
 
 

The Paragenesis of the Orogenic Gold Deposits of Te Oneroa Bay, 

Preservation Inlet, Southwest Fiordland 

 

Hamish Lilley 

 

 

 

 

 

 

 

Thesis submitted as partial requirement of a MSc degree in geology, 

University of Otago, 

Dunedin, New Zealand 

 

 

 



[2] 
 

  



[3] 
 

 

Acknowledgements 

 

I would like to give a massive thanks, with deepest sincerity, to everyone who helped me write this thesis. Most importantly to 

Dr James “Jimbus” Scott, my thesis supervisor and friend, whom I relied heavily on for advice and spell check – congratulations 

on the new-born. Secondly, to Felix Schmidt and Marshall Palmer as field assistants, geological advisors, sample finders, dinner 

catchers, and camp-fire makers – I would have gone insane in the field without you. To the Otago University Geology 

department for granting me the J. F. A. Taylor field research scholarship, of which without we would not have been able to travel 

to Preservation Inlet, and to AusIMM for awarding me a MSc scholarship which helped fuel my coffee addiction and giving me 

motivation to get up in the mornings. A big acknowledgment must also be given to the New Zealand Department of 

Conservation for allowing this work to be done in the Fiordland National Park.   

I would also to like to thank all those who gave me help with the more practical side of the research. To Brent Pooley for help 

creating and polishing the copious thin-sections and briquets, Marianne Negrini for your expertise on the SEM and EBSD, 

Gemma Kerr for X-Ray diffraction, Doug Mackenzie, Dave Craw, and Jon Lindqvist for advice on the geology and mineralisation, 

and Rob Smilie for geological inspiration. 

Finally, to all those that gave love, support, and stress mediation. My Mother and Father, Brenda Morrison and Roy Lilley, all 

family members, my beautiful exchange student flatmates, close friend and friends all my class-mates, and to the yeast that has 

worked tirelessly to brew my beer; a huge thank you to you all. 

Front page Image: Felix Schmidt hunkering down for a fresh fish dinner while enjoying the Fiordland sunset and beautiful views of Te Oneroa 

Bay under the protection of our greatest asset – the sand fly net.  

Dirty, stinky, and dank after two weeks of Ralphing it out through Fiordland. Freshly off the float plane after arriving back 
in the civilisation of Te Anau (March 2019). A huge thanks to Felix Schmidt (left), and Marshall Palmer (right), for their 
tremendous help in figuring out the geology of Te Oneroa Bay.  



[4] 
 

Table of Contents 
Abstract ................................................................................................................................................... 1 

Chapter One: Introduction ...................................................................................................................... 2 

1.1  Gold: The Element................................................................................................................... 2 

1.2 Research Aims ......................................................................................................................... 3 

1.3 Global Gold: A Geological Perspective .................................................................................... 4 

Epithermal Deposits ........................................................................................................................ 4 

Porphyry Deposits ........................................................................................................................... 5 

Volcanogenic Massive Sulphide Deposits ....................................................................................... 5 

Fe-oxide Cu-Au Deposits ................................................................................................................. 6 

Orogenic Deposits ........................................................................................................................... 7 

Carlin-Type ...................................................................................................................................... 8 

Supergene Deposits ........................................................................................................................ 9 

1.4 The Geology of New Zealand .................................................................................................. 9 

Regional Setting and Zealandia ....................................................................................................... 9 

Provinces, Terranes, and Batholiths ............................................................................................. 11 

The Geology of Fiordland .............................................................................................................. 13 

The Geology of Preservation Inlet ................................................................................................ 15 

1.6 Gold in New Zealand: A Geological Perspective ................................................................... 17 

Orogenic Deposits ......................................................................................................................... 17 

Igneous Deposits ........................................................................................................................... 21 

Chapter Two: Gold Mining and Links to Geology ................................................................................. 23 

2.1  Preservation Inlet Gold Mining History ................................................................................ 23 

2.2  Morning Star mine ................................................................................................................ 27 

2.3  Alpha Mine ........................................................................................................................... 30 

2.4  Golden Site Mine................................................................................................................... 33 

2.5  Tarawera Mine ...................................................................................................................... 35 

2.6  Evidence of Gold Mineralisation Geology ............................................................................. 36 

2.7  Conclusion ............................................................................................................................. 37 

Chapter Three: Geology of the Te Oneroa Bay Area ............................................................................ 38 

3.1  Preservation Formation ........................................................................................................ 38 

Description .................................................................................................................................... 38 

Regional Metamorphism .............................................................................................................. 45 

Contact Metamorphism ................................................................................................................ 45 

Silicified Zones ............................................................................................................................... 47 

3.2  The Puysegur Group .............................................................................................................. 48 



[5] 
 

General Geology ........................................................................................................................... 48 

Description .................................................................................................................................... 49 

3.3  Intrusive Dykes ...................................................................................................................... 52 

Description .................................................................................................................................... 53 

3.4  Structure ............................................................................................................................... 58 

Regional Structure ........................................................................................................................ 58 

Fault Zones .................................................................................................................................... 62 

Shear Zones ................................................................................................................................... 66 

Deformation .................................................................................................................................. 70 

3.5  Conclusion ............................................................................................................................. 71 

Chapter Four: Gold and Sulphide Mineralisation ................................................................................. 72 

4.1  Sample Collection ................................................................................................................. 72 

4.2  Gold-bearing Quartz Vein ..................................................................................................... 73 

Macroscopic analysis .................................................................................................................... 73 

Optical Microscope Analysis ......................................................................................................... 76 

Scanning Electron Microscopic Analysis ....................................................................................... 79 

4.3  Gold Morphology and Geochemistry .................................................................................... 82 

Mercury Contamination ................................................................................................................ 83 

Chemistry and Surface Structures ................................................................................................ 84 

Crystal Structure and Morphology ................................................................................................ 89 

Electron Backscatter Diffraction ................................................................................................... 90 

4.4  Sulphide-Mineralised, Gold-Absent Quartz Veins ............................................................... 92 

Sulphide Vein One: Orange Juice Stream Mineralised Vein ......................................................... 92 

Sulphide Vein Two: Goldilocks Fault Brecciated Pyrite Mineralised Quartz Vein ........................ 95 

Minor Sulphide Mineralisation ..................................................................................................... 99 

4.5  Mineralised Host-Rock .......................................................................................................... 99 

4.6  Deformation and Mineralisation ........................................................................................ 103 

4.7 Conclusion ........................................................................................................................... 104 

Chapter Five: Discussion and Paragenesis Model ............................................................................... 105 

5.1  Comparison: Buller Terrane Gold and Preservation Inlet Gold .......................................... 105 

Structure and Host Rock ............................................................................................................. 105 

Hydrothermal Alteration ............................................................................................................. 106 

Au-mineralised Quartz Vein Assemblage .................................................................................... 111 

Buller Terrane Igneous Gold ....................................................................................................... 112 

Te Oneroa Bay: Igneous or Orogenic Mineralisation? ................................................................ 112 

Te Oneroa Bay: Supergene or Hypogene Gold? ......................................................................... 113 



[6] 
 

Alpha, Golden Site, Morning Star Mines: Same Mineralising Fluid? .......................................... 115 

5.2 Mineralisation Controls....................................................................................................... 115 

Fluid Source ................................................................................................................................. 115 

Chemistry of the Fluid System .................................................................................................... 116 

Source of Economic Mineralisation Elements ............................................................................ 117 

Age of Mineralisation .................................................................................................................. 118 

Pressure-Temperature Constraints ............................................................................................. 118 

Structure & Deformation ............................................................................................................ 119 

5.3 Paragenesis Model of the Te Oneroa Bay Au-Deposits ...................................................... 120 

5.4  Genetic Relationships and Further Research ...................................................................... 124 

Buller Terrane Orogenic Gold: A Regional Link? ......................................................................... 124 

Cuttle Cove & Te Oneroa Bay: A Genetic link? ........................................................................... 124 

Chapter Six: Conclusion ...................................................................................................................... 126 

Appendix. ............................................................................................................................................ 129 

List of Abbreviations ....................................................................................................................... 129 

X-Ray Diffraction: Framboidal Pyrite .............................................................................................. 130 

References .......................................................................................................................................... 132 

 

 

  



 
 

 



[1] 
 

Abstract 

The Te Oneroa Bay area in Preservation Inlet, southwest Fiordland, has been a well-

known source of hard rock and alluvial gold since the late 1800’s. Such Au-deposits are found 

within the Buller Terrane mid-Ordovician Preservation Formation, composed of mid-

greenschist facies meta-turbidites deformed into hundred-metre scale waveforms. Large 

faults and shear zones cut the Preservation Formation on approximate NNW-SSE strikes along 

the limbs of the large waveforms. Higher permeability in the shears/faults enabled the 

concentration of hydrothermal fluid flow subsequently causing the precipitation of 

mineralised quartz vein controlled dominantly by the sericitisation and chloritisation of the 

host rock, decreasing pressure-temperature, and boiling of the fluid. Mineralisation is thought 

to have occurred via a two-step model, whereby an early stage of pyrite and arsenopyrite, 

and lesser galena and chalcopyrite, were introduced along with shear zone quartz pods. A 

secondary stage of mineralisation later occurred closely associated with ductile deformation-

controlled quartz vein recrystallisation, the remobilisation of the already formed sulphide 

minerals, and the introduction of native gold, tetrahedrite, sphalerite, bournonite, and 

boulangerite along stylolites. Mineralisation likely occurred just below the brittle-ductile 

transition at between 1-3.5 kbar of pressure and 180-350 °C, from a fluid with near-neutral 

pH, low-moderate volatile content, and low salinity. A main structurally controlled branch of 

mineralisation is inferred to exist approximately between the historic Morning Star and Alpha 

Mines, as well as a smaller side branch at Golden Site Mine. Gold ranges from ~1-20 wt% silver 

and is thought to be hypogene; no evidence for supergene concentration exists. Due to the 

similarities of general geology, metamorphic grade, structure, and mineralisation of the Te 

Oneroa Bay area to other Buller Terrane Au-deposits, mineralisation is thought to be orogenic 

in origin. Fluids were predominantly produced via the dehydration of chlorite during 

metamorphism at ~375-330 Ma. Subsequently, Au-mineralisation is likened to have occurred 

at a similar time period.  
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Chapter One: Introduction 

1.1  Gold: The Element 

Gold (Au) has held a special place amongst many civilisations throughout human 

history due to its aesthetic beauty and easily worked nature. Commonly found as flakes and 

nuggets, it’s high density of 19.32 g/cm3 causes natural concentration in fluvial settings (Butt 

& Hough 2009; Puddephatt, 1978). The earliest evidence of use by humans stretches back to 

at least 5000 B.C. (Krebs, 1998), likely taking advantage of gravitational separation methods 

such as panning. It’s relatively low melting temperature of 1337.32 K and high boiling 

temperature of 3080 K (Emsley, 1998) mean it can be smelted and alloyed within primitive 

furnaces. This, coupled with it having the highest malleability and ductility of any metal, 

meant it could be concentrated, extracted, and worked into complicated shapes using 

primitive methods (Butt & Hough 2009).  

Gold is a highly unreactive element, being unusual in that it does not react with O or S as most 

metals do (Puddephatt, 1978). While gold has its own unique characteristic colour it can be 

alloyed with many other metallic elements to form various coloured metal-alloys (red, 

orange, green, white, e.g.), and can similarly be added in colloidal form to molten glass to 

create a deep-red (Emsley, 2001; Newton, 1999).  

It has mainly been used as a decorative metal or as a currency through history due to its 

relative rarity, lack of tarnishing, and ability to be worked (Ede, 2006; Emsley, 2001). This is 

still true today with approximately 68% of annual gold consumption being decorative, and 

19% of consumption for bullion and currency (Butt & Hough 2009). Its high electric and 

thermal conductivity, and low chemical reactivity mean approximately 12% of annual gold 

consumption has found use in modern industrial fields, over half of which is used in 

electronics. Approximately 60 tonnes per year is used in dentistry, with other minor uses 

found in space-technologies, surgery, and specialised insulation (Butt & Hough 2009; Ede, 

2006; Emsley, 1998, 2001; Krebs, 1998). It is used in some medications in very minor 

quantities to treat symptoms of rheumatoid arthritis, and in cancer therapies using the non-

natural radioactive isotope 198Au (Cohen et al., 1992; Emsley, 1998, 2001; Krebs, 1998). 

However, due to its toxicity in high doses and its bioaccumulation as nanoparticle clusters in 

the liver and spleen, its medicinal practicality is limited (Cohen et al., 1992; Zhang et al., 2012). 
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Gold is found at approximately ~1 ppm in the Earth’s crust and ~1 ppb in the mantle; hard 

rock concentrations are generally deemed economic if the ore-body is enriched by a factor of 

104 from the crustal level (Emsley, 2001; Frimmel, 2008; Haugh et al., 2009). Due to its low 

reactivity, gold is almost always found in its native form. The majority of hard rock mines 

therefore extract Au already in a near-pure state, generally as disseminated flakes or 

microparticulates within sulphides. Where given the opportunity to grow in voids it forms as 

wires, plates, and rare euhedral isometric crystals (Craw & Mackenize, 2016; Haugh et al., 

2009; Vikentyev, 2015). Native Au is in most cases an amalgam with silver (Ag), ranging from 

100 wt% Au to ~60 wt% Ag. Amalgams with other elements (Pd, Cu, Pt, Bi, Hg, Sn, Pb, e.g.) 

are less common (Hough et al., 2009). In isolated cases gold extraction from rare Au-telluride 

minerals can be economic, namely sylvanite ((𝐴𝑢, 𝐴𝑔)2𝑇𝑒4) and calaverite (𝐴𝑢𝑇𝑒2) (Bonewitz 

et al., 2008; Vikentyev, 2015;  Yuningsih et al., 2018). As of 2008, only ~164,000 tonnes of gold 

had been mined in all of human history, with over 75% of that having been mined since 1900 

(Butt & Hough 2009). 

1.2 Research Aims 

Preservation Inlet was previously mined for its high-grade gold ore in the late 1800’s 

and early 1900’s (Begbie et al., 2005; Benson, 1933). This deposit was similar in size and in 

economic potential to other historically prosperous New Zealand Au-deposits of the 1800’s 

such as Bendigo, Reefton, and the NW-Nelson areas (Begbie et al., 2005; Gollan, 2006). A 

tentative structural and genetic relationship with the gold of Preservation Inlet and the gold 

in two NW Nelson locations (Aorere gold field, Golden Blocks) has been proposed, having 

been displaced by faulting (Begbie et al., 2005; Gollan, 2006). Despite being a prosperous 

mining district in its time, scientific research on this area is sparse. This leaves big gaps in the 

knowledge of both the regional geology of Preservation Inlet and its economic mineralisation; 

for instance, there is no definitive answer as to whether the gold is linked to epithermal 

processes as Gollan (2006) suggests, or, based on its structural and mineralogical similarities 

to NW-Nelson and Reefton, if the link is instead to orogenic processes (Burgess, 1978).  

This thesis aims to describe the paragenesis of the quartz-vein hosted gold of Te Oneroa Bay; 

this will answer what chemical and physical processes took place to concentrate gold 

(pressure, temperature, pH, mineralisation styles, etc.), when concentration and subsequent 



[4] 
 

deposition occurred, and a genetic relationship of the gold to either orogenic or igneous 

sources. Through undertaking this project, three overarching observations will be made:  

1. Field mapping of the area will provide an in-depth description and high-definition 

geological map of the Te Oneroa Bay area. This will help give context to the sparse 

research that exists on the regional geology of Preservation Inlet. 

2. Description of the gold paragenesis will further complete our knowledge of gold in 

New Zealand, and in particular the South Island. This will provide more information 

for regional Au-exploration, particularly of Buller terrane hosted deposits, as well as 

global Au-mineralisation theory. 

3. If a genetic link between Preservation Inlet and other parts of the South Island is 

supported, we will have provided geologic evidence for how the Alpine Fault has offset 

the geology of the South Island. This will hopefully help constrain timing and offset 

distances. 

1.3 Global Gold: A Geological Perspective 

Gold deposits form through two clear processes; concentration in hydrothermal 

systems, and concentration through surface processes. A hydrothermal fluid can be defined 

as a high temperature geochemical brine, often enriched in volatile compounds and mobile 

elements, being formed from meteoric waters, connate fluids, metamorphic dehydration 

reactions, exsolution from crystallising intrusive magmas, or a combination thereof (Mathieu, 

2018). Most literature classifies gold deposits as being orogenic or igneous in origin, based on 

the origin of the fluids and/or the temperature source. In order to properly describe the Te 

Oneroa Au-reserves differences in gold systems must be known. To achieve this a description 

of different deposit types are laid out in this sub-chapter. 

Epithermal Deposits 

Epithermal gold deposits form in both continental and oceanic arc settings within the 

upper 2 km of the crust (Kerrich et al., 2000). Ore genesis occurs at relatively low 

temperatures (~160-270 °C)) (Cooke & Simmons, 2000; Hedenquist et al., 2000). This deposit 

type can broadly be split into two distinct forms, high-sulphidation (oxidised sulphur mineral 

species) and low-sulphidation (reduced sulphur mineral species). High-S generally forms in 

higher temperature and high pH fluids proximal to volcanic vents; Au is generally found in 
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such systems as disseminated grains in surrounding replaced permeable rocks (Kerrich et al., 

2000). High-S hydrothermal fluids are magmatic in origin leading to high pH levels (<2) 

resulting in intense alteration characterised, for example, by vuggy kaolinite, pyrophyllite, 

barite, and alunite. In comparison, low-S systems form in distal low temperature and near-

neutral pH hydrothermal systems contaminated by meteoric-waters (Robb, 2005). Au is 

generally deposited in stockworks and vugs, forming typical druse quartz and crustiform filled 

voids. Alteration is characterised by adularia, sericite and illite (Kerrich et al., 2000). 

Epithermal deposits are some of the world’s richest known gold deposits, likely due to their 

formation in a relatively common tectonic setting (volcanic arcs) and shallow crustal 

deposition. 

Porphyry Deposits 

Porphyry systems form in both continental and oceanic arc settings from intermediate 

to felsic magmatically exsolved fluids. Such fluids react with surrounding wall-rock to form 

two broad categories: endo-porphyry and exo-porphyry. Endo-porphyries form from the 

interaction and alteration between the newly solidified parent magma and the hydrothermal 

fluids that are exsolved from it, whereas exo-porphyries form through the interaction of said 

hydrothermal fluids and the host-rock the magma is intruded into (Pirajno, 2013). These can 

be subdivided into a number of types based on the chemistry of the fluids and assemblages 

of alteration minerals, namely  greisens (Sn-W enrichment), skarns (Cu-Au-W-Ca enrichment), 

and typical Cu-Au porphyries (Cu-Au-Ag-Mo enrichment) (Kerrich et al., 2000; Pirajno, 2013). 

Mineralisation occurs at low to high temperatures (200->600 °C) and at shallow to mid-crustal 

depths (1-4 km) (Kerrich et al., 2000). Gold is deposited as disseminated flakes or as 

microparticulates within sulphides, typically within steeply dipping quartz-carbonate 

stockwork veins and fractures radiating outwards from the parent intrusion. Common 

associated mineralisation involves Cu, Mo, Ag, Zn, and Fe bearing minerals (Kerrich et al., 

2000; Pirajno, 2013; Robb, 2005). Alteration is characterised by K-silicate, argillic, and sericitic 

reactions (Kerrich et al., 2000).  

 Volcanogenic Massive Sulphide Deposits 

 Volcanic massive sulphide (VMS) deposits form in the roots of submarine volcanics in 

extensional tectonic regimes (Piercey, 2011). All VMS deposits are characterised by an 

intruding magma at their base, a wedge of intensely hydrothermally altered rock above this, 
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and a cap of massive sulphide mineralisation (Hannington, 2014; Kerrich et al., 2000). 

Circulating meteoric seawater is thought to be the main contributor for hydrothermal fluid, 

being heated by the intruded magma. As a result, the majority of the sulphide mineral 

constituents do not come from magmatically exsolved hydrothermal fluids as many other 

igneous type deposits do, but instead dominantly source from circulating seawater dissolving 

components of the host-rock and concentrating them at a shallower depth (Kerrich et al., 

2000). Therefore, the rock unit from which the constituents are dissolved control what type 

of mineralisation occurs; this is exemplified by Zn-Cu enriched VMS deposits typically 

originating from mafic host-rocks, whereas Zn-Cu-Pb enriched deposits tending to originate 

from felsic/sedimentary units (Hannington, 2014). Gold rich VMS deposits typically form from 

calc-alkaline intermediate to felsic base units (Mercier-Langevin et al., 2011). Mineralisation 

occurs at or between 150-350 °C at depths of ~3-10 km (Kerrich et al., 2000; Piercey, 2011), 

with deposition being characterised by stratabound stockwork stringers near the top of the 

sequence in which the dominant ore minerals include iron sulphides (pyrite, lesser 

pyrrhotite), sphalerite, and chalcopyrite. Lesser tetrahedrite, bornite, galena, arsenopyrite, 

and tennantite occur, as well as minor gold (generally <2 g/t) and silver (Hannington, 2014; 

Kerrich et al., 2000; Mercier-Langevein et al., 2011). Propylitic alteration of the wall rock, 

characterised by the formation of quartz-chlorite-muscovite-carbonate, is a typical feature of 

VMS deposits (Hannington, 2014).  

 Fe-oxide Cu-Au Deposits 

 Fe-oxide Cu-Au (IOCG) deposits form in three dominant geological settings; large-scale 

anorogenic extensional environments, collisional fore-arc basins, and collisional orogenic 

basins (Kerrich et al., 2000; Shaofeng & Shuixing, 2016). These are generally associated with 

inter-cratonic A-type calc-alkaline granitoid or carbonatite magmatism (Kerrich et al., 2000; 

Shaofeng & Shuixing, 2016). IOCG deposits are characterised by dominant hematite-

magnetite-specularite mineralisation and associated Cu-Au in the form of chalcocite, 

chalcopyrite and bornite (Shaofeng & Shuixing, 2016). Gold mineralisation dominantly occurs 

as microscopic native flakes, but likewise forms as electrum alloys (Au-Ag, ≥20 wt% Ag) and 

Au-Bi-Sb-Te alloys (Hough et al., 2009; Zhu, 2016). Mineralisation is structurally controlled 

along small-scale fault structures and shear zones, hydrothermal breccia pipes and veins, 

anticline hinges, and between the contacts of contrasting rock units such as lithostratigraphic 
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or felsic-sedimentary boundaries (Kerrich et al., 2000; Shaofeng & Shuixing, 2016). Ore 

deposition occurs between ~200-600 °C at shallow depths (Kerrich et al., 2000; Shaofeng & 

Shuixing, 2016). Hydrothermal fluid source is still in debate; however, isotopic signatures 

indicate multiple fluid sources, namely, igneous exsolution and metamorphic dehydration 

(Zhu, 2016). Alteration is characterised by de-silicification and Fe-metasomatism driven 

potassic, sodic, and sericite mineral assemblages (Dmitrijeva et al., 2019; Kerrich et al., 2000; 

Shaofeng & Shuixing, 2016).  

Orogenic Deposits 

Orogenic gold systems are related to both structural and metamorphic orogenic 

processes. A generally accepted definition states fluids are released during metamorphic 

dehydration reactions, connate water leaching, or a mixing with meteoric waters (Craw et al., 

2009; Kerrich et al., 2000). Au-concentrations are generally found in greenschist facies 

terranes formed during accretionary metamorphism. They are generally associated with 

structural traps at or near the brittle-ductile transition in tectonically bound contrasting meta-

igneous and meta-sedimentary lithologies; this mainly involves high angle oblique reverse 

faults, with shear zones sometimes playing an important role. Mineralisation occurs within 

the faults and shear zones themselves, as well as associated anticlinal/synclinal folds and 

hydrothermally brecciated pipes (Groves et al., 2018; Kerrich et al., 2000; Phillips & Powell, 

2009). Timing is commonly both syn and post-orogenic with respect to geothermal gradients, 

metamorphism, ore-forming fluid creation, and tectonism (Groves et al.,1998; Kerrich et al., 

2000; Phillips & Powell, 2009). Temperatures and pressures vary from deep crustal to shallow 

crustal environments, with literature defining three categories; epizonal (< 6 km, 150-300 C°), 

mesozonal (6-12 km, 300-475 C°), and hypozonal (> 12 km, > 475 C°) (Groves et al., 1998). 

Orogenic gold deposits form from fluids which universally show low salinity and contain 

aqueous-carbonic solutions. When compared to fluids derived from both magmatic-

hydrothermal systems and metamorphic dehydration of local source rocks/equilibrium of 

basal brines, orogenic fluids only show significant enrichment of Au, As, Sb and B at ~80-1600 

times that of crustal levels (Wyman et al., 2016).  

Mineralisation mostly occurs as lode zones in quartz-carbonate vein systems, commonly 

stretching over 2 km vertically; accessory Ag, As, Sb, Te, and W are common, whereas 

association with Pb, Zn, Cu, Hg, and Tl concentrations are rare (Kerrich et al., 2000). Orogenic 
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gold deposits are arguably some of the most important modern sources of source-rock mined 

gold. Many of the worlds giant or supergiant deposits come from orogenic settings, including 

many in Western Australia, Central Asia, and Africa (Jaireth and Huston, 2010; Jaques et al., 

2002).  

 Carlin-Type 

Carlin type gold deposits form in hydrothermally altered permeable sedimentary 

beds, namely carbonates (dolomites, limestones, ferroan-rich), and silica-rich clastics (Hofstra 

& Cline, 2000; Kerrich et al., 2000). Gold is deposited in conjunction with As-rich pyrite; this 

occurs both in solid solution with the As-pyrite or as microparticulate flakes in the As-pyrite 

rims (Hofstra & Cline, 2000; Kerrich et al., 2000). Carlin-type deposits are generally classified 

by relatively homogenously distributed gold associated with accessory Ag-Hg-As-Sb in 

minerals such as cinnabar, orpiment, and stibnite (Kerrich et al., 2000; Person et al., 2008). 

Alteration styles show typical silicification of carbonates (decalcification), sulfidation of Fe-

minerals, and argillic-style alteration of silica-rich clastic sediments (Hofstra & Cline, 2000; 

Kerrich et al., 2000). Mineralisation occurs at >2 km depth at approximately 150-250 °C, with 

precipitation of Au likely occurring due to the play of meteoric and hydrothermal waters 

changing fluid chemistries in large multi-km convection loops (Hofstra & Cline, 2000; Person 

et al., 2008). Interconnected faulting likely plays a role in fluid permeability at depth (5-6 km), 

indicating fault related tectonism may be important in Carlin Type Au deposition (Person et 

al., 2008).   

The general scientific consensus agrees upon these characteristics of a Carlin type deposit, 

however, the currently contentious question is the source of the hydrothermal fluid; is it 

orogenic, igneous, or purely meteoric in origin (Hofstra & Cline, 2000; Kerrich et al., 2000; 

Ressel & Henry, 2006)? Evidence for an igneous origin is supported by anomalous Cs-Cl-F-K-

Fe contents and N2/Ar/He ratios suggesting a mantle input. However, an orogenic source 

could likewise be the source given their formation during stress regime changes and large-

scale thermal anomalies (Hofstra & Cline, 2000). Regardless of their origin, due to the 

microparticulate size of the gold and the general lack of typical Au-mineralisation features 

(e.g. quartz veining), Carlin type Au is a relatively newly discovered deposit type providing real 

potential for global Au exploration.  
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Supergene Deposits 

Supergene deposits are defined as an in-situ enrichment of metals, particularly Au-Ag-

Zn-Cu, in the upper weathering zones of hypogene concentrations (Robb, 2005). Here, a 

hypogene concentration is defined as anyone of the above-mentioned concentration types. 

