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CSIRO–NTGS McArthur Basin Project

SUMMARY 

This Record is a compilation of the six chapters completed by the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) on the CSIRO–NTGS McArthur Basin Project, a 3-year collaborative project between CSIRO Mineral 
Resources and the Northern Territory Geological Survey (NTGS). The chapters present new geological constraints on the 
factors and processes controlling the prospectivity for sediment-hosted mineralisation in the southern McArthur Basin, 
Northern Territory. The project took an integrated approach, including acquisition and interpretation of new gravity data, 
re-interpretation of existing geophysical datasets, detailed sedimentological and stratigraphic analysis, petrography, elemental 
and isotope geochemistry, mineralisation characterisation and numerical modelling of basin-scale fluid flow. 
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Foreword 

This document forms Chapter 1 of the greater CSIRO-NTGS McArthur Basin Project report.  The 

report in its entirety is comprised of 6 Chapters which are presented as separate documents: 

Chapter 1: Overview and Summary 

Schaubs, P.M., Blaikie, T.N., Kunzmann, M., Schmid, S. Sheldon, H.S. and Spinks, S. 2019. 

CSIRO-NTGS McArthur Basin Project: Chapter 1: Overview and Summary. CSIRO, Australia. 

Report EP194171. 44p. 

Chapter 2: Southern McArthur Basin solid geological interpretation and geophysical modelling 

Blaikie, T.N. and Kunzmann, M. 2019. CSIRO-NTGS McArthur Basin Project: Chapter 2. 

Southern McArthur Basin solid geological interpretation and geophysical modelling. CSIRO, 

Australia. Report EP193632. 99p. 

Chapter 3: Sedimentological, stratigraphic, and geochemical studies of the middle McArthur Group 

Kunzmann, M., Blaikie, T.N., and Schmid, S. 2019. CSIRO-NTGS McArthur Basin Project: 

Chapter 3. Sedimentological, stratigraphic, and geochemical studies of the middle McArthur 

Group. CSIRO, Australia. Report EP193266. 89p 

Chapter 4: Deposit to nanometre-scale geochemical characterization of the McArthur River (HYC) 

sediment-hosted Zn-Pb ore deposit. 

Spinks, S., Pearce, M., Kunzmann, M., Blaikie, T, Ryan, C., Moorhead, G., Kirkham, R., Liu, W., 

Sheldon, H., Schaubs, P., Rickard, W. 2019. CSIRO-NTGS McArthur Basin Project: Chapter 4. 

Deposit to nanometre-scale geochemical characterization of the McArthur River (HYC) 

sediment-hosted Zn-Pb ore deposit. CSIRO, Australia. Report EP193816. 44p. 

Chapter 5: Utilisation of carbonate nodules in black shale as tool for sediment-hosted base metal 

mineralisation, McArthur Basin, NT 

Schmid, S. and Godel, B. 2019. Utilisation of carbonate nodules in black shale as tool for 

sediment-hosted base metal mineralisation, McArthur Basin, NT. CSIRO, Australia. Report 

EP194067. 24p 

Chapter 6:  Modelling of fluid flow in the McArthur River Zn-Pb-Ag mineral system 

Sheldon, H.S and Schaubs, P.M. 2019. Modelling of fluid flow in the McArthur River Zn-Pb-Ag 

mineral system. CSIRO, Australia. Report EP193596. 54p 
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Executive summary 

This document summarises the results of a 3-year collaborative project between CSIRO Mineral 

Resources and the Northern Territory Geological Survey. It presents new geological constraints on 

the factors and processes controlling and the prospectivity for sediment - hosted mineralisation in 

the southern McArthur Basin, Northern Territory. The project took an integrated approach, 

including acquisition and interpretation of new gravity data, re-interpretation of existing 

geophysical datasets, detailed sedimentological and stratigraphic analysis, petrography, elemental 

and isotope geochemistry, mineralisation characterisation and numerical modelling of basin-scale 

fluid flow. 

Newly acquired and existing geophysical data were interpreted to produce a solid geological map 

and structural interpretation of the southern McArthur Basin. Forward modelling of the potential 

field data was applied to investigate the subsurface architecture of the Batten Fault Zone. Results 

from the interpretation and modelling were integrated into a new synthesis for the structural and 

tectonic evolution of the southern McArthur Basin. The predominantly extensional tectonic 

evolution of the McArthur Group is described as well as the nature of the Barney Creek Formation 

(the most important Zn-Pb-Ag host unit) within sub-basins. Potential mafic and felsic source rocks 

for mineralisation were identified using geophysical modelling. The study highlights the importance 

of sub-basin development in an active tectonic setting as a critical control on the potential 

distribution of mineralisation. 

The sedimentological and stratigraphic study provides a detailed facies analysis, as well as sequence 

stratigraphic and carbon isotope chemostratigraphic framework of the middle McArthur Group in 

the Batten Fault Zone of the southern McArthur Basin. Based on detailed logging of ca. 20 drill cores, 

the stratigraphic and spatial variability of the ca. 1640 Ma Barney Creek Formation was investigated 

across the Batten Fault Zone. This allowed for the development of a stratigraphic and 

sedimentological targeting concepts, as well as documentation of a shift in location of the 

depocentre across the Batten Fault Zone during the time of Barney Creek Formation deposition. 

High resolution XRF mapping, geochemical analyses and mineral characterisation of samples from 

the McArthur River Mine (formerly HYC) shows that the paragenetic sequence here, precludes a 

synsedimentary ore-forming model. The presence of preserved laminated carbonate, that has 

almost entirely been dissolved, where laminated sulphide textures occur is consistent with the 

dissolution textures in the nodular carbonate facies. The nature of thallium in late-stage pyrite 

overgrowths that occur pre-ore are further evidence that mineralisation occurred post-sediment 

deposition, and implies that there was a stepwise sequence of metal deposition linked to changing 

fluid chemistries as they interacted with the host rock. Together these findings provide strong 

evidence for subsurface carbonate replacement-style diagenetic mineral system at the McArthur 

River deposit, which varies from sedimentary - exhalative models and has implications for exp. 

The elemental and isotopic geochemistry study of carbonate nodules from the Barney Creek 

Formation shows that carbonate nodules can be used as a tool for base metal mineral exploration 

in black shales. The nodules with elevated Mn concentrations are likely to be associated with the B1 

(including HYC member) sequence of the Barney Creek Formation; a target for base metal 
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mineralisation; however, the exact relationship between Mn and base metal mineralisation remains 

unclear. 

Numerical simulations based on geologic input from the geophysical, stratigraphic and mineral 

characterisation areas of the project were used to place constraints on the key drivers of fluid flow 

responsible for Zn-Pb mineralisation. Simplified 3D models of the Batten Fault zone coupling fluid 

flow, heat transport and deformation show that complex thermal convective flow was likely a critical 

driver for transport of base metals from their volcanic source rocks to the sites of deposition. The 

temperature and fluid flow rate in convective upwellings of potentially ore-bearing brines is 

sufficient to account for a 20 Mt Zn deposit in less than 1 Myr. Extensional deformation at normal 

geologic strain rates does not significantly perturb convective fluid flow patterns. Transient high-

strain rate contractional deformation during the interpreted 1640 Ma inversion event may have 

allowed for short-lived increased fluid flow within major faults but is more likely to have increased 

fault permeability and thereby enhanced convective flow responsible supplying ore-bearing fluids. 

Sub-surface fluid-flow into the Barney Creek Formation and likely diagenetic mineralisation as 

evidenced by the mineralisation characterisation study likely requires low permeability within the 

upper portion of major fluid conduits such as the Emu Fault. This is supported by sedimentological 

evidence which shows that low porosity/permeability black shales present in sub-basins may have 

been a critical control on Zn-Pb mineralisation by acting as physical traps for ore-bearing fluids. 
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1 Introduction  

1.1 Project overview 

This report summarises the results of a 3-year collaborative project between CSIRO Mineral 

Resources and the Northern Territory Geological Survey. The report in its entirety presents new 

geological constraints on the factors and processes controlling the formation of sedimentary hosted 

mineral deposits within the southern McArthur Basin of the Northern Territory, such as the giant 

Zn-Pb-Ag McArthur River deposit (formerly HYC) and offers interpretations for prospectivity 

elsewhere in the basin. The project was focused around the research of two CSIRO post-doctoral 

researchers (Teagan Blaikie and Marcus Kunzmann), who were embedded with the Northern 

Territory Geological Survey at their Darwin office, for the duration of the project. 

The project was divided into 4 main areas of research (outlined below). This particular chapter 

presents short synopses of these bodies of work; however, the reader is directed to the individual 

chapters for the full and detailed results (see forward of this chapter for references). 

The 4 areas of research are as follows: 

1) Geophysical interpretation and modelling of the structural architecture and tectonic 

synthesis, summarised in Section 2 and presented in full in Chapter 2 (Blaikie and Kunzmann, 

2019) 

2) Sedimentology and sequence stratigraphy, summarised in Section 3 and presented in full in 

Chapter 3 (Kunzmann et al., 2019) 

3) Geochemistry and mineralisation characterisation, summarised in Sections 4 and presented 

in full in Chapter 4 (Spinks et al., 2019) and Chapter 5 (Schmid and Godel, 2019). 

4) Numerical simulation of geologic and mineralising processes, summarised in Section 6 and 

presented in full in Chapter 6 (Sheldon and Schaubs, 2019). 

These areas of research and their relationship to each other are presented in Figure 1. Data sets 

from the geophysical interpretation and sedimentology/sequence stratigraphy modules were 

mutually constrained and interpreted together. Although often working at different scales, a similar 

approach was used for consistency across the sedimentology/sequence stratigraphy and 

geochemistry/mineralisation characterisation modules. Data from these areas of research were 

used to place new constraints on the conceptual model for the formation of sediment-hosted 

mineralisation in the southern McArthur Basin and various aspects were tested with fluid flow - heat 

transport – deformation numerical simulations. Additionally, geologic data and constraints were 

used directly as simplified geometric and geologic parameters in the numerical simulations. 

Together the multidisciplinary and multiscale nature of the project provides new key constraints on 

the formation of Zn-Pb deposits in the southern McArthur Basin as well as a number of exploration 

implications. 
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Figure 1. Relationship between individual research modules within the CSIRO-NTGS McArthur Basin project. See text 

for description. Conceptual model based on Large et al., 1998; Garven et al., 2001. 

 

1.2 Regional Geology 

The ca. 1815–1450 Ma McArthur Basin preserves a 5–15 km-thick succession of mixed carbonate 

and siliciclastic rocks with intercalated bimodal volcanics near the base ((Ahmad and Munson, 

2013); Jackson et al., 1987; Plumb, 1979a, b). Exposed in the north east of the Northern Territory 

and western Queensland (Figure 2), the McArthur Basin is part of a series of linked, intracratonic 

basin systems that extended across the North and South Australian Cratons and into the interior of 

Laurentia during the Proterozoic (Allen et al., 2015; Betts et al., 2008; Rawlings, 1999). These basins 

had a long-lived evolution and experienced transient episodes of extension and basin inversion 

driven by far-field plate boundary processes (Betts et al., 2016; Betts and Giles, 2006; Betts et al., 

2008). In the McArthur Basin, this resulted in a complex architecture of large basin scale normal and 

strike-slip faults that changed orientation as the basins evolved (O'Dea et al., 1997) and were 

periodically reactivated during different phases of the basins development (e.g., Betts and Lister, 

2001; Scott et al., 2000; Southgate et al., 2000). This resulted in a complex depositional architecture, 

where depocentres shifted and growth faults changed orientation depending on the regional stress 

field. 
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Figure 2. Simplified regional geology map of the McArthur and Mount Isa basins in northern Australia, showing the 

locations of major stratiform Zn-Pb-Ag deposits, with the McArthur River deposit in the Batten Fault Zone highlighted. 

Stratigraphic subdivision of the McArthur Basin is subdivided into the northern and southern 

McArthur Basin, which are divided by the Urupanga Fault Zone (Figure 2). The ascending 

stratigraphy in the northern McArthur Basin is divided into the Groote Eylandt, Katherine River, 

Donydji, Parsons Range, Habgood, Balma, Mount Rigg, Nathan and Roper groups. In the south, the 

stratigraphy comprises the Tawallah, McArthur, Nathan, and Roper groups (Rawlings 1999, Ahmad 

et al. 2013) (Figure 3).  
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Figure 3. Stratigraphy of the Batten Fault Zone showing time correlatives to Isan superbasins and tectonic events 

interpreted to have affected the McArthur Basin. Stratigraphic sub-divisions after Rawlings (1999) and Ahmad et al. 

(2013). (Note change of time scale at 1500 Ma and 1800 Ma) 
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Sediment-hosted base metal deposits are located in the Batten Fault Zone, a north-south trending 

structural corridor in the southern McArthur Basin (Figure 2). In this area the basement comprises 

volcanics, sedimentary rocks and minor granites that were deformed and metamorphosed during 

the Barramundi orogeny ~1870 - 1850 Ma (Etheridge et al., 1987; O’Dea et al., 1997). In the Batten 

Fault Zone the basement is overlain by the Tawallah Group (1790 – 1710 Ma), which is dominated 

by shallow marine and fluvial sandstones, with lesser mudstone, dolostone and volcanics (Ahmad 

et al., 2013). Geophysical forward modelling suggests an anomalously thick sequence of mafic 

volcanics within the Tawallah Group in parts of the Batten Fault Zone, with a strong spatial 

association to known mineralisation (Blaikie and Kunzmann, 2019b - Chapter 2 of this report).  

The Tawallah Group is overlain by the predominantly shallow marine McArthur Group (1670-1600 

Ma), comprising dolostones, sandstones, mudstones and minor tuffaceous mudstones (Ahmad et 

al., 2013) (Figure 4). The middle McArthur group includes the Barney Creek Formation (BCF), which 

hosts the McArthur River deposit. The Barney Creek Formation comprises dolomitic, carbonaceous 

and pyritic shales and siltstones with minor breccias. These sediments were deposited in deep 

subtidal to slope environments in actively subsiding sub-basins bounded by NNE striking faults and 

associated south-dipping growth faults (Bull, 1998; Large et al., 1998; Schmid, 2015; Kunzmann et 

al., 2019). Subsidence was driven by north-south extension, with an inversion event ~1640 Ma that 

may coincide with the timing of mineralisation at McArthur River (Hinman, 1995; Blaikie and 

Kunzmann, 2019b - Chapter 2 of this report). 

 

Figure 4. Stratigraphy, dominant lithology, and geochronological constraints of the McArthur Group. Stratigraphy 

modified from Ahmad et al. (2013), radiometric ages from Page and Sweet (1998) and Page et al. (2000). 
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1.3 Mineralisation 

The southern McArthur Basin is part of one of the most well-endowed base metals provinces on 

Earth and is highly prospective for sediment hosted Zn-Pb-Ag mineralisation. Mineralisation is 

known in the Batten Fault Zone (e.g., the McArthur River and Teena deposits, Figure 2) and is hosted 

within structurally controlled sub-basins that developed during deposition of the McArthur Group. 

The only mined stratiform sediment-hosted Zn-Pb-Ag deposit in the McArthur Basin is the McArthur 

River deposit. It is by far the largest zinc resource in this basin with a pre-mining estimate of 227 Mt 

at 9.2% Zn, 4.1% Pb, 41 g/t Ag, and 0.2% Cu (Logan et al., 1990). The mineralisation is hosted by the 

HYC Pyritic Shale Member in the HYC sub-basin, which is ca. 1-2 km x 5 km large and bounded to the 

east by the Western Fault of the Emu Fault system (e.g., Porter 2017). Timing of the mineralisation 

is debated but generally thought to be syngenetic to diagenetic (e.g., Eldridge et al., 1992; Large et 

al., 1998; Ireland et al. 2004a, b).  

The stratiform sediment-hosted Teena Zn-Pb deposit is located in the Teena sub-basin, 8 km to the 

west of the McArthur River deposit and has a resource estimate of 58 Mt at 11.1% Zn and 1.6% Pb 

(Taylor et al., 2017). Two stratiform ore bodies, separated by a siliciclastic mass-flow deposit, are 

hosted by the HYC Pyritic Shale Member and occur at a depth between 600 and 1000 m for more 

than 1.5 km along strike (Taylor et al., 2017). The mineralisation is interpreted as early diagenetic 

(Taylor et al., 2017). 

Other sediment-hosted Zn-Pb deposits in the McArthur Basin include the Cooley and Ridge deposits, 

a group of small deposits located immediately east of McArthur River (Williams, 1978). Here, the 

HYC Pyritic Shale Member is only mineralized in the western portion of the Ridge II deposit. The ore 

occurs ca. 300 m stratigraphically above the mineralisation at the McArthur River deposit. The bulk 

of the mineralisation is epigenetic and hosted by carbonate breccias of the Emmerugga Dolostone 

(Cooley deposits) or Cooley Dolostone Member (Ridge deposits) of the Barney Creek Formation 

(Williams, 1978). Carbonate-hosted Zn-Pb mineralisation also occurs at the Coxco deposit, 

comprising two prospects located ca. 10 km southeast of McArthur River (Walker et al., 1983). 

Epigenetic mineralisation occurs in karst cavities and breccias within the Mara Dolostone Member 

of the Emmerugga Dolostone and the Reward Dolostone, separated by a karst surface. The W-Fold 

and Mitchell Yard sub-basins, ca. 5 km to the west and 6 km to the southwest of McArthur River 

respectively, host weak stratiform mineralisation in the HYC Pyritic Shale Member (e.g., Lambert 

and Scott, 1973). Furthermore, weak stratiform and breccia-hosted Zn mineralisation has also been 

reported from the ca. 1730 Ma McDermott and Wollogorang formations of the Tawallah Group 

(Spinks et al., 2016). 
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2 Southern McArthur Basin solid geological 
interpretation and geophysical modelling 

This section summarises in brief Chapter 2 of the CSIRO-NTGS McArthur Basin project report (Blaikie 

and Kunzmann, 2019b) and the reader is directed to that publication for the full results.  

The evolution of the southern McArthur Basin was influenced by far field plate boundary processes, 

with the Batten Fault Zone representing a structurally weak corridor that experienced repeated 

reactivation throughout the Palaeo to Mesoproterozoic. Sediment hosted Zn-Pb-Ag deposits such 

as McArthur River and Teena located in the Batten Fault Zone are hosted within structurally 

controlled sub-basins that developed during deposition of the McArthur Group. The complexity of 

the underlying structural architecture has made recognition of these sub-basins challenging. 

Geophysical data, ranging from regional to high-resolution surveys, were interpreted and modelled 

to better understand the structural architecture and sub-basin development within the southern 

McArthur Basin. The structural evolution of the basin was integrated with the geodynamic 

framework of northern Australia during the Proterozoic.  

2.1 Regional scale geophysical modelling  

The interpretation and modelling of recently acquired geophysical data across the Batten Fault Zone 

and southern McArthur Basin provided new insight into the 3D architecture and tectonic evolution 

of the region. Solid geology and structural interpretations of Proterozoic stratigraphy were 

completed, with most regions mapped down to formation scale. This allowed the lateral extent of 

major lithological units to be defined, and constrained potential field models.  

Several primary fault orientations were observed, which were repeatedly reactivated during the 

development of the basin, including: 1) Northwest–southeast, 2) North-northwest–south-southeast 

3) North-northeast–south-southwest, while less prevalent fault orientations include 4) East–west to 

east-northeast–west-south-west and 5) Northeast–southwest orientations. Northwest–southeast-

trending faults represent a basement fault trend that likely existed prior to development of the 

McArthur Basin, and are the oldest generation of faults observed in the area. They are overprinted 

by north-northeast–south-southwest trending faults, which are in turn overprinted by north-

northeast–south-southwest trending faults. 

The solid geological and structural interpretation was used to constrain 2D forward modelling of 

geological cross-sections across the Batten Fault Zone (Figure 5). Seven cross-sections were 

modelled and define the current 3D architecture of the region. The cross-sections were located 

along 500 m spaced gravity profiles, which were acquired along six east–west and one north–south 

traverse during the Batten Fault Zone gravity survey conducted in late 2017 (CSIRO and NTGS, 2018). 

Figure 6 shows a 3D rendering of all cross-sections which highlight the architecture of the fault zone, 

including regional scale folding, nature of major faults, and variations in the preserved thickness of 

stratigraphy. 

Of significance for Zn-Pb-Ag mineralisation, forward modelling suggests that an anomalously thick 

sequence of mafic volcanics are preserved within the Tawallah Group in several regions of the 

Batten Fault Zone (Figure 5). The largest of these volcanic units has a strong spatial association to 
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known mineralisation, including the McArthur River and Teena deposits. The volcanic unit is 

interpreted to be a thick accumulation of either or both of the Settlement Creek Dolerite and Gold 

Creek Volcanics. These units have experienced extensive potassic metasomatism and base metals 

depletion (e.g., Haines et al., 1993; Pietsch et al., 1991; Rawlings et al., 1993), and have previously 

been interpreted as the source of base metals in the region (Cooke et al., 1998; Huston et al., 2006). 

Geophysical modelling has also identified regions of granitic basement within the Batten Fault Zone, 

and granitic clasts are recognised within several siliciclastic units of the Tawallah Group. These 

granites may represent a secondary source of metals, which were leached directly from the 

basement, or from clasts preserved within the Tawallah Group.  

 

 

Figure 5. Example of forward modelled geological cross-section across the central Batten Fault Zone. 
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Figure 6. Three-dimensional architecture of the Batten Fault Zone. Figure shows each of the modelled cross-sections, 

overlain with surfaces representing major faults. 

2.2 Sub-basin architecture 

The McArthur Group was deposited during intermittent periods of extension and minor crustal 

shortening, which formed a complex array of sub-basins and palaeohighs. Forward models of the 

Batten Fault Zone were constructed at a regional scale, and although they model major sub-basin 

bounding faults, they do not focus on sub-basin architecture (less than 5 km scale). Integration of 

high-resolution geophysical data with the sequence stratigraphic framework developed by 

(Kunzmann et al., 2019) allowed more detailed geophysical models of sub-basin architecture to be 

constructed. 

Two styles of sub-basins in the Batten Fault Zone are recognised from the interpretation of 

geophysical data (Figure 7). North–south trending transtensional sub-basins developed between 

segments of the north–northwest-trending Emu Fault Zone (e.g., Glyde sub-basin, Figure 7; Type 1). 

These transtensional sub-basins preserve the greatest intervals of the Barney Creek Formation, 

which tend to thicken towards the east against the Emu Fault Zone. In the central Batten Fault Zone, 

approximately east–west-trending sub-basins developed adjacent to east–west-trending normal 

and north–northwest-trending transfer faults located between the Hot Spring Fault and Emu Fault 

Zone (e.g., Teena sub-basin. Figure 7; Type 2). Many of these sub-basins have high-resolution 

geophysical data acquired over them, and have been drilled during exploration for base metals. 

Potential field modelling of two sub-basins (Glyde and Myrtle) highlights their architecture, and local 

thickening of the Barney Creek formation.  
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Figure 7. Location of interpreted sub-basins on A) geology and B) magnetic data 

2.3 Tectonic evolution of the southern McArthur Basin 

Geophysical modelling results were used to develop a synthesis of the basins structural evolution. 

This is briefly summarised below and discussed in more detail in Chapter 2. 

The Tawallah Group (1710–1790 Ma) was deposited during at least two extensional events, 

separated by a mild period of inversion. These events were driven by subduction roll-back and 

collisions along the southern and eastern margins of the North Australian Craton (Betts and Giles, 

2006). Broadly, modelling indicates the Tawallah Group thickens towards the east, and thins 

towards the west. Variations in thickness adjacent to north-west trending faults suggest early 

compartmentalisation of the basin and thickening of sediments in north-west trending depocentres. 

This likely occurred during approximately north–south-directed extension at ca 1760–1740 Ma 

which caused the reactivation and development of northwest normal and northeast to north–

northeast strike-slip faults. Thinning of stratigraphy against north-south to north-north east faults 

indicates basin inversion prior to McArthur Group deposition. This event is recognised at ca 1740 

Ma (Bull and Rogers, 1996), where a minor east–west-directed inversion event caused reverse 

movement along north–northeast faults. Northwest–southeast extension between 1730–1690 Ma 

caused development of north–northeast to northeast normal faults and strike-slip movement along 

northwest faults. 

Deposition of the ca 1670–1600 Ma McArthur Group and the 1600–1575 Ma Nathan Group 

occurred predominantly within a sag-phase of basin development, which experienced short-lived 
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periods of extension and inversion in response to deformation occurring at the margins of the North 

Australian Craton. A broadly north–south-directed period of extension occurred during deposition 

of the middle McArthur Group (i.e., during Barney Creek Formation). This event compartmentalised 

the basin, causing significant deepening of sub-basins in some areas, such as the central Batten Fault 

Zone, and uplift and erosion in others, particularly along segments of the Emu Fault Zone (Kunzmann 

et al., 2019; McGoldrick et al., 2010). We speculate that a minor compressional event at ca 1640 Ma 

caused syn-depositional uplift along extensional faults resulting in an influx of breccias into 

previously developed sub-basins. Syn-depositional deformation associated with crustal shortening 

was first documented by Hinman (1995) at McArthur River where inversion of extensional structures 

and an influx of mass-flow breccias into the HYC sub-basin was observed. The onlap of strata of the 

upper Barney Creek Formation onto stratigraphy that was reversely faulted and incised during 

inversion indicates that sedimentation of the Barney Creek Formation continued during the onset 

of deformation (Hinman, 1995). The timing of this event is coincident with the Riversleigh Event on 

the Lawn Hill Platform (e.g., Bradshaw et al., 2000) which has been correlated to the accretion of 

the Warumpi province  (e.g., Hollis et al., 2013; Scrimgeour et al., 2005) on the southern margin of 

the craton at ca 1640 Ma (Betts and Armit, 2011; Gibson et al., 2017). Alternatively, if collision of 

the Warumpi province occurred at ca 1130 Ma as proposed by Wong et al. (2015) then the 1640 Ma 

deformation recognised in the north Australian Basins may be related to intraplate instability 

associated with broader scale plate reorganisation which triggered a reversal in plate motion (e.g., 

Idnurm, 2000).  

The Isan Orogeny, driven by orogenesis at the margins of the North Australian Craton, caused 

significant uplift and erosion across the southern McArthur Basin. Deposition of the upper McArthur 

and Nathan groups continued during the onset of the earliest phase of the orogeny which had minor 

influence on the basin, although likely contributed to the cessation of sedimentation at ca 1570 Ma 

and minor east–west folding and reverse faulting along extensional basin faults. The late Isan 

Orogeny involved east–west-directed crustal shortening (e.g., Betts et al., 2006) and caused reverse 

movement along north–northwest to north–northeast faults in the Batten Fault Zone. This resulted 

in significant uplift and erosion, particularly in the north of the Batten Fault Zone, and concentrated 

along the southern extent of the Emu Fault Zone. 

Renewed basin development during the Mesoproterozoic caused the widespread deposition of the 

Roper Group across the region. Regionally, the architecture of the Roper Group and location of 

depocentres differ from that of underlying sequences, and appear to be unrelated to the previous 

tectonic framework, although reactivation of major structures and terrane boundaries continued to 

occur during and after deposition of Mesoproterozoic sequences. In the Batten Fault Zone, the 

Roper Group is largely confined to the hinge zones of synclines, and to the west of the fault zone. 

Growth faulting is observed along reactivated northeast oriented structures within the northwest 

and southwest of the Batten Fault Zone.  

Following this period of deposition, northeast–southwest-directed crustal shortening caused thrust 

faulting and folding in the Batten Fault Zone (Keele and Wright, 1998; Rawlings et al., 2004; Rogers, 

1996). Timing of this event is not well constrained, but thought to be after the ca 1313 Ma (Collins 

et al., 2018) emplacement of the Derim Derim Dolerite dykes and sills. This event is largely 

responsible for the current thrusted architecture of the western and central Batten Fault Zone 

(Keele and Wright, 1998; Rawlings et al., 2004). Faulting uplifted lower McArthur and Tawallah 

Group sediments, juxtaposing them against Roper and Nathan Group sediments preserved in the 
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Abner Ranges. This event also caused northwest-trending folding of Roper Group sediments in the 

Abner Ranges, which were superimposed on existing folds that developed during the Isan Orogeny. 

3 Sedimentological, stratigraphic, and 
geochemical studies of the middle McArthur 
Group 

This section summarises Chapter 3 of the CSIRO-NTGS McArthur Basin project report (Kunzmann et 

al. 2019) and the reader is directed to that publication for the full results. 

The McArthur Basin is part of a Proterozoic basin system on the North Australian Craton that 

represents a world-class Zn-Pb province. Ore bodies are typically stratiform and hosted by pyritic, 

organic-rich, and dolomitic siltstones deposited in local depocenters and sub-basins. The 

mineralisation is characterised by syngenetic and/or diagenetic textures. These characteristics 

highlight the need to understand the sedimentological and structural evolution of the basin for 

mineral exploration. This study used detailed facies analysis of stratigraphic units comprising the 

middle McArthur Group and also provides a sequence stratigraphic interpretation. High-resolution 

carbon isotope chemostratigraphic records are integrated into this sequence stratigraphic 

framework provides a novel approach for understanding the mineralisation potential in the 

McArthur Basin. 

Our facies analysis of the middle McArthur Group (Tooganinie to Lynott formations) in the southern 

McArthur Basin, distinguished four facies associations and 19 lithofacies. Depositional environments 

range from slope and deep subtidal settings to supratidal sabkhas (Figure 8). The Barney Creek 

Formation comprises two sequences, which have been termed B1 and B2. Sequence B1 comprises 

the W-Fold Shale, HYC Pyritic Shale Member, and roughly the lower half of the undifferentiated 

Barney Creek Formation. Sequence B2 comprises the upper undifferentiated Barney Creek 

Formation and the Reward Dolostone. 

The middle McArthur Group records a systematic ~3.5‰ shift in the carbon isotope ratio of 

carbonates (δ13Ccarb) that can likely be used for basin-wide or even global correlation. The Barney 

Creek Formation, the host unit to the majority of Zn-Pb mineralisation, was deposited 

predominantly under deep subtidal to slope conditions, although shoaling to shallow subtidal 

environments locally occurred on paleo-highs. Together with the overlying Reward Dolostone, it 

comprises two 3rd-order transgressive-regressive sequences, which distinguishes it from the 

younger and less prospective but lithologically similar Caranbirini Member, which only comprises 

one incomplete sequence. The HYC Pyritic Shale Member of the lower Barney Creek Formation, 

which hosts most of the known mineralisation, is lithologically similar across the studied area, and 

reflects significant deepening of the entire basin. A maximum flooding surface (MFS) in the HYC 

Pyritic Shale Member represents the most pyritic and organic-rich interval and can be developed as 

a black shale in sub-basin depocenters. It represents an ideal chemical trap for base metals in 

syngenetic models for mineralisation; however, lithification and compaction would convert this 

black shale interval into a physical trap in diagenetic models. Regardless of the preferred model, 

sequence stratigraphy integrated with facies maps can be used for mineral exploration. 
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Figure 8 Schematic block diagram depicting interpreted depositional environments, including sub-basin and paleo-

high settings, of middle McArthur Group (Tooganinie Formation to Hot Spring Member of Lynott Formation. Insets 

are enlargements of depositional settings and grey-scale block figures show sedimentary structures as observed in 

drill core. Very shallow seafloor inclination would have permitted peritidal environments to migrate hundreds of 

kilometers with relative sea level fluctuations of meters to a few tens of meters. 

The HYC Pyritic Shale Member and the undifferentiated upper part of the Barney Creek Formation 

are generally pyrite- and organic matter-rich. However, the maximum flooding surfaces of 

sequences B1 and B2 have even higher pyrite and organic matter contents, in particular in sub-basin 

depocentres where they can be developed as silty and black shales (Kunzmann et al., 2019a). This 

suggests that they represent the most suitable chemical traps for oxidised base metal brines. 

Therefore, we had previously proposed to target these intervals in sub-basin depocentres for Zn-Pb 

mineralisation (Kunzmann et al., 2018). This targeting concept focused on syngenetic models for 

mineralisation. However, recent microanalytical results from the McArthur River deposit suggest 

that the mineralisation postdates earliest diagenesis and highlights the importance of carbonate 

replacement (Spinks et al., 2019a, b). This implies that the host rocks were already buried at the 

time of mineralisation. Constraining the depth below the seafloor at which the mineralisation 
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occurred is challenging though. Based on the paragenetic relationships observed at McArthur River 

(Spinks et al., 2019 a, b), it seems likely that the burial depth was on the order of ten to a few 

hundred meters. We suggest that the maximum flooding surfaces, where developed as silty and 

black shales, would have already been compacted and lithified at such depths, thus significantly 

reducing their porosity and permeability. For this reason, we suggest that the shale facies of the 

maximum flooding surfaces would have acted as physical traps (seals) to ascending base metal 

brines. 

The new model for the mineralisation at McArthur River is consistent with observations from Teena 

(Taylor et al., 2017) and has implications for exploration. Of particular importance is the maximum 

flooding surface of sequence B1 because the mineralisation at McArthur River and Teena occur in 

the HYC Pyritic Shale Member (e.g., Eldridge et al 1993, Taylor et al 2017). Instead of targeting the 

maximum flooding surface for mineralisation, the transgressive deposits below should be the target. 

Their stratigraphic occurrence, and that of the capping maximum flooding surface as physical trap 

(seal), can be predicted with sequence stratigraphy. Ideally, this should be coupled to facies maps 

that show where in the basin the maximum flooding surface at the top of the HYC Pyritic Shale 

Member is developed as shale (and not as siltstone) to provide ideal seal properties. This model 

should be testable with detailed stratigraphic studies of mineralised sub-basins. At Teena, the most 

carbonaceous and pyritic interval (i.e., maximum flooding surface?) occurs above the mineralised 

zone of the HYC Pyritic Shale Member (Taylor et al., 2017), which is generally consistent with our 

model. 

A syngenetic model for the mineralisation implies that fluid pumping occurred at the time the host 

rocks of the HYC Pyritic Shale Member were deposited. This means the pumping of fluids would 

have happened during extension and deepening of sub-basins (McGoldrick et al., 2010, Blaikie and 

Kunzmann, 2019a, b). In contrast to models of syngenetic mineralisation, diagenetic models suggest 

that elevated fluid flow rates occurred after the host rocks were deposited. One hypothesis is that 

this occurred during deposition of the upper Barney Creek Formation. Our detailed logging shows 

that carbonate mass flow breccias are common in this stratigraphic interval, indicating instability of 

shallow depositional environments potentially linked to a short-lived compressional event. This 

event may be related to accretion of the Warumpi province at the southern margin of the North 

Australian Craton or intraplate instability associated with broader scale plate reorganization (Blaikie 

and Kunzmann, 2019a, b). 

Core logging on a regional scale across the Batten Fault Zone shows a shift in the depocentre at 

Barney Creek–Reward time (Figure 9). In the southern and central part of the Batten Fault Zone, the 

Barney Creek Formation is relatively thick, whereas the overlying Reward Dolostone is thin. 

Furthermore, the Reward Dolostone comprises shallow marine facies. In contrast, in the northern 

part of the Batten Fault Zone (wells YLD001 and Cow Lagoon 1), the Barney Creek Formation is much 

thinner, whereas the Reward Dolostone is very thick and represents hundreds of meters of deep 

marine strata. In this area, the overlying Caranbirini Member of the Lynott Formation also seems to 

be thicker than further to the south. 
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Figure 9 Three-dimensional geological cross-section across the Batten Fault Zone. In the southern and central part 

(south of well CL1), the Barney Creek Formation is thick but the overlying Reward Dolostone is thin. The opposite 

relationship is observable in the northern part of the Batten Fault Zone. 

The observed depocentre shift indicates that major extension in the northern part of the Batten 

Fault Zone occurred later in the basin’s history when compared to the southern and central region. 

The Caranbirini Member is lithologically similar to the Barney Creek Formation and shows excellent 

metal host compositions (Kunzmann et al., 2019a, b). Therefore, the Caranbirini Member may be a 

potential exploration target, depending on the timing of significant fluid flow, availability of a metal 

source, and the structural framework and evolution. 

 



16   |  CSIRO-NTGS McArthur Basin Project Chapter 1: Overview and summary. Chapter 1: Overview and summary 

4 Deposit to nanometre-scale geochemical 
characterisation of the McArthur River 
sediment-hosted Zn-Pb ore deposit  

This section summarises Chapter 4 of the CSIRO-NTGS McArthur Basin project report (Spinks et al., 

2019b) and the reader is directed to that publication for the full results.  

The supergiant McArthur River (Formerly- Here’s Your Chance [HYC]) Zn-Pb-Ag deposit, is one of the 

largest sediment-hosted base metal deposits in the McArthur-Isa superbasin. The deposit is often 

regarded as a key example of a sedimentary-exhalative (sedex) deposit, which implies 

mineralisation occurred following exhalation of a metalliferous brine into the water column with 

resultant deposition of laminated base metal sulphide ore as a chemical sediment. This model of 

ore formation influences exploration approaches, as it implies a direct control on sedimentary 

environment and synsedimentary tectonic framework on ore deposition. However, the evidence for 

a synsedimentary-exhalative origin of McArthur River (and other similar deposits in the region), is 

predicated mainly on the interpretation that the ores with fine-grained laminated textures are 

sedimentary in origin, and ore clasts that occur within intraformational breccias indicate 

mineralisation occurred before individual fault movements. The presence of laminated ore textures, 

often regarded as the primary evidence for exhalative processes in these deposits, have otherwise 

been shown to result from carbonate replacement processes in the subsurface well after deposition 

of the host sediment in other similar deposits. Previous studies of the mineralisation and genesis of 

the McArthur River deposit and similar sediment-hosted base metal mineral systems have focussed 

on empirical observations or non-quantitative analytical methods, and sub-micron-scale 

techniques. Furthermore, as is traditionally the case with ore deposit geology studies, there has 

been a considerable gap in the scales in which the McArthur River deposit has been studied: from 

the deposit scale to the thin section scale. This gap creates the likelihood that critical information is 

missed by moving from a scale of tens to hundreds of metres to sub-microns with no intermediate 

step to provide context for micron-scale data. Here we fill that gap by employing state-of-the-art 

new technologies to characterize the ore deposit textures, mineralogy and geochemistry moving 

allowing us to quantitatively analyse from large samples from individual ore lenses at 

unprecedented high-definition across unprecedented spatial scales, to nanometre-scales.  

Our data show several new findings that are critical to understanding the ore-forming processes at 

the McArthur River deposit. Diagenetic carbonate laminae in the laminated zone of the deposit are 

shown by Maia Mapper™ analysis to be preserved in subtle areas associated with laminated Zn 

mineralisation. The Maia Mapper™ is a new laboratory XRF mapping system for efficient elemental 

imaging of drill core sections for use in minerals research and industrial applications (Siddons et al. 

2014). Nodular carbonate displays partial-dissolution textures and sphalerite occurs at the outer 

margin of the dissolution fronts (Figure 10, Figure 11). Manganese enrichment occurs on the outer 

rim of the partially-dissolved carbonate. These observations are consistent with a carbonate 

replacement style mineral system. 
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Figure 10. Top: Polished slab of laminated pyritic-dolomitic Zn-Pb ore (orebody 8) from central zone of the McArthur 

River deposit. Bottom: Maia Map of same sample showing distribution of iron (red), zinc (green) and calcium (blue). 

Zinc (sphalerite) is observed to have partially-to-fully replaced dolomitic (calcium-blue) laminae. White box indicates 

field of view of detailed area shown in Figure 11. 

 

 

Figure 11. Maia Map of area shown by white box in Figure 10 showing distribution of iron (red), zinc (green) and 

calcium (blue). Zinc (sphalerite) is observed to have partially-to-fully replaced dolomitic (calcium-blue) laminae. Note, 

this image appears slightly out of focus at this scale due to the grain size in this sample being less than the Maia beam 

diameter.  
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Thallium (Tl) enrichment, long known to be associated with sediment-hosted Zn-Pb deposits such 

as the McArthur River deposit, but nothing was previously known about its deportment. Therefore, 

the role of Tl in the mineral system and potential use as a geochemical pathfinder was poorly 

understood. Our Maia Mapper analyses show that over large scales Tl is associated with late-stage 

pyrite bands rather than early syngenetic-diagenetic laminated pyrite. Nanometre-scale focussed 

ion beam analyses of these late pyrites show that Tl is present exclusively in late-stage pyrite 

overgrowths around earlier pyrite, but always before base metal sulphide deposition (Figure 12). 

 

Figure 12. A) SEM image of early framboidal pyrite with late zoned pyrite overgrowths in the Zn-Pb ore zone B) 

TOFSIMS map of Tl205 in zoned pyrite outlined in the white box in A. The framboidal core, in this case, has rare 

localized enrichments in Tl, whereas the zoned overgrowths have higher Tl concentrations. 

These observations strongly imply that the mineralizing ore-forming events occurred in the 

subsurface post-deposition. Furthermore, the trace element deportment and paragenetic sequence 

allows us to provide key information on the likely ore fluid chemistry. Fluid geochemical modelling 

allow us to piece together following sequence of events for emplacement of the ore deposit (Figure 

13). 1) oxidised and acidic metal chloride-bearing ore fluids migrate into the subsurface of the 

Barney Creek Formation into the subsurface. Fluids interact with reducing lithology and H2S-bearing 

pore fluids and become reduced below the oxidizing buffer. 2) Secondary Tl-enriched pyrite 

precipitates around earlier diagenetic pyrite, and acidic ore fluids dissolve diagenetic carbonate. 

Laminated carbonate in the central zone is almost entirely dissolved, nodular carbonate is partially-

dissolved and undergoes Mn enrichment at the reaction front. 3) pH buffering at the site of 

carbonate dissolution allows sphalerite to precipitate at the site of carbonate dissolution.  
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a) b)  

c) d)  

Figure 13. A) Stability of predominant Tl, Fe and Zn minerals and aqueous species as a function of logfO2 and pH at 

150°C: A) Tl; B) Fe; C) Zn. Boundaries of Tl, Fe and Zn species are shown as red solid, dashed and dash-dotted lines, 

respectively. The boundaries of sulphur species are shown with blue dashed lines in all subplots, and activities of 

total sulphur and chloride are the same as (Cooke et al., 2000); a_∑S = 0.001 m; a_∑Cl = 5.8 m. D) Summary of the 

stages of the fluid chemistry, mobility and precipitation of metals on the McArthur River mineral system. 1) influx of 

oxidised, oxygenated fluids, 2) fluids are reduced by the host H2S and organic matter-bearing host lithologies. FeCl 

and TlCl in fluid react with H2S to form late Tl-enriched pyrite. Acidic fluids dissolve diagenetic carbonate and 

potentially other siliciclastic phases, buffering pH to more neutral-alkaline values, 3) localized elevated pH values 

allow sphalerite to precipitate at the site of carbonate dissolution. 

This model of carbonate dissolution-associated ore deposition at the McArthur River deposit is 

consistent with other sediment-hosted Zn-Pb deposits globally and raises doubt over the occurrence 

of sedimentary-exhalative ore-forming processes in the McArthur Basin. 

Ultra-high-definition geochemical mapping of large pit samples from the McArthur River deposit 

show sphalerite is exclusively associated with carbonate dissolution. Nodular carbonate in north 

and south zones is partially-replaced, whereas laminated carbonate in the central zone is almost 



20   |  CSIRO-NTGS McArthur Basin Project Chapter 1: Overview and summary. Chapter 1: Overview and summary 

entirely replaced by base metal sulphides. EBSD analyses show Mn-enriched outer margins of 

carbonate at dissolution front in contact with sphalerite. 

Ultra-high-definition geochemical mapping shows Tl is hosted in late stage pyrite bands and is 

spatially associated with sphalerite. Focussed ion beam time of flight secondary ionisation mass 

spectrometry (FIB-TOF-SIMS) analyses shows that Tl is hosted predominantly in late-stage pyrite 

overgrowths that precipitated (perhaps immediately) before base metal sulphides.  

Fluid modelling suggests that precipitation of initial Tl-bearing pyrite overgrowths by reduction of 

metals was transported by acidic (pH<4) oxidised fluids. Acidic dissolution of carbonate would allow 

for additional increase in porosity and would create a pH buffering effect, raising fluid pH above 5, 

allowing precipitation of sphalerite at the site of carbonate dissolution.  

The findings of this study provide strong evidence for a diagenetic-epigenetic carbonate 

replacement origin for the McArthur River deposit mineral system and preclude a syngenetic model. 

This has implications for future exploration strategies for these Proterozoic sediment-hosted base 

metal deposits 

5 Utilisation of carbonate nodules in black 
shale as tool for sediment-hosted base 
metal mineralisation, McArthur Basin, NT 

This section summarises Chapter 5 of the CSIRO-NTGS McArthur Basin project report (Schmid and 

Godel, 2019) and the reader is directed to that publication for the full results.  

The Barney Creek Formation hosts one of the world’s largest sedimentary -hosted deposits, but 

exploration of black shale on the surface is tempered by strong weathering and loss of other trace 

elements. Therefore, more resistive units, such as carbonates are of interest as a tool for 

exploration. One of the least understood, but apparent feature in proximity of the McArthur River 

deposit are carbonate nodules within the black shales. 

This study aimed to evaluate past studies on carbonate nodules (Rye and Williams, 1981; Ireland et 

al 2004; Large et al 2001), but also look at the geochemical changes within the carbonate rocks and 

their sedimentological context, to understand the importance and precipitation mechanism related 

to mineralisation. Once understood, it could be applied to develop vectors towards finding 

mineralisation within carbonate rocks. In this study carbonate nodules of the non-mineralised 

Barney Creek Formation (Glyde sub-basin), and from McArthur River deposit were analysed and 

interpreted. 

In summary, the study shows that the δ13C isotopic composition of the carbonate nodules reflects 

the values recorded in the carbonate facies by Kunzmann et al (2019 - Chapter 3 of this report). 

Therefore, the carbonate nodules formed near or just below (<10 m) the seafloor. However, the 

δ18O isotopic composition in the nodules are less negative than the background. The geochemical 

composition varies between Barney Creek Formation B1 and B2 sequence. The main differences are 

the Mn (B1<B2) and Sr (B1>B2) concentrations. The lower Sr concentrations and higher abundance 

of dolomite in the McArthur River deposit suggest a stronger diagenetic overprint, compared to the 
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Glyde sub-basin samples. However, the diagenetic history of the two sub-basins is not well 

understood. The occurrence of Zn, Pb and Cu-sulphides within the nodules Mn-dolomite cement 

implies, that there was a fluid elevated in base metals, present during the precipitation of the 

nodules (Figure 14). However, there is no pattern in the abundance of sphalerite and Mn-dolomite. 

A sample from Glyde sub-basin is similarly enriched in Mn, but there is no known mineralisation in 

this sub-basin. 

 

Figure 14. XRF elemental map of nodule HYC13 showing a core of sphalerite (Zn), and disseminated galena (Pb) 

throughout the Mn-dolomite. The sample fractured along the edges with remobilised sulphides and dolomite. 

Based on the data presented in this study, the following conclusions can be made: 

1) The B1 sequence is generally elevated in Mn concentrations compared to B2. 

2) The formation of the nodules occurred near or up to ~10 m below the seafloor during very 

early diagenesis. 

3) The composition varies between calcite-dominated in the Glyde sub-basin and dolomite at 

HYC (also reflected in the Sr concentrations). 

4) It is not resolvable if the Mn-enrichment is always related to the sulphide mineralisation, 

since there is a lack of understanding of the spatial relationships. 

5) The Mn is associated with Fe-Mn dolomite cement, which precipitated concurrent with 

sphalerite and galena at HYC during early diagenesis. 

6) The timing of nodules precipitation (including sphalerite) in relation to the main ore body 

formation at HYC is unknown, and cannot be resolved based on published data and this 

study. 
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6 3D Modelling of fluid flow in the McArthur 
River Zn-Pb-Ag mineral system 

This section summarises Chapter 6 of the CSIRO-NTGS McArthur Basin project report (Sheldon and 

Schaubs, 2019) and the reader is directed to that publication for the full results.  

Numerical models were used to test hypotheses concerning the formation of base metal deposits 

in the southern McArthur Basin, with a focus on integrating insights gained from the 

geophysics/structural, sedimentology/sequence stratigraphy and geochemistry/mineral 

characterisation studies of the project.  

The Zn-Pb-Ag deposits of the McArthur Basin are believed to have formed by precipitation of base 

metals from an oxidised basinal brine interacting with anoxic sediments, at or just below the sea 

floor. The brine originated from evaporitic deposits and leached metals from deeply-buried volcanic 

units before travelling through sandstone aquifers and returning to the seafloor via the Emu Fault 

system (Figure 15).  

 

Figure 15. Conceptual model for mineralisation at McArthur River (modified from Large et al., 1998; Garven et al., 

2001). (1) Oxidised basinal brine descends through the basin. (2) Metals leached from volcanic units and transported 

through sandstone aquifer. (3) Brine returns to seafloor via Emu fault. (4) Deposition in anoxic sediments, at or just 

below seafloor (gold star). 

Previous numerical modelling studies have shown that this fluid flow regime could have arisen from 

basin-scale convective flow driven by variations in temperature and/or salinity. However, these 

studies were predominantly two-dimensional and did not consider the effect of deformation on the 

fluid flow regime, which may have been important given the tectonically active setting of the 

McArthur Basin. Furthermore, the fluid flow pathways predicted by previous numerical models are 

consistent with syngenetic mineralisation on the sea floor, yet petrographic and geochemical 

studies undertaken in this project indicate a predominantly diagenetic origin for much of the 

mineralisation. These limitations are addressed in the models described in this report. 
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The numerical models were based on a simplified 3D representation of the key structural and 

stratigraphic features in the vicinity of the McArthur River deposit. The geometry includes the Emu 

Fault and an orthogonal cross-fault. Simulations of coupled fluid flow, heat transport and 

deformation in this geometry were performed using the finite element method.  

 

Figure 16. Geometry used in numerical models. Faults are 200 m wide. Cross fault dips 80°°°° SSE. 

Hydrostratigraphic units in the model were assigned appropriate mechanical, thermal and fluid flow 

properties based on their dominant lithology and burial history, with faults assumed to act as high-

permeability fluid pathways. Models were run first without deformation, to explore the nature of 

and controls on thermal convection in three dimensions, then deformation was applied to 

investigate its effect on the established convective fluid flow.  

This study showed that thermal convection arises spontaneously in the modelled system if the fault 

permeability is ≥ 10-14 m2. It does not require local heat sources. Thermal convection is strongly 

three-dimensional, and cannot be adequately represented in 2D models. The convecting system is 

characterised by thermal upwellings ~1-3 km wide with a spacing ~10-20 km along the Emu Fault.  

This fluid flow pattern is consistent with syngenetic mineralisation if the faults have high 

permeability throughout the sediment pile. The temperature and fluid flow rate in these upwellings 

is sufficient to account for a 20 Mt Zn deposit in less than 1 Myr, assuming 100% precipitation from 

a fluid carrying 1000 ppm Zn. Diagenetic mineralisation may have occurred if the faults had low 

permeability at shallow depths, causing upwelling fluid to deviate out of the faults into the adjacent 

Barney Creek Formation. However, the flow rates are lower than in the syngenetic scenario, hence 

the timescale for mineralisation is increased to several million years.  

Convection tended to start with upwelling at the fault intersection but subsequently migrated along 

the Emu Fault (Figure 17). In more complex geometries the convective upwellings might be “pinned” 

by features such as fault bends or jogs. There is strong interaction between the convective flow in 

the fault and convective flow in the aquifer (representing the metal source). The volume of fluid 

passing between the aquifer and the fault appears to be sufficient to account for the observed 

mineralisation, however it would be necessary to include chemical tracers in the simulations to 

verify this. 
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Figure 17. Evolution of 3D convection in aquifer and faults with basal heat flux 85 mW m-2, fault permeability 10-14 

m2. Cone indicates north. Left column: Temperature (°°°°C). Centre column: X-component of fluid flux (m s-1), where the 

positive x-direction is ENE (parallel to the cross-fault). Right column: Fluid flow vectors scaled by fluid flux magnitude 

and coloured by vertical component of the fluid flux (m s-1). (A) 50 000 years. (B) 0.1 Myr. (C) 0.5 Myr. (D) 0.95 Myr 

Tectonic deformation (extension or shortening) at geologically reasonable strain rates (10-14 – 10-15 

s-1) had minimal impact on convective fluid flow. Deformation at higher strain rates may have 

impacted on the convective fluid flow, but convection would have been restored almost 

instantaneously after the cessation of such deformation. Technical limitations meant that the 

amount of deformation that could be achieved was relatively small (< 1% bulk shortening or 

extension). Larger deformations could impact on fluid flow by causing development of topography 

and/or changes in the spatial distribution of different rock types due to faulting and folding.  
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7 Exploration Implications 

The multi-scale and multi-disciplinary nature of this project has resulted in a number of exploration 

implications. 

The intermittent, and broadly north–south-directed extensional tectonic environment under which 

the McArthur Group evolved resulted in significant sub-basin deepening in some areas, and uplift 

and erosion in others. The thick sequences of the Barney Creek Formation which hosts 

mineralisation in these sub-basins developed in transtensional segments of north-northwest-

trending strike-slip faults, and adjacent to east–west to east-northeast trending normal faults which 

terminate against north-northwest-trending faults. These fault orientations and relationships are 

important exploration targets although they may not always be exposed at the present-day surface, 

or their significance may be overlooked as sub-basin controlling faults may only cause a few metres 

offset in younger stratigraphy. This highlights the importance of integrated geological and 

geophysical analysis of potential exploration targets. 

For example, geophysical and structural analysis of the Myrtle sub-basin indicates that its 

architecture is more complex than was previously thought. It comprises several small fault-bounded 

compartments, and key faults controlling growth of the Barney Creek Formation appear to be blind 

at the surface with either no, or minimal offset of younger units. Existing drill-holes appear to have 

missed the depocenter, and instead intersected shallower parts of the sub-basin away from the 

major growth fault. This fault would have been the most likely pathway for mineralising fluids to 

ascend from depth and interact with sediments. It is uncertain if this fault penetrates potential 

source rocks modelled in the Tawallah Group, however it is bound by larger, north-northwest 

trending strike-slip faults which may penetrate these rocks. The potential for fluid pathways 

connecting source rocks and the sub-basins exists, and there may be potential for mineralisation to 

be preserved within the deepest part of the sub-basin adjacent to this structure. 

The regional scale potential field modelling identified possible source rocks for base metals and 

broadly highlights areas of the Batten Fault Zone which may be more prospective for sediment 

hosted mineralisation. An anomalously thick sequence of mafic volcanics were modelled within the 

Tawallah Group stratigraphy in the central Batten Fault Zone and occur in close proximity to known 

mineralisation in the area. Additionally, felsic intrusives are also interpreted within the basement in 

close proximity to this area. These mafic and felsic volcanics may be the source of base metals and 

suggests firstly that significant pre-conditioning of the crust for Zn-Pb-Ag mineralisation occurred 

prior to deposition of the McArthur Group, and secondly that the source region of base metals may 

be proximal to mineralisation discovered in the region. Modelling also identified potential fluid 

pathways from these sources in the form of sub-basin bounding faults that tap the basement and 

volcanics within the Tawallah Group. 

The sedimentological and stratigraphic evaluation of the Barney Creek Formation, demonstrates 

that this unit is not homogeneous and the formation is significantly thicker in sub-basins compared 

to paleo-highs. The undifferentiated Barney Creek Formation shows lateral facies variation. For 

example in some paleo-highs the undifferentiated Barney Creek Formation comprises carbonate 

facies deposited in shallow marine environments (e.g. Lamont Pass drillhole). In contrast, some sub-

basin and paleo intersections record deep subtidal and more siliciclastic-rich facies (e.g. GRNT-79-7 
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and Leila Yard 1 drill holes). Understanding in which part of the Barney Creek Formation, tenements, 

drill-holes, or samples are located and what the nature of that particular facies is, is critical to the 

explorer. 

The sedimentology of the HYC Pyritic Shale Member, of the Barney Creek Formation, which hosts 

the mineralisation at McArthur River and Teena, is similar across the studied area in both 

mineralized and unmineralized cores (Large et al., 1998; Bull, 1998). The well-developed organic-

rich and pyritic black shale and silty shale interval in some sub-basin locations may be an important 

difference to paleo-high settings. Metallogenic models for the formation of McArthur-type deposits 

suggests that metal transport occurred via oxidised and sulphide-poor fluids, while chemical 

trapping occurred in reduced and sulphidic strata (e.g., Large et al., 1998; Huston et al., 2006); the 

high abundance of organic matter and sulphide in the HYC Pyritic Shale Member would thereby 

provide excellent trapping conditions. The fact that the black shale interval in sub-basins is even 

more pyritic and organic-matter rich, suggests that it represents an even better chemical trap. This 

interval would therefore be the most prospective base metal target if the mineralisation was 

syngenetic (Large et al., 1998). However, microcharacterisation indicates that the mineralisation at 

the McArthur River deposit occurred during diagenesis (Spinks et al., 2017, 20191a, b). This model 

implies that mineralisation occurred after initial compaction and lithification, thereby significantly 

reducing the initially high porosity and permeability of the black shale interval. The processes of 

lithification and compaction would potentially convert the black shale interval into a seal (i.e., 

physical trap) for ascending brines as opposed to a chemical trap. The diagenetic model for 

mineralisation indicates that, exploration should focus on the transgressive interval of the HYC 

Pyritic Shale Member below the maximum flooding surface (MFS). Regardless of whether the MFS 

was a chemical trap (syngenetic model) or a physical trap (diagenetic model), sequence stratigraphy 

is a powerful tool for targeting as it predicts the stratigraphic position of this important interval. 

Ideally, it should be coupled to facies maps showing where in the basin the MFS is developed as a 

silty and black shale. 

The generally lower abundance of organic matter and sulphide as reductant and possible sulphur 

source in the undifferentiated Barney Creek Formation has a negative effect on the trapping 

potential. This makes this part of the Barney Creek Formation less attractive than the HYC Pyritic 

Shale Member. An exception could be the organic-rich and pyritic black shale interval developed at 

the MFS of sequence B2 in some sub-basin areas (i.e. drill-hole GRNT-79-7 see Kunzmann et al. 

2019b – Chapter 3). Since the host unit and its trapping potential is only one critical component of 

the mineral system, other components (e.g., fluid flow) also need to be considered. The same is true 

for the lower Caranbirini Member, which shows prospective trapping potential due to the organic-

rich and pyritic composition of the recorded MFS of the sequence in this area. 

Chapter 4 of this report (Spinks et al 2019b) presents evidence that shows that the paragenetic 

sequence of the McArthur River deposit, precludes a synsedimentary ore-forming model. The 

presence of preserved laminated carbonate, that has almost entirely been dissolved where 

laminated sulphide textures occur are consistent with the dissolution textures in the nodular 

carbonate facies. This is consistent with previous studies that demonstrated a carbonate 

replacement style of mineralisation in similar deposits and demonstrates that ore formation 

occurred at least after the precipitation of diagenetic carbonate. The deportment of Tl in late-stage 

pyrite overgrowths that occur pre-ore are further evidence that mineralisation occurred post-

sediment deposition, and imply that there was a stepwise sequence of metal deposition linked to 
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changing fluid chemistries as they interacted with the host rock. Together these findings provide 

strong evidence for subsurface carbonate replacement-style diagenetic mineral system at the 

McArthur River deposit. 

