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The Tick Hill gold deposit 

The Tick Hill Gold Deposit is situated at 21º 38’N - 139º 55’E, 110 km SSE of Mount Isa 

in NW Queensland, Australia. Whilst Cu-Au deposits are common in the Mt Isa block, gold 

grades are generally less than 1-2 g/t, and gold-rich deposits are rare (e.g. Duncan et al., 2011; 

Denaro et al., 2013). One notable exception to this is the Tick Hill gold deposit in the southern 

part of the Mary Kathleen Domain. Although the Tick Hill deposit presents a mineralization 

style of great interest to exploration companies, little is known about the deposit other than that it 

is a gold-rich, shear-hosted hydrothermal deposit (Denaro et al., 2013) that has been interpreted 

as a possible end-member IOCG deposit (e.g. Groves et al., 2010). Tick Hill was discovered in 

1989, and was mined over a short period of time (1991-1995). Partly because the deposit was 

developed so quickly, no detailed studies have been published on the deposit or its style of 

mineralization. Apart from several student theses (Tedman-Jones, 1993; Watkins 1993; Choy, 

1994) and some shot overview articles (Forrestal et al., 1998), few details about the deposit are 

available in the public domain. The overall aim of this report was to correct this situation. 

The Tick Hill deposit was high grade and mineralization occurred almost entirely as free 

gold with little to no silver, making it extremely profitable when mined. These characteristics, 

along with the general paucity of sulphides and associated metals (e.g. Cu, Co) as well as the 

high-grade metamorphic host rocks, make Tick Hill a unique, gold-rich deposit in the Mount Isa 

Inlier. This report provides details on the geological setting and mineralization style of the Tick 

Hill deposit based on mapping, core logging and petrography. 

The work presented here was designed as a PhD project in the Economic Geology 

Research Centre (EGRU) at JCU, undertaken by Mr Truong Le, and combines new petrological, 

geochemical, mapping and geochronological results, with materials from past exploration 

reports. 
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Main Findings 

1. Structural setting 

 The Tick Hill ore body occurs in strongly sheared (i.e. mylonitic) high grade gneisses, 

that were deformed at upper amphibolite facies during early (1800-1770 Ma) composite 

deformation events D1 and D2, and overprinted by a series of greenschist facies to lower-

grade D3 events between 1600-1520 Ma. The D3 events included a pervasive fluid 

alteration event that caused regional albite-chlorite-hematite alteration and moved gold 

around 1525 Ma. 

 

 The ore body is linear and plunges west at ~55°, parallel to the intersection lineation 

between E and NNE trending D3 fault zones, and close to the orientation of the D1 

mineral extension lineation. 

 

 The ore zone parallels a D1 foliation truncation plane that was reactivated as a W-down 

sinistral-normal fault during D3.  

 

 The high-grade ore zone transgresses lithological boundaries, but most of the gold is 

hosted in D3 altered, D1-2 quartz-feldspar mylonite. 

 

 The high grade ore zone has a limited lateral and vertical extent and is sharply bounded. 

 

 The main D1-2 shear zone hosting the gold formed between ~1770-1790 Ma. Reactivation 

of the shear zone during D3 together with regional alteration and gold re-mobilisation 

occurred around ~1520 Ma.  

 

2. Host lithologies 

 

 The stratigraphy that hosts the Tick Hill deposit was intruded by ~1780 Ma granites in 

the Tick Hill region and ~1850 Ma granites 4 km west of Tick Hill. This strongly 

suggests that the calc-silicate units hosting the tick Hill deposits do not belong to the 

Corella or Arylla formations, but are part of the Kalkadoon-Leichardt Suite. There is a 

possibility that various lithostratigraphic units are complexly inter-leaved and infolded in 

the Tick Hill area. 

 

 The hanging wall quartzite unit varies in composition and displays banding with quartz-

only, magnetite-rich, biotite-rich, scapolite-chlorite-amphibole-rich and feldspar-rich 

layers. Zircon dating, zircon geochemistry, zircon morphologies and textural evidence 

strongly suggest that much of this quartzite is secondary in nature and probably 

represents a silicified D1 high strain zone, as originally suggested during exploration 

campaigns.  

 

3. Timing of mineralisation 

 

 Textural evidence indicates that gold was mobile during a number of different stages in 

the evolution of the deposit. 
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 In some mineralised amphibole-rich units, coarse-grained gold is contained as inclusions 

inside hornblende and diopside aligned in the main S1-2, high-grade fabric. This provides 

evidence that at least some of the gold formed early (pre- or syn-D1-2). 

 

 Gold is largely contained in quartz-feldspar mylonite which probably originated as 

migmatitic melt intrusions around ~1775Ma, indicating that gold was mobilised during 

deformation/metamorphism around ~1770-1780 Ma. 

 

 A bi-modal grainsize distribution for gold is common in which coarse grains aligned in 

the main mylonitic fabric are surrounded by a ‘halo’ of finer grains suggestion localised 

remobilisation. 

 

 Much of the gold occurs in close association with early D3 (stage 2) fractures and 

associated chl-ep-hbl/act alteration. Gold also occurs in association with later D3 fractures 

(stage 3 and 4) and carbonate veinlets. This clearly indicates that gold was mobile during 

D3. 

 

 On balance, textural and chemical evidence suggests that most of the gold originated 

early (during or prior to D1) and that it was remobilised late (during D3). 

  

4. Conditions of formation 

 

 Early D1 peak assemblages in garnet-bearing amphibolite record conditions of ~10 kbar 

and 680 °C. Near the pit, peak conditions recorded in hornblende are ~5-6 kbar and 500-

600 °C. These conditions were probably attained during D2 and/or the earliest stage of D3 

(stage 1). 

 

 Chlorite thermometry indicate that during D3, when gold was mobile, alteration 

temperatures progressively decreased from ~380 °C (early stage 2) to ~120 °C (stage 4).  

 

 Metamorphic pressures during D3, when gold was mobile, changed from ~3kbar during 

stage 2 to <1kbar by stage 4; i.e. gold mobilisation during D3, was associated with 

exhumation of the rocks in an extensional environment. 

 

 Fluid inclusions from quartz grains that enclose gold are dominated by hydrous (H20-

only), liquid-vapour inclusions with variable vapour content (0-90%), and solid 

inclusions of cubic halite (with a volume range that suggests that the salinity of the fluids 

was high), CaCl2 and hematite. These characteristics indicate that the main fluid 

component during D3 experienced phase separation (i.e. boiling) at the time of formation 

and that the fluid was hydrous, saline, strongly oxidizing and probably acidic. This fluid 

was capable of moving metals like Au, Cu and Co. 

 

5. Ore mineralogy 

 

 Mineralisation consists of pure gold, with few associated metals. Ag values are generally 

well below 1%.  

 

 Exploration assay data indicates that high-grade gold zones correlate with Ag, Bi, Pd and 

Pt. There is no correlation with Cu, Co, As, Sb, Pb and Zn or any other element. 
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 Exploration assay data indicates gold does not correlate with Na, Fe, Ca or K, which are 

elements involved in D3 alteration. 

 

 One characteristic feature of the Tick Hill deposit is the presence of Bi-selinides in the 

high-grade ore zone, and the general paucity of sulphides. Texturally early sulphide 

appears to have been partly resorbed during the earlier stages of D3 (stage 2) with some 

re-deposition (together with calcite, selenides and re-mobilized gold) during later stages 

of D3 (e.g. stage 4). 

 

 Copper appears to be elevated in a shell (mainly the footwall) peripheral to the high-

grade ore zone. Copper enrichment was probably primarily lithologically controlled (with 

higher Cu and more chalcopyrite in more mafic lithologies). 

 

6. Deposit style 

 

 The main issue with the Tick Hill deposit is that it is unclear when it originally formed.  

 

 There is clear evidence that coarse-grained mineralisation must have formed relatively 

early (pre- to syn-D1) and that the gold was mobile during several of stages in D3.  

 

 What is not clear, however, is whether the gold was introduced during D3, or whether gold 

and an earlier alteration halo including magnetite formed earlier, and were remobilised and 

dispersed during D3. 

 

 Earlier studies such as Williams et al. (2005) and Groves et al. (2010), have interpreted 

Tick Hill as a gold-rich end-member IOCG deposit. To assess this more closely we have 

listed criteria for IOCG’s as presented in Williams et al. (2005) and Groves et al. (2010), 

and we have assessed how Tick Hill fits these criteria. Many of these criteria are based on 

observations made on IOCG’s in the Eastern Fold Belt of the Mt Isa block. 

 
 

A typical IOCG deposit Tick Hill 
1. Cu with or without Au as an economic 

metal 

There is no major Cu mineralisation at Tick Hill and the minor 

Cu enrichment that occurs is not associated with Au.  

2. Hydrothermal vein, breccia, and/or 

replacement ore styles, 

characteristically in specific structural 

sites 

Tick Hill meets this characteristic 

3. Abundant magnetite and/or hematite Tick Hill has abundant early magnetite overprinted by hematite 

4. Fe oxides with Fe/Ti > those in most 

igneous rocks and bulk crust 
Tick Hill meets this characteristic 

5. No clear spatial associations with 

igneous intrusions as, for example, 

displayed by porphyry and skarn ore 

deposits 

 

Gold is largely hosted in ~1775Ma quartz-feldspar mylonite, 

interpreted as leucogranite. If Au was introduced then, it would 

have formed in association with the Tick Hill intrusive suite. 

 

If gold pre-dated D1, then relationships with intrusive rocks are 

not clear. 

 

6. Broad space-time association with 

batholitic granitoids 

 

This depends on main stage of mineralisation is interpreted. 

The late D3 fluid alteration stage dated at 1525 Ma coincides 

with the emplacement of the Williams-Naraku Batholith. But it 
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is not clear if the gold was introduced during that stage. 

 

Gold is largely hosted in ~1775Ma quartz-feldspar mylonite, 

interpreted as leucogranite. If Au was introduced then, it would 

have formed in association with the Tick Hill intrusive suite. 

7. In settings with pervasive alkali (Na) 

metasomatism 
Tick Hill meets this characteristic 

8. Late-stage carbonates are common Tick Hill meets this characteristic 

9. Typically enriched in minor elements 

including: F,  P, Co, Ni, As, Mo, Ag, 

Ba, LREE, U 

Tick Hill does not meet this characteristic. Instead gold is 

largely pure, with high-grade zones showing a correlation with 

minor Ag, Bi, Pd and Pt. 

10. Depth of formation 1-10km 
Probably, but dependent on when gold actually formed. During 

D3, when Au was mobile, conditions were within this range. 

11. Widespread pre-sulphide, Na and Na-

Ca alteration (albite) predates more 

proximal K-Fe alteration (sericite-

chlorite) and mineralization 

Tick Hill meets this characteristic, but again there is the issue 

of when gold was actually introduced into the system 

12. Mineralizing fluids are complex brines, 

commonly with a carbonic component 

The fluids during D3 were H2O-rich brines with no carbonic 

component. 

13. Brines may come from magma directly 

or indirectly, or could be derived from 

basinal/metamorphic fluids 

Who knows, Oxygen isotope studies are inconclusive 

14. Possible mixing of S-poor, metal-rich 

brines with S-bearing fluids at site of 

deposition 

Possible 

15. Tectonic setting uncertain, but possibly 

anorogenic and linked to underplating 

Who knows. The rocks appear to have experienced a clock-

wise P-T path with significant exhumation following D1 

events. During D3 red rock alteration, the rocks appear to have 

been in extension. 

 

 Considering these criteria, and acknowledging the wide range of characteristics that occur 

in IOCG deposits in the Mt Isa block, we suggest that Tick Hill does not represent a 

IOCG deposit. 

 

 During D3, Tick Hill was overprinted by the same fluids that occur throughout the 

Eastern Fold Belt in the Mt Isa Block, and that have been linked to IOCG’s (e.g. 

Williams et al. 2005). Therefore, Tick Hill shares many characteristics with IOCG’s 

especially with respect the alteration characteristics. However, the gold probably predates 

this D3 alteration stage.  

 

 Considering that: at least some Au is early; occurs in association with little else but Bi; 

selenides are common; the host rocks may be as old as >1850 Ma; and host lithologies 

were repeatedly affected by deformation, metamorphic and metasomatic overprints, we 

suggest that the Tick Hill deposit retains many characteristics of the Au-Bi-Se rich, 

oxidized end-member type for ~1850 Ma ironstone-associated Au-Cu-Bi deposits in the 

Tennant Creek Gold field (e.g. Skirrow & Walshe, 2002).   

 

 

7. Exploration implications 

 

We note: 

 D1 shear-hosted Au models and D3 late Au models have not resulted in exploration 

success in the past. 
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 Almost all major gold occurrences around the globe occur in association with other gold 

occurrences. The Tick Hill situation is highly anomalous in this regard. 

 

We suggest: 

 

 Considering the fact that the volcano-sedimentary host lithologies to gold at Tick Hill, 

which were previously interpreted as Corella Formation, are likely to be much older and 

could be part of the Leichhardt volcanics. This means that the volcano-sedimentary 

sequences in the Kalkadoon-Leichhardt domain could be prospective for gold. 

 

 Considering that gold may have formed early, and did not get introduced during the 

pervasive fluid events that dominate the alteration assemblages in the pit (i.e. the chlorite-

epidote-actinolite-carbonate alteration), but instead was introduced with the earlier 

alteration assemblage of silica-magnetite-hornblende; and considering that Bi and Se may 

represent localised remnants of an earlier alteration/mineralisation event as well, than 

exploration should focus on Mt-qtz alteration with elevated Bi-Se rather than typical 

IOCG style alteration/mineralisation.  

 

 The D3 deformation structures determine the current, local geometry of the orebody, but 

they may have been unrelated to deformation patterns at the time of gold formation (i.e. 

this observation follows the syn-D1 models that guided exploration in the early days) 
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Project Details 

1. Summary of project aims and milestones 

 

Objectives (from signed contract): 

1. Investigate and document the geological and geochemical features of the Tick Hill gold 

deposit, including understanding the structural evolution, magmatic history, alteration 

style and mineralisation 

2. Classify the deposit and improve the understanding of the genesis 

3. Identify the factors controlling the location and formation of the deposit, such as 

structural architecture, controls of host rocks and intrusions 

4. Discover mineralogical, textural and geochemical zoning patterns that could be used as 

vectors to ore 

5. Develop a geological model for use in exploration targeting 

Milestones 
 

Number Milestone Date completed 

1 Project start 27 November 2017 

2 Development of project plan and lit review 01 April 2018 

3 Completion of first season field work 01 November 2018 

4 

Progress report 1:  

 Deposit scale geological framework,  

 Relative timing relationships (structure, intrusion 

and mineralization) 

 U-Pb ages of intrusive units and host rock 

01 April 2019 

5 

Completion of second season field work: 

 Regional scale mapping to establish the larger 

geological context of the Tick Hill deposit 

01 November 2019 

6 

Progress report 2:  

 Structural and tectonic setting of Tick Hill deposit 

within the regional context 

 U-Pb ages of selected intrusive rock to help 

constrain the regional geological context  

 Petrography and alteration paragenesis  

01 April 2020 

7 

Final report: 

 Structural and tectonic setting of Tick Hill 

 Petrogenesis and metallogenesis of Tick Hill 

  Geological model for exploration targeting 

15 December 2020 

 

 

2. Work performed  

 

The work presented in this report was conducted as a PhD study at JCU by Mr Truong Le. The 

work was supervised by Prof. Paul Dirks and Dr. Ioan Sanislav and managed by the Economic 

Geology Research Centre (EGRU). 

 

As part of the PhD study the following work was undertaken: 

1. Detailed structural mapping of the Tick Hill open pit and immediate surroundings 

2. Core logging of 27 drill holes  
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3. Petrological descriptions, bulk-rock and mineral geochemistry of selected samples of: 

- host lithologies 

- ore zone 

- alteration assemblages 

4. EPMA and SEM work on ore and alteration assemblages 

5. Oxygen isotope analyses on quartz grains from the high grade ore zone and surrounding 

lithologies and intrusions 

6. Geochronology of regional intrusions and host rocks to the high grade ore zone  
 

The table below provides further details of the work conducted during the project. This work has 

been mostly done as part of the PhD thesis of Mr Truong Le. 

 
# Work completed Outcomes 

1 

- Mapping and 

sampling in Tick 

Hill Pit (Nov 

2017; Jul 2019; 

Jul 2020) 

- Core logging and 

sampling of Tick 

Hill drill cores at 

GSQ, MIM, Tick 

Hill and Mount 

Garnet -

Tablelands 

(2018- 2019) 

 An updated geological map of the mine pit and the surrounding area 

 Re-logging of drill core focused on two cross sections (one 

intersecting high-grade ore, and one low-grade ore), as well as cores 

that contain the most Au-rich and Cu-rich intersections 

 27 drill holes (4,420 m of drill core) have been re-logged 

- 8 drill holes at MIM Glencore and one drill hole at GSQ (1,560m 

logged): UG1, UG2, UG4, U8506, L8507, U9205, DJ525, L9109A 

and TH007 

- Section through high grade ore - line 7605750N: 12 drill holes 

(1,925m logged): TH010, 011, 032, 035, 044, 045, 053, 069, 077, 

078, 008, 523 

- Section through high grade ore - line 7605830N: 3 drill holes 

(336m core logged): TH015, 021, 042 

- The most Au-rich drill hole: TH014 (137m logged) 

- Two Au-rich and Cu-rich drill holes: TH085+TH086 (460m 

logged) 

 New cross sections were drawn for line 7605750N to show the geology, 

alteration and mineralisation based on core logging and historical assay 

data 

 Sampling: 176 samples were taken for use in microscope observation 

and different types of analyses  

2 Zircon U-Pb dating  

 Sixteen samples were dated using zircon, including: 

-  2 pre-D1 granite samples 

-  7 syn-D1-2 granite/ leucogranite/ mylonite samples 

-  5 syn-D3 pegmatite samples 

-  2 quartzite samples 

3 

Zircon trace 

element 

investigation 

 121 separate analyses investigating the trace element composition 

of zircons from different age groups were taken, with the aim of 

tracking element signatures that can be linked to mineralization, 

metamorphism and igneous activity 

4 
Whole rock 

geochemistry  
 23 samples have been geochemically investigated 

5 Petrography 
 172 thin sections were described to investigate the mineralogy, 

alteration patterns, mineralization and mineral geochemistry 

6 
Oxygen isotope 

studies 
 40 samples of oxygen isotopes were investigated to constrain the 

nature and extent of altering fluids associated with mineralization   

7 
Mineral 

geochemistry 
 6 samples were analyzed with SEM and EPMA to constrain the 

composition of peak and alteration assemblages, and  constrain P-T 
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studies conditions of D1-2 peak metamorphism and D3 retrograde alteration 
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3. Structure of the report 
 

This report has been divided in 8 parts as follows: 

 

Part 1: Introduction  

Part 2: Geological setting and mineralization characteristics of the Tick Hill Gold 

Deposit 

Part 3: Geochronological constraints on the geological history and mineralisation in 

Tick Hill  

Part 4: Trace element geochemistry for zircon used in geochronology  

Part 5: Mineral chemistry and P-T analyses  

Part 6: Oxygen isotope data for quartz from Tick Hill and surrounding rocks  

Part 7: an analysis of assay data  

 

Additional data attached with the main report include a series of appendices as follows:  

 

For Part 2  

Appendix1: Data for TH007: core photos, hyperspectral and assay data  

  

For Part 3  

Appendix 2: Data base of historical geochronology in the Mary Kathleen Domain  

Appendix 3: Cathodoluminescence images for zircon  

Appendix 4: LA-ICP-MS data for zircon geochronology  

  

For Part 4   

Appendix 5: Trace element Geochemistry for zircon  

  

For Part 5  

Appendix 6: Images of SEM and EPMA mineral analyses   

  

For Part 7  

Appendix 7: General assay data  

Appendix 8: Full geochemical data set for drill hole TH014  

  

Additional data used to underpin all parts of the study  

 Appendix 9: Sample list  

Appendix 10: Sample images  

Appendix 11: Thin section photographs  

Appendix 12: Drill logs  

Appendix 13: Bibliography of exploration reports and data  

Appendix 14: Historical maps and GIS data sets made during exploration  

The following table provides further details on the materials attached as appendices and data 

files to this report:  

 
 

 

 
Appendix1  Data for TH007: core photos, hyperspectral (Hy-logger) and assay data present hyperspectral data in 

combination with core photos and assay data to show any possible linkage between mineralization  
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Appendix 2  Data base of historical geochronology in the Mary Kathleen Domain shows geochronological results 

that have been published in journals or uploaded in QDEX or Australian GeoScience, between 1978 and 

2019.  

Appendix 3  Cathodoluminescence images for zircon from 16 samples that have been shown in this appendix. The 

(near-) concordant analyses for the youngest zircon population (listed in Table 3.2, Part 3) are marked by 

analysis location and spot number.  
Appendix 4  LA-ICP-MS data for zircon geochronology present LA ICP-MS data from 1198 analyses for 16 samples 

(listed in Table 3.2, Part 3), and 566 analyses for standard samples.  
Appendix 5  Trace element Geochemistry for zircon showing the LA ICP-MS trace element compositions of zircon 

from of four main groups that has been dated in Part 3, including: Group 1 hydrothermal zircon 

from syn-D3 pegmatite aged ~1520 Ma (n=51); Group 2 inherited zircon aged ~1550-1600 Ma from syn-

D3 pegmatite (n=15); Group 3 magmatic zircon aged ~1770-1780 Ma obtained from syn-D1-2 intrusive 

granites (n=55); and Group 4 zircon from the hanging wall quartzite aged ~1780 Ma (n=14).  
Appendix 6  Images of SEM and EPMA mineral analyses show the microscope and SEM images of minerals from 6 

samples selected for SEM and EPMA analyses. The details for spot analysis numbers and its locations 

are shown in each image.  
Appendix 7  General assay data show the historical assay results for 28692 samples from Tick Hill   
Appendix 8  Full element data for drill hole TH014 presents the concentrations of 51-elements for 52 samples 

collected from drill hole TH014; the most Au-rich drill hole at Tick Hill.  
Appendix 9  Sample list with information for 176 samples that were selected for different types of analyses, including 

petrological microscope (thin section), geochronology, geochemistry, oxygen isotope and fluid inclusion 

studies. A map of sample locations is included.  
Appendix 10  Sample images for 176 samples that have been selected for different types of analyses, with close-ups for 

Au-rich locations and geological features of interest.  
Appendix 11  Thin section photographs. This a 1.8Gb folder with microphotographs for 113 thin sections from 

regional and local lithology samples, and mineralisation and alteration samples.  
Appendix 12  Drill logs present the logs for 27 drill holes that were completed during 2018-2019 field campaigns. A 

list and a map of drill holes that were logged have been included.   
Appendix 13  Bibliography of exploration reports and data (with attached copies of reports and data). This provides a 

list of reports and data collected for this study. 
Appendix 14  Copies of historical maps and GIS data sets compiled during the exploration of Tick Hill. This provides 

GIS-based maps and data sets that were mainly collected by MIM. The maps include base maps 

/topography maps, regional and district-scaled geological maps (1:50 000; 1:10 000), local geological 

maps and sections (1:500 to 1:2000). GIS data was compiled in MapInfo. 

  

 

 

 4. Study materials  

 

Obtaining appropriate study materials for the Tick Hill deposit proved challenging for several 

reasons: 

- Little information on Tick Hill is held in the public domain, and few reports exist 

on QDEX. 

- Diatreme Resources Limited, who owned Tick Hill at the start of the project did 

not share any information, and did not allow access to drill core. 

- Mineralised samples from Tick Hill are considered collectors’ items and few 

people were willing to share them.  

- A sample drill core held by GSQ at its core library facility in Brisbane, had little 

mineralised material left (sampled to the point that no further sampling was 

possible, or material left). 

- Computer models done at Tick Hill were done in a “home-made” format that we 

could no longer access. 

 

In the end we obtained information and study materials from the following sources: 

- All publicly available reports on QDEX. 

- The sample drill core held by GSQ at its core library facility in Brisbane 



 

13 | P a g e  
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 1 - INTRODUCTION 

- The library in the exploration office of MIM in Mt Isa, proved invaluable and 

contained copies of the exploration reports and theses done in the period 1989-

2001. 

- With help from MIM (Peter Rea) we managed to track down additional materials 

(reports, power-points, assay data sets, drill data etc.)   

- At the start of the project we obtained some display samples held in the MIM 

exploration office in Mt Isa. 

- We were given a box of high-grade ore samples by Dr. Nick Oliver, which he had 

saved from earlier studies.  

- In 2019, MIM through Peter Rea discovered several underground dewatering 

holes at the MIM exploration core storage facility, which had accidentally been 

left behind when the deposit was sold. It turned out that several of these holes 

were drilled through high-grade ore and associated alteration zones. 

- After the deposit was bought by Carnaby Resources in June 2019 we were given 

access to the drill core. Most of the drill core is stored on a farm in the Mt Garnet 

region, but selected cores were brought back to Tick Hill in July 2019 and are now 

stored on site. Truong Le has logged and sampled core from at both sites. 
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Exploration and mining history of Tick Hill 

The Tick Hill deposit was discovered by Mount Isa Mines Ltd (MIM - formerly 

Xstrata, now part of the Glencore Group) in October 1989 after follow up of a Bulk Leach 

Extractable Gold (BLEG) anomaly in a stream sediment sample NE of the current pit. 

Following resource definition, mining commenced in August 1991 and the first gold was 

poured in December 1991. Mining, involving an open pit and underground mining, which 

was done by Carpentaria Gold Pty Ltd and ceased in April 1995. The deposit produced a 

total of 511,000 ounces of gold from 706,000 tonnes of ore at an average grade of 22.52g/t 

Au. Metallurgical recovery averaged 97%, and production costs were low. In 1998-1999 

Cullen in joint venture with MIM re-evaluated the deposit and did extensive exploration in 

the area, but did not make further discoveries. In August 2004, Diatreme Resources 

Limited (DRX) acquired the right to explore for gold in the Tick Hill area. Further drilling 

around the deposit was unsuccessful, but a limited gold resource was defined in the waste 

rock piles around the open pit. In March 2019, the mine was obtained by Carnaby 

Resources, who commenced renewed exploration in the area in June 2019, and announced 

in June 2020 that it would restart mining operations. At the time of writing this report that 

has not yet happened. 

Public information on the Tick Hill deposit is limited and restricted to several 

Honours and MSc theses from the early 1990’s, several company reports, some general 

articles and a few core logs available on-line (e.g. Tedman-Jones, 1993; Watkins, 1993; 

Choy, 1994; Forrestal et al., 1998; Rutherford, 1999; Rutherford, 2000; GSQ, 2015). There 

is, however, a significant amount of information contained in mostly confidential 

exploration reports held by MIM and Carnaby Resources, the principle conclusions of 

which are reviewed below. The most comprehensive and detailed re-evaluation of the 

deposit was provided by Tedman-Jones (2001). 

The Tick Hill ore body is hosted in fractured and silica-hematite-altered gneiss 

(Tedman-Jones, 2001). The principle host rock to mineralization is a metasomatised quartzo-

feldspathic mylonite that was labelled "galahstone" to denote its laminated pink and grey 

appearance. It was derived from sheared quartz-feldspar porphyry, pegmatite and/or calc-

silicate meta-sediments (e.g. Laing, 1992; Tedman-Jones, 2001). To emphasize the 

metasomatic overprint of the mylonite and the presence of thin quartz-feldspar alteration 

selvedges along the mylonitic fabric, Laing (1992) proposed the term “quartz-feldspar 

laminite”. In a later review of drill core, Tedman-Jones (2001) described the pervasive 

occurrence of dilation fractures and thin sheeted partings along S1 mylonite planes, which 

introduced K-Na feldspar metasomatism and gold, and referred to the “galahstone” as the 

Tick Hill breccia. 

Tedman-Jones (2001) noted that the high-grade ore zone is associated with the 

formation of NNE to E-trending fractures, and that it stopped abruptly to the northern end of 

the open pit as the “galahstone” terminated against an E-trending structure. Mineralization 

also pinched out at depth as the main foliation, which dips 55 W in the upper drives, 

switches abruptly to an E trend with a steep N dip in the two lowest mine levels (780 and 767 

levels). On these levels, coarse-grained gold was mined from fault hosted chlorite-hematite-

carbonate breccia veins that form the keel of the ore zone, and the breccia veins possibly 

acted as feeder structures (Tedman-Jones, 2001). Laing (1992) and Tedman-Jones (2001) 

further noted that E (085)-trending zones of more extensive dilation appear to occur at 10 m 
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intervals across the deposit, and that fractures are highlighted by pervasive pink and red 

feldspar fill and associated alteration.  

Following the discovery of the Tick Hill deposit in 1989, extensive exploration led by 

MIM failed to locate an economic resource beyond the original discovery. Most exploration 

for Tick Hill-style mineralization was premised on the assumption that gold mineralization 

related to early, ductile (D1 or D2) deformation events (Forrestal et al., 1998; Tedman-Jones, 

2001). Because gold was described as being associated with the peak metamorphic 

assemblage (e.g. Choy, 1994; Oliver, 1998), it was suggested that the main stage of 

mineralization was early (ca. 1750-1740 Ma), and possibly followed by later remobilisation 

(e.g. England, 1993; Choy, 1994; England, 1995; Oliver, 1995).  In developing an exploration 

strategy, it was proposed that gold mineralization was deposited from saline oxidised fluids 

into a dilatant brittle-ductile ramp structure within a flat lying extensional decollement of D1 

origin (e.g. Oliver, 1998). In the Tick Hill area, it was assumed that hangingwall and footwall 

quartzite units were the metasomatic expressions of the decollement, and thus the controlling 

structures (Tedman- Jones, 2001). This approach did not lead to further gold discoveries.  

The possibility that gold mineralization was related to later deformation events (D3 or 

D4) was also suggested (e.g. Laing, 1992; Forrestal et al., 1998; Nano, 1999; Tedman-Jones, 

2001). In 1998-1999, Cullen in joint venture with MIM investigated late stage mineralization 

concepts, and focused on a possible association between gold, porphyry systems and red rock 

alteration associated with mainly brittle structures (Tedman-Jones, 2001), but again this work 

did not lead to further discoveries. 

The MIM exploration efforts were reviewed by Tedman-Jones (2001) and Johnson 

(2002) who concluded that gold mineralization was introduced by late, relatively low 

temperature, oxidized hydrothermal brines. Tedman-Jones (2001) linked the mineralising 

fluids to a granite intrusion, located at depth immediately SW of the Tick Hill deposit. 

Evidence for an intrusive source mainly comes from geophysical interpretations supported by 
18O isotopic studies. Aeromagnetic data obtained by MIM in the late 1990s showed that the 

Tick Hill orebody is located at the NE margin of a 3x2 km oval shaped zone of magnetic 

depletion interpreted as the expression of a possible concealed intrusion (Nano, 1999). 

Hannan (1994) and Choy (1994) reported a narrow range of 18O isotopic values (10.2-12.9‰) 

for quartz separates from Tick Hill mine (ore zone and altered surrounding rocks), and 

suggested that gold formed from a single fluid over a narrow temperature range possibly 

linked to a granitic source for the fluids.  
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PART 2 

Geological setting and mineralization characteristics of the Tick Hill Gold 

Deposit, Mount Isa Inlier, Queensland, Australia 

ABSTRACT 

The high grade (~22.5 g/t), gold-only Tick Hill deposit presents a unique mineralization 

style in the Mt Isa Inlier. The deposit was mined in the early 1990s, and is hosted in biotite 

schist, calc-silicate gneiss, quartzite and quartzo-feldspatic mylonite. These rocks were affected 

by D1 shearing and D2 upright folding at high-grade metamorphic conditions, followed by D3 

normal faulting with widespread quartz-feldspar alteration and D4 strike-slip faulting. The Tick 

Hill ore body was linear in shape and paralleled the intersection lineation between sets of D3 

faults. Gold is mainly hosted within intensely silicified units affected by D3 fracturing and 

associated alteration. However, some gold grains are contained within syn-D1, peak-

metamorphic minerals indicating that mineralization involved two separate events; an early 

event predating or concomitant with D1 when gold was first introduced and concentrated, and a 

second event during D3 when gold was remobilized and/or further enriched to be deposited in its 

final configuration.  

Mineralization at Tick Hill is characterized by coarse grained, gold associated with Bi-

selinides, few sulfides and a general paucity of other metals except for a slight enrichment of Cu 

in the footwall to the ore zone. Alteration is characterized by early silicification and magnetite 

alteration that predated gold. During syn-D3 mobilization of gold, alteration involved the 

destruction of magnetite, the emplacement of abundant laminar quartz veins, and the deposition 

of proximal albite, hematite, chlorite, amphibole, epidote overprinted by later K-feldspar, 

sericite, clay minerals and minor calcite. The ore zone is bounded by a strongly silicified zone 

and surrounded by a chlorite-epidote shell. D3 gold events involved a strongly oxidized, S-

undersaturated, acidic, saline, hydrous fluid, which mobilized gold at low pressures (<1 kbar).  

In terms of alteration characteristics, the Tick Hill deposit shares similarities with IOCG deposits 

in the area. However, its high-grade gold-only nature, lack of Cu and presence of Bi-selinides 

makes it a unique deposit in the Mt Isa Block. Textural evidence suggests that early gold 

enrichment existed in the area, and that later metasomatic fluids may have mobilized this gold 

into suitable structural traps during D3. 
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1. Introduction  

  The Mesoproterozoic (1900-1500 Ma) Mt Isa block is one of Australia’s foremost 

mineral provinces and is famous for its world class SEDEX-type, Cu-Pb-Zn-Ag deposits (e.g. 

Mt Isa mine; Huston et al., 2006), structurally modified and metamorphosed SEDEX deposits 

(e.g. Dugald River, Cannington; Xu, 1996; Walters and Bailey, 1998) and Cu-Au IOCG deposits 

(e.g. Ernest Henry; Mark et al., 2006). In addition to these, there are many other types of large 

deposits including Mo (e.g. Merlin; Babo et al., 2017), Co (Walford Creek; Aeon Metal Limited, 

2017), REE/U (Mary Kathleen; Oliver et al., 1999) and gold-rich IOCG’s deposits (e.g. Starra; 

Duncan et al., 2014).  

The Mt Isa block also represents one of the most extensively altered terrains on Earth, with 

widespread albite-hematite-scapolite-epidote alteration that has been linked to the remobilization 

of evaporite deposits during various deformational and intrusive events (e.g. Oliver et al., 1994; 

Oliver, 1995; De Jong and Williams, 1995; Withnall & Hutton, 2013). This alteration is 

accompanied by widespread brecciation, and the syn- to post-tectonic emplacement of both 

felsic and mafic intrusions (e.g. Oliver, 1995; Oliver et al., 2008). The alteration and brecciation 

are characteristic features for the IOCG deposits in the Mt Isa Block (Williams et al., 2005) and 

are hallmarks for many of the other deposit types as well. 

Whilst Cu-Au deposits are common in the Mt Isa block, especially in the higher grade and 

more strongly deformed Eastern Fold Belt (Fig. 2.1), gold grades in such deposits rarely exceed 

1-2 g/t, and gold-rich deposits are rare (e.g. Duncan et al., 2011; Denaro et al., 2013). One 

notable exception to this is the Tick Hill gold deposit in the southern part of the Mary Kathleen 

Domain (Fig. 2.1). Although the Tick Hill deposit presents a mineralization style of great 

interest to exploration companies, little is known about the deposit other than that it is a gold-

rich, shear-hosted hydrothermal deposit (Denaro et al., 2013) that has been interpreted as a 

possible end-member IOCG deposit (e.g. Groves et al., 2010). Tick Hill was discovered in 1989, 

and was mined over a short period of time (1991-1994). Apart from several student theses 

(Tedman-Jones, 1993; Watkins 1993; Choy, 1994) no detailed studies have been published on 

the deposit or its style of mineralization. 

The Tick Hill deposit was high grade and mineralization occurred almost entirely as free 

gold with little to no silver, making it extremely profitable when mined. These characteristics, 

along with the general paucity of sulphides and associated metals (e.g. Cu, Co) as well as the 

high-grade metamorphic host rocks, make Tick Hill a unique, gold-rich deposit in the Mount Isa 
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Inlier. The current study provides an overview of the geological setting and mineralization style 

of the Tick Hill deposit based on mapping, core logging and petrography. It aims to present 

details on the orebody geometry in relation to lithological and structural-metamorphic controls, 

together with a characterization of the gold mineralization and associated alteration. 

Exploration and mining history of Tick Hill 

The Tick Hill Gold Deposit is situated at 21º 38’N - 139º 55’E, 110 km SSE of Mount Isa 

in NW Queensland, Australia (Fig. 2.1). The deposit was discovered by Mount Isa Mines Ltd 

(MIM - formerly Xstrata, now part of the Glencore Group) in October 1989 after follow up of a 

Bulk Leach Extractable Gold anomaly in a stream sediment sample. Following resource 

definition, mining commenced in August 1991 and the first gold was poured in December 

1991. Mining, involving an open pit and underground mining, which was done by Carpentaria 

Gold Pty Ltd and ceased in April 1995. The deposit produced a total of 511,000 ounces of gold 

from 706,000 tonnes of ore at an average grade of 22.52g/t Au. Metallurgical recovery 

averaged 97%, and production costs were low. In 1998-1999 Cullen in joint venture with MIM 

re-evaluated the deposit and did extensive exploration in the area, but did not make further 

discoveries. In August 2004, Diatreme Resources Limited (DRX) acquired the right to explore 

for gold in the Tick Hill area. Further drilling around the deposit was unsuccessful, but a 

limited gold resource was defined in the waste rock piles around the open pit. In March 2019, 

the mine was obtained by Carnaby Resources, who commenced renewed exploration in the area 

in June 2019. 

Public information on the Tick Hill deposit is limited and restricted to several Honours and 

MSc theses from the early 1990’s, several company reports and a few core logs available on-line 

(e.g. Tedman-Jones, 1993; Watkins, 1993; Choy, 1994; Rutherford, 1999; Rutherford, 2000; 

GSQ, 2015). There is, however, a significant amount of information contained in mostly 

confidential exploration reports held by MIM and Carnaby Resources, the principle conclusions 

of which are reviewed below. The most comprehensive and detailed re-evaluation of the deposit 

was provided by Tedman-Jones (2001). 

The Tick Hill ore body is hosted in fractured and silica-hematite-altered gneiss (Tedman-

Jones, 2001). The principle host rock to mineralization is a metasomatised quartzo-feldspathic 

mylonite that was labelled "galahstone" to denote its laminated pink and grey appearance. It was 

derived from sheared quartz-feldspar porphyry, pegmatite and/or calc-silicate metasediments 

(e.g. Laing, 1992; Tedman-Jones, 2001). To emphasise the metasomatic overprint of the 



 

4 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 2 – GEOLOGICAL SETTING 

mylonite and the presence of thin quartz-feldspar alteration selvedges along the mylonitic fabric, 

Laing (1992) proposed the term “quartz-feldspar laminite”. In a later review of drill core, 

Tedman-Jones (2001) described the pervasive occurrence of dilation fractures and thin sheeted 

partings along S1 mylonite planes, which introduced K-Na feldspar metasomatism and gold, and 

referred to the “galahstone” as the Tick Hill breccia. 

Tedman-Jones (2001) noted that the high-grade ore zone is associated with the formation 

of NNE to E-trending fractures, and that it stopped abruptly to the northern end of the open pit as 

the “galahstone” terminated against an E-trending structure. Mineralization also pinched out at 

depth as the main foliation, which dips 55 W in the upper drives, switches abruptly to an E 

trend with a steep N dip in the two lowest mine levels (130 and 117 mRL). On these levels, 

coarse-grained gold was mined from fault hosted chlorite-hematite-carbonate breccia veins that 

form the keel of the ore zone, and the breccia veins possibly acted as feeder structures (Tedman-

Jones, 2001). Laing (1992) and Tedman-Jones (2001) further noted that E (085)-trending zones 

of more extensive dilation appear to occur at 10 m intervals across the deposit, and that fractures 

are highlighted by pervasive pink and red feldspar fill and associated alteration.  

Following the discovery of the Tick Hill deposit in 1989, extensive exploration led by 

MIM failed to locate an economic resource beyond the original discovery. Most exploration for 

Tick Hill-style mineralization was premised on the assumption that gold mineralization related 

to early, ductile (D1 or D2) deformation events (Tedman-Jones, 2001). Because gold was 

described as being associated with the peak metamorphic assemblage (e.g. Choy, 1994; Oliver, 

1998), it was suggested that the main stage of mineralization was early (ca. 1750-1740 Ma), and 

possibly followed by later remobilisation (e.g. England, 1993; Choy, 1994; England, 1995; 

Oliver, 1995).  In developing an exploration strategy, it was proposed that gold mineralization 

was deposited from saline oxidised fluids into a dilatant brittle-ductile ramp structure within a 

flat lying extensional decollement of D1 origin (e.g. Oliver, 1998). In the Tick Hill area, it was 

assumed that hangingwall and footwall quartzite units were the metasomatic expressions of the 

decollement, and thus the controlling structures (Tedman- Jones, 2001). This approach did not 

lead to further gold discoveries.  

The possibility that gold mineralization was related to later deformation events (D3 or D4) 

was also suggested (e.g. Laing, 1992; Tedman-Jones, 2001). In 1998-1999, Cullen in joint 

venture with MIM investigated late stage mineralization concepts, and focused on a possible 

association between gold, porphyry systems and red rock alteration associated with mainly 

brittle structures (Tedman-Jones, 2001), but again this work did not lead to further discoveries. 
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The MIM exploration efforts were reviewed by Tedman-Jones (2001) and Johnson (2002) 

who concluded that gold mineralization was introduced by late, relatively low temperature, 

oxidized hydrothermal brines. Tedman-Jones (2001) linked the mineralising fluids to a granite 

intrusion, located at depth immediately SW of the Tick Hill deposit. Evidence for an intrusive 

source mainly comes from geophysical interpretations supported by 18O isotopic studies. 

Aeromagnetic data obtained by MIM in the late 1990s showed that the Tick Hill orebody is 

located at the NE margin of a 3x2 km oval shaped zone of magnetic depletion interpreted as the 

expression of a possible concealed intrusion (Nano, 1999). Hannan (1994) reported a narrow 

range of 18O isotopic values (10.2-12.9‰) for quartz separates from Tick Hill mine (ore zone 

and altered surrounding rocks), and suggested that gold formed from a single fluid over a narrow 

temperature range close to 450oC. A similar range of 18O isotopic values was reported by Choy 

(1994) for quartz in the ore zone, who suggested a granitic source for the fluids.  

2. Geological setting 

2.1. Regional geological setting 

The Mount Isa Inlier in NW Queensland exposes complexly deformed, strongly altered 

and extensively mineralized, mid-Proterozoic rocks that comprise at least three separate basinal 

sequences (originally referred to as Cover Sequences 1 to 3; Blake, 1987) deformed by two 

orogenic cycles (Etheridge et al., 1987; Foster & Austin, 2008).  The inlier was originally sub-

divided into three, N-trending tectonic units including the Western Fold Belt, the central 

Kalkadoon-Leichhardt Belt and the Eastern Fold Belt (Day et al., 1983), to delineate large-scale 

subdivisions with broadly similar tectono-stratigraphic histories. These subdivisions were further 

split into a series of geological domains based on stratigraphic, structural and geochronological 

similarities (Fig. 2.1; Withnall and Hutton, 2013).  Thus, the Eastern Fold Belt, which occurs 

east of the Kalkadoon-Leichardt Domain, comprises eight domains including the Mary Kathleen 

Domain (MKD) that hosts the Tick Hill deposit (Fig. 2.1). To the west, the metasedimentary 

rocks of the MKD uncomfortably overlie rocks of the Kalkadoon-Leichhardt Domain (Withnall 

and Hutton, 2013). To the E, the MKD is separated from the rest of the Eastern Fold Belt by the 

Pilgrim fault in the S and the Rose Bee fault in the N (Withnall and Hutton, 2013). 

The Tick Hill deposit is situated in the southern part of the MKD domain. This part of the 

MKD is relatively poorly studied, and stratigraphic and tectonic interpretations for rocks around 

Tick Hill largely rely on lateral correlations with better studied rocks further N, (e.g. Passchier, 

1986, 1992; Passchier and Williams, 1989; Holcombe et al., 1991; Neumann et al., 2009; Carson 
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et al., 2011; Withnall and Hutton, 2013; Kositcin et. al., 2019).  In the southern MKD, gneiss of 

the Kalkadoon-Leichhardt complex, and overlying mafic and felsic volcanics of the Magna Lynn 

metabasalt unit, and the ~1770-1780 Ma Argylla Formation (e.g. Page, 1978; Neumann et al., 

2009), form basement to unconformably overlying shallow water sediments (e.g. Witnall and 

Hutton, 2013). These consist of the ~1755 Ma Ballara Quartzite and extensive deposits of the 

~1738-1750 Ma Corella Formation (Blake et al., 1982; Foster and Austin, 2008; Neumann et al., 

2009; Withnall and Hutton, 2013; Kositcin et. al., 2019).  In the central part of the MKD, the 

Corella Formation is composed of scapolitic-bearing calc-silicate, para-amphibolite, calcite 

marble, metapelite, quartzite and other metasedimentary units with minor felsic and mafic 

metavolcanics (Blake, 1987; Foster and Austin, 2008). The correlative stratigraphic unit of the 

Corella Formation in the area around Tick Hill  has not been dated directly and its age has been 

interpreted (e.g. Wyborn 1997; Foster and Austin, 2008). Intrusions in the southern MKD have 

been grouped into granites belonging to the ~1740 Ma Burstall-Wonga suite (e.g. Monument 

syenite, Saint Mungo granite, Birds Well granite and Tick Hill granite; Fig. 2.2) and Kalkadoon 

batholith, which mostly occurs to the W of Tick Hill (e.g. Blake et al., 1982; Wyborn, 1997; 

Withnall and Hutton 2013).  

The metamorphic and deformational history of the MKD involved four major 

deformational events called D1 to D4 (e.g. Passchier & Williams, 1989; Holcombe et al., 1991; 

Oliver, 1995). Early D1 events (1750-1730 Ma) are thought to be extensional in nature and have 

been linked to an early gneissic fabric exposed in high strain zones along the central part of the 

southern MKD termed the Wonga-Shinfield zone (Passchier & Williams, 1989; Holcombe et al., 

1991). Upright folding occurred during D2, and was interpreted to correspond to the main stages 

of the Isan Orogeny around 1590-1550 Ma, when peak metamorphic conditions were attained 

(e.g. Page, 1983; Passchier & Williams, 1989; Holcombe et al., 1991; Oliver, 1995). D2 

produced upright, tight, N-trending folds with an axial planar cleavage, a penetrative S2 fabric 

and steep E-dipping reverse faults parallel to F2 fold axial planes (e.g. Holcombe et al., 1991; 

MacCready et al., 1998). D3 events marked a change from ductile to brittle deformation and led 

to the formation of a fault network (O’Dea et al., 1997; Betts et al., 2006). In the southern MKD, 

the Wonga-Shinfield zone was offset by a series of NE and NW striking D3 faults in response to 

E-W compression (Forrestal et al., 1998). D3 events were coeval with the regional emplacement 

of the Wimberu/Williams granite plutons (~1530-1500 Ma; Foster & Austin, 2008) to the E and 

related regional albite-hematite- alteration (Wyborn et al., 1988). D4 events involved brittle 

reactivation of older fault zones at shallow crustal levels, at temperatures less than 350-400oC, 

with the age of deformation ranging from 1500 Ma to 1100 Ma (e.g. Oliver, 1995).   
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2.2. Geological setting of the Tick Hill Area  

The Tick Hill area is underlain by rocks mapped as Corella Formation bounded in the E by 

the Pilgrim fault and in the W by granitic gneiss of the Saint Mungo granite overlain by Argylla 

Formation (Coughlin, 1993; Wyborn, 1997). To the N the area is bounded by the NW-trending 

Plumb Mountain fault and to the S by the NE-trending Mt Bruce fault (Forrestal et al., 1998; Fig. 

2.2a). The rocks of the Corella Formation were intruded by syn- to post-tectonic granite plutons 

and pegmatites of the Tick Hill Complex (Wyborn, 1997) and Monument Syenite (Fig 2a; 

Rutherford, 2000). Cambrian rocks outcrop to the E of the Pilgrim fault and are locally 

preserved as erosion remnants overlying Corella Formation E of Tick Hill pit (Fig. 2.2a).   

Detailed mapping of the Tick Hill Area and the surrounding geology during exploration by 

MIM (Fig. 2.2; Coughlin, 1993; Rutherford, 2000) led to the development of a D1 to D4 

deformation sequence that was linked to the regional tectonic framework further N. D1 in the 

Tick Hill area refers to the development of the mylonitic gneissic fabric that underlies the Tick 

Hill deposit. The mylonite formed along a N-trending belt, W of the Pilgrim fault, and is 

characterized by a prominent S1 foliation with a westerly dip (around 280/60), containing a well-

developed steeply SW pitching mineral lineation and/or rodding lineation (L1x). The fabric is 

defined by oriented hornblende-plagioclase-clinopyroxene assemblages in metabasalt and 

silimanite-biotite-scapolite in meta-sediments. Numerous quartzo-feldspathic horizons and 

sheared leucogranite layers suggest the presence of abundant granite melt pockets, either formed 

as the result of local migmatisation, granite intrusions or both (Fig. 2.2). Intrafolial folds and 

sheath folds in the mylonitic fabric can be observed on centimeter to meter scales, and in places 

several overprinting generations of intrafolial folds have been described (e.g. Choy, 1994; 

Oliver, 1998). F1 fold axes associated with the intrafolial folds commonly parallel the mineral 

lineation.  The D1 high strain fabric has been linked to the Shinfield-Wonga belt N of Tick Hill 

(Oliver, 1998), and by inference the fabric has been interpreted as the expression of a mid-

crustal extensional shear zone (e.g. Oliver, 1998). The D1 mylonites were folded during D2 in a 

series of km-scale, tight, asymmetric upright folds. The Tick Hill deposit is situated in the 

eastern limb of a large D2 syncline (i.e, Tick Hill syncline; Fig. 2.2b), which has an axial planar 

trace that largely parallels the D1 gneissic fabric (Choy, 1994). The D2 folds tighten and intensify 

W of Tick Hill pit, where they become transposed in a N-trending high strain zone that parallels 

the S1 fabric, suggesting that D1 and D2 events may be expressions of a single, progressive 

shearing event (Laing, 1993). D2 folds open up towards the Pilgrim fault to the E. Later 

deformation events (D3 and D4) were described as NW- and NE-trending fault sets with 

associated red rock alteration (Tedman-Jones, 2001). The main D3 structures bound the Tick Hill 
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Area to the N and S (Fig. 2.2). Within the deposit, D3 events manifest themselves as an 

interconnected network of fractures and veins with associated quartz-feldspar alteration and gold 

mineralization (Tedman-Jones, 2001). D4 events include a series of faults that trend NE, and 

offset the D1 Tick Hill gneiss fabric and D2 fold axes (Coughlin, 1993) and overprint the D3 red 

rock alteration (Tedman-Jones, 2001). 

3. Geological framework for the Tick Hill Deposit 

The deformation scheme and lithological descriptions presented here are based on 

mapping of the Tick Hill pit in November 2017, together with drill core logging of a limited 

number of available cores, and petrological studies. This is augmented with regional maps 

compiled by MIM in the 1990’s (e.g. Fig. 2.2; Coughlin, 1993; Rutherford, 2000) and 

descriptions presented in Tedman-Jones (2001) and other exploration reports.  

3.1. Lithological units in Tick Hill Pit 

The host rocks to the Tick Hill deposit as exposed in the pit and its immediate 

surroundings, consist of gneissic and schistose units interpreted as part of the Corella 

Formation (e.g. Coughlin, 1993; Choy, 1994; Wyborn 1997; Figs. 2.2, 2.3). They include from 

W to E (i.e. from hangingwall to footwall): (1) a hangingwall calc-silicate unit interlayered 

with amphibolite gneiss; (2) hangingwall quartzite; (3) a central metasedimentary unit 

dominated by biotite schist; (4) footwall quartzite; and (5) footwall calc-silicate interlayered 

with amphibolite gneiss. The ore zone is largely contained within the central biotite schist unit, 

where it is interlayered with quartzo-feldspathic gneiss that is similar in composition to the 

nearby Tick Hill Granite Complex (Laing, 1993; Wyborn 1997) and probably of intrusive 

origin. The origin of the quartzite ridges is uncertain, and most exploration reports refer to them 

as metasomatic alteration zones, rather than sedimentary units, citing their cross-cutting, 

discontinuous nature (e.g. Laing, 1993; Coughlin, 1993; Oliver, 1998). All units are truncated 

by variously deformed quartz and pegmatite veins. The distribution of the various lithologies in 

the pit is presented in Fig. 2.3 and the peak-metamorphic mineral assemblages in each rock unit 

are listed in the Table 2.1.  

Hangingwall calc-silicate interlayered with amphibolite gneiss 

 This unit is well-exposed in the W wall of the pit, and in many drill cores. The unit 

comprises banded or laminated gneissic calc-silicate and amphibolite, interbedded with lesser 

biotite schist, and can be sub-divided into amphibolite, amphibole-rich calc-silicate, calc-
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silicate, and magnetite-rich calc-silicate sub-units (Fig. 2.4). 

The gneissic amphibolite sub-unit is best exposed along the top benches of the open pit 

where it overlies calc-silicate (Fig. 2.3a). The amphibolite is strongly foliated, with the foliation 

defined by oriented hornblende, which comprises ~50-80% of the rock (e.g. Figs. 2.4a, 5a). 

Other minerals include plagioclase, scapolite, quartz, magnetite, actinolite, garnet and 

accessory minerals including zircon and apatite (enclosed in quartz). Locally, the amphibolite 

sub-unit displays variations in composition on m-scales, with quartz-rich (>10% quartz) 

amphibolite horizons alternating with plagioclase-rich or calc-silicate-rich horizons.  

