sodic-calcic alteration.

2.4.3 Williams Batholith

The Williams Batholith crops out over a total area of 2100 km2 (Wyborn et al., 1988). It is divided 
into several plutons (Figs 2.1 and 2.4). The Williams Batholith consists largely of metaluminous 
I-type granitoids, with greater diversity within and between plutons than for other batholiths in 
the Mount Isa Inlier (Beardsmore et al., 1992). Plutons of the Williams Batholith intruded all 
metasedimentary units in the Kuridala-Selwyn region. Structural evidence indicates that the major 
plutons intruded after the main (D1) deformation event, because they cut across D2 structures 
(Beardsmore et al., 1992). They are noticeably foliated near major NNW or NNE- trending shear 
zones, which are interpreted to be D3 structures (Wyborn et al., 1988; Beardsmore, 1992). 

2.4.3.1 Saxby Granite
This granite crops out in the northeast part of the Mount Angelay area, east of the Cloncurry Fault 
and known as Saxby granite (Fig. 2.4). The pluton consists of diorites, country-rock xenoliths and 
granite. The Saxby granite was emplaced after the major deformation events, based on the presence 
of polydeformed xenoliths. It has a U-Pb zircon age of 1520 ± 6 Ma (Pollard and McNaughton, 
1997). 
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2.4.3.2  Mount Angelay Granite
The Mount Angelay Granite consists of a large north-northwest trending dumb-bell shaped pluton 
in the central Mount Angelay region (west of the Cloncurry Fault; Blake et al., 1981a, b). The 
Mesoproterozoic Mount Angelay igneous complex contained intrusions that were emplaced into 
amphibolite facies metasedimentary rocks during two periods, ~1550 Ma and post-1540 Ma (Fig. 
2.4). Sm-Nd isotopic analysis together with mineralogical and chemical considerations suggest that 
the intrusions were produced from a Palaeoproterozoic crustal source (Mark, 2001). The dominant 
granite types are coarse-grained syenogranite to monzogranite. The Mount Angelay Granite is more 
felsic than granites of the Squirrel Hills Suite to the south. 

2.4.3.3  Squirrel Hills Granite
The Squirrel Hills granite is a large composite pluton consisting mainly of coarse porphyritic 
monzogranite with lesser monzonite and granodiorite (Blake et al., 1981a, b; Fig. 2.4). It is more 
mafic than Mount Angelay Granite. The Squirrel Hills granite is only reduced in a few localities, 
where it intruded carbonaceous shales. Much of it is oxidized, similar to the rest of the Williams 
Batholith. It includes equigranular biotite and hornblende-biotite granite with minor aplite and 
ranges in age from 1516 Ma to 1490 Ma (Blake et al., 1981).

2.4.3.4  Yellow Waterhole Granite
The Yellow Waterhole Granite is an east-trending composite body (Blake et al., 1981a, b; Fig. 
2.4). It crosscuts deformed and metamorphosed Kuridala Formation, but has been truncated on 
its western side by the Mount Dore Fault Zone. The granite has a U-Pb zircon age of 1492 ± 11 
Ma (Pollard and McNaughton, 1997; Page, 1998; Wyborn, 1998) making it one of the youngest 
granites in the Williams Batholith. The granite is coarse grained and rich in pink K-feldspar. 

2.4.3.5  Mount Cobalt Granite
The Mount Cobalt Granite is a 1 km long oval-shaped pluton (1510 Ma) that intruded the reduced 
metasedimentary rocks of the Kuridala Formation (Wyborn, 1998; Fig. 2.4). The dominant rock 
type is equigranular red to pink granite with biotite and magnetite. There is also a green variety 
with more sphene and fluorite. Late, red coloured, K-feldspar veins containing pyrite cut across the 
pluton. 

2.4.3.6  Wimberu Granite
The Wimberu Granite is a large pluton that was emplaced after the main deformation event (D1) 
but is crosscut locally by NNE and NNW trending shear zones. It was emplaced around 1508 ± 4 
Ma (Page, 1998). The granite is mostly felsic and has been intruded by dykes of diorite and quartz 
monzonite, as well as aplite (Wyborn, 1998). Where the aplite dykes intruded mafic granites, 
considerable alteration developed at the contacts, together with hematitic breccias and ironstones. 
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2.4.3.7  Mount Dore Granite
The Mount Dore Granite is a medium grained, weakly foliated to unfoliated granite. It is mostly 
non-porphyritic with K-feldspar in megacrysts in some places. It comprises quartz, K-feldspar, 
plagioclase ± biotite ± hornblende ± minor titanate ± apatite ± zircon (Beardsmore, 1992;Kirkby, 
2009).  It ranges in age from 1516 ± 10 Ma to 1509 ± 22 Ma (Australian Stratigraphic Units 
Database, Geoscience Australia). 

2.4.3.8 Regional metasomatism
A major hydrothermal event, spanning 1555–1500 Ma was associated with intrusion of the 
Williams Suite (Oliver et al., 2004). Numerous deformation elements formed during this period, 
including ductile shear zones, brittle-ductile fault zones, and brecciation (D3 and later; Oliver et 
al., 2004). The principal plutonic complex of the Eastern Fold Belt is the I-type Williams batholith, 
which has been dated at 1530–1493 Ma (Wyborn et al., 1992; Page and Sun, 1998; Fig. 2.1). 
Albite-altered rocks of similar ages are found in every rock type within the Eastern Fold Belt (Mark, 
1998a; Pollard, 2001). Sodic ± calcic alteration has been attributed to feldspar-fluid exchange 
when externally derived fluids were heated as they are drawn toward magmatic heat sources (e.g., 
Dilles and Einaudi, 1992; Battles and Barton, 1995). They involved interaction of the hot fluids 
with evaporite-bearing sequences (e.g., Oliver, 1995; Barton and Johnson, 1996). In part, Cu-Au 
mineralization may have been sourced by metals leached during sodic (± calcic) alteration with 
subsequent precipitation in structurally controlled sites (Dilles and Einaudi, 1992; Hitzman et al., 
1992; Dilles et al., 1995; Barton and Johnson, 1996).

At Mount Angelay, Mark (1998) documented a complex magmatic-hydrothermal transition 
with unidirectional solidification textures including albite and actinolite in pegmatites grading 
laterally into hydrothermal infill. 

2.5 Mafic Rocks

There are minor mafic volcanic and intrusive rocks throughout the Eastern Succession. The genesis 
of IOCG deposits may involve mafic rocks (Oliver et al., 2008; Butera et al., 2005). The final 
alteration phase in the Cloncurry region is characterized by highly potassic (alkaline or altered) 
volcanics ranging from mafic lavas to felsic tuffs, interbedded with clastic and dolomitic sediments 
(e.g. at Mount Isa), which show little evidence of metamorphism (Wilson, 1987). 

2.5.1 Marraba Volcanics 

Basaltic rocks of the 1780–1775 Ma Eastern Creek Volcanics were extruded under subaerial or 
shallow water conditions (Bain et al., 1992; Gibson et al., 2008). They are interbedded with 
siliciclastic sedimentary rocks and their inferred correlatives in the Eastern Fold Belt are basaltic 
lava flows of the Marraba Volcanics, which are similarly overlain by shallow water quartzite and 
sandstones (e.g., lower Mitakoodi Quartzite) and contain some layers of clastic sediment. 
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2.5.2 Lunch Creek Gabbro

The Lunch Creek Gabbro is a large gabbroic intrusion on the eastern margin of the Burstall Granite. 
In some places it is altered, but mostly it has a primary igneous mineralogy that includes olivine, 
pyroxene and biotite. U/Pb dates indicate emplacement between 1715 Ma and 1704 Ma, coeval 
with CSQ 2 (Page, 1983). 

2.5.3 Other mafic magmatic phases 

Tonalite sheets and bodies are abundant within the Llewellyn Creek Formation of the Maronan 
Supergroup in the Snake Creek Anticline (Rubenach, 2005). Tonalites have an age of 1686 ± 8 
Ma and preserve igneous textures, whereas the gabbro and dolerite have been converted to foliated 
hornblende-plagioclase amphibolites (Butera, 2005). The mid-Proterozoic mafic magmatic episode 
occurred at ~1530 Ma. The Williams-Naraku Batholith contains unfoliated gabbroic bodies (Page 
and Sun, 1998; Wyborn et al., 1998; Perring et al., 2000; Pollard et al., 1998; Mark et al., 2005; 
Rubenach, 2005).

2.6 Mineralisation 

The Mount Isa region and Eastern Succession contain several world-class IOCG deposits. This sec-
tion briefly summarises key features of  the major deposits. 

2.6.1 Iron oxide-copper-gold ± molybdenum deposits

The majority of the medium to large tonnage IOCG and Mo-Re ± Cu deposits in the Mount Isa 
Inlier are hosted in CSQ 3 rocks, with the notable exception of Ernest Henry, the largest deposit 
in the Eastern Fold Belt  (Table 1; Fig. 2.4). The IOCG deposit association is associated with 
widespread albitic and potassic alteration and mineralisation, typically associated with fault splays 
from major structures. 

Several significant resources and/or former mines occur within the Mount Isa Inlier including 
small to medium tonnage deposits such as Trekelano and Wee MacGregor, and also low tonnage but 
high-grade deposits, such as Duchess (0.25 Mt @ 12.3% Cu) and Tick Hill (0.47 Mt @ 27 g/t Au; 
Williams, 1998a; Foster and Austin, 2008). 

Table 2.1  Major ore deposits of the Eastern Fold Belt in the Mount Isa Inlier

Deposit
Tonnage 

(Mt)
Grade Reference

Eloise Cu-Au-Ag 3.1 5.5% Cu, 1.4 g/t Au, 16 g/t Ag Baker (2006)
Starra Au-Cu 5.3 1.98% Cu, 5.0 g/t Au Kary and Harley (1990)
Osborne 11.2 3.5% Cu, 1.5 g/t Au Adshead (1998)
Ernest Henry 166 1.1% Cu, 0.54 g/t Au Ryan (1998)

Mount Dore Cu
Merlin Mo-Re

111.2
6.7 

0.53% Cu, 0.06 % Pb, 0.31% Zn
1.33% Mo, 23.1 g/t Re

www.chinovaresources.com
www.chinovaresources.com
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2.6.1.1 Eloise Cu-Au-Ag deposit
The Eloise deposit is hosted by Proterozoic rocks of the Maronan Supergroup in the Eastern Fold 
Belt of the Mount Isa Inlier (Baker, 2006). Eloise is a very high grade, chalcopyrite-pyrrhotite-
rich deposit (3.1 Mt, 5.5% Cu, 1.4 g/t Au and 16 g/t Ag; Table 2.1) that is associated with mafic 
silicate alteration. Alteration and mineralisation associated with the IOCG deposit are within and 
adjacent to a major shear zone. Eloise has three distinct paragenetic stages, with stage 3 chalcopyrite, 
pyrrhotite, magnetite, pyrite, calcite, quartz, chlorite, and actinolite alteration brecciating the earlier 
stages (Baker, 2006). The system is enriched in Cu, Au, Ag, Co, Ni, and Zn. It is considered to be 
an example of relatively reduced IOCG deposit, because of the abundance of Fe2+-rich biotite and 
pyroxene, and the presence of pyrrhotite (Baker, 2006; Duncan et al., 2013). 

2.6.1.2 Starra ironstone-hosted Au-Cu deposit 
The Starra deposit exhibits a polyphase history of late-post metamorphic, structurally controlled 
metasomatism (Rotherham, 1997; Fig. 2.4). The mineralisation is accommodated within numerous 
massive ironstone units that are localised around a contact between metamorphosed sandstone and 
siltstone sequences and foliated chlorite-biotite-magnetite schists. The north-trending ironstones are 
discontinuous lenses that cross cut the host rocks in places (Rotherham, 1997). Magnetite ironstone 
textures are generally massive in appearance, but relict deformed breccia and foliation textures are 
preserved locally. Sulfide ore textures are more brittle and consist of fine, pervasive brecciation of the 
ironstones and host rocks. Three dominant post-peak metamorphic paragenetic stages of alteration 
and mineralisation are recognised: (1) primary pervasive Na-Ca metasomatism comprising of albite-
quartz-actinolite-scapolite, (2) focused K-Fe metasomatism containing biotite-magnetite-hematite- 
quartz-pyrite and (3) the mineralising stage that produced anhydrite-calcite-hematite alteration of 
magnetite-pyrite-chalcopyrite-gold and intense chlorite alteration of biotite (Rotherham, 1997).

2.6.1.3 Osborne Cu-Au deposit 
The Osborne deposit is situated some 190 km southeast of Mt Isa (Fig. 2.4). Copper and gold 
mineralisation occurs within a magnetite-rich Proterozoic ironstone sequence, equivalent to the Mt 
Norna Quartzite unit of the Soldier’s Cap Group (Oliver et al., 2008). Mineralisation occurs within 
two shallow northeasterly-dipping ironstone units, beneath 40 m of flat lying Mesozoic siltstone. 
Metamorphic minerals from the vicinity of Osborne yielded ages that are notably older (~1590–
1570 Ma) than those from the hydrothermal phases (Adshead, 1995; Oliver et al., 2008; Duncan et 
al., 2011). A study by Gauthier et al. (2001) published two Re-Os ages of molybdenite at Osborne. 
Their ages, 1595 ± 5 Ma and 1600 ± 6 Ma, are within error of each other and thus show that 
molybdenite at Osborne crystallised during one event. The Osborne deposit contains early formed 
iron oxide interpreted to be metamorphosed banded ironstone (Davidson 1989; Williams 1994). 

2.6.1.4 Ernest Henry Cu-Au deposit 
The Ernest Henry deposit is the largest of the IOCG deposits in the Cloncurry region, and is 
representative of the deposit class in the area because of its extensive breccias. The Ernest Henry 
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mine is located 35 km northeast of Cloncurry, Northwest Queensland (Ryan, 1998; Fig. 2.4). It is the only 
example in the district that is classified as an IOCG deposit in the scheme of Groves et al. (2010). The 
total reserve and resource prior to commencement of mining in 1998 was 166 Mt @ 1.1% Cu, 0.54 g/t 
Au (Ryan, 1998). Ernest Henry encompasses breccia-hosted iron oxide (hematite and magnetite) and Cu 
sulfides, and is rich in trace elements such as Au, U, and REE (Kendrick et al., 2007). Consequently, the 
alkali-rich alteration and ore system offers evidence for lateral fluid flow over 10–100s km and vertical fluid 
flow of up to 10 km during orogenesis (Kendrick et al., 2007).

2.6.1.5 Merlin Mo-Re deposit 
Merlin deposit is one of the world’s highest-grade Mo-Re resources (Greene, 2011). Chinova Resources 
discovered Merlin in late 2008, and announced an initial Mineral Resource in mid-2009 (Fig. 2.4). The 
deposit occurs within the Proterozoic Eastern Fold Belt of the Mount Isa Inlier (Greene, 2011). The 
extremely high grade Little Wizard zone of mineralisation, located up-dip and south of the main Merlin zone 
was discovered in October 2009 (http://www.chinovaresources.com). It contains 6.7 Mt @ 1.33% Mo, 23.1 
g/t Re (http://www.chinovaresources.com).

2.7 Summary 
 

The entire Mount Isa region, including both the Eastern and Western Fold Belts, experienced regional 
subsidence from at least 1640 to 1575 Ma. This facilitated the deposition of up to 8 km of rhythmically 
bedded turbidites, carbonaceous shales, and stromatolitic dolostones in a shallow to deep marine 
environment. These metasedimentary rocks are termed Cover Sequences 1, 2, and 3.The sedimentary rocks 
of the Cover Sequences in the Eastern Fold Belt are typically shallow marine or fluvial in origin.

Cover Sequence 3 is the dominant rock package exposed in the Merlin-Mt. Dore district. The basal 
unit of CSQ 3, the Answer Slate, is composed of graphitic and pyritic slate, siltstone and phyllite. The 
upper units of Cover Sequence 3 are the Kuridala and Stavely Formations. The Kuridala Formation is 
predominantly carbonaceous slate, with minor siltstone and shale in areas of lower grade metamorphism 
and deformation. The Stavely Formation is composed of banded calc-silicate rocks (likely metamorphosed 
limestone or dolostone) and minor banded iron formation.

The rocks of CSQ 3 were deformed and metamorphosed over an extended period of time during 
the Isan Orogeny. Four stages have been defined within the Isan Orogeny: the first event (D1; 1640 Ma) 
produced bedding-parallel foliation and NNW-trending reverse faults which dip steeply to the east. These 
are now folded around D2 structures that formed at 1595 Ma. Regional metamorphism in the Eastern 
Fold Belt was also protracted, with peak prograde metamorphism occurring during D2 (greenschist 
to amphibolite facies). D3 (1550 Ma) is characterised by broad, open folds that can be up to 1 km 
wide. D4 (1530 Ma) is manifest as local NE-trending crenulations, particularly west of the Starra Shear 
Zone. Metaluminous I-type granitoids belonging to the Williams and Naraku batholiths (1550–1500 
Ma; Blake et al., 1990) were intruded into CSQ 3 toward the end of the Isan Orogeny during D4, which 
reactivated pre-existing D1 fault structures and may be linked to the formation of the Mo-Re mineralization 
at Merlin.
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Fig. 2.4 Major IOCG deposits and intrusives of the Eastern Fold Belt, Mount Isa Inlier. Source: Duncan et al. (2011).
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Chapter 3
Local Geology

3.1  Introduction

The local geology of the Merlin deposit has been documented previously by Kirkby (2009), Greene 
(2011) and Babo (2014). This chapter provides a brief description based on new drill hole logging 
and integration of new field data with previous findings. 

The high grade Merlin Mo-Re deposit is located in the Selwyn Ranges, about 90 km south of 
the town of Cloncurry, in the Eastern Fold Belt of the Mount Isa Inlier (Kirkby, 2009; Fig. 3.1). 
The Mount Dore Granite forms the eastern boundary and hanging wall to all mineralisation, being 
thrust over the metasedimentary rocks along an east-dipping reverse fault (Fig. 3.1). Similarly, the 
moderately east-dipping Mount Dore Shear Zone (MDSZ) forms a high strain western boundary 
and general footwall to mineralisation.

The deposit extends on a northerly trend for over 1500 m, including the northern Merlin 
Mo-Re zone (Fig. 3.1). The main host to ore is the Kuridala Group. It is composed of interbedded 
black shales and phyllites (Figs 3.1 and 3.2). The Staveley Formation is composed of calc-silicate 
and phyllitic schists and underlies the Kuridala group (Figs 3.1 and 3.2). The Mount Dore copper 
deposit lies in the hanging wall of the Merlin deposit (~150 m above it), and shows no physical 
connection to it. 

3.2 Local stratigraphy

3.2.1 Host Sequence Stratigraphy

This section will briefly review the local stratigraphy, drawing on observations from Merlin and sup-
plemented by data from the Merlin- Mount Dore region.  

3.2.2 Marimo- Staveley Domain

The Marimo-Staveley Domain is a narrow zone to the east of the Mitakoodi Domain and 
extends about 200 km south from near Cloncurry (Fig. 2.4; Wyborn, 1998). The oldest rocks are 
the 1752–1740 Ma Double Crossing Metamorphics. Other units include the Staveley Formation, 
Roxmere Quartzite and Answer Slate, which are in structural contact with the Double Crossing 
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Fig.3.1 Local geology map of the Mount Dore- Merlin area, showing major lithostratigraphic units and structural 
features. After Moye (2013).
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Metamorphics (Betts et al., 2011). These rocks were affected by all of the Isan deformational events 
and the domain was intruded by the ~1510 Ma Wimberu Granite (Betts et al., 2011).

3.2.2.1  Staveley Formation 
The Staveley Formation has an apparent maximum thickness of more than 2000 m, but this may 
be exaggerated by tight to isoclinal folding (Betts et al., 2011). The Staveley Formation consists 
of interbedded, variably calcareous, ferruginous, feldspathic, micaceous, and siliceous sandstone, 
siltstone, and phyllite, and lenses of breccia, as observed during drill hole logging, together with 
minor conglomerate, and banded quartz + hematite ± magnetite rock. Sedimentary structures in 
the Staveley Formation are present as mineral laminae, including convolute to recumbent bedding, 
cross-bedding, graded bedding, and ripple marks (Donchak et al., 1981; 1983). 

Calc-silicate rocks from the Staveley Formation contain actinolite and tremolite + potassium 
feldspar + quartz ± albite ± magnetite ± epidote ± zircon (Fig. 3.4 i). Potassium feldspar, albite, 
magnetite, calcite and quartz are present as vein infill and fracture fill minerals (Fig. 3.3 iv). Most 
of the Mo-Re mineralization at Merlin is hosted by the highly altered (potassium feldspar, albite, 

	

Fig. 3.2. Generalized stratigraphic section of the Merlin-Mt. Dore area. Thickness of individual units is 
provided on the right-hand side of the column. The position of Mo-Re ore is indicated by the red line on the 
left-hand side of the column. Thickness of the Mt. Dore Granite is based on drill hole intersections and should
not be taken as a measure of the true thickness of the granite body. All dates are zircon U-Pb ages. 
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Fig. 3.3  Lithostratigraphic package: i. Mount Dore Granite composed of K-feldspar, albite and quartz  (MDQ0120- 
43m; 447796.84 mE, 7605453.89 mN, 363.85 m ASL). ii. Mount Dore Granite composed of K-feldspar and quartz 
(MDQ0121- 110.75m; 447797.58 mE, 7605453.86 mN, 363.81m ASL). iii. Black shale of the Kuridala Formation, 
which is the main host to ore (MDQ0153A-65m; 447553.08 mE, 7605451.09 mN, 359.82 m ASL). iv. Metasiltstone 
with red rock alteration composed of actinolite and albite with hematite staining  (MDQ0122-220m; 447798.25 mE, 
7605453.86 mN, 364.2 m ASL). v. Metasiltstone/ calc-silicate with quartz, K-feldspar and molybdenite in stylolites 
(MDQ0135- 418.20m; 447709.62 mE, 76055.46 mN, 356.95 m ASL). vi. Calc-silicate from the Staveley Formation 
with molybdenite as breccia cement (MDQ0252- 462.28m; 447853.7mE, 7605450.17mN, 363.75 m ASL). vii. 
Silicified siltstone with hematite staining (MDQ0126-420m; 447789.17mE, 7605548.65mN, 361.73m ASL). All 
UTM coordinates are Zone 54K, GDA 94. 
Abbreviations: Ab= Albite, Act= Actinolite, Hem= Hematite, Kfs= K-feldspar, Mo= Molybdenite, Qtz= Quartz and 
ASL= Above Sea Level.
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Fig. 3.4  Microphotographs of rock units from Merlin-Mount Dore: (i) Calc-silicate sample from drillhole MDQ0120 
at 349.84 m observed under cross-polarised transmitted light. The texture is disturbed by incoming alteration fluids 
rich in Si, K-feldspar and sulphides (molybdenite ± chalcopyrite), (ii) Phyllite with alternating layers of graphitic black 
shale from drillhole MDQ0256 at 226 m observed under cross-polarised transmitted light. It is crenulated and highly 
altered unit dominated by micaceous minerals (biotite>muscovite) and feldspars and quartz as matrix components. 
Micro shears and crenulations like these in black shale units might be responsible for accumulation and movement of 
graphite-rich fluids through alternating phyllite and siltstone lithological units at Merlin, and (iii) Mount Dore Granite 
sample from drillhole MDQ0358 at 180.60 m under cross-polarised transmitted light. It is mostly non-porphyritic with 
K-feldspar as megacrysts in some places. It is composed of quartz, weakly to moderately sericitised K-feldspar ± chlorite 
± hornblende ± apatite ± zircon ± tourmaline. 
Abbreviations: Ap= Apatite, Chl= Chlorite, Kfs= K-feldspar, Mo= Molybdenite, Mus= Muscovite, Qtz= Quartz.

quartz) upper part of the Staveley calc-silicate unit. 

3.2.3  Kuridala- Selwyn Domain

The north-trending Kuridala-Selwyn Domain, which is mostly in faulted contact with neighboring 
domains, is dominated by the Kuridala Group, a turbidite unit that has been lithologically 
correlated with the Soldiers Cap Group in the Soldiers Cap Domain to the east. These rocks have 
been intruded by granites of the Williams Supersuite and affected by the four Isan deformational 
events (Williams et al., 1992; Betts et al. 2011).

3.2.3.1  Kuridala Group 
At Merlin, the Kuridala Group is composed of strongly foliated black shales, carbonaceous slate and 
phyllites (Fig. 3.2). Mineralogy consists of K-feldspar + quartz + calcite ± graphite ± carbonaceous 
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material ± biotite ± chlorite ± sericite (Fig. 3.4 ii). This very fine-grained unit is enriched in 
carbonaceous material and ranges from dark grey to black in color. The Kuridala Group has 
quartzite units, specifically the Starcross Formation at its base, and New Hope Quartzite higher up, 
overlain by the Hampden Slate (Williams et al., 1992; Betts et al., 2011). This group resembles the 
Soldiers Cap Group, with which it is lithologically correlated (Williams et al., 1992). The Kuridala 
Group was intruded by granitic and mafic rocks of Williams Supersuite, including Mount Dore 
Granite and Yellow Waterhole Granite (Betts et al., 2011). 