The contrasting models of syngenetic and late-stage diagenetic mineralisation have important 

implications for the timing of fluid movement. Assuming syngenetic mineralisation, Garven et al. 

(2001) linked fluid flow to tectonic activity during deposition of the HYC Pyritic Shale Member. The 

diagenetic model implies that elevated fluid flow occurred later during undifferentiated Barney 

Creek time. A suitable stratigraphic interval might be the upper Barney Creek Formation around the 

B1-B2 sequence boundary. Here mass-flow breccias are common and although speculative, they 

may record slope and platform failure caused by a short-lived compressional event. This would be 

consistent with observations from the McArthur River deposit, where Hinman (1995) postulated 

compression during deposition of the upper Barney Creek Formation and is consistent with Blaikie 

and Kunzmann (2019b – Chapter 2 of this report). This compressional event could be a suitable 

mechanism for fluid flow in the diagenetic model. 

The elemental and isotopic geochemistry study of carbonate nodules from the Barney Creek 

Formation shows in part, that carbonate nodules can be used as a tool for base metal mineralisation 

exploration in black shales. The nodules with elevated Mn concentrations are likely to be associated 

with the B1 (including the HYC member) sequence of the Barney Creek Formation; a target for base 

metal mineralisation. However, it is unclear, what the exact relationship between Mn and base 

metal mineralisation is, since the non-mineralised Glyde sub-basin shows the same Mn-enrichment. 

Numerical simulations coupling deformation – heat transport and fluid flow suggest that thermal 

convection could have resulted in sufficient flow of hot, metal-charged fluid to the seafloor to 

account for a 20 Mt syngenetic Zn deposit in less than 1 million years. Diagenetic mineralisation 

requires a longer period of fluid flow (several million years) and/or higher heat flux because the flow 

rates are lower when fluid travels through the Barney Creek Formation rather than exiting through 

the faults onto the seafloor. 

Thermal convection within the Emu Fault results in focusing of fluid flow into convective upwellings, 

with a width of ~1 – 3 km and spacing ~10 – 20 km. Fluid focusing results in a much higher potential 

for mineralisation than would be predicted by a 2D model with time-integrated fluid flux in areas of 

fluid focusing was ~ 3 times greater than the average value along the Emu Fault. Finding evidence 

for increased temperatures along faults could therefore be a useful exploration strategy. 

Fluid flux and the temperature of the ascending fluid increase with increasing fault permeability and 

heat flux into the base of the model. Areas where faults were optimally oriented for reactivation 

under the inferred stress regime at the time of mineralisation, are more likely to have had high 

permeability at this time and would be better exploration targets. 

The models showed convection upwelling was commonly initiated at the fault intersections, 

however, the subsequent evolution showed that the convective upwellings were mobile. This 

suggests that greater structural complexity might lead to the spatial stabilisation of convective 

upwellings to certain structural features (e.g. fault bends, jobs, intersections). This would be 

advantageous for mineralisation, as focusing of convective upwelling in one location would lead to 

a higher concentration of metals in that location. Anomalously high heat flux associated with a fault 

bend or intersection might be particularly favourable for mineralisation. 
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The apparent coincidence of an inversion event with the timing of mineralisation ~1640 Ma (Blaikie 

and Kunzmann, 2019b - Chapter 2) suggests that deformation may have played a role in localising 

mineralisation in space and time. While our simulation results indicate that the switch from 

extension to shortening is not likely to have had much influence on convective fluid flow, it is 

possible that the inversion event was significant for other reasons; for example, it may have caused 

reactivation (or initiation) of some structures, thus enhancing their permeability and facilitating 

convection. 
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Executive summary 

The southern McArthur Basin is located in the northeast of the Northern Territory and forms part 

of a larger basin system that spanned the North Australian Craton during the Proterozoic. The basin 

preserves sedimentary rocks from at least four, vertically stacked and unconformity bound basin 

sequences, which are lateral equivalents to the Leichhardt, Calvert and Mount Isa superbasins in 

northwest Queensland. In the southern McArthur Basin, these sequences are comprised of the 

Tawallah, McArthur, Nathan and Roper groups. They were deposited and deformed in response to 

several different extension and crustal shortening events that affected the North Australian Craton. 

These events resulted in a large-scale strike-slip and normal faults that formed at high-angles to 

each other and were repeatedly reactivated depending on the regional stress field.  

The southern McArthur Basin is part of one of the most well-endowed base metals provinces on 

Earth (the Mount Isa Inlier) and is highly prospective for sediment hosted Zn-Pb-Ag mineralisation. 

Mineralisation is known in the Batten Fault Zone (e.g., McArthur River and Teena) and is hosted 

within structurally controlled sub-basins that developed during deposition of the McArthur Group. 

The structural complexity of the underlying architecture has made recognition of these sub-basins 

challenging. This project applied geophysical interpretation and modelling to better understand the 

regional structural architecture and sub-basin development within the southern McArthur Basin. 

This report presents the results and metadata from this work and is accompanied by a digital dataset 

which includes processed geophysical imagery, attributed GIS files and located cross-sections.   

Results of the structural and geological interpretation, and forward modelling of the potential field 

data highlight the nature and overprinting relationships of major fault systems, regional scale 

folding, broad scale variations in the preserved thickness of stratigraphy, sub-basin controlling 

structures and the potential source rocks of base metals. A new synthesis for the structural and 

tectonic evolution of the southern McArthur Basin was developed from the integration of these 

results into a geodynamic framework of northern Australia. 

Results from this study have important implications for understanding Zn-Pb-Ag mineralisation and 

suggest that the McArthur Group evolved under intermittent, and broadly north–south-directed 

extension. This caused strike-slip movement along major north-northwest-trending faults such as 

the Emu Fault Zone, and normal movement along east–west to east-northeast-trending faults. 

Faulting resulted in significant sub-basin deepening in some areas, and uplift and erosion in others. 

Sub-basins containing thick sequences of the Barney Creek Formation, which is known to host base 

metals mineralisation, developed in transtensional segments of north-northwest-trending strike-

slip faults, and adjacent to east–west-trending normal faults.  

An anomalously thick sequence of mafic volcanics were identified during modelling of the gravity 

and magnetic within the Tawallah Group. These mainly occur in the central Batten Fault Zone in 

close proximity to known mineralisation. These mafic volcanics may be a source of base metals 

within the region, suggesting that the source region of base metals may be proximal to 

mineralisation discovered in the region. Modelling also identified potential fluid pathways from 

these sources in the form of sub-basin bounding faults that tap the basement and volcanics within 

he Tawallah Group. 
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1 Introduction 

The Palaeo- to Mesoproterozoic McArthur Basin preserves a 5–15 km-thick succession of mixed 

carbonate and siliciclastic rocks with intercalated bimodal volcanics near the base (Ahmad et al., 

2013; Jackson et al., 1987; Plumb, 1979a, b). Exposed in the northeast of the Northern Territory and 

northwest of Queensland, the McArthur Basin is part of a series of linked, intracratonic basin 

systems that extended across the North and South Australian cratons and into the interior of 

Laurentia during the Proterozoic (Allen et al., 2015; Betts et al., 2008; Rawlings, 1999). These basins 

had a long-lived evolution and experienced transient episodes of extension and basin inversion 

driven by far-field plate boundary processes (Betts et al., 2016; Betts and Giles, 2006; Betts et al., 

2008). In the McArthur Basin, this resulted in a complex depositional architecture where 

depocentres shifted and were controlled by an underlying structural framework of strike-slip and 

normal faults that varied in orientation depending on the regional stress field and were periodically 

reactivated during different phases of the basins development (Betts et al., 2015; Plumb et al., 1980; 

Plumb and Wellman, 1987; Rogers, 1996).  

Interpretation and modelling of geophysical data can provide information on fault architecture and 

the 3D distribution of different rock packages. This work focussed on the interpretation of new and 

existing geophysical datasets to map the spatial distribution of sedimentary sequences within the 

McArthur Basin and the overprinting relationships of faults. Interpretations are integrated with the 

detailed sedimentological evaluation and sequence stratigraphic framework developed by 

Kunzmann et al. (2019a), and the broader geodynamic framework of the north Australian Basin 

systems (e.g., Betts et al., 2006; Gibson et al., 2016; Giles et al., 2002). This assists in recognition of 

basin controlling normal faults, and structures related to later deformation, and allowed 

observations of depositional cycles and shifting depocentres to be placed in context of the structural 

framework and tectonic evolution of the basin.  

All interpretations and data presented in this report are included as a digital appendix consisting of 

a GIS project with all geophysical datasets used in the interpretation, shapefiles of the interpreted 

fault architecture and geology and georeferenced cross-sections.  

1.1 Regional geology of the McArthur Basin   

1.1.1 Architecture 

The McArthur Basin is exposed over an area of approximately 180 000 km2 but extends further 

under cover to the southwest and southeast. Sedimentary sequences unconformably overly the 

metamorphic rocks of the Pine Creek Orogen in the northwest, the Arnhem Province in the 

northeast and the Murphy Province in the southeast (Figure 1; Ahmad et al., 2013). The 

Neoproterozoic to Devonian Georgina Basin, and the Mesozoic Carpentaria and Arafura basins 

unconformably overlie the McArthur Basin. The basin extends undercover to the south and 

southwest through the Beetaloo Sub-basin, connecting with the Birrindudu Basin in the west, and 

is also continuous with the Tomkinson Province in the south (Ahmad et al., 2013). Equivalent 
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sedimentary successions also occur within the Mount Isa and South Nicholson Basins (Jackson et al., 

2000).  

The structural architecture of the McArthur Basin is controlled by two north-trending fault zones, 

namely the Walker and Batten fault zones. The east-trending Urapunga Fault Zone cross-cuts these 

two fault zones (Fig. 1; Ahmad et al., 2013a). Although located distally to any paleoplate boundaries, 

these 50–80 km wide fault corridors are sensitive recorders of far-field stresses and experienced 

relatively intense deformation and structural reactivation throughout the basin’s history, compared 

to regions either side of the fault zone which are relatively undeformed (Rawlings et al., 2004). The 

fault architecture of the southern McArthur Basin consists predominantly of large northwest-

trending strike-slip faults overprinted by broadly north–south to north-northeast-trending strike-

slip faults, and north-northeast-trending reverse faults. These faults were reactivated multiple times 

and exhibited different senses of movement at different stages of the basin’s evolution (e.g., Betts 

et al., 2015).  

Several studies have previously attempted to understand the architecture of this region based on 

structural and geological observations (Hinman, 1995; Keele and Wright, 1998; Rawlings, 2007; 

Rogers, 1996), and geophysical interpretation and modelling (Betts et al., 2014; Duffett et al., 2007; 

Frogtech Geoscience, 2018; Plumb and Wellman, 1987; Rawlings et al., 2004). Initially, the Batten 

and Walker fault zones were interpreted as asymmetric half grabens bound on either side by stable 

continental shelves where only a thin sequence of sediments were deposited (Plumb et al., 1980; 

Plumb and Wellman, 1987). Potential field modelling by Leaman (1998) suggested that the Batten 

Fault Zone was not a half graben as previously interpreted, and this was confirmed by seismic data 

acquired by Geoscience Australia (Rawlings et al., 2004). Modelling by Leaman (1998) demonstrated 

broad scale variations in the thickness of volcanics and the Tawallah and McArthur groups, and 

identified granitic bodies within parts of the basement. Importantly, this work and later 

interpretation of seismic data indicated that sedimentary sequences were continuous and of 

comparable thickness beyond the previously interpreted half graben boundaries, leading to the 

current interpretation of that these regions were zones of post-depositional faulting, rather than 

distinct syn-depositional graben-like depocentres.  

In recent years, structural interpretations of the greater McArthur Basin based on geophysical 

observations were completed by (Betts et al., 2015; Betts et al., 2014). These interpretations 

focussed on mapping the fault architecture and the broad scale distribution of the Redbank, Glyde, 

Favenc and Wilton packages, and provided initial correlation of fault events with the Mount Isa 

terrane. Since this work was completed, higher resolution gravity data (4-2 km spacing) were 

acquired across parts of the Batten Fault Zone and southern McArthur Basin, and legacy AEM data 

acquired by industry was reprocessed (Ley-Cooper et al., 2016; Munday et al., 2017). These new and 

reprocessed datasets allow for more accurate interpretation of faults and geology under cover, and 

modelling of the subsurface architecture. 
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Figure 1 Regional geology of the McArthur Basin and Mount Isa Inlier showing major structural features, including 

the Batten, Walker and Urapunga fault zones, the location of basement inliers, and of stratiform Zn-Pb-Ag deposits 

(modified after Ahmad, 2013). 

1.1.2 Stratigraphy and basin development 

The sedimentary sequences of the southern McArthur Basin consist of several stacked and 

unconformable first order sedimentary sequences. These sedimentary sequences have been 

informally divided into non-genetic packages (Redbank, Goyder, Glyde, Favenc and Wilton) based 

on temporal correlation of laterally equivalent stratigraphic sequences across the basin (Rawlings, 

1999). These stratigraphic sequences correlate with superbasin sequences recognised in the Mount 

Isa Inlier. The Redbank and Goyder packages correlate to the Leichhardt and Calvert Superbasins, 

the Glyde and Favenc packages correlate to the Isa Superbasin, and the Wilton package correlates 

to the South Nicholson Basin (Figure 2; Jackson et al., 2000; Rawlings, 1999). The focus of this work 

is on the Batten Fault Zone and southern McArthur Basin, and we hereafter refer to relevant 

sedimentary sequences by their formal group names unless referring to age equivalent sequences 

across the broader greater McArthur Basin. In the southern McArthur Basin, the Redbank, Glyde, 

Favenc and Wilton packages are comprised of the Tawallah, McArthur, Nathan and Roper groups 

respectively (Ahmad et al., 2013; Rawlings, 1999). The stratigraphy of the southern McArthur Basin, 
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stratigraphic and tectonic correlations, and inferred directions of extension or crustal shortening 

are summarised in Figure 2.  

The Tawallah Group is the oldest preserved basin sequence within the southern McArthur Basin. 

The maximum and minimum ages for the group are constrained by the basement (Scrutton 

Volcanics: 1850 Ma; Pietsch et al. (1991)) and overlying McArthur Group (ca. 1660–1610 Ma; 

Munson, 2019), however the group is estimated to range in age between 1790–1700 Ma by 

Rawlings (2002) based on sequence stratigraphy and available SHRIMP zircon ages for volcanic and 

sedimentary rocks within the sequence (Wollogorang Formation: 1730-1725 Ma (Page et al., 2000); 

Tanumbirini Rhyolite: 1713 ± 7 Ma and Nyantu Formation 1708 ± 5 Ma (Page and Sweet, 1998)).  

The Tawallah Group is laterally equivalent to successions preserved in the Leichhardt (1800–1740 

Ma; Neumann et al., 2006, 2009) and Calvert (1725–1690 Ma; Jackson et al., 2000; Neumann et al., 

2009) superbasins in the Mount Isa Inlier. Between ca. 1790–1760 Ma, sedimentation in the 

McArthur Basin was contemporaneous with approximately east–west-directed extension and 

bimodal volcanism in the eastern parts of the continent (O'Dea et al., 1997). In the southern 

McArthur Basin, this period coincides with deposition of widespread fluvial to intertidal sandstones 

and conglomerates (Yiyinti Sandstone and Westmoreland Conglomerate), and the eruption of 

extensive flood basalts (Seigal Volcanics; Ahmad et al., 2013). 

Between ca. 1760–1740 Ma, shallow marine, syn-extensional siliciclastic rocks overlain by post-

extensional carbonate rocks of the middle Tawallah Group were deposited (Ahmad et al., 2013). 

Deposition coincides with north–south-directed extension in the Mount Isa region (Wonga Event; 

Holcombe et al., 1991). A ca. 1740 Ma mid-basin inversion event is recognised within the southern 

McArthur Basin (Bull and Rogers, 1996). Inversion was associated with a period of east–west-

directed crustal shortening resulting in thrust faulting within the Mallapunyah Dome (Keele and 

Wright, 1998), uplift in the north of the fault zone, and development of a regional unconformity at 

the base of the Wununmantyala Sandstone (Fig. 2; Bull and Rogers, 1996). This event coincides with 

inversion recorded in the Leichhardt River Fault Trough associated with east–west-directed crustal 

shortening and termination of sedimentation for the Leichhardt Superbasin (Blaikie et al., 2017).  

Renewed extension between ca. 1725–1690 Ma resulted in widespread sedimentation and 

volcanism across the North Australian Craton. In the southern McArthur Basin, shallow marine 

siliciclastic rocks and minor carbonates of the upper Tawallah Group were deposited, and the 

regionally extensive Settlement Creek volcanics were emplaced predominantly as high-level sills, 

with the Gold Creek Volcanics inferred to be their erupted equivalent (Ahmad et al., 2013; Rawlings, 

2006). Northwest–southeast-directed extension is inferred at 1725 Ma, based upon the northeast 

orientation of the 1725 Ma Arnhem Dyke Swarm (Goldberg, 2010), and similar extensional 

conditions observed in the Mount Isa Inlier at the time (Jackson et al., 2000).  

A depositional hiatus of approximately 30 million years exists between the Tawallah and McArthur 

Groups. The ca. 1660–1610 Ma McArthur Group (Munson, 2019) is laterally equivalent to the Isa 

superbasin (ca. 1670–1575 Ma; Jackson et al. (2000)). It comprises a succession of carbonates, 

mudstones and sandstones deposited in a shallow to moderately deep-water environment (Ahmad 

et al., 2013; Jackson et al., 1987; Kunzmann et al., 2019b; Rawlings et al., 2004).  Age dates for the 

group are derived from felsic tuffs which are abundant in some parts of the sequence, and maximum 

depositional ages from detrital zircons. The basal sequence of the group returned maximum 

depositional ages of 1755 ± 15 and 1755 ± 6 Ma, which are older than the youngest absolute age of 
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the Tawallah Group. The age of the group is inferred to be only slightly older than the maximum 

depositional age of 1653 ± 17 Ma for the Mallapunyah Formation, and absolute age of the Tatoola 

Sandstone 1648 ± 3 Ma, while the youngest age is determined from 1609 ± 3 Ma and 1613 ± 4 Ma 

tuffs in the Balbirini Dolostone (Page et al., 2000). The McArthur Group is overlain by the ca. 1610–

1580 Ma Nathan Group which comprises siliciclastic and carbonate rocks with minor intercalated 

mafic volcanics (Munson, 2019; Page et al., 2000). Deposition of the McArthur and Nathan groups 

coincides with a period of continent-wide thermal subsidence which was interrupted by 

intermittent, short-lived periods of extension and inversion (Betts and Giles, 2006). These transient 

extension events are significant because they compartmentalised the basin into numerous sub-

basins, some of which host base metals mineralisation (Kunzmann et al., 2019b; McGoldrick et al., 

2010).  

Deposition of the Nathan Group had ceased by ca. 1580 Ma, and was likely related to deformation 

associated with the distal effects of the Isan Orogeny. The Isan Orogeny represents the 

superposition of multiple different orogenic events that affected much of central and eastern 

Australia between ca. 1610–1500 Ma (Armit et al., 2012; Betts et al., 2006; Giles et al., 2006; Hand 

et al., 2007; O’Dea et al., 1997). The Isan Orogeny can be separated into several different phases of 

deformation. The Early Isan Orogeny (ca. 1610-1585 Ma) involved north–south to northwest–

southeast-directed crustal shortening in the western Mount Isa Inlier (Betts et al., 2000; Betts and 

Giles, 2006; Giles et al., 2006; O'Dea et al., 2006). The eastern Mount Isa Inlier experienced thin-

skinned deformation involving northwest-directed lateral translations and nappe development 

(Betts et al., 2000; Giles et al., 2006; O'Dea et al., 2006), and was coincident with peak metamorphic 

conditions (Foster and Rubenach, 2006; Rubenach and Barker, 1998). Deformation in the McArthur 

Basin related to this event is not well documented and likely relatively minor.  

The ca. 1570–1550 Ma Middle Isan Orogeny was associated with regional east–west directed crustal 

shortening that was most intensely observed in the eastern parts of the Mount Isa Inlier (Betts et 

al., 2006; Blenkinsop et al., 2008; Connors and Page, 1995; Giles et al., 2006; O'Dea et al., 2006). 

Deformation resulted in the development of upright to steeply inclined folds and the formation of 

north-south-trending reverse faults (Betts et al., 2006; Blenkinsop et al., 2008). Between ca. 1550-

1540 Ma, east-west crustal shortening was accommodated by northwest-trending sinistral and 

northeast-trending dextral strike-slip faulting (Lister et al., 1999; O'Dea et al., 1997). The final stages 

of the Isan Orogeny involved east-west to east-southeast-directed shortening and was coincident 

with the extensive emplacement of A- and I-type granitoids (Wyborn, 1998). In the McArthur Basin, 

the deformation related to the Middle to Late Isan Orogeny caused sinistral strike-slip faulting 

adjacent to the Tawallah and Lorella faults, reverse reactivation and thrusting of approximately 

north–south-trending faults, and uplift in the northern region of the Batten Fault Zone (Betts et al., 

2015; Rogers, 1996).  

Following the Isan Orogeny and a depositional hiatus in the McArthur Basin of approximately 80 

million years, the interior of the continent experienced renewed basin development. Sedimentation 

was widespread, consisting of a laterally continuous siliciclastic succession extending from 

Queensland, across the Northern Territory and into Western Australia (Ahmad et al., 2013; Munson, 

2016; Rawlings, 1999). In the southern McArthur Basin, these successions comprise the ca. 1500–

1324 Ma Roper Group (Ahmad et al., 2013; Munson, 2016).  
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Figure 2 Stratigraphy of the Batten Fault Zone showing time correlatives to Isan superbasins and tectonic events 

interpreted to have affected the McArthur Basin. Stratigraphic sub-divisions after Rawlings (1999) and Ahmad et al. 

(2013). Note change of time scales at 1500 Ma and 1800 Ma. 
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2 Geophysical interpretation 

2.1  Data and processing 

A range of geophysical datasets have been acquired by both government, academia and industry 

across the southern McArthur Basin. Publicly available data include gravity data (Figure 3a) with 2 

km station spacing across, and to the south of the Batten Fault Zone and 4 km spacing elsewhere 

(CSIRO and NTGS, 2018; Northern Territory Geological Survey, 2009, 2013). This data also includes 

several targeted 500 m spaced gravity profiles acquired across the Batten Fault Zone to support 

forward modelling (CSIRO and NTGS, 2018)]. Standard gravity corrections were applied to account 

for instrument drift, latitude and topography (includes free-air, Bouguer and terrain corrections). 

Aeromagnetic and radiometric data (Figure 3b-c) acquired across the southern McArthur Basin 

varies between 400–500 m line spacing (Northern Territory Geological Survey, 1989, 1996, 2000, 

2001). Aeromagnetic data were reduced to the pole (RTP) prior to any further processing or 

interpretation to transform magnetic anomalies to a pattern that would be observed with a vertical 

magnetic field (Baranov and Naudy, 1964). This ensures anomalies are centred over their causative 

sources, and not translated relative to their source due to the inclination of the Earth’s magnetic 

field. The Batten Fault Zone is reasonably well imaged by airborne electromagnetic data acquired 

by industry, with the resolution of individual surveys varying between 200 m and 2 km line spacing. 

These data sets were recently reprocessed and stitched together to produce a mosaic of 

conductivity depth intervals across the Batten Fault Zone (Fig. 3d; Ley-Cooper et al., 2016; Munday 

et al., 2017). A deep seismic reflection survey was acquired by Geoscience Australia (Rawlings et al., 

2004), and several small minerals and petroleum seismic reflection surveys have been completed 

(Armour Energy, 2012; Teck, 2015).  

The gravity and magnetic data were subjected to a variety of high and low pass filters in preparation 

for interpretation. This improved the definition of anomaly edges, the contrast between long- and 

short-wavelength anomalies and enhanced gradients in the data. This aids in the interpretation by 

separating the field into different wavelength components which correlate to sources at different 

depths, therefore informing on 3D geometries of geological features (e.g., Blaikie et al., 2017). 

Across the southern McArthur Basin, both the gravity and magnetic data are dominated by long-

wavelength regional gradients. Subtle short-wavelength features in the reduced to pole magnetic 

data were enhanced by the application of derivative filters (first vertical and tilt derivative). This 

improved the definition of faults and allowed better assessment of vertical and lateral offsets. The 

first vertical derivative of the gravity data was also useful for enhancing short-wavelength 

anomalies, however this filter also tended to enhance noise from individual gravity stations, 

particularly in regions of 4 km spaced data. Band-pass filters removing wavelengths less than 1 km, 

and greater than 40 km and 60 km were useful in emphasising short-wavelength gravity anomalies 

without enhancing noise.   

A ternary plot of the radiometric data (Figure 3c) was produced by combining grids of K (percent, 

red), Th (ppm, green) and U (ppm, blue). Geological trends in the data were further enhanced by 

combining the ternary plot with a shaded digital elevation image. 

All processed grids described or shown in this report are available in the digital appendix. 
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2.2 Regional geophysical response of the southern McArthur Basin 

The gravity response of the McArthur Basin is best shown in high-pass filtered grids which have 

removed a strong, northeast-trending regional gradient (Figure 3a). In these processed grids, the 

Batten Fault Zone stands out as a north-trending gravity high, bound to the east by a low gravity 

anomaly. Circular lows overprinting the north-south gravity anomaly represent granitic bodies 

within the basement. North–west-trending gravity lows in the north of the fault zone represent 

thicker accumulations of Roper group sediments.  

The magnetic response of the region is dominated by the highly magnetic volcanic units (Figure 3b). 

These appear as broad magnetic highs with a stippled texture where close to the surface (Figure 4: 

(1)), and a smooth texture where buried under thick basin sequences (Figure 4: (2)). Vertical and tilt 

derivatives of the magnetic data enhance the subtle magnetic signature of faults across the region 

(e.g., Figure 4-7), which appear as linear features that cross-cut and offset the magnetic anomalies 

related to volcanic units.  

The radiometric response of the region highlights the north–south trend of the Batten Fault Zone, 

which stands out as a moderate K- to Th-rich region (Figure 3c). East of the Batten Fault Zone, the 

radiometric signal is influenced largely by cover sequences and drainage channels. Localised areas 

of outcrop tend to stand out as moderate to highly K-rich zones. Cover consists of a mixed Th and U 

signal and drainage channels tend to reflect the signal of the source region. South of the Batten 

Fault Zone cover sequences of the Georgina Basin overly Palaeozoic basin rocks and the radiometric 

signal is relatively uniform and consists of a mixed Th and U signal.  

Availability of airborne electromagnetic data (AEM) is limited primarily to the Batten Fault Zone 

(Figure 3d). The data were recently reprocessed to produce a mosaic on conductivity depth intervals 

across the Batten Fault Zone which aided in geological interpretation across the area (Ley-Cooper 

et al., 2016; Munday et al., 2017). The data quality varies across the region but highlights near 

surface geological variability reasonably well. Major structures are definable based on contrasts in 

conductivity either side of the faults. Different formations and smaller-scale faults can be resolved 

through interpretation of some of the higher quality datasets.  
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Figure 3 Example of geophysical datasets used in the solid geological and structural interpretation. A) Bouguer 

gravity grid (Band-pass filter between 40-1 km applied); B) RTP magnetic grid overlaid on tilt-derivative; C) 

Radiometric ternary plot; D) Mosaic of AEM conductivity section 
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2.3 Geophysical interpretation 

2.3.1 Geophysical signature of faults 

The Batten Fault Zone preserves a complex fault architecture. Geophysical interpretation assists in 

regional scale recognition of overprinting relationships and provides constraints on timing of 

movement of different fault generations. 

In the southern McArthur Basin, faults were interpreted based on narrow linear demagnetised 

zones, edges of anomalies which are offset or truncated by fault movement, or significant variation 

in the geophysical texture across a narrow linear corridor. Faults are typically only resolvable in the 

magnetic data when they penetrate volcanic sequences of the Tawallah Group or basement. The 

stratigraphy of the McArthur Group is largely transparent to magnetic methods, and therefore faults 

that do not penetrate, or cause significant vertical or lateral offset of the Tawallah Group cannot be 

resolved using magnetic data. AEM and high-resolution gravity data are more effective for 

identifying structures blind to magnetic data. Table 1 describes the geophysical signature of major 

faults mapped in the southern McArthur Basin. Overprinting relationships and examples of 

geophysical signatures of different fault generations are shown in Figure 4 to Figure 8. 

Table 1. Geophysical signature of major faults in the southern McArthur Basin 

Fault Geophysical signature 

Emu Fault Zone 

 

Typically defined by a linear contrast between areas of moderate and low magnetic response. 

The fault zone is comprised of several segments in places, dividing the fault zone into and 

elliptical shaped, north-northwest-trending fault blocks which appear as magnetic lows where 

fault blocks subsided or magnetic highs where they were uplifted. See Figure 5: (3) and Figure 

6: (1). 

Mallapunyah Fault 

Zone 

Defined in geophysical data by the offset and truncation of gravity and magnetic anomalies. Its 

surface trace terminates against the Mallapunyah Dome; however, continuation of linear 

anomalies in the gravity and magnetic data suggests its northern segment continues to the 

southeast. See Figure 7: (2). 

Tawallah Fault Defined by the truncation of magnetic anomalies on the western side of the fault. These 

magnetic anomalies are caused by volcanics of the Tawallah Group and indicate that the 

western side of the fault has been uplifted relative to the east. See Figure 6: (4). 

Hot Spring Fault Not as clearly defined in geophysical datasets as other major faults. Its location can be 

interpreted from the truncation of east–west-trending magnetic anomalies, and the boundary 

of the weakly magnetic stratigraphy of the Roper Group. See Figure 6: (3). 

Four Arches Fault Defined by the edge of a linear gravity high located on the western side of the fault, and by 

truncated magnetic anomalies located on the eastern side. See Figure 5: (2). 

Central Batten 

Fault Zone: E–W-

trending faults 

Difficult to accurately map using geophysical data. In processed data (1VD and TDR), faults are 

defined by broad, parallel, east–west-trending gravity and magnetic anomalies. These faults 

are cross-cut by northwest and northeast-trending faults which can be mapped as very subtle 

linear anomalies in vertical and tilt-derivatives of the magnetic data; these faults are better 

imaged in AEM data where they appear as linear contrasts in conductivity. See Figure 6: (2). 
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Figure 4. Interpreted fault architecture overlain on the A) Reduced to pole magnetic grid overlain on the first-vertical 

derivative of the same data. B) First vertical derivative of the Bouguer gravity anomaly (Upward continued by 500 m 

to reduce noise). Labels 1-6 describe key geophysical features described above and discussed in the text. Insets shown 

in A) correspond to Figures 5-7. 

2.3.2 Overprinting relationships 

The north of the Batten Fault Zone shows evidence that several different fault generations. The 

oldest generation of faults in this region are a series of northwest oriented structures (Figure 5: (1)). 

These are evident in both magnetic and gravity datasets as linear features with different gravity and 

magnetic responses either side of the fault to the west of the Emu Fault Zone, and by narrow, 

demagnetised linear zones which overprint the stippled texture associated with the Settlement 

Creek Dolerite and Gold Creek Volcanics east of the Emu Fault Zone. Northwest-trending faults are 

typically overprinted by all other fault generations, but some fault segments show later reactivation 

and overprint other structures (Figure 5: (5)). These northwest-trending faults are overprinted by a 
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series of north-northeast oriented faults, which show evidence of dextral strike slip movement in 

the offset of magnetic marker horizons (Figure 5: (1)), and reverse movement in the uplift of the 

basal sequences of the Tawallah Group.  

Seismic and outcrop data suggest the north-northeast oriented faults had some component of 

normal movement along them in early stages of deposition of the Roper Group. This orientation of 

faulting is pervasive across the north and to the west of the Batten Fault Zone, in the Walker Fault 

Zone, and southwest of the Mallapunyah Fault Zone in the Beetaloo Sub-basin (Betts et al., 2015). 

These north-northeast-trending faults are overprinted by the north-northwest-trending Four Arches 

Fault, and the Emu Fault Zone which separates into several segments in this region (Figure 5: (2)). 

The Emu Fault Zone is defined in the magnetic data by linear contrast between areas of moderate 

and low magnetic response (Figure 5: (3)). It is not well defined in the gravity in this region, which is 

limited to 4 km resolution. The Four Arches Fault is defined by the edge of a linear gravity high 

located on the western side of the fault, and by truncated magnetic anomalies located on the 

eastern side.  

Patterns of faulting are complex in the central Batten Fault Zone, with east–west to east-northeast, 

north-northwest and northwest fault orientations observed (Figure 6). Major structures include the 

highly arcuate, west-dipping Hot Spring and Tawallah faults (Figure 6: (3-4), and the north-

northwest-trending Emu Fault Zone (Figure 6: (1)). The signature of the Emu Fault Zone is similar to 

that described in the north. It tends to overprint all other structures and has multiple segments in 

this region. Strike-slip movement along the various fault segments created transtensional zones 

where elliptical shaped, north-northwest-trending sub-basins of McArthur Group sediments 

developed. These are typically evident in the geophysics as elliptical-shaped magnetic lows and 

gravity highs.  

The Hot Spring Fault is not as clearly defined in geophysical datasets as other major faults but can 

be interpreted from the truncation of east–west-trending magnetic anomalies, and the boundary of 

the weakly magnetic stratigraphy of the Roper Group (Figure 6: (3)). The Tawallah Fault is defined 

by the truncation of magnetic anomalies on the western side of the fault (Figure 6: (4)). These 

magnetic anomalies are associated with volcanics of the Tawallah Group and indicate that the 

western side of the fault has been uplifted relative to the east. West of the Tawallah Fault, a series 

of small, north-northwest-trending faults are recognised from geological mapping (Pietsch et al., 

1991). These faults cause very subtle truncations and offsets to magnetic anomalies. Timing of 

movement is not well constrained from geophysics, but mapping data indicates these are reverse 

faults that have caused repetition of lower McArthur Group stratigraphy (Pietsch et al., 1991).  

The region between the Hot Spring Fault and the Emu Fault Zone is recognised for the development 

of restricted sub-basins where thick sequences of the Barney Creek Formation accumulated. Several 

parallel, east–west-trending gravity and magnetic anomalies can be identified in this region (Figure 

6: (2)), and are interpreted as normal faults that influenced deposition of the McArthur Group. 

Within this region, northwest and northeast-trending faults cross-cut east–west-trending structures 

or are confined between them, and likely contributed to sub-basin development. These faults can 

be mapped as very subtle linear anomalies in vertical and tilt-derivatives of the magnetic data but 

are best mapped off AEM data where they appear as linear contrasts in conductivity. 

In the southeast of the Batten Fault Zone (e.g., region around Glyde Sub-basin), the fault 

architecture is comprised of the north-northwest-trending Emu Fault Zone and a series of smaller 
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parallel structures (Figure 7: (1, 3)). In this region, the Emu Fault Zone is characterised by a relative 

sharp, linear-trending contrast between a high gravity and low magnetic response west of the main 

fault segment, and low gravity and high magnetic response to the east. This is consistent with 

volcanics of the Tawallah Group being uplifted east of the fault zone, and a thick sequence of 

McArthur Group sediments being preserved to the west. In this area, the Emu Fault Zone and 

parallel structures have overprinted, and caused up 20 km of apparent lateral offset of a magnetic 

marker unit in the Tawallah Group (interpreted as faulted contact of Settlement Creek Dolerite: 

Figure 7: (3)), and several 10s to 100s of metres of vertical offset (determined from modelling). The 

Emu Fault Zone shows a sinistral sense of movement, while other north-northwest-trending faults 

display either sinistral or dextral movements. This however is likely to be an apparent sense of 

movement caused by both vertical and lateral offset of variably dipping Tawallah Group 

stratigraphy. With the exception of the Emu Fault Zone, which has a longer history, these north-

northwest-trending faults appear to have little or no influence on sedimentary rocks of the Roper 

Group, which constrains the latest timing of movement to be prior to deposition of the Roper Group.  

The southwest of the Batten Fault Zone marks the transition into the Beetaloo Sub-basin, with the 

region defined predominantly by northwest and northeast-trending faults (Figure 7: (2)). The 

northeast-trending faults have been intruded by dykes, likely related to the Derim Derim Dolerite 

sills, and are resolvable in the data as linear gravity and magnetic highs. These faults truncate against 

northwest-trending structures such as the Mallapunyah Fault Zone. The Mallapunyah Fault Zone is 

definable based on offset and truncation of gravity and magnetic anomalies. Its surface trace 

terminates against the Mallapunyah Dome; however, gravity and magnetic data suggests its 

northern segment continues to the southeast but has had minimal offset along it post-Tawallah 

Group.  

The southeast McArthur Basin, formerly the Wearyan Shelf, shows similar fault orientations to those 

observed in the Batten Fault Zone although the degree of faulting in this region is significantly less. 

This area is defined predominantly by northwest-trending faults which are evident in both gravity 

and magnetic data. Vertical offset along these faults appears greatest in proximity to the Batten 

Fault Zone and appears to decrease towards the east. This is evidenced by smoothing of the stippled 

magnetic response, and suppression of the intensity of the anomaly (e.g., Figure 4 (2)). Broad, 

northwest-trending gravity lows and highs are evident between the interpreted fault trace and may 

indicate the presence of grabens that predate emplacement of the Gold Creek Volcanics (Figure 4: 

(5)). Approaching the eastern margin of the Batten Fault Zone, north-northwest strike-slip faults, 

running approximately parallel to the Emu Fault Zone become more common, with displacement 

along these structures increasing in proximity to the Emu Fault Zone ((Figure 8Figure 7: (1)).  
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Figure 5. Interpreted fault architecture of the northern Batten Fault Zone displayed on the reduced to pole magnetic 

grid overlain on the first-vertical derivative of the same data. Faults are labelled and coloured according to their 

overprinting relationships, which are described to the right of the figure. Location inset shown in Figure 4. 

 

 

 

Figure 6. Interpreted fault architecture of the central Batten Fault Zone displayed on the reduced to pole magnetic 

grid overlain on the first-vertical derivative of the same data. Faults are labelled and coloured according to their 

overprinting relationships, which are described to the right of the figure. Location inset shown in Figure 4. 
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Figure 7. Interpreted fault architecture of the southern Batten Fault Zone displayed on the reduced to pole magnetic 

grid overlain on the first-vertical derivative of the same data. Faults are labelled and coloured according to their 

overprinting relationships, which are described to the right of the figure. Location inset shown in Figure 4. 

 

Figure 8. Interpreted fault architecture southeast of the Batten Fault Zone displayed on the reduced to pole magnetic 

grid overlain on the first-vertical derivative of the same data. Faults are labelled and coloured according to their 

overprinting relationships, which are described to the right of the figure. Location inset shown in Figure 4. 

2.3.3 Geophysical signature of key litho-packages  

The geophysical response of each group mapped in the southern McArthur Basin is described in  

Table 2, while the response of individual formations, where resolvable in the geophysics is described 

in Table 3. The southern McArthur Basin comprise a variety of rock types, including shales, 

sandstones, carbonates, mafic and felsic volcanics. Lateral facies changes and effects of weathering 

can cause large changes in the petrophysical properties of certain units (discussed in more detail in 

section 3.3). This can make picking stratigraphic units in the geophysics difficult, especially where 

the unit is very thin. These descriptions accompany the digital data provided in the appendix, which 

includes geophysical imagery and interpretations.  
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Table 2. Geophysical characteristics of each group within the southern McArthur Basin 

Group Regional geophysical signature 

Tawallah Group 
Low gravity and high magnetic response where volcanic units are preserved in the 

stratigraphy. Low gravity and magnetic response where volcanic units have been eroded. 

The group generally stands out as a non-conductive unit surrounded by the more 

conductive McArthur Group in AEM data. Volcanic units show a K-rich radiometric signal 

while sandstones are Th-rich. 

McArthur and Nathan 

groups 

Typically defined by high gravity anomalies. The group has a very low magnetic 

susceptibility and is largely transparent to the magnetic data. A moderate K-rich signal 

across the fault zone is observed, although some subtle variations in the response allow 

rough mapping of different stratigraphic intervals. 

Roper Group Defined by low gravity anomaly. Magnetic response is typically low, but can be variable 

depending on the degree in which the sequence has been intruded by dykes and sills. The 

lower sequences of the group (Mantungula to Crawford formation) have a K-rich signal, 

similar to that observed for the McArthur Group. Formations above the Abner Sandstone 

and its equivalents have a more Th-rich signal, with some shale units exhibiting more of a 

U-rich response. Roper Group stratigraphy is generally conductive in the AEM data.  

 

Table 3. Geophysical response of formations mapped in the southern McArthur Basin geophysical interpretation 

Group/Province Subgroup Formation Geophysical signature 

Roper Maiwok McMinn 

Formation 

Low gravity response. Typically low magnetic anomaly, but 

can be variable when intruded by sills. 

Roper   Maiwok Velkerri Formation Typically not exposed and poorly defined in gravity, 

magnetic and radiometric data. 

Roper  Maiwok Bessie Creek 

Sandstone 

Low magnetic response. Subtle linear anomalies define 

bedding and contacts with adjacent units. 

Roper  Maiwok Corcoran 

Formation 

Low magnetic response. Subtle linear anomalies define 

bedding and contacts with adjacent units. K-rich signal with 

U-rich contact with overlying units. 

Roper  Collara Abner Sandstone Subtle stippled texture in RTP or TDR of magnetics. 

Th-rich signal. Contact with Mainoru formation is resolvable 

from radiometric contrast. Upper contact typically not 

distinguishable. 

Roper  Collara Crawford 

Formation 

Low magnetic response. Subtle linear anomalies define 

bedding and contacts with adjacent units. Moderate K-rich 

radiometric signal 

Roper  Collara Mainoru 

Formation 

Subtle linear anomalies define contacts with adjacent units 

in 1VD and TDR data. Subtle K-rich radiometric response. 
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Group/Province Subgroup Formation Geophysical signature 

Roper  Collara Limmen 

Sandstone 

Typically low magnetic and variable radiometric response. 

Subtle linear anomalies define contacts with adjacent units 

in 1VD and TDR data. 

Roper  Collara Mantungula 

Formation 

Low magnetic response. Contact with Limmen Sandstone 

definable from subtle linear magnetic anomaly in processed 

data.  

Nathan  Dungaminnie 

Formation 

Low magnetic response. Subtle linear anomalies define 

bedding and contacts with adjacent units. K-rich signal 

Nathan  Balbirini 

Dolostone 

Low magnetic response. Subtle linear anomalies define 

bedding and contacts with adjacent units. Subtle K to U-rich 

signal. 

Nathan  Smythe Sandstone Too thin to define in regional geophysical datasets. 

Nathan  Karns Dolomite Variable radiometric response. Not distinguishable in 

magnetics or gravity due to underlying units with strong 

geophysical signatures.  

McArthur Batten Looking Glass 

Formation 

Preserved unit is too thin to define in regional geophysical 

datasets. 

McArthur Batten Stretton 

Sandstone 

Low gravity anomaly (resolvable in <500 m gravity station 

spacing). K-rich radiometric signal. Slightly conductive. 

McArthur Batten Yalco Formation Low gravity anomaly (resolvable in <500 m gravity station 

spacing). Moderate Th-rich radiometric signal. Low 

conductivity 

McArthur Batten Lynott Formation Typically defined by gravity high. Exhibits a moderate, K-

rich radiometric response.  

McArthur Umbolooga Reward Dolostone Gravity high and magnetic low. K- and U-rich radiometric 

response where exposed. Generally difficult to define 

extent based on regional geophysical data. 

McArthur Umbolooga Barney Creek 

Formation 

Low magnetic anomaly. Typically not exposed, therefore 

radiometric response in interpreted locations is not 

indicative of formation. 

McArthur Umbolooga Teena Dolostone K-rich radiometric signal when well exposed, but typically 

too thin to define in regional datasets.  

McArthur  Emmerugga 

Dolostone 

Low magnetic response. Typically has a moderate K-rich 

signal 

McArthur Umbolooga Tooganinie 

Formation 

K-rich radiometric signal, some horizons are also Th-rich. 
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Group/Province Subgroup Formation Geophysical signature 

McArthur Umbolooga Leila Sandstone Not extensively exposed and typically not resolvable in 

regional datasets 

McArthur Umbolooga Myrtle Shale Weakly K-rich radiometric signal. Typically not resolvable 

from adjacent units in geophysical data. 

McArthur Umbolooga Tatoola Sandstone Weakly K-rich radiometric signal. Low gravity anomaly 

(resolvable in data with <500 m station spacing) 

McArthur Umbolooga Amelia Dolostone K-rich radiometric signal, subtly weaker than adjacent units. 

Generally difficult to define based on regional geophysical 

data. 

McArthur Umbolooga Mallapunyah 

Formation 

Weakly K to Th-rich radiometric signal. Low magnetic and 

high gravity response. Basal contact resolvable in 

radiometric data, difficult to resolve upper contact. 

McArthur Umbolooga Masterton 

Sandstone 

Exhibits a mixed U- and Th-rich radiometric response.  

Tawallah  Tanumbirini 

Rhyolite 

High magnetic response, weakly K-rich radiometric signal 

Tawallah  Warramana 

Sandstone 

High magnetic anomaly influenced by underlying volcanics. 

Tawallah  Gold Creek 

Volcanics 

Highly magnetic, stippled texture. K-rich signal when 

exposed.  

Tawallah  Wollogorang 

Formation 

Low magnetic response, often bound by linear magnetic 

highs. Too thin and poorly exposed to define based on 

gravity or radiometrics. 

Tawallah  Settlement Creek 

Dolerite 

Highly magnetic, stippled texture. 

Tawallah  Aquarium 

Formation 

K-rich radiometric signal. Low magnetic response, difficult 

to distinguish from adjacent units. 

Tawallah  Wununmantyala 

Sandstone 

Smooth, low magnetic response where relatively thick, or 

suppression of the cross-hatched magnetic signal from the 

underlying Seigal Volcanics where only thinly preserved 

Tawallah  McDermott 

Formation 

Smooth, low magnetic response where relatively thick, or 

suppression of the cross-hatched magnetic signal from the 

underlying Seigal Volcanics where only thinly preserved. 

Tawallah  Sly Creek 

Sandstone 

Smooth, low magnetic response where relatively thick, or 

suppression of the cross-hatched magnetic signal from the 

underlying Seigal Volcanics where only thinly preserved 
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Group/Province Subgroup Formation Geophysical signature 

Tawallah  Seigal Volcanics Highly magnetic response with a distinctive cross-hatched 

or stippled and faulted texture. 

Tawallah  Yiyintyi Sandstone Highly magnetic, moderate gravity response. Th- to U-rich 

radiometric signal. Highly K-rich where intruded by 

volcanics. 

Tawallah  Westmoreland 

Conglomerate 

Smooth, non-magnetic response that suppresses the 

magnetic signal of the underlying basement 

Basement  Scrutton Volcanics K- and Th-rich radiometric response. High gravity and 

magnetic response.  

Basement  Granite (Murphy 

Metamorphics) 

Subtle, circular magnetic lows with corresponding gravity 

low. K-rich signal 

Basement  Murphy 

Metamorphics 

Smooth, low magnetic and gravity anomaly where granitic. 

Irregular dendritic to stippled magnetic texture and high 

gravity anomaly where mafic or other metamorphic rocks 

are preserved. 

Basement  Volcanic unit. 

Possibly Cliffdale 

volcanics 

Irregular dendritic to stippled magnetic texture and high 

gravity anomaly. 

Tomkinson 

Province  

  Defined by NE-trending roughly linear gravity and magnetic 

anomalies, which begin to fold around to the NW to the 

southwest of the mapping region. 

South Nicholson 

Basin  

  Typically low magnetic response where sediments are 

preserved, but variable depending on presence of volcanic 

units within, and overlying stratigraphy. High magnetic and 

gravity anomalies correlate to outcropping, or shallow 

basement rocks.  

 

2.4 Solid geological and structural interpretation 

The solid geological and structural interpretation of the southern McArthur Basin at the sub-group 

level is shown in Figure 9a. The interpretation of the Batten Fault Zone at the formation level is 

shown in Figure 9b. These interpretations represent a map of the Palaeo-Mesoproterozoic 

stratigraphy that is immediately underlying Phanerozoic cover sequences and volcanics. Faults are 

largely interpreted from the aeromagnetic data, and represent a vertical projection of the fault at 

the surface from where its trace is imaged in geophysical data at depth. Some faults may therefore 

not correlate exactly with their previously (if any) mapped location at the surface. 
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Figure 9. Structural and lithological interpretation of the A) southern McArthur Basin showing distribution 

of sub-groups and major faults. B) the Batten Fault Zone, showing distribution of different formations 

(patterns added for ease of identification and are not diagnostic of lithology). 

2.5 Seismic interpretation 

A deep seismic reflection survey was acquired across the Batten Fault Zone by Geoscience Australia 

in 2002 as part of a joint undertaking between the Northern Territory Geological Survey (NTGS), 

Geoscience Australia and the Predictive Mineral Discovery Cooperative Research Centre (pmd*CRC) 

(Rawlings et al., 2004). The seismic data is limited in some areas, particularly between the Hot 

Springs and Tawallah Fault where zones of poor reflectivity mean interpretations of structures and 
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stratigraphy are ambiguous, however the data provides good overall constraint on the architecture 

of the area and was used to constrain forward modelling of the gravity and magnetic data. 

Interpreted horizons for the base of each group on 02GA-BT1 and 02GA-BT2 remain the same as 

interpreted by Rawlings et al. (2004) as there are no new deep drill-holes to further constrain the 

depth of these horizons. The fault architecture in the west of line 02GA-BT1 was revised slightly 

from the original interpretation and several additional west-dipping reverse faults are interpreted 

(Figure 10). These are consistent with faults mapped at the surface, and from the structural 

interpretation completed as part of this work.  

Interpretations are shown in Figure 10 (02GA-BT1) and Figure 11 (02GA-BT2). Seismic line 02GA-BT1 

shows the continuous and relatively flat lying stratigraphy of the Tawallah, McArthur and Roper 

Groups to the east of the Tawallah Fault. West of the Tawallah Fault, the region exhibits much 

greater structural complexity, where west-over east thrusting along the Tawallah and Scrutton 

faults has uplifted stratigraphy, subsequently exposing units of the Tawallah and lower McArthur 

groups at the surface. Possible mafic horizons corresponding to zones of high and irregular 

reflectivity in the Tawallah Group were interpreted as part of this work. Seismic line 02GA-BT2 is 

parallel to most faults in the area, and shows relatively flat lying to a gently synform-like geometry 

of the McArthur and Tawallah groups. 

 

Figure 10. A) Interpreted geology of the Batten Fault Zone with the location of deep seismic reflection surveys shown 

(legend same as Figure 9). B.) Interpretation of seismic line 02GA-BT1. Location of the base of each group, and 

structure of the Emu Fault Zone is consistent with that reported by Rawlings et al. (2004). Consistent reflectors with 

each group were traced to indicate structure but may not represent the same stratigraphic horizon across the figure. 

Other interpreted features such as possible mafics in the Tawallah Group and granite within the basement are 

labelled. Depths labelled on right hand side are approximate. 
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Figure 11. A) Interpreted geology of the Batten Fault Zone (north to the left of the figure) with the location of deep 

seismic reflection surveys shown (legend same as Figure 9). B.) Interpretation of seismic line 02GA-BT2. Location of 

the base of each group is consistent with that reported by Rawlings et al. (2004). Consistent reflectors with each 

group were traced to indicate structure.  
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Part II 2D Forward 

modelling 
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3 Forward modelling 

3.1 Introduction 

Geological cross-sections through key regions of the Batten Fault Zone were modelled against the 

gravity and magnetic data with the purpose of better defining its 3D architecture, the distribution 

of depositional packages, and nature of the basement. This section contains information on the 

model building workflow, primary constraints, and any geophysical and geological assumptions 

made. Section 4 provides descriptions of modelling results for each cross-section, while section 6 

discusses the geological implications of these models.  

3.2 Method 

Two-dimensional forward modelling was employed to understand the architecture of the Batten 

Fault Zone. This style of modelling is a well-established technique which allows geological features 

to be modelled against potential field data (e.g., Aitken et al., 2009; Betts et al., 2003b; Blaikie et al., 

2017; Talwani et al., 1959). The modelling technique employed here provides good geological 

control on model parameters such as density, magnetic susceptibility and geometry. A total of seven 

geological cross-sections (Figure 12) were modelled across the Batten Fault Zone to assist in 

understanding the nature of major fault systems, regional scale folding and variations in the 

thickness of stratigraphy. As these models are broad in nature, their aim is to model the regional 

architecture rather than focus on small-scale features, such as minor faults and small folds. This 

approach was applied because of the availability of high-resolution gravity data acquired along 

profiles. This high-resolution gravity allowed better interpretation of the location and dip of faults 

which are poorly imaged in the aeromagnetic data, particularly in the McArthur Group where they 

are not imaged at all. Forward modelling also allowed on-the-fly testing of appropriate model 

geometries such as fault dip and offset, where constraints are vague or don’t exist. The results of 

this work provided important constraints on the 3D structural framework, which can be further 

refined in a 3D environment.  

The cross-sections were produced using the GM-SYS module of Geosoft Oasis MontajTM, which 

allows gravity and magnetic data to be jointly modelled along 2.5D sections. GM-SYS represents 

geological bodies as 2D polygons, and the gravity and magnetic response is calculated assuming the 

polygons extend to infinity in the third dimension. Cross-sections were modelled based upon the 

RTP magnetic data (400–500 m line spacing), and the complete Bouguer gravity anomaly (i.e., 

terrain corrected data; resolution varies between 500 m, 2 km and 4 km station spacing). A regional 

gravity field was calculated by upward continuing the data to 20 km. The regional response was 

subtracted from the complete Bouguer anomaly and the residual field was modelled. Topography 

was imported into the model from elevations obtained at each gravity station, and the models 

background density was set to the slab and terrain correction density. The magnetic data was 

calculated at a height of 80 m above this surface, while the Bouguer gravity anomaly was calculated 

at this surface. The calculated gravity and magnetic response are shown for each section. Along 
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some profiles, mostly located to the south of the Batten Fault Zone, it was difficult to obtain a fit for 

the magnetic data because of noise caused by shallow volcanics with a highly variable magnetic 

signal. In these cases, we attempt to model the broad wavelength magnetic anomalies which are 

likely caused by deeper sources.  

 

Figure 12. a) Location of the forward modelled cross-sections shown on a geological map of the outcrop extent of 

each group. Available seismic data and deep petroleum wells are also shown. b) Legend for each of the models shown 

in Figure 16 through to Figure 25. 

3.3 Constraints 

Geological constraints help reduce the uncertainty of geophysical modelling. The Batten Fault Zone 

sections were constrained by previously mapped geology and structural measurements from the 

250K map sheets (Haines et al., 1993; Pietsch et al., 1991). The structural and lithological 

interpretation was used as a guide, particularly in areas of cover where no hard constraints exist. 

The regional scale nature of the cross-sections required modelling of stratigraphy at the group scale. 

When known, information on the depth and thickness of each group was imported into the models 

as a constraint prior to modelling. This includes constraints from seismic data (e.g., 02GA-BT1 and 

GA-BT2 lines; Rawlings et al. (2004)) and minerals and petroleum wells, although these usually do 

not penetrate an entire group. Seismic lines 02GA-BT1 and 02GA-BT2 are shown in Figure 10 and 

Figure 11, and show the architecture used to constrain the modelling here. The horizons for the 

base of each formation are based of the interpretation completed by Rawlings et al. (2004). The 

fault architecture of our interpretation was revised slightly in the west of the fault zone suggests 

the Tawallah and Scrutton faults penetrate to a greater depth. The depth to the base of the Tawallah 

Group east of Tawallah Fault is unclear from the seismic data, and without a constraining well 

intersection is subject to a level of uncertainty elsewhere. 
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The SEEBASE® represents an interpretative surface for the base (west of Tawallah Fault) and top 

(east of Tawallah Fault) of the Tawallah Group and was also used as a guide during modelling. Major 

structures were constrained from their mapped location, or interpreted location from geophysical 

data where not previously mapped. Modelling of the dip and sense of movement of major faults 

were guided by existing interpretations from mapping and cross-sections (Haines et al., 1993; 

Pietsch et al., 1991), and constrained by seismic data where available. Where no constraints were 

available, dips of structures were determined by structural and stratigraphic relationships on either 

side of the fault, and by interpretation of magnetic and gravity gradients.  

Each forward model typically contains four or five modelled units, including the Roper Group, 

McArthur and Nathan groups (modelled together unless constrained by outcrop), Tawallah Group, 

a volcanic unit within the Tawallah Group (predominantly restricted to the central Batten Fault Zone 

area) and the basement. The regional scale nature of the forward models required rock property 

values to be applied for an entire stratigraphic group. Petrophysical properties for each formation 

in the southern McArthur Basin were compiled from the Northern Territory Geological Survey’s rock 

property database (Hallett, 2018). This database provides a comprehensive compilation of rock 

property data (>15300 magnetic susceptibility and 4790 dry bulk density measurements) acquired 

primarily on legacy core. Histograms of density vs frequency (Figure 13) and the Q1-4 range of rock 

property values were plotted for each of the Roper, Nathan, McArthur and Tawallah Groups. These 

data provide a good initial assessment of rock properties but are somewhat biased by over or under-

sampling of certain stratigraphic intervals, and by weathered samples (either acquired from the 

weathering zone, or on degraded legacy core). The summarised data for each group show littles 

petrophysical variation between the Tawallah and McArthur Groups (Figure 13), but has not 

accounted for sampling bias, or variable thickness of different stratigraphic units. Weighted 

averages of the density values were initially calculated to account for variations in the thickness of 

different formations as reported in Ahmad et al., (2013), and to eliminate bias from variable number 

of samples from different formations (Figure 14). During modelling, the density of each group was 

increased slightly from the weighted average value, but lies within the Q3-Q4 range of data. This 

increase was to account for the skewed average caused by weathered samples, as well as an 

increase in density due to water saturation (wet bulk density measurements were rarely reported 

by Hallett 2018) and lithostatic loading. This observation, and the modelling properties applied are 

consistent with previous modelling studies in the greater McArthur Basin (Frogtech Geoscience, 

2018; Leaman, 1998; Rawlings et al., 2004), and still lie within the total range of observed 

petrophysical measurements. For the Tawallah Group, the modelled density and magnetic 

susceptibility accounts for volcanic units preserved within the stratigraphy. In the central and 

northern area of the Batten Fault Zone, an additional volcanic unit was modelled within the Tawallah 

Group because we interpret the volcanics to be anomalously thick there.  