 The gneissic calc-silicate sub-unit (e.g. Fig. 2.4b) constitutes the bulk of the rock in the 

sequence above the hangingwall quartzite, and is well-exposed in the W wall of the pit (Fig. 

2.3a). The general composition of the calc-silicate is feldspar (40-60%), scapolite (20-35%), 

quartz (10-15%), magnetite (<3-4%) and variable amounts of hornblende, actinolite and 

chlorite (e.g. Fig. 2.5b). The scapolite content is highly variable from one layer to the next. 

Where scapolite is most abundant it preserves a spotty texture, with individual grains aligned 

within the foliation. Hornblende occurs in discontinuous patches along the mylonitic foliation 

and locally defines the mineral lineation (e.g. Fig. 2.4b). Amphibole-rich layers consisting of 

quartz-feldspar-amphibole (± scapolite, biotite, and magnetite) occur as intervals in the more 

massive calc-silicate sequence. The calc-silicate sub-unit is generally altered and overprinted by 

sericite and clay after feldspar, and chlorite-hematite-goethite after amphibole-biotite-

magnetite. Layers of biotite-schist are locally intercalated with the calc-silicate, but they are too 

thin and laterally too discontinuous to be mapped as separate units.  

The magnetite-rich calc-silicate sub-unit occurs directly above the hangingwall quartzite 

unit and locally reaches a thickness of 30m. This sub-unit is similar in composition to calc-

silicate except that the magnetite content is much higher. In drill core (e.g. GSQ 2015), the 

magnetite concentration increases toward the contact with the hangingwall quartzite, to form a 

4-6 m wide contact zone consisting of discontinuous, semi-massive to massive granular 

magnetite lenses (Fig. 2.4c). The magnetite-rich calc-silicate is locally intercalated with thin 

bands of magnetite-bearing amphibolite. Magnetite is aligned in the gneissic fabric and appears 

to have formed as an early alteration product overprinting and replacing the dominant rock 

forming minerals, as shown by the presence of abundant inclusions of magnetite in biotite.  

Hangingwall quartzite 
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The hangingwall quartzite unit is best exposed in the southern wall of the pit, and in drill 

cores. The hangingwall quartzite has been intensely deformed and in the immediate 

hangingwall to mineralization it has been strongly affected by quartz-feldspar alteration. The 

unit is gray-white in colour and dominated by quartz, but it varies in the composition of 

secondary minerals that occur as inclusions in quartz. As a result, the quartzite can be locally 

enriched in biotite, or hornblende-chlorite-epidote or feldspar, with inclusion phases aligned in 

the gneissic layering and partly overgrown by quartz (e.g. Fig. 2.4d). The quartzite is 

magnetite-bearing along the contact with the overlying calc-silicate unit, but the magnetite 

content of the rock decreases away from the contact, to form a weakly to non-magnetic 

quartzite that constitutes the middle interval of the unit. This middle interval, however, is not 

present everywhere, and the magnetite-rich quartzite locally occurs directly above the 

mineralized zone, especially in amphibolite-rich areas. Intercalations of silicified biotite schist 

are locally common. The hanging wall quartzite displays an annealed granoblastic texture, in 

which the dominant foliation is only weakly preserved. It can be intensely brecciated and 

pervasively altered resulting in a spotty texture. The effects of this alteration are well exposed 

in the upper benches in the SE corner of the pit (e.g. Fig. 2.3a). Where alteration is prevalent, 

chlorite and hematite appears, and feldspar has been altered to sericite and clay minerals.  

Biotite schist 

The biotite schist unit is well exposed in the N wall of the pit, and is a major host rock to 

mineralization. However, the strongly altered and mineralized varieties of this unit (including 

the high-grade ore zones or “galahstone”) can only be seen in drill core.  The biotite schist unit 

is located between the hangingwall and footwall quartzite units (Fig. 2.3a), and comprises three 

sub-units: (1) quartz-feldspar-biotite-amphibole schist (i.e. meta-psammite); (2) biotite-schist 

that locally contains sillimanite i.e. (meta-pelite), and (3) quartz-feldspar mylonite, which is 

probably of intrusive origin and commonly gold-rich (see chapter 3). Other minor intercalations 

include amphibolite gneiss and quartzite. 

The quartz-feldspar-biotite-amphibole schist sub-unit mainly occurs along the base of the 

hangingwall quartzite, between the quartzite and the ore zone.  The transition from the 

hangingwall quartzite to biotite schist is gradational and the exact contact is masked by 

silicification. The least altered parts of this sub-unit contain a fine-grained, light-tan, massive to 

weakly foliated arkose siltstone or arenite (e.g. Fig. 2.4e). The composition varies laterally and 

includes quartz (35-60%, including secondary quartz due to silicification), feldspar (15-20%), 

biotite (5-20%), amphibole (10-20%) and magnetite (± ilmenite, 2-3%). Oriented biotite, 
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amphibole and quartz define a strong schistose fabric.  

Biotite schist commonly occurs below the quartz-feldspar-biotite-amphibole schist, close 

to or coinciding with the high-grade ore zone, and it extends into the footwall of the ore zone. 

Biotite-rich varieties occur along layers, and sillimanite is locally abundant, especially in 

footwall zones to the ore body (e.g. Fig. 2.4f), although much of the sillimanite has been 

replaced by muscovite.  Within the ore zone the biotite schist has been intensely silicified, and 

chlorite-hematite altered (TH76) and the older mylonitic texture was strongly recrystallized into 

an interlocking texture of granoblastic quartz grains. The biotite sub-unit generally consists of 

fine- to coarse-grained biotite and/or biotite-amphibole (30-80%), with quartz (commonly 

<30%) and feldspar (K-feldspar and plagioclase, <50%) that was partially altered to sericite and 

clay minerals; e.g. Fig. 2.5d).   

The quartz-feldspar mylonite sub-unit is the principle host to gold mineralization in the 

sequence and occurs as layers within biotite schist. It was referred to in the mine as “galahstone” 

and consists of equal amounts of quartz and feldspar (mainly albite and plagioclase) that occur 

as discontinuous ribbon grains interlaminated with thin quartz bands (e.g. Figs. 2.4i, 5e). 

Individual quartz and feldspar lamellae generally do not exceed 3 mm in width, and they are 

mostly thinner than that, but in places quartz-rich or feldspar-rich bands (or veins) can be up to 

10 cm thick. Feldspar consists mainly of albite with minor K-feldspar and Na-rich oligoclase. 

The quartz-feldspar mylonite is characterized by a sugary, granoblastic texture reflecting post-

deformational annealing and recovery (e.g. Fig. 2.5f). In places the recrystallized fine-grained 

quartz-feldspar mylonite is truncated by, or overprinted by laminated thin (<2 mm) partings of 

grey quartz, which formed parallel or at low angles to the original mylonitic foliation (i.e. the 

“laminate” of Laing, 1992). The composition of the quartz-feldspar mylonite suggests that it 

originated as intrusive granite sheets or granitic migmatite partings (Chapter 3).   

Footwall quartzite 

This unit is best exposed in the NE corner of the pit. Most drill cores do not penetrate this 

unit, limiting descriptions to field observations. The thickness of the footwall quartzite varies 

along strike and with depth and it pinches out towards the S end of the pit (Fig. 2.3a). The unit 

is thickly bedded (>30cm), and consists of grey-white translucent orthoquartzite (e.g. Fig. 2.4k) 

with traces of biotite, magnetite and heavy minerals including zircon and apatite. The unit has a 

granoblastic texture with a common grain size of 150-350 µm, and has been strongly deformed, 

but it lacks the spotty texture resulting from abundant inclusions and alteration that 
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characterizes the hanging wall quartzite. 

Footwall calc-silicate interlayered with amphibolite gneiss 

This unit is not exposed in the pit, and few drill cores penetrate it. The unit is similar in 

appearance to the various calc-silicate and amphibolite lithologies described above. In the 

immediate footwall to the footwall quartzite unit, calc-silicate lithologies dominate), whilst 

away from the quartzite the unit transitions into amphibolite (Fig. 2.3a). 

Late pegmatite veins 

The gneiss units in the Tick Hill pit were intruded by late-tectonic pegmatite dykes, and 

the gneissic layering is locally overprinted by pegmatite-like metasomatic alteration zones 

which developed as rims along late fractures. Although somewhat deformed and locally 

boudinaged, the pegmatite veins exhibit no penetrative, mylonitic deformation fabrics and they 

transect the pervasive gneissic layering that characterizes the host rocks. 

Late pegmatite veins occur as thin (<0.6 m) dyke-like bodies and preserve a fine- to 

medium-grained texture of intergrown feldspar-plagioclase and quartz near the margins of the 

dykes with a core dominated by plagioclase (85-95%) with variable amounts of quartz (<10%), 

K- feldspar (<5%) and biotite (0-10%). In drill core pegmatite-like veins appear in the footwall 

of the ore body and are associated with metasomatised zones with a granular texture and diffuse 

boundaries in which feldspar (~30-40%), quartz (20-30%) and minor biotite (<5%), overprint 

and replace the underlying metamorphic fabrics. The late-tectonic pegmatite intrusions were 

strongly affected by later hydrothermal alteration, in which feldspar was replaced by an albite-

sericite-clay assemblage.  

3.2. Deformation sequence in the Tick Hill deposit 

Rocks hosting the Tick Hill deposit were affected by four distinct deformation and 

metamorphic events: (1) D1 shearing at upper amphibolite to granulite facies metamorphic 

conditions, (2) D2 upright folding at upper amphibolite facies metamorphic conditions, (3) D3 

normal faulting with extensional veining and widespread quartz-feldspar alteration at lower 

amphibolite to upper greenschist facies, and (4) D4 strike-slip faulting with cataclasite 

formation along fault planes. Each of the events as seen in the pit and its immediate 

surroundings, and in drill cores has been described in more detail below. 
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D1 events 

The dominant structural element in Tick Hill pit and its immediate surroundings is a well-

developed, moderately W-dipping schistose or gneissic layering and associated mineral 

lineation, which formed during the earliest stages of deformation referred to as D1.  This 

layering consists of an annealed mylonitic fabric with sugary, granoblastic characteristics in 

quartz-feldspar-rich lithologies (i.e. blasto-mylonites), and has an orientation within the pit that 

varies from 305/65 to 250/50 (Fig. 2.6a). The layering is a composite tectonic fabric and locally 

contains isoclinal intrafolial folds, which are best preserved within the calc-silicate unit. 

Around the hinge zones of the intrafolial folds (F1) an earlier phase of the mylonitic fabric (S1a) 

was folded before being transposed in the dominant fabric (S1b). Thus, the main foliation is a 

composite fabric herein called S1a,b or S1 for short (Fig. 2.7a). S1 contains a well-developed 

mineral lineation or rodding lineation, L1x, which typically pitches steeply to the SW (251/55, 

Figs. 2.6a,b). L1x is defined by the oriented growth of plagioclase aggregates, hornblende and 

scapolite in calc-silicate and amphibolite units, by biotite and sillimanite in biotite schist, and 

by quartz-feldspar-rodding in more felsic units and quartzite. F1 intrafolial folds have fold axes 

that are close to parallel to L1x, and sheath-folds have been observed outside the pit.  

In more quartzo-feldspathic units in the main ore zone, the S1 foliation intensifies to a 

mm-scale lenticular to laminar fabric characteristic of mylonite (Fig. 2.4i). This fabric has been 

largely annealed resulting in a granular texture in thin section, characterised by alternating 

ribbon grains of quartz and plagioclase (e.g. Fig. 2.5e). Trails of rotated boudin blocks of 

coarse-grained black quartzite layers within calc-silicate, exposed in the N wall of the pit, are 

consistent with a normal W-down shear sense, but otherwise shear sense indicators 

(asymmetric clasts, S-C fabrics, shear bands etc.) are lacking. 

Across the pit the orientation of S1 varies around two principal groupings: 300/60 and 

260/55 (Fig. 2.6). In the western half of the pit, S1 mainly dips to the WNW (300/60), whilst in 

the eastern half of the pit, S1 dips due W to WSW with S1 steepening from ~55 to 70 degrees in 

the SE corner of the pit (Fig. 2.3a). L1x does not vary greatly in orientation in either of the two 

domains and remains more or less constant around 250/55; i.e. the mineral lineation parallels 

the intersection line between the various S1 orientations (Fig. 2.6b). An abrupt change in 

orientation of the S1 foliation occurs in the center of the pit where it can be mapped as a 

foliation truncation plane, characterised by an intensely foliated biotite-chlorite-schist zone. 

The foliation truncation plane originated during D1, but was reactivated as a brittle-ductile 

shear zone during D3 as discussed below. The foliation truncation plane trends N to NNE, dips 
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W at ~55° and connects the hangingwall quartzite in the southern wall of the pit to the footwall 

quartzite in the N (Fig. 2.3a). It more-or-less coincides with the ore zone (Fig. 2.6). Within the 

open pit, S1 orientations also vary around boudins of more competent material (e.g. quartzite 

lenses) and along 10m scale, NW-trending shear-band-like high strain zones that locally cross 

the main foliation (e.g. in the upper benches in the SE corner of the pit). 

The distribution pattern of the quartzite units in Tick Hill pit (Fig. 2.3a), suggests that the 

ore zone may be positioned within the hinge zone of a 100m scale tight to isoclinal, D1 fold that 

mimics outcrop-scale intrafolial folds, with the foliation truncation plane being aligned with the 

sheared out centre of the fold. Although younging directions are not directly preserved in the 

rocks, evidence for the presence of a tight D1 fold includes: (1) the stratigraphic sequence in the 

hangingwall of the ore body appears to be reversed in the footwall sequence; i.e. the lithologies 

above the hangingwall quartzite consist of calc-silicate followed by amphibolite, whilst the 

lithologies below the footwall quartzite similarly comprise calc-silicate followed by 

amphibolite, and laminated meta-sandstone-like layers occur along the lower contact of the 

hangingwall quartzite and the upper contact of the footwall quartzite; (2) two parallel quartzite 

ridges N of the pit, merge into one in the pit area; and (3) a large-scale fold hinge was mapped 

during underground mining, with the folding characterized by a sudden change in direction of 

the ore zone and S1 trace from a N trend in the upper levels to an E trend in the lower levels  (at 

130-0 mRL; Fig. 2.3b). 

Peak-metamorphic conditions in Tick Hill pit were reached during D1 shearing and 

folding (e.g. Choy, 1994). The grade of metamorphism during D1 reached upper-amphibolite to 

granulite facies as indicated by the fully ductile behavior of K-feldspar and plagioclase in 

sheared quartzo-feldspathic mylonite; intense ductile folding (including sheath folding) in 

amphibolite; the presence of coarse-grained metamorphic pyroxene in leucocratic segregations 

within amphibolite; and hornblende-pyroxene and sillimanite assemblages defining the S1-L1 

fabrics. In addition, garnet-hornblende-pyroxene-palgioclase-quartz assemblages in amphibolite 

gneiss were encountered in drill core 800 m N of the pit.  The D1 deformation features in Tick 

Hill correlate with regional D1 deformation events described in the southern MKD as well as 

Tick Hill Area (e.g. Blake and Steward 1992; Passchier, 1992; Rutherford, 2000). 

Within the pit and surrounding areas numerous quartzo-feldspathic bodies of granitic 

composition occur that are variably deformed. Many are strongly mylonitic and fine-grained 

throughout, whereas others preserve less deformed cores with mylonitic rims. The quartzo-

feldspathic units were described as the intrusive Tick Hill Complex (Wyborn, 1997) and have 
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been interpreted as granite intrusions that were emplaced syn-tectonically at various times 

during the development of S1.  

D2 events 

Regional mapping shows that the Tick Hill deposit is situated in the eastern limb of a 

large (km-scale) synformal structure (the Tick Hill syncline; Fig. 2b) that folds S1 around an 

upright D2 fold with an axial planar trace that parallels the regional trend of S1. Within the pit 

no clear D2 structures are visible with the exception of rare open, near-cylindrical similar folds 

that occur on a 0.1-1 m scale (e.g. Fig. 2.7b). Such F2 folds are invariably E-verging with near-

horizontal 020-trending fold axes, and they contain no clear axial planar fabrics. Metamorphic 

conditions during D2 are poorly constrained due to the absence of clear S2 fabrics or mineral 

assemblages, but the highly ductile nature of regional D2 folds, their transposition into the main 

fabric further W (Laing, 1993) and continued stability of peak assemblages within D2 fold 

hinge zones suggests that conditions remained high. 

D3 events 

D3 at Tick Hill is characterised by a network of fault zones and associated fractures and 

veins that accommodated normal movements and facilitated retrograde alteration (Figs. 2.7c-e). 

The S1 foliation is locally reactivated as, or truncated by D3 fault zones, that are characterised 

by a micaceous foliation and the alignment of fine-grained chlorite (after biotite) to define L3x 

(most clearly observed in the N wall of the pit). This lineation pitches shallowly to moderately 

SSW (~230/40, Fig. 2.6c), and is locally paralleled by quartz striations. D3 fault planes are 

associated with damage zones including breccia zones and quartz veins, some of which are 

arranged in an en-echelon fashion (Figs. 2.7c,d) consistent with a sinistral-normal sense of 

movement. The most conspicuous D3 shear is exposed in the N wall of the pit as a biotite-

chlorite schist zone that parallels the D1 foliation truncation plane passing through the center of 

the pit. This fault zone coincides with the ore zone. D3 fault zones also developed along the 

margins of the quartzite units and a major fault truncates the hangingwall quartzite in the S wall 

of the pit (Fig. 2.3a). 

A series of parallel, E-trending, steeply (mostly N) dipping, normal faults (Figs. 3a, 6c, 7e) 

are prominently developed in the NW corner of the pit. These faults mostly do not cross the pit 

but appear to merge with the NNE-trending D3 faults in the center of the pit, including the main 

D3 fault that parallels the D1 foliation truncation plane (Fig. 2.3a). The E-trending faults display 
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dm- to m-wide, quartz-feldspar alteration haloes or rims developed on either side of individual 

faults, and associated albite-epidote-hematite veins.  

D3 faulting involved widespread fracturing, veining, breccia formation and quartz-feldspar 

alteration visible in outcrop and in drill core. These features are concentrated in the strongly 

silicified core of the deposit, and the D3 fracturing, at least in part overprints earlier silicification. 

Fracture sets include thin (<2mm wide) grey quartz veins that trend between 80-100° and that 

occur as bundles of partings along the S1 mylonite fabric, especially in the quartz-feldspar 

mylonite, and breccia is commonly associated with the sheeted veins in the lower levels of the 

high-grade ore zone (e.g. Figs. 3b; 7f,g).  

Fracture sets also include NE trending faults (~030) that display sinistral displacements in 

drill core and are associated with albite-hematite altered quartz veins, and N- and E-trending 

cataclastic shatter zones best developed in silicified quartzite and schist. D3 fractures are 

commonly highlighted by pink and red feldspar alteration, which also forms the matrix to shatter 

zones along fractures. In the ore zone (the “galahstone”), these fracture sets merge into a 

continuous network and many of the fractures and associated quartz veins contain visible gold. 

Steep E-trending fracture zones are present in all drill cores through the ore zone, and they are 

particularly common in gold-bearing zones. In some drill cores the fracture zones widen to 

several 10s of cm where they are characterized by chaotic fabrics (poor core recovery) and 

breccia. D3 fracture zones coincide with widespread quartz-feldspar-chlorite-hematite alteration 

as well as locally developed carbonate alteration.  

Several drill cores preserve late-stage, pegmatite-like veins that are associated with 

metasomatic alteration haloes of quartz-feldspar similar to the alteration rims that decorate D3 

fractures and veins. These late tectonic pegmatite alteration zones have been interpreted as syn-

D3 metasomatic overgrowths, suggesting that some of the alteration accompanying D3 events 

could be related to igneous activity.   

D4 events 

 D4 structures represent the latest phase of deformation recorded in the Tick Hill Pit. On 

the scale of the pit, D4 involved the formation of brittle ENE-trending and steeply N dipping 

faults (Fig. 2.3a) that formed in combination with steep NW-trending secondary faults. The main 

ENE-trending fault has an apparent dextral displacement. D4 faults displace the quartzite units 

and are associated with cataclasite formation and chlorite-hematite-goethite alteration along 
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slicken-sided fracture zones as well as open space carbonate fill. In drill core, D4 structures 

include late-stage fractures and cataclasite zones with quartz-carbonate-clay fill and associated 

clay alteration haloes, which overprint D3 fractures and veins (e.g. Fig. 2.7h). 

4. Gold mineralization and alteration at Tick Hill deposit 

 4.1. Ore body geometry and associated metal distribution 

The ore body geometry as defined by the 1 g/t ore envelope for the Tick Hill deposit was 

carrot-shaped, tapering down to a vertical depth of 240 m (MIM 1993, 2000; Tedman-Jones, 

2001).  The ore body dipped W at ~ 55º, i.e. parallel to S1, and had a linear high-grade (i.e. 16.5 

g/t) core that plunged toward 285/55 (Fig. 2.6).  With increased depth, the strike extent of the 

ore zone decreased and in the two lowest mine levels (130 mRL and 117 mRL, e.g. Fig.3b), the 

ore trend switched abruptly from NNE to E and the ore zone narrowed to several, m-wide 

chlorite-hematite-carbonate breccia veins. These veins were interpreted as potential, D3 feeder 

dykes to mineralization (Fig. 2.3a; Tedman-Jones, 2001). 

The geochemical surface expression of the Tick Hill gold anomaly (>0.1ppm) was about 

160 x 30 m and coincided with a pre-mining, NNE trending, 210 x 50m magnetic low (Nano et 

al., 2000; Fig. 2.8). The location of the gold anomaly overlapped with a fractured and strongly 

hematite-altered zone in the immediate hangingwall of the D1,3 foliation truncation plane that 

runs across the pit (Figs. 3a, 6b). The plunge of the high-grade core of the ore body coincided 

with the intersection lineation between the NNE- and E-trending D3 faults and the S1 foliation 

planes as measured in the pit (Figs. 3a, 6c), whilst the low grade (i.e. 0.1 g/t) ore envelope 

coincided with areas where E-trending D3 fractures and breccia zones were most prominent. 

Gold mineralization was largely confined to the strongly altered quartz-feldspar mylonite 

sub-unit and adjacent biotite schist, calcsilicate and hangingwall quartzite (Fig. 2.3). The 

boundaries to the mineralization were sharp as grades dropped abruptly away from the altered D3 

fracture zones. Gold occurred almost exclusively in a free state as disseminated grains up to 0.5 

mm in size with Au/Ag ratios of >100.  

In drill cores and thin sections, coarse-grained gold is commonly associated with thin 

laminar quartz veins of D3 origin, which either occur along the S1 mylonitic foliation or along 

steep E-trending fractures. Mineralization also shows a spatial relationship with alteration halos 

near post-tectonic pegmatite dykes, and gold grains typically occur near patches of chlorite, 

albite and hematite. Gold grades (>1g/t) show a positive correlation with the intensity of 
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chlorite alteration and laminar quartz veining and fracturing, which locally intensified to form 

breccia (Fig. 2.3c). Breccia zones are better developed at depth in the immediate footwall of 

high-grade ore zones or locally coincide with the ore zone (Figs. 2.7f,g). At shallower levels 

where breccia was not clearly observed, high-grade mineralization was concentrated in areas of 

intense laminar veining (e.g. Figs. 2.4i, 9a,c).  

The quartz-feldspar mylonite was locally extremely gold-rich (e.g. up to 3209 ppm @ 

0.5m in DH TH014), and gold grains locally displayed a characteristic granoblastic texture. 

Within high-grade ore zones, gold grains commonly display bimodal grainsize distributions with 

irregularly shaped larger grains surrounded by a halo of finer grains (e.g. Choy, 1994; Figs. 

2.9d,h). A few of these finer grains contain small amounts of Ag (<5.3%) and Cu (<2%). 

Coarse-grained gold grains were commonly enclosed within recrystallized quartz grains, or they 

occurred along the grain boundaries between quartz and feldspar grains (e.g. Fig. 2.9b). To a 

lesser degree gold was enclosed within hornblende and pyroxene grains (e.g. Figs. 2.9d-g). The 

fine-grained gold occurred either as haloes near larger gold grains or as trails associated with 

strongly silicified zones and alteration minerals that included bismuth selenides and sulfides 

(Table 2.2). In general, the sulfide content in the mineralized quartz-feldspar mylonite unit was 

less than in the other units, and the abundance of sulfides increased towards the footwall of the 

deposit. 

The Tick Hill deposit is unique in the Mt Isa block in the sense that it is associated with 

only minor enrichment in other metals, and sulfides are relatively rare. Available assay data for a 

restricted number of elements (Cu, Co, Ni, Pb, Zn, As, Fe, Mn) from exploration holes drilled in 

the 1990s (MIM, 2000) indicate that with few exceptions, on a meter-scale, gold values show no 

correlation with any of the other metals. However, on a scale of the entire deposit, a general 

enrichment in Cu (>100ppm), Co (>40ppm), S, As and Bi has been suggested for the immediate 

footwall of the ore zone (Nano 1999; Tedman-Jones 2001), with minor Co enrichment (>40 

ppm) partly overlapping with the 1g/t Au envelope. Peaks in Cu values reach up to several 1000 

ppm in the footwall to the ore zone and can be linked to chalcopyrite-pyrite and minor bornite-

pyrrhotite mineralization, which is possibly also responsible for an IP anomaly that was 

observed over the Tick Hill ore body (Nano, 1999). Cu values are rarely high in the ore zone 

itself. When looking more broadly it is clear that Cu and Co anomalies are not just restricted to 

the vicinity of the ore zone, but also occur in the hanging wall of the ore zone, where Cu values 

locally reach 100’s ppm away from mineralization and alteration (Fig. 2.10). In general Cu 

shows moderate to strong correlations with Co and Ni and a spatial relationship with amphibole-

rich lithologies. 
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4.2. The spatial distribution of the alteration halo around gold mineralization  

The Tick Hill deposit is associated with a clear alteration zone that is about 100 m in 

diameter, which developed during D3 and overprinted the D1 and D2 peak metamorphic mineral 

assemblages and associated structures (Figs. 3, 10). Alteration is most prominently developed 

in the ore zone and hangingwall rocks to the ore zone above the S1-3 foliation truncation plane, 

whilst the footwall rocks to that surface are significantly less altered (GSQ, 2015). 

Alteration assemblages vary with rock type and display a zonal pattern, with most intense 

alteration occurring along D3 fracture zones and associated breccia. From the proximal 

mineralization outward, the alteration zonation includes (Fig. 2.10): (1) intense to (2) strong 

silicification and associated growth of abite-hematite-chlorite-epidote-sericite-

actinolite/hornblende-oligoclase, surrounded by (3) a shell characterized by the growth chlorite-

epidote, and (4) an extensive zone with clay alteration. Zonal boundaries are gradual with 

localized overlaps in alteration assemblages, and late clay alteration occurs throughout.  

The most extensive expression of alteration in drill core includes clay minerals (smectite 

and illite) with minor hematite and quartz in veins and as replacement of feldspar. This type of 

alteration typically occurs in association with quartz-feldspar veins in the hangingwall calc-

silicate and amphibolite units. Intense clay alteration is also well developed within the more 

reactive felsic units and biotite schist in the immediate footwall to gold mineralization (GSQ, 

2015). The clay minerals extent throughout most drill holes, tens of meters from the 

mineralization zones (e.g. GSQ, 2015; Appendix 1). 

On the hanging wall side and closer to mineralization, chlorite-epidote alteration is 

spatially associated and overprints locally abundant quartz magnetite alteration, which is 

particularly prominent along the contact zone between the calc-silicate unit and hangingwall 

quartzite, and near the base of the hangingwall quartzite unit (e.g. Fig. 2.11a). 

The immediate halo to the ore zone is characterized by strong silicification that is spatially 

associated with patches and/or veinlets of pink albite and chlorite-epidote-actinolite-hematite-

sericite-calcite alteration, as well as gold and minor sulfides. The alteration is pervasive and is 

concentrated in veins, along fracture zones and as disseminations along microfracture networks. 

In this zone, primary feldspar was replaced by sericite, albite and clay minerals (illite-smectite), 

whilst magnetite and ilmenite were altered to hematite and leucoxene, and chlorite replaced 

biotite. 
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Within the high-grade ore zone, intense silicification affected the quartz-feldspar mylonite 

and biotite-rich schist (e.g. Fig. 2.11b). Here, silicification was multi-phased, and involved 

annealing and grain growth of the D1 mylonitic texture, formation of thin quartz veins that 

mostly parallel the S1 foliation, and the growth of quartz in alteration haloes near quartz-feldspar 

veins and post-tectonic pegmatite dykes. Other alteration minerals in this zone include albite-

oligioclase- K-feldspar-hornblende/actinolite,-chlorite-epidote-sericite-calcite-hematite-

leucoxene.  

Magnetite alteration is common in the hanging wall of the ore zone and occurs in 

association with quartz-feldspar veins where magnetite was partly replaced by later hematite. 

The distribution of magnetite and overprinting quartz veins in magnetite-rich units (including the 

massive magnetite intervals along the contact of the hangingwall quartzite; e.g. Fig. 2.4c) 

suggest that magnetite growth predated the main stage of silicification, D3 brecciation and 

associated mineralization. This is further confirmed by the fact that gold distribution in drill core 

displays a strong negative correlation with magnetic susceptibility, (Tedman-Jones, 2001), and 

the replacements of texturally early magnetite by hematite in areas of high-grade gold 

mineralization. 

Carbonate alteration generally occurred as a late (late D3 and D4) fracture and fault breccia 

fill. In the mineralized zone, calcite locally occurs as secondary growth along sheeted quartz 

veins and E-trending fractures, but carbonate growth is not pervasive. However, in the keel of 

the deposit in the lower levels of the mine, gold was mined from E-trending breccia veins that 

were described to contain chlorite-hematite-carbonate in the matrix (Tedman-Jones, 2001), i.e. at 

depth carbonate growth was more abundant and associated with gold.  

4.3. Paragenetic sequence 

Most hydrothermal alteration associated with gold mineralization occurred during D3. 

However, there is textural evidence that suggests that gold (and chalcopyrite) was present during 

peak metamorphism as the main gneissic fabric was forming (e.g. Choy, 1994). The critical 

textures and mineral assemblages that formed during D1-2 and that are associated with gold will 

be summarized before discussing the hydrothermal D3 events (Table 2.2).    

The most characteristic alteration-feature predating the main gold stage is represented by 

the extensive magnetite growth within and around the margins of the hangingwall quartzite unit. 

Although affected by extensive recrystallization, this magnetite appears to be partly aligned in 
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the D1-2 fabric, suggesting that much of it formed early during the history of the Tick Hill deposit 

(Table 2.1). Within some mineralized amphibolite-rich, calc-silicate gneiss horizons, 

granoblastic gold occurs as inclusions in peak-metamorphic hornblende and pyroxene grains that 

are aligned in the S1-2 foliation and that appear unaffected by later retrograde alteration (Figs. 

2.9c-g). There are no obvious micro-fractures in these pyroxene or hornblende grains that could 

indicate later remobilization of gold, and the presence of these inclusions strongly suggests that 

at least some gold was present when the peak-metamorphic fabric formed. The presence of early 

gold is supported by the observed bi-modal grainsize distribution in some high-grade ore zones, 

where coarse gold grains are surrounded by a halo of fine gold (Fig. 2.9h; Choy, 1994). Gold 

grains also commonly display a granoblastic texture intergrown with matrix quartz and albite, 

but this is more likely due to later annealing and recrystallization during pervasive, D3 

albitisation (see below). Texturally early (i.e. D1-2) chalcopyrite has also been observed as 

inclusions inside amphibole, which itself occurs as inclusions inside coarse-grained, peak-

metamorphic, almandine garnet (e.g. in drill core TH99, 800 m north of Tick Hill). Away from 

the main ore zone, chalcopyrite and pyrite are relatively common in amphibolite gneiss, where 

the sulfides occur along foliation traces. In spite of these hints for early Au-Cu enrichment at 

Tick Hill, the principle hydrothermal mineralization processes occurred during D3.  

During D3 and D4, six hydrothermal stages have been recorded within the ore zone at Tick 

Hill (Table 2.2). During stage 1 feldspar veins with some magnetite were emplaced prior to gold 

mineralization. Vein emplacement was associated with the formation of a pre-ore mineral 

assemblage (stage 1) that included quartz-albite (±oligioclase)-chlorite1-hornblende-magnetite-

hematite (±leucoxene). This was followed by at least 3 stages during which gold was either 

introduced or remobilized, with hematite and chlorite being the most characteristic alteration 

minerals in outcrop. Stages 2 and 3 coincided with the main period of gold enrichment, and 

involved epithermal quartz-feldspar veining and associated alteration characterized by the 

growth of quartz-albite-actinolite-chlorite2-hematite (±leucoxene) progressing into the growth of 

K-feldspar-sericite (late stage2), and then smectite and illite (stage 3). Stage 4 is characterized by 

minor calcite veining, late chlorite3 growth and the remobilization of some gold along fractures. 

Stage 5 events postdated mineralization and included late-D3, pale pink quartz-albite flooding 

and the renewed growth of magnetite. During later D4 events additional quartz-carbonate-clay 

alteration (stage 6) occurred along late faults, with no evidence that gold was remobilized. The 

paragenetic sequence and mineral assemblages that formed during each of these six stages are 

discussed in more detail below and presented in Table 2.2.  
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The early-D3 emplacement of stage 1, magnetite-bearing feldspar veins marks the onset of 

hydrothermal alteration events that predate the introduction of gold. Most veins of this type are 

steep and have an E trend (Fig. 2.12a), and they locally contain titanite (Tedman-Jones, 2001). 

They represent the earliest set of veins that form part of the family of laminar, sheeted veins that 

characterize the ore zone. They are common in the hanging wall sequence, but their occurrence 

in the footwall sequences is uncertain, due to a paucity of available drill core. Vein emplacement 

was associated with the formation of a pre-ore mineral assemblage (stage 1) that included 

quartz-albite-oligioclase-chlorite1-hornblende-magnetite-hematite (±leucoxene). Intense albite 

alteration characterized stage 1 and occurred with the formation of oligoclase, hematite, 

hornblende and chlorite1. Stage 1 chlorite1 replaced peak-metamorphic (i.e. D1-2) biotite (Fig. 

2.13a), and belongs to the Mg-rich chlorite group (Part 5). It is characterized by a relatively high 

Al content (>18.5% Al2O3), with minor Mn (~ 0.1-1.3% MnO) and Ti (<0.2% TiO2). Stage 1 

hornblende is blue-green in colour (Fig. 2.13b), and either replaced older D1-2 hornblende, or 

occurs as clots overgrowing the dominant fabric. It consists of magnesio-hornblende 

(Mg/Mg+Fe = ~0.6) with minor Na2O, K2O, Cl, and TiO2. 

 During stage 2, numerous feldspar-rich veins were emplaced that either contained gold, 

or that were associated with alteration that included gold (Figs. 2.12b-d). These veins included 

thin (<1mm), E-trending, laminar veins, and N-trending veins that can be up to 10 cm wide and 

parallel the S1 foliation. The stage 2 veins were best developed as feldspar-filled fractures within 

the silicified biotite-rich schist, in quartz-feldspar mylonite and in the hanging wall quartzite 

(e.g. Fig. 2.12b-c). Stage 2 veins consist of pale pink to dark pink feldspar and quartz. The pale 

pink feldspar is commonly albite with lesser oligioclase, while the darker pink feldspar is either 

albite or oligoclase with abundant fine-grained hematite inclusions. Overprinting relationships 

between veins in some drill cores suggest that stage 2 veining commenced with feldspar-rich 

veins and continued with the emplacement of progressively more silica-rich veins.  

The stage 2 veins are associated with extensive feldspar alteration haloes that emanate 

from the veins, and overgrow and replace the older S1 fabric (e.g. Fig. 2.12b).  Alteration 

textures vary in intensity and include: (a) albite (±oligoclase) replacement with minor quartz that 

obliterated the older fabric; (b) albite-quartz alteration along thin laminates that generally 

parallel the S1 fabric; and (c) replacement alteration along networks of fine fractures that resulted 

in a spotted and veined alteration texture (e.g. Fig. 2.12c). Most gold was introduced during 

stage 2, and it generally occurred as inclusions within granoblastic, grey quartz grains. The 

mineralization was associated with the growth of blue-green chlorite (chlorite2)-epidote-albite-

hematite-actinolite and later K-feldspar-sericite (after D1 oligoclase and microcline; e.g. Figs. 
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2.13b-f). Intense albite alteration with oligoclase occurred early during stage 2, but became 

weaker towards stage 3, as K-feldspar started to develop. In general, K-feldspar formed after 

albite, and locally appears as reaction rims on albite grains (Fig. 2.13d). K-feldspar is commonly 

hematite-dusted, and together with hematite-dusted albite (Part 5) forms the red-pink feldspar 

alteration that characterizes stage 2 alteration zones.  

Stage 2 sericite alteration is common in the mineralized zone and replaced earlier albite 

and oligoclase (e.g. Fig. 2.9b, 2.13b). The intensity of sericite alteration varied with proximity to 

stage 2 veining, and it is commonly associated with hematite, fine-grained gold and in a few 

locations minor pyrite2 and chalcopyrite. During stage 2 hematite formed as fine inclusion in 

feldspar, or as larger grains either replacing older magnetite (Fig. 2.13g) or forming separate 

grains. Hematite commonly contains some titanium and it is intergrown with leucoxene.  

Stage 2 chlorite2 formed in close spatial associated with gold (Fig. 2.13e). Chlorite2 

mostly formed unorientated clots and is commonly inter-grown with epidote, and the two 

minerals have resorbed shapes (Fig. 2.13f). Chlorite2 is Fe-rich (Part 5), with an intermediate Al 

content (14-19% Al2O3), and minor Na, K, Ca, Mn (<0.25% MnO) and Ti (<0.2% TiO2). Stage 2 

actinolite is restricted to retrograde rims on stage 1 hornblende (e.g. Fig. 2.13b). 

Within the ore zone, sulfide minerals were relatively rare, and they typically preserved 

irregular, resorbed grain shapes of inter-grown pyrite, pyrrhotite and chalcopyrite, with rare 

bornite, chalcocite, arsenopyrite and unspecified Ni-Co-Cu-(±Fe) sulfides (possibly 

cobaltpentlandite) that mostly formed during stage 2. Apart from the sulfides, fine gold grains 

were commonly associated with stage 2 and 3 Bi-selenides (e.g. Guanajuatite, Bi2Se3), which in 

many places are more common than sulfide. Where pyrite is present, texturally early pyrite1 

(early stage 2) is commonly Ni-rich, and overgrown by Se (±As)-rich pyrite2 (stage 2) as well as 

Se-rich pyrrhotite (late stages 2 and stage 3).  

Stage 3 alteration is a progression of stage 2, and involved pervasive clay-hematite 

alteration that overprinted the earlier assemblages (e.g. Fig. 2.12). The intensity of this alteration 

as seen in drill core is related to the fracture density and the lithological composition, and more 

specifically the amount of primary plagioclase and magnetite (i.e. minerals formed during D1-2 

and early D3). Stage 3 alteration is associated with gold, which could have been either 

remobilised from stage 2 or newly introduced. Alteration minerals include clay minerals (illite, 

smectite; Appendix 1, GSQ, 2015), hematite and leucoxene (after magnetite). 
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Stage 4 events were characterized by the formation of micro-veins of calcite-

quartz±chlorite3 that cut across the S1 fabric (e.g. Fig. 2.12e) and the continued formation of 

clay minerals. It is important to note that such veinlets are relatively uncommon, and carbonate 

growth during stage 4 is not pervasive. Stage 4, chlorite3 is locally inter-grown with calcite, and 

is characterized by a low aluminum content (13-14% Al2O3), with no Mn or Ti. Stage 4 veins are 

associated with the deposition of minor gold, bismuth selenide, chalcopyrite (e.g. Fig.13h), 

pyrite and rare Cu-Pb-Bi selenides that resemble Junoite (Pb3Cu2Bi8(S,Se)16), Cerromojonite 

(CuPbBiSe3) and Clausthalite (PbSe). Stage 4 calcite is generally pure CaCO3, but locally 

contains up to 0.5% Mn. 

Stage 5 alteration postdated mineralization and involved the localised growth of late-D3, 

pale pink feldspar and minor quartz, magnetite, specularite and titanite (e.g. Fig. 2.12f). Feldspar 

alteration was concentrated along fracture zones that vary in width from a few decimeters to 

over 20 m, and it resulted in the formation of vein- or dyke-like features (e.g. Fig. 2.12f). These 

are common in both hanging wall and footwall sequences. Assay values from drill core indicate 

that stage 5 feldspar veins and dykes do not contain gold, and where stage 5 veins intersect 

mineralization, gold was depleted.  

The latest hydrothermal event at Tick Hill, defined as Stage 6, involved the formation of 

carbonate-quartz-clay assemblages along late veins and D4 faults (e.g. Fig. 2.7h). In drill core, 

stage 6 alteration occurs in both footwall and hanging wall sequences. The veins commonly 

constitute infill along fault breccia with vuggy quartz, calcite, green clay minerals and minor 

pyrite. 

5. Discussion 

Since its initial discovery, intensive exploration in the region around Tick Hill has 

demonstrated that the deposit has no obvious extensions and therefore appears to be unique. 

What makes it different from other gold deposits in the Mt Isa Block is the high-grade, 

concentrated nature of the gold mineralization, the virtual lack of significant enrichment in other 

metals, the low sulfide content and presence of Bi-selenides, and the high-grade gneissic host 

rocks. As such Tick Hill does not comfortably match the ore deposit models for either gold-rich 

IOCG deposits (e.g. Williams et al., 2001, 2005; Groves et al., 2010; Duncan et al., 2014), or 

orogenic lode gold occurrences with which Tick Hill has been compared (e.g. Goldfarb et. al., 

2005; Danero et al., 2013). 
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In mapping the deposit and its associated structure, paragenesis and alteration assemblages 

a number of controlling factors have been identified that influenced how gold-bearing fluids at 

Tick Hill may have moved to trapping sites, and how these fluids interacted with the host rock to 

deposit gold. These controls include lithological and structural controls as well as the nature the 

far field stress, and the potential role of intrusive activity .  

One important and puzzling feature about the Tick Hill deposit is evidence for texturally 

early as well as texturally late gold, together with indications that early sulfide mineralization 

may have been remobilized (Fig. 2.9), which has led to a variety of mineralization concepts in 

past exploration campaigns (Tedman-Jones, 2001). The implications for the timing and origin of 

the Tick Hill deposit will be discussed in more detail below.  

5.1. Controls on the distribution of mineralization at Tick Hill  

5.1.1. Lithological controls 

Mineralization at Tick Hill is not restricted to any one stratigraphic horizon, and the high-

grade ore envelope transgresses different lithologies including quartzite, quartz-feldspar 

mylonite, calc-silicate gneiss, amphibolite and biotite schist (Fig. 2.3). All of these lithologies 

are characterized by strong-silicification that predated the main stage of mineralization. Thus, 

from a litho-chemical perspective there does not appear to be a single lithology (e.g., an Fe-rich 

lithology) that was especially conducive to the precipitation of gold, i.e. it is unlikely that 

chemical interaction between the host rock and a ligand carrying the gold was of great 

importance in trapping gold. Having said this, the lithologies in the area contain magnetite, in 

places at high concentrations, and the high-grade ore zone is characterized by a clear overprint of 

hematite replacing magnetite. Much of this magnetite formed early (during D1-2 and stage 1 

alteration; Table 2.1) as the product of metamorphism and early metasomatism, and its presence 

clearly played a role in the precipitation of hematite, and by extension, possibly gold.    

The most characteristic feature of the high-grade ore zones in all lithologies is the high 

degree of silicification, which manifested itself through the formation of a dense network of syn-

D3, laminar veins that are mostly thin (<0.5cm) and both parallel and transect the dominant 

underlying S1 mylonitic fabric. The fine, laminar D3 veins have the appearance of quartz ribbon 

grains thereby masking the extent of their development in quartz-feldspar mylonite. In places, 

the laminar veins are so numerous that the entire high-grade zone of the deposit is best described 

as a crackle-breccia (e.g. Tedman-Jone, 2001), which locally evolved into chaotic breccia zones 
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(e.g. Jebrak, 1997). Sodic, and potassic alteration with the development of albite and later K-

feldspar-sericite was part of this process. In most places micro-fractures associated with the 

veining were healed, but their imprint remains visible as trails of fluid inclusions, alteration 

minerals, and gold grains.  

Thus, the main lithological control on the configuration of the deposit appears to have been 

mechanical in nature, in which strongly silicified, and, therefore, more competent lithologies 

were preferentially fractured. The competency of the lithologies resulted in part from the high-

grade metamorphic nature (i.e. coarse-grained, granoblastic, mica-poor) of the rock in 

combination with the effects of pervasive silicification that affected the ore zone prior to 

brecciation and deposition of the gold. 

5.1.2. Structural controls 

The geometry of the Tick Hill deposit is controlled by structures. D1,2 shearing, folding and 

transposition led to the formation of tight intrafolial folds and foliation truncation planes, which 

occur as macroscale shear bands; a phenomenon common in high-grade gneiss belts (e.g. Dirks 

and Wilson, 1995; Passchier & Trouw, 2005).  These structures provided the underlying 

architecture on which the later gold mineralization was imprinted.  

On the scale of the deposit (i.e. 100 m scale) the distribution of the ore zone coincided with 

a D1 foliation truncation plane (Fig. 2.3), which was reactivated during D3 as a sinistral normal 

fault. The truncation plane appears to be spatially aligned with the hinge zone of a D1 isoclinal 

fold although the existence of this fold is uncertain. Of greater importance is the fact that the D1 

foliation truncation plane was reactivated during D3, as part of a network of faults and veins that 

created the fluid pathways through which gold-bearing fluids were channeled.   

Exploration reports for the deposit have suggested that the linear, ESE-plunging, high-

grade ore zone paralleled the dominant mineral elongation lineation (L1x; e.g. Tedman-Jones, 

2001), and this argument was used to suggest that mineralization formed early in the history of 

the MKD (e.g. Choy, 1994; Oliver, 1998). Our observations indicate that the high-grade ore 

envelope coincided with the orientation of the intersection lineation between two sets of D3 

faults and associated veins, i.e. a NNE-trending set, and an E-trending set (Fig. 2.6c).  The main 

NNE-trending fault paralleled the D1 foliation truncation plane and the mylonitic fabric W of the 

fault, and the high-grade ore envelope coincided with it. The E-trending fracture set provided a 

second order (10 m scale) control on fluid migration during gold-mineralization. On the scale of 
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individual outcrops, high-grade domains are dominated by numerous, laminar fractures that 

either parallel the main S1 mylonitic fabric or occur as steep, mainly E-trending partings to 

create the crackle breccia discussed above. It is, therefore, not the underlying D1 mylonitic fabric 

that controlled the current distribution of mineralization at Tick Hill, but the intersections 

between the network of D3 fractures.  

Based on exploration reports and drill core logging, the degree of brecciation in the deposit 

increased with depth as the deposit narrowed. At the base of the ore zone mineralization was 

described to rotate into well-mineralized, E-trending breccia veins (Tedman-Jones, 2001). These 

veins are calcite bearing, whereas higher in the ore zone, carbonate veins are relatively rare and 

formed late relative to the bulk of the mineralization (stage 4; Table 2.2). The breccia veins at 

the base of the deposit may represent feeder structures. Their orientation taken together with the 

prevalence of E-trending D3 normal faults and E- trending low-grade gold envelopes suggest that 

an E-W trend may have been fundamental in channeling mineralizing fluids from depth to 

crustal levels where decompression of the fluids may have enhanced brecciation.  

5.2. The stress field during mineralization 

The nature of the stress field at the time of mineralization may have provided a further 

control on gold deposition. Early models for the Tick Hill deposit have suggested that the 

mineralization formed during D1 in an extensional environment (e.g. Laing, 1993; Choy, 1994). 

As mining progressed, this interpretation was not consistent with the observed structural controls 

and the timing of alteration, and the notion of early mineralization was largely abandoned (e.g. 

Tedman-Jones, 2001). Tedman-Jones (2001) suggested that the D3 faults controlling gold were 

related to the Plumb Mt. and Mt. Bruce faults, N and S of the deposit respectively (Fig. 2a), and 

resulted from E-W compression (Forrestal et al., 1998). This is not in accordance with 

observations in the pit. The shear indicators that exist along the main NNE-trending D3 fault 

suggest a sinistral-normal sense of movement, whilst the E-trending D3 faults that are well 

exposed in the NW corner of the pit, preserve clear normal components of movement (Fig. 2.7e). 

Given that the gold mineralization can be linked to these faults, both within the pit and in drill 

core, D3 alteration and mineralization probably occurred in an extensional environment.  

The cause of extension at Tick Hill during D3 is unresolved. It could reflect a localized 

effect, e.g. extension above an intrusive body, or it could have resulted from a regional 

extensional event. Whatever the cause, the effects of extension on fluid flow would have been 

several: (a) it allowed for more extensive fracturing and brecciation of the host rocks, given that 
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rocks are weaker under tension (e.g. Jebrak, 1997; Dirks et al., 2013; Blenkinsop et al., 2020); 

(b) it would have accommodated effective fluid penetration and fluid flow (e.g. Dirks et al., 

2019, 2020; Blenkinsop et al., 2020); (c) in brecciated zones there would have been a volume 

increase, probably resulting in a drop in fluid pressures which may have influenced gold 

solubility (e.g. Goldfarb & Groves, 2015).  

 

 

5.3. The potential role of intrusions  

The occurrence of pegmatite veins and quartz-feldspar metasomatism in the high-grade ore 

zones, as well as the apparent association of gold with Bi-Cu and oxidizing fluids, can be 

interpreted as indications of intrusion-related gold mineralization (e.g. Thompson et al., 1999; 

Hart and Goldfarb, 2005). Aeromagnetic data collected by MIM during their exploration efforts 

in the 1990s showed that the Tick Hill orebody is located at the NE margin of a 3x2 km, oval 

shaped magnetic low that was interpreted as a possible concealed intrusion (Nano, 1999), 

potentially linking mineralizing fluids to a (hypothetical) granite intrusion at depth (Tedman-

Jones, 2001). Other than the late pegmatite bodies describe here, no late-tectonic granite bodies 

were found in the area (Wyborn 1997; Laing, 1993). The late pegmatite intrusions around Tick 

Hill are granitic in composition and were emplaced during D3 extension. The stage 2 (D3) 

feldspar-rich sheeted veins are similar in composition and relative timing as the late pegmatite 

veins, and they are common in drill core below the ore zone. These sheeted veins occur with 

fracture zones, and in part involved a metasomatic overprint of the surrounding gneiss. They 

share the same deformation textures and are associated with similar alteration haloes as the late 

pegmatite bodies visible in the pit, and therefore, late pegmatite and mineralization could be 

related to syn-D3 igneous activity. Oxygen isotope data obtained from lithologies in and around 

the deposit, have been cited as evidence for an intrusive fluid (e.g. Choy,1994). However, the 

isotope results vary little (10.2-12.9‰; Hannan, 1994) across a variety of rock types and veins, 

and they do not unequivocally reflect a magmatic source (e.g. Oliver et al., 2004). 

A further argument that can be made for the possible involvement of an intrusive body at 

depth is the stockwork-like geometry of the fracture-networks and veins that host the gold at 

Tick Hill (Figs. 2.7c,e). Vein distribution patterns can reflect the broader geological setting 

during fluid migration; e.g. intrusion-related, low- and high-sulphidation gold deposits that 
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formed from fluids released by a causative intrusion typically display widespread stockwork 

veining across all lithologies (e.g. Corbett & Leach, 1998; Thompson et al., 1999; Corbett 2002; 

Rowe and Zhou, 2007; Goldfarb and Groves, 2015; Blenkinsop et al., 2020), rather than 

showing a systematic distribution of secondary structures near a master fault typical for orogenic 

gold deposits (e.g. Colvine et al., 1988; Goldfarb et al., 2005; Dirks et al., 2013). At Tick Hill, 

the mineralized veins, fracture networks and associated breccia zones are highly localized and 

stock-work like, whilst any through-going controlling D3 shear zones are absent. Additionally, 

the five different stages of alteration and veining observed during D3, suggest that brecciation 

and fracturing was a process that repeated itself several times, and involved a number of fluid 

pulses as the temperature of the altering fluid was cooling (Table 2.2). These observations are 

consistent with the presence of an igneous intrusion below Tick Hill, which could have driven 

episodic fluid flow through a network of D3 structures. 

5.4. Timing of mineralization 

Although most of the mineralization at Tick Hill was clearly related to D3 fracture zones, 

and associated laminar veins and quartz-albite-hematite-chlorite alteration (Table 2.2), a number 

of observations have been made that do not simply fit this pattern. The most compelling of these 

is the presence of coarse-grained, granoblastic gold inclusions in seemingly un-altered peak-

metamorphic hornblende and pyroxene grains that are aligned within S1,2.  The presence of gold 

in peak-metamorphic minerals was cited by Choy (1994), and has led to speculation during the 

early exploration stages that the mineralization must have predated the main D1-2 events (Laing, 

1993; Oliver, 1998; Tedman-Jones, 2001). In various exploration reports, it was suggested that 

the original source of mineralization could have been sedimentary-alluvial, syn-sedimentary 

epithermal or associated with early stage intrusions that were subsequently sheared and 

mylonitised (Laing, 1993; England, 1993, 1995; Choy, 1994; Oliver, 1998). It is worth looking 

at each of these scenarios. 

