
 

 

 

 

A multi-disciplinary approach for defining nickel and 

gold mineral systems in the Halls Creek Orogen, 

Western Australia 

 

Fariba Kohanpour 
MSc in Economic Geology 

 

 
 

This thesis is presented for the degree of Doctor of Philosophy of 
 The University of Western Australia 

 
Centre for Exploration Targeting (CET) 

School of Earth Science (SSE)  
 
 

Supervisors: 
Dr. Weronika Gorczyk  

Dr. Mark Lindsay  
Dr. Sandra Occhipinti 

Dr. Christopher Kirkland 

 

February 2019  

  



  
 

ii 
 

 

 

  



  
 

iii 
 

 

Dedication 

 

 

 

 

 

To my life-companion, Abolfazl Gharghani: 

Because I owe it all to you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



T h e s i s  D e c l a r a t i o n

iv 

Thesis Declaration 

I, Fariba Kohanpour, certify that: 

This thesis has been substantially accomplished during enrolment in this degree. 

This thesis does not contain material which has been submitted for the award of any other 
degree or diploma in my name, in any university or other tertiary institution. 

In the future, no part of this thesis will be used in a submission in my name, for any other 
degree or diploma in any university or other tertiary institution without the prior approval 
of The University of Western Australia and where applicable, any partner institution 
responsible for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another 
person, except where due reference has been made in the text and, where relevant, in the 
Authorship Declaration that follows.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights 
whatsoever of any person. 

This thesis contains published work and/or work prepared for publication, some of 
which has been co-authored. 

Signature: 

Date:  26/02/2019



Authorship Declaration

This thesis contains work that has been published and/or prepared for publication. 

i Details of the work: 
· Examining tectonic scenarios using geodynamic numerical modelling: Halls Creek Orogen, 

Australia. The corresponding paper has been published in Gondwana Research and appears as 
afocus paper: Kohanpour, F., Gorczyk, W., Lindsay, M., & Occhipinti, S., 2017. Examining 
tectonic scenarios using geodynamic numerical modelling: Halls Creek Orogen, Australia. 

1 GondwanaResearch, 46, 95-113. https://doi.org/l 0.1016/j.gr.2017.02.01_3.
Location in thesis: 
Chapter 2 

I Student contribution to work: 
: The manuscript presented in Chapter 2 is co-authored by Drs. Weronika Gorczyk, Mark 
: Lindsay, Sandra Occhipinti. The candidate ran the numerical models with training and 
. assistance from Dr. Weronika Gorczyk. Drs. Mark Lindsay and Sandra Occhipinti provided 

technical assistance for geological interpretation. The candidate also developed all related 
jl 

geological/numerical models interpretations and wrote the manuscript that was critically 
revL�wed by D_r: W�ro11_ik.a G�!�3):'.�, �_i:i_d then r�vj�w�d by_ other c2-a�thors. _ __ _ _ � 
Co-author signatures and dates: 

: Dr. Weronika Gorczyk Dr. Mark Lindsay Dr. Sandra Occhipinti 

Details of the work: l 
, Structural controls on Proterozoic nickel and gold mineral systems identified from I 
. geodynamic modelling and geophysical interpretation, east Kimberley, Western Australia. I 

The corresponding paper is published in Ore Geology Reviews, appears as: Kohanpour, F., 1 

Lindsay, M., Occhipinti, S., & Gorczyk, W., 2018. Structural controls on Proterozoic nickel 
and gold mineral systems identified from geodynamic modelling and geophysical 
interpretation, east Kimberley, Western Australia. Ore Geology Reviews, 95, 552-568. I
https://doi.org/10.1016/j.oregeorev.2018.03.010. 

Location in thesis: 
Chapter 3 

. ··· ······---·-- ·-··-·-- -------

: Student contribution to work: 
The manuscript presented in Chapter 3 is co-authored by Drs. Mark Lindsay, Sandra 

. Occhipinti, Weronika Gorczyk. The candidate carried out data compilation, image 
processing, geophysical interpretation, and structural analysis with training and assistance 
from Dr. Mark Lindsay. Dr. Sandra Occhipinti provided some technical assistance for 
structural analysis. Dr. Weronika Gorczyk provided some assistance for numerical 
visualisation of the study. The candidate developed the geological and geophysical 
interpretation, the general idea of the manuscript and wrote it. The text was critically 
reviewed by Dr. Mark Lindsay and then by other co-authors. 

_ Co-author signatures and dates: 

·
Dr. Weronika Gorczyk 

! 

I 
l



i



Co-author signatures and dates: 
. Dr. Sandra Occhipinti Dr. Mark Lindsay Dr. Weronika Gorczyk 

Dr. Fred Jourdan Dr. Marc Poujol 

--

Student signature: 
Date: i9 to'?.../ 101-' 

I, Dr. Mark Lindsay certify that the student's statements regarding their 
contribution to each of the works listed above are correct. 

Coordinating supervisor signature: 

Date: 

-
-i 

vii

25 February 2019



A c k n o w l e d g e m e n t s   
 

viii 
 

Acknowledgements 
 
This thesis is the culmination of my journey of PhD which was just like climbing a peak 

step by step accompanied with encouragement, hardship, trust and frustration. When I 

found myself at experiencing the feeling of fulfilment, I realised that a great many people 

helped me to accomplish this task. I would not be writing this today if I had not received 

the encouragement and help from many people: 

First and foremost, I would like to express my sincere gratitude to my supervisors Drs. 

Sandra Occhipinti, Weronika Gorczyk, Mark Lindsay, and Christopher Kirkland for the 

continuous support of my PhD study and related research, for their patience, motivation, 

and immense knowledge. Their guidance helped me in all the time of research and writing 

of this thesis. I will forever be in debt to them, without their precious support it was 

impossible for me to deal with the most challenging time of my life successfully. I could 

not have imagined better advisors and mentors for my PhD study. Besides my supervisors, 

I would like to thank Dr. Cam McCuaig who provided me an opportunity to join the 

Centre for Exploration Targeting (CET).  

My sincere thanks also goes to the managers from my former job at IMIDRO, Mr. 

Jamshid Mollarahman and Dr. Mehdi Karbasian who gave me the opportunity and 

support to experience a different life in Australia and expand my knowledge in 

exploration targeting. This PhD research work was supported by an Australian 

Government Research Training Program (RTP) Scholarship. The University of Western 

Australia and Centre for Exploration Targeting was a great working environment. 

Friendly directors and the helping hands from IT and administrative staffs made works 

much easier in many aspects. Also a very spatial thanks to Orestes Santos, Gonzalo, Greg, 

and Coni for their help in zircons!  

Last but not least, I would like to thanks my family: my parents and my brother for 

supporting me throughout my life; and to my sister, Samira, I remember every single time 

she has come to my aid and I will be grateful forever. The biggest gratefulness is for my 

husband Abolfazl, who had to face all my difficulties and ups and downs closely; I cannot 

find a word to thank him and appreciate his continued love and support! I greatly value 

his contribution and deeply appreciate his understanding during my pursuit of PhD 

degree. 



A b s t r a c t   
 

ix 
 

Abstract 
 
This thesis presents a multi-scale, multi-disciplinary study which develops a unique 

approach to understand nickel and gold mineral system. The study area is the Halls Creek 

Orogen, a well exposed Paleoproterozoic orogenic belt that extends along the eastern 

margin of Kimberley Craton, north of Western Australia. Although a broad lithological 

framework for the Halls Creek Orogen is largely well-established, ambiguity in its 

tectonic evolution and the critical contribution of geodynamics in developing mineral 

systems provoked this PhD project. The critical elements that required more investigation 

and clarification within the study area were: (1) the geodynamic evolution of the Halls 

Creek Orogen; (2) structural controls on gold and nickel mineral systems; (3) the likely 

periods of mineralisation and corresponding geodynamic throttles to mineralizing epochs; 

(4) mappable indicators for terrane fertility. A wide range of geological investigation was 

conducted at different scales including geodynamic numerical modelling, geophysical 

interpretation, isotopic analyses (specifically Lu–Hf, Sm–Nd, and Ar–Ar), and whole-

rock geochemistry were used to clarify the mineral system components in the study area.     

The two plausible conceptual tectonic models of the Halls Creek Orogen are examined 

through 33 thermo-mechanical petrological numerical experiments based on I2VIS code. 

Geodynamic numerical modelling revealed that westward oceanic crust subduction under 

the Kimberley Craton led to development of a back-arc or intra-arc basin in the syn-

orogenic extensional regime. This was followed by compression, basin closure and 

collision of cratons by two possible numerical models. The main differences between two 

possible numerical models were the degree of continent coupling and slab pull. In 

particular, slab pull significantly influenced the modelled magmatic evolution, the extent 

of the back-arc basin, and source of collisional magmatism. Isotopic analysis assisted in 

establishing which of the two possible numerical models better represented the geology, 

and thus elucidating the magmatic evolution. U/Pb and Hf isotopic analyses of magmatic 

and detrital zircon crystals from the Central Zone of the Halls Creek Orogen were used 

in combination with predicted Hf evolution patterns derived from the numerical models 

used to constrain the geodynamic models. Results from the integration of numerical 

modelling and isotopic analyses indicate that the tectonic evolution of the Halls Creek 

Orogen is best explained by full development of a marginal basin accompanied by the 

upwelling of decompression melt in an active continental margin setting with dominance 

of mantle-derived magma the evolution of the orogen. 
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The numerical models also demonstrate the role of terrane boundaries as long-lived 

lithospheric-scale magma pathways. The second invariant of strain rate (Ɛ̇II) is used to 

understand the shearing processes that led to the development of major shear zones and 

their role as fluid conduits. The proximity of nickel deposits and gold deposits to deep 

structures is examined using geophysical techniques. It supports the hypothesis the 1st 

order structures are critical for transferring the magma and hydrothermal fluids to the 

upper crust. Although the regional distribution of gold deposits is mainly controlled by 

the 1st order structure which is the suture between the Eastern and Central Zone, the gold 

deposits are sited in the 2nd and 3rd order structures that splay from the major suture zone. 

The age of intrusion-hosted nickel deposits and superimposed deformational events show 

that nickel mineralisation occurred during c. 1865-1835 Ma syn-orogenic extensional 

regime prior to the collision of North Australian and Kimberley cratons. In contrast, 

controlling structures of gold deposits have resulted from plate convergence and strike-

slip movement of the 1835 – 1805 Ma Halls Creek Orogeny or later strike-slip movements 

of the c. 1000 – 800 Ma Yampi Orogeny. 40Ar/39Ar geochronology on muscovite crystals 

from the alteration zones of gold deposits suggests that gold mineralisation occurred in 

the early stage of the 1835 – 1805 Ma Halls Creek Orogeny when the transition from the 

extensional regime to compression caused basin closure. 

In this study, Sm–Nd analysis was used to understand the source of granites and crustal 

growth of the study area. The two-stage Nd model ages (T2DM) across the Halls Creek 

Orogen suggest that the major terrane boundaries separating rocks derived from the 

Neoarchean basement from the more juvenile rocks in the Central Zone. The isotopic map 

derived from the εNd values presents the spatial distribution of mantle-derived rocks 

across the Halls Creek Orogen, which confirms the presence of a juvenile signature and 

mantle-derived rocks in the Central Zone. A juvenile isotopic signature supports the 

numerical modelling results which simulate the upwelling of decompression melts during 

marginal basin development. The isotopic map was used as a proxy for terrane fertility, 

due to the relations between mantle-derived rocks with gold and nickel mineralization in 

some regions.   

Finally, the principal elements of the nickel and gold mineral systems derived from the 

aforementioned geological datasets are translated into mappable proxies for GIS-based 

knowledge driven prospectivity modellings. The nickel prospective regions are closely 

related to the source layer, i.e. mafic-ultramafic units in the Central Zone. The prospective 

areas of gold deposits in the Eastern and Central zones focused along the Halls Creek-

Angelo fault systems, where the host lithological units (i.e. Biscay Formation and 
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Tickalara Metamorphics) contain favourable structural traps. The results show that 

fertility is the most influential layer in the prospectivity of the orogenic gold deposits, 

whereas the source layer plays a major role in nickel mineralization. Lithospheric 

architecture and structural traps have critical roles in targeting the orogenic gold deposits 

besides fertility, as the source is not a robust feature for this kind of mineralization. 

Further studies for understanding relations between known deposits and geochemical 

fingerprints and fertility indicators are highly recommended to provide vectors to the ores 

in prospective regions.       
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Chapter 1 
 

Introduction 

 

1.1. Research motivation  

The mineral system concept has developed over the past three decades, recognising that 

formation and preservation of mineral deposits are in response to the combination of  

favourable lithospheric architecture, favourable transient geodynamics, fertility, and 

preservation of a primary depositional zone (Hagemann et al., 2016; Knox‐Robinson and 

Wyborn, 1997; McCuaig and Hronsky, 2014; Occhipinti et al., 2016; Wyborn et al., 

1994). The main focus of the work presented in this thesis was to develop an approach 

for understanding the gold and nickel mineral system components in the Halls Creek 

Orogen, Western Australia. More specifically, the focus of this thesis is to develop multi-

scale, and multi-disciplinary approach to exploit and integrate geoscientific data in the 

context of the mineral systems analysis. The primary contribution of the thesis is to 

address gaps in current mineral system analyses which fail to adequately explore the 

multiple possible tectonic evolution scenarios that challenge researchers and explorers 

when determining mineral system development. This work links nickel and gold mineral 

system development not to just transient tectonic settings, but also to the much broader 

geodynamic processes that operated in the host orogen by applying numerical modelling, 

geophysical interpretation, geochemical and isotopic analysis. A visual representation of 

the spatial distribution of the mineral system components is typically performed in a GIS-

based analysis, however transient geological phenomena have remained challenging to 

display and model in this manner. The final part of this thesis describes how transient 
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phenomena, such as the findings made here, can be translated to mappable criteria and 

applied to knowledge-driven, fuzzy logic-based prospectivity analysis.  

1.2. Research aims 

The link of certain mineral systems and their components to geodynamic environments 

and resulting tectonic regimes has long been recognised (Barley and Groves, 1992; 

Huston et al., 2016; Hutchinson, 1973; Kerrich et al., 2005; Meyer, 1988; Sillitoe, 1972). 

Of these components, lithospheric architecture, which controls the fluid flow and 

geodynamic triggers, is directly related to the plate tectonics and the formation and break-

up of the supercontinents (Cawood and Hawkesworth, 2013; Goldfarb et al., 2001). 

Moreover, periods of mineralisation, terrane fertility and preservation are correlated with 

transient local or far-field tectonic events (Huston et al., 2016; McCuaig and Hronsky, 

2014). Thus, there is an inherent link between the 4D geodynamic evolution of a terrane 

and what mineral systems may have been active and when. Understanding this link with 

a desire to detect and then model these important geological processes established the 

following main objectives for implementing this thesis: 

- understanding the tectonic evolution of the study area by examining conceptual 

tectonic models using numerical modelling; 

- integration of geology and geophysics to map structure at multiple scales and 

identify deformation events that control mineralisation; 

- determining the likely time periods for mineralisation and the corresponding 

geodynamic triggers to ore-forming epochs; 

- a better understanding of crustal growth and terrane fertility and;  

- identification of multi-scale footprints of mineral system elements that are nested 

in space and time.  
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In order to fulfil the objectives, for the first time, a multi-stage approach was developed 

that takes advantage of developments in geodynamic numerical modelling, 

geochronological and isotopic methods along with geological and geophysical data into 

integrated mineral systems analysis and prospectivity modelling. Major structures 

considered important for controlling mineralisation are identified via integrated 

interpretation of geophysical and geological data. The geodynamic numerical models 

revealed the shearing processes that led to development of the major structure and their 

role as fluid conduits. Integration of geodynamic numerical models and isotopic data has 

the ability to constrain tectonic models effectively. A better understanding of geodynamic 

processes and development of well-constrained tectonic/geodynamic models can lead to 

greater understanding of large-scale controls on mineral systems. The high resolution of 

geochronological and isotopic data can lead us to the realisation of narrow time-space 

intervals of mineralisation within the much broader evolution of the host terranes. It is 

demonstrated how these results are effectively translated into exploration targeting 

criteria and serve as the basis for exploration models.  

1.3. Nickel and gold mineral systems components 

The original definition of mineral system by Wyborn et al. (1994) emphasized that a 

mineral system requires a source of mineralising fluids, source of metals and other ore 

components (e.g. sulphur), fluid migration pathways, a focusing mechanism at trap sites, 

and chemical and physical traps for mineralisation. McCuaig and Hronsky (2014) 

highlighted that ore formation results when the critical elements of mineral systems 

overlap (Fig. 1.1a). These include favourable lithospheric architecture, favourable 

transient geodynamics, fertility, and preservation of the primary depositional zone.  

Recently, Occhipinti et al. (2016) used a generic approach for multi-commodity large 

scale mineral system analysis, and suggested proxies for the key elements of the mineral 
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systems that can be mapped (Fig. 1.1b). All of these components can link back to 

geodynamic processes and the tectonic systems. Practically, systematic mineral system 

analysis can be completed at different scales appropriate to the exploration targeting 

programs using GIS-based overlay methods to reduce the search space and focus on the 

most prospective regions for mineral exploration (McCuaig et al., 2010).  

 

1.3.1. Geodynamic throttle 

Specific types of ore deposits have been linked to specific tectonic regimes and related to 

particular periods of a supercontinent cycle (Barley and Groves, 1992; Groves et al., 

2005a; Huston et al., 2016; Hutchinson, 1973; Meyer, 1985; Meyer, 1988; O’Neill et al., 

2015; Sillitoe, 1972). Within these, ore-forming processes are mostly discussed as 

forming in three tectono-metallogenic systems which include divergent and convergent 

margins, and in intraplate environments (Huston et al., 2016; Occhipinti et al., 2016). 

Development of these environments is often controlled by movement along lithospheric-

scale faults and shear zones. McCuaig and Hronsky (2014) proposed that the favourable 

periods for mineralisation are times when the prevailing geodynamic conditions impose 

strong threshold barriers to form a highly-organised system that focusses fluid flow, such 

Fig. 1.1. Critical elements of mineral systems, 
(a) from McCuaig and Hronsky (2014); (b) from 
Occhipinti et al. (2016). 
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as the initial stage of extensional events, or transient anomalous compression or switches 

in the prevailing far-field stress. The increasing availability of high-resolution 

geochronological data has led to the realization of the narrow metallogenic time periods 

during the supercontinent cycles which reflects the regional scale transient geodynamic 

processes in favour of mineralisation (McCuaig and Hronsky, 2014).   

Magmatic Ni-Cu-PGE sulfide deposits can form due to high-degree partial melting of hot 

upwelling mantle associated with mantle plumes, in some cases driven by the 

delamination of lithospheric mantle at syn- to late- collisional margins (Barnes et al., 

2016; Begg et al., 2010), or development of rift zones within continents (Barnes et al., 

2016; Ripley, 2014; Skuf’in and Theart, 2005). These rift zones can be sedimentary basins 

that formed in response to mantle processes, which may be deformed and undergo 

subsequent high heat flow (Beresford et al., 2007; Huston et al., 2016). Mantle 

decompression that occurs as a result of ascending deep mantle plumes, or during 

continental extension and breakup (Ernst et al., 2005; Pirajno and Hoatson, 2012) triggers 

the production of enormous volumes of mafic magma (Huston et al., 2016). Deep mantle-

derived mafic magmas are enriched in Ni, Cu and PGEs under favourable physical and 

chemical conditions, and exposure to sulfur may form economic ore bodies (Naldrett, 

2004).  

Begg et al. (2010) believe that, in the absence of the mantle plume, melting caused by 

extension and decompression melt can unlikely contribute to nickel deposit formation, as 

some deposits appear to form during periods when collision, basin inversion and regional 

compression are dominant. It is reported some nickel mineralisation hosted by small 

intrusions formed during collision and resulting basin inversion in regional compressional 

regimes (Cawood and Buchan, 2007; Condie, 2004; Li and Zhong, 2009; McCuaig and 

Hronsky, 2014; Zhao et al., 2002; Zhao et al., 2004). In these cases, mantle upwelling 
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triggered by lithosphere delamination is associated with continental collision settings 

(Begg et al., 2010; Li et al., 2012; Song et al., 2011).  

Orogenic gold deposits usually form in the late stage of compressional or transpressional 

development of the orogenic belts, during the evolution of convergent margins. They may 

also form in fore-arc to back-arc settings in accretionary orogens (Bierlein et al., 2009; 

Goldfarb et al., 2001; Groves and Bierlein, 2007; Groves et al., 1998; Kerrich and 

Wyman, 1990; Sibson et al., 1988).  Although some orogenic gold systems are located 

along convergent margins, others occur inboard of the margins (Champion and Cassidy, 

2008; Champion and Huston, 2016; Mole et al., 2014), and are associated with juvenile 

zones of mafic intrusions (Ivanic et al., 2012). Some studies highlight the role of syn-

orogenic extensional regimes followed by contractional regimes and inversion as the 

critical processes in the development of orogenic gold systems (Bleeker, 2015; Blewett 

et al., 2010). The basin inversion correlated with the transition from mafic mantle-derived 

to felsic crustal-derived magmatism represents a switch from extensional regimes to 

compression stages. The timing of these basin inversions is broadly consistent with the 

range of age data for orogenic gold mineralisation (Cassidy et al., 2002; Champion and 

Cassidy, 2007, 2008; Czarnota et al., 2010).  

1.3.2. Lithospheric architecture 

The close spatial association of hydrothermal deposits to deep mantle tapping structures 

coincident with lithospheric boundaries has long been recognized (Begg et al., 2010; 

Conolly, 1936; Griffin et al., 2013; McCuaig et al., 2010; Mole et al., 2013; Mole et al., 

2014; O'Driscoll, 1986). In addition, many significant mineral deposits are spatially 

associated with the intersection of deep and mantle-tapping structures, especially at the 

intersection of those parallel to the orogen and those at a high angle to the strike of the 
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orogen (Hronsky et al., 2012; O'Driscoll, 1986; Richards et al., 2001). Such intersections 

can provide permeable connections between the mantle and upper crust, supplying metal-

rich fluids to the crust (Cox et al., 2001; Glen and Walshe, 1999; Hill et al., 2002; Lund, 

2008; Neubauer et al., 2005).  

Proximity to cratonic margins and deep crustal-scale faults are important in the formation 

of nickel-sulphide deposits (Barnes et al., 2016; Begg et al., 2010; Maier and Groves, 

2011), as they require direct input of magma from the mantle, which is most likely to 

occur above old suture zones (Barnes et al., 2016; Naldrett, 2005; Naldrett, 2010). Craton 

margins are zones of relatively thin lithosphere and strain is focused within them during 

tectonism; thus they provide zones of dilation along new, or reactivated trans-lithospheric 

faults, which in turn can facilitate the long-lived continuous supply of mantle-derived 

melts into the upper crust (Barnes et al., 2016; Begg et al., 2010). The lithospheric 

cratonic keel may play a key role in transporting asthenosphere-derived melts to the 

margins of cratons (Sleep et al., 2002) allowing melts produced from a plume to deflect 

towards zones of the thinner lithosphere at craton margins focusing into relatively weak 

zones, such as old crustal-scale sutures (Barnes et al., 2016).  

Orogenic gold deposits display strong structural controls (Cox et al., 2001; Groves et al., 

2000; Sibson, 1990) as they are thought to mainly form during compressional to 

transpressional tectonics late in an orogenic cycle (Goldfarb et al., 2001). A number of 

major gold provinces with a variety of deposit styles of different ages occur at the margins 

of cratonic domains or lithospheric blocks (Cassidy et al., 2006; Hand et al., 2007; 

Kirkland et al., 2015; Li and Santosh, 2014; Miller et al., 2006; Occhipinti et al., 2017). 

The large orogenic gold deposits are sited adjacent to the lithospheric- to crustal-scale 

faults (Goldfarb and Santosh, 2014; Groves et al., 2016; Groves and Santosh, 2015; 
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Hronsky et al., 2012) that represent sutures between tectonic terranes, which are 

reactivated during the evolution of the host orogenic belt (Groves et al., 2016).  

1.3.3. Fertility 

Fertility is an important mineral system concept which can explain why some regions or 

time periods are inherently better endowed, possibly as a result of large-scale processes 

involved in the evolution of the Earth (McCuaig and Hronsky, 2014). It is proposed that 

the regions with long histories of subduction, and being at the margins of pre-existing 

cratonic lithospheric domains can enhance the probability of being more strongly 

fertilized (Hronsky et al., 2012). This is consistent with localization of an increasing 

number of gold and nickel sulfide deposits at the margins of older, pre-existing cratonic 

lithosphere (Barnes et al., 2016; Begg et al., 2010; Cassidy, 2006; Groves et al., 2005b; 

Hand et al., 2007; Kelley and Ludington, 2002; Miller et al., 2006; Richards, 2009).  

Griffin et al. (2013) described the importance of sub-continental lithosphere mantle 

(SCLM) in the development of major magma-related ore deposits including Ni-Cu-PGE. 

In magmatic systems, the ore and immediate host rocks derived from the same silicate 

magma originate from the mantle (Barnes et al., 2016). The need for mantle-derived 

magmatism for nickel deposition is derived from the extreme enrichment of Ni and PGEs 

in the mantle relative to the crust (Huston et al., 2016; Palme and O'Neill, 2004). Ni-Cu-

PGE mineralisation in many provinces is associated with the highest degree of partial 

melts (Barnes et al., 2016; Hagemann et al., 2016). The range of compositions of ore-

forming magma is varied from high-Mg komatiites with MgO contents as high as 30% to 

fractionated tholeiites with MgO content less than 10% (Arndt et al., 2005).  

The source of metal and fluid in orogenic gold deposits is still hotly debated because the 

potential sources could be distal to the depositional sites. The current dominant opinion 
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is that the most fertile fluids are released from metamorphism at 500-550 ˚C (Phillips and 

Powell, 2010; Tomkins, 2013). This constraint is consistent with the occurrence of 

orogenic gold deposits in greenschist to lower-amphibolite facies rocks (Groves, 1993). 

In Phanerozoic belts and Precambrian terranes, the fertile fluids are generated by high-

temperature, low pressure metamorphism of carbonaceous metasediments and mafic 

rocks respectively (Large et al., 2011; Large et al., 2009; Phillips and Powell, 2009; 

Phillips and Powell, 2010; Pitcairn et al., 2015; Pitcairn et al., 2006; Powell et al., 1991; 

Wilson et al., 2013). Gaboury (2013) suggested that carbonaceous metasediments appear 

chemically more favourable due to associated elements with gold such as As, Ag, Pb, Zn, 

and Sb, though mafic rocks remain a plausible source (Tomkins, 2010). Inverted back-

arc basins are considered as the ideal tectonic settings for providing these conditions 

(Tomkins, 2010, 2013). Groves and Santosh (2016) proposed fluids released from 

devolatilization of subducting oceanic lithosphere and overlying oceanic sediments 

fertilize the overlying mantle wedge and travel upwards. Other researchers invoke the 

occurrence of granitic rocks within gold-rich belts as being significant criteria for gold 

deposition (Kendrick et al., 2011; Robert, 2001; Xue et al., 2013), although lack of coeval 

intrusions universally indicate granitic rocks do not have the primary role in the 

development of orogenic gold systems (Groves and Santosh, 2015; Joly et  al., 2012; 

Wyman et al., 2016).   

The common low-salinity, aqueous-carbonaceous fluid in orogenic gold systems, 

independent of age, geological settings, depth, and lack of universal specific granite suites 

and pyritic sediments demonstrate that processes occurring in the source region provide 

a fundamental control on mineralisation (Wyman et al., 2016). Therefore, a sub-crustal 

source region which is fertilized by subduction-related metasomatism and mantle-derived 

magmatism has been suggested (Griffin et al., 2013; Hronsky et al., 2012; Kelley and 
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Ludington, 2002; Pettke et al., 2010; Skirrow et al., 2007; Wyman et al., 2016). Recent 

structural studies highlight the role of syn-orogenic extension associated with mantle-

derived magmatism in the development and preservation of orogenic gold systems 

(Bleeker, 2015; Blewett et al., 2010; Hronsky et al., 2012). Some Archean volcanic-

hosted and post-Archean turbidite-hosted orogenic gold deposits show a spatial and 

temporal association with mantle-derived intrusions and the trans-crustal faults, which 

allow ascending of mantle-derived magmas (Witt et al., 2013; Yardley and Cleverley, 

2013). The association of deep structures and mantle-derived magmatism with gold 

endowment is also demonstrated in many Precambrian terranes (Groves and Santosh, 

2015; Hronsky et al., 2012; Witt et al., 2013).      

1.3.4. Depositional sites 

Structural and lithological traps are one of the main necessities for orogenic gold deposits 

(Groves et al., 2016). Lower–order structures and geological complexities in the middle 

to upper crust can act as physical traps for fluid or magma (Breeding and Ague, 2002; 

Cox et al., 2001; Goldfarb and Santosh, 2014; Groves et al., 2000; Groves et al., 2016; 

Groves and Santosh, 2015; Hyndman et al., 2015) and are therefore important for 

prospectivity analysis at the camp and deposit scale. Anticlinal hinges are a common 

structural trap of most orogenic gold deposits which facilitate the focus of sufficient 

mineralizing fluid (Groves et al., 2016). In terms of lithological traps, high rheological 

contrast and chemically reactive rocks are commonly preferred host rocks (Cox et al., 

2001; Groves et al., 2016). Groves et al. (2016) defined an efficient structural system for 

orogenic gold deposition which produced by the conjunction of features such as proximity 

to the most fundamental faults in the province, in mainly antiformal structures, associated 

with abundant second- and third-order faults, commonly in chemically reactive iron-rich 

and rheologically competent host rocks. 
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1.3.5. Preservation 

There has been a growing acceptance that the various mineral deposits have 

heterogeneous temporal distribution in Earth’s history (Barley and Groves, 1992; 

Goldfarb et al., 2001). Preservation is an important aspect of mineral system analysis as 

the presence or lack of it can explain the uneven temporal distribution of deposit style 

observed globally. The chance of ore deposits being exposed and removed, or buried and 

preserved through long histories of tectonic processes, deformational events and erosion 

determines whether they are exposed and can be exploited now (Groves et al., 2005b). 

The primary zone of mineralisation is usually located in the upper 10 km of the Earth’s 

crust, where large P-T-X gradients destabilized the metal-ligand complexes (McCuaig 

and Hronsky, 2014). Therefore, in targeting ore deposits, it is necessary to know if the 

potential sites are exhumed close to the current surface of the Earth, but not exhumed to 

the extent that they are eroded and not preserved (Barnes et al., 2016; McCuaig and 

Hronsky, 2014). Temporal distribution of deposits demonstrated that those deposits, such 

as porphyry and epithermal types, formed at shallow-crustal depths and thus have low 

preservation potential, which makes them age-dependent; whereas deposits that form in 

rifts or at significant depths (e.g. VMS and orogenic gold deposits) have relatively higher 

preservation potential, and are less age-dependent (Bierlein et al., 2006; Groves et al., 

2005a). The temporal distribution of deposits reflects a combination processes of 

formation and preservation (Groves et al., 2005a). 

Magmatic nickel sulfide deposits precipitate at a wide range of crustal levels and in a 

wide range of tectonic histories (Barnes et al., 2016). Therefore, Ni-Cu-PGE deposits 

have some advantages over deposit styles in the upper-crustal depths such as porphyries 

and epithermal deposits that are highly sensitive to erosion. However, nickel deposits that 

localized in middle- to lower-crustal depths can only be explored and mined, if tectonic 
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processes bring them close to the current surface (Barnes et al., 2016). This requires 

exhumation facilitated by a coincidental combination of deformation events, and levels 

of erosion (e.g. Noril’sk-Talnakh deposits, Naldrett (1999), and Thompson belt, Layton-

Matthews et al. (2007)). Similarly, orogenic gold deposits also formed in a wide range of 

crustal depths from 3 to 20 km (Groves, 1993) during late compressional to 

transpressional deformation in convergent margin settings over more than 3.4 Ga (Groves 

et al., 2005a; Groves et al., 1998; Kerrich and Cassidy, 1994). Groves et al. (2005a) 

explained orogenic gold deposits embedded in Archean and Paleoproterozoic terranes 

have a very high chance of preservation due to being underlain by relatively buoyant 

SCLM which would be difficult to delaminate; In contrast, younger accretionary belts 

along the margin of cratons, are more susceptible to uplift and erosion due to collision, 

for example following the closure of marginal basins (Yakubchuk et al., 2002). Therefore, 

in the Archean and Paleoproterozoic crustal growth and associated metallogenesis and 

preservation processes coupled to produce abundant deposits in these time periods, but 

largely decoupled after that (Groves et al., 2005a; Groves and Bierlein, 2007). 

1.4. Research progression 

A general overview of this research workflow is presented in Fig. 1.2. The first stage of 

this research involved examination of conceptual tectonic models published for the study 

area by geodynamic numerical modelling. The results led us to choose the plausible 

tectonic setting of the study area and provided possible numerical scenarios for the 

tectonic evolution of the region. These numerical models illustrated possibilities 

regarding the geologic development of the Halls Creek Orogen region, including when 

and how major structures formed and evolution of magmatism, which were then fed back 

into the next stages of research (geophysical interpretation and isotope studies). The 

integration of geodynamic numerical models and geophysical interpretation constitutes 
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the second stage of the research. Development of crustal-scale structures and terrane 

boundaries through the geodynamic processes and their role as fluid conduits were 

investigated in this part of the project. In addition, major structures considered critical for 

supplying metal rich fluids and lower-order structural features that can act as physical 

traps for mineralizing fluids were determined.  

A further interesting aspect of the numerical experiment was exploring the possible 

tectonic scenarios for the region and resulting different magmatic evolution, however, 

some geological constraints were needed to guide the selection process. The third stage 

investigated the use of geochemical and isotopic analyses as these constraints, and were 

used to choose the plausible numerical model. Firstly, the third stage explored a new 

integration procedure to predict the Hf isotopic evolution of numerical models. The links 

between the predicted Hf isotopic patterns of numerical models and measured Hf values 

has the ability to constrain the tectonic evolution of the region. Additional isotopic 

analysis (Sm-Nd and Ar-Ar) was used to determine the time periods and tectonic epochs 

of mineralisation in a well-constrained tectonic evolution model of the region. The 

integration of geochemical, isotopic and geochronological characteristics of granites also 

provided constraints on the timing and the contribution of the mantle and reworked 

basement. Furthermore, whole rock Nd data helps delineate the juvenile lithological units 

(i.e. mantle-derived) which are considered fertile for nickel and gold mineralisation. In 

the final stage (Stage 4) of the study, all of our findings in the aforementioned stages were 

used to determine the principal elements of gold and nickel mineral systems. These 

elements consist of geodynamic throttle, lithospheric architecture, structural traps, crustal 

growth and terrane fertility, and preservation. Results from the previous stages were 

translated from theoretical concepts into mappable proxies and applied to spatially 

represent mineral prospectivity models.  
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Fig.1.2. A general overview of the workflow with references to the research stages and 
thesis chapters overlaying the conceptual mineral system representation of Occhipinti et 
al. (2016).  