In some sections of the model, lateral variations to the density or magnetic susceptibility were 

applied to achieve a better fit to the calculated data. These lateral property variations were only 

applied to the model when it was otherwise well constrained and a solution could not be obtained 

by reasonable variations to the model geometry. These variations are generally subtle, and likely 

represent lateral facies variations within the McArthur and Tawallah Group stratigraphy. For 

example, denser McArthur Group stratigraphy is interpreted to represent an increase in carbonate 

abundance within the stratigraphy of that area, while lower Tawallah Group densities reflect thicker 

siliciclastic sequences. Lateral heterogeneities in density and magnetic susceptibility are also 
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interpreted the basement, and modelled to reproduce the longer-wavelength component of some 

anomalies.  In parts of some cross-sections, stratigraphic intervals were sub-divided and a variable 

density or magnetic susceptibility (shown by dashed intervals on Figure 16 to Figure 25) was applied 

to improve fit between the observed and calculated data. These inter-unit variations were 

predominately required where 500 m spaced gravity data was modelled. This is because the higher-

resolution data sampled short-wavelength gravity anomalies related to variable densities of near-

surface stratigraphy.  

Further details of constraints and assumptions specific to individual sections are outlined in more 

detail in section 4. 

 

Figure 13 Distribution of density and magnetic susceptibility (note logarithmic scale) measurements of each group 

represented in the forward models. Data was compiled from Hallett 2018. 
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Figure 14. Box and whisker plot showing weighted density distributions which highlights the higher density range of 

the McArthur Group compared to the Tawallah Group.   

3.4 Geophysical assumptions  

Modelling the architecture of the Batten Fault Zone required several assumptions to be made 

regarding the nature and petrophysical properties of the basement and overlying sedimentary 

sequences. Models were produced at a regional scale, which required an average density for each 

stratigraphic package to be applied during modelling. This, however, assumes that any density 

contrasts between over or underlying packages are greater than any density heterogeneities within 

it. The implication of this is that during modelling, the observed data is reproduce by modifying the 

geometry of the model rather than by modelling property heterogeneities. The limitations of this 

assumption become apparent when modelling the 500 m spaced gravity stations, particularly in the 

central Batten Fault Zone where different lithologies with variable densities are exposed, or under 

shallow cover. In these areas, modelled regions were sub-divided and a variable density was applied 

to improve fit between the observed and calculated data. These are marked with dashed lines on 

each section figure, with petrophysical properties applied labelled accordingly. The assumption of a 

relatively homogenous basement is made. During modelling is was necessary to subdivide the 

basement into blocks of slightly different densities to account for long-wavelength gravity 

anomalies. The boundaries of these basement blocks coincide with interpreted basement structures 

and long-wavelength gravity highs and lows.  

3.5 Model Parameters 

Table 4 describes metadata and constraints for each cross-section. This includes coordinates of 

model location and RMS errors for the calculated gravity and magnetic data. Constraints from 

coincident seismic and well data that were used as a constraint are also listed. These constraints are 

in addition to those already described in Section 3.3. 
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Table 4. Summary of model parameters for each cross-section including location, constraints specific to each section 

in addition to those described in Section 3.3, and RMS errors. Seismic data were taken from Teck (2015), Rawlings et 

al. (2004) and Amoco Australia Petroleum (1983). Well data is from Amoco Australia Petroleum (1985) 

Section Profile Location Constraints Gravity 

Data 

Magnetic 

Data 

 Start Start End End Length Type RMS Error RMS Error 

 X Y X Y km (Acquired by) % GU % nT 

A-A’ 511563 8242332 662826 8242332 151 Seismic (Teck): 

Line 2 

2.2 2.69 6.1 10.81 

B-B’ 488548 8194136 677572 8194136 189 Seismic (GA): 

02GA-BT1 

Seismic (Amoco): 

Line: 83-120 

Well (Amoco): 

Broadmere 1 

2.5 4.04 9.3 16.65 

C-C’ 488584 8178058 678288 8178191 189 Seismic (Amoco): 

83-112 

1.9 4.25 7.7 20.59 

D-D’ 487601 8162424 677608 8162424 190  1.9 3.69 9.8 12.89 

E-E’ 487483 8130023 678273 8130523 190  2.2 3.65 4.7 9.41 

F-F’ 486715 8114422 676227 8113926 190  2.0 2.56 9.5 22.98 

G-G’ 593634 8313900 594302 8088724 225 Seismic (GA): 

02GA-BT2 

2.4 2.37 7.8 21.26 

 

4 Forward Modelling Sections  

4.1 Section A-A’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-d) in 

Figure 16. 

a) This region is defined by a gravity and magnetic response which increases towards the west. 

The preserved thickness of the Roper Group gradually increases from the Four Arches Fault 

towards the west, as indicated by outcrop and nearby seismic data. A reverse sense of 

movement is modelled along the east dipping Mantungula and Limmen faults. These faults 

are interpreted as active growth faults during deposition of the Roper Group, but subject to 

reverse reactivation during the post-Roper deformation event. They are defined by step-like 

decreases in the gravity response. A relatively constant thickness of McArthur and Tawallah 

Groups is interpreted. The increase in the gravity response towards the west is interpreted 

as being related to thickening McArthur Group towards the west, and denser basement west 

of the Four Arches Fault. 
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b) This region is defined in the geophysics by a low gravity, and slightly offset magnetic low 

west of the Rosie Fault, and an increasing gravity and magnetic response east of the fault. 

The gravity low requires geological units with a density lower than modelled elsewhere in 

this and adjacent sections to reproduce the observed data. The Tawallah Group is exposed 

at the surface in this region, and is modelled with a lower than average density because 

volcanic sequences have largely been eroded from the stratigraphy and only the basal 

sandstone and conglomerate units are preserved. Densities are consistent with the range of 

observed values for sandstone units in the Tawallah Group. A positive magnetic anomaly is 

observed in this region and is interpreted as the Scrutton Volcanics, which underlie the 

Tawallah Group and outcrop adjacent to the Rosie and Lorella Faults approximately 6 km to 

the south of this section.  

The lowermost sequences of the Roper Group are preserved in several fault blocks between 

the Lorella and Four Archers faults, and are juxtaposed against outcropping Tawallah Group. 

Geological mapping data suggests that prior to deposition of the Roper Group, the McArthur 

Group was eroded down to at least the Tooganinie Formation, and as far as the Masterton 

Sandstone in some places. Thinner preserved sequences of the Tawallah Group in this area 

also indicate this area was a site for significant erosion prior to McArthur Group deposition. 

We interpret this region of the Batten Fault Zone as a structurally controlled palaeo high 

throughout much of the basins history. Although significantly faulted, this region is 

interpreted as the hinge of a regional scale anticline. 

c) This region is defined by a gravity high located over and extending approximately 30 km from 

the Emu Fault Zone. The gravity high is attributed to an approximately 3 km thick sequence 

of McArthur Group stratigraphy interpreted to be preserved within the hinge of a long-

wavelength (60 km) syncline. In this region, the Tawallah Group appears to thin slightly from 

the east, but contains greater volume of volcanics. The architecture of the Emu Fault Zone, 

which is comprised of several segments in this area is constrained by seismic data as shown 

on Figure 15. 

d) This region is defined by a low gravity and magnetic anomaly. The low gravity anomaly 

coincides with up to 4.7 km of Tawallah Group sediments. The thickness of the Tawallah 

Group increases towards the east of the profile, while the McArthur gradually thins until 

absent. The Tawallah Group is interpreted to be thickening into a NW trending graben 

defined by a low gravity anomaly.  
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Figure 15. Enlarged view of part of section A-A' located over the Emu Fault Zone. This section shows seismic data 

(Seismic line 2 from Teck (2015)) used to constrain modelling overlain on the interpretation. 
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Figure 16. Forward modelled section A-A'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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4.2 Section B-B’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-c) in 

Figure 17. The architecture of this model was constrained by the nearby 02GA-BT1 seismic line, 

which is shown for comparison against this model in Figure 18. 

a) This region is defined by a gravity low and magnetic high centred over the Broadmere Sub-

basin. The gravity low is the result of up to 3.5 km of the lower density Roper Group. The 

magnetic high is interpreted as intrusive rocks within the Roper Group (Derim Derim 

Dolerite), and volcanic sequences within the underlying Tawallah Group.  The McArthur and 

Tawallah Group are of comparable thickness in this region, but considerably thinner than 

sequences preserved towards the east. Sequences are preserved within a syncline with 

wavelength of approximately 60 km. This region is constrained by seismic data (Figure 19) 

and the Broadmere 1 petroleum well. 

b) Two gravity highs coinciding with a relatively smooth and constant magnetic response are 

observed in this region. The gravity highs are coincident with outcropping rocks of the 

McArthur Group. West of the Tawallah Fault, the gravity high is related to outcropping 

McArthur Group, and shallow basement caused by uplift of the region along the Tawallah 

Fault. The basement is also interpreted to be slightly denser here, and coincides with a zone 

of high reflectivity in the 02GA-BT1 seismic line (Figure 18). Between the Hot Spring and Emu 

Fault, the gravity high is attributed to a 4.3 km thick sequence of McArthur Group, and thick 

volcanic sequences preserved within the Tawallah Group. The modelled volcanic unit is 

unlikely to represent a continuous stratigraphic unit. It more likely represents a combined 

volume of the Seigal Volcanics, Settlement Creek Dolerite and Gold Creek Volcanics, and are 

modelled as a single unit for simplicity. 

A long-wavelength magnetic low is observed between the Tawallah and Hot Spring faults 

and is interpreted as a reversely remanent magnetic body within the basement which may 

be related to intrusion modelled along section D-D’. The low gravity anomaly is modelled as 

a low-density zone of McArthur Group stratigraphy between Tawallah and Hot Spring faults. 

It may be related to an intrusion at depth, but its wavelength is more consistent with a 

shallower body. This is assumed to be caused by alteration from fluid flow, or by weathering 

along the fault zone in the near surface. Several drill cores containing low density (1.9-2.23 

g cm-3) McArthur Group stratigraphy have been observed in the region, and were 

interpreted as a deeper depth of weathering and lower carbonate content (Figure 6; Hallett, 

2018; Smith, 2018). 

c) This region is defined by a low gravity and smooth and essentially non-magnetic response. 

The Roper Group is only thinly preserved in this region, the McArthur Group thins due to 

erosion towards the east and the Tawallah Group is preserved at shallow levels. 
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Figure 17. Forward modelled section B-B'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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Figure 18. Comparison of A) forward modelled section B-B’ and B) seismic line 02GA-BT1. Dashed lines shows 

approximate projection of the seismic line onto the forward model.  The seismic line lies to the north of section B-B’, 

therefore, faults and horizons do not exactly correlate, however the overall architecture is consistent. The location 

of each sections is shown in Figure 12. 

 

 

Figure 19. Enlarged view of part of section B-B' showing seismic data (Line 83-120: Amoco Australia Petroleum (1983)) 

used to constrain modelling overlain on the interpretation. Location of Broadmere 1 is also shown. The well did not 

penetrate the entire sequence of the Roper Group. 
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4.3 Section C-C’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-e) in 

Figure 20.  

a) This region shows the transition from the Mallapunyah Fault Zone into the Beetaloo Sub-

basin. It is defined by a high gravity anomaly due to uplifted McArthur and Tawallah Group 

with a relatively thin sequence of Roper Group preserved. At the western end of this region, 

a low gravity anomaly defines the transition into the Beetaloo Sub-basin, where the 

sedimentary rocks of the Roper Group are up to 4.5 km depth. An irregular magnetic 

anomaly reflects intrusive volcanics within the sequence. 

b) This region is defined by a gravity low centred over the Broadmere Sub-basin and several 

short-wavelength magnetic highs and lows. The gravity low is the result of up to 3.5 km of 

the Roper Group and the magnetic high is interpreted as intrusive rocks within the Roper 

Group (Derim Derim Dolerite). This part of the section is constrained by seismic data shown 

in Figure 21. Adjacent to the Mallapunyah Fault Zone, the Tawallah and McArthur groups 

were uplifted and eroded prior to deposition of the Roper Group, which unconformably 

overlies the Tawallah Group. East of the Broadmere Sub-basin, the McArthur Group is 

exposed at the surface. This region is defined by a broad gravity high and a gradually 

decreasing magnetic response. The preserved volume of the McArthur Group is not enough 

to reproduce the observed gravity high, and the basement is also interpreted to be denser 

in the region between the Tawallah Fault and the Mallapunyah Fault Zone.  

c) A long-wavelength gravity low, coincident with a magnetic low is observed between the 

Tawallah and Hot Spring faults and is interpreted as alteration or weathering along these 

fault zones. This anomaly could also be an expression of a felsic intrusion within the 

basement, which is modelled along sections to the south of this profile. A remanent 

magnetic body is modelled within the basement to reproduce the magnetic anomaly, and is 

thought to be an alteration halo around this intrusion. 

d) This region is defined by a high gravity and magnetic anomaly. The area is characterised by 

a 4 km-thick sequence of the McArthur Group which overlie at least 3 km of Tawallah Group. 

Within the Tawallah Group, a thick sequence of volcanics are preserved, which contribute to 

the high gravity, and the magnetic response of this region. In this area, the cross-section 

obliquely crosses several ENE-trending faults and shows sub-basin development within the 

McArthur Group.  

e) The region to the east of the Emu Fault Zone shows a high gravity and relatively flat-lying 

magnetic anomaly. This is interpreted as a 4 km thick sequence of McArthur Group overlying 

at least 3 km of Tawallah Group and associated volcanics. A thin sequence of Roper Group is 

preserved at the surface in this area. 
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Figure 20. Forward modelled section C-C'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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Figure 21. Enlarged view of part of section C-C' showing seismic data (Line 83-112: Amoco Australia Petroleum (1983)) 

used to constrain modelling overlain on the interpretation. 
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4.4 Section D-D’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-d) in 

Figure 22.  

a) This region is defined by a low gravity and moderate magnetic response which is attributed 

to thickening of the lower density Roper Group, and intrusion of the magnetic Derim Derim 

Dolerite sills. Step-like decreases in the gravity response are interpreted as growth faults for 

the Roper Group. A high gravity response related to outcropping McArthur Group 

stratigraphy is observed between the Mallapunyah Fault Zone and Tawallah Fault. The 

McArthur and Tawallah group stratigraphy has been uplifted and folded against the west-

dipping Tawallah thrust fault. Both groups are thinner here than to the east of the Tawallah 

Fault, suggesting uplift along the Tawallah Fault prior to deposition of the McArthur Group. 

b) The region between the Tawallah and Hot Springs faults is characterised by a gravity and 

magnetic low. Comparable to profile B-B’, this anomaly is modelled as a lower density zone 

caused by alteration or weathering, however, this zone is unable to completely reproduce 

the longer wavelength gravity and magnetic anomaly. A low density, and remanently 

magnetised felsic (inferred based on density) intrusion underneath the Tawallah Group was 

modelled to reconcile the geophysical anomalies. Shorter wavelength anomalies related to 

uplifted and faulted stratigraphy of the Tawallah Group are superimposed on these longer 

wavelength responses. 

c) Region c and d are defined by a broad, high-amplitude gravity high. In region c, between the 

Hot Spring and Emu Fault, the gravity high coincides with outcropping McArthur Group. The 

region experienced some uplift and erosion approaching the Emu Fault, which has caused 

thinning of the McArthur Group. This required a thick volcanic unit within the Tawallah 

Group to be modelled to reproduce the observed gravity anomaly. The increasing magnetic 

anomaly correlates to this volcanic unit. Within the Emu Fault Zone, volcanic horizons have 

been uplifted, and cause the shorter-wavelength magnetic anomalies.  

d) This region is defined by a decreasing gravity and magnetic anomaly, correlating with the 

McArthur Group gradually thinning until it is absent, and the Roper Group directly overlying 

the Tawallah Group. Thickening of the Tawallah Group is interpreted towards the east to 

account for the low gravity anomaly. 
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Figure 22. Forward modelled section D-D'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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4.5 Section E-E’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-c) in 

Figure 23.  

a) This region highlights the gradual, westward-directed thinning of the McArthur and Tawallah 

Groups, and thickening of the Roper Group from the Mallapunyah Fault Zone into the 

Beetaloo Sub-basin towards the western end of the profile. Thickening of lower density 

sediments of the Roper Group coincides with a decreasing gravity response. The magnetic 

response gradually increases due to the presence of intrusive volcanics. Faults in this region 

are largely west dipping, and are often intruded by dykes and sills of the Derim Derim 

Dolerite. A higher gravity response is observed as the Roper Group thins until absent to the 

east, the McArthur Group is either outcropping, or under very shallow cover. Approaching 

the Mallapunyah and Tawallah faults, the McArthur Group is increasingly uplifted and 

eroded. This is reflected in a slight decrease in the gravity response.  

b) In this region the McArthur Group is overlain by a thin sequence of Nathan and Roper Group 

sediments. The thickness of the McArthur Group is almost double the thickness of 

stratigraphy preserved southwest of the Mallapunyah Fault Zone. This region represents a 

large syncline, with folding of Roper Group sediments suggesting that deformation post-

dates deposition of the Roper Group. Short-wavelength gravity anomalies in this region 

largely reflect sedimentary rocks of the Roper Group preserved within the Abner Ranges 

synclines. These gravity lows are superimposed on a broader gravity high, attributed to a 

thicker McArthur Group, and denser basement. 

c) This region is characterised by uplifted and eroded McArthur Group which occurred along 

NNW trending faults and the Emu Fault Zone. This area also preserves the architecture of 

the Glyde Sub-basin, a major depocentre for the Barney Creek Formation, which is modelled 

with a slightly lower density than that for the McArthur Group elsewhere. The gravity and 

magnetic responses decrease from the west towards the east. This is related to the McArthur 

Group thinning until absent, the Roper Group directly overlying the Tawallah Group. The 

Tawallah Group also thickens towards the east, as interpreted in other sections. The low 

magnetic anomaly requires the Tawallah Group to be remanently magnetised. Short-

wavelength anomalies in the magnetic data correspond to fault locations and small vertical 

offsets in the Tawallah Group. 
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Figure 23. Forward modelled section E-E'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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4.6 Section F-F’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-d) in 

Figure 24.  

a) This region highlights the gradual, westward-directed thickening of the Roper Group. The 

thickness of the McArthur and Tawallah groups are variable, likely due to different levels of 

erosion across the area. Thickening of lower density sedimentary rocks of the Roper Group 

coincides with a decreasing gravity response. Local thickening of the McArthur Group 

corresponds to shorter wavelength gravity highs. The magnetic response is variable due to 

the presence of intrusive volcanics. Short-wavelength magnetic anomalies coincide with 

fault locations, and likely represent dykes intruding the fault plane.  

b) This region models broad scale folding across the Mallapunyah Dome. The Tawallah Group 

is exposed at the surface here, and is characterised by short-wavelength, high amplitude 

magnetic anomalies caused by the Settlement and Gold Creek Volcanics preserved at 

shallow levels.  

c) This region preserves broadly folded, highly faulted stratigraphy of the lower McArthur and 

Tawallah groups. The McArthur Group is preserved in a region across the Mallapunyah Fault 

Zone, and the Emu Fault Zone (i.e., Glyde Sub-basin), elsewhere the Tawallah Group is 

exposed, or lies under shallow cover. Regions where the McArthur Group is exposed are 

defined by a higher gravity response compared to areas where the Tawallah Group is 

exposed. 

d)  This region shows faulted and uplifted stratigraphy of the Tawallah Group. The region 

coincides with a low gravity anomaly, and an irregular magnetic response. Fault locations 

correspond to rapid gradient changes in the magnetic response, which are modelled as 

vertical offsets of the Tawallah Group. Although partly eroded, the lower Tawallah Group 

stratigraphy generally appears to thicken to the east. 
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Figure 24. Forward modelled section F-F'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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4.7 Section G-G’ 

The descriptions of the modelling results for this section correspond to regions labelled a)-e) in 

Figure 25.  

a) This region of the model is characterised by a high-amplitude gravity high, and gradually 

increasing magnetic response. The Tawallah Group is exposed in this area, and has been 

progressively eroded to the north of the profile. The increasing gravity and magnetic 

response are consistent with an increased preserved thickness of volcanic units, which are 

modelled as an additional unit within the stratigraphy in this region. Modelling also suggests 

the basement density increases on the north-eastern side of a major northwest trending 

fault. A normal sense of movement is interpreted along this fault, which is also consistent 

with the observed thickening of the Tawallah Group in the east of profile A-A’, which lies to 

the south of this fault. A short-wavelength low gravity anomaly is observed in the centre of 

this region, and thought to be related to cover or near-surface weathering along a fault zone. 

b) The architecture of regions b-d are defined by the broadly folded, and variably thick 

stratigraphy of the Tawallah, McArthur, Nathan and Roper groups. The Roper and Nathan 

Groups are preserved only within the hinge of the synclines in regions b and d, and along 

with the Batten Subgroup have been completely eroded from the hinge of the anticline in 

region c. Region b is defined by a low magnetic, and a variable gravity response that 

comprises several short-wavelength high and low anomalies superimposed on a gradient 

that decreases towards a broader low gravity anomaly centred over region c. The magnetic 

low is offset slightly to the north of the northern-most anticline. This anomaly does not 

correlate with a gravity anomaly of similar wavelength, making it difficult to determine what 

the causative body may be. We interpret this as a zone of remanent magnetization within 

the basement, possibly related to a volcanic intrusion at depth, similar to that modelled in 

profiles B–B’ and D–D’. The preserved thickness of the McArthur Group thickens towards an 

east-west trending normal fault located at the south of region b. A short-wavelength low-

gravity anomaly is interpreted as a sub-basin that formed adjacent to this fault and contains 

a thicker sequence of the lower-density Barney Creek Formation. Thickening of the Tawallah 

Group is also modelled against this structure, suggesting it was reactivated several times 

during basin development. A thick layer of volcanics are modelled within the Tawallah 

Group, and are constrained by intersecting sections. The architecture of this region of the 

model was constrained by seismic line 02GA-BT2 (Figure 26).  

c) This area represents the hinge of a broad-wavelength anticline which has uplifted and 

exposed sediments of the Umbolooga subgroup. It is defined by a high gravity anomaly 

superimposed on a broader gravity low. The high gravity anomaly is related to the McArthur 

Group, while the broad low is related to the thinner preserved thickness of the McArthur 

Group, and thicker sequences of the underlying Tawallah Group. The southern low-gravity is 

also interpreted as another sub-basin similar to that described above.  

d) The Abner Ranges exposes the gently folded sequences of the Roper Group and Nathan 

Group at the surface. The Roper Group is coincident with short wavelength gravity lows 

superimposed on a gravity anomaly increasing towards the south. The McArthur Group thins 

towards the south, where mapping data indicates has been uplifted and eroded adjacent to 
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the Mallapunyah Fault Zone. The origin of the high-amplitude gravity anomaly located in this 

area is not well understood and is modelled as a basement feature. It may represent mafic 

volcanics within the basement, or even within the sedimentary sequences of the McArthur 

basin. The relatively smooth gravity response is indicative of a deeper source. 

e) This region is defined by a decreasing gravity, and variable magnetic response. The uplift and 

thinning of the McArthur and Tawallah groups south of the Mallapunyah Fault Zone, and the 

structural and volcanic uplift of the Mallapunyah Dome are modelled in this area. The 

Tawallah Group is interpreted to thicken towards the south.  
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Figure 25. Forward modelled section G-G'. a) SEEBASE®, b) Radiometric ternary plot c) Reduced to pole magnetics 

overlain on the 1st vertical derivative d) Bouguer gravity anomaly with a band-pass filter (40-1km) applied, e) Solid 

geological interpretation, f) Observed and calculated magnetic data, g) Observed and calculated gravity data, h) 

modelled geological cross-section. Location map for the section, and legends for panels a)-d) and f)-h) are shown in 

Figure 12. Legend for e) is shown in Figure 9. Modelling parameters are labelled in panel h) (density units in g cm-3 

and magnetic susceptibility in SI).  
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Figure 26. Comparison of A) forward modelled section G-G’ and B) seismic line 02GA-BT2. Dashed lines shows 

approximate projection of the seismic line onto the forward model.  The seismic line lies to the east of section G-G’, 

therefore, faults and horizons do not exactly correlate, however the overall architecture is consistent. The location 

of each sections is shown in Figure 12. 
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Part IIV Sub-basin modelling 
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5 Sub-basin architecture – case studies 

5.1 Introduction 

The McArthur Group was deposited primarily during a sag-phase of basin development, however 

continued to experience intermittent periods of extension and minor crustal shortening driven by 

far-field plate boundary processes (Betts and Giles 2006, Betts, et al. 2008). This formed a complex 

array of fault bounded sub-basins in which thick sequences of the Barney Creek Formation 

accumulated, some of which preserve large shale-hosted massive sulfide Zn-Pb-Ag mineral deposits 

(e.g., McArthur River (HYC) and Teena). Sub-basins are largely located between the Emu Fault Zone, 

and the Tawallah Fault in the central Batten Fault Zone (McGoldrick et al., 2010). These sub-basins 

have been the focus of exploration for Zn-Pb mineralisation within the Batten Fault Zone, and are 

therefore well imaged by high-resolution geophysical data, including gravity, magnetic and AEM 

data, which is often accompanied by drilling. This allows detailed geophysical models to be 

developed, and well constrained by geological data. 

5.2 Petrophysics 

Petrophysical properties are important to constrain geophysical interpretations and models. In the 

Batten Fault Zone, different formations of the McArthur Group show variability in their density 

(Figure 27), and as a result, can be resolved in gravity data where the resolution is sufficiently high 

(minimum of 500 m station spacing (e.g., Caranbirini; Spinks et al., 2017)). In contrast, they exhibit 

a very low magnetic susceptibility, and are essentially transparent in the magnetic data. A 

compilation of 469 density measurements for the McArthur Group is shown in Figure 27 (derived 

from Hallett, 2018). Formations targeted during modelling include the Lynott Formation, Reward 

Dolostone, Barney Creek Formation, Teena and Emmerugga Dolostones. Of these units, the 

dolostones are the most-dense, while the shales of the Barney Creek are the least-dense. This 

petrophysical contrast between target units makes gravity modelling ideal for understanding sub-

basin architecture. 
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Figure 27. Density variation between different formations of the McArthur Group. Boxplot shows the Q1-Q4 ranges 

of data, with the Q2-Q3 range shown in boxes. 

5.3 Regional interpretation and sub-basin location/style 

Interpretation of the regional structural architecture completed as part of this project was able to 

identify major sub-basin bounding faults, and based on this recognised two styles of sub-basins 

within the central Batten Fault Zone (Figure 15; Blaikie and Kunzmann, 2019). North–northwest-

trending sub-basins developed between transtensional segments of the Emu Fault Zone (e.g., Glyde 

sub-basin); and approximately east–west-trending sub-basins developed adjacent to east–west to 

east–northeast trending normal faults located between the Hot Spring Fault and Emu Fault Zone 

(e.g., Teena sub-basin). Interpretations are similar to that recognised by Neudert and McGeough 

(1996), although the detail in the interpretation produced here is significantly higher.  
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East-west trending sub-basins are bound between several parallel, east–west-trending gravity and 

magnetic anomalies, which are interpreted as normal faults that influenced deposition of the 

McArthur Group. Northwest and northeast-trending faults cross-cut the east–west-trending faults, 

and can be mapped as very subtle linear anomalies in vertical and tilt-derivatives of the magnetic 

data, but are best mapped off AEM data where they appear as linear contrasts in conductivity. Both 

the north-northwest-trending and east-west trending sub-basins are relatively well defined in the 

vertical and tilt-derivatives of aeromagnetic data (Figure 28b), and coincide with low magnetic 

anomalies as they contain thicker accumulations of non-magnetic sediments and therefor supress 

the signal arising from volcanic units within the underlying Tawallah Group. Sub-basins along strike 

of the Emu Fault Zone appear more elliptical in the magnetic data, while east-west trending sub-

basins are more rectangular. 

The regional-scale forward models were able to recognise sub-basin bounding faults, but were not 

constructed at a resolution suitable for imaging their architecture in any detail. Here we examine 

two different sub-basins, representing the different styles recognised within the Batten Fault Zone. 

Each sub-basin is imaged by gravity (both ground and Falcon AGG), AEM and magnetic data. The 

Glyde Sub-basin is located adjacent to the Emu Fault to the north and south of McArthur River 

respectively. The Myrtle Sub-basin is located the southwest of McArthur River, approximately 10 

km from the Emu Fault Zone, but is bound by strike-slip faults of a similar orientation. Geophysical 

models are produced for each of the sub-basins, with an interpretation workflow tailored to the 

data quality and availability for each sub-basin.  

 

Figure 28. Location of interpreted sub-basins (red outline) overlain on A) interpreted geology of the central Batten 

Fault Zone and B) Reduced to pole magnetic data (coloured) overlain on the 1st vertical derivate of the same data  

(greyscale).  
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5.4 Glyde Sub-basin 

5.4.1 Geology 

The Glyde Sub-basin, located in the southeast of the Batten Fault Zone, is a north-northwest 

trending depocentre that preserves up to 900 m of Barney Creek Formation. The Barney Creek 

Formation is preserved near surface, and is unconformably overlain by 10-80 metres of Bukalara 

Sandstone. The sub-basin lies along strike approximately 80 km south of the McArthur River deposit, 

and has previously been interpreted to have formed between transtensional segments of the Emu 

Fault Zone and Cowdreys Fault (Davidson and Dashlooty, 1993).  

The Glyde sub-basin has been the focus for both mineral and petroleum exploration since the 

1970’s. There are 11 drill holes spaced across the sub-basin and the area is well imaged in 

geophysical data. The high-resolution geophysical data, and availability of constraints from drill-

holes makes it ideal as a case-study for geophysical modelling. Modelling results can be integrated 

with the detailed stratigraphic logging and geochemical analysis by (Kunzmann et al., 2019a). 

5.4.1 Data and method 

The Glyde Sub-basin is well imaged by geophysical data, including magnetics, Falcon airborne gravity 

gradiometry (AGG) and AEM data (Nunn 1998; Munday 2017).  Regional scale data acquired by 

government includes aeromagnetics and radiometrics at 500 m line spacing (Northern Territory 

Geological Survey, 2001), and ground gravity between 4 km and 2 km station spacing (CSIRO and 

NTGS, 2018; Northern Territory Geological Survey, 2013). Industry data includes an airborne 

electromagnetic survey (GEOTEM; Nunn, 1997), and a FALCON Airborne Gravity Gradiometry (AGG) 

and aeromagnetic survey (Armour Energy, 2013).   

The FALCON AGG and aeromagnetic data was acquired with a line spacing of 400 m, a terrain 

clearance of 80 m and flight lines orientated at 069⁰/249⁰ (Armour Energy, 2013). This data covers 

the northern region of the sub-basin and the Emu Fault Zone. The AEM survey was flown over the 

southern Batten Fault Zone in 1996 and partially covers the Glyde Sub-basin. The data was acquired 

using a fixed-wing GEOTEM III Time Domain EM system. Flight lines were orientated in an E-W 

direction, and acquired at a spacing of 1000m with a mean terrain clearance of 105 m (Nunn, 1997). 

Data were processed using EM Flow (Macnae et al., 1998) to generate conductivity depth and layer 

images (Ley-Cooper et al., 2016; Munday et al., 2017). 

Modelling the architecture of the Glyde Sub-basin was achieved through both 2D and 3D 

techniques. Two-dimensional 2D forward models were produced in GM-SYSTM, based on the gD 

component of the Falcon AGG data (Armour Energy, 2013). These sections assisted in modelling the 

larger scale architecture of the sub-basin, and were constrained by petrophysical data (Hallett, 

2018), fault interpretations, drill hole logs, and the regional scale geophysical models. The AEM and 

potential field sections, with further constraints from the fault interpretation and drill core were 

used to construct a 3D model of the sub-basin, and a surface representing the base of the Barney 

Creek Formation. 
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5.4.2 Interpretation and modelling 

The Glyde Sub-basin is defined by a NNW trending magnetic low and gravity high bound between 

the Emu Fault in the east, and Cowdreys Fault to the west (Figure 31a). The amplitude of the 

magnetic low is greatest adjacent to the Emu Fault, and decreases towards the west. This suggests 

the preserved thickness of non-magnetic sedimentary rocks is increasing towards the Emu Fault 

Zone.  East of the sub-basin, a moderate to high amplitude, and linear to stippled magnetic texture 

is present (Figure 31a). The relatively short wavelength of the magnetic anomalies indicates the 

source lies within the shallow subsurface, and is likely related to volcanic units within the Tawallah 

Group. A magnetic high west of the Cowdreys Fault exhibits a longer wavelength and smooth 

response. This magnetic high is also interpreted to be related to volcanic units, however the longer 

wavelength response suggests they lie at a much greater depth below the surface. 

The location of the Emu Fault is interpreted based on the sharp geophysical contrast between rocks 

either side of the fault (Figure 31a-b). The steep gradient between the magnetic low of the Glyde 

Sub-basin and magnetic high to the east suggest the Emu Fault is steeply dipping. The geophysical 

signature of Cowdreys Fault is more subtle, and only mappable in the AEM and tilt or vertical 

derivatives of the magnetic data. The boundary of the Falcon AGG data runs parallel to the fault and 

does not extend far enough to allow an accurate interpretation of this structure. Cowdreys Fault is 

defined by a discontinuous linear high in the first vertical derivative of the magnetic data, and by a 

sharp contrast in conductivity. The magnetic gradient is shallow which indicates a shallow dipping 

structure, although AEM data indicates the fault may be steeper closer to the surface. As this section 

of the fault lies within non-magnetic stratigraphy, and there is not a large vertical offset of magnetic 

horizons, it is difficult to accurately interpret the dip of the fault. 

The AEM sections show a strong, continuous conductive horizon over the Glyde Sub-basin (Figure 

31 and Figure 31e). The horizon appears to thicken from the west towards the Emu Fault, deepens 

towards the north of the sub-basin, and becomes shallower and weaker towards the south. 

Lithological logs from drill-core were superimposed on intersecting or nearby AEM sections 

(example shown in Figure 31), and show good correlation of the conductive horizon with the Barney 

Creek Formation. The anomaly lies within the Barney Creek, and roughly coincides with a sequence 

boundary with higher pyritic abundance (e.g., Kunzmann et al., 2019a). This sequence boundary is 

eroded towards the south, and correlates to a weakening conductive response.  

Forward modelling of the gD component of the AGG data was completed for two sections across 

the Glyde sub-basin (Figure 31b). Profile A-A’ lies oblique to the strike of the sub-basin and the Emu 

Fault Zone, but perpendicular to the interpreted faults within the sub-basin (Figure 31a-b). Profile 

B-B’ lies perpendicular to Emu Fault Zone and Cowdreys fault. Surfaces for the McArthur Group, 

Tawallah Group and the basement were constrained from the regional-scale models discussed in 

section 4. Modelling of the McArthur and Tawallah Group, and the basement accounted for the 

regional gradients observed in each profile. The Barney Creek Formation was modelled as a lower 

density unit, constrained by nearby drill holes and petrophysical data (e.g., Figure 27). The two 

models highlight the thickening of the Barney Creek Formation towards the Emu Fault Zone. East to 

southeast dipping normal faults are modelled within the sub-basin, with their location coinciding 

with step-like decreases in the observed gravity anomaly.  

Results of forward modelling, and interpretation of the AEM data allowed a 3D model of the sub-

basin to be constructed (Figure 31f). The thickest sequences of the Barney Creek Formation are 
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preserved in the east of the sub-basin, adjacent to the Emu Fault. Small growth faults, trending to 

the northeast and dipping to the southeast within the sub-basin are interpreted from the gravity 

data (Figure 31c-d). These faults do not penetrate magnetic horizons within the Tawallah Group, 

and are not imaged in the magnetic data. The sub-basin architecture is consistent with a 

transtensional sub-basin located between two parallel strike-slip faults (i.e., Cowdreys Fault and the 

Emu Fault Zone).  

 
Figure 29. A) RTP magnetic data (colour) overlain on tilt-derivative of the same data (greyscale). B) Falcon AGG gravity 

data. D) AEM conductivity depth interval from 130-150 m. 

 

Figure 30. AEM depth section from the Glyde Sub-basin overlain with stratigraphy intersected in drill-hole GRNT-79-

3 (stratigraphic markers from Kunzmann et al., 2019). The observed conductive horizon the lies within the Barney 

Creek Formation. 
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Figure 31. Geophysical models of the Glyde Sub-basin. A) Composite image of the reduced to pole magnetic data 

overlain on 1st vertical derivative. B) Falcon AGG gravity data. C-D) Forward models of the gravity data showing 

architecture of the sub-basin (profile locations shown in B. E) 3D fault network and AEM sections. F) 3D model 

showing interpolated base of the Barney Creek Formation. 

5.5 Myrtle Sub-basin 

5.5.1 Geology 

The Myrtle Sub-basin is located in the central Batten Fault Zone, approximately 18 km southwest of 

the McArthur River mine (Figure 32a). It’s surface expression comprises outcrops of the Lynott 

Formation, Reward Dolostone and Barney Creek Formation. The sub-basin is bounded between 

several east-west trending normal and north-northwest trending strike-slip faults that run parallel 

to the Emu Fault Zone. It is also intersected by a northwest trending fault imaged in the geophysical 

data, which may represent the continuation of the Calvert Fault at depth. The sub-basin is 

intersected by 2 holes which were drilled in 1982 by Shell Company of Australia (Bornman, 1982) to 

test possible extensions of Zn mineralisation intersected in other nearby holes. 
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5.5.2 Data and method 

The Myrtle Sub-basin is well imaged by both government acquired regional scale, and high-

resolution industry datasets. The sub-basin is imaged by the same FALCON Airborne Gravity 

Gradiometry (AGG) and aeromagnetic survey that targeted the Glyde sub-basin and is described in 

section 5.4.1 (Armour Energy, 2013). Anomalies arising from the sub-basin are subtle, and supressed 

by the regional gradient. Filtering of the data was performed to remove long-wavelength anomalies 

(>40 km) and enhance features related to shallower sources (Figure 32b). This aided in recognition 

of faults, and anomalies related to sub-basins.  

The architecture of the Myrtle Sub-basin was modelled in 2D using GM-SYS™. The model was 

constructed along a north–northwest profile based on the gD component of the AGG data (regional 

gradient removed) and the regional magnetic data. Constraints from petrophysical measurements 

for each formation modelled were applied, and the depth of key horizons were constrained by the 

MY4 and MY5 drill-holes which intersect the section. The geology was also constrained by the fault 

and solid geological interpretation derived from the gravity and magnetic data.  

 

Figure 32. A) Geology of the central Batten Fault Zone showing location of the Myrtle sub-basin in relation to the 

McArthur River deposit. B) gD component of the Falcon AGG data with band-pass filter applied (cut-off wavelength 

greater than 40 km and less than 1 km). Figure also shows the location of the MY4 and MY5 drill-holes, and the 

location of the forward model.  

5.5.3 Interpretation 

Gravity data in the region around the Myrtle Sub-basin is dominated by a long-wavelength, 

approximately north-south trending regional gradient which supresses anomalies related to 

individual sub-basins. Figure 32b shows a filtered gravity dataset (band-pass filter preserving 

wavelengths between 40-1 km) which has removed the regional gradient and emphasised the subtle 

signal of the sub-basin (Figure 32b). The residual anomaly highlights the structural complexity of the 

sub-basin, which comprise several east-northeast trending, fault-bounded compartments that are 

bounded by northwest trending sidewall or strike-slip faults.  
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Forward modelling of the gravity and magnetic data were applied to understand the architecture of 

the sub-basin. Results are shown in Figure 33, and suggest a complex sub-basin comprised of several 

compartments. The gravity response consists of several high and low gravity anomalies, which are 

superimposed on a longer-wavelength gradient that increases in amplitude towards the southeast. 

A regional gradient was removed from the gridded data prior to sampling for modelling, and this 

gradient reflects variations in near-surface geology in the vicinity of the sub-basin. The low gravity 

anomaly towards the northwest of the profile coincides with the location of the McArthur River, 

which meanders through the Central Batten Fault Zone. The gravity anomaly is largely attributed to 

unconsolidated sediments deposited within the rivers flood plains. The increasing gravity anomaly 

towards to southeast is interpreted as thicker dolomitic sequences.  

The undulating gravity response over the Myrtle Sub-basin is interpreted to primarily reflect 

variations in thickness of the Barney Creek Formation. Modelling assumes the Barney Creek 

Formation is largely unmineralized, and has a lower density than over and underlying dolostone 

units. These assumptions produce good results between the observed and calculated data, and fit 

all the existing geological constraints from drill-holes, outcrop and petrophysical data. Results 

suggest three small sub-basins occur in close proximity to each other. The low gravity anomalies are 

interpreted as the depocentres of these sub-basins where the thickest sequences of the Barney 

Creek Formation are preserved. The high gravity anomalies reflect thinner accumulations of the 

Barney Creek Formation, and thicker high-density dolomitic units being preserved at shallow levels. 

The MY4 drill-hole was interpreted to have intersected shelf facies close to the edge of the basin, 

while MY5 intersected a deeper part of the sub-basin (Bornman, 1982). These observations are 

consistent with our geological model.  

The geometry of the sub-basin is reasonably well constrained by existing geological data, however 

the orientation of larger-scale structures in the model are less well constrained and uncertainty 

exists on their orientation and sense of movement. Acceptable matches to geophysical data can be 

obtained by modelling the growth fault in the northwest as either a south-dipping or a north-dipping 

fault. Similarly, the geometry of the major growth fault for the Myrtle Sub-basin, occurring to the 

northwest of MY4 is uncertain below the depth of the sub-basin. Slightly better matches with the 

magnetic data are obtained with the fault shown as in Figure 33, but acceptable results can be 

obtained without modelling any offset to the underlying Tawallah Group.  

5.5.4 Potential for mineralisation 

Our results suggest that the architecture of the Myrtle sub-basin (Figure 34) is more complex than 

drilling or surface geology might suggest. The sub-basin comprises several small fault-bounded 

compartments, and key faults controlling growth of the Barney Creek Formation appear to be blind 

at the surface with either no, or minimal offset of younger units. The MY4 and MY5 drill-holes 

appear to have missed the depocentre of the sub-basin, and instead intersected shallower parts of 

the sub-basin away from the major growth fault. This fault would have been the most likely pathway 

for mineralising fluids to ascend from depth, and interact with sediments. As discussed above, it is 

uncertain if this fault penetrates potential source rocks modelled in the Tawallah Group, however it 

is bound by larger, north-northwest trending strike-slip faults which likely do penetrate these rocks 

(Figure 32b). Therefore, potential exists for fluid pathways between source rocks and the sub-basins, 
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and there may be potential for mineralisation to be preserved within the deepest part of the sub-

basin adjacent to this structure. 

 

Figure 33. NW-SE orientated forward model of the Myrtle Sub-basin showing major and minor growth faults which 

have influenced its architecture. Profile shows the location of the constraining drill-holes: MY4 and MY5. Modelled 

density (c cm-3) and magnetic susceptibility values (SI, italics) are labelled on the cross-section.  

 

 

Figure 34. Enlarged view of the model of the Myrtle Sub-basin at 2x vertical exaggeration. 
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Part IV Discussion and 

conclusions 

  



62   |  CSIRO-NTGS McArthur Basin Project Chapter 2: Southern McArthur Basin solid geological interpretation and geophysical modelling 

6 Discussion 

6.1 Limitations of modelling 

Solutions to potential field models are non-unique, and therefore limitations exist in any 

interpretation (Blaikie et al., 2014; Jessell et al., 1993; Valenta et al., 1992). Likewise, cross-sections 

constructed purely on geological data, especially where outcrops or drill holes are sparse, are also 

subject to uncertainty at depth and between constraint points. Modelling a cross-section using 

potential field data provides an additional level of constraint to the geological interpretation. 

Potential field data also allows different interpretations to be tested. Failure to achieve a fit to the 

geophysical data suggests that a geological solution may not be valid and other solutions should be 

considered. Achieving a fit to the data demonstrates a model is both geologically and geophysically 

plausible, but because results are non-unique, it does not rule out alternative solutions.  

The interpretations presented in this work are based on the geological and geophysical data 

available at the time. The inclusion of constraints based on petrophysics, outcrop maps, structural 

information, seismic data and drill-core limits the number of potential solutions and ensures that 

models are geologically plausible. Although some assumptions were required to be made, especially 

on the nature of the basement, and on remanence properties, our results are constrained as well 

as possible and are consistent with the geological understanding of this region. However, 

uncertainty does exist in the interpretations, so a sensitivity analysis was conducted to test how the 

model responds to variation in the geometry or properties of the model. This allows us to identify 

where uncertainty is highest, which typically corresponds to areas of low petrophysical contrast. 

Table 5 summarises how the calculated gravity response of profile B-B’ varies when uncertain 

aspects of the model geometry, such as total thickness of the McArthur and Tawallah groups, 

presence of the volcanic unit, and the geometry of faults were modified. It also summarises how 

the geometry or properties of the model are required to change to obtain an acceptable fit to the 

observed gravity. Gravity data were focussed on for this analysis since it is the primary control on 

the architecture of the model.  

The McArthur and Tawallah Groups typically have a relatively small petrophysical contrast (0.04–

0.05 g cm-3). This means the model is less sensitive to variations in geometry along this horizon, and 

small variations can be made to its depth without overly affecting the geometry of the model. Large 

changes to the depth of either of these interfaces require some greater variations to the geometry 

and the position/dip of faults, and are often not supported by available geological constraints. For 

example, if a thicker McArthur Group is modelled, it requires the thickness of the Tawallah Group 

to also increase to maintain the calculated gravity response. Alternatively, a thinner McArthur 

Group requires the modelled thickness of the Tawallah Group to decrease. The contrast between 

the Tawallah Group and the volcanics modelled within it is much higher (0.08-0.09 g cm-3), meaning 

the model is more sensitive to changes in this interface. Results indicate the unit is required in the 

model to reproduce the observed gravity anomaly model, but its position within the sequence is 

somewhat uncertain. Acceptable results can be achieved with the volcanics modelled in both a 

shallower or deeper position, including beneath the Tawallah Group. The depth of the Roper Group 

is reasonably well constrained across the model from seismic data, and changes to its geometry 

were not tested in this analysis. It does however, exhibit a reasonably high contrast with the 
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underlying Nathan and McArthur Groups (0.07-0.13 g cm-3), and exerts considerable influence on 

the calculated gravity response when this horizon is modified. Variations to the geometry of the 

Tawallah Fault were also tested, with results suggesting that its current geometry (as also indicated 

by seismic data) is the most plausible solution. A vertical geometry, similar to that of the Emu Fault 

Zone was tested, but required the Tawallah Group to be much thicker on the western side of the 

fault than geological or seismic data would suggest.  

As much of the McArthur Basin lies under cover and geophysical methods are relied upon to image 

its continuity and architecture (e.g., Betts et al., 2015; Frogtech Geoscience, 2018), the results 

presented here highlight the importance of initial constraints on model geometry. Uncertainty will 

always exist in potential field interpretations, and this analysis highlights where that uncertainty 

was greatest in our models. Importantly, results suggest how these model might change if new 

geological data becomes available that indicates the geometry or properties are different to that 

modelled here. These results provide a framework from which to extend modelling across the 

broader greater McArthur Basin to areas under cover, whilst accessing and considering the 

uncertainty of those models at the same time. Ideally models should be constrained from seismic 

data, and from areas of outcropping geology, then extended to areas where fewer or no constraints 

are available. 

Table 5. Sensitivity analysis of 2D forward models 

Model variation Calculated response Alternative solution 

Removal of volcanic horizon Decrease in gravity response Increase McArthur Group thickness to 

approximately 7 km while decreasing Tawallah 

Group thickness to 3 km 

Movement of volcanic 

horizon 

Acceptable solution Volcanic horizon can be shifted up or 

downwards, with minor changes to its geometry 

and still obtain an acceptable fit to the observed 

data 

Vertical Tawallah Fault Shift of high-gravity anomaly west 

of the Tawallah Fault towards the 

east 

Requires thickening of Tawallah Group east of 

the Tawallah Fault 

Thicker McArthur Group Increase to gravity response Requires thicker or lower density Tawallah 

Group.  

Thinner McArthur Group Decrease to gravity responses Requires the Tawallah Group to be thinner and 

the basement shallower, or the density of the 

Tawallah Group to higher 

 

6.2 3D architecture of the Batten Fault Zone 

The Batten Fault Zone exhibits a relatively complex architecture, compared to regions east and west 

which are largely flat lying and undeformed. The seven 2D forward models described in section 4 

were imported in Gocad where they could be visualised in 3D (Figure 35) and used as a constraint 
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for constructing a 3D model. At a regional scale, the cross-sections highlight long-wavelength (50–

60 km) folding of sedimentary sequences within the Batten Fault Zone, and uplift and erosion 

adjacent to major fault zones (e.g., Tawallah Fault, segments of the Emu Fault Zone, and the 

Mallapunyah Fault Zone). The spatial extent of anomalously thick volcanic units in the Tawallah 

Group can be seen, along with their proximity to major deposits in the region. A high-resolution 3D 

model was also built (Figure 36), focusing on the central Batten Fault Zone where several Zn-Pb-Ag 

deposits are known. The implications of the architecture are further described in section 6.3. 

 

Figure 35. Three-dimensional architecture of the Batten Fault Zone. Figure shows each of the modelled cross-sections, 

overlain with surfaces representing major faults. 
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Figure 36. 3D model derived from forward modelling of the central Batten Fault Zone, located between the Emu Fault 

Zone and the Tawallah Fault. 

6.3 Structural evolution of the Southern McArthur Basin 

6.3.1 Basement architecture  

Formerly defined as the ‘Barramundi Orogeny’, a series of spatially and temporally distinct crustal 

shortening, extensional and magmatic events were observed across northern Australia between ca. 

1880-1850 Ma (Betts et al., 2006; Etheridge et al., 1987). Rocks deformed and emplaced during this 

period form the basement to the volcanic and sedimentary successions of the McArthur Basin. 

Exposure of various basement terranes underlying the McArthur Basin are limited, and tend to be 

restricted to inliers within fault zones (e.g., Scrutton and Urapunga Inliers; Figure 1) or basin edges 

(e.g., Murphy Inlier, Arnhem Inlier, and Pine Creek Orogen). These exposures of basement rocks 

comprise mafic and felsic volcanics (e.g., Scrutton Volcanics; Batten Fault Zone), and metamorphic 

rocks and granites deformed and emplaced during widespread tectonism (e.g., Urapunga and 

Murphy Inliers; Abbott et al., 2001; Wygralak and Ahmad, 1989). 

The structural fabric of the basement was largely developed during the ca. 1880-1850 Ma tectonism 

across the region, and most works agree that these structures were periodically reactivated, and 

controlled ongoing basin development (Betts et al., 2015; Etheridge et al., 1987; Plumb, 1979b; 

Rogers and Bull, 1994). Previous studies have related extensive northwest and northeast-trending 

structures that are common across the greater McArthur Basin and Lawn Hill Platform to this period 

of tectonism (Betts et al., 2015; Frogtech Geoscience, 2018). These interpretations are consistent 

with our structural interpretation and forward modelling which recognises an underlying 
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architecture of parallel and laterally extensive, northwest-trending structures (Figure 9a). Modelling 

suggests these structures bound compositionally different crust within the basin (indicated by 

variable densities and magnetic susceptibilities). These faults have typically acted as major transfer 

structures during basin development, but normal and reverse movements have also been 

recognised. Of significance, is the northwest-trending Mallapunyah Fault Zone, which bounds lower 

density basement to the south from that to the north of the fault, and a large geophysically defined 

northwest-trending structure in the northern Batten Fault Zone which indicates higher density crust 

towards the north. This fault roughly coincides with the location of the Barramundi gravity worm 

(Hobbs et al., 2000), which was interpreted as a deep crustal boundary between more mafic crust 

to the north, and felsic crust to the south. We also interpret the Emu Fault Zone as a major structure 

separating basement terranes with different structural fabrics. East of the Emu Fault Zone, 

northwest-trending faults are dominant with only a few occurrences of north-northeast-trending 

structures which, west of the Emu Fault Zone are prevalent across the McArthur Basin. 

Interpretation and modelling indicate a large granitic intrusion, or series of intrusions are preserved 

within the basement of the southern Batten Fault Zone centred under the Tawallah and Hot Springs 

faults. This interpretation is consistent with previous modelling by Leaman (1998) who also 

recognised granites preserved in this part of the Batten Fault Zone. The proximity of modelled 

intrusion to arcuate segments of the Tawallah and Hot Springs faults suggests rheological 

differences within the basement played a role in partitioning strain within the fault zone, and 

influenced fault development and reactivation within the overlying basin during later deformation. 

The age of the intrusion is unknown; however felsic clasts have been recognised within the basal 

conglomerate of the Wununmantyala Sandstone, and were interpreted to have been derived from 

exposed basement during the mid-Tawallah inversion event (Bull and Rogers, 1996; Jackson et al., 

2000). Although the source of these clasts is unknown, it suggests that some intrusions in the region 

pre-date deposition of the Tawallah Group. These felsic intrusions have been inferred to be a 

potential source of Pb and Zn provided mineralising fluids were able to migrate through the 

basement (Cooke et al., 1998; Large et al., 2005). Alternatively, metals may have been leached from 

sediments derived from these rocks and preserved within the sandstone aquifers of the Tawallah 

Group (e.g., felsic clasts observed in Wunumantyala Sandstone; Bull and Rogers, 1996; Jackson et 

al., 2000). 

6.3.2 Tawallah Group  

The deposition of the ca. 1790 – 1700 Ma Tawallah Group (Rawlings, 2002) occurred in response to 

several extensional and crustal shortening events. Consequently, sedimentary sequences exhibit a 

complex regional tectonostratigraphy with numerous depositional hiatuses and erosional 

unconformities (Bull and Rogers, 1996; Rawlings, 1999; Rogers, 1996). Recognition of primary fault 

movements are difficult due to essentially flat-lying stratigraphy, complete lack of exposure in some 

areas, and later inversion and overprinting of structures in other areas (Rawlings, 1999). 

The earliest stages of basin development in the southern McArthur Basin involved the deposition of 

up to 2 km of coarse-grained siliciclastic rocks and emplacement of extensive volcanic rocks. Field 

evidence for extension at this time is limited, however Rawlings (2007) interpreted the northward 

thickening of the lowermost units of the Tawallah Group in the Batten Fault Zone to indicate growth-

faulting into large-scale north-tilted sub-basins. Forward modelling is generally consistent with this 
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interpretation and suggests thickening of the Tawallah Group against east–west and northwest-

trending structures in the central and northern Batten Fault Zone (Figure 25). Gravity data to the 

east of the Emu Fault Zone shows several northwest-trending, fault bounded gravity lows that are 

approximately 25–30 km wide. The eastern end of profile A–A’ (Figure 16) images the edge of this 

gravity anomaly and indicates the Tawallah Group thickens on the northern side of a northwest-

trending fault (oblique to section). Magnetic data suggests only minor vertical offset post 

emplacement of the Settlement Creek Dolerite and Gold Creek Volcanics in this region, and we 

interpret these gravity lows as depocentres for siliciclastic sediments deposited earlier in the basins 

history. Thickening of the Tawallah Group against northwest-trending faults is also imaged in profile 

G-G’. These results suggest that there may have been some significant compartmentalisation of the 

basin during its early development.  

Approximately north–south to northeast–southwest-directed extension is inferred from ca. 1760–

1740 Ma (Fig. 9a). Extensional conditions likely prevailed earlier than this, however a limited data 

makes difficult to determine a direction. Extension from ca. 1760–1740 Ma is interpreted to have 

been driven by roll-back of a subducting slab located along the southern margin of the continent 

(Betts et al., 2006), and correlates with the Wonga Event in Mount Isa (Holcombe et al., 1991) and 

the development of the Leichhardt Superbasin. Extensional structures are prevalent in the Mount 

Isa region, where initial stages of sedimentation and volcanism were focussed within a north–south-

trending rift axis, with growth faulting occurring along east–west-trending structures (e.g., 

Leichhardt River Domain; O'Dea et al. (1997)). In the southern McArthur Basin, extension resulted 

in normal movement along northwest–southeast to east–west-trending faults, and strike-slip 

movement along north–south to north-northeast trending faults (Figure 37a). 

A mid-basin inversion event associated with approximately east–west-directed crustal shortening 

has been interpreted at approximately 1740 Ma (Bull and Rogers, 1996; Keele and Wright, 1998). 

The comparable timing and direction of crustal shortening suggests this event may be linked to the 

1740 Ma Leichhardt Event recorded in the Leichhardt River Fault Trough. This event is tentatively 

correlated with the accretion of the Numil terrane onto the eastern margin of the Australian 

continent (Blaikie et al., 2017). In the McArthur Basin, this event caused uplift and erosion of 

Tawallah Group stratigraphy, and a regional unconformity at the base of the Wununmantyala 

Sandstone (Bull and Rogers, 1996; Rawlings, 2007). Our modelling results indicate an overall 

thinning of the group west of the Tawallah Fault in profiles B–B’, C–C’ and D–D’ (Figure 17–Figure 

22), and also in the north of the Batten Fault Zone in profile A-A’ (Figure 16). Overall, it is estimated 

that up to 2.5 km of stratigraphy could have been eroded from the sequence west of the Tawallah 

Fault, and in the north of the Batten Fault Zone prior to deposition of the McArthur Group. This 

would suggest reverse movement along the west-dipping Tawallah Fault, and also along north-south 

to north-northeast-trending faults in the north of the Batten Fault Zone during the mid-Tawallah 

inversion (Figure 37b). Additionally, uplift and erosion of the Tawallah Group in these areas likely 

occurred following deposition of the upper Tawallah Group which concluded at ca 1700 Ma.  

Renewed extension from ca. 1725 Ma led to continued deposition of siliciclastic sediments and 

widespread emplacement of both intrusive and extrusive volcanics of the Settlement Creek dolerite 

and Gold Creek Volcanics. Large circular gravity highs located to the east of the Batten Fault Zone 

are interpreted as thicker volcanic sequences, either emplaced as high-level sills or laccoliths, or 

subaerially. We interpret these features as similar to the thicker volcanic units modelled in the 

central region of the Batten Fault Zone, and previously noted elsewhere in northern Australian 
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Basins by (Leaman, 1996); Leaman (1998). At least in the central Batten Fault Zone, these volcanic 

bodies have a strong spatial association to several large deposits including those at McArthur River 

and Teena, as well as a number of smaller prospects (Figure 35). Previous work has recognised 

potassic metasomatism and base metals depletion from the Settlement Creek Dolerite and Gold 

Creek Volcanics in the Mallapunyah Dome, and suggested that metals were leached from volcanic 

units by oxidised, saline brines (Cooke et al., 1998). Potassic alteration assemblages have also been 

recognised in volcanic rocks within the Tawallah Ranges, Scrutton Ranges and the Bauhinia Downs 

1:250K mapsheet (Haines et al., 1993; Pietsch et al., 1991; Rawlings et al., 1993), and within the 

Fiery Creek and Peters Creek Volcanics in the Western Succession of the Mount Isa Inlier (Huston et 

al., 2006). This widespread alteration is interpreted as regional fluid flow associated with Zn-Pb-Ag 

metallogenesis (Huston et al., 2006).  