If a significant amount of the gold had formed prior to or during D1 it is hard to explain the 

highly concentrated nature of the mineralization considering the intensity of the S1-2 mylonitic, 

transposition fabric and D3 metasomatic overprint, unless the earlier gold forming event itself 

was highly localized. This would make it unlikely that a significant amount of the gold at Tick 

Hill would have formed as alluvial gold in a sedimentary environment, or that it was associated 

with early intrusions, since both of these mechanisms would have likely resulted in a more 

dispersed distribution of early gold (e.g. Robb & Robb, 1998; Hart & Goldfarb, 2005; Tucker et 

al., 2016).   
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The most plausible explanation for the confined early deposition of gold, although based 

on limited evidence, has been the suggestion that gold was deposited from magmatic fluids in an 

extensional fault jog along D1 shears that are represented by the quartzite ridges (e.g. Laing, 

1993, Oliver, 1998; Tedman-Jones, 2001). Mapping of the quartzite ridges in the Tick Hill area 

has demonstrated that many of them transgress the dominant gneissic layering, and are strongly 

metasomatised (e.g. magnetite rich) with lensoidal geometries, gradational margins and fringed 

terminations suggesting alteration fronts (Coughlin, 1993; Laing, 1993). No sedimentary 

structures have been described from any of the quartzite ridges in the region, and many are 

characterized by extensive micro-veining, brecciation and silicification, largely masked by later 

recrystallization and metasomatism. This is the case for the hanging wall quartzite at Tick Hill, 

which was therefore interpreted as a strongly silicified metasomatised D1 shear zone with early 

gold enrichment accompanying silicification in a dilational jog during D1 (e.g. Coughlin, 1993; 

Laing 1993; Oliver, 1998). 

In spite of overwhelming structural evidence that the host rocks are mylonitic, the laminate 

textures in the Tick Hill ore zone have also been interpreted as primary varve-like deposits from 

silica gels in an epithermal environment (e.g. England, 1995). This interpretation followed 

suggestions of an epithermal exhalative origin for the gold-rich IOCG deposits at Starra (e.g. 

Davidson et al., 1989) ~60 km east of Tick Hill, but there is no evidence to support it. 

Given the intensity of the later deformation and D3 metasomatism, there is no way to 

ascertain if any of the earlier models for early gold enrichment at Tick Hill have merit. Regional 

exploration along strike, in litho-stratigraphic units that are similar to those hosting 

mineralization at Tick Hill, have not yielded any significant gold enrichment.  In spite of this, 

the fact remains that there was an early generation of gold, even though most of the gold must 

have been remobilized during D3, because the bulk of the mineralization is hosted by D3 

structures. Given the tightly constrained nature of the ore envelope parallel to D3 faults and fault 

intersections (Fig. 2.6), migration of the gold-bearing fluids must have proceeded in a highly 

focused manner. This does not preclude the possibility that gold was remobilized from older 

mineralization that may have occurred at depth as discussed in more detail in the next sections. 

5.5. Constraints on the mineralizing fluids and mineralization style 

One of the most characteristic alteration features associated with gold mineralization at 

Tick Hill is the destruction of the magnetic signature in the lithologies that host the gold, as a 

result of the replacement of D1-2 and stage 1 magnetite by hematite (Fig. 2.8). The abundance of 
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hematite over magnetite in association with gold reflects the strongly oxidized nature of the 

mineralizing fluids. In spite of this, the immediate hanging wall to the orebody is strongly 

enriched in magnetite, but most of this magnetite was texturally early, and predated the main 

phase of gold mineralization.  

Similar to magnetite, sulfides appear to have been affected and largely resorbed in the 

high-grade ore zones, presumably by the same mineralizing fluids. Gold observed in stage 2 to 

stage 4 assemblages, occurs everywhere as free gold, readily visible under the microscope, and 

generally associated with little or no sulfide. In some of the more mafic lithologies (e.g. 

amphibolite-bearing calc-silicate), gold occurs in spatial association with trace amounts of 

sulfide (mainly pyrite, chalcopyrite, arsenopyrite and pyrrhotite), but these sulfide grains are 

typically irregular, strongly embayed and skeletal in shape, although in some places gold is inter-

grown with newly formed sub-hedral pyrite or pyrrhotite. Instead, gold is more commonly 

associated with Bi-selenides. These observations suggest that most sulfides represent the remains 

of older grains that predated gold mineralization, and that sulfide was largely resorbed and 

removed from the high-grade ore-zones by S-under-saturated fluids.   

Pyrite, chalcopyrite and pyrrhotite patches are common in amphibolite and amphibolitic 

calc-silicate units in the hanging wall and footwall to the deposit. Although there is no obvious 

metal enrichment other than gold within the ore zone itself, a weak Co (>30ppm) anomaly has 

been observed, whilst the immediate footwall to the high-grade mineralized zone, typically 

showed enrichment in Cu (>200ppm). On a local scale Cu and Co show a poor spatial 

correlation with gold in assay data, whilst Co and Cu do correlate with each other (as well as 

Ni). The observed Cu-Co enrichment correlates with chalcopyrite -pyrite mineralization in the 

footwall. What is not clear is whether this chalcopyrite-pyrite mineralization formed with the 

gold as part of the mineralizing fluids, or whether the Cu and Co was present in the host rock 

prior to oxidizing gold-bearing fluids leaching the host rock of its metals. In other words, similar 

to magnetite being largely destroyed by the oxidizing gold-bearing fluids, sulfides in the host 

rocks may have been similarly destroyed with S and Cu and to a lesser degree Co being removed 

from the high-grade gold zone by S-under-saturated, oxidizing fluids. The Cu-sulfides were 

subsequently redeposited along the edges of the mineralization, presumably as a result of the 

interaction of the mineralizing fluids with the ambient fluids. This would be consistent with the 

sulfide textures and the gold-only nature of the ore.      

Apart from hematite, the gold-rich zone is characterized by quartz-albite-oligoclase-K-

feldspar-sericite alteration, which showed a temporal evolution from early sodic alteration 



 

32 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 2 – GEOLOGICAL SETTING 

dominated by albite (stage 1 and early stage 2) to later, more potassic alteration with the 

formation of K-feldspar and sericite (late stages 2 and stage 3). The ore zone is further 

characterized by a recrystallized granoblastic texture in quartzo-feldspathic rocks.  The bulk of 

the gold was deposited during D3 in stage 2, with stage 3 and 4 mineralization being either due 

to the continued inflow of new gold, or the remobilization of stage 2 gold (Table 2.2). In this 

regard, it is significant that gold commonly occurs in patches with larger grains of irregularly 

shaped gold surrounded by halos of finer gold grains indicating a degree of localized 

remobilization (Figs. 2.9d,h). Similar remobilization of gold is also indicated by the presence of 

gold grains along micro-fractures that formed during stage 3 and stage 4 to penetrate matrix 

grains including amphibole and pyroxene,.   

The alteration mineral assemblage that formed during stage 1 (i.e. magnesio-hornblende, 

albite, oligoclase, high-Al chlorite1) indicates that the metasomatic events during D3 started at 

upper-greenschist facies conditions in the core of the alteration zone. The assemblage during 

stage 2 and 3 evolved to actinolite, low-Al chlorite2, epidote, K-feldspar after albite, sericite and 

then clay, suggesting that ambient temperatures progressively dropped between stage 2 and stage 

4.  The intense hematite alteration, the formation of leucoxene and selinides, and the destruction 

of magnetite and sulfide (Fig. 2.8) indicate that the mineralized fluids were strongly oxidized 

and S-undersaturated during stage 2 and 3. Conditions may have varied somewhat with the 

localized formation of pyrrhotite after pyrite suggesting more reduced conditions in at least parts 

of the deposit. This type of textural variation could reflect the interplay of reduced mineralizing 

fluid with a more oxidized ambient fluid considering the regional prevalence of hematite as an 

alteration phase (e.g. Oliver, 1995; Skirrow and Walshe, 2002). The fact that carbonates are 

largely absent from the alteration assemblage would further suggest that the mineralizing fluids 

did not contain much CO2. These constraints on the fluid composition indicate that the gold was 

not transported as a bisulfide complex, but must instead have moved as halogen complexes at 

low pH conditions. This is likely to have involved chlorine as is common in IOCG deposits in 

the Mt Isa district and considering the presence of Cl- in stage 1 amphibole (e.g. Williams et al., 

2001, 2005; Williams & Pollard, 2001; Oliver et al., 2004). Thus, the mineralizing fluids were 

saline and oxidized, a characteristic that has been linked to igneous activity (e.g. Oliver et al., 

2004; Mark et al., 2006). 

One conspicuous feature about the Tick Hill deposit is the presence of a range of selenide 

minerals and the corresponding general paucity of sulfides in direct association with gold. 

Selenide minerals are relatively rare in mineral deposits because Se, which is strongly 

chalcophile, readily substitutes for sulfur in sulfide minerals. Deposition of selinides, rather than 
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substitution in e.g. pyrite or chalcopyrite, therefore, requires specific conditions, and the selenide 

mineral assemblage places constraints on the nature the ore forming fluids as well as physical 

conditions of formation (e.g. Simon & Essene, 1996; Simon et al., 1997; Cook et al., 2009; 

Cabral et al., 2017).  Bi-Cu-Pb bearing Selenide deposits with hematite and rare sulfides have 

been described from telethermal vein deposits, where they typically formed in schists at 

relatively low temperatures from highly oxidized saline fluids within the hematite stability field 

at low fS (e.g. Simon et al., 1997; Cabral et al., 2017). High fO2 conditions prevent the early 

incorporation of Se in sulfides and promote the formation of selenides, which generally occurs 

between 65°C - 300°C, and mostly below 150°C (Simon et al., 1997). Reconstructions of the 

palaeo-depth of most selenide-bearing deposits indicate that lithostatic pressures were generally 

low and probably less than 0.5 kbar (Simon et al., 1997). The formation of selenides of elements 

such as Cu required acidic or reducing environments (Cook et al., 2009). Thus, the presence at 

Tick Hill of Bi-Cu-Pb selinides in association with gold probably indicates a relatively shallow 

depositional depth at relatively low temperatures and further confirms the involvement of 

strongly oxidized, acidic, saline fluids in which gold and other metals (Bi, Cu, Ni, Co) were 

mobilised as chlorine complexes (Simon et al., 1997; Cook et al., 2009). Some of the selinides at 

Tick Hill contain minor Te as well, and the association Au-Bi-Te-Se, together with other 

chalcophile elements has been linked to a magmatic signature (e.g. Spooner 1993).  

The alteration assemblage and structural setting at Tick Hill displays similarities with 

IOCG deposits in the Eastern Fold Belt of the Mt Isa Block (e.g. Williams et al, 2005). 

Similarities include the strong structural controls on mineralization, the prevalence of sodic 

alteration predating mineralization and the shift from sodic to more potassic alteration as gold 

deposition progresses; the presence of abundant hematite and magnetite together with chlorite in 

association with gold; and the involvement of oxidized, acidic saline fluids (e.g. Williams, 1998; 

Williams & Pollard, 2001; Oliver et al., 2004; Williams et al., 2005; Groves et al., 2010; 

Mclellan et al., 2010). But there are important differences with classic IOCG deposits in the 

eastern fold belt (e.g. Groves et al., 2010). These include the absence of any significant copper 

mineralization, or any other significant metal enrichment for that matter, the absence of 

significant sulfide mineralization and the presence of Bi-selenides, and the absence of large 

volumes of concomitant felsic or mafic intrusions in the area (Oliver et al., 2004; 2008). The 

high-grade metamorphic nature of the host rock and the high gold-grade and extremely restricted 

nature of the deposit also differ from IOCG deposits in the Eastern Fold Belt. Thus, the 

geological setting of Tick Hill does not provide an easy match with any existing deposit type, 

although there are many similarities with IOCGs, and Tick Hill may be viewed as an extremely 



 

34 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 2 – GEOLOGICAL SETTING 

gold-rich endmember of this already highly diverse group of deposits (e.g. Williams et al., 2005; 

Groves et al., 2010). 

5.6. An alternative model for gold at Tick Hill; involvement of Kalkadoon basement 

When considering the Au-rich nature of the Tick Hill deposit, its association with Bi and 

Se and extensive hematite-chlorite alteration, the Tick Hill deposit displays many similarities 

with some of the high-grade gold deposits (e.g. Nobles Nob, Eldorado; Skirrow and Walshe, 

2002; Groves, 2010) in the Tennant Creek area of the Northern Territory, Australia. It is 

instructive to investigate these similarities in more detail, as it has implications for how to 

interpret the origin and timing of mineralization at Tick Hill. 

The Tennant Creek gold field includes a large range of Au-Cu-Bi deposits that vary 

significantly in Au:Cu ratios, Fe-oxide and sulfide mineralogy, and isotope compositions and 

include reduced Cu-rich, and oxidized Au-rich end-members (Skirrow and Walshe, 2002; 

Groves, 2010). The Cu-rich endmember deposits have been considered as possible IOCG 

deposits (e.g. Skirrow, 2000; Williams et al., 2005). In contrast, the Au-rich end-member 

deposits do not comfortably fit in the IOCG family (Groves et al., 2010), but they compare 

favorably with Tick Hill (e.g. Groves et al., 2010). Mineralization in the Tennant Creek area 

comprises native gold, chalcopyrite and a range of bismuth minerals including S-Se-Te-Cu-Pb-

bearing Bi sulfosalts (Large, 1975; Wedekind et al., 1989; Skirrow and Walshe, 2002). The Au-

rich deposits tend to have minor to abundant hematite alteration of pre-existing magnetite and 

widespread chlorite, muscovite, pyrite alteration (e.g. Juno, Argo, Nobles Nob, Eldorado; 

Skirrow and Walshe, 2002). The mineralization is typically hosted by structurally controlled, 

magnetite/hematite-rich, hydrothermal replacement bodies referred to as ‘ironstones’ that formed 

at temperatures of ~350-400°C and ~2.5- 5 kbars (Skirrow and Walshe, 2002). These 

‘ironstones’ are hosted by ~1860 Ma, low-grade metasedimentary turbidites. The Au-Cu-Bi 

mineralization was introduced into the ironstone bodies at slightly lower temperatures (~300°C) 

during the regional Tennant Event at ~1860–1845 Ma (Compston and McDougall, 1994; 

Skirrow and Walshe, 2002). The Au-rich deposits have been linked to the reactions between 

magnetite ironstone and oxidizing brines that mixed with pulses of intermediate-fO2, low- to 

moderate-salinity ore fluids to deposit gold and Bi sulfosalts whereas Cu deposition was 

suppressed by increasing solubility of Cu in the mixed fluid (Skirrow and Walshe, 2002). 

Additional significant ‘non-ironstone’ deposits of Au-Cu-Bi mineralization occur within shear 

zones outside the ironstones (e.g. Orlando East, Navigator 6; Skirrow, 2000; Skirrow et al., 

2019). Some of the shear zone hosted deposits were dated at ~1660 Ma and are thought to have 
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formed through remobilization of the main ironstone-hosted Au-Cu-Bi ore bodies with Au 

moving up to 100s of meters (Skirrow et al., 2019). A ubiquitous feature of the gold-bearing 

veins is the presence of chlorite alteration adjacent to the veins together with hematite, monazite 

and chalcopyrite. 

At Tick Hill it would appear that highly oxidized, Bi-Se-bearing hydrothermal fluids were 

capable of transporting gold to its current depositional site. The presence of gold in hornblende 

and pyroxene grains that are aligned in the D1 fabric, indicates that at least some gold 

mineralization pre-existed in the area. If one considers the parallels that exist with the Tennant 

Creek gold field, we suggest that there is a genuine possibility that early high-grade Au-Cu-Bi 

mineralization of the oxidized Au-rich end-member type (Skirrow and Walshe, 2002) may have 

existed in the ~1850Ma Kalkadoon basement, which crops out west of Tick Hill. If this 

basement was subsequently reworked and overprinted by hydrothermal fluids with the capacity 

to remobilise the pre-existing Au mineralization in the basement rocks, then the Tick Hill 

deposit could represent a remobilised, older high-grade gold deposit. The fluids involved in this 

remobilisation were highly saline, oxidized fluids that gave rise to the extensive regional albite-

hematite alteration in the area (e.g. Oliver 1995). These fluids would not necessarily have to be 

gold-rich, but could have scavenged their metal load from the older deposits in a way described 

for the late Au-vein deposits in the Tennant Creek area (Skirrow et al., 2019). A key implication 

is that rock sequences that are part of the Kalkadoon basement may be prospective for Au-Cu-Bi 

mineralization. Currently we know little about the age of the volcano-sedimentary sequence that 

hosts the Tick Hill deposits, and providing age constraints for the rocks in the area is therefore 

critical (see Le et al., 2021). 

6. Conclusions 

Four deformational events have been recorded at Tick Hill and the surrounding rocks 

including: (1) regional D1 shearing resulting in the formation of mylonitic textures at high-grade 

metamorphic conditions; (2) D2 upright folding that formed the Tick Hill syncline, again at high-

grade metamorphic conditions; (3) D3 normal faulting with extensional veining and widespread 

quartz-feldspar alteration near Tick Hill and subsequent regional red rock alteration; and (4) D4 

strike-slip faulting with cataclasite textures. The ore zone at Tick Hill parallels a D1 foliation 

truncation plane that was reactivated as a sinistral-normal fault during D3. Mineralization also 

parallels the intersection lineation between sets of D3 faults, with localized brecciation along the 

faults increasing with depth. 
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Key features of the mineralization at Tick Hill include: (1) the high-grade, coarse-grained, 

gold-only nature of the deposit most of which formed during D3 faulting events and associated 

alteration; (3) the possible presence of an earlier, pre-D1 stage of mineralization; (3) the 

restricted nature of the deposit, with an abrupt boundary between mineralized and non-

mineralized zones; (4) a paucity of sulfides and other metals in the ore zone together with the 

presence Bi-selinides in association with gold; (5) a prevalence of magnetite and hematite, with 

hematite concentrated in the ore zone; (6) alteration assemblages characterized by proximal 

albite, hematite, chlorite, amphibole, epidote, sericite, clay minerals and minor calcite; (7) 

proximal mineralization coincided with D3 brecciation and intense silicification, bounded by a 

strongly silicified zone and surrounded by a chlorite-epidote shell; (8) the presence of abundant 

laminar quartz veins, locally forming breccia; (9) the involvement of strongly oxidized, acidic, 

saline, hydrous fluid; (10) the involvement of an extensional stress field, with gold deposition 

possibly due to decompression-cooling of the mineralizing fluid;  and (11) a possible genetic 

relationship between post-tectonic pegmatite and mineralization. In terms of alteration 

assemblages and structural setting the Tick Hill deposit shares similarities with IOCG deposits in 

the Eastern Fold Belt of the Mt Isa Block. However, its high-grade gold-only nature, lack of 

significant Cu enrichment, presence of Bi-selinides and general absence of associated intrusions 

make it a unique deposit in the Mt Isa Block. Evidence of early mineralization and 

remobilization of gold and sulfides, suggests that early gold enrichments existed in the area, 

possibly within the 1850Ma Kalkadoon basement, and that later metasomatic fluids may have 

mobilized this gold into suitable structural traps during D3.  
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FIGURES 

 

 

Fig. 2.1. Tectonic subdivisions of the Mt Isa Inlier as defined by Withnall and Hutton (2013) showing 

different domains and the boundaries of the Eastern Fold Belt and Western Fold Belt on either side of the 

Kalkadoon-Leichhardt Belt. 
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Fig. 2.2. Geological map of Tick Hill Area (a) with a zoom-in to the Tick Hill Syncline (b). Note that the 

calcsilicate, amphibolite, biotite schist and quartzite units were interpreted as the Corella Formation while 

the felsic metavolcanics were assigned to the Argylla Formation (Adapted from Wyborn, 1997; 

Rutherford, 2000). 
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Fig. 2.3. Geology of the Tick Hill deposit. a. Geological map of Tick Hill Pit as exposed in November 

2017. The surface elevation responds to mine level 340 mRL; b. Underground geological map of level 

117 mRL towards the base of the mine, showing folded layering and a shift of the ore zone from a NNE 

trend at surface to an E-trend  (Adapted from MIM, 1993); c. Cross-section 7605925mN showing the 

lithological host rocks in spatial relationship with the 1g/t ore envelope and brecciation zones. Drill holes 

are projected onto the section from 20m north and south (adapted from Downs, 2000). The 1g/t ore 
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envelope is hosted in biotite schist and hanging wall quartzite. Brecciation with emplacement of east-west 

sheeted veins coincided with the ore envelope. 

  

  

  

  

Fig. 2.4. Rock units from Tick Hill.  a. Gneissic amphibolite composed of amphibole and plagioclase 

defining S1; b. Gneissic calc-silicate composed of amphibole, scapolite, plagioclase defining S1; d. 

Amphibole-rich calc-silicate consisting of amphibole-rich bands interlayered with calc-silicate bands that 

consist of amphibole-quartz-plagioclase-scapolite-magnetite; d. Hanging wall quartzite showing 

distributed feldspar grains affected by quartz alteration; e. Quartz-feldspar-biotite-amphibole schist sub-

unit within the biotite schist; f. Biotite schist in the pit wall composed by biotite, feldspar, sillimanite and 

amphibole, overprinted by red-rock alteration; i. Typical quartz-feldspar mylonite, with feldspar-quartz 

laminae intercalated with thin quartz vein that have the appearance of ribbon grains. k. Foot wall 

quartzite composed of strongly recrystallized granoblastic quartz. 
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Fig. 2.5. Photos of thin sections for rock units from Tick Hill. a. Foliated (S1) amphibolite composed of 

hornblende (hbl) and plagioclase (pla) under plain polarized light (PPL); b. Foliated (S1) amphibole-rich 

calc-silicate with scapolite (scp), hornblende (hbl), plagioclase (pla), microcline (mic) and quartz (quartz) 

under cross polars (XPL); c. Hematite replacing magnetite (mt) in the magnetic calc-silicate sub-unit; d. 

Foliated (S1) biotite schist composed of quartz, biotite, microcline and plagioclase (XPL). The fabric 

displays annealing textures in which quartz-feldspar grain growth was restricted by biotite grains.  

Feldspar is partially altered to sericite (ser); e. Quartz-feldspar mylonite composed of ribbon grains of 

quartz (qtz), microcline (mic) and plagioclase (pla) that was altered to sericite and clay minerals (XPL); f. 

Quartz-feldspar mylonite cut by a thin quartz vein (running left to right) that parallels the main mylonitic 

fabric, and a later fracture filled with opaques (bottom left to upper-right). The quartz displays a 

granoblastic textures reflecting post-deformational annealing and recovery (XPL).  
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Fig. 2.6. Plots of structural elements visible in the pit at Tick Hill. a. Great circles = S1; Blue dots = poles 

to S1; Red dots = L1x; Grey diamond = long axis of 16.5g/t Au ore envelope. Note that the ore envelope is 

not parallel to L1x; b. As above. Shown is the best fitting great circle through the poles to S1. Note this 

great circle has a pole (3) that coincides with L1x; i.e. the foliation truncation planes responsible for the 

variations in S1 directions probably formed during D1; c. Black great circles = S1; Red great circles = S3 

shear zones and normal faults; Blue dots = L3x; Grey diamond = long axis of 16.5g/t Au ore envelope. 

Note that the ore envelope is parallel to the intersection lineation between S1 and S3. 
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Fig. 2.7. Representative D1-4 structures and alteration textures. a. S1 fabric in gneissic calc-silicate 

intercalated with biotite schist bands in the north wall of the pit; b. D2 up-right folds in the N wall of the 

pit; c. North pit wall, showing the D1 foliation plane reactivated as a D3 shear zone (red lines). En echelon 

D3 pegmatite and quartz veins (in blue) are indicative of sinistral-normal movement on the shear zone 

during D3; d. Close-up of syn-D3 pegmatite containing en-echelon quartz veins that indicate a normal 

shear sense; e. E-trending, D3 normal faults (red), some with breccia (blue) in the northwest corner of the 

Pit; f. D3 brecciated and altered calcsilicate gneiss with trace sulphides derived from underground 

workings; g. High-grade calc-silicate breccia in the ore zone, which is associated with D3 sheeted veins 

and quartz-feldspar-chlorite-hematite alteration; h. D4 veins with calc-silicate breccia fragments 

consisting of quartz, carbonate, and green clay minerals that over print the late D3 red rock alteration. 
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Fig. 2.8. Ground magnetic map of the Tick Hill area, overlain with Au grade contours, illustrating the 

coincidence of gold mineralisation with an area of magnetic depletion (Nano et al., 2000). 
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Fig. 2.9. Examples of textures associated with gold mineralization. a. Gold-rich metasomatized quartz-

feldspar mylonite, a close-up of the white box is shown in the top right; b. close-up of coarse-grained 

gold grains in (a). Gold is commonly contained within quartz or surrounded by a moat of quartz in 
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recrystallised quartzo-feldspathic gneiss in which albite is replaced by late-D3 sericite and clay minerals; 

c. Gold mineralisation concentrated along feldspar-rich selvages in strongly foliated amphibole-rich calc-

silicate; d. and e. Close up micrographs of (c) under reflected (d) and transmitted (e) light showing 

coarse-grained gold within peak-metamorphic (D1) hornblende, while fine-grained gold occurs along 

grain boundaries where it is associated with sericite (ser) and clay (cla) alteration (after feldspar); f. and 

g. Close up micrographs of (c) under reflected (f) and transmitted (g) light showing gold within 

clinopyroxene (Cpx). White circles represent SEM analyses; h. Microphotograph showing a coarse grain 

of gold with a halo of finer gold grains suggesting local dissolution and remobilisation of an early stage 

of gold (image after Choy, 1994).   

 

 

Fig. 2.10. Cross-section 7605925mN showing the spatial relationship between various alteration zones, 

brecciation, 100-300ppm Cu zone and the 1g/t ore envelope at Tick Hill based on core logging and assay 

data. 
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Fig.11. Examples alteration from Tick Hill deposit. a. A cm-scale image of chlorite-epidote alteration in 

the hanging wall to mineralization; b. A cm-scale image of the silicification zone overprinted by pink 

feldspar alteration and gold mineralisation (gold is found in the sheeted veins in association with chlorite 

and feldspar at the center of the image). 

  

  

  

Fig. 2.12. Examples of alteration assemblages in drill core from the high-grade ore zone, reflecting the 

paragenetic stages recognised in Tick Hill. a. Stage 1 E-trending sheeted veins comprised of quartz, 

feldspar and magnetite, which were overprinted by Stage 3 red rock alteration (RRA); b. Stage 2, E-

trending, finely laminated, sheeted veinlets and associated pink feldspar-quartz alteration haloes 

overprinting the S1 fabric. Note that many of the sheeted veins parallel the mylontic fabric and resemble 

quartz-ribbon grains, thus masking their abundance; c. High-grade gold mineralization in intensely 

silicified biotite schist, associated with E-trending, stage 2 sheeted quartz-feldspar veins (pink), and 

chlorite-epidote-hematite alteration; d. Stage 3 RRA, which pervasively altered silicified biotite schist 

with stage 2 sheeted veins; e. Stage 4 veinlets of calcite overprinting earlier amphibole and quartz-

feldspar alteration; f. Stage 5 light pink feldspar reactivated the Stage 1/2 sheeted veins and over print 

stage 3 RRA. 
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Fig. 2.13. Thin section and SEM images of alteration assemblages associated with gold (including stages 

1 to 4). a. Stage 1 chlorite 1 replacing earlier biotite, in contact with, gold, bismuth selenide (bse) and Se-

pyrrhotite (Se-Po), which formed during stage 2; b. Stage 2 actinolite rimmed and replaced stage 1 
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hornblende that formed along micro veins, with stage 3 clay minerals replacing stage 1, 2 albite;  c. 

Zoned coronal reaction rim of stage 2 green chlorite (ch2), albite and quartz around an early coarse-

grained pyrite (py1). The matrix assemblage preserves earlier, stage 1 chlorite (ch1); the red box shows 

the area shown in (d); d. SEM image showing more details of the reaction textures in (c) with early stage 

2 albite inter-grown with chlorite2 being replaced by stage 3 K-feldspar; e. Inclusion of fine-grained gold 

inside stage 2, chlorite2 (ch2); f. Stage 2, chlorite2 (ch2) intergrown with epidote (epi);  g. Reflected light 

image of gold (Au) associated with stage 2,3 hematite (ht) after stage 1 magnetite (mt); h. Stage 4 gold 

(Au), chalcopyrite (cpy) and bismuth selenide (bse) intergrown with calcite (cal) under reflected light. 
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TABLES 

 

 

 

Table 2.1 Peak-metamorphic mineral assemblages in major rock units 

Minerals 
 D1-2 Biotite 

schist  

 D1-2 Calc-

silicate 

 D1-2   

Amphibolite 

 D1-2  Q-Fsp 

gneiss 

Sillimanite     

Biotite     

Amphibole     

Plagioclase      

K-feldspar     

Quartz     

Diopside                     

Scapolite     

Garnet (Almandine 

> Pyrope > 

Grossular) 

    

Apatite     

Magnetite      

Ilmenite (±Mn)     

Gold (inclusion)     

Chalcopyrite     

Pyrite                     
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Table 2.2. Mineral paragenesis for high-grade ore zones at Tick Hill 

Minerals/ 

Deformation events 
D3 D4 

 Stage 1 

(Pre-ore) 

Stage 2 

(Syn-ore) 

Stage 3  

(Syn-ore) 

Stage 4 

(Syn-ore) 

Stage 5 

(Post-ore) 

Stage 6 

Post-ore 

Quartz 
 

     

Albite        

Oligoclase        

K-feldspar        

Hornblende       

Actinolite       

Chlorite 1   
 

    

Chlorite 2       

Chlorite 3       

Epidote  
 

    

Sericite       

Clay minerals 

(smectite-illite)  
     

 

Calcite      
 

Magnetite  
    

 

 

Hematite        

Leucoxene       

Gold (Cg matrix)       

Gold (Fg matrix)       

Gold (Fractures)       

Chalcopyrite        

Bornite       

Cobaltpentlandite?(

Ni-Co-Cu-S±Fe) 
      

Pyrrhotite        

Pyrite 1   
 

    

Pyrite 2       

Pyrite 3                       

Pyrite 4       

Guanajuatite, Bi2Se3        

Junoite, 

Pb3Cu2Bi8(S,Se)16 
      

Cerromojonite; 

CuPbBiSe3 
      

Molybdomenite; 

PbSeO3 
      

Quantity:  Dominant                             Trace 
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PART 3 

Geochronological constraints on the geological history and gold mineralisation in 

the Tick Hill region, Mt Isa Inlier 

ABSTRACT   

The Tick Hill Gold deposit in the southern Marry Kathleen Domain (MKD) of the Mount Isa 

Inlier is hosted in a strongly deformed, Mesoproterozoic volcano-sedimentary sequence intruded by 

pre- and syn-tectonic granites. Igneous rocks and quartzite from the Tick Hill region were dated to 

constrain the age of the stratigraphy, deformation events, and gold mineralization. LA ICP-MS, U-Pb 

zircon ages for these rocks together with field relationship confirm the presence of: (1) 1850 Ma and 

1857 Ma granite belonging to the Kalkadoon complex within 3 km W of Tick Hill; (2) ~ 1770-1790 

Ma, early syn-tectonic granite along the contact zone between mapped Argylla Formation and the 

Kalkadoon-complex W of Tick Hill, and later syn-tectonic leucogranite within the immediate vicinity 

of Tick Hill including the host rocks to gold mineralisation; and (3) late-tectonic, 1522 Ma and 1524 

Ma pegmatite and associated hydrothermal activity in the Tick Hill area that resulted in the 

mobilization of gold. Quartzite ridges in the hanging wall and footwall of the orebody provided 

contrasting results with hanging wall quartzite recording age groupings at ~1780 Ma and ~1840 Ma, 

and footwall quartzite yielding a minimum age of 1840 Ma.  Field evidence suggests that the 1790 Ma 

and 1850 Ma granites intruded into the sedimentary sequence that hosts gold mineralisation, indicating 

that the supracustal rocks are >1850 Ma in age and should not be grouped as Corella Formation, but 

are comparable to Leichhardt volcanics. Textural evidence suggests that much of the hanging wall 

quartzite is probably metasomatic in origin, and the 1781 Ma age group, which was derived from 

mostly prismatic, euhedral zircon, reflects the age of an original quartzofeldspathic gneiss, now heavily 

silicified. An early stage of gold mineralization that predated peak-metamorphism may have formed at 

an early stage (>1840 Ma ?) with the sediments. These sediments were affected by intense shearing 

and upright folding between 1800 Ma and 1770 Ma, and younger normal faulting and metasomatism 

around 1520 Ma. The later events involved the introduction of gold or the remobilization of pre-

existing older gold mineralisation. One of the major outcomes of this study is that the old schist zones 

in the Kalkadoon-Leichhardt belt are prospective for gold mineralization. The extent of outcrop of 

these schists needs to be more accurately mapped. 
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1. Introduction 

The Mount Isa Inlier is a highly mineralised geological terrain with world-class deposits of 

lead, zinc and copper (Withnall and Hutton, 2013).  Most major Pb-Zn deposits are concentrated in 

1570-1660 Ma shale units in the western part of the inlier (Huston et al., 2005; Denaro et al., 2013). 

The bulk of IOCG, Cu-Au mineralization is concentrated in the eastern part of the inlier where 

mineralisation occurs in supracrustal rocks that are spatially association with intrusions of the 1550-

1490 Ma Williams-Naraku Suite (Page and Sun, 1998; Perkins and Wyborn, 1998; Williams et al., 

2005, Neumann and Fraser, 2007). In the central part of the Mt Isa Inlier, which includes the higher-

grade gneisses of the Kalkadoon-Leichard Belt and adjacent rocks of the Mary Kathleen Domain 

(MKD), mineralisation appears to be less abundant.  Mineral deposits in the MKD include the world-

class Dugald River Pb-Zn-Ag deposit, many smaller Cu-Au occurrences (e.g. Elaine Dorothy, 

Trekelano, Mount Colin, Overlander, Kalman), the Mary Kathleen U-REE deposit and the gold-only, 

high-grade Tick Hill deposit, which forms the focus of this study (Forrestal et al., 1998; Denaro et al., 

2013). The Tick Hill deposit was a relative small, but extremely rich, gold-only deposit, and 

constitutes a unique mineralization style in the Mt Isa inlier. Its timing of mineralization and link to 

other, IOCG-related gold deposits in the Mt Isa inlier has not been established, and the deposit is 

variably referred to as an end-member IOCG deposit (e.g. Williams et al., 2005; Groves et al., 2010), 

or an orogenic, shear zone-hosted deposit (e.g. Denaro et al., 2013). 

Compared to other parts of the Mt Isa Block, relatively little geochronological and 

stratigraphic work has been done in the MKD. The current interpretation of stratigraphy and the 

structural evolution of the MKD, including associated mineralization is largely based on work 

performed in the central MKD (e.g. Blake et al. 1984; Holcombe et al., 1991; Neumann et. al., 2006, 

2009; Southgate et al. 2013; Withnall and Hutton, 2013). Far fewer geochronological constraints are 

available for rocks in the northern and southern parts of the MKD (e.g. Kositcin et al, 2019; Withnall, 

2019; Bodorkos et al., 2020). Rocks in the MKD have been mainly attributed to ca. 1730-1780 

magmatic-sedimentary sequences (e.g. Oliver et al., 1991; Foster and Austin, 2008; Neumann et. al., 

2009; Withnall and Hutton, 2013; Kositcin et al, 2019), with deformation attributed to 1755-1740 Ma 

extensional and 1600-1500 Ma compressional events (e.g. Holcombe et al., 1991, Blake and Stewart, 

1992; Withnall and Hutton, 2013). The MKD is characterised by abundant 1730-1740 Ma intrusions 

belonging to the Wonga-Burstall suite, but intrusions of the younger Williams Suite are conspicuously 

absent (e.g. Kositcin et al, 2019; Withnall, 2019; Bodorkos et al., 2020). In the absence of good age 

constraints in the southern MKD, the volcano-stratigraphic sequences in the Tick Hill area have 
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generally been correlated with the Argylla and Corella Formations further N (e.g. Blake et al., 1982; 

Wyborn, 1997; Withnall and Hutton, 2013; Withnall, 2019), whilst upright folding of high-grade 

gneiss around Tick Hill was linked to E-W compression during the Isan Orogeny in analogy with 

similar folding in the Mary Kathleen and Duchess areas (e.g. Holcombe et al., 1991, Oliver et al., 

1991; Passchier, 1992; Choy, 1994).  It  is important to note that Blake (1980) and Blake et al. (1982) 

pointed out that care should be taken when making regional correlations, and the high-grade Corella 

rocks W of the Wonga belt including the Corella gneisses in the Tick Hill area, could represent pre-

1860 Ma basement. The age of mineralisation at Tick Hill remains unconstrained and has variably 

been linked to 1740 Ma extensional events and associated magmatism (Choy, 1994; Forrestal et al., 

1998), or undefined younger (~1530 Ma) intrusive activity (e.g. Rutherford, 1999; Tedman-Jones, 

2000), with little direct evidence provided in support.    

In this paper, we present new U-Pb zircon ages and whole-rock geochemistry for a range of 

igneous and quartzitic units with variable relationships to the dominant gneissic fabrics in the Tick 

Hill area (i.e. pre-, syn- and post D1-2). Samples were obtained from exploration drill core and from 

outcrops within a 10 km radius from the Tick Hill open pit (Fig. 3.1). In dating the selected rocks we 

aim to constrain: (1) the age of igneous events in the area; (2) the extent of Kalkadoon basement 

gneiss; (3) the age of the main stratigraphic units that host the Tick Hill deposit; (4) the timing of 

deformation events that affected the deposit; and (5) the timing of mineralization. 

2. Geological setting 

2.1. Regional geology 

The Mt Isa inlier preserves a complex mixture of bimodal igneous rocks and Meso-Proterozoic 

tectono-stratigraphic sequences that formed during a 400-year period (ca. 1890-1500 Ma) in a series 

of discontinuous basins. These basinal sequences were affected by magmatism and metamorphism 

related to two major orogenic events; the Barramundi orogeny (ca. 1870-1840 Ma) and the Isan 

Orogeny (ca. 1600-1500 Ma; Blake and Stewart, 1992; Withnall and Hutton, 2013). Based on the 

distribution and age of sedimentary sequences and intrusive igneous suites, the Mt Isa Block was 

subdivided by Blake (1987) into three N-trending tectonic domains: the Western Fold Belt; the 

Kalkadoon-Leichardt Belt; and the Eastern Fold Belt (Fig. 3.1a). The Kalkadoon-Leichardt Belt, 

represents an old (>1850 ma) basement high that exposes rocks affected by the Barramundi orogeny, 

and it is overlain by younger rocks to the W and E. Post-Barramundi, volcano-sedimentary cover 

sequences in the inlier have been interpreted as intracratonic rift-sag deposits (e.g. Blake and Stewart, 
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1992; Foster & Austin, 2008; Withnall and Hutton, 2013) and were described as three separate cover 

sequences separated by regional unconformities. The age and extent of the cover sequences was later 

refined with additional geochronological and stratigraphic work and the sequences were linked to the 

development of three ‘superbasins’ (e.g. Jackson et al., 2000; Scott et al., 2000; Neumann and Fraser, 

2007; Foster & Austin, 2008; Neumann et al., 2009; Withnall and Hutton, 2013). Following the 

stratigraphic subdivisions as outlined in Foster and Austin (2008), the Mesoproterozoic cover 

sediments include Cover Sequence 1 (ca. 1870-1850 Ma) which predated the development of the 

superbasins, is largely composed of felsic volcanics and restricted to the Kalkadoon-Leichardt Belt. It 

is overlain by Cover Sequence 2 (ca. 1790-1690), which overlaps with the Leichardt (~1800-1750 

Ma) and Calvert (~1730-1690 Ma) Superbasins  and includes felsic volcanics of the Argylla 

Formation and calc-silicates of the Corella Formation that are prominent in the MKD.  This is 

overlain by Cover Sequence 3 (~1680-1590 Ma), which overlaps with the Isa Superbasin (~1665-

1575 Ma) and is distributed widely across the entire Mt Isa Block. Development of the various 

superbasins was accompanied by igneous activity, which involved extensive volcanism and the 

emplacement of bimodal igneous batholiths along N-trending belts. These include emplacement of the 

ca.1860-1850 Ma Kalkadoon Suite into basement gneiss of the Kalkadoon-Leichardt Belt; the 

ca.1780-1720 Ma Wonga-Burstall Suite along the western margin of the Eastern Fold Belt and the 

ca.1675-1655 Ma Sybella Batholith along the western margin of the Western Fold Belt. In addition, 

post-tectonic batholiths of the ca.1550-1490 Ma, Williams-Naraku Batholith were emplaced across 

much of the Eastern Fold Belt, during the final stages of the Isan Orogeny (Page and Sun, 1998; 

Withnall and Hutton, 2013).  

Rocks in the Eastern Fold Belt were further sub-divided into a series of mostly N-trending, 

unconformity and fault-bounded tectono-stratigraphic domains, the westernmost of which is the Mary 

Kathleen Domain (MKD; e.g. Withnall and Hutton, 2013). The MKD is bounded by the Pilgrim-Rose 

Bee fault zone to the E, and comprises 1730-1780 Ma, volcano-sedimentary rocks belonging to Cover 

Sequence 2 (or upper Leichardt Superbasin), which in the northern part of the domain are overlain by 

rocks of the Mount Albert Group of Cover Sequence 3 assigned to the Isa Superbasin (e.g. Scott et al., 

2000; Foster and Austin, 2008). To the W of the MKD, rocks of cover sequence 2 overly Kalkadoon-

Leichhardt basement, and they are intruded by granites and gabbros of the Wonga-Burstall suite 

(Withnall and Hutton, 2013; Kositcin et al., 2019; Bodorkos et al., 2020).  

The stratigraphic base of Cover Sequence 2 in the Kalkadoon-Leichardt Belt consists of the 

~1790 Ma Magna Lynn metabasalt unit (Blake, 1987; Jackson et al., 2000; Foster and Austin, 2008; 
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Carson et al., 2011; Withnall and Hutton, 2013), which is overlain by felsic volcanics of the 1770-

1780 Ma Argylla Formation (Page, 1983; Neumann et al., 2009) that extends into the MKD. The 

Argylla Formation is overlain by the ca.1755 Ma Ballara Quartzite (Blake, 1987; Neumann et al., 

2006, 2009) and the 1730-1760 Ma Corella Formation that covers large parts of the MKD (Blake, 

1980; Blake, 1987; Carson et al., 2009; Southgate et al., 2013; Withnall and Hutton, 2013). In its type 

locality NE of Mary Kathleen, the Corella Formation consists of scapolite-bearing calc-silicate and 

amphibolite, with lesser marble, metapelite, quartzite, and felsic and mafic metavolcanics (Blake, 

1987; Foster and Austin, 2008). The calc-silicates have been interpreted as metamorphosed, shallow 

water, mixed siliciclastic-carbonate platform sequences intercalated with evaporite deposits (e.g. 

Blake, 1987; Jackson et al., 2000; Foster & Austin, 2008).    

 In the Tick Hill region (Fig. 3.1b), rocks are dominated by calc-silicate and amphibolite, 

intercalated with quartzite and biotite-schist, which have been correlated with the Corella Formation to 

the N (Blake et al., 1982; Wyborn, 1997). However, this correlation is tentative and alternative 

interpretations have suggested that the metasediments around Tick Hill could represent pre-1860 Ma 

basement (Blake et al., 1980). Much of the quartzite in the area occurs along discontinuous ridges, and 

exploration reports mention that these quartzite ridges are characterized by early brecciation and 

veining, have diffuse boundaries and commonly transect the gneissic layering, and they were 

interpreted as early metasomatic alteration zones along shears, rather than sedimentary units (e.g. 

Laing, 1993; Oliver, 1995).  Felsic metavolcanics, which outcrop along a N-trending zone to the W of 

the calc-silicates (Fig. 3.1b) were assigned to the Argylla Formation (Blake et al., 1982; Wyborn, 

1997). West of the Argylla Formation are a series of N-trending gneissic granite batholiths, which 

mark the transition into Kalkadoon-Leichardt basement rocks (Fig. 3.1b; Withnall and Hutton, 2013). 

From E to W these include the Saint Mungo Granite, the One Tree Granite, the Plum Mountain Gneiss 

and the Birdwell Granite (Fig. 3.1b; Blake et al., 1982; Wyborn, 1997), which were targeted for dating 

in this study. The metasedimentary units around Tick Hill were intruded by syn-tectonic granite sheets 

of the Tick Hill Complex, and syn-tectonic Monument Syenite (Laing, 1993; Wyborn, 1997, 

Rutherford, 1999, 2000).  Inliers of Saint Mungo Granite were locally mapped within intrusions of the 

Tick Hill Complex immediately W of Tick Hill (Fig. 3.1b; Rutherford, 1999, 2000). Together with the 

Saint Mungo and Birdwell granites the intrusions of the Tick Hill Complex were assigned to the ~1740 

Ma Wonga-Burstall Suite (Wyborn, 1997; Rutherford, 1998, 1999). Post-tectonic (post-D1) intrusions 

are limited to small outcrops of pegmatite and aplitic granite originally described as granite of 

unknown age (Blake et al., 1982, Wyborn, 1997) and later assigned to the Williams Suite (Laing, 1993; 

Rutherford, 2000).   
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 The gneisses around the Tick Hill deposit record four major deformational events (e.g. Blake et 

al., 1982; Passchier & Williams, 1989; Oliver, 1995; Tedman-Jones, 2000; Le et al., 2021). D1 events 

involved the formation of an upper amphibolite facies mylonitic S1 fabric associated with isoclinal 

intrafolial folds, a W-dipping lineation, and a possible E-up sense of movement. D1 structures were 

interpreted to result from an episode of N-S extension around 1750-1730 Ma equivalent to what has 

been described for the Wonga-Shinfield zone further N (e.g. Passchier & Williams, 1989; Holcombe et 

al., 1991; Passchier, 1992; Oliver, 1995; Withnall and Hutton, 2013). During D2, the S1 mylonite fabric 

was folded, to form a N-trending steeply dipping high-strain zone and associated tight upright folds 

that characterize the Tick Hill area (Laing, 1993; 1998; MacCready et al., 1998).  D2 events were 

interpreted to result from E-W compression and high-grade metamorphism during the Isan Orogeny 

(Oliver, 1995; Betts et al., 2006), based on correlations with structures in the Mary Kathleen and 

Duchess areas (e.g. Holcombe et al., 1991; Passchier, 1992). During D1-2, rocks in the MKD were 

affected by high-T, low-P metamorphism (550-670oC, 3-4 kb in the Mary Kathleen area), accompanied 

by the emplacement of the Wonga-Burstall granites (Oliver et al., 1991). Mineralization and related 

alteration generally overprinted the S1-2 fabrics, although gold has been described from inclusions in 

peak-metamorphic assemblages (Choy, 1994; Le et al., 2021). This has led to suggestions that some of 

the mineralization may have had an early origin (e.g. Choy, 1994; Oliver, 1995; Tedman-Jones, 2000)  

D3 events in the Tick Hill pit are characterized by the formation of brittle-ductile normal faults 

and breccia formation. Gold mineralization, and associated, chlorite-albite-hematite-quartz alteration 

occurred at this time, probably concomitant with the emplacement of late-tectonic pegmatite (Le et al., 

2021). The regional extent of the D3 events has not been established. D4 events involved the formation 

of NE striking dextral and NW striking sinistral faults including the Plum Mountain and Mt Bruce 

faults (Fig. 3.1) to the N and S of Tick Hill respectively. D4 faults post-dated mineralization (Le et al., 

2021), and resulted in cataclasite formation and clay alteration. Regionally these faults have been 

linked to E-W compression during the late stages of the Isan Orogeny (O’dea et al., 1997; Forrestal et 

al., 1998; Betts et al., 2006) coeval with the emplacement of the Williams Suite and widespread sodic-

potassic and hematite-rich alteration (Wyborn et al., 1988). Brittle reactivation of these faults occurred 

at various stages during later events between 1500 Ma-1100 Ma (e.g. Blake and Stewart, 1992; Oliver, 

1995).  

2.2. Previous dating in the Mary Kathleen Domain 
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Past geochronological studies conducted in the MKD defined three main magmatic events: (1) 

emplacement of the Leichhardt volcanics and Kalkadoon  suite at ~ 1865-1845 Ma (Page 1978; Carson 

et al., 2011; Kositcin et al., 2019); (2) bi-modal volcanism resulting in deposition of the Magna Lynn 

metabasalt and Argylla Formation on top of Kalkadoon-Leichardt basement at ~1800-1775 Ma with 

associated magmatism during a possible early extensional events (Page, 1978; Page and Sun, 1998; 

Carson et al., 2009; Neumann et al., 2009; Carson et al., 2011; Magee et al., 2012; Kositcin et al., 

2019); and (3) emplacement of granites belonging to the Wonga and Burstall Suites at ~1745-1730 Ma 

(Page, 1978; Page, 1983; Pearson et al., 1992; Page and Sun, 1998; Davis et al., 2001; Carson et al., 

2009; Neumann et al., 2009; Kositcin et al., 2019), during further extension (e.g. Holcombe et al., 

1991; Withnall and Hutton, 2013). The summary of geochronological study results in the MKD is 

presented in Appendix 2. 

The host rocks to the Tick Hill deposit were mapped as Corella Formation (Blake et al., 1982;  

Rutherford, 2000), which was dated to ~1740-1755 Ma with the use of detrital zircons and intercalated 

volcanic horizons from samples collected further N (Page & Sun 1998; Carson et al., 2009; Neumann 

et al., 2009; Kositcin et al., 2019). Going from N to S in the MKD, available age dating for the Corella 

Formation is as follows. Felsic rocks in the Corella Formation near Dugald River mine, provide an age 

of 1750±7 Ma (Page & Sun 1998), whilst two samples collected from sandstone units in the Corella 

Formation, 25km NW of Mary Kathleen yielded age estimates of 1770±6 Ma and 1776±3 Ma based on 

the weighted mean age of the youngest 34 and 67 zircons respectively (Neumann et al., 2009). These 

ages were interpreted as maximum depositional ages noting that the youngest zircons in these samples 

yield ages of 1742±58 Ma and 1744±32 Ma (Neumann et al., 2009). Two samples of meta-rhyolite in 

the Corella Formation ~ 40km N of Duchess yielded crystallisation ages of 1739 ± 5 Ma and 1740 ± 5 

Ma (Kositcin et al., 2019), similar to the magmatic emplacement age of 1738 ± 2 Ma for a meta-

rhyolite exposed in the Corella Formation ~10 km farther S (Neumann et al., 2009). A sample from 

mapped Corella Formation near Mt Morah mine in the Duchess area yielded a maximum depositional 

age of 1740±20 Ma based on the two youngest zircon grains in a tuffaceous sandstone (Neumann et al., 

2009). A further sample for Corella Formation from feldspathic quartzite 3 km E of Duchess yielded a 

maximum depositional age of 1752 ± 2 Ma (Kositcin et al., 2019). The Corella Formation near 

Duchess is intruded by granite of the Mount Erle Igneous Complex dated at 1735 ± 3 Ma (Kositcin et 

al., 2019), providing a minimum age constraint for the Corella Formation in this area.  

Metamorphic ages in the MKD were obtained from rim overgrowths on primary zircon grains 

including a 1515 ± 13 Ma age from rhyolite in the Corella Formation N of Duchess (Kositcin et al., 
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2019). In addition titanite from the Mt Erle Igneous Complex near Duchess and Mt Philp Breccia ~40 

km N of Dutchess yield ages of 1500 ± 6 Ma, 1503 ± 7 Ma  and 1527 ± 16 Ma, interpreted to reflect 

metamorphic-thermal events (Kositcin et al., 2019).  

Little age dating has been done in the immediate vicinity of the Tick Hill mine.  An imprecise 

K-Ar biotite age of ca.1420 Ma (Richards et al., 1963) was reported for the Monument Syenite, 20 km 

S of Tick Hill, whilst a sample of Plum Mountain gneiss in the Kalkadoon-Leichhardt basement ca. 20 

km NW of Tick Hill yielded a U-Pb zircon age of ca.1862±3 Ma (Carson et al., 2011). Poorly 

constrained titanite ages mentioned in consulting reports (Tedman-Jones, 2001) include a 1517±10 Ma 

age for titanite interpreted to predate mineralization, and 1433±85 Ma for titanite interpreted to 

postdate mineralization. In addition, lead isotopic data for pyrite associated with gold mineralization 

yielded an isochron age of 1530±100Ma (Tedman-Jones, 2001). 

3. Methodologies 

3.1 Sample descriptions 

Sixteen samples were collected for dating, from rock units in the immediate vicinity of the Tick 

Hill deposit (10 samples) and surrounding areas (6 samples; Figs. 3.1b, c). In collecting the samples 

reference for unit names was made to the 1 : 100,000 geological maps compiled by Blake et al. (1982), 

Wyborn (1997) and later digital versions. Two of the regional samples were taken from granitic gneiss 

to the W of the mapped western boundary of the Argylla Formation. These samples could represent 

part of the Kalkadoon-Leichardt basement and were taken to establish the age of the older igneous 

intrusions in the area. The two samples include granitic gneiss mapped as One Tree Granite (OTG), 

which intruded the ~1860 Ma Plum Mountain gneiss, 10 km W of the pit (Blake et al., 1982; Carson et 

al., 2011), and granitic gneiss of the Saint Mungo Granite (SMG) 8 km W of the pit, which was 

interpreted to have intruded the Corella Formation (Blake et al., 1982). Four regional samples were 

taken from intrusions to the E of the mapped outcrop of Argylla Formation, including two phases of 

granitic gneiss variably mapped as Tick Hill Granite or Saint Mungo Granite (THG1, THG2) 3.7 km 

W of the pit, which contain rafts of Corella Formation (Blake et al., 1982; Wyborn, 1997) and 2 

samples from variably foliated, late tectonic intrusions, which were emplaced into strongly sheared and 

folded (D1-2) mylonitic gneiss mapped as Corella Formation (THG4, MG). These samples were taken 

to constrain the minimum age of D1-2 deformation and associated high-T metamorphism, and include 

foliated granite mapped as Tick Hill Granite, 3.5 km SW of the pit (THG4), and a thin monzonite dyke 
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(MG), which intruded strongly foliated gneiss immediately N of the Monument Syenite, 23 km SSW 

of Tick Hill pit.   