Such supergene enrichment can form from geochemical reactions, bio-geochemical 

processes, or a combination of the two. Supergene geochemical enrichment of Au occurs 

from meteoric waters weathering hypogene deposits already partially enriched in Au 

(porphyry, skarn, orogenic, etc.). Oxidation and hydrolysis of sulphide minerals are the 

dominant geochemical processes by which remobilisation and subsequent concentration of 

Au occurs (Craw et al., 2015; Robb, 2005).  Bio-geochemical Au concentration occurs as a 

bacterial/archaeal metabolic biproduct in regolith and sediments (Brierly, 2009; Fairbrother 

et al., 2012). Such microbes use ferric oxidation of sulphides as a method to gain energy 

(Brierly, 2009). In doing so Au-complexing biproducts, namely S2O3
2−, are produced. Au-

complexation remobilises the Au, creating concentration over geologic time (Brierly, 2009). 

Supergene-Au is generally much purer than hypogene-Au, generally hosting <1 wt% Ag, as a 

result of dissolved chloride complexes preferentially removing Ag (Craw et al., 2015; Haugh 

et al., 2007; Shuster & Southam, 2015). Concentration of supergene-Au appears to occur in a 

variety of climates from arid deserts (Fairbrother et al., 2012) to wet temperate zones (Reith 

et al., 2012). 

 Supergene concentration often forms the ‘cherry on top’ for gold deposits. For example, 

many of New Zealand’s orogenic deposits hold elevated Au levels due to hypogene 

concentration, but such locations only reached economic Au-levels as a result of supergene 

processes removing the Au from sulphides and concentrating it further (Craw et al., 2015). 

1.4 The Geology of New Zealand 

Regional Setting and Zealandia 

Zealandia is a geologically defined mostly submerged continent situated in the 

southwest Pacific Ocean, of which the islands of New Zealand and New Caledonia make up 

the majority of the ~6% exposed above sea level (Mortimer et al., 2017). Its basement is 

composed of mostly back-arc, front-arc, and arc fragments spanning ~500 Ma of exposed 

crustal history (Scott et al., 2018). Over the Palaeozoic-Mesozoic, Zealandia was accreted to 

the eastern edge of the supercontinent Gondwana, being connected to the continental crust 
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of Australia and Antarctica (Cawood, 2005). Extension began to separate Zealandia between 

~109-84 Ma with the formation of the Tasman ridge. A second stage of rifting from ~84-82 

Ma finally isolated the continent and sent it on the trajectory to where is currently sits (Kula 

et al., 2007). Crustal thinning processes caused by extensional faulting and large-scale erosion 

forced the newly isolated continent to a total, or near total submergence by ~23 Ma, at which 

point the formation of a major plate boundary between the Australian and Pacific Plates 

nearly split Zealandia in two (Mortimer, 2004, Graham, 2015). Initially being a driving force of 

the subsidence of Zealandia via extension, this boundary changed to be the focal mechanism 

of uplift with the ~23 Ma convergence of the two plates leading to the oblique uplift of the 

Southern Alps in the South Island and the formation of subduction-related volcanics in the 

North Island (Graham, 2015). In modern times, Zealandia extends for several hundred 

Figure 1: Simplified map of Zealandia. Mercator projection used. Au: Auckland Islands. 
Ca: Campbell Island. An: Antipodes Islands. B: Bounty Islands. Ch: Chatham Islands. L: 
Lord Howe Island. K: Kermadec Island. New Caledonia. Cf: Chesterfield Islands. N: 
Norfolk Island. Modified from Mortimer et al., 2017. 
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kilometres south of, and thousands of kilometres north of New Zealand (Mortimer et al., 

2017).  

Present-day New Zealand consists of three main islands making the majority of the total land 

mass: the North Island, the South Island, and the smaller Stewart Island in the very south (fig. 

1). 

 Provinces, Terranes, and Batholiths 

New Zealand’s geology is split into two juxtaposed groups of terranes: the Eastern and 

Western Provinces (fig. 2). The Eastern Province is formed of seven of the nine formally 

recognised terranes, forming much of the South Island and almost all the North Island (fig. 3). 

It is composed of the younger basement rocks of New Zealand, spanning in age from the 

Permian Rakaia Terrane to the early Cretaceous Pahau Terrane (Mortimer, 2004). The Eastern 

Province is lithologically diverse being composed of igneous intrusives/extrusives and their 

related volcaniclastics, and sediments stretching from deep marine to terrigenous 

environments (Mortimer, 2004). In contrast, the Western Province is composed of only two 

terranes: the Takaka and the Buller. These two terranes are found onshore along the west 

coast of the South Island and in minor amounts in Stewart Island’s Tin Range, being offset 

several hundred kilometres by the Alpine Fault (fig. 2). They represent the oldest known 

crustal rocks of New Zealand, having formed from the Cambrian to the early Devonian in 

separate basins and are thought to have been accreted onto each other during the mid-

Devonian through E-W shortening on what is now the Anatoki Thrust Fault; this fault still 

represents the terrane suture and has been reactivated in places (Jongens, 2006; Mortimer, 

2004). The Buller Terrane is dominantly composed of repeating greenschist facies meta-

psammite/pelite turbidite sequences and shales deposited during the late-Cambrian to mid-

Devonian in a paleo-ocean basin coming off the eastern edge of Gondwana’s Ross-Delamerian 

Orogen (Foden et al., 2006; Mortimer, 2004). The Takaka Terrane is lithologically more 

diverse, having formed in the Cambrian to early-Devonian from various igneous suites, 

melanges, and sediments from varied depositional environments (Mortimer, 2004).  

The Median Batholith is a large set of Devonian to early-Cretaceous igneous suites, most of 

which are plutonic in origin, felsic-intermediate in composition, and Triassic early-Cretaceous 

in age (Mortimer et al., 1999). Emplacement of the Median Batholith represents several 

paleo-subduction margins spanning ~250 million years on the continental margin of southern  
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Figure 2:  The Western Province of New Zealand. Compiled from Allibone & Tulloch, 2004; Cooper, 1989; Turnbull et al., 2010.  
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Gondwana (Mortimer et al., 1999; Turnbull et al., 2010). Like the Western Province, it is offset 

over a considerable distance by the Alpine Fault, now being found in the SW and NW of the 

South Island, most of Stewart island, and the very western edge of the Taranaki Cape, North 

Island (fig. 2). It has been intruded into the fault zone separating the Takaka and the Brook 

Street terranes (fig. 2), therefore both obstructing the nature of the fault-suture and marking 

the separation of the Eastern and Western Provinces.  

 The Geology of Fiordland 

Fiordland is almost entirely composed of the Western Province and intruded Median 

Batholith. The Batholith material makes up the majority of outcropping geology. Takaka 

Terrane metasediments form a central core and sporadic west-coast outcrop, and minor 

Buller Terrane material is found in the central south and north west (Turnbull et al., 2010). 

Eastern Province material is very minor being found only as slivers of the Dun Mountain-Matai 

and the Brook Street terranes in the very northeast of Fiordland (Turnbull et al., 2010). The 

only confirmed Fiordland Takaka Terrane material is the amphibolite facies middle-late 

Cambrian Edgecumbe Group metasediments, however, the amphibolite facies probable-

Cambrian Cameron Group metasediments are strongly suggested to likewise be of the Takaka 

Terrane (Turnbull et al., 2010). The Edgecumbe and Cameron Groups are a conformable 

succession, sometimes separated by faults; both groups are likely to have been deposited in 

a paleo-volcanic island arc basin with the Edgecumbe Group lying stratigraphically above. The 

formation of a  

Palaeozoic back-arc basin, separating the Takaka Terrane volcanic arc and the Austro-

Antarctic Gondwana crust allowed for the deposition of the sediments now inferred to be but 

not yet confirmed as Takaka Terrane; such units are the Paleozoic Deep Cove Gneiss and 

components of the Palaeozoic Mount Irene Complex. The confirmed Fiordland Buller Terrane 

is represented by the Ordovician Fanny Bay Group having been deposited in a basin adjacent 

to the Austro-Antarctic sections of the paleo-Gondwana continental margin (Adams, 2004; 

Turnbull et al., 2010).   

Late-Cambrian to mid-Cretaceous Median Batholith plutons make up at least 75% of 

Fiordland’s geology (Turnbull et al., 2010). Two loosely defined sub-groups are named for the 

eastern and western Fiordland Median Batholith material; a western ‘inboard’ and an eastern 

‘outboard’ group, each representing proximity to the Gondwana paleo-continental margin  
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Figure 3: Regional geology of the Fiordland and Preservation Inlet areas. Compiled using information from Turnbull et al., 2010. 
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(Turnbull et al., 2010). Several of the western group plutons, all emplaced between 125-114 

Ma, have been metamorphosed to form the granulite facies Western Fiordland Orthogneiss; 

this is a regionally extensive monzodiorite-monzonite unit covering much of western 

Fiordland (Allibone et al., 2009b; Turnbull et al., 2010). Some sections have been overprinted 

by high-grade granulite-eclogite-amphibolite facies metamorphism, representing high 

pressure subduction to/emplacement at ~40-80 km depth and subsequent uplift (Allibone et 

al., 2009a; Turnbull et al., 2010).  

Mineralisation of economically important minerals include felsic pluton related molybdenite 

(MoS2) on Pomona Island (Lake Manapouri) (Scott & Palin, 2011), pegmatite hosted cassiterite 

(SnO2) at Wilmot Pass (Christie & Brathwaite, 1997a), metamorphics hosted Cu mineralisation 

at Mount Solitary, shear zone hosted hydrothermal Pb-Zn-Cu concentration in the Dana Peaks 

(Allibone et al., 2010), and the hydrothermal Au mineralisation in Preservation Inlet that is 

the focus of this thesis (Begbie et al., 2005; Gollan, 2006). 

 The Geology of Preservation Inlet 

 Several Median Batholith suites are recorded from southern Fiordland. These are 

almost exclusively inboard felsic-intermediate plutons intruded over the majority of the 

Palaeozoic-Mesozoic (Turnbull et al., 2010). Minor Mesozoic outboard Median Batholith 

occurs in the east (Turnbull et al., 2010). The southern Fiordland Median Batholith is intruded 

into both Buller and Takaka Terrane metasediments. Of these two, Takaka Terrane material 

is regionally more extensive covering much of the central south, however, these 

metasediments are only inferred as being Takaka Terrane (Cameron Group, undifferentiated 

sediments) (Turnbull et al., 2010). Buller Terrane material is confirmed as the Fanny Bay 

Group, forming a ~N-S striking unit in central-western Fiordland. The role of faulting is not 

entirely clear, however, it is evident that several large faults are present in southern 

Fiordland, including the mostly strike-slip Hauroko Fault thought to be the most active 

Holocene structure in SE-Fiordland, producing ~20 km of horizontal displacement (Melhuish 

et al., 1999; Turnbull et al., 2010). Transgressive sedimentation is recorded in the mid-

Cretaceous to Oligocene sediments of the Balleny Basin, mainly being found in the 

Preservation Inlet to Chalky Inlet areas of SW Fiordland. Extensive Holocene glacial debris and 

uplifted marine terraces are present, particularly east of Hauroko Fault indicating a possible 

link between the two.  
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Preservation Inlet itself is dominantly composed of three lithologies; the I-S type Rahu Suite, 

the Buller terrane Fanny Bay Group, and the Cretaceous-Oligocene Puysegur Group (Pocknall 

& Lindqvist, 1988; Turnbull et al., 2010). The Rahu Suite is a group of intermediate-felsic 

plutonics defined by their ~120-105 Ma transitional I/S type granitoids and unique ratios of 

Sr (Allibone & Turnbull, 2007; Waight et al., 1997). This suite is named after such plutonics in 

central and southern Westland. Cretaceous plutonics in the SW section of the Inboard 

Fiordland Median Batholith are tentatively grouped with the Westland Rahu Suite based upon 

their Sr elevation and prevailing granodioritic compositions (Allibone & Tulloch, 2007). The 

Fiordland Rahu suite is composed of several plutons and igneous intrusive units, of which 

Preservation Inlet hosts one major pluton: the I-type granitic ~140 Ma Revolver Pluton. 

Several smaller units are described but cover only minor areas (<~15 km2) (Gollan, 2006).  

The Buller Terrane Fanny Bay Group is a Fiordland correlative of the Westland Greenland 

Group and the Marlborough Golden Bay Group (Turnbull et al., 2010). It is composed of five 

Ordovician turbiditic units; the Lumaluma Formation, Preservation Formation, Burnett 

Formation, Fanny Formation, and Green Steam Formation. The early-middle Ordovician 

Preservation Formation dominates in the Preservation Inlet area, being described as 

interbedded upper greenschist facies quartz-rich metapsammites and graphitic metapelites 

(Begbie et al., 2005). Despite having localised Rahu Suite induced contact metamorphism, 

regional greenschist facies metamorphism, and both a brittle and ductile deformation 

overprint, the Preservation Formation stills shows clear sedimentary features (Turnbull et al., 

2010). This is evident by obvious turbidite Bauma Sequences, and locally fossiliferous beds 

(graptolites, brachiopods) (Turnbull et al., 2010; this research).  

The Puysegur Group is a sequence of two formations showing a major transgression of 

lacustrine to deep marine sediments from the mid-Cretaceous to the Oligocene, deposited 

within the Balleny Basin (Pocknall & Lindqvist, 1988).  The Puysegur Group sits unconformably 

on both the plutonic and Fanny Bay Group basements and is not thought to be 

metamorphosed (Pocknall & Lindqvist, 1988). Minor Quaternary sedimentation is found as 

the 1.2-0.5 Ma Kisbee Formation; this unit is composed of mudstone, gravels, and till, having 

formed in cold, deep water conditions during a glacial period (Turnbull et al., 2010).  

Both the eastern and western sides of Preservation Inlet host Au reserves. The Te Oneroa Au 

that is the focus of this research is found in quartz veins hosted by the Preservation Formation 
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in areas with no apparent contact metamorphism overprint (Begbie et al., 2005). Known 

associated mineralisation includes Fe-Cu-Zn and minor Pb-Ag-As-Te. On the northern side of 

the inlet lies another quartz vein Au concentration in Cuttle Cove, this time hosted by the 

Rahu Suite Treble Mountain Granite (Gollan, 2006). This deposit is enriched in Fe-Zn-Pb-As 

with minor Ag-Cu and is described as igneous in origin, and possibly epithermal by Gollan 

(2006). Gollan (2006) suggests a genetic link between the two Preservation inlet deposits 

based on described mineralogy and spatial relationships; this is unsubstantiated. 

 Both Gollan (2006) and Begbie et al. (2005) describe the Preservation Inlet gold system as 

possibly being linked to the similar Au-deposits of the Aorere goldfield and the Golden Blocks 

goldfield, respectively, both of which occur in NW Nelson; this is conflicting as the Aorere 

goldfield is described as a possible volcanogenic massive sulphide deposit hosted in Takaka 

Terrane metasediments (Chrisite & Brathwaite, 1997b; Mason, 2015), and the Golden Blocks 

goldfield is described as being orogenic in origin (Burgess, 1978; Christie & Brathwaite, 

1997b). 

1.6 Gold in New Zealand: A Geological Perspective  

 New Zealand has a long history of gold exploitation. The discovery of gold in 

Coromandel, Otago, Westland, and Marlborough in the 1850’s-60’s helped form the basis of 

the country’s economy during its infancy, with mining of either placer or hard rock gold having 

been undertaken on all three of New Zealand’s main Islands since (North, South, Stewart) 

(Christie & Brathwaite, 1995; Thompson et al., 1995). After the 2016 closure of the orogenic 

Globe Progress mine in Reefton, the orogenic Macraes (Otago) and the epithermal Waihi 

(Waikato) deposits are currently the only source-rock Au mines in the country and produce 

the majority of New Zealand’s annual gold (NZPAM, 2018). The remaining gold in New Zealand 

is mined from small scale placer deposits, particularly in the South Island (Christie & 

Brathwaite, 1997b; Thompson et al., 1995). In order to classify and properly describe the Te 

Oneroa Bay Au-deposits, a description of New Zealand’s gold systems is presented here (fig. 

4). 

 Orogenic Deposits 

The South Island is dominated by orogenic gold hosted in low-grade regionally 

metamorphosed turbidite sequences. Although Au is found at high concentrations within 
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these orogenic deposits, many economic concentrations of Au have historically been found 

in the oxidised upper 20-30 m of deposits as a result of supergene concentration  (Burgess, 

1978; Craw et al., 2015; Christie & Brathwaite, 2002; Pitcairn et al., 2006). Most turbidite 

hosted deposits show a prevelent prehnite-pumpellyite to greenschist facies metamorphism 

but range in texture from low-grade phyllites and shales with original sedimentary features  

(e.g. Bauma sequences, fossils, cleavage) to high-grade schistose overprints (Begbie et al., 

2005; Christie & Brathwaite, 1997b). Although the South Island’s orogenic deposits are 

Figure 4: Gold deposits of New Zealand. Compiled with information from and using the style of 
mineralisation (e.g porphyry, orogenic) definitions used in the New Zealand minerals reports on 
gold (Christie & Brathwaite, 1997b; Thompson et al., 1995. 
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generally hosted in meta-turbidites of similar metamorphic facies, there are distinct 

differences between the phyllite-shale hosted and the schist hosted deposits. No orogenic 

deposits are known from the North Island (fig. 4).  

The phyllite-shale meta-turbidite lodes are mostly found in Westland’s Reefton area, hosting 

some of New Zealand’s highest-grade gold deposits (Christie & Brathwaite, 1997b). 

Geologically similar Au-provinces are found in Westland’s Lyell and Mt Greenland areas, 

Nelson’s Golden Blocks area, and Fiordland’ Preservation Inlet. Three turbidite units host 

these deposits: Fiordland’s Fanny Bay Group, Westland’s Greenland Group, and Nelson’s 

Aorangi Mine Formation (Burgess, 1978; Christie & Brathwaite, 1997b). Preservation Inlet’s, 

Golden Block’s, and Westland’s phyllite-shale hosted Au-deposits are all geologically linked 

by several factors; namely, all deposits are found in Ordovician Buller Terrane low-grade 

metasediments of which the Fanny Bay Group, the Greenland Group, and the Golden Bay 

Group are thought to be topographically separated sedimentary correlatives of one-another 

(Christie & Brathwaite, 1997b). While the Golden Blocks area Aorangi Mine Formation is 

described as being distinct from the Golden Bay Group, the formation lies stratigraphically 

above the Golden Bay Group and is thought to be part of the same sedimentary series 

(Burgess, 1978; Cooper, 1979).  

The gold in all locations is found within lode zones typically located on the overturned flanks 

of anticlines in which sheeted lenticular Au-bearing quartz-carbonate veins, usually <1.5 m in 

width, steeply intrude along fault zones or the contact between black shales and quartzose 

sandstones (Burgess, 1978; Christie & Brathwaite, 1997b; Dickie et al., 2018; Jury, 1981). 

Gangue mineralisation is commonly dominated by pyrite-arsenopyrite-chalcopyrite and 

various accessory Fe, Cu, Zn, As, Sb, Pb, and Ba sulphide/sulphosalt minerals (Burgess, 1978; 

Chrisite & Brathwaite, 1997b; Jury, 1981; Soong & Olivecrona, 1975; this research). Elemental 

concentrations are found both in the Au-bearing quartz veins and the hydrothermally altered 

sediment hosts, however, the gold itself is mostly recorded at economically viable 

concentrations only within quartz veins. While this element trend is common between the 

various regions, abundances and mineral form vary. This is most evident by the change in Sb 

minerals, being dominantly hosted by stibnite (Sb2S3) in the Reefton area and tetrahedrite 

((Cu,Fe)12Sb4S13) in the Preservation Inlet/Mt Greenland areas (Begbie et al., 2005; Jury, 1981). 

Current timing of Au-mineralisation events of these deposits are poorly constrained. Reefton 



[20] 
 

goldfield upper and lower age limits of ~375 Ma and ~118 Ma may be indicative of the 

correlated deposits also (Dickie et al., 2018; Jury, 1981; Robinson & Scott, 2019).  

Remnants of the paleo Ross-Delamerian Orogen are found in Antarctica and southern 

Australia. This orogen formed in the early-middle Cambrian along the eastern flanks of 

Gondwana enabling the formation of an ocean basin (Foden et al., 2006). Subsequent basin 

infill over the Cambrian-Devonian created large sequences of dominant turbidite lithologies 

now found as New Zealand’s Buller terrane, Australia’s Lachlan Fold Belt, and Antarctica’s 

Bowers Mountains (Bradshaw, 2007; Cooper & Tulloch, 1992; Foden et al., 2006). The geology 

in these areas is linked through their probable deposition in the same basin at similar periods 

and likewise share general sequences of homogenously alternating turbidites with sporadic 

carbonaceous beds and intrusions of basalt, have a general greenschist facies metamorphism, 

similar deformation histories, and importantly all host orogenic gold deposits (Bierlein et al., 

2004; Christie & Brathwaite, 1997b; Crispini et al., 2011). This suggests a possible regional link 

between the Au-fields in Australia’s Lachlan Fold Belt, Antarctica’s Bowers Mountains, and 

New Zealand’s Buller terrane.  

Schistose-turbidite Au-deposits are mostly found in the Haast Schist of Otago, Marlborough, 

and the Southern Alps. These turbidites are unrelated to the Ordovician Buller terrane Au-

hosting turbidites and are instead part of the Torlesse composite Terrane, of which two 

smaller terranes adhere to make this composite; the Cambrian-Triassic Rakaia Terrane, and 

the Jurassic-Cretaceous Pahau Terrane (Cooper & Ireland, 2013; Mortimer, 2004). These are 

composed of alternating sequences of dominant greywacke-argillite successions and sporadic 

chert, limestone, basalt, and tuffaceous beds which have been regionally metamorphosed to 

a dominant greenschist facies lithology during the Jurassic collision of the terranes onto 

eastern Gondwana, and exhumed in the Neogene (Cooper & Ireland, 2013; Mortimer, 2004). 

Some areas are at lower or higher metamorphic grades, namely zeolite to prehnite-

pumpellyite facies in the Pahau terrane and amphibolite facies in the Southern Alps, however 

the majority of the Au-deposits are found in greenschist facies schists (Cooper & Ireland, 2013; 

Craw, 1992). Individual deposits are generally found within <1 m wide lensoidal quartz veins 

intruded within steeply dipping shear zones with normal dip-slip motion (Christie & 

Brathwaite, 1997b). Associated mineralogy commonly includes pyrite, scheelite, and 
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arsenopyrite, and less common stibnite, galena, sphalerite, chalcopyrite, and cinnabar 

(Christie & Brathwaite, 1997b).  

It is important to note that New Zealand’s largest gold deposit, the schist hosted Macraes 

mine does not follow the general trend of New Zealand’s schistose Au. The Macraes deposit 

is instead related to the low angle reverse-slip thrust Hyde-Macraes Shear Zone in which gold 

is mainly mined from carbon-rich hydrothermally altered schist pods as disseminated 

microparticulate-Au found within pyrite (Petrie & Craw, 2005). This is likely due to Macraes 

being a pure-hypogene deposit, with the quartz-vein hosted gold dominantly being supergene 

in origin. It is widely recognised that supergene concentration was a key component to 

creating economic grade-deposits in the schist hosted Au-deposits, particularly in Otago 

(Craw et al., 2015).  

 Igneous Deposits 

 Three modes of igneous Au mineralisation are known from New Zealand; epithermal, 

porphyry, and one possible volcanogenic massive sulphide deposit (Christie & 

Brathwaite,1997b).  

Epithermal mineralisation has historically been and still is today the focus of economic 

igneous Au concentration in New Zealand. All confirmed New Zealand epithermal deposits 

occur in the North Island and most of these are combined Au-Ag deposits within the Hauraki 

gold field (Christie & Brathwaite, 1997b; Christie et al, 2007). Just one possible low 

sulphidation epithermal Au-deposit is identified from the South Island in Fiordland’s 

Preservation Inlet (Gollan, 2006). The majority of the epithermal systems formed during the 

Miocene-Pliocene as a result of intensified subduction related calc-alkaline magma intrusions 

in the Coromandel Volcanic Zone (Cocker et al., 2012). Large lineaments (~80 km long, 3 km 

deep) are known from the Hauraki gold field (Bahiru et al., 2019). These regional structures 

are thought to be important in the transport of hydrothermal fluids from a common source 

at depth, creating multiple geochemically linked Au-Ag epithermal deposits across the central 

North Island (Bahiru et al., 2019). Dacites and andesites are the most common host rocks for 

the epithermal Au-Ag deposits, with this dominant lithology likely stemming from the low-

permeability/porosity and high-competency of the intermediate intrusions creating greater 

fracture networks and ultimately enabling localised fluid flow (Christie et al., 2007). The 

Hauraki epithermal Au-Ag deposits are characterised by steeply dipping ~1-5 m wide porous 
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quartz-carbonate veins and associated adularia and ilmenite intruding intensely altered 

dacite/andesite (Christie & Brathwaite, 1997b; Christie et al., 2007). The lode zones 

dominantly occur as disseminated electrum (Au-Ag), and numerous Ag, Cu, Zn, and Pb 

sulphides, sulphosalts, and tellurides (Christie & Brathwaite, 1997b).  

New Zealand porphyry Au deposits are focused around felsic intrusions of the Median 

Batholith. Most of these occur in the South Island, but some isolated Au-bearing quartz veins 

also outcrop in Stewart Island’s Ruggedy Range (Christie & Brathwaite, 1997b). Historically, 

such deposits were important for local communities but none of the discovered lodes carried 

particularly high Au-grades and as a result no porphyry Au-mines are in operation in New 

Zealand today (Christie & Brathwaite, 1997b; Jury, 1981; NZPAM; 2016). These deposits are 

isolated and do not show much uniform features between them (Christie and Brathwaite, 

1997b). Some similarities are found in that most are deposited in Takaka or Buller Terrane 

metasediments in quartz veins or porphyritic pera-alkaline intrusions with associated Pb-As-

Zn-Cu-Fe sulphide and sulphosalt mineralisation (Chrisite & Brathwaite, 1997b; Faure & 

Brathwaite, 2006; Jury, 1981). Isolated examples unrelated to Median Batholith intrusions are 

found in Au-Cu bearing quartz veins sometimes spatially associated with epithermal Au 

systems in the Hauraki goldfield and Northland, and the Au-Pt-Pd mineralisation in 

Southland’s Longwood Range (Christie & Brathwaite, 1997b; Simpson et al., 2004; Cowden et 

al., 1990). It should be noted that many of New Zealand’s Au-bearing porphyries would 

benefit from further study as a number are only indicated as being porphyry and not 

confirmed; e.g Sam’s Creek, Ruggedy Range, and the Longwood Range (Christie & Brathwaite, 

1997b; Faure, 2006; Cowden et al., 1990).   