Northwest–southeast-directed extension is interpreted to have affected parts of the McArthur 

Basin from ca. 1725 Ma. Drivers for extension may be related to far field stresses associated with 

rollback of a subduction zone located to the south (Giles et al., 2002), rifting between Australia and 

Laurentia (Betts and Armit, 2011) or related to a mantle plume in Arnhem Land (Goldberg, 2010). In 

the Batten Fault Zone extension resulted in normal movement along north-northeast to northeast 

oriented faults west of the Emu Fault Zone, and strike-slip movement along northwest oriented 

faults (Figure 37c). Faulting along north-northeast to northeast structures appears to be minimal, 

and is restricted to a 40 km wide zone east of the Emu Fault Zone in the north of the Batten Fault 

Zone. A lack of north-northeast to northeast oriented faults in the southeast McArthur Basin, where 

they are otherwise prevalent across the greater McArthur Basin suggests a more competent 

basement that resisted deformation. Broadly northeast trending features are observed in the 

gravity data which suggests these structures may exist at depth, but no offset of magnetic features 

associated with the Settlement Creek Dolerite and Gold Creek Volcanics are observed in this 

orientation, indicating that these faults were not reactivated following volcanism. This observation 

is consistent with seismic line 17GA-SN5 located in the southeast McArthur Basin which shows 

relatively flat-lying and laterally continuous sediments with little evidence of growth faulting. 

6.3.3 McArthur Group 

Deposition of the McArthur Group commenced at ca. 1660 Ma while the northern Australian basins 

were transitioning from extensional to sag-phase sedimentation. Thickening of the lowermost 

stratigraphic units of the McArthur Group against east–west normal faults is recognised in parts of 

the McArthur Basin from previous work (Rogers, 1996), and our lithological interpretation (Figure 

9), suggesting initial north–south extensional conditions controlled sedimentation. Following 

deposition of these basal sequences, thermal subsidence was the primary driver for basin 

development (Betts et al., 2003a; Betts and Giles, 2006; Betts et al., 1998) and carbonate- and 

evaporate-dominated deposits typical of sag-phase sedimentation became prevalent across 

northern Australia. 

Sag-phase sedimentation was however, periodically interrupted by short-lived phases of tectonic 

instability causing reactivation of basin structures under both extensional and compressional 

conditions. In the Batten Fault Zone, these intermittent events compartmentalised the basin into 

numerous paleohighs and sub-basins and resulted in a complex depositional architecture. A short-

lived extensional event occurred at ca. 1645–1640 Ma during deposition of the Barney Creek 
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Formation. In the Batten Fault Zone, this event caused strike-slip faulting along north-northwest-

trending faults, such as the Emu Fault Zone, and normal faulting along east- to east-northeast-

trending faults. This resulted in localised sub-basin development where thick sequences of the 

Barney Creek Formation accumulated, and in some cases led to base metals mineralisation 

(Kunzmann et al., 2019a; McGoldrick et al., 2010).  

Two styles of sub-basins developed within the Batten Fault Zone during this period (Figure 28). 

Strike-slip movement along the north-northwest-trending Emu Fault Zone caused development of 

elliptically shaped, transtensional sub-basins along its length. These transtensional sub-basins, such 

as the Glyde Sub-basin (Figure 31) preserve the greatest intervals of the Barney Creek Formation, 

which tend to thicken towards the east against the Emu Fault Zone (Davidson and Dashlooty, 1993; 

Rawlings et al., 2004). In the central Batten Fault Zone, sub-basins also developed along broadly 

east–west-trending normal faults (McGoldrick et al., 2010) located between the Tawallah Fault and 

the Emu Fault Zone (e.g., Myrtle Sub-basin; Figure 33). The regional-scale geophysical modelling 

shows growth of the Tawallah Group along these faults (Figure 25), suggesting they were inherited 

from earlier basin phases. Sub-basins located along these east-west faults are segmented by 

northwest or northeast-trending faults (Figure 28). It is not clear if these were sidewall faults that 

compartmentalised individual sub-basins during deposition, or if several elongate east-west sub-

basins were later segmented by faulting.  

Various works have interpreted this period of tectonic instability to be associated with east–west 

(Plumb and Wellman, 1987), northeast (Betts et al., 2015), north-northwest (Taylor and Hayward, 

2016), and north-northeast (Frogtech Geoscience, 2018) extension, while east-west shortening has 

also been proposed (Neudert and McGeough, 1996). The variety of extensional structures active 

during deposition of the middle McArthur Group make it difficult to accurately interpret an 

extensional direction. At a regional scale, geophysical modelling suggests thickening of the 

McArthur Group occurs against east–west, northwest and northeast-trending normal faults 

inherited from earlier basin phases (Figure 37d). These faults terminate against north-northeast and 

north-northwest-trending strike-slip faults reactivated during this event. Regional scale sediment 

thickening identified in our modelling represents the superposition of the waning stages of 

extension during deposition of the basal McArthur Group sequences, and the ca. 1640 Ma extension 

event. Active growth faulting observed along east–west, northwest and northeast normal faults 

during the middle McArthur event suggests a roughly north-south extensional orientation. This 

extension direction, and variety of fault geometries is consistent with that inferred on the northern 

Lawn Hill Platform during the River Event (Scott et al., 1998).  

Although not imaged in our modelling as deformation is relatively minor compared to other events 

that have affected the basin, there is growing structural and sedimentological evidence for a mild 

basin inversion occurring towards the later stages of deposition of the Barney Creek Formation. This 

event resulted in the transpressive reactivation of the Emu Fault Zone, folding, and syn-sedimentary 

inversion of extensional structures (Hinman, 1995). Uplift and instability related to this mild 

inversion caused an influx of mass-flow breccias into the previously developed sub-basins, which 

occur at a consistent sequence boundary in the upper Barney Creek Formation across the basin 

(Kunzmann et al., 2019a). Sedimentation of the Barney Creek Formation continued during the onset 

of deformation, which is evidenced by onlap of strata of the upper Barney Creek Formation onto 

reversely faulted and incised stratigraphy uplifted during inversion (Hinman, 1995). Deformation is 

consistent with northwest–southeast-shortening, however Hinman (1995) suggested that this may 
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be locally modified by transpression on the Emu Fault Zone, and regional deformation could be 

caused by a short-lived north–south-directed shortening event. Keele and Wright (1998) also 

recognised a north–south-directed crustal shortening event within the north of the Batten Fault 

Zone, although the timing of this event remains somewhat speculative since only the lowermost 

units of the McArthur Group are preserved.  

This deformation event was initially correlated to the early Isan Orogeny (Hinman, 1995), however 

ongoing sedimentation within the Barney Creek Formation constrains timing to 1640 Ma (Page et 

al., 2000; Page and Sweet, 1998). Timing of deformation is coincident with the Riversleigh event on 

the Lawn Hill Platform, where syn-sedimentary reverse reactivation of east–west-trending normal 

faults also occurred from approximately north–south-directed crustal shortening (Bradshaw et al., 

2000; Scott et al., 1998). The similarity in timing and directions of crustal shortening between these 

events suggest a common tectonic driver. The Riversleigh event has tentatively been linked to 

deformation and magmatism occurring in central Australia associated with the 1640–1635 Ma Liebig 

event and the accretion of the Warumpi terrane (e.g., Hollis et al., 2013; Scrimgeour et al., 2005) 

onto the southern margin of North Australian Craton (Betts and Armit, 2011; Betts et al., 2016). This 

event has also been interpreted to have played a role in mineralisation at McArthur River (Gibson 

et al., 2016; 2017). Alternatively, if collision of the Warumpi province occurred at ca 1130 Ma as 

proposed by Wong et al. (2015), then the 1640 Ma deformation recognised in the north Australian 

Basins may be related to intraplate instability associated with broader scale plate reorganisation 

which triggered a reversal in plate motion (Idnurm, 2000). 

Following this period of tectonic instability, sedimentation across the McArthur Basin continued, 

and the Batten subgroup was deposited. Sequence stratigraphy suggests the depocenter for the 

group shifted towards the north of the Batten Fault Zone where thicker and deeper marine 

sequences of the Reward Dolostone and Caranbirini Member (Lynott Formation) were deposited 

compared to the south where they are relatively thin and comprised of shallow marine facies 

(Kunzmann and Blaikie, 2019). This shift in depocenter implies a subtle change in the regional stress 

field that focussed extension and the creation of accommodation space in the north of the Fault 

Zone occurred following the ca. 1640 tectonic instability. Interpretation of aeromagnetic data 

suggests sub-basins (defined by subdued magnetic anomalies) in this area are confined between 

northeast-trending faults, which are more prevalent in this area compared to the rest of the basin 

where they are not a common fault orientation. This suggests extension may have shifted towards 

a northwest-direction during deposition of the Reward Formation and Caranbirini Members, before 

the basin returned to sag-phase sedimentation.  

6.3.4 Isan Orogeny 

Although the southern McArthur Basin was distal to regions where deformation and metamorphism 

were most intensely focussed, the region still experienced the effects of the Isan Orogeny which 

terminated sedimentation and caused significant inversion across the basin.  

The earliest phase of the Isan Orogeny (ca. 1610-1585 Ma) involved north–south to northwest–

southeast-directed crustal shortening driven by active subduction at the southern margin of the 

continent (Betts et al., 2000; Betts and Giles, 2006; Betts et al., 2009; Giles et al., 2006; O'Dea et al., 

2006). Evidence of this phase of the orogeny affecting the southern McArthur Basin is limited, likely 

due poor preservation of structures, and the difficulty recognising and constraining the timing of 
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several different superimposed deformation events that affected the region. An unconformity 

between the McArthur and Nathan Group suggests a short-lived depositional hiatus and erosion 

event occurred at ca. 1610 Ma, which may be related to the onset of the orogeny in this region. 

Geophysical modelling (Figure 16, 16, 19) and mapping data support this, and indicates that the 

McArthur Group thins overall towards the east until it is absent. In this area, mapping data from 

Rawlings (2006) indicates the Nathan Group unconformably overlies the Tawallah Group. The 

missing McArthur Group stratigraphy implies either non, or very thin deposition of the McArthur 

Group in the southeast of the McArthur Basin, or that the region underwent a period of uplift and 

erosion during the early Isan Orogeny. Previous structural studies have recognised east–west to 

west-northwest folding and faulting within the Batten Fault Zone, and attributed deformation to 

this phase of the orogeny (Hinman, 1995; Keele and Wright, 1998). During this event, it is likely that 

there was some minor reverse reactivation of approximately east–west normal faults, and strike-

slip movement along northwest, and north–south to north-northeast faults (Figure 37e). 

The middle to late phases of the Isan Orogeny involved east–west-directed crustal shortening (Betts 

et al., 2006; Blenkinsop et al., 2008; Giles et al., 2006; O'Dea et al., 2006). In the McArthur Basin, 

sedimentation had ceased by the onset of this phase of the orogeny, and the region experienced a 

significant episode of inversion. Approximately east-west to northwest-southeast-directed 

shortening resulted in reverse reactivation along north-northwest and north-northeast structures 

within the Batten Fault Zone, with deformation largely localised in the northwest and southeast of 

the fault zone (Figure 37f). Strike-slip motion is also interpreted along large, deep seated northwest-

trending structures such as the Mallapunyah and the Calvert fault zones. Rogers (1996) recognised 

brittle strike-slip faulting along northwest and northeast-trending conjugate fault sets in the Batten, 

Tawallah and Scrutton ranges, and interpreted a northwest–southeast-directed deformation event. 

The timing of this event was not well constrained, and was tentatively correlated to mild 

deformation occurring during deposition of the Barney Creek, but could also be related to the 

middle to late phases of the Isan Orogeny. The regional scale, approximately north-south-trending 

folding observed across the Batten Fault Zone in the east–west-trending forward models, as well as 

minor short-wavelength folding observed within the McArthur Group stratigraphy (e.g., Pietsch et 

al., 1991) are inferred to be related to this event.  

6.3.5 Roper Group 

Following a 70-million-year sedimentation hiatus related to the Isan Orogeny, the Roper Group and 

equivalent successions in the South Nicholson Basin were widely deposited across the North 

Australian Craton. Regionally, the architecture of the Roper Group and location of depocentres 

differ from that of underlying superbasin sequences, and appear to be unrelated to the previous 

tectonic framework, although reactivation of major structures and terrane boundaries continued to 

occur during and after deposition of Mesoproterozoic sequences. In the Batten Fault Zone, the 

Roper Group is largely confined to the hinge zones of synclines, and to the west of the fault zone. 

Growth faulting is observed along reactivated northeast oriented structures within the northwest 

and southwest of the study region, as evidenced by seismic data, thickening of stratigraphy and 

geophysical modelling (Figure 37g). East of the Emu Fault, preserved sequences of the Roper Group 

do not appear to be by fault controlled.  
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A post-Roper Group deformation event has long been recognised within the southern McArthur 

Basin, and is largely responsible for the current thrusted architecture of the western and central 

Batten Fault Zone (Keele and Wright, 1998; Rawlings et al., 2004; Rogers, 1996). This region is 

dominated by the north–south-trending but highly arcuate Hot Spring and Tawallah faults, and to a 

lesser extent, the Scrutton Fault. Geophysical modelling suggests these faults had a long-lived 

history, possibly as strike or dip-slip structures comparable to the Emu Fault Zone, which was 

similarly suggested by Rogers (1996). This latest episode of thrust faulting uplifted sedimentary and 

volcanic rocks of the lower McArthur and Tawallah groups, juxtaposing them against the Roper and 

Nathan Group, which are presently preserved in the Abner Ranges. This event also caused 

northwest-trending folding of Roper Group sediments in the Abner Ranges, which were 

superimposed on existing folds that developed during the Isan Orogeny. Minor reverse reactivation 

of northeast-trending faults such as the Mantungula and Limmen faults in the northwest of the fault 

zone is also observed (Figure 37h).  

Regionally, geophysical models and seismic data show long-wavelength (50–60 km) folding of 

sedimentary sequences within the Batten Fault Zone and across the Beetaloo Sub-basin, and uplift 

and erosion adjacent to major fault zones (e.g., Mallapunyah Fault Zone). Intense deformation 

appears to have been focussed within structurally weak zones such as the Batten Fault Zone, 

whereas folding and faulting elsewhere was relatively mild. The structural interpretation from this, 

and previous work, suggests broadly northeast–southwest-directed crustal shortening is 

responsible for deformation. Timing of this event is poorly constrained, and therefore tectonic 

drivers of deformation are speculative. Seismic and magnetic data suggest the 1313 Ma Derim 

Derim Dolerite (Collins et al., 2018) was emplaced prior to this event, which indicates deformation 

occurred after this time. Deformation could be related to the Albany-Fraser and Musgrave events 

(1220–1140 Ma) which record the collision and suturing of the South Australian Craton with the 

North and West Australian Cratons (Frogtech Geoscience, 2018). Alternatively, it may be related to 

the collision between the West and North Australian Craton, which new data suggests may have 

occurred as late as 1300 Ma (e.g., Gardiner et al., 2018; Maidment, 2017).  
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Figure 37. Structural evolution of the southern McArthur Basin showing interpreted active faults overlain on the first 

vertical derivative of the reduced to pole magnetic data. a) ca. 1760–1740 Ma deposition of the early-middle Tawallah 

Group during north–south to northeast-southwest-directed extension; b) ca. 1740 Ma Mid-Tawallah inversion event 

associated with east–west-directed crustal shortening; c) ca. 1725–1690 Ma deposition of the upper Tawallah Group 

during northwest–southeast-directed extension; d) ca. 1645–1640 Ma deposition of the middle McArthur Group 

(onset of Barney Creek deposition) during N-S extension; g) ca. 1610–1570 Ma early Isan Orogeny involving north–

south-directed crustal shortening; f) ca. 1570–1500 Ma middle to late Isan Orogeny involving east–west to northwest-

southeast-directed crustal shortening; g) ca. 1500–1300 Ma deposition of the Roper Group; b) Post-1313 Ma 

northeast–southwest-directed crustal shortening. 
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7 Conclusions 

Geophysical data, ranging from regional scale to high-resolution surveys were used to inform on the 

regional scale structural architecture of the southern McArthur Basin and synthesise its evolution 

within the geodynamic framework of northern Australia during the Proterozoic. The major 

conclusions of this work are: 

• The evolution of the southern McArthur Basin was influenced by far field plate boundary 

processes, with the Batten Fault Zone representing a structurally weak corridor that 

experienced repeated reactivation throughout the Palaeo to Mesoproterozoic.  

• Several primary fault orientations were developed and repeatedly reactivated, including:  

o Northwest–southeast 

o North-northwest–south-southeast 

o North-northeast–south-southwest 

To a lesser extent, the following fault orientations are observed: 

o East–west to east-northeast–west-southwest 

o Northeast–southwest 

• Northwest–southeast-trending faults represent a basement fault trend that likely existed 

prior to development of the McArthur Basin, and are the oldest generation of faults 

observed in the area. They are overprinted by north-northeast–south-southwest trending 

faults, which are in turn overprinted by north-northeast–south-southwest trending faults. 

• Forward modelling and the solid geological and structural interpretation of the potential 

field data highlight the nature and overprinting relationships of these major fault systems, 

regional scale folding and broad scale variations in the preserved thickness of stratigraphy.  

o Modelling indicates basement is heterogenous in nature. Broad scale gravity and 

magnetic lows are interpreted as felsic intrusions within the basement, while denser 

basement, particularly in the north of Batten Fault Zone is interpreted as more mafic 

in nature. 

o Broadly, the Tawallah Group thickens towards the east, and thins towards the west. 

Variations in thickness adjacent to northwest trending faults suggest early 

compartmentalisation of the basin and thickening of sediments in northwest 

trending depocentres. Thinning of stratigraphy against north-south to north-

northeast faults indicates basin inversion prior to McArthur Group deposition. An 

anomalously thick sequence of mafic volcanics are preserved within the Tawallah 

Group in several regions of the Batten Fault Zone.  

o These volcanics have previously been interpreted as the source for base metals in 

the area. The largest of these volcanic units has a strong spatial association to known 

mineralisation, including McArthur River and Teena, and may be the reason this 

region is well endowed in Zn-Pb-Ag mineralisation. 
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o The McArthur Group is thickest in the central Batten Fault Zone between the Emu 

and Hot Springs faults, and thins towards the east, likely due to later erosion. The 

McArthur Group primarily consists of sedimentary rocks deposited during a sag-

phase of basin development. Intermittent extension and inversion events, 

interpreted as broadly north–south in orientation resulted in significant sub-basin 

deepening in some areas, and uplift and erosion in others and controlled a shift in 

depocentres between the lower and upper McArthur Groups.  

o Sub-basins containing thick sequences of the Barney Creek Formation developed in 

transtensional segments of north-northwest-trending strike-slip faults, and adjacent 

to east–west-trending normal faults which terminate against north-northwest-

trending faults. 

o The Roper Group is only thinly preserved east of the Emu Fault, and within large-

scale synclines within the Batten Fault Zone. In the west of the Batten Fault Zone, 

and to the southwest of the Mallapunyah Fault, the Roper Group rapidly thickens to 

the west into the Beetaloo Sub-basin, which is the major depocentre for the group.  

• As much of the McArthur Basin lies under cover, this work provides a framework from which 

to extend modelling across the broader greater McArthur Basin to areas under cover, whilst 

accessing and considering the uncertainty of those models at the same time. Ideally models 

should be constrained from seismic data, and from areas of outcropping geology, then 

extended to areas where fewer or no constraints are available. 
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Executive summary 

CSIRO Mineral Resources and the Northern Territory Geological Survey (NTGS) carried out a 

collaborative research project between July 2016 and June 2019, which focused on developing a 

better understanding of the geology and Zn-Pb-Ag mineral system in the southern McArthur Basin. 

This project represented a multidisciplinary approach with individual components focusing on 

geophysical modelling, numerical deformation fluid flow modelling, microcharacterization of the 

McArthur River deposit, and sedimentological and stratigraphic studies of the host succession. 

Although these individual components have been integrated to develop a region- and commodity-

specific targeting concept, an individual report was prepared for each component.  

This report summarizes the results and interpretations from the sedimentological and stratigraphic 

studies. Part I presents a detailed facies analysis and establishes a sequence and chemostratigraphic 

framework for the ca. 1650-1630 Ma middle McArthur Group in the Batten Fault Zone of the 

southern McArthur Basin. It shows that the ca. 1640 Ma Barney Creek Formation, the most 

important Zn-Pb host unit, comprises one complete and one incomplete transgressive-regressive 

sequence. This is an important difference to the lithologically similar Caranbirini Member of the 

younger Lynott Formation, which only comprises one incomplete sequence. Therefore, a sequence 

stratigraphic interpretation of exploration drill core can robustly distinguishes these two similar 

units. 

Part II presents logs and cross-sections of about 20 wells across the Batten Fault Zone. The 

stratigraphic analysis of these cores indicate a shift in the depocentre across the Batten Fault Zone 

from south to north at the time the Barney Creek Formation and overlying Reward Dolostone were 

deposited. Furthermore, the sedimentological and stratigraphic data suggest that Zn-Pb 

mineralization can be targeted by a combination of sequence stratigraphy and facies maps/analysis. 

A maximum flooding surface in the HYC Pyritic Shale Member of the Barney Creek Formation can 

be developed as black shale and silty shale in the deepest part of sub-basins. As microanalytical data 

from McArthur River suggest a (late) diagenetic timing for the mineralization, we suggest this 

maximum flooding surface, where developed as shale/silty shale, would have been compacted and 

lithified due to burial and would thus have acted as seal to ascending base metal brines. In this 

model, the most prospective interval would therefore be transgressive deposits below the 

maximum flooding surface.   

Part III summarizes which geochemical data were systematically measured in fine-grained 

siliciclastic facies of the Barney Creek Formation. The data set is confidential to 30 June 2020. It will 

be used to assess paleoenvironmental conditions during deposition of the Barney Creek Formation, 

hydrothermal footprints, and stratigraphic and spatial trends in thermal maturity.
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Introduction 

The late Paleoproterozoic to early Mesoproterozoic McArthur Basin in the Northern Territory of 

Australia, and its south-eastern continuation, the Isa Superbasin in Queensland, represent one of 

the most prospective Zn-Pb provinces in the world (e.g., Huston et al., 2006). In the McArthur Basin, 

organic- and pyritic mudrocks of the ca. 1640 Ma Barney Creek Formation host most of the known 

mineralization, including the world-class McArthur River deposit. As the mineralization is considered 

to be syngenetic or diagenetic, the sedimentological and stratigraphic setting of the host unit 

represents one of the major controls on mineralization. Nevertheless, only a few sedimentological 

studies have been published on the Barney Creek Formation and the directly under- and overlying 

stratigraphic units (Brown et al., 1978; Jackson et al., 1987; Bull, 1998; McGoldrick et al., 2010). 

Important sedimentological questions that need to be addressed to guide mineral exploration focus 

on the reconstruction of depositional environments in the Barney Creek Formation, basin 

architecture and evolution, a detailed reconstruction of the spatial variability and (sequence) 

stratigraphic evolution of the Barney Creek Formation, and the links between lithofacies, 

stratigraphy, and mineralization.  

 

We addressed these questions by detailed logging of ca. 20 drill cores across the Batten Fault Zone. 

A detailed facies analysis was followed by establishing a litho-, sequence- and carbon isotope 

chemostratigraphic framework. Based on this work, and considering the results from the other 

components of this multidisciplinary 3-year project, we suggest to target Zn-Pb-Ag mineralisation in 

the Barney Creek Formation by a combination of facies maps and sequence stratigraphy. This 

stratigraphic targeting needs to be integrated with structural interpretations and potential 

geophysical identification of a deep metal source (Blaikie and Kunzmann, in review). In addition, our 

regional scale study of the middle McArthur Group indicates that the depocentre shifted northwards 

during deposition of the Barney Creek Formation and overlying Reward Dolostone.  
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Part I Facies analysis, sequence stratigraphy, and 

carbon isotope chemostratigraphy of a 

classic Zn-Pb-Ag host succession: The 

Proterozoic middle McArthur Group, 

McArthur Basin, Australia   
 

 
 

This part was published as Kunzmann, M., Schmid, S., Blaikie, T.N., Halverson, G.P., 2019, Facies 

analysis, sequence stratigraphy, and carbon isotope chemostratigraphy of a classic Zn-Pb-Ag host 

succession: The Proterozoic middle McArthur Group, McArthur Basin, Australia. Ore Geology 

Reviews 106, 150-175. 

 

The paper and accompanying carbon isotope data can be freely downloaded here.      
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Abstract 

The McArthur Basin is part of a Proterozoic basin system on the North Australian Craton that 

represents a world-class Zn-Pb province. Ore bodies are typically stratiform and hosted by pyritic, 

organic-rich, and dolomitic siltstones deposited in local depocenters and sub-basins. The 

mineralization is characterized by syngenetic and/or diagenetic textures. These characteristics 

highlight the need to understand the sedimentological and structural evolution of the basin for 

mineral exploration. Here we report a facies analysis of the middle McArthur Group (Tooganinie to 

Lynott formations) in the southern McArthur Basin, distinguishing four facies associations and 19 

lithofacies. Depositional environments range from slope and deep subtidal settings to supratidal 

sabkhas. The middle McArthur Group records a systematic ~3.5‰ shift in the carbon isotope ratio 

of carbonates (δ13Ccarb) that can likely be used for basin-wide or even global correlation. The Barney 

Creek Formation, the main Zn-Pb host unit, was mostly deposited under deep subtidal to slope 

conditions, although shoaling to shallow subtidal environments locally occurred on paleohighs. 

Together with the overlying Reward Dolostone, it comprises two 3rd-order transgressive-regressive 

sequences, which distinguishes it from the younger and less prospective but lithologically similar 

Caranbirini Member, which only comprises one incomplete sequence. The HYC Pyritic Shale 

Member of the lower Barney Creek Formation, which hosts most of the known mineralization, is 

lithologically similar across the studied area, and reflects significant deepening of the entire basin. 

A maximum flooding surface in the HYC Pyritic Shale Member represents the most pyritic and 

organic-rich interval and can be developed as a black shale in sub-basin depocenters. It represents 

an ideal chemical trap for base metals in syngenetic models for mineralization; however, lithification 

and compaction would convert this black shale interval into a physical trap in diagenetic models. 

Regardless of the preferred model, sequence stratigraphy integrated with facies maps can be used 

to targeting. 
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1 Introduction 

Mineral exploration for stratiform ore deposits in sedimentary basins requires a detailed 

understanding of the architecture and evolution of the basin fill. Among the first steps to evaluate 

the prospectivity of the sedimentary succession is to evaluate the depositional environments of 

individual stratigraphic units and construct a stratigraphic framework. In Phanerozoic basins, 

sequence and lithostratigraphy are usually supported by biostratigraphy and geochronology to 

formulate a coherent chronostratigraphy. The limited applicability of biostratigraphy in 

Precambrian basins motivates the application of chemostratigraphy, in particular the carbon 

isotope composition of inorganic carbon (e.g., Halverson et al., 2005; 2010), to bolster other 

stratigraphic data sets. The constructed stratigraphic framework can then be used in conjunction 

with structural information to reconstruct basin architecture, for example the distribution of 

paleohighs and sub-basins. In the search for sediment-hosted massive Zn-Pb deposits in the 

McArthur Basin of northern Australia, a detailed understanding of sub-basins is vital as 

carbonaceous, pyritic mudstones deposited in sub-basins host the most significant mineralization 

(e.g., McGoldrick et al., 2010). This also highlights the importance of sequence stratigraphy to 

predict where in the sub-basin the most prospective mudstones occur. 

 

The late Paleo- to early Mesoproterozoic McArthur Basin in the Northern Territory of Australia 

contains a ~5-15 km-thick mixed siliciclastic-carbonate succession with bimodal volcanics near the 

base (e.g., Plumb1979a, b; Jackson et al., 1987; Rawlings, 1999). Together with the Isa Superbasin 

in Queensland, its southeastern continuation, it represents one of the most prospective Zn-Pb-Ag 

provinces in the world (e.g., Leach et al., 2005, 2010; Huston et al., 2006). For example, dolomitic 

siltstones and shales of the ca. 1640 Ma Barney Creek Formation in the southern McArthur Basin 

host the world-class McArthur River deposit (e.g., Smith and Croxford 1973, 1975; Croxford, 1975; 

Williams and Rye, 1974; Williams, 1978; Eldridge et al., 1992; Large et al., 1998; Logan et al., 2001; 

Chen et al., 2003; Ireland et al., 2004a, b; Symons et al., 2006; Holman et al., 2014). In addition, the 

Barney Creek Formation is one of the oldest active petroleum systems in the world and may be an 

important hydrocarbon source unit and unconventional reservoir (Jackson et al., 1986, 1988; Crick 

et al., 1988; Summons et al., 1988; Baruch et al., 2015). 

 

Despite its economic importance, only a few sedimentological and stratigraphic studies of the 

Barney Creek Formation and over- and underlying stratigraphic units (i.e., middle McArthur Group) 

are available in the literature (Brown et al., 1978; Jackson et al., 1987; Bull, 1998; McGoldrick et al., 

2010). In this contribution to the special issue, we present a detailed facies analysis of the middle 

McArthur Group in the southern McArthur Basin. As our facies analysis is based on exploration drill 

cores, which is what exploration geologists mostly work with in this area, our rock descriptions and 

interpretations of the depositional environments can directly be applied to new drill cores. We use 

our facies analysis to provide a lithostratigraphic and sequence stratigraphic interpretation of this 

succession. Furthermore, we tie a high-resolution carbon isotope record into our stratigraphic 

framework and test its applicability for future basin-wide and global stratigraphic correlation. 
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2 Regional geology 

The greater McArthur Basin (Figure 1A) is part of a large Proterozoic basin system on the North 

Australian Craton (e.g., Scott et al., 2000; Giles et al., 2002; Betts et al., 2003; Betts and Giles, 2006; 

Selway et al., 2009; Gibson et al., 2017). It is bounded by older Paleoproterozoic basement of the 

Pine Creek Inlier in the northwest, the Arnhem Inlier in the north, and the Murphy Inlier in the 

southeast (Figure 1A). Its westernmost exposure occurs in the Birrindudu Basin along the Northern 

Territory-Western Australia border. Elsewhere, the basin extends under younger sedimentary cover 

or the Gulf of Carpentaria. The McArthur Basin is divided into the northern McArthur and southern 

McArthur basins, separated by the east-west striking Urupunga Fault Zone. The most important 

structural features are the Walker and Batten Fault Zones in the northern and southern McArthur 

Basin respectively (Figure 1A, B). These structurally complex fault zones are north-south striking 

corridors, each about 80 km wide and 200 km long. They were initially interpreted to represent 

asymmetric half-grabens in which sediment thickness significantly exceeds those in adjacent areas 

(e.g., Plumb, 1979a, Plumb and Wellman, 1987). However, a seismic reflection survey in the 

southern McArthur Basin failed to confirm a graben-like depocenter (Rawlings, 2004). Instead, the 

seismic data suggest that the middle McArthur Group was deposited in a gently east-dipping ramp 

setting, characterized by small-scale sub-basins that opened along the Emu Fault in the Batten Fault 

Zone (Figure 1B; Rawlings, 2004).  

 

The ca. 1670-1600 Ma McArthur Group is exposed in the southern McArthur Basin and reaches a 

thickness of 1-3.5 km (Jackson et al., 1987; Rawlings, 1999; Rawlings et al., 2004). The McArthur 

Group is subdivided into the Umbolooga and Batten Subgroups, separated by a local unconformity 

at the top of the Reward Dolostone (Figure 2; Jackson et al., 1987).  This contribution focuses on the 

middle McArthur Group, i.e. from the Tooganinie Formation to the middle Lynott Formation (Figure 

2). 

 

The ca. 200 m-thick Tooganinie Formation conformably overlies the Tatoola Sandstone (Figure 2). It 

is dominated by dololutite, stromatolites (including Conophyton), dolarenite, oolites, and dolomitic 

siltstone and shale. Regular interbedding of dolostone and siliciclastic beds is a characteristic feature 

of the Tooganinie Formation (Jackson et al., 1987). Evidence for exposure include mudcracks, halite 

casts, gypsum pseudomorphs, and tepees. The inferred depositional environment encompasses 

peritidal lagoon and shoal complexes in the southern Batten Fault Zone, which transition into sabkha 

and terrestrial environments to the north (Jackson et al., 1987). 

 

The <10-30 m-thick Leila Sandstone is composed of sandstone and dolomitic sandstone and 

conformably overlies the Tooganinie Formation (Jackson et al., 1987). Cross-bedding, mudcracks, 

and intraclasts are common. This unit was likely deposited in shallow subtidal to emergent 

environments (Jackson et al., 1987).  
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Figure 1 Simplified geological map of the McArthur Basin and magnetics of the Batten Fault Zone. A) Geographical 

distribution of McArthur Basin and equivalent stratigraphy, as well as basement inliers and younger sedimentary 

cover (modified from Ahmad et al., 2013).  

 

The Emmerugga Dolostone is up to 620 m-thick and is subdivided into the Mara Dolostone and 

Mitchell Yard members in the southern Batten Fault Zone (Figure 2; Plumb and Brown, 1973). The 

Mara Dolostone consists of stromatolitic dolostone (with prominent Conophyton), dolarenite, and 

dololutite with occasional halite casts. The dolostones are arranged in shallowing-upward cycles and 

were deposited in shallow subtidal to intertidal environments (Brown et al., 1978; Ahmad et al., 

2013). The Mitchell Yard Member is composed of heavily altered dololutite. Therefore, inferred 

depositional environments for this member span a wide range from deep subtidal to supratidal 

(Brown et al., 1978; Jackson et al., 1987; Ahmad et al., 2013).   

 

The Teena Dolostone conformably overlies the Emmerugga Dolostone and is subdivided into a lower 

unnamed member and the upper Coxco Dolostone Member (Figure 2; Jackson et al., 1987). The 

lower member is up to 60 m-thick and mainly consists of dololutite, stromatolitic dolostone, and 

cross-laminated dolarenite deposited in shallow subtidal to intertidal (Brown et al., 1978; Ahmad et 

al., 2013) or supratidal environments (Jackson et al., 1987). The Coxco Dolostone Member is up to 

70 m-thick and is characterized by dololutite and minor stromatolitic dolostone. The most striking 

feature of this unit are radiating fans of near-vertical to vertical, acicular, mm to <10 cm large 'Coxco 

needles'. These needles have been variably interpreted as gypsum pseudomorphs (Walker et al., 

1977), lacustrine trona (Jackson et al., 1987), and seafloor aragonite cement (Brown et al., 1978; 

Winefield, 2000). A tuff bed in the Coxco Dolostone Member yielded a U-Pb SHRIMP age of 1639±6 

Ma (Page et al., 2000). 
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Figure 2 Stratigraphy, dominant lithology, and geochronological constraints of the McArthur Group. Stratigraphy 

modified from Ahmad et al. (2013), radiometric ages from Page and Sweet (1998) and Page et al. (2000). 

 

The transition to the overlying Barney Creek Formation was accompanied by a change in the tectonic 

regime in the southern McArthur Basin, and likely led to formation of local unconformities (cf. 

Walker et al., 1983). The depositional setting changed from a stable shallow marine platform, likely 

with inherited relief, to a compartmentalized basin with numerous paleohighs and sub-basins 

(McGoldrick et al., 2010). Sub-basin formation was related to a sinistral strike-slip regime of arcuate 

and broadly N-S trending fault systems (Emu, Tawallah, and Hot Springs faults; Figure 1B). Whereas 

transpression occurred at E to N trending segments of the faults, transtension along N to NW 

trending segments created accommodation space and led to opening of sub-basins (McGoldrick et 

al., 2010). Although these structures were later inverted, they must have had a major control on the 

deposition of the Barney Creek Formation and the overlying Reward Dolostone as indicated by 

significant lateral facies and thickness changes within these units (Brown et al., 1978; Jackson et al., 

1987; McGoldrick et al., 2010).  

 

The 10-900 m-thick Barney Creek Formation comprises three members: the W-Fold Shale, the HYC 

Pyritic Shale, and the Cooley Dolostone (Jackson et al., 1987). These members are overlain by the 

undifferentiated upper part of the formation (Figure 2). All three members were defined in the HYC 

(`Here's Your Chance') sub-basin that hosts the McArthur River (HYC) deposit and partly represent 

lateral facies changes instead of basin-wide lithostratigraphic units (Jackson et al., 1987). This is 

particularly important for the Cooley Dolostone, which only occurs along local fault scarps. The W-

Fold Shale represents the basal member of the Barney Creek Formation and consists of green and 

red dolomitic siltstone or pink dololutite (Brown et al., 1978; Jackson et al., 1987; Davidson and 

Dashlooty, 1993). The following HYC Pyritic Shale Member, which hosts the McArthur River Zn-Pb-

Ag deposit, consists of dolomitic and pyritic siltstones and minor silty shales. Formerly interpreted 

to record deposition in a shallow marine or lacustrine setting (cf. Jackson et al., 1987), the HYC Pyritic 

Shale Member is now generally regarded to have formed in a deep subtidal environment (Bull, 1998; 
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Winefield, 1999). Three tuff beds from the HYC Pyritic Shale Member yielded U-Pb SHRIMP ages of 

1638±7 Ma, 1639±3 Ma, and 1640±3 Ma (Page and Sweet, 1998). The Cooley Dolostone Member is 

a carbonate breccia related to faults and mass flows that interfingers with the other members of 

the Barney Creek Formation (Jackson et al., 1987; Ahmad et al., 2013). The clasts are mostly sourced 

from the Emmerugga and Teena dolostones (Brown et al., 1978; Ahmad et al., 2013). The upper 

undifferentiated part of the Barney Creek Formation consists of dolomitic siltstone and dolarenite 

(e.g., Jackson et al., 1987). 

 

The up to 350 m-thick Reward Dolostone conformably overlies the Barney Creek Formation and 

mostly consists of dololutite, dolarenite, stromatolitic dolostone, and dolomitic sandstone, 

deposited in shallow subtidal to peritidal environments (Brown et al., 1978; Jackson et al., 1987). It 

is characterized by sharp lateral thickness and facies changes (Jackson et al., 1987). 

 

The contact with the overlying Lynott Formation is variably transitional or unconformable (Jackson 

et al., 1987; Ahmad et al., 2013; Walker et al., 1983). This contact represents the boundary between 

the Umbolooga and Batten subgroups (Figure 2) and the end of the major transgressive-regressive 

cycle that started with the deposition of the lower Emmerugga Dolostone. The Lynott Formation 

comprises the up to 400 m-thick Caranbirini, up to 350 m-thick Hot Spring, and up to 134 m-thick 

Donnegan members (Jackson et al., 1987). The Caranbirini Member shares lithological similarities 

with the Barney Creek Formation as it is composed of dolomitic and partly pyritic siltstone and shale. 

The rocks were likely deposited in deep subtidal environments. The overlying Hot Spring Member 

represents shoaling and mostly consists of stromatolitic dolostone, cross-laminated dolarenite, and 

dololutite with common evaporite pseudomorphs. This unit was deposited in peritidal 

environments (Jackson et al., 1987; Ahmad et al., 2013). A tuff bed in the Hot Spring Member was 

dated at 1636±4 Ma by U-Pb SHRIMP analysis (Page et al., 2000). Further shallowing-upward led to 

deposition of purple-brown dolomitic siltstones and sandstones, and silicified stromatolitic 

dolostone and dolarenite of the Donnegan Member. This unit was deposited in peritidal to 

supratidal sabkha environments (Jackson et al., 1987; Ahmad et al., 2013). 

2.1 Zn-Pb-Ag deposits in the McArthur Basin 

The only mined stratiform sediment-hosted Zn-Pb-Ag deposit in the McArthur Basin is the McArthur 

River deposit (Figure 1B). It is by far the largest zinc resource in this basin with a pre-mining estimate 

of 227 Mt at 9.2% Zn, 4.1% Pb, 41 g/t Ag, and 0.2% Cu (Logan et al., 1990). The mineralization is 

hosted by the HYC Pyritic Shale Member in the HYC sub-basin, which is ca. 1-2 km x 5 km large and 

bounded to the east by the Western Fault of the Emu Fault system (e.g., Porter2017). Timing of the 

mineralization is debated but generally thought to be syngenetic to diagenetic (e.g., Eldridge et al., 

1992; Large et al., 1998; Ireland2004a, b).  

 

The stratiform sediment-hosted Teena Zn-Pb deposit is located in the Teena sub-basin, 8 km to the 

west of the McArthur River deposit and has a resource estimate of 58 Mt at 11.1% Zn and 1.6% Pb 

(Taylor et al., 2017). Two stratiform ore bodies, separated by a siliciclastic mass-flow deposit, are 
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hosted by the HYC Pyritic Shale Member and occur at a depth between 600 and 1000 m for more 

than 1.5 km along strike (Taylor et al., 2017). The mineralization is interpreted as early diagenetic 

(Taylor et al., 2017). 

 

Other sediment-hosted Zn-Pb deposits in the McArthur Basin include the Cooley and Ridge deposits, 

a group of small deposits located immediately east of McArthur River (Williams, 1978). Here, the 

HYC Pyritic Shale Member is only mineralized in the western portion of the Ridge II deposit. The ore 

occurs ca. 300 m stratigraphically above the mineralization at the McArthur River deposit. The bulk 

of the mineralization is epigenetic and hosted by carbonate breccias of the Emmerugga Dolostone 

(Cooley deposits) or Cooley Dolostone Member (Ridge deposits) of the Barney Creek Formation 

(Williams, 1978). Carbonate-hosted Zn-Pb mineralization also occurs at the Coxco deposit, 

comprising two prospects located ca. 10 km southeast of McArthur River (Walker et al., 1983). 

Epigenetic mineralization occurs in karst cavities and breccias within the Mara Dolostone Member 

of the Emmerugga Dolostone and the Reward Dolostone, separated by a karst surface. The W-Fold 

and Mitchell Yard sub-basins, ca. 5 km to the west and 6 km to the southwest of McArthur River 

respectively, host weak stratiform mineralization in the HYC Pyritic Shale Member (e.g., Lambert 

and Scott, 1973). Furthermore, weak stratiform and breccia-hosted Zn mineralization has also been 

reported from the ca. 1730 Ma McDermott and Wollongorang formations of the Tawallah Group 

(Spinks et al., 2016). 

3 Methods 

In this paper we present a detailed facies analysis of stratigraphic units comprising the middle 

McArthur Group. We then use this sedimentological evaluation for a sequence stratigraphic 

interpretation. Furthermore, high-resolution carbon isotope chemostratigraphic records are 

integrated into this sequence stratigraphic framework to test its applicability in the McArthur Basin. 

All facies data are summarized in Table 1. 

3.1 Facies analysis 

Facies analysis is based on decimetre scale logs of 16 drill cores. However, a presentation of all core 

data is beyond the scope of this paper. Therefore, only three drill core logs are presented herein, 

which were chosen to represent as much stratigraphy as possible, as well as sub-basin and paleohigh 

settings. Facies associations and lithofacies were distinguished based on compositional and textural 

properties, and the occurrence of distinct sedimentary structures. Petrographic analysis of polished 

thin sections supported the facies analysis. 

3.2 Sequence stratigraphy 

We defined third-order transgressive-regressive (T-R) sequences following the convention of Embry 

(1993; 2009) and Embry and Johannessen (2017). T-R sequences are divided into a transgressive 

systems tract (TST), formed during base level rise, and a regressive systems tract, formed during 



10   |  CSIRO – NTGS McArthur Basin Project Chapter 3: Sedimentological, stratigraphic, and geochemical studies of the middle McArthur Group 

base level fall. Therefore, sequences are bound by subaerial unconformities or unconformable 

shoreline ravinement surfaces on the flanks of the basin, and maximum regressive surfaces (MRS) 

in more basinal settings. The TST and RST are separated by the maximum flooding surface (MFS). 

We identified sequence stratigraphic surfaces by a combination of facies data and available gamma 

logs. The gamma log records the radioactivity of naturally-occurring uranium, thorium, and 

potassium. These elements are common in clays and thus, an increase in radioactivity corresponds 

to an increase in clay content (i.e., shale). Generally speaking, and increase in shale marks the 

deepening of the depositional environment in siliciclastic systems. In mixed siliciclastic-carbonate 

systems, it is important to complement gamma ray interpretations with facies analysis as flooding 

can be manifested in the deposition of carbonate facies with potentially weaker radioactivity. An 

example would be the flooding of a siliciclastic sabkha environment and deposition of marine 

carbonates. In addition to facies data and gamma logs, our sequence stratigraphic interpretation 

was also supported by carbon isotope chemostratigraphy as we identified systematic shifts in the 

δ13Ccarb curve associated with some sequence boundaries and MFS. 

3.3 Carbon and oxygen isotopes 

The carbon isotopic composition of dissolved inorganic carbon (DIC) in seawater varies secularly 

(e.g., Saltzman and Thomas, 2012). This feature in the carbon isotope record is commonly used to 

correlate carbonate rocks based on their isotopic composition because the precipitation of 

carbonate involves little isotopic fractionation (e.g., Maslin and Swann, 2005). Photosynthesis 

preferentially consumes the light isotope of C (12C), which leads to depletion of organic matter in 

the heavy isotope (13C). The isotopic composition of DIC thus reflects the partitioning of carbon 

between the organic carbon and carbonate carbon reservoirs (e.g., Kump and Arthur, 1999). 

Considering that the residence time of carbon in the modern ocean (ca. 100 kyr; de la Rocha, 2006) 

is about two orders of magnitude longer than the mixing time of the ocean (ca. 1000 years; de la 

Rocha, 2006), coeval carbonate rocks in one basin, and even globally, can have the same isotopic 

composition. Apart from the composition of the global DIC, local processes can influence the 

isotopic composition of local water masses and carbonate rocks that precipitate from them. The 

biological pump produces a surface-to-depth isotope gradient. Primary productivity leads to a 12C-

depleted surface ocean through biological assimilation and a 12C-enriched deep ocean through 

remineralization of organic matter (e.g., Sarmiento and Gruber 2006). The magnitude of this 

gradient depends on primary productivity in the surface ocean and the export production of organic 

matter. It can reach 3‰ in the modern ocean (Sarmiento and Gruber, 2006). Similar to the isotopic 

difference in the vertical water mass, a horizontal water mass difference can result from restriction, 

leading to more pronounced carbon isotopic excursions in platform carbonates compared to deep 

marine carbonates (Saltzman and Thomas, 2012). Further, supratidal sabkha environments can 

record extremely high carbon isotope ratios due to evaporation-induced fractionation (e.g., Stiller 

et al., 1985; Schmid, 2017). Other influences on the carbon isotopic composition of carbonate is 

mineralogical variation (<1‰; Saltzman and Thomas, 2012), vital effects (negligible in the 

Precambrian), and secondary overprints. Such overprints can be evaluated by carbon-oxygen 

isotope relationships. Early diagenetic dolomitization has generally no effect on the carbon isotope 

composition of carbonate rocks (Hoefs, 2009, p. 203). For detailed reviews about carbon isotopes 

and their application to chemostratigraphy see Kump and Arthur (1999), Halverson et al. (2013), 

and Saltzman and Thomas (2012).  
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In summary, as the carbon isotopic composition of carbonate rocks is influenced by several factors, 

its application in chemostratigraphy focuses on significant and systematic stratigraphic variability 

(>1-2‰). Further, relative shifts are more important than actual values. Examples for successful 

carbon isotope chemostratigraphy in the Precambrian comes from numerous Neoproterozoic 

basins (e.g., Halverson et al., 2005; Hoffman et al., 2007; Macdonald et al., 2013; Smith et al., 2016) 

and led to reconstruction of a global carbon isotope curve for this time (e.g., Halverson et al., 2005, 

2010; Cox et al., 2016). Low resolution carbon isotope records from the McArthur Group that did 

not show significant trends were previously reported by Lindsay and Brasier (2000). We produced 

high-resolution carbon isotope records from the studied drill cores to re-evaluate whether the 

middle McArthur Group records systematic and significant variation in δ13Ccarb that can be used for 

chemostratigraphic correlation. 

 

The carbon (δ13Ccarb) and oxygen (δ18Ocarb) isotope records from the middle McArthur Group were 

established by analyzing 485 samples. With the exception of 15 dolomitic siltstone samples (3%) 

from the HYC Pyritic Shale Member in Lamont Pass 3, all samples were carbonate lithofacies (i.e., 

inorganic carbon >> organic carbon). Hand samples were cut perpendicular to lamination and 

carbonate powder was obtained by micro-drilling individual laminae or tight clusters. Macroscopic 

cements and secondary minerals (e.g., Coxco needles), or macroscopic siliciclastic and organic-rich 

components were avoided. Isotopic measurements were performed in dual inlet mode on a Nu 

Perspective isotope ratio mass spectrometer connected to a NuCarb carbonate preparation device 

in the Stable Isotope Laboratory at McGill University, Montreal, Canada. Approximately 80 μg of 

sample powder were weighed into glass vials and reacted individually with H3PO4 after heating to 

90� for one hour. The released CO2 gas was purified cryogenically and isotope ratios were measured 

against an in-house reference gas. This method does not release CO2 gas from ancient organic 

matter. Therefore, the result only reflects the isotopic composition of carbonate (inorganic) carbon. 

Samples were then calibrated to VPDB (Vienna Pee Dee Belemnite). Errors for both δ13Ccarb and 

δ18Ocarb were better than 0.05‰ (1σ) based on repeated analyses of standards.  

4 Facies analysis 

We distinguish 19 lithofacies (LF) grouped into four facies associations (FA; Table 1; Figure 3-7): 

supratidal to continental, shallow subtidal to intertidal, subtidal, and deep subtidal to slope. 

Genetically related lithofacies are grouped into facies associations that represent specific 

depositional environments with respect to sea level. Lithofacies grouped in the same facies 

association were likely deposited as lateral equivalents. We avoid terms such as ̀ middle shelf' in our 

facies nomenclature because this succession was deposited in a basin with complex architecture. 

Although carbonate rocks from the middle McArthur Group experienced recrystallization and the 

terms (dol)arenite and (dolo)lutite thus refer to crystal size instead of grain size, original grain size 

was presumably a major control on crystal size. Therefore, we treat crystal size as an approximation 

of initial grain size in these well preserved carbonate rocks. 
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4.1 FA1: supratidal to continental 

4.1.1 LF1: Red or green siltstone 

This lithofacies is typical for the Myrtle Shale but also occurs in the Tooganinie Formation. It 

generally occurs in intervals that are a decimetre to a few metres thick. It consists of red or green 

siltstone (minor clay-rich siltstone or claystone, Figure 3A, C), in places dolomitic. The rocks are 

laminated to massive and characterized by common anhydrite nodules (often displacing lamination; 

Figure 3A, B) and anhydrite veins, occasional chicken wire texture, mudcracks (typically deformed), 

and flame and ball-and-pillow structures at interfaces with sandier facies. Siltstones occasionally 

have starved ripples and a spotty texture with oxidation/reduction spots. The siltstones are typically 

finely laminated to finely bedded and may be locally truncated by sand channels (LF2, Figure 3A, C, 

D) some of which contain intraclasts. 

 

The common occurrence of mudcracks in red and green siltstone indicates frequent exposure. 

Interbedding of this lithofacies with various shallow marine facies suggests a marginal marine rather 

than a fully continental environment. In marginal marine environments, mudcracks are usually 

confined to upper intertidal to supratidal environments (e.g., Shinn, 1983b; Alsharhan and Kendall, 

2003; James, 2016, p.159). A supratidal depositional environment is also consistent with the often 

observed displacive growth of anhydrite nodules because it indicates a diagenetic origin below the 

sediment surface, which is typical for supratidal sabkha environments (e.g., Evans et al., 1969; 

Kendall and Skipwith, 1969a, b; Butler, 1969; Warren and Kendall, 1985; Kirkham, 1997; Kendall and 

Alsharhan, 2011). However, the presence of nodular anhydrite does not necessarily prove 

deposition in a sabkha environment because thick successions of laminated gypsum formed in 

subaqueous salina and shallow marine environments are transformed into nodular anhydrite during 

burial (Warren and Kendall, 1985). Nevertheless, considering that sulfate deposits formed in these 

environments are usually several meters thick (Warren and Kendall, 1985; Warren, 2010), we would 

expect to observe massive and nodular bedded anhydrite and not isolated anhydrite nodules that 

do not dominate the sediment by volume. Although both red and green siltstone contain mudcracks 

and anhydrite nodules, we interpret green siltstone to have formed more seaward where tides 

would have flooded the area more frequently and/or in ponds and creeks. In contrast, the red 

variety was likely deposited in higher supratidal environments, less frequently flooded by seawater 

and passing into a continental environment. This interpretation is consistent with red siltstone 

intervals being thicker and less frequently interbedded with shallow marine facies (more common 

in Myrtle Shale; Figure 8). The siliciclastic composition demonstrates the vicinity of the supratidal 

environment to a continental source. Interbedding with sandstone (LF2) and conglomerate (LF3) 

causing flame and ball-and-pillow structures may be explained by episodic and rapid deposition 

following sheet flood events. In summary, the red and green siltstone lithofacies was deposited in 

upper intertidal to supratidal sabkha environments (Figure 7) that were dominated by siliciclastic 

deposition. 
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4.1.2 LF2: sandstone 

The sandstone lithofacies (Figure 3B, D) mostly occurs in the Leila Sandstone and Myrtle Shale. 

Individual beds are typically dm-scale in thickness but rarely reach a few meters. LF2 is typically a 

pink to grey/green quartz arenite to subarkose, which can be silty or dolomitic. The sandstone varies 

from very fine- to coarse-grained with subangular to well-rounded grains. LF2 is poorly to well sorted 

but always compositionally immature. Interbeds of LF1 and LF3 are common. The rocks are thickly 

laminated to thinly bedded, usually scour underlying beds, and often contain red and green siltstone 

intraclasts (LF1; subangular to rounded, tabular or circular). Fining-upward of laminae and beds, 

cross-lamination (Figure 3D), anhydrite nodules/veins, and mudcracks (Figure 3C) may occur. 

 

Episodic floods (probably sheet floods) likely supplied coarser-grained material to silt-dominated 

supratidal sabkha environments (and possibly also peritidal environments; Figure 7). These episodic 

events ripped-up LF1 intraclasts. Subsequent drying explains the observed mudcracks and anhydrite 

nodules. 

4.1.3 LF3: conglomerate 

Conglomerates (Figure 3E) are rare but occur in the Myrtle Shale and W-Fold Shale. They usually 

occur in cm- to dm-thick intervals but occasionally reach several meters. They can be thinly bedded 

but dominantly comprise a single massive bed with an erosional base. The conglomerates are 

polymictic, grey to brown, and are composed of granule- to boulder-sized clasts of siltstone (LF1), 

sandstone (LF2), and occasionally dolostone (intertidal facies, Figure 3E). The conglomerate is clast-

supported, and clasts are sub-rounded to very well-rounded. Silicification and interbeds of green or 

red siltstone (LF1) can occur. 
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Figure 3 Hand specimen, core tray, and thin section photographs of various lithofacies from FA1 and FA2. A) Red 

siltstone (LF1) with cm-scale anhydrite nodule (black arrow). Note discontinuous laminae of sandstone (LF2; white 

arrows). Lamont Pass 3, 1060.3 m; Myrtle Shale. C) Interbedding of green siltstone (LF1; white arrows) with sandstone 

(LF2; black arrows). Note mudcrack (orange arrow). Lamont Pass 3, 1041.5 m; Myrtle Shale. D) Cross-lamination 

(white arrow) in sandstone (LF2). Lamont Pass 3, 976.6 m; Myrtle Shale. E) Conglomerate (LF3) with carbonate (black 

arrows) and siltstone (white arrows) clasts. Lamont Pass 3, 861.5 m, Myrtle Shale. F) Interbedding of medium grey 

bedded dolarenite (LF4) with dark grey marine siltstone (LF6; white arrow). Dolarenite can occur as discontinuous 

lenses (black arrow). Note scour surface at base of dolarenite bed (orange arrow). The bedded dolarenite shows 

fining-upward immediately above the scour surface. Features pointed out by blue arrows are either deformed 

mudcracks or synaeresis cracks filled with dolarenite. Lamont Pass 3, 1144.9 m, Myrtle Shale. G) Dololutite (LF8; black 

arrow) with two laminae of bedded dolarenite (LF4; white arrows) characterized by fining-upward and floating quartz 

(dark grains). Lamont Pass 3, 407.1 m; Lynott Formation. H) Marine sandstone (LF5) with quartz (black arrows) and 

carbonate grains (white arrows). Leila Yard 1, 252.1 m, Lynott Formation. 

 

Close association of this lithofacies with red and green siltstone (LF1) and sandstone (LF2) suggests 

deposition in supratidal sabkha environments, comparable to the depositional environments 

inferred for LF2 (Figure 7). However, occurrence of occasional dolostone clasts (LF4) indicates 

reworking of intertidal environments. This suggests that some conglomerates were also deposited 

in intertidal settings. 
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Table 1 Detailed description of lithofacies from the middle McArthur Greoup. 