1.5. Thesis structures and methodology 

The thesis articulated in six chapters relating to the main contributions of the research 

performed during the PhD project. Chapter 1 is a general introduction to the thesis, 

Chapters 2, 3, and 4 are either published or under review in internationally peer-reviewed 

journals. The manuscript of chapter 5 is in preparation for submission. Concluding 

remarks are presented in Chapter 6. A summary of aims, methods and outcomes of the 

PhD project are described below.  

1.5.1. Chapter 2. Examining tectonic scenarios using geodynamic numerical 

modelling: Halls Creek Orogen, Australia 

This Chapter presents the results of the first stage of PhD research work. Chapter two 

describes how the main conceptual models of the tectonic evolution of the study area 

were examined through 33 numerical experiments using I2VIS code. The initial model 
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set-up aimed to present the process of oceanic crust subduction and collision in two 

settings: (1) an intra-ocean subduction and; (2) active continental margin settings. With 

this approach, I was able to find numerical experiments with specific physical parameters 

and resultant processes that are consistent with the geological observations in the study 

area. The numerical experiments also revealed the geodynamic processes which led to 

the generation of key lithological units and major structures. They also provide 

explanations for the magmatic evolution of the region and metamorphic conditions during 

the tectonic evolution. Our findings about structural development and magmatic 

evolution build the foundation for geophysical and geochemical studies in chapters 3 and 

4.  

The corresponding paper has been published in Gondwana Research and appears as a 

Focus Review Paper: 

Kohanpour, F., Gorczyk, W., Lindsay, M., & Occhipinti, S., 2017. Examining tectonic 

scenarios using geodynamic numerical modelling: Halls Creek Orogen, Australia. 

Gondwana Research, 46, 95–113. https://doi.org/10.1016/j.gr.2017.02.013. 

1.5.2. Chapter 3. Structural controls on Proterozoic nickel and gold mineral systems 

identified from geodynamic modelling and geophysical interpretation, east 

Kimberley, Western Australia. 

This Chapter presents the results of the second stage of research work about structural 

controls on nickel and gold mineralisation at regional and district scales. The role of major 

structures for controlling mineralisation is identified via an integrated interpretation of 

geophysical data and geodynamic numerical models. The second invariant of strain rate 

(Ɛ̇II) is used to investigate the geodynamic processes that led to the development of major 

shear zones and their role as lithospheric-scale conduits for the movements of magmatic 
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and hydrothermal fluids into the upper crust. The importance of major shear zones in 

locating mineral deposits is evaluated through structural interpretation of geophysical 

data. Critical to this study was: (1) the identification of deep crustal-scale structures that 

may have supplied mineralising fluids and; (2) near-surface features that acted as physical 

traps for mineralisation. There are close spatial relationships between deep crustal-scale 

structures and gold and nickel mineralisation. Key features that control the Au and Ni 

mineralisation and associated deformation events related to tectonic events are presented 

in this chapter.  

The corresponding paper is published in Ore Geology Reviews, appears as: 

Kohanpour, F., Lindsay, M., Occhipinti, S., & Gorczyk, W., 2018. Structural controls on 

Proterozoic nickel and gold mineral systems identified from geodynamic modelling and 

geophysical interpretation, east Kimberley, Western Australia. Ore Geology Reviews, 95, 

552–568. https://doi.org/10.1016/j.oregeorev.2018.03.010. 

1.5.3. Chapter 4. Hf isotopic fingerprinting of geodynamic settings: Integrating 

isotopes and numerical models 

This Chapter presents some results from the isotopic and geochemical analysis. A new 

approach was introduced to integrate the numerical models and Lu-Hf analysis to 

understand the geodynamic evolution of any regions. The Hf-isotopic evolutionary 

pattern for rifting and collisional settings were predicted based on the integration of 

numerical models and worldwide database of 176Hf/177Hf isotopes. The geodynamic 

numerical models allow us to estimate the proportion of juvenile material added to the 

crust through time. On the basis of this proportion, changing 176Hf/177Hf ratios were 

calculated using mixing models. This novel modelling approach was used in our study 

area (Halls Creek Orogen) to elucidate its tectonic setting through time. The links between 
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predicted Hf isotopic evolution, geodynamic numerical models and measured Hf isotopic 

evolution trend resolve discrete stages in the tectono-magmatic development of the 

region. This approach can be used to validate geodynamic models with isotopic datasets, 

which could lead to a more rigorous understanding of crustal evolution.  

The corresponding paper is published in Gondwana Research, appears as: 

Kohanpour, F., Kirkland, C. L., Gorczyk, W., Occhipinti, S., Lindsay, M. D., Mole, D., 

& Le Vaillant, M. (2019). Hf isotopic fingerprinting of geodynamic settings: Integrating 

isotopes and numerical models. Gondwana Research, 73, 190-199. 

https://doi.org/10.1016/j.gr.2019.03.017. 

 

1.5.4. Chapter 5. Nickel and gold mineral systems analysis and prospectivity 

modelling of the Halls Creek Orogen, Western Australia 

This Chapter presents research that aims to better understand mineral system components 

and how they can be used in GIS-based prospectivity modelling. Findings obtained from 

the previous chapters (geodynamic models, geological-geophysical interpretations, 

isotope analysis) are used in combination with Sm-Nd isotopic data and geochronology 

to best represent the nickel and gold mineral systems in the study area. These components 

are then translated into mappable proxies called predictor maps. The spatial links between 

nickel and gold mineralizations and lithological units with εNd values was revealed by 

preparing the isotopic maps of the region. A GIS-based knowledge-driven fuzzy method 

is used to integrate the predictor maps and derive the prospectivity maps. The 

corresponding manuscript as presented in this thesis will be submitted in a high-quality 

international peer-reviewed journal.  
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Chapter 2 
 

Examining tectonic scenarios using 
 geodynamic numerical modelling;  

Halls Creek Orogen, Australia 
 

The corresponding paper has been published in Gondwana Research and appears as a Focus 
Review Paper: Kohanpour, F., Gorczyk, W., Lindsay, M., & Occhipinti, S., 2017. Examining 
tectonic scenarios using geodynamic numerical modelling: Halls Creek Orogen, Australia. 
Gondwana Research, 46, 95–113. https://doi.org/10.1016/j.gr.2017.02.013. 

Abstract 

Paleoproterozoic orogens record the accretion and collision of older tectonic blocks, and 

this records the tectonic development of a region. The Halls Creek Orogen (HCO) is a 

well-exposed Paleoproterozoic orogenic belts which can provide insight into the 

assembly of the Kimberley Craton to the Diamantina Craton during the Nuna 

Supercontinent amalgamation. Despite the relative abundance of rock exposure, there is 

still controversy as to how the Halls Creek Orogen developed.  The 1865 Ma Tickalara 

Metamorphics seem to be a key unit within the Central Zone of the Halls Creek Orogen 

that can help solving the controversy. The formation of the protoliths to the Tickalara 

Metamorphics, and other sedimentary and igneous rocks of Central Zone have been 

described as either forming in: (1) an oceanic island arc setting above an easterly dipping 

subduction zone outboard of Kimberley Craton; or (2) an ensialic marginal basin located 

closer to the margin of Kimberley Craton. The two plausible tectonic scenarios of the 

Halls Creek Orogen are examined through 33 2D thermo-mechanical-petrological 

numerical experiments based on I2VIS code. The initial constraints for model setup aim 

to best represent the tectonic environment for the protoliths to the Tickalara 

Metamorphics as either intra-ocean subduction or ocean-continent subduction and 
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collision. With this approach, we were able to find experiments with specific physical 

parameters with results that are consistent with the geology observed in the Halls Creek 

Orogen. The results indicate that the geology of the Halls Creek Orogen is best 

represented by the ensialic marginal basin scenario. This scenario is most consistent with 

the observed geology and reveals processes which led to the generation of key lithological 

units and major structures. The numerical experiments can also explain sources of 

magmatism and development of metamorphic conditions that occurred during the tectonic 

evolution of the Halls Creek Orogen. 

2.1. Introduction 

Various models have been proposed for the tectonic setting of Australian 

Paleoproterozoic orogens that weld the Archean nuclei together. Early intra-cratonic 

models (e.g., Etheridge et al., 1987) have been abandoned as abundant evidence has 

emerged to support processes in many Australian Precambrian provinces analogous to 

modern plate tectonics (Dawson et al., 2002; Giles et al., 2004; Myers et al., 1996; Scott 

et al., 2000; Betts et al., 2002; Betts et al., 2008; Fraser et al., 2007). Australian early 

Paleoproterozoic orogens provide an opportunity to understand the operation of plate 

tectonics during the assembly of the Nuna supercontinent (Betts et al., 2006; Pisarevsky 

et al., 2014; Williams et al., 1991; Zhao et al., 2002; Zhao et al., 2004).  

Precambrian geodynamics remains a controversial issue, because of the scarcity of natural 

observational data related to the physical-chemical state of the early Earth. Further 

progress in understanding Precambrian geodynamics requires cross-disciplinary efforts 

with a special emphasis placed upon quantitative testing of existing geodynamic concepts 

and extrapolating back in geological time using thermo-mechanical codes which have 

been validated for present day Earth conditions. Taking into account fundamental scarcity 
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of observational constraints, modelling can play an important role in developing and 

testing geodynamic hypotheses aimed at explaining the evolution of the Earth. During the 

last decade, numerical modelling and analogue experiments have been used to investigate 

Precambrian orogenesis (Cagnard et al., 2011; Cagnard et al., 2006; Chardon et al., 2009; 

Gapais et al., 2009; Gray and Pysklywec, 2010; Sizova et al., 2014). Recent reviews by 

Gerya (2011), Gerya (2014), Gorczyk et al. (2013), Gorczyk and Vogt (2015), van Hunen 

and van den Berg (2008), van Hunen and Moyen (2012) identified the necessity for 

integrating geological constraints from a wide range of disciplines, together with results 

of numerical modelling in order to provide constraints on the numerical models and 

simulate realistic syntheses of Precambrian geodynamics. 

The Halls Creek Orogen (HCO) is a well-exposed Paleoproterozoic orogenic belt, 

extending along the eastern Kimberley Craton margin (Fig. 2.1). This orogen can provide 

insights into the collision of the Kimberley Craton with the Diamantina Craton during the 

amalgamation of the Nuna Supercontinent (Cawood and Korsch, 2008). However, there 

is some uncertainty as to how the Halls Creek Orogen developed in the Paleoproterozoic 

(Griffin et al., 2000; Sheppard et al., 1999b). The 1865 Ma Tickalara Metamorphics seem 

to be a key unit within the Halls Creek Orogen for solving this uncertainty. The formation 

of the protolith sedimentary and igneous rocks of the Tickalara Metamorphics in the 

Central Zone have been described as either forming in (1) an oceanic island arc setting 

above an easterly dipping subduction zone outboard of Kimberley Craton, or in (2) an 

ensialic marginal basin located closer to the margin of Kimberley Craton above a west-

dipping subduction (Fig. 2.2; Sheppard et al., 1999b). Therefore, a series of 2D thermo-

mechanical-petrological numerical experiments based on the I2VIS code (Gerya, 2010; 

Gerya and Yuen, 2003) have been conducted to determine the probable geodynamic 

setting of the Halls Creek Orogen. The initial constraints for the setup of the models was 
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provided by the two possible inferred tectonic environments for protoliths to the mafic, 

felsic and sedimentary rocks of the Tickalara Metamorphics (Griffin et al., 2000; 

Sheppard et al., 1999b). 

       

        Fig. 2.1. Simplified map of major lithological units and structures of the Lamboo Province. 

Results of two models (Model I and II) are presented here. Both these models show 

structures and lithologies consistent with geophysical and geological data collected from 

the Halls Creek Orogen, and interpretations proposed by Griffin et al., (2000); Sheppard 

et al., (1999b) . The two presented models include active continental margin experiments 
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that predict arc basin development followed by collision of continental blocks and 

associated magmatism. The results indicate that the most plausible process that replicates 

the inferred Paleoproterozoic tectonic evolution (Griffin et al., 2000; Sheppard et al., 

1999b) of the Halls Creek Orogen and the major geological features can be induced by 

west-dipping subduction at the margin of Kimberley Craton. In addition, the magmatic 

evolution and predicted crustal pressure-temperature (P-T) paths for each model are 

presented. These numerical models allow us to better understand the tectonic evolution 

of the east Kimberley, which has implications for the assembly of the north Australian 

cratonic blocks. 

 

Fig. 2.2 Possible tectonic settings for development of the Tickarala Metamorphics, from Sheppard 
et al. (1999b): (a) in an ensialic marginal basin; (b) in an oceanic island arc setting. 

 

2.2. Regional geology of the Halls Creek Orogen 

The Halls Creek Orogen includes the 1910-1805 Ma Lamboo Province, developed 

between the Kimberley Craton to the northwest and the North Australian Craton to the 

east, as well as the deformed parts of numerous sedimentary basins ranging in age from 

Paleoproterozoic to Devonian. The Lamboo Province comprises three north-northeasterly 

trending tectonostratigraphic terranes: the Western, Central and Eastern zones (Fig. 2.1; 

Tyler et al., 1995). These terranes are separated by major faults, and were juxtaposed 

during the 1870-1850 Ma Hooper Orogeny and 1835-1805 Ma Halls Creek Orogeny 

(Griffin et al., 2000; Page et al., 2001; Page and Hoatson, 2000). Deformation and 
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metamorphism of the Halls Creek Orogeny is the first tectonothermal event to have 

affected the entire Lamboo Province, suggesting that at this time the different 

tectonostratigraphic terranes were sutured (Tyler et al., 2012). The presence of 

tectonostratigraphic terranes implies that the evolution of the Lamboo Province can be 

explained by modern-style plate tectonics (Sheppard et al., 1999b; Tyler et al., 1995; 

Tyler et al., 2012). 

2.2.1. The Eastern Zone 

The Eastern Zone of the Lamboo Province consists of low- to medium-grade 

metasedimentary and meta-igneous rocks of the 1880-1840 Ma Halls Creek Group (Fig. 

2.1). The Halls Creek Group consists of three formations, which are from oldest to 

youngest, the Saunders Creek Formation, the Biscay Formation, and the Olympio 

Formation. The Saunders Creek Formation, consists of fluvial to shallow marine quartz 

sandstone and conglomerate (Dow and Gemuts, 1969; Tyler et al., 1995) derived from an 

Archean source (Page and Sun, 1994).  

The Biscay Formation conformably overlies the Saunders Creek Formation and consists 

of massive and pillowed metabasaltic lava and fine-grained mafic volcaniclastic deposits, 

siliciclastic and calcareous metasedimentary rocks, and subordinate felsic metavolcanic 

rocks (Sheppard et al., 1999b; Tyler et al., 1995). The felsic metavolcanic rocks have a 

SHRIMP U-Pb zircon age of 1880 ± 3 Ma (Blake et al., 1998). Sedimentation and sub-

aqueous to subaerial volcanism of the Biscay Formation probably occurred on a passive 

continental margin (Sheppard et al., 1999b). 

The Biscay Formation is disconformably overlain by 1870-1840 Ma turbiditic rocks of 

the Olympio Formation. The Olympio Formation includes trachyandesitic and trachytic 

rocks of the Maude Headley and Butcher Gully Members, dated at 1857 ± 5 Ma (Page 
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and Hancock, 1988) and 1848 ± 3 Ma (Blake et al., 1998), respectively. Turbiditic 

metasedimentary rocks of the Olympio Formation indicate a transition from a passive 

margin (Biscay Formation) to an active margin by c. 1850 Ma (Tyler et al., 2012). A 

period of relaxation and local extension may have caused the intrusion of the sill-like 

bodies of c. 1855 Ma Woodward Dolerite into the Halls Creek Group (Occhipinti et al., 

2016).  

2.2.2. The Central Zone 

The Central Zone of the Lamboo Province is separated from the Eastern Zone by the 

Angelo, Halls Creek, and Osmond faults; and from the Western Zone by the Ramsey 

Range and Springvale faults and (in the far north) by the Halls Creek Fault (Fig. 2.1). The 

oldest rocks in the Central Zone are c. 1865 Ma mafic volcanic and turbiditic sedimentary 

rocks of the Tickalara Metamorphics which were metamorphosed at low- to high-grade 

(Tyler et al., 1995) during the Paleoproterozoic. Both the submarine environment of mafic 

volcanism and large volcaniclastic component are suggestive of an island arc (Larue et 

al., 1991) or fault-bounded intra-arc basin (Fackler-Adams and Busby, 1998; Smith and 

Landis, 1995). Therefore, it was suggested that the Tickalara Metamorphics were either 

deposited at 1865 Ma over an easterly-dipping subduction zone outboard of the 

Kimberley Craton or formed in an ensialic marginal basin near the margin of the 

Kimberley Craton (Griffin et al., 2000; Sheppard et al., 1999b).The Tickalara 

Metamorphics were metamorphosed and intruded by the Dougalls Suite at 1850 Ma, in 

an island arc or convergent (Sheppard et al., 2001) continental margin setting (Sheppard 

et al., 1997). The initial εNd values of the  Dougalls Tonalite (Sheppard et al., 2001) 

indicates the existence of continental substrate in the Central Zone by 1850 Ma, which 

may have been caused by the closure of a marginal basin or accretion of the arc to the 

margin of Kimberley Craton (Sheppard et al., 1997). 
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The Koongie Park Formation is exposed in the southern part of the Central Zone and is a 

sequence of folded and metamorphosed turbidites, carbonates, mafic and felsic 

volcaniclastic rocks that were deposited at 1845-1840 Ma. The rock types and structure 

indicate that deposition of the Koongie Park Formation resulted from rifting of the 

Tickalara Metamorphics (Tyler et al., 2012).  

The Central Zone was extensively intruded by felsic to mafic magmas, forming the 1835-

1805 Ma Sally Downs Supersuite during the Halls Creek Orogeny (Blake et al., 2000; 

Bodorkos et al., 2000; Page et al., 2001; Sheppard et al., 2001; Tyler et al., 1995; Tyler 

and Page, 1996). The ɛNd isotope compositions of granites of the Sally Downs Supersuite 

suggest that these rocks may have formed above a subduction zone with addition of 

mantle-derived materials (Sheppard et al., 2001). Large gabbroic and layered mafic-

ultramafic bodies including the c. 1856 Ma Panton, c. 1845 Ma Sally Malay, and c. 1830 

Ma McIntosh suites were also intruded into the Central Zone (Page and Hoatson, 2000; 

Page and Sun, 1994). The geochemistry of post-1830 Ma mafic intrusions in the Lamboo 

Province indicates that their parent magmas were derived from mantle that was modified 

by subduction processes (Sun and Hoatson, 2000). 

Another striking feature in the central zone of the Halls Creek Orogeny is a high gravity 

anomaly (Fig. 2.3). Geophysical modelling by Lindsay et al. (2016) proposed a dense (3-

3.2 g/cm3) body at 5–28 km depth. Gunn and Meixner (1998) consider a large intrusion 

of mafic to ultramafic rocks as the source of the high gravity anomaly. Shaw et al. (2000) 

and Shaw and Macias (2000) suggest the gravity anomaly is a combination of mafic-

ultramafic, mafic granulite and metapelitic rocks. A third scenario is proposed by Lindsay 

et al. (2016) involving the accretion and underthrusting of a >1900Ma crustal fragment 

(Griffin et al., 2000) causing a high gravity anomaly in the Central Zone. 
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2.2.3. The Western Zone 

The Western Zone of the Lamboo Province exposed around the southwest and southeast 

margins of the Kimberley Craton (Fig. 2.1; Tyler et al., 1995). The boundary between the 

Central and Western zones is marked by a combination of the Ramsay Range Fault, part 

of the Springvale Fault and the northern part of Halls Creek Fault. The main components 

of the Western Zone are the c. 1870 Ma Marboo Formation, 1865-1850 Ma Paperbark 

Supersuite, c. 1855 Ma Whitewater Volcanics, and c. 1855 Ma layered mafic-ultramafic 

intrusions (Blake et al., 2000). 

The Marboo Formation consists of turbiditic sandstone, siltstone, greywacke, and quartz 

wacke deposited along the rifted margin of the Kimberley Craton (Griffin et al., 2000; 

Tyler et al., 1999). Extension and partial melting toward the end of the Hooper Orogeny 

produced felsic volcanic rocks of the Whitewater Volcanics that unconformably overlie 

the Marboo Formation (Griffin et al., 2000; Tyler et al., 2012). The Marboo Formation 

was intruded by potassic I-type granitic and sub-volcanic rocks, as well as gabbroic 

intrusions of the Paperbark Supersuite between 1865 and 1850 Ma (Tyler et al., 2012). 

Fig. 2.3. Map showing the 
tectonostratigraphic terranes within 
the Lamboo Province overlying 
terrain-corrected spherical-cap 
Bouguer anomaly sun-shaded from the 
NNE at 45° inclination, showing a high 
amplitude gravity anomaly in the 
centre of the Lamboo Province. 
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Sedimentary and mafic volcanic rocks of the Speewah and Kimberley basins were 

deposited unconformably on rocks of the Western Zone between 1835 and 1797 Ma 

(Sheppard et al., 2012).  

2.2.4. Metamorphic conditions 

The Halls Creek Orogen displays a prolonged history of high-temperature, low-pressure 

(HTLP) metamorphism and related igneous activity (Bodorkos et al., 1999). Rocks in the 

Lamboo Province were variably deformed and metamorphosed during the 1870-1850 Ma 

Hooper Orogeny and 1835-1805 Ma Halls Creek Orogeny (Table 2.1).  

Lamboo 
Province 

zones 

The 1870-1850 Ma 
Hooper Orogeny 

The 1835-1805 Ma 
Halls Creek Orogeny 

Eastern 
Zone 

Nil Greenschist facies 
Pelites: quartz, biotite,  muscovite, 
chlorite, garnet, and 
andalusite; (Dockrell) 
 
Mafic volcanics: actinolite, chlorite, and 
epidote/clinozoisite with quartz and 
albite. (Dockrell) 

Central 
Zone 

Amphibolite to granulite facies 
Pelites: biotite, muscovite, and quartz, garnet, with accessory iron 
oxides, tourmaline, and zircon; In the north and to the northwest of 
the Alice Down Fault sillimanite, garnet, cordierite and staurolite 
with or without muscovite occurring in politic lithologies. (Dixon) 
 
Mafic volcanics: chlorite, epidote, blue-green to green amphibole, 
plagioclase, and quartz with minor titanite and iron oxides, with or 
without garnet or clinopyroxene (Dixon);  
 
Granitoid rocks: biotite, hypersthene, plagioclase, K-feldspar, and 
quartz or biotite, blue-green edinitic amphibole, epidote, 
plagioclase, K-feldspar, and quartz(Bow) 
 
Clac-silicate rocks: calcite and silicate phases include olivine 
(variably altered to serpentine), spinel, garnet, clinopyroxene, 
plagioclase, scapolite, amphibole, epidote, and titanite (Dixon) 

Greenschist to epidote-amphibolite 
facies 

Pelites: quartz, albite, sericite, and 
chlorite with or without biotite, minor 
amount of opaque minerals and rutile; 
(Angelo) 
 
Mafic volcanics: actinolite or a blue-
green edenitic amphibole, plagioclase, 
clinozoisite, epidote, and sphene; 
(Angelo) 
 
Granitoid rocks: epidote, hornblende, 
biotite, garnet, plagioclase, quartz and 
titanite (Bow). 

Western 
Zone 

Low- to medium grade (Greenschist facies) 
Pelites: quartz, plagioclase, k-feldspar, sericite, chlorite, fine 
biotite, and iron oxides (Angelo & Bow). 

High grade Amhurst Metamorphics 
Pelites: quartz, plagioclase, biotite, 
cordierite, and garnet (Angelo) 
Granitoid rocks: biotite-andalusite- 
garnet-cordierite (Angelo) 

Table 2.1. Representative metamorphic mineral assemblages variably developed in the Western, 
Central, and Eastern zones during the Halls Creek and Hooper orogenies (Griffin et al., 1998; 
Sheppard et al., 1999a; Tyler, 2004; Tyler et al., 1998). 
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Lindsay et al. (2016) and Occhipinti et al. (2016) produced a metamorphic map of the 

Halls Creek Orogen (Fig. 2.4), which highlights that metamorphic gradients coincide with 

zone boundaries (Tyler et al., 1995). Rocks now exposed in the Central and Western zones 

were metamorphosed at greenschist to granulite facies conditions, whereas rocks in the 

Eastern Zone were mainly metamorphosed in the greenschist facies (Tyler, 2004). In the 

Central Zone, deposition of protoliths to the Tickalara Metamorphics was followed by 

the intrusion of mafic and ultramafic magmas into the middle crust, broadly synchronous 

with regional high-T and low-P metamorphism at 1845 ±4 Ma (Bodorkos et al., 1999; 

Oliver and Barr, 1997; Oliver et al., 1999; Thornett, 1986). These layered intrusions are 

formed by repeated injection of mafic magmas at the mid-crustal levels (Hoatson, 1997) 

ensuring efficient flux of heat throughout emplacement. Granulite facies Tickalara 

Metamorphics exposed in the centre of the Central Zone have faulted contacts with non-

metamorphosed Sally Downs Supersuite rocks to the west and a belt of amphibolite facies 

rocks to the east. The arrangement of metamorphic facies along the major structures 

Fig. 2.4. The distribution of 
metamorphic grade shown 
with major faults, from 
Occhipinti et al. (2016) and 
Lindsay et al. (2016). 
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supports the idea of structurally controlled differential exhumation of fault blocks during 

the Halls Creek Orogeny (Lindsay et al., 2016).        

2.3. Tectonic evolution of the Halls Creek Orogen 

The tectonic evolution of the Lamboo Province is used as a basis for this study and 

follows the interpretations of Sheppard et al. (1999b), Sheppard et al. (2001), Griffin et 

al. (2000), Tyler et al. (2012), Occhipinti et al. (2016), and Lindsay et al. (2016). Key 

elements of these interpretations are noted in Figure 2.5. The temporal distribution and 

chemical and isotope analysis of granite suites and supersuites in the Halls Creek Orogen 

have been used to determine possible tectonic models for the development of the Lamboo 

Province (Griffin et al., 2000; Sheppard et al., 2001; Sheppard et al., 1999b; Tyler et al., 

1995).  

Griffin et al. (2000) suggested that accretion of an exotic terrain to the Kimberley Craton 

occurred via northwest-directed subduction prior to 1900 Ma. This interpretation was 

made on the basis of the geochemical characteristics of the 1865-1850 Ma Paperbark 

Supersuite that suggested they were formed in a post-collisional setting (Fig 2.5a). 

Convergence of the Kimberley Craton and North Australia Craton during the 1870-1850 

Ma Hooper Orogeny led to the development of the Tickalara Metamorphics either in a 

marginal basin fringing the Kimberley Craton (Fig. 2.5b-d(i)) or as an oceanic arc at c. 

1865 Ma outboard of the Kimberley Craton (Fig. 2.5b-d(ii)). At c. 1850 Ma the Tickalara 

Metamorphics were intruded by tonalite, trondhjemite and quartz diorite sheets of the 

Dougalls Suite (Sheppard et al., 2001).  

Cessation of the Hooper Orogeny resulted in rifting of the Tickalara Metamorphics during 

a period of plate reorganization at 1845-1840 Ma (Tyler et al., 2012). This resulted in 

extrusion of felsic and mafic volcanic rocks of the Koongie Park Formation, deposition 
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of the Koongie Park Formation sedimentary rocks, and intrusion of the layered mafic to 

ultramafic c. 1841 ± 3 Ma Sally Malay Suite (Tyler et al., 2012) (Fig. 2.5c-d).  

The 1835-1805 Ma Halls Creek Orogeny is the first event that affected all zones of the 

Lamboo Province and, thus, is considered to represent suturing of the Kimberley and 

North Australian cratons (Sheppard et al., 2001; Sheppard et al., 1999b; Tyler et al., 

2012). Voluminous granites and mafic rocks of the Sally Downs Supersuite stitched the 

Western, Central, and Eastern zones (Fig. 2.5e). The geochemistry of the Sally Downs 

Supersuite indicates a proportion of mantle-derived material. Parts of the Sally Downs 

Supersuite that formed before 1820 Ma, including the Mabel Downs and the Syenite 

Camp suites, were likely formed in a subduction zone setting, while the intrusion of high-

K granites of the Kevins Dam Suite followed the collision of North Australian and 

Kimberley cratons (Sheppard et al., 2001). During the Halls Creek Orogeny, siliciclastic 

sedimentary rocks of the Speewah Group were deposited on rocks of the Western Zone. 

The c. 1800 Ma Kimberley Group unconformably overlies the Speewah Group and 

comprises a succession of siliciclastic sedimentary and mafic volcanic rocks in the post-

collisional Kimberley Basin (Tyler et al., 2012). The c. 1797 Ma Hart Dolerite and Carson 

Volcanics may form a Large Igneous Province (LIP) and mark the end of major 

magmatism in the Lamboo Province.  The connected sills and dykes of Hart Dolerite 

records part of a post-collisional magmatic event derived from subduction that modified 

mantle beneath the Kimberley Craton (Sheppard et al., 2012). 

Despite the numerous studies outlined above, controversy still remains as to how the Halls 

Creek Orogen developed. At the core of the controversy is the 1865 Ma Tickalara 

Metamorphics. Sheppard et al. (1999b) studied the depleted and enriched metabasalts of 

the Tickalara Metamorphics. The samples with depleted light rare-earth elements are 

geochemically similar to oceanic island arc/back-arc basin tholeiites, whereas the 
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enriched samples have light REE enriched patterns similar to E-MORB. The 

geochemistry of the basalts led to an ambiguous interpretation of the tectonic setting that 

could be attributed to an ensialic marginal basin, due to westward-directed subduction 

zone stepping back following the collision of a continent fragment sometime before 1900 

Ma. Westward-directed subduction continued under the closed marginal basin until the 

collision of the Kimberley Craton, including the combined Western and Central zones, 

with the North Australian Craton (Fig. 2.5b-d(i)) (Griffin et al., 2000), or over an east-

dipping subduction towards the North Australian Craton following the accretion of an 

exotic terrane to the margin of Kimberley Craton (Griffin et al., 2000; Sheppard et al., 

1999b). In this model, the retreat of the subduction zone and then reversal of subduction 

polarity led to the 1835-1805 Ma Halls Creek Orogeny which resulted in westward 

subduction and eventual collision of the Eastern and Central zones (Fig. 2.5b-d(ii)) 

(Sheppard et al., 1999b). 

2.4. Numerical Modelling 

2.4.1. Initial model setup 

Initial setups for numerical modelling were designed to model the two main scenarios for 

the tectonic evolution of the Halls Creek Orogen (Fig. 2.2; Griffin et al., 2000; Sheppard 

et al., 1999b). The numerical models used in this work aim to simulate the process of 

ocean subduction followed by continental collision in (1) an active continental margin 

setting (Fig. 2.6a), and (2) an intra-ocean subduction setting (Fig. 2.6b) to envisage the 

possible tectonic settings of the Tickalara Metamorphics as a volcanic arc or an ensialic 

marginal basin. 
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Fig. 2.5. Proposed tectonic settings of the Lamboo Province through time, modified after Griffin 
et al. (2000) and Lindsay et al. (2016): (a) subduction of an exotic continental fragment pre-1900 
Ma beneath the Kimberley Craton as suggested by Griffin et al. (2000); (b-c) Convergence of the 
North Australian and Kimberley cratons during the 1870 -1850 Hooper Orogeny; (d) Post-
Hooper orogeny events include basin closure and subduction polarity reversal, and rifting at 
1845 – 1840 Ma; (e) Collision of the Kimberley and North Australian cratons during the 1835-
1805 Ma Halls Creek Orogeny. (i) ensialic marginal basin scenario; (ii) oceanic arc scenario; 
for deposition of the protoliths to the Tickalara Metamorphics during the evolution of the Halls 
Creek Orogen. 
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In the active continental margin experiment (Fig. 2.6a), a 100 km-thick continental 

lithosphere at the margin of Kimberley Craton is prescribed to simulate crustal growth 

during the pre-1900 Ma subduction. The oceanic lithosphere is between the two thicker 

200 km cratonic masses of Kimberley Craton and North Australian Craton. The intra-

ocean subduction experiment (Fig. 2.6b) is divided into three parts; on the left and right 

are two cratonic blocks with a lithospheric thickness of 200 km, representing the 

Kimberley Craton and North Australian Craton, respectively, and an oceanic crust which 

separates the two cratons. Subduction of the oceanic plate is initiated by prescribing a 

weak shear zone in the mantle with rheology of hydrated olivine. In the active continental 

margin experiment (Fig. 2.6a), the weak zone is placed between the oceanic plate and the 

left-hand continental plate. In the intra-ocean subduction experiment, the weak zone is 

located in the middle of oceanic crust (Fig. 2.6b).  

The continental crust is composed of a 40-km thickness of felsic rocks with the rheologies 

of hydrated quartzite for upper crust and plagioclase (anorthosite) for lower crust. The 

oceanic crust is represented by 2 km of hydrothermally altered basalt with the rheology 

of hydrated quartzite underlain by 5 km of gabbroic rocks with the rheology of plagioclase 

(anorthosite). The Oceanic crust is attached to continental crust, with sedimentary rocks 

overlying a 150 km-wide passive margin, whereas in the active continental margin 

experiment a 50 km-wide prism of sedimentary rocks is set above the NW-dipping weak 

zone along the right edge of left-hand continental crust (Fig. 2.6a, b). Both the lithospheric 

mantle and the asthenosphere are composed of anhydrous peridotite.   
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Fig. 2.6. Initial geodynamic model setup for two tectonic scenarios (see text for details): (a) active 
continental margin; (b) intra-ocean subduction. White lines represent isotherms starting from 
100°C and increasing at increments of 200°C. Colours indicate rock type or melt and apply to 
subsequent figures. 

The initial temperature field of the continental plate increases linearly from 0°C at the 

surface to 1344°C at the lithosphere-asthenosphere boundary, and a thermal gradient of 

0.5°C km-1   is used for the underlying mantle (Gerya, 2010; McKenzie et al., 2005). The 

initial temperature field for the oceanic plate is defined by the oceanic geotherm computed 

for the given cooling age of 40 Ma and the temperature of the asthenospheric upper mantle 

(Turcotte and Schubert, 2002). During numerical experiments this initial thermal 

structure evolves spontaneously toward more realistic continental geotherm controlled by 

local crustal thickness and radiogenic heat production as well as mantle heat flow.  