3.2.3.2  Silicified quartzite
The Silicified quartzite is correlated with the Staveley quartzite. It is a discontinuous series of clean 
quartz arenite in an arenaceous siltstone sequence (Figs 3.1 and 3.2). The silicified quartzite is 
typically massive, homogenous, and dominated by quartz. It has a weakly developed cleavage and 
streaky texture (Fig. 3.3 vii). It is sheared, locally brecciated and intensely quartz-altered. The silicic 
alteration extends into the hanging wall siliceous siltstone and locally into the calc-silicate unit. 
Silicified quartzite unit is white to pale ochre and outcrops as a prominent ridge along the western 
side of the Mount Dore Fault Zone. It locally pinches out within the host silicic siltstone sequence 
and crops out around 3 km to the north (Fig. 3.1).

3.2.3.3  Mount Dore Granite 
The Mount Dore Granite crops out to the east of Merlin (Fig. 3.3 i and ii; Fig. 3.4 iii). It is a 
medium to coarse-grained, equigranular, heterogeneous quartz monzonite (Wyborn, 1998; Greene, 
2011). It intruded the Kuridala Group and is overlain by flat-lying Mesozoic sediments. The Mount 
Dore Granite forms the unmineralised hangingwall to Cu and Mo-Re mineralisation at Merlin. 
Several granitic aplite dikes, intersected in drill holes and mapped on the surface, cut the coarser 
granite and are associated with sodic-calcic alteration (Lazo and Pal, 2009). The emplacement of the 
granite appears to have been controlled by faulting, resulting in brecciation along the east-dipping 
base of the granite and the adjacent metasedimentary rocks (Lazo and Pal, 2009). Here, the granite 
has undergone crackle to intense chaotic brecciation, and the fault contact is characterised by a 
narrow gouge zone. The lower contact with the carbonaceous slates and the phyllites is sharp and 
commonly brecciated due to thrust faults, combined with the competency difference between the 
granite and the metasedimentary rocks (Babo, 2014). 

Syn- to late kinematic, volatile-rich granitic magmas intruded the Mount Dore Fault Zone 
in the Mount Dore area. Synkinematic granite intrusions include granite-cemented breccia and 
small dikes and sills (Fig. 3.1; Moye, pers. comm., 2014). The Mount Dore Granite Sill is a large, 
relatively thin, nearly sub-horizontal body of coarse-grained granite that extends almost the entire 
width of the Mount Dore Fault Zone (Fig. 3.1). 
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3.3  Deformation 

3.3.1  D1 and D2

The Kuridala Formation at Mount Dore hosts the D1 shear zone (Fig. 3.2). No sulfide 
mineralisation is recognised to be associated with this fault zone at Mount Dore, but numerous syn-
kinematic quartz veins are observed, ranging from millimetres up to 1–2 m thick. 

D2 structures are observed along the Staveley-Kuridala contact within the Mount Dore Fault 
Zone in the area of the Cloncurry Road (Fig. 3.1). D2 produced brecciated, silicified mylonite units 
and zones of intense quartz alteration across the Staveley-Kuridala contact (Figs. 3.1). D2 of the Isan 
orogeny in the Mount Dore region led to thick-skinned deformation.  It generated major north-
trending upright folds with an axial plane, S2 cleavage and steep east-dipping reverse faults parallel 
to F2 axial planes (Adshead-Bell, 1998; Laing, 1998; MacCready et al., 1998).

3.3.2  D3

D3 strain is strongly exposed within the Mount Dore Fault Zone (Beardsmore, 1992). The fault 
zone bounds the footwall to the Mount Dore Granite, and is a 150-200 m thick reverse fault duplex 
(Fig. 3.1). The reverse fault zone at the base of the Mount Dore Granite defines the roof, and a zone 
of D3 faults that partly follow the Staveley-Kuridala contact defines the floor of the high strain zone. 

The Mount Dore Fault Zone is strongly constricted in the footwall to the granite, forming 
a narrow structural corridor that focused D3 and D4 strain, and also localised the emplacement 
of granitic magma and hydrothermal fluids within the fault zone. S2 foliation overprinted 
steeply dipping beds, both of which have been folded by later open folds. A crenulation cleavage 
overprinted S2 foliation during D3 (Beardsmore, 1992). 

D3 reverse fault zones are typically 0.5-3 m wide. The rocks inside are intensely sheared and 
brecciated with variable quartz veining. These faults are recognised by outcrops of fault breccia and 
abrupt changes in the orientation of bedding (S0/S1), D1 and/or D2 foliation (Fig. 3.3 iii). 

3.3.3  D4

Molybdenite mineralisation at Merlin is hosted by D4 breccias and fracture zones that developed 
along reactivated meso-scale D3 faults (Figs. 3.1 and 3.2). The mineralised fault zone crops out as 
strongly quartz + K-feldspar ± tourmaline-altered monomict calc-silicate, phyllite or black shale 
clast-rich breccias, or as polymict breccias. Molybdenite mineralisation is locally associated with 
strongly- altered irregular bodies within the fault zones. Molybdenite has cemented some breccias. 
Mineralisation at Merlin is closely associated with bleaching of the host rocks and variable late 
stage clay alteration (Kirkby, 2009; Greene, 2011). Alteration at the surface is marked by abundant 
carbonate, and white clay occurring as fracture fill. Rocks peripheral to the fault zone are strongly 
fractured, and locally contain quartz + K-feldspar alteration that cross- cuts and is parallel to 
bedding (Fig. 3.3 iii). 
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3.4  Alteration paragenesis

The Merlin-Mount Dore region alteration paragenesis can be divided into five stages on the basis of 
overprinting and cross-cutting relationships observed during drill core logging and sampling (Figs 
3.5 and 3.6). 

3.4.1  Stage 1- Sodic-calcic alteration (Red rock alteration)

The earliest phase of hydrothermal alteration in the Merlin- Mount Dore area is an assemblage of 
hematite-dusted albite and K-feldspar together with magnetite, actinolite ± pyrite and minor apatite. 
This is locally known as ‘red rock’ alteration, and is equivalent to the regional Na-Ca alteration event 
that has been described previously by several authors (e.g., Davidson et al., 1989; Beardsmore, 1992; 
Williams, 1994; Rotherham, 1997; Fig. 3.6 i and ii). 

Mineralisation associated with red rock alteration includes locally abundant chalcopyrite, 
pyrite, sphalerite, bornite ± galena (Fig. 3.6 iii). The sulfides occur as disseminations and stockworks 
where the metasedimentary rocks of the Staveley and Kuridala Formations have been brecciated. 
Chalcopyrite has replaced pyrite locally (Fig. 3.6 v). 

3.4.2  Stage 2- Clay alteration 

The second phase of hydrothermal alteration at Merlin was associated with Mo-Re mineralisation 
(Fig. 3.5). Phengite, montmorillonite and illite have filled fractures in the host black shale and 
occur as alteration clots in the molybdenite breccias (Fig. 3.6 vii). Quartz and apatite are minor 
constituents of stage 2 hydrothermal alteration. The Mo-Re mineralisation associated with these 
minerals is represented by molybdenite, which also hosts all of the known Re in the deposit. 

3.4.3  Stage 3- Carbonate alteration  

Stage 3 produced calcite cement in brecciated phyllite and siltstone and calcite veinlets in the black 
shale (Figs. 3.3 iii, 3.5 and 3.6 iv and v). Some calcite veins containing sulfides associated with stage 
1 are present (i.e., pyrite, chalcopyrite and sphalerite; Fig. 3.6 v).

3.4.4  Stage 4- Chlorite ± white mica alteration

This is a retrograde assemblage, whereby chlorite has replaced stage 1 actinolite and albite. White 
mica has replaced stage 1 albite and K-feldspar. No mineralisation is associated with stage 4 (Fig. 
3.5). 

3.4.5  Stage 5- Tourmaline- quartz alteration

The latest phase of hydrothermal activity in Mount Dore-Merlin area produced tourmaline + quartz 
veins and altered rocks (Fig. 3.5). This alteration phase is exclusively hosted in the Mount Dore 
Granite (Fig. 3.6 vi).  Tourmaline and quartz occurs in both patches and vein networks within the 
granite. No sulphide mineralisation is associated with stage 5. 
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Fig. 3.5 Paragenetic chart showing hydrothermal alteration and mineralization stages 
at the Merlin Mo-Re deposit.

3.5  Mineralisation

3.5.1 Mount Dore 

Copper mineralisation at Mount Dore mineralization can be subdivided into two zones: (1) The 
leachable copper zone (oxide and transitional); and (2) a polymetallic zone (primary Cu, Zn, Pb 
sulfides; Fig. 3.1). The indicated resources consist of 70 Mt with 0.58% Cu and 0.08g/t Au and 38 
Mt with 0.51% Cu and 0.13g/t Au of inferred resources (Babo, 2014; Babo et al., 2017).

3.5.2 Merlin 

High grade Mo-Re mineralisation at Merlin forms narrow lenses typically only a few meters in 
width. They average 3.9 m in true width, varying between 1 m and 20 m. Mineralisation is hosted 
within the carbonaceous shales, metasiltstone and calc-silicates. Molybdenite mineralisation occurs 
as stage 2 breccia infill, disseminations, stylolites and preferential infill of folded bedding planes 
along and adjacent to a major fault contact between the Staveley and Kuridala Formation (Fig. 3.7). 
The footwall structure at the base of the phyllite ± black shale and calc-silicate appears to have the 
highest-grade molybdenite. This basal contact also appears to have acted as significant barrier for 
stage 2 Mo-rich fluids. Fracture-controlled and breccia-matrix molybdenite mineralisation is hosted 
within K-feldspar-altered and albitised black shales and siltstones, which lie below the schist and 
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Fig. 3.6  Examples of hydrothermal alteration and associated mineralisation at Merlin. (i) Stage 1- Red rock alteration 
of metasiltstone in MDQ0217-563.16m; 447750.4mE, 7605804.96mN, 365.45 m ASL. (ii) Pyrite and chalcopyrite 
mineralisation associated with stage 1 in MDQ0354-240.75 m; 447678.33mE, 7605649.12mN, 359.98 m ASL. (iii) 
Bornite and sphalerite mineralisation associated with stage 1 in MDQ0256- 317.60m; 447649.86mE, 7605242.97mN, 
356.09 m ASL. (iv) Stage 3- Calcite alteration in MDQ0135-346.25m; 447709.62 mE, 76055.46 mN, 356.95 m ASL. 
(v) Stage 3 and 4- Calcite vein with fragments of red-rock altered phyllite, together with base metal sulphides belonging 
to Mount Dore Cu-Pb-Zn event in MDQ0122015- 259.55 m; 447798.25 mE, 7605453.86 mN, 364.2 m ASL. (vi) 
Stage 5- Tourmaline and quartz alteration in MDQ0121-135 m; 447797.58 mE, 7605453.86 mN, 363.81 m ASL. 
(vii) Stage 2- Mixture of phengite and montmorillonite crosscutting phyllite in MDQ0252- 455.7m; 447853.7 mE, 
7605450.17 mN, 363.75 m ASL (photo reproduced from Greene, 2011).
Abbreviations: Ab= Albite, Act= Actinolite, Bor= Bornite, Cal= Calcite, Cpy= Chalcopyrite, Kfs= K-feldspar, Mag= 
Magnetite, Py= Pyrite, Qtz= Quartz, Sph= Sphalerite, Tur= Tourmaline and ASL= Above Sea Level.
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Fig. 3.7  (i) Stage 2- Black shale interlayered with phyllite in MDQ0119- 412 m Molybdenite as breccia cement 
intergrown with CM (447751.75mE,7605399.96mN, 361.78m ASL).(ii) MDQ0119- 423.65 m; Metasiltstone/ calc-
silicate. Molybdenite as disseminations. iii) MDQ0132- 383.20 m; Calc-silicate with molybdenite as stylolitic infill 
(447799.58mE, 7605300.1mN, 356.57m ASL). All UTM coordinates are Zone 54K, GDA 94. Mo= Molybdenite, 
CM= Carbonaceous matter and ASL= Above Sea Level. 
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phyllite. Molybdenite and graphite along with carbonaceous matter are intimately associated in the 
ore zones: Carbonaceous matter occurs as fragments intimately within the ore, as well as around the 
ore margins, where it can form discrete shear zones. Graphite and carbonaceous matter constitutes 
up to 10 wt. % of Merlin ore, and is lowest (0.01 wt. %) in the silicified host rock. Graphite and 
carbonaceous matter ranges from poorly formed in adjacent silicified rock units to well crystallised 
in the black shale host rock. Details of this relationship are provided in Chapter 6. 

3.6  Discussion

Mount Dore is interpreted to be an IOCG deposit (Pollard, 2006; Duncan et al., 2011). Due to 
the proximity of Merlin and Mount Dore; sub-economic IOCG-style Cu mineralisation is present 
at Merlin. Establishing the timing relationship between the Mount Dore IOCG and Merlin Mo-Re 
mineralisation is critical in understanding the hydrothermal evolution of this district. Unfortunately, 
there are no known examples of co-existing or overprinting Mount Dore-style Cu and Merlin style 
mineralisation. 

3.6.1  Depositional setting

The stratigraphic relationships at Merlin indicate that the Kuridala-Selwyn basin deepened with 
time, likely due to prolonged rifting during the Mesoproterozoic (Southgate et al., 2013; Fig. 3.2). 
Sedimentation commenced with a basal transgressive sandstone that is now a silicified quartzite. As 
basin extension progressed, siltstone and mudstone were deposited on top of the basal transgres-
sive sandstone. The siltstone/mudstone was metamorphosed to the greenschist facies and is now a 
phyllite. Within the phyllite unit, there are several horizons of black shale, which are either repeated 
cycles of shale deposition or fault repetitions. The calc-silicate horizon that underlies the black shale 
is banded, which is interpreted to be a primary sedimentary feature (Fig. 3.2). 

3.6.2  Deformational history

The Merlin-Mount Dore area experienced protracted deformation and metamorphism associated 
with the Isan orogeny that greatly influenced the present-day architecture of the deposit. The D1 
event involved development of N-S shortening and E-trending recumbent folds with weak axial 
planar cleavage (Betts et al., 2006; MacCready, 2006). The early thrusting D2 event led to thick- 
skinned deformation that generated the regionally dominant north striking S2 fabric along with 
upright, isoclinal, north trending folds with an axial plane cleavage, and steep E-dipping reverse 
faults parallel to F2 axial planes (Adshead-Bell, 1998; Laing, 1998; MacCready et al., 1998; Duncan 
et al., 2014). The local D3 event reoriented and crenulated the S2 fabric (Beardsmore, 1992) and 
the D4 event marked the change from ductile to brittle deformation. The D4 event then led to the 
formation of Mount Dore Fault Zone that was associated with pervasive breccia formation (O’Dea 
et al., 1997; Betts et al., 2006). During the post-D4 intrusion phase, the Mount Dore Granite was 
thrust above the metasedimentary package at Merlin around 1500 Ma (Babo et al., 2017). The 
emplacement of the Merlin Mo-Re deposit at its current location followed the post-D4 intrusion 
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event. 
3.6.3 Alteration

Intense quartz alteration has compacted and lithified the host sedimentary package causing it to be 
very susceptible to brittle fractures and crackle brecciation. After brittle deformation, infiltration of 
hydrothermal fluids led to the formation of stage 1 alteration (K-feldspar with minor to trace tour-
maline, chlorite, chalcopyrite, sphalerite, albite, actinolite, calcite, pyrite, apatite and rutile) over-
printing the metamorphic mineralogy and associated textures. Hydrothermal alteration progressed 
from high to lower temperatures with time, based on mineralogical assemblage. This led to a partial 
to complete retrogression of early alteration minerals. 

The relative lack of hydrothermal alteration and mineralisation in the Mount Dore Granite is 
not surprising, given that in the Proterozoic granites in Australia, most mineralisation is proximal 
to the granites and not hosted in them. Olympic Dam, however is an exception where the host 
to mineralisation is a brecciated granite unit (Johnson and McCulloch, 1995). The Mount Dore 
Granite is cut by quartz-tourmaline veins and has undergone red rock alteration, which is also 
observed in the metasedimentary rocks of the Kuridala and Staveley Formations. 

3.7 Conclusions

The Merlin-Mount Dore system is hosted by variably calcareous and pelitic metasediments 
belonging to the Paleo-Mesoproterozoic Kuridala and Stavely Formations, which were deposited 
in the Kuridala-Selwyn Basin. This basin apparently deepened with time, leading to the deposition 
of carbonaceous black shale, which now hosts the bulk of the Mo-Re ore at Merlin. These units 
were multiply deformed and metamorphosed to greenschist facies around 1650 Ma (O’dea et al., 
2006), after which time prolonged, multi-stage hydrothermal alteration affected the units, locally 
obliterating primary textures.

The Mount Dore Granite is only weakly altered with quartz-tourmaline veins. No cross-
cutting relationships have been observed between Mount Dore and Merlin mineralisation. It is 
therefore difficult to determine the relative timing of Mount Dore and Merlin systems, although 
Merlin is suspected to be younger, based on the sequence of the alteration and mineralisation, and 
relationship to D4 structures. 
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Chapter 4
Granite Whole-Rock and Radiogenic Isotope Geochemistry

4.1 Introduction
The whole-rock major, minor, and trace-element geochemical contents of granitoids can provide 
insights into their petrogenesis and geodynamic settings (Mark, 1998b; Wyborn, 1998; Page and 
Sun, 1998; Perring et al., 2000; Mark, 2001; Pollard, 2001; Oliver et al., 2004; Pollard, 2006; 
Duncan et al., 2011). The Mesoproterozoic Mount Dore Granite, Mt. Isa Inlier, NW Queensland, 
Australia, is a medium grained, equigranular, weakly foliated to unfoliated monzogranite (Fig. 4.1). 
It is mostly non-porphyritic, with rare K-feldspar megacrysts in some places. It comprises quartz, 
K-feldspar, plagioclase ± biotite ± hornblende ± minor titanite ± apatite ± zircon ± tourmaline 
(Beardsmore, 1992; Kirkby, 2009).  It ranges in age from 1509 ± 22 Ma (Rb/Sr; Donchak et al., 
1981) to 1517 ± 7 Ma (U/Pb zircon; Babo et al., 2017). The Mount Dore Granite crops out in the 
hangingwall of the Mount Dore Fault Zone and overlies Merlin (Fig. 3.1).
 

The aims of this chapter are to: 
• Understand the emplacement, deformation and alteration history of the Mount Dore Granite, 
• Compare the evolution of the Mount Dore Granite to other granites in the area, and  
• Understand the relationships between granite emplacement, mineralisation, and tectonothermal 

events at Merlin and in the surrounding region. 

4.1.1 Previous Work 

The Williams and Naraku Batholiths dominate the granitoids of the Cloncurry district, cropping 
out over an area of ~2400 km2 (Fig. 4.1). They were emplaced between 1516–1490 Ma, after 
the D2 event (1595 Ma; Page and Sun, 1998; Wyborn, 1998; Babo et al., 2017). The batholiths 
postdate peak metamorphism (Mark et al., 2000). The granitoids intruded highly deformed 
metasedimentary rocks of the Mary Kathleen Group (1790–1760 Ma; Page, 1983; Pearson et al., 
1992), Kuridala Group (1663 ± 23 Ma; Blake et al., 1981) and the Soldiers Cap Group (1676 
± 5 Ma; Page and Sun, 1996). The prolonged period of magmatism was associated with Na–Ca 
alteration and periods of Fe–Cu–Au mineralisation (Mark and de Jong, 1996; Perkins and Wyborn, 
1996; Page and Sun, 1994; Pollard, 2001; Fig. 4.2). 

A number of geochemically distinct suites of post-peak metamorphic intrusions comprise the 
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Fig. 4.1 Map of Cloncurry district, NW Queensland, Australia, showing the Mount Isa Inlier and where the Merlin and 
the Mount Dore deposits are located. The locations of the most important igneous intrusions and ore deposits are also 
provided. Reproduced from Babo et al. (2017).
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Williams and Naraku Batholiths (Duncan et al., 2011; Fig. 4.2). Regional Y-depleted, Na-rich 
tonalite-trondhjemite-granodiorite-series intrusions were emplaced during east-west sub-horizontal 
compression around 1.55 Ga (Page and Sun, 1998). These younger intrusions typically have more 
oxidised compositions than the older (ca. 1.67 Ga) granitoids exposed to the west of Mt. Isa. They 
have bimodal compositions, ranging from diorite to syenogranite (Duncan et al., 2011; Fig. 4.2). 

At Merlin-Mount Dore, the contact between the host metasedimentary sequence and the 
Mount Dore Granite is a reverse fault (Fig. 3.1). The fault is a friable, strongly altered zone that is 
sporadically brecciated when encountered in drill core (Beardsmore, 1992). Brecciation probably 
occurred as a result of rheological contrasts within the metasedimentary package between the 
silicified Selwyn shear zone and Mount Dore Granite (Lazo and Pal, 2009). 

4.1.2 Previous radiogenic isotope data 

Samarium-Nd and Rb-Sr data from Wyborn et al. (1998) indicate that the post-D2 intrusions in 
the eastern succession are not purely mantle-derived. TDM model ages range from 2207 to 2507 Ma, 
indicating that these intrusions were sourced from the lower crust prior to the ca. 1500 Ma partial 
melting event (Page and Sun, 1998). The older trondjhemites were Sr-undepleted and Y-depleted, 
whereas the ~1500 Ma granites are Sr-depleted and Y-undepleted. Both source regions (i.e., the 
mantle and lower crust) were included in the petrogenesis of post-D2 intrusions of the Williams 
and Naraku batholiths (Wyborn et al., 1982; Sun and McDonough, 1989). Sm-Nd and Lu-Hf 
isotopic analyses indicate mixing of older crust with younger, mantle-derived composition that led 
to a hybrid crust that continued to interact with juvenile material at a later stage (Kinny and Maas, 
2003; Griffin et al., 2006). In the Eastern Succession, Mount Isa Inlier, Lu-Hf  TDM model age data 
for the Williams-Naraku batholiths show that they were sourced during rifting associated with the 
deposition of Soldiers Cap Group and the emplacement of numerous tholeiitic, within-plate basaltic 
lava flows (Foster and Rubenach, 2006; Duncan et al., 2011).

4.1.3 Whole-rock Sm-Nd 

Rare earth elements (REEs) are used in petrogenetic studies because they are generally unaffected 
by post-crystallisation alteration processes (Herrman et al., 1974; Kay et al., 1970; Smewing and 
Potts, 1976; O’Nions and Pankhurst, 1976; Frey et al., 1968; O’Nions et al., 1977). The isotopic 
compositions of Sm and Nd are particularly useful, as they vary internally within the mantle and 
also between the continental crust and mantle. These isotopic characteristics are therefore valuable 
indicators of provenance in a variety of materials and thus an aid to the elucidation of igneous 
petrogenesis (O’Nions et al., 1979).

Samarium has seven naturally occurring isotopes. Of these, 147Sm, 144Sm and 149Sm are all 
radioactive. Neodymium is another of the 14 naturally occurring rare earth elements. It has an even 
atomic number (Z = 60) that favours nuclear stability. Neodymium has seven stable isotopes, at 
mass numbers 142, 143, 144, 145, 146, 144, and 150 (O’Nions et al., 1979). Samarium and Nd 
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Fig. 4.2 Summary of new geochronological data showing the timing of intrusive events, peak metamorphism, 
hydrothermal events, and mineralization for the Eastern Fold Belt, including major IOCG deposits. Reproduced from 
Duncan et al. (2011). Green stars indicate actinolite occurrences.
Abbreviations: act= actinolite, mus= muscovite, ser= sericite.



47

are joined in a parent-daughter relationship by the alpha decay of 147Sm to the stable 143Nd isotope, 
with a half-life of 106 x 109 years.

The abundance of a given nuclide at any point in time reflects the relative rates of synthesis 
and decay, integrated over time (O’Nions et al., 1979; Hawkesworth and Calsteren, 1984). For 
radioactive decay to produce observable variations in isotopic abundances of the daughter nuclide, 
variable parent-daughter ratios must exist and be preserved over certain duration of time while the 
parent nuclide is decaying (O’Nions et al., 1979). The extent of results produced is subject to the 
range of parent-daughter ratios, the half-life of the parent, and the interval over which the variations 
in parent-daughter ratio were present (O’Nions et al., 1979). In the case of Nd, the nuclides 
decaying to isotopes of Nd are 147Sm, 144Sm, and 149Sm, which undergo decay to 143Nd, 144Nd, 
and 145Nd, respectively (O’Nions et al., 1979). 

If at time = 0, a number xNd0 of 142Nd or 143Nd atoms are present, together with YSm0 atoms 
of 146Sm or 147Sm respectively, then after a time t has elapsed a proportion (1 – e–lyt) of the parent 
isotope will have decayed, where, l146 = 6.93 x 10–9y–l and, l147 = 6.54 x 10–12y–1.

The following equation may be divided by any non-radiogenic isotope of Nd, and since zNd0 = 
zNdt, then:

 
	

 (1)

 (2)

In subsequent discussions, z = 144 will be assumed, with the understanding that any non-
radiogenic Nd isotope could be substituted. 