Lithofacies Composition Sedimentary 

Structures 

Depositional 

Environment 

Disstribution 

FA1: supratidal to 

continental 

    

LF1: red or green 

siltstone 

Siltstone and clay-

rich siltstone, rare 

claystone; partly 

dolomitic; green or 

red 

Laminated to massive; 

anhydrite nodules 

(often displacing 

laminae) and veins; 

chicken wire; 

mudcracks; common 

mm-scale to <10cm 

thick, continuous or 

discontinuous 

sandstone (LF2) 

laminae/beds/channels 

with siltstone and 

dolostone intraclasts; 

flame and ball-and-

pillow structures; 

occasional starved 

ripples; sometimes 

oxidation/reduction 

spots/texture 

Upper intertidal to 

supratidal sabkha 

environments; 

green variety more 

submerged 

environments, i.e. 

more seaward 

and/or in creeks 

and ponds 

Tooganinie Fm, 

Myrtle Shale 

LF2: sandstone Quartz arenite and 

subarkose; pink or 

medium to dark 

grey/green; 

sometimes silty or 

dolomitic; very fine 

to coarse; subangular 

to well rounded; 

poorly to well sorted; 

immature;  rare 

conglomerate 

interbeds with 

granules 

Thickly laminated to 

thinly bedded; 

mudcracks; occasional 

anhydrite nodules and 

veins; red and green 

siltstone intraclasts 

(sub-angular to 

rounded; circular and 

tabular); occasional 

cross lamination; 

scouring; occasional 

fining-upward 

supratidal sabkha to 

peritidal; deposition 

during episodic 

flooding (sheet 

flood?) events 

possible 

Leila Sandstone, 

Myrtle Shale 

LF3: conglomerate Clast-supported; grey 

to brown; polymict 

(siltstone (LF1), 

sandstone (LF2), and 

dolostone clasts), 

granules to boulders, 

sub-rounded to very 

well rounded; 

sometimes silica 

cement; occasional 

Thickly laminated to 

very thinly bedded; 

erosional base 

Intertidal to 

supratidal (sabkha); 

comparable to LF2 

W-Fold Shale; 

Myrtle Shale 
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siltstone (LF3) 

interbeds 

FA2: shallow 

subtidal to intertidal 

    

LF4: bedded 

dolarenite 

Light to medium 

grey, rarely dark grey; 

dolosiltite to 

dolarenite (mostly 

very fine but up to 

coarse), rare 

dolorudite; silification 

possible; occasional 

floating quartz (sand 

to granules, well 

rounded) or 

interbeds of marine 

sandstone (LF5) and 

marine siltstone 

(LF6); pyrite and 

organic matter 

streaks common 

when interbedded 

with dolomudstone; 

base metals may 

occur when 

brecciated 

Thickly laminated to 

medium bedded, 

sometimes massive; 

typically parallel-planar 

laminated/bedded but 

occasional nodular 

bedding, carbonates 

nodules, wavy and/or 

discontinuous shale or 

siltstone laminae, or 

cross lamination; 

laminae/beds/channels 

of same facies or 

marine sandstone (LF5) 

with (low-angle) cross 

lamination; individual 

beds or bed sets fining-

upward; scouring 

common; rare silicified 

or calcite-filled 

fenestrae; rip-ups, mud 

chips, and discrete 

intraclast beds 

(tempestites?); soft-

sediment deformation, 

loading and ball-and-

pillow structures may 

occur; sand-filled 

mudcracks and 

anhydrite veins 

common when 

interbedded with FA1; 

rare radiating acicular 

pseudmorphs; 

sometimes molar 

tooth structures when 

interbedded with 

muddy 

microbialaminite; can 

host brecciated and 

silicified exposure 

surfaces 

Deposition in 

complex mosaic of 

shallow subtidal to 

upper intertidal, 

occasionally even 

supratidal 

environments such 

as shoals, lagoons, 

beaches, beach 

ridges, tidal 

channels, levee 

crests, tidal channel 

bars, ponds; 

occasional storm 

events and/or 

strong tidal currents 

All units 

LF5: marine 

sandstone 

Light to medium grey 

(rare dark grey) 

quartz arenite; 

medium to coarse 

grained; rounded to 

Massive; may contain 

tabular, mm- to cm-

scale rip-up clasts of 

Shallow subtidal to 

intertidal 

environments, 

occasional storm 

Myrtle Shale; Hot 

Spring Mbr 
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well rounded; well 

sorted; may contain 

well rounded 

carbonate grains, 

carbonate matrix 

(sometimes silicified); 

continuum with 

bedded dolarenite 

containing floating 

quartz; interbeds of 

bedded dolarenite 

(LF4) and other facies 

from FA1, FA2; some 

pyrite, either 

disseminated or in 

spots 

bedded dolarenite 

(LF4) 

events and/or 

strong tidal currents 

LF6: marine siltstone Dark grey/green to 

black siltstone; partly 

dolomitic; occasional 

interbeds of FA1, 

FA2; sometimes 

pyrite 

Thickly laminated; 

planar-parallel to wavy 

lamination; 

discontinuous or 

continuous laminae, 

beds, or channels of 

LF4 with uni- or 

bidirectional cross-

lamination; starved 

ripples; rare 

mudcracks; synaeresis 

cracks; occasional ball-

and-pillow structures 

Shallow subtidal to 

upper intertidal; 

less hydrodynamic 

energy than LF5; 

tidal current- and 

storm-influenced 

Tooganinie Fm 

LF7: 

microbialaminite 

Light to medium grey 

(rare dark grey) 

doloboundstone; 

commonly silicified; 

floating quartz 

possible; interbedded 

with FA2, follows 

LF11 (FA3) in 

shoaling-up cycles 

Centimeter- to meter-

thick microbialaminite; 

mm-scale flat, crinkly, 

and undulating 

lamination; irregular, 

<5mm high domal 

structures; occasional 

fenestrae, tepees, and 

mudcracks; discrete 

intervals of intraclast 

breccias; sometimes 

vuggy or brecciated 

Low-energy inter- 

to lower supratidal 

environments (e.g., 

intertidal flats, 

levee crests) 

All units 

LF8: dololutite Light grey to pink, 

rarely medium grey 

dololutite/ micrite; 

interbedded with Fa2 

and LF11 of FA3 

Thinly laminated to 

massive; common 

silicified fenestrae; 

common acicular, 

radiating, mm- to cm-

scale pseudomorphs in 

pink dololutite; 

silicified karst surfaces 

may occur; rare 

mudcracks filled with 

Deposition in 

complex mosaic of 

shallow sub- to 

lower supratidal 

environments such 

as protected 

lagoons and 

platforms; on the 

lee side of banks, 

shoals, and 

All units 
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LF4; sometimes 

channels and 

continuous or 

discontinuous laminae 

(scoured bases) of LF4 

(cross-lamination, 

starved ripples, fining-

upward); LF4 

intraclasts (often 

silicified) 

stromatolite build-

ups; on levee 

crests; ponds; and 

low-energy parts of 

tidal channels; 

storm and tidal 

activity 

LF9: interbedded 

dolarenite with red, 

green, or brown 

siltstone laminae 

Light grey to pink 

dololutite, dolosiltite, 

or dolarenite 

intervals alternate 

with red, green, or 

brown siltstone or 

shale laminae 

(continuous or 

discontinuous, 

<10mm thick) 

Very thinly bedded; 

wavy, continuous or 

discontinuous bedding; 

occasional acicular and 

radiating 

pseudomorphs; 

intraclasts and mud 

chips; some flame 

structures; some scour 

structures 

Deposition in facies 

mosaic of shallow 

subtidal (carbonate 

laminae and beds) 

to lower intertidal 

environments; 

siliciclastic 

component 

deposited in 

intertidal ponds 

close to 

fluvial/estuarine 

source; storm and 

tidal activity 

W-Fold Shale 

FA3: subtidal     

LF10: ooid 

grainstone 

Medium grey 

dolopackstone or 

dolograinstone; ooids 

(aggregation 

possible); silicified, 

interbedded with 

FA1, FA2, FA3 

Massive; rip-up clasts 

of bedded dolarenite 

(LF4) and dololutite 

(LF8) 

High-energy 

shallow subtidal 

bars and shoals; 

beach 

environments also 

possible 

Tooganinie Fm 

LF11: stromatolite Medium grey (rare 

black) 

doloboundstone; 

occasionally silicified 

and brecciated; 

interbedded with 

FA1, FA2, FA3 

Decimeter-scale domal 

or columnar (laterally 

linked) with synoptic 

relief of <10cm 

(potentially larger), 

rare Conophyton; often 

grow of brecciated 

surfaces and are 

brecciated at top, or 

entire interval 

brecciated; intraclast 

beds or micritic fill 

between domes 

Shallow sub-to 

intertidal 

environments 

characterized by 

high wave and tidal 

energy such as 

headlands; 

bioherms and 

biostroms possible; 

may have formed 

barrier complexes 

All units 

LF12: muddy 

microbialaminite 

Dark grey to black 

doloboundstone; 

clay-rich; rarely 

silicified; sometimes 

Flat, crinkly, and 

undulating lamination; 

occasional disrupted 

and buckled laminae; 

Quiet shallow 

subtidal 

environments with 

low wave and tidal 

Reward Dolostone; 

Lynott Fm 
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fine-grained pyrite 

along laminae; 

interbedded with 

FA2, FA3 

common molar tooth 

structure; rare 

fenestrae (laminoid, 

calcite-filled, 1mm high 

and 5-10mm long) 

energy such as 

bights, lagoons, and 

embayments 

LF13: dolomudstone Dark grey to black 

(minor medium grey) 

homogeneous 

dololutite to 

dolosiltite; clay-rich; 

sometimes silty 

(quartz); pyrite and 

base metals may 

occur disseminated, 

stratiform, in streaks, 

spots, or along 

fractures; interbeds 

of muddy 

microbialaminite 

(LF12) or back shale 

(LF17) possible; can 

transition into 

dololutite (LF8) 

Thinly laminated to 

massive; nodular 

bedding and pale grey 

nodules (can be 

plastically deformed) 

may occur; flakes of 

organic matter (<1cm, 

subhorizontal); 

slumping, loading, ball-

and-pillow structures 

may occur; molar 

tooth structures 

possible; rare 

dolarenite laminae 

with cross-lamination 

or starved ripples; rip-

up clasts (dolarenite) 

possible; discontinuous 

or wavy shale laminae 

may occur; partly flake 

breccia (pale grey 

clasts, subangular to 

rounded; mostly 

tabular, matrix 

supported; clasts 

subhorizontal) 

Quiet subtidal 

environments 

above storm wave 

base; similar to 

LF12 by algae 

growth prevented 

by higher 

sedimentation rates 

or greater water 

depth 

Barney Creek Fm; 

Reward Dolostone; 

Lynott Fm 

FA4: deep subtidal 

to slope 

    

LF14: dolarenite Mostly medium grey 

dolosiltite to 

dolarenite (mostly 

very fine- to fine-

grained arenite); may 

be silty or contain 

rounded quartz 

grains; disseminated 

or accumulations of 

pyrite may occur; 

interbedded with 

LF15, LF16, LF18; 

poorly to well sorted 

Thinly laminated to 

medium bedded; may 

have cross-lamination, 

starved ripples, HCS; 

fining- or coarsening-

upward possible; often 

sharp and scouring 

base but transitional 

top; slumping possible; 

loading and ball-and-

pillow structures into 

underlying facies 

common; may have 

mm to cm scale 

intraclasts (LF4, LF11, 

LF16, rounded); sub-

mm to mm scale 

organic matter flakes 

Deposition from 

sediment-gravity 

flows such as 

grainflows and 

turbidity currents in 

deep subtidal slope 

environments; 

some beds likely 

storm deposits 

around storm wave 

base 

Barney Creek Fm 
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are common, may be 

disseminated, 

concentrated in certain 

beds or form 

discontinuous laminae 

LF15: interbedded 

dolarenite with grey 

siltstone 

Medium grey 

dolosiltite and 

dolarenite (floating 

quartz possible) 

interbedded with 

dolomitic siltstone of 

LF 16; >50% 

dolosiltite/dolarenite; 

generally cm-scale 

alteration, 

sometimes 10--20cm 

scale alteration; 

often interbedded 

and continuous with 

LF16 

Thickly laminated to 

very thinly bedded; 

dolarenite beds scour 

siltstone laminae; 

loading, flame, and 

ball-and-pillow 

structures common; 

occasional slumping 

and growth faults; mud 

chips and organic 

matter flakes; 

dolarenite beds can 

have cross-lamination, 

SCS and starved 

ripples; occasional 

carbonate nodules 

As LF14, deposition 

from sediment 

gravity flows; 

difference is thinner 

but regularly 

occurring beds 

Barney Creek Fm 

LF16: silty 

dolarenite/dolomitic 

siltstone 

Continuum between 

medium to dark grey 

silty dolostone and 

dark grey to black 

dolomitic 

siltstone/very fine 

sandstone (both 

brown or white/rusty 

weathering); siltstone 

often pyritic and/or 

bituminous; 

occasional dolarenite 

laminae and beds 

(LF14, LF15); 

interbeds of other 

FA4 lithofacies 

common 

Thickly laminated to 

thinly bedded; 

generally parallel-

planar lamination, 

occasional wavy 

lamination; occasional 

carbonate nodules, 

slumping, growth 

faults, fining upward; 

common loading 

structures associated 

with dolarenite 

laminae; often fissile 

breaking when 

interbedded with black 

shale (LF17); silty 

dolarenite very rare 

cross-lamination 

(tangential or straight 

foresets), starved 

ripples, HCS 

Dolomitic siltstone 

subfacies below 

storm wave base, 

silty dolarenite in 

shallower 

environments close 

to storm wave 

base; both 

deposition from 

hemipelagic settling 

and/or low density 

turbidity currents 

Barney Creek Fm, 

Caranbirini Mbr 

LF17: black Shale Dark grey to black 

shale and silty shale; 

dolomitic; pyritic 

Parallel-planar 

laminated; fissile or 

rubbly 

Deposition below 

storm wave base; 

hemipelagic settling 

and low-density 

turbidity currents 

Barney Creek Fm 
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LF18: mass-flow 

breccia (sand-

sized/>sand-sized) 

Medium to dark grey 

(rare black), matrix- 

or clast-supported 

grainstones, 

conglomerates, 

breccias; mono- or 

polymict; no fitting; 

tabular and equant 

clasts; sand to 

cobble-sized; well 

rounded to very 

angular carbonate 

clasts; minor up to 

granule-sized 

dolomitic siltstone 

clasts and sand-sized 

quartz grains; 

moderately to very 

poorly sorted; 

interstitial sulfides; 

background facies is 

LF13 and LF16 

Very thinly to medium 

bedded, sometimes 

massive; mostly 

ungraded but 

sometimes fining- or 

coarsening upward 

Deposition from 

sediment gravity 

flows in slope 

environments; 

sand-sized 

subfacies from fine-

grained turbidity 

currents and 

grainflows; >sand-

sized subfacies from 

coarse-grained 

turbidity currents 

and debris flows 

Barney Creek Fm, 

Reward Dolostone 

LF19: rhythmite Dark (rare medium) 

grey, very fine to fine 

dolarenite 

Thickly laminated to 

thinly bedded; beds 

are massive or have an 

internal, mm-scale 

planar lamination with 

fining-upward; slump 

folds common; cm-

scale growth faults; 

scouring 

Deposition below 

storm wave base in 

slope 

environments; 

pelagic and 

hemipelagic fallout 

and deposition 

from dilute 

turbidity currents 

Barney Creek Fm 
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4.2 FA2: shallow subtidal to intertidal 

4.2.1 LF4: bedded dolarenite 

This lithofacies (Figure 3F) occurs in all investigated stratigraphic units. Bedded dolarenite intervals 

are typically 10s of centimeters to several meters thick and interbedded with lithofacies from FA1, 

FA2, and dolomudstone (LF13) from FA3. This lithofacies is typically light to medium grey (rare dark 

grey), and can be silicified or contains floating quartz (Figure 3G). In intervals where floating quartz 

is common, laminae and thin beds of marine sandstone (LF5) and marine siltstone (LF6) are 

common. The grain size ranges from dolosiltite to dolorudite (mostly dolosiltite and very fine 

dolarenite). Pyrite and organic matter streaks are common when bedded dolarenite is interbedded 

with dolomudstone (LF13). Furthermore, pyrite and base metals sulfides can occur in brecciated 

intervals. This lithofacies is generally thickly laminated to medium bedded; however, some intervals 

are massive. Parallel-planar lamination dominates but nodular bedding, carbonate nodules, wavy 

and/or discontinuous shale and siltstone laminae, or cross-lamination may occur. Furthermore, 

laminae, beds, and channels of the same lithofacies or marine sandstone (LF5) with (low-angle) 

cross-lamination are common. Individual beds or bed sets can fine-upwards. This lithofacies can 

host cm- to dm-thick, brecciated and silicified horizons interpreted to represent exposure surfaces. 

Sedimentary structures include scour surfaces (Figure 3F), rare silicified or calcite-filled fenestrae 

(laminoid or irregular, 1-2 mm high, up to 10 mm long), rip-up clasts and mud chips, discrete 

intraclast beds (tempestites?), and soft-sediment deformation such as loading and ball-and-pillow 

structures. Acicular and radiating pseudomorphs (Coxco needles) several centimeters across, 

interpreted by Winefield (2000) as aragonite pseudomorphs, are rare and confined to the Coxco 

Member. Sand-filled mudcracks and anhydrite veins may occur when interbedded with FA1, and 

molar tooth structures are common in darker varieties when this facies is interbedded with muddy 

microbialaminite (LF12 of FA3). 

 

Facies relationships (interbedding with other lithofacies from FA2, occasional interbedding with FA1 

and FA3), stratigraphic position in shoaling-upward parasequences, and sedimentary structures 

(e.g., mudcracks, fenestrae) indicate that this lithofacies represents deposition in shallow subtidal 

to upper intertidal, and occasionally even supratidal environments. However, the supratidal 

environments in which bedded dolarenite may have occasionally been deposited (e.g., beach ridges 

and tidal channel levees) were likely seaward of the sabkha and supratidal belt of FA1 and generally 

smaller scale and more frequently flooded (cf. Shinn et al., 1969; Maloof and Grotzinger, 2012). 

Comparison with modern equivalent depositional environments such as the Bahamas (e.g., Field, 

1931; Illing, 1954; Shinn et al., 1969, 1983b; Rankey, 2002; Rankey and Morgan, 2002; Reijmer et 

al., 2009; Maloof and Grotzinger, 2012) and the Trucial Coast along the Persian Gulf (e.g., Kendall 

and Skipwith, 1969a, b; Wagner and van der Togt, 1973; Alsharhan and Kendall, 2003; Kendall and 

Alsharhan, 2011) suggests that bedded dolarenites from the middle McArthur Group were likely 

deposited in a complex mosaic of environments (Figure 7) including shallow subtidal shoals, lagoons, 

shoreface, beaches, beach ridges, tidal channels, levee crests, and tidal channel bars. Therefore, this 

lithofacies lumps carbonate rocks from different subenvironments (cf. Kunzmann et al, 2014) that 

are difficult to distinguish even in modern settings (e.g., sediments in ponds, tidal channels, and 

adjacent marine areas; Shinn et al., 1969; 1983b). Further complication arises from the poorly 
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understood preservation potential of modern subenvironments such as tidal channels and ponds 

(Wright, 1984; Maloof and Grotzinger, 2012), and differences between modern and Proterozoic 

environments such as the lack of bioturbation. Nevertheless, the presence of sedimentary 

structures allows evaluating depositional processes in more detail on the scale of individual beds. 

For example, bedded dolarenite beds with cross-lamination and/or mudcracks are comparable to 

modern supratidal beach ridge deposits (Maloof and Grotzinger, 2012) and intertidal channel bar 

and supratidal levee sediments (Shinn et al., 1969; 1983b). Small cm-scale channels with internal 

cross-lamination are similar to storm deposits in shallow subtidal shoreface environments (Inden 

and Moore, 1983) and beaches, tidal channels, and intertidal flats (e.g., Kendall and Skipwith, 1969b; 

Shinn et al., 1969; 1983b; Kendall and Alsharhan, 2011). Scour surfaces, rip-up clasts and mud chips, 

and intraclast beds were likely formed by storms and strong tidal currents in shallow subtidal 

subenvironments like lagoons, shoreface, and tidal channels (Kendall and Skipwith, 1969b; Shinn, 

1983b), and supratidal beach ridges (Shinn et al., 1969). Although fenestrae-like voids can form in 

subtidal grainstones (Shinn, 1983a), real fenestrae most commonly occur in upper intertidal to 

supratidal environments (Shinn, 1968; Shinn, 1983a, b; Flügel, 2004) such as tidal channel levees 

(Shinn, 1983b). Their scarcity in rocks from the middle McArthur Group might be due to compaction, 

which has been shown to obliterate these features if early cementation did not occur (Shinn and 

Robbin, 1983). 

 

The occasional occurrence of floating quartz and the continuum with marine sandstone (LF5) 

indicate proximity to a terrigenous source. The occurrence of molar tooth structures in darker, 

presumably more organic-rich, varieties when interbedded with muddy microbialaminite (LF12; 

FA3) can be explained by diagenetic remineralization of organic matter (e.g., Hodgskiss et al., 2018). 

Ball-and-pillow structures and other loading-related soft sediment deformation suggest rapid 

sedimentation. 

4.2.2 LF5: marine sandstone 

Marine sandstone (Figure 3H) occurs in the Myrtle Shale and particularly in the Hot Spring Member 

of the Lynott Formation. It typically occurs as centimeter to decimeter thick intervals and is 

associated with FA1 and other lithofacies of FA2, in particular bedded dolarenite (LF4). This 

lithofacies is a light to medium grey (rare dark grey) quartz arenite, medium to coarse grained, 

rounded to well rounded, and well sorted. It often contains well rounded carbonate grains (Figure 

3H) and a carbonate matrix (sometimes silicified). Marine sandstone often contains interbeds of 

bedded dolarenite with floating quartz and generally represents a continuum with bedded 

dolarenite. Pyrite, disseminated or concentrated in spots several mm in diameter, occurs in places. 

This lithofacies is usually massive but often contains tabular, mm- to cm-large rip-up clasts of 

bedded dolarenite, siltstone, or shale. 

 

The common carbonate matrix, the compositional continuum and interbedding with bedded 

dolarenite (LF4) with floating quartz, and interbedding other facies from FA2 and FA1 suggests that 

marine sandstone was also deposited in shallow subtidal to intertidal environments (Figure 7). 

Roundness and sorting suggest significant transport from the terrigenous source to the site of 
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deposition, unless the quartz grains were sourced from coastal outcrops of older siliciclastic units, 

as reported from Holocene sediments along the Trucial Coast (Kendall and Skipwith, 1969b; Kendall 

and Alsharhan, 2011). Further considering similar deposits along the Trucial Coast, varying 

proportions of carbonate (grains and matrix) and quartz can be explained with a shift in depositional 

environment from beaches and intertidal flats, which in some areas of the Trucial Coast are entirely 

composed of quartz grains, to environments more seawards (Kendall and Skipwith, 1969b; Kendall 

and Alsharhan, 2011). Rip-up clasts suggest occasional storm events or strong tidal currents. 

4.2.3 LF6: marine siltstone 

The marine siltstone lithofacies (Figure 3F, Figure 4A) usually occurs as decimeter-thick intervals in 

the Tooganinie Formation. It is typically interbedded with FA1 and FA2. Marine siltstone is dark 

grey/green to black and often dolomitic. It is generally thickly laminated with planar-parallel or wavy 

lamination. It can have discontinuous or continuous laminae, beds, or channels of LF4 with uni- or 

bidirectional cross-lamination. Starved ripples, mudcracks, synaeresis cracks (Figure 4A) and ball-

and-pillow structures may occur. 

 

Interbedding with FA1 and FA2 suggests deposition in shallow subtidal to intertidal environments 

(Figure 7). This interpretation is supported by the occasional occurrence of mudcracks. This 

lithofacies was likely deposited in subenvironments with less hydrodynamic energy than LF5. 

However, the occasional presence of channels filled with LF4 as well as starved ripples indicate 

periods of higher energy, likely related to storms and/or strong tidal currents. Bi-directional cross-

lamination likely indicates tidal influence. Ball-and-pillow structures again suggest rapid deposition. 

4.2.4 LF7: microbialaminite 

Decimeter thick intervals of microbialaminite (Figure 4B) occur in all stratigraphic units. This 

lithofacies is usually interbedded with all other facies of FA2 or overlies stromatolites (LF11) of FA3 

in shoaling upward cycles. Rocks of this lithofacies are composed of light to medium grey (rare dark 

grey) doloboundstone, which is often silicified (Figure 4B). Microbialaminite is characterized by an 

alternation of about 1 mm thick dark grey, flat, crinkly, and undulating laminae, which we interpret 

as microbial, with about 1-3 mm thick light to medium grey dolomite laminae. Microscopy 

demonstrates that this lithofacies contains up to 30% subangular to subrounded, up to silt-sized, 

quartz grains, equally distributed between the laminae. Irregular domal structures with ca. 5 mm 

synoptic relief can also occur. Fenestrae (silicified or calcite-filled, laminoid or irregular, 1-2 mm high 

and up to 10 mm long), tepees, and mudcracks can occur. This facies can be vuggy or brecciated and 

discrete beds of intraclast breccias may be present. 

 

Microbial mats comparable to microbialaminite from the McArthur Group occur in modern 

intertidal to lower supratidal flat environments such as Shark Bay, Western Australia (e.g., Logan, 

1961; Logan et al., 1964; Hoffman, 1976; Playford et al., 2013; Suosaari et al., 2016), the Arabian 

Gulf (e.g., Kendall and Skipwith, 1968, 1969a; Kinsman and Park, 1976; Duane and Al-Zamel, 1999; 

Alsharhan and Kendall, 2003; Kendall and Alsharhan, 2011), and the Bahamas (e.g., Shinn et al., 

1969; Rankey and Morgan, 2002; Maloof and Grotzinger, 2012). Deposition of LF7 in inter- to lower  
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Figure 4 Hand specimen, core tray, and thin section photographs of various lithofacies from FA2 and FA3. A) Marine 

siltstone (LF6, dark grey beds, black arrow) with bedded dolarenite (LF4, light grey laminae, white arrow) laminae. 

Note synaerisis crack (orange arrow). Lamont Pass 3, 1174.6 m, Myrtle Shale. B) Silicified microbialaminite (LF7) with 

potential calcite-filled laminoid fenestrae (white arrow). Lamont Pass 3, 408.5 m; Lynott Formation. C) Pink-brown 

dololutite (LF8) with acicular, radiating pseudomorphs (Coxco needles) interpreted by Winefield (2000) as former 

aragonite crystals. GRNT-79-3, 427.3 m; Teena Dolostone. D) Thin section photograph (transmitted light) of Coxco 

needles. Further magnification reveals that the matrix (white arrow) has an inequigranular, hypidiotopic, tightly 

packed mosaic fabric with dolomite crystals mostly ranging from 20-50 μm. The needles (black arrow) also have an 

inequigranular, hypidiotopic, tightly packed mosaic fabric but crystal sizes mostly range from 100-200 μm. GRNT-79-

4, 217.0 m; Teena Dolostone. E) Interbedding of dolarenite with red and brown siltstone (LF9). Note cm-scale 

interbedding. Core diameter is 3.6 cm. GRNT-79-3, around 395.0 m. W-Fold Shale. F) Ooid grainstone (LF10) with 

intraclasts (white arrows). Lamont Pass 3, 1245.8 m; Myrtle Shale. G) Thin section photograph (cross-polarized light) 

of ooid grainstone (LF10). This rock has a packstone fabric with mostly 0.75-1.5 mm large, spherical to ellipsoidal, 

radial-fibrous ooids. Quartz grains form the nuclei (white arrows). Note the thin cortices (orange arrows) classifying 

most of these ooids as superficial Flügel (2004). Also note two aggregated ooids (blue arrow). The matrix has an 

inequigranular, xenotopic, tightly packed mosaic fabric. Lamont Pass 3, 1246.0 m; Myrtle Shale. 

 

supratidal environments is supported by the occurrence of mudcracks, fenestrae, and peritidal 

tepees (Shinn, 1968; 1983a, b; Kendall and Warren, 1987; Alsharhan and Kendall, 2003). Along the 

arid Trucial Coast of the Arabian Gulf, different algal mat types can be distinguished based on 
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morphology. These mat types occur in distinctive geographical zones parallel to the shoreline, which 

are controlled by the frequency of wetting (Kendall and Skipwith, 1968; 1969a; Kinsman and Park, 

1976; Alsharhan and Kendall, 2003; Kendall et al., 2011). On Andros Island in the Bahamas, algal 

mats occur in different microenvironments such as levee crests and intertidal flats protected by 

levees (Maloof and Grotzinger, 2012). However, a distinction between different mat types and 

microenvironments in microbialaminite from the McArthur Group is not possible due to varying 

preservation potential (Park, 1977), the effects of burial and compaction on mat morphology, and 

lack of exposure. Nevertheless, continuous algal mats only occur in protected environments where 

wave and tidal scour is weak (Hoffman, 1976). In conclusion, this lithofacies was likely deposited in 

protected inter- to lower supratidal environments (Figure 7). Due to lack of grazing pressure in the 

Precambrian, this lithofacies may have also been deposited in low-energy shallow subtidal 

environments. 

4.2.5 LF8: dololutite 

Dololutite occurs in all stratigraphic units and typically appears as decimeter to rarely meter thick 

intervals. It is generally interbedded with FA2 or stromatolite (LF11) of FA3. This lithofacies is thinly 

laminated to massive and consists of light grey to pink, rarely dark grey dololutite/micrite (Figure 

3G, Figure 4C). Silicified fenestrae are common (laminoid or irregular, 1-2 mm high and up to 10mm 

long) and acicular, radiating, mm- to cm-scale pseudomorphs (Figure 4C, D; Coxco needles), 

interpreted by Winefield (2000) as aragonite pseudomorphs, often occur in pink dololutite of the 

Coxco Member. Irregular, cm-scale, partly brecciated silicified intervals, which we interpret as karst 

surfaces, can occur. Mudcracks filled with bedded dolarenite (LF4), channels and continuous or 

discontinuous laminae (scoured bases) of LF4 with starved ripples, cross-lamination, or fining-

upward grading may occur. 

 

Similar to bedded dolarenite (LF4), stratigraphic position in shallowing upward parasequences and 

sedimentary structures suggest that this lithofacies was likely deposited in various shallow subtidal 

to upper intertidal, and occasionally supratidal environments. Considering the crystal size as 

indicator for original grain size, comparison with modern carbonate environments such as Bahamas 

(e.g., Shinn et al., 1969; 1983b; Reijmer et al., 2009; Maloof and Grotzinger, 2012) and the Trucial 

Coast along the Arabian Gulf (e.g., Kendall and Skipwith, 1969b; Alsharhan and Kendall, 2003; 

Kendall and Alsharhan, 2011) suggests that dololutites from the McArthur Group were likely 

deposited in various depositional environments such as protected inner lagoons/platforms; the lee 

side of banks, shoals, stromatolite build ups; on levee crests; in intertidal ponds and low-energy 

parts of tidal channels. Similar to the bedded dolarenite (LF4), the dololutite lithofacies 

encompasses multiple potential depositional environments (Figure 7). However, depending on 

sedimentary structures present, a more detailed interpretation may be possible for individual beds 

and bed sets. For example, intervals with karst surfaces, mudcracks, and fenestrae were deposited 

in upper inter- to supratidal environments such as ponds, levee crests, and flats. Beds with channels 

filled with LF4 and internal cross-lamination and starved ripples, as well as intraclasts beds, were 

likely deposited during storms or strong tidal activity. 
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4.2.6 LF9: interbedded dolarenite with red, green, or brown siltstone laminae 

This lithofacies typically occurs as decimeter to meter thick intervals in the W-Fold Shale, 

interbedded with other facies from FA2. LF9 is composed of alternating cm-scale, light grey to pink 

dololutite, dolosiltite, or dolarenite intervals with up to 1cm-thick, red, green, or brown siltstone or 

shale laminae (Figure 4E). This facies is typically very thinly bedded and the siliciclastic laminae and 

beds are wavy and continuous or discontinuous. Intraclasts, mud chips, flame structures, scour 

surfaces, and acicular, radiating aragonite pseudmorphs may occur. 

Intimate association of this lithofacies with other facies from FA2 suggest deposition in shallow 

subtidal to intertidal environments. The siltstone laminae are very similar to LF1, further supporting 

a peritidal origin, and indicate a frequent variation between carbonate-dominated and siliciclastic-

dominated deposition. The siltstone laminae may have been deposited in intertidal ponds close to 

a fluvial source. Lack of mudcracks suggest deposition seawards of upper intertidal environments. 

Intraclasts and mud chips indicate frequent storm and/or strong tidal energy. Flame structures 

suggest rapid deposition. In summary, we envision deposition as facies mosaic that ranged from 

shallow subtidal (carbonate-dominated laminae; subenvironments comparable to bedded 

dolarenite (LF4) and dololutite (LF8)) to lower intertidal environments in the vicinity to a terrigenous 

source such as a fluvial system/estuary (Figure 7). 

4.3 FA3: subtidal 

4.3.1 LF10: ooid grainstone 

Ooid grainstone is a lithofacies in the Tooganinie Formation and occurs as dm-thick intervals. It is 

interbedded with FA3, FA2, and FA1. This lithofacies is composed of medium grey dolopackstone 

and dolograinstone with mostly 0.75-1.5 mm large ooids (Figure 4F, G). The ooids are mostly 

symmetrical, and spherical to ellipsoidal, with the shape being controlled by large nuclei composed 

of quartz grains (Figure 4G). Most grains are superficial ooids, with the cortex being less than half as 

thick as the nucleus (Figure 4G; Flügel, 2004). The ooids are mostly radial-fibrous, although this 

might be a secondary diagenetic feature as the radially oriented crystals transect individual laminae. 

Aggregation of several ooids can occur (Figure 4G). Ooid grainstones are massive and often silicified. 

Rip-up clasts of bedded dolarenite (LF4) and dololutite (LF8) occur (Figure 4F). 

 

Ooids require environments with agitated water (e.g., Bathurst, 1975), and oolitic sands forming 

linear or parabolic bars occur in the Bahamas (e.g., Hine, 1977; Halley et al., 1983; Rankey et al., 

2006; Reeder and Rankey, 2008; Rankey and Reeder, 2011), Shark Bay, Western Australia (e.g., 

Jahnert and Collins, 2011; Playford et al., 2013), and the Arabian Gulf (Kendall and Skipwith, 1969b; 

Kendall and Alsharhan, 2011). Ooid shoals commonly form in shallow subtidal environments by 

strong tidal currents at platform margins, in straits and seaways between (barrier) islands (e.g., 

Rankey et al., 2006; Reeder and Rankey, 2008; Rankey and Reeder, 2011; James and Jones, 2016, 

p.167), in subtidal hypersaline lagoons (e.g., Jahnert and Collins, 2011; Playford et al., 2013), or in 

subtidal platform interiors where wave and storm action are more important than tides (James and 

Jones, 2016, p. 174). We generally interpret ooid grainstones to reflect high-energy shallow subtidal 

environments (Figure 7). However, Inden and Moore (1983) point out that many thin ooid grain- 
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and packstone beds were likely deposited in beach environments which can be identified by 

interbedding with supratidal facies. This association is seen in the Tooganinie Formation. Therefore, 

it is possible that the ooid grainstones we observe in the Tooganinie Formation were also deposited 

in beach environments (Figure 7). 

4.3.2 LF11: stromatolite 

Stromatolites occur in all stratigraphic units and are typically decimeter to a few meters thick. They 

are typically interbedded with other facies from FA3, and also facies from FA1 and FA2. 

Stromatolites are composed of medium grey (rare black) doloboundstone (Figure 5A). They can be 

silicified and entirely brecciated, or may grow on brecciated surfaces and may be brecciated at the 

top. Laterally linked domal and columnar forms dominate and reach a few dm in height. Conophyton 

can also occur. The synoptic relief typically does not exceed 10cm. However, due to limited exposure 

in drill cores, the macroscale geometry of stromatolites (e.g., dm- to m-scale synoptic relief) and 

their occurrence as bioherms versus biostromes is difficult to assess. Areas between domes are 

typically filled by micrite. 

 

We interpret stromatolites from the middle McArthur Group to have been deposited dominantly in 

shallow subtidal environments (Figure 7), and possibly more rarely in intertidal settings. This 

interpretation is consistent with lack of sedimentary structures indicating exposure. Furthermore, 

high-relief stromatolites comparable to those from the McArthur Group are known from modern 

subtidal environments such as Shark Bay, Western Australia (e.g., Logan, 1961; Logan et al., 1964; 

Hoffman, 1976; Reid et al., 2003; Jahnert and Collins, 2011; 2012; Playford et al., 2013; Suosaari et 

al., 2016) and the Bahamas (Dravis, 1983; Dill et al., 1986). High-relief stromatolites are typical in 

areas with high wave and tidal energy, such as headlands (e.g., Hoffman, 1976). Common 

brecciation of stromatolites may indicate deposition as part of barrier complexes subjected to 

storms. 

4.3.3 LF12: muddy microbialaminite 

Muddy microbialaminite occurs in dm-thick intervals in the Reward Dolostone and Lynott 

Formation. It is usually interbedded with lithofacies of FA2 and FA3. This lithofacies is composed of 

dark grey to black (presumably organic matter-rich) doloboundstone (Figure 5B). It can be clay-rich 

and is rarely silicified. Interbeds of dolomudstone (LF13) can occur. Fine-grained pyrite may occur 

along laminae. This lithofacies is characterized by an alternation of ca. 1mm-thick flat, crinkly, or 

undulating laminae (sometimes disrupted or buckled up), which we interpret as microbial, with 

about 1-3 mm thick, grey dolomite laminae. Molar tooth structures are common but fenestrae 

(laminoid, calcite-filled, 1 mm high and 5-10 mm long) are rare. 

 

In Hamelin Pool of Shark Bay, Western Australia, high-relief stromatolites comparable to LF11 occur 

in subtidal settings at headlands characterized by intense tidal and wave activity, and the steepest 

slope along this coastline. In contrast, more protected peritidal areas of the coastline, such as bights 

and embayments have shallower slopes and have significantly lower wave and tidal activity  
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Figure 5 Hand specimen and core tray photographs of various lithofacies from FA3 and FA4. A) Stromatolite (LF11) 

with ca. 2 cm of synoptic relief. Lamont Pass 3, 932.2 m; Teena Dolostone. B) Muddy microbialaminite (LF12) with 

characteristic crinkly lamination. Lamont Pass 3, 624.9 m; Reward Dolostone. C) Dolomudstone (LF13) with pyrite 

(white arrows) along fractures. Lamont Pass 3, 711.8 m; Barney Creek Formation. D) Dolarenite bed (medium grey; 

LF14) in dolomitic siltstone (dark grey; LF16). Note loading at sharp base producing flame structures (white arrows) 

and gradual upper transition zone. Black arrow points at base of this transition zone. GRNT-79-1, 22.3 m; Barney 

Creek Formation. E) Dolarenite (LF14) produced ball-and-pillow structure (white arrow) by sinking into dolomitic 

siltstone (LF16). Grain size appears larger as it is due to drill bit marks on outer side of core. GRNT-79-1, 206.2 m; 

Barney Creek Formation. F) Interbedded dolarenite (examples shown by white arrows) with grey siltstone (examples 

shown by orange arrows) facies (LF15). Note the regular interbedding of thin dolarenite laminae and beds. In contrast, 

dolarenite of LF14 is usually characterized by dm-scale beds. However, both were likely deposited by gravity-flows. 

Core diameter is 3.6 cm. GRNT-79-1, around 168.5 m; Barney Creek Formation. 

 

(Hoffman, 1976). These areas are not dominated by high-relief stromatolites but instead colonized 

by microbial mats (Jahnert and Collins, 2012) comparable to microbialaminite and muddy 

microbialaminite from the McArthur Group. The hypersaline conditions prevent grazing stress at 

Hamelin Pool, but lack of predators in the Precambrian would suggest that microbial mats may have 



30   |  CSIRO – NTGS McArthur Basin Project Chapter 3: Sedimentological, stratigraphic, and geochemical studies of the middle McArthur Group 

been common in Proterozoic low-energy shallow subtidal environments. In contrast to 

microbialaminite (LF7), we interpret these dark grey to black (`muddy') microbialaminites to have 

been generally deposited in mostly quiet submerged environments (Figure 7), such as lagoons, to 

account for their high clay and presumably high organic-matter content. 

4.3.4 LF13: dolomudstone 

Dolomudstone occurs as decimeter- to meter-thick intervals interbedded with lithofacies of FA2 and 

FA3 in the Barney Creek Formation, Reward Dolostone, and the Lynott Formation. This lithofacies is 

generally composed of dark grey to black, homogeneous dololutite or dolosiltite (Figure 5C). The 

rocks are clay- and presumably organic matter-rich, and may also be silty. Interbeds of muddy 

microbialaminite (LF12) or black shale (LF17) can occur, and it can be transitional with dololutite 

(LF8). Pyrite and base metals sulfides may occur in streaks, spots, along fractures (Figure 5C), 

disseminated or stratiform. This lithofacies is thinly laminated to massive, may have nodular 

bedding or contain pale grey nodules (sometimes plastically deformed). Slumping, loading and ball-

and-pillow structures may occur, as well as molar tooth structures. Subhorizontal organic matter 

flakes and rip-up clasts of dolarenite may occur. Discontinuous or wavy shale laminae and dolarenite 

laminae with cross-lamination or starved ripples can also occur. This facies can contain 

subhorizontal flakes of organic matter that are up to several mm in length. Some intervals occur as 

`flake breccia', which is matrix supported, and has pale grey dolostone clasts that are subangular to 

rounded, mostly tabular, and subhorizontal. 

 

We interpret this lithofacies to have been deposited in quiet subtidal environments (Figure 7). This 

is consistent with the interbedding with facies from FA2 and FA3 and the transitional character with 

dololutite (LF8). Deposition above wave base is indicated by the occurrence of rip-up clasts, and 

cross-lamination and starved ripples in dolarenite laminae. The flake breccia intervals may have also 

been formed by storm events. Beds showing loading and ball-and-pillow structures were rapidly 

deposited, and beds with slumping suggest deposition on an inclined sea floor. This lithofacies likely 

represents deposition in a similar environment as the muddy microbialaminite (LF12). The absence 

of microbial laminae may be due to higher sedimentation rates or greater water depth, both factors 

that would inhibit photosynthetic microbial communities. 

4.4 FA4: deep subtidal to slope 

4.4.1 LF14: dolarenite 

This lithofacies generally occurs as decimeter- to a few meter-thick intervals in the undifferentiated 

Barney Creek Formation. It is often interbedded with LF15, LF16, and LF18. The dolarenite lithofacies 

is composed of medium grey, dolosiltite to dolarenite (Figure 5D), with very fine- to fine-grained 

dolarenite clearly dominating. This facies can be silty or contain rounded quartz grains. It can also 

contain pyrite, either disseminated or as spotty accumulations. This lithofacies is thinly laminated 

to medium bedded and rarely has (low-angle) cross-lamination, starved ripples, or HCS. Beds are 

either not graded or show fining- or coarsening upward. Bed bases are often sharp and scour 

underlying beds (Figure 5D). However, tops are often transitional with overlying lithofacies (Figure 
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4D). Loading and ball-and-pillow structures sinking into underlying dolomitic siltstone (LF16) beds 

are common (Figure 5E), and slumping may also occur. Dolarenite can have mm to cm scale, 

rounded, intraclasts of LF4, LF11, and LF16. Common are sub-mm to mm scale organic matter flakes, 

which are either disseminated, concentrated in certain beds, or form discontinuous laminae. 

 

It is likely that this lithofacies represents a range of different depositional environments. However, 

the mostly decimeter-scale thickness, scoured bases, sand-dominated grain- and packstone 

textures, occasional low-angle cross-lamination, grading, organic matter flakes, and interbedding 

with hemipelagic facies (LF16) suggest deposition from sediment gravity flows (Figure 7) such as 

grainflows and turbidity currents in deep subtidal slope environments (Coniglio and Dix, 1992; James 

and Jones, 2016, p.216). The material was sourced from platform margin environments such as 

shoals. Another possible origin of certain beds is deposition by storms near storm wave base. This 

interpretation is consistent with the occurrence of HCS and scoured bases. However, the common 

interbedding with LF16 generally favors deposition from gravity flows. 

4.4.2 LF15: interbedded dolarenite with grey siltstone 

This is a common lithofacies in the undifferentiated Barney Creek Formation that occurs as 

decimeter- to meter-thick intervals. It is typically interbedded with silty dolarenite/dolomitic 

siltstone (LF16). Interbedding of medium grey dolosiltite and dolarenite (occasionally with floating 

quartz) with dark grey dolomitic siltstone characterizes this lithofacies (Figure 5F). The alternation 

is mostly on a cm-scale; however, it can reach 10 to 20 cm in thickness. This lithofacies is thickly 

laminated to very thinly bedded. Dolarenite laminae and beds typically scour underlying siltstone 

laminae/beds. They commonly display loading, flame, and ball-and-pillow structures and may 

internally show cross-lamination, SCS, and starved ripples. They can also have mud chips and organic 

matter flakes. Slumping, cm-scale growth faults, and carbonate nodules occasionally occur. 

 

We interpret the depositional environment of this lithofacies to be comparable to that of dolarenite 

(LF14): deposition mostly from sediment gravity flows (Figure 7). However, LF15 is marked by much 

thinner (mostly cm-scale) but regularly occurring, gravity flow deposits, dolarenite, interbedded 

with dolomitic siltstone (LF16) as background sediment. 

4.4.3 LF16: Silty dolarenite/dolomitic siltstone 

This lithofacies (Figure 6A, B) occurs as decimeter- to tens of meters-thick intervals in the HYC Pyritic 

Shale Member and overlying undifferentiated Barney Creek Formation and Caranbirini Member of 

the Lynott Formation. It is by far the most common lithofacies of the Barney Creek Formation in 

sub-basins. Interbedding with other lithofacies of FA4 is typical. Lithofacies 16 represents a 

continuum between medium to dark grey silty dolostone and dark grey to black dolomitic siltstone 

and very fine sandstone, which have been distinguished in logs. The compositional difference is 

typically also manifested in bedding differences. Whereas the silty dolarenite subfacies is very thinly 

to thinly bedded, the dolomitic siltstone subfacies is thickly laminated (Figure 6B). In the HYC Pyritic 

Shale Member, the dolomitic siltstone is generally pyritic and bituminous. These rocks generally 

have a parallel-planar and occasionally wavy lamination. Individual laminae and beds may be 
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normally graded. Carbonate nodules, slumping, growth faults, loading (where in contact with the 

dolarenite facies) and rare dolarenite clasts may occur. Silty dolarenite has rare HCS, low-angle 

cross-lamination (tangential or straight foresets), and starved ripples. 

 

The dolomitic siltstone sub-facies was likely deposited below storm wave base as indicated by 

absence of wave- or storm-induced sedimentary structures. However, deposition in slightly 

shallower environments, around storm wave base, of the silty dolarenite sub-facies is suggested by 

occasional HCS, low-angle cross-lamination and starved ripples. This is consistent with the higher 

abundance of carbonate, which is generally produced in shallow subtidal environments and 

subsequently supplied to shallower and deeper depositional environments by storm-generated 

currents. Both sub-facies were likely deposited as a result of hemipelagic settling and/or low-density 

turbidity currents (Figure 7; Wignall, 1994). Bull (1998) similarly suggested sub-wave-base 

environments for fine-grained siliciclastic sediments of the Barney Creek Formation. 

4.4.4 LF17: black shale 

Black shale occurs as decimeter- to meter-thick intervals in the HYC Pyritic Shale Member and the 

undifferentiated Barney Creek Formation. It is interbedded with dolomitic siltstone of LF16. This 

lithofacies is composed of dark grey to black shale and silty shale (Figure 6E). It is typically pyritic 

and can also be dolomitic. Black shales are parallel-planar laminated and fissile or rubbly. 

 

Deposition below storm wave base is indicated by lack of any storm- or wave-induced sedimentary 

structures and the interbedding with dolomitic siltstone of LF16. Likely depositional mechanisms 

include hemipelagic settling and low-density turbidity currents (Wignall, 1994) in deep subtidal to 

slope environments (Figure 7). 

4.4.5 LF18: mass-flow breccia (sand-sized/>sand-sized) 

This lithofacies occurs as centimeter- to meter-thick intervals in the Barney Creek Formation and 

Reward Dolostone and is typically interbedded with other facies from FA4. Slope breccias interrupt 

the deposition of LF19 and LF16 facies. Mass-flow breccias are composed of medium to dark grey 

(rare black) grainstones, conglomerates, and breccias. They are matrix- or clast-supported, mostly 

polymict but sometimes monomict, and moderately (rare) to very poorly sorted. The clast size is 

either dominated by granule- to cobble-sized clasts (Figure 6C) or sand-sized grains (Figure 6D), 

which we distinguish in logs. The sand-sized subfacies is similar to dolarenite (LF14) with the main 

differences being polymict composition and generally larger grainsize. The tabular- to equant-

shaped clasts of mass-flow breccias typically show no fitting. Compositionally, this facies is 

dominated by well-rounded to very angular carbonate clasts; however, angular dolomitic siltstone 

clasts and quartz grains may also occur. Interstitial pyrite and base metal sulfides may occur. Mass-

flow breccias are very thinly to medium bedded, sometimes massive. They are typically ungraded 

but may also show normal or inverse grading. 
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Figure 6 Hand specimen and core tray photographs of various lithofacies from FA4. A) Dolomitic siltstone (LF16) is the 

most common facies in the Barney Creek Formation. Core diameter is 3.6 cm. GRNT-79-8, around 494.0 m; Barney 

Creek Formation. B) Note typical thick lamination in dolomitic siltstone (LF16). Core diameter is 3.6 cm. GRNT-79-1, 

259.8 m; Barney Creek Formation. C) Clast-supported, poorly sorted, and ungraded mass-flow breccia (LF18; > sand-

sized subfacies) with subangular to subrounded clasts of muddy microbialaminite (white arrow) and dolomudstone 

(black arrow). Core diameter is 3.6 cm. MANT-79-2, 295.0 m; Barney Creek Formation. D) Clast-supported mass-flow 

breccia (LF18, sand-sized subfacies). This subfacies has a similar origin and composition to dolarenite (LF14, compare 

to D and E). However, this subfacies of mass-flow breccia is typically polymict and coarser grained. GRNT-79-7, 

121.0m; Barney Creek Formation. E) Strongly weathered, pyritic black shale (LF17). White crust (blue arrows) is sulfate 

formed by pyrite weathering. Note fine lamination of this lithofacies. Core diameter is 3.6 cm. GR10, around 60.0 m; 

Barney Creek Formation. F) Rhythmite (LF19) with slump fold. Typical for this lithofacies is the 'rhythmic' alternation 

of lighter grey and darker grey dolarenite and dololutite. Lamont Pass 3, 758.3 m; Barney Creek Formation. 

 

The lack of fitting, unsorted clasts, and variable degree of roundness, as well as interbedding with 

rhythmite (LF19) and silty dolarenite/dolomitic siltstone (LF16) indicate a gravity-flow origin (e.g., 

Coniglio and Dix, 1992; Flügel, 2004; James and Jones, 2016, p. 216). Mass-flow breccias were likely 

generated by gravitational collapse and coherent mass wasting of lithified platform margin and 

upper slope deposits (Playton et al., 2010) and subsequent down-slope transport and re-
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sedimentation (Figure 7). Whereas polymict deposits suggest mixing of clasts from multiple platform 

margin environments (e.g., shoals, biological buildups) and/or upper slope environments, monomict 

deposits had only one source area and are typically the result of erosion and re-deposition of upper 

slope carbonates (Coniglio and Dix, 1992). Variability in clast size, grading (un-, normal-, or inverse 

graded), and bedding (bedded or massive) suggest that transport mechanisms differed for individual 

beds and likely included coarse-grained turbidity currents and debris flows for the larger than sand-

sized subfacies, and fine-grained turbidity currents and grainflows for the sand-sized subfacies. 

Therefore, the origin of the latter is similar to dolarenite (LF14) beds. 

 

 

Figure 7 Schematic block diagram depicting interpreted depositional environments, including sub-basin and 

paleohigh settings, of middle McArthur Group (Tooganinie Formation to Hot Spring Member of Lynott Formation; 

Figure 2). Insets are enlargements of depositional settings and grey-scale block figures show sedimentary structures 

as observed in drill core. Very shallow seafloor inclination would have permitted peritidal environments to migrate 

hundreds of kilometers with relative sea level fluctuations of meters to a few tens of meters. 

 

4.4.6 LF19: rhythmite 

Rhythmites, characterized by alternation of darker and lighter grey laminae and beds of similar 

thickness, can occur as meter- to decameter-thick intervals in the undifferentiated Barney Creek 

Formation. This lithofacies is composed of dark grey (rare medium grey), very fine to fine dolarenite 
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(Figure 6F). It is typically thickly laminated to thinly bedded. Individual laminae and beds can have 

an erosional base. They are massive or have an internal, mm-scale, planar-parallel lamination with 

fining-upward. Slump folds (Figure 6F) and cm-scale growth faults are common. 

 

The absence of wave or current-induced structures indicates deposition below storm wave base. 

Furthermore, common slump folds suggest deposition onto an inclined sea floor such as a slope 

(Figure 7). The sediments were likely deposited out of suspension, either as pelagic and hemipelagic 

fallout from the water column or as sediment-seawater-mixtures that moved downslope as dilute 

allodapic flows (e.g., Coniglio and Dix, 1992; Playton et al., 2010; James and Jones, 2016, p. 214). 

Fallout deposition can occur after storms, tides, or currents transported fine material from the 

platform interior or platform margin into deeper water settings. If these suspensions are dense 

enough they can transform into dilute allodapic flows. The occasionally observed sharp, erosional 

lower contacts, and normal grading support the interpretation of deposition out of allodapic flows 

such as dilute turbidity currents (e.g., Cook and Mullins, 1983). 

5 Discussion 

5.1 Stratigraphic evolution 

The three studied drill cores intersect the middle McArthur Group in different tectonic settings. 

GRNT-79-7 intersects the Barney Creek Formation in the Glyde sub-basin (Figure 1). In contrast, Leila 

Yard 1 and Lamont Pass 3 intersect the succession on the adjacent paleohigh to the north (although 

this area is marked by small, higher order sub-basins). As the Barney Creek Formation was the 

drilling target, only Lamont Pass 3 intersects a significant stratigraphic range below the Barney Creek 

Formation. Therefore, our stratigraphic interpretation only considers the vertical evolution for these 

units. 

 

The Tooganinie Formation is the oldest intersected stratigraphic unit, cored below ca. 1045 m in 

Lamont Pass 3 (Figure 8). The intersected thickness is ca. 229 m, but its base was not drilled. 

Consistent with general descriptions of this unit by Jackson et al., (1987), our log shows that it is 

distinguished by interbedding of peritidal dolostones, mostly stromatolites (LF11), and green 

siltstones (LF1; Figure 8). In Lamont Pass 3, the top shoals from subtidal stromatolites to sabkha 

environments, as indicated by increasing abundance of red siltstone with anhydrite (LF1). Therefore, 

the Tooganinie Formation represents a regressive transition into the Leila Sandstone and Myrtle 

Shale. 

 

The Leila Sandstone in Lamont Pass 3 is 11 m thick (Figure 8). It is an immature, medium- to coarse-

grained sandstone with abundant siltstone (LF1) rip up clasts, siltstone laminae, and mudcracks. 

Therefore, this sandstone was likely deposited in supratidal environments and represents 

continuation of upward shoaling. 
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Eighty-two meters of the Myrtle Shale were intersected in Lamont Pass 3. We interpret the Myrtle 

Shale to represent a mosaic of sabkha environments, dominated by interbedding of red and green 

siltstone (LF1). This drill core records a gradual transition from the Myrtle Shale into the overlying 

Emmerugga Dolostone, marked by two conglomerate cycles. Each conglomerate bed is limited to 

siltstone clasts in the lower half but carbonate clasts (LF4 and LF8) come in towards the top. This 

suggests retrogradation of the shoreline and re-working of inter- to supratidal carbonate 

environments. The basal carbonate bed of the Emmerugga Dolostone is a dolarenite breccia 

dominated by carbonate clasts with a silty matrix, again indicating a gradual transition. 

 

The Emmerugga Dolostone in Lamont Pass 3 is an ~80 m-thick interval dominated by subtidal 

stromatolites (LF11) and shallow subtidal bedded dolarenites (LF4; Figure 8), representing flooding 

of the Myrtle Shale sabkha environments. The stromatolites are commonly entirely brecciated, grow  
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Figure 8 Litho-, sequence, and carbon isotope stratigraphy of drill cores Leila Yard 1, Lamont Pass 3, and GRNT-79-7 

(see Figure 1 for location). Lower resolution carbon isotope record in the Barney Creek Formation in Leila Yard 1 and 

GRNT-79-7 is due to scarcity of carbonate beds. Unfilled circles in GRNT-79-7 reflect altered samples with very low 

δ18Ocarb values (see Figure 10). Abbreviations:  mfs=maximum flooding surface; sb=sequence boundary. 
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on brecciated surfaces and/or are brecciated at the top. The abundant brecciation may indicate 

regular storm activity and that stromatolite bioherms formed barriers that allowed dolarenite and 

dololutite deposition in protected low-energy environments. We choose the base of a ca. 60 m thick, 

faulted and brecciated dolarenite interval as the boundary with the overlying Teena Dolostone 

(Figure 8). However, a clear facies distinction between these units is not observable in Lamont Pass 

3. Furthermore, a distinction between the Mara Dolostone and Mitchell Yard Member in the 

Emmerugga Dolostone cannot be made in Lamont Pass 3. This ambiguity highlights the need for 

careful stratigraphic studies and potential revision of stratigraphic nomenclature in the southern 

McArthur Basin considering complex paleotopography inherited by the underlying Tawallah Group, 

lateral facies changes, and diachronous deposition. 

 

The overlying Teena Dolostone is only represented by the brecciated dolarenite succession in 

Lamont Pass 3. At least part of this brecciation is due to faulting, accompanied by strong pyrite and 

weak base metals mineralization. The uppermost Teena Dolostone is intersected in Leila Yard 1 and 

comprises shallow subtidal to intertidal facies (FA2). The occurrence of Coxco needles indicates that 

the Coxco Member is developed in this area. In contrast, it is not developed ca. 42 km to the 

southeast in Lamont Pass 3 (Figure 8). GRNT-79-7 does not intersect this part of the stratigraphy but 

a study by Davidson and Dashlooty (1993) demonstrated that the Coxco Member is developed in 

the Glyde sub-basin. 

 

The transition into the overlying Barney Creek Formation coincided with fault reactivation, which 

led to renewed extension of the basin and the formation or reactivation of numerous sub-basins 

and paleohighs (McGoldrick et al., 2010). This episode of extension led to flooding of peritidal facies 

of the Teena Dolostone in Leila Yard 1 and Lamont Pass 3, and deposition of deep subtidal to slope 

facies (FA4) of the Barney Creek Formation in all three drill cores (Figure 8). 

 

The W-Fold Shale is a transitional unit that is only developed as a one meter-thick interval of 

alternating dolarenite and dark grey siltstone (LF15) in Leila Yard 1. The following HYC Pyritic Shale 

Member is a bituminous and pyritic dolomitic siltstone (LF16) in all three drill cores, independent of 

a paleohigh or sub-basin setting. This lithological uniformity testifies to significant deepening of the 

entire southern Batten Fault Zone. In addition, the sedimentological composition of the HYC Pyritic 

Shale Member in the three drill cores presented here is comparable to the correlative mineralized 

interval at McArthur River (Large et al., 1998) and a studied core located approximately 23 km 

southwest of McArthur River (Bull, 1998). Despite the similar sedimentological composition, our 

transect shows a significantly thicker HYC Pyritic Shale Member in the sub-basin intersection in 

GRNT-79-7 (78 m) compared to the paleohigh intersections in Lamont Pass 3 (33 m) and Leila Yard 

1 (17 m). Furthermore, a 7 m-thick black shale (LF17) interval occurs in GRNT-79-7. These 

observations are consistent with the generally deeper depositional environment in the sub-basin. 

 

The overlying undifferentiated Barney Creek Formation is marked by significant lateral thickness 

changes, from less than 200 m on the paleohigh to more than 800 m in the sub-basin (Figure 8). 