All mechanical boundary conditions are free-slip and only the lower boundary is 

permeable to material movement, allowing an external free-slip boundary condition 

(Gorczyk et al., 2007). Similar to the usual free-slip condition, external free-slip allows 

global conservation of mass in the computational domain. The top surface of the 

lithosphere is considered as a free surface by using a 20 km-thick top layer with low 

viscosity (10 18 Pa s) and density (1 kg/m3 for air and 1000 kg/m3  for sea water below the 

Z = 10 km level). The large viscosity contrast caused by these low viscosity boundary 

layers minimizes shear stresses (104 Pa) at the top of the lithosphere making it an efficient 
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free surface (Schmeling et al., 2008). This upper boundary evolves by erosion and 

sedimentation with erosion and sedimentation rates set at 0.03  mm year -1 (Sizova et al., 

2014). 

In evolution of the model, water is expelled from the subducted oceanic crust as a 

consequence of dehydration reactions compaction. The connate water content (up to 2 

wt.%) of the basaltic and sedimentary crust is specified as a linear function of depth as 

follows, 

𝑋𝑋𝐻𝐻2𝑂𝑂(𝑤𝑤𝑤𝑤.%) = 𝑋𝑋𝐻𝐻2𝑂𝑂(𝑃𝑃0) × (1 −
∆𝑧𝑧
75

) 

where 𝑋𝑋𝐻𝐻2𝑂𝑂(𝑃𝑃0) = 2 wt.% is the connate water content at the surface, and z is depth below 

the surface in km (0-75 km). The timing of H2O release by dehydration reactions is 

determined by the physiochemical conditions and the assumption of thermodynamic 

equilibrium computed from mineralogical database for different rock types. The 

propagation of water is modelled in the form of markers. Dehydration reactions lead to 

release of a certain amount of water, which is stored in water markers. Water markers 

move through the rocks with the following velocity 

𝑉𝑉𝑥𝑥(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) = 𝑉𝑉𝑥𝑥,       𝑉𝑉𝑧𝑧(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) = 𝑉𝑉𝑧𝑧 − 𝑉𝑉𝑧𝑧(𝑃𝑃𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃) 

Vx and Vz describe the local velocity of the mantle and Vz(Percolation) indicates the relative 

velocity of the upward percolation of the fluid. Water is released by the marker as soon 

as it encounters a rock capable of absorbing water by hydration or melting reactions at 

given P-T conditions and rock composition (Gorczyk et al., 2007; Nikolaeva et al., 2008; 

Sizova et al., 2010). The mantle solidus is set to be between the wet and dry peridotite 

solidi, because the H2O transport model does not permit complete hydration of the 

peridotitic mantle. To account for this behavior, we assume that the degree of both 
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hydrous and dry melting is a linear function of pressure and temperature (Gerya and Yuen, 

2003; Vogt, 1974). For a given pressure and rock composition the volumetric degree of 

melting M0 is: 

𝑀𝑀0 = 0 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇 < 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠  

𝑀𝑀0 =  
(𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)

(𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)
 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑇𝑇 < 𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠                                       (1)               

𝑀𝑀0 = 1 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇 > 𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 

where Tsolidus and Tliquidus are, respectively, solidus temperature (wet and dry solidi are 

used for the hydrated and dry mantle, respectively) and dry liquidus temperature at a given 

pressure and rock composition. To simulate melt extraction from partially molten rocks 

(Gerya and Meilick, 2011; Nikolaeva et al., 2008) we define a melt extraction threshold 

Mmax and a non-extractable amount of melt Mmin<Mmax that will remain in the source. The 

influence of these parameters on subduction dynamics and crustal growth is investigated 

for the case of constant 𝑀𝑀𝑚𝑚𝑤𝑤𝑚𝑚 𝑀𝑀𝑚𝑚𝑃𝑃𝑃𝑃⁄ = 2. 

Markers track the amount of melt extracted during the evolution of each experiment. The 

total amount of melt, M, for every marker takes into account the amount of previously 

extracted melt and is calculated as,  

𝑀𝑀 = 𝑀𝑀0 −�𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤                                                                                                              (2)
𝑃𝑃

 

where ∑ 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤𝑃𝑃 is the total melt fraction extracted during the previous n extraction 

episodes. Once the total amount of melt, M, computed from equations (1) and (2) for a 

given marker exceeds Mmax, the extractable melt fraction 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤 = 𝑀𝑀 −𝑀𝑀𝑚𝑚𝑃𝑃𝑃𝑃 is assumed 

to migrate upward and the value of ∑ 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤𝑃𝑃 is updated. We assume that melt migration is 

rapid compared with the deformation of unmelted mantle, so that the velocity of the melt 

is independent of mantle dynamics (Elliott et al., 1997; Hawkesworth et al., 1997). Thus, 

the extracted melt is transported instantaneously to the surface forming new volcanic crust 
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above the extraction area. The weakening effects of ascending fluids and melts are also 

included in the model by increasing the compressibility of the subducting oceanic crust 

by a factor of two relative to other rocks in the models (Gerya and Meilick, 2011; Sizova 

et al., 2010). This allowed simulation, to a first order, of the effects of an increased slab 

pull related to the eclogitization reaction in the subducting slab (Mishin et al., 2008; 

Sizova et al., 2012). 

2.4.2. Numerical experiments 

To examine the conceptual range of tectonic models applicable to the Halls Creek 

Orogen, 33 2D petrological-thermomechanical numerical experiments were run (Table 

2.2). These models explored plate behavior, melting, generation of structures, and 

tectonic evolution through time. The models are based on the I2VIS code using 

conservative finite differences method with a non-diffusive marker-in-cell techniques to 

simulate multiphase flow (Gerya and Yuen, 2003). All experiments were performed in a 

4000 km X 1400 km box, representing a lithosphere-asthenosphere cross-section. The 

rectangular grid contains a 1000 km-wide, high-resolution region (1 km X 2 km) in the 

centre of the domain, which represents the region of interest (i.e. subduction zone), while 

the rest of the model remains at a lower resolution (5 km X 2 km and 10 km X 2 km). The 

right-hand continental plate is fixed at 1700 km long, whereas the left-hand continental 

plate is either 1660 km, 1860 km or 2060 km long attached to the oceanic plate with a 

width of, respectively, either 600 km, 400 km or 200 km. Alternatively, the oceanic crust 

width in the intra-ocean subduction scenario is considered either 600 km, 800 km, or 1000 

km. The external forces are applied from the left side of the model at a constant velocity 

of 2, 4, 5, 6, and 8 cm/y for the first 8, 12, 16, 20 and 24 million years. Increase in the 

width of oceanic crust results in the strong slab pull, and the slow convergence rate 

favours more melting in the models. 
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Table 2.2. Description of numerical experiments. 

The numerical experiments aim to simulate both processes that led to deposition of 

protoliths to the Tickalara Metamorphics at 1865 Ma and collision and suturing of the 

Kimberley and North Australian cratons at about 1835-1805 Ma. Therefore, the times 

presented in the figures of the numerical experiments are measured from the initiation of 

the experiments.  
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In the active continental margin experiment (Fig. 2.2a and 2.6a), development of an 

ensialic marginal basin (or intra-arc basin) is observed as proposed in the conceptual 

model (Fig. 2.7a-b; Video 2.1 and 2.2). In the conceptual model of intra-ocean subduction 

model (Fig. 2.2b and 2.6b), east-dipping subduction has formed towards an overriding 

North Australian Craton. Retreat of the subduction zone and then reversal of subduction 

polarity followed until the collision of the Eastern and Central zones (Griffin et al., 2000; 

Sheppard et al., 1999b). However, the numerical model shows a parallel advancing 

subduction zone without any polarity reversal (Fig. 2.7c; Video 2.3) which is comparable 

with neither the proposed tectonic evolution of the Halls Creek Orogen nor geological 

features mapped in the Eastern Zone (i.e. magmatic activity related to subduction under 

the Eastern Zone in the margin of the North Australian Craton). Therefore, the intra-ocean 

subduction experiment is not examined further here. The two models of active continental 

margin scenario consistent with the conceptual tectonic evolution of the Halls Creek 

Orogen including oceanic crust subduction, development of an arc basins, and later 

collisional tectonics are presented here.  

 
Fig. 2.7.  Major features modelled during the evolution of the Halls Creek Orogen in numerical 
experiments: (a-b) development of marginal and arc basins in the active continental margin 
scenario (Model 1 and 28, respectively, in Table 2); (c) development of two parallel subductions 
in the intra-ocean subduction scenario (Model 21 in Table 2.2). 
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2.4.2.1. Model I: Active continental margin scenario; 600 km wide oceanic plate with 

2 cm/y convergence rate 

The evolution of an experiment in which the width of the oceanic lithosphere is 600 km 

and velocity of convergence rate is 2 cm/y for 16 Ma is shown in Figure 2.8. In the early 

stages of the model, the oceanic lithosphere is subducted. When subduction of the oceanic 

plate reaches 100 km depth, the oceanic crust starts to dehydrate and melt, which leads to 

hydration of the overlying mantle and wet melting above the slab. This process leads to 

the development of a volcanic arc about c. 10 Ma after the beginning of subduction (Fig. 

2.8a). After 12 Ma, (Fig 2.8b) back-arc extension takes place as a result of a weakened 

mantle wedge combined with slab-pull. Subsequently, decompression melting of 

positively-buoyant and rising asthenosphere takes place. Crustal extension results in 

opening of a back-arc basin about 200 km wide (Fig. 2.8c) consisting of various magmatic 

rocks formed by partial melting of hydrated (flux melting above the slab) and anhydrous 

(decompression melting) mantle and oceanic crust. The onset of faulting occurs in a high 

strain region in response to fluid-induced weakening of the upper lithosphere (Fig. 2.9a-

c). 

The extensional regime switches to compression at the onset of collision at c. 17.3 Ma 

(Fig. 2.8d). Compression leads to closure of the newly created back-arc basin at c. 19.2 

Ma (Fig. 2.8e). After collision the extent of high strain zones increases which leads to 

lithospheric scale shearing and faulting (Fig. 2.9e). By 19.2 Ma (Fig. 2.9e), the shear 

zones have extended down to several tens of kilometers, affecting the entire lithosphere. 

After docking of the continental lithosphere, delamination of the slab takes place and the 

last slab dehydration event takes place, resulting in a plume of melt-bearing hydrated 

mantle (Fig. 2.8e). The mantle plume flows below the overriding plate and causes 
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magmatism at the surface during the compressional phase (Fig 2.8e-f). In this experiment, 

slab-breakoff occurs soon after the continental plate reaches the trench at c. 19.9 Ma and 

subduction of continental crust does not develop (Fig. 2.8e1). Slab detachment occurs in 

the continental crust at 100 km depth. As the oceanic slab detaches, relaxation within the 

collision zone takes place which results in triggering the opening of an asthenospheric 

window under the collision zone (Fig. 2.8e1). Asthenospheric inflow at the subcrustal 

level (around 40 km) and melt-bearing mantle under the collision zone have some major 

consequences such as widespread magmatism and volcanism at the surface (Fig. 2.8f). 

2.4.2.1.1. Pressure-temperature evolution (P-T-t paths) 

The metamorphic P-T conditions for the subducting slab and overriding plate through 

time were traced using markers. The predicted P-T-t paths for seven crustal markers are 

presented in Figure 2.8(a’-f’). Markers were initially placed in the sedimentary rocks 

(light brown oval and dark brown circle), upper continental crust (green polygon and pink 

star), lower continental crust (red rectangle and black square), and basin volcanics (blue 

triangle) (Fig. 2.8a-f). The tracers extracted from the sedimentary rocks experienced high 

pressure during the collision and, consequently, they define moderately open P-T-t loops 

with maximum temperature of ~400°C and maximum pressure at ~1.2-1.4 GPa. In 

contrast, the markers from the upper continental crust define very tight P-T-t loops with 

maximum pressures less than 1 GPa and low- temperatures around 400°C because of the 

very rapid asthenosphere upwelling and basin closure during compression. Consequently, 

there is insufficient time for conductive heating of the upper continental crust to raise its 

temperature significantly as a result of contact with hot asthenosphere.  
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Fig. 2.8. Dynamic evolution of Model I (active continental margin scenario with 600 km wide 
oceanic plate and 2 cm/y convergence rate for 16Myrs) in time represented by composition with 
colour codes and white line isotherms as described in Figure 6. Coloured markers represent rock 
markers with the propagation of P-T paths traced in a’- f’.  The model involves oceanic crust 
subduction, development of a volcanic arc (a-b), and marginal basin development (c-d) which is 
followed by collision and the basin closure (e). A slab-derived plume of melt-bearing hydrated 
mantle causing syn- to post- collisional magmatism at the surface (e-f). The predicted P-T path 
for seven crustal markers through time are presented in a’-f’. The sedimentary rock markers (light 
brown oval and dark brown circle) experience high pressures and define open P-T-t loops, while 
the upper continental crust markers (green polygon and pink star) show tight P-T-t paths (f’). 
Lower continental crust (red rectangle and black square) undergo high-temperature conditions 
with smaller pressure changes.  
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Fig. 2.9. (a-f) The high values of second strain rate invariant (ε̇II) is interpreted to represent major 
shear zones generated during the evolution of Model I (as in Figure 8). (a’-f’) Pie charts illustrate 
source of magma over time during the experiment.   

Conversely, the lower continental crust experience higher temperatures of about 500-

700°C because of immediate contact with hot asthenosphere (Fig. 2.8d). It records 

increasing temperature at constant pressure and then experienced high pressure caused by 

closure of the basin during compression. The marker in the newly-formed volcanic basin 

(blue triangle) shows a progressive increase of temperature and pressure, with a maximum 

temperature of ~480°C and a pressure not exceeding 1.2 GPa. The blue marker formed at 

the surface as a result of decompression melting following plate extension, but basin 

closure prevented those rocks from reaching the surface. In this experiment, clockwise P-

T-t paths for sedimentary rocks and upper crust are observed, whereas a counter-

clockwise P-T-t path is predicted for the lower continental crust. Shallow slab break-off 

precludes the deep subduction of continental crust, which in turn prevents generation of 

ultra-high pressure metamorphic (UHPM) rocks in this type of subduction and collisional 

regime. 

 
Fig. 2.10. Magmatic evolution of Model I in terms of magmatic addition (km3/km) and magmatic 
composition. In the subduction phase, partial melting of the oceanic plate causes magmatism, 
which is followed by two major peaks of mantle melting, by decompression melt and upwelling of 
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melt-bearing hydrated mantle during the marginal basin development and collision of the 
continental plates respectively.  

2.4.2.1.2. Magmatic evolution 

In the first 15 Ma, melt production is mainly derived from partial melting of the 

subducting ocean crust (Fig. 2.9 a’-c’ and Fig. 2.10). The main melting peaks are observed 

at around 16 Ma and 19 Ma. The first period of extensive melting at 16 Ma is caused by 

extension and opening of the back-arc basin. Decompression melting of mantle material 

is the major source of magmatism in the region (Fig. 2.8c-d; Fig. 2.9d’-f’ and Fig. 2.10), 

which is accompanied by a slight increase in lower crust melt production. The second 

episode of extensive melting occurs at about 19 Ma, which is associated with the flux of 

wet mantle melt during the period of compression (Fig. 2.8e-f; Fig. 2.9e’-f’ and Fig. 2.10). 

After 20 Ma the volume of melt becomes constant because of thermal relaxation (Fig. 8f 

and 10). By the end of the experiment at 21.3 Ma, total melt in the region comprise 60% 

mantle input, 28% oceanic crust and 10% lower crust (Fig. 2.9 f’).  

2.4.2.2. Model II: Active continental margin scenario; 200 Km wide oceanic plate 

with 4cm/y convergence rate 

The evolution of an experiment with the oceanic lithosphere 200 km wide, and a 4 cm/y 

convergence rate for 12 Ma is shown in Figure 2.11. As the ocean basin closes around 5 

Ma after the initiation of subduction, the incoming passive margin and continental crust 

begins to subduct (Fig. 2.11a). When the subducting oceanic plate reaches 100 km depth, 

the oceanic crust starts to dehydrate and partially melt, which leads to hydration of the 

overlying mantle and wet melting above the slab. This process results in the growth of a 

volcanic arc about 5 Ma after subduction initiation (Fig. 2.11a). Subduction of a short 

segment of oceanic lithosphere results in weak slab pull, and prevents development of a 

wide arc basin. 
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During the collisional phase, strong coupling between the subducting slab and the 

overriding continental plate results in compression, and shortening of the continental 

crust. The shortening precludes the full development of an arc or intra-arc basin (Fig. 

2.11b). At this stage, the onset of lithospheric faulting occurs in a region with high-strain 

zones (Fig. 2.12b). Subduction of continental crust to deeper levels leads to entrapment 

of the tip of the mantle wedge within the continental crust (Fig. 2.11b-c). This is followed 

by slab delamination and lithosphere upwelling beneath the overriding plate (Fig. 2.11c-

d). After external forces are released, a period of relaxation occurs and subducted 

continental crust is exhumed along the post-subduction fault zone. The Moho undergoes 

extensive heating leading to melting of the lower crust, forming a dome-like structure 

along the slab-mantle interface and resulting in syn- to post-collisional magmatism at the 

surface in the centre of the collision zone (Fig. 2.11d-f). The crustal melts mix with melts 

sourced from mantle, oceanic crust and sedimentary rocks during earlier subduction, to 

form a composite melt magma chamber. During extension, major high-strain zones are 

formed along the exhumation channel and magma pathways due to the weakening effect 

of fluid propagation (Fig. 2.12c-f). 



C h a p t e r  2  
 

55 | P a g e  
 

 
Fig. 2.11. Dynamic evolution of Model II (active continental margin scenario with a 200 km wide 
oceanic plate and 4 cm/y convergence rate for 12Myrs, and rock composition represented with 
colour codes and white line isotherms as described in Figure 6. Coloured markers represent P-T 
paths of different rocks traced in a’- f’. The model displays subduction of oceanic crust and 
development of volcanic arc and arc basin (a) followed by collision of the continental plates, arc 
basin closure, and continental crust subduction (b). Mantle wedge entrapment between 
continental plates (c), with continental crust delamination and lithospheric upwelling (d) is 
followed by a temperature increase at Moho and partial melting of continental crust to form a 
dome-like magma chamber (e-f). The predicted P-T path for six crustal particles through time are 
presented in a’-f’. The sedimentary rocks and continental crust of subducting slab (yellow circle, 
black square, and blue triangle) are exposed to UHPM conditions (f’). The markers in 
sedimentary rocks of the subducting slab (pink star) and overriding plate (light brown oval) 
undergo a temperature increase during the evolution of the Model. 

2.4.2.2.1. Pressure-temperature evolution (P-T-t paths) 

The P-T-t evolution of the subducted continental crust and overriding plate were traced 

at several locations using markers (Fig. 2.11a’-f’). The markers in the subducting slab are 

located in both sediments represented by a pink star and a black square, and in the upper 

continental crust represented by a yellow circle and a blue triangle. The P-T conditions 

of the overriding plate are represented by a brown oval and a red rectangle in sedimentary 

rocks and lower continental crust respectively.  
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Fig. 2.12. (a-f) The second strain rate invariant (ε̇II) presents the major shear zones during the 
evolution of the Model II (as in Figure 11). (a’-f’) Pie charts illustrate the source of magam in 
time during the experiment. 

The sedimentary rocks and continental crust on the frontal segment of the subducting slab 

(black square and yellow circle) were exposed to UHPM where they were in contact with 

the hot asthenosphere for long enough to undergo partial melting during subduction (Fig. 

2.11a’-f’). They developed open P-T-t loops, experienced UHPM conditions, but 

remained at mantle depths, not having been exhumed. The associated upper crustal rocks 

that delaminated from the subducting slab and accreted to the overriding plate (blue 

triangle) experienced UHPM conditions and were exhumed to lower crustal depths under 

the overriding plate along an open P-T-t loop, that locally underwent decompression 

melting. In contrast, sedimentary rocks of the subducting slab at surface (pink star) 

showed a tight P-T-t loop at low temperature (<400°C). 

Rocks from the overriding lower continental crust (red rectangle) are exhumed to upper 

crustal levels because of lithospheric upwelling and emplacement of a magma chamber. 

Therefore, the P-T-t path represents a reduction in the temperature and pressure, and 
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retrograde metamorphism. The markers in sedimentary rocks of the overriding plate 

(brown oval) go through a constant temperature increase to 500°C during the evolution 

of the model. Overall, the numerical experiment shows that both continental crust and 

sedimentary rocks of the subducting slab recorded UHPM conditions but were not 

exhumed to the surface. In contrast, markers within the sedimentary rocks and lower crust 

of the overriding plate were exposed to, respectively, greenschist and amphibolite 

metamorphic conditions.  

2.4.2.2.2. Magmatic evolution 

In the first 8 Ma, melt production was mainly derived from partial melting of the 

subducting ocean crust (Fig. 2.12a’ and Fig. 2.13). At 8-12 Ma, before initiation of 

extension, melt-bearing hydrated mantle caused most of the magmatism (Fig. 2.12b’ and 

Fig. 2.13). The release of compressional forces which led to exhumation of the subducted 

continental crust and heating of the Moho, in turn caused partial melting of the lower 

crust as the major source of magmatism in the region (Fig. 2.11e-f; Fig. 2.12e’-f’ and Fig. 

2.13). After 17 Ma the volume of melt reached a constant state because of thermal 

relaxation. When thermal relaxation was faster than tectonic relaxation, extensive melting 

occurred at the Moho (Fig. 2.11f and 2.13). By the end of the experiment at 19 Ma, of the 

total melt in the region, 50% was derived from the lower crust, 16% from oceanic crust, 

15% from sediments, 11% from upper crust, and 8% from the mantle (Fig. 2.12f’).  
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Fig. 2.13. Magmatic evolution of Model II in terms of magmatic addition (km3/km) and magmatic 
composition. In the subduction phase, partial melting of the oceanic plate causes magmatism, 
followed by exhumation of continental crust and increase of Moho temperature leads to partial 
melting of lower continental crust to form syn- to post-collisional magmatism. 

2.5. Discussion  

2.5.1. Implications of the numerical experiments for existing conceptual tectonic 

models  

The aims of these models were to resolve ambiguities related to the genesis and evolution 

of the Tickalara Metamorphics and to better constrain the Paleoproterozoic tectonic 

setting of the Lamboo Province. Our numerical experiments do not support the conceptual 

model of an intra-oceanic subduction setting for the evolution of the Halls Creek Orogen 

(Fig. 2.7c). Based on this experiment two parallel subduction zones developed, and 

reversal of subduction polarity beneath the Kimberley Craton did not occur as predicted 

by Griffin et al. (2000) and Sheppard et al. (1999b). This setup was not investigated any 

further. In the second scenario, basalt protoliths to the Tickalara Metamorphics were 

erupted in an ensialic basin along the margin of the Kimberley Craton. Each of the two 

presented experiments of active continental margin setting are consistent with the ensialic 
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marginal basin model for the formation of the Tickalara Metamorphics and the tectonic 

evolution of the Halls Creek Orogen (Griffin et al., 2000; Sheppard et al., 1999b) (Fig. 

2.14a and 2.15a). 

 
 
Fig. 2.14. (a-b) Tectonic setting of the major lithological units of the Halls Creek Orogen in the 
representative snapshots of Model I (coloured markers represents rock markers with propagation 
of P-T paths traced in window (e). (a) Protoliths to the Tickalara Metamorphics are deposited in 
marginal basin setting, and layered ultramafic intrusions are sourced from decompression 
melting. The Halls Creek Group considered to be sedimentary rocks deposited in a passive margin 
setting over the North Australian Craton; (b) Intrusion of the Sally Downs Supersuite is 
comparable with extensive magmatism during the collision of continental plates. Deposition of 
sediments in basins over the North Australian and Kimberley cratons are modelled in the final 
stages of the experiment. (c-d) Second invariant of strain rate tensor in the representative 
snapshots of Model I, show how the major structures developed during the evolution of the 
experiment. (e) Summary of P-T paths from Model I were traced at several locations using 
markers in window a and b; Sedimentary rocks in the Eastern Zone (light brown oval and dark 
brown circle) and continental crust markers (pink star and green polygon) in the Central and 
Western zones experience prehnite-pumpyllite to greenschist facies metamorphic conditions. The 
red rectangle and black square markers undergo amphibolite facies metamorphic conditions in 
the deeper levels of the Central Zone. 

The results in each model predict the development of arc basins, which is followed by 

continental collision and post-collisional magmatism. The main differences are continent 

coupling and slab pull which had a significant influence on magmatic evolution, 

especially the source of post-collisional magmatism of the two models. Model I shows 

development of a prolonged extensional regime in the early stages, leading to the 

formation of a back-arc basin (Fig. 2.14a), which is postulated to be the tectonic setting 

for deposition of the Tickalara Metamorphics protoliths. Subduction was terminated by 
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the collision of continental crust including the combined Western and Central zones at 

the margin of the Kimberley Craton with the North Australian Craton. Collision results 

in a period of compression and closure of the newly formed basin. The final phase of the 

collision was marked by the intrusion and suturing of all three zones of the Halls Creek 

Orogen by magma sourced mainly from the mantle (Fig. 2.14b). Model II led to a 

different evolution in the marginal basin scenario. In this model the magmatic arc and 

intra-arc basin developed for a short period because of strong coupling of a subducting 

slab (North Australian Craton) and overriding plate (Kimberley Craton) and shortening 

of continental crust in this experiment (Fig. 2.15a, b). During the relaxation period, 

subducted continental crust comes in contact with hot mantle as a result of a Moho 

temperature increase, undergoes melting and subsequently forms a dome-like chamber of 

melt-bearing continental crust at the bottom of the overriding plate. The magma chamber 

causes magmatism and upwelling of mantle lithosphere in the centre of the orogeny (Fig. 

2.15b).  

2.5.2. Implications of the numerical experiments for geology of the Halls Creek 

Orogen  

The results from Models I and II provide an explanation for the introduction of major 

lithologies in periods of marginal basin formation, collision and closure of the basin, and 

subsequent syn- to post-collisional magmatism as a major period of crustal growth from 

1865-1805 Ma on the eastern margin of the Kimberley Craton.  

In the early stage of the experiments, protoliths to the Tickalara Metamorphics may have 

formed in the marginal basin (Fig. 2.14a) or continental intra-arc basin (Fig. 2.15a) along 

the margin of the Kimberley Craton. In Model I, decompression melting along the 

continental margin of Kimberley Craton resulted in back-arc basin formation and 
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deposition of protoliths to the Tickalara Metamorphics. In Model II, hydration of the 

mantle above the slab causes the formation of the Tickalara Metamorphics in an arc or 

intra-arc basin. Deformation and metamorphism of the Tickalara Metamorphics at c. 

1850-1845 Ma represents the closure of the basin (Griffin et al., 2000; Sheppard et al., 

1997) which is also presented in the numerical experiments (Fig. 2.14b and Fig. 2.15b). 

Basin closure occurred as a result of a compressional period during the collision of 

Kimberley Craton and North Australian Craton. 

 

 
Fig. 2.15. (a-b) Tectonic setting of the major lithological units of the Halls Creek Orogen in the 
representative snapshots of Model II (coloured markers represents rock markers with 
propagation of P-T paths traced in window (e). (a) Protoliths to the Tickalara Metramorphics 
are modelled to be deposited in a continental volcanic arc basin, the Halls Creek Group as 
sedimentary rocks in a passive margin setting over the North Australian Craton; (b) intrusion of 
ultramafic rocks take place as a result of lithospheric upwelling and channelling to shallow levels 
in the overriding plate; extensive magmatism by a melt-bearing continental crust magma chamber 
is comparable to the intrusion of the Sally Downs Supersuite. Deposition of sediments in the 
basins over the North Australian and Kimberley cratons are observed during experiment; (c-d) 
Second invariant of strain rate in the representative snapshots of Model II, show how major 
structures developed during the tectonic evolution of the experiment; (e) Summary of P-T paths 
from Model II were traced at several locations using markers in windows (a) and (b); sedimentary 
rocks in the Eastern Zone (brown oval and pink star) experience greenschist metamorphic 
conditions. Continental crust markers (yellow circle, blue triangle, and black square) reach UHP 
metamorphism, but remain at depth.  
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In Models I and II, the Halls Creek Group rocks are represented as a passive margin 

sedimentary sequence attached to the North Australian Craton (Fig. 2.14a and Fig. 2.15a) 

which are sutured to the Kimberley Craton during the Halls Creek Orogeny. The intrusion 

of layered mafic and ultramafic bodies in the Lamboo Province was followed by suturing 

to the North Australian Craton during the Halls Creek Orogeny (Sheppard et al., 2001; 

Sheppard et al., 1999b; Tyler et al., 1995; Tyler et al., 2012). In Model I, the upwelling 

of the asthenosphere and decompression melting could be the source of mafic-ultramafic 

bodies in the Central Zone (Fig. 2.14a). Model II shows clearly mantle lithosphere 

channeling through shear zones into the crust, which leads to the intrusion of mafic-

ultramafic bodies (Fig. 2.15b).  

During the collision of the North Australian and Kimberley cratons, in Model I, a plume 

of melt-bearing hydrated mantle under the collision zone causes extensive magmatism, 

leading to suturing of the two cratons (Fig. 2.14b). This magmatism could be considered 

as a post-collisional magmatism and comparable with the intrusion of the Sally Downs 

Supersuite. Figure 2.10 shows the magma source of this experiment is mainly derived 

from the mantle. Syn- to post-collisional magmatism is mainly derived from the 

continental crust in Model II (Fig. 2.15b and Fig 2.13). In Model II during collision, 

continental crust is subjected to heating as the subducting slab comes into contact with 

the hot asthenosphere of the mantle wedge for a long time. It leads to partial melting of 

continental crust, which in turn causes voluminous felsic to mafic magmatism mainly in 

the centre of the orogen. This event is consistent with intrusion of the Sally Downs 

Supersuite over a northwest-dipping subduction zone in the Halls Creek Orogeny. 

Collisional tectonics in the Kimberley region ceased after the Halls Creek Orogeny as 

predicted by Hollis et al. (2014). West of the Lamboo Province, siliciclastic sedimentary 

rocks of the Speewah Group were deposited in a basin over the Kimberley Craton during 
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the Halls Creek Orogeny, which is indicated in numerical models (Fig. 2.14b and Fig. 

2.15a, b). These figures also represent deposition of sediments in a basin over the North 

Australian Craton east of the Lamboo Province.  

2.5.3. Implications of the numerical experiments for the Halls Creek Orogen major 

structures  

Major shear zones represented by the second strain invariant in Model I, 19 Myrs after 

the evolution of the experiment (Fig. 2.14c-d), are deep-seated and consistent with the 

Angelo-Halls Creek and Ramsay Range-Springvale fault systems. The Ramsey Range-

Springvale Fault system defines the boundary between the Central and Western zones 

was formed by closure of marginal basin. Strain analysis at the end of the experiment 

represents low strain rate values in the orogen especially in the Western Zone and to the 

east of the Eastern Zone, which may have been permissive for basin formation and 

sedimentation (Fig. 2.14d).  

Major shear zones that formed during compression and post-collisional magmatism of    

Model II are also representative of the structures of the Halls Creek Orogen (Fig. 2.15c-

d). The boundary between the Eastern and Central zones is a major shear zone that 

extends from the subduction surface (Fig. 2.15d) and is consistent with the location of 

Angelo-Halls Creek Fault system. Closure of an intra-arc basin during the Halls Creek 

Orogeny initiated the development of a high strain zone (Fig. 2.15c-d) which may be 

representative of the Ramsay Range-Springvale Fault system. In addition, Figure 2.15c 

shows some striking features of high-strain zones in the centre of Orogen extending from 

the upwelling lithosphere and magma chamber to the upper crust and surface.   

The numerical experiments produce features that explain the high gravity anomaly in the 

Halls Creek Orogen (Fig. 2.3). In Model I, high gravity could be linked to asthenospheric 
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upwelling with decompression melting and associated mafic-ultramafic magmatism 

which has a density of around 3.3 g/cm3 (Fig. 2.14a-b) This gravity anomaly could also 

be a dense lower portion of oceanic crust with a density of about 2.95 g/cm3 (Carlson and 

Raskin, 1984) formed during the marginal basin formation that was emplaced in mid-

crustal depths during basin closure (Fig. 2.14b). The emplacement of a thin and wide 

dense body in the middle crust, possibly derived from the lower portion of an ophiolite, 

or a large dense body representing very large mafic intrusions are also proposed by 

geophysical modelling (Lindsay et al., 2016). Model II clearly represents lithosphere 

upwelling due to emplacement of a magma chamber. Alternatively, upwelled 

serpentinised mantle could be the source of the high gravity in the Central Zone (Fig. 

2.15b) as in some studies high density (3.12 and 3.02 gr/cm3) in the fore-arc region is 

attributed to the serpentinised mantle wedge (Doo et al., 2015). 

2.5.4. Implications of the numerical experiments for the Halls Creek Orogen 

metamorphic conditions  

In Model I, as decompression melting and extensional regime begin, ultra-high 

temperatures are transferred to the crustal levels and contributed to the development of 

amphibolite facies conditions as predicted by the red rectangle and black square in the 

Central Zone (Fig. 2.14a). This type of hot, crustal environment is typical for long-lived 

Precambrian igneous-metamorphic orogens such as the late Mesoproterozoic Musgrave 

province Central Australia (Smithies et al., 2011). Counter-clockwise P-T paths can be 

generated by post-extension thickening as a result of basin closure in some Proterozoic 

orogens. These observations have been made in areas such as the Paleoproterozoic 

Khondalite belt in the North China Craton (Santosh et al., 2012; Santosh et al., 2009; 

Tsunogae et al., 2011). Therefore, a combination of counter-clockwise P-T evolution and 

high temperature, moderate pressure metamorphic conditions suggests additional heat 
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flux from the mantle occurred by replacement of the lithosphere with hot melt-bearing 

asthenospheric mantle during the extension (Fig. 2.14a-b). The advective heat produced 

by decompression melt and asthenosphere upwelling could increase the temperature and 

contribute to the development of low-P amphibolite and granulite facies metamorphic 

conditions in the lower crust of the Central Zone (red rectangle and black square in Fig. 