To compare the differences between Nd/Nd ratios of igneous rocks and CHUR, DePaolo and 
Wasserburg (1976) introduced the epsilon parameter:

  (3)

Equation 3 is linear in the parameters (143Nd/144Nd)t and (147Sm/ 144Nd)t, so that for a given 
(143Nd/144Nd)0 and t, a plot of 143Nd/144Nd vs. 147Sm/ 144Nd as measured at present is a straight 
line, with intercept (143Nd/144Nd)0 and slope e–lt – 1. This is the basis of the isochron plotted in 
both the Rb-Sr and Sm-Nd systems (O’Nions et al., 1979; Fig. 4.3).  
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4.1.4 Whole-rock Lu-Hf

The Lu-Hf isotopic system is one of the most recently developed techiques for geochronology and 
isotopic studies (Matteini et al., 2010). Applying the Lu-Hf method to zircon grains provides the 
opportunity to characterize isotopically the host magma from which they crystallized (Matteini et 
al., 2010). For example, in sedimentary provenance studies, Hf isotopes yield isotopic constraints 
on the origin of detrital zircons and consequently of the host sediments (Kinny and Maas, 2003; 
Griffin et al., 2006). The different Hf isotope signatures found in a zircon population or even in a 
single zircon crystal permit characterization of different magmatic or high-temperature metamorphic 
events during crustal evolution of the source regions (Gerdes and Zeh, 2006; Zeh et al., 2007).

The Lu-Hf isotope system involves the spontaneous decay of the unstable radionuclide 176Lu, 
by -emission, to the stable 176Hf isotope with a half-life of 37.2 Ga. The element Lu is the heaviest 
rare earth element, belonging to the lanthanides. It has two natural isotopes: the stable isotope 
175Lu and the radioactive isotope 176Lu, comprising 97.41% and 2.59%, respectively, of the total 
Lu isotopic abundances. Hafnium is a high field strength element, and belongs to the lithophile 
group IVa of the periodic table. It has six isotopes: 176Hf, 177Hf, 174Hf, 179Hf and 140Hf, all being 
stable non-radiogenic, except for 176Hf. The abundance of the isotope 176Hf on Earth is variable 
due to the radioactive decay of 176Lu. It is conventionally compared to 177Hf in Lu-Hf studies:

    (4)

	

Fig. 4.3  Isotopic evolution of Nd in a chondritic uniform reservoir 
(CHUR). Source: Wilson (1949).
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Equation 4 represents the basic age equation for the Lu-Hf method, where ‘t’ is the elapsed time 
from the closure of the system, and l is the decay constant of 176Lu. 

The Lu-Hf isotope system is utilized to study the history of differentiation of the bulk silicate 
earth (BSE) that led to the formation of the crust-mantle system. This isotopic system is very similar 
to the Sm-Nd system, with some fundamental exceptions. The first is that, while Sm and Nd are 
both rare earth elements with very similar chemical characteristics, Lu is a heavy rare earth element 
and Hf is a high field strength element. This implies that very different behavior for Lu and Hf can 
occur during the evolution of the crust and mantle. Hafnium behaves more incompatibly than Lu 
during mantle partial melting (Chauvel and Toft, 2001); therefore, during the first stages of juvenile 
crust generation in the Archean, the crust was enriched in Hf and depleted in Lu, leaving a mantle 
enriched in Lu and depleted in Hf. Thus, starting from a unique primordial mantle with chondritic 
Lu and Hf isotopic compositions, which is referred to as CHUR (chondritic uniform reservoir) 
composition, two reservoirs with different Lu/Hf ratio were generated: the crust with Lu/ Hfcrust < 
Lu/HfCHUR, and the depleted mantle with Lu/ Hfmantle > Lu/HfCHUR (Nebel et al., 2007). As for 
other isotopic systems, the deviation of the 176Hf/177Hf from the chondritic (CHUR) values for a 
sample is indicated by the epsilon (ε) notation:

                              (5)

The model age is calculated with reference to the depleted mantle by the following formula:

                               (6)

Whereas a single stage TDM age is commonly calculated for whole-rock analyses, for zircon 
studies a two-stage TDM age is needed (Nebel et al. 2007). The TDM age in zircon is calculated from 
the initial Hf isotopic composition of the zircon, using an average crustal Lu/Hf ratio. The initial Hf 
composition of zircon represents the 176Hf/177Hf value calculated at the time the zircon crystallized, 
namely the U-Pb age previously obtained on the same crystal. Such model ages indicate the crustal 
residence time for the rocks that hosted the zircon.

4.2 Methodology 

Four weeks of fieldwork was undertaken at Chinova Resources’ Mt Dore core yard. The scope of 
this work was to examine a number of drill holes and be able to select samples for geochemical 
and petrographical analyses. This was accomplished by logging 20 diamond drill holes from cross 
sections 28600 mN and 28800 mN. 

A total of 37 samples of granite were collected from the Mount Dore-Merlin drill holes, as 
well as an additional twenty eight powdered samples (four of each granite) of Mount Dore Granite 

	

	



50

and various other granites in the Eastern Succession, Mount Isa Inlier, from Geoscience Australia’s 
sample collection, including the Malakoff granite, Mount Angelay granite, Squirrel Hills granite, 
Saxby granite, Wimberu granite, and Yellow Waterhole granite (Blake, 1987; Wyborn, 1998). Three 
samples of younger intrusions from the Mount Dore region were also analysed. 

Polished thin sections were prepared as the first step (Fig. 4.6). Part of the samples was crushed 
using a hydraulic press and pulverized using a chrome steel mill at the University of Tasmania. 
Parts of the crushed samples were then sent to ALS laboratories in Perth, WA, for major and trace-
element analyses using ICP-AES, ICP-MS, and quantitative four acid digestion methods. The 
ICP-AES technique involved a lithium borate fusion of the sample prior to acid dissolution and 
then ICP-MS analyses provided quantitative analyses of a broad suite of trace elements. Four acid 
digestion techniques were used for assessing the acid-leachable portions of the rare earth elements. 

A split of selected crushed samples was sent to the University of Melbourne for Sm-Nd and Lu-
Hf isotope analysis by isotope dilution MC-ICP-MS, following the methods of Yaxley et al. (2013) 
and Maas et al. (2015). After dissolution at high pressure, Sm, Nd, Lu and Hf were extracted and 
purified using Eichrom TRU and LN resins. Isotopic analyses were done on a Nu Plasma multi-
collector ICP-MS. 143Nd/144Nd and 176Hf/177Hf are reported relative to La Jolla = 0.512632 
and JMC475 = 0.242160, and have external precisions of ±0.000020 and ±0.000015 (2σ), 
respectively. Samarium/Nd and Lu/Hf ratios obtained by isotope dilution have external precisions 
of ±0.2 and ±1% (2σ). Initial εNd-εHf values have propagated uncertainties of ~±0.5–0.7 (2σ) 
e-units. Results for a split of the BCR-2 basalt standard analysed with the samples (147Sm/144Nd 
0.1343, 143Nd/144Nd 0.512634, 176Lu/177Hf 0.01446, 176Hf/177Hf 0.242471) are consistent with 
long-term averages and published reference values. The chondritic parameters used are those of 
Bouvier et al. (2008), and modern depleted mantle is assumed to have the following composition: 
147Sm/144Nd = 0.2129, 143Nd/144Nd = 0.513141, 176Lu/177Hf = 0.0347, 176Hf/177Hf = 0.243237. 
The decay constants are: 147Sm = 6.54 10–12/y, 176Lu = 1.467 10–11/y. 

4.3 Results - Sample description and petrography 

4.3.1 Mount Dore Granite

The Mount Dore Granite was emplaced at 1516 ±10 Ma (Wyborn, 1994). It forms the eastern 
boundary of the Mount Dore Fault Zone as well as the eastern boundary of the Merlin deposit 
(Greene, 2011; Fig. 4.5). The Mount Dore Granite is weakly foliated to unfoliated, is composed of 
quartz + K-feldspar + plagioclase ± biotite ± apatite ± zircon ± tourmaline ± chlorite. It was highly 
altered and weathered from the surface to ~100 m down-hole. Pyrite, chalcopyrite, minor bornite, 
various copper oxides, and hematite were observed in various fractured zones. Montmorillonite, 
illite ± kaolinite clays were observed along the faulted lower contact with the Kuridala Formation 
(Kirkby, 2009). 
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a)	MDQ0350007	 b)	MDQ0297006	

c)	MDQ0122004	 d)	MDQ0297005	

e)	MDQ0120008	 f)	MDQ0121002	

g)	MDQ0153A013	

Fig. 4.4  Drillhole samples of granites (a-d & f; 50-150 m from the surface), milled granite breccia (e; 93.40 m) 
and trachybasalt (g; 213.40 m) from Merlin-Mount Dore area. (a) MDQ0350007- Mount Dore Granite composed 
of K-feldpsar and quartz with tourmaline as fracture fill; 447785.33 mE, 7605653.09 mN, 362.9 m ASL. (b) 
MDQ0297006- Mount Dore Granite with minor hematite-stained K-feldspar and minor tourmaline alteration; 
447751.02 mE, 7605202.99 mN, 370.8 m ASL. (c) MDQ0122004- Mount Dore Granite with K-feldspar, quartz and 
minor chlorite alteration; 447798.25 mE, 760543.86 mN, 364.2 m ASL. (d) MDQ0297005- Mount Dore Granite 
with hematite-stained K-feldspar and albite. (e) MDQ0120008- Milled granitic breccia with hematite-stained feldspars 
and subrounded quartz and tourmaline crystals; 447796.84 mE, 7605453.89 mN, 363.85 m ASL. (f ) MDQ0121002- 
Mount Dore Granite with K-feldspar and quartz and minor tourmaline alteration; 447797.58 mE, 7605453.86 mN, 
363.81 m ASL. (g) MDQ0153A013- Trachybasalt with hematite-staining and minor calcite alteration; 447553.08 mE, 
7605451.09 mN, 359.82 m ASL.
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Fig. 4.6  Field photographs reproduced from Moye (2013) of granite-cemented breccia dyke and granite sills (5–10 cm 
thick), 300 m north of Merlin-Mount Dore. They are NE-trending with strong quartz-tourmaline alteration and have 
intruded the black shale unit.

The Mount Dore Granite was emplaced after D3 event along a reactivated thrust. The granite 
truncated D2 structures (1595 Ma ; Rubenach et al., 2008). Faulting caused brecciation of the 
granite and the footwall sedimentary units, and provided pathways for the hydrothermal fluids 
(Kirkby, 2009; Greene, 2011). D4 thrusts then cut the granite body and controlled the ore locations 
(Fig. 4.5).

4.3.2 Granite-cemented breccia, and related dykes and sills

During D3 and D4, volatile-rich granitic magmas, producing extensively altered, small granitic 
intrusions (dykes and sills) and granite-cemented breccia were thrust over the Mount Dore 
Fault Zone (Figs 4.5 and 4.6; Moye, pers. comm., 2013). Some of the small dykes and sills have 
unidirectional solidification textures (Moye, pers. comm., 2013). The central Mount Dore Syncline 
was intruded by a body of granite-cemented breccia that cut across both black shale and phyllite 
(Fig. 4.5). This body exhibits a granite-cemented breccia dyke and two small granite sills, one with 
unidirectional solidification textures (Fig. 4.6).
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4.4 Results - Geochemistry

4.4.1 Screening of samples for hydrothermal alteration

The results of 40 whole-rock geochemical analyses from the various granite samples are presented 
below. Care was taken to reduce the effects of hydrothermal alteration in the dataset. Samples 
MDQ-1,2,5,7,8,9,12 and GA-28 were screened out due to excessive hydrothermal alteration (i.e., 
sericite; Fig. 4.8 a). On the Ishikawa AI vs AAAI box plot, some of the samples plot outside the 
unaltered box (Fig. 4.8 b). However, the same samples plot inside the least altered box on the CCPI 
vs AI plot (Fig. 4.8 a), and therefore they are included in this dataset for evaluation and discussion.

4.4.2 Geochemical analyses

Whole rock major, minor and trace-element data are presented in Tables 4.1 and 4.2 as well as 
Figures 4.9 to 4.12. 

Total alkali-silica (TAS) classification diagram for plutonic rocks (after Middlemost, 1994) 
shows that the samples are of granitic, granodioritic or quartz monzonite composition (Fig. 4.9 a). 
The majority of samples in this dataset have granitic compositions.  

According to the Aluminium Saturation Index vs. SiO2 plot, most of the samples are classified 
as peraluminous, with only a few plotting in the metaluminous field (Fig. 4.9 b; Frost and Frost, 
2008). 

Most samples plot in the A-type field of Whalen et al. (1987). Only two samples plot within the 
I/S/M-type granite field – MDQ0126005 (Mount Dore Granite) and GA-18 (Wimberu Granite; 
Fig. 4.9 c). 

In Figure 4.8 d, most of the samples plot outside the unaltered box, including two samples 
of Mount Dore Granite which plot at the muscovite end of the diagram (MDQ0405002 and 
MDQ0120008). Overall, the samples define a trend toward the kaolinite-muscovite quadrant. 

The Harker variation diagrams show some scatter in the Mount Dore Granite samples, but 
overall they appear consistent with a fractionating magma source (Fig. 4.10 a-h). There is strong 
negative correlations of Si with Mg, Ti, P, and to a lesser extent Fe and Ca. 

Granite samples from the Williams and Naraku Batholiths are enriched in Th, U, Rb, LREEs, 
and Pb, whereas they are depleted in Ba, Nb, Sr, and Ti, which is consistent with the work of 
Wyborn (1998; Fig. 4.11).  

TDM–1 is the conventional depleted mantle model age which uses the sample’s own Sm/Nd 
and Lu/Hf (or rather the atomic parent-daughter ratios, 147Sm/144Nd and 176Lu/177Hf, which are 
linked to the ppm ratios by constant conversion factors) and an idealized depleted mantle evolution 
to calculate the model age. However, caution must be exercised in interpreting TDM-1 ages, as Sm/
Nd and Lu/Hf can become significantly fractionated during granite generation. For example, many 
aplites have flat REE patterns, and the resultant Sm/Nd ratio is thus quite similar to chondrite, i.e., 
much higher than in the parent granitic magma and the granite itself (Arndt and Goldstein, 1987). 
Neodymium and Hf model ages should therefore only be calculated from rocks with Sm/Nd and 
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c.	 d.	

Fig. 4.7  Photomicrographs displaying some of the Mount Dore Granite samples as well as other intrusions of the 
Mount Dore-Merlin region. (a) MDQ0126005; 447789.18 mE, 7605548.66 mN, 361.7 m ASL (Crossed polars; 
Medium-grained granite dominated by quartz and K-feldspar). (b) MDQ0297001 (Plane polars; The K-feldspar 
in this granite is weakly altered by sericite and chlorite). (c) MDQ0224-97.30m; 447600.72 mE, 760599725 mN, 
363.9 m ASL (Crossed polars; Granite highly altered by later quartz alteration followed by extensive chloritisation). )
(d) MDQ0153A013; 447553.08 mE, 7605451.09 mN, 359.82 m ASL (Crossed polars; Trachybasalt from north of 
Merlin which contains abundant quartz with minor K-feldspar and disseminated pyrite crystals with very minor sericite 
alteration).

Lu/Hf very close to average continental crust (147Sm/144Nd=0.11, 176Lu/177Hf=0.015; Arndt and 
Goldstein, 1987).

 TDM–2 are two-stage model ages first employed in Liew and Hofmann (1988). This type of 
model age uses the sample’s own parent/daughter ratio for the journey back to the geological age of 
the rock, and then an assumed average crustal parent/daughter ratio for the older stage back towards 
the depleted mantle evolution line. This eliminates syn-magmatic (or syn sedimentary) parent-
daughter element fractionation as a source of bias in model ages. All granite samples in this study 
have homogeneous initial εNd and initial εHf, and thus their Nd and Hf model ages (TDM–2) are 
also homogeneous (Table 4.2). 

By plotting the Sm-Nd data on an isochron diagram (Fig. 4.11a), the samples form a scattered 
line with an apparent age of 1.57 Ga. For Lu-Hf, most data points also form a single trend, but with 
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Fig. 4.8  Alteration box plots used to screen the samples in this study: a) Chlorite carbonate pyrite index (CCPI) vs 
Ishikawa alteration index (AI) plot by Large et al. (2001) which screened out five highly altered Mount Dore Granite 
samples, and b) Advanced argillic alteration index (AAAI) vs Ishikawa aletration index which screened out the same 
samples besides others that were least altered according to plot a). LOI ≥ 1 wt% was considered to be indicative of 
hydrothermal alteration.  
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Table 4.1 Whole-rock major, trace and rare earth element analyses of the granites from the Williams and Naraku 
Batholiths and intrusions related to the Mount Dore-Merlin deposits.

Sample ID MDQ-1 MDQ-2 MDQ-3 MDQ-4 MDQ-5 MDQ-6 MDQ-7 MDQ-8 MDQ-9 MDQ-10 MDQ-11

Sample 
name

Dyke- 1 Dyke- 2
MDQ

0350007

Mark 
McGeough’s 

sample

MDQ
0405002

MDQ
0297006

MDQ
0122004

MDQ
0297005

MDQ
0120004

MDQ
0121002

MDQ
0126005

SiO2 79.4 63.4 72.3 74.3 74.4 75.5 63.4 75.1 75.4 69.9 71.4
Al2O3 6.9 17.2 12.7 14.2 12.55 13.4 13.1 13 11.4 11.4 12.55
Fe2O3 2.96 1 0.69 1.23 1.62 0.92 3.96 1.45 1.92 1.49 0.47
CaO 0.14 0.12 1.54 2.17 0.04 0.23 1.95 0.17 0.15 2.05 1.54
MgO 0.47 0.09 1.34 0.71 0.44 0.37 3.41 0.17 0.76 2.74 1.62
Na2O 0.05 0.27 2.94 4.66 0.22 4.47 0.43 2.64 0.24 1.44 5.15
K2O 2.69 14.5 6.31 3.25 4.09 1.57 4.73 2.1 7.17 5.24 2.54
TiO2 0.71 0.13 0.37 0.5 0.04 0.34 0.43 0.39 0.3 0.31 0.32
MnO 0.04 0.06 0.05 0.04 0.01 <0.01 0.07 <0.01 <0.01 0.13 0.06
P2O5 0.17 0.04 0.07 0.04 0.04 0.04 0.09 0.04 0.02 0.09 0.04
Total % 93.53 96.81 98.31 101.1 93.45 96.84 91.57 95.06 97.36 94.79 95.69
LOI % 4.34 0.54 2.52 0.61 1.14 1.35 3.73 2.66 0.44 3.44 2.69
Ag 0.51 1.34 0.39 0.01 0.24 0.12 0.04 0.16 0.1 0.03 0.11
Al % 3.46 4.92 6.6 7 6.52 7.14 6.21 6.47 5.6 5.56 6.75
As 32 5.5 3.5 0.7 2.9 24.4 1.4 34.5 3.2 2.6 5.1
Ba 600 3160 920 600 1310 240 910 360 1110 770 370
Be 4.9 1.54 1.63 4.95 2.36 3.64 1.19 3.04 2.97 1.41 1.07
Bi 0.77 0.02 0.02 0.03 0.17 0.04 0.05 0.09 0.04 0.02 0.01
Ca % 0.11 0.09 1.16 1.55 0.05 0.14 1.41 0.13 0.09 1.42 1.21
Cd 0.09 0.13 0.06 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.21
Ce 137 52.1 117 169 146 174 106 217 296 197.5 141.5
Co 7.5 5.5 1.5 6.1 3.9 6.2 7.7 19.4 4.1 5.4 2.4
Cr 76 26 36 35 55 34 44 76 39 74 41
Cs 1.24 0.64 0.33 0.45 2.71 1.75 0.32 0.57 1.1 0.34 0.19
Cu 172 97.3 57.9 12.5 159.5 146 56.2 194 43.7 22.4 64.3
Fe % 2.31 0.71 0.46 0.44 1.06 0.62 2.33 1.02 1.13 0.93 0.64
Ga 10.75 13.6 15.4 20.4 19.55 21.2 30 14.65 16.15 16.6 16.5
Ge 0.19 0.11 0.14 0.19 0.26 0.17 0.14 0.19 0.3 0.23 0.16
Hf 3.4 1.2 6.4 6.1 2.6 6.6 4.9 7.1 5.9 5.4 5.4
In 0.024 0.007 0.005 0.022 0.064 0.02 0.004 0.009 0.004 0.005 0.005
K % 2.41 5.43 5.23 2.6 6.72 1.34 4.07 1.74 5.77 4.11 2.18
La 88.9 28.9 63.8 52.5 97.3 93.9 55.5 123.5 154 106.5 68.9
Li 7.2 1.6 2.6 6.3 2.2 4.5 11.2 3.4 3.3 8.6 10
Mg % 0.29 0.05 0.76 0.39 0.2 0.18 1.98 0.09 0.32 1.44 0.94
Mn 321 452 349 290 55 24 550 14 29 875 456
Mo 34.3 2.32 9.41 0.54 1.37 0.74 0.57 2.36 0.57 2.76 0.96
Na % 0.06 0.2 2.18 3.41 0.22 3.68 0.57 1.93 0.24 1.02 3.8
Nb 18.9 4 32.9 30.1 5.6 22.9 16.1 29.4 21.6 22.1 27.5
Ni 9 6.9 3 4.6 5.8 5.6 14.6 10.5 7.5 8.4 3.8
P 770 180 340 210 190 110 460 140 190 390 380
Pb 99.7 18 8.4 8.9 17.6 8.1 3.4 6.9 4.3 3.4 12.4
Rb 115.5 202 181.5 107 271 83.1 150.5 59.1 226 144 66
Re 0.002 0.002 0.004 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
S 0.71 0.04 0.08 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.09
Sb 1.02 2.6 0.14 0.09 0.14 0.87 0.15 2.44 0.25 0.11 0.12
Sc 4.3 0.3 5.2 7.4 10.1 8.1 40.8 8.2 12.2 13 3.5
Se 10 1 1 1 2 1 1 1 1 1 1
Sn 2.4 1.3 2 2.9 2.7 2.7 2.7 3.2 2.1 2.5 2.3
Sr 73.6 61.4 42.2 162.5 33.1 49.4 61.2 39.4 31.9 37.9 25.6
Ta 1.78 0.27 3.6 2.89 1.73 2.35 1.67 3.06 2.26 2.26 2.65
Te 0.63 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Th 23.9 3.84 53.7 46.8 18.55 49.1 43.4 42 46.2 39.7 39.3
Ti % 0.353 0.064 0.206 0.263 0.023 0.171 0.217 0.207 0.161 0.176 0.195
Tl 0.48 1.67 0.42 0.21 0.95 0.31 0.62 0.24 0.91 0.5 0.24
U 18.5 7.8 26.3 7.8 15.4 8.2 5.5 12.5 11.4 8 20.4
V 43 4 20 22 23 28 129 15 56 49 17
W 21.8 3.1 2 1.1 1.2 3.1 2 5.5 2.1 2.3 1.3
Y 42.6 15 31.5 45 69.2 26 24.8 24.9 32.8 30.1 30.6
Zn 42 241 17 9 12 16 9 25 7 8 35
Zr 126 51.5 214 201 58.3 227 166 247 205 193 200
Dy 7.19 2.79 5.37 8.23 12.9 4.41 4.51 4.38 6.61 5.32 5.13
Er 4.1 1.77 3.76 5.39 7.2 2.9 2.99 2.7 3.82 3.41 3.44
Eu 1.47 0.39 0.92 1.84 2.72 1.42 0.91 1.56 2.13 1.3 1.17
Gd 8.89 2.91 4.99 8.07 14.5 5.5 4.69 5.77 9.32 6.6 5.86
Ho 1.44 0.59 1.17 1.75 2.54 0.92 0.94 0.9 1.29 1.11 1.08
Lu 0.65 0.27 0.74 1.03 1.02 0.49 0.57 0.46 0.65 0.62 0.65
Nd 45.2 19.6 37.2 58.4 78.6 56.5 36.8 63.1 97.8 65.3 50.1
Pr 12.8 5.58 11.55 17.35 21.3 17.2 11.2 19.9 29.6 19.95 14.95
Sm 8.97 3.54 6.12 9.93 15.05 8.42 6.13 8.98 14.95 10.05 8.14
Tb 1.32 0.45 0.86 1.36 2.28 0.77 0.75 0.8 1.26 0.95 0.88
Tm 0.59 0.28 0.62 0.9 1.04 0.46 0.49 0.43 0.6 0.55 0.57
Yb 3.7 1.71 4.35 6.26 6.37 3.07 3.52 2.87 4.05 3.82 3.92
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Sample ID MDQ-12 GA-1 GA-2 GA-3 GA-4 GA-5 GA-6 GA-7 GA-8 GA-9 GA-10 GA-11