Samples collected in and around the Tick Hill pit are hosted within rocks mapped as Corella 

Formation and include one sample of mylonitic, syn-tectonic granite mapped as Tick Hill Granite 

(THG3) and two samples of gold-rich quartz-feldspar mylonite (galahstone) from the core of the 

deposit (THM04, THM27) that are similar in appearance to altered Tick Hill Granite. These samples 

were taken to constrain the age of D1-2 deformation, provide a maximum age for mineralization, and a 

minimum age for the rocks in which they intruded. An additional five samples were taken of largely 

undeformed, post-tectonic pegmatite veins and associated metasomatic overgrowths that overprint the 

mylonitic D1-2 fabric, and were interpreted to be emplaced during D3 at the time of main stage of 

mineralization. Two of the pegmatite veins were sampled within the pit (TH141 in the N wall and 

TH11 in the E wall) and three were obtained from drill core directly below mineralization (TH66, 

TH106, TH140). A further two samples were taken for provenance dating of the hanging wall (TH13) 

and footwall quartzite (TH01) units that bound the ore zone.  In addition, 12 samples from igneous 

rocks that were used for dating together with four samples from post-tectonic pegmatite and 

Monument Syenite that did not yield (sufficient) zircon grains were used for major and trace element 

geochemistry to further characterize the igneous suites in the Tick Hill area.   

3.1.1 Regional samples 

Sample OTG is a granitic gneiss that was collected from the One Tree granite 10 km W of the 

Tick Hill pit (Fig.1b). The granite preserves a well-developed, N-trending foliation (Fig. 3.2a) with a 

steeply plunging lineation defined by aligned biotite, amphibole and elongated quartz-feldspar 

aggregates. The sample is composed of ~30% quartz and ~50% feldspar (plagioclase and K-feldspar), 

~15% amphibole and biotite and ~5% magnetite. In places plagioclase was altered to sericite while 

biotite was replaced by chlorite.  

Sample SMG was collected from outcrops of granitic gneiss mapped as Saint Mungo Granite 

(Blake et al., 1982; Rutherford, 2000) along the main farm track, 8 km W of the Tick Hill pit (Fig.1b). 

The SMG intruded Plum Mountain Gneiss and the Corella Formation, with outcrops of Corella schist 

occurring W of the intrusion in conformable contact with Plum Mountain Gneiss (Blake et al., 1982). 

The rock preserves a foliation (Fig. 3.2b) defined by biotite, that wraps around partly recrystallized, 

cm-large feldspar grains. It is composed of ~35% quartz and ~40% feldspar (K-feldspar and 

plagioclase), ~20% amphibole and biotite and ~5% magnetite. Alteration of plagioclase to sericite and 
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silicification of amphibole was common. 

Samples THG1 and THG2 were collected from low outcrops along a farm road 3.7 km W of 

the pit. Sample THG1 was collected from a NW- trending 5-10 m wide granitic dyke that intruded 

older granitic gneiss that was sampled as THG2 (Fig. 3.2c). Both phases of granite are strongly 

foliated, and the dyke from which THG1 was taken truncates the foliation in the older granite at a low 

angle (<10°).  THG1 consists of well-foliated granitic gneiss (Fig. 3.2d) composed of <5cm large 

subhedral K-feldspar porphyroclasts in a matrix of quartz, plagioclase and biotite, with minor 

hornblende. The dispersed, large, rounded feldspar clasts form the most conspicuous aspect of this 

rock. They are wrapped in a foliation that is defined by biotite and hornblende. Epidote, chlorite and 

sericite alteration is common in this sample. THG2 consists of a strongly foliated granitic gneiss that 

is slightly more mafic than THG1, in which <1cm large K-feldspar porphyroclasts with dynamically 

recrystallized margins are aligned within in a matrix of strongly foliated, quartz biotite and 

hornblende (Fig. 3.2e). The gneiss has been mapped as part of the Tick Hill Complex (Blake et al., 

1982; Wyborn, 1997) or as Saint Mungo Granite (e.g. Rutherford, 1999, 2000), and has been 

described as intruding the Corella Formation with rafts of Corella contained within the gneiss 

(Wyborn, 1997).  The rock consists of quartz, plagioclase, microcline, biotite and minor hornblende 

(<1%), with a foliation defined by biotite. Compared to sample THG1 alteration is stronger in sample 

THG2, with plagioclase replaced by sericite, and microcline and biotite weakly altered to sericite and 

chlorite respectively. Near the sampling site, the THG2 gneiss unit contains numerous large (up to 

10’s of meters) enclaves of strongly folded amphibolitic gneiss in which the gneissic layering 

preserved in THG2 is axial planar to the folds within the mafic enclaves. The mafic rafts are similar in 

appearance to amphibolite units in the Corella Formation. 

THG4 was collected from a low set of hills 3.5km SW of the pit, and consists of a relatively 

undeformed leucogranite, characterized by weakly flattened quartz phenocrysts that are <5mm in size, 

and partly recrystallized, slightly elongated K-feldspar grains that together with quartz define a weak 

foliation (Fig. 3.2f), which intensifies towards the margins of the intrusion. Internal to the intrusion 

the grainsize locally coarsens into pegmatoidal pockets that typically display graphic intergrowths 

between K-feldspar and quartz. The intrusion was mapped as part of the Tick Hill Complex (e.g. 

Wyborn, 1997), and has a sharp intrusive contact that transects D1-2 folding in the surrounding 

mylonitic gneiss units. Therefore, THG4 represents a late-syntectonic granite relative to the dominant 

D1-2 fabric and was probably emplaced late during D2. THG4 consists of quartz, plagioclase and K-

feldspar with rare biotite and no other mafic phases, in which plagioclase and K-feldspar were 
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replaced by sericite (±albite, clay minerals).  

MG was obtained from a thin (<20cm), quartz-poor monzonite dyke, that cuts across intensely 

folded, sheared and migmatised (D1-2) amphibolitic calc-silicate gneiss ~23 km SSW of Tick Hill pit 

(Fig. 3.2g). The dyke pinches and swells as it transects isoclinal folds and the S1-2 layering at a 20-30° 

angle across platform outcrops in the river. The monzonite preserves a weak foliation and lineation 

(Fig. 3.2g), which is similar in orientation to the regional L1-2, and indicates that the dyke was 

emplaced late during D2. MG consists of roughly equal amounts of plagioclase and K-feldspar, with 

biotite and amphibole and little quartz. Plagioclase was strongly altered by sericite whilst biotite was 

replaced by chlorite.  

3.1.2. Local samples 

Sample THG3 was collected from strongly deformed leucogranite belonging to the Tick Hill 

Complex at the foot of the hill, 300m E of Tick Hill pit. It consists of mylonitic, quartzo-feldspatic 

gneiss that is intercalated with the surrounding metasediments (Fig. 3.3a) as a result of intense D1-2 

deformation (Le et al., 2021). The rock consists of granoblastic quartz, plagioclase, and K-feldspar 

(now largely replaced by albite) and is characterized by well-developed quartz ribbon grains, and a 

strong lineation defined by feldspar-quartz rodding. The outcrop from which sample THG3 was taken 

is part of a larger lensoidal granite body that displays strain gradients, with less intensely mylonitised 

granite towards its core, i.e. the rock is interpreted as a syn-tectonic intrusive leucogranite that was 

emplaced into the surrounding metasediments during D1. THG3 was collected to obtain an age of 

granite emplacement and concomitant D1-2 shearing. Plagioclase was strongly altered by sericite and 

K-feldspar and plagioclase were largely replaced by albite. 

Samples THM04 and THM27 of gold-rich, quartz-feldspar mylonite (galahstone) that 

constitute the principle host rock to mineralization were provided by MIM. These sample were 

collected from the high-grade mineralized zone at the time of mining and the exact location of the 

samples is not known. The two samples are near identical in composition and consist of 

metasomatized quartzo-feldspathic mylonite with a composite S1-2 foliation characterized by quartz 

and feldspar ribbon grains (Figs. 3.3b,c) similar to sample THG3, but more strongly altered. The 

samples are dominated by quartz, K-feldspar and plagioclase with few dark minerals, most of which 

formed during various stages of alteration events (i.e. amphibole, chlorite, epidote, magnetite and 

hematite). K-feldspar and plagioclase were largely replaced by albite, which in turn is generally 

strongly altered to sericite (+ clay minerals), and the both samples contained abundant gold. The rock 
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is characterized by a sugary, granoblastic texture reflecting post-deformational annealing and 

recovery (Figs. 3.3b,c; Le et al., 2021).  

Five samples of largely undeformed, syn-D3 pegmatite veins were sampled in the pit (TH11; 

TH141,) and in drill core (TH66, TH140, TH108). These samples were targeted because their 

emplacement is interpreted to coincide with the timing of the main stage of gold mineralization (Le et 

al., 2021). Sample TH141 was taken from a felsic pegmatite vein in the N wall of the pit, where it 

transects the dominant composite S1-2 fabric in biotite-chlorite schist at a low angle across sharp 

intrusive boundaries (Fig. 3.3d). The pegmatite intruded along the main D3 shear zone that forms the 

host to mineralization (Le et al., 2021), and is associated with an array of en-echelon quartz veins 

consistent with a normal-sinistral sense of movement (Fig. 3.3d; Le et al., 2021); i.e. the pegmatite 

will provide an age for D3 normal faulting. Sample TH141 is not foliated and largely consists of 

coarse-grained albite and K-feldspar with subordinate quartz and minor biotite. Much of the feldspar 

was strongly altered to sericite-clay minerals-albite-epidote while biotite was replaced by chlorite. 

Sample TH11 was collected from a weakly-deformed and partly boudinaged granitic pegmatite that 

intruded into the S1-2 mylonitic fabric in the E wall of the Tick Hill pit in the footwall to the 

mineralization (Fig. 3.3e). The pegmatite preserves a weak foliation defined by biotite and is 

dominated by feldspar with subordinate quartz (including minor quartz veins inside the feldspar-rich 

groundmass), biotite and traces of magnetite. The feldspar was strongly altered to sericite, albite and 

clay minerals while the magnetite was altered to hematite. Samples TH66 (Fig. 3.3f), TH108 (Fig. 

3.3g) and TH140 (Fig. 3.3h), were collected from drill core. All samples were taken from pegmatite 

dykes and metasomatic veins that truncate and overprint the footwall sequence between 80-180m 

below the mineralized zone. Sample TH108 combines three separate intersections of post-tectonic 

pegmatite with similar compositions (feldspar-quartz) and textures (fine grained, non-foliated), 

sampled across a 16m interval. The three pegmatite samples consist of medium-grained plagioclase 

and K-feldspar with minor quartz and biotite. The boundaries of the veins are generally diffuse, with 

feldspar-quartz overprinting and seemingly replacing the older gneissic fabric (Fig. 3.3h). The veins 

themselves are generally undeformed, but the feldspar in the veins was altered to sericite and albite 

(clay minerals) while biotite was altered to chlorite.  

Two samples from the hanging wall (TH13) and footwall (TH01) quartzite units were 

collected from outcrops in the pit. The hanging wall quartzite forms the immediate hanging wall to 

mineralization, and is locally mineralized. It is a composite unit that varies in thickness, and it has 

diffuse boundaries and significant internal lithological variation (Laing 1993; Tedman-Jones, 2001). 
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The hanging wall contact with overlying calc-silicates is magnetite rich, whilst the main body of 

quartzite includes zones dominated by oriented grains of either biotite, hornblende-epidote-feldspar or 

altered feldspar that are aligned within S1-2 to resemble silicified biotite schist, calc-silicate or 

quartzofeldphatic gneiss respectively. The amount of inclusion grains vs quartz is variable, and 

portions of almost pure white quartzite occur. Within the hanging wall quartzite evidence for 

brecciation and intense stock work veining, now largely annealed, is common, and the unit has been 

variably interpreted as a primary sedimentary horizon or as alteration along a D1 shear zone (Laing 

1993; Tedman-Jones, 2001). Dates from this unit may, therefore, either provide an upper age limit for 

the sedimentary sequence, or an age for D1 metasomatism.  Sample TH13 was taken from hanging 

wall quartzite in the SE corner of the pit (Fig. 3.4a). The sample has a spotted texture as a result of 

abundant (~10%) feldspar grains with minor biotite that are aligned within the S1-2 foliation, and that 

are largely overgrown and replaced by quartz (Fig. 3.4b). As such, this unit could represent strongly 

silicified quartzofeldspathic gneiss.  The quartz is extremely coarse-grained as a result of post-tectonic 

annealing and grain growth, but inclusion trails of tourmaline, amphibole, and other accessory 

minerals preserve evidence for the underlying older fabric. The sample was strongly metasomatised 

which resulted in the growth of quartz at the expense of feldspar and biotite (Fig. 3.4b), the 

replacement of feldspar by sericite and abundant fluid inclusion trails in quartz, whilst biotite was 

altered to chlorite. The footwall quartzite is thickly bedded (>30cm), and appears less deformed and 

altered and more quartz-rich than the hanging wall quartzite (Figs. 3.4c,d).  Sample TH01 was 

collected in the NE corner of the pit. The sample consists almost completely of grey-white translucent 

quartz with a little biotite and magnetite. The quartz is extremely coarse-grained (up to 1 cm) due to 

post tectonic annealing and D3 metasomatism as indicated by the abundance of fluid inclusion trails 

along healed fractures, but the underlying gneissic fabric has been preserved by the alignment of 

accessory minerals. Similar to the hanging wall quartzite, the footwall quartzite was variably 

interpreted as a sedimentary unit or a silicified D1 shear zone (Laing 1993; Tedman-Jones, 2001), and 

dates from this unit may either reflect an upper age limit for the sedimentary sequence, or an age for 

D1 metasomatism.   

3.1.3 Additional samples for geochemistry 

Apart from the geochronology samples described above, a further two samples were  collected 

from the main body of Monument syenite (MSy, MSy.m) and one sample from an associated 

intrusive syenite dyke (MSy.d), which intruded  22 km S of Tick Hill (Fig. 3.1b). These samples did 

not yield zircon, but they were included for geochemical analyses. The Monument Syenite intrusions 
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preserve a well-developed linear fabric (L-tectonite) with the lineation parallel to the regional 

mylonitic L1 fabric. It consists of K-feldspar and plagioclase with little quartz and abundant 

magnetite. The syenite dyke is weakly foliated with a fine-grained aphanitic texture, with amphibole 

and magnetite in a matrix of intergrown plagioclase and K-feldspar. In addition, one further sample of 

undeformed, late-tectonic pegmatite was taken from drill core below the ore zone (TH87). This 

sample did not provide sufficient concordant zircon for dating, but it has been used to supplement the 

geochemistry data for the late pegmatite group. 

3.2. Analytical methods 

3.2.1. Major and trace element analyses 

Intrusive rock units targeted for age dating were analyzed for major and trace element 

geochemistry. Selected samples were crushed and milled to powders that were fused in beads for 

analysis. Major elements for most samples were obtained by the Advance Analytical Centre at James 

Cook University, using X-ray fluorescence (XRF) spectroscopy coupled with a Bruker-AXS, S4 

Pioneer XRF Spectrometer. FeO and trace elements including fluorine were analyzed at Bureau 

Veritas Canada Inc. in Vancouver, British Columbia. Both major and trace elements for samples 

TH140 and TH141, were analyzed at Bureau Veritas. Samples TH108 and TH87 were analyzed for 

major-elements only. Major and trace element values were processed and analyzed in IOGas 

software. All values below detection limits were assigned half the value of the lower detection limits.  

Prior to the geochemical analysis, rock samples were crushed and milled to powders, and then 

mixed with LiBO2 / Li2B4O7 flux and fused in a furnace. The cooled bead was then dissolved in 

ACS grade nitric acid and analysed by ICP-OES and/or ICP-MS. For the analysis of ultra-trace 

elements, the prepared samples were digested with a modified Aqua Regia solution of equal parts 

concentrated HCl, HNO3 and de-ionized H2O for one hour in a heating block or hot water bath. The 

sample solution was made up to volume with dilute HCl. Loss on ignition (LOI) was determined by 

heating a sample split, and then measuring the LOI. 

FeO concentrations were determined by a titration method. Samples were first digested with 

sulfuric acid (H2SO4), then allowed to cool, and digested with hydrofluoric acid. An indicator 

solution consisting of distilled water, sulfuric acid, phosphoric acid, boric acid and diphenylamine 

sulfonate was added to every sample solution. The solutions were then titrated using a standard 

dichromate (K2Cr2O7) solution.  
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Fluorine concentrations were determined by decomposing the samples by fusion with sodium 

hydroxide, and then digesting the produced melt in water. The solution was acidified with citric acid 

and ultimately buffered with ammonium citrate solution. Fluoride was determined using an electrode 

composed of lanthanum fluoride crystal membrane that is an ionic conductor selective for un-

complexed fluoride ions. The electrode was placed in the sample solution after the ion strength was 

adjusted to pH 6.5, and the potential was measured by an mV/pH meter. Fluorine concentrations were 

derived from a standard graph of potential vs. concentration of fluorine. 

3.2.2. U/Pb dating of zircon by LA-ICP-MS 

Zircon separates were dated by in situ Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) at the Advanced Analytical Centre, James Cook University, Townsville. 

Zircon grains were separated from rock powders with heavy liquid followed by hand picking under the 

microscope. Selected zircon grains were mounted in 2.5cm epoxy-resin mounts, which were polished 

and imaged with a cathodoluminescence microscope to classify zircon types and detect internal 

textures (Corfu et al., 2003).  

Uranium/Pb dating of zircon was conducted by LA-ICP-MS, using a Geolas Pro 193nm ArF 

excimer laser system coupled with a Bruker 820–MS ICP-MS. Ablation was conducted in a large 

volume cell using high-purity He as the carrier gas (Fricker et al., 2011), which was subsequently 

mixed with Ar prior to introduction into the ICP-MS. Full analytical details are described in Tucker et 

al. (2013). Analytes collected were 29Si, 90Zr, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, 

and 238U. The ICP-MS was tuned to ensure low oxide production levels (ThO/Th <0.5%) and 

approximately equal sensitivity of U, Th and Pb to minimize isotope fractionation due to matrix effects 

(Pettke, 2008). Fractionation and mass bias were corrected by using standard bracketing techniques 

with every eight to ten zircon sample measurements bracketed by measurements of GJ1 (primary 

calibration standard; Jackson et al., 2004), with FC1 (Paces and Miller Jr, 1993) and 91500 

(Wiedenbeck et al., 1995) as secondary standards. All zircons were analyzed with a beam spot 

diameter of 25 to 36 μm depending on the size of the zircon and selection of analytical sample spots 

was guided by CL images. Individual analyses consist of approximately 30 seconds of signal of the gas 

background followed by 30 seconds of signal collected during zircon ablation. Analysis of the NIST 

610 reference glass was conducted at the beginning and end of every analytical session to monitor 

instrument stability. 
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The obtained data were processed using Iolite software (Paton et al., 2011). All time-resolved 

single isotope signals from standards and samples were filtered for signal spikes or perturbations 

related to inclusions and fractures. The most stable and representative isotopic ratios were selected 

taking into account possible mixing of different age domains and zoning. Drift in instrumental 

measurements was corrected following analysis of drift trends in the raw data using measured values 

for the GJ1 primary zircon standard. Age calculations based on measured isotope ratios were done for 

zircon grains with a discordance < 10%, using Isoplot/Ex version 4.15 (Ludwig, 2012). Analyses of the 

secondary zircon standards were used for verification of GJ1 following drift correction.  The 206Pb/238U 

age for the primary standard GJ1 in this study (600.24±0.44 Ma; n=322, MSWD=0.62) was similar to 

ages reported by Alagna et al. (2008) and Jackson et al. (2004). The 207Pb/206Pb age for sample FC1 

(1093.2±2.3 Ma; n=146, MSWD=0.88) is ca. 0.5% younger than the age reported by Paces and Miller 

Jr (1993) whilst the 207Pb/206Pb age for  91500 (1048.5±3.6 Ma; n=210, MSWD=0.48) is ca. 1.5% 

younger than the age reported by Wiedenbeck et al. (1995). 

4. Results 

4.1. Whole rock geochemistry 

Whole rock geochemistry results are presented in Table 3.1, with various rock classification 

plots shown in Figs 3.5-3.7. Based on their relationship with deformation events and their age as 

reported in Table 3.2, the sampled intrusive rock types have been sub-divided and plotted in relation 

to the deformation events as: (1) pre-D1;  (2) syn-D1, (3) syn-D1 to syn-D2; and (4) syn-D3 intrusions 

(Figs. 3.5-3.7). 

The pre-D1 intrusions include granite samples OTG and THG2, which were interpreted to 

belong to Kalkadoon basement (Blake et al., 1982; Rutherford, 2000), and contain a strong composite 

S1-2 fabric. The rocks plot in the granodiorite field (Fig. 3.5a), and have relatively high TiO2 and REE 

values with elevated Y and MgO. They plot as a distinct group in the Y-Nb variation diagram (Fig. 

3.5d), the chrondrite-normalized REE distribution diagram (Fig. 3.6a) and the SiO2 vs (Cao, MgO, 

Ba) diagrams (Fig. 3.7). Their composition is akin to the syn-D1 granites. 

Syn-D1 intrusions include two granite samples that have been dated (SMG, THG1) and three 

samples of Monument syenite (Msy, Msy.m, Msy.d) for which no dates could be obtained. Samples 

SMG and THG1 plot in the granite field and are broadly similar in composition to the pre-D1 granites 

with which they are spatially associated (e.g. Figs. 3.5b, 3.7). The granites preserve relatively high 
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concentrations of high-field-strength elements including REE, Zr and Y, and plot as a discrete group 

on Y-Nb and REE diagrams (Figs. 3.6,3.7). The syn-D1 intrusions from the Monument syenite form a 

separate group that is distinct from all other lithologies. Compositionally they are silica-poor to silica 

under-saturated syenite to monzosyenite (Fig. 3.5a) with relatively high Al2O3, TiO2, CaO, Nb, Na, Sr 

and Ba (e.g. Figs. 3.5b,d; 3.7), intermediate REE enrichment and a relatively flat REE pattern with no 

negative Eu anomaly (Fig. 3.6a). 

 The late syn-D1 and syn-D2 intrusions include the monzonite dyke sample (MG), the variably 

deformed leucogranite samplesTHG3, THG4 and the gold-bearing quartz-feldspar mylonite samples 

THM04 and THM27. The four leucogranite samples are relatively quartz-rich and plot in the granite 

field (Fig. 3.5a).  They form a discrete group in all variation diagrams (Figs. 3.5-3.7). The rocks are 

depleted in REE with relatively flat chondrite normalized distribution patterns and only minor 

enrichment of LREE with no clear Eu anomaly. They are also low in incompatible LILE (K, Ba, Rb 

Cs) and HFSE (Al, Ti, Zr, Y, Nb and Hf ; Fig 5), and they are relatively enriched in Na and depleted 

in Ca and K reflecting the abundance of albite in these rocks (Fig. 3.7; Table 3.1). The syn-D2 

monzonite dyke (MG; Fig. 3.5a) is enriched in LILE except for Sr, and strongly enriched in U and Th 

(Table 3.1). The sample has a distinct REE pattern with strong enrichment in LREE (Fig. 3.6a), but 

with a relatively low phosphate content. It is relatively enriched in Al2O3, MgO, CaO, Zr, Rb, Hf and 

Ba (Figs. 3.5b,c, 3.7a; Table 3.1). 

The syn-D3 intrusions include all the late-tectonic pegmatites. These form a distinct group with 

variable compositions and trace element patterns. Compositionally they vary from quartz-monzonite 

and syenite to granite, with strong enrichment in Na (Table 3.1). Some samples consist of coarse-

grained pegmatite, and their compositional variation is most likely due to the fact that they were 

incompletely sampled. Nevertheless, the pegmatites plot close together on the Nb-Y diagram (Fig. 

3.5d) and show distinct REE patterns with positive Eu anomalies. 

4.2. Geochronology 

The geochronological results are summarized in the Table 3.2 and Fig. 3.8, and shown in Figs. 

3.9-3.17. All reported ages are based on the weighted mean age of the youngest distinct age group in 

each sample, and only includes zircon ages that are <10% discordant. All reported error margins are 

given as 2σ. 

4.2.1. Regional samples 
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Zircon grains from the pre-D1 granite sample OTG are euhedral with prismatic to needle-like 

shapes. About 70% of zircon grains are dominated by metamict zircon domains with a relatively 

uniform texture, with the remainder being unaltered zircon domains with well-developed growth 

zoning (Fig. 3.9a). Some grains have metamorphic overgrowths that are generally irregular in outline 

and too narrow to be measured by LA ICP-MS (Fig. 3.9a). A total of 37 analyses were conducted on 

unaltered and metamict zircon domains, that yield a single cluster of concordant ages with a weighted 

mean age of 1857±5 Ma (n=20; MSWQ=0.96; Fig. 3.9c), interpreted as the age of emplacement of the 

granite. Two inherited zircon grains yield near-concordant ages of 1882±22 Ma and 1895±25 Ma. 

Sample SMG of syn-D1 granite contains largely unaltered, zoned prismatic zircon grains of 

magmatic origin that are up to 500 m in length (Fig. 3.9d; Corfu et al., 2003). Some are slightly 

metamict with thin overgrowths of hydrothermal/metamorphic zircon (Fig. 3.9d; Corfu et al., 2003). 

Only unaltered or slightly metamict zircon domains were analyzed, whilst metamorphic rims were too 

thin to be measured. A total of 53 analyses yield three discrete age populations, with a weighted mean 

ages of 1790±7 Ma (n=21; MSWD=0.42; Fig. 3.9f), 1826±9 Ma (n=11, MSWD = 0.77) and 1865±11 

Ma (n=6, MSWD = 0.82). The youngest age is interpreted as the magma emplacement age, whilst the 

older age groups probably reflect inheritance. 

Sample THG1 of syn-D1-2 granite contains zircons that are similar in morphology to those 

described for SMG (e.g. Fig. 3.10a). A dominant population of concordant ages with a weighted mean 

of 1777±3 Ma (n=38; MSWD=1.04; Figs. 3.10b,c), was obtained from a total of 53 analyses, and has 

been interpreted as the magmatic emplacement age. A further five concordant zircon grains yield age 

groupings at 1796±12 Ma (n=2, MSWD=0.00) to 1834±11 Ma (n=3, MSWD=0.14), interpreted to 

reflect inheritance.  

Sample THG2 of pre-D1 granite yielded a morphologically similar sample of zircons as OTG, 

with both metamict and zoned zircon grains, some with thin metamorphic overgrowths (Fig. 3.10d). A 

total of 77 analyses provided a weighted mean age for the youngest population group of 1850±6 Ma 

(n=10; MSWD=1.6; Fig. 3.10f). This age has been interpreted as the magma emplacement age. 

Inherited concordant zircon grains in this sample yield two main groupings at 1876±6 Ma (n=12; 

MSWD=1.6) and 1925±11 Ma (n=7; MSWD=1.7) and three single ages ranging from 1947±14 Ma to 

2064±18 Ma (Fig. 3.10e). 

Syn-D2 monzonite sample MG contains well-zoned prismatic zircons that are locally metamict 

with minor metamorphic/hydrothermal overgrowths (e.g. Fig. 3.11a). A total of 46 analyses from 
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unaltered and metamict zircon grains, provide a weighted mean age of 1773±7 Ma (n=8; MSWD=1.2; 

Fig. 3.11c) for the youngest group of concordant zircon grains (Fig. 3.11b), which has been 

interpreted as the age of emplacement of the monzonite dyke. An additional 18 concordant analyses 

define three further age groupings at 1842±8 Ma (n=9; MSWD=1.3), 1874±7Ma (n=3; MSWD=0.41) 

and 1918±8 Ma (n=5, MSWD=0.29), interpreted to reflect inheritance. 

Almost all zircon grains in the syn-D2 leucogranite sample THG4 are strongly recrystallised 

and altered with no internal zonation (Appendix 3), and many have irregular, almost skeletal outlines 

suggesting partial resorption. Many of these texturally complex grains are completely metamict, and 

some grains preserve thin metamorphic overgrowths. Only relatively unaltered grains were sampled 

(Fig. 3.11d), and 34 analyses produced a single concordant age of 1777±14 Ma (Fig. 3.11e), 

interpreted as the age of granite emplacement. 

4.2.2. Local samples 

 Most zircon grains in the syn-D1-2 leucogranite sample THG3, were strongly recrystallised and 

altered (Appendix 3), and many have irregular, almost skeletal outlines suggesting partial resorption, 

rendering the zircons with complex internal textures that have destroyed all evidence of earlier 

zoning. Some grains preserve thin metamorphic overgrowths. The strongly recrystallized, metamict 

zircon grains either do not provide a proper data signal or yield extremely discordant ages. The 

sample contains a small proportion of prismatic, zoned zircon grains (Fig. 3.12a) for which 65 

analyses in a distinct young grouping yield concordant ages with a weighted mean of 1778±10 Ma 

(n=7; MSWD=1.5; Fig. 3.12c), interpreted as the age of emplacement. An additional 21 concordant 

analyses for older inherited zircon grains, define an age grouping at 1848±7 Ma (n=14, MSWD=1.09) 

with further ages ranging from 1875±10 Ma to 1939±28 Ma. 

The syn-D1-2 gold-bearing quartzo-feldspathic mylonite samples TH004 and THM27, are 

dominated by weakly metamict zircon grains characterized by homogenized internal textures, with 

metamorphic rims that are too thin to measure (Figs. 3.13a, d). Based on 109 analyses for zircon 

grains from sample THM27, the youngest population of concordant ages has a weighted mean of 

1771±5 Ma (n=43; MSWD=0.82; Fig. 3.13c), which is interpreted as the age of emplacement of the 

original quartz-feldspathic leucogranite. An additional 48 concordant analyses provide a further 

inherited age grouping at 1845±6 Ma (n=40; MSWD=1.2) and other ages that range from 1915±17 

Ma (n=4; MSWD=0.08) to 2473±48 Ma (n=3; MSWD=2.2). The youngest age grouping for 

concordant zircon grains from 38 analyses for sample THM04 provides a weighted mean age of 
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1789±16 Ma (n=5; MSWD=1.18; Fig. 3.13f), again interpreted as the age of emplacement of the 

original quartz-feldspathic leucogranite. An additional 15 inherited concordant grains yield a cluster 

at 1848±9 Ma (n=13; MSWD=0.96) with further ages ranging from 2036±24 Ma (n=2; MSWD=0.61) 

to 2530±22 Ma (n=2; MSWD=0.00). 

The syn-D3 pegmatite samples (TH11, TH141, TH66, TH108 and TH140) yield complex 

zircon populations dominated by hydrothermal zircon characterized by a framework texture of bright 

seams surrounding black domains (Fig. 3.14d). Other zircon grains show partly zoned and metamict 

domains, locally recrystallized and overgrown by hydrothermal and metamorphic zircon (e.g. Fig. 

3.14a). Analyses of metamorphic zircon domains yielded only discordant ages. Hydrothermal and 

metamict zircon domains in each of the samples provided similar ages.  In sample TH11, 87 analyses 

for the least altered zircons (i.e. metamict zircon domains with homogenous texture, Fig. 3.14a) 

provided a large spread of ages, reflecting inheritance. The youngest 4 concordant grains provide a 

weighted mean age of 1772±19 Ma (n=4; MSWD=2.1; Fig. 3.14c), but it is not clear if this age 

represents inheritance from the surrounding gneiss units, or whether it reflects an emplacement age. A 

further 48 concordant analyses from TH11 provided three distinct age groupings at 1824±11Ma (n=8; 

MSWD=2), 1854±4 MA (n=21, MSWD=0.67) and 1883±7 Ma (n=10; MSWD=0.64), and additional 

individual ages that range from 1924±24  to 2498±11 Ma (n=8; Fig. 3.14b). Sample TH141, with 219 

analyses (of which 150 were concordant) mostly taken from hydrothermal zircon and metamict zircon 

provided a weighted mean age of 1522±3 Ma (n=81; MSWD=0.79; Fig. 3.14f) for the youngest 

grouping of concordant zircon grains. This age is well constrained and has been interpreted as the age 

of pegmatite emplacement and related hydrothermal events during D3. Other groupings of (near-

)concordant analyses for hydrothermal zircons provide mean ages of 1557±11 Ma (n=8, 

MSWD=0.075), 1602±8 (n=11; MSWD=0.6), 1649±16 Ma (n=4; MSWD=0.083), 1743±12 Ma (n=7, 

MSDW=0.8), 1788±13 Ma (n=8, MSWD=0.99), 1841±12 Ma (n=9; MSWD=0.79), 1880±12 (n=7, 

MSWD=1.05), with an additional 8 analyses yielding individual ages of between 1922±28 Ma and 

2558±34 Ma. 

Sample TH66 with 28 analyses from hydrothermal and metamict zircon (Fig. 3.15a), provided 

a weighted mean age of 1517±45 Ma (n=3; MSWD=0.021; Fig. 3.15c) for the youngest three 

concordant analyses of hydrothermal zircon, which is interpreted to approximate the hydrothermal 

age and probably also the emplacement age. Another eight concordant grains provide inherited ages 

that range from 1796±74 Ma to 2496±96 Ma. Sample TH108 with 121 analyses from hydrothermal 

and metamict zircon (Fig. 3.15d), yielded a weighted mean age of 1524±6 Ma (n=27; MSWD=1.14; 
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Fig. 3.15f) for the youngest population of concordant zircon grains. This age has been interpreted as 

the age of emplacement and associated hydrothermal events during D3. An additional 26 concordant 

ages range from 1547±21 Ma to 2480±72 Ma, and define three main groupings at 1557±12 Ma (n=5, 

MSWD=0.55), 1795±11 Ma (n=5, MSWD=0.6) and 1834.1±10 Ma (n=8, MSWD=1.3), all indicative 

of inheritance from the surrounding host rocks. Sample TH140 with 76 analyses contains only few 

near-concordant grains with a weighted mean age of 1530±19 Ma (n=3; MSWD=0.2; Fig. 3.16c) for 

the youngest three concordant grains of hydrothermal zircon. An additional five concordant analyses 

for hydrothermal grains yield ages between 1572±32 Ma and 1675±30 Ma, and another 45 concordant 

analyses from metamict grains give inherited ages that range from 1777±56 Ma to 3190+31 Ma, 

including four age clusters around 1869±8 Ma (n=16, MSWD=1.12), 1948±13 Ma (n=6, 

MSWD=1.07), 2008±15 Ma (n=4, MSWD=0.3) and 2158±12 Ma (n=7, MSWD =1.01).  

 Sample TH13 of hanging wall quartzite yielded zircon grains that vary from rounded and sub-

rounded to prismatic and needle-like shapes. Some grains preserve cores of zoned zircon or metamict 

domains with uniform textures, and thin metamorphic rims are common (Fig. 3.17a). Results for 124 

analyses from elongated, euhedral to slightly anhedral prismatic grains fall into two main concordant 

populations with weighted mean ages of 1781±6 Ma (n=19; MSWD = 1.2; Fig. 3.17c) and 1841±4 

Ma (n=20; MSWD = 0.98). The mean age for the youngest age grouping can be interpreted as the 

maximum age of quartzite deposition if the quartzite is interpreted as a sedimentary horizon. 

Alternatively the quartzite in sample TH13 can be interpreted as strongly silicified quartzo-feldspathic 

gneiss similar to quartzo-feldspathic mylonite (e.g. Laing, 1993; Tedman-Jones, 2001), in which case 

the age may represent the age of emplacement of an original leucogranite. The latter interpretation is 

more consistent with the needle-like prismatic morphology of many of the grains. An additional 6 

concordant ages provide inherited ages that range from 1919±12 Ma to 2467±45 Ma. 

Sample TH01 of footwall quartzite yielded zircon grains that vary from rounded and sub-

rounded grains to prismatic and needle-like grains, with individual grains exhibiting either internal 

growth zoning or uniform metamict textures with concentric metamorphic domains replacing original 

growth zoning (Fig. 3.17d). Some zircon grains have thin metamorphic rims that are too thin to 

measure with the laser. About 10% of zircon grains from this sample are extremely metamict, leaving 

the grains homogenously black in color (data for TH007: core photos, hyperspectral and assay data 5). 

These grains do not yield any concordant ages. Results for 77 analyses for rounded to euhedral grains, 

yielded three concordant zircon groupings with weighted mean ages of 1841±15 Ma (n=11, 

MSWD=0.74; Fig. 3.17f), 1883±24 Ma (n=4; MSWD=0.1) and 1984±22 Ma (n=11; MSWD = 1.7). 



 

22 

 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 3 - GEOCHRONOLOGY 

Additional older ages for individual concordant granis range from 2146±51 Ma to 2532±46 Ma (Figs. 

3.17e, f). The mean age for the youngest age grouping can be interpreted as the maximum age of 

quartzite deposition if the quartzite is interpreted as a sedimentary horizon and the zircons as detrital. 

However, if the quartzite formed as a result of early silicification of a D1 shear zone, the age may 

represent a detrital age for the underlying sediments that were silicified.  

5. Discussion 

 The presence of coarse gold grains as inclusions in peak-metamorphic hornblende and 

pyroxene suggests that at least some of the gold at Tick Hill was present prior to or during D1 events 

(Laing, 1993; Choy, 1994; Le et al., 2021), however, on outcrop-scale the bulk of the gold is 

associated with syn-D3 alteration assemblages and D3 fracture zones. This indicates that most of the 

gold was either emplaced during D3 from a mineralizing fluid that carried gold into the system, or 

redistributed from an earlier gold deposit, when large volumes of acidic, saline, oxidizing, water-rich 

fluids with the capacity to carry metals moved through much of the rock pile (Oliver et al., 1991; 

Laing, 1993; Tedman-Jones, 2001; Williams et al., 2005; Groves et al., 2010). Both early-gold and 

late-gold models have been pursued at some stage during the exploration history of Tick Hill and in 

either case intrusive activity was invoked as an underlying mechanism. Based on comparisons with 

the geology in the Mary Kathleen Domain N of Tick Hill, the early D1 events were assumed to have 

occurred within the Corella Formation around 1740 Ma, accompanied by the intrusion of Wonga and 

Burstall type granites (Blake et al., 1982; Wyborn et al., 1997). D2 folding and D3-4 faulting with gold 

mineralization was linked to Isan events between 1600-1500 Ma (e.g. Laing, 1993; Choy, 1994; 

Forrestal et al., 1998; Tedman-Jones, 2001). Whilst seemingly consistent with deformation and 

mineralization histories for IOCG deposits elsewhere in the Eastern Fold Belt (e.g. Williams et al., 

2005), these interpretations are not consistent with the age data presented here.  

The U-Pb zircon ages presented for igneous and quartzite units near the Tick Hill deposit, 

provide evidence for three distinct episodes of magmatic and/or metamorphic activity between 1860 

Ma to 1520 Ma. These episodes include: (1) the emplacement of pre-D1 granitic rocks between 

~1840-1860 Ma; (2) the emplacement of granite at ~1790-1770 Ma concomitant with D1 shearing and 

D2 upright folding; and (3) ~1520 Ma, syn-D3 pegmatite emplacement and related hydrothermal 

activity. Inheritance in many of the zircon populations suggests that older basement was present 

throughout much of the area, and there is a general lack of zircons with ages between 1720-1740 Ma, 

although a few appear in some of the younger pegmatite samples. 
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5.1. The age of early igneous activity and deformation in the Tick Hill area  

Samples OTG and THG2 from granodiorite gneiss W of Tick Hill, have ages of 1857±5 Ma 

and 1850±6 Ma respectively, comparable to the age of the Kalkadoon granodiorite that intruded the 

Leichhardt volcanics (Wyborn and Page, 1983; Withnall & Hutton, 2013). Sample OTG was 

originally mapped as part of the Kalkadoon Supersuite (Blake et al., 1982) intruding the Plum 

Mountain Gneiss dated at 1863 Ma (Carson et al., 2011), which is consistent with our obtained age. 

Sample THG2 was collected from an outcrop originally mapped as part of the Wonga age (i.e. 1740 

Ma) Tick Hill Complex (Blake et al., 1982; Wyborn et al., 1997). It was subsequently re-mapped as a 

small inlier of Burstall Suite (i.e. 1740 Ma) Saint Mungo Granite within the Tick Hill Complex 

(Rutherford, 2000; Fig. 3.1). Based on field relationships both the Tick Hill Complex and Saint 

Mungo Granite were interpreted to intrude the Corella Formation, and rafts of Corella Formation 

gneiss occur within it.  The new age data and geochemistry for THG2 indicate that the rock compares 

with the One Tree Granite, and that the unit is part of the Kalkadoon basement gneiss. Instead of the 

gneiss occurring as a raft within younger Tick Hill Granite, younger granite (i.e. sample THG1) 

occurs as a dyke intruding the gneiss. The aeromagnetic signature of the unit from which THG2 was 

taken is homogenous and similar to Kalkadoon basement gneiss further W. This suggests that the 

large unit of Tick Hill granite mapped W of Tick Hill (Fig. 3.1; Blake et al., 1982; Wyborn, 1997) 

consists largely of basement gneiss i.e. the Kalkadoon basement extends further E then previously 

mapped and it occurs E of the mapped extent of Argylla Formation (Blake et al., 1982). It also means 

that if the unit intruded Corella Formation as stated in Blake et al. (1982), and suggested by large 

folded rafts of amphibolite contained within THG2, the Corella Formation at this location must be 

>1850 Ma.  The presence of >1840 Ma inherited zircons for many of the samples obtained from 

within the Tick Hill deposit (Fig. 3.8) indicates that Kalkadoon-Leichardt and pre-Barramundi 

basement extend below the Tick Hill deposit. 

Sample SMG of Saint Mungo Granite was originally mapped as part of the 1740 Ma Burstall 

Suite emplaced immediately W of the Argylla Formation (Blake et al., 1982; Wyborn et al., 1997). 

The new age (1790±7 Ma) is well constrained and corresponds with the age of opening of the 

Leichhardt Superbasin in the Western Fold Belt (e.g. Foster and Austin, 2008; Withnall & Hutton, 

2013), and particularly with the Big Toby - Yeldham - Bottletree igneous event (Carson et al., 2011; 

Withnall & Hutton, 2013). Geochemically and texturally the sample is similar to THG 1 (Figs. 3.5-

3.7), which yields a well-constrained age of 1777±3 Ma and the two granites are probably related. 

THG1 was mapped as part of the Tick Hill Complex, but texturally and chemically it is distinct from 
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the leucogranites of the Tick Hill Complex that occur to the E (i.e. THG3, THG4, THM04, THM27; 

Figs. 3.5-3.7), and it is better described as part of the Saint Mungo Granite, to which it is 

geochemically similar. Both SMG and THG1 have a well-developed gneissic layering, which is a 

composite S1-2 foliation. The units were probably emplaced at some stage during D1 and provide an 

age estimate for the earlier stages of this deformation event.      

The four leucocratic granite samples (THG3, THG4, THM04, THM27) belonging to the Tick 

Hill Complex (Blake et al., 1982, Wyborn, 1997) are geochemically similar (Figs. 3.5-3.7). Their Si-

rich nature and depletion in Ca, Mg, Ti, Zr and total REE, as well as the flat REE patterns with weak 

positive Eu anomalies are similar to the chemistry described for low-T migmatites in which accessory 

phases were not fully resorbed in the melt (e.g. Solar & Brown, 2001; Bhadra et al., 2007).  The 

leucogranites are interpreted as migmatitic segregations that were probably derived from the 

surrounding meta-pelite through partial melting. The close geochemical similarity between the 

leucogranites outside the pit (i.e. THG3 and THG4), which are of unambiguous granitic origin, and 

the heavily altered and mineralized quartzo-feldspathic mylonite (i.e. THM04, THM27) hosting the 

ore body, confirms that the latter originated as intrusions and not as immature sediments or laminated 

epithermal sinter deposits as has been proposed (e.g. England 1993, 1995).  The leucogranites from 

which the samples were taken vary texturally from strongly mylonitic (THM04, THM27) to almost 

undeformed with well-preserved graphic textures in which granite bodies appear to cross-cut the S1-2 

foliation and D2 folds (e.g. TH4; Blake et al., 1982). The leucogranite pockets also display strong 

strain gradients with individual intrusive bodies characterized by mylonitic rims surrounding weakly 

deformed cores with characteristic coarse-grained graphic to pegmatoidal textures (TH3), whilst the 

fabric external to the granite bodies is mylonitic throughout.  The field relationships, therefore, 

indicate that the Tick Hill granites intruded syn-tectonically during D1 through to late-D2 and their 

relatively uniform age of 1770-1790 Ma provides an upper age limit of D1-2 deformation and 

metamorphism in the area. These relationships are confirmed by the 1773±7 Ma age of the late 

tectonic (i.e. late-D2) monzonite dyke (MG), which largely cuts the composite S1-2 fabric and 

associated folding, and possibly also by the 1772±19 Ma age for the youngest zircon population 

derived from the weakly deformed pegmatite sample TH11. The monzonite has a geochemical 

signature that is distinct from all other intrusions including the Monument Syenite (Figs. 3.5-3.7), and 

probably represents a separate late-tectonic intrusive phase.  

In summary, it appears that most of the ductile deformation and igneous activity in the Tick 

Hill area occurred before 1770 Ma and involved two clear events, one around 1850-1860 Ma that can 
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be linked to formation of the Leichhardt Volcanics at the end of the Barramundi Orogeny, and one 

around 1770-1790 Ma that can be linked to early Wonga events and regional deposition of Argylla 

volcanics during opening of the Leichhard Basin (e.g. Page, 1978; Foster and Austin, 2008; Neumann 

et al., 2009; Carson et al., 2011; Magee et al., 2012; Withnall & Hutton, 2013; Kositcin et al., 2019). 

We have found no clear evidence for 1740 events, and the age of the syn-D1-2 intrusions into the 

volcano-sedimentary pile around Tick Hill clearly indicates that these sediments cannot be part of the 

Corella Formation. The Kalkadoon basement gneiss units extend further E than previously mapped 

(Blake et al., 1982, Wyborn, 1997), and appear to underlie the Tick Hill deposit.      

5.2. The age of the sedimentary sequence in the Tick Hill area  

The sediments hosting the Tick Hill deposit were mapped as Corella Formation (Blake et al., 

1982) and were, therefore, assumed to be ~1740-1760 Ma old (e.g. Tedman-Jones, 2001; Wyborn, 

1997), even though Blake (1980) put forward an alternative interpretation in which the Corella 

Formation south of the Plum Mountain Fault was correleated with >1860 Ma Plum Mountain gneiss. 

The age of the Tick Hill granites and Saint Mungo Granite that intrude the sediments indicates that 

they must be older than at least 1790 Ma, and therefore cannot be part of the Corella Formation. The 

age of THG2 and its possible intrusive relationship with the sediments suggests that the sediments 

may be >1850Ma. The two quartzitite samples were collected to constrain a maximum depositional 

age for the sediments, but the results are equivocal. The hanging wall quartzite yields a youngest age 

grouping with a weighted mean age of 1781±6 Ma, but the ages were derived from mostly long-

prismatic, zoned zircons that do not resemble detrital grains. In contrast, the footwall quartzite yields 

a youngest age population of 1841±15 Ma, which does include zircon grains with a sedimentary 

appearance. This discrepency in ages suggests that the two parallel ridges are not related to one 

another and represent different units, and can be interpreted in several ways. If the youngest age 

population in each quartzite unit is interpreted as a sedimentary detrital population than the sediments 

must be younger that ~1780 Ma and could be the equivalent of the Ballara Quartzite (e.g. Page and 

Sun, 1998; Neumann et al., 2006). In this case they would have been deposited around the same time 

as deformation and metamorphism of the sediments invoking a very active tectinic regime for the 

paleo-basinal sequence. It also means that the data does not fit the intrusive relationships observed W 

of the pit suggesting that different aged volcano-sedimentary rocks were infolded with each other 

along the D1 high strain zone.  

However, the quartzite ridges do not preserve unambiguous sedimentary features, and they 
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were mapped by exploration teams in the 1990s as silicified shear zones, citing their disconinuous 

transgressive nature, diffuse boundaries, ghost gneiss fabrics and associated veining and fracturing 

(e.g. Laing 1993). The sample dated for the hanging wall granite, contains ~10% feldspar and 

acessory minerals (tourmaline) that are alined in S1, and were overprinted and largely replaced by 

quartz, with subsequent annealing and grain growth resulting in a coarse-grained massive texture. The 

sample displays similarities with heavily silicified quartz-feldspar mylonite in the same way that other 

samples collected from the same quartzite display similarities with silicified biotite schist or silicfied 

calc-silicate (Wyborn, 1997). If the hanging wall quartite sample is silicified leucogranite, than the 

zircons it contains will preserve prismatic igneous forms, and the minimum age (as well as older 

inherited ages) will be similar to other leucogranites; which is consistent with our observations (e.g. 

samples THM27 and TH13 have near-identical zircon populations). The footwall quartzite in contrast 

does not resemble silicified older lithologies, but looks more like a primary bedded sedimentary unit, 

and it preserves a different age population with a minimum age grouping of ~1840 Ma obtained from 

grains that inlude rounded grains (Appendix 3). The hanging wall quartzite also contains a major 

zircon grouping around ~1840 Ma and both samples contain significant numbers of pre-Barramundi 

grains. Considering this as well as the fact that the 1850 Ma THG2 intruded an older amphibolite 

sequence, and together with the 1790 Ma Sain Mungo Granite was described to intrude the Corella 

Formation (Blake et al., 1982),  there is a strong possibility that the sedimentary sequence that hosts 

Tick Hill is > 1840 Ma in age and the equivalent of the Plum Mountain basement gneiss to the W as 

originally suggested by Blake (1980) and argued in Blake et al (1982). 

5.3. The timing of gold mineralisation in the Tick Hill area  

The presence of coarse gold grains as inclusions in green hornblende and clinopyroxene in 

calc-silicate gneiss (Le et al., 2021) indicates that the metasedimentary rocks contained gold during 

D1. It is not clear whether this gold predated the deformation events, or whether it was introduced 

during D1, and the age for this early gold stage is, therefore, poorly constrained to sometime between 

>1850 Ma and ~1770 Ma.  

The main phase during which gold was either introduced or remobilized occurred during D3 

normal faulting and the associated fluid flux. The fluid flux resulted in the emplacement of en echelon 

arrays of pegmatite and quartz veins along the D3 shear zones as well the formation of metasomatic, 

quartzo-feldspatic overgrowths replacing the earlier gneissic layering along the margins of some D3 

faults (Fig. 3d). Four of the five syn-D3 pegmatite samples that were dated contain hydrothermal and 
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metamict zircons with ages of around 1520 Ma. Whilst some of these pegmatites contain a wide range 

of discordant zircon grains with few concordant ages, TH141 and TH108 returned robust ages of 

1522±3 Ma and 1524±6 Ma respectively, in which hydrothermal zircon interpreted to reflect 

metasomatic events and metamict zircon interpreted to reflect magmatic events yielded near-identical 

results. This suggests that the different types of zircon formed during a single episode when pegmatite 

veins were emplaced and hydrothermal fluids passed through, to alter the pegmatites and deposit gold. 

The ages are also consistent with a reported titanite age of 1517±10 Ma, which was linked to 

mineralization (Tedman-Jones, 2001). The fifth pegmatite vein (TH11) only contained older 

concordant grains with an age of 1772±19 Ma. This vein was collected from footwall gneiss below 

the D3 shear zone, and its age suggests that the pegmatite could have been emplaced late during D2 

instead of D3, thus providing an additional lower age limit to the D1-2 events.  

Metamorphic-hydrothermal events dated at 1500-1530 Ma have been recorded with the use of 

metamorphic titanite or zircon from a number of localities in the MKD to the N of Tick Hill (Page 

and Sun, 1998; Davis et al., 2001; Kositcin et al., 2019).  Similar events are also widespread in the 

Easten Fold Belt where they have been linked to the emplacement of the Williams-Naraku granite 

suite and a regional fluid flux of highy oxidizing, saline fluids resulting in regional albite-hematite-

scapolite alteration and IOCG type mineralisation (e.g. Oliver, 1995; Oliver et al., 2004; Williams et 

al., 2005; Withnall and Hutton, 2013). In the Tick Hill area, there are no major 1520 Ma intrusions 

associated with the observed albite-hematite alteration, but late pegmatites are common (Blake et al., 

1982; Coughlin, 1993). The highly oxidizing conditions at the time of pegmatite emplacement are 

possibly reflected in the positive Eu anomalies recorded in the pegmatite samples (Fig. 3.6b; 

Rollinson, 1993).   

6. Conclusions 

Dating of intrusive rocks and quartzite units around Tick Hill has placed constraints on the age 

of the main stratigraphic units in the area and has shown that existing stratigraphic and structural 

interpretations must be reviewed. Major igneous events occurred around 1850-1860 Ma and 1770-

1790 Ma, and were followed by later hydrothermal events with pegmatite emplacement around 1520 

Ma. The age of the sediments intruded by 1850 Ma and 1790 Ma intrusions is probably >1850 Ma. 

This is consistent with a provenance zircon sample from footwall quartzite with a youngest age 

grouping of ~1840 Ma. Hanging wall quartzite contains a younger 1780 Ma zircon population 

suggesting a younger age for the sediments, but this population can be interpreted differently if one 
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considers that the quartzite is possibly metasomatic in origin, with silicification overprinting an 

intrusive quartzo-feldspathic gneiss. Major deformation and metamorphic events occurred between 

1770-1790 Ma with the development of an upper amphibolite facies, mylonitic fabric (D1), 

migmatization, and later upright folding (D2). There probably were earlier fabrics associated with 

1850 Ma events, considering the composite nature of S1, but these were transposed in the high strain 

D1 fabric  Later extensional faulting and hydrothermal alteration events took place at ~1520 Ma 

during D3, followed by younger strike-slip faulting (D4) with an unconstrained age. The presence of 

hydrothermal zircon grains in pegmatite with a variety of ages between 1650 and 1520 Ma, suggests 

that Isan events affected the area to some degree, but these events did not leave a clear deformation 

imprint.   