2.14b, e). Rapid basin closure in Model I restricts the time for conductive heating of the 

whole crust via contact with hot asthenosphere and thus lowering the chance of raising 

the temperature in the upper crust. Consequently, high-temperature metamorphic 

conditions remain at mid-crustal depths (red and black markers in Fig. 2.14a-b). Exposure 

of amphibolite and granulite facies are feasible, though, due to exhumation of the lower 

crust as suggested by Lindsay et al., 2016.  

Bodorkos et al. (2002) suggested attenuation of the mantle lithosphere caused the 

presence of a thermal anomaly at the base of the crust in the Central Zone leading to 

intrusion of large volumes of mafic magma. They suggested that layered mafic-ultramafic 

bodies with a mantle-related geochemical signature intruded the Tickalara Metamorphics. 

This interpretation is consistent with Model I (Fig. 2.14a-b) which models a transient 

mantle heat source accompanied by decompression melting. These conditions may 

significantly contribute to the thermal evolution of the Halls Creek Orogen by generating 

a high-T, low-P metamorphic conditions in the Central Zone. The mechanism of mantle 

lithosphere removal, accompanied by decompression melting and emplacement of mafic 

magma is also reported by others (Ellis, 1987; Etheridge et al., 1987; Wells, 1980).   

Model II is characterized by clockwise metamorphic P-T-t paths (Fig. 2.15e) and 

extensive granite magmatism derived from melting of sedimentary rocks and continental 

crust (Fig. 2.15 a-b). In the Model II, sedimentary rocks of the Eastern Zone reach the 

greenschist facies (brown oval and pink star in Fig. 2.15e) consistent with field 
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observations (Tyler et al., 1998). The sedimentary rocks and continental crust on the 

frontal part of North Australian Craton (yellow and black markers) reach the UHPM field 

where they are in contact with the hot asthenosphere leading to partial melting. Some 

parts of the subducting continental crust were accreted to the overriding plate (blue 

triangle) and underwent UHP metamorphism. This accretion results in uplift of mantle 

lithosphere and lower continental crust of the overriding plate (red rectangle).  

Upwelling of hot asthenospheric material beneath the crust of the Central and Western 

zones leads to magmatism and metamorphism at the base of the crust (Fig. 2.15b). Heat 

transfer via conductive dissipation following voluminous mid-crustal plutonism at the 

base of the overriding plate (Fig. 2.15b) is capable of triggering high-T metamorphism 

facies in the middle section of the crust in the Central Zone. Close spatial relationships 

between mid-crustal plutonism and zones of high-grade metamorphism are well-

documented in many terranes (Barton and Hanson, 1989; Lux et al., 1986; Sandiford et 

al., 1991; Sandiford and Powell, 1991). Consequently, exposure of high-T metamorphic 

facies is inevitably accompanied by exhumation when considering the depth of magma 

emplacement shown in Model II. In addition, crustal rocks which are exposed to UHPM 

conditions (blue triangle, yellow circle, and black square) are not exhumed to the surface 

in this model (Fig. 2.15b, e).  

2.6. Conclusions 

The tectonic evolution of the Halls Creek Orogen provides an important insight into the 

operation of plate margins during the Proterozoic history of Australia. Useful insights 

into the structure and evolution of the Halls Creek Orogen can be extracted from the 

numerical models to reveal possible scenarios for the tectonic evolution of a Precambrian 

orogen. The current conceptual models regarding tectonic setting of the Tickalara 
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Metamorphic within the Halls Creek Orogen were used for solving the controversy as to 

how the Halls Creek Orogen developed. Numerical models with an active continental 

margin setup show the development of an ensialic marginal basin for deposition of the 

protoliths to the Tickalara Metamorphics and successfully replicate the geological 

evolution of the Lamboo Province. Although the intra-ocean subduction experiment 

models the appearance of a volcanic arc, buoyancy of the continental crust prevents 

development of two major features described in the conceptual model: (1) accretion of 

the arc to the Kimberley Craton; and (2) reversal of subduction polarity. This experiment 

predicts that two subduction zones with the same polarity could eventually lead to 

collision of the North Australian and Kimberley cratons. These numerical predictions are 

not consistent with the current understanding of the nature of east-dipping subduction 

under the North Australian Craton during the Paleoproterozoic. 

Development and closure of a marginal basin and the role of asthenospheric upwelling 

are important parts of the tectono-thermal evolution of the Halls Creek Orogen as 

illustrated in the active continental margin experiment (Model I and II). Results obtained 

by numerical experiments suggest that a sequence of three tectonic regimes may have 

occurred in development of the Halls Creek Orogen: (1) subduction of oceanic crust 

which led to back-arc basin development in an extensional regime combined with 

subsequent decompression melting and asthenosphere upwelling; (2) collision of the 

North Australian Craton and newly formed Kimberley Craton margin which resulted in 

compression and basin closure; (3) detachment of a subducted slab which triggered the 

opening of an asthenosphere window under the collision zone and initiation of extensional 

regime, and syn- to post-collisional magmatism leading to suturing of the North 

Australian and Kimberley cratons.  
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A further interesting aspect of the numerical models is the degree to which they predict 

development of a back arc basin and compositional evolution of magma chemistry due to 

collisional process. In Model I, asthenospheric upwelling caused crustal extension and a 

thermal anomaly resulting in voluminous mafic magmatism mainly sourced from the 

mantle. However, in Model II strong coupling of the subducting slab and overriding plate 

precludes the formation of wide intra-arc basin development. In this model, the opening 

of an asthenospheric window beneath the collisional zone increases the temperature at the 

Moho resulting in magmatism sourced mainly from the lower continental crust. In 

considering two possible scenarios for the active continental margin experiment, further 

research with an emphasis upon the source of the magma through the collisional processes 

(e.g. Sally Downs Supersuite) may aid in determining a unique geodynamic model for 

the development of the Halls Creek Orogen.   

This study demonstrates that better understanding of Precambrian geodynamic requires 

cross-disciplinary efforts. These numerical modelling experiments provide an indication 

to the source of magmatism, which can be fed back into the geochemical and isotope 

studies. Conversely, geochemistry and isotope studies can provide useful insights for the 

geodynamic numerical modelling to constrain lithospheric thickness, plate velocities, etc. 

This link can permit the derivation of high-confidence tectonic models. 
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Chapter 3 
 

 Structural controls on Proterozoic nickel and 
gold mineral systems identified from 

geodynamic modelling and  
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Abstract 

Major structures considered important for controlling mineralisation in the Halls Creek 

Orogen, east Kimberley are identified via integrated interpretation of geophysical and 

geological data combined with geodynamic numerical modelling. In the numerical 

geodynamic models, the second invariant of strain rate (𝜀𝜀�̇�𝐼𝐼𝐼) is used to investigate the 

shearing processes that led to the development of major faults or shear zones and 

assessing their role as lithospheric-scale conduits and pathways for the movement of 

magmatic and hydrothermal fluids into the upper crust. The influence of these deep 

structures interpreted from the geodynamic models is evaluated through structural 

interpretation of geophysical, remotely-sensed and geological data. When compared to 

the location of Ni and Au mineral deposits the deep-crustal scale structures delineated in 

the models and compared to those mapped in the region contain a close spatial 

relationship with mineral deposits. It is apparent that 1st order crustal-scale structures 

acted as fluid conduits in the deep crust resulting in the formation of Ni-Cu-PGE deposits 

and are associated with Au mineralization. However, 2nd and 3rd order structures 
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manifesting in the upper crust as deformation focused mineralising fluids and magma 

resulting in the formation of gold deposits. Large-scale structures developed early in the 

genesis of the Halls Creek Orogen, appear to be long-lived and have been reactivated. 

These form the margins of Kimberley Craton domains and influence the location of Ni-

Cu-PGE mineralisation, whereas the lower-order structures acted as structural traps for 

the subsequent deposition of Au mineralisation.  

3.1.  Introduction 

Deep-crustal or lithospheric-scale structures are understood to influence the development 

of a wide range of mineral deposits (McCuaig and Hronsky, 2014). At the lithospheric 

scale, deep imaging techniques have demonstrated the close spatial association of 

deposits to deep-mantle tapping structures coincident with lithospheric boundaries 

(Goldfarb and Santosh, 2014; Groves et al., 2016; Groves and Santosh, 2015; Hronsky et 

al., 2012; Titley, 2001). Most significant mineral deposits in convergent margin settings 

are spatially associated with crustal- to lithospheric-scale structures, especially the 

intersection of orogen sub-parallel with structures at high angles to the orogen trend 

(O'Driscoll, 1986; Richards et al., 2001). Such intersection zones are likely to provide 

localised permeable connections between the mantle and upper crust, supplying metal 

rich fluids to the crust (Cox et al., 2001; Glen and Walshe, 1999; Gow and Walshe, 2005; 

Hill et al., 2002; Lund, 2008; Neubauer et al., 2005).  In addition, lower-order structures 

and geological complexities in the middle to upper crust can act as physical traps for fluid 

(Breeding and Ague, 2002; Cox et al., 2001; Goldfarb and Santosh, 2014; Groves et al., 

2000; Groves et al., 2016; Groves and Santosh, 2015; Hyndman et al., 2015) and are 

therefore important for prospectivity analysis at the camp and deposit scale. Several 

studies have highlighted the benefits of multidisciplinary approaches in order to constrain 

the relationship of metallogenesis of a region to regional structures. For example, 
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Crafford and Grauch (2002) and Bierlein et al. (2006) used geological, geophysical and 

geochronological data to identify fundamental links between the location of gold deposits 

and deep crustal-scale structures.  

Orogenic gold deposits are thought to mainly form during compressional to 

transpressional tectonics late in an orogenic cycle (Goldfarb et al., 2005; Goldfarb et al., 

2001), thus display strong structural controls (Cox et al., 2001; Groves et al., 2000; Sibson 

et al., 1988). Therefore, it is important to understand if particular geometries control gold 

deposits in specific terrains (Cox, 1999; Hodgson, 1989; Sibson et al., 1988). A number 

of major gold provinces with a variety of deposit styles of different ages occur at the 

margins of cratonic domains or lithospheric blocks (Li and Santosh, 2014; Miller et al., 

2006). Some of these include Phanerozoic orogenic Au deposits at Stawell, Victoria 

(Miller et al., 2006), Archean orogenic Au deposits in the Yilgarn Craton (Cassidy et al., 

2006), Iron-oxide copper gold deposits, such as Olympic Dam (Hand et al., 2007), and 

orogenic Au in the allochthonous Tropicana Zone, thrust over the Archean Yilgarn Craton 

(Kirkland et al., 2015; Occhipinti et al., 2017). Like Au deposits, proximity to cratonic 

margins or deep crustal-scale faults is critical in the formation of nickel-sulphide deposits 

(Barnes et al., 2016; Begg et al., 2010; Maier and Groves, 2011), as they require direct 

input of magma from the mantle, which is most likely to occur above old suture zones 

(Barnes et al., 2016; Naldrett, 2005; Naldrett, 2010). This association includes the 

presumption that the lithospheric cratonic keel plays a key role in transporting 

asthenosphere-derived melts to the margins of cratons (Sleep et al., 2002). This implies 

melts that may have been produced from a plume deflect towards zones of thinner 

lithosphere at craton margins (Barnes et al., 2016), and then are focussed into old suture 

zones on their ascent into the upper crust.  
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The aforementioned concepts provide the framework for this study which considers 

understanding how regional structural evolution through time in a region controls the 

location of nickel and gold mineralisation. We take a multidisciplinary approach to 

understand the development of crustal-scale structures and their control on nickel and 

gold mineral systems by applying geodynamic numerical modelling and regional 

geophysical-geological interpretation in the Halls Creek Orogen. The geology of the east 

Kimberley is the result of different tectonic regimes, as indicated by differing 

mineralisation styles in the region (Occhipinti et al., 2016). Interest in the emplacement 

mechanism and timing of transition from one regime to another led us to study these two 

different mineral systems.  

The geodynamic evolution of the Halls Creek Orogen has been examined by 2D thermo-

mechanical-petrological model based on I2VIS code (Kohanpour et al., 2017). The 

second invariant of strain rate (𝜀𝜀�̇�𝐼𝐼𝐼) was used to visualise major fault systems and shear 

zones during the evolution of numerical models. For this study, the numerical models 

identify how major fault systems developed through the Halls Creek Orogen as a result 

of both extensional and collisional processes. The numerical models also show 

lithospheric-scale structures can be conduits and pathways for the movement of magmatic 

and hydrothermal fluids into the upper crust.  The regional structural interpretation by 

Lindsay et al., (2016) and Occhipinti et al., (2016) revealed the regional, crustal-scale 

structures of the Halls Creek Orogen and their role in mineral systems. However these 

authors didn’t test their models with numerical techniques, or focus their attention on 

smaller-scale geophysical anomalies as has been done in this work. In this study, 

aeromagnetic, gravity, and Landsat data integrated with mapped geology were used to 

understand details of the controlling structures associated with gold and nickel 

mineralisation and related deformation events in the Halls Creek Orogen. Critical to this 
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analysis is the identification of deep crustal-scale structures in the region that may have 

supplied mineralising fluids, and near surface features that acted as physical traps for 

mineralisation.  

3.2.  Regional geology 

The Halls Creek Orogen includes the 1910-1805 Ma Lamboo Province that developed 

between the Kimberley and North Australian Cratons (Fig. 3.1 and 3.2). In the east 

Kimberley, the Lamboo Province comprises three parallel, north-northeast trending zones 

(the Western, Central, and Eastern zones) that have been interpreted as distinct 

tectonostratigraphic terranes (Tyler et al., 1995). These three zones separate 

tectonostratigraphic terranes containing distinct Paleoproterozoic geological units and 

were juxtaposed by the 1870-1850 Ma Hooper Orogeny and 1835-1805 Ma Halls Creek 

Orogeny (Griffin et al., 2000; Griffin and Tyler, 1992; Page et al., 2001; Page and 

Hoatson, 2000). These terranes are separated by major faults. The Central Zone of the 

Lamboo Province is separated from the Eastern Zone by the northeast striking Angelo, 

Halls Creek, and Osmond faults; and from the Western Zone by the northeasterly trending 

Ramsay Range and Springvale faults, and the northern part of the Halls Creek Fault (Fig. 

3.3). The Lamboo Province hosts a variety of mineralisation types that have been 

documented by Sanders (1999), Hassan (2000), Occhipinti et al. (2016).  Meta-

sedimentary and felsic volcanic rocks of the Halls Creek Group in the Eastern Zone are 

known to contain Au (Fig. 3.1) that probably formed in the later stages of deformation 

during the Halls Creek Orogeny (Griffin and Tyler, 1992; Occhipinti et al., 2016; Sanders, 

1999). Significant Ni-Cu-PGE mineralisation is mainly restricted to layered mafic-

ultramafic intrusions in the Central Zone of the Lamboo Province (Fig. 3.1) (Occhipinti 

et al., 2016; Sanders, 1999).   
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The oldest exposed rocks in the Eastern zone are c. 1910 mafic and felsic rocks of the 

Ding Dong Downs Volcanics and c.1910 Ma granitoids of the Sophie Downs Suite. The 

1880-1840 Ma Halls Creek Group is unconformable on the Sophie Downs Suite and 

contains the Saunders Creek, Brim Rockhole, Biscay, and Olympio formations (Griffin 

and Tyler, 1992; Phillips et al., 2016). Sills of Woodward Dolerite intruded the Halls 

Creek Group at c. 1855 Ma (Griffin and Tyler, 1992; Tyler et al., 1998). All these rocks 

were metamorphosed, and variably deformed, to greenschist facies (Occhipinti et al., 

2016).  

 
Fig. 3.1. Simplified map of major lithological units, and structures of the Lamboo Province; 

sites of known gold deposits and nickel occurrences from MINEDEX plotted on the map. 
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The oldest rocks in the Central Zone are the c. 1865 Ma mafic volcanic and turbiditic 

sedimentary rocks of the Tickalara Metamorphics which were metamorphosed at 

greenschist to granulite facies (Tyler et al., 1995) and intruded by the sheet-like tonalite 

and trondhjemite of Dougalls Suite at 1850 Ma. The Koongie Park Formation is exposed 

in the southern part of the Central Zone and is a sequence of folded and metamorphosed 

turbidites, carbonate, mafic and felsic volcaniclastic rocks that were deposited between 

1845 and 1840 Ma during rifting of the Tickalara Metamorphics (Tyler et al., 2012). The 

Central Zone was extensively intruded by felsic to mafic magmas of the 1835-1805 Ma 

Sally Downs Supersuite during the Halls Creek Orogeny (Blake et al., 2000; Bodorkos et 

al., 2000; Page et al., 2001; Sheppard et al., 2001; Tyler et al., 1995; Tyler and Page, 

1996). The granitic intrusions mostly occur in the Central Zone, although they intrude the 

Western and Eastern zones. The Central Zone also contains most of the layered mafic-

ultramafic intrusions observed in the Lamboo Province. These include the large gabbroic 

and layered mafic-ultramafic bodies of the c. 1856 Ma Panton, c. 1845 Ma Sally Malay, 

and c. 1830 Ma McIntosh suites (Page and Hoatson, 2000; Page and Sun, 1994).  

The Western Zone of the Lamboo Province is exposed around the southwest and southeast 

margins of the Kimberley Craton (Fig. 3.1) (Tyler et al., 1995). The main components of 

the Western Zone are the c. 1870 Ma Marboo Formation, 1865-1850 Ma Paperbark 

Supersuite, c. 1855 Ma Whitewater Volcanics, and c. 1855 Ma layered mafic-ultramafic 

intrusions (Page and Hancock, 1988; Tyler et al., 2012; Tyler et al., 1999), which are 

metamorphosed at low to medium grade (Occhipinti et al., 2016). The Marboo Formation 

consists of turbiditic sandstone, siltstone, greywacke, and quartz wacke deposited along 

the rifted paleomargin of the Kimberley Craton (Griffin et al., 2000; Tyler et al., 1999). 

The c. 1855 Whitewater Volcanics unconformably overlie the Marboo Formation and 

consists of volcaniclastic rocks interlayered with felsic to intermediate volcanic rocks 
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(Griffin et al., 1994). The Marboo Formation was intruded by potassic I-type granitic and 

gabbroic intrusions of the Paperbark Supersuite, as well as layered mafic-ultramafic 

intrusions, between 1865 and 1850 Ma (Tyler et al., 2012). Sedimentary and mafic 

volcanic rocks of the Speewah and Kimberley groups were deposited unconformably on 

rocks of the Western Zone between 1835 and 1740 Ma (Sheppard et al., 2012).  

 
Fig. 3.2. Time –space plot illustrating the major lithological units, orogenies and deformation 
events of the Eastern, Central and Western zones of the Halls Creek orogen (modified after 
Lindsay et al., 2016).  
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3.2.1. Structure and deformation  

An important feature defining the structure of the Halls Creek Orogen is the large-scale, 

steeply dipping, north-northwesterly to north-northeasterly trending sinistral faults and 

easterly to east-northeasterly trending dextral faults that appear to separate the Western, 

Central and Eastern zones (Fig. 3.3)(Dow and Gemuts, 1969; Tyler et al., 1995). Tyler et 

al. (1995) suggested that this pattern of strike-faulting was controlled by deep-seated, 

northeasterly trending structures developed during the Paleoproterozoic that formed 

terrane boundaries within the Lamboo Province (Fig. 3.1). The Central Zone of the 

Lamboo Province is separated from the Eastern Zone by the Angelo, Halls Creek, and 

Osmond faults; and from the Western Zone by the Ramsay Range, Springvale and the 

northern part of the Halls Creek faults (Tyler et al., 1995).  Most of these major structures 

are thought to have developed in the Paleoproterozoic during the Hooper and Halls Creek 

Fig. 3.3. Major structures 
interpreted as terrane 
boundaries in the Halls 
Creek Orogen 
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orogenies and have experienced multiple periods of reactivation through time (Thorne 

and Tyler, 1996).   

Seven deformation events have been recognized in the Halls Creek Orogen (Fig. 3.2). 

The two oldest (D1 and D2) are related to the 1865-1850 Ma Hooper Orogeny (Griffin et 

al., 1998; Tyler et al., 1998) in the Central and Western zones. These deformation events 

have not been recognized in the Eastern Zone. In the Central Zone, the oldest deformation 

event (D1) produced small-scale layer-parallel isoclinal folds in the metasedimentary 

rocks, followed by tight to isoclinal northeast-trending D2 folding on all scales (Griffin 

and Tyler, 1992; Tyler et al., 1995). In the Western Zone, two periods of folding (D1 and 

D2) occurred before and during the intrusion of Paperbark Supersuite (Tyler et al., 1995). 

The Whitewater Volcanics and Marboo Formation have been folded into upright 

northeast-trending D2 folds (Tyler et al., 1995). Two further deformation events (D3 and 

D4) are associated with the 1835-1805 Ma Halls Creek Orogeny (Phillips et al., 2016; 

Sheppard et al., 1997). In the Central Zone, D3 and D4 produced, respectively, tight to 

isoclinal, upright northeast-trending folds in Group I of mafic-ultramafic intrusions and 

ductile shear zones (Griffin et al., 1998; Tyler et al., 1995). In the Eastern Zone, the 

earliest deformation event (D3) produced a non-pervasive, layer-parallel foliation (Griffin 

and Tyler, 1992) that postdated deposition of the Olympio Formation and was followed 

by pervasive, large-scale, northeasterly to east-northeasterly trending folds (D4). In the 

Western Zone, deformation equivalent to D3 and D4 in Central and Eastern zones has not 

been documented (Tyler et al., 1995).   

The D5 deformation event, which affects all three zones in the Lamboo Province, 

comprises non-pervasive, mostly northeasterly striking, steep to vertically plunging folds 

and sinistral strike-slip faulting which may be related to a regional transpression event 

(Griffin and Tyler, 1992; Tyler et al., 1998). Tyler et al. (1998) correlated the D5 event 
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with the c. 1000–800 Ma Yampi Orogeny. Younger brittle reactivation of faults (D6 and 

D7) also interpreted as sinistral strike-slip structures, are attributed to, respectively, the c. 

560 Ma King Leopold Orogeny and the c. 370–300 Ma Alice Spring Orogeny (Griffin 

and Tyler, 1992); however the absolute age of these two events is unknown. 

3.2.2. Gold and nickel mineralisation 

Gold mineralisation is widespread in the Halls Creek Orogen, but is mainly located in the 

Eastern Zone and the southern part of the Central and Western zones (Fig. 3.1). In the 

Eastern Zone, gold mineralisation is concentrated in the lower part of the Olympio 

Formation and the upper part of the Biscay Formation, or within felsic rocks of the 

Butchers Gully Member (Sanders, 1999). Gold mineralisation is typically restricted to 

shear zone-hosted quartz veins and stockwork within trachyandesites or within the axial 

plane of anticlines (Sanders, 1999). Some gold deposits are within a few kilometers of 

the exposed youngest granite of the Lamboo Province, the 1788 Ma San Sou 

Monzogranite, which is located in the southern part of the Eastern Zone (Sanders, 1999).   

Warren (1997) suggested that gold may have been derived from the mafic volcanics of 

the Biscay Formation, lower Olympio Formation, or Maude Headly Member, and 

remobilized into late faults. Tyler et al. (1998) suggested that gold mineralisation is 

related to a low-grade metamorphic and deformation event associated with the c. 1000–

800 Ma Yampi Orogeny. The geometry of faults and mineralised quartz veins is 

consistent with formation in a sinistral wrench regime, coeval with late brittle to brittle-

ductile movement on the Halls Creek Fault (Griffin and Tyler, 1992). Gold prospectivity 

analysis by Occhipinti et al. (2016) outlined that areas of structural complexity, or those 

around fault jogs in the Biscay and Olympio formations of Eastern Zone and greenschist 
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facies rocks of the Koongie Park in the Central Zone may be the most prospective for 

gold mineralization.  

Nickel-copper-PGE sulphide occurrences are hosted in layered mafic-ultramafic rocks, 

which are confined to the Central and Western zones. The 1856 ± 2 Ma Panton (group I 

of Hoatson (2000), 1857 ± 2 Ma Springvale and 1844 ± 3 Ma Sally Malay (group V of 

Hoatson (2000) intrusions are understood to be the most important prospective intrusions 

for Ni-Cu-PGE mineralization (Sanders, 1999). Hoatson (2000) recognised that the major 

mineralised layered mafic and ultramafic intrusions are located in two northeast-trending 

corridors; one characterised by a chromite association (Cr-PGEs-Ni-Cu±Au) and the 

other to the northwest by a sulphide association (Ni-Cu-Co-PGEs±Cr). These intrusive 

rocks and mineralization are spatially controlled by the intersection of deep crustal 

structures parallel with and orthogonal to the orogen (Lindsay et al., 2016), suggesting 

these structures acted as magma conduits (Occhipinti et al., 2016). 

3.3.  Methods 

Kohanpour et al. (2017) conducted a series of geodynamic numerical experiments using 

the I2VIS code (Gerya, 2010; Gerya and Yuen, 2003) to determine the tectonic evolution 

of the Halls Creek Orogen. The 2D geodynamic numerical experiments by Kohanpour et 

al. (2017) provide the basis for the current numerical modelling study. The second 

invariant of strain rate (𝜀𝜀�̇�𝐼𝐼𝐼) was used to recognise the major shear zones during the 

evolution of the experiments. In this study, 𝜀𝜀�̇�𝐼𝐼𝐼  is applied to understand how deep-crustal 

and lithospheric-scale structures may develop, and how they may have controlled fluid 

flow. These structures then linked to the structural-geophysical interpretation of the area.  

The large-scale structural architecture of regions can be derived from structural 

interpretation of aeromagnetic data (Aitken et al., 2013; Aitken and Betts, 2009; Lindsay 
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et al., 2016; Stewart et al., 2009; Occhipinti et al., 2016). In this study, integration of 

gravity, aeromagnetic, and Landsat data, with geological maps is used for identification 

of geological structures associated with gold and nickel mineralisation. Total magnetic 

intensity (TMI) data were obtained from the Geological Survey of Western Australia 

(GSWA). Most of the airborne magnetic surveys in the region were conducted with a line 

spacing of 400 m, although some were flown at 200 m line spacing. Each survey was 

gridded using minimum curvature with 80 m cell size. A differential reduced to pole 

(dRTP) transform was applied to the stitched TMI grid. Terrain-corrected spherical-cap 

Bouguer gravity data with an average 2.5 km station spacing were obtained from the 

GSWA.  Grids were produced with a cell size of 400 m to provide detailed coverage over 

the Halls Creek Orogen.    

Geological structures were primarily interpreted from dRTP data, its first vertical 

derivative and overlays of tilt derivative and dynamic range compression. Landsat data 

presented as colour composites were used to delineate surface geological features, 

especially shallow linear features. Bouguer gravity data (Fig. 3.4), its first vertical 

derivative, upwards continuation, and multi-scale edge detection or gravity worms (Fig. 

3.5) were used to provide additional insights to large, presumably deep-seated structures. 

For this project a structural interpretation was completed based on the assumption that 

lithological contrasts within the relatively shallow crust can produce discontinuities in the 

measured geophysical data (Stewart et al., 2009). These discontinuities may represent 

contacts between different geological units, or alteration zones within geological units, 

resulting in changes in their petrophysical properties. Therefore, truncation or deflection 

of magnetic or gravity anomalies may indicate the location of faults or shear zones. Fold 

axes can be recognised based on the closure of the trend of magnetic lineaments. Rotation 

or offset of marker anomalies may indicate strike-slip movement. Large-scale structures 
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can represent the boundaries between tectonic terranes, identified from long truncations 

of anomalies and changes in the strike of linear features in aeromagnetic data, Landsat 

images and gravity data, particularly where different geophysical-geological domains are 

delineated across them. 

 
Fig. 3.4. (a) Terrain-corrected, spherical-cap Bouguer data gridded with 400m cell size; (b, c, d, 
and e) upward continuation images of gravity data to 1, 5, 10, and 20 km; (a’-e’) the first vertical 
derivatives of gravity grid and its upward continuations. 

Our analysis focuses on the depth extent of structures within the Halls Creek Orogen, the 

relationship of first and lower order structures and the mechanisms by which these 

structures formed and then acted as conduits for fluid and magma responsible for gold 

and nickel mineralization in the region. In order to ascertain the depth extent of structures 

mapped from the geophysics, digitally generated “worms” produced by the GSWA were 

derived from gravity grids, using edge detection software (Intrepid Geophysics Ltd). 

Worming can be applied to automatically define the positions of gradients at successive 

upward continued heights (Archibald et al., 1999; Hornby et al., 1999)  and represent a 

3D spatial position of horizontal gradients in the gravity data projected upward to 

different heights above the ground surface (FitzGerald and Milligan, 2013).  
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Fig. 3.5. Worms derived from the upward continuation of gravity data from 636 m to 44000 m; 
Halls Creek Orogen. 

3.4.  Results and Discussion 

3.4.1. Structural evolution; insight from geodynamic numerical modelling 

Plausible tectonic scenarios for the Halls Creek Orogen were examined through 2D 

thermo-mechanical-petrological numerical experiments using I2VIS code (Gerya and 

Yuen, 2003) by Kohanpour et al. (2017). Their results indicate that the geology of the 

Halls Creek Orogen is best represented by west-dipping subduction at the margin of 

Kimberley Craton (Model I and II; Fig. 3.6 and 3.7). Analysis of the two most feasible 

geodynamic numerical models identified by Kohanpour et al. (2017) reveal tectonic 
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events which may have led to the generation of major structures during the tectonic 

evolution of the Halls Creek Orogen which eventually formed terrane boundaries.  

 
Fig. 3.6. Tectonic evolution of Model I (Kohanpour et al., 2017) and second invariant of strain 
rate illustrate how high strain zones associated with (a) weakening effect of fluid during ocean 
subduction; (b-c) development of marginal basin; (d-f) collision and closure of basin.  Association 
of volcanism at the surface with high strain zones suggesting shear zones act as fluid conduits. 

 

In Model I, the onset of lithospheric-scale deformation occurs in a region of high strain 

rate in response to the fluid-induced weakening of the upper lithosphere during ocean 

subduction (Fig. 3.6a). The development of this zone of high-strain rate is interpreted to 

be associated with volcanism suggesting this shear zone acted as a magma conduit. 

During extensional basin development, the high strain zone maintains connectivity to the 
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basin in which volcanic activity continues due to mantle decompression and slab melting 

(Fig. 3.6b-c). After collision and basin closure, the depth extent of deformation zones 

increase, leading to formation of lithospheric-scale shear zones and faults (Fig. 3.6d). 

Formation of major shear zones is linked to basin closure and upwelling of the 

serpentinized mantle (Fig. 3.6d). The shear zones are deep-seated and may be responsible 

for melt transfer from the mantle to the surface. In the final stages of this numerical 

experiment (Fig. 3.6e-f) two major lithospheric-scale shear zones formed by closure of 

the extensional basin (presented in Figure 3.6f with dashed lines). Second invariant of 

strain rate illustrates how major shear zones act as conduits for fluid and magmas derived 

from the slab subduction and molten peridotite (Fig. 3.6e-f). 

In Model II, the major deformation zone is a residue of suturing of a subduction zone 

during collision (represented with dashed line in Fig. 3.7). During the early stages, the 

onset of lithospheric faulting occurs in a region with a high strain zone resulting from 

compression and weakening effects of fluids (Fig. 3.7b). Figure 3.7b-c represent how the 

major deformation zones act as magma conduits to the surface. Lithosphere upwelling 

and collisional magmatism result in high strain rate zones occurring in the centre of the 

orogen (Fig. 3.7d-f).  

Both Models I and II show trans-lithospheric emplacement of magmatic bodies into the 

crust with associated magmatism at the surface. In the first steps of the numerical models, 

magmatic channels may originate due to localised upward percolation of hot mobile fluid 

or magma, which are derived from the slab during the subduction of oceanic crust.  An 

important point is that fluid percolation and resulting pore fluid pressure decrease the 

plastic strength of rocks, which in turn allow massive ascent of molten rocks through the 

lithosphere. This process will then lead to further localised deformation along weakening 

faults (Gerya, 2010). 
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The numerical models show how the major fault systems of the Halls Creek Orogen may 

have developed during the extensional and compressional tectonic regimes that operated 

during collision of the North Australian Craton and Kimberley Craton in the 

Paleoproterozoic (Fig. 3.6 and 3.7). These first-order shear zones act as lithospheric-scale 

conduits and pathways for magma and fluids. They simulate connectivity between the 

lithosphere and surface, and thus appear to control the emplacement of volcanic rocks, 

and also regional-scale fluid flow. In addition, the major shear zones are considered to 

represent current boundaries to the zones of the Halls Creek Orogen: i.e., Angelo-Halls 

Creek and Ramsay Range-Springvale fault systems which can be recognized with 

geophysical data (Fig. 3.3). The results outlined in these models have implications for our 

understanding of how terrane boundaries transect the lithosphere into the asthenosphere 

and tap mantle-derived fluid reservoirs.  

 

Fig.3.7. Tectonic evolution of Model II (Kohanpour et al., 2017) and second invariant of strain 
rate illustrate how high strain zones resulted from (a) weakening effect of fluid during the ocean 
subduction; (b-c) compression during the collisional phase; (d-f) lithosphere upwelling and 
collisional magmatism. Association of volcanism at the surface with high strain zones suggests 
these shear zones act as fluid conduits. 
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3.4.2. Structural controls on nickel and gold mineralisation 

The relationship of regional-scale discontinuities to mineralisation has been established 

by Hobbs et al. (2000) and Archibald et al. (2001) who drew attention to deep-seated 

gravity gradients and location of large deposits. For this project a series of upward 

continued images and their first vertical derivatives from the Bouguer gravity data of the 

Halls Creek Orogen were produced and used (Fig. 3.5). Gravity data were processed to 

an upward continuation of 1, 5, 10, and 20 km which calculates the response from sources 

deeper than depths of approximately half the upward continuation level namely 500 m, 

2.5, 5, and 10 km respectively (Fig. 3.4; Dufréchou and Harris, 2013; Jacobsen, 1987). It 

is worth noting rigorous mathematical solution for interpretation of field potential data 

can lead to erroneous interpretation (Saltus and Blakely, 2011), so we consider an a priori 

constraint includes having steep structures in the Halls Creek Orogen (Lindsay et al., 

2016). Therefore, as the geology is mostly steeply-dipping, long wavelength anomalies 

are more likely to be deep, as opposed to a flat-lying basin setting, where there is a higher 

likelihood to encounter broad anomalies responding to shallow features. Analyses of 

gravity worms generated from continuation levels of 636 m to 44188 m (Fig. 3.5) 

assumed that worms calculated from larger continuation values represent deeper 

structures, while smaller values represent those nearer the surface (FitzGerald and 

Milligan, 2013). The true depth of the worm maps is based on Jacobsen (1987) and 

Hornby et al. (1999) taken as half the level of the upward continuation as the depth.  