Sample 
name

MDQ
0153A013

Yellow 
Waterhole 

granite

Yellow 
Waterhole 

granite

Yellow 
Waterhole 

granite

Yellow 
Waterhole 

granite

Mt. Angelay 
granite

Mt. Angelay 
granite

Mt. 
Angelay 
granite

Mt. Angelay 
granite

Saxby 
granite

Saxby 
granite

Saxby 
granite

SiO2 54.4 70.66 70.64 71.77 70.71 72.7 63.24 72.55 73.11 73.51 69.41 72.05
Al2O3 13.6 13.71 13.42 13.65 13.9 13.47 15.14 13.64 13.24 13.37 14.6 13.25
Fe2O3 3.45 2.03 2.15 1.17 1.55 0.43 3.24 0.65 0.47 1.22 0.96 1.53
CaO 3.64 1.55 0.96 1.2 1.56 0.45 2.76 1.44 0.93 1.04 1.59 1.16
MgO 3.57 1.05 0.96 0.52 0.7 0.23 1.15 0.4 0.26 0.34 0.67 0.41
Na2O 7.14 3.24 3.74 3.34 3.37 4.13 4.54 5.94 3.32 4.16 3.63 4
K2O 0.49 4.46 5.49 5.31 4.97 5.77 4.54 3.11 5.43 4.35 4.67 4.65
TiO2 0.94 0.41 0.39 0.29 0.34 0.19 0.45 0.24 0.24 0.22 0.42 0.34
MnO 0.07 0.02 0.01 0.03 0.03 -0.01 0.02 0.01 0.01 0.01 0.03 0.01
P2O5 0.32 0.1 0.12 0.07 0.09 0.07 0.24 0.07 0.05 0.07 0.23 0.07
Total % 87.62 97.23 97.88 97.35 97.22 97.43 95.32 98.05 97.06 98.29 96.21 97.47
LOI % 4.77 1 1.25 1.25 0.41 0.46
Ag 0.01 0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03
Al % 7.61 7.06 7.11 7.26 6.42 6.95 7.15 7.27 7.24 7.21 7.74 7.16
As 4.2 0.3 0.4 0.9 0.7 0.4 0.7 0.4 <0.2 0.6 0.2 0.9
Ba 60 640 790 920 450 420 1350 300 470 450 960 630
Be 2.63 3.16 2.49 3.32 4.27 2.93 3.56 4.91 2.06 4.71 2.21 5.31
Bi 0.15 0.04 0.06 0.05 0.05 0.01 0.03 0.01 0.02 0.04 0.05 0.04
Ca % 2.45 1.14 0.71 0.92 1.09 0.64 1.44 1.07 0.74 0.41 1.2 0.9
Cd 0.02 <0.02 0.02 0.02 0.03 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02
Ce 109.5 123 213 141 145.5 62.6 205 92.2 149.5 103.5 155.5 215
Co 40.1 59.4 65.4 65.7 57.1 64.4 50.7 2.6 71.7 64.1 53.2 90.1
Cr 55 10 10 4 4 2 4 341 2 3 6 3
Cs 0.13 1.51 0.91 2.69 1.99 0.19 0.4 0.17 0.63 0.51 3.09 1.27
Cu 55.9 14.7 224 3.7 5.4 5.4 16.4 6.9 6.2 4.1 7.5 13.7
Fe % 2.91 2.27 1.95 1.44 2.22 0.44 3.42 0.77 1.2 1.32 2.46 1.96
Ga 21.3 19.25 20.4 19.65 21 21.7 22.1 21.2 14 21.9 21.6 22.7
Ge 0.21 0.19 0.22 0.22 0.23 0.16 0.32 0.14 0.19 0.17 0.19 0.25
Hf 9.5 7 6 6.6 7.6 5.5 7.4 6.6 7.6 6.3 6.3 7.4
In 0.02 0.017 0.017 0.02 0.021 0.005 0.049 0.01 0.014 0.005 0.022 0.01
K % 0.44 3.65 4.39 4.41 3.81 4.63 3.35 2.62 5.04 3.7 3.94 4.05
La 43.3 69 154 102.5 80.5 20.2 98.4 29.4 76.2 55.5 90.7 123.5
Li 16.7 12.5 14.5 24.5 17.3 0.8 3.2 0.7 4.5 5.8 18.5 12.4
Mg % 2.18 0.58 0.52 0.27 0.36 0.15 0.61 0.22 0.18 0.19 0.37 0.23
Mn 584 126 78 270 237 52 180 61 131 87 271 110
Mo 3.02 0.59 2.56 0.58 0.59 0.68 0.6 0.67 0.7 0.64 0.39 0.76
Na % 5.23 2.51 2.76 2.5 2.32 3.03 3.25 4.44 2.58 3.25 2.78 2.92
Nb 28.3 24.2 13.3 23.6 26.8 24 40.4 29.3 25.5 26.6 14.7 39.3
Ni 6.3 7.5 8.1 2 2.9 2 4.2 2.8 1.1 1.1 2.3 1.7
P 1630 470 430 320 390 350 960 320 260 310 1070 330
Pb 2.6 9 3.9 12.7 11.7 9.8 7.3 7.7 16.1 16.2 10.5 13.2
Rb 17.7 191.5 199 283 238 137.5 128.5 82.4 153.5 207 212 229
Re 0.04 0.009 0.009 0.009 0.008 0.009 0.007 <0.002 0.01 0.009 0.007 0.012
S 0.51 0.01 0.01 <0.01 0.02 <0.01 0.01 <0.01 0.01 0.03 0.01 0.01
Sb 0.22 <0.05 0.07 0.07 0.06 <0.05 0.08 0.52 <0.05 <0.05 0.06 <0.05
Sc 12.8 6.1 4.6 5.4 6.1 4 10.3 5.3 4 3.7 3.5 4.2
Se 2 1 1 1 1 1 2 1 1 1 <1 1
Sn 7.4 2.8 2.3 2 1.9 2.2 2.7 3.1 1.6 2.4 3 4.6
Sr 37.9 158.5 102 120 132.5 31.7 196.5 42.4 144 61.5 135.5 96
Ta 2.04 2.97 1.82 2.87 2.92 3.19 2.78 3.2 2.52 3.57 1.48 4.31
Te 0.07 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Th 22.9 47.2 46 59.8 47.2 59.9 31.6 59.6 114.5 59.6 19.65 80.8
Ti % 0.584 0.244 0.14 0.177 0.215 0.112 0.454 0.171 0.181 0.138 0.264 0.216
Tl 0.07 0.54 0.4 1.02 0.82 0.19 0.31 0.09 0.57 0.5 1 0.66
U 14.6 14.5 9.2 13.1 12.5 21.4 7.2 16.1 15.3 23.6 4.3 11.7
V 83 38 35 20 30 14 55 16 14 15 33 20
W 1.5 540 590 600 500 600 344 4.4 670 640 490 770
Y 41.7 37.3 26.3 38.6 40.5 27.6 55.6 39.3 31.1 30.8 15.1 39.5
Zn 6 8 6 24 26 <2 10 2 10 10 18 8
Zr 412 246 211 242 266 167.5 296 233 262 194 256 251
Dy 7.2 6.35 4.77 7.04 7.11 5.03 10.8 6.8 5.94 5.2 1.85 6.8
Er 4.68 4.08 2.85 4.25 4.56 3.05 6.19 4.28 3.52 3.23 1.96 4.27
Eu 1.63 1.16 1.19 1.3 1.24 0.51 2.45 0.86 1.34 0.72 0.96 1.08
Gd 7.35 6.29 5.53 7.46 7.31 5.25 11.8 6.93 6.47 5.55 2.63 7.27
Ho 1.53 1.35 0.98 1.47 1.5 1.02 2.16 1.43 1.2 1.06 0.45 1.42
Lu 0.83 0.7 0.48 0.62 0.76 0.48 0.91 0.68 0.53 0.58 0.51 0.71
Nd 46.1 40.3 49.7 55.7 48.1 30 80.8 40.6 51.1 34.8 41.9 59.5
Pr 12.8 12.1 17.05 17.35 14.3 8.1 22.3 11.4 15.15 10.5 13.8 19.2
Sm 8.59 7.15 7.29 9.35 8.56 6.22 14.6 7.98 8.52 6.68 5 9.34
Tb 1.21 1.05 0.85 1.2 1.18 0.86 1.85 1.15 1.02 0.89 0.33 1.18
Tm 0.77 0.64 0.45 0.64 0.71 0.46 0.93 0.67 0.55 0.53 0.42 0.67
Yb 5.21 4.24 2.97 4.03 4.7 2.95 5.77 4.35 3.35 3.56 3.24 4.45
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Sample ID GA-12 GA-13 GA-14 GA-15 GA-16 GA-17 GA-18 GA-19 GA-20 GA-21 GA-22 GA-23

Sample 
name

Saxby 
granite

Squirrel Hill 
granite

Squirrel Hill 
granite

Squirrel Hill 
granite

Squirrel Hill 
granite

Wimberu 
granite

Wimberu 
granite

Wimberu 
granite

Wimberu 
granite

Malakoff 
granite

Malakoff 
granite

Malakoff 
granite

SiO2 71.22 72.06 64.11 69.4 72.34 69.97 73.54 77.5 74.01 73.43 71.59 72.16
Al2O3 13.4 13.75 14.42 14.17 13.14 14.02 13.49 12.11 13.74 13.17 13.4 13.79
Fe2O3 1.46 1.3 1.75 2.22 1.74 2.2 0.9 0.31 0.6 1 1.04 0.49
CaO 1.57 1.65 2.41 1.41 1.2 1.72 1.27 0.72 1.02 1.17 1.67 1.47
MgO 0.56 0.27 0.71 0.62 0.34 0.46 0.43 0.15 0.43 0.25 0.44 0.39
Na2O 3.47 3.55 4.53 4.06 3.39 4.25 3.44 3.06 3.26 3.76 3.44 3.62
K2O 3.47 4.45 4.14 4.21 5.23 4.35 4.64 5 5.24 4.41 3.44 4.26
TiO2 0.37 0.19 0.55 0.34 0.33 0.43 0.29 0.13 0.22 0.23 0.32 0.31
MnO 0.04 0.01 0.03 0.02 -0.01 0.03 0.03 0.02 0.02 0.01 0.04 0.03
P2O5 0.1 0.04 0.12 0.11 0.05 0.1 0.04 0.01 0.02 0.04 0.1 0.06
Total % 95.66 97.27 92.77 96.56 97.75 97.53 98.07 99.01 98.56 97.47 95.48 96.58
LOI % 0.49 1.04 1.03 0.92
Ag 0.02 0.01 0.03 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.06
Al % 7.26 7.24 7.54 7.53 7.01 7.15 6.94 6.36 7.07 6.79 7.35 7.07
As 0.7 <0.2 <0.2 <0.2 <0.2 0.4 0.5 <0.2 0.5 0.6 0.6 0.4
Ba 540 670 1190 690 490 490 1040 660 1100 490 660 750
Be 5.11 5.41 2.37 4.66 2.94 3.9 3.41 5.77 3.21 3.96 4.51 2.45
Bi 0.04 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.04 0.03 0.06
Ca % 1.19 1.26 1.76 1.39 0.92 1.25 0.92 0.53 0.75 0.45 1.25 1.05
Cd <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Ce 134.5 91.4 226 162 195 122.5 164.5 56.6 96.4 115 112.5 152
Co 74.2 76.6 65.4 93.2 47 91.9 115.5 2.4 2.1 2.4 5.7 95.1
Cr 4 2 3 5 3 4 4 2 5 5 5 4
Cs 2.09 0.93 0.3 0.9 0.39 0.5 0.63 0.37 0.76 0.6 2.23 1.35
Cu 1.4 6.1 7.5 9.3 4.4 24.2 14 4.4 13.4 4.3 3.3 4.7
Fe % 2.61 1.74 2.25 2.66 1.95 2.16 1.36 0.63 1.09 1.55 2.29 2.15
Ga 22.4 21.1 20.5 22.9 19.35 20.3 14.15 19.55 17.4 19.7 21.3 22
Ge 0.19 0.14 0.24 0.24 0.22 0.22 0.2 0.1 0.14 0.19 0.19 0.14
Hf 7.4 5.4 7 7.3 6.5 7.3 4.4 5.9 3.9 6.3 6.2 7.4
In 0.02 0.037 0.037 0.017 0.023 0.025 0.011 <0.005 0.007 0.017 0.025 0.04
K % 3.23 3.78 3.41 3.44 4.39 3.47 4.03 4.28 4.54 4.03 3.28 3.53
La 74.9 50.5 119.5 94.6 116 46.7 92 27.7 53 60.8 64.3 81.8
Li 13.7 3.5 6 10.3 5.7 9.1 13.5 5.2 12.3 8.1 24.6 19.5
Mg % 0.32 0.19 0.4 0.37 0.27 0.46 0.23 0.07 0.15 0.15 0.32 0.21
Mn 317 157 244 217 149 186 159 76 122 75 271 216
Mo 0.79 0.82 0.66 0.89 0.9 1.05 0.93 0.72 1.38 1.1 0.58 1.02
Na % 3.02 2.8 3.34 3.01 2.54 3.13 2.75 2.41 2.63 2.74 2.91 2.69
Nb 25 20.1 31.4 21.1 34 32.4 27.4 33.9 23.1 36.6 25.7 22.2
Ni 2.6 1 3.8 3.4 2.6 6 2.6 1.2 1.9 2.4 3.1 1.6
P 430 250 490 520 310 470 200 70 120 220 440 320
Pb 9.6 10.3 8.9 9.7 12.4 7.7 16.5 39.2 17 14.4 19.7 18.1
Rb 209 229 96.4 251 214 149.5 167 168.5 208 234 244 193.5
Re 0.009 0.01 0.009 0.012 0.012 0.012 0.013 <0.002 <0.002 <0.002 <0.002 0.01
S 0.01 <0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.22 0.64 0.33 0.14 0.2 0.2
Sc 4.7 7.7 6.5 4.3 4.1 6.1 2.9 1.1 1.6 3.2 4.9 3.3
Se 1 1 2 1 1 1 1 <1 1 2 1 1
Sn 1.7 2.9 1.8 2.1 2 2.7 2.3 1.8 2.3 4.1 2.6 2.7
Sr 92 112 220 96.7 98.6 189 171.5 98.1 166 67.3 125 92.7
Ta 2 1.8 3.2 2.26 4.09 3.45 2.91 3.94 2.57 4.64 3.02 2.08
Te <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Th 46.6 43.2 74.2 41.5 86.5 47.5 39 69.7 49.3 64.7 44.2 44.2
Ti % 0.226 0.12 0.316 0.226 0.208 0.252 0.175 0.076 0.121 0.124 0.175 0.166
Tl 0.73 0.78 0.3 0.73 0.45 0.39 0.46 0.36 0.48 0.46 0.96 0.85
U 5.5 10.9 3.8 11.3 18.2 9.7 5.7 15.7 9.9 17.7 10.6 8.6
V 28 11 35 31 23 39 17 4 13 11 26 16
W 660 680 540 770 800 820 880 8.4 1.3 0.7 0.6 720
Y 25.2 39.4 54.7 27.8 38.6 41.1 32.5 20.8 25.6 55.7 28.9 30.1
Zn 24 10 16 20 9 10 13 4 9 9 22 18
Zr 257 201 269 261 221 261 168 151 128 215 220 265
Dy 4.48 7.41 10.15 5.08 6.57 7.03 5.87 2.99 4.33 9.34 5.33 5.46
Er 2.73 4.45 6.2 3 4.34 4.55 3.73 2.32 2.83 6.2 3.22 3.08
Eu 0.92 1.02 1.85 1.26 1.09 1.45 1.28 0.53 1.01 0.96 0.99 1.08
Gd 5.34 7.15 10.45 6.26 6.56 7.36 6.16 2.67 4.19 8.34 5.5 6.3
Ho 0.92 1.53 2.11 1.02 1.4 1.49 1.22 0.68 0.92 2 1.09 1.1
Lu 0.47 0.7 0.85 0.54 0.7 0.75 0.6 0.53 0.47 0.87 0.53 0.43
Nd 43.6 32.4 74.8 49.1 51.7 49.1 51.2 19.2 29.7 41.2 34.8 46.7
Pr 13.3 9.37 22.3 15.25 17.45 14 16.1 6.03 9.44 11.85 10.8 14.15
Sm 7.03 7.09 12.75 7.99 8.16 8.68 7.94 3.28 4.97 8.73 6.36 7.87
Tb 0.81 1.24 1.71 0.91 1.08 1.17 1.01 0.47 0.7 1.45 0.9 0.95
Tm 0.43 0.67 0.92 0.47 0.69 0.73 0.57 0.42 0.46 0.97 0.5 0.47
Yb 2.88 4.29 5.67 3.16 4.48 4.73 3.76 3.02 2.94 6.03 3.33 2.98
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Sample ID GA-24 GA-25 GA-26 GA-27 GA-28

Sample name
Malakoff 
granite

Mt. Dore 
granite

Mt. Dore 
granite

Mt. Dore 
granite

Mt. Dore 
granite

SiO2 72.5 73.3 64 71.29 70.7
Al2O3 13.97 13.7 15.1 13.57 13.65
Fe2O3 0.63 0.66 1.3 2.33 2.49
CaO 1.04 1.64 2.11 0.65 0.61
MgO 0.44 0.51 0.45 0.95 1.19
Na2O 3.44 3.24 4.93 3.77 2.12
K2O 4.41 4.53 4.26 4.76 6.03
TiO2 0.21 0.29 0.4 0.36 0.35
MnO 0.02 0.03 0.04 0.02 0.03
P2O5 0.14 0.04 0.16 0.04 0.04
Total % 96.8 97.94 92.75 97.74 97.21
LOI %
Ag 0.05 0.01 0.01 0.01 <0.01
Al % 7.16 6.97 7.66 6.97 6.35
As 0.7 0.6 0.9 0.5 0.7
Ba 270 540 460 690 570
Be 1.49 3.64 3.95 3.04 3.7
Bi 0.04 0.05 0.03 0.03 0.03
Ca % 0.77 1.11 1.44 0.44 0.41
Cd <0.02 <0.02 0.02 <0.02 <0.02
Ce 46 167.5 134 195 124
Co 57.6 3.7 6.5 67.3 54.6
Cr 9 9 4 3 2
Cs 2.96 3.35 1.26 0.51 1.04
Cu 3.1 5.9 15.1 23.4 56.4
Fe % 1.29 1.52 2.34 2.13 2.4
Ga 16.65 19.75 20.3 20 20.4
Ge 0.14 0.14 0.21 0.21 0.21
Hf 4.2 6.6 6.6 6.3 6.3
In 0.025 0.02 0.021 0.01 0.024
K % 3.98 3.81 3.36 3.88 4.38
La 40.9 93 74.7 121.5 75.7
Li 16.8 16.7 18.8 11.4 19.5
Mg % 0.25 0.22 0.4 0.52 0.61
Mn 101 255 364 144 152
Mo 0.79 1.13 0.7 0.7 0.64
Na % 2.71 2.4 3.57 2.69 1.31
Nb 19.1 24.7 28.5 26.9 22.2
Ni 5.9 2.9 3.3 3.1 3.8
P 870 240 630 340 320
Pb 17.1 16.8 9.3 3.3 3.1
Rb 244 277 186.5 182.5 262
Re 0.007 <0.002 <0.002 0.01 0.009
S <0.01 0.01 0.02 0.09 0.09
Sb 0.11 0.19 0.15 0.18 0.27
Sc 5 5 4.7 6.5 5.6
Se <1 1 1 1 1
Sn 4.6 2.5 3 2.2 2.4
Sr 47.9 111.5 230 77.2 39.8
Ta 2.14 1.95 2.85 2.83 2.29
Te <0.05 <0.05 <0.05 <0.05 <0.05
Th 27 74.3 65.5 49.4 49.6
Ti % 0.11 0.151 0.247 0.187 0.156
Tl 1.06 0.85 0.46 0.39 0.52
U 8.2 16.4 16 17.9 17.5
V 11 13 30 25 25
W 510 5.2 0.6 600 520
Y 16.4 22.5 42.5 30.4 31.2
Zn 23 23 24 5 4
Zr 135.5 214 226 213 207
Dy 3.76 3.6 6.69 5.17 4.93
Er 1.33 2.12 4.24 3.04 3.22
Eu 0.68 1 1.22 1.18 0.93
Gd 5.83 4.9 7.2 6.28 5.07
Ho 0.59 0.72 1.4 1.06 1.06
Lu 0.16 0.45 0.74 0.58 0.62
Nd 34 47.8 46.3 50.7 36.6
Pr 9.56 15.25 13.8 16.45 11.5
Sm 7.37 7.21 8.18 8.12 6.04
Tb 0.81 0.69 1.12 0.94 0.81
Tm 0.18 0.35 0.68 0.51 0.54
Yb 1.07 2.59 4.66 3.65 3.86

Table 4.1 cont.
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Fig. 4.9  (a) Total alkali-silica classification diagram (Middlemost, 1994). (b) the Aluminium Saturation Index vs. SiO2 
plot (Frost and Frost, 2008). (c) Granite A and I-S-M-type differentiation plot (Whalen et al., 1987). 

N
a 2
O
+K

2O
	(w

t	%
)	

SiO2	(wt	%)	 SiO2	(wt	%)	

AS
I	=
	A
l/(
Ca
-1
.6
7*
P+

N
a+
K)
	m

ol
ar
	

10000*(Ga/Al)	(ppm)	

N
a 2
O
+K

2O
	(w

t	%
)	

a)	 b)	

c)	

LEGEND	



62

Table 4.2  Sm-Nd and Lu-Hf isotope data for the granite samples from the Eastern Fold Belt, Mount Isa Inlier.

Sample ID MDQ-4 MDQ-6 MDQ-7 MDQ-9 GA-1 GA-2 GA-3 GA-6 GA-8 GA-11 GA-12 GA-14 GA-15 GA-17

Age (Ma) 1600 1600 1600 1600 1493 1493 1493 1529 1529 1530 1530 1516 1516 1512

Sm 10.12 8.17 5.81 14.27 7.00 7.24 9.13 15.12 8.21 9.05 7.06 13.01 7.55 8.49

Nd 62.24 55.28 35.65 93.76 40.22 50.01 55.91 88.13 50.50 59.11 45.08 79.47 48.01 49.53

147Sm/144Nd 0.098 0.089 0.098 0.092 0.105 0.087 0.099 0.104 0.098 0.092 0.094 0.099 0.095 0.104

143Nd/144Nd 0.511 0.511 0.511 0.511 0.512 0.511 0.511 0.512 0.511 0.511 0.511 0.512 0.511 0.512

εNd -22.7 -24.8 -22.9 -23.2 -20.8 -24.5 -22.4 -21.1 -22.3 -23.5 -23.3 -21.9 -23.4 -20.5

Lu_ppm 0.96 0.60 0.57 0.67 0.63 0.55 0.55 0.90 0.49 0.64 0.43 0.79 0.48 0.69

Hf_ppm 7.23 7.52 5.29 6.02 6.70 6.05 6.55 15.28 8.38 8.80 7.75 9.14 6.73 7.72

176Lu/177Hf 0.019 0.012 0.016 0.016 0.014 0.013 0.012 0.008 0.008 0.010 0.008 0.012 0.010 0.013

176Hf/177Hf 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282

εHf -21.0 -25.4 -21.4 -19.2 -22.4 -22.2 -23.8 -27.3 -27.1 -25.6 -27.8 -23.2 -26.2 -22.6

143Nd/144Nd 0.510 0.510 0.510 0.510 0.511 0.511 0.511 0.511 0.511 0.510 0.510 0.511 0.510 0.511

εNdi -2.6 -2.9 -2.9 -1.9 -3.4 -3.8 -3.8 -2.9 -3.1 -3.2 -3.4 -3.0 -3.7 -2.6

176Hf/177Hf 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282

εHfi -5.4 -1.8 -2.0 -0.2 -2.5 -1.6 -2.4 -1.5 -1.3 -2.0 -1.6 -1.7 -2.4 -1.6

TDM-1 (Ga) 2.22 2.21 2.18 2.23 2.13 2.3 2.22 2.14 2.2 2.21 2.18 2.16 2.18 2.17

TDM-2 (Ga) 2.28 2.29 2.32 2.31 2.24 2.29 2.25 2.28 2.28 2.25 2.26 2.27 2.28 2.24

Sample ID GA-18 GA-22 GA-23 GA-26 GA-28

Age (Ma) 1512 1505 1505 1516 1517

Sm 8.04 6.06 7.47 7.10 6.37

Nd 52.96 34.99 46.83 42.15 38.75

147Sm/144Nd 0.092 0.104 0.096 0.102 0.099

143Nd/144Nd 0.511 0.512 0.511 0.512 0.512

εNd -23.1 -21.5 -22.7 -21.8 -21.4

Lu_ppm 0.55 0.55 0.42 0.62 0.78

Hf_ppm 4.67 6.17 7.60 5.67 7.08

176Lu/177Hf 0.017 0.013 0.008 0.016 0.016

176Hf/177Hf 0.282 0.282 0.282 0.282 0.282

εHf -18.1 -22.1 -26.7 -19.8 -19.6

143Nd/144Nd 0.511 0.510 0.511 0.511 0.511

εNdi -2.9 -3.8 -3.5 -3.5 -2.6

176Hf/177Hf 0.282 0.282 0.282 0.282 0.282

εHfi -1.3 -1.0 -0.9 -1.5 -1.5

TDM-1 (Ga) 2.2 2.17 2.12 2.25 2.18

TDM-2 (Ga) 2.3 2.21 2.23 2.29 2.27
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an apparent age of 1.52 Ga (Fig. 4.11b). However, two (possibly three) of the Mount Dore Granite 
samples deviate from the general trend and define a shallower array. 

4.5 Discussion

Pollard et al. (1997) classified the younger intrusions in the Mount Isa Inlier into two major super 
suites: Cloncurry and Eureka using whole-rock and trace-element composition. They range in age 
from 1530 to 1500 Ma (Page and Sun, 1996).  Wyborn (1998) divided the Cloncurry Supersuite 
further into the Williams and Naraku Batholiths in the Eastern Fold Belt of the Mount Isa Inlier. 

The new whole-rock geochemical data in this study are consistent with the results of Wyborn 
et al. (1998). The major element relationships in both Wyborn’s samples and most of the new 
samples from the Merlin-Mt. Dore area are characteristic of rocks with granitic compositions. Their 
geochemical pattern indicate that they were likely derived from a mixed felsic and mafic igneous 
source (i.e., melted upper crustal rocks).   