Furthermore, the Barney Creek Formation in GRNT-79-7 is truncated by the sub-Cambrian 
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unconformity, and therefore the current thickness of the Barney Creek Formation in this sub-basin 

section is a minimum estimate of its original thickness. This lateral thickness difference indicates 

significant fault-controlled subsidence in the sub-basin. The undifferentiated Barney Creek 

Formation is mostly composed of silty dolarenite/dolomitic siltstone (LF16) but compared to the 

HYC Pyritic Shale Member has a higher carbonate content, is less bituminous, and contains 

abundant carbonate gravity flow deposits (LF14, LF15, LF18). Mass-flow breccias (LF18) are 

particularly common in the middle and upper part of the undifferentiated Barney Creek Formation 

(Figure 8). Taken together, these features indicate general shoaling upward. The undifferentiated 

Barney Creek Formation is dominated by dolomitic siltstone in Leila Yard 1 and GRNT-79-7. 

However, in Lamont Pass 3, located close to the Emu Fault (Figure 1), the upper part comprises 

subtidal (FA3) to shallow subtidal (FA2) carbonate facies (Figure 8). This indicates that while rapid 

early subsidence occurred across the entire studied part of the Batten Fault Zone at the onset of 

HYC Pyritic Shale Member deposition, subsidence rates of the eastern part of this particular 

paleohigh decreased during deposition of the upper undifferentiated Barney Creek Formation and 

allowed the establishment of subtidal to shallow subtidal environments. 

 

The overlying formations are only preserved in the two drill cores from the paleohigh. The Reward 

Dolostone shows a continuation of the general shoaling observed in the undifferentiated Barney 

Creek Formation. It thickens from 13 m in Leila Yard 1 on the northwestern side of the paleohigh to 

40 m in Lamont Pass 3 in the southeast. This thickness increase is accompanied by a facies shift from 

mostly deep subtidal carbonate facies to mostly shallow subtidal to intertidal carbonate facies 

(Figure 8). Therefore, Lamont Pass 3 continues to record shallower depositional environments (as 

observed in the upper undifferentiated Barney Creek) than Leila Yard 1. 

 

The Caranbirini Member of the Lynott Formation is ca. 70 m thick in both Leila Yard 1 and Lamont 

Pass 3 (Figure 8). It records a shift to deeper depositional environments, indicated by the deposition 

of deep subtidal to slope (FA4) black shale (LF17) facies and dolomitic siltstone (LF16) in Leila Yard 

1 and subtidal (FA3) muddy microbialaminite (LF11) and dolomudstone (LF13) in Lamont Pass 3. This 

means, although the Caranbirini Member shows general deepening, a lateral gradient from deeper 

environments in the northwest to shallower environments in the southeast is preserved on this 

paleohigh. Therefore, the lateral gradient that is already present in the upper Barney Creek 

Formation continues through to the Caranbirini Member. 

 

The Hot Spring Member of the Lynott Formation is composed of shallow subtidal to intertidal facies 

(FA2) in both Leila Yard 1 and Lamont Pass 3 (Figure 8). A lateral depth gradient is not observable. 

The total thickness of this member is unknown as both cores are collared in the Hot Spring Member. 

5.2 Sequence stratigraphy 

We have identified four complete and two partial T-R sequences over the studied interval. The 

upper part of the RST of sequence T in the Tooganinie Formation is cored in Lamont Pass 3 (Figure 
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8). A MRS at the top of a red and green siltstone bed coincides with a shift in the gamma pattern 

and marks the top of a succession dominated by supratidal siltstone. 

 

The overlying TST of sequence TM is marked by regular interbedding of subtidal stromatolites (LF11) 

and shallow subtidal to supratidal siltstones (LF6, LF1), producing a characteristic pattern of 

alternating low and high gamma ray readings (Figure 8). The stromatolite/siltstone ratio generally 

increases upsection in the TST, indicating flooding, and the TST culminates in a MFS within a thick 

stromatolite interval (Figure 8). The following RST comprises the uppermost Tooganinie Formation, 

where it is marked by decreasing stromatolite/siltstone ratio, the shallow marine to supratidal Leila 

Sandstone, and sabkha facies of the Myrtle Shale. The top of sequence TM coincides with the 

boundary of the Myrtle Shale to the Emmerugga Dolostone (Figure 8). We identify this surface as a 

MRS. 

 

Southgate et al. (2000) and Jackson et al. (2000) describe a sequence boundary at the base of the 

Leila Sandstone as ̀ incision surface that truncates subtidal green shale of the Tooganinie Formation' 

and separates shallower facies above from deeper facies below. Due to rare outcrops, they only 

observed the Leila-Tooganinie contact in one location near the McArthur River deposit. In Lamont 

Pass 3, the Tooganinie-Leila contact is not associated with significant incision. It is a scour surface 

marked by shale/siltstone rip up clasts in the lowermost 5 cm of the Leila Sandstone, which can be 

explained by deposition of the sandstone on top of unlithified shale/siltstone. We interpret this 

surface as a regressive surface of marine erosion (RSME), which is a highly diachronous surface 

associated with a minor time gap formed as a scour zone during base level fall (Plint, 1988). Further 

support for an overall gradual transition instead of a major unconformity representing a sequence 

boundary comes from shale/siltstone beds and rip up clasts throughout the Leila Sandstone in 

Lamont Pass 3. Furthermore, the uppermost Tooganinie Formation already contains red siltstone 

with anhydrite nodules, as typical for the overlying Myrtle Shale in Lamont Pass 3. 

 

The overlying TST of sequence ET culminates in a MFS marked by a thin dolomudstone (LF13) bed 

and a corresponding peak in the gamma ray log (Figure 8). The following RST is capped by a MRS at 

the top of the Teena Dolostone, which comprises bedded dolarenite (LF4) in both Lamont Pass 3 

and Leila Yard 1. Using the gamma ray log available from Lamont Pass 3, the MRS could be placed 

slightly lower at the inflection point of increasing gamma ray values. However, we choose the facies 

change as MRS as this entire interval is brecciated in Lamont Pass 3 (post-depositional), making it 

difficult to interpret the gamma ray log. 

 

Southgate et al. (2000) and Jackson et al. (2000) describe a karst surface at the base of the Teena 

Dolostone (i.e. in the middle of our sequence ET), which they observed in one location. This 

proposed sequence boundary is also used as base for the River Supersequence (a 2nd-order 

sequence defined on the Lawn Hill Platform in Queensland) in the southern McArthur Basin (Jackson 

et al., 2000). In Lamont Pass 3, the transition between the Emmerugga and Teena dolostones is 

transitional and we do not observe an unconformity. Furthermore, the entire Teena Dolostone is 

faulted, and as a result, is brecciated (Figure 8) and mineralized with pyrite and minor base metal 
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sulfides. Future studies and a more regional assessment are required to better understand this 

contact. 

 

The overlying Barney Creek Formation comprises two sequences, herein called B1 and B2. Sequence 

B1 comprises the W-Fold Shale, HYC Pyritic Shale Member, and roughly the lower half of the 

undifferentiated Barney Creek Formation (Figure 8). Although slightly thicker in the sub-basin 

intersected in GRNT-79-7, the TST of B1 is generally only a few meters thick in the studied drill cores 

(Figure 8). On the paleohigh, the MFS sits within an interval of bituminous dolomitic siltstone (LF16) 

of the middle HYC Pyritic Shale Member, marked by a peak in the gamma ray log in Lamont Pass 3, 

and elevated pyrite abundance in Leila Yard 1. In the sub-basin section of GRNT-79-7, it sits within 

a black shale (LF17) interval in the middle HYC Pyritic Shale Member. As discussed above, the HYC 

Pyritic shale Member records significant flooding across the entire basin, not only in sub-basins. 

Strata of the RST shoal to shallow subtidal facies in the undifferentiated Barney Creek in Lamont 

Pass 3. The RST is capped by a MRS, which is associated with a sharp increase in gamma ray values 

and a shift in δ13Ccarb from increasing to decreasing values (Figure 8). In contrast to Lamont Pass 3, 

the RST does not record shoaling to shallow subtidal environments in Leila Yard 1 and GRNT-79-7. 

Here, the MRS sits within silty dolarenite (LF16) turbidite deposits (Figure 8), which is a typical 

location for the MRS in deeper water settings (Embry and Johannessen, 2017). Gamma ray data are 

not available to identify the exact stratigraphic location of the MRS. However, using a δ13Ccarb shift 

associated with the MRS in Lamont Pass 3 as a chronostratigraphic marker, the MRS can be 

identified in these holes (Figure 8). 

 

Sequence B2 comprises the upper undifferentiated Barney Creek Formation and the Reward 

Dolostone (Figure 8). The TST records less relative deepening of depositional environments across 

the studied area than the TST of B1. In Leila Yard 1 and GRNT-79-7, silty dolarenite gives way to 

pyritic and bituminous dolomitic siltstone and Lamont Pass 3 records deepening from shallow 

subtidal bedded dolarenite (LF4) to subtidal dolomudstone (LF13). The MFS sits within a pyritic black 

shale (LF17) interval in the sub-basin succession of GRNT-79-7 and is associated with a δ13Ccarb shift 

from decreasing to increasing values. This shift also occurs in Lamont Pass 3 and helps to identify 

the MFS within an interval of generally high gamma ray values (Figure 8). In Leila Yard 1, the MFS is 

expressed as pyritic dolomitic siltstone. The RST of sequence B2 is marked by shoaling from slope 

facies (Leila Yard 1) and subtidal facies (Lamont Pass 3) of the undifferentiated Barney Creek 

Formation to shallow subtidal and intertidal facies of the upper Reward Dolostone in both cores. In 

GRNT-79-7, the RST is truncated by the Cambrian unconformity (Figure 8). We place the sequence 

boundary in the upper Reward Dolostone (but not the top), at the onset of rising gamma ray values 

in Lamont Pass 3. We identify the sequence boundary as MRS is Leila Yard 1 but it is unclear whether 

it is a MRS or an unconformable shoreline ravinement surface in Lamont Pass 3. However, we do 

not see evidence for significant truncation and erosion as expected for an unconformable shoreline 

revinement surface. In fact, the δ13Ccarb values change gradually across the boundary into the 

Caranbirini Member, which is consistent with a gradual change (i.e., MRS) instead of a hiatus. As the 

Reward-Lynott contact has previously been described as a locally developed unconformity (Ahmad 

et al., 2013), a regional scale perspective is required to better understand where this contact is 

developed as unconformity. 
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Sequence L comprises the Caranbirini and Hot Spring members of the Lynott Formation. A thin TST 

is developed in the lowermost Caranbirini Member and culminates in a MFS expressed as pyritic 

black shale (LF17) in Leila Yard 1 and a dolomudstone (LF13) marked by a gamma ray peak in Lamont 

Pass 3 (Figure 8). Although Leila Yard 1 records deeper depositional environments during deposition 

of the Caranbirini Member, including the lower RST of sequence L, shoaling upwards to shallow sub- 

to intertidal environments in the Hot Spring Member is recorded in both drill cores (Figure 8). 

 

The Barney Creek Formation and the Caranbirini Member are lithologically similar and hence may 

be difficult to distinguish. Sequence stratigraphy can be used to distinguish these two units. 

Whereas the Barney Creek Formation comprises one full sequence (B1) and the TST and lower RST 

of a second sequence (B2), the Caranbirini Member only consists of one TST and part of an RST (L). 

5.3 Sequence stratigraphic correlation with the Lawn Hill Platform 

The late Paleoproterozoic succession in Queensland is divided into seven 2nd-order supersequences 

(Southgate et al., 2000). Geochronological constraints indicate that middle McArthur Group 

equivalent strata is represented by the River Supersequence, which can be subdivided into eight 

3rd-order sequences (Figure 9; Krassay et al., 2000). We present a possible correlation of these 

sequences with our interpreted sequence stratigraphic framework in the southern McArthur Basin 

(Figure 9). Correlation of these sequences assumes that they formed synchronously, which means 

that the interplay of accommodation space and sedimentation was controlled by the same 

mechanism in both areas or that both at least shared the same allostratigraphic control. Correlation 

of strata in these areas is complicated by the complex tectonic history of the north Australian 

Proterozoic basins. Specifically, seismic sections indicate onlap of Lawn Hill strata onto the southern 

Murphy inlier (Southgate et al., 2000), which separates the southern McArthur Basin from the Lawn 

Hill Platform. Furthermore, only the upper three sequences of the River Supersequence are 

preserved on the northern Lawn Hill Platform (Southgate et al., 2000; Krassay et al., 2000). These 

observations indicate that the Murphy inlier was a paleohigh at the time of deposition, separating 

depocenters on both sides. Nevertheless, as both successions were deposited in less than ca. 15 

million years and have a comparable number of sequences with similar thicknesses, it is reasonable 

to assume more or less synchronous deposition and to attempt to correlate the sequence 

stratigraphic records from both areas (Figure 9). 

 

Previous workers have proposed different stratigraphic positions for the base of the River 

Supersequence in the southern McArthur Basin (Figure 9). For example, the unconformity described 

by Southgate et al. (2000) from the base of the Leila Sandstone has been used as base of the River 

Supersequence (Southgate et al., 2000; McGoldrick et al., 2010). However, we identify this surface 

as a RSME and not as a sequence boundary. Another possibility was suggested by Jackson et al., 

(2000) who described a karst surface at the base of the Teena Dolostone and used this sequence 

boundary as the base for the River Supersequence. Although future work is required to better 

understand this contact, we do not recognize a karst surface or sequence boundary between the  
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Figure 9 Possible correlation of 3rd-order sequences of the River Supersequence in the southern McArthur Basin (this 

study) and the Lawn Hill Platform (Krassay et al., 2000). This correlation is based on placing the River Supersequence 

boundary at the Teena-Barney Creek transition. Previous interpretations for the base of the Supersequence include 

the base of the Teena Dolostone (orange dashed line and arrow; Jackson et al., 2000) and the base of the Leila 

Sandstone (red dashed line and arrow; Southgate et al., 2000; McGoldrick et al., 2010). The new correlation is 

permissible by existing geochronological constraints (Page and Sweet 1998; Page et al., 2000). 

Emmerugga and Teena dolostones in Lamont Pass 3. Therefore, we offer an alternative 

interpretation for the base of the River Supersequence in the southern McArthur Basin. 

Second-order sequences such as the River Supersequence are thought to have a duration between 

3 and 50 million years Vail et al., (1991) and are mostly controlled by regional tectonics (e.g., 

Nystuen, 1998; Embry, 2009). The boundaries are marked by a change of the tectonic regime 

(Embry, 2009) and significant deepening and erosion in different parts of the basin. In the middle 

McArthur Group, the most significant tectonic activity occurred at the Teena-Barney Creek 

transition (e.g., McGoldrick et al., 2010). Movement along broadly north-south striking strike-slip 

faults led to significant sub-basin deepening in some areas and significant uplift and erosion in other 

areas. For example, GRNT-79-7 records 900 m of deep subtidal to slope facies of the Barney Creek 

Formation (Figure 8) deposited in the Glyde sub-basin along the western side of the Emu Fault and 

indicates significant subsidence. In contrast, deposition of mass-flow breccias (Cooley Dolostone 

Member), for example at McArthur River (Williams, 1978; Ireland et al., 2004a), were shed from 

uplifted fault blocks along the Emu Fault and indicate erosion. About 10 km south of the McArthur 

River deposit, a karst surface separates the lower Emmerugga Dolostone from the Reward 

Dolostone (Walker et al., 1983). This surface could have formed any time between the Emmerugga 

and Reward dolostones; however, we suggest it formed at the top of the Teena Dolostone, leading 

to truncation of the Teena and upper Emmerugga dolostones and non-deposition of the Barney 

Creek Formation. This is consistent with the general occurrence of clasts of Teena and Emmerugga 

dolostones in the Cooley Dolostone Member (Williams, 1978; Jackson et al., 1987). Based on these 
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observations, we suggest that the base of the River Supersequence coincides with the Teena-Barney 

Creek transition in the southern McArthur Basin. Following this assumption, we correlate previously 

described 3rd-order sequences from the Lawn Hill Platform (Krassay et al., 2000) with 3rd-order 

sequences described in this contribution (Figure 9). 

The base of the River Supersequence sits within the upper portion of the 1647±4 Ma Lady Loretta 

Formation on the Lawn Hill Platform (Figure 9; Bradshaw et al., 2000; Krassay et al., 2000). Following 

our proposed position of the base of the River Supersequence in the southern McArthur Basin, the 

1640±3 Ma Barney Creek Formation correlates with the upper Lady Loretta Formation (Figure 9). 

The 1636±4 Ma Lynott Formation in the McArthur Basin may represent sequences 3-4 of the River 

Supersequence, which belong to the 1644±8 Ma Riversleigh Siltstone on the Lawn Hill Platform. 

 

The sequence stratigraphic correlation proposed herein is only a first attempt to reconstruct a 

regional 3rd-order sequence stratigraphic framework. A more precise geochronological framework 

and extended carbon isotope record is required to test this correlation and expand it to other areas 

of the greater McArthur Basin (e.g., Birrindudu Basin, Walker Fault Zone). 

5.4 Carbon isotope chemostratigraphy 

Carbon and oxygen isotope ratios show no systematic relationship for Lamont Pass 3 and Leila Yard 

1 (Figure 10), indicating a lack of strong secondary alteration. In contrast, carbon and oxygen 

isotopes in GRNT-79-7 show a weak positive correlation (Figure 10), suggesting that some samples 

experienced secondary alteration, which may be due to meteoric waters (Allan and Matthews, 

1982). Furthermore, a small subset (n=6) of samples from this core have very light δ18Ocarb values 

(<-15‰; Figure 10), likely indicating that they experienced significant alteration. These samples are 

indicated by open circles in Figure 8 and not further considered. As only samples from GRNT-79-7 

experienced weak alteration, we generally consider the carbon isotope data set to be a faithful 

record of the primary carbon isotopic composition of the depositional environment. 

Carbon isotope values of mostly carbonate lithofacies (only 15 samples were dolomitic siltstone; 

see Methods) show significant and systematic variation in the middle McArthur Group (Figure 8). In 

Lamont Pass 3, δ13Ccarb values gradually increase throughout the Tooganinie Formation from ca. -

3.5‰ to ca. -2‰. Due to absence of carbonate beds, we were not able to produce a δ13Ccarb record 

from the overlying Leila Sandstone and Myrtle Shale. However, values continue to increase 

upsection through the Emmerugga and Teena dolostones to a maximum of ca. 0‰ in the middle 

Barney Creek Formation, followed by an upsection decrease to ca. -2‰ to -1.5‰ in the Reward 

Dolostone and Lynott Formation (Figure 8). 
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Figure 10 Carbon and oxygen isotope cross-plot of all data from Leila Yard 1 (n=100), Lamont Pass 3 (n=305), and 

GRNT-79-7 (n=80). Samples from GRNT-79-7 with δ18Ocarb values below ca. -15‰ reflect significant meteoric 

alteration and are only shown by unfilled circles in Figure 8. 

 

This trend generally does not correspond to major changes in the depositional settings throughout 

the succession. Although shoaling to inter- to supratidal environments in the upper Tooganinie 

Formation is accompanied by a trend towards higher δ13Ccarb, the isotopic ratio is much lower as 

reported from modern and ancient sabkha environments (Stiller et al., 1985; Schmid, 2017). 

Furthermore, the highest δ13Ccarb values are recorded by the Barney Creek Formation, which reflects 

the deepest depositional environments in the middle McArthur Group. Shoaling upward, as 

recorded in the Reward Dolostone and Hot Spring Member is accompanied by decreasing δ13Ccarb. 

A lateral isotope gradient across the presented ca. 60 km transect, spanning a sub-basin and 

paleohigh environment, is also not observable. These observations suggest that the 3.5‰ variation 

in the middle McArthur Group does not record vertical or horizontal isotope gradients in the basin. 

 

In contrast, we attribute a subordinate δ13Ccarb trend of ca. 1-2‰ in carbonate lithofacies of the 

Barney Creek Formation (Figure 8) to a depth gradient in the dissolved inorganic carbon reservoir 

of the sampled water body. In Lamont Pass 3, deepening in the basal Barney Creek Formation 

corresponds to decreasing δ13Ccarb values from -1 to -1.5‰ at the MFS of sequence B1. The following 

RST is marked by increasing δ13Ccarb to maximum values around 0‰ at the sequence boundary. The 

overlying TST of sequence B2 shows decreasing values to ca. -1‰, followed by values around -0.5‰ 

in the RST of the upper Barney Creek Formation (Figure 8). 

 

Although the observed isotopic range of 1-2‰ in the Barney Creek Formation in Lamont Pass 3 is 

relatively low, comparable values and trends are observable in the other two drill cores (Figure 8). 

In GRNT-79-7, δ13Ccarb values decrease from -2‰ to ca. -4‰ in the lower Barney Creek Formation 
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(due to lack of carbonate beds only a low resolution data set was produced), followed by an 

upsection trend of increasing values to ca. 0‰ at the B2 sequence boundary. The TST of sequence 

B2 is marked by decreasing values to ca. -2‰ around the MFS. However, the MFS itself was not 

analyzed because it does not sit within a carbonate interval. The preserved lower part of the RST 

shows slightly increasing δ13Ccarb values (Figure 8). Importantly, the described trends in GRNT-79-7 

occur in stratigraphically thicker intervals compared to Lamont Pass 3, reflecting significantly greater 

sedimentation rates in the sub-basin. Due to the lack of carbonate beds, we only present δ13Ccarb 

data from the middle portion of the Barney Creek Formation in Leila Yard 1. Carbon isotope ratios 

increase from ca. -1‰ in the upper RST of sequence B1 to 0‰ at the B2 sequence boundary. This 

maximum is followed by a decline to -2‰ in the TST of sequence B2. 

 

The Reward Dolostone also shows a 1-2‰ trend in δ13Ccarb. In Lamont Pass 3, δ13Ccarb values sharply 

increase from ca. -1 to 0‰ in the lower Reward Dolostone, followed by a gradual decline to ca. -

1.5‰ throughout the Reward Dolostone (Figure 8). A similar trend is recorded by the Reward 

Dolostone in Leila Yard 1. δ13Ccarb values first increase from -2‰ to -1‰ and then decline to -2.5‰. 

In Leila Yard 1 this trend is condensed due to lower sedimentation rates and systematically offset 

towards lighter values by ca. 1‰. This is consistent with a surface-to-depth isotope gradient in the 

sampled water body, comparable to the trend in the Barney Creek Formation. 

 

In summary, carbon isotope data show a systematic 3.5‰ trend in carbonate facies of the middle 

McArthur Group. This trend does not correspond to the depositional environment of the 

stratigraphic units, suggesting it can be used for basin-wide correlation. Subordinate δ13Ccarb trends 

of 1-2‰ in the Barney Creek Formation and Reward Dolostone correspond to trends in relative 

water depth and likely reflect an isotope gradient in the sampled water mass. Future carbon isotope 

work on these units in other locations is required to test whether these low-amplitude shifts in 

δ13Ccarb are a basin-wide signal and can be used for basin-scale correlation. However, given that we 

observe these trends in a 60 km transect across a sub-basin and paleohigh seem to suggest this. 

5.5 Chemostratigraphic correlation with North China Craton 

The Changcheng and Nankou groups on the North China Craton represent a late Paleo-

Mesoproterozoic mixed siliciclastic-carbonate rift to drift succession (Chu et al., 2007; Meng et al., 

2011). Marine carbonate rocks of the Tuanshanzi Formation comprise the upper part of the 

Changcheng Group and are dated by an interbedded tuff bed that yielded a zircon 207Pb/206Pb age 

of 1637±15 Ma (Zhang et al., 2013). The overlying Dahongyu Formation of the Nankou Group 

comprises basal sandstones, overlain by carbonate rocks, and an interbedded tuff yielded a SHRIMP 

U-Pb age of 1622±23 Ma (Lu et al., 2008) and a single zircon U-Pb age of 1625±6 Ma (Lu and Li, 

1991). These formations are thus the same age as the middle McArthur Group, within analytical 

uncertainty (Figure 11). 

 

Carbon isotope chemostratigraphic data of the Tuanshanzi and Dahongyu formations were 

previously reported by Chu et al. (2007) and data from the Tuanshanzi Formation display a strikingly  
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Figure 11 Carbon isotope chemostratigraphic records of the Jixian section on the North China Craton (least altered 

samples; Chu et al., 2007) and the middle McArthur Group in Lamont Pass 3 (this study). Radiometric ages are from 

Lu and Li (1991), Lu et al. (2008), Zhang et al. (2013), Page and Sweet (1998), and Page et al. (2000).  

 

similar isotopic range and trend to our data from the middle McArthur Group (Figure 11). Given 

the comparable age, within analytical uncertainty, we propose that the Tuanshanzi Formation is 

equivalent to the interval from the Tooganinie to Lynott Formation in the southern McArthur 

Basin. The preservation of a comparable δ13Ccarb record on two different cratons indicates that the 

carbon isotope curve from the middle McArthur Group is at least a basin-wide record. If both 

successions were deposited in different basins, the presented data could be used to construct an 

age-calibrated global carbon isotope record for this time. 

5.6 Implications for exploration 

Our sedimentological and stratigraphic evaluation of the Barney Creek Formation, the most 

important Zn-Pb host unit in the McArthur Basin, demonstrates that this unit is not homogeneous. 

As expected, the formation is significantly thicker in sub-basins compared to paleohighs (Figure 8, 

Figure 12). The undifferentiated Barney Creek Formation shows lateral facies variation. On the 

paloehigh in Lamont Pass 3, the undifferentiated Barney Creek Formation comprises carbonate 

facies deposited in shallow marine environments. In contrast, both the sub-basin intersection in 

GRNT-79-7 and the paleohigh intersection in Leila Yard 1 record deep subtidal and more siliciclastic-

rich facies (Figure 8). 
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The sedimentology of the HYC Pyritic Shale Member, which hosts the mineralization at McArthur 

River and Teena, is similar across the studied area and previously studied mineralized and 

unmineralized cores (Large et al., 1998; Bull, 1998). However, the well-developed organic-rich and 

pyritic black shale and silty shale interval (MFS of sequence B1) in the sub-basin in GRNT-79-7 may 

be an important difference to paleohigh settings. Metallogenic models for McArthur-type deposits 

suggest metal transport by oxidized and sulfide-poor fluids, and chemical trapping by reducing and 

sulfidic strata (e.g., Large et al., 1998; Huston et al., 2006); the high abundance of organic matter 

and sulfide in the HYC Pyritic Shale Member would provide excellent trapping conditions. As the 

black shale interval in sub-basins is even more pyritic and organic-matter rich, it represents an even 

better chemical trap. This interval would therefore be the most prospective base metal target if the 

mineralization was syngenetic (Large et al., 1998). However, recent microcharacterization revealed 

that the mineralization at McArthur River occurred during late-stage diagenesis (Spinks et al., 2017). 

This model implies that mineralization occurred after initial compaction and lithification, which 

would have significantly reduced the initially high porosity and permeability of the black shale 

interval. Although developed as ideal chemical trap, the lithification and compaction would 

potentially convert the black shale interval into a seal (i.e., physical trap) for ascending brines. 

Following the diagenetic model, targeting should focus on the transgressive interval of the HYC 

Pyritic Shale Member below the MFS. Regardless of whether the MFS was a chemical trap 

(syngenetic model) or a physical trap (diagenetic model), sequence stratigraphy is a powerful tool 

for targeting as it predicts the stratigraphic position of this important interval. Ideally, it should be 

coupled to facies maps showing where in the basin the MFS is developed as a silty and black shale. 

 

The alternatives of syngenetic and late-stage diagenetic mineralization have important implications 

for the timing of fluid pumping. Assuming syngenetic mineralization, Garven et al. (2001) linked fluid 

pumping to tectonic activity during deposition of the HYC Pyritic Shale Member. However, modelling 

by Sheldon et al. (2017) demonstrated that extension, which created the accommodation space for 

deposition of the HYC Pyritic Shale Member (e.g., McGoldrick et al., 2010), does not promote 

upward fluid flow. The diagenetic model implies that fluid pumping occurred later during 

undifferentiated Barney Creek time. A suitable stratigraphic interval might be the upper Barney 

Creek Formation around the B1-B2 sequence boundary. Here mass-flow breccias are common 

(Figure 8). Although speculative, they may record slope and platform failure caused by a short-lived 

compressional event. This would be consistent with observations from the McArthur River deposit, 

where Hinman (1995) postulated compression during deposition of the upper Barney Creek 

Formation. This compressional event could be a suitable fluid pumping mechanism in the diagenetic 

model. 

 

The generally lower abundance of organic matter and sulfide as reductant and possible sulfur source 

in the undifferentiated Barney Creek Formation has a negative effect on the trapping potential. This 

makes this part of the Barney Creek Formation less attractive than the HYC Pyritic Shale Member. 

An exception could be the organic-rich and pyritic black shale interval developed at the MFS of 

sequence B2 in the sub-basin section in GRNT-79-7 (Figure 9, Figure 12). However, as the host unit 

and its trapping potential is only one critical component of the mineral system, other components 

(e.g., fluid pumping) also need to be considered. The same is true for the lower Caranbirini Member, 
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which shows good trapping potential due to the organic-rich and pyritic composition of the recorded 

MFS of sequence L (Figure 8). 

 

 

Figure 12 Schematic cross-section illustrating the heterogeneity of the Barney Creek Formation in a paleohigh and 

sub-basin setting. Sequence stratigraphy is shown on the right. Note vertical exaggeration (1:10). Relative thickness 

changes are consistent with our core logs (see Figure 8). In our preferred diagenetic model for mineralization, the 

MFS of sequence B1 would act as seal to ascending metalliferous fluids where it is developed as silty and black shale. 

In the syngenetic model (not shown) the black shale itself would be mineralized as it is more pyritic and organic-

matter rich than the underlying transgressive sediments. 

 

6 Conclusion 

A facies analysis reveals that rocks of the middle McArthur Group (i.e., Tooganinie to Lynott 

Formation) can be grouped into four facies associations and 19 lithofacies, spanning diverse 

depositional environments from deep subtidal and slope to supratidal sabkhas. Based on this 

detailed sedimentological evaluation, we provide a sequence stratigraphic interpretation of the 

middle McArthur Group. Confirming Bull (1998), the Barney Creek Formation and overlying Reward 

Dolostone comprise two T-R sequences. This observation can be used to distinguish the Barney 

Creek Formation from the lithologically similar Caranbirini Member, which only consists of one 

incomplete sequence. The middle McArthur Group shows a systematic 3.5‰ δ13Ccarb trend that 

does not correspond to variation in depositional environments and thus likely reflects a basin-wide 

signal. In contrast, 1-2‰ variation in the Barney Creek Formation and Reward Dolostone correspond 

to changes in relative water depth and likely represent an isotope gradient within the basin. We use 

our sequence stratigraphic interpretation of the middle McArthur Group in the southern McArthur 

Basin to propose a possible correlation with coeval strata from the Lawn Hill Platform in 

Queensland. Furthermore, based on strikingly similar δ13Ccarb records and comparable ages, we 
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propose that the middle McArthur Group correlates with the Tuanshanzi Formation from the North 

China Craton. 

 

Important for mineral exploration, our study shows that the Barney Creek Formation is a 

heterogeneous unit. As generally agreed, the HYC Pyritic Shale Member is most prospective in sub-

basins where it is thicker. In the depocenters of sub-basins, a maximum flooding surface in the HYC 

Pyritic Shale Member is developed as pyritic and organic-rich silty shale and black shale. If the 

mineralization was syngenetic, this interval would be an ideal chemical trap for base metal 

mineralization. In contrast, in the diagenetic model for mineralization, it would likely be a physical 

trap (seal) for ascending metalliferous brines due to compaction and lithification. Regardless of the 

preferred model for mineralization, sequence stratigraphy can be used to target this interval, ideally 

combined with facies maps depicting the lithological variation of this maximum flooding surface 

within the basin. 
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Part II The ca 1640 Ma Barney Creek Formation in 

the McArthur Basin: Targeting diagenetic 

mineralization and depocentre shift    
 
 

This part is a revised and extended version of an abstract published as Kunzmann, M., Blaikie, T.N., 

2019, The ca 1640 Ma Barney Creek formation in the McArthur Basin: Targeting diagenetic 

mineralisation and depocentre shift. In: Annual Geoscience Exploration Seminar (AGES) 

Proceedings, Alice Springs, Northern Territory, 19-20 March 2019, Northern Territory Geological 

Survey, Darwin, pp.76-80.  

 

The paper and accompanying carbon isotope data can be freely downloaded here.      

 

This part is currently in preparation as an article for a peer-reviewed journal. It will present a detailed 

sequence stratigraphic and chemostratigraphic interpretation of the Barney Creek Formation on a 

regional scale. All carbon isotope data shown in figures will be released with the article.  

 

Part I of this report presents a detailed facies analysis and establishes a sequence and chemo-

stratigraphic framework for the middle McArthur Group based on three drill cores. In Part II, we 

present all core logs and cross-sections across the Batten Fault Zone. Therefore, Part II presents a 

regional-scale assessment of the Barney Creek Formation, which shows that a depocentre shift 

occurred across the Batten Fault Zone from south to north. We also use the regional-scale 

sedimentological information, together with constraints from microanalytical data from McArthur 

River (Spinks et al. report), to present a stratigraphic targeting concept for Zn-Pb mineralization in 

the Barney Creek Formation. 

1 Introduction 

The ca 1640 Ma Barney Creek Formation is a dominantly fine-grained siliciclastic unit of the 

McArthur Group in the southern McArthur Basin (Figure 13, Figure 14). It is of significant economic 

importance because it hosts the world-class McArthur River Zn-Pb-Ag deposit (e.g., Croxford 1975, 

Eldridge et al., 1993; Large et al., 1998; Ireland et al., 2004a, b) and the Teena Zn-Pb prospect (Taylor 

et al., 2017). In addition, it is one of the oldest active petroleum systems in the world and may be 

an important hydrocarbon source rock or unconventional reservoir (e.g., Jackson et al., 1986; 

Summons et al., 1988; Baruch et al., 2015). The Barney Creek Formation is also an important archive 

of early life on Earth. Due to its generally low thermal maturity, it hosts the oldest unambiguous 
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indigenous biomarkers in the world and represents a unique archive of mid-Proterozoic surface 

environments (e.g., Brocks et al., 2005; Lee and Brocks, 2011). 

 

 

Figure 13 Simplified geological map of the McArthur Basin and magnetics of the Batten Fault Zone. A) Geographical 

distribution of McArthur Basin and equivalent stratigraphy, as well as basement inliers and younger sedimentary 

cover. B) Reduced to pole magnetics overlaid on the tilt-derivative of the Batten Fault Zone (inset in A) highlighting 

the current structural complexity of the basin (modified from Kunzmann et al., 2019). Also shown are the location of 

the McArthur River deposit and studied drill cores. 

 

 

 

The Zn-Pb mineralisation in the Barney Creek Formation is typically stratiform and hosted by pyritic, 

organic matter-rich and dolomitic siltstones deposited in sub-basin depocentres. The timing of 

mineralization is debated but generally considered to be syngenetic or diagenetic (e.g., Eldridge et 

al. 1993; Large et al., 1998). These characteristics highlight the need for detailed sedimentological, 

stratigraphic, and structural basin reconstructions for mineral exploration. Specific questions focus 

on the distribution and formation of sub-basins, on individual sub-basin reconstructions, and on 

understanding lateral and stratigraphic heterogeneity of the Barney Creek Formation. It is also 

important to develop sedimentological and stratigraphic models for targeting mineralization that 

take into account the implications of syngenetic versus diagenetic mineralisation. 

 

In this contribution, we extend our earlier work on the sedimentology and stratigraphy of the Barney 

Creek Formation from the southernmost Batten Fault Zone (Figure 13; Kunzmann et al., 2018, 2019) 

to the entire Batten Fault Zone. We show that a significant shift in the depocentre occurred across 
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the Batten Fault Zone from south to north at the Barney Creek–Reward transition (Figure 14). 

Considering new evidence for the timing of mineralisation (Taylor et al., 2017; Spinks et al., 2019), 

we propose to target mineralized strata by using a combination of sequence stratigraphy and facies 

maps. 

 

 

Figure 14 Stratigraphy, dominant lithology, and geochronological constraints of the McArthur Group. Stratigraphy 

modified from Ahmad et al. (2013), radiometric ages from Page and Sweet (1998) and Page et al. (2000). 

2 Geological Setting 

The greater McArthur Basin is part of a Proterozoic basin system on the North Australian Craton 

(e.g., Giles et al., 2002; Betts et al., 2003; Gibson et al., 2017). It can be subdivided into the northern 

and southern McArthur Basin, separated by the east-west striking Urapunga Fault Zone (Figure 13). 

The most important structural features are the Walker and Batten Fault Zones in the northern and 

southern McArthur Basin respectively (Figure 13). These fault zones are north-south striking 

corridors, each about 80 km wide and 200 km long. 

 

The ca 1670—1600 Ma McArthur Group is a mixed siliciclastic–carbonate succession (Figure 14) 

exposed in the southern McArthur Basin. The group is between 1 and 3.5 km thick. The Barney Creek 

Formation sits stratigraphically in the middle part of the McArthur Group and was deposited in a 

highly compartmentalised basin, characterized by km-scale sub-basins and paleohighs (e.g., 

McGoldrick et al., 2010; Kunzmann et al., 2019). Two types of sub-basins were recently recognized 

from the interpretation of geophysical data (Blaikie and Kunzmann, 2019). Type 1 sub-basins are 

north-south striking transtensional sub-basins that developed along the north–northwest trending 

Emu Fault (Figure 13). In contrast, Type 2 sub-basins trend east–west and developed adjacent to 

east–west striking normal and north–northwest striking transfer faults located between the Hot 

Spring and Emu faults (Blaikie and Kunzmann, 2019). 
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The Barney Creek Formation is 10–900 m thick and is subdivided into three members: the W-Fold 

Shale, the HYC Pyritic Shale, and the Cooley Dolostone (Jackson et al., 1987). These members are 

overlain by the undifferentiated upper part of the formation (Figure 14). The W-Fold Shale 

represents the basal part of the formation and is composed of green or red siltstone, pink dololutite, 

or dolarenite with green or red siltstone laminae (Jackson et al., 1987; Davidson and Dashlooty, 

1993; Kunzmann et al., 2019). The HYC Pyritic Shale Member, which hosts the McArthur River and 

Teena deposits, consists of dolomitic siltstones and minor silty black shale. Tuff beds in the HYC 

Pyritic Shale Member yielded U–Pb SHRIMP ages of 1638 ± 7 Ma, 1640 ± 3 Ma, and 1639 ± 3 Ma 

(Page and Sweet, 1998). The Cooley Dolostone is a locally developed carbonate breccia related to 

faults that interfingers with other members of the Barney Creek Formation (Jackson et al., 1987). 

The undifferentiated upper part of the formation is dominated by dolomitic siltstones, carbonate 

mass-flow deposits, and dolarenite (Jackson et al., 1987; Kunzmann et al., 2019). 

 

The Barney Creek Formation comprises two 3rd-order transgressive–regressive sequences, referred 

to as sequences B1 and B2 (Kunzmann et al., 2019). Sequence B1 comprises the W-Fold Shale, the 

HYC Pyritic Shale Member, and the lower half of the undifferentiated Barney Creek Formation. The 

transgressive systems tract (TST) records deepening of shallow subtidal and intertidal environments 

of the Coxco Dolostone Member of the underlying Teena Dolostone (Figure 14) to deep subtidal 

environments in the Barney Creek Formation. It culminates in a maximum flooding surface (MFS) at 

the top of the HYC Pyritic Shale Member. This MFS is typically developed as bituminous dolomitic 

siltstone on paleohighs and in shallow parts of sub-basins, but can be developed as highly pyritic 

black shale and silty shale in sub-basin depocentres (Figure 21; Kunzmann et al., 2019). A thick 

regressive systems tract (RST) follows the TST and can record shoaling to subtidal environments on 

paleohighs. It is capped by a maximum regressive surface (MRS) as sequence boundary that sits 

within silty dolarenite turbidite deposits in sub-basins (Kunzmann et al., 2019). Sequence B2 

comprises the upper part of the undifferentiated Barney Creek Formation and most of the overlying 

Reward Dolostone (Figure 14). A thin TST records renewed deepening of the depositional 

environment and culminates in a highly pyritic black shale or silty shale in sub-basins or muddy 

dolostone facies on paleohighs (Kunzmann et al., 2019). The overlying RST records shoaling to 

shallow subtidal and intertidal environments in the upper Reward Dolostone. 

3 Methods 

This work is based on detailed lithostratigraphic logging of 18 drill cores, supported by the 

interpretation of wireline data from two additional wells (Figure 13). A facies analysis of the middle 

McArthur Group, as well as a carbon isotopic and sequence stratigraphic framework of this 

succession, is discussed in detail in Kunzmann et al. (2019). However, the stratigraphic 

interpretation in Kunzmann et al. (2019) focuses only on the southern Batten Fault Zone. In this 

contribution, we extend it to the entire Batten Fault Zone to better understand the spatial variability 

of the Barney Creek Formation. 
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4 Results and Discussion 

4.1 Targeting diagenetic mineralization and fluid pumping 

The HYC Pyritic Shale Member and the undifferentiated upper part of the Barney Creek Formation 

are generally pyrite- and organic matter-rich. However, the maximum flooding surfaces of 

sequences B1 and B2 have even higher pyrite and organic matter contents, in particular in sub-basin 

depocentres where they can be developed as silty and black shales (Kunzmann et al., 2019). This 

suggests that they represent the most suitable chemical traps for oxidised base metal brines. 

Therefore, we had previously proposed to target these intervals in sub-basin depocentres for Zn-Pb 

mineralisation (Kunzmann et al., 2018). This targeting concept focused on syngenetic models for 

mineralisation. However, recent microanalytical results from the McArthur River deposit suggest 

that the mineralisation postdates earliest diagenesis and highlights the importance of carbonate 

replacement (Spinks et al., 2019). This implies that the host rocks were already buried at the time 

of mineralisation. Constraining the depth below the seafloor at which the mineralisation occurred 

is challenging though. Based on the paragenetic relationships observed at McArthur River (Spinks et 

al., 2019), it seems likely that the burial depth was on the order of ten to a few hundred meters. We 

suggest that the maximum flooding surfaces, where developed as silty and black shales, would have 

already been compacted and lithified at such depths, thus significantly reducing their porosity and 

permeability. For this reason, we suggest that the shale facies of the maximum flooding surfaces 

would have acted as physical traps (seals) to ascending base metal brines. 

 

The new model for the mineralisation at McArthur River is consistent with observations from Teena 

(Taylor et al., 2017) and has implications for exploration. Of particular importance is the maximum 

flooding surface of sequence B1 because the mineralisation at McArthur River and Teena occur in 

the HYC Pyritic Shale Member (e.g., Eldridge et al 1993, Taylor et al 2017). Instead of targeting the 

maximum flooding surface for mineralisation, the transgressive deposits below should be the target. 

Their stratigraphic occurrence, and that of the capping maximum flooding surface as physical trap 

(seal), can be predicted with sequence stratigraphy. Ideally, this should be coupled to facies maps 

that show where in the basin the maximum flooding surface at the top of the HYC Pyritic Shale 

Member is developed as shale (and not as siltstone) to provide ideal seal properties. This model 

should be testable with detailed stratigraphic studies of mineralised sub-basins. At Teena, the most 

carbonaceous and pyritic interval (i.e., maximum flooding surface?) occurs above the mineralised 

zone of the HYC Pyritic Shale Member (Taylor et al., 2017), which is generally consistent with our 

model. 

 

A syngenetic model for the mineralisation implies that fluid pumping occurred at the time the host 

rocks of the HYC Pyritic Shale Member were deposited. This means the pumping of fluids would 

have happened during extension and deepening of sub-basins (McGoldrick et al., 2010, Blaikie and 

Kunzmann, 2019). In contrast to models of syngenetic mineralization, diagenetic models suggest 

fluid pumping after the host rocks were deposited. One hypothesis is that fluid pumping occurred 

during deposition of the upper Barney Creek Formation. Our detailed logging shows that carbonate 
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mass flow breccias are common in this stratigraphic interval, indicating instability of shallow 

depositional environments potentially linked to a short-lived compressional event. This event may 

be related to accretion of the Warumpi province at the southern margin of the North Australian 

Craton or intraplate instability associated with broader scale plate reorganization (Blaikie and 

Kunzmann, 2019). 

4.2 Depocentre shift 

Core logging on a regional scale across the Batten Fault Zone (Figure 15-20) shows a shift in the 

depocentre at Barney Creek–Reward time (Figure 20; Figure 21). In the southern and central part of 

the Batten Fault Zone, the Barney Creek Formation is relatively thick, whereas the overlying Reward 

Dolostone is thin. Furthermore, the Reward Dolostone comprises shallow marine facies. In contrast, 

in the northern part of the Batten Fault Zone (wells YLD001 and Cow Lagoon 1, Figure 20), the 

Barney Creek Formation is much thinner, whereas the Reward Dolostone is very thick and 

represents hundreds of meters of deep marine strata. In this area, the overlying Caranbirini Member 

of the Lynott Formation also seems to be thicker than further to the south. 

 

The observed depocentre shift indicates that major extension in the northern part of the Batten 

Fault Zone occurred later in the basin’s history when compared to the southern and central region. 

The Caranbirini Member is lithologically similar to the Barney Creek Formation and shows excellent 

metal host compositions (Kunzmann et al., 2019). Therefore, the Caranbirini Member may be a 

potential exploration target, depending on the timing of fluid pumping, availability of a metal 

source, and the structural framework and evolution. 
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Figure 15 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a north-south transect 

(green circles on inset map) across the Glyde sub-basin in the southern Batten Fault Zone. Abbreviations: 

mfs=maximum flooding surface; L=Leila Sandstone; Rew.=Reward Dolostone; C=Coxco Member; W=W-Fold Shale; 

H=HYC Pyritic Shale Member. 
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Figure 16 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a west-east transect 

(green circles on inset map) across the northern Glyde sub-basin in the southern Batten Fault Zone. Abbreviations: 

mfs=maximum flooding surface; C=Coxco Member. See Figure 15 for legend.  
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Figure 17 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a west-east transect 

(green circles on inset map) across the southern Glyde sub-basin in the southern Batten Fault Zone. Abbreviations: 

mfs=maximum flooding surface; C=Coxco Member; Und.=Undifferentiated See Figure 15 for legend.  
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Figure 18 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a northwest-southeast 

transect (green circles on inset map) across the central Batten Fault Zone. Abbreviations: mfs=maximum flooding 

surface; R=Reward Dolostone; W=W-Fold Shale Member; H=HYC Pyritic Shale Member; C=Caranbirini Member; 

Donn.=Donnegan Member. See Figure 15 for legend.     
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Figure 19 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a north-south transect 

(green circles on inset map) across the central Batten Fault Zone. Abbreviations: mfs=maximum flooding surface; 

R=Reward Dolostone; W=W-Fold Shale Member; H=HYC Pyritic Shale Member; Caran.=Caranbirini Member. See 

Figure 15 for legend.     
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Figure 20 Litho-, sequence, and carbon isotope stratigraphy of the middle McArthur Group on a north-south transect 

(green circles on inset map) across the northern Batten Fault Zone. Abbreviations: mfs=maximum flooding surface; 

R=Reward Dolostone; H=HYC Pyritic Shale Member; Undiff.=Undifferentiated. See Figure 15 for legend.     
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Figure 21 Three-dimensional geological cross-section across the Batten Fault Zone. In the southern and central part 

(south of well CL1), the Barney Creek Formation is thick but the overlying Reward Dolostone is thin. The opposite 

relationship is observable in the northern part of the Batten Fault Zone. Drill hole abbreviations: Y1=YLDD001; 

CL1=Cow Lagoon 1; M79-2=MANT79-2; DD82=DD82CA1; N16=NB16DD018; LY1=Leila Yard 1; LP3=Lamont Pass 3; 

GR1=GRNT79-1; GR3=GRNT79-3; GR4=GRNT79-4; GR5=GRNT79-5; GR7=GRNT79-7; GR8=GRNT79-8; GR9=GRNT79-9; 

Gl-Glyde 1.  

5 Conclusion 

Based on a diagenetic model for the mineralization at Teena and McArthur River (Taylor et al., 2017, 

Spinks et al., 2019), and on our sedimentological and stratigraphic insights, we propose to target Zn-

Pb mineralisation in the Barney Creek Formation by integrating sequence stratigraphy and facies 

maps. Furthermore, our regional scale study of the middle McArthur Group demonstrates that a 

depocentre shift occurred across the Batten Fault Zone at Barney Creek–Reward time. A thicker 

Caranbirini Member in the northern part of the fault zone may be an exploration target. 
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Part III Geochemistry of the Barney Creek 

Formation    
 

 
 

All geochemical data are closed file until 30 June 2020 and will then be available here.  

 

The interpretation of all geochemical data will be prepared as an article for a peer-reviewed journal. 

 

Parts I and II of this report focus on the sedimentology and stratigraphy of the middle McArthur 

Group, with a particular focus on the Barney Creek Formation as target unit. Part III of this part of 

the McArthur Basin project focuses on integrating a geochemical data set of the Barney Creek 

Formation into the previously established sedimentological and stratigraphic framework. However, 

since the data are closed file until 30 June 2020, an interpretation will not be provided in this report.    

Overview 

Fine-grained siliciclastic facies (i.e., black shales and dolomitic siltstone) of the Barney Creek 

Formation was systematically sampled at 10 m resolution during stratigraphic logging of drill cores 

(Figure 15-20). A total of 480 samples was analysed for whole rock geochemistry, rock eval pyrolysis, 

and iron speciation.  

 

Rock eval data will be used to evaluate the thermal maturity of the Barney Creek Formation and to 

test possible spatial and stratigraphic maturity trends. Whole rock analyses will be used to assess 

possible hydrothermal footprints in the Barney Creek Formation, and, together with iron speciation, 

will be used to reconstruct the paleoredox chemistry of this unit. This includes the evaluation of 

stratigraphic redox trends, the redox structure of the basin, and potential spatial redox variability. 

 

The paleoredox data will be informative about the chemical trapping potential of the Barney Creek 

Formation. As the data set is integrated into the detailed stratigraphic framework, the spatial and 

stratigraphic variability of the intervals most suitable to have trapped metals can be evaluated. The 

potential occurrence of hydrothermal footprints can also be evaluated across the Batten Fault Zone. 

Furthermore, stratigraphic and lateral trends in thermal maturity will have implications for 

unconvential petroleum exploration.  
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Executive summary 

The supergiant McArthur River (formerly -Here’s Your Chance [HYC]) Zn-Pb-Ag deposit is one of the 

largest sediment-hosted base metal deposits in the McArthur-Isa superbasin, northern Australia, 

the world’s largest Zn-Pb province. The deposit is often regarded as a key example of a sedimentary-

exhalative (sedex) deposit, which implies mineralisation occurred following exhalation of a 

metalliferous brine into the water column with resultant deposition of laminated base metal 

sulphide ore as a chemical sediment. This model of ore formation implies that a synsedimentary 

tectonic framework was the key control on ore deposition. However, the evidence for a 

synsedimentary-exhalative origin of the McArthur River deposit (and other similar deposits in the 

region), is predicated mainly on the interpretation that the ores with fine-grained laminated 

textures are sedimentary in origin, and ore clasts that occur within intraformational breccias 

indicate that mineralisation occurred before individual fault movements. The presence of laminated 

ore textures, often regarded as the primary evidence for exhalative processes in these deposits, 

have otherwise been shown to result from carbonate replacement processes in the subsurface well 

after deposition of the host sediment in other similar deposits. In order to effectively inform future 

exploration campaigns in the McArthur-Isa Superbasin, it is of paramount importance to refine our 

understanding of the genetic processes involved in the formation of the McArthur River deposit. 

Previous studies of the mineralisation and genesis of the McArthur River deposit and similar 

sediment-hosted base metal mineral systems have focussed on empirical observations or non-

quantitative analytical methods, and sub-micron-scale techniques. Furthermore, as is traditionally 

the case with ore deposit geology studies, there has been a considerable gap in the scales at which 

the McArthur River deposit has been studied: from the deposit scale to the thin section scale. 

Because of the discrepancy between the large-scale datasets acquired over hundreds of metres to 

the highly detailed datasets obtained at the sub-micron scale, critical information providing a 

meaningful geological context for the interpretation of micron-scale data is presently missing. This 

issue is not restricted to sediment-hosted ore deposits, but in all ore deposit studies generally. Here, 

we fill that gap by employing state-of-the-art new technologies to characterize the ore deposit 

textures, mineralogy and geochemistry and provide a holistic understanding of the genetic 

processes driving the formation of this giant deposit. Such innovative technologies present the 

incomparable potential to quantitatively analyse large samples from individual ore lenses at 

unprecedented high-definition and provide valuable information from the metre to nanometre-

scale.  

Our data show several new findings that are critical to understanding the ore-forming processes at 

the McArthur River deposit. These include: 

• Diagenetic carbonate laminae, previously thought to not occur or be preserved in the 

laminated zone of the deposit, are shown by Maia Mapper™ analysis to be preserved in 

subtle areas associated with laminated Zn mineralisation. Nodular carbonate displays 

partial-dissolution textures and sphalerite occurs at the outer margin of the dissolution 

fronts. Manganese enrichment occurs on the outer rim of the partially-dissolved carbonate. 

These observations are consistent with a carbonate replacement style mineral system. 
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• Thallium (Tl) enrichment has been long known to be associated with sediment-hosted Zn-Pb 

deposits such as the McArthur River deposit, however, much remains unknown about its 

deportment. Therefore, the role and timing of Tl in the mineral system, and potential use as 

a geochemical pathfinder has been poorly understood. For the first time, Maia Mapper 

analyses of large-scale samples show that Tl is associated with late-stage pyrite bands rather 

than early syngenetic-diagenetic laminated pyrite. Additional nanometre-scale focussed ion 

beam analyses of these paragenetically-late pyrites show that Tl is present exclusively in late-

stage pyrite overgrowths around earlier pyrite, both of which precipitated before base metal 

sulphide deposition.  

These observations strongly imply that the mineralising ore-forming events occurred in the 

subsurface post-deposition. Furthermore, the trace element deportment and paragenetic sequence 

provide key information on the likely ore fluid chemistry. Fluid geochemical modelling allows us to 

piece together the sequence of events related to the emplacement of the ore deposit. 1) Oxidized 

and acidic metal chloride-bearing ore fluids migrated into the subsurface of the Barney Creek 

Formation. Fluids interacted with the reducing sedimentary lithologies and H2S-bearing pore fluids, 

and became reduced below the oxidizing buffer. 2) Secondary Tl-enriched pyrite precipitated 

around earlier diagenetic pyrite, and acidic ore fluids dissolved diagenetic carbonate. Laminated 

carbonate in the central zone was almost entirely dissolved, nodular carbonate was partially-

dissolved and underwent Mn enrichment at the reaction front. 3) pH buffering at the site of 

carbonate dissolution allowed sphalerite to precipitate at the site of carbonate dissolution.  

This model of carbonate dissolution associated with the ore deposition at the McArthur River 

deposit is consistent with other sediment-hosted Zn-Pb deposits globally and raises doubt over the 

occurrence of sedimentary-exhalative ore-forming processes in the McArthur Basin.  
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1 Introduction 

The supergiant McArthur River (formerly - Here’s Your Chance [HYC]) Zn-Pb-Ag deposit, is one of 

the largest sediment-hosted base metal deposits in the McArthur-Isa superbasin (Figure 1), the 

world’s largest Zn-Pb province. The McArthur River deposit is widely regarded as one of the classic 

examples of a sedimentary exhalative (sedex) base metal deposit (Large et al., 1998, Ireland et al., 

2004b), which implies mineralisation occurred following exhalation of a metalliferous brine into the 

water column with resultant deposition of laminated base metal sulphide ore as a chemical 

sediment. This model of ore formation implies that a synsedimentary tectonic framework played a 

role in the ore deposition. A review of sedimentary-hosted Zn-Pb deposits by (Leach et al., 2005) 

found the term ‘sedex’ to be fundamentally concerning because it imparts a specific exhalative 

genetic component, and most sediment-hosted deposits lack unequivocal evidence for exhalative 

ore. The presence of laminated ore textures, often regarded as the primary evidence for exhalative 

processes in these deposits, has been shown to result from carbonate replacement processes in the 

subsurface well after deposition of the host sediment in other similar deposits such as in the Red 

Dog region (Kelley et al., 2004). Likewise, the laminated ore of the Century deposit in the Isa basin 

has been shown to be ~28 million years younger than the host sediment (Broadbent et al., 1998).  

The evidence for a synsedimentary-exhalative origin of the McArthur River deposit (and other 

similar deposits in the region), is predicated mainly on the observation that the ores with fine-

grained laminated textures are sedimentary in origin (Large et al., 1998), and ore clasts that occur 

within intraformational breccias indicate mineralisation occurred before individual fault movements 

(Ireland et al., 2004b). Trace element enrichments, e.g. thallium (Tl) in the ore zone and surrounding 

and overlying lithologies, are also reported to represent synsedimentary origin for mineralisation 

(Large et al., 2000). However, these features have also been interpreted by some workers to be 

strong evidence for subsurface diagenetic-epigenetic carbonate replacement origin for the mineral 

system. Currently, despite having been well studied over the decades, controversy remains over the 

genetic model of the McArthur River mineral system. 

Previous studies of the mineralisation and genesis of the McArthur River deposit and similar 

sediment-hosted base metal mineral systems have focussed on empirical observations or non-

quantitative analytical methods, and sub-micron-scale techniques. Furthermore, as is traditionally 

the case with ore deposit geology studies, there has been a considerable gap in the scales at which 

the McArthur River deposit has been studied: from the deposit scale to the thin section scale. 

Because of the discrepancy between the large-scale datasets acquired over hundreds of metres to 

the highly detailed datasets obtained at the sub-micron scale,  critical information providing a 

meaningful geological context for the interpretation of micron-scale data is presently missing For 

example, micron-scale trace element deportment by spot measurement techniques such as laser 

ablation ICP-MS, although highly accurate, are inherently lacking context greater than that of the 

small number grains measured in a given microscopic spatial area. This gap in data has been 

traditionally filled by visual observations at the deposit scale, which can lead to subjective biases. 

Here we present new evidence for a carbonate replacement-style mineral system for the McArthur 

River Zn-Pb deposit by employing a range of state-of-the-art analytical techniques, and, critically, by 
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quantitatively examining the mineral system through a range of scales from the sub-metre to the 

nanometre scale.  

1.1 Contrasting models for ore genesis 

The evidence for a synsedimentary-exhalative origin of the McArthur River deposit (and other 

similar deposits in the region), is predicated mainly on the observation that the ores with fine-

grained laminated textures are sedimentary in origin (Large et al., 1998), and ore clasts that occur 

within intraformational breccias indicate mineralisation occurred before individual fault movements 

(Ireland et al., 2004b). Trace element enrichments, e.g. thallium (Tl) in the ore zone and surrounding 

and overlying lithologies are also reported to represent synsedimentary origin for mineralisation 

(Large et al., 2000). These features have also been interpreted by some workers to be strong 

evidence for subsurface diagenetic-epigenetic carbonate replacement origin for the mineral system. 