Formation of the gold ore body advanced in at least two stages: an early stage after deposition 

of the sediments and before D1; and a late stage concomitant with D3 events at ~1520 Ma. The later 

gold event left the clearest footprint and determined the current distribution pattern of the gold. The 

geochemistry of the quartzo-feldspathic mylonites that host the main ore zones, is consistent with a 

migmatitic origin, and the units were probably emplaced as leucogranite sills during D1 and D2. 

One of the major outcomes of this study is that the Kalkadoon basement appears to host the 

Tick Hill deposit, and the Kalkadoon-Leichhardt belt is, therefore, prospective for gold mineralization 

(with anomalous Bi; Le et al., 2021), in a way that is comparable to similar aged terrains in the 

Tennant Creek Block further W (e.g. Skirrow, 2000; Skirrow et al., 2019).    
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Fig. 3.1. Geological map of the Tick Hill area. a. Tectonic subdivisions in the Mt Isa Inlier (Adapted 

from Blake, 1987; Withnall and Hutton, 2013); b.  Geological map of the Tick Hill region (adapted 

from Blake et al., 1982; Wyborn, 1997; Rutherford 2000) with the locations of geochronological (black 

lettering) and geochemical samples (blue lettering); c. Zoom in of the pit area. The location of drill 

core collars from which samples TH66, TH86, TH108 and TH140 were taken, are shown. 
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  Fig. 3.2. Photographs of samples collected from differently intrusive units in the Tick Hill region: a. 

Foliated granodiorite of One Tree Granite (sample OTG); b. Foliated granodiorite of Saint Mungo 

Granite (sample SMG); c. Contact of granitic dyke (THG1) and older granite (THG2); d. Strongly 

foliated granite sampled as THG1and mapped as either Saint Mungo Granite or Tick Hill Granite; e. 
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Foliated granite sampled as THG2, which intrudes THG1 and was mapped as either Saint Mungo 

Granite or Tick Hill Granite; f. Foliated late-tectonic leucogranite mapped as Tick Hill Granite (sample 

THG4); g. Late tectonic, monzonite vein and dyke (bottom right), which intruded strongly foliated 

calc-silicate and amphibolite gneiss (sample MG). 
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Fig. 3.3. Photographs of samples taken from around the Tick Hill deposit. a. Strongly deformed 

(mylonitic)  contact zone between syn-tectonic leucogranite (sample THG3) and gneissic host rock at 

Tick Hil;  b. Strongly altered, Au-rich quartz-feldspar mylonite (sample THM04); c. offcuts of strongly 

altered, Au-rich quartz-feldspar mylonite collectively sampled as THM27; d. Pegmatite associated with 

en-echelon quartz veins in the N wall of the pit (sample TH141); e. Boudinaged pegmatite dyke in the 

E pit wall of the pit below the main ore zone (sample TH11); f. Metasomatic feldspar-dominant vein 

underneath the Au-rich mineralisation zone in DH U9205 (sample TH66); g. Metasomatic feldspar-
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dominant zones overprinting gneissic layering in three intervals from DH U8506 (collectively sampled 

as TH108); h. Contact of late-tectonic (D3) pegmatite dyke (sample TH140) and host rock from drill 

core underneath the ore zone.  

 

  

  

Fig. 3.4. Photographs of hanging wall and footwall quartzite samples taken from the open pit: a. 

Hanging wall quartzite exposed in the SE corner of the pit with the location of sample TH13 indicated; 

b. close-up of sample TH13 (scale bar in centimeters) illustrating the spotty feldspar texture, with 

feldspar aligned along S1-2 and overprinted by quartz; c. Footwall quartzite exposed in the NE corner of 

the pit with the location of sample TH01 indicated; d. close-up of sample TH01 showing the clean, 

coarsely recrystallized nature of this quartzite.  

TH13 

Hangingwall quartzite 

TH01 
Footwall quartzite 

b 

c d 

a 
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Fig. 3.5. Rock classification diagrams from Middlemost (1994) for major elements (a) and variations 

of least-mobile elements including Al, Ti, Zr, Nb and Y (b, c, and d) for rocks from the Tick Hill 

region.  

 

  

Fig. 3.6. Chrondrite-normalized REE patterns for pre-D1 and syn-D1 to D3 intrusions from the Tick 

Hill region. 

  

c d 

a b 

a b 
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Fig. 3.7. Variation diagrams for SiO2 vs CaO (a), MgO (b) and Ba (c) for pre-D1 to syn-D2 intrusions 

in the Tick Hill region. 

a b 

c 
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Fig. 3.8. Frequency plots for all (near-)concordant ages for samples from the Tick Hill region, with the 

age (in Ma) shown along the horizontal axis. Bin sizes are in 20Ma with the age label for each bin 

corresponding to the upper age limit of the bin. Major tectonic events are indicated (bars). 
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Fig. 3.9.  Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples OTG (a, b, c) and SMG (d, e, f). 

   

Intercepts at  

-105±390 & 1793±7 Ma 

MSWD = 0.43 

SMG 

Intercepts at  

86±200 & 1860±5 Ma 

MSWD = 1.03 

OT

G 

c 

a 

b 

f 

e 

d 

207Pb/206Pb weighted mean age 

1790±7 Ma [0.39%] 

n= 21; MSWD = 0.42 

207Pb/206Pb weighted mean age 

1857±5 Ma [0.26%] 

n= 20; MSWD = 0.96 



 

44 

 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 3 - GEOCHRONOLOGY 

  

  

  

Fig. 3.10.  Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples THG1 (a, b, c) and THG2 (d, e, f). 
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Fig. 3.11 a, b and c.  Cathodoluminescence image for a representative zircon grain from the youngest 

age group; concordia diagram for all analyses and concordant grains in the youngest age group (inset); 

and ‘weighted mean age’ diagrams for the youngest zircon group; d and e. Image of the only 

concordant zircon grain with the concordia diagram for sample THG4. 
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Fig. 3.12 a, b, and c. Cathodoluminescence image for a representative zircon grain from the youngest 

age group; concordia diagram for all analyses and concordant grains in the youngest age group (inset); 

and ‘weighted mean age’ diagrams for the youngest zircon group for sample THG3. 
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Fig. 3.13.  Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples THM27 (a, b, c) and THM04 (d, e, f). 
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Fig. 3.14.  Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples TH11 (a, b, c respectively) and TH1141 (d, e, 

f respectively).  

    

TH11 

Intercepts at  

39±750 & 1773±16 Ma 

MSWD = 2.2 

e 

f 

d 

207Pb/206Pb weighted mean age 

1772±19 Ma [1.1%] 

n= 4; MSWD = 0.2.1 

TH141 a 

b Intercepts at  

-33±140 & 1525±3 Ma 

MSWD = 0.80 

c 

207Pb/206Pb weighted mean age 

1522±3 Ma [0.21%] 

n= 81; MSWD = 0.79 

TH108 



 

49 

 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 3 - GEOCHRONOLOGY 

  

  

  

Fig. 3.15. Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples TH66 (a, b, c respectively) and TH108 (d, e, f 

respectively). 
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Fig. 3.16 a, b, and c. Cathodoluminescence image for a representative zircon grain from the youngest 

age group; concordia diagram for all analyses and concordant grains in the youngest age group (inset); 

and ‘weighted mean age’ diagrams for the youngest zircon group for sample TH140. 
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Fig. 3.17. Cathodoluminescence images for zircon grains from the youngest age group; concordia 

diagrams for all analyses and concordant grains in the youngest age group (inset); and ‘weighted mean 

age’ diagrams for the youngest zircon group for samples TH13 and TH01. 
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TABLES 

Table 3.1. Content of major (%wt) and trace (ppm except Au with ppb) elements for samples from the Tick Hill region. Samples TH87 

and TH108 were not analysed for trace-elements and FeO. 

Sp./ 

ox./el.. 
OTG THG2 SMG THG1 MG THG4 THG3 THM04 THM27 TH141 TH11 TH140 TH66 TH108 TH87 Msy Msy.m Msy.d 

SiO2 69.32 68.13 70.40 70.36 60.90 74.56 75.12 80.63 76.21 64.06 61.42 67.19 76.23 59.26 64.81 51.76 52.49 49.79 

Al2O3 13.01 14.51 13.81 13.54 21.30 14.93 14.71 10.52 13.04 20.9 20.36 18.57 13.14 22.46 19.76 20.64 22.43 23.17 

Fe2O3 6.21 3.60 4.18 3.74 1.56 0.12 0.09 1.68 1.75 1.27 2.70 1.14 0.89 0.23 0.49 8.15 5.11 5.66 

FeO 5.78 3.28 3.61 2.96 0.67 0.36 0.35 1.07 0.95 0.44 2.19 1.09 0.6   5.04 3.07 3.78 

MgO 1.18 1.00 0.41 0.84 0.88 0.19 0.20 0.47 0.65 0.7 1.42 1.19 0.29 1.31 0.78 1.45 0.78 1.03 

CaO 2.30 2.34 1.82 2.39 3.55 1.35 1.41 0.44 0.66 0.76 2.68 2.62 1.06 3.08 2.53 3.97 2.45 3.19 

Na2O 1.66 2.27 1.56 2.96 5.63 6.33 5.94 5.13 5.53 6.2 4.04 5.81 1.29 6.54 5.40 8.34 10.87 9.73 

K2O 3.30 4.49 5.73 5.14 1.44 0.94 0.80 0.54 1.03 4.26 3.04 1.81 6.89 2.05 1.63 3.14 3.40 3.37 

TiO2 0.75 0.54 0.40 0.59 0.44 0.03 0.03 0.02 0.13 0.03 0.47 0.21 0.08 0.65 0.07 0.77 0.51 0.56 

P2O5 0.21 0.25 0.15 0.21 0.07 0.15 0.13 0.01 <0.01 <0.01 0.07 0.01 0.08 0.07 0.10 0.36 0.25 0.35 

MnO 0.07 0.02 0.04 0.03 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.03 0.03 0.16 0.10 0.11 

LOI 0.43 0.63 0.45 0.53 1.55 0.51 0.62 0.5 0.9 1.6 1.85 1.3 0.50 2.91 1.81 0.80 0.40 0.77 

Sum 98.46 97.80 98.96 100.37 97.40 99.15 99.10 99.98 99.97 99.86 98.11 99.9 100.48 98.62 97.44 99.69 98.95 97.93 

Ba 920 706 699 817 808 110 118 36 111 371 307 197 147   1232 1656 1737 

Cs 9.9 4.1 9.7 2.1 3.9 <0.1 0.2 <0.1 1.2 0.6 3.1 1.4 0.7   1.5 0.5 1.1 

Ga 16.6 20.1 18.8 18.1 12.5 11.9 12.2 10.6 13.9 17.5 20.6 18.1 18.8   16.8 15.6 15.4 

Hf 8.3 3.9 9 8.7 6.7 1.5 2.2 0.2 1.2 10.9 3.4 7.2 2.9   2.3 1.3 1.4 

Nb 14.2 15.1 13.2 19.4 6.2 2 0.8 1.6 3.7 0.4 4.7 2.7 4.2   26.5 16.7 16.5 

Rb 126.9 192.8 229.4 165.4 176.6 17.4 11.5 10.3 34 223.8 159.1 66.4 109.1   72.8 63.7 61.9 

Sn 6 <1 7 1 <1 <1 <1 <1 <1 <1 <1 <1 <1   <1 <1 <1 

Sr 130.2 140.3 79 128.5 98 135.4 154.7 25.3 79.1 230.8 230.6 240.1 297.4   576.1 614.1 711.6 

Ta 1 1.6 1.3 1.7 1.3 0.3 0.1 <0.1 0.2 <0.1 0.6 1.3 0.5   1.2 0.7 0.8 

Th 18.7 10.8 31.4 31.3 130.7 3.3 2.9 0.5 2.8 5.4 3.1 2.9 0.5   1.4 1 0.7 

U 2.3 7.7 5.8 7.4 35.7 0.6 0.5 0.4 2.7 1.7 1 1.5 0.7   0.3 0.2 0.1 

V 41 40 13 23 <8 <8 <8 <8 16 9 61 34 <8   49 28 34 

W 1.6 10.7 5 0.7 <0.5 0.5 1 <0.5 <0.5 <0.5 1.4 1 1.4   <0.5 0.7 <0.5 

Zr 318.2 144.2 322 322.1 187.7 36.7 49.4 9.1 49.1 428.5 120.1 215.7 100.1   80.5 46.1 48.2 

Y 26.9 22.2 52.1 54.7 9 4.2 3 0.8 3 7.1 4 4.1 0.9   16.3 9.8 13.2 

La 82.3 26.5 86.2 76.3 70.5 1.3 2.8 1 4.6 16 5.9 5.4 4.1   18.7 12.2 16.6 

Ce 144.2 52 167.1 149.3 95 2.3 3.4 1.8 8.5 47.7 8.1 8.9 5.6   35 22.4 31.5 

Pr 15.73 5.84 18.89 16.8 7.27 0.29 0.47 0.19 0.95 4.27 0.93 0.81 0.46   4.03 2.5 3.49 
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Nd 54.5 21 66.5 60.8 18.3 1.3 1.6 0.9 3.5 16 3 2.8 1.4   14.5 9.2 11.9 

Table 3.1 (cont.) 

Sp./ 

ox./el.. 
OTG THG2 SMG THG1 MG THG4 THG3 THM04 THM27 TH141 TH11 TH140 TH66 TH108 TH87 Msy Msy.m Msy.d 

Sm 8.06 4.43 11.35 11.92 2.12 0.33 0.39 0.07 0.56 2.49 0.52 0.5 0.2   2.78 1.66 2.28 

Eu 1.65 0.7 1.24 1.39 0.55 0.14 0.21 0.06 0.18 0.55 0.89 0.55 0.69   0.87 0.71 0.86 

Gd 6.89 4.53 10.09 11.07 1.73 0.51 0.42 0.16 0.7 1.74 0.54 0.53 0.18   2.78 1.64 2.39 

Tb 0.92 0.83 1.51 1.75 0.23 0.09 0.07 0.02 0.1 0.23 0.1 0.09 0.03   0.47 0.28 0.39 

Dy 5.19 4.82 9.11 10.59 1.31 0.54 0.45 0.12 0.71 1.05 0.57 0.56 0.16   2.94 1.8 2.42 

Ho 1.05 0.86 1.87 2.06 0.28 0.12 0.09 0.03 0.12 0.2 0.15 0.14 0.04   0.63 0.37 0.55 

Er 2.81 1.97 5.79 5.94 1.01 0.33 0.26 0.08 0.32 0.6 0.48 0.4 0.09   1.91 1.13 1.45 

Tm 0.37 0.23 0.78 0.85 0.15 0.06 0.04 <0.01 0.04 0.09 0.08 0.07 0.01   0.26 0.16 0.19 

Yb 2.55 1.15 4.99 5.1 1.14 0.46 0.31 0.09 0.33 0.72 0.63 0.49 0.15   1.82 1.01 1.28 

Lu 0.38 0.14 0.76 0.77 0.18 0.06 0.05 0.01 0.04 0.13 0.11 0.07 0.03   0.3 0.17 0.19 

Mo 1.4 1.2 1.3 1.1 2.2 0.9 1.1 1.93 4.59 <0.1 0.6 0.1 2.6   1.2 1.1 0.8 

Cu 20.5 8 20.2 9.6 4.7 5 3.8 14.37 43.99 5.2 6.2 5.4 4.2   8.8 14.1 2.4 

Pb 11.7 9.1 25.7 8.8 23 1 2.6 7.06 3.68 0.5 2.1 2.3 1.4   2.3 4.8 2.5 

Zn 151 34 33 26 20 8 12 20.7 16.2 4 14 45 22   60 35 37 

Ni 11.4 11.8 3.1 7.9 2.5 1.7 2.2 6 16.9 2.6 25.9 10.4 3.2   1.8 1.2 1.9 

Co 12.2 11.7 7.8 11.7 1.7 0.5 0.9 6.4 10 2 7 6 0.6   14.2 8.3 13.6 

As <0.5 0.6 6.5 0.8 0.5 <0.5 0.6 0.9 2.8 0.7 0.5 2.1 <0.5   1 0.8 1 

Au <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 33082.4 >100000 0.7 <0.5 <0.5 <0.5   <0.5 <0.5 <0.5 

Cd 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.04 <0.01 <0.1 <0.1 0.1 <0.1   <0.1 <0.1 <0.1 

Sb <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 0.09 0.11 <0.1 <0.1 <0.1 <0.1   <0.1 <0.1 <0.1 

Bi 0.2 <0.1 0.6 <0.1 <0.1 <0.1 <0.1 1.56 4.38 <0.1 <0.1 <0.1 <0.1   <0.1 <0.1 <0.1 

Tl 0.7 0.4 0.5 <0.1 <0.1 <0.1 <0.1 <0.02 0.08 <0.1 0.2 <0.1 <0.1   0.2 0.2 0.1 

Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.4 1.1 <0.5 <0.5 <0.5 <0.5   <0.5 <0.5 <0.5 

Be 4 <1 3 2 3 <1 <1 <0.1 0.8 8 5 4 5   3 2 1 

F 769 380 841 295 79 98 42 48 50  580  57   1284 1171 971 
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Table 3.2. Sample locations for all samples used in this study, together with a summary of the U-Pb 

zircon 207Pb/206Pb ages for key stratigraphic units in the Tick Hill region. The ages are based on 

weighted mean averages of grains with <10% discordance. Errors are shown as 2; photos and plots 

are shown in Figs. 3.8 to 3.16. 

Mapped rock unit 

(Fig. 3.1) 

Sample 

ID 
Location East  North  Age (Ma) Age comment 

Pre-

D1 

One Tree granite OTG 
10 km W of Tick 

Hill  
378,568 7,602,967 1857±5 n=20; MSWQ=0.96 

Saint Mungo 

granite 
THG2 

3,7 km W of Tick 

Hill 
385,138 7,606,776 1850±6 n=10; MSWD=1.6 

Syn-

D1 

Saint Mungo 

granite 
SMG 

8 km W of Tick 

Hill 
381,233 7,604,274 1790±7 n=21; MSWD=0.42 

Tick Hill granite  THG1 
3,5 km W of Tick 

Hill 
385,156 7,606,851 1777±3 n=38; MSWD=1.04 

Syn-

D1-2 

Tick Hill granite THG4 
3,5 km SW of Tick 

Hill 
386,702 7,603,938 1777±14 n=1 

Tick Hill granite THG3 
0,5 km E of Tick 

Hill 
389,258 7,605,939 1778±10 n=7; MSWD=1.5 

Tick Hill quartz-

feldspar mylonite 
THM27 

Tick Hill, 

underground 
388,842 7,605,934 1771±5 n=43; MSWD=0.82 

Tick Hill quartz-

feldspar mylonite 
THM04 

Tick Hill, 

underground 
388,850 7,605,950 1789±16 n=5; MSWD=1.18 

Syn-

D2 
Monzonite dyke MG 

23 km SSW of 

Tick Hill 
386,650 7,600,566 1773±7 n=8; MSWD=1.2 

Syn-

D3 

Tick Hill syn-D3 

pegmatite 

(possibly syn-D2) 

TH11 Tick Hill pit 388,869 7,605,868 1772±19 n=4; MSWD=2.1 

Tick Hill syn-D3 

pegmatite 
TH141 Tick Hill pit 388,867 7,606,015 1522±3 n=81; MSWD=0.79 

Tick Hill syn-D3 

pegmatite 
TH108 

Tick Hill, DH 

U8506: 224-224.3 

m; 236.5-236.8 m; 

240.3-240.5 m; 

388,728 7,605,910 1524±6 n=27; MSWD=1.14 

Tick Hill syn-D3 

pegmatite 
TH140 

Tick Hill, DH 

TH032RD: 285.5-

286.1 m 

388,607 7,605,915 1530±19 n=3; MSWD=0.2 

Tick Hill syn-D3 

pegmatite 
TH66  

Tick Hill, DH 

U9205: 149.45-

149.9 m 

388,752 7,605,976 1517±45 n=3; MSWD=0.021 

Pre- 

or 

syn-

D1? 

Hangingwall 

quartzite 
TH13 Tick Hill pit 388,842 7,605,827 1781±6 n=19; MSWD = 1.2 

Footwall 

quartzite 
TH01 Tick Hill pit 388,913 7,605,912 1841±15 n=11, MSWD = 0.74 

Syn-

D1-2 

Monument 

syenite 
Msy 

6.1 km SSW of 

Tick Hill 
386953 7600313 

Whole rock geochemistry only 

Monument 

syenite 
Msy.m 

6.1 km SSW of 

Tick Hill 
386914 7600329 

Syenite dyke Msy.d 
6.1 km SSW of 

Tick Hill 
386953 7600313 

Syn-

D3 

Tick Hill post-D3 

pegmatite 
TH87 

Tick Hill, 

underground; DH 

U8506: 144.1-

144.4 m 

388,728 7,605,910 
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Part 4 

Trace element geochemistry for zircon used in geochronology 

1. Introduction 

Zircon is a common accessory mineral in intermediate to felsic igneous rocks, and can 

survive high temperature metamorphism without significant adjustments to its chemistry (e.g. 

Heaman et al., 1990; Hoskin & Schaltegger, 2003). Therefore, zircon is an important mineral for 

geochronological studies to constrain the age of the host rocks, or earlier provenance.  

In this section, we present zircon geochemistry data for 4 groups of zircon grains that 

were used for U-Pb dating as presented in Part 3. These four groups include: Group 1 grains of 

hydrothermal zircon obtained from syn-D3 pegmatite dated at ~1520 Ma (n=51; samples TH66, 

TH108, TH140 and TH141; Part 3); Group 2 grains of inherited zircon dated at 1550-1600 Ma 

obtained from syn-D3 pegmatite (n=15; samples TH66, TH108, TH140 and TH141; Part 3); 

Group 3 magmatic zircon grains dated at 1770-1780 Ma obtained from syn-D1-2 intrusive 

granites (n=55; samples THG1, THG3, THG4, THM04 and THM27; Part 3); and Group 4, 

~1780 Ma zircon grains obtained from the hanging wall quartzite (n=14; sample TH13; Part 3).  

The hydrothermal and magmatic origins of zircon grains were interpreted based on the 

zircon morphology and the geology framework in the Tick Hill region. The data presented here 

has been obtained to examine if the different zircon groups are representative for chemically 

distinct source reservoirs, be it metamorphic/hydrothermal or igneous/magmatic. More 

specifically we aim to investigate four points:   

1. Are the 1520-1600 Ma zircon populations chemically distinct from the 1770-1780 

Ma zircon grains ? 

2. Is the zircon chemistry for the different groups consistent with a metamorphic, 

igneous or hydrothermal origin ? 

3. Are the ~1520 Ma hydrothermal zircon grains that commonly occur as overgrowth on 

the inherited grains in D3 pegmatite, chemically distinct; i.e. can their chemistry be 

used as a tracer for late Isan events ? 

4. Can zircon chemistry assist in determining the origin of the hanging wall quartzite ?    

The data presented here have been used in support of some of the geochronological 

interpretations presented in Part 3.  
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2. Methodology 

The zircon geochemistry was obtained with the use of LA ICP-MS conducted at the 

Advanced Analytical Centre, James Cook University, using a Teledyne Analyte G2 193nm ArF 

Excimer laser ablation system combined with a Thermo iCAP-RQ ICP-MS. The HelExII 

ablation cell was connected to the iCAP-RQ via Tygon tubing and a 3-way mixing bulb (volume 

~5 cm3). Ultra-high purity Nitrogen (N2) was introduced close to the torch to increase the 

instrumental sensitivity. All instrument tuning was performed using a 5 Hz repetition rate, 50 μm 

beam aperture and 3 J/cm2 energy density, as determined by an energy meter at the ablation site. 

Tuning was achieved by iteratively adjusting the He carrier gas (MFC1&MFC2), Ar sampling 

gas, N2 gas flow rate, RF Power, torch positions (X, Y, Z) and extraction lens to achieve an 

238U/232Th ratio of ~1, and a ThO/Th ration of < 1%; typically < 0.5% in NIST610.  

For a single analysis, the total measurement time was set at 80 seconds. The first 30 

seconds were for gas blank measurements (the laser starts firing from 20th second while the 

shutter is closed), with the shutter opened at the 30th second to allow sample ablation for the 

final 30 seconds. The NIST 612&610 and GED&GSE standards were used for calibration. The 

concentration of thirty-eight elements in zircon were investigated, in which Pb was examined for 

four isotopes including 204Pb, 206Pb, 207Pb and 208Pb. The data was analyzed and presented using 

IOGas software. 

3. Results 

The trace element content of zircon from the four groups has been presented in Fig. 4.1a 

with data provided in Appendix 5. Element concentrations in the various zircons group appear to 

vary in a systematic manner. To illustrate this better, a group of 17 elements was selected to 

highlight the differences between the young and old zircon groups (Fig. 4.1b). Elements used for 

this include: the HREE plus Y; major elements that are also associated with widespread 

alteration including Na, Ca and Sr; several redox sensitive transition metals common in IOCG’s 

including Cu, Co, Mn; and the incompatible elements U and Ti (Fig. 4.1b). 

In general, the trace element patterns can be used to divide the zircon grains into two 

discrete populations including the younger group 1 and group 2 zircons, and the older group 3 

and group 4 zircons. Relative to the older zircon groups, the young zircon groups are enriched in 

U, Na, Ca, Sr, Mn and Cu, but depleted in Ti, Co, and the HREE (i.e. Gd, Tb, Dy, Ho, Er, Tm, 

Yb, Lu) including Y (Fig. 4.1). 



 

3 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 4 – ZIRCON GEOCHEMISTRY 

Among the two younger age groups, the trace elements of zircon from the 1522Ma group 

show similar values to those from the ~1550-1560 Ma group. Similarly in the older zircon 

groups, the trace element content for magmatic zircon from group 3 (~1770-1780 Ma) is 

comparable to that of zircon from the hanging wall quartzite in group 4 (Fig. 4.1).  

The geochemical differences between the younger and older zircon groups can be further 

illustrated by plotting Mn vs Ca, and the Th/U ratio for the various groups (Fig. 4.2). Mn and Ca 

correlate well for zircon grains from groups 1 and 2, but this correlation is less clear for zircons 

from groups 3 and 4 (Fig. 4.2a). The Th/U ratio of 84% group 1 zircon grains and almost group 

2 grains less than 0.1 (Fig. 4.2b), which reflects the high concentration of U in these zircon 

groups (mostly >800 ppm, Fig. 4.2b). In contrast, the Th/U ratio in zircon grains from the older 

groups 3 and 4 is larger than 0.1 (Fig. 4.2b), reflecting the low concentration of U (mostly from 

100 to 300 ppm) in these zircons. 

The chondrite-normalized REE patterns for zircon from all groups are relatively flat with 

weak positive anomalies for Ce and a general trend of increasing values from the LREE to the 

HREE (Fig. 4.3). The chondrite-normalized REE patterns of the younger zircon groups 1 and 2 

show variable Eu anomalies or no Eu anomaly, whilst the older zircon groups generally show 

negative Eu anomalies (Fig. 4.3). The average concentrations of HREE in zircons from groups 3 

and 4 are significantly higher than those in zircons from groups 1 and 2 (Fig. 4.3e). 

4. Discussion  

4.1. Are the 1520-1600 and 1770-1800 Ma zircon populations chemically distinct? 

Our results show that the zircon grains from the two younger age groups, clearly and 

systematically differ from those of the two older zircon groups. While the zircon grains from the 

older groups are enriched in heavy REE and some metals, the younger groups contain zircons 

that are enriched in U and major elements such as Na, Ca, Sr, Mn and Cu (Fig. 4.1). This 

enrichment of major elements in the younger zircons could reflect the chemistry of the host 

rocks and/ or overprinting alteration/mineralization events. The enrichment pattern appears to 

mimic the regional alteration assemblages that affected the rock during the Isan Orogeny 

between 1500-1600 Ma (Fig. 4.1b). This suggests that the zircon chemistry is somehow linked to 

the same fluid reservoir that resulted in regional alteration across large parts of the Mt Isa Block. 

4.2. Is the zircon chemistry for the different groups consistent with a metamorphic, igneous or 

hydrothermal origin ? 
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Historical reviews of zircon Th/U ratios suggest that a value of 0.1 can be used to 

differentiate between metamorphic (<0.1) and igneous (>0.1) zircon (e.g. Hoskin & Schaltegger, 

2003; Kirkland et al., 2015; Rubatto, 2002; Yakymchuk et al., 2018). However, Th/U ratios > 

0.1 are not uniquely igneous and can present different sources of zircon.  A Th/U ratio 

compilation of zircon grains from Western Australia shows that the Th/U ratios < 0.1 tends to 

occur in metamorphic zircon while Th/U ratios > 0.1 reflect both igneous or metamorphic rocks 

(e.g. Yakymchuk et al., 2018).  

In the Tick Hill region almost all zircon grains in the younger groups 1 and 2 have Th/U 

ratios < 0.1 suggesting a metamorphic or hydrothermal origin for the zircon. These low Th/U 

ratios are consistent with the morphology for these zircons (Part 3). Almost all zircon grains in 

group 1 disply framework textures with bright seams surrounding black domains, or partly zoned 

and metamict domains. These textures indicate that the zircon has been locally recrystallized and 

overgrown by hydrothermal/metamorphic zircon (Corfu, 2003). The hydrothermal zircon grains 

could represent hydrothermally altered older zircon grains (>1770 Ma) or could be altered zircon 

that formed during the same events, and they probably formed during the emplacement of D3 

pegmatites along D3 structures (more detailed in Part 3).  

The ~1520 Ma hydrothermal events recorded by zircon grains in group 1 are most likely 

related to the regional 1500-1530 Ma metamorphic-hydrothermal events recorded with titanite 

and hydrothermal/ metamorphic zircon to the N of Tick Hill (e.g. Page and Sun, 1998; Davis et 

al., 2001; Kositcin et al., 2019). In the Eastern Fold Belt, coeval magmatic-hydrothermal events 

have been recorded, which were linked to the emplacement of 1500-1530 Ma Williams-Naraku 

Batholith and an associated regional fluid flux that resulted in albite-hematite-scapolite alteration 

and IOCG type mineralisation (e.g. Oliver, 1995; Oliver et al., 2004; Williams et al., 2005; 

Withnall and Hutton, 2013). 

In contrast to the younger zircon grains, the older zircon grains in groups 3 and 4 have 

Th/U ratios that are consistently >0.1. This trend reflects an igneous origin for the zircon grains 

(e.g. Hoskin & Schaltegger, 2003; Kirkland et al., 2015; Rubatto, 2017). The ~1770-1780 Ma 

zircon grains at Tick Hill commonly display needle-like morphologies with clear internal growth 

zoning or homogenous textures (Part 3). This type of morphology is a good indication for a 

magmatic origin (Corfu, 2003). On a regional scale, ~1770-1780 Ma magmatic events involved 

the deposition of felsic volcanic rocks of the Argylla Formation and the emplacement of granites 

along the length of the Mary Kathleen Domain (Page, 1978; Page and Sun, 1998; Carson et al., 

2009, 2011; Neumann et al., 2009; Magee et al., 2012; Kositcin et al., 2019). 
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4.3. Can zircon chemistry assist in determining the origin of the hanging wall quartzite ? 

Group 4 zircon grains were obtained from a feldspar-rich portion of hangingwall 

quartzite with a possible sedimentary origin.  If the hanging wall quartzite is a sedimentary unit 

and the zircons within it are detrital, than the geochemistry of the ~1780 Ma zircon population is 

expected to be different and more diverse than the zircons obtained from similar aged granites. 

However, if the hanging wall quartzite is interpreted as silicified quartzo-feldspathic mylonite, as 

argued in Part 3 and in earlier exploration reports (e.g. see Tedman-Jones 2001 for a summary), 

than its zircon chemistry is expected to mimic that of the 1770-1780 Ma granites.   

Zircon grains from group 3, with clear magmatic morphologies, are near-identical in 

morphology, age and chemistry to zircon grains from group 4 (Fig. 4.1). Similarities include: (1) 

needle-shaped zircon morphologies with clear growth zoning for a large proportion of the grains 

(Part 3); (2) similar age distributions for the zircon grains in each group (~1780 Ma; see Part 3); 

(3) high Th/U ratios (>0.1, largely at 0.3-0.5; Fig 2b), and (4) near identical trace element 

compositions (Fig. 4.1). These similarities support our interpretation that the zircons in group 4 

are magmatic in origin, and that the analyzed hanging wall quartzite sample (and probably the 

quartzite more generally) represents intensely silicified quartz-feldspar mylonite, similar in 

origin to the ‘galah stone units that host much of the gold. 
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FIGURES 
 

 
 Fig. 4.1. (a) Plots showing trace element concentrations in zircon grains from four groups; (b) Plots of selected 

elements that best illustrate the compositional differences between younger and older zircon groups. Turkey 
box plots: the central box covers the middle 50% of the data; the black circle shows the mean value; the middle 
black line shows the median value; the bottom and top black lines (whiskers) show minimum and maximum 
values within the regular data range; circles and triangles indicate outliers and far outliers respectively. 

a 
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Fig. 4.2 shows the differences in Mn-Ca correlations (a) and Th/U ratios (b) from the four zircon groups. 
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Fig. 4.3. Chrondrite-normalized REE patterns (after McDonough and Sun, 1995) for zircon from: (a) 1522 Ma 

group 1 zircons; (b) ~1550-1600 Ma group 2 zircons; (c) ~1770-1780 Ma group 3 zircons; and (d) ~1780 Ma 

hanging wall quartzite. (d) The average REE contents for each of the four groups.  
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Part 5 

Mineral chemistry and P-T analyses 

1. Introduction 

The Tick Hill area experienced high-grade D1-2 events at ~1780 Ma and a retrograde 

metamorphic/hydrothermal overprint during D3 events around ~1520 Ma (see Parts 2 and 3). Minerals 

aligned in the early D1 fabric define the peak-metamorphic assemblage (e.g. diopside-amphibole-

biotite-plagioclase-garnet in meta-amphibolite; sill-biotite-Kfeldspar-plagioclase-quartz in metapelite; 

Table 5.1) in which gold was locally hosted in diopside or hornblende grains aligned in S1. During D3 

events the peak assemblages were overprinted by retrograde assemblages typically including albite-

hornblende/actinolite-epidote-chlorite-hematite-quartz and later biotite-sericite-Kfeldspar-calcite-

chlorite both associated with the redistribution of earlier gold and the possible introduction of a new 

phase of gold (Part 2). The D3 alteration involved the local destruction of magnetite, the emplacement 

of abundant laminar quartz veins, and the deposition of multi-stage alteration assemblages (Table 5.2), 

including: 

 Stage 1: quartz – oligoclase - albite - hornblende - chlorite1 - hematite (±leucoxene) ± 

chalcopyrite; 

 Stage 2: albite - K-feldspar - actinolite - chlorite2 - epidote - hematite (±leucoxene) ± pyrrhotite 

- pyrite1- chalcopyrite - gold - bismuth selenide; 

 Stage 3: quartz - K-feldspar – sericite - hematite (±leucoxene) - gold - bismuth selenide - pyrite2 

- chalcopyrite; 

 Stage 4: quartz - calcite - chlorite3 - clay minerals - hematite (±leucoxene) ± gold - pyrite2 – 

chalcopyrite - bismuth selenide - and additional minor selinides resembling junoite 

(Pb3Cu2Bi8(S,Se)16), cerromojonite (CuPbBiSe3), molybdomenite (PbSeO3) 

 Stage 5: quartz- albite - oligoclase - magnetite. 

In this section, we present the details of SEM and EPMA mineral geochemistry for the D1-2 

peak metamorphic minerals and multi-staged D3 alteration mineral assemblages, and discuss their 

significance in terms of evolving P-T conditions and fluid chemistry. The aim of this study is to:  

1. determine the chemical composition of the various mineral assemblages that formed during 

D1-3; 
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2. geochemically characterize the progressive changes in mineral composition for silicate 

minerals (esp. chlorite, amphibole, feldspar and epidote) that formed in association with gold 

during the various stages of D3 events; 

3. constrain the P-T conditions of formation for some of the metamorphic and alteration 

minerals. 

2. Methodology 

In conducting the metamorphic study we have focused our work on three rocks types that 

contain reactive mineral assemblages, are pervasive in the area and occur in direct association with 

gold namely: amphibolitic gneiss, amphibole-bearing calc-silicates and amphibole-chlorite-epidote-

bearing quartz-feldspar mylonite (a variety of ‘galahstone’). We note that some meta-pelitic biotite 

schists in the pit and in drill core contain sillimanite, but in all meta-pelite samples selected for analyses 

this sillimanite had been replaced by muscovite, and no further mineral chemistry analyses were 

conducted for these rocks.   

Two samples containing D1 peak-metamorphic mineral assemblages were selected for this 

study. One sample (TH99) which contains coarse-grained garnet overgrowing hornblende-biotite-

plagioclase-quartz-apatite (Table 5.1) was selected from an amphibolite unit in drill core, ~800 m north 

of Tick Hill pit (Fig. 5.1a). In this sample, garnet, biotite and hornblende were analyzed with SEM 

(EDS) to provide constraints on early D1 mineral geochemistry and P-T conditions. A second sample 

with a strongly developed S1-2 fabric affected by a D3 hydrothermal overprint was collected from an 

amphibole-rich calc-silicate unit within the ore zone in which diopside and hornblende host gold grains 

(TH46; Fig. 5.1b), and analyzed with SEM (EDS). Four samples containing D3 chlorite-amphibole-

hematite-epidote alteration assemblages in the Au-rich zone, including three samples from quartz-

feldspar mylonite (TH55, THM22 and TH51C; Figs. 5.1c-e) and a sample from and intensely silicified 

quartzite unit (possibly after biotite-rich schist, TH137; Fig. 5.1f), were selected to investigate the 

retrograde alteration assemblages and associated ore minerals. The samples and their characteristic 

mineral assemblages have been summarized in the Table 5.3. 

All analyses were conducted at the Advanced Analytical Centre, James Cook University, using 

SEM (EDS) and EPMA. In SEM analyses, the microstructural characterization and the major and 

minor element composition of minerals were determined using a Philips XL30 SFEG scanning electron 

microscope (SEM) coupled to an energy dispersive spectrometer by EDAX (EDS). The SEM was 

operated at 15 kV accelerating voltage and magnifications of 250x, 2000x, and 20000x. Prior to 
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analyses, the thin sections were coated with carbon to increase the conductivity of the samples before 

analysis by SEM. In EPMA analyses, the thin section sample was prepared in a similar way as samples 

analyzed by SEM, and use was made of the Wavelength-Dispersive (WD) spectrometer approach. The 

details of this technique are presented in Jercinovic et al. (2008). The output data expressed in weight 

percentages were recalculated to determine the mineral formulas for feldspar amphibole, chlorite, 

epidote and pyroxene. Methods on mineral formula calculations for feldspar were taken from Ribbe 

(1983, 2018), while methods for amphibole are from Leake (1978), Leake et al. (2004) and Hawthorne 

et al. (2012), and those for chlorite from Fleet et al. (2003) and Yavuz et al. (2015). Epidote 

compositions have been calculated using Yavuz and Yıldırım (2018), and pyroxene using Fabries et al. 

(1988) and Morimoto (1988). 

Amphibole barometry is based on calibrations presented in Hammarstrom and Zen (1986), 

Hollister et al. (1987), Johnson and Rutherford (1989) and Schmidt (1992)., whilst chlorite 

thermobarometry follows Jowett (1991) and Essene (2009).  

3. Results 

The chemistry for the major ore and silicate phases contained in each of the samples has been 

discussed below. The details of all analyses are presented in Appendices 2 and 3.  We will first describe 

the major ore minerals encountered in the altered quartz-feldspar mylonites, followed by compositional 

variations of the main silicate minerals (i.e. feldspar, chlorite, amphibole, epidote, clinopyroxene). 

Quartz is present in all samples and most samples contains traces of magnetite as well as hematite. 

Au composition: A total of 54 analyses of gold grains from stages 2-4 mineralization in quartz-

feldspar mylonite and amphibole-rich calc-silicate indicate that gold is pure, with no Ag or any other 

trace metals (Table 5.4). In contrast, 5 analyses for a ~50µm gold grain from stage 2 mineralization in 

intensely silicified brecciated zones associated with quartz-albite-chlorite2-epidote alteration, yield 

minor amounts of Cu (0.49-2.04%) and Ag (3.23-5.32%; Table 5.4). 

Various types of Bi-bearing Selenides commonly occur in association with gold in the quartz-

feldspar mylonite unit. The most common selenide is guanajuatite (Bi2Se3), which locally contains 

minor Fe (0.44-1.19%; Table 5.5). Other fine-grained selenides associated with gold in micro veins of 

calcite contain Pb, Cu and Bi consistent with the compositions of Junoite - Pb3Cu2Bi8(S,Se)16, 

Cerromojonite - CuPbBiSe3, and Clausthalite - PbSe or Molybdomenite - PbSeO3 (Table 5.5).  
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Copper sulphides in Tick Hill include chalcopyrite and trace amounts of bornite. Most 

chalcopyrite and bornite grains are pure CuFeS2 and Cu5FeS4 respectively and contain no other metals 

(Table 5.6). However, texturally late chalcopyrite grains associated with gold and bismuth selenide can 

contain minor amounts of selenium (0.52%; Table 5.6). 

Small amounts of Pyrrhotite locally occur associated with Au in the ore zone. Almost all 

pyrrhotite grains contain Se (commonly < 2%, which may be locally as high as 5.7%; Table 5.7).  

There are at least two types of Pyrite formed during D3 events at Tick Hill. The pyrite 

associated with stage 2 Au mineralization (Pyrite1) is commonly Ni-rich (0.02-2.87%; Table 5.8) while 

later, stage 3 pyrite (pyrite2) is commonly Se-rich (0.11-6.15%; Table 5.8).  

Hematite was formed during D3 events and rarely occurred as pure hematite. It commonly 

contains fine inclusions of leucoxene, Cu-sulphide, albite, K-feldspar and quartz (Table 5.9), resulting 

in contamination with Ti (0.14-1.2%), Cu (0.09-0.46%), S (0.07-0.6%), Al (0.18-1.11%), Si (0.32-

1.89%), Na (0.2-0.82%), K (0.06-0.21), and Ca (0.18-4.48). Some hematite grains also contain minor 

vanadium (0.18-0.54%; Table 5.9). 

Feldspar in quartz-feldspar mylonite and quartz-feldspar alteration haloes is dominated by 

albite (Na2O: 7.66-11.47%; CaO: 0-1.59%) minor oligoclase (CaO: 2.71-3.4%; i.e. ~ 13.5% An) and 

K-feldspar with minor Na (Na2O<0.36%; Table 5.10). The K-feldspar is locally hematite dusted, with 

FeO reaching 2.32% (Table 5.10). Albite and K-feldspar locally contain minor Mg (0.1-0.2%; Table 

5.10), Ba (0.9%) and S (0.8%; Table 5.10). 

Based on composition and Chlorite morphology in thin section, three types of chlorite have 

been recorded in Tick Hill alteration haloes, all of which formed during the various alteration stages of 

D3. Chlorite1 formed during stage 1 and replaced (peak-metamorphic) biotite. Chlorite1 has relatively 

high Al2O3 (15.2-21.7%, mostly >18%; Fig. 5.2a and Table 5.11), and contains minor MnO (0.06-

1.91%; Fig. 5.2c and Table 5.11). The FeOtotal and MgO contents of chlorite1 varies between 24.2-

39.2% and 4.1-16.3% respectively (Table 5.11), which probably reflects localized, partial retrograde 

replacement, but most chlorite grains have a composition close the boundary between ripidolite, 

brunsvigite and pycnochlorite. Some chlorite1 flakes that were partly replaced by chlorite2 contain less 

Al2O3 (~15-18%; Fig. 5.2a). A few chlorite1 grains contain minor of CaO (0.54% and 3.71%), Na2O 

(0.11%; 0.29% and 0.23%) and K2O (4 analyses, 0.11-0.44%; Table 5.11), which may reflect the 

presence of fine white mica or feldspar inclusions. Chlorite2 formed during stage 2, the main stage of 
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Au mineralization. Compared to chlorite1 it has generally less Al2O3 (13.21-19.15%,), MnO (0.01-

0.44%;) and FeOtotal (17.6-37.6%) and more MgO ( 7.5-20.5%; Fig. 5.2d; Table 5.11) with a 

composition close the boundary between diabantite, brunsvigite and pycnochlorite. Chlorite3 formed 

during stage 4, in association with calcite, and consists of diabantite (Table 5.11). It has the lowest 

concentrations of Al2O3 (13.32-13.73%) and FeOtotal (14.4-16.3%), but is the most enriched in MgO 

(22.14-23.37%) (Fig. 5.2 and Table 5.11). Chlorite3 contains little if any MnO (Fig. 5.2). 

Epidote occurs in association with chlorite2 and mostly formed during stage 2, with the re-

mobilization of Au. The composition of the epidote varies a little in Al2O3 (21.18-25.03 % and Fe2O3 

(12.25 - 18.26 %), but all fall well within the compositional epidote field of Yavuz and Yıldırım 

(2018). The least Fe-rich epidote in the analyzed group also contains 0.29% MnO.  In addition some 

epidote grains contain minor K2O (0.17-0.29%), Na2O (0.17) and MnO (0.29%; Table 5.12), which 

could reflect fine inclusions.  

During D3, Calcite formed in stage 4 as micro-veins or in the alteration haloes, and it is locally 

associated with Au, trace amounts of bismuth selenide, sulphides and chlorite3. Most analyses for 

calcite calcite show contamination by quartz, hematite and clay minerals resulting in minor SiO2 

(<9%), FeO (< 2.81%), Na2O (< 2.9%), Al2O3 (< 1.2%) and MgO (< 2.65%; Table 5.13). 

Amphibole formed during D1-2 and D3 events and varies from ferro-tsermakite (D1) via 

magnesio-hornblende (D2 and D3) to actinolite (D3 Tables 5.1 and 5.22).  The D1-2 hornblende that was 

associated with garnet, biotite, feldspar and apatite in sample TH99, has high values of Al2O3 (~15-

16%), FeOtotal (~21-22%), Na2O (~1.5-1.7%), TiO2 (mostly ~ 0.7-1.1%), MnO (0.1-1.9%) and Cl 

(~1.1-1.2%; Fig. 5.3; Table 5.14), and low values of calculated H2O (1.65-1.7%; Fig. 5.3; Table 5.14). 

Gold was identified in some amphibole grains both within matrix grains in contact with garnet and 

within nearby amphibole inclusions in garnet (Appendix 6) with Au2O3 contents <0.3% (Fig. 5.3; Table 

5.14), despite zero Au assay results for amphibolite in this drill hole. Gold inclusions are not obvious in 

SEM and under the microscope and these analyses may be incorrectly interpreted.  

Hornblende hosting Au grains (sample TH46), which is aligned in the D1-2 foliation in 

amphibole-rich calc-silicate, consists of magnesio-hornblende to actinolitic hornblende. It has a wide 

compositional range in Al2O3 (~4-10%); FeOtotal (mainly 11-18%); Na2O (mainly 1-1.7%) and Cl 

(~0.1-0.6%), as it includes amphibole grains that have formed during different stages of D3 alteration. 

This composition is similar to the composition of stage 1, D3 hornblende in quartz-feldspar mylonite 

(Fig. 5.3). Texturally late actinolite in the various samples, has the lowest values of Al2O3 (<~5%), FeO 
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(~6-15%), Na2O (~ 0.5-1%), K2O (<0.5%) and Cl (<0.4%) and high values of MgO (~12-16%) and 

calculated H2O (~2-2.1%; Fig. 5.3; Table 5.14). 

Garnet appears in association with hornblende, plagioclase and biotite in amphibolite and was 

only observed in one drill hole (DJ525), 800 m N to Tick Hill (sample TH99). The garnet in this 

sample is coarse-grained and contains inclusions of hornblende, quartz, magnetite and chalcopyrite. 

The garnet is generally homogenous in composition with little evidence of zoning. The garnet is 

almandine-rich and contains 36.77-37.18% SiO2; 21.5-22.1% Al2O3; 30-31.6% total FeO;  1.09-2.33% 

Fe2O3; 3-4.3% MgO; 4.5-5% CaO; 1.4-1.9% MnO (Table 5.15) and minor TiO2 (0.00 - 0.14% Table 

5.15). The garnet is a mixture of almandine (~66-67%), pyrope (15-16%) grossular (~13%), spessartine 

(~3-4%) and andradite (<1%).  

Syn-D1 Biotite inter-grown with garnet - hornblende - plagioclase - quartz in TH99 is relatively 

Mg and Ti-rich with  1.0-2.6% TiO2, 10.6-12.4 % MgO, 20.4-25.1% FeO, 15.9-17.2% Al2O3, and 

consistently contains Cl (0.51-1.65%; Table 5.16). Fine grained relict biotite grains in THM22 that are 

partly replaced by chlorite, are significantly more Fe rich (31.2-36.5%; Table 5.16) and Mg poor (6.0-

8.4%) with minor MnO (<0.19%), CaO (0.41-0.51%), Na2O (0.25%). 

Diopside formed during D1-2 events and is aligned in the dominant fabric. Grains generally have 

a granoblastic texture and locally host coarse-grained Au. Diopside mainly consists of ~54% SiO2, 

~8% FeO, ~13% MgO, ~23% CaO (Table 5.17) and contains minor Al2O3 (<1%), MnO (<1%), Na2O 

(<1%), TiO2 (<0.07%), Cr2O3 (<0.014%), K2O (<0.017%) and Cl (<0.03%; Table 5.17). 

4. Discussion 

Mineral geochemistry investigations in this study were mainly conducted using SEM-EDS 

techniques that do not have the same detection limit as EPMA. However, this data is adequate for 

identifying mineral types, and textural variations. Compositional estimates for the major elements used 

in most geothermobarometry calibrations can be measured well enough to constrain the P-T conditions 

for mineral formation. 

Most gold grains measured are pure gold, except for a single gold grain that contains minor 

silver and copper. In most gold deposits, high Au/Ag ratios reflect medium- to high temperatures of 

mineralization (e.g. Huston et al.,1992; Levitan, 2008). Gold is not associated with many other metals 

(Part 8), however other metals do occur in the deposit in associated with sulphides and selenides, which 
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mostly formed during the later stages of D3. Selenides include bismuth selenide and a range of fine-

grained Bi-Pb-Cu selenide minerals with variable compositions. Most sulphides (i.e. pyrite, pyrrhotite 

and chalcopyrite) that formed during the later D3 mineralization stages also commonly contain minor 

amounts of Se. The role of selenide minerals has been discussed in Part 2 and possibly reflects a 

relatively low (<300ºC) mineralization temperature, at low lithostatic pressures (<1 kbar). If the 

inference of high formation temperatures for pure Au and  low formation temperatures for the Se-

bearing minerals are both correct at Tick Hill, these compositional constraints may reflect the 

occurrence of two discrete mineralizing events (i.e. pre-D1 and D3 mineralization) as discussed in Part 

2. It also means that the pre-D1 pure Au grains, despite being remobilized during D3 events, were not 

contaminated be other elements. 

The EPMA/SEM study confirms the pervasive replacement of oligoclase and K-feldspar by 

albite during D3 in quartz-feldspar mylonite and other lithologies. It also confirms the presence of 

micro-grains of hematite inside albite and K-feldspar to give the altered rocks their characteristic 

orange to red coloration.  It indicates that albite - Kfeldspar - hematite alteration at Tick Hill occurred 

under oxidized conditions.  

4.1. Chlorite thermometry 

Chlorite thermometry has long been used in the study of alteration assemblages to constrain the 

temperature of mineralizing fluids. Chlorite thermometry was firstly applied based on the AlIV content 

in chlorite (e.g. Cathelineau and Nieva, 1985; Cathelineau, 1988). Jowett (1991) used the AlIV content, 

as well as Fe2+ and Mg2+ content as an additional buffering factor (reflecting variations due to bulk 

composition and mineral reactions at changing physical conditions). This adjustment usually led to an 

increase of ~5oC in T estimates when compared to the earlier models. SEM chlorite analyses identified 

three chlorite types (chlorite1 to chlorite3) with distinctive compositions (Fig. 5.2), of which chlorite1 

and chlorite3 have the highest and lowest Al2O3 values respectively. Using the calibrations by Jowett’s 

(1991), temperature estimates for Tick Hill chlorites are plotted in figure. 5.4. Allowing for some 

interference between chlorite types as a result of partial re-equilibration during retrograde mineral 

reactions, chlorite1 mainly formed between 320-380oC,  chlorite2 between 190-300oC and chlorite3 at 

lower temperatures between 110-130ºC.  These temperature estimates would have prevailed during 

stages 1, 2 and 4 during the multi-staged D3 mineralization events.  They are largely consistent with the 

observed assemblages that formed during each of these stages, e.g. the presence of Bi-selenides during 

stages 2-4. However, the temperature estimate for stage 1 chlorite1 is somewhat low, when considering 
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the typical upper-greenschist facies magnesio-hornblende- oligoclase-albite assemblage that 

characterizes stage 1.     