 
4.5.1  General characteristics of the Mount Dore Granite and related granites of the Williams 

and Naraku Batholiths

Figure 4.9 a-h demonstrates that most of the samples considered in this study have compositions 
consistent with a fractionating magma source, as evidence by negative correlations between SiO2 
and TiO2, P2O5, MgO, and to a lesser extent, CaO and Fe2O3. Na2O and K2O values are variable 
in the sample set (particularly those from the Mount Dore Granite) and reach a maximum of 8.3 
wt.% Na2O+K2O (Table 4.1), which may be related to post-crystallization hydrothermal alteration 
(Fig. 4.1d). This is consistent with what is observed in Figure 4.9 d – a small amount of element 
mobility consistent with weak potassic or phyllic alteration. The shift to progressively higher AAAI 
and AI numbers indicate that the granites are losing Ca and Na in proportion to K and Si. The 
negative anomalies in Ba, Sr, Ti, and Nb indicate that feldspars (Ba, Sr,) and Fe-Ti oxides (Ti, Nb) 
were fractionated from the parent magma (Fig. 4.11 a-g). 
 
4.5.2  Granites of the Williams and Naraku Batholiths: A-type or I-type?

Figure 4.9c illustrates that most of the samples in this study plot in the A-type field of Whalen et 
al. (1987), which is in contrast to the conclusion of Wyborn et al. (1998) that the granites of the 
Williams and Naraku Batholiths are dominantly I-type. Wyborn et al.’s (1998) conclusion was 
based on the presence of mafic minerals (e.g., hornblende, biotite, and magnetite) in most of their 
samples, although such minerals are also common in A-type granites (Bonin, 2007). Wyborn et al. 
(1998) also infer a relatively high temperature of emplacement for the granites of the Williams and 
Naraku Batholiths (~1000°C), based on analogy with granites of the Gawler Craton and their co-
magmatic extrusive equivalents. Further work is required to determine whether the granites of the 
Williams-Naraku Batholiths are I- or A-type.
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Fig. 4.10  Harker variation diagrams for the granites of the Eastern Fold Belt, Mount Isa Inlier. (a) Al2O3 vs SiO2; (b) 
Fe2O3 vs SiO2;(c) CaO vs SiO2; (d) MgO vs SiO2; (e) Na2O vs SiO2; (f ) K2O vs SiO2; (g) TiO2 vs SiO2; (h) P2O5 vs 
SiO2.
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Fig. 4.11  Multi-element plots for the granites from the Eastern Fold Belt, Mount Isa Inlier (primordial mantle-
normalised; McDonough et al., 1992).
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Fig. 4.12 (a) Sm-Nd isochron plot and,  (b) Lu-Hf isochron plot for the Mount Dore Granite versus other granites in 
the Eastern Fold Belt, Mt Isa Inlier from Geoscience Australia (GA).
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4.5.3  Constraints on granite formation from Sm-Nd and Lu-Hf data

 The three samples that define a shallower array in Lu-Hf space (Fig. 4.12b) may have experienced 
some redistribution of their Lu-Hf systematics at a younger age, either due to weathering, or 
hydrothermal alteration (Fig. 4.8). In any case, the Lu/Hf fractionation event certainly cannot be 
Mesoproterozoic, as the measured 176Hf/177Hf would then be much higher and lie on the general 
trend. 

As shown in Figure 4.13, the εNdi values for the Mt. Dore Granite are homogeneous, 
suggesting a common magmatic source. However, the variability in εNd1517Ma values indicate that 
the Mt. Dore batholith was somewhat fractionated at the time of emplacement. This is best reflected 
in samples MDQ-7 and MDQ-6, which have εNd1517Ma values of approximately –4 and –11, 
respectively. This trend continues in the modern εNd values, which have a spread of 5 (–20 to –25; 
Fig. 4.13), suggesting that both mafic and felsic components were and are present in the Mt. Dore 
Granite. This is consistent with the work done by Wyborn (1998), as well as minor trachybasalt 
dykes which cut the granite in drill core (e.g., drill hole name and depth for MDQ-12).

In εNd-εHf space, the εNdi-εHfi values of the granite samples cluster near the origin, whereas 
the present-day values plot at significantly more negative εNd-εHf points (Fig 4.13). 
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4.6  Conclusions 

There is a minor variability in the chemical compositions of the granites from the Williams and 
Naraku Batholiths. Overall, the samples in this study show coherent patterns in trace and rare earth 
elements. Some of the samples have experienced moderate to significant hydrothermal alteration, 
but it is unclear when this hydrothermal alteration occurred. However, the sericite/muscovite 
alteration in these samples is likely to have post-dated the Mount Dore and Merlin mineralisation 
events based on geochronological data provided by Babo et al. (2017) on the timing of regional 
Na-Ca alteration (1551 ± 12 Ma, U-Pb titanite) and Merlin Mo-Re mineralisation (1521 ± 3 and 
1535 ± 6 Ma, Re-Os molybdenite). The Mount Dore Granite was emplaced at 1517 ± 7 Ma (U-Pb 
zircon; Babo et al., 2017). Based on the fact that some of the granite samples are hydrothermally 
altered and the fact that the crystallisation age of the Mount Dore Granite overlaps the Re-Os 
molybdenite age, it is conceivable that the Mount Dore Granite was involved in the genesis of the 
Merlin deposit. 
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Chapter 5
Oxygen isotope and cathodoluminescence analyses of quartz: 

implications for ore genesis and fluid source 

5.1 Introduction

Quartz is a useful mineral for ore genesis studies. It can provide textural and chemical information, 
including oxygen isotope data. If independent temperature constraints are available, fluid 
compositions can be determined if the quartz is a direct fluid product (Frelinger et al., 2015). The 
isotopic compositions of quartz can also be used to constrain fluid compositions if the quartz has 
replaced pre-existing oxygen-bearing materials (Hoefs, 2009).

Hydrothermal quartz at Merlin occurs both as an infill and replacement phase (Figs 3.3 v and 
vii). It is intimately associated with molybdenite (Fig. 3.4 i). Previous work subdivided quartz at 
Merlin into three types, and determined the salinity and temperature of two of the quartz stages 
using fluid inclusions and quartz trace element geochemistry (Greene, 2011). These data provide an 
opportunity to constrain the oxygen isotope composition of the ore- forming fluids, through oxygen 
isotope analyses, and so contribute to the debate regarding the origin of the deposit. 

Greene (2011) showed that cathodoluminescence (CL) imaging was essential for discriminating 
between quartz types at Merlin. Cathodoluminescence is a common phenomenon in minerals that 
results from complex physical processes after excitation by an electron beam.  Cathodoluminescence 
imaging and spectroscopy are luminescence techniques with widespread applications in geology, 
including economic geology (Rusk et al., 2008; Götze and Freiberg, 2012). The application of 
CL imaging has caused a revolution in understanding of quartz micro-textures, which in turn has 
improved the retrieval of genetic information concerning geological and chemical processes (Götze 
and Freiberg, 2012). In particular, CL imaging of quartz has greatly improved knowledge of the 
timing of fluid inclusion entrapment, better constraining the particular role of fluids in a given 
ore system (Götze et al., 2001). The micro-textural information is even greater when combined 
with scanning electron microscope–cathodoluminescence (SEM-CL) and optical microscopy or 
backscattered electron (BSE) imaging (Rusk and Reed, 2002). 
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5.2 Analytical Methods

5.2.1 Cathodoluminescence 

Quartz and other minerals of the SiO2 group commonly show a CL response. The CL has high 
sensitivity for monitoring structural and chemical differences in quartz, which makes this technique 
extremely useful for mapping fluid-rock interaction processes (Kerkhof et al., 2004). Over the 
last few decades, CL studies have been applied to improve knowledge of micro-textures in quartz, 
revealing paragenetic details that are otherwise invisible under plain or polarised light (Ramseyer 
and Mullis, 2000; Götze et al. 2001). 

CL studies are now essential for fluid inclusion work. Studies of hydrothermal quartz using 
SEM-CL (Boiron et al., 1992; Wilkinson and Johnston, 1996) show that fluid inclusions can be 
related to specific mineralisation events because the CL signatures of the quartz can reveal whether 
fluid inclusions are primary, secondary or pseudo secondary (Roedder, 1984). The method has 
particular application to magmatic hydrothermal systems to identify the pressure, temperature, and 
chemical variations that generate them (Rusk and Reed, 2002). 

5.2.1.1 What causes cathodoluminescence?
Cathodoluminescence is caused by the interaction of an electron beam with a solid, which also 
generates backscattered and secondary electrons and characteristic X-rays (Goldstein et al., 2012). 
Since luminescence of solids is dominated by some defect, CL enables visualisation of the structural 
defects in minerals and materials (Götze et al., 2008; Götze et al., 2013). The imperfections that 
facilitate CL are either associated with lattice defects such as vacancies, broken bonds, etc., or the 
structural incorporation of certain trace elements (e.g., Mn2+, Cr3+; Götze et al., 2002). These 
cations produce CL effects, allowing different paragenetic phases to be identified and defects, 
zoning, and/or internal structures to be highlighted using CL microscopy (Götze et al., 2001). 
Spectral CL measurements can enable these defects to be resolved, and the activator trace elements, 
their valencies and structural positions to be detected (Götze et al., 1999; Götze et al., 2002). The 
common ways to analyse CL responses are via a scanning electron microscope (SEM) or electron 
microprobe (Edwards et al., 2003; MacRae et al., 2005). CL capacity can also be imaged using a 
cold cathode beam and a standard light microscope, and is most used for discriminating carbonate 
minerals. The SEM-CL generates a scanning and focused beam, whereas CL microscopes use a 
stationary defocused beam (Goldstein et al., 2012). In the current study, the SEM-CL technique has 
been employed using the facility at the Central Science Laboratory, University of Tasmania.

5.2.1.2 CL activators in quartz
Comparison of the CL responses of natural quartz from different geological environments reveals 
drastic differences, which are mostly not visible in transmitted and plane polarized light (Ramseyer 
et al., 1988; Götze et al., 2001; Rusk et al., 2008; Götze, 2009). These differences can be related 
to different defects in the quartz structure. The ideal structure of quartz is composed of a three-
dimensional network of [SiO4]4– tetrahedra, which may contain a couple of defects due to vacancies 
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of oxygen or silicon, oxygen excess, or the incorporation of several trace elements (e.g., Al, Ti, Ge, 
Fe, P, H, Li, Na; Götze, 2009; Rusk, 2012). More than 20 different types of those defects have 
been detected in quartz (Kostov and Bershov, 1987; Weil, 1984, 1993), which cause a range of 
luminescence emission bands in the UV, visible, and infrared region. The type and recurrence of 
lattice defects are influenced by the thermodynamic conditions during mineralisation. Also, post 
mineralisation effects, such as metamorphism or deformation can also alter the structural properties 
of quartz (Götze et al., 2001). Lattice defects include point defects, translations, and mineral, gas or 
liquid inclusions (Götze et al., 2001).

Substitution of silicon atoms in the quartz lattice, apart from the centre of silica tetrahedra, 
is rare because of the small ion radius of Si4+ (0.42 Å) and its high valence. Elements with similar 
ionic radii such as Al3+ (0.51 Å), Ga3+ (0.62 Å), Fe3+ (0.64 Å), Ge4+ (0.53 Å), Ti4+ (0.64 Å), and 
P5+ (0.35 Å) have been detected as substitutions in quartz (Götze et al., 2001). In some cases, 
additional cations such as H+, Li+, Na+, K+, Cu+, Ag+ can be incorporated in inter-lattice positions 
in combination with structural networks to help maintain dense valence (Götze et al., 2001).

Aluminium is one of the most common trace elements in quartz, with concentrations up to 
several thousand ppm (Götze et al., 2001; Rusk, 2012). The ionic radii of Al3+ and Si4+ facilitates 
this substitution, but needs to be charge balanced by incorporation of single valence cations such as 
Na+, K+ or Li+ (Fig. 5.1). 

The [AlO4]0 centre is caused by substitution of Al3+ for Si4+ with an electron hole at one of the 
four nearest O2– ions, forming O1– (Griffiths et al., 1954). The oxygen tetrahedra are transformed 
into a planar arrangement of three oxygen ions (Moiseev and Rakov, 1977; Jani et al., 1983; 
Halliburton et al., 1984; Moiseev, 1985). O– centres represent different types of defect electrons 
on O2– in tetrahedra that have a Si vacancy. Recent investigations have shown that the greatest 

Fig. 5.1  Schematic quartz structure showing the most common intrinsic and extrinsic lattice 
defects. Source: Götze et al. (2001).
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abundance (21) of O2– centres (Si vacancy) and E1’ centres (O vacancy), occurs in cryptocrystalline 
quartz (agate). This high defect density in agates points to rapid growth of silica from a strongly 
supersaturated solution, probably with a non-crystalline precursor (Götze et al., 1999).

The nonbridging oxygen hole centre (Fig. 5.1) is considered to be a hole in the crystal lattice 
trapped between a single oxygen atom bound to single silicon on three oxygen atoms in the SiO2 
structure (Griscom, 1985). A further group of defects relate to OH– centres which involve a proton 
bound on a regular lattice O2– ion, situated between two O2– ions of the SiO4 tetrahedron (Weil, 
1984; Fig. 5.1). The OH– substitutions caused by the hydrothermal fluids during rapid growth in 
hydrothermal quartz (Götze et al., 2001).

5.2.2 Oxygen isotopes

Oxygen isotopes have been used for decades to understand hydrothermal processes in ore deposits 
(Ohmoto, 1977 and 1986). When combined with hydrogen isotopes, they have also been applied 
extensively to determine the sources of hydrothermal fluids (Taylor, 1974). It is also possible 
to calculate temperatures from mineral–mineral ∂18O fractionation factors. The ∂D and ∂18O 
isotopic compositions of water can be calculated from mineral-H2O fractionation conditions if an 
independently determined temperature of formation is available (Suzuoki and Epstein, 1976).

5.2.2.1 Terminology
Oxygen has three naturally occurring stable isotopes. 16O is the most abundant oxygen isotope in 
nature (99.763%) followed by 18O (0.1995%) and 17O (0.0375%; Garlick, 1969). 

The stable isotope compositions are expressed in terms of delta values (∂) in per mil (‰). They 
express the proportion of an isotope that is in a sample relative to a standard (Petersen and Fry, 
1987). The values are expressed as:

∂X = [(Rsample / Rstandard) – 1] x 103                                 (1)

where X represents the isotopes of interest (e.g., 18O) and R represents the ratio of the isotope of 
interest and its natural form (e.g., R= 18O/16O; Petersen and Fry, 1987). Higher delta values indicate 
enrichment in the heavy isotope, relative to the standard, and lower values indicate a relative 
depletion of the heavy isotope.

Oxygen isotopic ratios are reported in conventional delta notation in units per mil (‰) relative 
to Standard Mean Ocean Water (SMOW). The standard was defined by Craig (1961) with reference 
to distilled water distributed by the National Bureau of Standards in the United States (NBS-1), 
such that: 

18O/16O (SMOW) = 1.008 18O/16O (NBS-1)                                             (2)

Today, SMOW is closely proxied by Vienna-SMOW (V-SMOW; Craig et al., 1967).
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The main water reservoirs are seawater, meteoric, metamorphic, magmatic and juvenile waters 
(Fig. 5.2). Their isotopic characteristics are detailed below. 

Seawater

The isotopic composition of modern ocean water is more or less constant, with ∂18O values 
near zero by definition (Hoefs, 2009). Bowers and Taylor (1985) demonstrated that the isotopic 
composition of seawater in a hydrothermal system will change due to water-rock interaction. This is 
true for any primary water interacting with sub surface oxygen reservoirs with isotopic compositions 
that differ from the primary fluid. The ∂18O value of the fluid decreases at low temperature relative 
to ocean water because the alteration products in the oceanic crust are 18O-rich (Bowers and Taylor, 
1985). The ∂D value of the solution increases marginally at all temperatures because mineral-water 
fractionations are mostly less than zero (Hoefs, 2009). 

Meteoric waters

The 18O/16O ratios of meteoric waters decrease with increasing distance from the equator to the 
poles, and also from sea level to high elevation (Siegenthaler, 1979). The ∂18O and ∂D compositions 
of minerals formed from meteoric water remains parallel to, but displaced to heavier 18O 
compositions, relative to the modern-day meteoric water line (∂D = 8 ∂18O + 10; Craig, 1961; Fig. 
5.2). Ore forming fluids derived from meteoric water are typically shifted in O-isotope composition 
to higher 18O contents through water-rock interaction (Sheppard et al., 1971; Cooke and Simmons, 
2000). 

Magmatic water

Most of the water exsolved from felsic melts has ∂D values in the range of –60 to –30‰, and the 
related magmatic rocks are notably depleted in D (Rye, 1993; Hedenquist and Lowenstern, 1994). 
The estimated range of isotopic composition for magmatic waters is 6 to 10‰ for ∂18O values 

Fig. 5.2 Summary of oxygen isotope variations in important geological reservoirs 
(after Hoefs, 2009).
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(Hoefs, 2009). Magmatic-hydrothermal fluids tend to change their isotopic composition whilst 
cooling through isotope exchange with country rocks and mixing with fluids contained within 
the country rocks. Recent studies show that where the magmatic fluids are present, their isotopic 
compositions may be undetectable during subsequent events such as the influx of meteoric waters 
(Rye, 1993; Hedenquist and Lowenstern, 1994; Fig. 5.2).

Metamorphic water 

Metamorphic water can be released when hydrous minerals are transformed to anhydrous phases 
during metamorphism (Fig. 5.2). The isotopic composition of metamorphic water can therefore be 
variable, dependent on isotopic composition of the unmetamorphosed protoliths, and on the history 
of fluid-rock interaction. The global range of ∂18O values is from 5 to 25‰ and for ∂D values it is 
from –70 to –20‰, but in a given province, the range will be specific to the local protoliths (Taylor, 
1974). For example, a mafic volcanic package is unlikely to produce the range of positive ∂18O 
values quoted for metamorphic waters globally (Taylor, 1974; Fig. 5.3).

Fig. 5.3   ∂18OH2O vs. ∂DH2O plot presenting the relations between the 
fluids associated with Cu–Au mineralisation (filled squares) in the Cloncurry 
district, including regional Na–Ca hydrothermal alteration and late 
epithermal-style quartz veining (Mark et al., 2006). 
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5.2.2.2 Oxygen isotopic fractionation during water-rock interaction
There are conflicting views on how isotopic exchange occurs during water-rock interaction (Cole et 
al., 1983). There are two main categories (Giletti, 1985): 

1. Dissolution-reprecipitation: The solid phase (e.g., quartz) dissolves but is recrystallised as 
the crystal goes into solution (Giletti, 1985). This procedure may continue until the entire crystal 
dissolves, with just a small quantity being dissolved at any given time (Giletti, 1985; Putnis, 2002). 
The fluid advances along a dissolution front, dissolving the old mineral ahead of it, and precipitating 
new mineral behind the dissolution front (Giletti, 1985; Oliver, 1996; Fiebig and Hoefs, 2002; 
Putnis, 2010). Fluid and the dissolved solid will approach and likely achieve isotopic equilibrium, so 
that the new mineral will have equilibrated with the fluid (Giletti, 1985; Putnis, 2009). Accordingly, 
the fluid reservoir must be adequately large to affect the solid even if the solution-precipitation 
process itself does not require that much fluid (Giletti, 1985; Putnis, 2009; Putnis, 2010). Isotopic 
exchange with the fluid occurs whilst in solution. This process might be in response to non-
hydrostatic stresses on the rock (Giletti, 1985; Hoefs, 2009).

2. Diffusion: During this process, the crystal remains the only solid reservoir with constant 
proportions and the isotopes are exchanged by volume diffusional transport to and across its faces 
(Giletti, 1985). Mass transport can take place even at low temperatures by diffusion when in the 
presence of a fluid phase, through an organized network with activation energies usually 10 orders 
of magnitude faster (Putnis et al., 2010). Solid-state diffusion through the crystals is essential for 
achieving determine local equilibrium between grains (Mueller, 1967; Vernon and Clarke 2008).

The processes of diffusion above may occur in most geological settings where oxygen isotopes 
are exchanged between minerals and hydrothermal fluids (Giletti, 1985). In cases where minerals 
do not show any obvious textural evidence of recrystallisation but have modified oxygen isotopic 
compositions, it is likely that isotopic exchange occurred by diffusion. This has been shown in 
natural settings as well as in laboratory experiments (Forester and Taylor, 1977; Williams, 1980). 

Sheppard et al. (1969) and Taylor (1974) were the first to compute isotope exchange processes 
between water and rocks by analysing cumulative fluid-rock ratios using the following closed-system 
material balance equation (3): 

W/R= ∂rockf – ∂rocki/ ∂H2Oi – (∂rockf – Δ)                                                   (3)

Where Δ = ∂rockf - ∂H2Of

Where the initial (i) and final (f ) isotopic states of the system are known, and can be to describe 
the interaction of one finite volume of rock with a fluid. These equation(s) are only sensitive to small 
fluid/rock ratios (Hoefs, 2009). 
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5.3 Previous work 

5.3.1 Previous carbon-oxygen studies from the Eastern Succession 

Marshall et al. (2006) generated carbon and oxygen stable isotope data from several Cu–Au deposits 
hosted by Cover Sequence 3 of the eastern Mount Isa Block, including Starra, Mt Elliott, Eloise, 
Osborne and Mt Dore (Cu-Au; Fig. 5.4). The data were obtained from altered and unaltered 
rocks. The bulk of the data lies within a broadly triangular three-end member field (Fig. 5.4). The 
carbonate ∂18O values of metasedimentary rocks trend towards the composition of the unaltered 
carbonates, but some deposits have ∂18O values higher than this 18O reservoir (Marshall et al., 
2006). The plutons in the eastern Mount Isa Block are considered to be the likely fluid source 
for regional- scale sodic alteration (Marshall et al., 2006). Carbon and oxygen isotope data from 
the Cloncurry district record equilibration between unaltered metacarbonate and calc-silicate 
rocks and metasomatic fluids that are responsible for sodic-calcic alteration along with retrograde 
chlorite-bearing alteration (Mark and Foster, 2000; Williams et al., 2005; Marshall et al., 2006). A 
widespread Palaeoproterozoic metasomatic event has been inferred for the Cloncurry district and 
MKFB (De Jong and Williams, 1995; Rotherham, 1997; Perring et al., 2000; Baker et al., 2001; 
Marshall et al., 2006). The strong clustering of data around 11‰ (∂18O) and −7‰ (∂13C) indicates 
that, in the cores of the large sodic-calcic alteration systems, isotopic signatures were strongly 
fluid-buffered with respect to both ∂18O and ∂13C (Marshall et al., 2006). Cover Sequence 2 and 
3 are likely sources for C and O during sodic-calcic alteration (Marshall et al., 2006). The isotopic 

Fig. 5.4  Carbon and oxygen stable isotope data from Cu-Au deposits hosted within Cover Sequence 3. The data 
predominantly plots between fields defined for sodic-calcic alteration, marine meta-carbonates and graphitic 
metasedimentary rocks (Marshall et al., 2006).
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Figure 5.5  CL images from quartz in pseudogranite regions, showing the three different quartz generations (Phase/type 
1, 2 and 3; Greene, 2011). The individual cores of type 1 crystals are irregularly zoned. Compositionally banded rims 
around type 1 distinguish type 2. Type 3 quartz is a low CL intensity quartz that overprints type 2 and to a lesser extent 
type 1. a. Type 2 quartz displaying varying compositional banding (MDQ0121 393.2 m) b. Type 1 quartz core has been 
extensively dissolved, firstly by banded type 2, and then overprinted by type 3. (MDQ0252 462.69 m; Greene, 2011).

Table 5.2  General characteristics of different quartz phases/types identified and outlined by Greene (2011). 

Phase CL Trace element characteristics Habit

1 Moderate High Ti, moderate Ge, Low Al + Li Relatively homogenous core, minor sector and 
oscillatory banding

2 High High Al + Li, Low Ti Compositionally banded, euhedral

3 Low Low trace element content. Variable Ge and 
moderate Ti Cob-web texture, mineral rims, limited zonation

Table 5.1 Carbon, O, S and Mo isotope data analysed by Kirkby (2009). All data 
are expressed in per mil.

Isotope analysed Merlin Mount Dore

∂13CPDB (calcite/dolomite) –7.97 to –7.05 –8.39 to –6.61

∂18OSMOW (calcite/dolomite) 16.08 to 18.62 9.07 to 20.80

∂34S – molybdenite –4.3 to –1.1 NA

∂34S – chalcopyrite –7.0 to –2.2 –2.5 to 6.2

∂34S – pyrite –5.8 to 1.5 NA

∂98/95Mo – molybdenite 0.27 to 0.56 NA
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variations in the data shown in Figure 5.4 could be explained by varying degrees of equilibration 
between a metasomatic fluid, marine meta-carbonate and graphitic meta-sedimentary rocks 
(Marshall et al., 2006).