A singular Au-Ag rich possible metamorphosed volcanogenic massive sulphide equivalent 

described from the Aorere Goldfield, NW Nelson, in which several mines historically worked 

(Christie & Brathwaite, 1997b; Mason, 2015). The low angle Johnston Fault juxtaposes Takaka 

Terrane schist and phyllite upon each other in which a sericite-quartz schist hosts a quartz-

pyrite lode as bands and within quartz veins (Christie & Brathwaite, 1997b; Mason, 2015). The 

gold is thought to be concentrated to the previously mined economic levels through 

supergene processes (Mason, 2015).  
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Chapter Two: Gold Mining and Links to Geology 

2.1  Preservation Inlet Gold Mining History 

Gold was discovered in Preservation Inlet in 1868 (Brown, 2013). Quantities were 

significant enough to start a sizeable gold rush, whereby during its peak in the late 1890’s four 

blocks with over 30 individual mining claims had been carved out in the area on both the 

north and south sides of the Inlet and on the islands in-between. The majority of these claims 

are situated on a single N-S strike (Fig. 1). It is unclear if these mining claims were issued for 

alluvial mines, hard-rock mines, or a combination thereof. Alluvial gold mining was a common 

practice in the area, with Quaternary placer deposits mined to produce impressive quantities 

(Brown, 2013). For example, over 11 kg of alluvial gold was mined from Coal Island’s 

Moonlight Point alone in its first year of production; this includes a ~16-ounce nugget which 

holds the title as one of New Zealand’s largest to this day (Brown, 2013). Shafts were sunk in 

the area in hopes of finding the source rock, however, only three successful hard rock mines 

were formed: Morning Star, Alpha, and Golden Site (Petchey, 2015) (Fig. 1, 2). From the 

success of these mining ventures, two small towns were formed: Te Oneroa on Long Beach, 

and Cromarty in Kisbee Bay (fig. 2) (Petchey, 2015). Following the boom and bust cycle so 

common with gold, mining was relatively short-lived and by the early 1900’s few settlers 

remained in the area (Brown, 2013). Today there are no permanent residents. It should be 

noted that in this chapter gold grades have been converted from the recorded imperial 

ounces and tons to metric kilograms, grams, and tonnes.  

Long Bay is mostly a cobble-boulder beach on a rough NE-SW orientation with two small 

headlands at either end of its ~1 km length. In the middle of the Bay lies the historic Te Oneroa 

township (fig. 2). In its prime this town was composed of three named streets: McKenzie, 

Holloway, and Ellis, 20-30 houses, and one main wharf (Fig. 3). Today all that remains are the 

largely eroded stilts of the wharf (Fig. 3), pieces of concrete walls, and the occasional ancient 

plank of wood, broken glass bottle, or rusted iron. The two-person Te Oneroa hut has been 

built in recent years and is maintained by D.O?C., being situated in roughly the same spot as 

the head of the historic Holloway Street (fig. 3). 
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Figure 1: Mining claims of the Preservation Inlet area, 1898, where the yellow claim is Alpha, the green is 
Morning Star, and the blue is Golden Site. The pink claim is the only other studied mineralisation in 
Preservation Inlet, the Tarawera mine – called Terewai on this claim map (Gollan, 2006). Taken and 
edited from Petchey (2004). 
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Figure 2: Tracks and human influence in the Te Oneroa area. Topography from ArcGIS. 
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Figure 3: Original plans of the historic Te Oneroa township, 1897 (Petchey, 2004). B) Photograph of the original Morning 
Star Au-processing site, 1898 (Petchey, 2004). C) 2019 photograph of the same view as picture B – taken from Long Beach, 
looking SE. D) All that remains of the wharf, and the only structure left of the Te Oneroa township (looking NE). 
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2.2  Morning Star mine 

Morning Star Mine is situated on the flanks of and within a steep sided and fault bounded 

river valley draining into Long Bay. The mine was formed in 1895 and was last mined in 1913 

(Petchey, 2004). Over this 18-year period the mine went through patchy and low-quality ore. 

As a result, mining was not carried out for the entire 18 years. Reports indicate this mine was 

chasing gold-bearing quartz reef, however, descriptions of whether it was a single quartz vein, 

or a zone of smaller veins could not be found.  

In its prime, the gold-bearing quartz reef was the richest in the Preservation Inlet area with 

records of 255 g of gold per 0.9 tonnes of ore at its formation (Petchey, 2004). A record of the 

total life production could not be found. By the time it was fully closed down the mine 

consisted of 6 adit levels connected by a number of shafts. A large 10 head stamper, a pelton  

Figure 4: Mine plans and general geology structure of Morning Star mine as of 2019. 
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wheel, self-loading mine carts, a steam boiler, and 14 berdans comprised the gold processing 

site by 1913. Petchey (2004) undertook an archaeology review of the area, with 2019 

observations still following this report ~15 years on (fig. 4). What remains today of the 

processing site is the well-preserved steam boiler and the camshaft of the stamper, which is 

Figure 5: The Morning Star mine: A) AMD filled adit, lowest entrance. B) The only adit still open and not filled with sludge, 
topmost adit. C) The old iron steam boiler at the Morning Star processing site. 
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unfortunately half buried in alluvium (fig. 4, 5). Only three adit entrances to the mine are 

intact and un-collapsed, two of which are severely clogged up with thick acid mine drainage 

(AMD) sludge and severely weathered interiors (fig. 5) The only relatively intact entrance is 

the top most adit found at ~200 m elevation (Petchey, 2004), just off the true left of the 

stream (Fig. 5); this can be reached either by clambering up the narrow river valley or 

following the steep D.O.C. track leading to Alpha mine. Access to the lower AMD filled 

entrances are found by following the D.O.C. track from behind Te Oneroa hut. This track leads 

to the processing site, and the lower-most level ~30 m to the west of this, whereas the middle 

entrance is found by walking up the stream valley ~150 m from the processing site where the 

entrance is located just off the true right of the stream in a well exposed basement outcrop; 

it is at this site where a collapsed mine entrance is inferred by AMD seeping through the steep 

soil bank ~10 m upstream.  

The mines in this area are very clearly 

leaching severe bright-orange acid mine 

drainage from both the adits and the waste 

rock into the small stream. This stream is 

officially un-named and is not present on 

official topographic maps; in this thesis it 

will be called Orange Juice Stream owing to 

its colour. Orange Juice Stream has a low 

flow and stops and starts at its base where it seeps through an alluvial fan. Begbie et al. (2005) 

undertook initial water quality tests from these mines and found high levels of As-Cd-Ni-Pb-

Cu, when compared to both the stream water from above the mines and the freshwater 

species protection guidelines of Australia and New Zealand (Tab. 1). While it is clear these 

mine adits are leaching toxic compounds into the environment, acid mine drainage also starts 

from small springs leaching from the well worked alluvial fan formed at the base of the 

stream, and indeed a bright orange spring seeps from the ground directly behind Te Oneroa 

hut. The alluvial flan is a natural feature in this area and therefore it is unclear how much of 

the AMD seeping through it is natural. It should be noted, however, that very angular gold-

bearing ore and sulphide rich wall rock are well worked through the fan, indicating their 

probable origin from the Morning Star mine.  

Table 1: Water quality tests of Orange Juice Stream by Begbie 
(2005). 
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2.3  Alpha Mine 

 Alpha Mine can be found by following the D.O.C. track from Te Oneroa Bay up onto 

Macnamara Plateau and into a tight stream valley (fig. 6). It should be noted this plateau is 

officially un-named, but for the purpose of this thesis will be called Macnamara Plateau owing 

to the Macnamara Creek that runs through its centre. Alpha Mine itself is tucked into the 

headwaters of the ~E-W orientated Sealers #1 creek. It lies amongst thick regenerating native 

bush and occasional rocky outcrop mostly in the creek itself. The Alpha site was found when 

sluicing exposed gold-bearing quartz vein(s) in 1895; mining of these vein(s) commenced 

within a few months of this discovery. The mine operated intermittently until 1907 when 

sluicing operations took over once again. The mine returns were reportedly of very high 

grades. For example, reports state that in 1900, 7.5 kg of gold was mined from ~1236.5 tonnes 

Figure 6: The Alpha Mine area as of 2019. 
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or ore giving an average grade of ~5.5 g per tonne (Petchey, 2004). Like the other mines, the 

ore is reported as patchy (Petchey, 2004). No descriptions of the gold-bearing quartz vein(s) 

could be found.  

This mine is most impressive by the intact processing equipment situated in a small clearing 

on the true left of the creek. It consists of a complete and still standing 10-stamp battery with 

attached gold-catching table, two large berdans, a fully intact large iron safe, and various 

pieces of scattered iron machinery and roofing. A pelton wheel reportedly from Alpha mine 

can be observed on display in the Department of Conservation office in Te Anau. Descriptions 

of the mine by Petchey (Fig. 6,7) (2004) show just one main shaft, now collapsed. This shaft 

was reputedly dug to a depth of ~43 m.  Further inspection of the area shows there to be at 

least one other collapsed mine entrance likely to have been an adit but now heavily obscured 

by dirt, and a number of pits and ditches that may be a combination of test digs and drainage. 

This newly identified mine entrance is located ~50 m upstream of the stamper on the true 

right bank, being identified by rusted iron cart rails, historic cut timber, and a ditch leading 

into the hillside slump where the mine entrance would have been (Fig. 7). This entrance is 

oriented at ~320°, nearly directly north of the main shaft. This appears to have been an 

entrance to an adit as it leads into a hillside, however, given the number of historic mining 

claims in this area it is unclear if this mine was part of the successful Alpha Mine or from a 

separate claim just to the north hoping to strike gold. Mullock outside the entrance contained 

quartz but gold was not observed. The main shaft is obvious, ~15 m north of the stamping 

equipment on the track. The shaft is ~4-5 m2 in size, being collapsed to a depth of ~3 m where 

it is infilled both by wall rock material and large granite boulders presumably deposited in the 

top sediments by ancient glaciers. Directly next to the mine are two large pulley wheels, 

presumably used to pull the elevators inside the shaft.  

One interpreted test dig, found on the true right of the creek ~20 m downstream from the 

stamper, was evidently chasing a small ~10 cm thick milky quartz vein. This vein was sampled 

but is barren of gold. The dig itself had either collapsed or the miners stopped digging after 

~1.5 m. There is abundant evidence for sluicing in the area as seen by the scars the water 

blasting left behind and large iron water pipes scattered throughout the bush. No AMD was 

observed at Alpha Mine.  
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Figure 7: The Alpha Mine site as of 2019. A) Collapsed adit inferred by iron tram rails (inset), mullock heap, and digging 
(yellow dashed line). B) The old rusted mine safe. B) The processing equipment at the mine. D) The very well-preserved 
stamper at the processing site 
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2.4  Golden Site Mine 

Golden Site Mine is situated on the banks of the Wilson River. The gold-bearing quartz 

vein(s) was reportedly discovered in 1892 when an alluvial gold worker felled a tree on the 

bank of the Wilson River. This tree fell across the river and uprooted a tree on the true left 

bank, uncovering the gold lode under its roots (Petchey, 2004). Mining was first carried out 

on the true left of the river, with the lode being traced onto the true right where the main 

shaft was dug. On the final closure of the mine in 1901 the mine consisted of 2 levels leading 

underneath the river and connected to the main shaft which had reached a depth of ~65 m.  

Figure 8: The Golden Site mine area as of 2019. 
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Figure 9: Historic machinery of Golden Site Mine, as of 2019. A) The decaying 10 head stamper battery. B) Pelton wheel 
and winch on the Wilson River bank. 
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Similar to both Morning Star and Alpha mines, the gold grades were patchy but profitable for 

a number of years. Total grades and quantities could not be found but the mine is said to have 

had periods of significant production with the most successful year of Golden Site being in 

1895 where ~24.8 kg of gold from 1048 tonnes of ore was produced (Petchey, 2004). This 

holds the averaged mined grade during this year of ~21.3 g per tonne of ore.  

A ~7 km long tramway was built leading from the historic township of Cromarty on the coast 

to the mine itself. The occasional rusted rail and tram wheel are all that are left of the tramway 

itself but the path of the tramway is well preserved and is the main track to the mine site to 

this day, being well marked and cleared by D.O.C. The processing site existed of a 10-stamp 

battery, two large pelton wheels, water pumps, two berdans, and a gold recovery table. 

Records state explicitly that mercury - ‘quicksilver’ - was used to extract gold from the crushed 

ore on the recovery table (Petchey, 2004). Mercury is still found today as small droplets by 

gold panning sediments from around the processing site.  

Since the 2004 archaeology review of the mine site by Petchey the area has become 

significantly more overgrown and weathered. The collapsed main shaft can still be easily 

found, being ~6 m2 in size, as can a number of rusted water pipes, a ~6 ft pelton wheel, the 

water race, and the highly weathered but still standing 10-stamp battery, all of which are 

found on the true right of the river (fig. 8,9). The collapsed adit described by Petchey (2004) 

could not be identified, presumably due to overgrowth of moss and plants, nor could the 

berdans supposedly situated just to the south of the stamper due to a small landslide now 

covering this area, however, the edges of a concrete pad could be found under the rubble.  

None of the workings on the true left of the river could be identified due to a large landslide. 

No AMD was observed from the Golden Site Mine.  

2.5  Tarawera Mine 

The Tarawera Mine and claim is located on the northern side of Preservation Inlet in 

Cuttle Cove. It lies isolated by itself and does not appear to be on strike with any of the other 

gold claims in the area (fig. 1). It should be noted that on the historic claim map from 1898 

the claim was under a different name, called Terewai (fig. 1). This mine was not visited for 

this thesis. Gollan (2006) gave an in-depth description of this mine as part of his MSc thesis, 
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describing it as a combined Au-Ag mine. It was directly on the coast having only operated for 

approximately two years from 1895-1897 whereby a breach by the ocean flooded the mine.  

The mine is hosted within the early Cretaceous Treble Mountain Granite, in which Au-Ag lodes 

were reportedly found within ~2 m thick quartz vein swarms associated with arsenopyrite, 

chalcopyrite, pyrite, sphalerite, and galena. No Sb-minerals are mentioned. Galena makes a 

large proportion of the mineralisation (1/10 to 1/6 of the total) and is reportedly 

‘argentiferous’, meaning it has high proportion of Ag contamination in its structure, so much 

so that the mined Ag was not in native form but was extracted from the galena. Mine grades 

are recorded at ~3.7 kg of Ag per tonne or ore, and approximately 11 g of Au per tonne of 

ore. Gollan (2006) describe the mineralisation here as being low-sulphidation epithermal 

based off textural evidence, mineral assemblages, and sulphur isotopes. 

This mine is not studied in this thesis. It is not excluded from the same mineralisation history 

as that in the Te Oneroa area but similarly cannot be directly linked to it either. Similarities 

exist in similar sulphide minerals, quartz vein host, and association with faulting/shearing, but 

differ in host-rock type, Ag content, and total lack of Sb and Ba minerals. Chapter five 

describes in depth the possibility of a genetic connection.  

2.6  Evidence of Gold Mineralisation Geology 

There is abundant evidence offered by the historic mines and claims that indicate the 

orientation of gold mineralisation. The historic claim map shows that the majority of claims 

are orientated on a single ~N-S strike line, including the Alpha and Morning Star Claims (fig. 

1). Golden Site Mine is not situated on the same N-S longitude as the Alpha and Morning Star 

but is instead ~2 km east of this on its own ~N-S orientated band of claims (fig. 1). At all three 

mines, shafts and adits were dug on approximate N-S orientations relative from one another. 

Further evidence is found at Alpha mine where five ditches interpreted as probable test digs 

and/or drainage channels were identified on either side of Sealers No. 1 Creek. All of these 

ditches are ~5-10 m long, being situated nearly directly north or south of the main shaft and 

are orientated approximately E-W (Fig. 6); if a N-S oriented geologic feature was trying to be 

found, ditches dug at 90° to this – i.e. E-W – would be the most efficient way to do so.  

Given the combination of a variety of types of evidence obtained from the historic record it 

seems likely an approximately N-S orientated geologic feature is the host for gold 
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mineralisation in Preservation Inlet. Not many geologic features are so large, long, and 

straight, as indicated by the placement of claims, which may indicate that the geologic feature 

is linked to or part of regional scale structure such as anticlines, faults, extensional zones, and 

lineaments.  

2.7  Conclusion  

A gold rush occurred in Preservation Inlet in the late 1800s leading into the early 1900s 

in which a large number of claims were laid down on a ~N-S orientation across the inlet. 

Alluvial mining proved productive, with three highly profitable source-rock mines being 

formed in the Te Oneroa Bay area: the Morning Star, Alpha, and Golden Site mines. Two small 

towns were formed off of the success of the mines but are now abandoned: Cromarty and Te 

Oneroa. Gold was reportedly found in quartz vein, where ore was patchy but graded into 

extremely high grades in places. A number of interconnected shafts and adits were dug at 

each mine, in which most have collapsed or are overgrown, but some are still visible. Each 

mine had its own battery and processing site, with remnants of the equipment still standing 

to variable extents today. Acid mine drainage is particularly bad at Morning Star Mine, with 

highly contaminated water geochemistry and thick orange sludge being recorded. A fourth 

isolated Au-Ag mine was started and quickly abandoned on the northern side of the Inlet in 

Cuttle Cove but was not studied in the research and cannot be directly linked or excluded 

from the Au-mineralisation that is studied. A combination of historic evidence indicates gold 

mineralisation was likely focused along a ~N-S orientated geologic feature.  
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Chapter Three: Geology of the Te Oneroa Bay Area 

3.1  Preservation Formation 

The Preservation Formation is named after Preservation Inlet where it was first described. It 

is a homogenous sequence of Ordovician turbidites and sporadic interbedded carbonaceous 

pelites and minor quartzites with a regional upper greenschist facies metamorphic grade and 

local contact metamorphism (Begbie et al., 2005; Turnbull et al., 2010). It has been well 

recorded both from the Preservation Inlet area and the Te Oneroa Bay area (Begbie et al., 

2005; Turnbull et al., 2010). 

Description 

In the field area of this research the Preservation Formation is a homogenous 

sequence of interbedded greywackes and argillites. Beds vary in thickness from 

approximately 30 cm up to 2 m (fig. 1). Outcrops are typically ≤20 m2 and are restricted to the 

coast and steep sections in river valleys. There is a typical exposure bias towards the harder 

greywacke beds as a result of preferential erosion of the friable argillite and subsequent cover 

(fig. 1). River valley exposures are usually covered in moss carpets and, as a result, suffer from 

biological weathering. Proportions of greywacke to argillite litholgies are ~1:1 by quantity of 

beds but are ~2:1 by volume. Clear sedimentary features are prevelent, most notably 

interbedding, general Bouma sequence gradation from greywacke-argillite, and less common 

argillite rip-up clasts in greywacke matrix, crossbedding, and argillite beds capped by 

truncated wave forms (fig. 1). These features coupled with sequence repetition help solidify 

the probable turbiditic sedimentation of this unit as expressed in Turnbull et al. (2010).  

The majority of Bouma sequences progress from massive medium-coarse sands at their base 

grading upwards into weakly laminated fine sands with a silty argillite cap (fig. 2). As defined 

by Shanmugam (1997), a generalised expression of the Ta-Tb/Td-Te cycle layers are found 

(fig. 2). Variations in specific beds include the absence of the Te-layer argillite cap or 

occasional preservation of crossbedding in the upper fine sand/silts and lower argillite cap, 

defining the complete Ta-Tb-Tc-Td-Te sequence (Shanmugam, 1997). 

Localised graptolite and brachiopod fossils were not observed in this research but have been 

used by Cooper (1989) to date the Preservation Formation and consequently the overarching 

Fanny Bay Group to the early-mid Ordovician (~485-460 Ma).  
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Figure 1: Outcrops of the Preservation Formation. A & B) Typical coastal outcrops of the interbedded sequence. Photos 
from the south end of Te Oneroa Bay and an eastward view from Cemetery Island. C) Clear laminations and crossbedding 
in a greywacke-argillite bed on Cemetery Island showing a northward younging direction. D) Large argillite rip-up clast 
in a greywacke bed from an un-named creek near Cromarty.  
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In hand specimen the argillite is a dark-grey to purple-grey colour. Although well lithified it is 

usually friable and soft. Textures vary from massive to well foliated. The grainsize is well 

sorted but is too small to observe, and only small pyrite framboids, usually <1 mm, can be 

identified in hand specimen. Rare ~20 mm wide pyrite framboids are found as radiating 

spheres, in which individual crystals are anhedral and ≤0.5 mm in size (fig. 3).  

The greywackes are a well-lithified lithology with a light-grey to brown colour. Fractures 

commonly crosscut and tend to be larger than those in the argillite. Milky-white quartz veins 

devoid of sulphides, usually <5 mm wide, are common (fig. 3). Broken unweathered faces 

commonly have a sugary crystalline appearance, with closer hand-lens inspection showing a 

predominant well sorted and dominantly clast-supported sand-sized matrix cemented 

together by a siliceous base. The sand clasts are sub-rounded to sub-angular and have low to 

medium sphericity. Observed mineralogy in hand specimen is predominantly quartz with 

accessory muscovite and biotite (fig. 3). Some of the fine-grained greywacke samples have 

small pods <1 mm in size spread throughout indicating a hornfelsic texture (fig. 3).  

Thin section analysis of the argillite shows a very fine-grained matrix, evident as being 

composed of cleavage aligned micas and probable graphite forming a well foliated and 

occasionally micro-crenulated matrix (fig. 4). Due to the small grainsize, the only identifiable 

minerals are <0.5 mm angular to sub-rounded clasts of quartz and a variably formed anhedral-

subhedral pyrite.  One crystal of graphite, ~300 µm in length, ~20 µm in width, and orientated 

at ~90° to the foliation was large enough to be identified. 

Figure 2: Generalised sediment log of a typical Preservation Formation turbidite sequence. Picture is of a turbidite sequence 
in a Te Oneroa Bay coastal outcrop. Made with resources from Shanmugam, 1997 (and references therein), using the grain 
size scale defined by Wentworth (1922).  
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The pyrite is identified as framboidal due to similarities in structure and morphology to that 

in Scott et al. (2009). The pyrite blebs form as larger (≥1 mm) radiating spheres and as 

smaller angular aggregates ≤ 0.5 mm in size. The larger radiating pyrite commonly shows 

typical framboidal textures of pockmarked and discoloured cores and cleaner brighter-

coloured rims (fig. 4). Chalcopyrite is occasionally identified within the rims and the cores 

but is a minor phase.  

Thin section analysis of the greywacke provides similar conclusions as hand specimen. The 

greywacke is dominantly clast supported and composed of sand sized sub-rounded to  

Figure 3: Preservation Formation hand samples. A) Standard pyritic argillite: B) Standard greywacke. C) Hornfelsic fine-
grained greywacke with two descibed hornfels pod types; type 1 (T1) and type 2 (T2). See index for list of abbreviations. 
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Figure 4: Thin-section photographs of Preservation Formation samples. A) Pyritic argillite with silicified fracture. B) 
Porphyroclastic pyrite bleb in argillites. C) Clastic quartz and possible graphite in argillite. D) Clastic matrix of a greywacke. E) 
PPL view of biotite-rich matrix. F) Lithic fragment in greywacke matrix.  
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rounded quartz, muscovite, pyrite, plagioclase, lithic fragments, zircon, and rare tourmaline 

(fig. 4). The quartz is rough around the edges indicating a possible regrowth texture. The 

matrix is composed of a quartz cement and a film of muscovite and/or biotite surrounding 

sand clasts (fig. 4). The mica film tends to be orientated in a weak to strong foliation 

depending on the locality of the sample. In some samples, thin black lines ~10 µm in width 

and spaced ~100 µm from each other are found throughout. These lines are orientated with 

the foliation, however, their composition is too fine grained to observe.  

Scanning electron microscope (SEM) analysis of the argillite confirms a microscale foliation 

formed dominantly by the alignment of micas. Energy dispersive spectroscopy (EDS) confirms 

the matrix as mainly muscovite, chlorite, albite, quartz, and lesser rutile. Accessory phases 

include apatite, oligoclase, hyalophane feldspar (Ba-enriched K-feldspar), ilmenite, Ce-

monazite, and zircon (fig. 4, 5). Most of the accessory minerals were only observed once, 

found in small clusters, or are only found within other features such as larger pyrite grains or 

hornfels pods. Of these minerals, only the zircon, oligoclase, and hyalophane appear to be 

rounded indicating a sedimentary origin. The muscovite and chlorite are elongate, subhedral, 

and mostly in the range of ~30-40 µm long and ≤20 µm wide. The quartz is angular and tends 

to occur as blocky ~30 µm long and ~20 µm wide grains. The rutile is prevelent throughout 

the samples but makes up ≤5% of the total matrix forming as acicular needles ~10-15 µm long 

and <5 µm wide. High magnification inspection shows the chlorite to be forming dominantly 

on the edges and within the cleavage of muscovite, indicating the replacement of muscovite 

by chlorite (fig. 5).  

EDS measurement of the pyrite confirm primary Fe and S in both the cores and the rims but 

show a difference in total weight-percent, of which the more common pockmarked core-

morphotype consistently gave low totals of ~87-88 wt% and the homogenous bright rims 

measure totals of ~92 wt%. X-ray diffraction was undertaken to confirm mineral species. The 

results corroborate both the rims and cores as pyrite, however, small quantities of the pyrite 

polymorph ‘marcasite’ (<2%) cannot be excluded due to cross-over of X-ray diffraction peaks 

(see appendix for analysis). EDS confirms occasional chalcopyrite and indicates that rare 

sphalerite occurs in the rims and cores of the pyrite (fig. 5).  

SEM and EDS measurements of the greywackes confirm a clast composition of mostly quartz 

with accessory muscovite, zircon, and rare plagioclase, rutile, and tourmaline (fig. 5). Singular  
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Figure 5: SEM microphotographs of Preservation Formation samples. A) Standard argillite matrix. B) Alteration textures of muscovite 
to chlorite in a single crystal, argillite matrix. C) Pyrite porphyroclast in argillite with chalcopyrite core and strain recrystallised pyrite 
around edges. D & E) Hornfels pods (inside dashed lines) in argillite. Note the chalcopyrite and monazite. F) Chlorite matrix around 
clastic quartz, chromite, and zircon in greywacke. See index for list of abbreviations.  
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~100 µm sized clastic grains of chromite, ilmenite, and an unknown Si-Ca-Na phase were 

observed (fig. 5). The majority of the matrix is composed of fine-grained quartz, with lesser 

muscovite, biotite, apatite, and Ce-monazite, hematite, and pyrite throughout (fig. 5). The 

matrix mineralogy has textures indicative of regrowth and replacement as shown by their 

rough edges, uniform small sizes, and in some mica grains rims of chlorite replacing 

muscovite.  

Regional Metamorphism 

Sedimentary features in the Preservation Formation have been preserved on both 

macroscopic and microscopic scales (fig. 1, 2), however, abundant evidence exists for an 

overprint of greenschist facies regional metamorphism.  

On a microscopic scale metamorphism is most evident through re-precipitation textures 

around clasts, films of muscovite-biotite surrounding clasts, and the formation of 

metamorphic minerals. The quartz clasts appear to be rounded but have delicate peaks and 

undulations extruding from the grains into the matrix, giving them a rounded appearance 

with a fuzzy-overgrowth on their exterior; this differs from normal angular sedimentary clasts 

which would indicate little transport of the grains. Further evidence is seen by the muscovite-

biotite film around clastic grains prevelent throughout the Preservation Formation, and the 

presence of larger angular muscovite-chlorite-biotite grains which would not normally be 

found as abundant detrital minerals (fig. 5). Perhaps the ‘smoking gun’ for metamorphism is 

the direct observation under SEM of chlorite inside the cleavage of muscovite, showing that 

muscovite has altered to chlorite (fig. 5).  