4.2. Hornblende barometry 

SEM and EPMA analyses show the wide compositional range of hornblende from different 

rock units that are largely similar in bulk composition. This suggests that the rocks have experienced a 

wide range of P-T conditions, and that compositional re-equilibration during retrograde events has been 

incomplete. Hornblende compositions can be used in geobarometry, in which the aluminum content is 

considered as the main pressure dependent variable (e.g. Raase, 1974; Hammarstrom and Zen, 1986; 

Hollister et al., 1987; Johnson & Rutherford, 1989; Schmidt, 1992; Essene, 2009). Raase (1974) 

initially calibrated the geobarometer by only considering the Al and Ti content of hornblende. Later 

studies refined the calibrations within the CaKFMASH system under variable fluid composition and 

oxygen fugacity conditions (e.g. Hammarstrom and Zen, 1986; Schmidt, 1992; Essene, 2009). The 

geobarometry on hornblende presented in this study, uses the calibrations of Schmidt (1992), with 

results shown in Fig. 5.5. 

The D1 hornblende intergrown with biotite and garnet in TH99 yields pressure estimates of 

~9.5-10.5 Kbars.  Although these pressure estimates appear high for the Mt Isa Block, we note that the 

amphibole in this rock is chemically homogenous and well equilibrated with the other mineral phases 

in this rock, and shows little evidence of retrogression. The composition for the hornblendes show no 

other elements in the mineral or the fluid that would significantly influence the calibrations (Essene, 

2009) and the results may truly reflect high pressure metamorphic conditions that must have prevailed 

early during the tectonic history of the Tick Hill area.  

A second group of hornblende grains from quartz-feldspar mylonite, which formed during D3 

stage 1 yield pressure estimates of ~6 Kbars, which may represent an intermediate stage of alteration 

prior to the mobilization of gold (currently grouped into stage 1). This stage of alteration is possibly 

linked to the pre-mineralized hydrothermal events recorded by inherited hydrothermal zircon from syn-

D3 pegmatite dated at ~1550-1600 Ma (Parts 3, 4).   

A third group of alteration hornblende grains within quartz-feldspar mylonite and hornblende-

diopside-bearing calc-silicate, yield lower pressure estimates that range from  ~1.5-3.8 Kbars. 

Retrograde (i.e. syn-D3) hornblende grains from amphibole-rich, calc-silicate in the mineralized zone 

(sample TH46), yield low pressure estimates of 2-3 Kbars. These retrograde amphibole grains, 
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although aligned in the main S1-2 fabric, contain remobilized fine-grained gold along micro-fractures 

associated with sericite and clay alteration (Fig. 5.2.9d-e in Part 2). 

4.3. Garnet-biotite thermometry 

Numerous calibrations for the garnet-biotite geothermometer exist that focus on the Fe-Mg 

exchange reaction between the two mineral phases (e.g. Thomson, 1976; Ferry and Spear, 1978; 

Bhattacharya et al., 1992). They all consider the concentration of not only Fe and Mg in garnet and 

texturally corresponding biotite, but also Ca, Mn in garnet and Ti, Alvi in biotite, which can affect the 

calibrations. In calculating formation temperatures for the biotite-garnet assemblage in TH99, we have 

used the calibrations of Bhattacharya et al. (1992), with results presented in the Fig. 5.6. Results are 

consistent and show that the temperature of formation for the garnet-biotite-hornblende-plagioclase-

quartz assemblage was between 660-700oC.  

4.4. Implications of the thermobarometry study 

The geothermobarometry study indicates that the garnet-biotite-hornblende-plagioclase-quartz 

assemblage encountered in a drill core 800m N of Tick Hill preserves early peak metamorphism 

conditions of  ~660-700oC, and ~9.5-10.5 Kbars. These conditions have only been locally preserved, 

and the assemblage was largely re-equillibrated and destroyed during later retrograde overprints. This 

is reflected in the fact that almandine garnet has not been described before from amphibolite in the 

area.  

Early retrogression (stage 1 during D3) would have involved conditions of ~6 Kbars at ~500°C 

at the greenschist-amphibolite schist boundary (as attested by the early D3 hornblende-oligoclase-

epidote assemblages). Conditions during gold formation/remobilization can be tracked with chlorite 

thermometry in combination with P-T constraints imposed by mineral assemblages and the presence of 

Bi-selenides, as well as conditions obtained from oxygen isotope values in quartz (Part 6).  

Temperatures during D3 alteration would have gradually decreased from 380ºC to 200 ºC at 2-3 Kbars 

during stage 1 and stage 3, with a later low-temperature pulse during stage 4 when selenides 

precipitated with sulphides and calcite veins at conditions that may have reached ~125 ºC and <1 Kbar.  

Thus, overall, the rocks track a clock wise P-T path travelling from the deep crust during early stages of 

D1 deformation to the near surface towards the end of D3.  
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Figures  

  

  

  
Fig. 5.1. Images of selected samples used in the mineral geochemistry study, including: (a) garnet-bearing 

amphibolite at ~800m m north of Tick Hill pit (sample TH99); (b) gold-bearing, amphibole-rich calc-silicate 

(sample TH46); (c) quartz-feldspathic mylonite (sample TH55); (d) quartz-feldspathic mylonite (sample 

THM22); (e) quartz-feldspathic mylonite (sample THM51C); (f) intensely silicified unit (sample TH137).  

a b 

c d 

e f 



 

13 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 5 – MINERAL CHEMISTRY 

 
Fig. 5.2.  Compositional plots for chlorite1 to chlorite3  

 

 
Fig. 5.3.  Compositional plots for D1-2 and D3 amphibole.  

a b 

c d 
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Fig. 5.4. Temperature estimates for different chlorite generations, based on the Al2O3 content of chlorite 

(calibrations after Jowett, 1991).   

 

 

Fig. 5.5. Pressure estimates for different hornblende generations, based on the Al2O3 content of amphibole 

(calibrations after Schmidt, 1992).  
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Fig. 5.6. Temperature estimates for the garnet-bearing amphibolite (TH099) using the garnet-biotite Fe-Mg 

exchange thermometer of Bhattacharya et al., (1992).  
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Tables 

Table 5.1. Peak-metamorphic mineral assemblages in major rock units 

Minerals 
 D1-2 Biotite 
schist  

 D1-2 Calc-
silicate 

 D1-2   
Amphibolite 

 D1-2  Q-Fsp 
gneiss 

Sillimanite     

Biotite     

Amphibole     

Plagioclase      

K-feldspar     

Quartz     

Diopside                     

Scapolite     

Garnet (Almandine 
> Pyrope > 
Grossular) 

    

Apatite     

Magnetite      

Ilmenite (±Mn)     

Gold (inclusion)     

Chalcopyrite     

Pyrite                     
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Table 5.2. Mineral paragenesis for high-grade ore zones at Tick Hill 

Minerals/ 
Deformation events 

D3 D4 

 Stage 1 
(Pre-ore) 

Stage 2 
(Syn-ore) 

Stage 3  
(Syn-ore) 

Stage 4 
(Syn-ore) 

Stage 5 
(Post-ore) 

Stage 6 
Post-ore 

Quartz 
 

     

Albite        

Oligoclase        

K-feldspar        

Hornblende       

Actinolite       

Chlorite 1   
 

    

Chlorite 2       

Chlorite 3       

Epidote  
 

    

Sericite       

Clay minerals 
(smectite-illite)  

     
 

Calcite      
 

Magnetite  
    

 

 

Hematite        

Leucoxene       

Gold (Cg matrix)       

Gold (Fg matrix)       

Gold (Fractures)       

Chalcopyrite        

Bornite       

Cobaltpentlandite?(
Ni-Co-Cu-S±Fe) 

      

Pyrrhotite        

Pyrite 1   
 

    

Pyrite 2       

Pyrite 3                       

Pyrite 4       

Guanajuatite, Bi2Se3        

Junoite, 
Pb3Cu2Bi8(S,Se)16 

      

Cerromojonite; 
CuPbBiSe3 

      

Molybdomenite; 
PbSeO3 

      

Quantity:  Dominant                             Trace 
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Table 5.3. List of samples and minerals that were investigated with  SEM and EPMA 

Tectonic 
event 

Sample Rock type Mineral Technique 

D1-2 TH99 Amphibolite Garnet, hornblende, biotite, apatite, ilmenite SEM 

D1-2 

overprint 
by D3  

TH46 Amphibole-rich calc-
silicate 

Diopside, hornblende, actinolite  EPMA 

D3 TH99 Chlorite vein Chlorite, chalcopyrite, pyrite SEM 

D3 TH137 Intense silicified unit Chlorite, epidote, gold, clay minerals SEM 

D3 TH55 Quartz-feldspar 
mylonite 

Hornblende, feldspar, chlorite, calcite, gold, 
bismuth selenide, Bi minerals, chalcopyrite, 
pyrrhotite, pyrite 

SEM 

D3 THM22 Quartz-feldspar 
mylonite 

Feldspar, chlorite, hematite, gold, bornite, Co 
pentlandite, chalcopyrite, pyrite  

SEM 

D3 TH51C Quartz-feldspar 
mylonite 

Hornblende, actinolite, feldspar, chlorite, 
hematite, calcite, gold, bismuth selenide, 
chalcopyrite 

SEM 
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Table 5.4. SEM analyses for Au for selected samples at Tick Hill; chl= chlorite, qtz=quartz, fsp=feldspar 

Oder analysis No/ ele. (%) Au Cu Ag Sum Notes 

1 TH137-S1A-Au1 96.63   3.37 100   

2 TH137-S1B-Au1 95.58 1.19 3.23 100   

3 TH137-S1B-Au2 95.49 0.69 3.81 100   

4 TH137-S1B-Au4 92.98 1.79 5.23 100   

5 TH137-S1B-Au5 92.64 2.04 5.32 100   

6 THM51C-s1a-gold grain 1 100     100   

7 THM51C-s4-Au1 100     100   

8 THM51C-s4-Au2 100     100   

9 THM51C-s4-Au4 100     100   

10 THM51C-s4-Au3 100     100   

11 THM51C-s5-Au 100     100   

12 THM51C-s5-Au3 100     100   

13 THM51C-s6-Au 100     100   

14 THM51C-s7-Au1 100     100   

15 THM51C-s7-Au2 100     100   

16 THM51C-s7-Au3 100     100   

17 THM51C-s7-Au4 100     100   

18 THM51C-s7-Au5 100     100   

19 THM51C-s7-Au6 100     100   

20 THM51C-s7-Au7 100     100   

21 THM51C-s7-Au8 100     100   

22 THM22-4-sp109 100     100 Coarse Au in qtz-fsp mylonite 

23 THM22-4-sp110 100     100 Coarse Au in qtz-fsp mylonite 

24 THM22-4-sp111 100     100 Coarse Au in qtz-fsp mylonite 

25 THM22-6-pnt1 100     100 fine-grained Au closed to stage 3 vein 

26 THM22-7-sp14 100     100   

27 THM22-7-sp15 100     100   

28 THM22-7b-sp26 100     100   

29 THM22-8-au 100     100   

30 TH55-s1a-11 100     100   

31 TH55-s1a-12 100     100   

32 TH55-s4a-au1 100     100   

33 TH55-s4a-au2 100     100   

34 TH55-s4b-au1 100     100   

35 TH55-s4b-au2 100     100   

36 TH55-6-au1 100     100 elongate Au along the sheeted vein 

37 TH55-6-au2 100     100 elongate Au along the sheeted vein 

38 TH55-6-au3 100     100 elongate Au along the sheeted vein 

39 TH55-6b-sp156 100     100 in the sheeted vein 

40 TH55-6b-sp157 100     100 in the sheeted vein 

41 TH55-6b-sp158 100     100 in the sheeted vein 

42 TH55-6b-sp159 100     100 in the sheeted vein 

43 TH55-6b-sp160 100     100 in the sheeted vein 

44 TH55-6b-sp161 100     100 in the sheeted vein 

45 TH55-8-au1 100     100   

46 TH55-8-au2 100     100 closed to stage 3 vein 

47 TH55-8-au3 100     100   

48 TH55-9-au1 100     100 elongate Au along the sheeted vein 

49 TH55-9-au2 100     100 elongate Au along the sheeted vein 

50 TH55-9-au3 100     100 elongate Au along the sheeted vein 

51 TH55-9-au4 100     100   

52 TH55-9-au5 100     100   

53 TH55-15-au1 100     100 within chl, along s1 

54 TH55-15-au2 100     100 within chl, along s1 
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Table 5.5. SEM analyses for Bi-selenide compositions in Au-rich quartzo-feldspathic mylonite samples from Tick 

Hill; Cpy=chalcopyrite 

# 
analysis No/ 
ele. (%) 

Se Bi Fe S Cu Pb Te Sum Stage Note Minerals 

1 THM51C-s1a-Bi 33.61 64.97         1.42 100 D3 

associated with: Au-
Cpy-chlorite; 
overprinted by 
stage 4? 

Te- guanajuatite; Te-
Bi2Se3 

2 
THM51C-s1b-

sp3 
33.33 65.01         1.66 100 D3 

associated with: Au-
Cpy-chlorite; 
overprinted by 
stage 4? 

Te- guanajuatite; Te-
Bi2Se4 

3 
THM51C-s4-

unk1 
22.17 46.65   5.62 3.46 20.95   99 Stage 4   

Closed to Junoite, 
Pb3Cu2Bi8(S,Se)16  

4 THM51C-s7-Bi1 36.46 63.54           100 Stage 4 fine-grained  guanajuatite; Bi2Se3 

5 THM51C-s7-Bi2 34.61 65.39           100 Stage 4 fine-grained  guanajuatite; Bi2Se3 

6 THM51C-s7-Bi3 35.58 64.42           100 Stage 4 
fine-grained; Si 
from hosting 
minerals 

 guanajuatite; Bi2Se3 

7 THM51C-s7-Bi4 23.39 47.45   4.59 3.73 20.83   100 Stage 4 
fine-grained; Si 
from hosting 
minerals 

 Cerromojonite; 
CuPbBiSe3 

8 THM51C-s7-Bi6 23.94 47.05   4.68 3.66 20.67   100 Stage 4 
fine-grained; Si 
from hosting 
minerals 

Junoite ; 
Cu2Pb3Bi8(S,Se)16 

9 THM51C-s7-Bi7 23.53 0.00   2.70 0.00 73.78   100 Stage 4 

fine-grained; 
overlap Pb, could 
be Pb only, then Se-
Pb mineral only 

fine-grained, no Bi, 
Clausthalite PbSe, or 
Molybdomenite PbSeO3 

10 THM51C-s7-Bi8 21.88 48.12   5.26 4.10 20.64   100 Stage 4 fine-grained 
 Cerromojonite; 
CuPbBiSe3 

11 TH55-s1-1 34.59 65.41           100 D3 Aligned S1  guanajuatite; Bi2Se3 

12 TH55-s1-2 34.68 65.32           100 D3 Aligned S1  guanajuatite; Bi2Se3 

13 TH55-s1-3 34.54 65.46           100 D3 Aligned S1  guanajuatite; Bi2Se3 

14 TH55-s1a-14 34.96 65.04           100 D3 Aligned S1  guanajuatite; Bi2Se3 

15 TH55-s3-3 34.55 65.45           100 

stage 1-2 
overprinted 
by stage3? 

Aligned S1  guanajuatite; Bi2Se3 

16 TH55-s3-4 34.49 65.51           100 Aligned S1  guanajuatite; Bi2Se3 

17 TH55-4a-bi1 34.25 65.75           100 Aligned S1  guanajuatite; Bi2Se3 

18 TH55-4a-bi2 35.1 64.9           100 Aligned S1  guanajuatite; Bi2Se3 

19 TH55-4a-bi3 34.74 65.26           100 Aligned S1  guanajuatite; Bi2Se3 

20 TH55-4a-bi4 34.67 65.33           100 Aligned S1  guanajuatite; Bi2Se3 

21 TH55-4b-bi1 34.38 65.62           100 Aligned S1  guanajuatite; Bi2Se3 

22 TH55-s5-bi1 34.84 65.16           100 Aligned S1  guanajuatite; Bi2Se3 

23 TH55-s5-bi2 Se Bi           0 Aligned S1  guanajuatite; Bi2Se3 

24 TH55-s5-bi3 Se Bi           0 Aligned S1  guanajuatite; Bi2Se3 

25 TH55-9-bi1 34.58 65.42           100 Stage4 within stage3  guanajuatite; Bi2Se3 

26 TH55-9-bi2 35.41 64.59           100 Stage4 within stage3  guanajuatite; Bi2Se3 

27 TH55-9-bi3 34.74 64.81 0.44         100 Stage4 within stage3 Fe-guanajuatite; Bi2Se3 

28 TH55-14-bi1 34.88 64.25 0.87         100 
stage 2 
overprinted 
by stage3 

along S1 Fe-guanajuatite; Bi2Se3 

29 TH55-14-bi2 34.85 64.49 0.66         100 along S1 Fe-guanajuatite; Bi2Se3 

30 TH55-14-sp212 34.52 64.28 1.19         100 along S1 Fe-guanajuatite; Bi2Se3 
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Table 5.6. SEM analyses for copper sulphides from selected samples at Tick Hill; Cpy= chalcopyrite 

# 
analysis No/ 
ele. (%) 

S Fe Cu Se sum Stage Note:  Minerals 

1 THM51C-s1a-Cpy1 34.41 30.99 34.07 0.52 100.00 
Late 
D3 

Au+Te-Bi2Se3 

+Cpy+chlorite+calcite 
Cpy 

2 THM51C-s11-Cpy1 34.33 31.51 34.16   100.00 
Late 
D3 Cpy+calcite Cpy 

3 THM51C-s11-Cpr2 32.44 32.19 35.37   100.00 
Late 
D3 Cpy+calcite Cpy 

4 THM22-s1-cp1 36.02 29.68 34.31   100.01 D3 
Cpy+bornite+pyrite in quartz-
albite laminae 

Cpy 

5 THM22-1-Bn1 27.21 11.48 61.31   100.00 D3 hosted in quartz-albite laminae bornite 

6 THM22-1-Bn2 27.55 11.25 61.20   100.00 D3 hosted in quartz-albite laminae bornite 

7 THM22-1a-cp 36.02 29.68 34.31   100.01 D3   Cpy 

8 THM22-7b-cus 27.35 0.67 71.98   100.00 D3   
Covellite; 
oxidized 

9 THM22-9b-cp1 35.49 31.27 33.24   100.00 D3   Cpy 

10 THM22-9b-cp2 35.41 30.74 33.85   100.00 D3   Cpy 

11 THM22-9c-cpy 35.69 31.29 33.02   100.00 D3   Cpy 

12 THM22-11-bn1 33.17 14.31 52.52   100.00 D3   bornite 

13 THM22-11-bn2 33.77 13.93 52.31   100.01 D3   bornite 

14 TH99-1-cpy1 36.28 30.33 33.40   100.00 D3  From D3 Cpy + chlorite2 vein Cpy 

15 TH99-1-cpy2 35.84 30.57 33.60   100.01 D3   Cpy 

16 TH55-s4a-1 35.99 30.26 33.75   100.00 D3   Cpy 

17 TH55-s4a-2 36.04 30.38 33.58   100.00 D3   Cpy 
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Table 5.7. SEM analyses for pyrrhotite from quartzo-feldspathic mylonite samples at Tick Hill 

# 
analysis No/ 
ele. (%) 

S Fe Se Sum Stage Note Mineral 

1 TH55-s1-4 39.83 58.92 1.26 100.01 D3 Aligned S1 Se-Pyrrhotite 

2 TH55-s1-5 39.47 58.59 1.95 100.01 D3 Aligned S1 Se-Pyrrhotite 

3 TH55-s1-6 39.74 58.7 1.56 100 D3 Aligned S1 Se-Pyrrhotite 

4 TH55-s1a-13 39.59 58.2 2.21 100 D3 Aligned S1 Se-Pyrrhotite 

5 TH55-s1a-15 40.8 58.55 0.64 99.99 D3 Aligned S1 Se-Pyrrhotite 

6 TH55-s2-1 39.71 58.35 1.94 100 D3 Aligned S1 Se-Pyrrhotite 

7 TH55-s2-2 39.53 58.63 1.84 100 D3 Aligned S1 Se-Pyrrhotite 

8 TH55-s2-3 39.56 58.68 1.76 100 D3 Aligned S1 Se-Pyrrhotite 

9 TH55-s3-1 39.49 58.61 1.9 100 D3 Aligned S1 Se-Pyrrhotite 

10 TH55-s4b-Po1 39.63 59.28 1.1 100.01 D3   Se-Pyrrhotite 

11 TH55-s4b-Po2 39.75 58.86 1.4 100.01 D3   Se-Pyrrhotite 

12 TH55-s4b-Po3 40.72 59.28   100 D3   Pyrrhotite 

13 TH55-s4b-Po4 40.71 59.29   100 D3   Pyrrhotite 

14 TH55-7-1 36.93 57.24 5.82 99.99 D3   Se-Pyrrhotite 

16 TH55-7-2 36.98 57.59 5.43 100 D3   Se-Pyrrhotite 

17 TH55-7-3 37.04 57.4 5.56 100 D3   Se-Pyrrhotite 

18 TH55-7-4 36.82 57.67 5.51 100 D3   Se-Pyrrhotite 

19 TH55-7-5 37.09 57.13 5.78 100 D3   Se-Pyrrhotite 

20 TH55-7-6 37.28 57.03 5.69 100 D3   Se-Pyrrhotite 

21 TH55-8-po1 39.21 57.05 3.74 100 D3 
closed to 
stage 3 vein 

Se-Pyrrhotite 

22 TH55-9-po1 40.71 59.06 0.23 100 D3 
elongate Au 
along the 
sheeted vein 

Se-Pyrrhotite 

23 TH55-9-po2 39.21 58.64 2.15 100 D3 
elongate Au 
along the 
sheeted vein 

Se-Pyrrhotite 

24 TH55-9-po3 40.78 59.22   100 D3 
elongate Au 
along the 
sheeted vein 

in a Se-Pyrrhotite 
grain 

25 TH55-9-po4 39.27 58.59 2.14 100 D3 
elongate Au 
along the 
sheeted vein 

Se-Pyrrhotite 
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Table 5.8. SEM analyses pyrite from selected samples at Tick Hill; Py= pyrite, Brn=bornite 

# 
analysis No/ 
ele. (%) 

S Fe Se Ni Cu As Be Sum Stage Note Mineral 

1 THM22-s1-po1 54.85 45.15           100 D3 Py 

Py+Brn+Co-
penlandite in 
quartz-albite 
laminae 

Py 

2 THM22-s1-Po 54.85 45.15           100 D3 Py   Py  

3 
THM22-4b-
sp124 

54.68 45.14   0.18       100 D3 Py   Ni-Py  

4 
THM22-4b-
sp125 

54.39 45.33   0.29       100.01 D3 Py   Ni-Py  

5 
THM22-4b-
sp126 

54.57 45.03   0.4       100 D3 Py   Ni-Py  

6 
THM22-4b-
sp127 

54.71 45.29           100 D3 Py   Py  

7 
THM22-4b-
sp128 

54.19 45.66   0.16       100.01 D3 Py   Ni-Py  

8 THM22-6-hmt1 50.49 45.06 0.32 0.81 3.31     99.99 D3 Py 

normalized 
from alt 
Py+silicate 
elements 

Se-Ni-Cu 
Py 

9 THM22-6-pnt2 54.43 45.57           100 D3 Py deformed Py Py  

10 THM22-6-pnt3 54.15 45.70 0.15         100 D3 Py deformed Py Se-Py 

11 THM22-6-pnt4 54.32 45.52 0.16         100 D3 Py deformed Py Se-Py 

12 THM22-6-pnt5 54.39 45.61           100 D3 Py deformed Py Py  

13 THM22-6-pnt6 54.84 45.16           100 D3 Py deformed Py Py  

14 THM22-6d-sp9 43.86 53.79 0.44 1.91       100 D3 Py   Se-Ni Py 

15 THM22-7-sp12 54.46 45.54           100 D3 Py   Py  

16 THM22-7-sp13 54.47 45.42 0.11         100 D3 Py   Se-Py 

17 THM22-8-sp27 54.82 45.18           100 D3 Py   Py 

18 THM22-8-py 54.21 45.79           100 D3 Py   Py 

19 THM22-8-sp33 55.15 44.85           100 D3 Py   Py 

20 THM22-9b-sp64 53.96 45.46   0.17 0.4     99.99 D3 Py   Ni-Cu Py 

21 THM22-9b-sp66 54.66 42.17   2.87       99.7 D3 Py   Ni Py 

22 THM22-9b-sp67 54.02 44.83   0.75 0.4     100 D3 Py   Ni-Cu Py 

23 THM22-9b-sp72 35.44 62.31   1.09 1.15     99.99 D3 Py Py-hematite Ni-Cu Py 

24 THM22-9b-sp74 47.45 48.00   2.71 1.85     100.01 D3 Py   Ni-Cu Py 

25 THM22-13-py1 54.14 45.59   0.27       100 D3 Py   Ni Py 

26 THM22-13-py2 54.72 44.96   0.33       100.01 D3 Py   Ni Py 

27 
THM22-13-
sp170 

54.43 45.57           100 D3 Py   Py 

28 
THM22-13-
sp171 

54.43 45.57           100 D3 Py in D3 veins Py 

29 TH99-3-py 54.56 45.44           100 D3  in D3 veins Py 

30 TH99-4-sp258 54.99 45.01           100 D3  in D3 veins Py 

31 TH99-4-sp259 54.70 43.39   1.9       99.99 D3  in D3 veins Ni Py 

32 TH99-4-sp260 54.25 45.72   0.03       100 D3  in D3 veins Ni Py 

33 TH99-4-sp261 54.58 45.40   0.02       100 D3  in D3 veins Ni Py 

34 TH99-4-sp262 53.63 46.37           100 D3  in D3 veins Py 

35 TH99-4-sp263 53.99 46.01           100 D3  in D3 veins Py 

36 TH99-4-sp265 54.76 45.24           100 D3  in D3 veins Py 

37 TH55-s3-5 54.24 44.73 1.03         100 Stage 3 Aligned S1 Se-Py 

38 TH55-s3-6 53.83 43.76 2.42         100.01 Stage 3 Aligned S1 Se-Py 

39 TH55-s3-7 53.80 44.46 1.75         100.01 Stage 3 Aligned S1 Se-Py 
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Table 5.8 (cont.) 

# 
analysis No/ 
ele. (%) 

S Fe Se Ni Cu As Be Sum Stage Note Mineral 

40 TH55-s3-8 52.34 43.69 1.93     2.04   100 Stage 3 Aligned S1 As-Se-Py 

41 TH55-s3-8a 52.33 42.90 2.77     2   100 Stage 3 Aligned S1 As-Se-Py 

42 TH55-s3-9 54.04 45.02 0.93         99.99 Stage 3 Aligned S1 Se-Py 

43 TH55-s3-10 53.90 44.02 2.08         100 Stage 3 Aligned S1 Se-Py 

44 TH55-s3-11 53.83 45.00 1.17         100 Stage 3 Aligned S1 Se-Py 

45 TH55-s3-12 53.76 45.13 1.11         100 Stage 3 Aligned S1 Se-Py 

46 TH55-s3-13 52.63 40.71 0.8     5.87   100.01 Stage 3 Aligned S1 As-Se-Py 

47 TH55-6-po2 50.03 44.12 5.85         100 Stage 3   Se-Py 

48 
TH55-6a-
sp1TH55 

49.70 44.15 6.15         100 Stage 3   Se-Py 

49 TH55-14-po1 51.44 44.35 4.2         99.99 Stage 3 along s1 Se-Py 

50 TH55-14-sp210 50.91 44.14 4.95         100 Stage 3 
along s1, 
deformed Py  

Se-Py 

51 TH55-14-sp211 50.62 44.35 5.04         100.01 Stage 3 
along s1, 
deformed Py  

Se-Py 

 

Table 5.9. SEM analyses for hematite from selected samples at Tick Hill area; calc=calcite; hmt=hematite 

# 
analysis No/ 
ele. (%) 

O Fe Ti Cu S Al Si Na K Ca V Sum Stages Note 

1 THM22-6d-sp8 34.78 63.33     0.07 0.18 1.64         100 Stage 3 mixed with alt minerals 

2 THM22-6d-sp10 29.56 67.71     0.14 1 1.58         99.99 Stage 3 mixed with alt minerals 

3 THM22-6d-sp11 29.15 67.59       1.11 1.89 0.2 0.06     100 Stage 3 mixed with alt minerals 

4 THM22-8-32 28.6 70.76     0.43       0.21     100 Stage 3 mixed with alt minerals 

5 THM22-9b-hmt1 29.3 70.56 0.14                 100 Stage 3 mixed with alt minerals 

6 THM22-9b-hmt2 28.88 70.78 0.15 0.15 0.04             100 Stage 3 
mixed with inclusion of 
Chalcopyrite? 

7 THM22-9b-hmt3 29.48 69.88 0.16 0.28 0.18             99.98 Stage 3 
mixed with inclusion of 
Chalcopyrite? 

8 THM22-9b-hmt4 29.11 70.33 0.2 0.09 0.27             100 Stage 3 
mixed with inclusion of 
Chalcopyrite? 

9 THM22-9b-hmt5 29.14 69.94   0.4 0.52             100 Stage 3 
mixed with inclusion of 
Chalcopyrite? 

10 THM22-9b-hmt6 28.55 70.25 0.14 0.46 0.6             100 Stage 3 
mixed with inclusion of 
Chalcopyrite? 

11 THM22-9c-hmt1 25.45 74.09 0.46                 100 Stage 3   

12 THM51C-4-fe1 24.82 66.78 1.2       2.72     4.48   100 Stage 3 
hematite 
leucoxene+calc+quartz 

13 THM51C-6-Fe1 22.62 75.51         0.32     1.55   100 Stage 3 hematite+calc+quartz 

14 THM51C-6-Fe2 22.75 74.89         0.48     1.88   100 Stage 3 hematite+calc+quartz 

15 THM51C-7-Fe1 26.1 67.15       0.73 5.2 0.82       100 Stage 3 
fine-grained hmt, 
hmt+albite 

16 THM51C-7-Fe2 23.74 73.18       0.63 1.71 0.57   0.18   100 Stage 3 
fine-grained hmt; 
hmt+albite 

17 THM51C-11-fe1 23.34 75.05         1.61         100 Stage 3   

18 THM51C-11-fe2 23.68 74.13       0.21 1.98         100 Stage 3   

19 TH137-s2-Fe1 22.99 75.69         0.78       0.54 100 Stage 3 Really V? 

20 TH137-s2-Fe2 22.82 76.27         0.73       0.18 100 Stage 3 Really V? 

21 TH137-s3-Fe1 22.51 77.12         0.37         100 Stage 3   
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22 TH137-s4-Fe1 24.59 75.07 0.34                 100 Stage 3 
normalized, fine-grained 
hematite mixing with 
epidote 

 

Table 5.10. SEM analyses for feldspar from metasomatized quartz-feldspar mylonite; Cpy=chalcopyrite, 

Py=pyrite, Brn=bornite, Fsp=feldspar, Chl=chlorite, Alb=albite, Qtz=quartz 

Oder 
analysis No/oxide. 

(%) 
Na2O Al2O3 SiO2 CaO K2O FeO MgO SO3 BaO Sum Notes Minerals 

1 THM51C-s4-fsp4 11.46 20.31 68.23             100   albite 

2 THM51C-s4-fsp5 11.29 20.51 68.2             100   albite 

3 THM51C-s4-fsp7 11.11 20.3 68.6             100.01   albite 

4 THM51C-s4-fsp8 11.13 20.45 68.41             99.99   albite 

5 THM51C-s4-fsp9 10.05 20.33 69.62             100   albite 

6 THM51C-s5-fsp1 11.26 20.43 68.31             100   albite 

7 THM51C-s5-alb1 11.01 20.49 68.51             100.01   albite 

8 THM51C-s6-pt1 11.2 20.37 68.43             100   albite 

9 THM51C-s6-pt2 10.97 20.74 68.29             100   albite 

10 THM51C-s6-pt4 11.14 20.6 68.08 0.18           100   albite 

11 THM51C-s7-alb1 11.13 20.56 68.32             100.01   albite 

12 THM51C-s7-alb2 11.2 20.65 67.75 0.4           100   albite 

13 THM51C-s7-alb3 10.87 20.38 68.76             100.01   albite 

14 THM51C-s7-alb4 11.1 20.52 67.08 1.29           99.99   albite 

15 THM51C-s7-alb5 9.31 20.17 70.12 0.4           100   albite 

16 THM51C-s7-alb6 11.25 20.63 68.13             100.01   albite 

17 THM51C-s7-alb7 11.03 20.4 68.56             99.99   albite 

18 THM51C-s7-alb8 11 20.8 67.81 0.38           99.99   albite 

19 THM51C-s7-alb9 10.98 20.79 67.83 0.4           100   albite 

20 THM51C-s7-alb10 11.24 20.54 68.22             100   albite 

21 THM51C-s7-alb11 11.03 20.51 68.45             99.99   albite 

22 THM51C-s7-alb13 11.19 20.49 68.32             100   albite 

23 THM51C-s7-alb14 11.08 20.37 68.55             100   albite 

24 THM51C-s7-alb15 8.46 15.85 75.68             99.99   albite 

25 THM51C-s7-alb16 10.81 20.73 68.46             100   albite 

26 THM51C-s8-alb1 11.2 20.31 68.49             100   albite 

27 THM51C-s8-alb2 11.34 20.29 68.37             100   albite 

28 THM51C-s8-alb3 11.28 20.3 68.41             99.99   albite 

29 THM51C-s8-alb4 11.01 20.38 68.61             100   albite 

30 THM51C-s8-alb5 11.09 20.67 68.24             100   albite 

31 THM51C-s8-alb6 10.9 20.28 68.81             99.99   albite 

32 THM51C-s8-alb7 11.38 20.55 68.07             100   albite 

33 THM51C-s8-alb8 10.59 20.51 68.9             100   albite 

34 THM51C-s8-alb9 10.89 20.76 68.35             100   albite 

35 THM51C-s9-alb1 11.3 20.51 68.19             100   albite 

36 THM51C-s9-alb2 11.06 20.46 68.48             100   albite 

37 THM51C-s9-alb3 11.31 20.31 68.39             100.01   albite 

38 THM51C-s10-alb1 11.46 20.12 68.21 0.22           100.01   albite 

39 THM51C-s10-alb2 11.02 20.8 68.01 0.16           99.99   albite 

40 THM51C-s10-alb3 11.33 20.49 68.18             100   albite 

41 THM51C-s10-alb4 10.76 20.45 68.79             100   albite 

42 THM51C-s11-alb1 8.83 19.98 69.61 1.59           100.01   albite 

43 THM51C-s11-alb2 9.75 20.31 69.18 0.76           100   albite 

44 THM51C-s11-alt2 10.64 19.86 68.28 0.62           99.4   albite 

45 THM51C-s12-alb1 11.2 20.52 68.29             100.01   albite 

46 THM51C-s12-alb2 11.15 20.41 68.43             99.99   albite 
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47 THM22-s1b-sp227 9.65 22.68 64.96 2.71           100  with Cpy-Py-Brn-Au Oligioclase (~13.5%An) 

48 THM22-s1b-sp228 9.64 22.85 64.61 2.9           100   Oligioclase (~13.5%An) 

49 THM22-s1b-sp229 9.45 23.1 64.51 2.94           100   Oligioclase (~13.5%An) 

50 THM22-1b-sp227 9.65 22.68 64.96 2.71           100   Oligioclase 

51 THM22-1b-sp228 9.64 22.85 64.61 2.9           100   Oligioclase 

 

Table 5.10 (cont.) 

Oder 
analysis No/oxide. 
(%) 

Na2O Al2O3 SiO2 CaO K2O FeO MgO SO3 BaO Sum Notes Minerals 

52 THM22-1b-sp229 9.45 23.1 64.51 2.94           100   Oligoclase 

53 THM22-3-alb1 9.46 22.88 64.64 2.82 0.21         100.01   oligoclase 

54 THM22-3-alb2 11.09 20.63 67.96 0.08 0.25         100.01   Albite 

55 THM22-4-albite 10.53 21.62 66.65 1.11 0.1         100.01   Albite 

56 THM22-4a-sp122 9.71 22.53 65.31 2.44           99.99   Oligo 

57 THM22-4a-sp123 11.24 20.51 67.59     0.53 0.13     100   hem-dusted albite 

58 THM22-7a-sp16 0.24 19.17 63.72   16.64 0.24       100.01   hm-dusted K-fsp 

59 THM22-7a-sp17 0.17 19.29 63.59   16.95         100 with Se-Pyrite  K-fsp 

60 THM22-7a-sp18 0.33 19.46 63.36   16.28 0.57       100 with Se-Pyrite  hm-dusted K-fsp 

61 THM22-7a-sp19 0.2 19.25 63.56   16.58 0.41       100 with Se-Pyrite  hm-dusted K-fsp 

62 THM22-7a-sp20 0.13 19.01 63.6   16.89 0.38       100.01 with Se-Pyrite  hm-dusted K-fsp 

63 THM22-7a-alb1 9.69 22.88 64.46 2.8 0.17         100 with Se-Pyrite  Oligoclase 

64 THM22-7a-albite 11.18 20.77 68.05             100 with Se-Pyrite  albite 

65 THM22-8-al1 11.37 20.53 68.1             100   albite  

66 THM22-8-fsp1 9.55 23.51 65.27   1.67         100   albite 

67 THM22-8-fsp2 8.31 24.94 64.1   2.66         100.01   albite 

68 THM22-8-alb2 10.78 21.19 66.94 0.57 0.52         100   albite 

69 THM22-8-ksp1 1.79 18.41 64.18   14.42 1.19       99.99   K-fsp 

70 THM22-9-ksp1 0.18 19.12 62.83   16.81 0.91 0.15     100 chl+alb+K-fsp+qtz K-fsp 

71 THM22-9-ksp2 0.23 19.2 63.52   16.37 0.68       100 chl+alb+K-fsp+qtz K-fsp 

72 THM22-9-alb 11.15 20.3 68.03   0.16 0.35       99.99 chl+alb+K-fsp+qtz albite 

73 THM22-9-alb2 11.12 20.4 68.48             100 chl+alb+K-fsp+qtz albite 

74 THM22-9-alb3 9.7 22.75 64.67 2.77 0.12         100.01 chl+alb+K-fsp+qtz oligoclase 

75 THM22-9-alb4 11.17 20.41 68.09     0.33       100 chl+alb+K-fsp+qtz albite 

76 THM22-10-al1 9.77 22.28 65.38 2.33 0.24         100   oligoclase 

77 THM22-10-al2 11.17 20.53 67.61     0.69       100   oligoclase 

78 THM22-10-al3 11.09 20.77 68.14             100   albite 

79 THM22-10-al5 11.21 20.72 67.59 0.11   0.37       100   albite 

80 THM22-10-al6 11.13 20.54 67.95 0.06   0.32       100   albite 

81 THM22-12-alb1 9.32 22.42 64.63 2.7 0.93         100   oligoclase 

82 THM22-12-alb2 9.99 22.04 63.95 1.5 0.34 2.19       100.01   albite 

83 THM22-13-ksp1 0.41 19.06 64.07   16.47         100.01   k-fsp 

84 THM22-13-sp163 0.32 19.38 63.43   16.47 0.4       100   k-fsp 

85 THM22-13-sp164 9.03 19.87 66.21   3.73 1.16       100   Albite+K-sp 

86 THM22-13-sp165 7.66 13.25 79.09             100   albite 

87 THM22-13-sp166 10.8 20.58 67 0.43 0.14 1.06       100.01   albite 

88 THM22-13-sp167 9.24 23.23 63.89 3.21 0.17 0.27       100.01   Oligoclase 

89 TH55-s1a-16 11.13 20.43 68.44             100   albite 

90 TH55-s1b-18 9.9 22.67 65.09 2.34           100   albite 

91 TH55-s1b-19 9.88 22.84 64.97 2.32           100.01   albite 

92 TH55-s1b-20 9.94 22.57 65.06 2.44           100.01   albite 

93 TH55-s1b-21 9.7 22.65 65.04 2.61           100   albite 

94 TH55-s1b-22 9.89 22.72 65.05 2.34           100   albite 

95 TH55-s1b-23 9.34 22.83 65.1 2.72           99.99   Albite+oligoclase 

96 TH55-s1b-25 11.24 20.42 68.34             100   albite 
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97 TH55-s1b-26 10.97 20.14 68.31 0.36 0.22         100   albite 

98 TH55-s1b-27 10.53 21.5 66.86 0.87 0.24         100   albite 

99 TH55-s1b-28 11.12 20.46 68.1 0.32           100   albite 

100 TH55-s1b-29 9.69 22.41 65.17 2.39 0.34         100   albite 

101 TH55-s2-4   19.38 63.49   17.13         100   k-fsp 

102 TH55-s3-alb1 11.2 20.64 68.15             99.99   albite 

103 TH55-s3-alb2 11.47 20.18 68.35             100   albite 

 

Table 5.10 (cont.) 

Oder 
analysis No/oxide. 
(%) 

Na2O Al2O3 SiO2 CaO K2O FeO MgO SO3 BaO Sum Notes Minerals 

104 TH55-s3-alb3 11.16 20.49 68.36             100.01   albite 

105 TH55-s3-kfsp1 0.36 19.28 63.18   16.33       0.84 99.99 Checked, its Ba k-fsp 

106 TH55-s4-1 9.72 22.51 65.04 2.4 0.33         100   albite 

107 TH55-s4-2 9.73 22.39 65.49 2.4           100.01   albite 

108 TH55-s4-3 9.83 22.57 65.17 2.43           100   albite 

109 TH55-s4-4 9.74 22.5 64.93 2.49 0.33         99.99   albite 

110 TH55-s4-5 9.48 22.25 65.88 2.39           100   albite 

111 TH55-s4-6 9.56 22.84 64.81 2.28 0.51         100   albite 

112 TH55-s4-a7 11.06 20.61 68.34             100.01   albite 

113 TH55-s4-a8 11.18 20.51 68.11 0.2           100   albite 

114 TH55-s5-a1 9.58 21.43 67.75 0.98 0.26         100   albite 

115 TH55-s5-a2 10.71 22 66.29 0.39 0.61         100   albite 

116 TH55-8-al1 11.17 20.68 68.15             100 
Closed to stage 3 
vein 

albite 

117 TH55-8-al2 11.21 20.41 68.37             99.99 
Closed to stage 3 
vein 

albite 

118 TH55-8-al3 11.23 20.54 68.23             100 
Closed to stage 3 
vein 

albite 

119 TH55-9-al1 11.2 20.56 68.24             100   albite 

120 TH55-9-al2 10.01 22.71 65 2.28           100   albite 

121 TH55-10-al1 9.75 22.34 65.27 2.65           100.01   albite 

122 TH55-12-al1 11.08 20.72 67.56 0.46 0.17         99.99   albite 

123 TH55-12-al2 10.96 20.73 67.54 0.56 0.22         100.01   albite 

124 TH55-12-al3 10.82 20.94 67.51 0.74           100.01   albite 

125 TH55-12-mix1   18.68 61.93   16.13 2.32   0.93   99.99 K-spar mixed  k-fsp 

126 TH55-12-kspa1   19.04 63.98   16.97         99.99   k-fsp 

127 TH55-12a-al1 11.01 20.98 67.29 0.55 0.17         100   albite 

128 TH55-12a-k-spa1   19.2 64.07   16.73         100   k-fsp 

129 TH55-14-k-sp1   19.12 63.82   17.06         100   k-fsp 

130 TH55-16-sp195 9.3 23.23 63.85 3.4 0.23         100.01 aligned with S1 Oligoclase 
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from selected samples at Tick Hill; 

Chl=chlorite, Epi=epidote, Alb=albite, Fsp=feldspar, Qtz=quartz, Hmt=hematite, Cpy=chalcopyrite, Se-Bi=bismuth selenide 

# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 
FeO_ 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl NiO H20 Sum Stage Note Chl type Mineral 
T (°C)-
Jowett 
(1991) 

1 TH137-s2-alt2 28.44  17.64 20.82 0.38 20.49  19.76      11.56 98.22 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 278 

2 TH137-s2-alt3 27.48  17.94 22.59 0.00 22.59  18.81      11.44 98.26 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 302 

3 TH137-s2-alt10 28.53  18.90 20.20 1.22 19.10  18.95      11.62 98.20 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 282 

4 TH137-s2-alt22 30.46  17.64 18.89 2.31 16.81  19.46      11.73 98.17 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 230 

5 TH137-s3-al1 30.42  16.82 20.69 2.09 18.81  18.64      11.62 98.20 Stage 2 in: chl+epi+hmt chl2 diabantite 223 

6 TH137-s3-al3 30.32  17.65 20.45 2.49 18.21  18.12      11.65 98.19 Stage 2 in: chl+epi+hmt chl2 diabantite 229 

7 TH137-s3-al4 29.49  17.83 21.07 1.43 19.78  17.93  0.31    11.58 98.21 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 251 

8 TH137-s3-al5 29.46  18.73 17.64 1.24 16.52  20.22  0.35    11.76 98.16 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 264 

9 TH137-s3-al8 26.85  18.39 28.62 0.70 27.99  13.36      11.14 98.36 Stage 2 in: chl+epi+hmt chl2 brunsvigite 304 

10 TH137-s3-al9 29.23  17.90 19.99 1.30 18.82  19.45      11.63 98.20 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 260 

11 TH137-s3-al10 30.50  17.36 19.90 2.38 17.76  18.75      11.67 98.19 Stage 2 in: chl+epi+hmt chl2 diabantite 225 

12 TH137-s3-al11 26.75  16.65 25.65 0.00 25.65  18.04      11.25 98.33 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 318 

13 TH137-s3-al13 29.23  18.09 19.63 1.36 18.40  19.58      11.65 98.19 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 262 

14 TH137-s3-al14 30.85  17.36 19.34 2.11 17.43  18.45  0.49    11.70 98.18 Stage 2 in: chl+epi+hmt chl2 diabantite 218 

15 TH137-s3-al15 28.65  17.50 21.11 0.58 20.58  19.41      11.55 98.21 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 272 

16 TH137-s3-al16 28.89  17.98 20.85 1.15 19.82  18.89      11.58 98.20 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 267 

17 TH137-s4-ch1 26.59  19.15 27.61 0.71 26.98  13.81      11.20 98.35 Stage 2 in: chl+epi+hmt chl2 brunsvigite 317 

18 TH137-s4-ch2 26.83  18.76 27.06 0.60 26.52  14.47      11.22 98.34 Stage 2 in: chl+epi+hmt chl2 brunsvigite 310 

19 TH137-s4-ch3 29.28  17.42 19.84 0.99 18.95  20.02      11.63 98.19 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 258 

20 TH137-s4-ch4 27.42  17.85 27.39 0.73 26.73  14.47      11.21 98.34 Stage 2 in: chl+epi+hmt chl2 brunsvigite 290 

21 TH137-s4-ch5 28.44  18.37 25.36 1.46 24.05  14.43  0.35    11.34 98.30 Stage 2 in: chl+epi+hmt chl2 pycnochlorite 270 

22 TH137-s5-ch1 29.09  17.61 19.70 0.87 18.92  20.16      11.64 98.19 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 264 

23 TH137-s5-ch2 28.82  17.47 20.66 0.66 20.07  19.68      11.58 98.21 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 268 

24 TH137-s5-ch4 29.10  17.77 19.53 0.96 18.67  20.14      11.65 98.19 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 265 

25 TH137-s5-ch5 28.97  17.42 19.62 0.58 19.09  20.56      11.63 98.19 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 267 

26 TH137-s5-ch6 29.22  17.44 19.83 0.93 18.99  20.07      11.63 98.19 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 260 

27 TH137-s5-ch8 29.16  17.83 19.19 1.00 18.29  20.33      11.67 98.18 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 264 

28 TH137-s5-ch10 29.31  18.06 19.52 1.41 18.25  19.63      11.66 98.18 (Stage3?) in: chl+epi+hmt chl2 pycnochlorite 260 

29 THM51C-s5-chl1 27.94  17.65 30.44 1.83 28.79  11.28      11.08 98.39 stage3 
Au-Cpy-Se-Bi-chl-
calc. 

chl2 brunsvigite 266 

30 THM51C-s5-chl2 26.82  17.62 33.44 0.40 33.07  9.00  0.60 0.12   10.86 98.46 stage3 
Au-Cpy-Se-Bi-chl-
calc. 

chl2 brunsvigite 290 

31 THM51C-s5-chl3 26.83  16.82 34.26 0.17 34.11  9.20  0.55    10.82 98.48 stage3 
Au-Cpy-Se-Bi-chl-
calc. 

chl2 brunsvigite 284 
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# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 
FeO_ 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl NiO H20 Sum Stage Note Chl type Mineral 
T (°C)-
Jowett 
(1991) 

32 THM51C-s5-alt4 25.66  17.04 36.82 0.12 36.72  8.32      10.68 98.52 stage3 
Au-Cpy-Se-Bi-chl-
calc. 

chl2 brunsvigite 311 

33 THM51C-s5-alt5 26.35  16.88 35.57 0.54 35.08  8.94      10.76 98.50 stage3 
Au-Cpy-Se-Bi-chl-
calc. 

chl2 brunsvigite 294 

34 THM22-2-sp129 24.69 0.09 20.84 32.75 1.21 31.66 1.06 7.91      10.83 98.17 Stage 2 
chl aligned the S1 
fabric 

chl1 ripidolite 360 

35 THM22-2-sp130 25.92  20.67 32.22 2.08 30.34 0.45 8.15      10.95 98.37 Stage 2  chl1 brunsvigite 329 

36 THM22-2-sp131 24.97 0.05 21.05 32.13 1.44 30.84 0.84 8.29     0.07 10.90 98.31 Stage 2  chl1 ripidolite 355 

37 THM22-2-sp132 25.54 0.29 20.72 31.52 1.88 29.83 0.57 8.68      10.96 98.28 Stage 2  chl1 ripidolite 341 

38 THM22-2-sp133 25.37 0.07 20.89 32.24 1.71 30.70 0.53 8.30      10.93 98.32 Stage 2  chl1 ripidolite 345 

39 THM22-3-sp97 28.49 0.17 16.38 28.77 1.27 27.63 0.38 12.77 0.07 0.21    11.13 98.37 Stage 2  chl2 brunsvigite 250 

40 THM22-3-sp98 30.98 0.10 16.05 24.71 2.98 22.03 0.07 14.56 0.19 0.19    11.42 98.26 Stage 2  chl2 diabantite 194 

41 THM22-3-sp99 28.46 0.63 16.16 29.40 1.52 28.03 0.36 11.86  0.21 0.24   11.08 98.39 Stage 2  chl2 brunsvigite 250 

42 THM22-3-sp100 30.50 0.12 16.06 26.95 3.16 24.10 0.26 13.04 0.09     11.30 98.31 Stage 2  chl2 no name 200 

43 THM22-3-sp101 30.53  16.45 26.20 3.16 23.35 0.20 13.57      11.35 98.30 Stage 2  chl2 no name 203 

44 THM22-3-sp102 30.81 0.03 16.12 25.18 3.10 22.39 0.24 14.34 0.17     11.39 98.28 Stage 2  chl2 diabantite 196 

45 THM22-3-sp103 30.15 0.10 16.39 26.65 2.56 24.34 0.20 13.11 0.09 0.22 0.13   11.29 98.33 Stage 2  chl2 no name 211 

46 THM22-4-ch 25.15 0.11 20.02 33.74 1.12 32.73 0.06 8.39      10.85 98.31 Stage 2 
Fg chl associated 
with Au 

chl1 ripidolite 345 

47 THM22-4a-sp117 28.43 1.02 15.22 30.14 1.34 28.94 0.17 11.85  0.11 0.44   11.02 98.40 Stage 2 
chl associated 
with albite 
alteration  

chl1 brunsvigite 246 

48 THM22-4a-sp118 26.26 0.23 19.10 29.46 1.04 28.52 0.66 11.63      11.06 98.40 Stage 2 
chl associated 
with albite 
alteration  

chl1 brunsvigite 320 

49 THM22-4a-sp119 25.53 0.20 19.60 31.25 0.82 30.51 0.26 10.58      10.98 98.41 Stage 2 
chl associated 
with albite 
alteration  

chl1 ripidolite 339 

50 THM22-4a-sp120 28.53 1.05 17.08 26.61 2.03 24.78 0.30 13.13  0.29 0.11   11.24 98.34 Stage 2 
chl associated 
with albite 
alteration  

chl1 brunsvigite 261 

51 THM22-8-cl1 24.43  21.00 33.83 0.86 33.06 0.31 8.06      10.84 98.48 Stage2  chl1 ripidolite 369 

52 THM22-8-ch2 23.74  21.25 33.96 0.02 33.94 0.42 8.09  0.23    10.80 98.48 Stage2  chl1 ripidolite 390 

53 THM22-8-ch3 23.84 0.09 20.88 35.22 0.50 34.77 0.42 7.31      10.75 98.50 Stage2  chl1 ripidolite 383 

54 THM22-8-ch4 23.01  21.00 39.19 0.45 38.79 0.77 4.10      10.51 98.58 Stage2  chl1 daphnite 397 

55 THM22-8-ch5 24.31 0.04 21.27 33.40 0.88 32.61 0.45 8.16      10.86 98.47 Stage2  chl1 ripidolite 375 

56 THM22-8-ch6 24.40 0.11 19.89 34.83 0.38 34.48 0.28 8.20      10.77 98.48 Stage2  chl1 ripidolite 364 
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# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 
FeO_ 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl NiO H20 Sum Stage Note Chl type Mineral 
T (°C)-
Jowett 
(1991) 

57 THM22-8-ch7 24.40  20.74 34.95 0.90 34.13 0.41 7.22      10.78 98.49 Stage2  chl1 ripidolite 366 

58 THM22-8-ch8 26.13  19.03 33.46 1.40 32.20 1.00 7.76   0.25   10.84 98.48 Stage2  chl1 brunsvigite 312 

59 THM22-8-ch9 24.81 0.04 20.84 33.70 1.24 32.58 0.42 7.79      10.85 98.46 Stage2 chl+alb+K-fsp+qtz chl1 ripidolite 358 

60 THM22-9-sp51 29.58  15.75 27.52 1.64 26.05 0.13 13.73 0.21 0.20    11.22 98.34 Stage3? chl+alb+K-fsp+qtz chl2 no name 221 