Currently, despite having been well studied over the decades, controversy remains over the genetic 

model of the McArthur River mineral system. 

Here we present evidence for a carbonate replacement-style mineral system for the McArthur River 

deposit by employing state-of-the-art analytical techniques, and, critically, by quantitatively 

examining the mineral system through a range of scales from the sub metre to the nanometre scale. 

 

1.2 Regional Geology 

The ca. 1815–1450 Ma McArthur Basin preserves a 5–15 km-thick succession of mixed carbonate 

and siliciclastic rocks with intercalated bimodal volcanics near the base ((Ahmad and Munson, 

2013); Jackson et al., 1987; Plumb, 1979a, b). Exposed in the north east of the Northern Territory 

and western Queensland, the McArthur Basin is part of a series of linked, intracratonic basin systems 

that extended across the North and South Australian Cratons and into the interior of Laurentia 

during the Proterozoic (Allen et al., 2015; Betts et al., 2008; Rawlings, 1999). These basins had a 

long-lived evolution and experienced transient episodes of extension and basin inversion driven by 

far-field plate boundary processes (Betts et al., 2016; Betts and Giles, 2006; Betts et al., 2008). In 

the McArthur Basin, this resulted in a complex architecture of large basin scale normal and strike-

slip faults that changed orientation as the basins evolved (O'Dea et al., 1997) and were periodically 

reactivated during different phases of the basins development (e.g., Betts and Lister, 2001; Scott et 

al., 2000; Southgate et al., 2000). This resulted in a complex depositional architecture, where 

depocentres shifted and growth faults changed orientation depending on the regional stress field. 

Stratigraphic subdivision of the McArthur Basin is subdivided into the northern and southern 

McArthur Basin, which are divided by the Urupanga Fault Zone (Figure 1). The ascending 

stratigraphy in the northern McArthur Basin is divided into the Groote Eylandt, Katherine River, 

Donydji, Parsons Range, Habgood, Balma, Mount Rigg, Nathan and Roper groups. In the south, the 

stratigraphy comprises the Tawallah, McArthur, Nathan, and Roper groups (Rawlings 1999, Ahmad 

et al. 2013).  

The McArthur River deposit is hosted in the 1640±3 Ma Barney Creek Formation, within the middle 

McArthur Group (Figure 2).  The Barney Creek Formation (BCF) is subdivided into the W-Fold Shale 

Member, the HYC Pyritic Shale Member, the Cooley Dolostone Member and an upper 

undifferentiated unit (Figure 2). The W-Fold Shale Member comprises red-green dolomitic siltstone, 
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the HYC Pyritic Shale Member comprises laminated and nodular dolomite, pyritic siltstone, organic-

rich mudstones. The Cooley Dolostone Member, which is characterized by a fault-associated mass-

flow breccia that is comprised of carbonate clasts derived from the underlying Emerugga Dolostone 

and Teena Dolostone units, is interbedded and interfingered between the other BCF units (Ahmad 

and Munson, 2013)(Figure 2). The depositional environment of the BCF is thought to have been 

deep marine subtidal to slope environments following a long-lived deepening of the basin following 

prior sequence of continental, shallow subtidal, and subtidal depositional environments. The 

different dolarentite, siltstone, black mudstone and mass-flow breccia lithologies in the BCF were 

subdivided into distinct lithofacies in the BCF by  Kunzmann et al. (2019). These represent lateral 

facies variation in deposition in a series of deep subtidal sub-basins with basin-bounding 

syndepositional half grabens. 

 

Figure 1. Simplified regional geology map of the McArthur and Mount Isa basins in northern Australia, showing the 

locations of major stratiform Zn-Pb-Ag deposits, with the McArthur River (HYC) deposit in the Batten Fault Zone 

highlighted. 
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Figure 2. Stratigraphy, dominant lithology and geochronological constraints of the McArthur Group. Stratigraphy 

modified from Ahmad et al. (2013), radiometric ages from Page and Sweet (1998) and Page et al. (2000). 

1.2.1 Ore deposit geology and mineralogy 

The BCF lithologies at the McArthur River deposit are as follows: The grey-green dolomitic siltstone 

of the W-Fold Shale Member occurs at the base of the sequence as grey-green dolomitic siltstone 

and transitions in to the unmineralised ‘Lower Dolomitic Shale’ of the HYC Pyritic Shale Member 

(Figure 3).  

The Zn-Pb mineralised stratigraphy of the HYC Pyritic Shale Member at the McArthur River deposit 

has is up to ~80 m in thickness and has been subdivided into 8 separate high-grade ore lenses 1-5 

m thick. The ore lenses’ facies and textures vary laterally within the deposit with laminated base 

metal sulphide, pyrite, and dolomitic siltstone occurring in the central zone of the deposit, and base 

metal sulphide-associated nodular carbonate interbedded with laminated pyrite and siltstone 

occurring in the outer margins (Figure 4). These lateral facies variations likely highlight the change 

in carbonate facies as dictated by the geometry of the sub-basin, with laminated textures occurring 

in the depocenter and nodular carbonate occurring in the slopes, thus the fringes of the deposit. 

Nodular carbonate occurs as cm-thick globular and elongated blebs and thick laminae (Ireland et al., 

2004b) that may be locally brecciated. 
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Figure 3. Ore deposit geology of the McArthur River deposit. A) Idealized mine stratigraphy; B) Conceptual cross 

section of the McArthur Group geology in the McArthur River deposit area, showing the location of the McArthur 

River mine, major structures, and key surface features. White box shows the approximate stratigraphic level of log 

shown in A. Cross section modified from (Hinman, 1995, Ahmad and Munson, 2013). 

The ore lenses are interbedded with mass-flow breccias and display widespread soft-sediment 

features such as slumped beds that are a few cm in thickness with recumbent folds, and slump-

associated tepee structures in nodular carbonate crusts. These are indicative of deposition in a 

tectonically-active environment proximal to a synsedimentary half graben-bound sub-basin, in this 

case the strike-slip structures within the Emu Fault Zone which lies immediately to the east of the 

deposit (Figure 3Figure 4). The mass-flow breccias thicken towards the NE of the deposit, indicative 

of a source flow direction (Ireland et al., 2004a). 

Overlying the ore lenses is a package of interbedded pyritic shale and mass-flow breccias. This unit 

is collectively referred to as the talus breccia. The top of the sequence is marked by a parallel bedded 

pyritic bituminous shale unit, which is in faulted contact with older upthrust carbonate units east of 

the Basal Cooley Fault (Figure 3). 
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Figure 4. Contour map of the McArthur River deposit pit (2016-2018) showing approximate distribution of laminated 

sulphide and nodular-replacement sulphide textures (carbonate) within the ore lenses.  

 

Figure 5. Photograph of the McArthur River deposit open pit looking SW towards the south face (as of 2016). The 

lithologies of the BCF are shown, as is the central and south sample locations within the ore lenses. The approximate 

collar location and orientation of drill hole MRM_2012_03 is also shown. 
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2 Methods 

2.1 Sampling 

Samples were collected from two diamond drill cores, BS024_1 and MRM_2012_03, which 

intersected the ore lenses in the centre and southern margin of the deposit, respectively (Figure 6). 

These were used for multi-element geochemistry and microstructural and petrographic analyses. 

Large (>30 cm) samples were collected from transects in the open pit from exposures at the 

northern and southern margins of the pit, and from an exposure of the upper ore lens stratigraphy 

in the central zone. The ore lens number for samples from the drill core, northern margin and central 

zone were able to be recorded as samples were recovered in-situ. However, samples from the 

southern margin were loose and were collected close to the logged ore lens horizons, thus the ore 

lens from which they are derived is uncertain, and they are regarded as “unassigned”.  

Samples were prepared by cutting with a slab saw, and samples for Maia Mapper analyses were 

polished to a mirror finish with a diamond lap and finally with a cloth lap. 

 

Figure 6. 3D model of the McArthur River deposit pit as exposed 2016-2018, with main mine stratigraphic unit 

surfaces superimposed, sample sites, and drill holes used in this study. A) view looking towards NW showing the 

north margin (face) sample transect and collar locations for drill holes BS024_1 and MRM_2012_03 with their 

approximate orientation. B) view looking towards SW showing the south margin (face) sample transect and central 
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deposit sample site. Stratigraphic unit surfaces highlighted are W-Fold Shale Member (wfs), the ore zone (oz), and 

talus breccia (tb). 
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2.2 Maia µXRF Mapping 

The Maia Mapper™ is a new laboratory XRF mapping system for efficient elemental imaging of drill 

core sections for use in minerals research and industrial applications. It targets intermediate spatial 

scales, with imaging of up to ~80 M pixels, each 30 µm, over a 500 long × 150 mm high sample area. 

It is part of the analytical workflow of the CSIRO Advanced Resource Characterisation Facility, which 

spans spatial scales from ore deposit to atomic scales. It brings together (i) the Maia detector and 

imaging system, which is part of the Australian Synchrotron XFM facility (Siddons et al 2014), with 

its capabilities for high efficiency detection (1.3 sr solid-angle), event-mode operation, millisecond 

pixel transit times in fly-scan mode and real-time spectral deconvolution and imaging (Ryan et al 

2014); (ii) the high brightness MetalJet D2 liquid metal micro-focus X-ray source from Excillum 

(http://www.excillum.com/) with indium alloy anode and 200 W power at 70 kV into an effective 

20 µm source size, filtered using a 1.0 mm aluminium window; and (iii) an efficient XOS polycapillary 

lens with a flux gain 15 900 at 21 keV into a ~32 µm focus, all integrated with stage raster scanning 

for automated imaging and analysis of drill core sections (Ryan et al 2018). 

Imaging for Maia Mapper uses an extension of the GeoPIXE method for synchrotron XRF analysis 

and imaging (Ryan et al 2010a), which is built on a fundamental parameters approach combined 

with the Dynamic Analysis method for quantitative image projection (Ryan and Jamieson 1993, Ryan 

2000, Ryan et al 2010b). Within the approximation of constant yields across the image area, these 

images are quantitative and can be directly interrogated for elemental concentrations. Methods 

have been developed for post-imaging iterative corrections in GeoPIXE to account for the effects on 

yields of variations in matrix composition across the image area; these are described in detail 

elsewhere (Ryan 2000). Synchrotron XRF uses a monochromatic X-ray beam. For Maia Mapper, 

which uses a filtered microfocus XRF source spectrum, the modelling of calculated X-ray yields for 

each chemical element is integrated over the model filtered source spectrum.  

Polished slab samples 300–400 mm in length from the central, southern and northern zones of the 

pit were analysed on the Maia Mapper. Particular focus was paid to the distribution of Tl, which is 

otherwise difficult, if not impossible, to detect as a trace element within major minerals using 

standard laboratory XRF techniques due to X-ray peak overlaps with Pb and S. Therefore, validation 

of Tl distribution requires interrogation of some spatial regions to explore and extract the Tl signal. 

The close proximity of Tl and Pb X-ray peaks may lead to some Tl artefact when Pb is high. Hence, 

we use associations to select high-Tl, but low-Pb pixels, to separate each element in geochemical 

maps (Figure 5). 

2.3 Electron backscatter diffraction (EBSD) 

Samples were polished with a 20 nm, colloidal silica suspension in dilute NaOH to remove crystal 

lattice damage from thin section preparation. The surface was coated with a ~5 nm carbon coat to 

prevent charging in the scanning electron microscope (SEM). Electron backscatter diffraction (EBSD) 

mapping was performed using a Zeiss UltraPlus FEGSEM fitted with an Oxford Instruments 

Symmetry EBSD detector and XMaxN-80 EDS detector. During mapping, both EBSD patterns and 

EDS spectra were collected from each point simultaneously to allow relationships between 

crystallographic (grain) boundaries and chemical variations to be examined. Data were acquired 

using an incident electron beam with a beam current of 15 nA and accelerating voltage of 20 keV. 

The sample normal was inclined at 70° to the incident electron beam to increase diffracted electron 
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yield. Maps were collected with a step size between measurements of 150 nm to ensure that sub-

micron grains were captured and at an acquisition rate of 390 Hz. EBSD patterns were indexed 

against orientation databases selected by the user for the following phases: dolomite (Laue class 3¯; 

a = 4.807, c = 16.003), pyrite (Laue class m3¯; a = 5.428), quartz (Laue class m3¯; a = 4.915, c = 5.407), 

and sphalerite (Laue class m3¯m; a = 5.918).      

2.4 Focussed ion beam time of flight secondary ionisation mass 

spectrometry (FIB-TOF-SIMS) 

The trace element content of pyrite was mapped at high spatial resolution using focussed ion beam 

time of flight secondary ionisation mass spectrometry (FIB-TOF-SIMS). A focussed gallium (Ga) ion 

beam is used to sputter material from the surface of the sample and that material is accelerated 

into a time of flight mass spectrometer attached to the microscope. The resulting spectrum consists 

of peaks at different mass-to-charge ratios which can be interpreted in terms of isotopes present in 

the sample. Plotting spatial variations in peak intensity gives a map of the relative abundance of the 

isotope in question. Since material is removed from the sample into the mass spectrometer, the 

data volume can be used to show variations in 3D. However, the maps displayed in this contribution 

are representative of the signal intensity integrated over the entire depth analysed. Data were 

collected using a Tescan LYRA3GM FIB-SEM with a Tofwerk TOF-SIMS. Samples were coated with 10 

nm of carbon to prevent charging and areas of interest sputtered with a 69Ga+ ion beam with an 

accelerating voltage 30 keV, probe current of 300 pA using the TOF-SIMS in positive mode. Regions 

of interest consist of 1024 x 1024 pixels over 15 x 15μm binned at 4 analytical pixels per display pixel 

to increase signal to noise ratio giving an effective pixel size of 58.6 nm. 

2.5 Multi element geochemistry 
 

Whole-rock geochemistry on ore from drill core and pit samples was determined by the methods 

detailed below. 

The QA/QC calculations performed on CRMs analyses were the Half Relative Difference (HRD%) 

method, after (Stanley and Lawie, 2007). This method calculates the mean relative difference 

between certified values of a given CRM, against either individual or mean analyses of the CRM, 

expressed as a percentage, by the equation below: 

���(%) = �	

	�1 − 	

	�2	

	�1 + 	

	�2� ∗ 100 

Errors less than 10% were considered acceptable, whereas those greater than 10% are investigated 

further. Errors greater than %20 are considered unacceptable and those elements are not used. 

2.5.1 Multi-acid Trace Element Analysis 

Analysis for Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, 

Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Pt, Rb, Re, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, 

Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr was performed by LabWest Minerals Analysis in Perth, 

Australia, using their in-house method, MMA-04*.. All elements are presented at ppm 

concentration, apart from Re which was measured at ppb level. 
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0.1g of sample is digested in a mixture of hydrofluoric, nitric and hydrochloric acids in sealed 

digestion vessels for 60 minutes, using an Anton-Paar MW3000 microwave digestion system. The 

digestion takes place at a temperature of approximately 160°C and 16 bar pressure. After addition 

of boric acid to neutralise remaining hydrofluoric acid, the solutions are made to volume with 

deionised water. Internal standards are added to the solutions at the digestion stage. The solutions 

are then presented to ICP-Mass Spectrometry (ICP-MS; Perkin-Elmer Nexion 300Q) and ICP-Optical 

Emission Spectrometry (ICP-OES; Perkin-Elmer Optima 7300DV) for determination of the desired 

analytes. 

2.5.2 Alkaline Fusion Major Element Analysis 

Analysis for major elements (oxides) Al2O3, CaO, Fe, K2O, MgO, MnO, Na2O, P2O5, SiO2, TiO2, and LOI 

was performed by LabWest Minerals Analysis using their in-house method AF-03. 

This method gives total recovery of major rock-forming metals. A 0.1g portion of the sample is fused 

with a lithium metaborate/tetraborate flux at 1,000°C. The resulting bead is dissolved in dilute (2%) 

nitric acid, with tumbling. Solutions are then presented to ICP-OES (Perkin-Elmer Optima 7300DV) 

for determination of the desired analytes. Loss-on-ignition is performed gravimetrically, with 

ignition of a separate 1g sample portion at 1,000°C for 30 minutes. Elements are reported as oxides 

at percent level concentrations. 

3 Results 

3.1 Metal content 

New analyses of the distribution of metals throughout the ore deposit show that the highest Zn 

concentrations occur in ore zone 2 within the northern margin of the deposit (Figure 7), consistent 

with the observations of Lambert (1976). However, unlike the data in Lambert (1976), our limited 

dataset does not show the same trend of decreasing grade upsection, with a range of high 

concentrations across ore lenses 2-8. The average grades of Zn+Pb taken from Porter (2017) are also 

shown. The lowest range of Zn concentrations occur in the finely-laminated sulphide facies in the 

central zone of the deposit, and the highest concentration occur in the laminated and nodular facies 

in the northern margin (Figure 7b).  

One of the aims of this study is to assess the relationship between base metal sulphide precipitation 

and carbonate. Figure 8 shows a cross plot for all analyses showing CaO (representing carbonate 

content) and a Zn normalised to the ratio of Fe/S, which attempts to highlight the Zn present in 

sphalerite and remove isomorphic Zn in other sulphide phases such as pyrite. The trend in Figure 8 

shows that high carbonate samples have the lowest Zn, and visa versa. 
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Figure 7. Tukey box plots from this study of Zn distribution throughout the McArthur River deposit mine stratigraphy 

ore zones 1-8, including loose samples that were unable to be assigned to an ore zone context but were sampled due 

to having unique properties such as atypical textures or pyrite content (A); and by location within the deposit (B). 

North and South margins refer to the margins of the open pit as was exposed between 2016-2018, but drill core 

samples obtained from these areas prior to exhumation were also used.  

In the plots, minimum regular value is the “lower whisker”. Q1 (bottom of box); median (horizontal line); Q3 (top of 

box); maximum regular value (top of box); mean (black circle). The central box is the middle 50% of data from Q1 to 

Q3. Outliers (circles) are more than 1.5 times from the box (Q3-Q1). Percentages shown in brackets in (A) are the 

average Zn+Pb% values from (Porter, 2017). 

 

Figure 8. Cross plot of % CaO content (representing dolomite/carbonate) and Zn concentration normalized to the 

ratio of Fe/S, representing pyrite. The Zn normalized to pyrite* values attempt to represent the values of Zn derived 

in sphalerite and not isomorphically in other sulphide phases such as pyrite. The trend shows that the highest 

sphalerite contents occur in samples with the lowest carbonate and visa versa.  
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High concentrations of Tl occur in the McArthur River deposit ore samples, up to ~450 ppm, with 

the lowest ~25 ppm. These are extremely enriched compared to non-mineralised carbonate and 

siltstone lithologies that typically have Tl concentrations lower than 1 ppm. There is a strong 

correlation between Tl and Fe concentrations (Figure 9). The high Tl-bearing samples occur in highly-

pyritic samples and given the very high concentrations of Fe (>30%) coincident with the highest Tl, 

this would imply a relationship between pyrite and Tl deportment.  

 

Figure 9. Cross plot showing positive correlation between Fe and Tl. 

3.2 Paragenesis of base metal sulphides and relationship to carbonate  

Large samples of laminated ore analysed on the Maia Mapper show thin laminae of base metal 

sulphides and pyrite as shown in the RGB element map presented in Figure 10.  Discreet residual 

carbonate laminae are detectible in all samples analysed. For example, Figure 10 (bottom) shows 

isolated calcium (Ca-blue) laminae which represent preserved carbonate (dolomite) laminae in the 

ore. Sphalerite (Zn-green) in these areas occurs within and around residual carbonate (Figure 11). 

In all nodular carbonate samples analysed in this study, sphalerite is spatially associated with the 

outer margins of carbonate (Figure 12). Only very minor sphalerite was detected in laminated 

primary (syngenetic) pyrite-organic laminae. Detailed EBSD analysis of the interfaces between 

sphalerite and carbonate (Figure 16 b, c) shows localized Mn enrichment on the outer margins of 

dolomite surrounded by sphalerite, with stylolytic dissolution cavities in the carbonate hosting the 

majority of the sphalerite. 
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Figure 10. Top: Polished slab of laminated pyritic-dolomitic Zn-Pb ore (orebody 8) from central zone of the McArthur 

River deposit. Bottom: Maia Map of same sample showing distribution of iron (red), zinc (green) and calcium (blue). 

Zinc (sphalerite) is observed to have partially-to-fully replaced dolomitic (calcium-blue) laminae. White box indicates 

field of view of detailed area shown in Figure 11. 

 

 

Figure 11. Maia Map of area shown by white box in Figure 10 showing distribution of iron (red), zinc (green) and 

calcium (blue). Zinc (sphalerite) is observed to have partially-to-fully replaced dolomitic (calcium-blue) laminae. Note, 

this image appears slightly out of focus at this scale due to the grain size in this sample being less than the Maia beam 

diameter.  
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Figure 12. Top: Photomicrograph of polished slab of laminated and slumped pyritic and nodular carbonate Zn-Pb ore 

from southern margin zone of the McArthur River deposit. Bottom: Maia Map of the same sample showing 

distribution of iron (red), zinc (green) and calcium (blue).  

 

 

3.3 Thallium distribution 

Interrogation of the Maia Mapper data from large the McArthur River deposit pit samples to extract 

the Tl signal from the Pb signal shows zones of high-Tl and low-Pb in some areas that seem unique 

spatially, and not distinct in any other element image, although Fe (pyrite) is high in these zones. 

The sample shown in Figure 12 hosts one such area of high-Tl, within the thin pyritic band in the 

middle situated among nodular carbonate. By selecting this band of pixels with high-Tl, we can 
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highlight the high-Tl- and low-Pb pixel associations to filter out any artefacts (overlaps), shown in 

Figure 13. The region spectrum fit shows very clear Tl lines. The Tl Lα is less clear, in the side of the 

Pb Lα peak. But the Tl Lβ makes a good shoulder on the Pb Lβ peak, at an energy where not many 

lines are present around 12.2 keV. Therefore, the Tl signature appears genuine. This pattern is 

observed throughout our sample suite from the McArthur River deposit. 

 

Figure 13. Maia detector signals for Pb and Tl Lα regions in area outlined by white box in thallium-rich zone, shown 

in Figure 14 bottom. The green vector zone separates out the high-Tl from Pb, allowing mapping of genuine Tl. 

Figure 14 shows Maia Mapper data of the same slumped laminated pyrite-carbonate sample 

presented in Figure 12, highlighting Tl distribution. Maia Mapper analyses show, for the first time, 

that high concentration of thallium is associated exclusively with pyrite. Figure 14 (middle)shows Tl 

(red) distribution, which when compared with the photomicrograph of the sample above, 

demonstrates that the highest concentrations (brightest colours) correlate with paragenetically-late 

pyrite bands that are spatially proximal to the sphalerite (Zn - blue) that occurs around the rims of 

nodular carbonate, as also shown in Figure 12 (bottom). Thallium enrichment also occurs in early 

syngenetic laminated pyrite zones but in lower concentrations. However, Galena (Pb – green), that 

occurs in association with certain carbonate nodule margins, is not spatially-associated with Tl 

enrichment in the late pyritic bands. Figure 14 (bottom) shows the high-Tl low-Pb pixels highlighted 

as a distribution heat map. This image clearly shows the Tl concentration variation between the 

zone of syngenetic laminated pyrite and the bands of later diagenetic pyrite (up to ~811 ppm). This 

image also displays zones of probable X-ray artefact (overlap) with Pb in the upper and lower areas 

where Pb concentrations are high (Figure 14  middle). 
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Figure 14. Top: Photomicrograph of polished slab of laminated pyritic-carbonate the McArthur River deposit Zn-Pb 

ore. Middle: Maia Map of the same sample showing distribution of thallium (red), zinc (green) and lead (blue). 

Bottom: Heat distribution map of thallium showing highest enrichments in late-stage pyrite zone. White box indicates 

the area analysed in Figure 13, and the approximate area of detailed TOF-SIMS analysis shown in Figure 17.  
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The area of Tl enrichment highlighted by the white box in Figure 14C was investigated further to 

identify the mineral host (or hosts) of Tl. Figure 15 shows EBSD analysis of this area, highlighting the 

crystal orientation grains (A), mineral distribution (B) and Zn, Mn distribution (C). Pyrite and 

dolomite occur as clusters of individual accretions with variable crystal orientations. The pyrite 

cluster and dolomite nodule shown on the far left are spatially-associated with a zone of sphalerite 

mineralisation (Figure 15C). The dolomite nodule shows evidence of dissolution at the contact with 

sphalerite and is enriched in Mn close to this contact. This area is shown in more details in Figure 

16.  

 

Figure 15. EBSD-EDS data showing pyrite aggregates at the margin of a sphalerite-rich band. A) EBSD orientation data 

shown for pyrite coloured using inverse pole figures colours that denote the nearest crystal direction to the sample 

surface normal (z-direction) overlain on pattern quality. B) Phase map based on EBSD indexing showing the spatial 

distribution of pyrite aggregates, dolomite, quartz and galena overlain on pattern quality map. Sphalerite does not 

index due to poor polishing or indexes partially as pyrite (cf. part c). c) EDS map showing Mn and Zn distribution 

overlain on pattern quality to highlight the relationship between Mn-enrichment in dolomite and sphalerite 

distribution. 
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Figure 16. EBSD montage of pyritic-sphalerite-dolomite in approximate area shown in white box in Figure 15 

(bottom). EBSD-EDS data is presented as maps combining different components of the data to show spatial 

relationships. (a) Band contrast, a measure of EBSD pattern quality, is used as a background image because it displays 

the microstructure, complete with grain boundaries. White box indicates area of FIB-TOF-SIMS analysis I (Figure 17). 

(b) Overlaying Mn intensity from the EDS data shows that Mn largely resides in dolomite (cf b, d) adjacent to phase 

boundaries between dolomite and sphalerite (the latter shown by the presence of Zn in c). Dol=dolomite; 

Sph=sphalerite; Py=pyrite. 

Proximal to Tl-bearing pyrite clusters, sphalerite occurs as a fine groundmass around nodular 

dolomite which shows evidence for dissolution embayments on the outer margins. The Mn-enriched 

outer margins of the dolomite do not appear to be a separate overgrowth mineral phase, as they 

have the same crystal orientations as the larger nodule (Figure 16 D). This spatial association 
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between Tl-enriched pyrite, sphalerite, carbonate dissolution and Mn-enrichment in carbonate 

shown in Figure 16 demonstrates this was a site of ore fluid migration. Closer scanning electron 

microscopy (SEM) analysis of the zones of Tl-enriched late pyrite zones (white box in Figure 16A, C) 

shows the pyrites bear rounded (possibly framboidal) cores, with numerous generations of later 

euhedral overgrowths (Figure 17A). Pyrite overgrowths contain minor galena inclusions. Sphalerite 

that is observed replacing carbonate (dolomite) throughout, is here observed to have entirely 

precipitated after the latest pyrite overgrowths. Detailed analysis of these overgrown framboidal 

pyrites using SIB-TOF-SIMS shows that the distribution of Tl is concentrated in the diagenetic 

overgrowths (Figure 17 B). The framboidal cores are mostly entirely void of detectable Tl (Figure 

18), only in rare cases are there localized enrichments (e.g. Figure 17B).  

 

Figure 17. A) SEM image of early framboidal pyrite with late zoned pyrite overgrowths in the Zn-Pb ore zone outlined 

in Figure 14. B) TOFSIMS map of Tl205
 in zoned pyrite outlined in the white box in A. The framboidal core, in this case, 

has rare localized enrichments in Tl, whereas the zoned overgrowths have higher Tl concentrations.  

 

Figure 18. SIB-TOF-SIMS Tl image of framboidal pyrite cores with minimal diagenetic overgrowths, but with localized 

Tl enrichments on outer edge. 
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4 Discussion 

4.1 Carbonate replacement by Zn-Pb sulphides at the McArthur River 

deposit 

The primary observation historically presented to represent evidence for a syndepositional origin of 

the McArthur River deposit, and other deposits in the McArthur-Isa Zn belt, is the presence of 

laminated base metal sulphide textures (Ireland et al., 2004b, Large et al., 2000, Large et al., 2005). 

The argument by Leach et al. (2010) that sulphide layering, by itself, is not sufficient evidence for 

exhalative ore, was recently disputed (Sangster, 2018) that sulphides mimicking synsedimentary 

textures is not proof of replacement processes either. Whilst this counter argument is valid, it 

emphasises the circular pattern of opposing arguments that arise when dealing with interpretations 

based on subjective, sometimes non-quantifiable observations. Sangster (2018) also noted that 

even though carbonate replacement is frequently mentioned in the literature to be responsible for 

layered sulphide textures at the McArthur River deposit and elsewhere, the replaced mineral phase 

is ‘seldom identified’. This highlights the difficulty in visually identifying certain residual mineral 

phases in altered laminated sedimentary rocks, which reflects a problem that is related to the scale 

of analysis. Most studies are based on thin sections that are chosen on subjective, visual 

observational criteria at the sampling stage. Thus, traditionally there is a significant gap in scale of 

study, from the deposit scale to thin section scale, which can lead to subtle, but potentially key 

features (such as residual carbonate), being inadvertently overlooked. Clearly this is dictated by a 

historic lack of technologies capable of quantitative petrographic analyses on large samples. New 

technological developments such as the Maia Mapper (Ryan et al., 2014) can not only accommodate 

this gap in scale, allowing data-led decision making when choosing thin sections, but also can allow 

trace quantitative element mapping (e.g. Tl) at unprecedented ultra-high-definition providing 

valuable spatial context.  

Our data (from large pit samples up to ~300 mm long) clearly demonstrate that residual laminated 

carbonate is locally preserved in laminated base metal sulphide ore from the central zone of the 

McArthur River deposit (Figure 10Figure 11). Critically, when visually inspecting these samples, 

residual preserved sub-1 mm laminated carbonate is extremely difficult, if not impossible, to 

identify. Upon closer inspection, the base metal sulphide textures proximal to preserved carbonate 

in these laminated ores are consistent with carbonate dissolution. The textures in nodular 

carbonate-bearing ore are more readily identifiable visually but are far clearer when Maia Mapper 

data are examined (e.g. Figure 12). Whilst the presence of Mn within euhedral overgrowths at the 

margin of dolomite aggregates is not diagnostic of replacement processes, the patchy nature of the 

Mn enrichment elsewhere suggests that the initially Mn-poor dolomite has been replaced at a later 

stage. The spatial coincidence of Mn and sphalerite is consistent with dolomite replacement during 

Zn mineralisation.   

4.2 Thallium hosted in late diagenetic pyrite  

Thallium is a highly incompatible (and toxic) trace element that is often associated with K-bearing 

mineral phases due to its primary Tl+ form which is similar in size to the monovalent cations K+, Rb+ 

and Cs+ (Nielsen et al., 2013). As such, Tl is readily adsorbed onto clay mineral phases and Mn oxides 

(Martin et al., 2018). Unlike other alkali metals, Tl has been suggested to exhibit chalcophile 
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behaviour in hydrothermal fluids and sulphur-bearing melts (McGoldrick et al., 1979). However, the 

behaviour of Tl in mineral systems remains poorly understood.  

Thallium enrichments have been known at the McArthur River deposit (Large et al., 2000), among 

numerous other similar ore deposits worldwide, for decades. Previous studies have demonstrated 

that Tl is present in individual pyrite crystals in the McArthur River deposit ore zone. Large variations 

in Tl concentrations in various pyrites, ranging from 176 to 919 ppm, were reported from the 

McArthur River deposit ore zone by Mukherjee and Large, (2017). Whilst these analyses are useful, 

what is critically lacking is a context at a scale greater than that of a single pyrite grain, and thus 

little is hitherto known about the overall deportment of Tl in the ore zone or the metallogeny of Tl 

in the greater the McArthur River mineral system. Therefore, the potential of Tl as a pathfinder 

element in sediment hosted Zn deposits, and in geochemical exploration, is currently unclear.  

By using new ultra-high-definition Maia Mapper technology on large-scale (up to 50 cm long) ore 

samples, our data show that Tl is present in both early laminated pyrite, and in late diagenetic pyrite 

bands, but is highly concentrated in the latter phase (Figure 14). However, by quantitatively 

mapping the distribution of highest concentrations of Tl in late pyrite using FIB-TOF-SIMS it appears 

clear that Tl is almost entirely present within diagenetic pyrite overgrowths (Figure 17). Further, 

consistent with the observations of Broadbent et al. (1998), Eldridge et al.( 1993) and Polito et al.( 

2006), our data show that base metal sulphide mineralisation occurred after the precipitation of the 

latest diagenetic pyrite. Whilst this, we argue, not only precludes syndepositional base metal 

mineralisation, there are implications for the role of timing of Tl anomalism in the mineral system. 

This demonstrates, for the first time, that Tl enrichments in the McArthur River deposit ore are 

hosted, perhaps exclusively, in late stage diagenetic pyrite overgrowths that developed prior to the 

deposition of base metal sulphides. 

4.3 Fluid modelling 

Thallium deportment in late pyrite suggests both Fe and Tl were transported in the same 

hydrothermal fluids, particularly given the homogeneity observed in the distribution within the 

overgrowths. Fluid phase modelling, assuming a temperature of ~150°C and a salinity of 15% eq. 

NaCl (Cooke et al., 2000), shows that TlCl is mobile across a range of pH values above a Log f O2 (aq) 

of ~45, with S species buffered between pH 3-4 (Figure 19A). However, FeCl complexes are only 

mobile at the same temperatures below pH 4, and below Log f O2 (aq) 45 (reducing conditions), H2S 

is stable. Cooke et al. (2000) noted the likely dominance of oxidized fluids in the Australian 

Proterozoic sediment-hosted Zn deposits. Our data are consistent with this, therefore, we argue 

that it is likely that FeCl and TlCl complexes were transported in oxidised fluids with pH below 4 

(Figure 19A, B), in the presence of HSO4
-, before being reduced, allowing hydrothermally-derived 

pyrite overgrowths to precipitate.  

Zinc can be transported at similar temperatures as ZnCl42- complexes across a range of pH values (0 

-~9) in oxidized fluids. Sphalerite cannot precipitate at those temperatures at pH values below ~5, 

therefore pyrite and sphalerite are unlikely to have co-precipitated if the initial ore fluid was pH<4, 

i.e. transporting FeCl complexes (Figure 19C). Carbonate dissolution during acidic fluid influx may 

have created additional porosity along bedding planes.  Sphalerite may have been deposited if the 

ore-bearing fluids were buffered to pH values >5 following acidic dissolution of carbonate, allowing 

reduction of the residual Zn-bearing fluid and precipitation of sphalerite. This mechanism could 
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explain the presence of base metal sulphides that surround latest-stage pyrite overgrowths (Figure 

17a), consistent with the prior observations of Broadbent et al. (1998), Eldridge et al.(1993) and 

Polito et al. (2006). Furthermore, as carbonates have retrograde solubilities with the solubility 

products of Fe-Mn carbonates being lower than those of Ca-Mg-rich carbonates, the Fe-Mn 

carbonates may precipitate close to the site of dissolution (Chen et al., 2003). This is consistent with 

the Mn-enriched rims observed at the dissolution front observed in contact with sphalerite in Figure 

16c. 

 

Figure 19. A) Stability of predominant Tl, Fe and Zn minerals and aqueous species as a function of logfO2 and pH at 

150°C: A) Tl; B) Fe; C) Zn. Boundaries of Tl, Fe and Zn species are shown as red solid, dashed and dash-dotted lines, 
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respectively. The boundaries of sulphur species are shown with blue dashed lines in all subplots, and activities of 

total sulphur and chloride are the same as Cooke et al. (2000); a_∑S = 0.001 m; a_∑Cl = 5.8 m. 
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Thus, we propose the following sequence of events of fluid flow into the sedimentary pile and 

interaction with the stratigraphy: 1) oxidized and acidic metal chloride-bearing ore fluids migrate 

laterally into the subsurface of the Barney Creek Formation.  If the faults had low permeability at 

shallow depths, causing upwelling fluid to deviate out of the faults into the adjacent Barney Creek 

Formation (Sheldon and Schaubs, 2019). Fluids interact with reducing lithology and H2S-bearing 

pore fluids and become reduced below the oxidizing buffer. 2) Secondary Tl-enriched pyrite 

precipitates around earlier diagenetic pyrite, and acidic ore fluids dissolve diagenetic carbonate. 

Laminated carbonate in the central zone is almost entirely dissolved, nodular carbonate is partially-

dissolved and undergoes Mn enrichment at the reaction front. 3) pH buffering at the site of 

carbonate dissolution allows sphalerite to precipitate at the site of carbonate dissolution. This 

sequence is simplified in Figure 20.  

 

 

Figure 20. Summary of the stages of the fluid chemistry, mobility and precipitation of metals on the McArthur River 

mineral system. 1) influx of oxidized, oxygenated fluids, 2) fluids are reduced by the host H2S and organic matter-

bearing host lithologies. FeCl and TlCl in fluid react with H2S to form late Tl-enriched pyrite. Acidic fluids dissolve 

diagenetic carbonate and potentially other siliciclastic phases, buffering pH to more neutral-alkaline values, 3) 

localized elevated pH values allow sphalerite to precipitate at the site of carbonate dissolution.  

4.4 Implications for the origin of the McArthur River mineral system 

In the context of previous work conducted at the McArthur River deposit, and elsewhere in the 

McArthur-Isa terrane, these findings provide new quantitative insights into the genesis of sediment-

hosted Zn-Pb deposits such as the McArthur River deposit. Table 1 shows a summary of several 

observations at the McArthur River deposit that have been attributed to be evidence for both a 

syndepositional-syngenetic model, and a diagenetic-epigenetic model by previous studies. The 

summary of findings of this study in relation to each of these previous observations are also shown.  

The paragenetic sequence of the McArthur River deposit, we argue, precludes a synsedimentary 

ore-forming model. The presence of preserved laminated carbonate, that has almost entirely been 
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dissolved where laminated sulphide textures occur are consistent with the dissolution textures in 

the nodular carbonate facies.  This is consistent with previous studies that demonstrated a 

carbonate replacement style of mineralisation in similar deposits and demonstrates that ore 

formation occurred at least after the precipitation of diagenetic carbonate. The deportment of Tl in 

late-stage pyrite overgrowths that occur pre-ore formation represents further evidence that 

mineralisation occurred post-sediment deposition, and imply that there was a stepwise sequence 

of metal deposition linked to changing fluid chemistries as they interacted with the host rock. 

Collectively, our findings provide strong evidence for a subsurface carbonate replacement-style 

mineral system at the McArthur River deposit, and question the possibility of sedimentary-

exhalative ore-forming processes occurring in the McArthur Basin during deposition.  

Table 1. Summarised constraints on the contrasting syndepositional-exhalative versus diagenetic-epigenetic genetic 

models based on key lines of evidence and observations. Summarised after Huston et al. (2006). 

Observation Syndepositional-exhalative model Diagenetic-epigenetic model This study 

Laminated ore 

textures (in 

central zone of 

deposit)  

Consistent with deposition of 

sulphides as chemical sediments from 

water column (Ireland et al., 2004b, 

Large et al., 1998, Large et al., 2005) 

Can be produced by sulphide 

replacement of layered-laminated 

sedimentary sedimentary-diagenetic 

carbonate (Broadbent et al., 1998, 

Eldridge et al., 1993, Polito et al., 

2006) (Figure 10Figure 11). Nodular 

carbonate also replaced by sphalerite 

(Ireland et al., 2004b, Large et al., 

2005) (Figure 12Figure 16). 

Textures observed in this study show 

that both laminated and nodular 

carbonate were subject to partial to 

full dissolution and replacement by 

base metal sulphides. EBSD analyses 

of carbonate (dolomite) show that the 

outer edges are Mn-altered where in 

contact with replacive sphalerite.  

Laminated ore 

clasts within 

intraformational 

breccias 

Consistent with early syndepositional 

mineralisation prior to breccia flows 

(Ireland et al., 2004a) 

Can be produced by the same 

carbonate replacement geochemical 

processes as the main orebody, well 

after deposition. 

Can be produced by the same 

carbonate replacement geochemical 

processes as the main orebody, well 

after deposition. 

Timing of 

sphalerite and 

galena 

mineralisation 

(post-latest 

diagenetic pyrite 

overgrowths) 

Not consistent.  Deposition of base metal sulphides 

after latest diagenetic pyrite 

overgrowths (Figure 17) indicate 

diagenetic-epigenetic model 

(Broadbent et al., 1998, Eldridge et al., 

1993, Huston et al., 2006, Leach et al., 

2010, Polito et al., 2006). 

Sphalerite and galena mineralisation 

occur after the latest pyrite 

overgrowths, with some minor galena 

occurring as micron-scale inclusions in 

some pyrite overgrowths. Fluid 

modelling demonstrates that initial 

acidic, oxidized ore fluids may have 

transported metal chloride complexes, 

followed by reduction, allowing 

precipitation of Tl-enriched pyrite 

overgrowths. Carbonate dissolution 

could have pH buffered the fluid to 

pH>5, allowing later precipitation of 

sphalerite. 

Thallium (Tl) 

lithogeochemical 

anomalism (100’s 

ppm)  

Enrichment of Tl up to 200 m above 

ore zone could result from low-T fluid 

after main-stage mineralisation (Large 

et al., 2000). 

Enrichment of Tl up to 200 m above 

ore zone indicate fluid flow well after 

deposition of ore-hosting sediments 

low-T fluid after main-stage 

mineralisation (Huston et al., 2006) 

(Figure 14Figure 17Figure 18). 

Ultra-high-definition mapping of large 

samples show Tl enrichments are 

hosted in late-stage pyrite bands, 

proximal to sphalerite deposition 

associated with carbonate 

replacement. Nanometre-scale 

quantitative analyses show that Tl is 

hosted in late-stage pyrite 

overgrowths that precipitated before 

base metal sulphides. Fluid modelling 

shows sphalerite may have 

precipitated immediately after Tl-

enriched pyrite overgrowths due to 

pH buffering following carbonate 

dissolution. Enrichment in Tl up to 200 

m above ore zone (Large et al., 2000), 

by this mechanism, would confirm 

fluid flow well after deposition of ore-

hosting sediments.  
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5 Summary 
 

• Ultra-high-definition geochemical mapping of large pit samples from the McArthur River 

deposit show sphalerite is exclusively associated with carbonate dissolution. Nodular 

carbonate in north and south zones is partially-replaced, whereas laminated carbonate in 

the central zone is almost entirely replaced by base metal sulphides. 

• EBSD analyses show Mn-enriched outer margins of carbonate at dissolution front in contact 

with sphalerite. 

• Ultra-high-definition geochemical mapping shows Tl is hosted in late stage pyrite bands, 

spatially associated with sphalerite. FIB-TOF-SIMS analyses shows Tl is hosted predominantly 

in late-stage pyrite overgrowths that precipitated (perhaps immediately) before base metal 

sulphides.  

• Fluid modelling suggests precipitation of initial Tl-bearing pyrite overgrowths by reduction 

of metals transported by acidic (pH<4) oxidized fluids. Acidic dissolution of carbonate allows 

additional porosity and creates a pH buffering effect, raising fluid pH above 5, allowing 

precipitation of sphalerite at site of carbonate dissolution.  

• Findings provide strong evidence for a diagenetic-epigenetic carbonate replacement origin 

for the McArthur River mineral system and preclude a syngenetic model. This has 

implications for future exploration strategies for these Proterozoic sediment-hosted base 

metal deposits. 
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1 Introduction 

The Barney Creek Formation hosts one of the world’s largest SHMS deposits, but exploration of 

black shale on surface is tempered by strong weathering and loss of other trace elements. 

Therefore, more resistive lithologies, such as carbonates, are of interest as a tool for exploration. 

One of the least understood, but apparent feature in proximity of the HYC deposit are carbonate 

nodules within the black shales. 

This short project was aimed to evaluate past studies on carbonate nodules (Rye and Williams, 1981; 

Ireland et al., 2004; Large et al., 2001), who interpret carbonate nodules as a halo around the HYC 

deposit. This study looks at the geochemical changes within the carbonate rocks and their 

sedimentological context, to understand the importance and precipitation mechanism related to 

mineralisation. Once understood, it could be applied to develop vectors within carbonate rocks 

towards finding mineralisation. In this study carbonate nodules of the non-mineralised Barney Creek 

Formation (Glyde sub-basin), and the HYC deposit (McArthur River mine) were analysed and 

interpreted. 

2 Carbonate Nodules 

The precipitation of carbonate nodules in organic-rich black shales is commonly interpreted as an 

authigenic phase, forming during early diagenesis between just below the sediment-water interface 

to tens of metres depth (e.g. Selles-Martinez et al., 1996). Carbonate minerals such as calcite, 

dolomite, siderite are typical by-products of bacterial sulphate reduction (e.g. Lash & Blood, 2004; 

Chafetz and Buczynski, 1992). Carbonate nodules can show a geochemical gradient from the core 

towards the edges (Mavotchy et al., 2016; Curtis et al., 1986). These changes reflect the evolution 

of the pore-water chemistry during the formation of the nodules (e.g. Raiswell and Fisher, 2000; 

Hudson, 1978). Encapsulating shales are often deformed around the ellipsoidal carbonate nodules 

(Figure 1), suggesting that they formed in uncompacted sediments during early diagenesis and were 

more resistant to compaction relative to the shale (Lash and Blood, 2004).   
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Figure 1. Core tray image of Barney Creek Formation black shale with carbonate nodules in GRNT-79-8. 

The δ13C signature in carbonate 

nodules is often influenced by bacterial 

sulphate reduction and biogenic 

methanogenesis, which lead to 

negative 13C values (e.g. Lash and 

Blood, 2004; Feng et al., 2010). The 

δ18O is commonly affected by burial 

diagenesis and recrystallisation, and 

reflects the thermal history of the 

pore-fluids (Figure 2). The 

recrystallisation of calcite to ferroan 

dolomite is accompanied by the loss of 

Sr (e.g. Large et al., 2001). Any 

recrystallised carbonate that 

undergoes burial diagenesis or 

hydrothermal alteration shows a trend 

towards lower δ18O values (e.g. Large 

et al., 2001; Valley, 1986). The carbonate nodules at HYC show the opposite trend from bacterial 

sulphate reduction, methanogenesis, or hydrothermal overprint (Large et al., 2001; Ireland et al., 

2004). It is postulated by Ireland et al. (2004) that nodular carbonate formation took place under 

conditions open to the dissolved inorganic carbon pool, thus would be isotopically indistinguishable 

from calcareous sediments and limestones. Large et al. (2001) interpreted these isotopic trends for 

HYC, Lady Loretta and Sullivan deposits as evidence for an exhalative brine pool model for the ore 

bodies. 

The geochemical signature of the HYC deposit has been described by various authors as a halo of 

Mn and Fe-enrichment in carbonate and calcareous/dolomitic siltstones (Lambert & Scott, 1973; 

Large et al., 1998). The precipitation of Mn2+ associated with carbonate deposition can occur in 

dysoxic to anoxic water (e.g. Large et al., 1998; Force & Maynard, 1991) due to the influx of dissolved 

Fe-Mn-oxides and oxyhydroxides with meteoric water, groundwater, or hydrothermal fluids 

(Hoareau et al., 2015; McQueen, 2005).  

Figure 2. Schematic plot of controls on stable carbon and oxygen 

isotopes in carbonate rocks. BSR – bacterial sulphate reduction, TSR 

– thermochemical sulphate reduction. 
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3 Methods 

The carbonate nodules were sampled in drill cores Lamont Pass 3, GRNT-79-1, GRNT-79-3, GRNT-

79-8, and GRNT-79-11. Nodules within the McArthur River mine (HYC) were collected near the mine 

pit, but without stratigraphic context. 

Each carbonate nodule was scanned in 3D using X-ray computed tomography (XCT). A Siemens 

SOMATOM definition AS medical scanner installed at the Australian Resources Research Centre 

(ARRC, Kensington, Western Australia) was used. This scanner allows the rapid 3D scanning of drill 

cores and large hand specimens. The instrument was calibrated using air, water and a set of seven 

in-house rock standards of known density and suitable for mineral resources applications (standards 

have densities varying from 2.7 to 4.3 g/cm3). The energy of the beam was set-up to have maximal 

phase contrast between the different phases of interest. The voxel size (i.e. pixel in 3D) was set-up 

to 185 x 185 x 100 µm. The XCT data was processed and analysed using workflows developed across 

scale for mineral resources applications to generate 3D images of Pb- and Zn-bearing phases. 

One polished thin section of a sulphide-bearing carbonate nodule was prepared at CSIRO’s sample 

preparation lab in Perth. Detailed petrography was carried out on the Philips XL40 Backscatter 

Electron Microscope (SEM) with a Bruker EDX system. 

X-Ray Fluorescence (XRF) elemental mapping (4 samples from HYC) was performed using a Bruker 

Tornado M4 XRF Mapper, operated by a Bruker system on a Windows PC. Beam diameter of 25 µm 

and point spacing of 25 µm was used for optimal map resolution with dwell times of 6 ms.  

Samples for whole rock multi-acid geochemistry (73 samples) were drilled (0.5 cm diameter) out of 

the carbonate nodules from HYC. Analysis was performed by LabWest Minerals Analysis using their 

in-house method, MMA-04. This method essentially gives total recovery of all but the most resistate 

minerals. All elements are presented at ppm concentration, apart from Re which was measured at 

ppb level. 0.1 g of sample is digested in a mixture of hydrofluoric, nitric and hydrochloric acid in 

sealed digestion vessels for 60 minutes, using an Anton-Paar MW3000 microwave digestion system. 

The digestion takes place at a temperature of approximately 160°C and 16 bar pressure. After 

addition of boric acid to neutralise remaining hydrofluoric acid, the solutions are made to volume 

with deionised water. Internal standards are added to the solutions at the digestion stage. The 

solutions are then presented to ICP-Mass Spectrometry (Perkin-Elmer Nexion 300Q) and ICP-

Emission Spectrometry (Perkin-Elmer Optima 7300DV) for determination of the desired analytes. 

Powder for carbon and oxygen isotope measurements (84) was obtained by micro-drilling the centre 

of the carbonate nodules. Isotopic measurements were performed in dual inlet mode on a Nu-

Perspective isotope ratio mass spectrometer connected to a NuCarb carbonate preparation device 

in the Stable Isotope Laboratory at McGill University, Montréal, Canada. Approximately 80 μg of 

sample powder were weighed into glass vials and reacted individually with H3PO4 after heating to 

90°C for one hour. The released CO2 gas was purified cryogenically, and isotope ratios were 

measured against an in-house reference gas. This method does not release CO2 gas from ancient 

organic matter. Therefore, the result only reflects the isotopic composition of carbonate (inorganic) 

carbon. Samples were then calibrated to VPDB (Vienna Pee Dee Belemnite). Errors for both 13Ccarb 

and 18Ocarb were better than 0.05‰ (1σ) based on repeated analyses of standards. 
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4 Results and Interpretation 

4.1 Lamont Pass 3 

Lamont Pass 3 (LP3) is situated ~17 km N of the Glyde sub-basin and records the thinnest interval of 

the Barney Creek Formation in the studied drill holes (Chapter 3 - Kunzmann et al., 2019 ). Carbonate 

nodules are less common in LP3 and all occur in the B2 sequence (Chapter 3 - Kunzmann et al., 2019 

; Figure 3). The δ13C isotopic values range from -1.5 to -0.23 ‰, and are similar to the values 

recorded in the carbonate facies studied by Kunzmann et al. (2019). Oxygen δ18O values range from 

-8.5 to -10.5 ‰ in LP3 (Figure 4). There is a correlation between δ18O and δ13C, suggesting diagenetic 

overprint. 

 

Figure 3. Core image of sampled carbonate nodule (arrow) in Lamont Pass 3 (LP3). 

4.2 GRNT-79-1 

GRNT-79-1 (GR1) is situated in the northern part of the Glyde sub-basin, and records ~250 m of 

Barney Creek Formation (sequence B1 and B2, Chapter 3 - Kunzmann et al., 2019 ). Carbonate 

nodules (17 samples) were sampled between 138 and 154 m depth, which is part of the 

transgressive B2 sequence (TST). The δ13C isotopic values range from +3.6 to -5.9 ‰, although most 

data (13 out of 17) have an average value of -1 ‰ (Figure 4). The average background in the 

carbonate facies is similar to the values reported here (Chapter 3 - Kunzmann et al., 2019). Oxygen 

δ18O values range from -6 to -14.7 ‰ in GR1. The low δ18O values (δ18O ~-14 ‰) indicate potential 

diagenetic recrystallisation. 
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Figure 4. Stable carbon (δδδδ13C) and oxygen (δδδδ18O) cross plot showing the variation in isotopic values in carbonate 

nodules, and the field of carbonate facies isotopes (Chapter 3 - Kunzmann et al., 2019 ).  

The geochemical analysis (9 samples) shows that the carbonate nodules are either composed of 

calcite or dolomite, based on the Mg/Ca ratios (Figure 5a). The elevated Ca concentrations have 

typically higher Sr concentrations (Figure 5a). Dolomitisation during diagenesis typically also leads 

to lower Sr concentrations. Therefore, Sr can be used as an indicator for diagenetic alteration. The 

concentration of Fe (<1.4 %) is correlating well with S, implicating that most Fe is associated with 

sulphide minerals (e.g. pyrite). The Mn concentrations in GR1 (Figure 5b) does not exceed 1220 

ppm, and they correlate with calcite abundance. The geochemical composition of the carbonate 

nodules in GR1 are typical for precipitation of carbonate minerals near sediment-water interface. 

Overall, the geochemical signature of the nodules in the B2 TST is characterised by low 

concentrations of Mn, (<1200 ppm), and variable Sr concentrations. 

 

Figure 5. a) Geochemical plot of Mg/Ca ratio versus Sr concentrations showing high Sr in calcite-dominated samples 

and vice versa, b) plot of Mn versus Fe concentrations showing low Mn and moderate Fe concentrations in GR1. 

4.3 GRNT-79-8 

GRNT-79-8 (GR8) is situated in the southern part of the Glyde sub-basin, and records ~600 m of 

Barney Creek Formation (B1 sequence, Chapter 3 - Kunzmann et al., 2019 ). Carbonate nodules (17 
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samples) were collected between 562 and 589 m depth, which is mostly transgressive B1 (including 

the HYC member), and onset of regressive B1. The δ13C isotopic values range from -1.9 to -10.7 ‰, 

with an average of -3.3 ‰ (14 out of 17). This range of isotopic values is in accordance with the 

carbonate facies values reported in Chapter 3 (Kunzmann et al. 2019; Figure 6). Oxygen δ18O values 

range from -4.8 to -8.3 ‰ in GR8. There is no clear correlation between δ18O and δ13C. The negative 

δ13C values of ~-10 ‰ are typical for carbonate nodules forming from bacterial sulphate reduction 

in disequilibrium with the dissolved inorganic carbon reservoir in seawater. 

 

Figure 6. Stable carbon (δδδδ13C) and oxygen (δδδδ18O) cross plot showing the variation in isotopic values in carbonate 

nodules, and the fields of carbonate facies isotopes (Chapter 3 - Kunzmann et al. 2019). There is a shift of δδδδ18O 

between the background and nodule data in GR8. 

The geochemical analysis (15 samples) shows that the carbonate nodules are composed of mainly 

calcite, based on the Mg/Ca ratio (Figure 7a). The elevated Ca concentrations typically correspond 

to higher Sr concentrations (Figure 7a). The concentration of Fe (rarely exceeding 1 %) is correlating 

well with S, implicating that most Fe is associated with sulphide minerals (e.g. pyrite). The Mn 

concentrations in GR8 reaches up to 1.7 % (Figure 7b). The geochemical composition of the 

carbonate nodules in GR8 reflects precipitation under anoxic condition, near of just below the 

seafloor surface. 

Overall, the geochemical signature of the TST in B1 is characterised by high concentrations of Mn, 

(>1700 ppm up to % levels), and Sr concentrations in a range between 80-120 ppm. 
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Figure 7. a) Geochemical plot of Mg/Ca ratio versus Sr concentrations showing high Sr in calcite-dominated samples, 

b) plot of Mn versus Fe concentrations showing elevated Mn concentrations in GR8 compared to GR1, while Fe 

concentrations are similar. 

4.4 GRNT-79-11 

GRNT-79-11 (GR11) is situated in the most southern part of the Glyde sub-basin, and records ~400 

m of Barney Creel Formation (B1 sequence, Chapter 3 - Kunzmann et al., 2019 ). Carbonate nodules 

(4 samples) were collected between 329 and 423 m depth, which includes the B1 transgressive HYC 

member and the B1 regressive systems tract. The δ13C isotopic values range from -4.6 to -5.1 ‰, 

with an average of -4.9 ‰ (Figure 8). The δ13C values in the carbonate facies reported by Kunzmann 

et al. (2019 – Chapter 3) show the same range of values. Oxygen δ18O values range from -6.3 to -8.6 

‰ in GR11. There is no correlation between δ18O and δ13C.  

 

Figure 8. Stable carbon (δδδδ13C) and oxygen (δδδδ18O) cross plot showing the variation in isotopic values in carbonate 

nodules, and the fields of carbonate facies isotopes (Chapter 3 - Kunzmann et al. 2019). There is a shift of δδδδ18O 

between the background and nodule data in GR11. 

4.5 McArthur River Mine – HYC deposit 

All nodules were sampled without stratigraphic constraints and are located within the B1 

transgressive systems tract (McArthur River mine geology – W-fold and HYC members). There was 
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only 1 sample analysed for stable carbon and oxygen isotopes. The sample consists of an ellipsoidal 

nodule (long axis parallel bedding) of ~8x4x6 cm in size. The nodule was analysed in 4 spots, in order 

to see isotopic variations within the nodule’s growth zones. The δ13C isotopic values range from -3.6 

to -3.8 ‰, while δ18O range from -5.6 to -5.9 ‰, and are similar to values recorded in the non-

mineralised GR8 and GR11 drillholes (Figure 9). The isotopic composition is similar to reported 

values by Large et al. (2001) in mainly nodular carbonate. However, there is a lack of stratigraphic 

context in all published data on carbonate nodules at HYC (Rye and Williams, 1981; Ireland et al., 

2004; Large et al., 2001). There is some confusion around the terminology used, since Ireland et al. 

(2004) refers to the alteration halo as nodular carbonate. The nodular carbonate was defined as 

globular, blebby and elongate aggregates within fine laminated shale, but carbonate nodules are 

mentioned separately at times.  

 

Figure 9. Stable carbon (δδδδ13C) and oxygen (δδδδ18O) cross plot showing the variation in isotopic values in carbonate 

nodules, and the fields of carbonate facies isotopes (Chapter 3 - Kunzmann et al. 2019). Notice the similarity between 

HYC sample and GR8, GR11 data points. 