These analyses provide information on the apparent dip direction through lateral shifts of 

worms (Godin and Harris, 2014) and the depth persistence of contacts that have a 

detectable density contrast across them. The structural feature of major faults in the Halls 

Creek Orogen based on the geophysical data are presented in Table 3.1. Two main groups 

of structures are observed: Parallel to subparallel to the trend of the Halls Creek Orogen, 
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and linear cross-strike features (Fig. 3.8). The major crustal-scale structures are north-

northeast trending terrane boundaries (Tyler et al., 1995; Tyler et al., 2012). Subsidiary 

east-northeast trending cross-faults are also interpreted (Fig. 3.8a). Several northwest 

trending orogen-normal deep structures, in addition to orogen-parallel structures have 

been interpreted from Bouguer gravity data (Fig. 3.8b).  Long traverse structures cross-

cut the Lamboo Province and extend to the Kimberley and Speewah Basins, and extend 

further east into the Ord and Wolfe Creek basins (Fig. 3.8c). They are sub- parallel to the 

strike of dykes in the Lamboo Province and further west in the Kimberley Craton (Fig. 

3.8c). These orogen-normal structures are not associated with any continuous lineament 

at the surface, and in some cases their expression on the surface is difficult to distinguish. 

Nonetheless, they can be recognized using a tilt derivative of upward continued 

aeromagnetic data (Fig. 3.8d). Orogen-normal structures are also documented in other 

orogens and continental/island arcs such as the New Guinea Orogen (Corbett, 1994; 

Garwin et al., 2005; Hill et al., 2003; Hill et al., 2002), Indonesia (Garwin et al., 2005), 

the Andean margin in Argentina (Chernicoff et al., 2002), Lachlan Orogen, Australia 

(Glen and Walshe, 1999), and the Grenville Orogen in Canada (Dufréchou and Harris, 

2013; Dufréchou et al., 2014).   

 

Table 3.1. The general structural features of major faults in the Halls Creek 
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The most prominent orogen-parallel structures correspond to the Ramsay Range-

Springvale and Halls Creek-Angelo fault systems or terrane boundaries (Tyler et al., 

1995; Tyler et al., 2012) (Fig. 3.3). The major orogen-parallel structures are interpreted 

as lithospheric-scale structures developed in the Paleoproterozoic during arc basin 

development and lithosphere upwelling in the margin of Kimberley Craton by  

 
Fig. 3.8. Deep structures of the Hall Creek Orogen identified through interpretation of gravity 
data: (a) orogen- parallel to sub parallel structures and (b) orogen-normal structures 
superimposed on first vertical derivative of gravity data. (c) Extension of orogen-normal 
structures into basins around the Halls Creek Orogen and parallel to the strike of dykes mapped 
on the tilt derivative of aeromagnetic data; (d) deep structures superimposed on tilt derivative of 
1 km upward continued image of aeromagnetic data. 
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geodynamic numerical modelling (Fig. 3.6). Northeast-trending structures are strike 

subparallel to crustal extensional faults that have been subsequently reactivated as 

sinistral strike-slip faults (Tyler et al., 1995). In addition, several transverse northwest-

southeast normal structures to the orogen do not correspond to the mapped features. 

Association of these deep structures with mafic to ultramafic intrusions, and associated 

mineral deposits (Lindsay et al., 2016; Occhipinti et al., 2016), and their parallelism with 

late dykes that cut the Kimberley Craton suggest that pre-existing deep fracture zones 

roughly parallel to the convergence direction may have been multiply reactivated, for 

example during the collisional orogenesis or post-orogenic magmatism.    

3.4.2.1. Magmatic nickel sulphide mineralisation 

Nickel occurrences are mainly present in the Central Zone of the Halls Creek Orogen, 

which is surrounded by two trans-crustal structures developed during rifting of the margin 

of the Kimberly Craton prior to the 1835-1805 Ma Halls Creek Orogeny (Fig. 3.9). At the 

regional scale, the nickel occurrences in the Halls Creek Orogen occur adjacent to major 

deep structures (Fig. 3.10a) and are associated with relatively deep worms (4744 m 

upward continued height) (Fig. 3.10b). These deep lineaments are interpreted to represent 

deep faults or shear zones through which large amounts of mantle-derived magma can 

ascend. 

 The association of most Ni-Cu-PGE sulphide deposits at or near the margins of 

lithospheric blocks and more generally near the margins of cratons (Begg et al. 2010; 

Maier and Groves, 2011) related to channelling of mantle plumes into the thinnest 

lithosphere at craton margins (Barnes et al., 2016; Begg et al., 2010) is supported by the 

geodynamic models of Kohanpour et al. (2017). These models illustrate the possible 

development of an environment at the Kimberley Craton margin containing a high flux 
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of mantle-derived magmatism, facilitated by mantle-tapping structures that was 

channeled into the upper crust, or onto the surface (Fig. 3.6 and 3.9b). Magma is focused 

by shifting extensional-compressional tectonic regimes, and was modelled to ascend via 

major trans-crustal structures (Fig. 3.6). The mineralized mafic-ultramafic rocks (such as 

the Panton Suite) would have their metals and immediate host rocks derived from the 

same magma, usually ascribed to originate from the mantle source (Barnes et al., 2016). 

The geodynamic models represent two kinds of mantle-derived melts in the evolution of 

the Halls Creek Orogen, which can be the source of mafic-ultramafic rocks observed at 

the surface: (a) decompression melt resulting from rifting at the margin of the Kimberley 

Craton (b) hydrated mantle melt derived from the slab subduction (Fig. 3.9b).  

 
Fig 3.9. (a) Regional distribution of nickel occurrences in the Central Zone constrained between 
two major faults system as terrane boundaries; (b) some snapshots of the geodynamic numerical 
model showing development of major fault systems and mantle-derived melts during extensional 
and compressional regimes in the margin of Kimberley Craton. 
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The geodynamic numerical models suggest asthenosphere upwelling, marginal basin 

development, and syn-to post-collisional mantle plume activity resulting in crustal 

extension, and trans-crustal faulting facilitated magma generation and ascent (Fig. 3.6 

and 3.9b). The second invariant of strain rate suggests a relatively high value in a rift 

setting and at the edge of cratons during active tectonic regimes (Fig. 3.6). Therefore, in 

a rift environment along cratonic margins, deformation can be localized or focused, 

facilitating the upwelling of magma into fairly narrow zones.  Mineralised provinces are 

commonly associated with the large flux of magmas into deep crust, giving rise to 

regional positive gravity anomalies (e.g. West Musgrave Province; Smithies et al. 

(2011)). In the Halls Creek Orogen, mineralised mafic-ultramafic intrusions are 

associated with a regional positive gravity anomaly (Fig. 3.10a), likely resulting from the 

large flux of decompression mantle melt into deep crust during marginal basin 

development (Fig. 3.9b).  

 
 

Fig. 3.10. Nickel occurrences occur adjacent to deep structures associated with: (a) a high 
amplitude regional gravity anomaly; (b) relatively deep worms and; (c) mostly hosted in the 
margin of ultramafic intrusions. 
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Further details of interpreted structures within the Central Zone are presented in Figure 

3.11. Major deformation events that control the current architecture of this region are 

mostly related to the Halls Creek Orogeny when the rocks of the Central Zone deformed 

during D3 and D4. D3 is characterized by large-scale northeasterly trending shallow 

plunging folds. The major example of this folding event can be recognized in the Group 

1 mafic-ultramafic intrusions (the c. 1856 Ma Panton) which were folded into tight to 

isoclinal NE plunging D3 folds. D4 resulted in development of steep northeasterly shear 

zone that cut the Sally Downs Supersuite (Griffin and Tyler, 1992), and deformed the c. 

1845 Ma Sally Malay granite. Deformation of two groups of mineralised mafic-ultramafic 

intrusions during D3 and D4 suggests that intrusion of ultramafic rocks and nickel 

mineralisation took place prior to the 1835-1805 Ma Halls Creek Orogeny, likely during 

the extensional tectonic regime related to marginal basin development over the Central 

Zone (Fig. 3.9b).  

           

Fig. 3.11. Structural interpretation in 
the region of nickel mineralization 
showing interpreted D3/D4 ductile 
deformation structure related to the 
Halls Creek Orogeny, and later 
brittle D5/D6 structures. 
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3.4.2.2. Orogenic gold mineralisation 

Deep-crustal to lithospheric-scale structures provide the main first-order regional controls 

on the distribution of gold deposits in the Halls Creek Orogen (Fig. 3.12a). A series of 

tectonic events including basin development, and subsequent closure and then inversion 

(Fig. 3.6) resulted in the development of favourable structural architecture with the 

formation of many orogen-parallel, deep-crustal scale shear zones. The gold deposits are 

mainly focused along major structures, which initiated during an extensional phase of 

tectonism and their development continued during subsequent compressional tectonism 

and strike-slip movement (Fig. 3.12a). These lithospheric- to crustal-scale faults or shear 

zones may have been the focus site for initial deformation during the development of the 

terranes, and late kinematic deformation during strike-slip motion between the terranes. 

A deep lithospheric connection is inferred by the preferential distribution of gold 

occurrences adjacent to major deep-penetrating structures. The proximity of orogen-

normal structures to the gold deposits suggests that intersection of these orogen-normal 

structures with orogen-parallel structures may control the location of magmatism and 

presumably act as dilational zones and magma or fluid conduits that transported metals 

into the middle to upper crust (Lindsay et al., 2016).    

There is a corridor of gold occurrences in the Eastern Zone associated with a high gravity 

gradient (Fig. 3.12a). In the intersection of cross-orogen and orogen-parallel structures, 

there are some low gravity anomalies proximal to the gold mineralization, which create 

low first vertical derivative values. These ellipsoid low first vertical derivative figures 

(indicated by the stars in figure 3.12a), showing a similar value to the Ding Dong Downs 

Volcanics, Sophie Downs Granite, San Sou Monzogranite, and Junda Microgranite in the 

Eastern Zone, or the Loadstone Mozogranite in the Central Zone (Fig. 3.12a). The figures 

of low first vertical derivative of gravity data under the sites of gold camps could represent 
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unexposed granitoid bodies which may release the gold-bearing fluid or energy. A 

localised zone of dilation resulting from the intersection of orogen orthogonal features 

with the extensional faults, may have facilitated igneous intrusion and fluid ascension 

(Fig. 3.12a).  

 
 
Fig. 3.12. Regional distribution of gold deposits in the Eastern Zone of the Halls Creek Orogen: 
(a) a corridor of gold deposits mainly focused along the first-order deep-crustal structures; 
relationship between gold sites and intersection of orogen-normal and parallel to subparallel 
structures; ellipsoid figures of low first vertical derivative of gravity value near to gold deposits 
(stars) similar to known granitoids in the Eastern Zone. (b) Distribution of gold deposits shown 
with a “gravity worm” image illustrating gold deposits are located in or near lower-order 
structures that themselves are proximal to first-order deep structures, and (c) structural 
interpretation of the Halls Creek Orogen overlain on a blend of the first vertical derivative of 
gravity data and tilt derivative of aeromagnetic data.   

The results of worming of gravity data technique indicate an association of gold deposits 

with relatively shallow worms, although they are localized around the deepest worm in 

the region (Fig. 3.12b). Deep-seated gravity worms reflect deep-crustal structures that 

could provide connectivity from the mantle to the middle or upper crust, providing a fluid 

transport path into the structural traps represented by the relatively shallow worms. The 

results are consistent with observation that structural traps are vital ingredient of orogenic 

gold deposits as they are mainly sited in lower-order structures within geologically 
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complex areas adjacent to the first-order deep structures (Fig. 3.12c; Groves et al., 2000; 

Groves et al., 2016).  

The gold deposits in the HCO are mostly located in fold hinges that are oriented at a high 

angle to the direction of terrane convergence. Structural traps which host a group of gold 

deposits (Fig. 3.12c, within the Eastern Zone are mainly sited on second- or third-order 

faults or shear zones which are in northeast trending, located proximal to first-order major 

structures (Fig. 3.12c). Anticlinal hinges and orogen-normal structures are important 

features of most gold deposits in the region (Fig. 3.13), and may be important for trapping 

mineralising fluids. The Woodward Dolerite is a known feature in proximity of some of 

gold deposits (Fig. 3.13a’-c’), and may have acted as a chemically reactive host rock that 

caused gold precipitation (Groves et al., 2000).  

Figure 3.13a-b presents pervasive northeasterly trending shallow plunging folds which 

can be attributed to the second deformation in Eastern Zone (D4). The orientation and 

intensity of D4 folding varies considerably. Folds are tighter adjacent to the Angelo-Halls 

Creek fault system, with upright to steeply inclined axial surface oriented subparallel to 

the main fault system (Fig. 3.13a). Gold deposits are mostly located proximal to mapped 

or interpreted fold hinges.  In Figure 3.13a’, the most obvious D4 folds are a series of 

anticlines forming the Biscay Anticlinorium (Dow and Gemuts, 1969). A group of gold 

deposits in Figure 13a located near to a cross-orogen structure with an anticline marked 

by outcrop of a north-northeast plunging antiform synform pair deforming the Biscay and 

Olympio formations. Further to the northeast, outcrop of Woordward Dolerite and a 

magnetic lineament defines a sheared antiformal structure associated with gold deposits 

within the Biscay Formation.    
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Figure 3.13c-d shows gold deposits situated along northeast trending shear zones between 

first-order strike-slip faults, where strike-slip movement has resulted in the development 

of dilational jogs. This scenario is well-known in transpressional regimes, where deposits 

can occur in predictable dilational sites such as fault jogs or overstepping faults 

(Hagemann et al., 1992; Hodgson, 1989). These shear zones are related to the third 

deformation event in the Eastern Zone (D5) which caused intensive deformation between 

the Angelo and Halls Creek faults during sinistral strike-slip movement (Tyler et al., 

1998). The main D5 faults are the north-northeasterly Dockrell and Woodward faults 

(Tyler et al., 1998). Associated with these faults are open to tight folds that trend easterly 

and northwesterly to northerly (Fig. 3.13c-d).  The large open and steep plunging 

anticline-syncline structure between the Angelo and Halls Creek faults (Fig. 3.13c) is 

closely associated with gold mineralization. The Juda and Talor Lookout anticlines (Fig. 

3.13d) were produced by interference of northeasterly trending D4 anticline and north-

northwest trending D5 folding (Tyler et al., 1998). Deformation that can be related to D6 

in the Eastern Zone involved sinistral strike slip movement of easterly trending Haughton 

Range Fault where both the Woodward and Dockrell faults and other shear zones were 

offset (Fig. 3.13d).     

It is apparent that gold mineralization is confined to a series of the northeasterly trending 

folds and shear zones which are mainly related to the D4 and D5 deformation events (Fig. 

3.13) that occurred during the accretion of the Eastern Zone to the Central Zone and 

subsequent strike-slip movement. Therefore gold mineralization could be coincident with 

either plate convergence during the 1835-1805 Ma Halls Creek Orogeny or during the 

subsequent sinistral northeasterly trending strike-slip movement of c.1000-800 Ma 

Yampi Orogeny, or both. If the gold mineralization occurred during both the Halls Creek 

and Yampi orogenies, the association of gold mineralisation with greenschist facies 
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conditions (Occhipinti et al., 2016) implies that Eastern Zone was not exhumed between 

the c. 1800 and 1000 Ma. Alternatively if gold mineralization occurred during the 1835-

1805 Ma Halls Creek Orogeny, it involved collision and also late orogenic sinistral strike-

slip faulting. In this case, the c. 1000-800 Ma Yampi Orogeny may have caused 

reactivation of earlier formed sinistral strike-slip faults. Further study including age 

dating of hydrothermal minerals formed during gold mineralisation may reveal the 

precise relationship between gold mineralization and tectonic-deformation events.    
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Fig. 3.13. Interpreted structural traps of gold deposits: anticline hinges; shear zones between 
first-order strike-slip faults and; orogen-normal structures. Gold deposits are sited in: (a) 
northeast trending folds attributed to D4 cross cut by orogen-normal structures; (b) high spatial 
density of folds and faults adjacent to the Halls Creek Fault; (c) shear zones between first-order 
strike-slip faults related to D5; (a’& c’) outcrops of Woodward Dolerite; (d) deep faults with 
sinistral strike-slip movement related to D5 and D6. 

3.5. Conclusions   

In this multiscale study, geophysics and interpreted structures combined with geodynamic 

numerical modelling were used to simulate the behavior of crustal- to lithospheric-scale 

structures acting as pathways for fluids and physical traps of nickel and gold 

mineralisation in the Halls Creek Orogen. This study confirms the importance of the deep 

crustal-scale structures which are formed during extension and plate convergence in the 

development of mineral systems and the emplacement of mineralization. Gold and nickel 

deposits appear to develop proximal to the orogen-parallel deep-seated structures, 

particularly where they intersect orogen-normal structures. This implies that first-order 

and deep-penetrating structures offer increased potential for tapping of ore-forming fluids 

and may provide permeable pathways through the crust. Alternatively, at the camp scale 

the importance on crustal-scale structures is lessened, and shallow lower-order structures 

are more important, forming high permeability damage zones that localise fluid flow that 

leads to mineralization.   

The geodynamic numerical models illustrate how major fault systems of the Halls Creek 

Orogen developed during extension and compression (D3/D4). These major fault systems 

define the boundaries of the Western, Central, and Eastern zones that have been offset by 

later sinistral movement (D5/D6). They also show how first-order faults or shear zones 

can act as lithospheric-scale conduits and pathways for magmatic and hydrothermal fluids 

to be driven in to the upper crust directing regional-scale fluid flow. The link between 

scales was achieved by linking numerical modelling with structural geophysical 
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interpretation and further supports the role of lithospheric-scale structures for transporting 

and cycling metal-rich magma and fluids to and in the upper crust.  

Key features that control the localization of nickel mineralisation at the regional scale are 

proximity to ancient cratonic boundaries, long-lived, lithospheric-scale faults and are 

spatially related to voluminous mafic-ultramafic intrusions. The parental magma for 

nickel mineralisation can be generated through decompression melt below the marginal 

basin or melting of sub-crustal lithospheric mantle during the collision of North 

Australian Craton and Kimberley Craton. It is postulated that mafic melts intruded into 

the upper crust by deep-structures during the numerically modelled extensional and 

compressional regimes. Deformation of the c. 1856 Ma Panton and c. 1845 Ma Sally 

Malay by D3/D4 shows that nickel mineralization and host ultramafic rocks intruded 

during extensional events prior to collision between the North Australian and Kimberley 

cratons (Halls Creek Orogeny).  The association of mineralised mafic-ultramafic 

intrusions with regional positive gravity anomalies can be indicative of probable large 

fluxes of modelled decompression melt and associated deep–crustal magmatism during 

marginal basin development. The regional distribution of gold mineralisation is 

interpreted to be controlled by shallow second- and third-order structures that splay from 

the larger and deeper first-order structures. Furthermore, traps in lower-order structures 

could have resulted from plate convergence and following sinistral strike-slip movements 

during the 1835-1805 Ma Halls Creek Orogeny (D3/D4) and later strike-slip movement 

during the c. 1000-800 Ma Yampi Orogeny (D5). Further studies may determine the age 

of gold mineralization, and thus reveal the relationship between major tectonic events and 

gold mineralization.  The high spatial density of faults and folds, proximity to anticlinal 

structures, fold hinges, the presence of reactive host rocks (e.g. the Woodward Dolerite), 

and proximity to dilational sites such as fault jogs between first-order strike-slip faults  
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acting as structural traps for gold mineralisation, are all important constituents of gold 

mineralisation system for the east Kimberley.  
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Chapter 4 
 

Hf isotopic fingerprinting of geodynamic 
settings:  

Integrating isotopes and numerical models 
 

 

The corresponding paper has been published in Gondwana Research and appears as a Focus 
Review Paper: Kohanpour, F., Kirkland, C., Gorczyk, W., Occhipinti, S., Lindsay, M., Mole, D., 
Le Vaillant, M., 2019. Hf isotopic fingerprinting of geodynamic settings: Integrating isotopes and 
numerical models. Gondwana Research, 73, 190-199. https://doi.org/10.1016/j.gr.2019.03.017 . 

Abstract 

Hf-isotopes have proven invaluable in understanding the evolution of Earth’s crust-

mantle system, but their use in reconstructing tectonic environments, in many cases, 

remains equivocal. In this study, we introduce a new approach to predict the Hf-isotopic 

evolutionary pattern for rifting and collision based on the integration of numerical models 

and 176Hf/177Hf isotopes. The geodynamic numerical models allow us to estimate the 

proportion of juvenile material added to the crust through time. On the basis of this 

proportion, we calculate changing 176Hf/177Hf ratios using mixing models. Predicted Hf 

isotopic patterns generated through this numerical approach imply that juvenile signals 

are observed during back-arc extension, whereas evolved signatures dominate collisional 

settings. We use this novel modeling approach in the case study region of the Halls Creek 

Orogen to elucidate its tectonic setting through time. In addition, the geochemical features 

of magmatic rocks in the case study region imply partial melting of a sub-arc mantle 

wedge with magma-crust interaction on ascent in a convergent margin setting. The links 

between predicted Hf isotopic evolution, geodynamic numerical models, whole rock 

geochemistry and measured zircon Hf isotopic evolution trend resolve three discrete 
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stages in the tectonomagmatic development of the Halls Creek Orogen: (1) oceanic crust 

subduction; (2) back-arc formation with addition of juvenile mantle input; and (3) 

docking of the North Australian and Kimberley cratons resulting in the development of 

mixed-source magmatism formed in a collisional setting. We provide a new method to 

validate geodynamic models with isotopic datasets, which should lead to more rigorous 

understanding of crustal evolution. 

4.1. Introduction 

Hf isotopes coupled with U/Pb age information in zircon has become an important means 

to understand crustal evolution (Amelin et al., 2000; Belousova et al., 2010; Corfu and 

Noble, 1992; Griffin et al., 2000b; Hawkesworth et al., 2010; Iizuka et al., 2017; Kemp 

et al., 2006; Kirkland et al., 2013; O'Reilly et al., 2008; Roberts and Spencer, 2014; 

Vervoort and Kemp, 2016). It has been proposed that the average Hf isotopic signature 

of magmatic zircon crystals tracks the supercontinent cycle  (Iizuka et al., 2010; Kemp et 

al., 2009; Moyen et al., 2017; Van Kranendonk and Kirkland, 2016) which may be linked 

to the prevailing geological processes controlling the globally dominant magmatic style 

(Collins et al., 2011; Gardiner et al., 2016; Roberts, 2012). Furthermore, distinct Hf 

evolution patterns may be expected in specific tectonic settings, reflecting the changing 

proportion of juvenile mantle and reworked crustal (evolved) sources favoured in explicit 

geodynamic settings (Belousova et al., 2009; Boekhout et al., 2015; Collins et al., 2011; 

Griffin et al., 2006; Kemp et al., 2009; Kirkland et al., 2011; Phillips et al., 2011). 

Much research has focused on the secular variation of Hf isotopic compositions and their 

relations to the supercontinent cycle as this evolutionary pattern is mainly controlled by 

magmatic source, that is intrinsically linked to tectonic setting (Collins et al., 2011; 

Condie and Aster, 2013; Hawkesworth et al., 2010; Roberts, 2012). Collins et al. (2011) 
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evaluated global Phanerozoic Hf evolution patterns and demonstrated that external 

orogenic systems (e.g. circum-Pacific) were characterized by the generation of 

continental crust with more radiogenic Hf values, whereas internal orogenic systems (e.g. 

Alpine-Himalayan system) were distinguished by reworked continental crust with 

variable Hf signatures. Roberts (2012) discussed excursions from the mean Hf value as a 

function of continental addition versus continental loss, or increased and decreased 

mantle inputs, during the supercontinent cycle. Condie and Aster (2013) suggest that both 

juvenile and reworked crustal components were produced in external and internal 

orogens, although a juvenile signature was seen as dominant in retreating subduction 

systems as opposed to advancing systems. 

On the whole, and ignoring the effects of selective preservation, elevated 176Hf/177Hf 

values in zircon crystals consistent with mantle input in the source, are typically found in 

crustal growth settings (i.e. rifts and arcs). In contrast, relatively lower 176Hf/177Hf ratios 

in zircon grains imply a source in which reworking of older crust dominated and such 

signature is usually associated with magmas in continental collision settings (Dhuime et 

al., 2012; Gardiner et al., 2016; Roberts, 2012). Hence, much interpretation of Hf isotopic 

evolution patterns is based on the direction and magnitude of the temporal shift of isotopic 

value and a comparison of this pattern to that from regions with otherwise known tectonic 

settings. One challenge with such an approach is that it has the potential to lead to circular 

reasoning. We address this via a new approach that has the potential to better evaluate the 

information contained within isotopic evolution arrays. This new approach applies 

mixing models (concentration and isotopic signature of source components) as predicted 

by numerical geodynamic models (proportion % of juvenile mantle input) to produce 

predictive isotopic patterns for different tectonic settings which may be compared to 

natural examples. 



C h a p t e r  4  
 

118 | P a g e  
 

4.2. Methods 

4.2.1. Numerical modeling 

Over the last decade, numerical modeling has been increasingly used to understand the 

tectono-magmatic evolution of Earth (Gerya, 2011, 2014; Gonzalez et al., 2016; Gorczyk 

and Vogt, 2015). Many such studies support the necessity of applying multidisciplinary 

approaches along with numerical testing of existing geodynamic concepts for 

understanding Earth dynamics. The geodynamic numerical models used in this work aim 

to estimate the process of magma generation and the ratios between juvenile magmatism 

and crustal recycling during back-arc opening and collision. The numerical models are 

based on the thermo-mechanical numerical code I2VIS (Gerya and Yuen, 2003a). Details 

of the numerical approach and thermo-mechanical initial conditions are described in 

Kohanpour et al. (2017). These numerical models simulate thermo-mechanical plate 

behaviour and associated magma generation during oceanic crust subduction followed by 

back-arc opening and continental collision.  

For a given pressure and rock composition the volumetric degree of melting M0 is: 

𝑀𝑀0 = 0 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇 < 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠  

𝑀𝑀0 =  
(𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)

(𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠)
 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑇𝑇 < 𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠                  (1)             

𝑀𝑀0 = 1  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑇𝑇 > 𝑇𝑇𝑃𝑃𝑃𝑃𝑙𝑙𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 

where Tsolidus and Tliquidus are, respectively, solidus temperature (wet and dry solidi are 

used for the hydrated and dry mantle, respectively) and dry liquidus temperature at a given 

pressure and rock composition.  

Melt extraction is simulated from partially molten rocks (Gerya and Yuen, 2003b; 

Nikolaeva et al., 2008; Sizova et al., 2010) by implementing an extraction threshold, Mmax 
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= 4% with a non-extractable amount of melt Mmin = 2% that remains within the source 

rock. Episodes of melting and melt extraction are tracked by newly generated markers. 

Each marker takes into account all previous extraction events and is calculated as: 

𝑀𝑀 = 𝑀𝑀0 −�𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤                                                                                        (2)    
𝑃𝑃

 

where ∑ 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤 𝑃𝑃 is the total melt fraction extracted during the previous n extraction 

episodes. The rock is considered to be refractory if ∑ 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤 > 𝑀𝑀0𝑃𝑃 . If the total amount of 

melt exceeds the Mmax threshold, the melt fraction 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤 = 𝑀𝑀 −𝑀𝑀𝑚𝑚𝑃𝑃𝑃𝑃 is assumed to 

migrate upward and the value of ∑ 𝑀𝑀𝑤𝑤𝑚𝑚𝑤𝑤 𝑃𝑃 is updated within extraction routine. The 

extracted melt is instantaneously transported to the surface much faster than the mantle 

rocks can deform (Elliott et al., 1997; Hawkesworth et al., 1997). Therefore, once melt is 

extracted it is emplaced on the surface represented by a newly generated marker. 

Extracted melt markers represent a volcanic arc that retain the volume and composition 

of the original melt. The weakening effects of ascending fluids and melts are also included 

in the model by increasing the compressibility of subducting oceanic crust by a factor of 

two relative to other rocks in the models (Gerya and Meilick, 2011; Sizova et al., 2010). 

The proceeding parameterization allowed simulation, to a first order, of the effects of an 

increased slab pull related to the eclogitization reaction in the subducting slab (Mishin et 

al., 2008; Sizova et al., 2012). 

4.2.2. Hf evolution modeling 

Two critical factors are considered to estimate the Hf isotopic evolution trends for specific 

tectonic settings: (1) the source components of magmatism; that is the ratios between 

juvenile melts and recycled continental crust estimated by geodynamic numerical 

modeling; (2) the source isotopic compositions; that is the 176Hf/177Hf ratio of depleted 

mantle and continental crust through time which is estimated from a global compilation 
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and radiogenic production calculations. The Hf isotopic ratio of depleted mantle is 

modelled after Griffin et al. (2000b). We use a global Hf compilation (Roberts and 

Spencer, 2014) to define an isotopic crustal evolution trajectory and select an initial 

176Hf/177Hf of 0.281224, corresponding to the median value at 2600 Ma, as a starting point 

for an evolution line for the crustal source component that is mixed, within the model 

defined proportions, to depleted mantle. The slope of the crustal evolution array is 

determined by the average 176Lu/177Hf ratio for rifts and convergent margins as estimated 

by the Lu and Hf concentration in a global geochemical compilation (GEOROC 

http://georoc.mpch-mainz.gwdg.de) through: 

𝐿𝐿𝐿𝐿176

𝐻𝐻𝐻𝐻177    � = � 
𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑚𝑚
𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑚𝑚

� × �
(𝐴𝐴𝐴𝐴𝐿𝐿𝑒𝑒𝐴𝐴𝐴𝐴𝑒𝑒𝐴𝐴𝑒𝑒 𝐿𝐿𝐿𝐿 × 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤ℎ𝑎𝑎 𝑎𝑎𝐻𝐻 𝐻𝐻𝐻𝐻)176

�𝐴𝐴𝐴𝐴𝐿𝐿𝑒𝑒𝐴𝐴𝐴𝐴𝑒𝑒𝐴𝐴𝑒𝑒 𝐻𝐻𝐻𝐻177 × 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴 𝑤𝑤𝑒𝑒𝑎𝑎𝑤𝑤ℎ𝑎𝑎 𝑎𝑎𝐻𝐻 𝐿𝐿𝐿𝐿�
�    (3) 

An isotopic evolution trajectory of the continental crust defined by a fixed Lu/Hf ratio 

as follows: 

𝐻𝐻𝐻𝐻176 𝐻𝐻𝐻𝐻(𝐶𝐶𝐶𝐶 𝑤𝑤𝑤𝑤 𝑤𝑤𝑃𝑃𝑚𝑚𝑤𝑤)  =  𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶  
177⁄176177� +  {( 𝐿𝐿𝐿𝐿176 𝐻𝐻𝐻𝐻 × (𝑒𝑒𝜆𝜆 𝑤𝑤𝑃𝑃𝑚𝑚𝑤𝑤 − 1)}              (4)177�  

where,  

176Hf/177Hf (CC at time) = calculated Hf isotope composition of continental crust at any 

time; 

176Hf/177Hf CC = the median value of 176Hf/177Hf initial at time t (Here: 2600Ma) from the 

zircon archive of continental formation (Roberts and Spencer, 2014); 

λ = the decay constant of Lu (1.867×10-11 per year) (Scherer et al., 2001); 

176Lu/177Hf = average values of Lu/Hf in rifts (0.027) and convergent margins (0.015) as 

calculated from equation (3) with data obtained from the GEOROC database. 

The evolution line of continental crust in rifts and convergent margins is shown in Fig. 

4.1. As the Hf isotopic composition of the lower crust is broadly similar to the upper crust 

(Vervoort et al., 2000), the isotopic evolution ratios (Fig. 4.1) are considered applicable 

for the whole continental crust in rift and convergent margin settings. This modeling 
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method is similar to the frequently applied crustal model-age calculation but interpolation 

is projected forward in time instead of backward ( see also; Dhuime et al., 2011). It is 

notable that if the continental crust evolution line developed from a different initial 

composition (as may very well be the case), the specific 176Hf/177Hf ratios may be 

somewhat different but importantly the overall trajectory of the evolution line will be 

similar. Hence, the precise 176Hf/177Hf ratio is not critical to the modelling since the aim 

is to compare an evolution pathway for different tectonic settings rather than to define 

absolute values.   

 
Fig. 4.1. 176Hf/177Hf initial v. time from a global database of zircon crystals compiled by Roberts 
and Spencer, 2014. The red lines present the evolution of continental crust in rift and convergent 
margin settings. 
 

Next we use an equation (Langmuir et al., 1978) to mix appropriate amounts of the two 

components (i.e. mantle and continental crust) through time as estimated from the 

numerical modeling to predict the Hf isotopic evolution pattern of a specific tectonic 

setting: 

𝐻𝐻𝐻𝐻176

𝐻𝐻𝐻𝐻 177
 

� (𝑎𝑎𝑎𝑎𝑥𝑥) = 

[
( 𝐻𝐻𝐻𝐻/ 𝐻𝐻𝐻𝐻(𝑀𝑀) × 𝐻𝐻𝐻𝐻(𝑀𝑀) × 𝑃𝑃(𝑀𝑀)) + ( 𝐻𝐻𝐻𝐻/ 𝐻𝐻𝐻𝐻(𝐶𝐶𝐶𝐶) × 𝐻𝐻𝐻𝐻(𝐶𝐶𝐶𝐶) × (1 − 𝑃𝑃(𝑀𝑀))177176177176

(𝐻𝐻𝐻𝐻(𝑀𝑀) × 𝑃𝑃(𝑀𝑀)) + (𝐻𝐻𝐻𝐻(𝐶𝐶𝐶𝐶) × (1 − 𝑃𝑃(𝑀𝑀))
]   (5)  
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where, 

176Hf/177Hf (M) = isotope ratio of mantle; 

176Hf/177Hf (CC) = isotope ratio of continental crust; 

P(M) = proportion of juvenile mantle melt; 

Hf (M) and Hf (CC) = concentration of Hf in the mantle and continental crust, i.e. 0.199 

(Salters and Stracke, 2004) and 3 (Taylor and McLennan, 1985), respectively. 