Given the abundance of chlorite throughout the unit, and the co-existence of chlorite and 

biotite in a number of samples, there is enough evidence to confirm that the Preservation 

Formation in the Te Oneroa area has undergone regional metamorphism to the middle-

greenschist facies. 

Contact Metamorphism 

Hornfelsic Preservation Formation is observed in outcrop in Te Oneroa bay and within 

specific beds along the banks of the Wilson River. In some hornfelsic localities plutonics dykes 

are found in the area (e.g. Goldilocks stream), but in other locations no igneous material was 
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identified (Wilson River). Some beds show hornfels textures whereas other beds in direct and 

conformable contact show no clear evidence for it.  

Small ellipsoidal pods are found in some argillite and greywacke samples (fig. 3, 5). These 

range in size from ~100 µm long and ~50 µm wide to ~250 µm long and ~100 µm wide. In the 

argillites the pods tend to be made of quartzose cores and biotite rims, of which the grainsizes 

are generally ~20 µm larger compared those in the matrix. Rutile is found in the pods at 

approximately the same quantity and size in the pods as in the matrix. The pods commonly 

have ≤ 80 µm subhedral chalcopyrite, or ≤50 µm subhedral Ce-monazite in their cores or on 

the ends of the ellipsoids (fig. 5). The pods are orientated in the same direction as the 

surrounding matrix foliation, as are the interior biotite and the rutile grains. 

In the greywackes, two pod types have been observed. The first type is made of 1-2 mm long 

ellipsoids obvious both in hand specimen and thin section. They are composed of a very fine-

grained matrix with the only mineral large enough to be determined being ~50 µm long 

muscovite (fig. 3). These ellipsoidal pods are orientated at approximately 60° to the foliation. 

The thin black lines found in the matrix of some of the greywackes likewise crosscut these 

ellipsoidal pods and, along with the muscovite, form a foliation at the same direction and 

orientation as that in the matrix. The second type of pod is less defined but are more frequent 

(fig. 3). These are ~0.5-1 mm sized approximate spheres being composed of mostly calcite 

with lesser muscovite, quartz, and sub to euhedral pyrite around their edges.  

All pods are interpreted as being indicative of hornfelsism indicating contact metamorphism 

by an intruding plutonic unit, possibly one described by Gollan (2006). Given the presence of 

metamorphic albite in the argillite matrix, and biotite in the argillite hornfels pods, contact 

metamorphism is thought to have reached the albite-epidote facies. 

The presence of hornfelsic pods indicate a separate stage of metamorphism (fig. 5). If contact 

metamorphism had taken place prior to regional, the hornfels pods would have been 

overprinted during the regional metamorphism to a greenschist facies mineralogy and 

texture. This is partially true, however, as the minerals within the pods and most of the pods 

themselves are orientated in near the same direction as the matrix foliation but lack a 

greenschist facies chlorite mineralogy. My interpretation of this texture is that contact 
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metamorphism took place after regional, but the regional metamorphism was on the 

retrograde pathway when contact metamorphism took place.  

Silicified Zones 

Cliff outcrops are exposed throughout the Te Oneroa Bay area. Many of the cliffs are 

composed of a highly lithified bluey-grey coloured rock, commonly with thin quartz veins 

cross-cutting (fig. 6). Closer inspection shows these cliffs to be composed of clastic quartzose 

Figure 6: Outcrop of the silicified Preservation Formation in Te Oneroa. A) Cliff outcrop in Te Oneroa Bay. B) Outcrop of 
quartz vein-intruded silicified Prservation Formation in coastal Te Oneroa Bay. C) Hand specimen of silicified and 
metasomatised/bleached wall rock from the Morning Star collasped mine shaft. D) Thin section close up of picture C. 
Notice the abrupt change between the two coloured areas. 
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material cemented together by a very hard silica base (fig. 6). No bedding was identified, 

however, some areas have zones of darker and lighter material (fig. 6). Microscope analysis 

of these rocks prove them to be composed of clastic material very similar to that seen in the 

Preservation Formation greywackes, however, sericite and resilicified quartz-cement is 

commonly seen to surround the clasts. In some locations, and importantly in the wall rock of 

the collapsed Morning Star Mine shaft, darker and lighter zones can be seen interconnecting 

into one another (fig. 6). The lighter zones are composed of much greater sericite, whereas 

the darker zones have more quartz and clays. Similarly, at the Alpha Mine a large shear zone 

is identified mostly by porphyroclastic siderite hosted within a very light coloured but friable 

argillite composed of mostly sericite and quartz.  

Due to clastic nature of these rocks this rock type is hypothesised as being areas of resilicified 

and metasomatized Preservation Formation. It is unclear why these areas have been 

resilicified, however, it should be noted that the cliffs identified in Te Oneroa Bay broadly line 

up with the anticlinal features identified by Begbie et al. (2005), and Bishop (1986), indicating 

a structural trap of metasomatising fluids. Furthermore, these rocks are bleached showing a 

history of hydrothermal alteration in the Preservation Formation, and importantly around the 

mine sites.  

3.2  The Puysegur Group 

General Geology  

The Balleny Basin is an ancient depositional zone split into three conformable phases; 

mid-Cretaceous non-marine sedimentation, Eocene fluvial-shallow marine sedimentation, 

and Oligocene deep marine sedimentation (Pocknall & Lindqvist, 1988). Formation of the 

Balleny Basin and subsequent sediment deposition likely occurred as a result of the opening 

of the Tasman sea during the rifting of Gondwana. 

 It is split up into two distinct groups based on age and depositional facies, the oldest of which 

is the Puysegur Group being composed of mid-Cretaceous fluvial material grading into 

lacustrine flysch sediments (Pocknall & Lindqvist, 1988). The younger Balleny Group is 

composed of the remaining basin sediments, which grade from onshore to deep marine 

(Pocknall & Lindqvist, 1988). These sediment sequences have similarly been seismically 

identified offshore (Pocknall & Lindqvist, 1988).  
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The Puysegur Group has been aged through palynology as being ~103-99 Ma (Pocknall & 

Lindqvist, 1988). It is split up into two formations; the older Windsor Formation, and the 

younger Seek Cove Formation (Pocknall & Lindqvist, 1988). Between these two, the Windsor 

Formation is important for this thesis as it has been identified as sitting unconformably on the 

underlying plutonic basement, is well mapped on the nearby Coal Island and Gates Harbour, 

and is described as being non-marine mass-flows deposited in lacustrine fan delta systems 

composed of plutonic and Ordovician meta-sedimentary (Preservation Formation) clasts 

(Pocknall & Lindqvist, 1988).  This unit has not previously been mapped as far inland as the 

field area of this research.  

Description 

Outcropping at Alpha Mine in Sealers No. 1 Creek are an anomalous group of 

sediments that look nothing alike to any of the other Preservation Formation (fig. 7) but 

appear very similar to the Puysegur Group described by Pocknall & Lindqvist (1988). Due to 

similarity in composition, distinct sedimentary differences to the Preservation Formation, and 

the proximity to the already mapped material I hypothesise these sediments as being part of 

the Windsor Formation.  

A contact with the Preservation Formation and the Windsor Formation is well constrained in 

the headwaters of Sealers No. 1 Creek. In the stream next to the Alpha Mine processing site 

are bedded outcrops of the Windsor Formation whereas ~20 m upstream of this are outcrops 

of Preservation Formation mylonites, showing a contact must exist in the zone between the 

Alpha Mine shaft and the processing site (fig. 7). Another contact is constrained directly south 

of Alpha Mine in the headwaters of a tributary leading into Sealers No.1 creek where Windsor 

Formation sediments outcrop approximately 20 m downstream of Preservation Formation 

outcrop (fig. 7). No direct contact between the two formations was observed, however, due 

to the contact on Coal Island being described as fault bounded (Bishop, 1986), it is assumed 

the same occurs in this area.  

The Windsor Formation is well bedded with the structure being orientated at an approximate 

000/75° E. Beds varied in thickness from >2 m down to ~2 cm in size (fig. 8). Composition 

varies widely from thin beds of silty-mudstone up to giant mass-flows with small boulder sized 

cobbles. At the Alpha Mine site, the rock is dominantly composed of sandstones to pebbly 

conglomerates comprising well-rounded probable Preservation Formation clasts and quartz, 
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feldspar, and mica (fig. 8). In the tributary to the Sealers No. 1 Creek the sequence is better 

exposed being composed of similar sandstones to conglomerates, and occasional thin beds  

of silty mudstone (fig. 8). Most of the Windsor Formation is friable and not very well 

consolidated, however, some outcrops are harder and produce clear 3-dimensionality on 

beds (fig. 8).  

Figure 7: Contact of the Puysegur Group and Preservation Formation in the Alpha Mine area. 
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Figure 8: Outcrops of the Windsor Formation. A) Clear bedding in the Sealers No.1 tributary. B) Coarse sandstones lense. C) 
Preservation Formation clasts composing the Windsor Formation. 
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One occurrence of two >2 m thick beds of well-consolidated cobble to small boulder 

conglomerates outcrop at a ~20 m tall waterfall, the clasts of which are sub-angular to 

rounded and composed of matrix supported silicified greywackes and argillites seemingly 

from the Preservation Formation (fig. 8). Grading is apparent between the two beds as the 

top of the bottom bed is composed of pebble to cobble sized clasts, and the base of the upper 

bed is composed of small boulders. The beds themselves are orientated at ~075/40° S, notably 

being ~90° strike difference to the other beds of the Windsor Formation in the area. This 

drastic change in strike over a short distance and much larger clasts size can be explained by 

this particular outcrop being the edge of a debris flow lobe. This theory is supported by 

Pocknall and Lindqvist (1988) description of the Windsor Formation as being composed of 

lacustrine flysch sediments and debris flows.  

Thin-section analysis of samples from Alpha Mine show the clasts to dominantly be made of 

quartz, K-feldspar, plagioclase, muscovite, and clastic material which is very similar in 

appearance to the Preservation Formation. While the clastic material bares very close 

resemblance to the Preservation Formation in all scales, it cannot be confirmed with absolute 

certainty as such. It should be noted, however, that on the northern side of Preservation Inlet 

where the basement is Cretaceous plutonic material (Mason, 2006; Pocknall & Lindqvist, 

1988), the majority of clastics are plutonic in origin with minor “Ordovician” metamorphosed 

sediments (Pocknall & Lindqvist, 1988), indicating the basement material of that area has 

been heavily worked into the Puysegur Group.  

Chlorite is prevelent throughout the matrix, but due to the weathered nature of the exposed 

outcrops it was only observed in an altered state. As a result, it is uncertain if this chlorite is 

an authigenic metamorphic mineral indicating greenschist facies metamorphism, however, 

no indication of metamorphic grade other than mild burial diagenesis of the Puysegur Group 

has been reported before (Lindqvist, personal comms, 2019). Likewise, no economic minerals 

of any kind have been noted in any Balleny Basin sediments (Lindqvist, personal comms, 

2019).    

3.3  Intrusive Dykes 

Plutonic Intrusive units are well recorded from Preservation Inlet, but no description 

of intrusives have been recorded from the Te Oneroa Bay area (Begbie et al., 2005; Bishop, 
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1986; Gollan, 2006; Turnbull et al., 2010). The recorded plutonic units are dominantly of 

Cretaceous age and of intermediate to felsic composition (Gollan, 2006; Turnbull et al., 2010). 

Description 

Four outcrops of altered thick-green ‘veins’ were identified intruded into the 

Preservation Formation in the Te Oneroa Bay area (fig. 9). All observed are found near the 

tops of the large fault-bounded stream valleys leading off of Te Oneroa Bay, including the 

valley in which the Morning Star Mine is located. The veins are approximately 4 m in width, 

being intruded at oblique angles to the Preservation Formation bedding. The orientations 

range from ~80-110° strike and dip between 60-75° ~N (fig. 9). One of the veins has a fault-

brecciated texture indicating faulting has taken place after the intrusion of the vein(s) (fig. 9).  

The weathered outer surface is a dull green with prevalent surface chemical weathering. 

Observation of clean faces in hand-specimen show the un-weathered rock to be a khaki-green 

colour with a blocky-massive and fractured texture (fig. 9). Closer inspection shows an overall 

randomly orientated phenocrystic texture, with each dyke locality having a slightly different 

phenocryst size ranging from ~2 mm up to 5 mm across (fig. 9).  

The phenocrysts are subhedral to euhedral in shape, with many having been altered to a 

creamy-white material likely to be clays; this is not a surface weathering feature and is present 

on unweathered surfaces. Two phenocryst minerals can be identified and are not altered to 

clays; these are anhedral rounded semi-transparent grey quartz reaching a maximum of 5 mm 

across, and sub-euhedral apatite <2 mm in length (fig. 9). Two other phenocrysts species may 

have existed prior to alteration as indicated by two distinct clay-filled pseudomorph shapes; 

one elongate and possibly hexagonal mineral, and another larger blocky rectangular species 

rounded on its edges (fig. 9). Observation with a hand-lens show that both altered species 

commonly have rims of a greeney-white material interpreted as chlorite.  

The matrix material is a homogenous mix of probable khaki-green chlorite and an elongate 

white mineral <0.5 mm in length, with less common pyrite, hematite, and occasional euhedral 

apatite (fig. 9). The fault-brecciated outcrop yielded samples with two mineralogies in contact  
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Figure 9: Macroscopic photographs of the altered plutonic unit. A) Field photograph of an altered plutonic dyke, looking down 
strike ~E. B) Hand-specimen of altered plutonic clast taken from the described fault breccia. Note the change in mineralogy 
indicated separated by dashed line. C) Hand-specimen of a typical sample taken from in situ. See index for abbreviations.  
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with each other. Both samples have phenocrysts of similar sizes, shapes, and alteration, 

however, the matrices differ with one being a more typical chlorite-dominated matrix and the 

other being a finer grained equivalent. This may indicate multiple intrusions or a chilled 

margin.  

Thin-section analysis confirms a matrix of dominantly <0.5 mm chlorite, muscovite, quartz, 

apatite, and rare rounded ~0.1 mm zircon. Phenocrysts exist as both original protolith 

minerals, and as highly altered pseudomorphs of where a phenocryst once existed (fig. 10). 

The unaltered phenocrysts are confirmed as ~5 mm across approximately circular grains of 

quartz and euhedral apatite <2 mm2. Both are relatively uncommon, and are evident as 

unaltered protolith material due to their homogenous texture, no overgrowth on their edges, 

and preservation of internal features (e.g. fractures). Two species of altered phenocryst are 

evident. The frist species are elongate, approximately 1.5-2 mm long and 1 mm wide, and 

host a core of muscovite and inclusions of quartz, pyrite, and occasional euhedral apatite (fig. 

10). A preservation of a cleavage is present in the same orientation of the long axis of the 

grain. This evidence compounds to suggest this species of phenocryst was a mica protolith, 

having been altered mainly to clay. The second species of phenocryst differs from the mica in 

the approximately square-rectangle shape, lack of preserved cleavage, and intense alteration 

to a fine-grained sericite composition with inclusions of acicular rutile and euhedral apatite 

(fig. 10. They are similar in their ~2 mm size and occasional core of sericite-muscovite. The 

approximate ‘square’ shapes and sericitisation are speculative of an original feldspar 

protolith.  

SEM and EDS analysis confirm a mostly muscovite-chlorite matrix with lesser quartz, and 

sporadic apatite, hematite, and rutile (fig. 11). The altered phenocrysts observed in thin 

section are confirmed as being composed of dominantly muscovite and chlorite (fig. 10, 11). 

The hematite commonly has impurities of ~3 wt% Ti, ~1 wt% Al, and ~10 wt% OH-. The apatite 

and rutile are commonly in direct contact with each other, indicating a coeval growth (fig. 11). 

Ce-monazite is relatively common as <10 µm anhedral inclusions within apatite (fig. 11). 

Zircon is mostly forming as elongate-rounded ~100 µm sized crystals in the matrix near 

hematite clusters but likewise forms less commonly as sub-euhedral crystals of a similar size 

as inclusions in phenocrystic quartz.  
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Figure 10: Thin-section analysis of the altered plutonics. A) Typical PPL view of the chlorite rich mineralogy. B) Altered 
phenocrystic muscovite. Note the preserved muscovite and clear cleavage. C) Possible altered-feldspar phenocryst with euhedral 
rutile and apatite inclusions. D) Hematite grain with inclusions of zircon, pyrite, and apatite. E & F) evidence for brittle (E) and 
ductile (F) deformation in the matrix and phenocrystic quartz.  
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The textures of these litholgies are interpreted as being of an igneous dyke origin due to the 

randomly orientated phenocrysts. The fine-grained matrix indicates these dykes were 

intruded at a relatively shallow depth, due to cooler temperatures being needed to quickly 

crystallise a fine matrix. The dykes share a similarity with the greenschist facies Preservation 

Formation in their obvious alteration to a chlorite-rich matrix lithology, however, a lack of 

foliation and biotite excludes these dykes as having been regionally metamorphosed to the 

greenschist facies as the Preservation Formation has. Given the only observed outcrop of 

these dykes being in the midst of faults in which hydrothermal fluids altered surrounding rock, 

the alteration of these dykes is interpreted as being hydrothermal in origin via sericitisation 

and chloritisation reactions.  

Figure 11: SEM photomicrographs of the altered plutonic unit. A) Sericite-chlorite replacement of a probable muscovite 
phenocryst in a chlorite-sericite matrix. Euhedral apatite is found in direct contact with rutile indicating coeval formation. B) 
View from within a probable altered feldspar phenocryst with euhedral apatite and rutile, and anhedral quartz. C) Hematite 
with inclusions of euhedral monazite-bearing apatite. D) Coeval hematite and rutile in matrix. See index for abbreviations.  
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As per the reactions laid out by Mathieu (2018), chloritisation-sericitisation occurs from the 

breakdown of a feldspar-muscovite-rich lithology, indicating a intermediate-felsic protolith. 

Furthermore, the absence of hornfelsism in these dykes indicate they are either connected to 

the plutonic body or are themselves the source of contact metamorphism in the surrounding 

Preservation Formation.  

3.4  Structure 

Fault and shear zones are a key component to the geology of the Te Oneroa Bay area. 

Geomorphology, offsets in features, varied deformation, and supporting microscopic 

observations are used to confirm the presence of large-scale brittle and ductile deformation. 

Given the close proximity of the mineralised zones with faulting and/or shearing, there is a 

possible correlation between the two to be explored.  

Regional Structure 

Past research in the Preservation Inlet area has identified 12 regional scale anticlines 

and synclines ranging in orientation from N-S to NW-SE, four of which are in the Te Oneroa, 

Coal Island, and Weka Island areas. None of the anticlinal/synclinal features in the Te Oneroa 

Bay area are mapped more than a kilometre onshore, however (Begbie 2005; Bishop, 1986). 

Scattered kilometre scale anticlines and synclines are mapped 5-10 km south of the field area 

of this research, ranging in orientation from N-S to NNE-SSW (fig. 12). These regional scale 

wave form structures are present both within the Preservation Formation and Puysegur 

Group sediments but are not shown to cross the contact of the two (fig. 12).  

Outcrop scale waveforms were observed in two coastal locations, each being ~4 m high 

anticlinal folds with steeply dipping limbs. In both locations faulting is evident close by. The 

majority of the Preservation Formation is un-folded at outcrop scale.  

In Te Oneroa Bay the Preservation Formation is orientated in a predominantly N-S strike with 

steep E-W dips, whereas measurements taken further south in the Wilson River area indicate 

a prevelent NW-SE strike dipping at steep angles mainly to the NE; it should be noted little 

outcrop exists between Te Oneroa Bay and the Wilson River gorge, but general trends on the 

Macnamara Plateau (Macnamara Creek, Sealers No. 1 Creek) follow more closely with the 

Wilson River orientations (fig. 13). 
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Figure 12: Map highlighting the regional structure of the Preservation Inlet area. Features are a mixture of inferred and 
observed. Image taken and altered from Bishop, 1986.  
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Figure 13: Stereonets of measured features in the Te Oneroa area.  
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Argillite cleavage shows general trends of an approximate N-S orientation with steep dips to 

E-W directions (fig. 13). Based off these observations, evidence for anticlines and synclines 

previously mapped are supported.  

Orientations of the Puysegur Group are less defined due to lack of outcrop and clear bedding, 

however, trends taken show a general N-S strike with steep dips eastward (fig. 13). Such 

measurements follow closely with that previously mapped in the Puysegur Group across 

Preservation Inlet (Bishop, 1986).  

Figure 84: Regional scale faults identified and inferred from this thesis.  
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Combined structural data of the faults, both large and small, show a wide variety of 

orientations and dips (fig. 13). While the larger faults are measured at approximately N-S 

strikes with steep dips westward, the smaller faults vary greatly. Not enough data was 

collected to collectively analyse the stress regime orientation through observation of faults, 

mainly due to lack of outcrop.  

Quartz vein orientation is also widely varied across the field area of this research. A general 

trend showing a N-S to NE-SW strike and shallow to steep W to NW dips is tentatively 

identified, however, more data is needed to confirm this (fig. 13).  

Ultimately, lack of outcrop prevents the accurate analysis of the structure in Preservation 

Inlet. Where outcrop is exposed, it is often highly weathered due to coastal erosion, the high 

rainfall of Fiordland, and prevelent biological weathering of moss carpets, making it difficult 

to identify accurate planar features (beds, cleavage, etc.).   

Fault Zones 

Past research has identified very few regional scale faults and no shear zones in the 

Te Oneroa Bay area. The only mapped large fault is the presumed fault-bounded contact of 

the Puysegur Group’s Windsor Formation and the Preservation Formation (Begbie et al., 

2005; Bishop, 1986; Lindqvist – Personal comms, 2019). The fault-bounded contact is mapped 

as being a very near straight ~NNW-SSE striking and westward dipping fault, with dip angles 

being unknown but due to the quite straight contact is inferred as being steep (Bishop, 1986). 

This fault is only mapped on Coal Island and is recorded as being “located approximately”, 

whereas on the mainland in the field area of this research it is marked as “inferred” but not 

fault bounded (fig. 12).  

Five to ten kilometres south of Golden Site Mine four large “inferred” faults are mapped 

(Bishop, 1986). Two large conjugate faults with respective NE-SW and NW-SE orientations and 

opposing dip directions (E & W) mark the contact with the Puysegur Group and the 

Preservation Formation. The other two faults mark the approximate E-W orientated contact 

with the Balleny Basin’s Puysegur and Chalky Inlet Groups (Bishop, 1986). One of the faults 

marking the Balleny Basin sediment contacts is mapped as also extending from the 

Cretaceous aged sediments into the much older Ordovician Preservation Formation (fig. 12).   
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Minor faults with metre-scale displacement were identified by Begbie et al. (2005) in coastal 

Te Oneroa Bay; these were visited and measured for this research. As the Preservation 

Formation is mapped as being in fault bounded contact with the 103-99 Ma Windsor 

Formation (Bishop, 1986; Lindqvist - personal comms, 2019), this indicates faulting has 

occurred in the Preservation Inlet area in the past 99 Ma.  

Numerous faults and fault zones were observed in the Te Oneroa Bay area (fig. 12, 14). A 

combination of fault cores and damage zones, regional scale geomorphology, slicken lines, 

and offsets in geologic features are used to confirm and infer areas of faulting. Two kilometre-

scale parallel faults were observed and mapped in Te Oneroa Bay. They lie approximately 200 

m apart from one another and form the cores of the steep and narrow stream valleys which 

run from the Macnamara Plateau into Te Oneroa Bay, including the Au-mineralised Orange 

Juice Stream valley in which the Morning Star Mine is located (fig. 14). A combination of 

structural measurements show approximate NW-SE strikes and dips of around 60-90° W.  

Outcrop of these faults are very clear in places with obvious damage zones extending ~1.5-2 

m from the fault core. The cores of these large faults are marked by ~10-30 cm thick bands of 

bluey-grey fault gauge clay in which clasts of sand-small cobble sized pieces of Preservation 

Formation and mineralised quartz vein are common. The bluey-grey clay has a thick and 

malleable consistency analogous to that of sculpting clay. Due to the softness of this clay and 

the relatively steep dip of the faults, it is evident that the streams in the Te Oneroa Bay area 

have formed by carving away the fault cores, which similarly explains why the stream valleys 

are steep, narrow, and straight. From this, a geomorphological approach can be used to 

predict these large faults to have a general regional trend closer to a NNW-SSE orientation 

(fig. 14).  

A fault breccia extends ~1.5 m either side of the fault gauge zone, where a clear conformable 

contact exists between the two (fig. 15). The breccia is dominantly composed of pebble-

cobble sized angular clasts of the surrounding Preservation Formation wall rock. It is matrix 

supported and well lithified having a clay-silt matrix gluing the clasts together. Gaining 

samples of the breccia is difficult as it not lithified enough for the rock to break as a whole 

and instead only singular clasts and matrix scrapings can be extracted.  
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Using Woodcock & Mort’s (2003) classification of fault damage zones, the damage zone of 

these large faults are dominantly classified as non-foliated chaotic breccias (composed of 30-

60% >2 mm clasts) and minor fault gauge; no pseudotachylytes or true cataclasites were 

observed.  

Figure 15: Outcrop of faults and fault evidence. A) Large fault outcrop in Goldilocks Stream. B) Outcrop of fault core with 
thick sequence of fault gauge and fault breccia. C) Small fault seen in coastal outcrop. D) Slicken lines in a quartz vein 
outcrop.  
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Normal fault movement is inferred by the presence of angled cleavage in a bed of 

Preservation Formation argillite on which a smaller fault cuts (fig. 16), as indicated by the 

methods used in Paschier & Trouw (2005). This hypothesis is strengthened by using a rough 

field observation of slicken lines on the sides of one of the large faults with smoother faces in 

a normal fault sense. Fault throw and heave distances was not observed.  

Sulphide mineralised quartz-carbonate veins were observed within the fault core in two fault 

valleys. These veins are similarly steeply dipping and striking at near the same as the faults 

indicating their precipitation within the permeable fault damage zones. The mineralised veins 

are described in further detail in Chapter Four. A number of smaller faults with offsets of up 

to ~1.5 m were likewise observed across the field area of this research. No damage zones are 

observed on such faults indicating they were/are not very active.   

Further evidence for faulting is found in copious slicken lines, including in areas where no 

obvious faults or offsets are observed (fig. 14). Slicken lines are found both in Preservation 

Formation and quartz veins. Similarly, heavily brecciated bed-rock zones are common but are 

Figure 16: Evidence that the large faults in Te Oneroa are normal faults, using Pachier & Trouw (2005). 
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not always seen in areas where clear faults or offsets are observed. Such zones share many 

characteristics with the fault breccias that are directly linked to fault damage zones in outcrop 

(see above paragraph), namely cobble to pebble sized highly angular Preservation Formation 

and quartz vein clasts within a much finer grained matrix. Mineralised quartz vein clasts were 

not observed in these breccias, however. Unlike the directly fault related breccias, these 

breccias are cohesive and commonly cemented together by a hard quartzose-base. The 

brecciation does not appear to be sedimentary in origin as they occur in zones in bedded 

strata. Even so, these breccias cannot be confirmed as being true fault breccias due to many 

locations not having obvious faults or offsets in outcrop but due to the resemblance with the 

true fault breccias I interpret such brecciated zones as being fault related.  

The SW tip of Steep-To Island is composed of one such example of silica-cemented fault 

breccia. This headland is on a near perfect NNW-SSE orientation from the large-scale fault in 

which the Morning Star Mine and Orange Juice Stream is observed, possibly linking the two 

areas and indicating these faults to be of a regional scale. It should be noted that alluvial gold 

mining was undertaken on Steep-To Island in the late 1800’s, one claim of which is reported 

as being one of the richest in Preservation Inlet (Brown, 2013). Similarly, highly productive 

alluvial gold was mined from Coal Island’s Moonlight Point, approximately 500 m SW of Steep-

To Island. Moonlight Point is the locality from which the reported 16-ounce nugget was mined 

from.  