61 THM22-9-sp52 29.73  16.00 27.44 2.10 25.56 0.10 13.53 0.12  0.16   11.24 98.32 Stage3? chl+alb+K-fsp+qtz chl2 no name 218 

62 THM22-9-sp53 29.86  15.87 27.89 2.26 25.86 0.17 13.06 0.17  0.14   11.22 98.36 Stage3? chl+alb+K-fsp+qtz chl2 no name 213 

63 THM22-9-sp54 29.86  15.92 27.40 2.10 25.51 0.18 13.44 0.09 0.10 0.11   11.24 98.33 Stage3? chl+alb+K-fsp+qtz chl2 no name 215 

64 THM22-9-sp55 29.96  15.51 28.09 2.24 26.07 0.10 13.35 0.12     11.22 98.34 Stage3? chl+alb+K-fsp+qtz chl2 no name 208 

65 THM22-10-sp84 25.03 0.09 21.56 29.13 0.99 28.24 0.10 11.37      11.11 98.39 Stage 2?  chl1 ripidolite 366 

66 THM22-10-sp85 24.56 0.14 20.37 32.73 0.44 32.33 0.12 9.63      10.89 98.45 Stage 2?  chl1 ripidolite 367 

67 THM22-10-sp86 24.06  21.70 31.99 0.51 31.53 0.20 9.54      10.93 98.43 Stage 2?  chl1 ripidolite 387 

68 THM22-10-sp87 24.35 0.08 21.17 31.68 0.44 31.29 0.15 9.73   0.20   10.92 98.29 Stage 2?  chl1 ripidolite 377 

69 THM22-10-sp88 24.77 0.07 20.20 31.05 0.17 30.89 0.24 11.12      10.97 98.43 Stage 2?  chl1 ripidolite 363 

70 THM22-10-sp89 26.75 0.17 17.66 30.39 0.65 29.80 0.21 12.21      11.03 98.41 Stage 3?  chl1 brunsvigite 299 

71 THM22-10-sp90 26.81 0.25 17.53 31.10 0.89 30.30 0.29 11.45      10.99 98.42 Stage 3?  chl1 brunsvigite 295 

72 THM22-10-sp91 26.40 0.17 17.77 30.31 0.32 30.02 0.24 12.51      11.02 98.41 Stage 3?  chl1 brunsvigite 310 

73 THM22-12-sp151 28.36 0.03 16.45 28.96 0.79 28.25 0.21 12.80  0.38 0.08   11.11 98.38 Stage2  chl2 brunsvigite 254 

74 THM22-12-sp152 27.97 0.06 16.58 30.23 0.83 29.49 0.13 11.89 0.15 0.33    11.05 98.39 Stage2  chl2 brunsvigite 262 

75 THM22-12-sp154 28.28 0.01 16.39 29.49 1.21 28.40 0.18 12.92      11.10 98.37 Stage2  chl2 brunsvigite 254 

76 THM22-13-ch1 28.34 0.03 16.33 30.82 1.44 29.52 0.14 11.40 0.16  0.17   11.03 98.42 stage2?  chl2 brunsvigite 248 

77 THM22-13-ch2 27.89  16.74 30.87 1.27 29.73 0.15 11.73      11.03 98.41 stage2?  chl2 brunsvigite 262 

78 THM22-14-sp134 28.10 0.03 16.14 31.57 1.08 30.60 0.26 11.05 0.10 0.20    10.98 98.43 Stage2  chl2 brunsvigite 252 

79 THM22-14-sp136 27.82  16.02 31.81 0.86 31.04 0.22 11.42 0.11  0.09   10.96 98.44 Stage2  chl2 brunsvigite 258 

80 THM22-14-sp137 28.26 0.02 16.01 31.05 1.08 30.07 0.17 11.62 0.11 0.14 0.04   11.01 98.42 Stage2  chl2 brunsvigite 249 

81 THM22-14-sp138 27.55 0.06 15.91 32.36 0.57 31.84 0.20 11.11 0.18 0.10 0.06   10.92 98.44 Stage2  chl2 brunsvigite 264 

82 TH55-s1-7 25.59  20.33 30.38 0.79 29.67 0.45 11.07      11.09 98.92 Stage 1 Aligned S1 chl1 ripidolite 345 

83 TH55-s1-8 28.43  17.99 24.20 1.17 23.15 0.46 16.27      11.44 98.80 Stage 1 Aligned S1 chl1 pycnochlorite 273 

84 TH55-s1-9 26.49  19.30 29.91 0.88 29.12 0.84 11.66      11.15 99.35 Stage 1 Aligned S1 chl1 brunsvigite 319 

85 TH55-s1-10 26.03  19.60 31.26 0.84 30.50 0.82 10.57      11.08 99.35 Stage 1 Aligned S1 chl1 brunsvigite 330 

86 TH55-s5-ch1 24.68  21.12 30.97 0.70 30.34 0.69 10.00      10.97 98.44 Stage 1 Aligned S1 chl1 ripidolite 368 

87 TH55-s5-ch2 25.89  19.45 30.49 1.11 29.49 1.91 9.75      10.95 98.42 Stage 1 Aligned S1 chl1 brunsvigite 325 

88 TH55-s5-ch3 25.89  19.45 30.49 1.11 29.49 1.91 9.75      10.95 98.42 Stage 1 Aligned S1 chl1 brunsvigite 325 

89 TH55-s5-ch4 26.06  18.97 28.87 0.52 28.40 1.32 12.12      11.05 98.39 Stage 1 Aligned S1 chl1 brunsvigite 324 

90 TH55-s5-ch5 25.49  20.24 30.38 0.92 29.55 0.68 10.60      11.01 98.41 Stage 1 Aligned S1 chl1 ripidolite 343 
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# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 
FeO_ 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl NiO H20 Sum Stage Note Chl type Mineral 
T (°C)-
Jowett 
(1991) 

91 TH55-s5-ch6 25.03  20.62 29.91 0.63 29.35 1.15 10.72      11.01 98.43 Stage 1 Aligned S1 chl1 ripidolite 358 

92 TH55-s5-7 24.92  20.77 30.59 0.67 29.99 0.76 10.40      10.99 98.42 Stage 1 Aligned S1 chl1 ripidolite 361 

93 TH55-s5-8 25.97 0.52 19.01 28.60 0.96 27.74 1.31 11.41 0.54     11.05 98.40 Stage 1 Aligned S1 chl1 brunsvigite 328 

94 TH55-s5-9 27.91  17.70 25.60 0.807 24.88  15.79      11.31 98.31 Stage 1 Aligned S1 chl1 pycnochlorite 280 

95 TH55-s5-10 28.03 0.24 17.41 24.97 0.90 24.16 0.20 16.12      11.33 98.30 Stage 1 Aligned S1 chl1 pycnochlorite 278 

96 TH55-s5-11 25.01 0.31 20.23 30.22 0.63 29.65 0.78 10.88      11.00 98.43 Stage 1 Aligned S1 chl1 ripidolite 358 

97 TH55-s5-12 25.40  20.17 31.07 0.90 30.26 0.66 10.15      10.98 98.42 Stage 1 Aligned S1 chl1 ripidolite 344 

98 TH55-s5-13 27.62  18.59 25.35 1.04 24.41  15.40      11.33 98.30 Stage 1 Aligned S1 chl1 pycnochlorite 292 

99 TH55-s5-14 28.47  18.04 24.71 1.51 23.35  15.69      11.38 98.28 Stage 1 Aligned S1 chl1 pycnochlorite 269 

100 TH55-12-ch1 26.99  18.86 28.73 1.53 27.36 1.58 11.16      11.08 98.40 Stage 1 
aligned with stage 
3 vein 

chl1 brunsvigite 298 

101 TH55-13-ch1 25.49  20.45 29.30 0.88 28.51 0.88 11.21      11.06 98.40 Stage 1 aligned with s1 chl1 ripidolite 346 

102 TH55-13-ch2 25.55 4.15 17.64 26.49 3.08 23.71 1.14 8.72 3.71     11.02 98.41 Stage 1 aligned with s1 chl1 ripidolite 347 

103 TH55-13-ch3 25.13  20.44 30.23 0.71 29.59 1.22 10.42      10.99 98.43 Stage 1 aligned with s1 chl1 ripidolite 353 

104 TH55-13-ch4 25.54 0.16 19.77 30.78 0.87 30.00 0.61 10.58      10.99 98.42 Stage 1 aligned with s1 chl1 ripidolite 340 

105 TH55-13-ch5 25.16 0.09 20.74 29.89 0.87 29.11 0.74 10.75      11.03 98.40 Stage 1 aligned with s1 chl1 ripidolite 356 

106 TH55-15-ch1 32.77  13.40 21.32 2.00 19.52  18.49  0.39 0.26   11.58 98.21 stage2 aligned with s1 chl2 diabantite 146 

107 TH55-15-ch2 32.18  13.21 22.73 1.93 20.99  18.17 0.16  0.29   11.49 98.23 stage2 aligned with s1 chl2 diabantite 156 

108 TH55-15-ch3 31.11  14.21 25.43 2.04 23.59  15.91 0.17  0.11   11.36 98.30 stage2 aligned with s1 chl2 diabantite 180 

109 TH55-15-ch4 31.34  14.21 25.16 2.18 23.20  16.03   0.18   11.38 98.30 stage2 aligned with s1 chl2 diabantite 175 

110 TH55-16-sp192 28.46 0.94 15.90 27.46 1.27 26.31 0.11 13.34 0.38 0.23 0.26 0.15  11.15 98.38 stage2 aligned with s1 chl2 brunsvigite 254 

111 TH55-16-sp193 28.84 0.61 15.97 27.56 1.26 26.43 0.23 12.98  0.25 0.57 0.22  11.14 98.37 stage2 aligned with s1 chl2 brunsvigite 242 

112 TH55-16-sp194 28.13 0.75 16.63 27.13 1.54 25.75 0.44 13.12 0.45  0.28 0.30  11.14 98.37 stage2 aligned with s1 chl2 brunsvigite 263 

113 TH55-17-1 30.58 0.14 14.33 25.64 1.36 24.41  15.68 0.20 0.26 0.17   11.31 98.31 stage2 aligned with s1 chl2 diabantite 195 

114 TH55-17-2 30.79  14.37 25.36 1.62 23.91  16.02 0.14 0.10 0.17   11.34 98.30 stage2 aligned with s1 chl2 diabantite 190 

115 TH55-17-3 30.18  14.79 25.72 1.46 24.41  16.29      11.33 98.31 stage2 aligned with s1 chl2 diabantite 207 

116 TH55-17-4 30.50  14.82 25.04 1.41 23.77 0.11 16.10  0.19 0.18   11.35 98.30 stage2 aligned with s1 chl2 diabantite 200 

117 TH55-18-sp200 30.52  14.45 25.32 1.17 24.27 0.04 15.95 0.28 0.28 0.16   11.33 98.32 stage2 aligned with s1 chl2 diabantite 197 

118 TH55-18-sp201 30.51 0.07 13.73 26.84 1.18 25.78 0.03 15.48 0.13 0.20 0.08   11.25 98.33 stage2 aligned with s1 chl2 diabantite 190 

119 TH55-18-sp202 30.60  14.38 25.88 1.70 24.35  16.11      11.33 98.30 stage2 aligned with s1 chl2 diabantite 193 

120 TH55-18-sp203 30.45  14.62 25.04 1.19 23.97  16.29 0.17 0.22 0.17   11.35 98.30 stage2 aligned with s1 chl2 diabantite 201 

121 TH55-18-sp204 30.75 0.09 15.04 23.84 1.89 22.13 0.10 16.82   0.20   11.43 98.26 stage2 aligned with s1 chl2 diabantite 198 

122 TH55-18-sp205 30.90  14.57 24.51 1.45 23.20  16.32 0.09 0.29 0.23   11.38 98.28 stage2 aligned with s1 chl2 diabantite 190 
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# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 
FeO_ 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl NiO H20 Sum Stage Note Chl type Mineral 
T (°C)-
Jowett 
(1991) 

123 TH55-20a-sp177 34.04  13.73 14.40 2.69 11.98  23.37 0.27  0.30   11.97 98.07 stage4 aligned with s1 chl3 diabantite 135 

124 TH55-20a-sp178 34.29  13.14 15.20 2.76 12.71  22.85 0.37  0.30   11.92 98.08 stage4 aligned with s1 chl3 diabantite 124 

125 TH55-20a-sp179 34.56  13.23 14.59 3.07 11.83  23.23 0.32  0.16   11.97 98.07 stage4 aligned with s1 chl3 diabantite 120 

126 TH55-20a-sp180 33.71  13.05 16.33 2.30 14.25  22.65 0.30  0.21   11.85 98.10 stage4 aligned with s1 chl3 diabantite 135 

127 TH55-20a-sp181 34.83  13.32 15.43 3.58 12.21  22.14 0.19  0.22   11.95 98.07 stage4 aligned with s1 chl3 diabantite 111 

128 TH99-1-ch1 25.87 0.11 16.79 37.55 0.46 37.14 0.03 7.53      10.64 98.52 stage2  chl2 brunsvigite 302 

129 TH99-1-ch2 26.63 0.08 16.15 36.23 0.59 35.70  8.69      10.72 98.51 stage3  chl2 brunsvigite 281 

130 TH99-1-ch3 25.81 0.02 17.06 37.53 0.47 37.10  7.47      10.65 98.53 stage4  chl2 brunsvigite 305 

131 TH99-1-ch5 26.80 0.04 16.08 36.22 0.69 35.60  8.58 0.08     10.73 98.52 stage5  chl2 brunsvigite 276 

132 TH99-1-ch6 26.47 0.06 16.94 35.94 0.87 35.16 0.01 8.33      10.75 98.50 stage6  chl2 brunsvigite 290 

133 TH99-1-ch7 26.08 0.06 17.06 36.13 0.59 35.60 0.15 8.10 0.22     10.71 98.51 stage7  chl2 brunsvigite 300 

134 TH99-6a-ch1 26.49 0.31 16.61 34.88 0.53 34.40  9.02 0.12  0.29   10.77 98.49 stage8  chl2 brunsvigite 291 

135 TH99-6a-ch2 25.92  17.00 36.04 0.23 35.82 0.02 8.80      10.72 98.51 stage9  chl2 brunsvigite 305 
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Table 5.12. SEM analyses for epidote from sample TH137 at Tick Hill; Epi=epidote, Chl=chlorite 

# 
analysis No/ 
oxide. (%) 

SiO2 Al2O3 Fe2O3 MnO CaO Na2O K2O Sum Stage Note Mineral 

1 TH137-s2-alt1 37.67 22.89 14.83   22.59     97.97 Stage 2 

in epidote-
chlorite 

assemblage 

epidote 
Ca2Al2Fe3+(Si3O4)3(OH) 

2 TH137-s2-alt11 38.40 24.00 13.63   21.35     97.38 Stage 2 epidote 

3 TH137-s2-alt12 37.35 24.52 13.03   22.68     97.57 Stage 2 epidote 

4 TH137-s2-alt14 37.65 21.77 15.63   22.93     97.98 Stage 2 epidote 

5 TH137-s2-alt15 37.10 25.03 12.70   22.89     97.72 Stage 2 epidote 

6 TH137-s2-alt16 36.96 21.74 15.87   23.39     97.98 Stage 2 epidote 

7 TH137-s2-alt17 36.90 21.52 16.42   22.75     97.59 Stage 2 epidote 

8 TH137-s2-alt19 36.81 21.96 15.51   23.15   0.17 97.61 Stage 2 epidote 

9 TH137-s2-alt20 37.58 24.93 12.25 0.29 22.63   0.29 97.97 Stage 2 epidote 

10 TH137-s4-epi1 38.94 21.76 16.06   21.21     97.98 Stage 2 epidote 

11 TH137-s4-epi2 39.70 22.41 14.58   21.28     97.97 Stage 2 epidote 

12 TH137-s4-epi3 37.07 22.50 15.18   23.22     97.97 Stage 2 epidote 

13 TH137-s4-epi4 38.22 22.43 15.36   20.55 0.17 0.27 97.00 Stage 2 epidote 

14 TH137-s4-epi5 40.15 22.24 14.81   20.27     97.47 Stage 2 epidote 

15 TH137-s4-epi6 38.55 23.57 14.33   21.52     97.97 Stage 2 epidote 

16 TH137-s4-epi7 37.95 22.01 14.75   23.27     97.97 Stage 2 epidote 

17 TH137-s4-epi8 37.14 21.18 18.26   20.86   0.18 97.63 Stage 2 epidote 

18 TH137-s4-epi9 37.19 22.91 14.61   23.27     97.97 Stage 2 epidote 
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Table 5.13. SEM analyses for calcite from selected samples at Tick Hill; Calc=calcite, Alb=albite, Pyrrhotite=pyrrhotite 

# 
analysis No/ 
oxide. (%) CaO SiO2 FeO Na2O Al2O3 MgO Sum Stage Notes Minerals 

1 TH55-1-ca1 98.63 1.37         100 Stage4 with Au, Se-Po, Bi2Se3   

2 TH55-1-ca2 99.05 0.36         100 Stage4 with Au, Se-Po, Bi2Se3  
3 THM51C-4-ca2 98.8 1.2         100 Stage4   Calc+quartz 

4 THM51C-4-ca4 96.04 2.28   0.8 0.88   100 Stage4 mixed with albite ? Calc +alb 

5 THM51C-4-ca5 95.32 2.87   0.81 0.99   99.99 Stage4 mixed with albite ? calc+alb 

6 THM51C-4-ca7 100           100 Stage4   calc 

7 THM51C-4-ca9 95.5 3.41   0.32 0.76   99.99 Stage4 mixed with albite ? calc+alv 

8 THM51C-4-ca10 100           100 Stage4   calc 

9 THM51C-9-v9 97.04 1.89 0.6     0.48 100.01 Stage4 
mixed with other 
minerals? calc+amphibole 

10 THM51C-9-v12 96.52 1.96 0.89     0.63 100 Stage4 
mixed with other 
minerals? calc+amphibole 

11 THM51C-9-vb2 85.64 8.9 2.81     2.65 100 Stage4 
mixed with other 
minerals? calc+amphibole 

12 THM51C-10-ca1 96.03 3.97         100 Stage4   calc+quartz 

13 THM51C-10-ca2 95.7 2.72   0.75 0.84   100.01 Stage4 mixed with albite ? calc+ alb 

14 THM51C-10-ca3 99.05     0.95     100 Stage4 mixed with albite ? calc Mixed 

15 THM51C-10-ca4 97.11     2.89     100 Stage4 mixed with albite ? calc Mixed 

16 THM51C-11-ca2 98.17 0.97   0.4 0.45   99.99 Stage4 mixed with albite ? calc+alb 

17 THM51C-11-ca3 100           100 Stage4   calc 

18 THM51C-11-ca4 95.99 4.01         100 Stage4   calc+quartz 

19 THM51C-11-ca5 97.98 2.02         100 Stage4   calc+quartz 

20 THM51C-7-ca1 100           100 Stage4   calc 

21 THM51C-7-ca2 100           100 Stage4   calc 

22 THM51C-7-ca4 96.97 1.88   0.43 0.72   100 Stage4 mixed with albite ? calc+minor alb 

23 THM51C-7-ca5 92.19 5.13   1.07 1.62   100.01 Stage4 mixed with albite ? calc+minor alb 

24 THM51C-7-ca6 95.31 2.71   0.8 1.18   100 Stage4 mixed with albite ? calc+minor alb 

25 THM51C-7-ca7 95.81 2.48   0.64 1.06   99.99 Stage4 mixed with albite ? calc+minor alb 

26 THM51C-7-ca8 96.95 1.75   0.56 0.74   100 Stage4 mixed with albite ? calc+minor alb 

27 THM51C-7-ca9 96.72 2.32   0.38 0.57   99.99 Stage4 mixed with albite ? calc+minor alb 

28 THM51C-7-ca10 100           100 Stage4   calc 

29 THM51C-7-ca11 100           100 Stage4   calc 
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Table 5.14. SEM and EPMA analyses for 

amphibole from selected samples at Tick Hill area 

# 
analysis No/ 

oxide. (%) 
SiO2 TiO2 Al2O3 

FeO 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl Cr2O3 Au2O3 H2O Sum Stages Notes Amphibole names 
P (Kbars) 
Schmidt 

1992 

1 THM51C-s8-grc1 54.81   2.72 11.63 1.68 10.12   16.00 11.88 0.54 0.25       2.11 99.94 Stage 2 grain6 margin actinolite   

2 THM51C-s8-grc2 52.87   4.74 12.13 6.60 6.19   15.76 10.63 1.08 0.41 0.26     2.06 99.95 Stage 1 grain6 actinolitic hornblende   

3 THM51C-s8-grc3 47.08   7.85 15.73 7.09 9.35   13.15 11.45 1.43 0.78 0.59     1.91 99.97 Stage 1 grain6 
ferrian-magnesio-
hornblende 

3.4 

4 THM51C-s8-grc5 47.86   6.99 16.21 7.66 9.32   13.15 11.08 1.52 0.72 0.51     1.93 99.96 Stage 1 grain6 
ferrian-magnesio-
hornblende 

2.7 

5 THM51C-s8-grd1 48.37   6.98 15.06 6.19 9.49   13.61 11.43 1.32 0.75 0.49     1.94 99.95 Stage 1 grain7 magnesio-hornblende 2.7 

6 THM51C-s8-grd2 48.24   7.28 15.04 6.98 8.77   13.65 11.39 1.27 0.71 0.43     1.96 99.97 Stage 1 grain7 
ferrian-magnesio-
hornblende 

2.9 

7 THM51C-s8-grd3 47.71   7.25 15.02 6.95 8.76   13.84 11.59 1.34 0.77 0.49     1.94 99.95 Stage 1 grain7 
ferrian-magnesio-
hornblende 

2.9 

8 THM51C-s8-grd7 54.72   1.38 13.75 0.00 13.75   14.94 12.39 0.69         2.08 99.95 Stage 2 grain7 actinolite   

9 THM51C-s8-grd5 46.89   8.08 15.68 8.57 7.97   13.36 11.19 1.49 0.78 0.58     1.92 99.96 Stage 1 grain7 
ferrian-magnesio-
hornblende 

3.6 

10 THM51C-s8-gre1 48.79   7.14 15.53 4.34 11.62   12.71 11.34 1.40 0.68 0.46     1.94 99.98 Stage 1   magnesio-hornblende 2.8 

11 THM51C-s8-gre2 48.85   8.47 14.41 16.02 0.00   16.55 7.46 1.24 0.66 0.22     2.10 99.95 Stage 1 grain8 
ferri-subcalcic magnesio-
hornblende 

3.6 

12 THM51C-s8-ct4 48.10   6.79 16.31 6.31 10.64   12.90 11.17 1.66 0.63 0.47     1.93 99.96 Stage 1 grain8 magnesio-hornblende 2.6 

13 THM51C-s8-gre3 46.95   7.80 16.10 7.40 9.44   13.01 11.45 1.43 0.75 0.57     1.91 99.96 Stage 1 grain8 
ferrian-magnesio-
hornblende 

3.4 

14 THM51C-s8-grf1 49.37   6.07 14.63 6.25 9.01   14.21 11.48 1.29 0.53 0.43     1.96 99.97 Stage 1 grain9 magnesio-hornblende 1.9 

15 THM51C-s8-grf2 49.42   5.81 14.99 6.62 9.04   14.14 11.36 1.32 0.56 0.39     1.97 99.97 Stage 1 grain9 magnesio-hornblende 1.7 

16 THM51C-s8-grf3 52.14   4.26 12.93 5.49 8.00   15.60 11.58 0.88 0.32 0.18     2.06 99.96 Stage 1 grain9 actinolitic hornblende   

17 THM51C-s8-grg1 50.34   5.55 14.41 6.61 8.46   14.46 11.37 1.05 0.48 0.29     2.01 99.97 Stage 1 grain10 magnesio-hornblende 1.5 

18 THM51C-s8-grg2 49.25   6.46 15.09 6.11 9.60   13.63 11.39 1.19 0.59 0.41     1.97 99.97 Stage 1 grain10 magnesio-hornblende 2.2 

19 THM51C-s8-grh1 49.45   6.10 14.61 3.90 11.10   13.79 11.79 1.31 0.57 0.35     1.97 99.95 Stage 1 grain 11 magnesio-hornblende 2.0 

20 THM51C-s8-grh2 47.90   7.22 15.01 5.09 10.43   13.50 11.73 1.47 0.72 0.51     1.93 99.98 Stage 1 grain 11 magnesio-hornblende 2.9 

21 THM51C-s9-a1 48.42   6.93 15.05 6.21 9.46   13.65 11.50 1.33 0.66 0.46     1.95 99.95 Stage 1 Grain12 magnesio-hornblende 2.6 

22 THM51C-s9-a2 47.56   7.43 15.73 6.91 9.52   13.22 11.41 1.39 0.77 0.50     1.93 99.96 Stage 1 Grain12 
ferrian-magnesio-
hornblende 

3.1 

23 THM51C-s9-a3 48.03   7.07 15.72 7.33 9.13   13.37 11.32 1.31 0.70 0.49     1.94 99.95 Stage 1   
ferrian-magnesio-
hornblende 

2.8 

24 THM51C-s9-a4 48.39   7.12 14.29 6.69 8.27   14.20 11.35 1.50 0.69 0.48     1.95 99.96 Stage 1   magnesio-hornblende 2.8 

25 THM51C-s9-a5 50.02   6.02 13.87 6.13 8.35   14.59 11.48 1.11 0.53 0.34     2.00 99.96 Stage 1   magnesio-hornblende 1.8 

26 THM51C-s9-a6 53.28   2.86 15.03 4.17 11.28   14.27 11.27 1.03 0.00 0.18     2.04 99.95 Stage 2 grain 13 actinolite   

27 THM51C-s9-a7 47.38   7.45 15.81 5.59 10.77   13.01 11.94 1.25 0.65 0.57     1.90 99.96 Stage 1   magnesio-hornblende 3.1 

28 THM51C-s9-a8 53.03   3.33 12.27 3.04 9.54   16.01 12.38 0.56 0.20 0.10     2.08 99.96 Stage 2 grain 13 actinolite   

29 THM51C-s9-a9 49.98   5.37 14.71 4.86 10.33   14.12 11.79 1.01 0.61 0.42     1.96 99.97 Stage 1   magnesio-hornblende 1.4 

30 THM51C-s9-a11 54.70   2.77 12.61 11.68 2.10   16.96 9.90 0.84         2.16 99.94 Stage 2   actinolitic hornblende   

31 THM51C-s10-a1 48.80   6.76 14.56 5.13 9.94   13.82 11.54 1.44 0.65 0.44     1.95 99.96 Stage 1   magnesio-hornblende 2.5 

32 THM51C-s10-a2 55.64   0.53 12.57 0.01 12.56   16.13 12.68 0.32         2.09 99.96 Stage 1   actinolite   

33 THM51C-s10-a3 52.93   3.66 11.64 5.35 6.82   16.66 11.68 0.81 0.35 0.15     2.08 99.95 Stage 1   actinolitic hornblende   
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34 THM51C-s10-a4 48.25   7.07 14.80 7.56 7.99   14.06 11.46 1.27 0.63 0.46     1.96 99.95 Stage 1   
ferrian-magnesio-
hornblende 

2.7 

Table 5.14 (cont.) 

# 
analysis No/ 

oxide. (%) 
SiO2 TiO2 Al2O3 

FeO 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl Cr2O3 Au2O3 H2O Sum Stages Notes Amphibole names 
P (Kbars) 
Schmidt 

1992 

35 THM51C-s10-am1 50.84   5.25 14.21 4.99 9.72   14.33 11.43 1.11 0.49 0.30     2.01 99.97 Stage 2   actinolitic hornblende   

36 THM51C-s10-am2 49.26   6.10 14.75 7.60 7.91   14.38 11.46 1.10 0.54 0.38     1.98 99.96 Stage 2   
ferrian-magnesio-
hornblende 

1.9 

37 THM51C-s10-am3 50.26   5.56 13.96 5.69 8.84   14.64 11.57 1.09 0.55 0.31     2.00 99.95 Stage 2   magnesio-hornblende 1.5 

38 THM51C-s10-am4 51.01   5.34 13.44 5.07 8.88   14.84 11.49 1.17 0.37 0.30     2.01 99.97 Stage 2   actinolitic hornblende   

39 THM51C-s10-am6 54.48   2.01 12.33 0.00 12.33   15.58 12.58 0.64 0.18 0.12     2.06 99.97 Stage 2   actinolite   

40 THM51C-s10-am5 50.83   5.68 13.54 4.93 9.11   14.59 11.37 1.22 0.46 0.24     2.03 99.97 Stage 2   actinolitic hornblende   

41 THM51C-s12-ac1 47.58   6.40 16.99 4.54 12.91   12.53 12.18 1.20 0.69 0.47     1.91 99.95 Stage 1-2 grain14 magnesio-hornblende 2.3 

42 THM51C-s12-ac2 49.45   6.62 15.29 4.56 11.19   13.01 11.24 1.31 0.64 0.45     1.95 99.95 Stage 1-2 grain14 magnesio-hornblende 2.4 

43 THM51C-s12-ac3 48.41   6.94 14.70 7.03 8.38   14.06 11.43 1.34 0.67 0.46     1.96 99.97 Stage 1-2 grain15 
ferrian-magnesio-
hornblende 

2.6 

44 THM51C-s12-ac4 48.50   6.87 15.16 7.03 8.83   13.70 11.40 1.18 0.72 0.47     1.95 99.94 Stage 1-2 grain15 
ferrian-magnesio-
hornblende 

2.6 

45 THM51C-s12-ac5 48.70   6.81 14.84 6.54 8.95   13.83 11.42 1.22 0.72 0.50     1.94 99.97 Stage 1-2   magnesio-hornblende 2.5 

46 THM51C-s12-ac6 48.95   6.25 14.31 6.19 8.73   14.48 11.75 1.22 0.62 0.40     1.97 99.95 Stage 1-2   magnesio-hornblende 2.1 

47 THM51C-s12-ac9 48.35   6.92 15.19 8.84 7.23   14.04 11.24 1.17 0.65 0.43     1.97 99.95 Stage 1-2   
ferrian-magnesio-
hornblende 

2.6 

48 TH55-20b-sp182 41.39 1.17 10.44 20.52 5.11 15.93   8.77 11.36 1.72 1.66 1.30     1.63 99.97 stage1 ? grain A 
potassian-magnesian 
hastingsitic hornblende 

5.97 

49 TH55-20b-sp183 41.66 1.19 10.02 20.67 6.17 15.11   9.06 11.42 1.52 1.56 1.22     1.65 99.97 stage1 ? grain A 
potassian-magnesian 
hastingsitic hornblende 

5.57 

50 TH55-20b-sp184 41.20 0.93 10.68 21.84 17.53 6.07   10.02 9.74 1.37 1.41 1.01     1.77 99.97 stage1 ? grain B 
ferri-potassian-
tschermakite 

5.88 

51 TH55-20b-sp185 41.83 1.09 10.43 21.28 5.21 16.59   8.09 11.16 1.48 1.69 1.27     1.63 99.97 stage1 ? grain B 
potassian-magnesian 
hastingsitic hornblende 

5.96 

52 TH55-20-mix 42.09   10.45 20.81 8.17 13.46   9.32 11.32 1.48 1.61 1.20     1.67 99.96 stage1 ?   
potassian-magnesian 
hastingsitic hornblende 

5.88 

53 TH46_25  49.46 0.12 6.09 13.88 2.64 11.51 0.17 13.81 12.10 1.12 0.52 0.37     1.96 99.60 D1-2?  Au in amp.  magnesio-hornblende 2.0 

54 TH46_26  49.79   5.69 13.65 2.26 11.61 0.16 13.67 11.74 1.14 0.55 0.29 0.03   1.97 98.67 D1-2?  grain16 actinolitic hornblende   

55 TH46_29  47.96   6.98 14.76 1.94 13.01 0.16 12.64 11.95 1.35 0.62 0.47     1.90 98.79 D1-2?    magnesio-hornblende 2.8 

56 TH46_6  52.94   3.16 12.96 0.77 12.27 0.14 14.98 12.40 0.68 0.24 0.13     2.04 99.67 D1-2?  grain 17 actinolite   

57 TH46_7  50.15   5.24 14.98 2.71 12.54 0.16 13.38 12.09 0.94 0.46 0.33     1.97 99.68 D1-2?  
grain 17, with 
diopside 

actinolitic hornblende   

58 TH46_8  52.37   3.53 13.40 0.03 13.38 0.14 14.45 12.64 0.57 0.33 0.19     2.01 99.64 D1-2?  
grain 17, with 
diopside 

actinolite   

59 TH46_32  53.42   0.64 7.97 0.00 7.97 0.15 12.84 22.83 0.59 0.00 0.00     2.07 100.51 D1-2?    actinolite   

60 TH46_33  51.76   1.34 7.24 0.00 7.24 0.23 15.49 20.73 0.60 0.16 0.04 0.01   2.05 99.64 D1-2?    actinolite   

61 TH46_34  53.05   0.76 7.73 0.00 7.73 0.15 12.76 22.71 0.70 0.00 0.02 0.01   2.06 99.95 D1-2?    actinolite   

62 TH46_36  52.79   3.61 11.94 1.47 10.62 0.14 15.33 11.97 0.79 0.27 0.17 0.01   2.03 99.06 D1-2?    actinolite   

63 TH46_37  51.51   4.48 12.77 1.73 11.21 0.18 14.67 11.92 1.07 0.37 0.24 0.00   2.00 99.21 D1-2?    actinolitic hornblende   

64 TH99-s5-sp218 39.30 0.91 14.88 21.65 9.13 13.44 0.01 6.83 10.88 1.56 1.02 1.25     1.66 99.97 D1-2 grain 4 ferro-tschermakite 9.64 

65 TH99-s5-sp219 39.13 0.99 14.83 21.53 8.46 13.93 0.10 6.80 10.97 1.56 1.21 1.14     1.68 99.96 D1-2 grain 4 ferro-tschermakite 9.63 
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66 TH99-s5-sp220 39.10 1.02 14.99 21.67 9.02 13.56 0.17 6.64 10.86 1.57 1.03 1.26     1.66 99.97 D1-2 grain 4 ferro-tschermakite 9.75 

 

Table 5.14 (cont.) 

# 
analysis No/ 

oxide. (%) 
SiO2 TiO2 Al2O3 

FeO 
total 

Fe2O3 FeO MnO MgO CaO Na2O K2O Cl Cr2O3 Au2O3 H2O Sum Stages Notes Amphibole names 
P (Kbars) 
Schmidt 

1992 

67 TH99-s5-sp221 39.18 1.15 14.93 21.52 8.56 13.82 0.05 6.73 10.83 1.65 1.04 1.21     1.67 99.97 D1-2 grain 4 ferro-tschermakite 9.69 

68 TH99-s5-sp222 39.16 0.90 15.13 21.70 8.84 13.75 0.12 6.57 10.85 1.58 1.08 1.19     1.67 99.96 D1-2 grain 4 ferro-tschermakite 9.86 

69 TH99-s5-sp223 39.17 0.74 15.45 21.03 8.58 13.31 0.08 6.82 10.97 1.58 0.97 1.21   0.275 1.67 99.97 D1-2 grain 4 ferro-tschermakite 10.13 

70 TH99-s5-am-au1 40.25 0.95 14.73 20.99 6.74 14.92 0.18 6.52 10.84 1.53 1.05 1.26     1.66 99.96 D1-2 grain 4 ferro-tschermakite 9.52 

71 TH99-s5-am-au 39.11 0.78 15.79 20.74 9.00 12.64 0.10 6.98 10.98 1.55 0.94 1.33   0.039 1.65 99.99 D1-2 grain 4 ferro-tschermakite 10.36 

72 TH99-s5-sp229 39.11 0.71 15.56 20.89 9.23 12.59 0.11 7.06 11.04 1.45 1.08 1.34     1.65 99.99 D1-2 grain 4 ferro-tschermakite 10.17 

73 TH99-s5-am-au2 39.21 0.90 15.12 21.03 9.86 12.15 0.11 7.22 10.78 1.60 1.01 1.25   0.088 1.67 99.99 D1-2 fine-grained tschermakite 9.79 

74 TH99-s5-am-au3 39.28 0.88 14.96 21.12 8.33 13.63 0.10 6.96 10.96 1.65 1.07 1.21   0.069 1.67 99.94 D1-2 fine-grained ferro-tschermakite 9.72 

75 TH99-6b-sp205 39.11 0.83 15.15 21.66 9.62 12.99 0.12 6.77 10.87 1.52 1.04 1.23     1.67 99.97 D1-2 grain 1 ferro-tschermakite 9.85 

76 TH99-6b-sp206 39.04 1.09 15.00 21.64 10.13 12.52 0.24 6.81 10.74 1.47 1.09 1.16     1.69 99.97 D1-2 grain 1 ferro-tschermakite 9.71 

77 TH99-6b-sp207 39.17 0.91 14.86 21.89 8.42 14.31 0.09 6.53 10.95 1.61 1.06 1.19     1.67 99.94 D1-2 grain 1 ferro-tschermakite 9.67 

78 TH99-6b-sp208 39.11 0.83 15.20 21.70 9.23 13.39 0.18 6.60 10.79 1.63 1.05 1.22     1.67 99.97 D1-2 grain 1 ferro-tschermakite 9.91 

79 TH99-6b-sp209 39.27 0.93 15.17 21.24 8.01 14.03 0.15 6.71 11.01 1.64 1.01 1.15     1.69 99.97 D1-2 grain2 ferro-tschermakite 9.89 

80 TH99-6b-sp210 39.13 0.97 15.05 21.74 8.78 13.84 0.15 6.57 11.07 1.45 0.96 1.22     1.67 99.97 D1-2 grain2 ferro-tschermakite 9.80 

81 TH99-6b-sp211 38.80 1.00 14.97 21.71 9.50 13.16 0.17 6.81 10.90 1.67 0.99 1.29     1.65 99.97 D1-2   ferro-tschermakite 9.74 

82 TH99-6b-sp212 39.17 0.94 14.78 21.81 8.11 14.52 0.10 6.59 11.13 1.51 1.09 1.17     1.67 99.97 D1-2   ferro-tschermakite 9.61 

83 TH99-6b-sp213 39.22 0.89 15.11 21.28 7.95 14.13 0.12 6.70 10.94 1.62 1.19 1.22     1.66 99.97 D1-2 grain 3 ferro-tschermakite 9.86 

84 TH99-6b-sp214 39.62 0.92 14.77 21.27 8.20 13.89 0.19 6.79 10.82 1.67 1.06 1.19     1.68 99.98 D1-2 grain 3 ferro-tschermakite 9.55 

85 TH99-6b-sp217 39.14 0.97 14.98 21.61 9.54 13.02 0.13 6.81 10.75 1.58 1.10 1.24     1.67 99.99 D1-2 grain 1 ferro-tschermakite 9.72 

86 TH99-8b-sp242 39.32 1.02 15.09 21.17 8.15 13.84 0.14 6.74 10.77 1.64 1.22 1.18     1.68 99.97 D1-2 grain 5 ferro-tschermakite 9.82 

87 TH99-8b-sp243 39.37 1.01 14.92 21.22 8.46 13.61 0.16 6.90 10.94 1.65 0.99 1.10     1.70 99.96 D1-2 grain 5 ferro-tschermakite 9.66 

88 TH99-8b-sp244 39.58 1.10 15.04 20.91 8.05 13.67 0.01 6.97 10.84 1.62 1.07 1.15     1.69 99.98 D1-2 grain 5 ferro-tschermakite 9.74 

89 TH99-8b-sp245 39.36 1.08 14.61 21.47 7.99 14.28 0.10 6.76 10.93 1.57 1.18 1.23     1.66 99.96 D1-2 grain 5 ferro-tschermakite 9.45 

90 TH99-8b-sp246 39.30 0.92 14.93 21.33 8.92 13.30 0.08 6.94 10.89 1.53 1.14 1.22     1.67 99.96 D1-2   ferro-tschermakite 9.68 
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Table 5.15. SEM analyses for garnet 

from amphibolite, ~800m N to Tick Hill 

# 
analysis No/ 

oxide. (%) 
SiO2 TiO2 Al2O3 FeO_total Fe2O3 FeO MnO MgO CaO Sum stage Notes 

Minerals (%) 

Almandine Spessartine Pyrope Grossular Andradite 

1 TH99-1-sp186 36.82   21.98 31.04 1.59 29.61 1.75 3.74 4.67 100.00 D1-2 800m N to T.H. 67.24 4.03 15.14 12.99 0.60 

2 TH99-1-sp187 37.18 0.06 21.52 30.87 1.44 29.57 1.45 4.07 4.85 100.00 D1-2 800m N to T.H. 66.44 3.30 16.30 13.39 0.57 

3 TH99-1-sp188 36.77 0.04 21.61 31.3 2.52 29.03 1.39 4.34 4.55 100.00 D1-2 800m N to T.H. 65.97 3.20 17.58 12.33 0.92 

4 TH99-1-sp189 37.17 0 21.96 30.44 1.05 29.49 1.7 4.06 4.68 100.01 D1-2 800m N to T.H. 66.35 3.87 16.28 13.09 0.40 

5 TH99-1-sp190 36.81 0.14 21.69 31.12 1.92 29.39 1.53 4.05 4.67 100.01 D1-2 800m N to T.H. 66.58 3.51 16.36 12.83 0.73 

6 TH99-1-sp191 36.75 0.01 22.12 30.81 1.84 29.16 1.49 3.94 4.89 100.01 D1-2 800m N to T.H. 66.33 3.43 15.98 13.54 0.72 

7 TH99-1-sp192 36.8 0 21.72 31.28 2.13 29.36 1.56 3.95 4.7 100.01 D1-2 800m N to T.H. 66.72 3.59 16.00 12.88 0.81 

8 TH99-1-sp195 36.95 0.03 21.76 30.74 1.80 29.12 1.54 4.04 4.94 100.00 D1-2 800m N to T.H. 65.87 3.53 16.29 13.60 0.72 

9 TH99-3-sp254 36.59   21.55 32.36 2.01 30.55 1.88 3.06 4.56 100.00 D1-2 800m N to T.H. 69.83 4.35 12.47 12.60 0.75 

10 TH99-3-sp2TH55 36.55   21.88 31.64 2.33 29.54 1.55 3.7 4.68 100.00 D1-2 800m N to T.H. 67.60 3.59 15.09 12.85 0.87 

11 TH99-3-sp231 36.9   21.54 30.8 1.90 29.09 1.62 3.99 4.9 99.75 D1-2 800m N to T.H. 65.93 3.72 16.12 13.47 0.76 

12 TH99-3-sp233 37.24 0.01 21.74 30.73 1.09 29.75 1.36 3.96 4.96 100.00 D1-2 800 N to T.H. 66.79 3.09 15.85 13.82 0.44 

13 TH99-8b-sp247 36.83 0 21.62 31.14 2.23 29.14 1.57 3.94 4.91 100.01 D1-2 800 N to T.H. 66.16 3.61 15.95 13.40 0.88 

14 TH99-8b-sp248 36.79 0.07 21.83 30.76 1.96 29.00 1.62 3.94 4.99 100.00 D1-2 800 N to T.H. 65.82 3.72 15.94 13.73 0.79 

15 TH99-8b-sp249 36.78 0.13 21.41 31.27 2.31 29.19 1.63 3.97 4.82 100.01 D1-2 800 N to T.H. 66.20 3.74 16.05 13.10 0.90 

 
  



 

40 
 

TICK HILL EGRU-JCU REPORT DEC 2020: PART 5 – MINERAL CHEMISTRY 

Table 5.16. SEM analyses for biotite from amphibolite, ~800m N to Tick Hill 

# 
analysis No/ 
oxide. (%) 

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cl SO3 Li2O* H2O* Stages Notes Sum 

1 TH99-1-bio1 34.78 1.34 16.30 21.90   11.55     8.31 1.08   0.43 3.60 D1-2   99.29 

2 TH99-1-bio2 34.72 1.77 16.16 20.88   11.57   0.36 8.62 1.25   0.41 3.56 D1-2   99.31 

3 TH99-1-bio3 33.52 0.99 17.09 25.11   11.65   0.18 6.22 0.94   0.07 3.62 D1-2   99.38 

4 TH99-3-sp250 34.40 2.62 15.94 20.40   10.57   0.26 8.93 1.01 0.85 0.32 3.57 D1-2   98.88 

5 TH99-3-sp251 35.17 2.41 16.38 19.88   11.01     9.23 1.00   0.54 3.64 D1-2   99.26 

6 TH99-3-sp252 34.88 2.62 16.21 20.35   11.24     8.91 0.98   0.46 3.64 D1-2   99.28 

7 TH99-3-sp253 33.42 1.88 17.24 24.91 0.03 12.38     5.04 0.72   0.04 3.71 D1-2   99.37 

8 TH99-6a-sp201 35.07 2.62 16.13 20.37   10.78     9.21 0.93   0.51 3.65 D1-2   99.27 

9 TH99-6a-sp202 35.14 2.41 15.90 20.39   11.09     9.25 0.86   0.53 3.67 D1-2   99.25 

10 THM22-14-sp139 30.21 2.37 17.60 36.17 0.23 7.71 0.51  0.91 0.51    3.64   
relic bio 

rim of 
biotite-
chlorite 

alteration 

99.86 

11 THM22-14-sp140 32.16 1.00 16.15 36.49  6.57  0.25 2.96 0.71    3.55   99.83 

12 THM22-14-sp141 32.51 1.52 14.92 34.41 0.19 5.97   5.36 1.59    3.27   99.75 

13 THM22-14-sp142 32.44 2.92 15.80 32.13 0.11 8.37 0.41  3.20 0.72    3.61   99.71 

14 THM22-14-sp143 33.30 1.23 15.08 31.24 0.05 7.11  0.26 6.24 1.65   0.01 3.29   99.46 

 
 

Table 5.17. EPMA analyses for diopside from amphibole-rich calc-silicate at Tick Hill 

# 
analysis 
No/ 
oxide. (%) 

   SiO2      TiO2      Al2O3     Cr2O3     FeO       MnO       MgO       CaO       Na2O      K2O       Cl     Sum Stages Mineral 

1 TH46_1  54.12 0.0193 0.7683 0 8.14 0.1807 12.79 23.15 0.7223 0.0158 0 99.9065 D1-2 Diopside 

2 TH46_2  53.74 0 0.7851 0.0007 8.16 0.2139 13.03 23.22 0.7284 0 0.0138 99.892 D1-2 Diopside 

3 TH46_9  53.84 0.0125 0.8413 0.0093 7.98 0.2046 13.25 23 0.6877 0.0008 0.0275 99.8538 D1-2 Diopside 

4 TH46_10  54.34 0 0.797 0.0056 8.5 0.159 13.07 23.17 0.7861 0.0166 0.0193 100.8635 D1-2 Diopside 

5 TH46_14  54.38 0.0473 0.7649 0.0035 8.08 0.1424 12.92 23.35 0.6959 0 0.0117 100.3957 D1-2 Diopside 

6 TH46_16  54.36 0.0058 0.7772 0.025 8.2 0.1949 13.21 23.25 0.7103 0 0.0117 100.7449 D1-2 Diopside 

7 TH46_22  54 0.0222 0.6879 0.0136 8 0.1922 13.2 23.47 0.7599 0.0128 0.0179 100.3764 D1-2 Diopside 

8 TH46_23  54.15 0.0703 0.7961 0.0007 8.11 0.1835 13.18 23.08 0.7321 0.0079 0.0214 100.3319 D1-2 Diopside 

9 TH46_24  53.8 0.0481 0.8449 0.0135 8.22 0.2087 12.94 23.11 0.7627 0 0.0014 99.9494 D1-2 Diopside 
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PART 6 

An analysis of quartz oxygen isotope data from Tick Hill and surrounding rocks 

Main findings 

- δ18Oquartz results for host rocks to mineralisation and surrounding lithologies are similar 

and fall within a narrow range of 10.5-13.7‰. 

- our results confirm earlier δ18Oquartz studies conducted at Tick Hill. 

- The highly mineralized mylonite zones (the “galah stones”) do not have a characteristic 

δ18Oquartz signature that distinguishes them from surrounding rocks both locally or 

regionally; i.e. δ18Oquartz by itself does not provide a useful exploration tool. 

- the δ18Oquartz results from the Tick Hill area most likely reflect fluid conditions at ~1525 

Ma, during the late Isan hydrothermal overprint. 

- When combining the δ18Oquartz results with δ18Ocalcite results available from the literature, 

temperature estimates of 350-550ºC can be calculated consistent with observed alteration 

assemblages.  

- The origin of the altering fluids is unclear, and the δ18Oquartz values do not provide a 

conclusive answer, as they overlap with reported δ18O values for both metamorphic and 

igneous fluids.   

1. Introduction 

The Tick Hill deposit is a unique high-grade deposit with abundant free gold and only 

minor sulphide and carbonate alteration. The carbonate veins that occur in association with the 

ore body in the pit and drill core are generally texturally late, and not associated with the main 

stages of mineralization (see Parts 2 and 3). Gold mineralization is concentrated along a highly 

strained shear zone between hangingwall and footwall quartzite units, and is characterized by 

partly annealed, D1-2, blasto-mylonite that formed in quartzo-feldspathic and calcsilicate gneiss, 

and biotite-schist. The mineralized mylonites are associated with intense, D3 silicification, which 

involved pervasive silica alteration as well as the emplacement of numerous, thin quartz veins 

both parallel and at high angles to the mylonitic layering. Apart from quartz veining, D3 

alteration was also associated with the emplacement of quartz-feldspar veins with extensive 

metasomatic haloes, and pegmatite veins (see Part 2 for details). 
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Gold at Tick Hill occurs towards the centre of a strongly silicified zone, and gold grains 

were commonly hosted inside quartz grains or intergrown with quartz that is distributed along 

the main mylonitic fabric. The paucity of sulphide and carbonate minerals in association with 

high-grade gold mineralization has made it hard to conduct a systematic S or C-O stable isotopic 

study of the Tick Hill deposit. Instead we have focused on the collection of δ18O data for quartz 

grains from rocks associated with the deposit, in line with earlier studies at Tick Hill (Choy, 

1994; Hannan; 1994).   

Oxygen isotope data for quartz can provide information on the source(s) of crustal fluids 

(Faure, 1986; Kleine et al., 2018). During the exploration stage, δ18Oquartz studies at Tick Hill 

(Choy, 1994; Hannan; 1994) mostly focused on quartzite units and quartz veins that were linked 

to gold mineralization. These studies did not extensively sample the Au-rich units (i.e. quartz-

feldspar mylonite and intensely silicified units) and many of the common rock types in the area 

(e.g. syn- and post-tectonic intrusions, calc-silicate, amphibolite, late quartz veins). Quartzite 

ridges like the hanging wall quartzite were targeted, because they were interpreted as silicified 

D1 shear zones that acted as conduit zones for mineralizing fluids, and it was hoped that quartz 

from these shears would provide a characteristic δ18O isotope signature that could be used in 

exploration (e.g. Hannan; 1994).  The δ18Oquartz isotope data reported here includes quartz 

selected from Au-rich quartzo-feldspathic mylonite (the ‘galahstone’) and a variety of other rock 

types that occur in the immediate vicinity of the deposit. The study was aimed at obtaining 

δ18Oquartz data: 

1. to check and validate stable oxygen isotope data obtained during earlier studies; 

2. to determine if the highly mineralized zones are characterized by a specific δ18Oquartz 

signature that is distinct from less altered distal host rocks; 

3. to ascertain whether significant differences exist between similar rock types of 

different ages (i.e. compare δ18Oquartz results for early- syn- and late- tectonic rocks)  

4. to determine a possible source for the δ18O isotope signature in Au-bearing quartz. 

Previous studies 

In an MSc study of the Tick Hill deposit, Choy (1994) reports nine δ18Oquartz, six 

δ18Owhole rock, two δ18Omagnetite and one δ18Oalbite values for samples from drill holes TH034 and 

TH076 (Table 6.1), with individual samples subdivided into peak-metamorphic, syn-D1 samples 

and late-tectonic syn-D3 samples. His sample descriptions are cursory, and he allocated samples 

to D1 that are clearly affected by D3 alteration, thus casting doubt on the validity of his D1 – D3 
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classification. He reports that the mineralized “galahstone” yielded a δ18Owhole rock value of 

~11.2‰. However going through his data tables shows that samples for quartz that can be positively 

identified as being associated with mineralized galahstone returned an average δ18Oquartz value of 12.3 ± 

0.3 ‰ (n = 3), while quartz from altered calc-silicate rock in the immediate hanging wall of the deposit 

yield an average δ18Oquartz value of 12.3 ± 0.7 ‰ (n = 6). Again, sample descriptions are poorly done and, 

in places, hard to interpret. He linked his results to a granite intrusion derived fluid that affected the 

galahstone, but provides little evidence in support.  

As part of an exploration targetting exercise, Hannan (1994) reports on data colleceted by 

Boda as part of an exploration targetting exercise. He focussed his study on the quartzite ridges 

and associated laminar quartz ribbons in the mineralised mylonite zones (Table 6.2). He 

interpreted the quartz ridges as silicified D1 decollement zones for which he expected a depleted 

δ18O signature when compared to regional values. For 13 quartz samples he reported an average 

δ18Oquartz value of 12.0 ± 0.6 ‰. He noted that there is little variation in average δ18Oquartz values 

as a function of rock type or sample location (i.e. structural position). Hannan (1994) noted a 

reduced value of 10.3 ‰ for a gold-bearing quartz laminate sample interpreted as the main D1 

decollement zone, and suggested that this depleted value may indicate that the D1 shear zones 

are generally characterized by slightly depleted δ18Oquartz values, but hasten to add that more data 

is needed to confirm this result. He conclude that the narrow range of δ18Oquartz values for quartz 

in the mine and the wider district indicate equilibration of the country rocks with a single fluid 

over a narrow temperature range, and they attributed this to the homogenization of fluids at high 

metamorphic grades. The quartzites in the region do not possess a characteristic δ18O signature 

that differentiates them from other rocks. 