This approach is confined to the relative addition of juvenile mantle and/or reworking of 

continental crust through the tectonic evolution of the region, and from this mixing 

process produce an evolutionary pathway in Hf isotopic space that characterizes 

continental growth through time. Therefore, this modelling does not address the 

possibility of other processes in magma generation, but is nonetheless able to faithfully 

replicate many of the evolutionary subtleties as observed in natural data sets (Boekhout 

et al., 2015; Gardiner et al., 2016; Hawkesworth et al., 2010; Kemp et al., 2009;  Kirkland 

et al., 2011; Phillips et al., 2011; Roberts, 2012). It should be noted that many isotopic 

evolutionary arrays have been regarded as effectively characterized by two-mixing 

component (mantle and crust) models (Hawkesworth et al., 1984). Furthermore, it is 

widely accepted that the addition of juvenile material from the mantle to the crust and/or 

crustal reworking effectively explains many Hf or Nd isotopic evolution trends (Dhuime 

et al., 2012; Gardiner et al., 2016; Hawkesworth et al., 2010; Kemp et al., 2009; Phillips 

et al., 2011; Roberts, 2012) . In addition, while numerical codes cannot simulate all small 

scale processes involved in magma ascent, they provide valuable insights to the main 

source of magmatism in different tectonic settings through time, and thus congruent with 

that revealed by isotopic evolution modelling. 
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4.3. Results 

4.3.1. Back-arc extensional setting 

A numerical model for back-arc opening is presented in Fig. 4.2. In this experiment, the 

width of oceanic lithosphere is 800 km and velocity of convergence is 2 cm/y for 20 Ma. 

In the early stage of the model, subduction of oceanic crust leads to hydration of the 

overlying mantle and wet melting above the slab, leading to the growth of a volcanic arc 

about 10 Ma after subduction initiation. As a result of the weakening effect of mantle 

melting combined with slab pull, an extensional regime develops with ensuing back-arc 

basin development (Fig. 4.2a). Subsequent buoyant decompression melt stabilizes the 

extensional process and a 300 km wide back-arc basin including mantle-derived volcanic 

rocks develop (Fig. 4.2b).  

The magmatic evolution of an extensional setting model with contributions from different 

sources is presented in Figs. 4.2a’-b’ and 4.2c. In the first 15 Ma, melt production is 

mainly derived from partial melting of subducting oceanic crust. The main melting peak 

occurs after c.15 Ma and is related to an extensional regime where magma is sourced 

from decompression melting which is coincident with basin development (Figs. 4.2b and 

4.2c). Total melt in this model is dominated by mantle input (95%), with minor 

contributions from continental and oceanic crust (Fig. 4.2c’). The predicted Hf isotopic 

evolution for the numerical experiment charts the progressive addition of mantle-derived 

magma during extension due to slab roll-back leading to a more radiogenic Hf isotopic 

signature (Fig. 4.2d).   
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4.3.2. Collisional setting 

A numerical model for a continental collision is presented in Fig. 4.3. In this experiment, 

the width of the oceanic lithosphere is 200 km and velocity of convergence is 3 cm/y for 

12 Ma. Three million years after the initiation of subduction, ocean basin closure occurs 

and the continental crust starts to subduct. Hydration of the mantle results in the growth 

of a volcanic arc. Strong coupling of continental plates during the collisional phase results 

in compression and shortening of the continental crust (Fig. 4.3a). Over-thrusting of 

continental crust begins to occur in the collisional region. Lithospheric upwelling and 

mantle wedge entrapment beneath the overriding plate initiates an increase of temperature 

Fig.4.2. (a-b) Major features modelled during 
the evolution of back-arc extension, resulting 
from slab pull and decompression melting; (a’-
b’) Pie charts illustrating magmatic 
compositions over time; (c) Magmatic 
evolution illustrates that mantle decompression 
melt is the main source of magmatism; (c’) 
Source of magma  at the end of the 
experiment; (d) Predicted Hf isotopic 
evolution pattern of the numerical model 
showing upward evolutionary pattern 
consistent with juvenile Hf isotopic 
signature; (f) Colors indicate rock type or 
melt and apply to subsequent figures. 
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at the Mohorovičić discontinuity (Moho), leading to partial melting of continental crust 

and collisional magmatism (Fig. 4.3b).  

 

 
Fig. 4.3. (a-b) Major features modelled during the evolution of collision, derived from strong 
coupling and shortening of continental plates, followed by melting of lower crust; (a’-b’) Pie 
charts illustrating source of magmatism over time; (c) Magmatic evolution tracks partial melting 
of lower continental crust as the main source of collisional magmatism; (c’) Source of magma at 
the end of the experiment; (d) Predicted Hf isotopic evolution pattern for the numerical model 
with a downward trend consistent with a higher volume of evolved Hf. 
 

In the early stage of the experiment, melt production is derived from partial melting of 

oceanic crust and hydrated mantle (Figs. 4.3a’- b’ and 4.3c). The release of compressional 

forces leads to the exhumation of continental crust and heating in the region of the Moho. 

At this stage, partial melting of continental crust causes extensive magmatism at the 

orogen. In the final stage of the experiment, the total source of the melt is dominated by 

continental crust (74%), with similar smaller input from the mantle, oceanic crust, and 

sediment (Fig. 4.3c’). The predicted Hf evolution pattern during the strong coupling of 

continent plates and collisional magmatism reveals a decreasing 176Hf/177Hf trend due to 

a continuous increase in the proportion of continental crust in the magmatic source (Fig. 

4.3d). 

4.3.3. Case study—Halls Creek Orogen 

4.3.3.1. Geological setting 



C h a p t e r  4  
 

126 | P a g e  
 

The Halls Creek Orogen (HCO) is a well-exposed Paleoproterozoic orogenic belt, 

extending along the eastern Kimberley Craton margin. This orogen is considered to 

record the collision of the Kimberley Craton with the Diamantina Craton and provide 

insights into the amalgamation of the Nuna Supercontinent (Betts and Giles, 2006). The 

Halls Creek Orogen comprises three tectonostratigraphic terranes: the Western, Central 

and Eastern zones (Tyler et al., 1995). Major magmatic events in the region are well 

defined in the Central Zone from c.1865 Ma to c. 1805 Ma. The oldest outcrops in the 

Central Zone are the c. 1865 Ma mafic volcanic and turbiditic sedimentary rocks of the 

Tickalara Metamorphics which were metamorphosed at greenschist to granulite facies 

and intruded by c.1850 Ma tonalite and trondhjemite of the Dougalls Suite (Tyler et al., 

1995). Subsequent major magmatic events include intrusion of 1856-1830 Ma layered 

mafic-ultramafic bodies (Page and Hoatson, 2000; Page and Sun, 1994), and mafic to 

felsic granitic rocks of the 1835- 1805 Ma Sally Downs Supersuite during the Halls Creek 

Orogeny (Blake et al., 2000; Bodorkos et al., 2000; Page et al., 2001; Sheppard et al., 

2001; Tyler et al., 1995; Tyler and Page, 1996).    

Although the broad lithological framework of the Halls Creek Orogen (HCO) is largely 

established (Hollis et al., 2014; Occhipinti et al., 2016; Sheppard et al., 2001; Tyler et al., 

1995), ambiguity in its tectonic evolution (Griffin et al., 2000a; Sheppard et al., 1999) has 

been evaluated by Kohanpour et al. (2017) who suggest two plausible tectonic scenarios 

both driven by west-dipping subduction at the margin of the Kimberley Craton (Models 

I and II) (Fig. 4.4).  

In this contribution, firstly, we use geochemical data to investigate subduction-related 

magmatism in the region, and secondly, explore a plausible tectonic model of Halls Creek 

Orogen. In considering two possible tectonic scenarios with different magmatic evolution 

(Fig. 4.4), U/Pb and Hf isotopic values of magmatic and detrital zircon crystals from the 

Central Zone of the Halls Creek Orogen combined with the Hf evolution patterns derived 
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from numerical models are used to further constrain the current geodynamic models of 

the region. The geochemical and Lu-Hf isotopic data combined with geodynamic 

numerical models and predicted Hf isotopic patterns can provide a powerful tool to 

investigate the processes of crustal growth. 

 
Fig. 4.4. A summary of geodynamic numerical models of the Halls Creek Orogen, and their 
magmatic source and magmatic evolution (modified after Kohanpour et al., 2017); (a) Model I, 
and (b) Model II.  
 

4.3.3.2. Major, trace and rare earth elements  

Geochemical analysis for 229 samples (see Geological Survey of Western Australia 

(GSWA) online database) were used to understand major and trace elements patterns of 

granitic rocks of the c. 1865 Ma Tickalara Metamorphics, c.1850 Ma Dougalls Suite and 

1835-1805 Ma Sally Downs Supersuite (data source in Appendix 1). The rocks have calc-

alkaline affinity (Fig. 4.5a), are mainly granite, tonalite and quartz diorite (Fig. 4.5b) 

based on major elements compositional variations defined by Debon and Le Fort (1983), 

and metaluminous to weakly peraluminous according to (Barton and Young, 2002) (Fig. 

4.5c). Primitive mantle-normalized trace elements pattern of the samples (Fig. 4.6a) are 
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fractionated with pronounced depletion in Nb, Ta and Ti, significant enrichment of LILEs 

(e.g. Rh, Th, and K), and enriched LREE signatures. Chondrite-normalized REE patterns 

are shown in Fig. 4.6b, all samples show LREE enrichment with a very small negative 

Eu anomaly in the Tickalara Metamorphics and felsic rocks of Sally Downs Supersuite. 

Samples of the Tickalara Metamorphics and mafic rocks of Sally Downs Supersuite are 

less fractionated (La/Yb N = 6.3 and 6.4) than the Dougalls Suite tonalites and felsic rocks 

of the Sally Downs Supersuite (La/Yb N = 22 and 10). The granites from Tickalara 

Metamorphics and Sally Downs Supersuite lie within the volcanic arc and syn-collision 

fields in the geochemical tectonic classification diagram of Pearce et al. (1984) (Fig 4.7a), 

and span from volcanic arc granite towards collisional magmatism of  Harris et al. (1986) 

(Fig. 4.7b).   

 
Fig. 4.5. Major element geochemistry of granitic rocks presented in (a) AFM diagram; (b) 
Classification diagram of Debon and Le Fort (1983); (c) Alumina saturation diagram presented 
by A/CNK vs. C/NKC in molecular ratio (Barton and Young, 2002). Symbols apply to subsequent 
figures. 

The calc-alkaline magmatic rocks preserve geochemical characteristics reminiscent of 

subduction-related magmatism in convergent margin settings. The Tickalara 

Metamorphics particularly show enrichment of Cs relative to the Rb and K which is a 

diagnostic feature of volcanic arcs (Pearce and Peate, 1995). Numerous studies 

demonstrate that depletion in HFSF, particularly Nb and Ti, relative to LILEs, enriched 
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LREE and depleted HREE signatures are distinctive features of subduction-related 

magmatism at convergent margins (Kelemen et al., 1990; Pearce and Peate, 1995; Stolz 

et al., 1996; Swain et al., 2008; Tatsumi, 2005). This geochemical character is widely 

attributed to the parental magma generated by partial melting of mantle wedge, and are 

commonly recognized by depletion in high field strength elements (HFSE: e.g. Nb and 

Ti) relative to the LILE and light rare earth elements (LREE) (Kelemen et al., 1990; 

Münker et al., 2004; Patino et al., 2000; Stolz et al., 1996; Tatsumi, 2005). However, Nb 

and Ti depletions coupled with LREE enrichments are a common feature of continental 

crust (Rudnick et al., 2003). Therefore, Nb and Ti depletions may also indicate crustal 

contamination or remelting of existing crust.  

 

Fig. 4.6. (a) Primitive mantle-normalized trace element diagram, (b) chondrite-normalized rare 
earth element (RRE) diagram. Values are averaged by rock types and normalized by Sun and 
McDonough (1989). 

The Th vs. Nb , as a Th/Yb vs. Nb/Yb projection (Pearce, 2008) can be used as a proxy 

for crustal input. The samples are displaced over the MORB-OIB array to a higher Th/Yb 

values, show a principle dispersion axis which is oblique to the MORB array (Fig. 4.8a). 

They lie in the continental arc domain (Fig. 4.8b), and show interaction of the magma 

with continental crust on ascent (Pearce, 2008). Although, Th enrichment can also result 

from involvement of sub-continental lithosphere if it carries a subduction component 

(Pearce, 2008; Smithies et al., 2018). In summary, the geochemical characteristics 
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provide evidence for subduction-related convergent margin magmatism with proxies of 

crustal input, but cannot conclusively delineate the role of crustal 

assimilation/contamination vs. the degree of mantle addition or enrichment via 

subduction processes.  

 
Fig. 4.7. Geochemical tectonic classification diagrams from (a) Pearce et al. (1984); VAG = 
volcanic arc granite, syn/COLG = syn-collisional granite, WPG = within plate granite, ORG = 
oceanic ridge granite, and (b) Harris et al. (1986).  
 

 
Fig. 4.8. Th/Yb vs. Nb/Yb diagram from (a) Pearce (2008) and (b) Pearce (2014), presents a 
proxy for the involvement of continental crust. 
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4.3.3.3. Predicted Hf-isotopic patterns of numerical models 

The possible conceptual tectonic models of the Halls Creek Orogen (Griffin et al., 2000a; 

Sheppard et al., 1999) were investigated numerically by Kohanpour et al. (2017). The 

results of that modelling indicate that the major geological features of the Halls Creek 

Orogen can be induced by west-dipping subduction at the margin of Kimberley Craton 

through two possible numerical models with different magmatic evolution (Fig. 4.4). An 

interesting aspect of the numerical models was tracking the relative role of juvenile 

mantle input or reworking continental crust through the evolution of the region which can 

be further investigated by isotopic signatures that are highly sensitive to mantle versus 

crustal processes.  

Model I (Fig. 4.4a) showed development of a prolonged extensional regime in the early 

stages, leading to the formation of a back-arc basin, which is postulated to be the tectonic 

setting for deposition of the Tickalara Metamorphics protoliths. Decompression melt may 

have caused intrusion of ultramafic rocks into the upper crust. Subduction was terminated 

by the collision of continental crust including the combined Western and Central zones 

at the margin of the Kimberley Craton with the North Australian Craton. In this model, 

collision resulted in a period of compression and closure of the newly formed back-arc 

basin. The final phase of collision was marked by intrusion and suturing of all three zones 

of the Halls Creek Orogen by mantle-derived magmatism (Kohanpour et al., 2017). The 

Hf isotopic evolution pattern of Model I, shows an upward trend in the early stage of the 

evolution of the model due to juvenile mantle input during marginal basin development, 

and an apparent mixing of juvenile and continental crust sources during the collisional 

phase (Fig. 4.9a). 

 Model II depicts a different evolution in the active margin scenario (Fig. 4.4b). In this 

model, the magmatic arc and intra-arc basin developed for a short period because of 

strong coupling of the subducting slab (North Australian Craton) and overriding plate 
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(Kimberley Craton) and shortening of continental crust in this experiment. During the 

relaxation period, subducted continental crust comes in contact with hot mantle as a result 

of a Moho temperature increase, undergoes melting and subsequently causes magmatism 

(Kohanpour et al., 2017). The main source of collisional magmatism in Model II 

(Kohanpour et al., 2017) is derived from the continental crust which is reflected in the 

predicted isotopic evolution pattern (Fig. 4.9b). 

  

 
Fig. 4.9. Predicted evolution of initial 176Hf/177Hf ratios for Model I and Model II of Kohanpour 
et al., 2017. (a) Model I: Injection of juvenile mantle melt during marginal basin development 
and mixed source of collisional magmatism; (b) Model II: The main source of collisional 
magmatism is derived from continental crust. 
 

The main differences between the two geodynamic numerical models are the degree of 

continent coupling and slab pull. In particular, slab-pull significantly influences the 

modelled magmatic evolution, including the development of a back-arc basin and the 

main source of magmatism (Kohanpour et al., 2017), which directly influence the Hf 

isotopic evolution pattern of the region.  

4.3.3.4. Lu – Hf isotopes  

Hf isotopes in dated zircon are used to provide information on the addition of juvenile 

material from the mantle and/or crustal reworking through time. Hf evolution trends can 

be considered as a function of either of two end-member scenarios; that is resulting from 

direct mantle products or related to evolved crustal melts. Whereas in reality, mixing 

processes may dominate many Hf isotopic data sets. Zircon crystals from 15 samples 
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were analysed for Lu/Hf and U/Pb. The samples are from the main lithological units of 

the Central Zone of the Halls Creek orogen including Tickalara Metamorphics, mafic-

ultramafic intrusions, and Sally Downs Supersuite. A summary of sample information, 

split-stream LA-ICPMS analytical method, U-Pb analytical results, and Lu-Hf 

compilation for the HCO are provided in the accompanying digital appendices. 

 
Fig. 4.10. 176Hf/177Hf initial evolution diagram for zircon grains from the Halls Creek Orogen, 
indicating the timing of juvenile addition at c.1865 Ma, corresponding to possible marginal basin 
development, and progressive increase of juvenile input through syn– to post–collisional 
magmatism after 1840 Ma. U-Pb data of mafic-ultramafic units from Mole et al. (2018). 

A Hf evolution diagram for intrusive and derivative sedimentary rocks in the HCO is 

presented in Fig. 4.10 which defines the main period where juvenile mantle material was 

introduced into the crust and periods where recycling of the pre-existing crust or mixing 

of juvenile material with unradiogenic sources prevailed. Zircon crystals with 207Pb/206Pb 

ages between 2.0 and 1.7 Ga, within 10% of concordia are interpreted to be meaningful. 

Three main fields are apparent in the Hf evolution plot: ‘Field 1’ including >1870 Ma 

zircons is dominated by reworking of older continental crust. ‘Field 2’ is characterised by 

later magmas with a 1870–1840 Ma crystallisation age range and influenced by increasing 

input of a juvenile source component. ‘Field 3’ encompasses data with 1840–1800 Ma 
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crystallisation age range and lies along an apparent trend consistent with variable mixing 

of juvenile and reworked sources, with a slight increase of mantle input during the 

collisional phase. An increasing input of juvenile material is recorded in <1800 Ma grains.  

Based on the comparison between the predicted Hf evolution pattern from the numerical 

models (Fig. 4.9) and the observed Hf evolution as recorded in zircon crystals (Fig. 4.10) 

the tectonic evolution of the HCO is best explained by Model I (Kohanpour et al., 2017), 

which represents marginal basin development in an active continental margin setting due 

to subduction beneath the Kimberley Craton. Results of numerical modelling and isotope 

analyses from the HCO indicate that before c. 1870 Ma, initiation of subduction beneath 

the Kimberley Craton margin produced a magmatic arc with the most evolved Hf–

isotopic signature in the Tickalara Metamorphics (Fig. 4.10). More depleted values in the 

Tickalara Metamorphics indicate a juvenile addition to the crust after c. 1865 Ma. 

Continued convergence and slab pull between 1865–1840 Ma resulted in marginal basin 

development leading to juvenile mantle melting and mafic–ultramafic intrusions into the 

crust. Tectonic switching during the Halls Creek Orogeny at c. 1835 Ma resulted in 

collision of the North Australian and Kimberley cratons and closure of the marginal basin. 

This crustal thickening may have led to mixing of a mantle component into unradiogenic 

continental crust during collisional magmatism. Interestingly, collisional magmatism in 

the Halls Creek Orogen is not mainly derived from reworking of continental crust as 

would be expected in continental collision settings. 

4.4. Conclusions 

Determining the magmatic composition in geodynamic systems through numerical 

models raises the possibility of using such data to infer the likely Hf isotopic evolution 

patterns in studies of complex tectonic settings. Furthermore, predicting the relative role 
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of juvenile mantle melt and crustal reworking helps to understand the timing and 

mechanism of continental growth. In this study, we show that different styles of magmatic 

evolution during breakup and assembly of continents can produce distinctive Hf isotopic 

evolution trends, which can be used to track past tectonic regime. Hf evolution trends 

predicted from numerical models replicate the widespread observation that extension-

dominant geodynamic conditions (breakup) lead to more juvenile Hf signatures (i.e. 

diagonally upward evolution trend) whereas compression-dominant (assembly) settings 

lead to evolved Hf values (i.e. diagonally downward trend).  

Using time-constrained Hf isotope ratios of zircon grains from the Halls Creek Orogen, 

we identify the main periods of juvenile mantle melt introduction into the crust and when 

recycling of older continental crust prevailed. The comparison of measured Hf-isotopes 

in zircons and predicted Hf evolution patterns of numerical models helps constrain the 

most plausible geodynamic model. This approach has the ability to produce isotopic 

fingerprints for specific tectonic settings which can be compared to measurements from 

ancient systems to help elucidate the geodynamic evolution of this crust.  
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Chapter 5 
 

Nickel and gold mineral systems analysis and 
prospectivity modelling of the Halls Creek 

Orogen, Western Australia 

 

The corresponding manuscript is under review for publication in Ore Geology Review. 

 

Abstract 

Geodynamic models, geological-geophysical interpretations, and isotope analysis 

illustrate that there are links between the nickel and gold mineral systems in the Halls 

Creek Orogen, Western Australia. Whole-rock Nd and Ar-Ar analysis of rocks 

throughout the region, when compared with the geodynamic models suggest that nickel 

and gold mineralization in the Halls Creek Orogen can be related to basin development 

and subsequent basin closure during the convergence of North Australian Craton and 

Kimberley Craton, respectively. Whole-rock Nd analysis confirmed the input of juvenile 

melts in the centre of the orogen before the 1835–1805 Ma Halls Creek Orogeny, 

supporting the upwelling of decompression mantle melts during the basin development. 

These analyses also revealed the spatial links between nickel and gold mineralization and 

lithological units with positive εNd values. Spatially the link between these mineral 

systems appears to be related to the presence of deep-seated shear zones that formed early 

in the history of the orogen and were later reactivated. The results of geodynamic models, 

geophysical interpretation, and isotopic analysis are used to understand the critical 

processes in the gold and nickel mineralization, which are presented by predictor maps. 

The GIS-based knowledge-driven fuzzy method used to integrate the predictor maps and 

create the prospectivity maps. Herein we show that mafic-ultramafic units prospective for 
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nickel mineralization formed by upwelling of decompression mantle melt during crustal 

thinning and extension during basin development, and typically consist of the most 

juvenile magmas in the region. Whereas, gold deposits formed during the compressional 

regime and basin closure, and are located along a major shear zone separating two 

terranes. This deep crustal-scale shear zone is implied to be the site of multiple stages of 

deformation that acted as fluid migration pathways during basin closure and subsequent 

collision. Another critical element that appears to be related to gold prospectivity is the 

presence of lithologies with a juvenile signature. In contrast to nickel analyses which are 

closely related to mafic-ultramafic units, the source component seems less influential 

when attempting to target orogenic gold deposits.  

5.1. Introduction 

The mineral system concept emerged two decades ago as targeting tool for mineral 

exploration (Wyborn et al., 1994). Mineral system analysis focusses on the critical 

geological processes that control the generation and preservation of mineral deposits 

(Blewett et al., 2010; Knox‐Robinson and Wyborn, 1997; McCuaig et al., 2010; McCuaig 

and Hronsky, 2014; Occhipinti et al., 2016; Wyborn et al., 1994). Perspectivity mapping 

has arisen from mineral systems analysis (Dulfer et al., 2016; Joly et al., 2014; Joly et al., 

2012; Lindsay et al., 2016a; Occhipinti et al., 2016) as a result of increased availability 

of large-scale geophysical datasets, and greater understanding of the Earth evolution and 

geodynamics (McCuaig and Hronsky, 2014), and advances in geographical information 

system (GIS) technologies.   

Wyborn et al. (1994) emphasized that for a mineral system to develop a source of 

mineralising fluids and metallogenic components, migration pathways, energy source, 

thermal gradients, focusing and precipitation mechanisms must be operating at the same 
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time in a region. Modification of the approach led to the translation of these components 

into critical elements of a mineral system (McCuaig et al., 2010), including fertility, 

lithospheric architecture, and transient geodynamic events which must coalesce for ore-

forming processes to occur (McCuaig and Hronsky, 2014). The mineral system 

framework applied by Occhipinti et al. (2016), presented the practical critical elements 

including the lithospheric architecture, geodynamic throttle, fertility, depositional site, 

and preservation required for ore formation and preservation. In order to complete 

exploration targeting, the proxies for the mineral system parameters can be mapped from 

geoscience datasets, which then are statistically examined by GIS-based analysis 

(Bonham-Carter, 1994; Carranza, 2008; Kreuzer et al., 2010; Porwal and Carranza, 2015; 

Porwal et al., 2003). This allows prioritization of critical components for prospectivity 

analysis at a variety of scales (McCuaig et al., 2010). The results include a series of 

predictor maps for each mineral system component which are combined to estimate 

overall mineral potential across a region (Joly et al., 2014; Occhipinti et al., 2016).   

The purpose of this paper is to identify and review the mineral system components of 

orthomagmatic nickel sulfide and orogenic gold mineralization in the Halls Creek 

Orogen. Herein we show that there is a link between nickel and gold mineral systems 

within the Halls Creek Orogen through marginal basin development and subsequent basin 

closure. Although a general conceptual framework presented by Occhipinti et al. (2016) 

is followed, significant advances in scientific understanding are included: (i) a newly 

defined geodynamic evolution of the region; (ii) application of whole-rock Nd analysis 

as a proxy for terrane fertility for gold and nickel mineralization; and (iii) the first Ar-Ar 

analysis of hydrothermal alteration associated with gold mineralization. These data are 

used to ensure the validity of the geodynamic models and our mineral systems models. 

The principal elements of mineral systems, considered here as lithospheric architecture, 
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geodynamic throttle, fertility, depositional sites, and preservation are translated to 

mappable criteria and applied to a knowledge-driven GIS-based fuzzy prospectivity 

analysis. This work addresses three main questions. (i) What are the main geological 

processes or critical factors that were most influential on gold and nickel endowment in 

the Halls Creek Orogen? (ii) Where are the prospective zones for gold and nickel 

mineralization within the region? (iii) Does the addition of isotopic datasets such as Sm-

Nd and Ar-Ar improve the output of mineral system prospectivity analyses?  

5.2. Regional geology 

The Halls Creek Orogen (HCO) is a well–exposed Paleoproterozoic orogenic belt, 

extending along the eastern side of the Kimberley Craton margin (Fig.5.1). This orogen 

provides insights into the collision of the Kimberley Craton with the Diamantina Craton 

during the amalgamation of the Nuna Supercontinent. The Halls Creek Orogen comprises 

three tectonostratigraphic terranes: the Western, Central and Eastern zones (Tyler et al., 

1995). These three zones contain distinct Paleoproterozoic geological units and were 

juxtaposed by the 1870–1850 Ma Hooper Orogeny and 1835–1805 Ma Halls Creek 

Orogeny (Griffin et al., 2000; Griffin and Tyler, 1992; Tyler et al., 1995). These terranes 

are separated by major fault systems. The northeast-trending Angelo–Halls Creek–

Osmond fault system separated the Central and Eastern zones. The Western and Central 

zones are separated by the northeasterly trending Ramsay Range and Springvale faults, 

and the northern part of the Halls Creek Fault (Fig. 5.1). 

The main lithological units of the Halls Creek Orogen are shown in Fig. 5.1. The Eastern 

Zone mainly consists of metasedimentary and metavolcanic rocks of the 1880–1840 Ma 

Halls Creek Group, which contains the Saunders Creek, Brim Rockhole, Biscay, and 

Olympio formations (Griffin and Tyler, 1992; Phillips et al., 2016). The Halls Creek 
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Group is intruded by sills of c.1855–1835 Ma Woodward Dolerite (Griffin and Tyler, 

1992; Phillips et al., 2016; Tyler et al., 1998). Rocks in the Eastern Zone were 

metamorphosed and variably deformed to greenschist facies (Occhipinti et al., 2016). The 

oldest rocks in the Central Zone are the c.1865 Ma mafic volcanic and turbiditic 

sedimentary rocks of Tickalara Metamorphics which were metamorphosed from 

greenschist to granulite facies (Tyler et al., 1995), and intruded by the tonalite and 

trondhjemite of the Dougalls Suite at 1850 Ma. A sequence of folded and metamorphosed 

turbidites, carbonate, mafic and felsic volcaniclastic rocks of the 1845-1840 Ma Koongie 

Park Formation is exposed in the southern part of the Central Zone (Tyler et al., 2012). 

The 1856-1830 Ma layered mafic-ultramafic intrusions observed in the Central Zone 

(Page and Hoatson, 2000). This zone was also extensively intruded by the felsic to mafic 

rocks of the 1835–1805 Ma Sally Downs Supersuite during the Halls Creek Orogeny. The 

main components of Western Zone are the c.1870 Ma turbiditic sedimentary rocks of the 

Marboo Formation, c.1855 Ma Whitewater volcanics, and 1865–1850 Ma granitic and 

gabbroic rocks of the Paperbark Supersuite. 

The Halls Creek Orogen hosts a variety of mineral deposits that have been documented 

by Sanders (1999) and Hassan (2000). Metasedimentary and felsic volcanic rocks of the 

Halls Creek Group in the Eastern Zone contain gold deposits that probably formed during 

the later stage of the Halls Creek Orogeny (Griffin and Tyler, 1992; Occhipinti et al., 

2016; Sanders, 1999). Significant Ni–Cu–PGE mineralisation is mainly restricted to 

layered mafic-ultramafic intrusions in the Central Zone of the Halls Creek Orogen 

(Occhipinti et al., 2016; Sanders, 1999) (Fig.5.1).  
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Fig. 5.1. Simplified map of major lithological units, and structures of the Lamboo Province; sites 
of known gold deposits and nickel occurrences from MINEDEX plotted on the map. 

The tectonic evolution of the Halls Creek Orogen has been extensively investigated by 

chemical and isotope analysis of granites (Griffin et al., 2000; Sheppard et al., 1999a; 

Tyler et al., 2012) and geodynamic numerical models (Kohanpour et al., 2017). The 

results of numerical modelling suggest the Halls Creek Orogen formed by west-dipping 
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subduction at the margin of the Kimberley Craton (Kohanpour et al., 2017). Using time-

constrained Hf isotope ratios of zircon grains from the Halls Creek Orogen Kohanpour et 

al. (2019) confirmed development of an extensional regime in the early stages of 

subduction, leading to the formation of a back-arc basin, which is postulated to be the 

tectonic setting for deposition of the precursor sedimentary and igneous rocks of the 

Tickalara Metamorphics. Subsequent decompression melting may have caused the 

intrusion of mafic-ultramafic rocks into the Halls Creek Orogen. Subduction was 

terminated by the collision of continental plates including the combined Western and 

Central zones at the margin of the Kimberley Craton with the North Australian Craton. 

In this model, collision resulted in compression and closure of the marginal basin. The 

final phase of the collision was marked by the intrusion and suturing of the North 

Australian and Kimberley cratons by mantle-derived magmatism (Model I in Kohanpour 

et al., 2017).  

The Halls Creek Orogen tectonic evolution includes alternating periods of extension and 

compression (Fig.5.2) (Kohanpour et al., 2017) and is considered as an accretionary 

orogen. The main geodynamic processes operating in the Halls Creek Orogen include 

crustal thinning in the early stage of subduction, whereas slab detachment and crustal 

thickening are the most important processes during the final stage of convergent margin 

settings or collisions. Therefore, the evolution of the orogen is divided into three stages: 

The first stage (Fig. 5.2a) is oceanic crust subduction which is accompanied by formation 

of a volcanic arc and back-arc basin. This stage involves a period of local extension and 

crustal thinning, accompanied by upwelling of decompression melt in the early stage of 

the convergence between two plates. This stage is followed by an intermediate stage (Fig. 

5.2b) of orogeny during which the overriding plate undergoes compression due to the 

collision of two plates. In this phase, a switch from extension to compression occurs, 
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accompanying with basin inversion and closure. The time periods of anomalous 

compression and/or switch in tectonic regimes are the time when the geodynamics of the 

region may impose strong threshold barriers to fluid flow, resulting in a highly-organised 

fluid flux in the system (McCuaig and Hronsky, 2014) (Fig. 5.2b).  The final stage (Fig. 

5.2c) of the convergent system is marked by slab detachment, relaxation of the crust and 

mantle-derived syn- to post-collisional magmatism. 

 

As the accretionary orogens in the convergent margins are the sites of complex alternating 

extensional and compressional regimes in favour of gold and nickel mineral systems 

(Hronsky et al., 2012; Huston et al., 2016 and herein references), it is necessary to 

constrain the time and tectonic settings of nickel and gold mineralisation in the evolution 

of the Halls Creek Orogen. In this study, we used Ar-Ar and Sm-Nd isotopic data to fill 

Fig. 5.2. Three main 
geodynamic processes in 
the Halls Creek orogen. 
(a) Oceanic crust 
subduction, slab pull and 
extensional regime led to 
basin development and 
upwelling of 
decompression melt;  

(b) Switch from extension 
to compression result in 
basin closure; 

 (c) Slab detachment, 
hydrated of mantle melt 
and collisional 
magmatism. (KC and 
NAC refer to Kimberley 
and North Australian 
cratons, respectively). 
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our current gap in understanding the timing of gold mineralization and tracking the 

juvenile fertile zones in space and time for both nickel and gold mineral systems. The 

newly acquired data in combination with our current understanding developed from 

geology, geodynamics and geophysics is used to determine the mineral system 

components and corresponding mappable proxies in application with GIS-based 

prospectivity models. 

5.3. Methods 

5.3.1. Ar-Ar analysis 

Age dating by the 40Ar/39Ar method on K-bearing minerals has been applied to some 

mineral deposits with a particular focus on gold deposits that haven’t direct links to the 

intrusive rocks for the application of U-Pb dating method (Bierlein et al., 2001; Foster et 

al., 1998). The 40Ar/39Ar method shows the time at which the K-bearing minerals cooled 

through a specific temperature interval (Kirkland and Wingate, 2012). The muscovite 

40Ar/39Ar age indicates the time at which the region cooled from peak metamorphism 

through the muscovite closure temperature (c. 400-350°C) (Kirkland and Wingate, 2012; 

Mac Dougall and Harrison, 1999). This is found to overlap with known orogenic gold 

mineralization that forms at greenschist facies (c. 300–450°C) to lower amphibolite facies 

(c. <550 °C) (Groves, 1993; Groves et al., 1998; Tomkins, 2013). Potassium 

metasomatism is also well documented to occur during Au mineralization (e.g. Phillips 

and Powell, 2009; Rice et al., 2016; Saunders and Tuach, 1991; Wilson et al., 2003), 

resulting in the crystallization of K feldspar, muscovite, sericite, biotite. Thus the age of 

the muscovite may reflect the age of thermal conditions for gold mineralization. 