Shear Zones 

Evidence for shear zones and ductile deformation are present as large quartz pods and 

variable mylonitic textures. At outcrop scale, shear zones were identified by large quartz pods 

found in the banks of Orange Juice Stream, close by the mid-level Morning Star adit entrance 

(see chapter two). One pod was fully exposed during the field trip of this research (fig. 17), 

while a number of others are inferred in the same area from partially covered bedrock of a 

similar appearance.  

The exposed pod is lensoidal in shape, being ~2.5 m in length and ~1.5 m wide (fig. 17). Height 

could not be properly observed due to lack of outcrop but is seen to be at least 50 cm thick. 

The observed pod itself is composed of heavily brecciated quartz, with slicken line scrapings 

on its sides. The quartz vein clasts are angular and reach a maximum size of small cobble (~5 

cm) but are generally pebble sized. A silica cement has lithified the brecciated quartz pods to 



[67] 
 

a high degree. Surrounding some of the quartz clasts is fine-grained black material, whereby 

microscopic observation shows this to be sericite. No macroscopic sulphide or gold 

mineralisation was observed inside of these quartz pods, but <200 µm subhedral pyrite was 

found by SEM analysis.  

Inside one quartz pod, a separate smaller carbonate pod with a red weathered coating was 

found. This smaller pod was roughly lensoidal itself, being about 30 cm in length and 20 cm 

in width, with a clear macroscopic cleavage. Microscopic observation of this pod (optical, 

SEM, EDS) show it to be dominantly of composed anhedral ferrian-dolomite (Fe-dolomite), 

reaching a maximum grain size of ~1 cm. The Fe-dolomite does not appear to be brecciated 

with textural evidence supporting authigenic growth due to the intergrown crystals. The 

majority of the matrix is composed of ~27% CaO, 14% MgO, and 12% FeO. Strips of Fe-

dolomite run through the matrix with slightly different chemistries (fig. 18), being composed 

of two distinct phases: one with ~8% FeO and 16% Mgo, and the other with ~10% FeO and 

10% MgO. All have similar CaO concentrations. Associated with Fe-dolomite is lesser 

texturally clastic looking angular quartz of a similar grain size. Ce-monazite <50 µm in size can  

Figure 17: Shear zone quartz pods from Orange Juice Stream. 
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be found within such quartz grains. Ba-containing sericite is found, mostly associated with 

the quartz. Minor <10 µm rutile, zircon and arsenian pyrite are tied to the quartz (fig. 18).  

Minor pyrite <100 µm in size was likewise observed inside of the smaller carbonate pod. The 

quartz pods are found in zones of brecciated Preservation Formation, closely associated with  

Figure 18: Macroscopic and microscopic images of shear zone associated rocks. A) Brecciated quartz from the Morning Star 
mine. B) Mylonite with siderite pophyroclasts from Alpha mine. C) Carbonate pod found within the larger described quartz 
pod showing slightly different chemsitry Fe-dolomite as both matrix and vein. Inset is of a similar vein under SEM. D) Siderite 
pophyroclast with arsenian pyrite rims. E) Siderite and arsenian pyrite in quartz clasts of a shear zone breccia.  
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faults. The brecciated host rock associated with the pods are similar in clast size and 

lithification but are heavily altered with sericite. Occasional un-mineralised quartz vein is also 

found in the host rock breccia. The mid-level Morning Star adit entrance was dug into host 

rock breccia at its entrance, but this does not appear to be the altered material seen 

associated with the quartz-pods. A highly angular cobble-sized clast of altered brecciated 

Preservation Formation was found directly outside the entrance of the collapsed adit at Alpha 

Mine. This clast looks highly similar under macroscopic and microscopic observation to that 

found in outcrop in Orange Juice Stream associated with the brecciated quartz pods, linking 

and is further linked through the chemistry of Fe-dolomite (see Chapter Five).   

A mylonite was observed in outcrop both as the wall rock within the collapsed Alpha Mine 

shaft, and in the Sealers No. 1 Creek just upstream of this shaft (fig. 18). This is discussed in 

the ‘silicified zones’ sub-chapter as being bleached by hydrothermal alteration. This mylonite 

is composed of a grey-green coloured highly fine-grained and weakly foliated sericite matrix 

in which ~1 mm sized porphyroclasts of siderite (FeCO3) are common, as observed under 

microscope. The siderite is mostly near endmember in solid solution with small quantities (2-

4 O% MgO) of magnesite (MgCO3), and very minor (<2 O% MnO) rhodochrosite (MnCO3). In 

places the siderite is up to ~10 MgO% – Magnesite. The porphyroclasts are a rusty-red in 

colour, however, most have been eroded away entirely leaving numerous small 

approximately spherical holes in the mylonites (fig. 18).  

Scanning electron microscope observation show the porphyroclasts that have survived to 

commonly host small inclusions of <50 µm arsenian pyrite (~3 wt% As), quartz, and rare K-

feldspar. The rims of the some of the porphyroclasts are composed of the same 3 wt% As-

pyrite of which angular quartz are common as inclusions. One <10 µm ~1 wt% U zircon was 

observed in this As-pyrite rim (fig. 18). The matrix is mainly composed of Ba-sericite, with 

occasional similarly sized quartz, rutile, and a rare unknown Al-PO mineral containing Ba-Sr 

(~8 wt% of each) and minor Ce and Nd.  

The coexistence of both brittle and ductile features shows a contemporaneous system of 

deformation, and therefore that the Preservation Formation in the Te Oneroa Bay area was 

subjected to conditions at or near the brittle ductile transition.  
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Deformation 

A deformation history on the rocks of the Te Oneroa Bay area is recorded mostly in 

the Preservation Formation and the intrusive dykes, both of which are shown to share the 

same degrees of both brittle and ductile deformation. Some information is found in the 

Puysegur Group sediments, however, due to the high degree of weathering and lack pf 

authigenic minerals not much information on regional deformation can be described.  

Deformation in the Preservation Formation is seen as both brittle and ductile (fig.6). Brittle 

deformation appears to be the most common by the frequent fractures which crosscut all 

units in both macroscopic and microscopic scale (fig. 6). These range in size from the large 

faults and fractures cutting the entire unit, all the way down to 10 µm sized cracks in individual 

mineral crystals observed in SEM and optical microscopy (fig. 6). En-echelon quartz veins at 

Figure 19: Deformation in the Preservation Formation. A) Brittle fracturing in greywacke. B) Micro-fractures om greywacke. 
C) Cross-polarised view of sub-grain rotation in quartz. D) Pyrite pressure shadow in which hyalophane pressure has 
precipitated. 
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one location give evidence for an extensional deformation regime. Similarly, brittle 

deformation is most prevelent within the intrusive dykes. Fractrues occur in outcrop on 

macroscopic scales and can likewise be seen down to inter-crystalline micro-fractures of 

quartz phenocrysts.  

Ductile deformation is more discrete, with only minimal evidence seen on macroscopic scales. 

This is seen in the ductile quartz pods and mylonites described in the sub-chapter above. Most 

evidence for ductile deformation is seen in Preservation Formation thin-section and SEM 

analysis, in which pressure-solution features evident as thin-bands of pyrite and quartz having 

been recrystallised around larger strain-resistant pyrite and quartz  (fig. 5, 19), and interior 

microcrystalline sub-grain rotation and annealing boundaries inside quartz (fig. 19). Ductile 

deformation in the dykes is seen as quartz phenocrysts in which sub-grain roation and grain-

boundary migration is common (fig. 10).  

3.5  Conclusion 

 The Te Oneroa Bay area yields three main lithologies; the Ordovician Preservation 

Formation turbidites, the Cretaceous Windsor Formation lacustrine-marine turbidites, and 

chloritised plutonic dykes of an unknown age. The Preservation Formation is relatively 

homogenous being composed of an alternating sequence of 30 cm to 2 m thick turbidites with 

a typical Ta-Tb/Td-Te Bouma cycle. This unit has undergone regional metamorphism to the 

mid-greenschist facies, in places overprinted by contact metamorphism to the albite-epidote 

facies. The Puysegur Group caps the Preservation Formation, but only outcrops in the very 

south east of the field area where it is composed of quartz-rich sandstones and well-rounded 

conglomerates. It does not appear to be metamorphosed, which puts an inferred 

metamorphism age of the Preservation Formation of between Mid-Ordovician to late-

Cretaceous. The plutonic dykes are rare, ~ 4 m wide, strike ~E-SE and dip steeply northwards. 

They have been heavily altered to a chlorite-sericite matrix with alteration being interpreted 

as hydrothermal and not metamorphic due to their outcrop being in hydrothermally altered 

fault cores. Evidence for brittle and ductile deformation is found in these units mostly as 

fractures, pressure solution, and sub-grain rotation indicating they have been subjected to 

the same deformation conditions. Regional structure is found in ~N-S striking anticlines, and 

approximate NNW-SSE striking faults leading in Te Oneroa Bay, as well as numerous small 

faults. 
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Chapter Four: Gold and Sulphide Mineralisation 

4.1  Sample Collection 

A number of gold-bearing samples were obtained from the Te Oneroa Bay area. 

Unfortunately, none of the samples were found in-situ due to lack of outcrop. Instead, alluvial 

settings and the historic mine processing sites provide out of situ gold. 

The majority of gold-sample was found around Morning Star Mine and Orange Juice Stream 

(See Chapter Two). Scattered around the Morning Star Mine’s processing site are angular and 

unweathered cobble to small-boulder sized sulphide and gold mineralised quartz vein mixed 

in with rounded dominantly Preservation Formation alluvium. One very angular quartz pebble 

containing a singular flake of gold was found directly outside the entrance of the top-most 

adit of Morning Star Mine. The close by Orange Juice Stream also contains mineralised 

sample, dominantly in the form of well-rounded quartz vein boulder; this sample type is 

relatively uncommon but large boulders (e.g. ~50 kg) can be found. As all gold-bearing quartz 

vein was obtained out of situ it is conceivable that such material is from outside the Te 

Oneroa/Preservation Inlet areas having been transported by glaciers but this is deemed 

unlikely due to them being found in a valley where a productive gold mine once existed. I infer 

that the rounded Au-bearing boulders in Orange Juice Stream weathered from the Morning 

Star lodes prior to mining, whereas the angular mineralised sample found around the Morning 

Star processing site came from the lodes where they were mined as ore/gangue and were left 

at the processing site at its closure.  

The remaining Au-bearing samples were found by panning sediments. Two gold nuggets were 

obtained from a thin crack in bedrock just downstream of the Alpha Mine processing site, one 

of which is combined with angular quartz suggesting its origin from the historic gold-bearing 

Alpha quartz vein(s). Gold flake sample was collected by panning soil taken from underneath 

the batteries of Alpha and Golden Site mines.  

Sulphide-mineralised gold-absent wall rock and quartz vein were identified in several 

locations, namely, the fault bounded valleys of Te Oneroa Bay, and in the Macnamara Creek 

Valley at a presumed faulted section. These were identified in-situ.  

Tables of key minerals and textures are placed here for reference (Tab. 1). 
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4.2  Gold-bearing Quartz Vein 

Macroscopic analysis 

The rounded quartz vein boulder from Orange Juice stream and the angular material 

from the Morning Star processing site are analogous to one another in most aspects. At hand-

specimen scale the quartz is a creamy-white colour, whereby a closer hand-lens aided 

inspection shows thin zones of a lighter grey-coloured quartz surrounding the creamy 

material. All quartz observed is anhedral. Due to exposure the rounded boulders tend to have 

a reddish weathering-induced staining coating the surface (fig. 1). Small voids reaching ~2 

mm2 in size are sometimes found, particularly within the angular ore from the processing site. 

Most of the samples are fractured but many of the fractures are resilicified or cemented by a 

dark-grey clay-like material.  Inspection of unweathered surfaces show a relatively 

homogenous interior with occasional ≤2 cm thick zones of brecciation, being composed of 

creamy-white coloured quartz-clasts ranging in size from sand-sized grains up to small 

pebbles, and occasional altered wall rock clasts. Such brecciated zones are well lithified having 

been resilicified by a grey semi-translucent quartz.  

Stylolites parallel to one another are a common feature. These are mostly <0.5 mm thick and 

filled with dark-grey clays. Upon breaking the rock down the stylolites the clay is often soft 

enough to be scraped away whereby occasional beds of sulphide minerals and sometimes 

anhedral gold can be found (fig. 2).  

In quartz-vein samples where gold is observed it is a relatively common constituent. Exact 

quantities and percentages of gold to gangue are unknown and vary from sample to sample, 

Table 1: Review of key features of Preservation Inlet mineralised rocks. Coloured boxes show where something has been 
observed. See appendix for list of abbreviations.  
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Figure 9: High-definition photograph of a gold-mineralised rounded quartz vein boulder sample from Orange Juice Stream. This is a plate chiseled from the surface 
of the much larger original boulder. Notice the thin coating of gold. 
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Figure 10: Binocular microscope photographs of gold-bearing sample. All samples from Morning Star processing site. See appendix for list of abbreviation list. 
A) Large 3-D flake in quartz. B) Chalcopyrite & tetrahedrite aggregate. C) Large arsenopyrite rhomboid, side view. D) Cut and polished sulphide-gold bearing 
quartz vein. E) Close-up of gold in picture D, with reflected light view inset. 
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but it is undoubtedly of a high-grade. The angular material from the processing site tends to 

have more gold than the rounded stream boulder material, however, the boulders show a 

bias of a higher relative proportion of gold on their rounded surfaces. As expressed in the 

introductory chapter of this thesis, gold is highly malleable and as a result through rounding 

of the boulder the gold has likely been stretched and rolled over the surface creating what 

looks like a highly mineralised rock. This rolled gold is so widespread that in some samples it 

looks as if gold spray paint has coated some sections, but the gold is evidently very thin and 

seemingly ‘2-dimensional’ on these surfaces (fig. 1).  

Upon breaking open the quartz vein material gold on the inside is present as chunky 3-D flakes 

and blebs (fig. 2). The interior gold reaches a maximum observed size of approximately 2 mm2, 

mostly as disseminated blebs found near to or on the very edge of the stylolites and re-

silicified fractures, and as very small blebs associated with sulphide minerals inside of the 

smaller angular voids (fig. 2). In samples where the quartz is semi-translucent, observations 

with a hand-lens show the gold to be precipitated within micro-fractures as veins and plates 

(fig. 2). All gold observed is anhedral.  

A number of sulphide minerals are present, of which pyrite (FeS2), arsenopyrite (AsFeS), 

chalcopyrite (CuFeS2), and tetrahedrite ((Cu,Fe)12Sb4S13) are common (fig. 2). The sulphide 

minerals are usually associated with the stylolites or precipitated within voids and tend to be 

found as aggregates composed of microscopic crystals, with occasional anhedral to euhedral 

disseminated crystals also disseminated throughout the quartz. The arsenopyrite sometimes 

forms ~0.5-1 mm sized euhedral elongate rhomboid needles (fig. 2). The largest sulphide 

crystals observed are approximately the same size as the largest gold flakes (~2 mm). These 

observations are in conjunction with those of Begbie et al. (2005), with the exception of a lack 

of hand-specimen observed galena.  

Optical Microscope Analysis 

Thin-section analysis of the gold-bearing sample from Morning Star and Orange Juice 

Stream confirm the majority of the gold-bearing sample to be composed of quartz. Individual 

grains of quartz are anhedral and mostly <0.5 mm in size (fig. 3).  
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The brecciated zones are confirmed as being cemented dominantly by a resilicified finer 

grained quartz, but sericite aggregates, and a dark pervasive clay of an unknown species are 

also found as cement (fig. 3). The sericite can be found as a thin-coating surrounding clast or  

Figure 11: Cross-polarised thin-section analysis of the gold mineralised quartz veins. A) Brecciated zone in quartz vein. B) 
Brecciation within fractures. C) Ductile deformation induced sub-grain rotation. D) Altered wall-rock xenolith. Notice the black 
clays of unknown species surrounding interior clasts. E) Brecciated zone with pervasive sericite surrounding clasts.  
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as larger aggregates >1 mm in size (fig. 3). Brecciated zones are also found within micro-

fractures where angular silt to very fine sand-sized quartz clasts are seen within the fractures 

and are similarly cemented together by resilicification and occasional thin bands of sericite.  

The wall rock clasts are found to be dominantly composed of quartz and occasional 

muscovite/sericite. An unknown pervasive black clay-material is found leading in from the 

Figure 12: Thin section view of gold-mineralised quartz vein. A) Brecciated quartz vein with gold in the matrix 
in XPL. B) Altered wall rock xenolith in PPL. C) Gold and chalcopyrite under RFL. D) Sericite and some larger 
muscovite crystals in the quartz. E) Tetrahedrite and gold under RFL. See figure two for a binocular microscope 
view of this grain.  
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brecciated matrix into the wall rock clasts where it surrounds interior grains (fig. 3). As a 

result, the interior textures (e.g. authigenic or detrital grains?) of the wall rock clasts is unclear 

in thin section.   

Almost all the gold found in quartz vein is identified within or branching from fractures and 

stylolites in the host quartz, where it is generally found either as large flakes (>0.5 mm) or as 

clusters of smaller flakes (<0.5 mm). Rare pieces of gold are also found within the brecciated 

zones, all of which were observed at <0.3 mm in size; such pieces are somewhat rounded (fig. 

4). The sulphides are confirmed as pyrite, arsenopyrite, chalcopyrite and tetrahedrite; 

sphalerite (ZnS) was also found through reflective light microscopy (fig. 4). Gold is occasionally 

observed to be coeval with the pyrite, chalcopyrite, and tetrahedrite, as evident by 

intergrown textures (fig. 4). All of the sulphide species are mostly found as anhedral 

aggregates or individual crystals, but arsenopyrite rhomboids, and both cubic and 

dodecahedral pyrite are sometimes found as sub to euhedral grains. The arsenopyrite 

rhomboids tend to have a wavy texture on their exterior indicating an instability. Observed 

sphalerite commonly has chalcopyrite disease whereby <50 µm blebs of what appears to be 

chalcopyrite are found in its interior.  

 Scanning Electron Microscopic Analysis 

SEM and EDS analysis show the quartz to be mostly homogenous with the only new 

observations being occasional blebs of Mg-siderite present as inclusions, and thin veins of 

barite precipitated within fractures. The observed siderite is near end member, and is 

composed of two anhedral crystals, each one with slightly different chemistries; ~80% FeO – 

15% MgO, and ~90% FeO – 5% MgO, both with ~5% MnO and negligible CaO. The chemistry 

of this carbonate is noted due it being near identical to the siderite in the Alpha Mine 

mylonites (porphyroclasts, wall-rock) described in Chapter Three. The sericite observed in 

thin section is noted to commonly hold ~2-3 wt% Ba. 

Analysis of the wall rock clasts found in the brecciated zones confirm them to be dominated 

by quartz and muscovite/sericite, with the addition of small amounts of rutile and zircon. The 

quartz is mostly fine-sand sized and rounded indicating a likely detrital nature; from this it is 

inferred the wall-rock clasts are indeed plucked from the surrounding Preservation 

Formation. The rutile, zircon, and sericite all have grain sizes of <50 µm. EDS measurements 

show the sericite to be composed of 1-2 wt% Ba, as seen in many of the other mineralised 
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rocks (fig. 5). Zircon observed inside of the wall-rock clasts is commonly composed of 1-2 wt% 

Hf.  

EDS confirms the presence of the thin section identified sulphide minerals (pyrite, 

arsenopyrite, chalcopyrite, tetrahedrite, sphalerite) as well as the addition of galena (PbS), 

boulangerite (Pb5Sb4S11), and bournonite (PbCuSbS3); of these noted, the only sulphide phase 

not observed by Begbie et al. (2005) is bournonite (fig. 5). Other mineralised assemblage 

Figure 13: Scanning electron microscope view of Au-mineralised samples. A) Coeval gold and minor sphalerite and galena as 
blebs in subhedral pyrite. B) Fracture-hosted gold in quartz matrix. C) Euhedral dodecahedral arsenian pyrite with 
chalcopyrite and ‘regular’ pyrite. Notice the colour change between the two pyrite species. D) Large euhedral apatite in Ba-
sericite and quartz. E) Boulangerite and galena in quartz. F) Pb-Sb OH-clays in quartz fractures.  



[81] 
 

minerals include rutile, commonly containing 1-2 wt% of V and W, fluorapatite with ~1-2 wt% 

Sr, and unknown Pb-Sb hydroxide and Pb-As hydroxide mineral phases. Begbie et al. (2005) 

report anglesite (PbSO4) being present, however, this was not identified in this research.  

Chemically distinct sub-groups of both pyrite and tetrahedrite are found in different textural 

settings. The pyrite can be found as ‘pure’ pyrite, and as arsenian-pyrite (As-pyrite) hosting 

<2 wt% As. Between these two phases, the sub to euhedral dodecahedral pyrite described in 

thin section is the As-pyrite form, whereas the ‘pure’ pyrite is more common as anhedral 

crystals and subhedral cubes. Similarly, the tetrahedrite is found both as a zincian-

tetrahedrite phase hosting between 6-8 wt% Zn, and a separate distinct phase with <5 wt% 

Zn, ~3 wt% Fe, and between 1-2 wt% As. As tetrahedrite does not form an As phase (Biagioni 

et al., 2020), this phase is identified as a solid solution between tetrahedrite and minor 

tennanite (Cu12As4S13). Following the Biagioni et al. (2020) classification of the tetrahedrite 

series, the zincian phase will be denoted tetrahedrite-(Zn), and the tetrahedrite-tennanite 

solid solution will be denoted tetrahedrite-(Fe) due to its higher proportion of Fe and only 

minor tennanite. Both tetrahedrite phases are anhedral, but the tetrahedrite-(Zn) is more 

common and tends to form larger grains up to ~0.6 mm in size.  

Gold commonly occurs either close to or in direct contact with arsenian-pyrite, tetrahedrite-

(Zn), sphalerite, and chalcopyrite. It was observed either as grains in contact with the above-

mentioned sulphides, or as ~10-30 µm inclusions inside of subhedral cubic arsenian-pyrite or 

tetrahedrite-(Zn). Associated with the gold inclusions are tetrahedrite-(Zn), galena, 

chalcopyrite, and sphalerite inclusions of a similar or smaller size. Many of the sulphide 

species are shown to be coeval with one another, as indicated by the intergrowth of texturally 

stable grains, e.g., chalcopyrite and tetrahedrite-(Zn), tetrahedrite-(Fe) and sphalerite, 

boulangerite and galena, and tetrahedrite-(Zn) and bournonite (fig. 5). Similarly, inclusions of 

sulphide minerals inside of larger sulphide grains are common, including large tetrahedrite-

(Zn) grains with <50 µm inclusions of chalcopyrite and sphalerite and even smaller <10 µm 

inclusions of galena and tetrahedrite-(Fe) inside of the larger inclusions.  

The sulphides are generally in the range of ~100-300 µm in size, with boulangerite, 

bournonite, galena, and tetrahedrite-(Fe) usually being the least common and smallest at <50 

µm. Some of the chalcopyrite is observed to have a thin <10 µm thick rim of a pure Cu-S 

mineral, assumed to be chalcocite (Cu2S). The unknown Pb-Sb an Pb-As hydroxides are found 
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inside of fractures usually associated with sulphide minerals (fig. 5). These have complex 

textural interiors similar to the layers seen in hydroxide-clays. 

Rutile can be found as subhedral grains reaching ~300 µm, usually associated with subhedral 

to euhedral ~2 wt% Sr-bearing fluorapatite crystals of a similar size, and ~1-2 wt% Ba-bearing 

sericite. The larger rutile grains have rims with sections either being higher in W-Nb 

(combined ~3 wt%), or V (up to ~2 wt%). The fluorapatite can reach euhedral crystals sizes of 

up to ~1 mm in some specimens, commonly hosting zones <50 µm enriched in Ce, Th, and La; 

these zones do not appear to be mineral inclusions (e.g. monazite) but instead grade from the 

apatite into the Ce-Th-La enrichment. The Ba-sericite is found as aggregates usually close to 

sulphide minerals, and occasionally hosting subhedral zircon <10 µm in size; some of this 

zircon is unusual in that it holds ~1-2 wt% U.   

Gold is observed to be homogenous in its structure, most commonly being found in quartz 

and less commonly in Ba-sericite. Inclusions of Fe-dolomite and quartz are found within the 

gold, of which the chemistry of the Fe-dolomite is near identical to that seen in the shear zone 

pods described in Chapter Three. As seen in thin-section the largest gold-grains are found 

within fractures, commonly being isolated and not associated with sulphide minerals, but 

smaller gold grains (<200 µm) tend to be found in clusters and are more commonly associated 

with sulphides. Where the gold is found in Ba-sericite, rutile and fluorapatite are frequently 

found close by.  

In summary, textural observations of gold as inclusions, mineral inclusions within gold, as well 

as gold being in direct contact with sulphide minerals indicate the coeval growth of gold, As-

pyrite, chalcopyrite, sphalerite, tetrahedrite-(Zn), galena, quartz, and ferrian dolomite. 

Boulangerite and tetrahedrite-(Fe) were not observed in direct contact with the gold but can 

be linked as coeval precipitants due their occurrence as inclusions or direct contact with 

sulphide minerals that have been observed directly with gold.  

4.3  Gold Morphology and Geochemistry 

The gold was measured on both structural and geochemical grounds to identify 

features indicative of supergene or hypogene growth and thermal annealing histories. This 

was undertaken on the ‘in-situ’ gold from Morning Star Mine, two gold nuggets, and flakes 

taken from underneath the Alpha and Golden Site batteries. A mixture of optical microscopy, 
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scanning electron microscopy, energy dispersive spectroscopy, electron backscatter 

diffraction, and etching of the gold surface using aqua regia – a mixture of HCl and HF acid – 

was utilised for this project.  

Mercury Contamination 

 Before describing gold morphology, notes on mercury (Hg) contamination must be 

discussed. As noted in Chapter Two, chemical gold extraction from host rock in the historic Te 

Oneroa mines utilised Hg and its ability to dissolve and amalgamate solid gold. Sediment 

underneath the historic stampers still contain liquid mercury and therefore contamination of 

the obtained gold nuggets and gold flakes may have occurred. Contamination of gold still in 

quartz vein is deemed not likely, however.  

Figure 14: Scanning electron micro-photographs of mercury contamination of gold. A) Un-contaminated gold flake with inset 
of Hg-contaminated zone, contrasting the trextures of Hg-contamination. B) Hg contamination textures on a gold flake from  
Golden Site Mine. C) Image of Hg contamination of gold. Image has been taken from Youngson et al., 2002. 
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Chemical analysis of the gold was undertaken using energy dispersive spectroscopy. Mercury 

and gold share similar energy dispersive spectra and as a result overlap may occur skewing 

results. This may mean that mercury is present in the measured sample but has not been 

detected due to overlap. On top of this, Hg can be evaporated by the energy dispersive beam 

changing total percentages (Craw, personal comms., 2020).  