Regional δ18Ocalcite values for the Mary Kathleen Domain (MKD) and interpretations of 

potential fluid sources were presented in Oliver et al. (1993, 1995). Oliver et al., (1993) provide 

a large dataset for δ13C and δ18O values from calcite pods and surrounding dolerite and calc-

silicate rocks in the Corella formation along the length of the MKD between Mt Godkin in the 

north and Trekalano mine in the south. The calcite pods are associated with albite-titanite-

pargasite/actinolite- diopside (± chalcopyrite-pyrrhotite) alteration, and they were interpreted to 

be emplaced immediately after peak-metamorphism. This occurred during, or immediately after, 

D2 during the formation of upright folds at metamorphic conditions of 530-570°C (calcite-

dolomite geothermometry), which Oliver et al. (1993) interpreted as having occurred at ~1550 

Ma. They calculated regional peak conditions at 530-630°C and 3-4 Kbar for the area under 

investigation. Later i.e. retrograde, (syn-D3) veins were also described. They were interpreted to 

form a continuum with D2 veins, and occur in similar structural positions as the earlier veins, but 
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are mineralized and associated with retrograde transitional greenschist-amphibolite facies 

assemblages. Oliver et al. (1993) also sampled late, D4 quartz-calcite veins that occur in 

association with the large quartz veins and breccia zones along faults like the Fountain Range 

Fault in the central MKD. They found that the δ18Ocalcite values for the pods, and adjacent altered 

calc-silicate and meta-dolerite wall rock samples were similar across the length of the MKD and 

varied between 10.5-12.5 ‰ (with δ13Ccalcite ranging from -2 to -7 ‰). Away from the pods 

meta-dolerite wall rock samples yielded δ18Owhole-rock values of  3.5-7.0 ‰, and unaltered calc-

silicate and marble yielded heavier δ18Ocalcite values of  18-21 ‰ (with δ13Ccalcite ranging from  -

1.6 to -0.6 ‰), which they interpreted to be representative of δ18Ocalcite values for unaltered calc-

silicate rock more broadly. The δ18Ocalcite results did not vary greatly as a function of host rock 

type, meaning that their isotope values probably did not result from the mixing of locally derived 

fluids, and they were not in isotopic equilibrium with the immediate host rocks. Rather, the 

homogenous δ18Ocalcite values were the result of infiltration of isotopically homogenous fluids 

that were not derived from the Corella formation exposed on surface today. The δ18Ocalcite values 

for D4 veins were similar to the values from the older veins. Oliver et al. (1993) and Oliver 

(1995) speculate that the ultimate source of the fluids could be crystallizing melts in the lower 

crust or upper mantle, with a minor component contributed by devolatilisation reactions in the 

calc-silicate and marble units to explain some of the local variations in isotopic compositions.      

2. Methodology 

A total of 39 quartz samples and 1 K-feldspar sample from different rock types at Tick 

Hill were selected for the δ18O study (Fig. 6.1 and Table 6.3). The samples have been described 

in Table 6.3, and location plotted in Fig. 6.1. The samples reported here included 18 quartz 

specimens of mineralized quartz-feldspar mylonite, with quartz obtained from either the 

mylonite fabric, or from thin quartz veins or lamellae that were emplaced parallel to the 

mylonitic fabric and locally resemble ribbon grains (e.g. Figs. 6.2a-f). Two samples of non-gold-

bearing, D3 quartz-feldspar veins that overprinted the intensely silicified units were taken to 

compare their oxygen isotopic values with those from the Au-bearing samples (e.g. Figs. 6.2g,h). 

An additional 5 quartz samples were taken from intensely silicified and locally mineralized 

amphibole-rich calc-silicate within the ore zone, or in the immediate hanging wall to the ore 

zone (e.g. Figs. 6.3a,b). A further footwall quartzite and two hanging wall quartzite samples 

were taken (e.g. Figs. 6.3c,d). Seven samples were collected from D3 pegmatite veins or quartz-

feldspar veins including one K-feldspar sample, and two samples were collected from post-

mineralization, D4 quartz and quartz-carbonate veins (e.g. Figs. 6.3e-g). Lastly, quartz from 
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three D2 leucogranite samples was collected for this study (e.g. Fig. 6.3h). Images of samples 

that are not presented here are shown in Appendix 10.   

Samples were crushed into sand-sized grains before being panned, sieved and cleaned in 

distilled water. After drying, 30-40 g of quartz grains were hand-picked under the microscope 

using tweezers. For the Au-rich samples, Au-bearing quartz grains were preferentially selected. 

The samples were analyzed at the University of Cape Town (UCT), South Africa, using a laser 

fluorination method. Approximately 1-3mg of quartz (1-5 grains) per sample was analyzed. 

Quartz grains were loaded into a highly polished Ni sample holder placed in the oven at 110oC 

for at least one hour before being transferred to the reaction chamber. After pumping for > 2 

hours, the BrF5 at 10kPa was released into the reaction chamber for 30 seconds and left 

overnight to react with the oxygen. After the reaction was completed, excess BrF5 and free Br 

were frozen into a cold finger, while the remained gas was passed to a KCl trap at ~200oC to 

remove any F2. Then the gasses were expended into a double-U trap in liquid nitrogen, and the 

purified O2 was collected in a molecular sieve set in glass bottles. A blank sample was run daily 

to clean the machine.  The details of the technique have been described in Harris & Vogeli 

(2010).   

3. Results 

The δ18O values for the 40 samples are listed in Table 6.3. This data has been 

summarized and compared with δ18Oquartz data from previous studies by Choy (1994), Hannan 

(1994) and Oliver (1993) in Table 6.4. Most (i.e. 34/39) of the δ18Oquartz results from the 

different rock types are similar and fall within a relatively narrow range of 10.5-13.6‰. The 

δ18Oquartz values for Au-rich, syn-tectonic (D1-2), quartz-feldspar mylonite mainly varies between 

11.3‰ and 13.6‰ (n=16; with an average value of 12.4 ± 0.7‰) with two outliers between 

14.9-15.3‰ (n=2). Samples of D3 quartz-feldspar veins overprinting the intensely silicified D1 

mylonitic texture yield similar δ18Oquartz values of 11.9‰ and 12.8‰ (Table 6.3). The intensely 

silicified amphibolitic unit that occurs in close association with the mineralization has δ18Oquartz 

values of 12.2‰ to 13.1‰ (n=4; with an average value of 12.5 ± 0.4‰), with a distinct outlier 

of 19.4‰. The δ18Oquartz results for syn-D1-2 leucogranites in the vicinity of Tick Hill (including 

TH3 and TH4, which were dated at 1778 ± 10 Ma and 1777 ± 10 Ma respectively; see Part 3 for 

details) are 11.17‰ and 11.78‰ respectively; i.e. similar to the mineralized quartz-feldspar 

mylonites in the pit, to which they are geochemically related (see Part 3 for details). The 

δ18Oquartz values for the D3 hydrothermal quartz-feldspar veins and D3 pegmatites range from 

10.5 ‰ to 12.5‰ (n=6; with an average value of 12.0 ± 0.7‰). A single δ18Okspar value for a 
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pegmatite provides a result of 8.01‰. The δ18Oquartz values for D3 veins do not vary significantly 

with the composition of the host lithology (i.e. amphibolitic calc-silicate vs quartz-feldspar 

mylonite).    

The δ18Oquartz values for hangingwall and footwall quartzite samples varies from 12.2‰ 

to 13.5‰ (n=3), with the footwall wall quartzite with sedimentary characteristics being slightly 

more positive than the values for the hanging wall quartzite, which has been interpreted as a 

silicified shear horizon (see Part 2 for details). The D4 quartz-carbonate and quartz veins yield 

δ18Oquartz results of 14.1‰ and 17.3‰ respectively, i.e. higher than the general δ18O range. 

4. Discussion 

4.1. How do our results compare to earlier studies 

The δ18Oquartz results presented here are generally identical within error to earlier results 

contained in Choy (1994) and Hannan (1994), thereby confirming the results from these earlier 

studies (Tables 6.2, 6.3). Results from the mineralized quartz-feldspar mylonite and associated 

quartz veinlets are relatively homogenous with average δ18Oquartz values of 12.4 ± 0.7‰ (our 

study; n = 16), 10.3‰ (Hannan, 1994; n = 1) and 12.3‰ (Choy, 1994; n=3). The lower δ18Oquartz 

value of 10.3 ‰ for “galahstone” mentioned by Hannan (1994), does not replicate is a 

systematic way in our study, and does not reflect systematic lowering of δ18Oquartz values in the 

mineralized mylonite zones. 

Results from altered, amphibole-bearing calc-silicate in the immediate hanging wall to 

the ore zone are also similar to earlier results with averages of 12.5 ± 0.4‰ (our study; n = 4) 

and 12.3 ± 0.7‰ (Choy, 1994; n=6), and they are near-identical to the values for the mineralized 

quartz-feldspar mylonite.  

4.2. Are the highly mineralized zones characterized by a specific δ18Oquartz signature 

The δ18Oquartz results (Tables 6.1-63) indicate that the highly mineralized and altered 

quartz-feldspar mylonites have δ18Oquartz values that are indistinguishable from the highly altered 

hangingwall calc-silicate units, as well as the hanging wall quartzite. The δ18Oquartz values for the 

mineralized mylonites also overlap with δ18Oquartz results for leucogranites that occur 500 m E 

(THG3) and 4.5km SW (THG4) of the pit. These leucogranites are geochemically similar to the 

mineralized quartz-feldspar mylonite samples (see Part 3 for geochemical details), and they are 

strongly albitized, although they are not as strongly altered as rocks in the pit.  
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The results indicate that δ18O values for quartz from the mineralized zones cannot be 

distinguished from altered rocks that carry no mineralization. The δ18Oquartz signature is similar 

for a range of different rock types, and it is widespread with little variation in values both within 

the pit and more regionally. This result is similar to the conclusion reached by Hannan (1994), 

and further confirms the observation of Oliver et al. (1993), that the Mary Kathleen Domain 

(MKD) was affected by a wide-spread and pervasive fluid alteration event. During this event 

most of the rocks in the MKD re-equillibrated in terms of oxygen isotopes with a voluminous 

fluid reservoir that infiltrated from depth.    

Some of the quartz-feldspar mylonite samples and one of the altered calc-silicate samples 

as well as the footwall quartzite yield elevated δ18Oquartz results. These may represent analytical 

errors considering the homogenous nature of results from all other samples that are similar in 

composition, deformation style and alteration assemblage. Alternatively, it has been noted that 

regional background values in δ18O may be elevated to around 17-21‰, within the calc-silicates 

of the Corella formation (e.g. Oliver et al., 1993, 1995). The elevated values obtained in this 

study could, therefore, reflect primary δ18O isotope values that have been only partly re-

equilibrated with a later fluid reservoir during regional alteration. 

4.3. Do similar rock types of different age have different δ18Oquartz signatures 

Choy (1994) tried to sub-divide his isotope results into syn-D1 (peak-metamorphic 

gneissic fabric) and syn-D3 (later alteration overprint, including red rock alteration) values, but 

was unsuccessful in this, as both types of rocks yielded statistically indistinguishable results. We 

find the same in this study.  Most δ18Oquartz results fall within a narrow range (10.5-13.7‰) and 

there are no significant and systematic differences between different rock types or between 

mineralized and non-mineralised samples. Results from samples containing the pervasive D1-2 

fabric, estimated to have formed around 1780 Ma (see Part 3) and affected by retrogression and 

younger alteration, are indistinguishable from samples obtained from later quartz-feldspar veins 

and pegmatites (with a δ18Oquartz value of 12.0 ± 0.7‰) that were dated at ~1725 Ma (see Part 3). 

Therefore, the δ18Oquartz signatures of rocks that formed and were affected by 

deformation-metamorphism-alteration between D1 and D3 are indistinguishable from one 

another, which is consistent with observations made by Oliver et al. (1993).  This either means 

that various fluid pulses affecting the rocks during D1, D2 and D3 all had similar isotope values, 

or that the rocks were affected by a pervasive and penetrative alteration event during D3, which 

largely reset the δ18Oquartz isotopic values in all rock types throughout the Tick Hill region. We 
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prefer the latter interpretation which is consistent with similar conclusions drawn in numerous 

previous studies (e.g. Oliver et al., 1993, 1995; Williams et al., 2005; Mark et al., 2006; Withnall 

& Hutton, 2013).  

The two samples obtained from later, D4 fault related quartz-calcite-clay veins yield 

elevated δ18Oquartz values of 14.1‰ and 17‰, which are distinctly heavier than the older quartz, 

and may reflect a different fluid source that locally overprinted the pervasive alteration.      

4.4. What is the possible fluid source for the δ18O isotope signature in Au-bearing quartz 

Based on near identical δ18Ocalcite results for calcite blows along the length of the MKD, 

Oliver et al. (1993, 1995) argued for a single homogenous, high-volume fluid reservoir that 

pervasively reset variable oxygen isotope values in the host rocks. They discounted the 

involvement of locally derived metamorphic fluids, but instead invoked an intrusive source in 

either the lower crust or upper mantle. They assumed that this fluid event occurred during the 

Isan orogeny at ~1550 Ma.  

Spence et al. (2020) remapped parts of the same general area from which Oliver et al. 

(1993) obtained their isotope data, and showed that upright folding and peak metamorphism was 

probably diachronous across the area, and occurred before 1715 Ma in the Mt Godkin area, and 

before 1735 Ma in the Mary Kathleen - Duchess area. This means that if the field relationships 

for the calcite pods described by Oliver et al. (1993) are correct, carbonate vein emplacement 

and associated chalcopyrite enrichment largely occurred before 1715 Ma. Spence et al. (2020) 

further note that Isan aged events appear to be largely constrained to networks of shear zones 

that reactivated earlier fabrics, with renewed amphibolite facies metamorphim and extensive 

alteration. Our field observations for several calcite pods described by Oliver et al. (1993) 

indicate that calcite grains in these veins are extremely coarse-grained and recrystallized, in spite 

of the strongly deformed nature of the pods, indicating post-deformational annealing. This could 

mean that the metamorphic conditions of emplacement (530-570°C) reported by Oliver et al. 

(1993) and based on calcite-dolomite geothermometry does not actually record peak-condition 

during upright folding at >1715 Ma, but rather records the elevated temperatures attained during 

recrystallization/annealing when a regionally pervasive hydrothermal fluid passed through the 

rocks during Isan times.  

The existence of a late Isan hydrothermal overprint is confirmed by abundant ~1525 Ma 

ages for hydrothermal titanite and high-U zircon overgrowths obtained from samples along the 
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length of the Mary Kathleen Domain (e.g. Kositcin et al., 2019; Whitnall, 2019; Bodorkos et al., 

2020). At Tick Hill this same event has been recorded in the emplacement of quartz-feldspar 

veins, pegmatite dykes, extensive alteration and gold mineralization. Thus, the δ18Oquartz results 

from the Tick Hill area, reported here, most likely reflect fluid conditions at ~1525 Ma, during 

the late Isan hydrothermal overprint. 

Given the well documented regional extent of the late Isan overprint across the Eastern 

Fold belt (e.g. Oliver et al., 2008), we can safely assume that the δ18Ocalcite values reported for 

the Mary Kathleen Domain by Oliver et al., (1993), and the δ18Oquartz results reported here for 

Tick Hill reflect the isotopic effects of the same hydrothermal overprint. If we further assume 

that the δ18Ocalcite values that are similar along a 100 km stretch between Mt Godkin and 

Trekalano Mine, are most likely also going to be similar at Tick Hill, 18 km south of Trekelano 

Mine, than the reported average δ18Ocalcite and δ18Oquartz values can be used as a geothermometer 

to estimate the temperature of the late Isan fluid reservoir with which the rock equilibrated. 

When making this comparison, it is noted that the δ18Oquartz values from mineralized quartz-

feldspar mylonite where obtained from annealed quartz grains associated with gold and D3 

alteration assemblages estimated to have formed at temperatures between 300-500 °C (see 

section on mineral chemistry).  We realize that we did not measure δ18Ocalcite and δ18Oquartz 

values in the same samples, but the exercise of calculating a fluid temperature is still 

informative.  

Geothermometers based on the fractionation of oxygen isotopes in mineral pairs that co-

precipitated from the same hydrothermal fluid, have the general form: 

(δ18Ophase1 - δ18Ophase2) = A*(106T-2) + B  (1) 

where T is the absolute temperature and A and B are calibration constants that have been 

determined experimentally (Friedmann & O’Neil, 1977; Matthews et al. 1983a, b; Faure, 1986). 

Assuming an average value for δ18Ocalcite of 10.73 ± 0.39 ‰ (n = 10) based on samples from 

retrograde calcite pods reported in Oliver et al. (1993), and an average value for δ18Oquartz of 

12.43 ± 0.66 ‰ based on mineralized quartz-feldspar mylonite data presented here, and using 

the calibration constants tabulated in Faure (1986), a fluid temperature of 321 °C can be 

calculated, which increases to 366 °C, if we combine our data with the data reported in Choy 

(1994) and Hannan (1994) resulting in an average δ18Oquartz of 12.2 ‰. Combining the average 

δ18Oquartz value with the δ18Ocalcite value of 11.54 ± 0.67 ‰ (n = 20) for high temperature calcite 

pods reported in Oliver et al. (1993), provides a fluid temperature estimate of 548 °C. Whilst 
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these temperature estimates are rough and obviously dependent on large assumptions they are 

consistent with the observed early stage, upper-greenschist facies D3 alteration assemblages at 

Tick Hill (chlorite-albite-pargasite/actinolite-epidote). Thus, the reported δ18Oquartz results for 

quartz in Tick Hill appear to reflect the earlier stages of fluid infiltration at ~1525 Ma, before 

and during the main-stage of gold mobilization. The precipitation of various Bi-selenites, during 

later stages of the gold mobilization events suggests that lithostatic pressures were probably 

below 1 Kbar (see Part 2 for details), i.e. the rocks were relatively close to surface during the late 

Isan hydrothermal events, and geothermal gradients would have been high across large areas. 

 The origin of the altering fluids is unclear, and the δ18Oquartz values do not provide a 

conclusive answer, as they overlap with reported δ18O values for both metamorphic and igneous 

fluids (e.g. Blatt, 1987; Rollinson, 1993; Harris and Vogeli, 2010). An igneous source is 

commonly invoked (e.g. Oliver et al., 2008), involving the laterally extensive upper- to mid-

crustal granites of the Williams- Naraku Batholith (e.g. Page & Sun, 1998; Mark 2001; Oliver et 

al., 2008), in combination with a more CO2 rich fluid component released from mafic rocks in 

the lower crust or mantle (Oliver et al. 2008). At Tick Hill there is no direct evidence for late-

tectonic intrusions (or CO2-rich fluids) other than the ~1525 Ma pegmatite veins.             
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Fig. 6.1. Locations of rock samples used in quartz oxygen isotope studies at Tick Hill. (a) regionl 

geological map; (b) Geology around the Tick Hill deposit. 
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Fig. 6.2. Images of sample locations of quartz used in the oxygen isotope study. (a-f)  quartz feldspar 

alteration, including Au-rich quartzo-feldspathic laminae and laminated quartz veins; (g-h) non-Au-

bearing quartz-feldspar alteration overprinting silicified units.  
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Fig. 6.3. Representative images of different rock units selected for the quartz oxygen isotope study. (a) 

intensely silicified amphibole-rich calc-silicate; (b); intensely silicified calc-silicate; (c); hanging wall 

quartzite; (d) foot wall quartzite; (e) D3 quartz feldspar veins; (f) D4 quartz-calcite vein; (g) and quartz 

vein; (h) syn-D2 leucogranite. 
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TABLES 

 

Table 6.1. δ18O results for samples from Tick Hill reported by Choy (1994). Rock type descriptions and 

structural timing are based on Choy’s (1994) original descriptions. 

# Sample ID Rock type Mineral δ18O (‰) Timing Description 

1 76-150.15W 
Quartz-feldspar 
mylonite 

Whole rock 11.2 D1 Whole rock (quartz-feldspar mylonite) 

2 34-208.25 Quartz vein Quartz 12.0 D3 Vein quartz, 14m above Au zone 

3 34-264.7Q Quartz vein Quartz 13.2 D3 
Quartz, from quartz vein, with sericitized 
plagioclase, chlorite and scapolite 

4 76-176.2 Quartz vein Quartz 11.7 D3 
From quartz in quartz vein in plagioclase-
epidote 

5 34-242.1 Quartz vein Quartz 12.6 D1 
Clean quartz from quartz vein; with 
apatite and trace Au 

6 34-234 Quartz vein Quartz 12.4 D1 
Clean quartz from quartz vein; 7m above 
the ore zone 

7 34-264.7B 
Wall rock schist 
(calc-silicate ?) 

Quartz 11.7 D1 Quartz, from wall rock 

8 76-148.7 Wall rock, schist Quartz 12.3 D1 
Hand-picked quartz from wall rock in 
gold-bearing zone 

9 76-150.32 
Wall rock, schist 
(calc-silicate) 

Quartz 12.9 D1 
Hand-picked quartz (plagioclase-
amphibole-chlorite-epidote schist) 

10 76-152.8W 
Wall rock, (calc-
silicate) 

Whole rock 11.9 D3 
Whole rock (scapolite-amphibole schist, 
with sericitized scapolite and iron oxide 
stained amphibole 

11 34-267.1W 
Wall rock schist 
(calc-silicate) 

Whole rock 9.3 D1 
Wall rock (scapolite-biotite-amphibole 
schist) 

12 34-280W 
Wall rock, schist 
(meta-pelite) 

Whole rock 11.0 D1 
Whole rock (biotite-sillimanite-
plagioclase-albite schist) 

13 76--155W 
Wall rock, schist 
(calc-silicate) 

Whole rock 11.9 D1 
Whole rock; scapolite - amphibole - 
quartz rock 

14 76-171W Altered granite? Whole rock 9 D1 
Whole rock, plagioclase-biotite-albite 
schist 

15 34-221.55 Wall rock, schist Magnetite 3.7 D1 
Hand pick magnetite in calc-silicate rocks 
above the ore zone 

16 76-144.85 No information Magnetite 11.6 D1 Hand-picked magnetite  

17 76-150.15Q No information Quartz 11.8 D1 Quartz separate 

18 34-220.7 No information Albite 7.3 D3 Albite separate 
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Table 6.2. δ18O for samples from Tick Hill as reported by Hanna (1994) 

# Sample ID Rock type Mineral Values Description 

1 MQ41066 
Quartz-feldspar 
mylonite 

Quartz 11.3 
Ore-lode horizon with ribbon quartz, 
underground mining 

2 MQ41072 
Quartz-feldspar 
mylonite 

Quartz 10.3 Underground mining, no info. of Au 

3 MQ41061 Quartzite Quartz 12.3 
Foot wall quartzite, 100m N of open 
pit 

4 MQ41063 Quartzite Quartz 12.5 
Hanging wall quartzite, 100m N of 
open pit 

5 MQ41065 Quartzite Quartz 12.2 Hanging wall quartzite, pit wall 

6 MQ41064 Quartzite Quartz 11.9 
Hanging wall quartzite, 800m S of 
open pit 

7 MQ41067 Quartzite Quartz 11.7 At surveyor's Hill 

8 MQ41068 Quartzite Quartz 12.9 At Petticoat Ck, west ridge 

9 MQ41070 Quartz ridge Quartz 12.2 Quartz ridge, 2.5km S Tick Hill 

10 MQ41071 Quartz ridge Quartz 12.4 Quartz ridge, 2.5km S Tick Hill 

11 MQ41065a Wall rock Quartz 12.1 Underground mine  

12 MQ41062 Wall rock Quartz 11.7 
Amphibole-rich wall rock, 100m N of 
open cut 

13 MQ41069 Granofels Quartz 12.5 At Petticoat Ck, west ridge 
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Table 6.3. δ18O data obtained from quartz (as well as a single K-feldspar) grains from various rock types 

in and around the Tick Hill deposit. 

 
Group 

 
# 

 
Sample ID 

 
Rock Type 

Location 
 

Mineral 
 

Description 

Value 

δ18O 

(‰) 
DH./ 

X (m) 

Depth (m)/ 

Y (m) 

A
u

-b
ea

ri
n

g 
q

u
ar

tz
-f

el
d

sp
ar

 m
yl

o
n

it
e 

an
d

 la
m

in
at

ed
 q

u
ar

tz
 v

ei
n

s 

1 THM01 Quartz-feldspar mylonite Ore zone, mining pit Quartz High-grade, Au-rich quartz - pink 
feldspar mylonite 

12.55 

2 THM04A Quartz-feldspar mylonite Ore zone, mining pit Quartz 
Au-rich quartz-feldspar mylonite with 
thin laminated quartz veins 13.18 

3 THM04B 
Quartz vein inside 

quartz- feldspar mylonite Ore zone, mining pit Quartz 
Thin quartz vein (2-3mm wide), 
quartz grains are laminated 13.17 

4 THM10 
Quartz vein inside 

quartz- feldspar 

alteration zone 

Ore zone, mining pit Quartz 
Au-bearing thin quartz vein (1.2cm 
wide) 12.57 

5 THM23 Quartz-feldspar mylonite Ore zone, mining pit Quartz 
1.5cm wide band of Au-rich quartz- red 
pink feldspar 12.43 

6 THM24 Quartz-feldspar mylonite Ore zone, mining pit Quartz 
0.8cm wide band of Au-rich 
quartz- red pink feldspar 13.35 

7 THM26 Quartz-feldspar mylonite Ore zone, mining pit Quartz 
1.3cm Au-rich quartz-red pink 
feldspar bands intercalated 
with laminar quartz veins 

11.46 

8 THM40 Quartz-feldspar mylonite Ore zone, mining pit Quartz Au-rich quartz - light pink feldspar 
mylonite 

13.60 

9 THM46A Quartz-feldspar mylonite Ore zone, mining pit Quartz 
1cm wide band of Au-rich quartz-
feldspar mylonite with thin laminated 
quartz veins 

12.53 

10 THM46B 
Quartz vein inside 

quartz- feldspar mylonite Ore zone, mining pit Quartz 
Thin quartz vein intercalated with Au-
bearing quartz- feldspar mylonite 11.72 

11 THM51 Quartz-feldspar mylonite Ore zone, mining pit Quartz 
Au-rich quartz - light pink feldspar 
- amphibole mylonite 11.26 

12 THM56A Quartz-feldspar mylonite Ore zone, mining pit Quartz 
2.5cm wide band of Au-rich 
quartz - feldspar laminate 
(overprinted by red rock 
alteration) 

11.96 

13 THM56B 
Quartz vein inside 

quartz- feldspar mylonite Ore zone, mining pit Quartz 
0.8cm wide quartz veins next to Au-rich 
band 12.68 

14 TH48 Quartz-feldspar mylonite DH. U9205 54.15 Quartz 
Au-rich quartz - bright feldspar 
mylonite with laminated quartz 
grains 

15.22 

15 TH51 Quartz-feldspar mylonite DH. U9205 56.4 Quartz Au-rich quartz - pale pink feldspar 
mylonite 

12.26 

 
16 

 
TH73 

 
Quartz-feldspar mylonite 

 
DH.TH007 

 
102.3 

 
Quartz 

Au-rich quartz - pink feldspar 
mylonite with micro lenses of quartz, 
and laminated quartz veins (with 
ribbon like quartz grains) 

 
12.37 

17 TH74 Quartz-feldspar mylonite DH.TH007 106.2 Quartz 
Au-rich quartz - pink feldspar 
mylonite with micro lenses of quartz. 
Some quartz grains are laminated. 

12.5 

18 TH105 quartz-feldspar mylonite DH. TH014 71.5 Quartz Au-rich quartz -feldspar mylonite 14.86 

N
o

n
-A

u
 q

u
ar

tz
- 

fe
ld

sp
ar

 

19 
 
TH62 

Quartz-feldspar-

altered mylonite 

 
DH. U9205 

 
76.8 

 
Quartz 

1 cm wide, D3-Stage 2 quartz-

feldspar vein overprinted by 
D3- stage 3 alteration; no gold 

 
11.9 

 
20 

 
TH85 

Quartz-feldspar-

altered mylonite 

 
DH. U8506 

 
180.5 

 
Quartz 

D3 pale pink feldspar veins truncating 

mylonitic quartzite causing quartz-
feldspar alteration haloes. Looks 
similar to the D1/2 quartz-feldspar 
mylonite 

 
12.8 

In
te

n
se

ly
 s

ili
ci

fi
ed

 u
n

it
s 

21 TH45 calc- silicate gneiss DH. U9205 53.1 Quartz Intensely silicified calc-silicate 19.36 

 
22 

 
TH46 

amphibole-rich calc- 

silicate gneiss 
 
DH. U9205 

 
54.05 

 
Quartz 

Intensely silicified Au-bearing 
amphibole-rich calc- silicate, most 
quartz grains are equant (annealed) 

 
13.08 

 
23 

 
TH56 

amphibole-rich calc- 

silicate gneiss 
 
DH. U9205 

 
59.85 

 
Quartz 

Intensely silicified amphibole-rich calc-
silicate, most quartz grains are equant 
(annealed) 

 
12.21 

 
24 

 
TH60 

amphibole-rich calc- 

silicate gneiss 
 
DH. U9205 

 
62.8 

 
Quartz 

Silicified quartz-amphibolite, most of 
quartz grains are ribbon- like, with 
pyrite and chalcopyrite 

 
12.27 

 
25 

 
TH61 

amphibole-rich calc- 

silicate 
 
DH. U9205 

 
73.4 

 
Quartz 

Silicified coarse-grained quartz, 

overprinting an older fabric defined 

by amphiboles 

 
12.25 
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Table 6.3 (continued) 

Group 
 

# 

 
Sample 
ID 

 
Rock Type 

Location 
 

Mineral 
 

Description 

Value 

δ18O 

(‰) 
DH./ 

X (m) 

Depth (m)/ 

Y (m) 

D
3 

p
eg

m
at

it
e 

d
yk

es
 a

n
d

 q
u

ar
tz

 f
el

d
sp

ar
 v

ei
n

s 

26 TH65 
D3 pegmatite dyke 

(~1522Ma) 
DH. U9205 144.75 Quartz 

Coarse quartz grains, with undulose 

extinction 12.5 

27 TH68 
D3-Quartz-feldspar 

vein DH.TH007 64.95 Quartz 

D3-Stage 1 quartz-feldspar veins 

overprinted by D3- stage 3 (quartz-

feldspar and hematite-chlorite- epidote 

alteration) (D3 ~1522Ma) 

 
10.5 

28 TH84 
D3 pegmatite dyke 

(~1522Ma) 

 
DH. U8506 141.5 Quartz 

Pegmatite with coarse-grained biotite, 

coarse-grained quartz, and red pink 

feldspar 

11.9 

29 TH87 
D3 pegmatite dyke 

(~1522Ma) 

 
DH. U8506 144.1 Quartz 

Coarse quartz grains, with undulose 

extinction 12.3 

30 TH97 
D3-Quartz-feldspar 

vein into amphibolite 

 
DH. DJ525 299 Quartz 

Coarse grains of quartz-pink feldspar 

overprint amphibolite; pure quartz was 

picked 
11.8 

31 TH108 
D3 pegmatite dyke 

(~1522Ma) 

 
DH. U8506 236.5 K-feldspar Coarse feldspar grains 8.0 

32 TH11 
D3 pegmatite dyke 

(~1522Ma) 388869 7605868 Quartz 
Coarse quartz grains, with undulose 

extinction 12.2 

D
4

 v
ei

n
s 

33 TH80 
D4-Quartz-carbonate 

vein 

 
DH.TH007 137 Quartz 

D4-Stage 6 vein - latest vein (quartz-

carbonate-clay minerals) 14.08 

34 TH103 D4 Quartz vein DH. UG1 209.2 Quartz  D4 clean quartz vein 17.03 

Q
u

ar
tz

it
e 

35 
 
TH104 

 
Hanging wall quartzite 

 
DH. TH014 

 
61 

 
Quartz 

Coarse-grained quartz, overprinting an 

older foliated fabric defined by scattered 

and altered feldspars that give the rock a 

speckled appearance 

 
12.2 

36 TH106 Foot wall quartzite DH. TH014 85.5 Quartz 

Coarse-grained quartz; strongly 

recrystallized and annealed with few 

inclusions 
13.49 

37 TH13 Hanging wall quartzite 388842 7605827 Quartz 

Coarse-grained quartz, overprinting an 

older foliated fabric defined by scattered 

and altered feldspars 
12.96 

D
2

 L
eu

co
gr

an
it

e 

 

38 
THM32 D2 Leucogranite Tick Hill Area Quartz 

Quartz - white to pale pink feldspar 

mylonite without Au; contains laminated 

quartz grains 
11.75 

39 THG3 
D2 leucogranite 

(~1777Ma) 
389258 7605939 Quartz Ribbon quartz in gneissic layering 11.17 

40 THG4 
D2 leucogranite 

(~1777Ma) 
386702 7603938 Quartz Ribbon quartz in gneissic layering 11.78 
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Table 6.4. Summary of reported δ18O values for the Tick  Hill area for this study and studies by Oliver et 

al. (1993), Choy (1994) and Hannan (1994). MKD = Mary Kathleen Domain 

 

Rock type Mineral 

δ18O (‰) in Tick Hill deposit T. Hill/regional MKD 

This study Choy (1994),  Hannan (1994) 
Oliver et al. 

(1993) 

Au-bearing quartz-feldspar 
mylonite including laminated quartz 
veins (D1-2 mylonite overprinted by 
D3 quartz-feldspar metasomatism/ 
alteration) 

Quartz 
11.3-13.6 (n=16) 
14.9-15.2 (n=2) 

 
10.3-11.3 (n=2, 
one in the ore 
zone) 

 

Whole rock  11.2 (n=1)  
 

Non-Au-bearing D3 quartz-feldspar 
alteration overprinting intensely 
silicified units  

Quartz 11.9-12.8 (n=2)   
 

Intensely silicified units in 
mineralized zone 

Quartz 
12.2-13.1 (n=4) 
19.4 (n=1) 

  
 

D3 pegmatite dykes and quartz 
feldspar veins (ca. 1522 Ma) 

Quartz 10.5-12.5 (n=6)    

K-feldspar 8.0 (n=1)    

D4 quartz-carbonate or quartz veins Quartz 14.1-17 (n=2)    

Hanging and footwall quartzite (+ 
regional quartzite in Hannan, 1994) 

Quartz 12.2-13.5 (n=3)  11.7-12.9 (n=8)  
 

D2 leucogranite (ca. 1775 Ma, 
coeval with quartz-feldspar 
mylonite) 

Quartz 
11.2-11.8 (n=2; 
local) 
11.8 (n=1; regional) 

  
 

D3 quartz veins (D3 in Choy, 1994) Quartz  11.7-13.2 (n=3)   

D1 quartz veins (D1 in Choy, 1994) Quartz  12.4-12.6 (n=2)  
 

Wall rock, schist (calc-silicate; 
including rock units near Tick Hill in 
Hannan, 1994) 

 Quartz   11.7-12.9 (n=3) 11.7-12.5 (n=3) 
 

Wall rock, schist (calc-silicate ?) Whole rock  9-11.9 (n=4)  
 

Wall rock, granofels   11.9 (n=1)  
 

Wall rock, schist Magnetite   3.7 (n=1)   

Syn- or late-D2 calcite pods (D2 in 
Oliver, 1993) 

Calcite   
 

10.5-12.5 (n=30) 

Calcite-bearing altered wall rocks 
and veins (surrounding D2 calcite 
pods; D2 in Oliver, 1993) 

Calcite   
 

11.2-17.3 (n=42; 
average = 13.2) 

Unaltered banded calc-silicate and 
marble wall rocks 

Calcite   
 

18-21 (n=7) 

Metadolerite away from calcite 
pods 

Whole rock   
 

3.5-7 (n=10) 
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PART 7 

An analysis of assay data from the Tick Hill prospect 

A historical assay database with 28692 Au analyses ± associated metals was provided by MIM 

for use in the PhD study. This database was complemented with two drill holes for which more 

extensive geochemistry across a wider range of elements had been aquired.  

The assay database covers 356 separate drill holes, obtained at different stages during the 

exploration history of the mine and surrounding exploration tenements. The Itentifiers for dril holes 

included in the assay database are presented in Table 8.1. The data set can be divided into 5 separate 

series with distinct identifiers: 

 Assay data in Series 1 (Table 8.1) comprise 1763 data entries, and is restricted to Au analyses 

only. This data was collected from sample lines at underground mine levels 767 RL to level 

915 RL. 

 Assay data in Series 2 (Table 8.1) comprise 3896 data entries and includes Au analyses 

together with analyses for Cu, Pb, Zn, Ag, Co and Ni. Listed values for Pb and Ag in particular 

are largely below detection limits (and listed as negative). A number of drill holes in the RB 

group also contain assays for Fe. This data was collected in 1994 during an extension of the 

exploration drill grid, north of the Tick Hill deposit, to test the “early gold model – D1 

mineralisation” as presented in Choy (1994) and various exploration reports. The drill program 

was designed to intersect the hanging wall quartzite and underlying mylonites., This quartzite 

ridge was interpreted as the silicified hanging wall to the D1 shear zone in Tick Hill that hosts 

the gold, and was used as a critical marker within the drilling program. 

 Assay data in Series 3 (Table 8.1) comprise 2525 data entries, but is restricted to Au analyses 

only. One drill hole in this series (L8507) was analysed on a metre basis (between 56-252 m) 

for Cu, Pb, Zn, Ag and Fe.  Listed values for Pb and Ag in particular are largely below 

detection limits (and listed as <3 or <1). This data was collected from underground drill holes 

during the mining period. 

 Assay data in Series 4 (Table 8.1) comprise 16829 data entries. All were assayed for Au, and 

many of the holes were assayed for Cu, Pb, Zn, Ag, As, Ni, Co, Mo, Bi, Fe and Mn.  Listed 

values for Pb, Mo and Ag and to a lesser degree As and Bi are largely below detection limits 

(and listed as negative). For several holes additional data for Ca, Mg, Na, K, Ba, Sb, Sn, W was 

collected as well. This data was collected during various stages of the exploration program, 

starting in 1989 (TH001D). Most drill holes were positioned to delineate the Tick Hill deposit. 
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Some of the deep drill holes were positioned to test the D3 mineralisation models, and look for 

possible offsets of the ore zone at depth by later faulting.  

 Assay data in Series 5 (Table 8.1) comprise 3678 data entries that are largely restricted to Au 

only. For a number of drill holes high grade Au zones were also analysed for Cu, Pb, Zn, Ag, 

±As, ±Ni, ±Co. Similar to Series 3, this data was collected from underground drilling at 

different levels during mining. 

In addition, a full metal suite was analysed for TH002D, and a full element suite including 

REE, F, Cl, S, LILE and CO2 was analysed for TH014RD, with the aim of testing the late D3 

mineralisation model following re-logging of core and remapping of the pit by  Tedman-Jones 2000-

2001.  

The assay data was investigated with correlation matrices to establish metal associations. In 

detail we have investigated the data set for: 

 metal associations with Au,  

 metal/element associations involving Cu-Co (typical for IOCG’s),  

 metal/element associations involving As-Sb (typical for shear-hosted orogenic gold, but also 

epithermal gold), and Ba (typical for certain IOCG’s)  

 associations involving REE  

 associations involving alteration products including Na-Fe (sodic-ferric alteration: albite-

haematite-chlorite) and K-Ca (potassic-calcic alteration: biotite-sericite-K-spar-calcite-sphene). 

The principle observations are summarized below. Some of these observations have been used 

in the interpretation of mineral paragenesis as presented in Part 2.   

The general assay database covers 356 separate drill holes, obtained at different stages during 

the exploration history of the mine. The list of Drill holes included in the database is as follows as 

follows 
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Table 8.1. The list of drill holes divided into 5 separate series 

DH ID DH ID DH ID DH ID DH ID DH ID DH ID DH ID DH ID 

Series 1 Series 2 Series 3 Series 3 Series 4 Series 4 Series 4 Series 5 Series 5 

767-1870-18 

767-1875-13 

767-1875-14 

767-1875-15 

767-1875-16 

767-1890-1 

767-1890-10 

767-1890-11 

767-1890-12 

767-1890-17 

767-1890-2 

767-1890-3 

767-1890-4 

767-1890-5 

767-1890-7 

767-1890-8 

767-1900-9 

780-1875-1 

780-1875-2 

780-1885-1 

780-1885-2 

780-1885-3 

780-1890-1 

780-1895-1 

780-1895-2 

780-1900-1 

780-HW-1 

800-1872-1 

800-1875-1 

800-1875-2 

800-1880-1 

800-1885-1 

800-1895-1 

800-FW-1 

800-HW-1 

822-FW-1 

822-FW-2 

822-FW-3 

822-HW-1 

845-1855-1 

845-1855-2 

845-FW-1 

845-HW-1 

860-HW-1 

875-FW-1 

875SH2 

875SH3 

915-FW-1 

915-FW-2 
 

DJ525RD 

DJ528RD 

DJ531RD 

DJ534RD 

DJ537RD 

DJ540RD 

DJ543RD 

DJ546RD 

DJ549RD 

DJ552RD 

DJ555RD 
DJ558RD 

RB001D 

RB001W 

RB001X 

RB002D 

RB002X 

RB003RD 

RB011RD 

RB012RD 

RB013RD 
  

L8401 

L8402 

L8403 

L8404 

L8405 

L8406 

L8451 

L8452 

L8501 

L8502 

L8503 

L8504 

L8505 

L8506 

L8507 

L8601 

L8602 

L8603 

L8604 

L8605 

L8606 

L8607 

L8701 

L8702 

L8703 

L8704 

L8705 

L8706 

L8707 

L8708 

L8709 

L8801 

L8802 

L8803 

L8804 

L8805 

L8806 

L8807 

L8808 

L8901 

L8902 

L8903 

L8904 

L8905 

L8906 

L8907 

L8908 

L9001 

L9002 

L9003 

L9004 

L9005 

L9006 

L9007 

L9008 

L9101 

L9102 

L9103 

L9104 
L9105 
 

 

L9106 

L9107 

L9108 

L9109 

L9201 

L9202 

L9203 

L9204 

L9205 

L9301 

L9302 

L9303 

L9351 

L9352 
 

TH00018D 

TH001D 

TH002D 

TH003D 

TH004RD 

TH005RD 

TH006RD 

TH007RD 

TH008D 

TH009RD 

TH010RD 

TH011RD 

TH012RD 

TH013RD 

TH014RD 

TH015RD 

TH016D 

TH017RD 

TH018RD 

TH019RD 

TH020D 

TH021RD 

TH022RD 

TH023RD 

TH024D 

TH025D 

TH026RD 

TH027RD 

TH028RD 

TH029RD 

TH030RD 

TH031RD 

TH032RD 

TH033RD 

TH034RD 

TH035RD 

TH036RD 

TH037RD 

TH038RD 

TH039RD 

TH040RD 

TH041RD 

TH042RD 

TH043RD 

TH044RD 

TH045RD 

TH046RD 

TH047RD 

TH048RD 

TH049RD 

TH050RD 

TH051RD 

TH052RD 

TH053RD 

TH054RD 

TH055RD 

TH056RD 

TH057RD 

TH058RD 

TH059RD 
 

TH060RD 

TH061RD 

TH062D 

TH063D 

TH065D 

TH066D 

TH067D 

TH068D 

TH069RD 

TH070RD 

TH071RD 

TH072RD 

TH073RD 

TH074RD 

TH075RD 

TH076RD 

TH077RD 

TH078RD 

TH079RD 

TH080RD 

TH081RD 

TH082RD 

TH083RD 

TH084RD 

TH085RD 

TH086RD 

TH087RD 

TH088D 

TH089D 

TH502RD 

TH505RD 

TH507RD 

TH510RD 

TH513RD 

TH516RD 

TH519RD 

TH522RD 

TH523D 

TH523W 

TH523X 

TH523Y 

TH525RD 

TH529RD 

TH531RD 

TH534RD 

TH540RD 

TH541RD 

TH601D 
 

TH99005RC 

TH99006RC 

TH99007RC 

TH99008RC 

TH99009RC 

TH99010RC 

TH99011D 

TH99012RC 

TH99013RC 

TH99014RC 

TH99015RC 

TH99016RC 

THRC001 

THRC002 

THRC003 

TH201 

TH202 

TH203 

TH204 

TH205 

TH206 

TH207 

TH208 
 

U8401 

U8402 

U8403 

U8404 

U8501 

U8502 

U8503 

U8504 

U8505 

U8506 

U8507 

U8601 

U8602 

U8603 

U8604 

U8605 

U8606 

U8607 

U8701 

U8702 

U8703 

U8704 

U8705 

U8706 

U8707 

U8801 

U8802 

U8803 

U8804 

U8805 

U8806 

U8807 

U8901 

U8902 

U8903 

U8904 

U8905 

U8906 

U8907 

U9001 

U9002 

U9003 

U9004 

U9005 

U9006 

U9007 

U9101 

U9102 

U9103 

U9104 

U9105 

U9106 

U9107 

U9201 

U9202 

U9203 

U9204 

U9205 

U9206 

U9207 
 

U9301 

U9302 

U9303 

U9304 

U9305 

U9306 

U9307 

U9401 

U9402 

U9403 

U9404 

U9405 

U9406 

U9407 

U9501 

U9502 

U9503 

U9504 

UG1 
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Observations from the general assay database 

a. gold & copper 

Gold and copper are the two elements that were assayed together in 19301 data entries. Of 

these 396 entries involved gold grades of >1g/t (Table 8.2).  

Table 8.2. Au-Cu correlation from assay data at Tick Hill 

 

The correlation matrix for Cu and gold shows that: 

1. Au is not correleated with Cu. This is true for the full data set as well as the sub-set of higher 

grade Au (>1g/t) samples. 

2. When individual high-grade intersections in the data base are inspected for correlations 

between Au and Cu, no significant correlation exist in almost all drillholes. 

3. This lack of correlation is consistent with the textural observation that chalcopyrite appears to 

largely occur periferal to the high-grade gold zone. 

 

b. Gold & transition metals 

Au>1g/t, Ag, Cu, Pb, Zn, As, Co, Ni, Mo, Fe and Mg have been assayed together 380 times 

(Table 8.2). Within these assays, values for Ag, Pb, As and Mo are commonly zero or below the 

detection limit and the correlation coefficients for these metals must be read with care.  

The correlation matrix for Au, Ag and the common transition metals shows that: 

1. Au shows a strong correlation with Ag only, and is uncorrelated with any of the other metals. 

2. Cu-Co-As±Ni, Pb-Zn±Mn and Fe-Mn show correlations.  

3. The data for Mo is too scattered (too many results below the detection limit) to be of real use. 

4. These observations are consistent with the fact that gold occurs exclusively as free gold 

intergrown with silicate minerals, with sulphides being laregly absent and periferal to the high-

grade gold zones. 
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Table 8.3. Au-trasition metals correlation from assay data at Tick Hill 

 

 

c. Arsenic as a tracer for gold 

Tick Hill has, at times, been classified as a shear-hosted orogenic deposit. Arsenic is commonly 

usedas a geochemical tracer for such deposits. The main database contains 12297 entries for As and 

Au. Of these As mostly occurs in trace amounts (i.e. <10 ppm). Table 8.3 has already demonstrated 

that no meaningful correlation appears to exist between high-grade gold and As. To investigate this 

further, Table 8.4 shows the correlation between As (>15ppm; taken as an arbitrary lower cut-off, 

given that we don’t know the reliability of the analyses), Au, Ag, Pb, Zn, and Co for 278 separate 

analyses. 

Table 8.4. Au-trasition metals correlation for samples of As >15ppm   

 

The correlation matrix for As (>15ppm) and the other metals shows that: 

1. Higher As values do not correlate with Au. 

2. The weak correlation that silver shows with the other metals is an artifact resulting from the 

limited number of results for Ag (silver grades are mostly zero). 
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3. As is not a tracer for gold.  

 

d. Barium as a tracer for gold 

Tick Hill has, at times, been classified as an end-member IOCG deposit. In the Mt Isa block, 

typical IOCG’s like Ernest Henry are enriched in Ba. The main database contains 35 entries for Ba 

with Ba > 100ppm (taken as an arbitrary lower cut-off, given that we don’t know the reliability of the 

analyses). To investigate the existence of any correlation between Ba (>100ppm) and Cu-Au  Table 

8.5  is shown. 

Table 8.5. Au-trasition metals correlation for samples of Ba >100 ppm 

 

The correlation matrix for Ba (>100ppm) and the other metals shows that: 

1. Ba does not correlate with Au, Cu or any of the other listed metals. 

2. Ba is not a tracer for gold, and its formation is probably unrelated to any mineralisation at Tick 

Hill. 

 

e. Major elements (Ca, Mg, Fe, Na, K)  in relation to gold and other metals 

Extensive albite-hematite-chlorite, biotite-sericite-Kspar and calcite-clay alteration has been 

observed in the rocks that also host gold (Part 2). The main database contains 205 entries in which Fe, 

Mg, Na, K were analysed together (Table 8.6), and 104 entries in which Ca, P and Na were analysed 

together (Table 8.7). In all of these entries only trace amounts of gold and no silver was found; to 

prevent meaningless correlation indices, Au and Ag have been removed from Tables 8.6 and 8.7. 
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Table 8.6. Correlation of Ca, Mg, Fe, Na and K in relation to Au with other metals 

 

Table 8.7. Correlation of Ca, P and Na in relation to Au with other metals 

 

 

The correlation matrices for the major elements show that: 

1. Ca, Mg, Na, K, Fe and Mn do not correlate with gold and gold was therefore removed from the 

Table 

2. Mg shows a weak correlation with Ni, Co and Fe, suggesting a host-rok control (amphibolites 

?) 

3. Na in the Na,K, Fe, Mg dataset correlates with none of the metals; Na alteration may be 

unrelated to mineralisation 

4. K correlates weakly with Ni, but none of the other metals. 

5. Ca correlates with Co, Ni, Fe and P suggesting a ilthological connection and a link to apatite, 

possibly due to the presence of metal-bearing sulphides in association with late carbonate 

veins. 

6. Na in the Ca,P, Na dataset shows significant negative correlations with Co, Ni, Fe, P, again 

probably reflecting underlying lithological controls. 

All in all the typical alteration elemenets (Na, K, Fe) observed in the Tick Hill deposit show no 

systematic link to any of the metals, other than a possible underlying lithological connection (more Fe-
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Mg-Ca rich rocks contain more Ni Co, whereas more felsic Na-rich lithologies are depleted in those 

metals sort of thing). 

f. Metal suite for DH002D 

A total of 14 analyses for a range of metals were obtained for DH TH14RD, and a correlation 

matrix for these metals is presented in Table 8.8. Note that the data set is small and was obtained from 

the high-grade part of the ore zone (84.9-89.3 m) only. Ag data for this dataset were all zero and could 

not be used. The data set confirms observations made above. 

Table 8.8. Au correlation with selected elements from whole rock data at the most Au-rich drill hole 

(TH014) 

 

For the metal association in the high-grade orezone of TH002D it can be observed that: 

1. Au does not correlate with Cu  or any of the other metals (Cr and Ba analyses  show very low 

values that are   probably unreliable). In fact Au displays weak to intermediate negative 

correlation to most other metals 

2. The dataset is too small to make any meaningful statements about other metal associations. 

Positive correlations may simply be coincidental. 

 

g. Element suite for DH014RD 
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A total of 52 analyses for major and trace elements, taken from DH TH14RD for a post-mining 

exploration program in the Tick Hill region, is presented in the correlation matrix in Table 8.9. The 

following observations can be made: 

1. We are not sure how reliable/accurate the data set is. 

2. Gold correlates strongly with silver, and Pd as well as Pt and Bi. Note however, that Ag and Bi 

only occur in a few analyses, and only when gold grades are high. 

3. Gold does not correlate with Cu, Co, Ni, S or any of the other metals analysed; this is 

consistent with thin section observations that gold is not associated with sulphides. It is also 

consistent with the observations made in the full assay database discussed above. 

4. Sulphur correlates with Cu, Co, Ni, Pb, As and Se, indication that these metals are mainly 

contained in sulphides. S also correlates with K, Ba, Rb, Ti and the REE suggesting a link with 

potassic-calcic alteration (deposition of calcite, sericite, sphene, which is consistent with thin 

section observations).  

5. Sulphur does not correlate with Na, Fe, Mg, Mn, which represent albite-heamatite phases that 

formed prior to potassic-calcic alteration (see Part 2, paragenesis Table 2.2) 

6. Ag was only recorded in two analyses where Au > 800ppm; i.e. the gold is extremely pure (a 

fact confirmed with SEM analyses); Bi too only occurs at concentrations of >5ppm in 4 

analyses, and its correlation with Au is tentative (note however that in thin section Bi-selenites 

occur in association with texturally late gold, although Se shows no correlation with Au). 

A total of 24 analyses in DH TH14RD contained information on several additional REE (Sm, 

Lu, Yb. Lu) and Sc. This data is  presented in Table 8.10. Regarding the REE the  following additional 

observations can be made: 

1. The strong correlation between REE (esp. the MREE to HREE) and Ti (and V) indicates that 

sphene is an important carrier of the REE. 

2. Correlation of REE and phosphates indicates some of the REE is in apatite/monazite/xenotime. 

3. Correlation of REE with K and Rb as well as Al, Fe, Mg and F suggests some of the REE is in 

biotite; allanite may also be present. 

4. Correlation between REE and F but not CO2 suggests that bastnasite is not present, which is 

not surprising given the general paucity of carbonate alteration in the rocks. 
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Table 8.9. Correlation matrix for major and trace elements and selected REE in drill hole TH014 based on whole rock data 
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Table 8.10. Other correlation matrix for major and trace elements and full REE analysed in drill hole TH014 based on whole rock data 
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