In this study, we used the 40Ar/39Ar dating method on muscovite from hydrothermally 

altered samples in gold deposits to understand the time and the corresponding 
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metallogenic events of orogenic gold mineralization in the Halls Creek Orogen. Two 

samples from the trachyandesite rocks at the Mount Bradley Mine and quartz-sericite 

alteration zone within the Nicholsons Find Mine were analysed (Fig. 5.1). Muscovite 

crystals ranging from 212 to 125 µm size fractions, were washed, dried and then hand-

picked under a binocular microscope. Only transparent grains with less surface 

weathering were chosen for analysis. The selected grains were loaded into discs and 

irradiated for 80 hours at 1000 kw in a CLICIT (Cadmium Lined Inner Core Irradiation 

Tube) facility at the Oregon State University TRIGA reactor. The discs include a fully 

inter-calibrated FCs (Fish Canyon sanidine) standard with an age of 28.294 Ma. The main 

J-value (irradiation parameter) computed from standard grains within the small pits was 

0.02167360 ± 0.00001951 for the Nicholsons Find Mine sample and 0.02167360 ± 

0.00001731 for Mount Bradley sample. The correction factors for interfering isotopes 

were (39Ar/37Ar)Ca = 7 × 10-4 (±1.2%), (36Ar/37Ar)Ca = 2.6 × 10-4 (±0.4%)and (40Ar/39Ar)K 

= 7.3 × 10-4 (±12.4%). The criteria for the determination of plateaus are as follow: the 

plateau must include at least 70% of 39Ar and should be distributed over a minimum of 

three consecutive steps agreeing at 95% confidence level and satisfying a probability of 

fit (P) at least 0.05. Plateau ages from step-heated single-grain aliquots are reported with 

two-sigma uncertainties. 

5.3.2. Sm-Nd analysis 

One approach for constraining the crustal evolution of a region is mapping bulk variations 

in the isotopic and geochronological characteristics of magmatic rocks (Champion and 

Cassidy, 2008; Champion and Sheraton, 1997; Griffin et al., 2004; Huston et al., 2014). 

The isotopic information provides a constraint on the timing and nature of the source rock 

(i.e. juvenile or recycled), and hence on crustal growth (Champion and Sheraton, 1997; 

Griffin et al., 2004). One important isotopic system commonly used in studies of granites 
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and related rocks is Sm-Nd, which provides a proxy for the source and model ages of the 

crustal blocks that magmatic rocks occur within by looking at the secular and 

geographical changes of isotopic signatures (Champion, 2013). The Sm-Nd system was 

successfully used in the Yilgarn Craton, Western Australia to delineate crustal domains 

and their relationships with mineralisation (Cassidy et al., 2005; Huston et al., 2014; Mole 

et al., 2014).  

Nd isotopic values are cited in epsilon (ε) units, and represent deviations from a chondritic 

earth reference (CHUR) (DePaolo and Wasserburg, 1976). The ‘juvenile’ and ‘evolved’ 

concepts in reference to the isotopic source refer to more radiogenic or positive ɛNd, and 

less radiogenic or negative ɛNd (Huston et al., 2014). This assumption is consistent with 

the Nd records which show that a primitive and enriched mantle source differentiated into 

high Sm/Nd values reflecting a more radiogenic and depleted mantle. Low Sm/Nd values 

reflect a less radiogenic and thus evolved crust (Vervoort and Blichert-Toft, 1999). The 

two-stage Nd depleted mantle model age (T2DM) (Liew and McCulloch, 1985) is used to 

estimate the age a sample (as a proxy for the crust in the region) has been separated from 

its mantle source (DePaolo, 1981). For granitoids derived from the melting of continental 

crust, the mantle model age can be explained as a mixing age of when the various 

components in the crustal source were separated from the mantle (Curtis and Thiel, 2019). 

Thus, the whole-rock Nd values can be used to identify the spatial gradients in age and 

composition of the deep sources of the granitoids (e.g. Albrecht and Goldstein, 2000; 

Hildreth and Moorbath, 1988; McDowell et al., 1999).    

In this study, we use whole-rock Nd isotopic data to decipher the geographical changes 

in isotopic signature across the Halls Creek Orogen. These data and resultant maps 

provide implications for juvenile and/or reworked sources of granites, as well as 

implications for the relations of isotopic signatures with gold and nickel mineralization. 
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A database of Sm-Nd isotopic data for about 109 samples of the Halls Creek Orogen 

rocks was compiled from this study, published data (Griffin et al., 2000; Phillips et al., 

2016; Sheppard et al., 2001; Sun and Hoatson, 2000), and unpublished data of Geological 

Survey of Western Australia online database (data source in Appendix 5.1). Data were 

compiled for a range of lithologies including felsic and mafic igneous rocks and 

sedimentary rocks which have reliable location details and a reasonable estimated or 

known magmatic age. The locations of samples overlain with the geological map are 

shown in Appendix 5.2.  

The calculated epsilon Nd (ɛNd), and two-stage model age (T2DM) values were used to 

generate isotopic maps across the Halls Creek Orogen by applying two approaches. The 

first involved gridding ɛNd and T2DM map generated in ArcMap by undertaking inverse 

distance weighted (IDW) interpolation with intervals based on natural breaks, i.e. 

intervals were calculated by the software. In addition, we used the geological maps to 

manually assign the calculated value or average of values of ɛNd and T2DM related to the 

mapped lithological units in the region and producing an interpreted map in Arc Map. Nd 

model age (T2DM) and ɛNd maps, besides T2DM/time and ɛNd/time plots, help us to 

decipher the secular and spatial changes of isotopic signatures of the crustal elements and 

place constraints on their possible source across the Halls Creek Orogen. 

5.3.3. GIS prospectivity modelling 

Mineral prospectivity modelling is a commonly used technique in integrating diverse 

datasets in regional exploration targeting (Bonham-Carter, 1994; Carranza, 2008). 

Mineral prospectivity models can be considered as mathematical functions that determine 

where multiple important geological features in a mineral system coincide (Occhipinti et 

al., 2016). Prospectivity models are generally classified into knowledge-driven and data-
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driven based on whether the model's parameters are relied on geological criteria in the 

formation of mineral deposits or statistical relationships between the known mineral 

deposits and geological features (Porwal et al., 2003). Knowledge-driven mineral 

prospectivity modelling is more useful in areas with no or very few mineral deposits (Joly 

et al., 2014) and has been widely used in mineral prospectivity modelling (An, 1991; 

Bonham-Carter, 1994; Carranza and Hale, 2000; D'Ercole et al., 2000; Joly et al., 2014; 

Joly et al., 2012; Knox-Robinson, 2000; Lindsay et al., 2016a; Occhipinti et al., 2016). 

In this study, the knowledge-driven fuzzy logic approach has been used for creating 

mineral prospectivity maps of magmatic nickel sulfide and gold mineralisation. This 

approach needs an understanding of different mineral system components and their 

relative roles to define fuzzy membership value. Geodynamic evolution, geophysical and 

geological interpretation, and isotopic data obtained from the study area are integrated to 

understand mineral system components and define suitable mappable proxies (predictor 

maps) for all key elements important in the formation and preservation of nickel and gold 

deposits. 

The fuzzy membership values for predictor maps are estimated from the map weights, 

class weights and confidence factors (Joly et al., 2014; Occhipinti et al., 2016). Map 

weights are defined based on the importance of the predictor maps in mineral system 

analysis. Class weights indicate the spatial variations from prospective geological 

features, and in most cases, values are assumed to decrease linearly with distance from 

the object of interest to the edge of a buffer zone, a cut-off distance beyond which the 

influence of a feature is negligible. The buffer zone represents the maximum distance 

permitted to be prospective. Zero values were not assigned, because some of the fuzzy 

logic operators used in the inference network would render areas with one zero-value 

component of the mineral system as entirely unprospective. A linear membership function 
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where wj corresponds to class weight and x to the numeric value of the class (Equation 1) 

were used. 

𝑤𝑤𝑗𝑗(𝑥𝑥) =

⎩
⎪
⎨

⎪
⎧ 0.001

𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1         

        

𝑥𝑥 < 𝑥𝑥𝑚𝑚𝑃𝑃𝑃𝑃

𝑥𝑥𝑚𝑚𝑃𝑃𝑃𝑃 < 𝑥𝑥 < 𝑥𝑥𝑚𝑚𝑤𝑤𝑚𝑚

     𝑥𝑥 > 𝑥𝑥𝑚𝑚𝑤𝑤𝑚𝑚      

                                                                (1) 

Confidence factors were assigned to each predictor map based on its perceived ability to 

(1) define the appropriate component of a mineral system accurately, and (2) image the 

desired component in a raster/map form. The perception of reliability is considered low 

as the data provide an imperfect proxy for the desired mineral system component, or when 

considered to have a relatively low effect on the mineral system. Each fuzzy membership 

value on a predictor map was a product of the map weight (m), class weight (w) and 

confidence factor (cf) at each point. The overall membership in the fuzzy inference 

network corresponds to: 

𝜇𝜇~𝐴𝐴𝑚𝑚
= 𝑎𝑎𝑃𝑃 × 𝑤𝑤𝑗𝑗 × 𝐴𝐴𝐻𝐻𝑃𝑃; where 𝑎𝑎𝑃𝑃 ∈ 〈0; 1〉;𝑤𝑤𝑗𝑗 ∈ 〈0; 1〉; 𝐴𝐴𝐻𝐻𝑃𝑃 ∈ 〈0; 1〉.                     (2) 

The fuzzy operators include OR, and PRODUCT used to produce mineral system 

component and final prospectivity maps. The fuzzy OR is a function that retains the 

highest value from a combination of predictor layers, and is useful when combining 

different layers within a component. The fuzzy PRODUCT is a penalty-function that 

returns the product of several fuzzy values which are less than one. Thus, fuzzy 

PRODUCT provides a way to combine values without simply returning the value of a 

dominant layer, while strongly penalizing input areas with low-fuzzy values. The 

modelling followed the steps described by Lindsay et al. (2015) and Occhipinti et al. 

(2016) includes: (1) identifying mappable proxies for key components of a mineral 

system; (2) creating predictor maps based on the identified proxies; (3) classifying the 
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predictor maps and assign map weight, class weight, and confidence factor to the 

predictor maps; (4) generating the prospectivity models through the overlay of weighted 

predictor maps in fuzzy inference network to produce mineral system components maps 

and final prospectivity maps. The classification approaches, map weights and confidence 

factor are presented in Table 5.1. It also depicts how the predictor maps combined to 

create maps for the mineral system components before proceeding to the final nickel and 

gold prospectivity maps. All of the models were constructed in ESRI ArcToolbox, by 

ModelBuilder and can be easily modified with different weights and operators.  

5.4. Results  

5.4.1. Timing of gold mineralization 

The controlling structures of gold mineralisation are attributed to late deformation in the 

region appear to be related to plate collision during the 1835–1805 Ma Halls Creek 

Orogeny or during subsequent strike-slip movement of the c.1000–800 Ma Yampi 

Orogeny (Kohanpour et al., 2018). To determine the absolute timing of gold 

mineralisation in the context of the understood tectono-thermal development of the Halls 

Creek Orogen, 40Ar/39Ar geochronology was completed on single muscovite crystals 

from the alteration zone in the Nicholsons Find Mine and Mount Bradley gold deposit. A 

summary of the 40Ar/39Ar results appears in Table 5.2 and Appendix 5.3. Single-grain  
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Table 5.1. Fuzzy inference network for nickel and gold prospectivity modelling; Halls Creek Orogen 
 

  
Mineral System 

Component 
Predictor map Buffer Num. 

classes 
Class 

division 
Confidence 

factor 
Map 

Weight 
Fuzzy 

number Fuzzy operator 

O
ro

ge
ni

c 
G

ol
d 

M
in

er
al

 S
ys

te
m

 

Source 

Tickalara Metamorphics 1000 3 1000 1 0.9 0.9 
OR 

OR 

Koongie Park Formation 1000 3 1000 1 0.9 0.9 
Dougalls Suite 1000 3 1000 0.8 0.9 0.72 

OR Sally Downs Supersuite (mafic) 1000 3 1000 0.8 0.9 0.72 
Sally Downs Supersuite (felsic) 1000 3 1000 0.72 0.9 0.65 
Biscay Formation 1000 3 1000 0.63 0.9 0.57 

OR Olympio Formation 1000 3 1000 0.7 0.9 0.63 
Woodward Dolerite 1000 3 1000 0.7 0.9 0.63 

Lithospheric 
Architecture 

Distance to terrane boundaries 10000 11 1000 1 0.7 0.7 
OR Distance to major NE structures 5000 6 1000 0.7 0.7 0.49 

Distance to major NW strucrures 5000 6 1000 0.8 0.7 0.56 

Depositional     
sites 

Distance to non-major faults 1000 6 200 0.8 0.5 0.4 

OR 

Distance to fold hinges 5000 11 500 0.9 0.5 0.45 
Geological complexities NA 11 NA 0.7 0.5 0.35 
Fault bends density NA 11 NA 0.9 0.5 0.45 
Rheological contrast NA 11 NA 0.8 0.5 0.4 
Chemical reactivity contrast NA 11 NA 0.8 0.5 0.4 

Fertility ƐNd map NA 4 NA 0.7 0.5 0.35   
Preservation Metamorphic map NA 4 NA 0.7 0.5 0.35   
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Table 5.1. Continued.  

  
Mineral System 

Component 
Predictor map Buffer Num. 

classes 
Class 

division 
Confidence 

factor 
Map 

Weight 
Fuzzy 

number Fuzzy operator 

M
ag

m
at

ic
 N

ic
ke

l S
ul

fid
e Source 

Sally Malay Suite 1000 3 1000 1 0.9 0.9 

OR 

Panton Suite 1000 3 1000 1 0.9 0.9 
Springvale Suite 1000 3 1000 0.8 0.9 0.72 
Toby Gabbro 1000 3 1000 0.8 0.9 0.72 
Corridor Gabbro 1000 3 1000 0.7 0.9 0.63 
Lamboo Ultramafic 1000 3 1000 0.7 0.9 0.63 

Lithospheric 
Architecture 

Distance to terrane boundaries 10000 11 1000 1 0.7 0.7 
OR Distance to major NE structures 5000 6 1000 0.7 0.7 0.49 

Distance to major NW strucrures 5000 6 1000 0.8 0.7 0.56 

Depositional         
sites 

Geological complexities NA 11 NA 0.8 0.5 0.4 
OR Rheological contrast NA 11 NA 0.8 0.5 0.4 

Chemical reactivity contrast NA 11 NA 0.8 0.5 0.4 
Fertility ƐNd map NA 4 NA 0.7 0.5 0.35   
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muscovite from an altered sample in Nicholsons Find Mine yielded a plateau age of 1826 

± 5 Ma (mean square weighted deviation, MSWD = 1.59, P = 0.08). Single-grain 

muscovite from a trachyandesite in Mount Bradley deposit yielded plateau age of 1838 ± 

5 Ma (MSWD = 1.56, P = 0.12). Plateau ages were calculated from our samples with > 

98% and 74% 39Ar released; and the mean ages are reported with 2σ uncertainty (Fig.5. 

3).   

Here we consider that the plateau ages of the muscovite crystals represent the cooling age 

of the terrane, correspond to thermal conditions typically associated with gold 

mineralization. The isotopic results illustrate that the gold deposit formation occurred at 

1838 Ma in Mount Bradley Mine in the Eastern Zone and at 1826 Ma in Nicholsons Find 

Mine in the Central Zone. Therefore, suggesting that gold mineralisation occurred during 

the early stage of 1835–1805 Ma Halls Creek Orogeny, corresponding to the tectonic 

switch from an extensional to compressional regimes, and related to basin closure 

(Kohanpour et al., 2017). The data also suggest a westward migration of collision and 

accretion corresponding to a diachroneity in the timing of gold mineralisation between 

c.1838 Ma in the east to c.1826 Ma in the west. 
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Fig. 5.3. 40Ar/39Ar muscovite age plateaus from the gold deposits in the Halls Creek Orogen, (a) Mount Bradley deposit; (b) Nicholsons Find 
Mine.  

 
Table 5.2. 40Ar/39Ar muscovite results from the gold deposits, Halls Creek Orogen. 
Sample Mineral Size farction (µm) Plateau age (Ma ± 2σ) 39Ar (%) MSWD P n 

Mount Bradley Muscovite < 212 > 125 1838  ±  5 74 1.56 0.12 10 
Nicholsons Find Muscovite < 212 > 125 1826  ±  5 98 1.59 0.08 14 
MSDW: mean squared weighted deviation; P: P-value; n: number of steps used in plateau. 
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Table 5.3. New Sm-Nd data for selected Paleoproterozoic units across the Halls Creek Orogen 

Sample ID Lithological unit UTM 
easting 

UTM 
northing 

Age 
(Ma) 

Sm 
(ppm) 

Nd 
(ppm) 

143Nd/144Nd 147Sm/144Nd 143Nd/144Nd(i) ɛNd(i) 
TCHUR 
(Ga) 

TDM 
(Ga) 

T2
DM 

(Ga) 

 Kimb16-03 
Tickalara Metamorphics -
Metagranite 397363 8061557 1865 10.60 51.69 0.511737 0.1240 0.510216 -0.16 1.88 2.41 2.39 

 Kimb16-04 Tickalara Metamorphics -Basalt 393742 8054129 1865 2.91 9.69 0.512618 0.1814 0.510393 3.31 __ 2.55 2.11 

 Kimb16-08A 
Mabel Downs Tonalite - Mafic 
inclusions 391033 8062785 1832 4.20 24.91 0.511505 0.1020 0.510276 0.18 1.82 2.25 2.34 

 Kimb16-08B Mabel Downs Tonalite 391033 8062785 1832 1.97 14.02 0.511283 0.0850 0.510258 -0.18 1.84 2.22 2.36 

 Kimb16-09 
Sally Downs Supersuite -
Granitodiorite 377914 8059399 1830 7.42 48.02 0.511348 0.0934 0.510230 -0.91 1.90 2.29 2.42 

 Kimb16-10 
Sally Downs Supersuite -
Gabbro 377930 8059355 1830 3.32 14.34 0.511951 0.1399 0.510276 -0.06 1.84 2.49 2.35 

 Kimb16-25 Lamboo Ultramafic 323947 7957031 1830 0.27 1.12 0.512080 0.1473 0.510306 0.71 1.72 2.48 2.29 
 Kimb16-27 Emul Gabbro 319508 7959303 1830 0.69 2.20 0.512639 0.1902 0.510349 1.55 __ 3.39 2.22 
 Nic-04 Koongie Park -Mafic volcanics __ __ 1845 3.91 17.40 0.511900 0.1357 0.510254 0.06 1.84 2.46 2.36 
TCHUR (Ga) calculated assuming 143Nd/144Nd CHUR(0) = 0.512638 and 147Sm/144Nd CHUR(0) = 0.1967. 
TDM (Ga) calculated assuming 143Nd/144Nd DM(0) = 0.513163 and 147Sm/144Nd DM(0) = 0.2136. 
T2DM (Ga) calculated after the method of Liew and McCulloch (1985), assuming a 147Sm/144Nd ratio of average continental crust 0.12. 
Age is the considered age for the lithological units based on the GSWA reports; Decay constant of 147Sm = 6.54 x 10-12. 

Analytical method: Sm–Nd isotopic values where determined on crushed whole-rock samples by isotope dilution. All analyses were carried out at the Géosciences 
Rennes Laboratory at the University of Rennes 1. Samples were spiked with a 150Nd–149Sm mixed solution and dissolved in HF-HNO3. REE elements were separated 
using BioRad AG 50W × 8 H + 200–400 mesh cationic resin. Sm and Nd were separated and collected by passing the solution through a further set of ion exchange 
columns loaded with Ln spec Eichrom resin. Sm and Nd were loaded with HNO3 reagent on to double Re filaments and analysed in a Finnigan MAT262 
multicollector mass spectrometer in static mode. In each analytical session, the unknowns were analysed together with the Ames nNd-1 Nd standard, which during 
the course of this study yielded an average of 0.511956 (standard deviation = 4.95 × 10−6). All analyses of the unknowns are adjusted to a nominal 143Nd/144Nd 
value of 0.511850 for the La Jolla standard. Mass fractionation was monitored and corrected using the value 146Nd/144Nd = 0.7219. Procedural blanks analysed 
during the period of these analyses were ∼100 pg and are considered to be negligible compared to the total quantity of Nd in the samples. 
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5.4.2. Temporal and spatial patterns in Nd isotopes 

The Nd isotopic signature of magmatic rocks records varying proportions of crustal 

melting versus juvenile mantle magma input in the Halls Creek Orogen (Figs. 5.4 and 

5.5, Table 5.3 and Appendix 5.1). The full data of whole-rock Nd analysis from the 

samples across the Halls Creek Orogen is provided in Appendix 5.1, and the samples 

analysed for this study are presented in Table 5.3. Figs. 5.4a–b show gridded images of 

T2DM and εNd map, and Figs. 5.4c–d present the resulting maps from assigning the T2DM 

and εNd to the lithological units based on understanding their geological relationships 

(Fig. 5.4e) (Griffin and Tyler, 1992; Tyler et al., 1995; Tyler et al., 2012). The Nd 

signature is a function of either two end-member mixing scenario, resulting from input of 

juvenile mantle material or reworking of an unradiogenic crustal source. Therefore,  the 

gridded interpolation between different lithological units are not representative of isotopic 

signatures of major lithological units across the whole orogen, especially for the regions 

suffering from the lack of sample, and should, therefore, be disregarded. Although, in the 

regions with sufficient whole-rock Nd data, the interpolation can map large-scale crustal 

architecture (Fig. 5.4a, sites A and B). The second approach which assigns the ɛNd values 

to each lithological unit can provide more a more accurate assessment of the possible 

geographical distribution of isotopic signatures across the region. 

The pre-1900 Ma magmatic rocks of the Eastern Zone include Sophie Downs Granites 

and Ding Dong Downs Volcanics have εNd ranging from -4.64 to 0.15 and T2DM ranging 

from 2.8 to 2.4 Ga, recording the melting of the pre-existing Neoarchean basement. The 

εNd of metavolcanic rocks of the Brim Rockhole and Biscay formations range from -0.78 

to 4.77 and younger T2DM between 2.4 and 2 Ga suggesting more mantle inputs in their 

isotopic signature. The metasediments of the 1870–1840 Ma Olympio Formation and 

including trachytic rocks of the c. 1857 Ma Maude Headley Member have negative εNd 
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ranging from -1.60 to -4.23 and T2DM ranges from 2.7 to 2.5 Ga, recording the reworking 

and melting of the Neoarchean basement. The positive εNd value and T2DM ranging from 

2.3 to 2.1 (Ga) of the c.1835 Ma Woodward Dolerite suggesting a juvenile mantle-derived 

magma input.  

 

Fig. 5.4. T2
DM and εNd maps of the Halls Creek Orogen, (a-b) generated by inverse distance 

weighted (IDW) interpolation in ArcMap; (c-d) created by assigning the calculated values to the 
lithological units. Location of the samples, isotopic data, and the crystallization age of the related 
lithological units superimposed over the maps (Data are in Appendix 1). Grid colour in areas 
without samples are purely based on interpolation and cannot show the isotopic signature of the 
underlying crust. (a and c) The T2

DM maps present the lithological units in the Central Zone with 
the crystallization ages of (1865-1835 Ma) show younger model ages, while the samples with 
Archean model age are mainly located in the Eastern and Western zones. (b and d) The figures 
present the juvenile magma inputs (positive εNd) in the centre of the Orogen, and in some igneous 
rocks of the Eastern Zone. The lithological units with crystallisation ages of c.1865-1835 Ma are 
more juvenile and have younger model age.  
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The magmatic rocks that formed in the c.1865–1835 Ma Central Zone are dominantly 

crustally contaminated mantle-derived magmas resulting from lithospheric extension and 

upwelling of decompression melts (Fig. 5.2a) (Kohanpour et al., 2017). εNd values of the 

c.1865 Ma mafic metavolcanics of Tickalara Metamorphics vary from -0.6 to 5.69, and 

depleted mantle model ages for this unit are Paleoproterozoic, range from 2.4 to 1.9 Ga. 

The c. 1586–1830 Ma mafic-ultramafic units in the Central zone have εNd ranging from 

-1.13 to 4.17 (more samples with positive εNd values), and T2DM ranging from 2.4 to 2 

Ga, suggesting that the mantle source is likely similar in age and composition to the mafic 

components of Tickalara Metamorphics. The collisional magmatic rocks of the 1835–

1805 Ma Sally Downs Supersuite contain more evolved values of εNd (-3.21 to 1.46), 

and T2DM ages between 2.6 and 2.3 Ga, suggesting that they are derived from a 

combination of a late Neoarchean crustal source region and juvenile mantle magma input.  

The granitic and gabbroic intrusions of the 1865–1850 Ma Paperbark Supersuite in the 

Western Zone have evolved εNd values ranging from -3.09 to -1.14 with depleted mantle 

model ages ranging from 2.6–2.5 Ga, providing evidence of melting of a pre-existing 

Neoarchean crustal source. Similarly, the c.1855 Ma Whitewater Volcanics have negative 

εNd values (-3.9 and -4) and 2.7 Ga model ages. Interestingly, the mafic-ultramafic units 

of the Western Zone contain a different isotopic signature and model ages from the mafic-

ultramafic units in the Central Zone. They have εNd values from -1.85 to 0.03, and T2DM 

ages ranging from 2.5 to 2.37 Ga reflecting a crustal source. 

The spatial pattern of Nd model ages (T2DM) across the region (Figs. 5.4c and 5.5a) 

highlights possible differences in the underlying crust from which the sampled 

lithological units were sourced. A significant change in Nd depleted mantle ages occurs 

in the Central Zone between the Halls Creek-Angelo and Springvale-Ramsay Range fault 

systems. There is a predominance of younger model ages from 2.4 to 1.9 Ga in the Central 
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Zone, due to igneous rocks of Tickalara Metamorphics and mafic-ultramafic intrusions 

in this region, and also records a juvenile input. East of the Halls Creek Fault, the T2DM 

ages range from 2.76 to 2.40 Ga, suggesting that the Neoarchean crust occurs in the 

subsurface beneath this region. However, Paleoproterozoic model ages are also observed 

for some igneous rocks in the Eastern Zone, suggesting juvenile inputs during the 

Paleoproterozoic. Similarly, in the Western Zone, the T2DM ages range from 2.69 to 2.40 

Ga, consistent with the presence of Neoarchean basement in this region. In summary, the 

Nd depleted mantle model ages across the Halls Creek Orogen suggest that major terrane 

boundaries separate Neoarchean basement from more juvenile Paleoproterozoic rocks of 

the Central Zone (Fig. 5.4c). The 2.6–2.3 Ga T2DM model ages of the Sally Downs 

Supersuite, which formed during a collisional event, show the presence of Neoarchean 

basement during the Halls Creek Orogeny when suturing of the North Australian and 

Kimberley cratons occurred.  

There is a generally well-correlated distribution of model ages with the known geology 

of the Halls Creek Orogen. The majority of Archean model ages (T2DM) are sampled from 

the Eastern and Western zones, and emplacement of younger model ages (T2DM) rocks in 

the Central Zone. The spatial pattern of ɛNd values (Figs. 5.4d and 5.5b) through the Halls 

Creek Orogen highlights the most juvenile signature (positive values) in the Central Zone. 

These juvenile units are created by upwelling of decompression mantle melt during the 

back-arc basin development at the margin of Kimberley Craton (Kohanpour et al., 2017). 

In addition, mafic and felsic igneous rocks of the Sally Down Supersuite represent 

evolved signature suggesting may be derived from a combination of the melting of a 

crustal source region (i.e. Neoarchean basement), as well as juvenile mantle magma 

inputs. The igneous rocks of Biscay and Brim Rockhole formations, and Woodward 

Dolerite in the Eastern Zone also show juvenile values.  
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Fig. 5.5. (a) Magmatic age versus model age (T2
DM) for samples in the Halls Creek Orogen, 

suggests reworking of Neoarchean basement in the Eastern and Western zones and younger 
crustal growth mainly in the Central Zone. (b) Magmatic age versus epsilon Nd (εNd), shows the 
Western and Eastern zones have more evolved isotopic signature, whereas juvenile mantle 
input mainly occurred in the Central Zone. Fields show the evolution of Neoarchean 
basement and Halls Creek rocks through time.     
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5.4.3. Prospectivity models 

5.4.3.1. Predictor maps 

Source-Geodynamic throttle  

In this study, the source component of the mineral system tied to the lithological units 

formed in metallogenically desirable tectonic settings during the much broader evolution 

of the Halls Creek Orogen. The reason for considering lithotype as a proxy for the source 

is that the origin of metal and fluid is connected to the processes of rocks formation. The 

lithological units are taken from the updated GSWA map (Occhipinti et al., 2016). A 

buffer zone of 1 km considered around the lithological units. The map weights assigned 

to the different lithological units depend on their ability in providing metals and fluids in 

a particular tectonic setting.  

Mafic-ultramafic units formed due to decompression mantle melting during the marginal 

basin development are assumed to have the greatest potential to host magmatic nickel 

sulfides. Relevant mafic-ultramafic rocks were extracted from the geological map as the 

source in nickel mineral system includes Sally Malay, Panton Suite, Toby gabbro, 

Springvale, Corridor gabbro, and Lamboo ultramafic. We assigned the highest map 

weight of 1 to the known mineralized mafic-ultramafic units i.e. Sally Malay and Panton 

Suite in the Central Zone. Other mafic-ultramafic units in the Western Zone and in the 

southern part of the Central Zone assigned the weight map of 0.8 and 0.7 (Fig. 5.6a).  

For the orogenic gold system, the metals and fluids are generally connected to the tectonic 

settings and are not considered to have any direct generic relationship to specific 

lithological units. For this reason, we considered the lithological units within the 

perceived tectonic settings of orogenic gold deposits as the proxies for source component. 

We used the lithological units related to three major possible tectono-magmatic 

environments for orogenic gold deposits including sediments and volcanic rocks in the 
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back-arc setting (Griffin et al., 2000; Occhipinti et al., 2016; Sheppard et al., 1999b), i.e. 

Tickalara metamorphics and Koongie Park Formation, magmatic rocks of collisional 

settings include felsic and mafic igneous rocks of Sally Downs Supersuite (Sheppard et 

al., 2001), and meta-volcanic and turbiditic sedimentary rocks of active margin origins 

(Tyler et al., 2012) include the Olympio and Biscay formations (Fig. 5.6b). The map 

weights of lithological units are presented in table 5.1. The ‘source’ predictor maps were 

combined using the fuzzy OR operator. A map weight of 0.9 was given to the ‘source’ 

component for the final fuzzy overlay. 

 
Fig. 5.6. Representative maps of ‘source’ for magmatic nickel sulfide (a) and orogenic gold (b) 
mineralization styles resulting from the fuzzy algebraic OR of distance to selected lithological 
units based on their tectonic settings.  
 

Lithospheric architecture 

The crustal-scale architecture is considered an essential component of gold and nickel 

mineral systems due to the critical role of faults in the regional-scale fluid migration (Cox 

et al., 2001; Groves et al., 1998; McCuaig and Hronsky, 2014). The regional structure 
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interpretation by Kohanpour et al. (2017) was used as the source layer of structural 

features. Terrane boundaries are considered as the major mantle-tapping structures and 

are thus assigned the highest map weight of 1. A 10 km buffer zone is created around the 

terrane boundaries to simulate the potential for distal processes around the object. All 

major deep structures not considered to be terrane boundaries were considered during the 

analysis (Kohanpour et al., 2018) and assigned a 5 km buffer zone, as fluid pathways in 

the area. Major structures were divided into north-northeasterly or orogen-parallel and 

northwesterly cross-orogen segments. The NNE trending structures were assigned the 

map weight 0.8 since it considered they developed during the extensional phase of the 

accretionary orogen (Kohanpour et al., 2018). Whereas the NW striking structures were 

assigned a map weight of 0.7. The classes for all the predictor maps correspond to 1 km 

intervals, thus the membership values decrease from the maximum value away from the 

structure at 1 km intervals. The reclassified distance to faults and terrane boundaries 

combined using the fuzzy OR operator to generate the ‘lithospheric architecture’ map 

(Fig. 5.7). A map weight of 0.7 was given to the ‘lithospheric architecture’ component. 

 

Fig. 5.7. Representative map of 
‘lithospheric architecture’, 
resulting from a fuzzy algebraic 
OR of terrane boundaries and 
major deep structures with buffer 
distances of 10km for terrane 
boundaries and 5km for major 
structures. 
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Depositional sites 

Lower order structures and geological complexities in the middle to upper crust can act 

as physical traps for fluid (Breeding and Ague, 2002; Cox et al., 2001). Faults are prime 

locations for increased permeability that can trigger the fluid flow (Cox et al., 2001; 

Micklethwaite et al., 2010). Anticlinal folds axes also act as traps for mineralizing fluids 

(Groves et al., 2016; Kohanpour et al., 2018). Therefore, we created predictor maps 

‘distance to faults’ with 1 km buffer zone and ‘distance to folds’ with 5 km buffer zone 

(Fig. 5.8a–b) to constrain the prospectivity to a specific distance beyond which the 

influence is considered negligible. Fault bends can also increase fluid flow in the system 

and act as depositional zones (Ford et al., 2009; Occhipinti et al., 2016). The ‘faults bends’ 

map generated by kernel density of point features representing changes in the orientation 

of faults (Fig. 5.8c). The density map of ‘geological complexities’ calculated as the kernel 

density of intersections of all line features including lithological boundaries, non-major 

faults and fold axes considered as a proxy for zones of localized damage and increased 

permeability (Fig. 5.8d). Lithological boundaries with high rheological and chemical 

reactivity contrasts are considered as preferential traps (Brown, 2002) and corresponding 

predictor maps were created. The assigned relative rheology and chemical reactivity value 

of the lithological units of the Halls Creek Orogen by Occhipinti et al. (2016) was used 

for creating predictor maps. Lithological contacts were attributed difference values of 

respective rheological and geochemical reactivity values of two adjacent units, then the 

kernel density of contacts with contrast values larger than zero was computed for 

predictor maps of ‘competency contrast’ and ‘chemical reactivity contrast’ respectively 

(Fig. 5.8e, f).   
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Fig. 5.8. Evidence layers used as proxies for ‘depositional site’: (a) distance to non-major faults; 
(b) distance to fold axis; (c) kernel density of fault bends; (d) geological complexities calculated 
as kernel density of faults and lithological units; (e) kernel density of rheological contrast; (f) 
kernel density of chemical reactivity contrast. 

The ‘depositional sites’ map for magmatic nickel sulfide was generated using a fuzzy OR 

operator to combine the predictor maps geological complexity, competency contrast and 

chemical reactivity contrast. Each predictor map was assigned a weight of 0.8 (Fig. 5.9a). 