Gold flakes partially contaminated by Hg were purposefully analysed to define the chemical 

and physical fingerprint of Hg contamination. These flakes showed a heterogeneous rim 

ranging in width from 10 to 200 µm of an un-textured amalgam with a lighter shade of grey 

to that of the pure gold core, reflecting the ~20 wt% Hg measured in the rims. A clear contact 

exists between the rim and a homogenous and clean gold core measuring no Hg. It should be 

noted this textural type follows that found in Hg-contaminated gold of the Otago schist 

(Mackenzie & Craw, 2005), as is a second textural type defined by a wavy and pockmarked 

texture (Youngson et al., 2002). Both of these textural types are used to infer where Hg 

contamination has occurred in collected gold samples (fig. 6).   

Of all gold collected only three gold flakes showed evidence for Hg contamination, of which 

all show the second textural type of wavy and pockmarked features following that in 

Youngson et al. (2002). One flake has sections with ~10 µm thick rims and measured Hg 

concentrations at ~20 wt%. The other two flakes do not show any chemical signal of Hg 

contamination, however, they do show the distinctive wavy texture (fig. 6). In one example 

the entire flake is wavy and pockmarked, and the other has a ~70 µm wide zone in its interior 

(fig. 6).  

The vast majority of gold flake and all of the nuggets show homogenous gold with no textural 

or chemical evidence for Hg contamination. Therefore, Hg is eliminated as a contaminant to 

skew chemical and morphological analysis of the gold.  

Chemistry and Surface Structures 

Both nuggets were collected from Sealers No. 1 Creek from within the same fracture 

inside in-situ Windsor Formation outcrop. This fracture was found just downstream of the 

mine and processing site. Both nuggets are long and thin, with the larger being ~10 mm in 

length and the smaller around 5 mm (fig. 7). The larger of the two nuggets is combined with 

an angular to sub-rounded quartz matrix (fig. 7). The quartz is subhedral with clear points but 
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the points and the edges have been slightly rounded. The second nugget appears to be a more 

typical homogenous gold, however, high-magnification SEM analysis shows both nuggets to 

hold <10 µm micro-inclusions of quartz within their structure (fig. 8). As gold is such a soft 

material, much of the quartz on the surface is likely to have been embedded in the nugget 

during transport, however, on cutting it open micro-inclusions of quartz were likewise found.  

The exposed surfaces are heavily scratched, and the gold is rounded indicating the nuggets 

did not grow within the fracture they were obtained from, either by supergene or hypogene 

processes; this, in conjunction with the sub-angular quartzose nugget, show the nuggets have 

been transported into this fracture but have likely not travelled a great distance.   

Nooks and crannies within the nuggets hold micro-fractures and diverse textures, namely 

microscopic ~10 µm euhedral gold-crystals identified as surface remobilisation (Hough et al., 

2009) and angular homogenous repetitive features with 90° orientation to one another 

interpreted as cleavage (fig. 8). High magnification surface analysis of the ‘in-situ’ gold and  

  

Figure 15: Optical micro-photographs of the two collected nuggets. A) The larger and quartzose nugget. Notice the large 
quartz grains part of the nugget matrix. B) The smaller nugget used for etching and EBSD analysis. 
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Figure 16: Scanning electron micro-photographs of the nugget surface topographies. A) Scratches from travel on the surface 
of the larger nugget. B) Quartz embedded from travel in the surface of the smaller nugget. C) Gold crystals safe in a small 
void, larger nugget. D) Close-up of a large void in the large nugget with evidence for crystallinity. E) Golden cleavage and 
crystallinity.  
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gold flakes were not undertaken due to the flakes having been liberated from quartz vein 

during historic mining operations. 

The smaller gold nugget and the gold flakes collected from under the Alpha and Golden Site 

mine batteries were cut and polished within epoxy glue. Due to a machine malfunction during 

polishing, approximately 3 4⁄  to 4 5⁄  of the gold nugget was unfortunately ground away.  

The vast majority of the gold is chemically homogenous with no physical or chemical Au-Ag 

zonation between the rims and the cores; this is true for the nugget, gold flakes, and the ‘in-

situ’ gold (fig. 9). Observations of the gold flake from Alpha Mine and the in-situ gold from 

Morning Star Mine show similar chemistries of between 2-4 wt% Ag in most of the gold, with 

rare grains showing small interior zones with up to ~10 wt% Ag. Such areas are very minor 

(<30 µm) and are only identified through making EDS-maps of grains; these are interpreted 

as separate gold crystals. Some of the observed in-situ gold reaches homogenous Ag 

concentrations of 10-13 wt%. Such flakes were seen within Ba-sericite matrix.  

Flakes from Golden Site Mine show varying chemistries and interior heterogenous Au-Ag 

ratios. The gold from Golden Site ranges from ~10-20 wt% Ag, with only one flake being similar 

to Morning Star and Alpha at a homogenous ~2 wt% Ag content. Clear zones of low silver are 

evident within most of the Golden Site flakes. These zones observed reach sizes of ~20 µm in 

size, hold low Ag composition of ~ 0-2 wt%, and have straight edges with clear contact with 

the surrounding higher-Ag gold; this textural type is interpreted as individual gold crystals in 

contact with one another (fig. 9). Chemical maps of these low-Ag gold crystals show near pure 

Ag precipitated within fractures cutting the gold (fig. 9).  

Structurally and texturally almost all of the gold is homogenous, with no clear difference in 

appearance across each gold bleb or flake (fig. 9). Chemical maps were made of a number of 

flakes which show the gold commonly hosts inclusions of anhedral quartz, and less common 

Fe-dolomite, bournonite, and chalcopyrite, of which the Fe-dolomite is composed of ~50-60% 

CaO, 15-25% FeO, 20-30% MgO, and ≤2% MnO. Special mention of the Fe-dolomite chemistry 

is noted due to it being near identical to that found in the shear-zone related ~30 cm long 

carbonate pod described in Chapter Three, as well as the carbonate in the Sulphide Vein Two  

(see sub-chapter 4.4).  
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Figure 17: Measured chemistry of gold. A) SEM and EDS chemistry maps of a gold flake from Alpha Mine showing Au-Ag 
chemical distinctions within an otherwise homogenous flake. B) Homogenous un-zoned low Ag (~2%) gold within quartz vein. 
Sample from under Morning Star battery. C) Homogenous Au-flake from Alpha Mine with a small zone of Au-enrichment. 
Spot chemistries showing homogenous chemistry in chart below. Concentrations have been normalised. D) Linescan chemistry 
of gold flake in picture C showing a mostly homogenous chemistry and no zonation.  
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Some grains of in-situ gold were observed to host <1 wt% Cu. Energy dispersive spectroscopy 

measurements become unreliable under 1 wt% and therefore the presence of Cu as part of 

the Au-Ag amalgam cannot be confirmed, however, it is noted the energy dispersive spectra 

of copper does not overlap with either Ag or Au, and Cu is a known impurity in native gold. 

This should be further analysed with more accurate equipment to confirm the presence of 

Cu. 

Crystal Structure and Morphology 

Polishing and etching of two gold samples was undertaken in order to understand the 

relationship between the gold crystallography and its precipitation; one sample of ‘in-situ 

gold’ and a sample of the smaller alluvial gold nugget from Alpha Mine’s Sealers No. 1 Creek 

were used.  

Figure 18: Aqua regia etched gold flakes. A) Etched 'flake' from within quartz vein, 
Morning Star battery. Etched structure show multiple crystal zones with clear parallel 
thin crystals. Au ang Ag maps show no zonation in flake, including around individual 
crystal boundaries. B) Etched gold nugget from Sealers No. 1 Creek showing lattice 
deformation and crystal growth.  
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Etching of the golds surface revealed a complicated texture of intergrown gold crystals in both 

samples. A large flake of gold ~1.5 mm in size was etched in-situ inside its quartz host; this 

sample was obtained as an angular piece from the Morning Star processing site. This flake is 

disseminated inside of a pure quartz matrix with plates stretching off the main bleb into 

micro-fractures; no indication of brecciation is present around the flake. Etching reveals what 

appear to be linear twins and intergrown gold crystals within the flake (fig. 10). The ‘twins’ 

are linear and parallel, being very similar in appearance to the polysynthetic twins seen in 

plagioclase (fig. 10). EBSD analysis shows these not be twins but individual crystals or parallel 

distortions in the crystal lattice (fig. 10, 11). The remaining ~1/5 of the etched gold nugget 

shows similar crystal boundaries, however, no clear twins are present. Discolourations in 

patches within the nugget indicate distortion of the crystal lattice during transport down 

Sealers No. 1 Creek (fig. 10). Neither sample showed any evidence of crystal rims or Ag-

zonation, either around internal crystals or around the grain as a whole (fig. 10).  

Electron Backscatter Diffraction 

Electron backscatter diffraction (EBSD) was used to analyse the orientation of 

individual crystals within the ‘in-situ’ etched gold flake described above.  

EBSD analysis outlines the same crystals seen on the etched surface under optical light. It 

shows three distinct zones, two of which show ~500 µm wide crystals, and the third being a 

zone of approximately eight long-thin parallel crystals. The parallel crystals are each around 

400 µm in length but range in width from 50 to 20 µm. Inclusions of Fe-dolomite and quartz, 

and holes within the flake confuse the overall EBSD structure of the flake.  

Gold is a face centred cubic mineral and therefore twinning would be expected to be at ~60° 

difference along the 1-1-1 plane (Hough et al., 2007). Analysis of the parallel gold crystals 

show them to be at close to 50° misorientation from one another on a separate mineral plane 

(fig. 11). This proves that the crystals are not twins. Such a structure can be explained by the, 

being individual long, thin, and parallel crystals, or it could be a distorted wave-like crystal 

structure with the surface of the briquette being cut at an oblique angle to the waveform (fig. 

11). As gold is soft material, a waveform structure is possible and could have formed during 

deformation or even preparation of the sample (diamond saw, grinding, polishing), however, 

due to a lack of deformation in the rest of the grain this is deemed unlikely and a parallel-
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crystal hypothesis is favoured. A coarse crystallinity in gold is indicative of thermal annealing 

at temperatures ≥250 °C (Hough et al., 2009).  

 

Figure 19: EBSD analysis of etched gold flake in quartz vein, Morning Star battery. A) EBSD analysis showing the crystal 
structure of the grain. Inset of SEM photograph and EDS Silicon map highlighting inclusions and holes confusing the 
internal EBSE structure. B) Misorientation profile over the selected zone (picture A) showing misorientation is indicative of 
thin-parallel individual crystals and not twins. 
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4.4  Sulphide-Mineralised, Gold-Absent Quartz Veins 

A number of sulphide-mineralised but gold-absent quartz veins were identified in-situ 

in the Te Oneroa Bay area. Two veins found in the fault bounded Te Oneroa stream valleys 

are highly sulphide-mineralised, one of which is found in the same valley as the Morning Star 

Mine. A number of smaller quartz veins have been observed with minor sulphide 

mineralisation observable at macroscopic scales, and some only observable under 

microscopic scales. These are reviewed in detail to help further the paragenesis model of 

mineralisation in the Te Oneroa Bay area. Each vein is described separately due to their 

differences in textures and mineralogies. 

Sulphide Vein One: Orange Juice Stream Mineralised Vein 

A highly sulphide mineralised vein in Orange Juice Stream is denoted Sulphide Vein 

One for ease of reference. It is located at the top of a ~5 m tall waterfall between the middle 

and topmost Morning Star adit entrances. It is hosted within unmineralised Preservation 

Formation and is on top of one of an altered plutonic dyke outcrop (see Chapter Three). This 

vein is found within the core of Orange Juice fault, however, its 030/66° W orientation does 

not appear to be the same as that of the fault (~130/75° W). It is ~1.5 m thick and is composed 

of milky to semi-translucent quartz with abundant black stylolites and <1 mm2 vugs (fig. 12). 

The quartz is generally fractured but well-consolidated. Many of the stylolites are text-book 

examples being composed of <1 mm thick wavy-bands cutting the quartz, whereas others are 

thicker and straighter (fig. 12). All stylolites in these samples are orientated approximately 

parallel to one another.  

Closer inspection of the stylolites and vugs show them to commonly host microscopic 

euhedral quartz crystals, and subhedral to euhedral pyrite and arsenopyrite (fig. 12). The 

pyrite is more obvious at the macroscopic scale being present as disseminated subhedral <0.3 

mm crystals, as well as within stylolites. Sericite is present in and around stylolites, in which 

the majority of the pyrite is concentrated.  

Thin section analysis confirms the high abundance of arsenopyrite and pyrite (fig. 13). Much 

of the arsenopyrite is found as euhedral to subhedral rhomboid crystals mostly <0.1 mm in 

size and rarely reaching ~0.3 mm. These rhomboids are mainly found in and around stylolites 

but can also be found as disseminated crystals, of which the larger rhomboids are more 
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common as the latter. Reflected light microscopy shows the cores of some of the larger 

rhomboids to host anhedral sphalerite; all sphalerite was found associated with arsenopyrite 

(fig. 13). The arsenopyrite has a wavy exterior texture indicating instability. A black clay 

material of unknown species is commonly on the inside of the stylolites. Sericite is present 

within the matrix as very fine-grained aggregates that are commonly associated with pyrite. 

All of the quartz is anhedral and is mostly in the range of ~5 mm in size but gets successively 

smaller to <0.1 mm closer towards the stylolites.  

SEM and EDS analysis of Sulphide Vein One confirms the presence of arsenopyrite, pyrite, 

sphalerite, and chalcopyrite (fig. 13). The pyrite is mostly subhedral and almost all grains  

Figure 20: Macroscopic observations of the sulphide mineralised quartz vein from Orange Juice Stream. A) Hand-specimen 
highlighting the stylolitic nature of the vein. B) Optical microscope view of a wall-rock inclusions with associated 
tetrahedrite, pyrite, and chalcopyrite. C) Closeup of the wavy stylolitic texture. D) pyrite and arsenopyrite mineralisation 
associated with wall rock clasts and stylolites.  
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measured host impurities of ~1-2 wt% As. The arsenopyrite ranges from subhedral to perfect 

euhedral rhomboids as seen in thin section, however, closer SEM inspection shows the edges 

to be rough and angular, of which anhedral sphalerite is typically in direct contact (fig. 13). 

The sphalerite commonly has <10 µm inclusions of chalcopyrite, with EDS also identifying 

galena inclusions; none of the observed sphalerite hosts both chalcopyrite and galena within 

the same grain. The chemistry of the sphalerite is anomalous in that all observed grains host 

5-8 wt% Fe and ~5 wt% Cu. The arsenopyrite frequently has inclusions of pyrite or galena, but 

similarly does not appear to host both species in any one arsenopyrite grain. The pyrite is 

Figure 21: Microscopic images of the Orange Juice Stream sulphide mineralised quartz vein. A-C) Thin section views. D-F) 
SEM views. A) PPL closeup of a stylolite in quartz matrix. Opaque minerals are predominantly arsenopyrite. B) RFL view of 
arsenopyrite rhomboids with associated anhedral sphalerite. C) XPL view of hydrothermal sericite in quartz. D) Close up of 
one of the arsenopyrite rhomboids in Pic. B highlighting the nature of the sphalerite in contact with the arsenopyrite, and 
galena inclusions. E) Chalcopyrite diseased sphalerite in contact with arsenopyrite with inclusions of exsolved-galena. F) 
Euhedral arsenopyrite with inclusions of subhedral to euhedral arsenian-pyrite, all within a Ba-sericite and quartz matrix. 
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subhedral to euhedral and <50 µm in size. Like the pyrite in the matrix it hosts ~1 wt% As but 

is unusual in that its crystal form is not cubic but instead has a dodecahedral form analogous 

to that observed in the gold mineralised veins. Inclusions of galena in the arsenopyrite are 

anhedral, elongate, and <10 µm in sizes indicative of an exsolution texture (fig. 13). Newly 

identified by EDS are rare grains of the mineral boulangerite (Pb5Sb4S11), all of which are <10 

µm in size and are found close to arsenopyrite but are isolated as inclusions in the quartz 

matrix. Textural analysis of the anhedral sphalerite on the unstable arsenopyrite indicates the 

sphalerite has formed from its breakdown; as little Zn will be present within the arsenopyrite, 

a Zn must have been introduced and a two-stage model of mineralisation is therefore likened. 

Aggregates of chlorite are likewise found as inclusions in the arsenopyrite and can be found 

in the same grains as sulphide inclusions. Each chlorite crystal is ~50 µm in size. The vast 

majority of the matrix is composed of quartz, with the stylolites being dominated by Ba-

sericite. The sulphide minerals can be found as inclusions within the quartz but are more 

common associated with the Ba-sericite. A single ~10 µm grain of monazite was observed 

within the Ba-sericite matrix, the chemistry of which suggests it to be the dominant Ce-

monazite endmember (~27 wt% Ce). 

Sulphide Vein Two: Goldilocks Fault Brecciated Pyrite Mineralised Quartz Vein 

A separate highly mineralised in-situ sulphide-rich quartz vein is found within Te 

Oneroa Bay’s Goldilocks Stream; a fault-bounded valley NE of the Morning Star Mine. This 

vein is denoted Sulphide Vein Two for ease of reference.  

It outcrops within a clear fault core exposure of the large Goldilocks Fault in which the river 

valley is cutting into (see Chapter Three), being orientated at nearly the same strike as the 

fault itself; approximately 150/82° NE.   

It is an approximately 30 cm thick well-consolidated vein composed of brecciated milky to 

semi-translucent quartz and wall rock inclusions, with pyrite found as abundant disseminated 

anhedral crystals within stylolites and as bands where it consolidates and cements the 

brecciated pieces of quartz together (fig. 14).  

Breccia clasts are mainly comprised of large pebble to small cobble sized quartz vein material 

(fig. 14). These clasts are consolidated both by the pyrite and secondary quartz (fig. 14). Wall-

rock breccia clasts are composed of a highly consolidated greywacke but do not appear to 
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host any sulphide minerals. The pyrite bands reach close to ~1 cm in width and consolidate 

many of the larger clasts together (fig. 14). A very fine-grained mica is evident in hand-

specimen but is too fine grained to identify. Thin-bands of a dark-black clay material are 

present surrounding many of the brecciated clasts. Dolomite is relatively common forming 

~1-2 mm wide bands which crosscut both the quartz and pyrite.  

A single cobble-sized clast of the pyrite-banded quartz was found within the fault-gauge just 

a few metres upstream of the original quartz vein outcrop (Chp 3, fig. 15, pic. A & B for location 

Figure 14: Macroscopic observation of the brecciated and pyrite mineralised/consolidated quartz vein. A) Cut and polished 
hand specimen. B) Close up of the brecciated vein highlighting clasts of quartz being ‘cemented’ by both pyrite and secondary 
quartz. C) Brecciated quartz consolidated by a pyrite matrix. D) Wall-rock clast with fault off-set quartz vein. E) Euhedral 
barite with a tabular crystal form. This sample originates as a clast of quartz vein within fault gauge. 
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of clast). This cobble has on one face numerous translucent euhedral coffin-shaped barite 

(BaSO4) crystals reaching a maximum size of ~2 mm (fig. 14).  

Thin-section analysis of Sulphide Vein Two confirms the main mineralogy of pyrite, quartz, 

and carbonate. The pyrite is anhedral and commonly has two main textures analogous to that 

found in the Preservation Formation pyrite nodules of a pockmarked textural type and a much 

more homogenous cleaner and brighter textural type, both of which commonly occur within 

the same crystal grains. The pyrite is present within the matrix, within fractures cutting quartz, 

and as inclusions within dolomite. Anhedral sphalerite with chalcopyrite disease is present in 

small quantities, with grains reaching a maximum size of ~0.5 mm and the interior 

chalcopyrite blebs being much smaller at <30 µm; this is analogous to that seen in Sulphide 

Vein One (fig. 14). Some isolated grains of anhedral chalcopyrite of a similar size to the 

sphalerite also occur. The sphalerite and chalcopyrite are only found associated with the 

pyrite and are often in direct contact.  

Dolomite is most common as aggregates with most individual crystals being anhedral and <0.1 

mm. Like the pyrite, it is found in the matrix and inside of fractures cross-cutting the quartz. 

The mica too fine-grained to identify in hand-specimen is confirmed as chlorite in thin-section 

where it forms as aggregates of a similar size to the carbonate. Most of the chlorite crystals 

are subhedral in shape, showing clear elongate structure with cleavage. Textural evidence for 

chlorite, dolomite, and the sulphides being coeval is evident by the intermingling at the edges 

of the aggregates and the sulphide crystals, however, the quartz appears to have formed prior 

to these as evident by the brecciation.   

SEM and EDS analysis confirms a dominant composition of pyrite, quartz, dolomite, and 

chlorite (fig. 14). Super high magnification of the dolomite show it to be dominantly 

composed of a single species, with numerous <50 µm inclusions of at least two other dolomite 

sub-species with slightly varied composition from their host mineral. See Chapter Five for 

ternary diagram comparison. SEM and EDS analysis show all three carbonate phases to be Fe-

dolomite with slight variations in chemistry (FeO-MgO changes of up to ~5%) intermingled 

with one another (fig. 14).  

The pyrite is homogenous but hosts occasional chalcopyrite-diseased sphalerite ~200 µm in 

length, and rare ~10 µm blebs of galena. The sphalerite is anhedral and mainly found around 
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the edges of pyrite, with the chalcopyrite inclusions being <30 µm and anhedral. Like the 

sphalerite in the previously described Sulphide Vein One, it is composed of ~1 wt% Cd and 8-

10 wt% Fe. Rare euhedral arsenopyrite rhomboids and anhedral galena are observed in the 

chlorite matrix, each being ~100 µm in size each (fig. 14). The chlorite itself is found in 

aggregates with each crystal reaching a maximum size of ~50 µm. Associated with the chlorite 

are the already described sulphide species, as well as rutile aggregates occasionally hosting 

~1 wt% V, and large euhedral fluorapatite crystals hosting ~1-2 wt% Sr. The rutile reaches a 

maximum observed size of ~30 µm, whereas the apatite is larger at ~200 µm (fig. 14). 

Figure 22: Microscopic observation of Sulphide Vein Two. A-C) Thin-section views. D-F) SEM views. A) PPL photomicrograph 
of the breccia matrix, highlighting the association of pyrite and Fe-dolomite, along with quartz. B) RFL view of pyrite intruding 
into fractures within the quartz matrix and consolidating quartz clasts. C) RFL view of chalcopyrite diseased sphalerite in 
contact with pyrite. D) SEM view of pyrite in contact with Fe-dolomite and quartz. E) SEM view of the matrix highlighting the 
abundance of chlorite and lesser Sr-bearing apatite. F) Euhedral arsenopyrite rhomboid in a quartz, rutile, chlorite matrix. 
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Minor Sulphide Mineralisation  

Macroscopic sulphide-mineralisation in quartz veins was also observed in a number of 

locations, most commonly within milky quartz veins <30 cm thick as occasional disseminated 

anhedral pyrite aggregates <1 mm in size. 

Some of the quartz veins are only recognised as ‘mineralised’ under high magnification. This 

is evident under the SEM where an apparently barren quartz vein found in a stream outcrop 

directly next to the collapsed Alpha Mine shaft was observed to host small inclusions of 

chalcopyrite, sphalerite, galena, and two unusual minerals: gersdorffite (AsNiS) and 

jagowerite (BaAl2(PO4)2(OH)2). The sulphides are all <20 µm in size, with the sphalerite hosting 

~1-2 wt% Cd. All observed gersdorrfite is ~2 µm in size being only a minor component. 

Gersdorffite is a member of the cobaltite mineral family (CoAsS) and all observed grains hosts 

~3 wt% Fe, 2 wt% Sb, and 4 wt% Co. Jagowerite was only observed within rocks in the Alpha 

Mine site area, but forms relatively commonly and as grains larger than the sulphides within 

the same rocks, reaching aggregate sizes of ~200 µm. Readers wanting to analyse Jagowerite 

should be wary due to EDS analysis vaporising holes in the crystals, potentially contaminating 

the vacuum chamber.  

4.5  Mineralised Host-Rock 

Two outcrops of Preservation Formation argillite were observed to have thick bands 

of pyrite. One such bed is observed in the Macnamara Creek valley at the mouth of a small 

tributary, and the other being found just upstream of Sulphide Vein Two. These bands lack 

gold but are inferred to be mineralised due to the thick pyrite bands, unusual elemental 

concentrations, and similar pyrite brecciated textures to those found in Sulphide Vein Two. 

The bed found in Macnamara Creek is tentatively tied to a fault. This fault was not directly 

observed, however, two tributaries on either side of the Macnamara Creek are along ~E-W 

strike from one another indicating a large geomorphological feature, and rocks at the mouth 

of the tributary where the pyrite is found contains copious slicken lines. The bed in Goldilocks 

Stream is directly tied to the large fault the valley is cut into, being found just above the well-

exposed fault core outcrop (fig. 15). Both places these pyrite bands were found, the argillite 

is a much darker black and more friable than other argillites observed in the Preservation 

Formation (fig. 16). The pyrite is mostly anhedral, however, in some voids euhedral cubic 
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crystals coevally grown into each other are present (fig. 16). The bands reach a maximum size 

of ~1 cm thickness and are distinct from the large pyrite nodules found in unmineralised 

Preservation Formation. The bands have anastomising pyrite stringers extending off them, 

with closer hand-lens inspection showing a brecciated texture of sand-sized pieces of the 

argillite wall-rock material inside the pyrite matrix (fig. 16).  

Thin-section analysis shows the wall rock to be made up of a highly fine-grained material 

evident to be mostly mica too small to observe accurately under optical microscopy, and small 

pieces of anhedral quartz (fig. 16). There is an approximate mica-alignment showing weak 

foliation within the beds. The observable quartz appears to have an approximately rounded 

and detrital nature; however, the edges of the grains are textured showing some re-

crystallisation at the grain boundaries as described in Chapter Three.  

The sulphide bands are confirmed as pyrite, showing the same homogenous and pockmarked 

textures as Sulphide Vein Two and the Preservation Formation pyrite nodules. Small pieces of 

angular wall-rock are held within the pyrite bands. 

  

Figure 23: Topographic map of the Macnamara Creek showing the position of a 
sulphide mineralised Host-Rock zone and inferred fault. The pyrite mineralised wall 
rock has an approximate GPS co-ordinate of 4871300 113300. 
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Figure 16: A, B, C) Macroscopic observations of the pyrite mineralised Preservation Formation highlighting the abundant 
pyrite and its vein nature. D, E, F) Thin-section view. C) textural differences of the pyrite under RFL. E) XPL closeup of the 
altered host rock matrix being composed of dominantly sericite, biotite, and quartz. F) A highlight of the intrusive nature 
of the pyrite.  
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Figure 1724: SEM view of the mineralised Preservation Formation. A) Typical matrix of the pyrite with inclusions of altered 
wall rock. Notice the brecciated pyrite and quartz in the fracture indicating its hydrothermal brecciated origin. B) Pyrite 
stringers intruding into altered monazite. C) High U-zircon in the matrix of the altered wall rock. D) A large view highlighting 
the association between the pyrite, barite, and weathering Fe-clays. E) A closeup of Pic. D showing high U-zircon in the wall 
rock matrix in association with barite and pyrite.  
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Scanning electron microscope and EDS analysis again confirm the presence of the pyrite, in 

places hosting ~2 wt% Zn. One crystal of chalcopyrite was identified; this crystal has a rim of 

near pure Cu-S presumed to chalcocite. This texture was also observed within the Au-

mineralised quartz vein. Due to the rimmed texture the chalcopyrite is identified as being 

altered to chalcocite. Occasional inclusions of xenotime and near end-member Ce-monazite 

are found within the pyrite but are altered and texturally broken-down, as evident by the 

pervasive intrusion of pyrite stringers (fig. 17). The matrix is mainly composed of biotite, 

chlorite, sericite, albite, and quartz, with lesser rutile, fluorapatite, and occasional barite and 

zircon. One example of a clastic albite with a perthitic texture was observed, with the odd 

addition of the K-feldspar being a Ba-rich variety (hyalophane). Some but not all of the sericite 

is the Ba-enriched variety, with most of it being found within the cleavage of the slightly larger 

chlorite grains. The barite is found both within the matrix and associated with the pyrite and 

Fe-clays, and has impurities of ~1-2 wt % Sr.  