5.3.2 Carbon, oxygen, sulphur and molybdenum isotope studies at Mount Dore/Merlin

The ∂34S values of 35 molybdenite, 39 chalcopyrite and 6 pyrite samples analysed from Mount 
Dore/Merlin analysed by Kirkby (2009) ranged from –7.0 to 6.2‰. They were interpolated 
to indicate sulfide deposition from a reduced fluid with a bulk sulphur isotopic composition 
of approximately –6‰ (Kirkby, 2009). Low negative values were inferred to reflect mixing 
of magmatic/metamorphic and biogenic sulphur. Based on Kirkby’s (2009) S isotope results, 
molybdenite and pyrite from the Mount Dore/Merlin system had isotopic fractionation of 
approximately 1–2‰, whereas chalcopyrite was <–0.3‰. The narrow range of ∂34S values of 
molybdenite implied a single homogenised fluid source, whereas the broad range of chalcopyrite 
∂34S values implicate multiple fluid sources (Kirkby, 2009, Table 5.1). Kirkby (2009) suggested that 
fluid-rock interaction contributed to the observed ∂34S spatial variation and that this was aided by 
hydraulic fracturing of the host rock units providing intimate contacts between the fluids and the 
wallrock. Based on Garrett’s (1992) study on the Mount Elliott deposit, a magmatic/metamorphic 
and biogenic mixing ratio of approximately 60:40 was proposed as the sulphur source at Merlin, due 
to the isotopic, structural and stratigraphic similarities between the two deposits (Kirkby, 2009).

Twenty-nine carbonate samples from Mount Dore and four from Merlin were analysed for ∂13C 
and ∂18O analyses by Kirkby (2009; dolomite and calcite; Table 5.1). The Mt Dore system yielded 
well-constrained ∂13C values with a mean of –7.7‰, and a broader ∂18O dataset with a mean of 
17.4‰. For the Merlin deposit, these analyses were similar ( ∂13C dataset with a mean of –7.5 ‰, 
and ∂18O values with a mean of 17.6‰). Kirkby (2009) noted that there is a negative correlation 
between 13C and 18O indicating that fractionation may have occurred due to mixing with a 12C-rich 
fluid at the top of the shear zone (graphitic metasedimentary rocks and meta-carbonates). The 
∂18O data for carbonates from Kirkby (2009) suggests that the hydrothermal fluid was significantly 
18O -enriched relative to meteoric water and SMOW. He proposed that the wide range of ∂18O 
values were consistent with a mixture of magmatic and metamorphic fluids at Mount Dore/Merlin 
(Kirkby, 2009).

The ∂97Mo isotope compositions of three samples of molybdenite analysed by Kirkby (2009) 
range from –0.62 to –0.33‰. The minor variations in isotopic compositions could relate to 
distillation at high temperatures (>400°C), giving the intra-sample variation. Unfortunately, the Mo 
isotope data are not distinctive and cannot differentiate between an igneous or sedimentary source 
for molybdenum at Merlin (Kirkby, 2009).

5.3.3 Quartz classification at Merlin

CL imaging identified three distinct generations of quartz in the pseudogranite alteration at Merlin, 
each with unique and consistent morphology, paragenesis and trace element content (Greene, 2011; 
Fig. 5.5; Table 5.2). 
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Type 1 (Quartz 1): Type 1 primary quartz in this assemblage is largely homogenous in 
composition and was deposited at high-temperature (450–500°C) based on its high-Ti content 
(Greene, 2011). It has vague oscillatory banding (Table 5.2; Fig. 5.5; Greene, 2011). Type 1 quartz 
appears to have partly dissolved prior to deposition of type 2, possibly due to the action of acidic 
fluids or due to retrograde SiO2 solubility at 450°C–350°C under low salinity and low pressure 
conditions (Rusk et al., 2006; Greene, 2011). 

Type 2 (Quartz 2): Strongly banded, euhedral and trace element-rich (Al, Li) quartz has 
overgrown type 1 quartz cores (Table 5.2; Fig. 5.5; Greene, 2011). Low pH, low temperature fluids 
and low Ti content in Q2 suggests a precipitation temperature range from 250–300°C (Greene, 
2011). The thin laminae/compostional banding implies varying physiochemical conditions during 
growth of euhedral Q2 crystals (Greene, 2011).

Type 3 (Quartz 3): The youngest quartz appears dark when viewed under CL, has low trace 
element contents and was reprecipitated from Q2 at a temperature range of 350–400°C (Greene, 
2011). Type 3 quartz has overprinted and cross-cut quartz 1 and 2 and is genetically related to 
molybdenite (Table 5.2; Fig. 5.5; Greene, 2011). Quartz 3 replaced Q2 by dissolution, and formed 
cobweb textures in quartz 1 by intrusion along fractures and sub-grain boundaries. 

5.4 Sampling strategy and methodology

For the current study, the delicate character of quartz textures at Merlin required extensive 
cathodoluminescence (CL) imaging in order to prepare the samples for ion microbeam oxygen 
isotope analysis (Figs 5.6 and 5.7). This study has built on the well characterised sample set 
of Greene (2011), where quartz generations had been determined by CL and temperatures of 
formation were defined using fluid inclusion microthermometric data, as well as trace elements in 
quartz. A total of seven samples were analysed from section 7605450 mN (Figs 5.8–5.10; Appendix 
A).

The samples were further characterised with an FEI Quanta 600 MLA environmental SEM 
at the Central Science Laboratory, University of Tasmania. Under the SEM-CL, spots for analyses 
from each of the three quartz generations were selected and photographed for oxygen isotope 
analysis using the SHRIMP-SI stable isotope ion microprobe at the Australian National University, 
Canberra. Two composite mounts (~25 mm diameter) were created by placing wafers from eight 
thin sections of pseudogranite and quartz alteration, together with two standards (UWQ-1 - 
primary reference; NBS-28 - secondary reference). The areas that were photographed using SEM-CL 
were not visible under the optical microscope attached to the SHRIMP, providing some challenges 
when marking the spots exactly on each of the three quartz types for analysis.  A primary Cs ion 
beam of ca. 5 nA was focused to ca. 20 x 25 mm to sputter the samples (Bridges and Ireland, 2015). 
A medium energy electron beam (ca. 2.7 keV) was used to neutralise charge build up from the Cs 
primary ion beam (Bridges and Ireland, 2015). Mass resolution was ca. 5500 (M/ΔM, 10% peak 
height) during the course of the analyses. The sample was rastered with the primary beam for one 
minute to remove the coating at the edge, and a static beam was left to sputter for a further minute. 
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Secondary ion tuning was performed with optimisation of steering on the extraction plate, and 
steering of the electron beam. Secondary ion beam intensities were measured by Faraday cup current 
mode with 16O measured on a 1011 Ω resistor and 17O and 18O measured on 1012 Ω resistors 
(Bridges and Ireland, 2015). All O isotope values are reported in standard delta notation (relative to 
V-SMOW) with an error of  0.20‰. 

5.4.1 Results 

All analytical results are provided in Appendix A and summarised in Table 5.3. 

5.4.1.1 Quartz 1
Quartz 1 (Figs 5.5–5.7, Table 5.3) is characterised by alternating fine (1–10mm wide) bright 
and dark growth zones, in places concordant with quartz 2 banding (e.g., Fig. 5.5 a), in random 
orientations, as described by Greene (2011). There are also smaller groups of sub-rounded to 
euhedral quartz grains with saccharoidal texture, and panels with regular internal banded texture 
that do not show a relationship to other domains. The ∂18O values of these subdivisions have been 
evaluated separately (Table 5.3). They range from 9.2 to 15.9‰ (Fig. 5.6). 

5.4.1.2 Quartz 2
Quartz 2 is typically disrupted due to partial replacement by Quartz type 3 (Figs. 5.6 and 5.7). 
However, where well preserved, Quartz 2 is almost exclusively euhedral and finely banded. Vuggy 

Fig. 5.6  Photomicrographs and SEM-CL images showing: (i) Composite laser mount “ABCD”, (ii) Sample “A”: 
MDQ0121 392.5 m 447795.58 mE, 7605453.86 mN, 363.81 m ASL) with locations 1 &2, (iii) Location 1 with data, 
and (iv) Location 2 with data. Q1= Quartz 1, Q2=Quartz 2, Q3=Quartz 3.
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Fig. 5.7  Photomicrographs and SEM-CL images showing: (i) Composite laser mount “EFGH”, (ii) Sample “F”: 
MDQ0252 462.69 m (447853.7mE, 7605450.17mN, 363.75 m ASL) with location 1, and (iii) Location 1 with data. 
Q1= Quartz 1, Q2=Quartz 2, Q3=Quartz 3.

textures are also present in Quartz 2 (Sample D; see Appendix A). The ∂18O values of Q2 range 
from 9.8 to 15.1‰ (Table 5.3).

5.4.1.3 Quartz 3
The latest stage of quartz growth in our sample set, is uniformly dark and contains no growth 
zoning, but does have abundant inclusions of zircon, apatite, and molybdenite (Figs 5.6 and 5.7). 
Molybdenite is uniquely restricted to zones of quartz 3, as first described by Greene (2011). The 
∂18O values of Q3 range from 10.1 to 15.2‰ (Table 5.3).
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Fig. 5.8 Histograms showing distribution of d18O results for quartz spot analyses from Merlin . (A). Quartz 1, (B). 
Quartz 2, and (C) Quartz 3. All data listed in Appendix A. 
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Fig. 5.9  Histograms illustrating the range of ∂18O for temperature corrected fluid values for type 1, 2 and 3 quartz at 
Merlin. Type 2 quartz is depleted than type 1 and type 3 at lower temperatures. However, at higher temperatures, type 1 
quartz is depleted whereas type 2 and 3 are enriched. All data listed in Table 5.3.
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Fig. 5.10  Calculated ∂18OH2O values plotted as a function of temperature for type 1,2 and 3 quartz from Mount Dore-
Merlin. All data plot inside the magmatic water field except for type 2 quartz which plots in the metamorphic water 
field. All data listed in Table 5.3 and Appendix A.
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Table 5.3  SEM-CL and O isotope data for quartz types at Merlin.

Quartz type CL response Optical 
Morphology CL Texture ∂18O (‰)

Quartz 1 Moderate-low Anhedral to 
subhedral Growth zones in multiple orientations 9.2 to 15.9

n = 44

Quartz 2 Moderate-high Anhedral Banded, euhedral growth zones 9.8 to 15.1
n = 23

Quartz 3 Low Anhedral Homogeneous 10.1 to 15.2
n = 27

5.5 Discussion

5.5.1 Type 1 quartz 

The banded textures within Q1 are sharply truncated by uniform darker BSE quartz domains 
in certain areas (Figs 5.5 a and 5.6 iii), providing evidence that Q1 had an early growth history, 
including variable fluid and/or melt compositions, and was then overprinted or recrystallised to 
create the darker BSE domains (Rusk et al., 2002). Thus, Q1 must have recrystallised during 
metamorphism, but perhaps post-peak or pre-peak metamorphism, contrary to the opinion of 
Greene (2011). ∂18O values range from 10.5 to 12.5‰ for Q1 which indicate a metamorphic plus 
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sedimentary geological reservoir as the source of quartz which fits the metasedimentary rock package 
at Mount Dore-Merlin (Figs 5.2, 5.8 A). ∂18OH2O for Q1 was calculated under two specified 
temperatures (i.e., 450°C and 500°C; Table 5.4) based on Greene’s (2011) LA-ICP-MS trace 
element analyses where high Ti meant high formational temeperature for Q1 using Ti-in-quartz 
geothermometry based on previous investigations by Wark et al. (2006), Spear and Wark (2009) and 
Thomas et al. (2010). Calculated ∂18OH2O values for Q1 at 500°C indicate a magmatic fluid source 
(6.93 to 13.65‰; Figs 5.9 A-B and 5.10; Table 5.4). 

5.5.2 Type 2 quartz

Type 2 quartz (Q2) nucleated on relict Q1 core as seen in Figures 5.6 and 5.7 due to dissolution 
of Q1 by a low pH fluid (Forurnier, 1985). The trace element contents of Q2 studied by Greene 
(2011) together with its euhedral and banded appearance, indicate that Q2 precipitated in open 
space from a low-T hydrothermal fluid with temperature range 250°C to 300°C. This temperature 
range was calculated by Greene (2011) using Ti-in-quartz geothermometry. ∂18OH2O values 
were therefore calculated  for Q2 at this temperature range and thus indicate a mixed magmatic-
metamorphic or metamorphic-meteoric fluid source, likely derived from the surrounding 
metasedimentary rocks (2.93 to 8.25‰ ; Figs. 5.9 C-D and 5.10; Table 5.4).

Table  5.4 Summary data for O-isotope mineral data (‰) from Merlin with calculated fluid 
values at specified temperatures. ∂18OH2O calculations are based on Clayton et al. (1972).

Quartz 1 ∂18O  
Quartz

∂18O Δ   
(500°C)

∂18OH2O  
(500°C)

∂18O Δ 
(450°C)

∂18OH2O 
(450°C)

n= 44
maximum 15.9 2.25 13.65 3.06 12.84
minimum 9.18 2.25 6.93 3.06 6.12
median 11.9 2.25 9.64 3.06 8.83
average 12.14 2.25 9.78 3.06 8.97

Quartz 2 ∂18O 
Quartz

∂18O Δ 
(300°C)

∂18OH2O  
(300°C)

∂18O Δ 
(250°C)

∂18OH2O 
(250°C)

n= 23
maximum 15.14 6.89 8.25 8.95 6.19
minimum 9.82 6.89 2.93 8.95 0.87
median 12.75 6.89 5.86 8.95 3.80
average 12.64 6.89 5.65 8.95 3.59

Quartz 3 ∂18O 
Quartz

∂18O Δ 
(400°C)

∂18OH2O 
(400°C)

∂18O Δ 
(350°C)

∂18OH2O 
(350°C)

n= 27
maximum 17.19 4.06 13.13 5.30 11.89
minimum 9.54 4.06 5.48 5.30 4.24
median 12.89 4.06 8.83 5.30 7.59
average 13.23 4.06 8.75 5.30 7.50
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5.5.3 Type 3 quartz

Type 3 quartz (Q3) has highest average ∂18O values analysed in the current study (Appendix A; 
Figs. 5.6 and 5.7).  Type 3 quartz mostly grew by replacement of Q2, typically exploiting fractures, 
to create a spider web fabric where Q2 is still largely preserved (Figs 5.6 iii and iv, 5.7 iii) or broad 
dark CL zones where Q2 has mostly been replaced (Figs 5.6 iii and iv, 5.7 iii). This change in CL 
response is consistent with dissolution-reprecipitation (e.g., Giletti 1985; Putnis, 2010), which 
typically removes trace elements (Putnis, 2010, Bonyadi et al., 2011). The replacement texture 
defined by Q3 includes ∂18O from the mineralising fluid and a component from dissolved Q1, Q2 
and the silicates. Greene (2011) estimated formational temperature range to be 350°C to 400°C 
based on Ti-in-quartz geothermometry conducted on Q3. At 400°C, calculated ∂18OH2O values for 
Q3 indicate a magmatic fluid source (5.48 to 13.13‰ ; Figs 5.9 E-F and 5.10; Table 5.4).

5.5.4 Implications for conditions of formation 

Most of the observed Q1 grains from Merlin are sub-rounded to sub-angular (e.g., Figs 5.5, 5.6 and 
5.7), whereas Q2 overgrowths are euhedral (e.g., Figs 5.5 and 5.6). Some of the boundaries between 
Q1 and Q2 are syntaxial (Figs 5.5, 5.6 and 5.7). In contrast, Q3 is anhedral and has replaced Q2 
and Q1 in an irregular fashion (Figs 5.6 and 5.7). In both this study and in that of Greene (2011), 
Q3 has been observed to preferentially replace Q2 relative to Q1. It may be that Q3 interacted with 
Q2 overgrowths first as it infiltrated the stratigraphy at Merlin. However, wherever Q3 has cut Q1, 
replacement only occurred along narrow microfractures (Fig. 5.7) and/or on the margins of Q1 
crystals (Figs 5.5 and 5.6). Another possible explanation for this seemingly discriminatory behaviour 
is that Q2 was more reactive at the proposed temperature and pressure ranges than Q1 (i.e., 250–
350°C and ~2 kbar; Greene, 2011) due to its greater concentrations of trace elements, especially Al 
and Li (Greene, 2011; Table 5.2). 

In addition to showing less evidence for alteration by Q3 compared to Q2, Q1 also displays 
well-defined boundaries with Q2, suggesting that there was little dissolution and reprecipitation 
of Q1 during Q2 formation. Some dissolution of Q1 occurs during Q3 precipitation, and rare 
instances of near-total dissolution of Q1 by Q3 (Greene, 2011).

According to the ∂18OH2O values for Q3 at Merlin (Figs 5.9 E-F and 5.10; Table 5.4), fluid 
sources for molybdenite mineralisation were probably a combination of predominantly magmatic 
and minor metamorphic or meteoric waters (Fig. 5.10). This correlated with C, O and S isotope 
data obtained by Kirkby (2009; Table 5.1) which indicates either a mixture of magmatic and 
metamorphic fluids at Merlin, or predominantly magmatic fluid source that precipitated under 
oxidising conditions (e.g., Rye, 1993; Wilson, 2007). The mean ∂34S values of ore-zone molybdenite 
and pyrite are both negative (–2.9 and –1.6 ‰, respectively), but not as negative as the mean ∂34S 
value for sedimentary pyrite in the Kuridala Formation black shale from Mount Elliott (–14 ‰). 
Magmatic sulphur has a mean ∂34S value of 0‰, so it is more likely that the S in ore stage sulfides 
at Merlin contain a mixture of magmatic and sedimentary sulphur. Then the sulfides precipitated 
under oxidising condition, given the intimate intergrowth of carbonaceous matter with molybdenite 
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at Merlin. Kirkby’s (2009) ∂13C and the ∂18O isotopes for carbonate associated with molybdenite 
and ∂97/95Mo isotopes (0.62 to –0.33‰) also point towards a magmatic fluid source for Merlin 
mineralisation. The mineralising fluids may have reacted with Q1 as it evolved through temperature 
and pressure changes, phase separation and possible fluid mixing. These fluids dissolved Q1 due to 
their low pH and then became oversaturated which led to the formation of  Q2 (CL-bright, trace 
element-rich). Type 2 quartz was then locally replaced by Q3 (CL-dark, trace element-poor) that is 
intimately associated with Mo mineralisation.

Molybdenite formed episodically over a 50 million year time frame in the Cloncurry Fold 
Belt based on available Re-Os dating (1550–1500 Ma; Duncan et al., 2011; Babo et al., 2017). 
Merlin appears to have formed toward the end of this period (1530–1500 Ma). Existing Re-Os 
geochronolgical data from Duncan et al. (2011; 1552–1500 Ma) and Babo et al. (2017; 1521 ± 3 
and 1535 ± 6 Ma) on the ages of molybdenite crystallization at Merlin, the age of regional sodic-
calcic alteration (1551 ± 12 Ma, U-Pb titanite; Babo et al., 2017) and the age of the Mount Dore 
Granite (1517 ± 7 Ma, U-Pb zircon; Babo et al., 2017), indicate the possibility of magmatic fluid 
contributions, either from the Mount Dore Granite or another felsic intrusion to the Mo-Re ore 
forming fluids at Merlin (Table 5.5; Fig. 5.11). The intimate association of Merlin molybdenite with 
Q3, as well as the fluid sources for Q1 and Q2, are consistent with the widespread emplacement 
of the Williams-Naraku batholith between 1490 and 1520 Ma (Wyborn et al., 1988; Pollard and 
McNaughton,1997; Page and Sun, 1998).

5.6 Conclusions
Variations in isotopic and trace element contents of quartz from Merlin are consistent with high 
temperature fluids, and also with significant changes in temperatures and pressures during the 
evolution of the hydrothermal system. Type 1 quartz has the lowest ∂18OQuartz values (9.2 to 
15.3‰), whereas quartz 3 has the highest values (10.2 to 17.2‰). Calculated ∂18OH2O values are 
consistent with a magmatic fluid source for Q1 and Q3 (Fig. 5.10). Q2 could have precipitated 
from a mixture of magmatic water with either meteoric or metamorphic water (Fig. 5.10). The 
magmatic fluid may have been sourced from the Mount Dore Granite, as it is spatially proximal to 
the Merlin deposit. On the other hand, the age for the regional sodic-calcic alteration is within error 
of the older Re-Os dates for molybdenite mineralisation, and the younger Re-Os molybdenite ages 
are within error of the Mount Dore Granite crystallization age (Table 5.5; Fig. 5.11), leaving open 
the possibility that all of these events were related, and that Merlin could have a mixed magmatic-
hydrothermal and metamorphic origin.
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Fig. 5.11  Schematic diagram illustrating the various depositional, deformational, hydrothermal alteration, magmatic 
and mineralisation events at Merlin-Mount Dore region. Age data from Pollard and McNaughton (1997), Page and Sun 
(1998), Duncan et al. (2011) and Babo et al. (2017).
Abbreviations: CSQ= Cover Sequence, D1, 2, 3 and 4= Deformation event, MDG= Mount Dore Granite, RRA= Red 
Rock Alteration.

Table 5.5 Available geochronological data 
for Mount Dore/Merlin area (Blake et 
al., 1987; Babo et al., 2017).

Stratigraphic unit Age (Ma)

Kuridala Formation 1650–1700 Ma

Staveley Formation 1725–1743 Ma

Mount Dore Granite 1517 ± 7 Ma

Merlin Mo-Re 1535 ± 6 Ma

Red rock alteration 1551 ± 12 Ma
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Chapter 6
Textural, mineralogical and geochemical characterisation of molybdenite at Merlin

6.1  Introduction

Carbon, in the form of carbonaceous material and/or graphite, is a common component of all 
ore zones at the Merlin Mo-Re deposit. However, its exact nature and distribution within the ore 
zones has never been fully described. Furthermore, previous researchers have speculated that there 
is a close association between the more C-rich generations of molybdenite (C present exclusively 
as inclusions of graphite and carbonaceous matter within molybdenite) and zones of higher Re. In 
this chapter, a combination of optical and scanning electron microscopy, Raman spectroscopy, and 
LA-ICP-MS imaging are used to elucidate the various types and textures of C-rich inclusions in 
molybdenite at Merlin, as well as to identify zones of relatively high and low Re within molybdenite 
grains. Rhenium tends to be incorporated in the molybdenite structure via isovalent substitution 
for Mo4+ (Voudouris et al., 2013). Some of the work presented in this chapter has been published, 
and the journal article is reproduced in Appendix B. All of the work presented in the published 
article was done and written by the senior author with the mentoring and guidance of Dr. Thomas 
Rodemann and late Dr. Garry Davidson.

6.1.1 Raman spectroscopy – background

Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of monochromatic 
light, usually from a laser source (Long, 1977; McMillan, 1989). Inelastic scattering is the change 
in the frequency of photons in monochromatic light upon interaction with a sample (McMillan, 
1989). Photons of the laser light are absorbed by the sample and then re-emitted. During this 
process, the frequency of the re-emitted photons is shifted up or down in comparison with the 
original monochromatic frequency, which is called the Raman effect (McMillan, 1989). This 
phenomenon provides valuable information about vibrational, rotational, and other low frequency 
transitions in molecules. Raman spectroscopy can be used to study solid, liquid and gaseous 
samples, including most mineral species (McMillan, 1989).

Metasedimentary rocks of the Kuridala Formation at Merlin contain carbonaceous material 
derived from the evolution of organic matter originally present in the host sedimentary rock. During 
metamorphic processes, organic matter progressively transforms into graphite, and the degree of 
organisation is consequently regarded as a reliable indicator of metamorphic grade (Pimenta et al., 
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2007). From a geometallurgical standpoint, increased knowledge about the distribution and types of 
carbon in the ore bodies at Merlin can aid in determining the best method of processing the ore in 
the mill. Raman spectroscopy is the preferred method for this study (Appendix B), because:
1. It has a high spatial resolution; 
2. The short spectrum acquisition time allows numerous spectra to be recorded and therefore to 

quantify the sample heterogeneity; and
3. The Raman spectra of metamorphic carbon exhibit a significant evolution with increasing meta-

morphic grade (Wopenka and Pasteris, 1993).

6.1.2 Carbonisation in a metamorphic/ metasedimentary terrain

The global carbon cycle is central to both organic and inorganic processes on the Earth, including 
both the biomass of the Earth’s surface and shallow subsurface, as well as minerals and fluids in the 
deep crust and the mantle (Schlesinger, 1997). A considerable amount of the Earth’s estimated 1023g 
of carbon is sequestered in sedimentary rocks, of which ~75% is inorganic and ~25% is of organic 
origin (Schlesinger, 1997). Long-term increases in atmospheric levels of CO2 have been partly 
ascribed to emissions of metamorphic CO2 during metamorphism, where the focus is on inorganic 
carbon and its degassing in the form of CO2 produced by reactions between carbonates and silicates 
(Kerrick and Caldiera, 1993; 1998). There is ample evidence that carbonic fluids are produced 
during metamorphism of organic-rich shales (Crawford and Hollister, 1986; Rumble et al., 1986; 
Mullis, 1987; Duke et al., 1990; Olsen and Ferry, 1995; Bergfeld et al., 1996; Hurai et al., 1997; 
Luque et al., 1998; Touret, 2001; Schwab et al., 2005). Metamorphic equivalents of these shales – 
graphitic phyllites and schists – comprise large portions of orogenic belts, where collisional processes 
created suitable conditions for metamorphism and melting and potential transport of organic 
carbon by fluids, in and out of the deep crust (Satish-Kumar, 2005).

The chemical composition and crystal structure of carbonaceous matter has been of considerable 
interest over the past half-century, as it appears to undergo systematic changes that are related to 
metamorphic grade. Previous studies – most notably those of Quinn and Glass (1958), French 
(1964), Izawa (1968), Ergun (1968), Dutcher et al. (1966), Kisch (1969), Hamilton et al. (1970), 
and Landis (1971) have shown that crystallinity of carbonaceous matter (and in some cases the 
carbon content), increases with increasing metamorphic grade, ultimately resulting in well-ordered 
graphite. These variations have been recorded in numerous sedimentary rocks that have undergone 
burial metamorphism, intermediate to high-pressure regional metamorphism, and contact 
metamorphism. 