The ‘depositional sites’ map for orogenic gold was generated by combining the predictor 

maps distance to folds, distance to fold axes, fault bends, geological complexities, 

competency contrast, and chemical reactivity contrast with map weights of 0.8, 0.9, 0.9, 

0.7, 0.8, and 0.8, respectively (Fig. 5.9b). A map weight of 0.5 was assigned to the 

‘depositional sites’ component. 
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Fig. 5.9. Representative maps of ‘depositional sites’ for magmatic nickel sulfide (a), and orogenic 
gold deposits (b), calculated from fuzzy overlays of evidence layers presented in Fig. 5.8. 
 

Fertility 

The relationship between nickel and gold deposits and more juvenile isotopic signature 

in the Halls Creek Orogen are apparent in Fig. 5.10a, suggesting that the isotopes may 

record the favourable tectonic settings for this mineralization in extensional zones which 

characterized by fluxes of juvenile magmas. While considering the role of mantle-derived 

magmatism in gold and nickel mineralization (Barnes et al., 2016; Bleeker, 2015; Blewett 

et al., 2010; Griffin et al., 2013; Hronsky et al., 2012; Wyman et al., 2016), and the close 

spatial correlation between the gold and nickel mineralized region in the Halls Creek 

Orogen with regional positive εNd signatures, we choose rocks with more juvenile 

signature (i.e. more radiogenic) as the more fertile rocks in mineral systems prospectivity 

analysis.  
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The ɛNd map was used as a proxy for fertility component in prospectivity modelling. 

Firstly, the ɛNd map is classified based on the values of ɛNd assigned to different 

lithological units, with the highest class values assigned to more juvenile rock types. We 

assigned the class value of 3 to ɛNd values greater than 1.5, 2 to values between 0 and 

1.5, 1 to values between -2.16 and 0, and 0 to values less than -2.16 (Fig. 5.10b).  Map 

weights of 0.5 were given to the ‘fertility’ component due to lack of samples in some 

regions. It is noted that mineral system approach is based on a wide range of geological 

information, and isotopic map such as the εNd image presented in this section is just one 

layer that will be integrated with ‘source’ layer to present the lithological units that 

provide ore components for mineralisation.  

 
Fig. 5.10. (a) Location of gold and nickel deposits in the Halls Creek Orogen, superimposed over 
the εNd values of the lithological units. A strong correlation of mineralization to a juvenile 
signature is observed. (b) Classified map of the spatial pattern of εNd used as a proxy for ‘fertility’ 
component. 
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Preservation 

The preservation component is critical for some types of mineral systems, especially for 

those formed in the upper crust. In this study, metamorphic maps created by Occhipinti 

et al. (2016) were used as a proxy for preservation (Fig. 5.11a). The metamorphic map 

also presents the sharp boundaries between low/medium and high metamorphic along the 

major faults. The configuration of metamorphic grade of outcropping units suggests 

structurally controlled exhumation of fault blocks (Lindsay et al., 2016b). Magmatic 

nickel sulfide deposits tend to form at a wide range of crustal depths (Barnes et al., 2016), 

therefore the preservation component is not used for the prospectivity model. Orogenic 

gold deposits are formed in crustal depths from 3 to 20 km (Groves, 1993), so preservation 

is an important consideration for prospectivity analysis.  Based on the likelihood of gold 

deposits in the different metamorphic grades, we assigned the class values of 3 to 

‘greenschist facies’, 2 to ‘prehnite to greenschist facies’ rocks, 1 to ‘greenschist to 

amphibolite facies’ and ‘non-metamorphosed’ rocks, and 0 to granulite and amphibolite 

rocks (Fig. 5.11b). A map weight of 0.5 was given to the ‘preservation’ component. 

 
Fig. 5.11. (a) Map of the regional metamorphic grade of lithological units of the Halls Creek 
Orogen (Occhipinti et al., 2016); (b) Representative map of ‘preservation’ used for the final fuzzy 
overlay of orogenic gold prospectivity models. 
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5.4.3.2. Fuzzy logic models  

Fuzzy logic modelling is completed by combining predictor maps using an appropriate 

fuzzy inference network resulting in the generation of prospectivity maps. The fuzzy 

predictor maps of the source, lithospheric architecture, depositional sites, fertility, and 

preservation were first combined using the fuzzy OR operator to create a single predictor 

map for each critical component of gold and nickel mineral system. Finally, the fuzzy 

map for each component of gold and nickel mineral systems, respectively, were combined 

using the fuzzy PRODUCT operator to create the output prospectivity maps (Figs. 5.12 

and 5.13). Details of the fuzzy inference network used are presented in Table 5.1.  

Nickel prospectivity model- Nickel prospectivity analysis was completed taking into 

account rock type, fertility, connectivity to deep crustal faults, depositional sites (i.e. areas 

with geological complexities, high rheological and chemical reactivity contrasts). Mafic-

ultramafic rocks that intruded during the extensional event pre-Halls Creek Orogeny such 

as the Panton Suite, Sally Malay Suite, Toby Gabbro, Corridor Gabbro, Springvale Suite, 

and Lamboo ultramafic are included in this analysis. All prospective areas are within 

mapped mafic and ultramafic rocks. Therefore, proximity to mafic-ultramafic rocks as a 

source component of the mineral system has a major influence on the prospectivity 

calculations (Fig. 5.12). The resulting prospectivity map illustrates that deposits and 

occurrences of nickel sulfide have been captured in the prospectivity model (Fig. 5.12), 

with the addition of other areas not currently known to contain any nickel mineralization 

in the south of the Central Zone. 
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Gold prospectivity models- Unlike the Ni prospectivity analyses, the gold prospectivity 

model was completed with the addition of the preservation proxy. The source proxies 

included rock types that are considered to be formed during the marginal basin 

development and subsequent basin closure and collision, connectivity to deep structures 

and terrane boundaries, and depositional sites i.e. areas with structural complexities, 

anticlinal hinge zones, and dilational jogs. The Eastern zone appears to be the most 

prospective area for gold mineralization, but the highly prospective zone appears focused 

along the Halls Creek-Angelo faults system (Fig. 5.13a). This fault system is a terrane 

boundary between the Eastern and Central zones, reactivated through time and thus it 

could have been the focus of fluid through the region at periods coincident with basin 

formation and closure. In the Eastern Zone, parts of the Biscay Formation in the regions 

of high structural complexities or areas around the shear zones between the major strike-

slip faults are considered the most prospective regions (Fig. 5.13b). There is a cluster of 

Fig. 5.12. Prospectivity map 
derived for magmatic nickel 
sulfide mineralization overlain 
with nickel mines, deposits and 
occurrences, presenting a close 
relationship of highly 
prospective areas with mafic-
ultramafic units as ‘source’ 
component. 
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gold deposits that are not highlighted in the prospectivity model in site A of figure 5.13b. 

This may be due to the lack of nearby mapped deep crustal-scale structures, although this 

area has a good potential for deposition, preservation and source. Some high prospective 

regions are also located in the intersection of major deep structures, that could act as 

conduits for mineralizing fluids into the crust (Fig. 5.13c), or close to anticlinal structures 

for focusing the mineralizing fluids (Fig. 5.13c). In addition to the Eastern Zone, some 

areas in the Central Zone were found to be prospective for gold mineralisation. For 

example, in areas of greenschist facies Tickalara Metamorphics that contain favourable 

structural traps and are close to the deep structures (Fig. 5.13c). In the southern part of 

the Halls Creek Orogen, prospective regions coincide with juvenile isotopic signatures 

(Fig. 5.13a) derived from intrusions of Lamboo Ultramafics and Woodward Dolerite. 

Interestingly, many regions considered prospective for Au mineralization area in the 

Central Zone are in areas with no known Au mineralisation and highlight further mineral 

exploration opportunities. 

5.5. Discussion  

The prospective areas of nickel and gold mineralization modelled in the Halls Creek 

Orogen lie in the Central Zone and Eastern Zone and are mainly controlled by tectonic 

processes, which have been recognized by integrating the geodynamic model, 

geophysical interpretation and isotopic data from the region. Three metallogenically 

important tectono-magmatic environments for magmatic nickel and orogenic gold 

mineralisation are recognized in the Halls Creek Orogen. The first is the superimposed 

rift (back-arc basin) on the active convergent margin as a response to slab rollback and 

upwelling of mantle decompression melt. Rifting and juvenile magma input to the margin 

of Kimberley Craton is confirmed by a positive εNd signatures in the Central Zone, 

whereas the evolved values resulted from the reworking of Archean basement observed 
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in the Eastern and Western zones. A range of gold deposits and magmatic Ni sulfide 

deposits may form in this environment (Barnes et al., 2016; Hronsky et al., 2012). These 

rifts are dominated by sedimentary and magmatic rocks characterized by relatively high-

temperature/low-pressure metamorphic assemblages in continental margins, as observed 

in the Halls Creek Orogen. Whereas the mafic magmatic rocks locally provide the Ni and 

other important elements, sedimentary rocks deposited in this setting are likely to have 

provided a source of sulfur (Barnes et al., 2016).  

 
Fig. 5.13. Prospectivity maps for orogenic gold mineralization in the Halls Creek Orogen 
overlain with Au deposits and mines, (a) Regional scale prospectivity map illustrating 
that the highest prospectivity is within the Eastern Zone; (b & c) Enlarged maps 
representing the relations of high prospective areas with interpreted structures from 
Kohanpour et al. (2018) and major lithological units.  
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The second metallogenic environment is associated with inversion of a continental rift 

during a switch from extension to compression. Orogenic gold deposits can be one of the 

main mineralization-styles developed this environment (Bleeker, 2015; Blewett et al., 

2010; Hagemann et al., 2016; Hronsky et al., 2012; Huston et al., 2016; Wyman et al., 

2016). Basin inversion is sometimes associated with the transition from mafic mantle-

derived to crustal-derived magmatism that can be synchronous with gold mineralisation 

(Cassidy et al., 2002; Champion and Cassidy, 2007, 2008; Czarnota et al., 2010). This 

transition is clear in the εNd values when the juvenile signatures of Tickalara 

Metamorphics and mafic-ultramafic units changed to more evolved values of Sally 

Downs Supersite. In addition, Ar-Ar dating of gold mineralization suggests that orogenic 

gold deposits in the Halls Creek Orogen formed subsequent to basin formation, in the 

early stage of collision when closure of the marginal basin occurred. 

The third major tectono-magmatic environment is characterized by upwelling of the 

hydrated mantle that generates bimodal volcanism during continental collision and likely 

triggers formation of magmatic Ni sulfide deposits (Begg et al., 2010). Ni-PGE 

mineralized mafic-ultramafic intrusions including the c. 1856 Ma Panton and c. 1845 Ma 

Sally Malay Suites (Hoatson, 2000) were deformed during the 1835-1805 Ma Halls Creek 

Orogeny (Kohanpour et al., 2018) suggesting that nickel mineralisation occurred prior to 

this event. Extensional environments are accepted as being a common setting for nickel 

sulfide mineralization deposition (Begg et al., 2010; Naldrett, 2004) providing the right 

conditions for moderate to high degrees of partial melting beneath continents in regions 

of the thinned lithosphere (Dulfer et al., 2016). However, mildly compressional or 

transpressional conditions for Ni-PGE deposition have also been suggested by Begg et al. 

(2010). The lack of crustal contamination and juvenile signatures (positive εNd values) 

of mineralised mafic-ultramafic units in the Central Zone suggest that upwelling of 
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mantle-derived melts and crustal thinning in an extensional environment could lead to the 

development of nickel mineralisation in the Hall Creek Orogen. Although, the possibility 

of Ni-PGE mineralization in the early stage of collision when basin inversion and regional 

compression were dominant, cannot be disregarded as it is reported in some nickel 

mineralization hosted by small intrusions (Begg et al., 2010 and herein references).  

Although the magmatic nickel mineral system can be directly linked to the mafic-

ultramafic units in the extensional setting, the areas of highest Au prospectivity modelled 

in the Halls Creek Orogen cannot be directly linked to the lithological units and their 

corresponding tectonic settings. In case of considering the possibility of the formation 

and preservation of orogenic gold deposits in amphibolite facies and granulite terranes 

(Groves et al., 1998; Lisitsin and Pitcairn, 2016; McCuaig et al., 1993; Vielreicher et al., 

2016) the preservation layer can be discarded from the prospectivity modelling. In this 

case, the resulting prospectivity map suggests that the metamorphosed rocks of the 

Tickalara Metamorphics in the Central Zone which formed in the marginal (back-arc) 

basin appear to be the most prospective areas for orogenic gold deposits (Fig. 5.14a).  

Furthermore, in order to understand the importance of fertility for orogenic gold targeting, 

we completed the prospectivity analysis without including a fertility layer. The resulting 

map highlights a large prospective area across the region, mainly based on the structural 

controls (Fig. 5.14b), and illustrates that addition of isotopic/geochemical data as a proxy 

for fertility to the prospectivity model can make a significant difference in constraining 

the gold prospective regions. This may be due to isotopic signatures highlighting large-

scale geodynamic processes and source of magmatism involved in mineralisation. It is 

demonstrated that applying geochemical and/or isotopic fertility indicators can restrict 

the extent of the prospective areas, which is desirable for exploration targeting. 
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Fig. 5.14. (a) Gold prospectivity models that consider gold deposits forming in amphibolite-
granulite metamorphic conditions; (b) Prospectivity maps produced without the ‘fertility’ 
component. This is similar to previous results presented by Occhipinti et al. (2016); (c) 
Prospectivity map produced without the ‘source’ component. This result is comparable with the 
model presented in Fig. 5.13a, suggesting the source layer cannot make significant differences in 
gold prospectivity.   

Another considered factor in the prospectivity of orogenic gold deposit is the source, 

which is still hotly controversial because the potential sources could be distal (hundreds 

of km) to the depositional sites. To test the influence of the source layer, it was removed 

from prospectivity modelling. The resulting map (Fig. 5.14c) does not show significant 

changes in comparison with the main prospectivity model presented in Fig. 13. This may 

be due to the possibility of a wide range of lithological units as a source component for 

gold mineralization. It should be noted that some more small prospective regions in 

Western and Eastern zones appeared due to proximity to deep structures and fertility 

values. Although we applied a high map weight for the source layer, its contribution in 

the final prospectivity model is not noticeable, suggesting the significance of other 

mineral system components, especially fertility and structural controls in the targeting of 

the orogenic gold deposits.   

Results for the nickel and gold prospectivity models show that the most influential critical 

element for the prospectivity is fertility, herein mapped using isotopic data, but previously 

mapped using lithological data alone (Occhipinti et al., 2016). It is demonstrated that the 
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εNd map is a significant evidence layer that can reflect the tectono-magmatic 

environments of nickel and gold mineral systems. This is the case even though this critical 

element layer was not highly weighted in the final fuzzy overlay (Table. 5.1). The source 

which is correlated to the lithological units has a critical role for nickel mineralization, 

whereas it is not so influential for orogenic gold prospectivity model. Major crustal-scale 

shear zones and faults acting as fluid pathways and structural traps may play a more 

important role in the orogenic gold mineral system than the source component.  

The process of generating a prospectivity analysis drove simultaneous consideration of 

the results gained from geodynamic modelling, geophysical interpretation, and isotope 

analysis, and revealed links between nickel and gold mineral systems. Evidence of deep 

connectivity to mantle-sourced melts is interpreted form the geological features 

associated with both nickel and gold mineralization. These features are deep and crustal-

scale structures representing fluid pathways, and juvenile rocks representing mantle-

sourced melts. The age of gold mineralisation (1838–1826 Ma, during the early stages of 

the 1835–1805 Ma Halls Creek Orogeny) and intrusion of prospective nickel sulfide 

bearing mafic-ultramafic rocks before c.1835 Ma illustrate that nickel and gold 

mineralisation are correlated with the marginal basin development and subsequent basin 

closure. A transition from basin development to closure resulted in nickel to gold 

producing system in the Halls Creek Orogen. Basin development and upwelling of 

mantle-derived melts, development and reactivation of deep crustal faults and 

exhumation of the crust (Lindsay et al., 2016b) are the critical processes common to the 

formation, preservation and spatial distribution of both nickel and gold deposits across 

the Halls Creek Orogen. 
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5.6. Conclusions   

This study has sought to develop a deeper understanding of mineral system components 

in the Halls Creek Orogen by applying the geodynamic numerical models, geological-

geophysical interpretations and isotopic analysis. Theoretical concepts and criteria for 

each of the five mineral systems components including geodynamic throttle, lithospheric 

architecture, fertility, depositional sites, and preservation were analyzed and evidence 

maps generated to best represent favourable geological processes that led to nickel and 

gold mineralisation. For the first time, the age of gold mineralization is determined in the 

Halls Creek Orogen. In addition, the whole-rock Nd analysis across the region used to 

produce the fertility map by applying an interpretative method rather than gridding. The 

resultant Nd-fertility map allowed us to employ isotopic inputs in the prospectivity 

analysis.  

The geodynamic models and isotopic data clarify the link between major tectono-

metallogenic events with nickel and gold mineralization. A better understanding of 

geodynamic settings and tectonic evolution has led us to a greater understanding of large-

scale controls on mineral systems, which resulted in greater predictive ability. The 

isotopic analysis (40Ar/39Ar and whole-rock Nd) and deformational overprints used to 

determine the specific tectonic events and lithological units responsible for nickel and 

gold mineralisation. The lithological units developed in the metallogenically favourable 

geodynamic epochs provide the source component for prospectivity analysis. 

Furthermore, whole-rock Nd analysis provides the spatial distribution of fertilized 

regions, especially for the orogenic gold mineral systems that source component is not 

robust. The major crustal-scale faults are shown to control the regional distribution of 

nickel and gold deposits. Of these, terrane boundaries seem to be the most influential 

structures which are implied to be sites of fluid migration across the region.  
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The effectiveness of available datasets as proxies for the mappable criteria is an issue in 

any GIS-based knowledge-driven prospectivity modelling. This has been addressed as far 

as possible by assigning weightings consistent with the importance and reliability of the 

datasets. For this reason, we used a low weight for isotopic datasets due to the irregular 

distribution of data across the region. It is recognized the additional geochemical and 

isotopic data could significantly change the assessment of prospectivity models by 

providing fertility indicators across the region.  

Prospectivity modelling shows the most favorable areas for magmatic nickel sulfides are 

in the Central Zone associated with mantle-derived mafic-ultramafic rocks that lie close 

to deep crustal-faults. Prospectivity modelling of orogenic gold deposits shows a strong 

relationship with structural traps within the mantle-derived rocks (i.e. Biscay Formation, 

Woodward Dolerite, and Tickalara Metamorphics) in the Eastern and Central zones with 

particular favorability along the Halls Creek-Angelo faults system. The results 

highlighted that the syn-orogenic extensional regime accompanied by upwelling of 

mantle-derived melts, and the following compressional regime and basin closure are the 

critical processes in the formation of the nickel and gold deposits. 

Appendices 

Appendix 5.1. Compilation of Sm-Nd data across the Halls Creek Orogen (includes: this 

study, Sheppard et al., 2001; Griffin et al., 2000; Sun and Hoatson, 2000, 

unpublished data from GSWA, Geoview website). 

Appendix 5.2. Geographical distribution of Sm-Nd samples on the geological map of the 

Halls Creek Orogen; the numbers present sample “Id” in Appendix 1. 

Appendix 5.3. Full data table of 40Ar/39Ar results. 
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Chapter 6 
 

Concluding remarks 
 

6.1. Key research outcomes 

The tectonic evolution of the Halls Creek Orogen provides insight into the processes 

which operated at plate margins and Paleoproterozoic orogens that welded Archean 

nuclei during the assembly of the Nuna supercontinent (Betts et al., 2006; Pisarevsky et 

al., 2014). The scarcity of observation data related to the physical and chemical conditions 

of the early Earth leads us to use numerical modelling for developing and testing 

conceptual hypotheses (Griffin et al., 2000; Sheppard et al., 1999) that can explain the 

evolution of the Halls Creek Orogen. The results of numerical modelling suggest that the 

Halls Creek Orogen formed by west-dipping subduction of oceanic crust under the 

Kimberley Craton, through two possible tectonic models (Model I and Model II, 

presented in Chapter 2). The results provide an explanation for the introduction of major 

lithologies in periods of marginal basin formation, basin closure, and collision. Although 

the general tectonic regime is dominated by convergence between North Australian and 

Kimberley cratons, the tectonic system in Model I presents significant local extension due 

to slab pull and formation of a back-arc basin.  It shows that syn-orogenic extension is 

intimately linked to mantle processes which resulted in mantle-derived magmatism and 

heat flow with compressional thermal gradients modelled in the crust. Subduction of a 

short length of oceanic crust in Model II prevents slab-pull, leads to contraction in the 

overriding plate, and prevention of extension-related back-arc basins forming on the 

overriding plate.  
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In considering two possible numerical models with different magmatic evolution, U/Pb 

and Hf isotopic analysis of magmatic and detrital zircon crystals from the Central Zone 

of the Halls Creek Orogen in combination with Hf evolution patterns derived from the 

numerical models used to constrain the geodynamic models. The results show that the 

tectonic evolution of the Halls Creek Orogen is best explained by Model I, which 

represents marginal basin development in an active continental margin setting. 

Integration of numerical modelling and isotope analyses indicate that before c. 1870 Ma, 

initiation of subduction beneath the Kimberley Craton margin produced a magmatic arc 

with the most evolved Hf–isotopic signature in the Tickalara Metamorphics. More 

depleted values in the Tickalara Metamorphics indicate a juvenile addition to the crust 

after c. 1865 Ma. Continued convergence and slab pull between 1865–1840 Ma resulted 

in marginal basin development leading to juvenile mantle melting and mafic-ultramafic 

intrusions. Tectonic switching during the Halls Creek Orogeny at c.1835 Ma resulted in 

the collision of the North Australian and Kimberley cratons and closure of the marginal 

basin. Crustal thickening may have led to mixing of a mantle source component into non-

radiogenic continental crust during collisional magmatism. Interestingly, collisional 

magmatism is not derived from reworking of continental crust as would be expected in 

continental collision settings. 

The numerical experiments also illustrate high-temperature metamorphic conditions and 

a possible source for the high-magnitude gravity anomaly in the centre of the Halls Creek 

Orogen. The orogen displays a prolonged history of high-temperature, low-pressure 

metamorphism and related igneous activity (Bodorkos et al., 1999). The P-T-t path of 

Model I predicts as the extensional regime and upwelling of decompression melts begin, 

heat flux from the mantle transferred to the crustal level and contributed to the high-

temperature metamorphism. Counter-clockwise P-T paths in this kind of orogen can be 
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generated by post-extension thickening as a result of basin closure as reported in some 

Proterozoic orogens (Santosh et al., 2012; Santosh et al., 2009). The high-magnitude 

gravity anomaly also could be linked to decompression melt and associated mafic-

ultramafic magmatism that underthrusted the region when the basin closure occurred in 

Model I, or upwelling of serpentinised mantle wedge in Model II.  

The numerical models were able to predict the changing composition of magma during 

the tectonic evolution of the region. In Model I, crustal extension and thermal anomalism 

resulting in voluminous mafic magmatism was mainly sourced from upwelling of mantle-

derived decompression melt in the back-arc basin. Asthenospheric inflow at the 

subcrustal level and a slab-derived melt-bearing mantle under the collision zone caused 

major collisional magmatism. Model II displayed strong coupling of the subducting slab 

and overriding plate which precluded the formation of wide and arc-related basins. In this 

model, the opening of an asthenospheric window beneath the collisional zone increased 

the temperature at Moho resulting in collisional magmatism sourced mainly from the 

lower continental crust. 

The second invariant of strain rate (Ɛ̇II) calculated by the numerical models is used to 

investigate how the formation of major shear zones fit into the evolution of tectonic 

systems. Visualisation of modelled Ɛ̇II displays major terrane boundaries developed 

during basin development, lithospheric upwelling, and subsequent collision and basin 

closure. The Ɛ̇II also shows that the Kimberley Craton margin, with relatively thin 

lithosphere, was the focus of strain during the regional tectonism. The role of deep 

structures as lithospheric-scale pathways for transferring the magma and hydrothermal 

fluids to the upper crust is also predicted by the Ɛ̇II. The influence of these deep structures 

interpreted from the geodynamic models on Au and Ni mineralisation is confirmed 

through structural interpretation of geophysical data. Au and Ni mineralisation appear to 
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develop near to deep-seated orogen-parallel structures, particularly where they intersect 

the orogen-normal structures. This implies that first-order and deep-penetrating structures 

may provide permeable pathways through the crust. 

Key features that control the nickel mineralisation at the regional scale are: proximity to 

ancient cratonic margins; long-lived lithospheric-scales faults and; proximity to 

voluminous mafic-ultramafic intrusions. Based on the numerical models, the parental 

magma for generation of mafic-ultramafic rocks can be related to decompression melt 

developed during the marginal basin or sub-crustal hydrated mantle during the collision. 

The ages of mineralised intrusions (namely c.1856 Ma Panton, and c.1845 Ma Sally 

Malay), and superimposed deformational events (D3/D4 related to the 1835 -1805 Ma 

Halls Creek Orogeny) show that Ni mineralisation and host ultramafic rocks intruded 

during extensional events prior to the collision of North Australian and Kimberley 

cratons. Although the possibility of Ni mineralisation in small intrusions during collision 

and basin inversion cannot be ignored. 

The regional distribution of Au deposits is mainly controlled by the most important first-

order structures or shear zones that represent the suture between the Eastern and Central 

zones. The Au deposits are sited in shallow second-order or third-order structures that 

splay from the major suture zone. Structural traps are a necessity for orogenic Au deposits 

and anticlinal hinges and fault jogs between the first-order strike-slip faults are the most 

common features in district scale. Gold deposits are sited in lower order structures that 

have resulted from plate convergence and strike-slip movement of the 1835 – 1805 Ma 

Halls Creek Orogeny (D3/D4) or later strike-slip movements of the c. 1000 – 800 Ma 

Yampi Orogeny (D5). Further study toward determining the age of Au mineralisation can 

reveal the relation of major tectonic events with Au mineralisation, and the possibility of 

strike-slip movements during the plate convergence.  
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40Ar/39Ar geochronology on muscovite crystals from the alteration zones of Au deposits 

illustrates that Au mineralisation occurred at 1838 Ma in Mount Bradley Mine in the 

Eastern Zone and at 1826 Ma in Nicholsons Find Mine in the Central Zone. Therefore, 

the geochronological data suggests that Au mineralisation occurred in the early stage of 

1835-1805 Ma Halls Creek Orogeny when the transition from the extensional regime to 

compression caused basin closure. In addition, the westward migration of collision and 

accretion produced a diachroneity in the timing of Au mineralisation between c.1838 Ma 

in the east to c.1826 Ma in the west. As Au deposits in some regions of the Eastern Zone 

are related to the strike-slip movements, it can be inferred that strike-slip movement 

happened with plate convergence in the Halls Creek Orogeny. Such an association of 

strike-slip movement with subduction and subsequent accretion can be an indication for 

oblique subduction (Huston et al., 2016). 

Sm-Nd analysis provides information about the source and model ages of the crustal 

blocks that granites occur within across the Halls Creek Orogen. The two-stage Nd 

depleted mantle model ages (T2DM) across the Halls Creek Orogen suggest that the major 

terrane boundaries separating rocks derived from Neoarchean basement from more 

juvenile Paleoproterozoic rocks in the Central Zone. This juvenile signature is related to 

the upwelling of decompression melt during marginal basin development. The Sally 

Downs Supersuite as collisional magmatism shows the presence of Neoarchean basement 

during the Halls Creek Orogeny when suturing of North Australian and Kimberley 

cratons happened. There is generally a well-correlated distribution of juvenile signatures 

and model ages with the known geology and tectonic evolution of the Halls Creek 

Orogen, due to the occurrence of the more evolved isotopic signatures and Archean model 

ages in the Eastern and Western zones, and emplacement of younger models ages and 

juvenile signatures in the Central Zone. 
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The geodynamic numerical modelling, geophysical interpretation, and isotopic analysis 

prepare a deep understanding of Ni and Au mineral system components including 

geodynamic throttle, lithospheric architecture, fertility, depositional sites, and 

preservation in the Halls Creek Orogen.  The geodynamic models and isotopic data 

clarified the link between major tectono-metallogenic events with Ni and Au 

mineralization. The isotopic analyses (40Ar/39Ar and whole-rock Sm-Nd) and 

deformational overprints were used to determine the time intervals and tectonic events 

responsible for Ni and Au mineralisation. The results highlighted that a syn-orogenic 

extensional regime was accompanied by upwelling of mantle-derived melts, and the 

following compressional regime and basin closure are the critical processes in the 

formation of the Ni and Au deposits in the region. The lithological units developed in the 

metallogenically favourable geodynamic epochs provide the source component for 

prospectivity analysis. Furthermore, whole-rock Nd analysis provides the spatial 

distribution of fertilized regions, especially for the orogenic Au mineral systems that 

source component is not robust. 

In summary, prospectivity analysis shows that the most favourable areas for magmatic 

Ni-sulfides are in the Central Zone where the mafic-ultramafic rocks are sited between 

deep crustal-faults. The tectono-magmatic environment for Ni mineralisation is the 

superimposed rift (back-arc basin) on the active convergent margin as a response to slab 

rollback and upwelling of mantle decompression melt. This rifting and juvenile magma 

input in the margin of Kimberley Craton is confirmed by positive εNd signatures in the 

Central Zone. Prospectivity modelling of orogenic Au deposits shows strong relationships 

with a highly fertilized area and structural traps in the Biscay Formation in the Eastern 

Zone, and Tickalara Metamorphics in the Central Zone, especially along the Halls Creek-

Angelo faults system.  The metallogenic environment for Au mineralisation is associated 
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with inversion of the continental rift during switching from local extension to 

compression. This transition is clear in the εNd values when the juvenile signatures of 

Tickalara Metamorphics and mafic-ultramafic units changed to more evolved values of 

Sally Downs Supersite.  

The results of prospectivity analysis with simultaneous consideration of the geodynamic 

models, geophysical interpretation, and isotope analysis revealed the link between Ni and 

Au mineral systems. Evidence of deep connectivity to the mantle melt is interpreted form 

the geological features associated with Ni and Au mineralisation, including proximity to 

deep structures and juvenile rocks. These features are deep and crustal-scale structures 

representing fluid pathways, and juvenile rocks representing mantle-sourced melts. The 

age of Au mineralisation (1838–1826 Ma, during the early stages of the 1835–1805 Ma 

Halls Creek Orogeny) and intrusion of prospective Ni-sulfide bearing mafic-ultramafic 

rocks before c.1835 Ma illustrate that Ni and Au mineralisation are correlated with the 

marginal basin development and subsequent basin closure. A transition from basin 

development to closure resulted in nickel to gold producing system in the Halls Creek 

Orogen. Basin development and upwelling of mantle-derived melts, development and 

reactivation of deep crustal faults, and exhumation of the crust are the critical processes 

common to the formation, preservation and spatial distribution of both Ni and Au deposits 

across the Halls Creek Orogen. 

The research described here demonstrates that a better understanding of Precambrian 

geodynamics can be achieved via cross-disciplinary efforts. Integrating geological 

constraints from a wide range of disciplines with results of numerical models are required 

to adequately simulate and understand syntheses of Precambrian geodynamics. The 

numerical experiments provide a powerful indication of structural development and 

sources of magmatism in the Halls Creek Orogen, which can provide valuable constraints 
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to geophysical and geochemical studies. A better understanding of geodynamics can lead 

to greater understanding of large-scale controls on Paleoproterozoic mineral systems, 

which will result in better support for regional scale mineral prediction.  

6.2. Suggestions for future work 

This study shows the application of a wide range of geological methods for understanding 

the Ni and Au mineral system elements in the region. At present, the links between 

geodynamic processes, crustal growth, lithospheric architecture, structural traps, and 

preservation with mineral systems are reasonably well understood, which allow us 

targeting at regional scale. However, a number of additional aspects related to 

geochemical processes in the mineral system analysis and three-dimensional geodynamic 

processes require further investigation: 

(1) Chemical and mineralogical footprints of Ni and Au mineralisation in the known 

deposits or fertile lithologies of the region can provide comprehensive knowledge for 

effective predictive modelling at smaller scales and increase the ability to predict the 

potential deposits in the current prospective areas. It has long been recognized there is an 

apparent relationship between some indicator elements and mineralisation (Arndt et al., 

2005; Phillips and Groves, 1983). To form an economic Ni-Cu-PGE mantle-derived 

magma must contain sufficient concentration of ore metals (Arndt et al., 2005). In 

addition, Mg-rich melts have relatively high abundances of chalcophile elements (Ni, Cu, 

PGEs), as they are products of medium to high-degree partial melting of the mantle 

(Dulfer et al., 2016). Furthermore, Au-bearing magmatic-hydrothermal deposits are 

enriched in many elements including S, Cu, Mo, Sb, Bi, W, Pb, Zn, Te, Hg, As, and Ag 

(Goldfarb et al., 2005; Groves, 1993; Phillips and Powell, 2010; Richards, 2009). Well-

established empirical relationships between deposits and geochemical and mineralogical 

fingerprints by employing detective methods can provide vectors to ores.  
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(2) A better understanding of terrane fertility can also improve exploration targeting 

models. The most serious difficulty apart from the incomplete understanding of terrane 

fertility is defining mappable targeting criteria for it. This is particularly problematic as 

direct indications for large-scale processes involved in the fertility are commonly either 

not observable or are quite subtle at crustal levels.  In this study, Sm–Nd analysis was 

used to map the source of the lithological units as one of the indicators for fertility. A 

particular study on the use of whole-rock and zircon compositions around the known 

deposits and fertile regions (e.g. Lu et al., 2016) can provide distinctive patterns that can 

be used as fertility indicators for the region. The aim is to test whether these indicators 

could be used as terrane scale fertility and focus exploration on prospective areas. The 

combined isotopic and whole-rock composition map has great potential to screen 

prospective regions and determine barren from potentially mineralized regions. 

(3) The possibility of strike-slip movement during the accretion of the orogen along 

the Halls Creek Fault can be a sign of oblique subduction in the region and needs to be 

investigated in details by structural studies and dating techniques such as U–Pb or Ar–

Ar.  

(4) 3D geodynamic numerical models can better reveal mantle convection and 

lithosphere dynamics in shaping the surface and relation of West Kimberley and East 

Kimberley. The difference in the geometry of the southern part of the orogen including 

some curved shear zones and strike-slip movements in the southern part of the Eastern 

Zone and absence of Tickalara Metamorphics and mafic-ultramafic units in the southern 

part of the Central Zone can be investigated by 3D tectonic models. Possible scenarios 

such as oblique subduction, oroclinic buckling, lateral variations and heterogeneities 

along the subduction zone due to accretion of pre-1900 Ma ‘exotic’ terrane and slab 

tearing can be examined by 3D geodynamic numerical models and compared with 

available geological features in the region.     
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