Fe-clays are predominant in the samples, particularly along fractures within the pyrite (fig. 

16, 17). They commonly have low weight-% totals, being mainly composed of Fe with very 

minor Zn, presumably scavenged from the breakdown of sulphides. These are seen as 

weathering features and not authigenic in origin.  

Rare subhedral zircons ~5 µm in size were observed in both samples within the matrix but 

close to the pyrite bands; these are specifically mentioned due to their unusual chemistry of 

anomalously high concentrations of U (up to ~5 wt%) and Th (up to ~2 wt%). Such zircon 

approximate square shapes, which differ from the non-enriched zircon observed which 

tended to have a longer and more rounded form. These are analogous to the high-U zircon 

seen in the Au-mineralised quartz vein with the noted addition of ~1-4 wt% more U. A possible 

genetic link between the mineralising hydrothermal systems can be drawn from this.  

4.6  Deformation and Mineralisation 

A composition of all sulphide and/or gold mineralised quartz vein shows a common 

history of ductile deformation, whereby subdrain rotation, grain boundary migration and 

grain boundary bulging are present; these show a recrystallisation of the quartz. 

Recrystallisation of chalcopyrite, arsenopyrite, and galena are also noted in the mineralised 

veins and mineralised wall rock where chalcopyrite is observed to be altered to chalcocite, 
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and rhombohedral arsenopyrite is altered to anhedral sphalerite in which galena inclusions 

have been remobilised into the sphalerite.  

In other Buller Terrane Au deposits an early stage of quartz veining with little Au and sulphide 

introduction is known. A later stage of Au and sulphide mineralisation associated with ductile 

deformation and recrystallisation of the quartz has occurred in which most of the 

mineralisation took place (Mackenzie et al., 2016). Based on observations of the Te Oneroa 

Au-deposits, an analogous two stage history is provided whereby pyrite and arsenopyrite, as 

well as lesser chalcopyrite and galena, were introduced at an early stage, and later 

hydrothermal activity associated with quartz recrystallisation and ductile deformation is 

thought to have occured based on textural evidence. 

4.7 Conclusion 

 Mineralisation of the Te Oneroa Bay area has occurred in which variably brecciated 

and sheared quartz vein and host rock are found to hold gold, pyrite, chalcopyrite, 

arsenopyrite, tetrahedrite, sphalerite, galena, bournonite, and boulangerite. Mineralisation 

is closely associated with faults and shear zones. Gold ranges from ~1-20 wt% Ag and is mostly 

homogenous in structure. A two-stage mineralisation event is likened in which an early quartz 

is introduced with minor pyrite, arsenopyrite, chalcopyrite, and galena, and later ductile 

deformation associated quartz recrystallisation and hydrothermal activity remobilised 

existing mineralisation and introduced further components. A hydrothermal gangue 

assemblage is found as sericite, chlorite, Fe-dolomite, Mg-siderite, rutile, and apatite. No in-

situ gold bearing sample is available in outcrop today, but gold in quartz vein sample can be 

obtained out of situ from Orange Juice Stream.  
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Chapter Five: Discussion and Paragenesis Model 

5.1  Comparison: Buller Terrane Gold and Preservation Inlet Gold  

  The Cambrian-Devonian Buller Terrane is a well-known orogenic gold-hosting unit 

found on the west coast of the South Island; see Chapter One for an in-depth description on 

the general geology. The Te Oneroa Bay area is hosted within Buller Terrane metasediments, 

and therefore a comparison of gold mineralisation is needed to understand the gold 

mineralising system and a possible regional scale link. The majority of the gold in the Buller 

Terrane is thought to be orogenic in origin, but some examples of igneous gold are noted. By 

far the most researched component of Au-mineralisation is the Greenland Group in the 

Reefton area (e.g Allibone et al., 2020, and references therein). The Golden Blocks area in the 

Buller Terrane Aorangi Mine Formation to the north and the Mt. Greenland area in the 

Greenland Group to the south each have had a single MSc project on the gold-mineralisation; 

Burgess (1978), and Jury (1981), respectively.  

Structure and Host Rock 

In general, Buller Terrane orogenic Au-mineralisation is found within lower 

greenschist facies meta-turbidite sequences that still possess much of their original 

sedimentary features (bedding, laminations, crossbedding, etc.) (Christie & Brathwaite, 2002; 

Laird, 1972). Peak metamorphism has not been well constrained with the most current 

estimate being 375 to 340 Ma (Palmer et al., 2015; Scott et al. 2011). Much of the Buller 

Terrane is deformed into large-scale folds. In the Reefton area mineralisation is found mostly 

within elongate belts in a ~5 km wide zone of macroscopic folding (Christie & Brathwaite, 

2002; Jury, 1981; Laird, 1972; Allibone et al. 2020). This kind of structure and host rock 

features are analogous to the Te Oneroa Bay area, which is predominantly in the chlorite zone 

of the greenschist facies with preserved sedimentary features and large-scale anticlinal folds 

(Begbie et al., 2005; Bishop, 1986; this research). Historic mining claims are mostly restricted 

to a ~3 km wide N-S orientated zone hinting at the width of the underlying mineralising 

features.  

Buller Terrane orogenic gold-mineralisation is linked to lensoidal quartz shoots associated 

with ~N-S shear zones and faults that tend to dip steeply, although there are outliers such as 

the E-W oriented highly productive Globe-Progress shear zone (Burgess, 1978; Christie & 
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Brathwaite, 2002; Jury, 1981; Mackenzie et al., 2016). The ore shoots are usually found on the 

limbs of anticlines and synclines and are usually between 0.6-3.2 m wide (Allibone et al., 2018; 

Burgess, 1978; Christie & Brathwaite, 2002; Christie & Brathwaite, 1997b; Shand et al., 2015). 

Mineralisation is found as disseminated Au within hydrothermally altered non-brecciated and 

poorly quartz-veined host rock adjacent to shear/fault zones, as well as within fault breccias 

composed of quartz veins and wall rock clasts cemented together by quartz-veining and wall-

rock flour (Christie & Brathwaite, 2002); only the fault breccia gold-bearing veins have been 

noted from Mt. Greenland and Golden Blocks (Burgess, 1978; Jury, 1981). Mackenzie et al. 

(2016) further this by describing from Reefton an early stage ductiley deformed white quartz 

in which little gold was introduced, and a later stage grey quartz formed from the overgrowth 

and ductile-recrystallisation of the white quartz; this later stage is linked to the majority of 

the gold and sulphide mineralisation. An analogous observation of quartz colours is made 

from Mt. Greenland, although different terminology is used (Jury, 1981).  

A similar structure is noted in the Te Oneroa Bay area. Large quartz shoots formed of ~1.5 m 

wide lensoidal quartz veins are identified on the limb of a large anticline, being closely 

associated with large shear zone and faults. Although these features have not yet been 

unequivocally identified to host gold (since the underground workings are inaccessible), they 

are pyrite-mineralised and located at the entrances to mine adits. Gold and sulphides are 

found within brecciated quartz veins, mostly glued together by quartz and a fine grained 

black-material un-identified in this thesis but may be the wall-rock flour described by Christie 

& Brathwaite (2002). The grey-recrystallised quartz is noted within the Au-bearing samples as 

well as the Au-absent sulphide mineralised samples (Mackenzie, personal comms, 2020).  

 Hydrothermal Alteration 

Buller Terrane Au-associated wall rock hydrothermal alteration is predominantly 

found with the formation of K-micas (sericite-muscovite and chlorite) and carbonates from 

the breakdown of detrital feldspars, epidote, and detrital/metamorphic muscovite-chlorite 

(Christie & Brathwaite, 2002). These form both within altered wall rock, and as part of the 

mineralisation assemblage. Lesser quartz, and pyrite-arsenopyrite +/- stibnite porphyroblasts 

are also common. Such an alteration type commonly bleaches the wall rock whereby the 

alteration of darker minerals to finer-grained and lighter coloured sericite-muscovite lightens 

the colour of the rock unit (Christie & Brathwaite, 2002).  
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Hydrothermal alteration of the host rock in the Te Oneroa Bay area is characterised 

dominantly by the production of sericite (both Ba-bearing and Ba-absent), chlorite, and 

quartz. Lesser pyrite, arsenopyrite, Fe-dolomite, Mg-siderite, albite, biotite, rutile, 

fluorapatite, calcite and jagowerite with very minor zircon (both high-U and standard-U), Ce-

monazite and xenotime are also seen. The production of this alteration assemblage has 

probably mainly occurred by the breakdown of detrital feldspars (K±Ba alkali feldspar, 

plagioclase), epidote and detrital and metamorphic mica (muscovite, chlorite) (Craw et al. 

2009). Wall rock bleaching in which the production of sericite has occurred is a common 

feature; the silicified material observed in Preservation inlet has not been noted in the widely 

studied Reefton goldfield, however. Sericite and chlorite are common minerals both within 

altered wall rock and as an assemblage mineral within shear zone and Au-bearing quartz 

veins. No high-U zircon, or Ba-sericite has been noted from other deposits.  

Carbonate species of the Au-mineralised Buller Terrane are found mainly as dolomite-

ankerite and ferroan magnesite-magnesian siderite, with calcite being reported from Mt. 

Greenland and rarely in Reefton (Christie & Brathwaite, 2002; Jury, 1981; Milham & Craw, 

2009). The magnesite-siderite series mainly form as porphyroblastic spots in finer grained 

bleached host rock, and the ankerite-dolomite series and calcite form within both veins and 

altered host rock (Allibone et al., 2018; Christie & Brathwaite, 2002; Burgess, 1978; Shand et 

al., 2015). Similarly, in the Te Oneroa Bay area, three carbonate species are identified 

associated with Au-mineralisation: Mg-siderite, Fe-dolomite, and rare calcite, with 

intermediate species intergrown with one another as determined by variations in chemistry. 

It should be noted that the chemistry of the carbonates was measured using EDS and, due to 

an inaccuracy of at least 1% on all readings, all compositional data is semi-quantitative only 

and has been rounded to the nearest whole number. See Chapter Four for an in-depth 

description of the carbonate minerals. 

Siderite has been identified in four separate samples from the Morning Star Mine’s processing 

site and in Alpha Mine’s wall rock. It was occasionally found as minor matrix material 

associated with Au/sulphide-mineralised brecciated quartz vein (~10 µm intergrowths) but is 

mostly seen as <2 mm porphyroclast blebs in hydrothermally bleached/altered wall rock at 

Alpha Mine. All samples found have been associated with shear zone deformation. It is mostly 

seen as Mg-enriched variety with ~10-15% MgO (denoted Mg-siderite in this thesis) but was 
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also identified in some samples as being near endmember. Minor impurities of CaO and MnO 

are common.  

Dolomite was identified in three samples from the Te Oneroa fault-bounded valleys (see 

Chapter Three/Four), all of which have been associated with shear zones or sulphide and/or 

Au mineralisation. It has variable MgO and FeO content from ~10-15%, and 5-13%, 

respectively, with MnO and SrO being minor impurities. Dolomite (CaMg(CO3)2) is very close 

chemically to the carbonate mineral ankerite ((Ca(Fe,Mg,Mn)(CO3)2). While no pure ankerite 

or dolomite was observed, the variation of Fe-Mg content coupled with steady Ca levels 

Figure 25: Siderite ternary diagram rounded to nearest whole numbers due to EDS accuracy being limited at decimal integers. 
Plotted data reflects representative chemistries only.  Impurities measuring <0.5 wt% excluded.  
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suggests a probable solid solution between the two mineral species across all samples (fig. 2). 

As a result, it has been denoted Fe-dolomite in this thesis.  

Calcite was identified in the wall rock of the collapsed Golden Site Mine shaft as part of the 

matrix, being near endmember CaCO3 with very minor FeO-MnO-MgO impurities. It is 

presumed to be calcite and not its polymorph aragonite due to calcite being a common 

carbonate constituent of gold deposits (Kerrich & Fyfe, 1981).  

Differences in Preservation Inlet and other Buller Terrane Au-deposits are found in the 

absence of Ba-minerals, and importantly Ba-sericite. A lack of Ba-sericite in the other deposits 

is explained by the presence of detrital grains of the Ba-feldspar “hyalophane” 

((K,Ba)[Al(Si,Al)Si2O8]) within the Preservation Formation. Two occurrences of Ba-minerals are 

noted elsewhere; mm-sized barite veins are identified cross-cutting Au-mineralised 

Figure 26: Fe-Dolomite ternary diagram rounded to nearest whole numbers due to EDS accuracy being limited at decimal 
integers. Plotted data reflects representative chemistries only.  Impurities measuring <0.5 wt% excluded.. Pure ankerite and 
dolomite have been plotted for reference and comparison. 
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assemblages in the Northern Reefton goldfield (Robinson & Scott, 2019), and cymrite 

(BaAl2Si2(O,OH)2·H2O) is identified in seemingly altered wall rock near a Golden Blocks mine 

(Soong, 1975). Further Ba-minerals in other Greenland Group localities have not been 

identified either as part of the mineralised assemblage or the unaltered host rock assemblage. 

As a result I conclude the Ba-minerals of Preservation Inlet to have formed from wall rock 

alteration and break down of detrital hyalophane in the Preservation Formation, and due to 

the absence of this mineral elsewhere a Ba-signature is not found in hydrothermal sericite. 

 The below equations lay out some of the probable main reactions taken place during 

hydrothermal alteration. Equations 1-3 are taken from Mathieu (2018), where the 

hyalophane reaction is an adaption of the listed K-feldspar reaction. Equation four is taken 

from Craw et al. (2009), where the 2FeO comes from the breakdown of chlorite. It should be 

noted that reactions forming muscovite are used here to include the formation of sericite, a 

form of micro-crystalline white mica.  

Eq. 3NaAlSi3O8 + K+ + 2H+ <==> KAl3Si3O10(OH)2 + 3Na+ + 6SiO2  

1                               Albite     +   fluid     <==>   Muscovite       +  fluid  + Quartz 

Eq. 4(K,Ba)AlSi3O8 + 2H+ <==> NaAlSi3O8 + (K,Ba)Al3Si3O10(OH)2 + 6SiO2 + 2Na+ 

2       Hyalophane-Fld + fluid <==>   Albite    +        Ba-Muscovite     + Quartz + Fluid 

Eq. 2KAl3Si3O10(OH)2 + 3H4SiO4 + 9Fe2
+ + 6Mg2

+ + 18H2O = 3Mg2Fe3Al2Si3O10(OH)8 + 2K+ + 28H+ 

3       Muscovite      +            fluid                                =          Chlorite                  +   fluid 

Eq.                   2FeO   + H3AsO3(aq) + 0.5H2 + 3H2S  =   FeS2  +       FeAsS         + 5H2O 

4                Chlorite +  Arsenate                               = pyrite + arsenopyrite + Fluid  

 

The formation of ankerite-dolomite is noted in Mathieu (2018) to form from the hydrothermal 

breakdown of chlorite-calcite, whereas Craw et al. (2009) use a reaction from the 

hydrothermal breakdown of sideritic-ankerite and calcite to form ankerite-dolomite; no 

textural evidence is found for this in Preservation Inlet and therefore another reaction is 

proposed here. Similarly, Craw et al. (2009) suggest rutile forms from the hydrothermal 

breakdown of titanite and calcite, however, a different reaction is likened for the rutile 

formation in Te Oneroa Bay as no textural evidence for the breakdown of calcite was 

observed. Detrital titanite is observed in un-altered Preservation Formation but is not noted 
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in its hydrothermally altered equivalent, and therefore titanite is likened as the probable 

source of Ti for the formation of hydrothermal rutile. No reactions for the hydrothermal 

formation of apatite, biotite, or siderite could be found in this research, but Wellnitz et al. 

(2018) suggest that the hydrothermal breakdown of metamorphic minerals (e.g chlorite-

muscovite) promotes the formation of carbonates, as well as white mica (e.g sericite), quartz, 

rutile, arsenopyrite, pyrite, and gold.   

Au-mineralised Quartz Vein Assemblage 

Gold within Buller Terrane orogenic Au-deposits is typically found as flakes within 

brecciated quartz vein associated with a number of Fe-Cu-Sb-As-Zn-Pb minerals; most notably 

pyrite, pyrrhotite, chalcopyrite, stibnite, arsenopyrite, tetrahedrite-tennanite, sphalerite, 

galena, bournonite, boulangerite, and rare zinkenite, and cobaltite (Burgess, 1978; Christie & 

Brathwaite, 2002; Jury, 1981; Mackenzie et al., 2016; Shand et al. 2016). In places where 

stibnite is present, tetrahedrite is either not present or highly uncommon, and vice-versa 

(Christie & Brathwaite, 2002; Jury, 1981; Shand et al. 2016). Gold is found to be in close 

association with bournonite, boulangerite, tetrahedrite, pyrite, and arsenopyrite, where it 

commonly forms in direct contact (Jury, 1981; Mackenzie et al., 2014; Stick et al. 2016; Shand 

et al. 2016). Accessory gangue minerals are commonly ankerite-dolomite, chlorite, and 

sericite. The initial white-quartz stage of mineralisation is linked to pyrite and arsenopyrite 

plus minor gold, with the second grey quartz stage being the main mineralising event in which 

most of the sulphide minerals and gold are concentrated. 

Such a mineralised assemblage is shared with the Te Oneroa Bay area, in which native gold 

flake are found within brecciated and variably sheared quartz veins closely associated with 

pyrite, chalcopyrite, tetrahedrite (lesser tennanite), arsenopyrite, galena, sphalerite, 

bournonite, and boulangerite. No stibnite, pyrrhotite, or zinkenite were identified. Cobaltite 

was not observed, however, the Ni-endmember of the cobaltite family ‘gersdorffite’ (NiAsS) 

was observed in an Au-absent mineralised quartz vein at Alpha Mine. Common gangue 

minerals are Fe-dolomite, sericite (both Ba-bearing and Ba-absent), chlorite, and lesser 

fluorapatite, and rutile. A first stage of mineralisation is identified in which pyrite and 

arsenopyrite plus minor galena have formed. A later second stage occured in which the 

remobilisation of pre-existing pyrite-arsenopyrite-galena ensued, as well as the formation of 

the bulk of the sulphide minerals and gold. 
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Buller Terrane Igneous Gold 

Igneous-related gold also occurs in the Buller Terrane. Gold at Kirwans Hill in the 

Reefton area occurs, apparently, where emplacement of a Devonian-Carboniferous granite 

into Greenland Group host rock caused greisenisation and W-Sn-Au mineralisation (Pirajno & 

Bentley, 1985). Two systems are identified: one set of exogreisen sheeted quartz veins with 

scheelite (CaWO4)-cassiterite (SnO2)-pyrite-pyrrhotite-chalcopyrite-arsenopyrite-loellingite 

(FeAs2)-cassiterite-molybdenite (MoS2), and a second set of sheeted and stockwork quartz 

veins which contain native Au-pyrite-arsenopyrite (Pirajno & Bentley, 1985). Mineralisation is 

thought to have occurred at ~296 Ma (Christie & Brathwaite, 1997).  The Mt. Rangitoto Mine 

Creek deposit in southern Westland is thought to be igneous (Jury, 1981). It occurs within 

hornfelsed Greenland Group and consists of quartz veins intruded inside a shallowly dipping 

shear zone found close to the hinge of a large anticline. The vein assemblage is pyrite-

sphalerite-galena-tourmaline-calcite and minor chalcopyrite and gold ‘electrum’ (>20 wt% 

Ag) (Jury, 1981). Mineralisation is thought to have occurred with intrusion of the Kakapotahi 

Granite at ~214 Ma (Jury, 1981). Some gold-silver is also found disseminated within the 

Rangitoto granite. The galena is noted to be argentiferous (significant silver content); the 

mine itself was a silver mine, and galena was probably the main source of Ag (Jury, 1981). A 

lone Ag-Au mine existed on the northern side of Preservation Inlet in Cuttle Cove. This mine 

is hosted within the ~130 Ma Treble Mountain Granite (Gollan, 2006) who reports that the 

granite at the mine site is “variably sheared”. Mineralisation is hosted within two sets of 

quartz veins swarms, one of which is cut by an E-striking and S-dipping fault, of which the 

assemblage is found as argentiferous galena-sphalerite-chalcopyrite-arsenopyrite-pyrite-gold 

(Gollan, 2006). A “Fe-Mg carbonate” is also described as part of the mineralisation 

assemblage but its mineral species is not described; this is likely to be either a solid solution 

between siderite-magnesite, or ankerite-dolomite. Wall rock alteration is characterised by 

the formation of sericite, biotite, pyrite, and Fe-Mg carbonate. 

Te Oneroa Bay: Igneous or Orogenic Mineralisation? 

Although the occurrence of altered plutonic dykes mapped in this research within the 

Te Oneroa Bay area could be the provenance of the mineralising system, I believe that it is 

more likely that the Au is orogenic. Firstly, the Te Oneroa Bay gold deposits share most 

similarities with the classically defined orogenic deposits in that the shear zone-related 
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brecciated and sheared quartz veins are on the flanks of anticlines/synclines and record two 

stages of mineralisation: an early white-quartz stage with little mineralisation, and a 

secondary stage with quartz recrystallisation and further Au and sulphide introduction. 

Secondly, the common mineralisation assemblage is Au, pyrite, arsenopyrite, tetrahedrite, 

chalcopyrite, galena, sphalerite, boulangerite, bournonite, and gersdorffite (Ni-cobaltite), and 

the wall rock hydrothermal alteration assemblage of sericite, chlorite, quartz, Fe-dolomite, 

and Mg-siderite spots, are also similar to that seen in the orogenic gold of the Buller Terrane 

and Haast schist hosted deposits of the South Island. From the few igneous gold deposits 

found in the Buller Terrane, there is a general trend of Mo-enrichment, Ag-bearing galena, 

W-Sn mineralisation, and a little Cu mineralisation (Gollan, 2006; Jury, 1981; Pirajno & 

Bentley, 1985).  

In recognising this, Sillitoe & Thompson (1998) and Hart & Goldfarb (2005) both show that 

some igneous Au-systems share many characteristics with conventional orogenic Au-systems, 

and indeed Tomkins (2013, and references therein) show that classically defined orogenic 

deposits have later been proven to be igneous based off of isotopic and halogen gas 

signatures. The lumping of Buller Terrane gold as dominantly being orogenic is mostly based 

off their shared features with classical orogenic deposits; little isotopic work has been 

undertaken (Goldfarb et al., 2005). The close spatial relationship with many large felsic-

igneous provinces younger than the Buller Terrane (Allibone et al., 2007; Tulloch, 1988) should 

not be ignored, and further research into the nature of the hydrothermal fluids both in 

Preservation Inlet and the remaining Buller Terrane Au-deposits should be undertaken; this 

lies beyond the scope of this thesis, however.  

 Te Oneroa Bay: Supergene or Hypogene Gold?  

The role of orogenic hypogene gold concentration is clear is in Te Oneroa Bay area, 

however, supergene processes can form highly enriched zones of gold on top of already 

enriched hypogene concentrations (Craw et al., 2015). Research on hypogene gold nuggets 

find in general ~1-100 µm thick rims of recrystallised low-Ag-bearing gold (<3 wt% rims) 

around their edges (Hough et al., 2007; Stewart et al., 2017). These are likely produced 

through the accumulation of strain energy on the edges of the nuggets through transport. In 

doing so, Ag is removed from the gold in solution (Stewart et al., 2017). One flake of gold from 

Alpha Mine shows clear zones that are much purer (~98 wt% Au, ~2 wt% Ag) than the 
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surrounding flake matrix (~87 wt% Au, ~13 wt% Ag) (chp. 4, fig. 9). These zones have edges 

that are straight and angular, they lead off of exposed edges, and small fractures close to 

these zones holds very high Ag content; this is interpreted as strain-induced recrystallisation 

and expulsion of Ag from the gold (chp. 4, fig. 9). As the flakes were collected from underneath 

the historic mine processing sites stampers this recrystallisation may have occurred in the 

~120 years since this gold was mined. In any case, strain-induced recrystallisation was 

evidently not a common feature in the Te Oneroa Bay gold and was not observed in any 

nugget. Furthermore, the Morning Star and Alpha Mine gold grains have analogous Au-

concentrations at ~2-4 wt% Ag, whereas Golden Site generally has ~10-20 wt% Ag. While 

overall chemistries vary, each individual nugget or flake is relatively homogenous with a key 

commonality between being the lack of chemical zonation both around the edges of the gold 

or around internal grain boundaries. Many of the gold flakes hold ≤50 µm ‘inclusions’ of gold 

in their interior which either have significantly lower or higher Ag than their parent gold. 

Another line of evidence that argues against a supergene enrichment is that the Te Oneroa 

Bay gold lacks typical supergene gold macro-structure (dendritic wires, plates, needles) and 

micro-structure (euhedral gold crystals), as well as being composed of typical hypogene 

concentrations (>5 wt% Ag). Lastly, the ‘smoking gun’ for a hypogene history in the Te Oneroa 

Bay area is found on the micro-scale, where gold is directly observed coevally grown with As-

bearing pyrite (<3 wt% As), chalcopyrite, and tetrahedrite-(Zn). As supergene remobilisation 

of gold breaks down sulphides the gold cannot be supergene in origin and therefore all 

observed gold must be hypogene (Craw & Kerr, 2017; Shuster & Southam, 2015; Stewart et 

al., 2017)  

Although hypogene origin of the gold is referred, minor sub to euhedral gold crystals are 

found on the surface of the gold nuggets in pockets protected from physical weathering 

(transport), which indicates some surface supergene remobilisation has occurred (Hough et 

al., 2007).  

Furthermore, both nuggets have clearly been transported as seen by the rounding of the gold 

and the microscopic surface scratches seen under SEM, however, due to only minor rounding 

on the quartz and the lack of a strain-recrytsallised rim in the gold, it seems apparent neither 

nugget has been transported far. Both nuggets were found within a bedrock fracture ~50 m 

downstream of the collapsed Alpha Mine shaft. Due to the evidence for a lack of transport a 
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link between the historically mined Au-bearing quartz vein and the nuggets is tentatively 

drawn indicating that the original hypogene gold may have reached such concentrations to 

form centimetre sized blebs of in-situ near-pure gold.    

 Alpha, Golden Site, Morning Star Mines: Same Mineralising Fluid? 

The gold of Alpha Mine and Morning Star Mine is tentatively inferred here to be of the 

same main branch of mineralisation due to their similar Au-Ag wt% concentrations, close 

proximity to one another, and along-strike nature. Golden Site, on the other hand, generally 

has a higher Ag wt%, which has been noted to occur in deposits that are further from the 

main mineralised zone or vertically higher up in the mineralising sequence (Hough et al. 

2009). Golden Site is also not along the same strike as the Alpha and Morning Star mines, and 

while evidence for faulting and shearing is found, there is a lack of evidence for a large 

fault/shear zone, as seen at Morning Star and Alpha Mine. Instead its location relative to the 

other mines and lack of large fault/shear zone features may mean that Golden Site was 

mineralised from the same fluids but not from main branch of fluid flow. It should be noted, 

however, that such evidence of lateral and vertical change in silver content is found from 

porphyry deposits (Hough et al., 2009), and so this may not be entirely applicable to the 

probable orogenic gold of Te Oneroa Bay. 