Carbon is an important element in the deep crustal and mantle fluids and may be responsible 
for exerting a control on the oxygen fugacity of certain hydrothermal systems, thereby affecting 
fluid-rock interactions. Any change of fluid composition and/or pressure-temperature conditions 
may induce saturation of C in the fluid and may lead to its precipitation, mostly as carbonaceous 
material but also as graphite in some cases (French, 1966; Ohmoto and Kerrick, 1977; Frost, 1979; 
Lamb and Valley, 1985; Satish-Kumar, 2005).
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6.1.3 Physical and chemical properties of molybdenite 

Molybdenite (MoS2) is a layered transition metal dichalcogenide composed of layers of molybde-
num atoms packed between sulfur atoms, with each molybdenum atom bonded to six sulfur atoms 
(Wieting and Verble, 1971). The stacking arrangement of the layers controls the symmetry and thus 
the action of the ordinary vibrational modes, yet it apparently does not influence their frequen-
cies (Yuan et al., 2015). The hexagonal-layered crystal MoS2 is held together in the bulk material 
through van der Waals interactions, so bulk MoS2 is easily cleaved into sheets (Yuan et al., 2015). 
There are four first-order Raman active modes that are present in most reported MoS2 Raman spec-
troscopic studies, namely, E1g  (286 cm–1), E1

2g  (383 cm–1), A1g (408 cm–1), and E2
2g  (32 cm–1) 

(Windom et al., 2011; Fig. 6.1).

6.2 Molybdenite and carbonaceous material at Merlin

Molybdenite at Merlin has previously been shown to occur in two main forms: ‘dirty’, inclusion-rich 
anhedral grains (molybdenite 1), and coarser, euhedral, inclusion-free grains (molybdenite 2; Kirkby, 
2009). Molybdenite 1 commonly forms anhedral to subhedral heaps/masses of inclusion rich, spotty 
molybdenite, whereas Molybdenite 2 forms subhedral to euhedral thread-like structures exhibiting 
mineral cleavage. Molybdenite 2 is thread-like and deformed with kinked geometries and a lamellar 
texture indicating that it underwent brittle-ductile deformation (Kirkby, 2009; Fig. 6.4). Hexagonal 
molybdenite grains have also been identified at Merlin. Both molybdenite 1 and 2 are intimately 

Fig. 6.1 Raman active modes for molybdenite. Source: Windom et al. (2011)
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intergrown at Merlin (Fig. 6.4). 
Molybdenite (MoS2) and carbonaceous matter are also very closely associated with each other 

in the ore zones at Merlin: carbonaceous matter occurs as flakes within the ore, as well as around 
the margins of the orebodies, where it can form discrete shear zones 10–50 cm thick. Carbonaceous 
material constitutes up to 10 wt. % of Merlin ore, and is lowest (0.01 wt. %) in zones of silicified 
host rock. 

6.3 Molybdenite 1 and molybdenite 2

Molybdenite has two main polytypes: hexagonal (2H) and the rare rhombohedral (3R; Ciobanu 
et al., 2013). Two texturally different varieties of molybdenite have been described from Merlin 
(Kirkby, 2009; Greene, 2011; Fig. 6.4). These textural differences may be due to different 
crystallographic orientations, remobilisation or re-precipitation of molybdenite during D2 and/or 
D3 deformation events. 

Textural differences are readily observable between the two types of molybdenite under a 
petrographic microscope (from 10x onwards; Fig. 6.4). Molybdenite 2 is concentrated mostly as 
fracture fill (durchbewegt texture), whereas molybdenite 1 is mostly observed as breccia cement. 
Molybdenite 2 was interpreted to be derived from molybdenite 1 via deformation, annealing, and 
partial recrystallization (Kirkby, 2009; Fig. 6.4).

Previous LA-ICP-MS studies on the trace element systematics of molybdenite in hydrothermal 
ore deposits (e.g., Kirkby 2009; Ciobanu et al., 2013; Pašava et al. (2016); Rathkopf et al., 2017) 
analysed the concentration of trace elements within molybdenite in spot mode, as opposed to 
imaging mode (Ciobanu et al. [2013] being the lone exception). The spot method does not provide 
spatial context for the distribution of trace elements, whereas imaging provides superior paragenetic 
and element deportment information. At Merlin, Kirkby (2009) analysed trace element variations 
between molybdenite 1 and 2 with LA-ICP-MS spots, and noted that molybdenite 2 had lower 
trace element contents than molybdenite 1. However, Kirkby (2009) was unable to comment on the 
localization of trace elements within each subtype of molybdenite. In this study, LA-ICP-MS images 
of molybdenite 1 and 2 intergrowths have been applied to investigate the nature of trace element 
distribution in molybdenite ore at Merlin, with a particular focus on Re deportment. 

6.4 Methods

The methods used in this study are documented in detail in Appendix B. A summary is provided 
here. Numerous samples were collected from drill holes intersecting the main ore zone at Merlin. 
They were then prepared as polished thin sections, laser mounts and polished slabs for analysis. The 
samples were investigated using a Renishaw inVia Raman microscope with Streamline at the Central 
Science Laboratory, University of Tasmania. For this study, the samples were analysed using 100 
times magnification in high confocal mode with auto-focus function, 1800 l/mm grating, step size 
of 0.5 x 0.5 µm and an excitation laser of 532 nm with exposure time of 1 s and laser power of 1.2 



93

mW at the sample, resulting in a spectral resolution of 1.7 cm–1 (Appendix B). Following Raman 
spectroscopy, the laser mounts were carbon coated and analysed at the Central Science Laboratory, 
University of Tasmania using a Hitachi SU-70 Field Emission Scanning Electron Microscope 
(Appendix B).  The laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) 
system was later used, first to study a small element suite to maximise the detection limits and 
resolution of the analysed elements, and then a large element suite to maximize element deportment 
within molybdenite 1 and 2 at Merlin (Appendix B).

6.4.1 Raman spectroscopy of molybdenite and carbonaceous material 

The Raman spectrum of well-ordered carbonaceous material consists of several bands (Tuinstra 
and Koenig, 1970; Lespade et. al., 1984; Bény-Bassez and Rouzaud, 1985; Wopenka and Pasteris, 
1993):
A first-order band located at 1582 cm–1 (designated as the G band) is attributed to C-C vibrations 
of aromatic carbon (Fig. 6.2 a).  

Second-order bands are located at ~2400, ~2700, ~2900 and ~3300 cm–1. These are attributed 
to overtones or combination scattering (Fig. 6.2 b) (Nemanich and Solin, 1979).

The peak width method is used to determine changes in width of D1 and G in both types of 
carbonaceous material observed (Appendix B; Fig. 6.6).

6.4.2 Results – Raman microspectroscopy 

Raman microspectroscopy has facilitated the characterisation of carbonaceous material within 
the Merlin ore, and has provided useful information on its deportment and genetic implications 
(Appendix B).  

Raman imaging demonstrates that at Merlin, carbonaceous material (50 x 500 µm) is closely 
intergrown with molybdenite (200 x 500 µm), and is present along the boundaries of molybdenite 
grains. Carbonaceous material ranges from poorly formed in adjacent silicified rock units to well 
developed in the host rock (black shale). 

Raman imaging has identified two types of molybdenite based on peak shifts. The two marked 
areas of Molybdenite 1 and 2 can be best differentiated by a peak shift of 2–5 cm–1 in the A1g 
mode (Fig. 6.3). The E1

2g (383 cm–1) mode displays a similar behavior, but is unsuitable for map 
processing as the peak intensity varies with crystal orientation (Wieting and Verble, 1971). It is also 
apparent that Molybdenite 2 seems to be fairly homogeneous with respect to the A1g peak position, 
whereas Molybdenite 1 displays areas of greater peak position variance (Appendix B; Fig. 6.5). The 
most prominent features in the Raman spectra of carbonaceous material and/or graphite are the so-
called G band at 1582 cm–1, additional first-order bands (D bands) at 1355 cm–1 (D1 band), 1550 
cm–1 (D3 band) and 1620 cm–1 (D2 band), and the second-order band at ~2900 cm–1 (Pimenta 
et al., 2007; Figs. 6.2 and 6.6). The D and D’ bands are defect-induced Raman features, and thus 
these bands cannot be seen in well-formed carbonaceous material (Pimenta et al., 2007; Appendix 
B). Molybdenite 1 contains numerous sub-micron inclusions of carbonaceous material. In contrast, 
molybdenite 2 contains no carbonaceous inclusions, instead only having graphite/carbonaceous 
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Fig. 6.2 Representation of first-order region of the Raman spectra of carbonaceous particles from the Birimian 
black shales. (a) Well-ordered carbonaceous material, showing only G band located at 1582 cm–1. (b) Poorly ordered 
carbonaceous material showing G band and D bands located at 1355 cm–1 (D1 band), 1550 cm–1 (D3 band), 1620 
cm–1 (D2 band). Dashed lines show decomposition of the spectrum. Source: Kříbek et al. (2008).

Fig.6.3 Focal distance (Z) versus peak position curve of A1g mode in molybdenite. 
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Fig. 6.5 StreamLineTM map using peak shift method to determine shift in spectral peaks of dirty molybdenite 1 (Mo1) 
and clean molybdenite 2 (Mo2) in calc-silicate unit from MDQ0132- 364.80m (447799.58mE, 7605300.1mN, 
356.57m ASL). Raman spectroscopy specifications: High confocal mode, 532 nm laser, 100 x objective, 0.85 NA, 1800 
l/mm, exposure time 1s, laser power 4.5 mW at sample. 

Fig. 6.4 (a) Merlin host rock black shale under reflected light (20x), with two textures of molybdenite, ‘dirty’ Mo1 
and ‘clean’ Mo2, first defined by Kirkby (2009); (b) Reflected light (20x) photomicrograph showing Mo1 and Mo2 
intergrowths in metasiltstone. Abbreviation: Mo= Molybdenite

Mo2

Mo1

Mo1

Mo2

Mo2
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Fig. 6.6 (a) False colour map of MDQ0249-194.30 m showing the G band around 1585 cm–1; b(i) Raman spectra 
of graphite with Raman bands D1 (1347 cm–1), D2 (1620 cm–1) and G (1582 cm–1) and b(ii) Raman spectra of 
carbonaceous material. Gr = Graphite, CM = Carbonaceous material.

matter on its grain boundaries. 
LA-ICPMS images measured at CODES UTAS show that the molybdenite trace element 

variations do not correspond well to the two molybdenite sub-types identified under Raman 
spectroscope. Also, the trace element concentrations of Re are inversely proportional to those of Pb 
and Bi (Fig. 6.7 e-g). 

LA-ICPMS imaging has revealed that there are coherent zones of high Re and low Re in a single 
crystal of molybdenite (Figs. 6.8–6.11). Furthermore, Re and V have an antipathetic relationship, 
whereby there are zones of molybdenite which are high in V and low in Re, and vice versa (Figs. 
6.9 and 6.11). Low levels of Cd (values) and Se (values) are also contained within the molybdenite 
structure, but the partitioning effect detected in Re and V is not observed with these two elements. 
Major rock-forming elements such as Al, Mg, Si, Mn and K are contained within silicate and/
or carbonate mineral inclusions that comprise the bulk of the host rock. Certain trace elements 
(e.g., Co, Ni, Cu, Pb, Ag, Ti, W and Au) are contained in fracture zones within molybdenite 
grains, indicating that they may have been remobilised out of the molybdenite structure during 
deformation and metamorphism (Figs. 6.8 and 6.10). 

6.5 Discussion 

Molybdenite 1 displays a peak shift when carbonaceous material is present in response to the Raman 
laser beam. This peak shift in molybdenite 1 is most likely caused by lattice strain. Inclusions of 
carbonaceous material are present in the regions where the A1g peak is shifted to lower wavenumbers 
in molybdenite 1 (also known as upfield shift). Laser power settings may also affect the peak shift 
observed, particularly under high resolution. Downfield peak shifts in molybdenite appears to be 
controlled by variations in recrystallization/crystal orientation, particularly in molybdenite 2. For 
example, Pb and Bi are correlated with carbonaceous matter within molybdenite 1 when viewed 
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Fig. 6.7 (a) MDQ0228- 311 m Molybdenite 
aggre gate under Raman scope under 20 times 
magnification. (b) False colour map showing Raman 
peak position [cm–1] of A1g mode of molybdenite. (c) 
CM inclusions (magenta) in Mo1 using integration 
value from 1480 to 1660 cm–1. (d) to (g) Counts per 
second LA-ICPMS images of trace element variation 
in molybdenite using false colour composite maps. 
Mo= Molybdenite, CM= Carbonaceous material.
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with a Raman spectroscope (Appendix B). Rhenium does not correlate positively with any other 
trace element, but has a negative correlation with V. There does not appear to be a strong evidence 
for lattice strain at Merlin. The ionic radii of Mo4+, Re4+ and V4+ are within 2 to 5 picometers of 
each other, which means neither Re or V will strain the molybdenite lattice (Table 6.1). Other trace 
elements that are dissolved in molybdenite in Merlin such as Se and Cd have smaller ionic radii 
than Mo4+, which also will not cause lattice strain in molybdenite (Table 6.1). More importantly, 
Re distribution patterns transgress the apparent molybdenite 1 and 2 boundaries as revealed by 
LA-ICPMS imaging (Appendix B). The LA-ICPMS images (Figs. 6.8 and 6.10) suggest that 
carbonaceous matter is intergrown with a Ge-Mg-Al silicate mineral. The laser images display that 
Re zonation patterns appear to be primary and relatively unaffected by later processes. 

According to a study by Rekharskiy et al. (1984), molybdenite with Re contents greater than 
6500 ppm creates a two-phase disulphide, with discrete, irregularly allocated Mo-rich and Re-rich 
zones. Košler et al. (2003) and Selby and Creaser (2004) showed that Re forms local high-Re zones 
rather than being evenly distributed through molybdenite, due to the similar charge and ionic radii 
of Mo and Re and is therefore not forced into its own zones in molybdenite (Table 6.1; Murray et 
al., 1994; Takahashi et al., 2007; Gong et al., 2013).

Rhenium can be transported in the aqueous phase as rhenic acid (H2ReO4) in magmatic 
hydrothermal systems, and molybdenum may occur as molybdic acid (H2MoO4) that is formed 
when molybdenum enters the vapour phase (Candela and Holland, 1986; Bernard et al., 1990).  

Raman spectroscopy has highlighted carbonaceous matter distribution patterns in and around 
graphite via the peak width method, wherein changes in the widths of the D1 and G bands in 
both graphite and carbonaceous matter have been detected. These show that poorly developed 
carbonaceous matter is contained both adjacent to the rims of well-developed carbonaceous matter 
and graphite flakes, and also occurs as cross-cutting veinlets (Fig. 6.4).

The Raman imaging completed in this study has demonstrated that Merlin graphite (50 
x 500 µm) is closely intergrown with molybdenite 1 (200 x 500 µm), and its Raman signal is 
readily distinguishable from the surrounding molybdenite (Fig. 6.7). Graphite is also present in 

Table 6.1 Ionic radii of the trace 
elements in Merlin molybdenite (ionic 
charge = 4+)
Element Ionic radii (in picometers)
Mo 79
Re 77
V 72
Ti 74.5
W 80
Co 67
Se 64
Pb 91.5
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Fig. 6.9 Ranked variable maps of Re and V in MDQ0228- 311m, illustrating the bimodal distribution of these trace 
elements within molybdenite at Merlin. The axes are dimensions (in µm) of the image in Fig. 6.8. 

molybdenite 2, but only along the boundaries of these grains (Fig. 6.7). On the other hand, the 
Raman signal of carbonaceous matter intergrown with molybdenite 1 was not resolvable from 
the host molybdenite, suggesting that it is present as numerous nano-scale inclusions within 
molybdenite 1 (Fig. 6.7c).

The first molybdenite generation at Merlin (Mo1) was filled with numerous inclusions of 
carbonaceous material and/or graphite, probably due to replacement of carbonaceous sediments 
containing stylolites with well-formed carbonaceous material, some of which was modified during 
ore formation (Fig. 6.7c). Carbonaceous matter is inferred to have mobilised out of molybdenite 
1 during recrystallization, forming C-poor molybdenite 2. This liberated carbonaceous matter was 
then concentrated on the margins of molybdenite 2 aggregates.

6.5.1 Re and V behaviour in molybdenite: implications for hydrothermal fluid chemistry at 

Merlin

Vanadium substitution into molybdenite has rarely been reported in the literature (Aleinikoff et 
al., 2012). Vanadium shows a clear positive correlation with molybdenite 1 and 2 in all samples 
analysed from Merlin, and its homogeneous distribution within certain growth zones of the 
molybdenite crystals indicates that it resides either in the Mo or the S site of the mineral. Perhaps 
most intriguing is the fact that V and Re are negatively correlated in molybdenite from Merlin: 
the average content of V in high-Re zones is ~2 ppm, whereas the low Re zones contain ~280 ppm 
V. This phenomenon indicates (in a first-order sense) that the high V zones were formed from a 
fluid with different properties and/or under different physicochemical conditions than the high-Re 
zones, and vice versa. The even distribution and folding of Re and V suggest that they are tightly 
held in the molybdenite structure. In contrast, most other trace elements (e.g., Co, Ni, Cu, W, Au, 
and Ag) are loosely held and remobilised into fractures within the molybdenite structure during 
deformation.
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6.6 Conclusions

1. The trace element systematics of Mo, Re and V in molybdenite at Merlin are coherent and likely 
primary, indicating that the deformation and metamorphism associated with the Isan Orogeny 
(1.6–1.5 Ga) did not remobilise the trace or major element constituents of the molybdenite, 
except for traces of Co, Ni, Cu, W, Pb, Ag, and Au, which moved into fracture sites (Figs. 6.8 
and 6.10).

2. Rhenium and V are negatively correlated in molybdenite from Merlin, although the reasons for 
this behaviour remain unclear. Further work is needed to resolve this question.

3. Recrystallisation of molybdenite resulted in the remobilisation of certain trace elements into the 
fractures (e.g., Co, Ni, Cu, Ag, W, Au; Figs. 6.8 and 6.10). 

4. Molybdenite from the ‘breccia cement’ zones of the Merlin deposit is elevated in Zn, As, and Au 
relative to molybdenite from other areas of the deposit (Figs. 6.8 and 6.10). 

5. Carbonaceous material may have provided additional ductility and alternative paths for strain 
partitioning during ore formation and deformation, because in several places carbonaceous 
material crosscuts the deformed ore body (Figs. 6.6 and 6.7).  As ore fluids utilised these same 
pathways, in some places with sufficient energy to deform molybdenite 1, carbonaceous material 
became further mixed with the ore and was overgrown by recrystallised molybdenite 2.

Fig. 6.11 Ranked variable maps of Re and V generated using ioGAS for LA-ICP-MS images of molybdenite for 
MDQ0252- 503m, illustrating the bimodal distribution of these trace elements within molybdenite at Merlin. The axes 
are dimensions (in µm) of the image in Fig. 6.10. 
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Chapter 7
Discussion and conclusions

7.1 Introduction

This chapter summarizes the main findings of the current PhD study, in the form of a geological 
history and new genetic model for Merlin. Exploration implications and recommendations for 
further work are also addressed. 

7.2 Geologic history of the Merlin deposit

7.2.1 Sedimentation 

Sedimentation in the west of the Cloncurry Fault (including the Merlin-Mount Dore region) began 
during the Palaeoproterozoic (1690–1610 Ma; Blake, 1987; Fig. 2.2). Merlin is hosted by phyllite 
and shale units of the  Kuridala Formation (1685 ± 5 Ma) and a calc-silicate unit of the Staveley 
Formation (Cover Sequence 3; 1680–1590 Ma; Blake, 1987; Southgate et al., 2013; Fig. 2.2). The 
Kuridala Formation phyllite contains several horizons of black shale, either due to repeated cycles of 
shale deposition, or due to fault repetitions (Fig. 3.2). 

7.2.2 Deformation and metamorphism 

Metamorphism in the Eastern Fold Belt occurred under relatively low to moderate pressures and 
high temperatures, with a geothermal gradient in the range of 45–50°C/km (Jaques et al., 1982). 
The sedimentary rocks were metamorphosed to greenschist facies during the Isan Orogeny (1595 – 
1580 Ma; Rubenach, 1993; Foster and Rubenach, 2006). These metasedimentary rocks were later 
disrupted by the Mount Dore Fault Zone (Fig. 3.1). The Mount Dore Fault Zone is a regionally 
extensive, N-trending fault zone (sub‐parallel to the Selwyn Shear zone) that formed during D2 
and was reactivated during late D3-early D4 (Adshead‐Bell, 1998). D2 produced a strong steeply 
E-dipping foliation in the metasedimentary rocks. F2 fold axes plunge steeply to the NE, whereas 
F3 folds exhibit a shallower plunge to the NNE (Duncan et al., 2014). 
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7.2.3 Granite petrogenesis and Mount Dore Granite

A major felsic intrusive event in the region produced the Cloncurry Supersuite between 1520 and 
1490 Ma (Wyborn et al., 1998). This led to the emplacement of highly fractionated I-type plutons 
of Williams and Naraku Batholiths in the Eastern Fold Belt (Wyborn et al., 1998; Fig. 2.4). One 
of these plutons, the Mount Dore Granite (U-P zircon ages of 1521 ± 10 to 1513 ± 13; weighted 
average of 1517 ± 7 Ma; Babo et al., 2017) is thrust over the Kuridala Formation to the east of 
Merlin (Fig. 3.1). The Mount Dore Granite was then disrupted by the moderately east-dipping 
Mount Dore Fault Zone (Fig. 3.1). The Mount Dore Granite is a medium to coarse-grained, 
equigranular, heterogeneous quartz monzonite comprising of quartz, K-feldspar, plagioclase ± 
hornblende ± tourmaline ± minor titanate ± apatite ± zircon (Beardsmore, 1992; Kirkby, 2009; this 
study; Figs 4.4 and 4.7). The Mount Dore Granite may have been derived from mixed felsic and 
mafic igneous sources and emplaced after the regional Na-Ca hydrothermal alteration event (Fig. 
3.2; Wyborn et al., 1998).

7.2.4 Alteration and mineralisation 

The Mount Dore-Merlin region has experienced widespread hydrothermal alteration over a 
protracted time period. Molybdenite mineralisation at Merlin was late in the hydrothermal 
evolution of the district, overprinting a regionally extensive Na-Ca hydrothermal alteration event 
(red rock alteration). The intensely silicified Selwyn Shear defines the contact between the Stavely 
and the Kuridala Formations (Fig. 3.1; Lazo and Pal, 2009) and appears to have been important in 
localizing mineralisation at Merlin. 

Paragenetic stages identified at Merlin, based on overprinting and crosscutting relationships 
observed during drill core logging and sampling at Merlin-Mount Dore area, are as follows (Fig. 
3.5): 

Stage 1 - Sodic-calcic alteration (Red rock alteration)
Stage 2 - Clay alteration
Stage 3 - Carbonate alteration
Stage 4 - Chlorite ± white mica alteration
Stage 5 - Tourmaline-quartz alteration. 
Mo-Re mineralisation at Merlin was associated with stage 2 brecciation that produced crackle, 

mosaic and chaotic molybdenite‐cemented breccias in the ore zone. Molybdenite mineralisation at 
Merlin occurs mostly as massive breccia infill, but also as stylolites and disseminations (Babo, 2014; 
Babo et al; 2017; this study; Figs. 3.3 v and vi and 3.7).

7.3 Genesis of the Merlin Mo deposit

7.3.1 Previous genetic models

Kirkby (2009) proposed a magmatic-hydrothermal origin for molybdenite mineralisation at Merlin. 
This model was based on ∂13C (–7.97 to –7.05‰) and ∂18O (16.08 to 18.62‰) isotopic results 
from carbonate associated with molybdenite. These isotopic compositions are consistent with a 
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magmatic fluid source (Table 5.1). Kirkby (2009) proposed that this was an homogeneous, reduced 
fluid source, possibly black shales of the Kuridala Formation, based on his sulphur isotope data from 
hydrothermal molybdenite, chalcopyrite and pyrite (–1.1‰ to –4.3‰; Table 5.1). 

Greene (2011) also favoured a magmatic-hydrothermal origin for Merlin, based on high fluid 
temperatures determined from fluid inclusion analyses and zirconium-in-rutile geothermometry 
(450–500° C; Table 5.1). Greene’s (2011) fluid inclusion homogenisation temperatures varied 
from 450–500°C, with salinities <5 wt. % NaCl equivalent. The fluids were interpreted to 
have a low pH, and also to be relatively reduced. Greene (2011) analysed the trace element and 
cathodoluminescence patterns of quartz that formed prior to and during the main molybdenite 
stage, and demonstrated that they are similar to quartz texture from porphyry Cu-Mo deposits (e.g., 
strong enrichments in both Ge and Ti; up to 4 and 10 ppm, respectively; Figs 5.4 to 5.6).