5.2 Mineralisation Controls 

 Fluid Source  

The main source of orogenic Au-fluids is thought to come from the breakdown and 

dehydration of hydrous minerals such as the breakdown of chlorite during the transition of 

the greenschist to the amphibolite facies (e.g., Goldfarb & Groves, 2015). Over the transition 

from the lower greenschist to the granulite facies, an average meta-pelite (mudstone) is 

thought to lose ~84 kg of water per m3 of rock (Connolly, 1997). Furthermore, chlorite is not 

stable at temperatures above ~550 °C (unless extremely Mg-rich) and melting of hydrous 

rocks of roughly granitic-like bulk composition begins at ~675 °C, which means metamorphic 

fluid production is thought to be very minimal beyond the amphibolite facies (Goldfarb & 

Groves, 2015; Tomkins, 2010). Connate fluids are thought not be significant due to their 

dominant expulsion during compaction and diagenesis (Swarbrick, 1968), and meteoric 

waters are only thought to contribute to ore systems in the shallow crust meaning these are 

not available in most orogenic deposits (Goldfarb & Groves, 2015).  
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The Buller Terrane, and indeed the Fanny Bay Group, is dominantly composed of interbedded 

sandstones and mudstones and are therefore conducive to dehydration reactions over the 

greenschist-amphibolite facies transition. Furthermore, amphibolite facies Greenland Group 

rocks exist (Laird, 1972; Scott et al., 2011; Mortimer et al. 2013; Palmer et al. 2015). As a 

result, the source of fluid for the Te Oneroa Bay gold deposits may be derived from the 

dehydration of Buller Terrane chlorite during amphibolite facies metamorphism of the lower 

crust. 

Chemistry of the Fluid System  

Meta-studies of orogenic gold mineralising fluids generally find a mixed aqueous-

carbonic fluid with low salinity (0.4-7 wt%) and low to moderate CO2 content (5-20 mol%) (fig. 

3) (Garofalo et al., 2014; Goldfarb & Groves, 2015; Ridley & Diamond, 2000). Methane (CH4) 

is found in minor concentration, molecular nitrogen (N2) at trace concentration, and 

hydrogen-sulphide (H2S) at very low 0.01–0.36 mol% (fig. 3) (Goldfarb & Groves, 2015). 

Salinity is characterised by mostly Na, with, in decreasing order, lesser K-Ca-Mg salts. The fluid 

Figure 27: Diagram of fluid composition of global gold deposits. Taken and edited from Ridley & 
Diamond, 2000.  
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is at near neutral-pH, generally either weakly acidic (pH ~5.5), or weakly alkaline (pH not 

given) (Goldfarb & Groves, 2015; Ridley & Diamond, 2000). During precipitation of ore the 

fluid is generally at/near equilibirum with both the host rock sequence and vein minerals, but 

not with the immediate wall rock (Garofalo et al., 2014; Ridley & Diamond). A two-phase 

model for ore precipitation is likened in which boiling occurs to form a vapour enriched in Au-

B-As-Sb causing subsequent precipitation (Garofalo et al., 2014). Similarly, fluid 

decompression, sulphidation, and reduction-oxidation reactions are thought to be key 

components causing ore precipitation (Bierlein et al., 2004; Garofalo et al., 2014).  

Gold is mostly transported as an Au+ ion, whereby it gets complexed to HS ligands (Tooker, 

1985). In near neutral pH orogenic fluid environments it mainly transports as the species 

Au(HS)-
2, where in neutral environments it can reach its highest concentration of ~62.0 ppm, 

but above or below this pH (acidic-alkaline conditions) the grade drops (Tooker, 1985). As 

most orogenic Au-deposit fluids are at near neutral pH (Goldfarb & Groves, 2015), this partly 

explains why orogenic gold deposits can be so prosperous. 

 Source of Economic Mineralisation Elements 

It is generally thought that Au does not come enriched with the formation of the 

metamorphic fluid but rather is enriched from wall rock scavenging (chemical interaction 

between wall rock and hydrothermal fluid in which gold gets dissolved) during the fluids 

transport upwards through the crust. Framboidal and diagenetic pyrite found in the wall rock 

are probable sources of Au-As and possibly Ag-S in some orogenic Au-deposits (Hu et al., 2016; 

Large et al., 2012; Thomas et al., 2011). Garofalo et al. (2014) further suggest Sb-B to possibly 

be sourced from the same source as Au, based on chemical parameters. As shown in the 

research, abundant framboidal pyrite exists within the argillites and to some extent the 

greywackes of the Preservation Formation, indicating a possible source of Au-Ag-As-Sb-S in 

the Te Oneroa Bay Au-deposits to be from the Fanny Bay Group itself. Copper has potentially 

also been from leached from diagenetic pyrite due to the observation in this research of 

chalcopyrite inclusions. Lead and zinc and to some degree silver were possibly enriched with 

the onset of the ore-forming fluid formation as isotopic evidence of Chinese orogenic Ag-Pb-

Zn deposits suggest (Chen et al., 2004); this is supported by Pb-Zn being noted as being 

retained in source rock framboids by Large et al. (2012).  
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Age of Mineralisation  

The timing of Au-mineralisation within the Buller Terrane is poorly constrained. A 

widely cited age of regional metamorphism is ~450 +/- 10 Ma, based on whole rock K-Ar dates 

by Adams et al. (1975), however, Adams et al. (1998) show that detrital muscovite is a 

common sedimentary mineral in the Greenland Group; this will skew whole rock K-Ar analysis. 

A more probable date for mineralisation is the ~375-330 Ma Devonian-Carboniferous regional 

metamorphism (Mortimer et al., 2013; Palmer at al., 2015; Robinson and Scott, 2019). A 

youngermost age constraint is found in the southern Reefton goldfield whereby a ~119 Ma 

felsic intrusion caused hornfelsism and mineralisation overprinting earlier ductile 

deformation associated Au-mineralisation (Dickie et al., 2019).  

Pressure-Temperature Constraints  

 Craw et al. (2009) define three orogenic gold-mineralising types from a meta-analysis 

of Haast Schist hosted deposits (Eastern Province, New Zealand South Island). These are a 

lower metamorphic alteration zone, a middle ankeritic alteration zone, and a shallow-veining 

zone. The Te Oneroa Bay gold deposits share the most similarities with the ankeritic alteration 

zone; that is, ore precipitated within silicified fault breccia veins associated with folds, normal 

faulting, and shear zones, and a dominant ankeritic carbonate vein mineralogy with 

associated arsenopyrite and pyrite. From this, an inferred depth-temperature estimate of Au 

and sulphide precipitation is at 2-10 km depth and ~200-300 °C (Craw et al., 2009). Such a 

pressure-temperature (P-T) estimate is supported by orogenic Au-deposits analogous to 

those in Te Oneroa Bay (Klipwal - South Africa, Lachlan Orogen – Australia, Betam - Egypt) 

which give general deposition P-T conditions of ~180-350 °C at ~1-3.5 kbar of pressure 

(Bierlein et al., 2004; Chinnasamy et al., 2015; Zoheir, 2007).  

Calculated ore-precipitation temperatures for the Te Oneroa gold are independently 

supported using quartz plastic deformation and gold crystalline annealing as a proxy for 

temperature. Gold is found to anneal at temperatures above ~250 °C (Hough et al., 2009). 

The textures of the analysed gold show a coarse crystallinity indicative of annealing, indicating 

the gold and subsequently the host rock has been subjected to temperatures above ~250 °C. 

Using research from Stipp et al. (2002), the highest temperature plastic deformation feature 

seen in the Te Oneroa mineralised veins are quartz-grain boundary migration and bulging 

recrystallisation indicating deformation at up to ~340 °C. As the Preservation Formation is 
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identified as being in the low-middle greenschist facies, temperatures much higher that 340 

°C would be expected to yield a high-greenschist facies to amphibolite metamorphic 

assemblage (namely, the formation of garnet and/or hornblende), meaning the Au-bearing 

quartz veins are likely to have been precipitated at ≤ 340 °C.  

 Structure & Deformation 

 Many global orogenic gold deposits show clear evidence for a formation at or near the 

brittle-ductile transition, and indeed the Buller Terrane hosted deposits and the deposit 

studied in this thesis share such observations (Allibone et al., 2020; Tomkins, 2013). In Te 

Oneroa Bay a model for ore formation in the ductile zone is supported due to the observation 

of gold and sulphide minerals precipitated in the matrix of ductiley deformed quartz (sub-

grain rotation, grain-boundary migration and bulging) and associated shear zones 

(porphyroclastic mylonites, quartz-pods). As brittle deformation has also clearly occurred 

(faulting), and temperature constraints show a relatively low temperature of plastic quartz 

deformation (~340 °C), a model of ore formation is likened to have occurred near the brittle-

ductile transition. This is supported by the observations of gold being found as small rounded 

clasts within quartz-vein breccias, and inside of fractures in quartz vein. Gold is noted to be 

‘squeezed’ into fractures during deformation owing to its very high ductility (MacKenzie, 

personal comms, 2020), thereby indicating precipitation of the gold occurred syn-quartz vein 

formation, and pre-brittle deformation. Due to the observation of crack-seal quartz veining in 

Te Oneroa Bay, this deformation is inferred to have occurred in a tensional setting. 

Structure is also important for ore-deposition, where many global gold deposits are found in 

structural features such as dilational/contractional jogs, saddle reefs, and in close association 

with faults/shear zones (Cox et al., 1991, and references therein). The reason for this is likely 

due to higher permeability enabling greater fluid flow, and these features being conducive to 

sudden changes in fluid pressure. The Te Oneroa Bay Au-deposits are hosted within 

shear/fault zones on the limbs of large ~200-300 m scaled anticlines. Such deposits are 

relatively unique in that most orogenic gold deposits associated with large wave form features 

are found in the fold-hinge of anticlines as saddle reefs (Cox et al., 1991, and references 

therein). Due to lack of available outcrop of Au-bearing quartz vein in the Te Oneroa Bay area 

the structure of the veins have not been measured, but as all mines observed are associated 

with faults and/or shear zones, such features very likely played a key role in ore precipitation. 
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The quartz veins are inferred to dip steeply due to observation of the historic mines being 

made of tightly stacked adits where many floors are joined by shafts. Furthermore, the close 

resemblance of the Te Oneroa deposits to other typical orogenic Buller Terrane deposits 

indicate a probable link to small dilational jogs and possibly to cleavage in the Preservation 

Formation; observations of bedding being clearly cut by Au-associated faults would indicate 

the lack of association with bedding-parallel mineralisation.  

5.3 Paragenesis Model of the Te Oneroa Bay Au-Deposits 

 A paragenesis model for the Te Oneroa Bay Au-deposits is presented from evidence 

identified during this research, coupled with observations of other Buller Terrane orogenic 

deposits, and global observations.  

The beginning of the model starts with the deposition of the Buller Terrane as a thick turbidite 

sequence within the paleo-Ross Delamerian Basin. Peak regional metamorphism of this 

sequence occurred at ~375 to 330 Ma (Mortimer et al., 2013; Palmer et al., 2015; Scott et al. 

2011) with a known maximum grade of amphibolite facies (Mortimer et al., 2013). Over the 

greenschist-amphibolite transition, the dehydration and breakdown of chlorite released 

metamorphic fluid (fig. 4) (Connolly, 1997). Walther & Orville (1982) estimate the rate of fluid 

production for the average pelite at conditions between 400-600 °C will be ~9.4 x 10-10 g cm2 

s-1, of which fractures are produced due to the much lower density of the fluid exerting 

upwards pressure on the rock. A fracture just 1 cm long and 0.02 µm wide is estimated to be 

needed per cm2 of fluid-producing rock to allow for the transport of fluid, meaning little 

fracturing of the Fanny Bay Group was needed for the transport of the metamorphic fluid 

upwards through the crust (fig. 4) (Walther & Orville, 1982). 

As the fluid percolated upwards, it reacted with the mineralogy of the wall rock, and 

importantly with framboidal pyrite mostly found within argillitic beds whereby Au-Ag-As-Sb-

Cu-S are dissolved into the fluid; Pb-Zn and to some degree Ag may have been concentrated 

at the formation of the metamorphic fluid (fig. 4). Gold was mostly transported as the ligand-

complexed Au(HS)-
2 , whereby it may have reached a peak of ~62.0 ppm (Tooker, 1985). The 

chemistry of the fluid was likely at a near neutral pH, with low NaCl equivalent salinity of 0.4-

7 wt%, low to moderate CO2 content of ~5-20 mol%, minor to trace methane (CH4), N2, and 
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H2S. Salinity was probably mostly governed by Na, but lesser K-Ca-Mg salts were also likely 

present.  

Fluid-flow eventually started to become concentrated within shear zones due to a greater 

permeability than surrounding rock, and within pre-existing large-scale anticlines which likely 

acted as structural traps (fig. 4). Hydrothermal alteration of the host rock was mainly 

governed by sericitisation reactions with lesser chloritisation (fig. 5). The main wall-rock 

minerals to be broken down were detrital muscovite and feldspars, and metamorphic 

chlorite. These were broken down to form hydrothermal chlorite, sericite (both Ba-bearing 

and Ba-absent), quartz, Fe-dolomite, Mg-siderite, pyrite, arsenopyrite, and to a lesser extent 

calcite, albite, Jagowerite, rutile, apatite, zircon (both high-U and standard-U concentrations), 

Ce-monazite, and xenotime (fig. 4, 5).  

Precipitation of the ore-units is thought to have occurred at temperatures between of ~180-

350 °C, and between ~1-3.5 kbar of pressure. A depth range is estimated at between 2-10 km, 

of which evidence suggests precipitation occured within the greenschist facies at just below 

the brittle-ductile transition in a tensional setting.  

Textural evidence suggests an early stage of mineralisation in which sub to euhedral 

arsenopyrite and pyrite forms in quartz vein, dominantly along/close to stylolites; this is seen 

in ‘sulphide vein one’ described in Chapter Four. Minor galena was observed as exsolution-

styled inclusions inside of subhedral arsenopyrite showing a coeval precipitation. The quartz 

veins are weakly ductiley deformed (sub-grain rotation, grain boundary migration), and 

sericite is found in the matrix indicating sericitisation reactions with the host rock was 

present; no Au was observed to be introduced at this stage (fig. 5).  

A second stage of mineralisation is likened to have occurred in which the gold is introduced 

along with the bulk of the sulphide minerals, including tetrahedrite, chalcopyrite, sphalerite, 
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Figure 4: Paragenesis model for the Te Oneroa Bay Deposits showing main features only. Partly edited from Ridley & Diamond, 2000. 
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further galena, bournonite, boulangerite, and very minor gersdorffite (fig. 5). Textural 

evidence suggests the breakdown of the euhedral arsenopyrite by sphalerite, of which 

inclusions of galena are found inside the sphalerite indicating a re-mobilisation of the Pb from 

its original arsenopyrite host. Arsenian-pyrite is thought to have formed here via the 

breakdown of arsenopyrite, of which As is scavenged into its structure. Gold is thought to 

have been precipitated coeval to tetrahedrite, pyrite, chalcopyrite, sphalerite, bournonite, 

and galena, due to textural observations (inclusions, intergrown grain boundaries). Of the 

gangue minerals, gold is thought to be more or less coeval to Fe-dolomite, quartz, Mg-siderite, 

chlorite, sericite, rutile, and apatite, similarly due to textural observations (fig. 5).  

Alpha and Morning Star Mines may be part of the same mineralised zone which is inferred to 

be the main branch of mineralisation due to them being on strike with one-another and within 

the large shear/fault zone features (fig. 4), whereas Golden Site is thought to be connected 

via being precipitated from the same fluids but on a smaller and proximal mineralising zone.  

Figure 5: Chart of mineral alteration and paragenesis for the Te Oneroa Bay Au-deposits. Detrital/metamorphic micas refers 
to chlorite-muscovite/white mica-biotite. Accessory Ore Minerals refers to bournonite and Boulangerite, and trace ore 
mineral refers to gersdorffite. Chart is modelled from Craw et al., 2009.  
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Subsequent uplift of the area has exposed mineralised quartz-reef at or near the surface. 

Given the close resemblance to many other orogenic Buller Terrane Au-deposits, it is deemed 

possible that mineralised-reef still exists in the Te Oneroa Bay area and have simply not been 

exposed yet. A possible location for exploration is the Macnamara Creek where mineralised 

host rock is observed and historic alluvial gold mining features are seen in the creek (stacked 

boulder walls), but a distinct lack of historic hard rock Au-mines exists.  

5.4  Genetic Relationships and Further Research 

Buller Terrane Orogenic Gold: A Regional Link?  

Orogenic Au-mineralisation in the Buller Terrane share many characteristics, namely 

structure, hydrothermal alteration styles, and mineralogy. Furthermore, they are hosted 

within sediments deposited in the same paleo-ocean basin (Ross-Dalemerian) that have 

undergone the same geologic history (regional metamorphism, folding) and have only 

recently been offset from one another by faulting. It is proposed in this research that due to 

widespread similarities and the ancient connection between the hosted sediments, that a 

regional scale orogenic mineralisation event occurred during the Cambrian-Devonian regional 

metamorphism. The closest Buller Terrane orogenic Au-mineralisation to Te Oneroa Bay is 

the Mt. Greenland area in southern Westland; these two areas share a commonality in that 

the Sb is dominantly hosted in tetrahedrite, a mineral sparsely seen in the Reefton area.  

Furthermore, a tentative correlation between the Buller Terrane Au-deposits and those of the 

Lachlan Fold Belt (Australia) and the Ross Mountains (Antarctica) are similarly drawn due to 

these deposits being of similar composition and style, and the deposition of their host 

sediments all occurring within the paleo Ross-Delamarian Basin.  

Cuttle Cove & Te Oneroa Bay: A Genetic link? 

Gollan (2006) suggests a genetic relationship between the Te Oneroa and Cuttle Cove 

Preservation Inlet Au-deposits. I suggest that based on differences in mineralogy and 

structure, and importantly due to the Cuttle Cove deposit being hosted by a much younger 

rock unit (~130 Ma Treble Mountain Granite) than the inferred age of Te Oneroa 

Mineralisation (~375-330 Ma), then the two are not related. Gollan (2006) bases the 

definition of Cuttle Cove being a low-sulphidation epithermal deposit based off of sulphur 

isotopes and spatial affinity to the Treble Mountain Granite.   
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The Cuttle Cove Au-deposit shares a clear similarity with the Mt. Rangitoto Au-Ag mine (south 

Westland) in that both have a dominant Ag source mainly derived from argentiferous galena, 

are closely associated with granites and sheared host rock. The Mt. Rangitoto deposit is 

thought to have occurred ~214 Ma with the intrusion of the Kakapotahi Granite, meaning the 

two cannot be related.  
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Chapter Six: Conclusion 

 Preservation Inlet in southwest Fiordland experienced a small gold rush in the late 

1800s to early 1900s. Alluvial gold mining was prevelent, but three small hard rock mines 

were formed on the southern side of the inlet in the Te Oneroa Bay area: Morning Star, Alpha, 

and Golden Site. These mines and the surrounding geology are the focus of this thesis. Each 

of these operated for approximately 20 years up until the mid-1910s. Over 30 claims were 

laid down across the inlet on a broad 3 km wide zone striking N-S. Ore grades were reportedly 

patchy but where lodes were hit, exceptionally high-grade gold was found. Two small towns 

were formed, Cromarty and Te Oneroa, both of which are now deserted. All that remains of 

the mines are occasional pieces of machinery and mostly collapsed shafts and adits (Petchey, 

2004). Acid mine drainage is a particularly bad legacy left behind, mostly being found at the 

Morning Star Mine (Begbie et al., 2005; this research). A fourth small isolated Ag-Au mine 

(Tarawera) was formed on the northern side of the inlet in Cuttle Cove (Gollan, 2006), but 

was not studied in this thesis. Preservation Inlet is now part of the Fiordland National Park 

and no mining or exploration is permitted.  

Three main rock lithologies are identified in the Te Oneroa Bay area: the Ordovician 

Preservation Formation, the Cretaceous Windsor Formation, and sporadic hydrothermally 

chloritised plutonic dyke intrusions (Pocknall and Lindqvist, 1988; Turnbull et al., 2010; This 

research). The Preservation Formation is a part of the Fanny Bay Group, which is the Fiordland 

correlative of the Greenland Group of Westland, and the Golden Bay Group of the western 

Nelson area (Turnbull et al., 2010). These three groups were all deposited in the Ross-

Delamerian Basin off the southern coast of ancient Gondwana and are all connected 

lithologically having now been separated by recent faulting; together these groups form the 

Buller Terrane (Turnbull et al., 2010). The Preservation Formation in the Te Oneroa area is a 

sequence of repeating meta-turbidites and has been regionally metamorphosed to the mid-

greenschist facies, probably between 375-330 Ma (Mortimer et al., 2013).  Even so it still 

shows clear sedimentary features at both macroscopic and microscopic levels (bedding, 

Bauma sequences, fossils, etc.). Graptolite/brachiopod fossils have been used to date the 

Preservation Formation, and subsequently the Fanny Bay Group, to the mid-Ordovician 

(Cooper, 1989). The Windsor Formation is the basal unit of the overarching Puysegur Group, 

which is a sequence deposited in the mid-Cretaceous Balleny Basin showing a transgression 
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from lacustrine turbidites to a deep-marine environment (Pocknall & Lindqvist, 1988). In the 

Te Oneroa area it is found south of the Preservation Formation and the two share an 

approximately NW-SE westward dipping fault bounded contact (Bishop, 1986). The Windsor 

Formation is composed dominantly pebble-sand sized clasts of the Preservation Formation; 

no evidence for regional metamorphism exists for this unit. Lastly, four intrusions of plutonic 

dykes are found in the river valleys of Te Oneroa Bay. Each dyke is approximately 4 m in width 

and have all been intensely altered to a dominant chlorite-sericite lithology through 

hydrothermal metasomatism. It is unknown when these were intruded.  

Structure of the Te Oneroa Bay area is controlled by ~N-S orientated kilometre-scale 

anticlines/synclines and two ~NNW-SSE striking normal faults (Orange Juice Fault, Goldilocks 

Fault), large enough to have formed damage zones extending ~3 either side of the core. These 

faults cut the anticlines along their limbs. Shear zones are also found and are closely tied to 

the large faults. Numerous smaller faults are seen in the area. Deformation is thought to have 

occurred in a tensional regime. 

Economic mineralisation is found within variably sheared and brecciated quartz-carbonate 

veins tied to the cores of the large faults/shear zones. These veins are inferred to be steeply 

dipping based off mine plans, but no in-situ outcrop of Au-mineralised veins were observed. 

A two-stage model of mineralisation is likened in which early quartz was precipitated along 

with minor euhedral arsenopyrite with galena exsolution, pyrite, and chalcopyrite. A 

secondary stage of ductile deformation associated recrystallisation of the quartz along with 

the introduction of further hydrothermal fluids remobilised existing sulphides, and a new 

assemblage of native Au, tetrahedrite, chalcopyrite, pyrite, sphalerite, galena, bournonite, 

and boulangerite was precipitated. The gold commonly has between 2-20 wt% Ag, and share 

coarse crystallinities. Associated gangue mineralisation is found dominantly as sericite (both 

Ba-bearing and Ba-absent), chlorite, Fe-dolomite, and Mg-siderite, along with minor, rutile, 

fluorapatite, Jagowerite, Ce-monazite, and zircon; some of the zircon holds up to 5 wt% U. 

Mineralisation associated hydrothermal alteration of the host rock replaced 

detrital/metamorphic chlorite, sericite-muscovite, feldspars, and carbonates, with a new 

assemblage of dominantly chlorite, sericite, and quartz along with lesser albite, rutile, 

arsenopyrite, pyrite, chalcopyrite, fluorapatite, Jagowerite, calcite, Mg-siderite, and very 

minor Ce-monazite, zircon, and xenotime. Such alteration caused widespread silicification 
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and bleaching. Precipitation and alteration are thought to have occurred via a process of fluid 

boiling and decompression at between 1-3.5 kbar of pressure and 180-350 °C, of which the 

fluid chemistry was likely near neutral pH, had low to moderate volatile content, and low 

salinity. Pyrite framboids in the unaltered Preservation Formation are possibly the source of 

Au-Ag-S-As-Cu-Sb, whereby metasomatism with the mineralising fluid dissolved and removed 

these constituents. Zn-Pb-Ag possibly came already partially enriched in the exsolved fluids. 

Due to close resemblance to classically defined orogenic Au-deposits in the Buller Terrane 

and across the globe, the Te Oneroa Bay deposits are similarly inferred here as being orogenic 

in origin. As a result, the 375-330 Ma regional metamorphism event is thought to be the main 

source of hydrothermal mineralising fluid, and therefore mineralisation is indicated to be 

approximately coeval to this.  

As the Preservation Formation and indeed the Fanny Bay Group is lithologically tied to other 

prosperous orogenic Au-bearing systems in the Buller Terrane (e.g. Reefton, Golden Blocks, 

Mt. Greenland) that share both general geological features (greenschist facies with retained 

sedimentary features, structure) as well as mineralisation features (mineralising controls, 

mineralisation structure, mineralised assemblages), a regional scale Au-mineralisation event 

is inferred for the Buller Terrane before the breakup of the different groups.  

It is suggested further research in the Te Oneroa Bay-Preservation Inlet areas could focus on 

geochemical analysis of the mineralising systems. Systematic whole rock analysis of 

unmineralised host rock grading into mineralised host rock could be used to describe the 

extent of an alteration halo. Furthermore, a possible age constraint could be made by dating 

the intruded chloritised igneous dykes. Fluid inclusion analysis of the mineralised veins could 

be used to strengthen or disprove an orogenic mineralisation history. Similarly, fluid inclusion 

data from other Buller Terrane Au-deposits could be undertaken and compared together to 

understand a possible ancient genetic relationship before the breakup of the Buller Terrane 

via fault offset. 
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Appendix. 

List of Abbreviations 

Minerals 

Qtz: Quartz 

Ms: Muscovite 

Bio: Biotite 

Chl: Chlorite 

Ser: Sericite - e.g. Ba-Ser = barium enriched 

sericite 

Fld: Feldspar 

Alb: Albite 

Dol: Dolomite 

Sid: Siderite 

Ap: Apatite 

Ru: Rutile 

Bar: Barite 

Au: Gold 

Py: Pyrite 

Chp: Chalcopyrite 

As: Arsenopyrite 

Ttr: Tetrahedrite 

Gal: Galena 

Sph: Sphalerite 

Boul: Boulangerite 

Bour: Bournonite 

Hm: Hematite 

Cr: Chromite 

Zr: Zircon  

Mnz: Monazite - e.g. Ce-Mnz = cerium 

monazite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Other  

DOC: Department of Conservation 

AMD: Acid Mine Drainage 

SEM: Scanning Electron Microscope 

EDS: Energy Dispersive Spectroscope 

EBSD: Electron Backscatter Diffraction 

RFL: Reflected Light 

PPL: Plane Polarised Light 

XPL: Cross Polarised Light 

Fm: Formation - e.g, Puysegur Formation 
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 X-Ray Diffraction: 
Framboidal Pyrite 
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Geological Map  

Geological map of the Te Oneroa Bay area. Please note this map is composed for A3 size paper and can be obtained as a separate 
file with the thesis. It is attached here for those that do not otherwise have access. 
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