Babo (2014) and Babo et al. (2017) proposed an alternative model for Merlin, which was based 
on different analytical techniques that those used by Kirkby (2009) and Greene (2011). They used 
titanite and zircon U-Pb geochronology to date metamorphism in the Mount Dore-Merlin area 
(1610 ± 18 Ma; U-Pb titanite) and the main Na-Ca hydrothermal alteration phase that precedes 
Mo-Re mineralisation (1551 ± 12 Ma; U-Pb titanite). Babo et al. (2017) also generated eight Re-
Os molybdenite age determinations from Mount Dore and Merlin, which ranged from 1541 ± 6 
to 1520 ± 6 Ma (Table 7.1). One older and six younger Re-Os molybdenite ages were obtained 
by Duncan et al. (2011, 2013) for Mt Dore and Merlin (1552 ± 6 Ma; 1508 ± 5 to 1497 ± 6 Ma; 
Table 7.1). Based on most of the available dating results, combined with field and petrographic 
observations, Babo et al. (2017) proposed that there were three discrete Mo-Re mineralisation stages 
at Merlin that occurred over a 35 m.y. time period. They assigned a weighted average Re-Os age of 
1535 ± 6 Ma to the oldest ore-forming event, which they inferred to be the timing of main stage 
ore formation (molybdenite-matrix breccias). They also proposed that remobilization or late stage 
addition of Mo-Re in disseminations and veins occurred at 1521 ± 3 Ma (weighted average Re-Os 
age determination), and that this event occurred a few metres below the molybdenite-cemented 
breccias. They noted that their second mineralizing event overlapped in time with emplacement 
of the Mount Dore Granite (weighted average U-Pbzircon age of 1517 ± 7 Ma; Figs 5.11 and 
7.2; Table 7.1). Finally, they proposed that a third mineralizing event caused minor molybdenite 
remobilization at 1503 ± 5 Ma (weighted average of six young Re-Os molybdenite ages from 
Duncan et al., 2011, 2013; Table 7.1), which they attributed to be associated with thrusting of the 
Mt Dore granite. Babo (2014) commented that emplacement of the Mount Dore Granite postdated 
the main stage of Mo-Re ore formation, based on their new age determinations.

7.3.2 Revised genetic model for Merlin

A revised genetic model for the origin of Merlin is proposed here based on geochemical, isotopic 
and mineralogical analyses of Merlin molybdenite and quartz, and from geochemical investigations 
of the Mount Dore Granite (Fig. 7.1 A-D), combined with the previous findings of Kirkby (2009), 
Greene (2011), Duncan et al. (2011, 2013), Babo (2014) and Babo et al. (2017). 
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Fig. 7.1 Schematic diagram showing genetic model for the formation of Merlin Mo-Re deposit. A. Intrusion of the 
Mount Dore Granite (or another unexposed granite phase of the Williams Batholith) ca. 1517 ± 7 Ma (Babo et al. 
2017). Fluids exsolved from the crystallizing magma migrated to shallower levels in the crust and facilitated fracturing 
of the Kuridala and Stavely Formations, leading to the creation of Mo-rich breccia cement. B. Post-mineralisation
thrust faulting resulted in juxtaposition of older Kuridala Formation and younger Mount Dore Granite during D3 
deformation (1530–1500 Ma). C. D3-D4 deformation thrust (~1500 Ma) the granite above Merlin. D. The Mount 
Dore Granite is now structurally juxtaposed above the metasedimentary host rock units and the ore body.
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7.3.2.1 Molybdenite trace element and mineral chemistry 
Based on Kirkby (2009), two textural phases of molybdenite (termed Mo1 and Mo2) were 
identified via optical microscopy. There is a significant amount of carbonaceous material in Mo1 
compared to Mo2. Raman microspectroscopy of Merlin ore samples has revealed that graphite 
along with carbonaceous matter is intimately intergrown with Mo1 at Merlin (Fig. 6.7). The most 
plausible source for this carbonaceous matter is the host black shale, which indicates that this unit 
likely played a key role in the formation of the Mo-Re mineralization. It implies that any model of 
formation for Merlin must include a role for the black shale host sequence during mineralization as 
a source of carbonaceous matter.

There is no discernable variation in other trace elements apart from carbon between the two 
textural varieties of molybdenite from Merlin. For example, Re zonation in Merlin molybdenite 
transgresses Mo1-Mo2 boundaries in all samples (Figs. 6.7, 6.8 and 6.10). In addition, V and Re are 
negatively correlated with each other, a feature not recognised in previous studies of molybdenite 
trace element systematics from the literature. There has also been minor remobilization of some 
trace elements into cracks within the molybdenite grains (e.g., Re, Co, Ni, Cu, Ag, W, Au; Figs. 6.7, 
6.8 and 6.10).

Apart from the petrographic distinction of Mo1 and Mo2, there are no other obvious textural 
variations in molybdenite grains at Merlin. This contrasts with multiple stages of molybdenite 
deposition at other Mo deposits globally (e.g., El Teniente, Chile; Cannell et al., 2005, Spencer 
et al., 2015; Boddington, WA; Ciobanu et al., 2013). This lack of multiple textural varieties or 
crosscutting paragenetic stages of molybdenite at Merlin, combined with the similarity of trace 
element contents across all samples, implies that there was only one major stage of molybdenite 
mineralization at Merlin. This event may have had multiple sub-stages, based on textures such as 
oscillatory Re zonation (Figs 6.8 and 6.10). 

7.3.2.2 Oxygen isotope constraints 
Hydrothermal quartz at Merlin occurs both as an infill and replacement phase. There are systematic 
changes in isotopic and trace element contents with changes in temperatures and pressures during 
the development of the hydrothermal system. 

Type 3 quartz is intimately associated with molybdenite. The calculated ∂18OH2O values for 
quartz type 3 at Merlin range from 5.48 to 13.13‰ at 400°C, consistent with a predominantly 
magmatic-hydrothermal fluid source with minor contributions of O-depleted metamorphic or (less 
likely) meteoric water (Fig. 5.10). 

7.3.2.3 Granite petrogenesis 
Whole-rock major, minor, trace, and rare earth elements compositions of the Williams and Naraku 
Batholiths, which includes the Mount Dore Granite, demonstrate that it is a highly fractionated 
I-type granite derived from melted supracrustal rocks. It was emplaced late during D3 deformation. 
The geochemical analyses also showed that this unit has been weakly altered in the vicinity of the 
Merlin-Mount Dore area (Fig. 7.1 C).
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Babo (2014) and Babo et al. (2017) argued that the Mount Dore Granite postdates main-
stage Re-Os mineralization, yet the oxygen isotopic data (Fig. 5.10) implies a magmatic fluid 
source during mineralization. It is suspected that an older phase of the Mount Dore Granite, or an 
unrelated granite phases, underlies Merlin and was the source of mineralizing fluids (Fig. 7.1 A). 

7.3.2.4 Timing of mineralisation
Based on data from the current study, combined with previous results from Kirkby (2009), Greene 
(2011), Duncan et al. (2011, 2013), Babo (2014) and Babo et al., (2017), the Merlin deposit is 
interpreted to have formed from a single magmatic-hydrothermal event that likely had multiple 
sub-stages (Q1, 2 and 3). This contradicts the model of Babo et al. (2017), who proposed that there 
were three discrete molybdenite mineralization events based on Re-Os age dating (1535 ± 6, 1521 ± 
3 and 1503 ± 5 Ma). It is consistent with the model of Duncan et al. (2011; 2013), who proposed 
an age date of ~1508 Ma for Merlin (late D3 to early D4).

According to Babo et al. (2017), the main Mo-Re mineralisation event at Merlin occurred 
around 1535 ± 6 Ma (late D2 to early D3; Fig. 5.11). However, the U-Pb zircon ages for the Mount 
Dore Granite from Babo et al. (2017; 1521 ± 10 to 1513 ± 13 Ma; Table 7.1; Fig. 7.2) overlap 
mostly within error the comparatively young Re-Os molybdenite ages from Merlin and Mount 
Dore obtained by Duncan et al. (2011, 2013), which range from 1508 ± 5 to 1497 ± 6 Ma (Table 
7.1; Fig. 7.2; weighted average of 1503 ± 5 Ma). This overlap in ages between the granite and the 
younger molybdenite ages implies that a genetic link between the Mount Dore Granite, Mount 
Dore Cu deposit, and Merlin Mo deposit is viable, provided that the older Re-Os ages from Babo et 
al. (2017) and Duncan et al. (2011, 2013; Table 7.1; Fig 7.2) can be accounted for. 

Carbonaceous material, petroleum and bitumen can all be enriched in Re (and in some cases 
Os), to the point where previous researchers have successfully dated hydrocarbons and organic-rich 
rocks using Re-Os dating methods (e.g., Cumming et al., 2012; Harris et al., 2013; Selby et al., 
2015). Given that the Merlin host rocks are carbonaceous, and there is an intimate intergrowth 
of carbonaceous matter within Mo1 at Merlin, it is possible that the Re-Os dates for Merlin are 
compromised by mixtures of Re from old carbonaceous matter from the host rocks and the younger 
granitic fluid source. This could explain the large range of Re-Os ages determined by Babo et al. 
(2017) and Duncan et al. (2011, 2013; Table 7.1; Fig 7.2). 

If mixing of Re (and Os?) from an old carbonaceous host rock and young magmatic fluid source 
explains the range of apparent Re-Os molybdenite ages for Merlin and Mount Dore, then the 
youngest Re-Os ages from Duncan et al. (2011, 2013) are likely to be closest to the mineralisation 
age. The older ages of Babo et al. (2017) and Duncan et al. (2011, 2013) would therefore be 
erroneous due to mixing of Re (and Os?) from the carbonaceous host with that from the granite-
derived fluids (Table 7.1).  

It is therefore concluded that the youngest Re-Os age dates of Duncan et al. (2011, 2013) 
constrain mineralisation at Merlin to a single magmatic-hydrothermal event around 1503 ± 5 Ma. 
Mineralisation was synchronous with, and sourced from, a young phase in the Mount Dore Granite, 
dated at 1513 ± 13 Ma by Babo et al. (2017; Fig. 7.2). 
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Table 7.1 Previous molybdenite Re-Os and zircon U-Pb geochronological data from 
Duncan et al. (2011, 2013) and Babo et al. (2017).

Location and study Drill hole Depth (m) Age (Ma) ± 2s
Mount Dore (Re-Os; 

Duncan et al., 2011)

MDHQ-07-82 269.07 1497 ± 6
269.07 (repeat) 1501 ± 5

MDHQ-07-86 305.05 1508 ± 5
305.05 (repeat) 1503 ± 5

Merlin (Re-Os; Duncan  

et al., 2013) MDQ0218 440.70 1503 ± 5
MDQ0119 413.30 1502 ± 7
MDQ0119 413.30 1552 ± 6

Merlin (Re-Os; Babo et  

al., 2017)

MDQ0150 170.80 1539 ± 6
170.80 (repeat) 1541 ± 6
170.80 (repeat) 1533 ± 6

MDQ0132 355.40 1529 ± 6
355.40 (repeat) 1534 ± 6

MDQ0221 472.55 1523 ± 6
MDQ0252 459.65 1521 ± 6
MDQ0252 487.90 1520 ± 6

Mount Dore Granite  

(U-Pb; Babo et al., 2017)

MDQ0222 262.15 1516 ± 12
MDQ0245 214 1513 ± 13
MDQ0252 191.95 1521 ± 10
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Fig. 7.2 Merlin-Mount Dore geochronology results and stratigraphic ages from Blake (1987); Blake and Stewart (1992), 
Duncan et al. (2011, 2013) and Babo et al. (2017; Table 7.1).
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7.3.3 Genetic model

Mineralisation at Merlin most likely occurred around 1503 Ma when relatively oxidising 
mineralising fluids derived from the Mount Dore Granite were reduced via interaction with the 
black shale unit during brecciation (Fig. 7.1). Mineralisation was preceded by an extended period of 
hydrothermal alteration that occurred during early D2 deformation (1551 ± 12 Ma- U-Pb titanite 
geochronology; Babo et al., 2017). 

Brecciation at Merlin was caused by fluid-driven fault rupture, which led to a rapid drop in 
fluid pressure, reduction due to extensive water-rock interaction and ultimately the precipitation of 
molybdenite + quartz ± calcite cement (Fig. 7.1 A and B). Based on the predominance of magmatic-
hydrothermal water recorded by the quartz ∂18O isotope data, along with the trace element 
geochemistry of molybdenite, it is inferred that there was one major mineralisation event for Mo-
Re at Merlin, with later structural events possibly causing minor remobilisation within the ore 
zone as well as in the host rocks. The mineralising fluids were predominantly magmatic and most 
likely derived from a late-stage phase of the Mount Dore Granite. Later D3-D4 deformation thrust 
the granite over Merlin and Mount Dore (Fig. 7.1 B and C) resulting in the present day spatial 
relationships (Fig. 7.1 D). 

7.4 Recommendations for future research

There are several research avenues that could help to further constrain mineralisation process at 
Merlin. Further work is required to test whether the discrepancies in the Re-Os age dates provided 
in Duncan et al. (2011, 2013) and Babo et al. (2017) relate to mixing of Re from the host rocks 
and granites and/or if other remobilisation and recrystallisation occurred during late stage fault 
reactivation, or if there are problems with the Re-Os age determinations. Better constraints on 
timing relationships are essential in order to test the relative merits of the genetic model proposed 
above, and the model of Babo et al. (2017). A high precision chemical abrasion ID TIMS U-Pb 
zircon dating program for granites in the region is recommended, as is a thorough Re-Os dating 
program that focuses on Mo2 and avoids Mo1, since carbonaceous matter in Mo1 may be 
producing mixed Re-Os ages between the ages of the carbonaceous host rocks and mineralisation. 

Additional cathodoluminescence and oxygen isotope studies of quartz should be undertaken 
to characterise quartz in the Mount Dore Granite, in order to facilitate comparison with quartz 
from Merlin. A detailed structural, geochronological and geochemical study of the Mount Dore 
Cu-Au deposit is crucial to a fuller understanding of the Merlin deposit and IOCG potential in this 
region. Controls on the high grade of Mo and Re should be established for a better understanding 
of the nature of this deposit. A comprehensive trace element investigation of Merlin molybdenite 
and the host carbonaceous rocks must be undertaken to identify Re deportment. This will reveal 
whether there is more than one generation of molybdenite, and molybdenite shows the same trace 
element patterns throughout the Merlin deposit. It will also test that Re is enriched in the adjacent 
carbonaceous rocks and whether Re-Os dating could accurately constrain their depositional age. 
Regional whole-rock geochemistry of the black shale and calc-silicate units would allow assessments 
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as to whether these rock units were potential Mo and Re sources, or if their role was merely as a 
reductant that provided chemical trap for ore fluids. 

7.5 Exploration implications

Since the Mount Dore Granite was potentially involved in the genesis of Merlin (Figs. 5.10, 5.11 
and 7.1), exploration should target granites of similar composition and age in this region. Merlin is 
not a porphyry Mo deposit, but it is a magmatic-hydrothermal system. The key distinction between 
Merlin and all other molybdenite systems is the black shale host rock. The key ore forming process 
in Merlin was the dramatic change in fluid chemistry caused by the reduction of the ore-bearing 
fluids when they interacted with the black shale. Merlin-Mount Dore is also a structurally controlled 
system, where the ore fluids deposited Mo-Re ore as breccia cement in a fault zone (Fig. 7.1 C and 
D). Thrusting of the Mount Dore Granite created a duplex structure in an E-W compressional 
setting with folding and brecciation localised at the phyllite-black shale and black shale-calc-silicate 
contacts (Duncan et al., 2014; Fig. 7.1 C and D). The fault zone has brecciated a chemical trap (i.e., 
black shale) and was active during magmatism, so that magmatic hydrothermal fluids were focussed 
into the structural and chemical trap sites. Since Merlin is a small, high grade system, structural 
mapping would therefore be an effective method for helping to identify other potentially favourable 
trap sites in the district and region.   
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Title date time ∂18O
(‰)

T95% stderr 
(‰)

16O
cps

18O
cps Sets, scans Note

UWQ-2 4/18/2016 16:57:22 12.50 0.17 1.51E+9 3.06E+6 1, 8
UWQ-1.1 4/18/2016 18:04:06 12.75 0.17 1.55E+9 3.14E+6 1, 8
UWQ-1.2 4/18/2016 18:12:34 12.17 0.17 1.50E+9 3.03E+6 1, 8
UWQ-1.3 4/18/2016 19:19:18 11.90 0.18 1.47E+9 2.98E+6 1, 8
UWQ-1.4 4/18/2016 19:27:33 12.08 0.18 1.50E+9 3.03E+6 1, 8
UWQ-1.5 4/18/2016 20:34:17 12.09 0.17 1.52E+9 3.08E+6 1, 8
UWQ-1.6 4/18/2016 20:42:31 12.15 0.15 1.53E+9 3.09E+6 1, 8
UWQ-1.7 4/18/2016 21:49:30 11.79 0.28 1.51E+9 3.05E+6 1, 8
UWQ-1.8 4/18/2016 21:57:44 12.33 0.21 1.46E+9 2.96E+6 1, 8
UWQ-1.9 4/18/2016 23:05:02 12.17 0.23 1.51E+9 3.05E+6 1, 8
UWQ-1.10 4/18/2016 23:13:17 12.21 0.23 1.52E+9 3.08E+6 1, 8
UWQ-1.11 4/19/2016 0:19:51 12.37 0.18 1.49E+9 3.01E+6 1, 8
UWQ-1.12 4/19/2016 0:28:20 12.44 0.23 1.48E+9 2.99E+6 1, 8
UWQ-1.13 4/19/2016 1:43:22 12.65 0.19 1.53E+9 3.09E+6 1, 8
UWQ-1.14 4/19/2016 1:51:50 12.22 0.18 1.52E+9 3.08E+6 1, 8
UWQ-1.15 4/19/2016 9:37:18 13.22 0.24 1.49E+9 3.03E+6 1, 8
UWQ-1.16 4/19/2016 9:45:47 12.85 0.16 1.49E+9 3.02E+6 1, 8
UWQ-1.17 4/19/2016 11:00:43 11.84 0.21 1.46E+9 2.95E+6 1, 8

average 12.32
stdev 0.37

NBS-1.1 4/18/2016 17:05:42 9.68 0.19 1.52E+9 3.06E+6 1, 8
NBS-1.2 4/18/2016 18:20:54 9.59 0.15 1.46E+9 2.95E+6 1, 8
NBS-1.3 4/18/2016 19:35:53 9.72 0.18 1.49E+9 3.02E+6 1, 8
NBS-1.4 4/18/2016 20:51:06 10.22 0.16 1.47E+9 2.97E+6 1, 8
NBS-1.5 4/18/2016 22:06:06 9.73 0.24 1.52E+9 3.06E+6 1, 8
NBS-1.6 4/18/2016 23:21:38 9.59 0.24 1.51E+9 3.05E+6 1, 8
NBS-1.7 4/19/2016 0:36:41 8.02 0.27 1.47E+9 2.95E+6 1, 8 rejected
NBS-1.8 4/19/2016 2:00:26 9.18 0.18 1.55E+9 3.12E+6 1, 8
NBS-1.9 4/19/2016 9:54:08 9.03 0.25 1.56E+9 3.14E+6 1, 8

average 9.59
stdev 0.36

Appendix A
∂18O data for quartz at Merlin
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Title date time ∂18O
(‰)

T95% stderr 
(‰)

16O
cps

18O
cps Sets, scans Note

A-loc1.1 4/18/2016 17:14:18 13.04 0.17 1.55E+9 3.13E+6 1, 8
A-loc1.2 4/18/2016 17:22:32 15.32 0.19 1.54E+9 3.13E+6 1, 8
A-loc1.3 4/18/2016 17:31:01 11.28 0.19 1.49E+9 3.01E+6 1, 8
A-loc1.4 4/18/2016 17:39:17 12.38 0.15 1.51E+9 3.06E+6 1, 8
A-loc1.5 4/18/2016 17:47:31 12.18 0.16 1.52E+9 3.08E+6 1, 8
A-loc1.6 4/18/2016 17:55:46 12.95 0.18 1.51E+9 3.06E+6 1, 8
A-loc1.7 4/18/2016 18:29:15 17.19 0.16 1.80E+9 3.66E+6 1, 8
A-loc1.8 4/18/2016 18:37:30 10.90 0.22 1.45E+9 2.93E+6 1, 8
A-loc1.9 4/18/2016 18:45:45 11.66 0.19 1.49E+9 3.02E+6 1, 8
A-loc2.1 4/18/2016 18:54:15 13.53 0.19 1.47E+9 2.98E+6 1, 8
A-loc2.2 4/18/2016 19:02:29 15.14 0.14 1.52E+9 3.09E+6 1, 8
A-loc2.3 4/18/2016 19:10:58 12.74 0.16 1.49E+9 3.02E+6 1, 8
A-loc2.4 4/18/2016 19:44:14 12.52 0.14 1.51E+9 3.06E+6 1, 8
A-loc2.5 4/18/2016 19:52:29 11.16 0.17 1.52E+9 3.08E+6 1, 8
A-loc2.6 4/18/2016 20:00:58 13.26 0.20 1.46E+9 2.95E+6 1, 8
A-loc2.7 4/18/2016 20:09:12 11.86 0.19 1.43E+9 2.89E+6 1, 8
A-loc2.8 4/18/2016 20:17:27 11.50 0.17 1.47E+9 2.96E+6 1, 8
A-loc2.9 4/18/2016 20:25:41 12.58 0.19 1.48E+9 3.00E+6 1, 8

D-loc1.1 4/18/2016 20:59:25 12.63 0.18 1.44E+9 2.92E+6 1, 8
D-loc1.2 4/18/2016 21:07:53 11.93 0.23 1.50E+9 3.04E+6 1, 8
D-loc1.3 4/18/2016 21:16:08 12.48 0.18 1.51E+9 3.06E+6 1, 8
D-loc1.4 4/18/2016 21:24:22 11.79 0.21 1.51E+9 3.06E+6 1, 8
D-loc1.5 4/18/2016 21:32:37 9.18 0.28 1.47E+9 2.97E+6 1, 8
D-loc1.6 4/18/2016 21:40:52 12.07 0.29 1.46E+9 2.95E+6 1, 8
D-loc1.7 4/18/2016 22:14:25 12.03 0.26 1.51E+9 3.05E+6 1, 8
D-loc2.1 4/18/2016 22:23:12 12.26 0.19 1.54E+9 3.12E+6 1, 8
D-loc2.2 4/18/2016 22:31:41 14.60 0.22 1.54E+9 3.12E+6 1, 8
D-loc2.3 4/18/2016 22:39:55 12.07 0.24 1.53E+9 3.09E+6 1, 8
D-loc2.4 4/18/2016 22:48:10 13.74 0.26 1.50E+9 3.04E+6 1, 8
D-loc2.5 4/18/2016 22:56:39 12.75 0.26 1.46E+9 2.96E+6 1, 8
D-loc2.6 4/18/2016 23:29:57 9.54 0.22 1.48E+9 3.00E+6 1, 8

C-loc1.1 4/18/2016 23:38:16 12.91 0.27 1.45E+9 2.93E+6 1, 8
C-loc1.2 4/18/2016 23:46:30 12.94 0.20 1.50E+9 3.03E+6 1, 8
C-loc1.3 4/18/2016 23:54:44 13.81 0.26 1.52E+9 3.09E+6 1, 8
C-loc1.4 4/19/2016 0:02:59 14.64 0.20 1.50E+9 3.04E+6 1, 8
C-loc1.5 4/19/2016 0:11:13 12.53 0.23 1.52E+9 3.07E+6 1, 8
C-loc1.6 4/19/2016 0:45:14 10.80 0.21 1.54E+9 3.10E+6 1, 8

B-loc1.1 4/19/2016 0:53:50 10.38 0.18 1.52E+9 3.07E+6 1, 8
B-loc1.2 4/19/2016 1:02:04 13.34 0.17 1.53E+9 3.10E+6 1, 8
B-loc1.3 4/19/2016 1:10:19 14.74 0.21 1.50E+9 3.04E+6 1, 8
B-loc1.4 4/19/2016 1:18:33 13.36 0.18 1.46E+9 2.95E+6 1, 8
B-loc1.5 4/19/2016 1:26:48 12.66 0.18 1.45E+9 2.94E+6 1, 8
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Title date time ∂18O
(‰)

T95% stderr 
(‰)

16O
cps

18O
cps Sets, scans Note

B-loc1.6 4/19/2016 1:35:03 10.73 0.23 1.50E+9 3.04E+6 1, 8
B-loc1.7 4/19/2016 10:02:41 10.50 0.21 1.52E+9 3.08E+6 1, 8
B-loc1.8 4/19/2016 10:10:55 9.85 0.24 1.52E+9 3.06E+6 1, 8
B-loc1.9 4/19/2016 10:19:25 13.58 0.22 1.54E+9 3.12E+6 1, 8
B-loc1.10 4/19/2016 10:27:39 14.71 0.23 1.52E+9 3.09E+6 1, 8
B-loc1.11 4/19/2016 10:35:54 11.96 0.19 1.53E+9 3.09E+6 1, 8
B-loc1.12 4/19/2016 10:44:09 13.13 0.22 1.54E+9 3.11E+6 1, 8
B-loc1.13 4/19/2016 10:52:23 13.34 0.20 1.52E+9 3.08E+6 1, 8
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Appendix B has been removed for 
copyright or proprietary reasons.

It has been published as: Sharma, S., 
Rodemann, T., Davidson, G., 2016. Raman 
spectroscopy enables the classification of 
molybdenite phases in the presence of 
carbonaceous material from Merlin Mo-Re 
deposit, Australia, Vibrational spectroscopy, 
86, 8-13
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