The geochemical analysis (49 samples) was carried out on samples collected in the centre of the 

nodules, the long and short axis edge (plus some extra sample in particular large nodules). The data 

show no systematic variation in elemental concentrations. The carbonate nodules are composed of 

dolomite, based on the Mg/Ca ratio (Figure 10a). The low Sr concentrations (mostly 10-30 ppm with 

the exception of HYC15) correspond to the dolomitic composition. The Mn concentrations in HYC 

reaches up to 3.6 %, and is well correlated with Fe in sample HYC12 (Figure 10b). There is no 

correlation between Fe and S, and Fe concentrations are generally >1.5 % (Figure 10c), which is 

different from GR8. There is a slight inversed correlation between Zn concentrations and the Mn/Ca 

ratio (Figure 10d). It is difficult to assess, if this could dependent on the stratigraphic position of 

each nodule, or related to a Mn-enrichment related to mineralisation. 
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Figure 10. Geochemical plots of a) Mg/Ca ratio versus Sr showing the low Sr concentrations common in dolomite-

dominated nodules at HYC, b) Mn versus Fe concentrations showing similar Mn concentrations in HYC and GR8, c) S 

versus Fe concentrations showing no correlation at HYC, and elevated Fe compared to GR8 and GR1, d) Mn/Ca ratio 

versus Zn concentrations showing a weak inverse correlation at HYC. 

Detailed geochemical mapping was carried out on several nodules, with the aim to map an 

elemental zonation and its relationship to sphalerite. The sample, which was analysed for C/O 

isotopes, shows variation in Mn and Ca concentrations. The Ca distribution occurs in two distinct 

growth zones irradiating from the centre of the nodule. The Mn concentrations forms more visible 

growth zones compared to Ca (Figure 11a). The inner zone contains visible, fine-disseminated pyrite, 

and patches of sphalerite and galena (Figure 11b). The zone with the highest relative concentrations, 

appears to correspond to the sulphide zone.  

 

Figure 11. XRF elemental map of HYC nodule showing a) Zn (sphalerite) occurring within one growth zone of varying 

Mn-concentrations, b) enrichment of Fe (pyrite Fe+S), Zn (sphalerite) and Pb (galena) limited to specific growth zones. 

To better understand the relationship between Mn-carbonate minerals and sphalerite, the sample 

was further studied by SEM (on subsampled thin section). The petrography shows that euhedral 

dolomite is enclosed by Mn-enriched dolomite cement (Figure 12a). Enclosed in the Mn-dolomite 

cement is euhedral pyrite. The distribution of galena and sphalerite is patchy within the Mn-
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dolomite cement. Sphalerite is also overgrowing or engulfing pyrite and galena in places, and 

precipitated at the same time as cement growth occurred (Figure 12b).  

 

Figure 12. BSEM micrograph of a) euhedral dolomite (dol) enclosing pyrite (py) and pore-occluding Mn-dolomite (Mn-

dol) with grains of sphalerite (sp) and galena (ga), b) sphalerite overgrowing dolomite and enclosed by Mn-dolomite 

cement in HYC carbonate nodule. 

The sample with the highest Mn concentrations is texturally much more heterogeneous. The centric 

growth pattern is similar to other nodules, but the matrix also contains patchy dolomite fragments 

in the central and upper part (Figure 13a). The lower part of the nodule is characterised by thinly 

laminated, soft-sediment deformed Mn-dolomite cement, interlayered with very fine grained clay 

minerals (Figure 13b). The nodule is generally devoid of pyrite or sphalerite.  

 

Figure 13. XRF elemental map of nodule HYC12 showing a) different growth zones of dolomite (Ca) and fragments of 

dolomite (Ca), b) growth zones with varying Mn concentrations, and very minor sphalerite (Zn). 

A third type of nodule consists of a core composed of fine crystalline, massive sphalerite (some 

galena), surrounded by non-zoned Mn-dolomite, and an outer enrichment with isolated galena 

crystals (Figure 14). The nodule shows healed fractures along the long axis edges, which are enriched 

by sphalerite and galena.  
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Figure 14. XRF elemental map of nodule HYC13 showing a core of sphalerite (Zn), and disseminated galena (Pb) 

throughout the Mn-dolomite. The sample fractured along the edges with remobilised sulphides and dolomite. 

The distribution of the sulphides was further studied by generating a 3D volume of the 

mineralisation. The ellipsoidal nodule shows internally preserved bedding (Figure 15a, b) along the 

long axis, suggesting growth in unconsolidated, water-saturated sediment. The sulphides in the 

centre are mainly sphalerite with disseminated galena crystals (Figure 15c, d). The precipitation 

must have occurred simultaneously with the onset of nodule growth. The shortening perpendicular 

to bedding was caused by compaction of the semi-consolidated carbonate mud. Later mechanical 

compaction during burial diagenesis has caused fracturing and remobilisation of sulphides and 

dolomite along the edges (Figure 15e,f). Based on this nodule, it can be postulated that a metal-

carrying fluid was present during nodule precipitation. However, it is not known, which stratigraphic 

interval this nodule belongs to, and how it spatially relates to the non-mineralised nodules. It is also 

not clear, what the timing of the nodule-associated mineralisation and the main orebody 

mineralisation is. It is unclear, if the nodular carbonate described by Ireland et al. (2004) formed at 

similar times as the carbonate nodules. They might be two different generations of carbonate 

precipitation. 

Overall, the geochemical signature of the TST in B1 is characterised by high concentrations of Mn, 

(>1400 ppm up to 3.6%), and Sr concentrations in a range between 10-50 ppm. The majority of Mn 

concentrations in HYC B1 TST are very similar to GR8. There are two scenarios at play, 1) the Mn 

enrichment and nodule growth are related to basin fluids without mineralisation – hence similar 

signatures in the Glyde sub-basin, 2) the Mn-enrichment, carbonate nodule, and nodular carbonates 

are related to mineralisation, which would suggest undiscovered mineralisation in the Glyde sub-

basin. 
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Figure 15. 3D renderings of a nodule (HYC13), a) volume rendering of the XCT data where change in greyscale at a 

given point is a function of both mineral density and mineral composition. The nodule was virtually cut through its 

middle to illustrates its internal structure, b) false colour isosurfaces showing the distribution of Pb (grey) and Zn 

(pink) phases across the nodule (its outline is displayed as transparent shades of blue), c) false colour isosurfaces 

showing the distribution of Pb (transversal view), d) false colour isosurfaces showing the distribution of Zn 

(transversal view), e) false colour isosurfaces showing the distribution of Pb (grey) and Zn (pink) phases across the 

nodule (view from the bottom), f) false colour isosurfaces showing the distribution of Pb (grey) and Zn (pink) phases 

across the nodule (view from the top).  
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5 Conclusion 

In summary, the study shows that the δ13C isotopic composition of the carbonate nodules reflects 

the values recorded in the carbonate facies by Kunzmann et al. 2019 (Chapter 3). Therefore, the 

carbonate nodules formed near or just below (<10 m) the seafloor. However, the δ18O isotopic 

composition in the nodules are less negative than the background (carbon isotopes in carbonate 

rocks; Kunzmann et al., 2019). The geochemical composition varies between Barney Creek 

Formation B1 and B2 sequences. The main differences are reflected in the Mn (B1<B2) and Sr 

(B1>B2) concentrations. The lower Sr concentrations and higher abundance of dolomite in HYC 

suggest a stronger diagenetic overprint, compared to the Glyde sub-basin samples. However, the 

diagenetic history of the two basins is not well understood. The occurrence of Zn, Pb and Cu-

sulphides within the nodules Mn-dolomite cement implies that there was a base metal elevated 

fluid present during the precipitation of the nodules. However, there is no pattern in the abundance 

of sphalerite and Mn-dolomite. GR8 is similarly enriched in Mn, but there is no known mineralisation 

in the Glyde sub-basin. Based on the data presented here, the following statement can be made: 

1) The B1 sequence is generally elevated in Mn concentrations compared to B2. 

2) The formation of the nodules occurred near or up to ~10 m below the seafloor during very 

early diagenesis. 

3) The composition varies between calcite-dominated in the Glyde sub-basin and dolomite at 

HYC (also reflected in the Sr concentrations). 

4) It is not resolvable if the Mn-enrichment is always related to the sulphide mineralisation, 

since there is a lack of understanding of the spatial relationships. 

5) The Mn is associated with Fe-Mn dolomite cement, which precipitated concurrent with 

sphalerite and galena at HYC during early diagenesis. 

6) The timing of nodules precipitation (including sphalerite) in relation to the main ore body 

formation at HYC is unknown, and cannot be resolved based on published data and this 

study. 

The main tasks in this study was to investigate, if the carbonate nodules can be used as a tool for 

base metal mineralisation in black shale. The answer based on the current knowledge is partly yes. 

The nodules with elevated Mn concentrations are likely to be associated with the B1 (including HYC 

member) sequence of the Barney Creek Formation, target for base metal mineralisation. However, 

it remains unclear, what the relationship between Mn and mineralisation is, since the non-

mineralised Glyde sub-basin shows the same Mn-enrichment. In order to test, if the cause of the 

Mn enrichment could be related to mineralisation or not, nodules (or carbonate cement) in B1 

would need to be studied systematically across the basin. The isotopic signature reflects the 

background carbonate signature, which is unique for B1, but not related to mineralisation. 
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Executive summary 

This report describes the numerical modelling component of a larger project (Schaubs et al., 2019) 

investigating sediment-hosted base metal mineralisation in the McArthur Basin, located in the 

Northern Territory of Australia. Numerical models were used to test hypotheses concerning the 

formation of base metal deposits in the basin, with a focus on integrating insights gained from other 

areas of the McArthur Basin project.  

The McArthur Basin contains several sediment-hosted Zn-Pb-Ag deposits, including the world-class 

McArthur River deposit. Mineralisation occurred by precipitation of base metals from an oxidised 

basinal brine interacting with anoxic sediments, at or just below the sea floor. The brine originated 

from evaporitic deposits and leached metals from deeply-buried volcanic units before travelling 

through sandstone aquifers and returning to the seafloor via the Emu Fault system. Previous 

numerical modelling studies have shown that this fluid flow regime could have arisen from basin-

scale convective flow driven by variations in temperature and/or salinity. However, these studies 

were predominantly two-dimensional and did not consider the effect of deformation on the fluid 

flow regime, which may have been important given the tectonically active setting of the McArthur 

Basin. Furthermore, the fluid flow pathways predicted by previous numerical models are consistent 

with syngenetic mineralisation on the sea floor, yet petrographic and geochemical studies 

undertaken in other parts of the McArthur Basin project indicate a predominantly diagenetic origin 

for much of the mineralisation. These limitations are addressed in the models described in this 

report. 

The numerical models were based on a simplified 3D representation of the key structural and 

stratigraphic features in the vicinity of the McArthur River deposit. The geometry includes the Emu 

Fault and an orthogonal cross-fault. Simulations of coupled fluid flow, heat transport and 

deformation in this geometry were performed using the finite element method. Hydrostratigraphic 

units in the model were assigned appropriate mechanical, thermal and fluid flow properties based 

on their dominant lithology and burial history, with faults assumed to act as high-permeability fluid 

pathways. Models were run first without deformation, to explore the nature of and controls on 

thermal convection in three dimensions, then deformation was applied to investigate its effect on 

the established convective fluid flow. Key conclusions are as follows: 

• Thermal convection arises spontaneously in the modelled system if the fault 

permeability is ≥ 10-14 m2. It does not require local heat sources. 

• Thermal convection is strongly three-dimensional, and cannot be adequately 

represented in 2D models. 

• The convecting system is characterised by thermal upwellings ~1-3 km wide with a 

spacing ~10-20 km along the Emu Fault. This fluid flow pattern is consistent with 

syngenetic mineralisation if the faults have high permeability throughout the sediment 

pile. The temperature and fluid flow rate in these upwellings is sufficient to account for 

a 20 Mt Zn deposit in less than 1 million (Myr), assuming 100% precipitation from a 

fluid carrying 1000 ppm Zn. 
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• Diagenetic mineralisation may have occurred if the faults had low permeability at 

shallow depths, causing upwelling fluid to deviate out of the faults into the adjacent 

Barney Creek Formation. However, the flow rates are lower than in the syngenetic 

scenario, hence the timescale for mineralisation is increased to several million years.  

• Convection tended to start with upwelling at the fault intersection but subsequently 

migrated along the Emu Fault. In more complex geometries the convective upwellings 

might be “pinned” by features such as fault bends or jogs.  

• There is strong interaction between the convective flow in the fault and convective 

flow in the aquifer (representing the metal source). The volume of fluid passing 

between the aquifer and the fault appears to be sufficient to account for the observed 

mineralisation, however it would be necessary to include chemical tracers in the 

simulations to verify this. 

• Tectonic deformation (extension or shortening) at geologically reasonable strain rates 

(10-14 – 10-15 s-1) had minimal impact on convective fluid flow. Deformation at higher 

strain rates may have impacted on convective fluid flow, but convection would have 

been restored almost instantaneously after the cessation of such deformation.  

• Technical limitations meant that the amount of deformation that could be achieved 

was relatively small (< 1% bulk shortening or extension). Larger deformations could 

impact on fluid flow by causing development of topography and/or changes in the 

spatial distribution of different rock types due to faulting and folding.  

Future enhancements to the models could include adding salinity and chemical tracers; varying fault 

permeability with time, depth and lithology; deforming the models to larger bulk strains; and using 

a more complex geometry.  
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1 Introduction 

This report describes the numerical modelling component of a larger project (Schaubs et al., 2019), 

which set out to improve understanding of sediment-hosted base metal mineralisation in the 

McArthur Basin in the Northern Territory, Australia. The McArthur Basin project took an integrated 

approach, including acquisition and interpretation of new gravity data, re-interpretation of existing 

geophysical datasets, detailed sedimentological and stratigraphic analysis, petrography, 

geochemistry, and numerical modelling of basin-scale fluid flow. Numerical models were used to 

test hypotheses concerning the formation of base metal deposits in the basin, with a focus on 

integrating insights gained from other parts of the McArthur Basin project. Previous numerical 

modelling studies of the McArthur Basin have focused on hydrothermal convection as a key physical 

process responsible for localising mineralisation. These studies were predominantly two-

dimensional and did not consider the effects of deformation on fluid flow. The work reported here 

builds on those studies, by exploring thermal convection in three dimensions, and investigating the 

competition between deformation-driven fluid flow and thermal convection. 

 

2 Location and geological setting 

The McArthur Basin (Figure 1) contains a late Paleo- to early Mesoproterozoic succession of 

carbonates, siliciclastics and bimodal volcanics, deposited in an intracratonic setting on the North 

Australian Craton (Plumb, 1979a,b; Jackson et al., 1987; Giles et al., 2002; Betts et al., 2003; Ahmad 

et al., 2013). Plate boundary processes acting on the southern and eastern margins of the craton 

resulted in a long history of extension and shortening events, creating a complex depositional 

architecture and fault network (Betts et al., 2003, 2016; Betts and Giles, 2006; Blaikie and 

Kunzmann, 2019a). 

Sediment-hosted base metal deposits are located in the Batten Fault Zone, a north-south trending 

structural corridor in the southern McArthur Basin (Figure 1). These deposits include the world-class 

McArthur River deposit and the nearby Teena, Cooley and Ridge deposits.  

The basement comprises volcanics, sediments and minor granites that were deformed and 

metamorphosed during the Barramundi orogeny ~1870 - 1850 Ma (Etheridge et al., 1987; O’Dea et 

al., 1997). In the Batten Fault Zone the basement is overlain by the Tawallah Group (1790 – 1710 

Ma), which is dominated by shallow marine and fluvial sandstones, with lesser mudstone, dolostone 

and volcanics (Ahmad et al., 2013). Geophysical forward modelling suggests an anomalously thick 

sequence of mafic volcanics within the Tawallah Group in parts of the Batten Fault Zone, with a 

strong spatial association to known mineralisation (Blaikie and Kunzmann, 2019a).  
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Figure 1 Location of the McArthur Basin showing major structures and Zn-Pb-Ag mineral deposits 

The Tawallah Group is overlain by the predominantly shallow marine McArthur Group (1670-1600 

Ma), comprising dolostones, sandstones, mudstones and minor tuffaceous mudstones (Ahmad et 

al., 2013). The middle McArthur group includes the Barney Creek Formation (BCF), which hosts the 

McArthur River deposit. The Barney Creek Formation comprises dolomitic, carbonaceous and pyritic 

shales and siltstones with minor breccias. These sediments were deposited in deep subtidal to slope 

environments in actively subsiding sub-basins bounded by the Emu Fault system (Figure 1) and 

associated south-dipping growth faults (Bull, 1998; Large et al., 1998; Schmid, 2015; Kunzmann et 

al., 2019b). Subsidence was driven by north-south extension, with an inversion event at ~1640 Ma 

that may coincide with the timing of mineralisation at McArthur River (Hinman, 1995; Blaikie and 

Kunzmann, 2019a). The remaining two groups of the southern McArthur Basin postdate 

mineralisation at McArthur River and are not relevant to this study. 
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3 Conceptual model for mineralisation 

Base metal mineralisation in the Batten Fault Zone occurs in sub basins adjacent or close to the Emu 

Fault system. The timing of mineralization has been widely debated, but is generally thought to be 

syngenetic (i.e. occurring on the seafloor during deposition of the Barney Creek Formation) or 

diagenetic (i.e. occurring up to a few hundred metres below the seafloor within the Barney Creek 

Formation) (Rye and Williams, 1981; Eldridge et al., 1993; Large et al., 1998; Logan et al., 2001; 

Ireland et al., 2004a,b; Spinks et al., 2019b). A conceptual model for the McArthur River mineral 

system is shown in Figure 2. Mineralisation occurred by precipitation of base metals from an 

oxidised brine interacting with anoxic sediments, at or just below the sea floor (Rye and Williams, 

1981; Eldridge et al., 1993; Hinman, 1995; Large et al., 1998; Logan et al., 2001). The brine likely 

originated from evaporitic deposits and leached metals from deeply-buried volcanic units before 

travelling through sandstone aquifers and returning to the seafloor via the Emu Fault system (Figure 

2) (Cooke et al., 1998; Large et al., 1998; Polito et al., 2006; Williford et al., 2011). 

 

Figure 2 Conceptual model for mineralisation at McArthur River (modified from Large et al., 1998; Garven et al., 2001). 

(1) Oxidised basinal brine descends through the basin. (2) Metals leached from volcanic units and transported through 

sandstone aquifer. (3) Brine returns to seafloor via the Emu fault. (4) Deposition in anoxic sediments, at or just below 

the seafloor (gold star). 

Various lines of evidence support the conceptual model shown in Figure 2. Extensive potassic 

metasomatism and base metal depletion in mafic volcanics of the Tawallah Group suggest these 

rocks were the source of base metals for mineralisation (Cooke et al., 1998; Huston et al., 2006). 

Overlying sandstone units of the upper Tawallah and lower McArthur groups display evidence of 

secondary porosity generation, creating a permeable aquifer that provided a pathway for the metal-

charged brine to migrate towards the Emu Fault system (Cooke et al., 1998; Large et al., 1998; 

Garven et al., 2001; Polito et al., 2006). After ascending through the Emu Fault system, metals were 

deposited in the Barney Creek Formation, either on the seafloor (syngenetic exhalative model) or 
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within the sediment pile (diagenetic model). Mineralisation is associated with black shales of the 

HYC Pyritic Shale Member in the Barney Creek Formation, which may have acted as a chemical trap 

by providing a reductant for the oxidised brine on the seafloor (Figure 3A), or as a physical trap by 

acting as a low-permeability barrier that caused ascending brine to divert out of the Emu Fault 

system into the Barney Creek Formation (Figure 3B) (Sheldon et al., 2019; Kunzmann et al., 2019b). 

The distinction between syngenetic and diagenetic mineralisation is important, because these two 

mechanisms have different implications for fault permeability. Syngenetic mineralisation requires 

the faults to have had high permeability throughout the sediment pile, allowing fluid to escape onto 

the seafloor. Conversely, in a diagenetic mineralisation scenario the fluid must deviate out of the 

faults before reaching the seafloor, which implies that the faults must have acted as barriers to fluid 

flow (i.e. they had low permeability) at shallow depths. This switch from high to low permeability in 

faults at shallow depths can be attributed to processes such as shear-enhanced compaction and clay 

smear, which commonly result in faults acting as barriers to fluid flow at shallow depths in porous 

sediments (e.g. Fisher et al., 2003; Barnicoat et al., 2009). At McArthur River, we postulate that 

interaction of the HYC Pyritic Shale Member with the Emu Fault would have created extremely low 

permeability in the fault zone, causing fluid to deviate out of the Emu Fault and travel laterally 

through the dolomitic siltstones directly beneath the black shale, depositing metals there (Sheldon 

et al., 2019; Kunzmann et al., 2019b). 

 

Figure 3 Schematic cross-section through a basin-bounding fault penetrating the Barney Creek Formation, showing 

the location of syngenetic (A) and diagenetic (B) mineralisation relative to stratigraphy. Note the association with 

black shales. After Kunzmann et al. (2019b). 
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4 Previous numerical modelling studies 

Previous numerical modelling studies of the McArthur River mineral system focused on density-

driven fluid flow (convection), with the density variations being due to gradients in temperature 

and/or salinity (Garven et al., 2001; Yang et al., 2004b,a; Yang, 2006). The first studies were based 

on a simplified 2D cross-section of the Batten Fault Zone (Figure 4), comprising two west-dipping 

faults (the Tawallah and Emu faults) intersecting a simplified hydrostratigraphic sequence. The 

hydrostratigraphic units in these models were intended to represent the major hydrostratigraphic 

units of the Batten Fault Zone (Table 1), with each unit characterised by its permeability, porosity 

and thermal conductivity. The results of these modelling studies suggested that fluid would flow 

down the Tawallah fault, through an aquifer unit representing sandstones of the Upper Tawallah 

and Lower McArthur Groups, and then flow up the Emu fault to the seafloor. This convective flow 

regime is consistent with the genetic model shown in Figure 2. Factors such as the initial salinity 

distribution (Yang et al., 2004a) and the presence and width of minor faults between the Tawallah 

and Emu faults (Yang et al., 2004b) influenced the exact pattern of convective flow predicted by the 

models, but the overall west-to-east circulation was found to be a consistent feature over many 

scenarios that were investigated. Note that this convective flow arises purely from buoyancy forces 

arising from the regional geothermal gradient (with or without salinity gradients). It does not require 

additional local heat sources. 

Table 1 Lithology and characteristics of hydrostratigraphic units used in models 

Hydrostratigraphic 

unit 

Group Dominant lithology Porosity-permeability characteristics 

Barney Creek 

Formation (BCF) 

McArthur Dolomitic siltstone Porosity decreasing rapidly with depth; 

strongly anisotropic permeability 

Carbonates McArthur Dolomite Evidence of early cementation suggests 

relatively low porosity and permeability 

Aquifer Lower McArthur, 

Upper Tawallah 

Sandstone High porosity and permeability due to 

secondary porosity 

Clastic-Volcanic Tawallah Sandstone, mafic 

volcanics 

Lithified prior to deposition of overlying 

aquifer, therefore low porosity and 

permeability 

Basement N/A Metasediments and 

volcanics 

Low permeability 

Faults N/A N/A Proximity of mineralisation to faults suggests 

they acted as fluid pathways, implying high 

permeability 
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Figure 4 Geometry used in previous 2D numerical modelling studies (modified from Yang et al., 2004a). Vertical 

exaggeration x2. Aquifer and faults have high permeability, other units have low permeability. Arrows indicate 

general pattern of fluid flow predicted by the numerical models. 

Yang (2006) expanded the model into 3 dimensions by extrapolating the 2D model along strike of 

the faults, and found that the dominant convective flow pattern switched to one of convection along 

the faults, with insignificant flow through the aquifer unit between the faults. This result highlights 

the importance of modelling convection in three dimensions; results from 2D models can be 

misleading. Adding a cross fault between the Emu and Tawallah faults, along with regions of higher 

permeability surrounding the fault intersections, resulted in a three-dimensional convection pattern 

with some fluid interaction between the aquifer and faults (Yang, 2006). However, the fluid volumes 

were not quantified so it is not clear whether there was sufficient fluid flow from the aquifer to the 

faults to account for mineralisation.  

5 Questions addressed in the present study 

While the numerical modelling studies described above provided useful insights into the fluid flow 

regime in the Batten Fault Zone, they have a number of limitations that are addressed in this study. 

Specifically: 

1. Previous studies were predominantly two-dimensional, yet convection is an inherently 

three-dimensional process. This was highlighted by the work of Yang (2006), which 

suggested that the faults would be the dominant pathways for convective fluid flow in a 

three-dimensional system. It was not clear from the results presented by Yang (2006) 

whether there was sufficient fluid exchange between the aquifer (acting as the metal 

source) and the faults to account for mineralisation. Hence, we explore further the 

behaviour of the system in three dimensions, focusing in particular on the interaction 

between the aquifer and the faults. 

2. Previous studies did not consider the effects of tectonic deformation on fluid flow. 

Deformation influences fluid flow by driving fluid away from areas of compaction and 

towards areas of dilation, and by creating topography. Depending on the strain rate, 

deformation may override thermal convection to become the dominant fluid flow driver 

(Oliver et al., 2006). In particular, fluid tends to move downwards during extensional 

deformation (e.g. McLellan et al., 2004; Oliver et al., 2006; Cui et al., 2012), making it more 
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difficult to achieve the strong upward flow that is required to transport metals to shallow 

depths. Conversely, crustal shortening tends to drive fluids upwards. Given the tectonically 

active setting of the Batten Fault Zone at the time of mineralisation, it is possible that 

deformation may have overridden convective fluid flow. In particular, we note that much 

of the Barney Creek Formation was deposited during north-south extension, with an 

inversion event that may have coincided with mineralisation at McArthur River (Blaikie and 

Kunzmann, 2019a). Hence, we test the effect of extension and shortening on the 

convective fluid flow regime. 

3. The convective flow predicted by previous models has all of the upwelling fluid exiting onto 

the seafloor, which is consistent with a syngenetic model for mineralisation. However, 

evidence collected in other parts of the McArthur Basin project points to a diagenetic 

origin for much of the mineralisation (Kunzmann et al., 2019a,b; Spinks et al., 2019b,a). 

This implies that fluid deviated out of the Emu Fault into the Barney Creek Formation, 

before reaching the seafloor. We explore the permeability conditions that would be 

required to create a fluid flow pathway consistent with diagenetic mineralisation. 

6 Model geometry 

The numerical models described in this report are based on a 3D geometry that is a simplified 

representation of the key hydrostratigraphic units on the eastern side of the Batten Fault Zone 

(Figure 5). A decision was made to exclude the Tawallah Fault (c.f. previous modelling studies; Figure 

4) because its subsequent reactivation as a thrust fault creates uncertainty regarding its position 

and geometry at the time of mineralisation (Rawlings et al., 2004; Huston et al., 2006). The model 

includes a south-dipping cross-fault terminating at the Emu Fault, representing one of the 

approximately east–west oriented normal faults that bound the sub-basins that host the known 

mineralisation. The Emu Fault penetrates to 8 km depth, and the cross-fault penetrates to 6 km 

depth. This simplified geometry is not intended to represent in detail the complex fault and 

stratigraphic architecture of the area (c.f. Blaikie and Kunzmann, 2019a); rather it represents the 

key features relevant to this study of fluid flow in the Batten Fault Zone, with hydrostratigraphic 

units corresponding to those used in previous modelling studies (see Table 1). 

Note that we did not simulate sedimentation in the numerical models; the hydrostratigraphic units 

were assumed to exist at the start of the simulation and persisted throughout the simulation, 

without any addition or removal of material. Evidence for rapid sedimentation in some parts of the 

Barney Creek Formation (Kunzmann et al., 2019b) suggests that sedimentation may have occurred 

on a similar timescale as the hydrothermal flows predicted by our numerical models. Therefore, 

coupling between sedimentation and hydrothermal fluid flow could lead to additional effects that 

are not predicted by our models. 

A number of alternative geometries were explored in earlier stages of the numerical modelling 

project, including a model with horizontal stratigraphy cut by three faults (representing the Tawallah 

and Emu faults and a cross fault), and a model with dipping stratigraphy in which the Emu Fault was 

represented as a listric fault. Results from those models were presented at AGES 2018 (Sheldon and 

Schaubs, 2018a) and the Australian Geoscience Council Convection 2018 (Sheldon and Schaubs, 
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2018b), respectively. The major conclusions remain the same regardless of the geometry that was 

used. 

 

Figure 5 Geometry used in numerical models. Faults are 200 m wide. Cross fault dips 80°°°° SSE. 

 

7 Numerical modelling method  

 

We used the finite element method to solve the equations describing coupled deformation, fluid 

flow and heat transport in a fluid-saturated porous medium. The rock is treated as an elastic-plastic 

porous medium in which the pore space is saturated with water. The porous rock deforms in 

response to the mechanical boundary conditions imposed on the model (i.e. shortening or 

extension), with changes in rock volume resulting in changes in porosity. 

The elastic-plastic constitutive model comprises linear elasticity combined with the Drucker-Prager 

yield function and non-associated plasticity (Rudnicki and Rice, 1975). This constitutive model is 

defined in terms of the elastic moduli, yield functions for shear and tensile failure, and 

corresponding potential functions defining the direction of plastic (irreversible) strain associated 

with yielding. The yield functions are defined by the cohesion, friction angle and tensile strength. A 

material conforming to this constitutive model behaves elastically until the stress state reaches the 

yield envelope, at which point it undergoes shear or tensile failure and develops plastic strain. Shear 

failure is associated with dilation (volume increase) governed by the dilation angle, representing the 

effect of close-packed grains or rough fracture surfaces moving apart as they slide over one another 

(Vermeer and De Borst, 1984; Ord, 1991). 
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Fluid flow is assumed to obey Darcy’s law with anisotropic permeability, such that the direction and 

magnitude of the fluid flux are dictated by gradients in hydraulic head and spatial variations in the 

magnitude and orientation of permeability (Bear, 1972; Phillips, 1991). The pore fluid moves in 

response to changes in fluid pressure caused by deformation, and to changes in fluid density 

associated with variations in temperature (i.e., thermal convection).  

Salinity variations were not considered in this study; a previous study (Yang et al., 2004a) showed 

that relatively high salinity at the seafloor (a reasonable assumption for this system) could enhance 

the convective flow relatively to the thermally-driven case.  

Deformation, fluid flow and heat transport are coupled in the models in the following ways: 

1. Deformation results in changes in fluid pressure which drive fluid flow. 

2. Changes in fluid pressure influence the effective stress, which influences deformation. 

3. Heat is transported by conduction and advection with the moving pore fluid. 

4. Changes in temperature result in changes in fluid density that drive convective fluid flow. 

We used the open-source finite element code MOOSE1 (Multiphysics Object-Oriented Simulation 

Environment; Gaston et al., 2009) to solve the governing equations on a mesh representing the 3D 

geometry described above. The finite element mesh comprised 782 524 hexahedral elements. 

Details of the equations and solution technique can be found in the MOOSE documentation (Idaho 

National Laboratory, 2019a,b). MOOSE uses an implicit solver and is optimised to run in parallel, 

thus enabling rapid simulation over geological timescales. Simulations were run at the Pawsey 

Supercomputing Centre in Perth, Western Australia, using up to 800 cores per simulation.  

  

                                                            

 

1 www.mooseframework.org 
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8 Rock and fluid properties 

Table 2 lists the rock properties used in the simulations. Bulk modulus, shear modulus, cohesion and 

friction angle were based on published values for relevant rock types (Turcotte and Schubert, 1982; 

Schön, 2015a) and faults (Townend and Zoback, 2004; Tenthorey and Cox, 2006; Middleton and 

Copley, 2014; Jeppson and Tobin, 2015), and reflect the relative strength of the various units. For 

example, the fault was treated as a relatively weak unit. Tensile strength was assumed to be one 

tenth of cohesion. For the dilation angle a constant value of 4° was used, which falls within the range 

of measured values for various rock types (e.g. Ord, 1991) and is consistent with previous numerical 

modelling studies of porous rock deformation (Oliver et al., 2006; Potma et al., 2008; Zhang et al., 

2010, 2013).  

Thermal conductivity of the solid rock was based on values used by Garven et al. (2001). Specific 

heat capacity of the solid rock was assigned a constant value of 850 J kg-1 K-1. These thermal 

properties are consistent with measured values for relevant rock types over the pressure-

temperature conditions of the models (Vosteen and Schellschmidt, 2003; Waples and Waples, 2004; 

Schön, 2015b). Rock densities reflect the variation in mineralogy between the rock units. 

Table 2 Rock properties 

Hydrostratigraphic unit BCF Carbonates Aquifer Clastic-Volcanic Basement Faults 

Bulk modulus (GPa) 7 34 10 26 37 25 
Shear modulus (GPa) 5 20 6 16 25 10 
Cohesion (MPa) 1 7 27 40 50 7 
Tensile strength (MPa) 0.1 0.7 2.7 4 5 0.7 
Friction angle (°) 22 42 28 30 30 15 
Dilation angle (°) 4 4 4 4 4 4 
Solid density (kg m-3) 2700 2700 2650 2650 2750 2650 
Thermal conductivity (W m-1 K-1) 2.5 2.5 3 3 3 3 

Specific heat capacity (J kg-1 K-1) 850 850 850 850 850 850 

φ0 0.5 0.3 0.4 0.3 0.1 0.05 

φ1 0.05 0.05 0.05 0.01 0.01 0 

b 0.85 0.55 0.5 0.5 0.5 0 

A 8 6 10 8 30 0 

B -18 -17 -15 -15 -18 -13.5 to -15 

Anisotropy �� ��⁄  100 20 20 20 1 1 

 

Permeability in sedimentary rocks tends to be highest parallel to bedding and lowest perpendicular 

to bedding, with the ratio of parallel to perpendicular permeability being ~10-40 for sandstones and 

larger for fine-grained sediments (e.g. Bear, 1972; Armitage et al., 2011; Irvine et al., 2015; 

Backeberg et al., 2017). This was reflected in the models by setting the maximum and intermediate 

principal permeabilities to be equal (i.e., �� = ��) and parallel to the dip and strike of the layers, 

and the minimum principal permeability (�	) to be perpendicular to the layers, with anisotropy 

ratios reflecting the lithology of the layers (see Table 2).  

Permeability and porosity generally decrease with depth in the crust, especially at shallow depths 

in sediments where mechanical compaction, pressure solution and diagenesis act to modify the 
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primary porosity (Bethke, 1985; Harrison and Summa, 1991; Ingebritsen and Manning, 1999; 

Shmonov et al., 2003; Kuang and Jiao, 2014). We followed the approach of Chi et al. (2013), with 

porosity decreasing exponentially with depth (Equation 1) and permeability determined by a 

logarithmic relationship with porosity (Equation 2): 


 = 	
�
��� + 
�   (1) 

where 
 is porosity, 
� + 
� is porosity at deposition, 
� is irreducible porosity, � is an empirical 

parameter and � is depth in km; 

log �� = �
 + �   (2) 

where �� is the maximum principal permeability (m2), and � and � are empirical parameters. 

Equation 2 predicts very high permeabilities at shallow depths, which can cause problems in 

numerical simulations, therefore we truncated the permeabilities at a maximum of 10-13 m2. 

Parameter values for Equations 1 and 2 are listed in Table 2, and the resulting porosity-depth and 

permeability-depth trends are shown in Figure 6. The parameter values were guided by previous 

modelling studies (Harrison and Summa, 1991; Kaufman, 1994; Chi et al., 2013) and general 

permeability-depth curves (e.g. Ingebritsen and Manning, 1999; Kuang and Jiao, 2014), with 

adjustments to obtain contrasts between the modelled rock units consistent with their lithologies 

and assumed burial history. In simulations involving deformation the porosity evolved with 

volumetric strain, but permeability remained constant. Future investigations could include variation 

of permeability with porosity during deformation. 

The faults were assigned constant initial porosity and constant isotropic permeability ranging from 

10-15 to 10-13.5 m2. These values are representative of the range of fault permeabilities derived from 

in-situ measurements, inferred from seismicity, or calculated from fault models based on detailed 

field studies (Kitagawa et al., 1999; Tadokoro et al., 2000; Jourde et al., 2002; Revil and Cathles, 

2002; Talwani et al., 2007; Armitage et al., 2011; Xue et al., 2013). In some simulations a lower 

permeability was assigned to the top 300 m of the faults, to determine if this would directfluid into 

the Barney Creek Formation. In reality fault porosity and permeability are highly variable in space 

and time, depending on factors such as lithology, fault offset, clay smears, orientation relative to 

principal stresses, and depth (e.g. Caine et al., 1996; Faulkner et al., 2010; Nicol et al., 2016). Fault 

permeability can also be highly anisotropic (e.g. Jourde et al., 2002). Investigating such effects was 

beyond the scope of the present study; instead we used constant initial porosity and constant 

permeability, and investigated the behaviour of the model with a range of values of fault 

permeability. 

Pore fluid properties (i.e. density, viscosity, specific heat capacity, enthalpy) were derived from the 

pressure and temperature at each node in the finite element mesh, using the IAPWS-95 formulation 

for pure water (Wagner and Pruß, 2002). Rather than calculating fluid properties from the 

formulation during the simulation, which would have been slow, the properties of water were 

calculated in advance for a range of pressure and temperature values, then stored in a table from 

which the required values were interpolated during simulations. The tabulated water properties 

were calculated using a Python implementation of the IAPWS-95 formulation (Gomera, 2018). 

Thermal conductivity of the pore fluid was fixed at 0.65 W m-1 °K-1. 
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Figure 6 Porosity (A) and maximum principal permeability (B) versus depth, as given by equations 1 and 2 with 

parameter values shown in Table 2. Green shaded area in (B) represents the range of fault permeabilities used in the 

models. 

9 Initial and boundary conditions 

The top boundary was subject to pressure and temperature conditions representing the seafloor at 

200 m water depth, consistent with the inferred depositional environment of most parts of the 

Barney Creek Formation below the storm wave base (Bull, 1998; Schmid, 2015; Kunzmann et al., 

2019b). The initial fluid pressure gradient was hydrostatic. The base of the model was subject to a 

fixed heat flux of 70 to 100 mW m-2, a representative range for rift settings (e.g. McKenzie, 1978; 

Morgan, 1982; Lysak, 1992; Sandiford et al., 1998). This range of heat fluxes corresponds to 

temperature gradients ranging from 23 to 33 °C km-1 for a thermal conductivity of 3 W m-1 K-1. The 

base and sides of the model were impermeable to fluid flow. 

Before applying stresses to the model, the model was run to a steady state with low permeability, 

representing the conductive thermal state of the system. The temperature gradient varied spatially 

due to variations in thermal conductivity between the hydrostratigraphic units (see Table 2). The 

required permeabilities were then applied and hydrothermal simulations were run without 

deformation to explore the hydrothermal behaviour of the system. Hydrothermal simulations were 

run for 0.95 Myr. 

For simulations involving deformation, the initial stress state of the model was determined by 

applying approximate initial stresses, then allowing the model to equilibrate under gravity. The 

results of the hydrothermal simulations were then used to provide initial temperature and fluid 

pressure conditions, and the sides of the model were moved inwards or outwards at a velocity 
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corresponding to the desired strain rate and extension/shortening direction. The model top is 

simulated as a free surface and model bottom is fixed in the vertical direction. 

Estimates of geological strain rate derived from geodetic models and other arguments suggest that 

an extensional strain rate of 10-15 to 10-14 s-1 is reasonable on the scale of our model (Pfiffner and 

Ramsay, 1982; Kreemer et al., 2014; Fagereng and Biggs, 2019). Faults and shear zones display 

evidence of higher strain rates, however this is a consequence of strain localisation rather than a 

large-scale effect (Fagereng and Biggs, 2019). The numerical models in this study can develop a 

locally high strain rate due to strain localisation within the faults, which are treated as mechanically 

weak zones in the model (see Table 2). However, the models cannot predict temporal oscillations 

of strain rate representing stick-slip behaviour. 

10 Factors affecting thermal convection 

It is useful to consider briefly some of the theory of convective fluid flow in porous media. 

In the absence of local heat sources, thermal convection can arise spontaneously if the buoyancy 

force (arising from variations in fluid density associated with the temperature gradient) is sufficient 

to overcome viscous resistance to flow. In a homogenous, horizontal layer of porous rock subject to 

a fixed heat flux at the base, the tendency for convection is represented by the Rayleigh number: 

�� =
�����

 !�"#
 $

%& 
  (3) 

where � is permeability (m2), '( the volumetric thermal expansion coefficient of the pore fluid  (°K-

1), )� the density of the pore fluid at the top of the layer (kg m-3), *( the specific heat capacity of the 

pore fluid (J kg-1 °K-1), + the acceleration due to gravity (m s-2), , the height of the layer, - the heat 

flux at the bottom of the layer (W m-2), . the pore fluid viscosity (Pa s) and / the thermal conductivity 

of the fluid-saturated porous medium (W m-1 °K-1). 

Convection is possible if �� exceeds a critical value, ��∗, which itself depends on the boundary 

conditions of the system (Nield, 1968). For the geometrically complex and heterogeneous scenario 

represented by our models, �� and ��∗ are not defined; nonetheless, it is useful to note the factors 

governing �� in equation 3. Of all the variables that appear in the definition of ��, permeability 

displays the widest variation (over many orders of magnitude) and greatest uncertainty. In the 

system considered in this study, permeability of the faults and aquifer are the key criteria 

determining the occurrence of thermal convection. The height of the faults and the heat flux at the 

base of the model also have an important influence.  
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11 Results 

11.1 Convection without deformation 

11.1.1 Patterns of 3D thermal convection 

The behaviour of the system with a basal heat flux of 85 mW m-2 and fault permeability 10-14 m2 is 

illustrated in Figures 7 (snapshot at 0.5 Myr) and 8 (evolution from 0 to 0.95 Myr). Fluid flow is 

concentrated in the faults and aquifer due to their high permeability (Figure 7B). Thermal convection 

is initiated in less than 50 000 years2, beginning with upwelling of hot fluid at the fault intersection 

(Figure 8A). Convection then spreads along the Emu fault, and the fault intersection switches from 

upwelling to downwelling (Figure 8B to D). The system is dynamic and did not reach a steady state 

within the timescale of the simulation (0.95 Myr). The number of convective upwellings along the 

Emu Fault increases from one to four (Figure 8A to 8C), then decreases to three (Figure 8D), 

suggesting that convection is gradually becoming less vigorous over time. This could be due to a 

gradual overall cooling of the system caused by inflow of cold seawater through the fault and 

aquifer.    

There is no significant convection in the cross-fault, despite it having the same permeability as the 

Emu Fault; this is because the cross fault in this model extends to only 6 km depth, whereas the Emu 

Fault extends to 8 km depth, and the tendency for convection is proportional to the square of height 

(Eqn. 3). Further investigations (not shown here) confirmed that extending the cross fault to greater 

depths enhances convection in the cross fault, however it is never as vigorous as convection in the 

Emu Fault.  

Convective upwelling in the faults results in focused outflow of hot fluid through the top of the 

model (representing the seafloor), consistent with a syngenetic mineralisation scenario. The 

temperature and volume of fluid exiting onto the seafloor are explored further below. 

While the flow is most vigorous in the Emu Fault, there is also significant fluid flow and perturbations 

to the temperature field within the aquifer (Figure 8). The flow is strongly three-dimensional, with 

significant fluid exchange between the Emu Fault and the aquifer. Convective upwellings in the Emu 

Fault are linked to convective upwellings in the aquifer. These results highlight the importance of 

modelling convection in three dimensions; results from 2D models can be misleading, as convection 

is an inherently 3D phenomenon. 

  

                                                            

 
2 It is not clear whether this timescale for establishing convection has any geological meaning, as it is likely to be highly sensitive to the initial 
conditions. Greater geometric and thermal complexity could result in earlier onset of convection in natural systems. 



24   |  CSIRO-NTGS McArthur Basin Project Chapter 6: 3D modelling of fluid flow in the McArthur River Zn-Pb-Ag mineral system 

 

Figure 7 Snapshot of 3D thermal convection after 0.5 Myr with basal heat flux 85 mW m-2, fault permeability 10-14 m2. 

Cone indicates north. (A) Temperature (°°°°C). (B) Fluid flux magnitude (m s-1). (C) 100 °°°°C temperature isosurface 

coloured by hydrogeological units 
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Figure 8 Evolution of 3D convection in aquifer and faults with basal heat flux 85 mW m-2, fault permeability 10-14 m2. 

Cone indicates north. Left column: Temperature (°°°°C). Centre column: X-component of fluid flux (m s-1), where the 

positive x-direction is ENE (parallel to the cross-fault). Right column: Fluid flow vectors scaled by fluid flux magnitude 

and coloured by vertical component of the fluid flux (m s-1). (A) 50 000 years. (B) 0.1 Myr. (C) 0.5 Myr. (D) 0.95 Myr 

11.1.2 Parameter sensitivity: Effect of varying basal heat flux and fault permeability 

We now explore the effect of varying heat flux and fault permeability on convective fluid flow 

without deformation. The Rayleigh number (Eqn. 3) is directly proportional to both heat flux and 

permeability, hence convection is expected to become more vigorous with an increase in either of 

these parameters.  

The effects of varying fault permeability and basal heat flux are shown in Figures 9 and 10. Results 

are shown at 0.5 Myr, with the exception of the highest permeability scenario (10-13.5 m2), which 

was run for a shorter time due to numerical instabilities caused by the high fluid flow rates in this 

scenario.  
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When fault permeability is low (10-15 m2 or 10-14.5 m2; Figure 9A and B), convection occurs within the 

aquifer but there is minimal convective flow in the faults. Increasing the fault permeability to 10-14 

m2 enables convection to occur within the faults (Figure 9C). Increasing further to 10-13.5 m2 leads to 

vigorous thermal convection in the faults with high fluid flow rates and closely spaced upwellings, 

but minimal convection within the aquifer (Figure 9D). From these figures it appears that a fault 

permeability of 10-14 m2 may be optimal for maximising fluid exchange between the fault and 

aquifer, although it should be noted that the results with a fault permeability of 10-13.5 m2 are shown 

at a much earlier time; it is possible that convection would develop within the aquifer at a later 

stage but it was not possible to run the simulations long enough to explore this due to computational 

limitations. 

 

Figure 9 Effect of varying fault permeability on thermal convection without deformation. Basal heat flux 85 mW m-2. 

All results shown at 0.5 Myr, except (D) which is shown at 50 000 years. Left column: Temperature (°°°°C). Right column: 

X-component of fluid flux (m s-1), where the positive X-direction is ENE (parallel to the cross-fault). Fault permeability: 

(A) 10-15 m2; (B) 10-14.5 m2; (C) 10-14 m2; (D) 10-13.5 m2 
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Increasing the basal heat flux from 70 to 100 mW m-2 also results in more vigorous convection, 

although the change is smaller than that seen with increasing permeability. This is to be expected 

because permeability varies over orders of magnitude whereas heat flux varies over a much smaller 

range.  

 

Figure 10 Effect of varying heat flux on thermal convection without deformation. Fault permeability 10-14 m2. All 

results shown at 0.5 Myr. Left column: Temperature (°°°°C). Right column: X-component of fluid flux (m s-1), where the 

positive X-direction is ENE (parallel to the cross-fault). Heat flux at base of model: (A) 70 mW m-2; (B) 85 mW m-2; (C) 

100 mW m-2 
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11.1.3 Temperature and fluid flux at the seafloor 

Thermal convection in the faults results in hot fluid exiting through the top of the model, 

representing exhalation of hot brine onto the seafloor. In this section we analyse the temperature 

and volume of fluid exiting through the top of the faults. 

Figure 11A shows the evolution of the maximum temperature at the top of the faults. The dynamic 

nature of the system is immediately apparent from the oscillations in temperature. The maximum 

temperature reaches ~175 °C with a basal heat flux of 100 mW m-2 and fault permeablity 10-14 m2, 

decreasing to ~150 °C with a heat flux of 85 mW m-2 and ~110 °C with a heat flux of 70 mW m-2. 

These values are consistent with temperature estimates obtained from fluid inclusions in sediment-

hosted Zn-Pb-Ag deposits, which typically fall in the range 100 – 200 °C (e.g. Manning and Emsbo, 

2018 and references therein). Decreasing the fault permeability, however, results in a dramatic 

decrease in the maximum temperature (e.g. maximum temperature 40 °C with fault permeability 

10-14.5 m2); these lower temperatures are insufficient to account for metal transport. 

Figures 11B and C show the maximum and minimum vertical fluid flux in the faults. The magnitude 

of the fluid flux increases with heat flux and fault permeability as expected. The minimum fluid flux 

(representing downward flow) is always smaller in magnitude than the maximum fluid flux 

(representing upward flow), because upward flow is concentrated into narrower areas than 

downward flow (see Figures 8 and 9). 

Figure 11D shows the time-integrated fluid flux through the top of the Emu fault (that is, the total 

volume of fluid since the start of the simulation), per km along strike of the fault. Note that this is 

an average value per km along strike; it does not take into account focusing of fluid flow in the 

convective upwellings. It is instructive to compare this average time-integrated fluid flux with the 

volume of fluid that is required to account for the McArthur River deposit (20 Mt Zn; Northern 

Territory Government, 2019). We estimate the required minimum fluid volume to be 20 km3, 

assuming 100% precipitation from a fluid carrying 1000 ppm Zn. This fluid volume is represented by 

the black dotted line in Figure 11D. The results shown in this figure indicate that sufficient fluid 

would pass through a 1 km length of the Emu Fault in 0.9. Myr with a heat flux of 70 mW m-2, 0.37 

Myr with a heat flux of 85 mW m-2, or 0.2 Myr with a heat flux of 100 mW m-2, assuming a fault 

permeability of 10-14 m2.  

In practice the fluid flux is not evenly distributed along the Emu Fault, due to focusing of fluid flow 

into convective upwellings. This is illustrated in Figure 12, which shows the time-integrated fluid flux 

through four sections of the Emu Fault that experienced the largest fluid fluxes over the duration of 

the simulation (fault permeability 10-14 m2, heat flux 85 mW m-2). Comparison of Figure 12D with 

Figure 11D shows that fluid focusing into convective upwellings leads to considerably higher fluid 

volumes passing through these areas, resulting in shorter times to reach 20 km3 fluid (0.2 to 0.37 

Myr). 
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Figure 11 Evolution of temperature and fluid flux due to thermal convection. (A) Maximum temperature at top of 

faults (°°°°C). (B) Maximum vertical fluid flux in faults (m s-1). (C) Minimum vertical fluid flux in faults (m s-1). (D) Time-

integrated fluid flux through top of Emu fault per km along strike (km3). (E) Time-integrated fluid flux from aquifer 

into Emu fault per km along strike (km3). Black dotted line in (D) and (E) indicates fluid volume required to generate 

a 20 Mt Zn deposit, assuming 100% precipitation of 1000 ppm Zn. 

 



30   |  CSIRO-NTGS McArthur Basin Project Chapter 6: 3D modelling of fluid flow in the McArthur River Zn-Pb-Ag mineral system 

 

Figure 12 Focusing of fluid flux through top of Emu Fault with basal heat flux 85 mW m-2, fault permeability 10-14 m2. 

(A) Time-integrated fluid flux in faults and aquifer at 0.95 Myr (m3 m-2). (B) Time-integrated fluid flux on top surface 

of model at 0.95 Myr (m3 m-2). Numbered brackets indicate high fluid flux areas. (C) Time-integrated fluid flux through 

high fluid flux areas at top Emu Fault (km3). (D) Time-integrated fluid flux through high fluid flux areas at top of Emu 

Fault per km along strike (km3). Numbers in legend correspond to high flux areas shown in (B). 

11.1.4 Fluid exchange between fault and aquifer 

The preceding analysis focused on fluid flowing out of the top of the Emu Fault. This fluid would only 

be significant for mineralisation if it had interacted with the aquifer and/or the underlying 

clastic/volcanic unit, because these units are the source of the metals. Some of the fluid flowing out 

of the Emu Fault could be derived from fluid circulating purely within the fault (including seawater 

that entered the fault in the convective downwelling areas). Such fluid would not be charged with 

metals, and thus would not contribute to mineralisation. It is therefore important to analyse not 

only the fluid flux out of the top of the fault, but also the interaction between the fault and aquifer. 

Figure 11E shows the volume of fluid flowing from the aquifer into the Emu Fault. The amount of 

fluid flowing from the aquifer into the fault is larger than the amount of fluid flowing out of the top 

of the Emu Fault (compare Figures 11D and E). This is reasonable because some of the fluid that 

flows from the aquifer into the fault actually returns to the aquifer rather than flowing up to the 
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seafloor. It is not possible to determine from the current model results how much fluid passed from 

the aquifer through the faults to the seafloor; to do so would require inclusion of chemical tracers 

in the simulations. Nonetheless, the fluid fluxes shown in Figures 11D and E suggest it is possible 

that sufficient fluid would have passed from the aquifer to the seafloor to account for 

mineralisation.  

11.1.5 Fluid flow into the Barney Creek Formation 

The results presented thus far were obtained using a uniform fault permeability, such that 

convecting fluid in the faults could exit onto the seafloor. This flow regime is consistent with a 

syngenetic origin for mineralisation.  

While most of the fluid in the convective upwellings exits onto the seafloor, a small amount of fluid 

deviates into the Barney Creek Formation near the top of the model (predominantly in the top 100 

m; see Figure 13) adjacent to convective upwelling zones in the Emu Fault. However, the fluid flux 

into the Barney Creek Formation is considerably smaller than the fluid flux through the top of the 

fault (compare with Figures 8D and 12A). Thus, a small amount of early diagenetic mineralisation 

could occur together with the predominantly syngenetic mineralisation in these scenarios. 

Geochemical and petrographic studies conducted in other parts of the McArthur Basin project 

support a predominantly diagenetic origin for mineralisation at McArthur River (Kunzmann et al., 

2019a,b; Spinks et al., 2019,a,b - Chapters 3 and 4 of this report), with mineralisation potentially 

occurring tens to hundreds of metres below the seafloor. This implies that most of the mineralising 

fluid deviated out of the faults and into the Barney Creek Formation, rather than flowing out of the 

faults onto the seafloor. As mentioned previously, interaction of the HYC Pyritic Shale Member of 

the BCF with the Emu Fault may have been critical in causing this diversion of fluid flow into the 

Barney Creek Formation. We explore the potential for diagenetic mineralisation by assigning low 

permeability (10-16 m2) in the top 300 m of the faults. The HYC Pyritic Shale Member is not 

represented explicitly in the models; instead, the large anisotropy of permeability in the Barney 

Creek Formation (see Table 2) inhibits upward flow and causes fluid to flow laterally through the 

Barney Creek Formation once it has left the Emu Fault.  

The effect of assigning low permeability in the top 300 m of the faults can be seen by comparing 

Figure 14 (diagenetic) with Figure 10 (syngenetic). Thermal convection still occurs in the Emu Fault 

and the aquifer, however convection in the Emu Fault is less vigorous than in the syngenetic 

scenarios (illustrated by smaller fluid fluxes and temperature perturbations in the diagenetic case).  

Figure 15 shows the fluid flux into the Barney Creek Formation in the diagenetic mineralisation 

scenario. Fluid enters the Barney Creek Formation below 300 m depth adjacent to convective 

upwellings in the Emu Fault. Fluid flow rates and time-integrated fluid fluxes are broadly similar to 

the syngenetic case with a heat flux of 85 mW m-2 (compare Figures 15B and Figure 13B), but 

significantly higher flow rates occur in the diagenetic case when the heat flux is 100 mW m-2 (Figure 

15C). This is further emphasised in Figure 16A, which compares the evolution of the time-integrated 

fluid flux into the Barney Creek Formation in the syngenetic (left) and diagenetic (right) cases. 

However, even in the 100 mW m-2 diagenetic case the time-integrated fluid flux per km does not 

reach the 20 km3 that is required to account for a deposit the size of McArthur River. Extrapolating 

the curve for the 100 mW m-2 diagenetic case (Figure 16A, right side) suggests that it would take 
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~1.4 Myr to reach 20 km3 per km along strike; alternatively, it would take ~0.7 Myr to reach 20 km3 

in a 2 km length along strike. With a heat flux of 85 mW m-2 it would take ~5 Myr to reach 20 km3 

per km along strike. 

Figure 16B shows the effect of fluid focusing in the Barney Creek Formation (heat flux 85 mW m-2). 

Numbers 1 to 4 refer to the high fluid flux areas shown in Figures 15B (diagenetic) and 13B 

(syngenetic). Extrapolation of the curves suggests that the time-integrated fluid flux through these 

high flux areas would reach 20 km3 in ~1.3 to 3.5 Myr in the diagenetic case, or ~1.7 to 2.7 Myr in 

the syngenetic case. 

 

Figure 13 Fluid flow in the Barney Creek Formation after 0.95 Myr, fault permeability 10-14 m2. Green polygon indicates 

face of the Barney Creek Formation that is adjacent to the Emu Fault. Top row: X-component of fluid flux (m s-1); 

negative values indicate flow into Barney Creek Formation from Emu Fault. Vertical exaggeration x 10. Middle row: 

Time-integrated fluid flux (m3 m-2). Vertical exaggeration x 10. Bottom row: Fluid flow vectors scaled by fluid flux 

magnitude and coloured by X-component of fluid flux (m s-1). No vertical exaggeration. Basal heat flux: (A) 70 mW m-

2; (B) 85 mW m-2; (C) 100 mW m-2. Numbered locations in (B) relate to Figure 16. 
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Figure 14 Effect of varying heat flux on thermal convection without deformation, diagenetic scenario. Fault 

permeability is 10-14 m2 except in the top 300 m where it is 10-16 m2. All results shown at 0.5 Myr. Left column: 

Temperature (°°°°C). Right column: X-component of fluid flux (m s-1), where the positive x-direction is ENE (parallel to 

the cross-fault). Heat flux at base of model: (A) 70 mW m-2; (B) 85 mW m-2; (C) 100 mW m-2 

  



34   |  CSIRO-NTGS McArthur Basin Project Chapter 6: 3D modelling of fluid flow in the McArthur River Zn-Pb-Ag mineral system 

 

 

Figure 15 Fluid flow in the Barney Creek Formation after 0.95 Myr, fault permeability 10-14 m2 except in top 300 m 

where it is 10-16 m2. Green polygon indicates face of the Barney Creek Formation that is adjacent to the Emu Fault. 

Top row: X-component of fluid flux (m s-1); negative values indicate flow into Barney Creek Formation from Emu Fault. 

Vertical exaggeration x 10. Middle row: Time-integrated fluid flux (m3 m-2). Vertical exaggeration x 10. Bottom row: 

Fluid flow vectors scaled by fluid flux magnitude and coloured by X-component of fluid flux (m s-1). No vertical 

exaggeration. Basal heat flux: (A) 70 mW m-2; (B) 85 mW m-2; (C) 100 mW m-2. Numbered locations in (B) relate to 

Figure 16. 
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Figure 16 Evolution of fluid flux from the Emu Fault into the Barney Creek Formation due to convection without 

deformation. Left side: Syngenetic scenarios (fault permeability 10-14 m2). Right side: Diagenetic scenarios (fault 

permeability 10-14 m2 for depth > 300 m, 10-16 m2 for depth < 300 m). Heat flux 85 mW m-2 except as labelled in (A). 

(A) Time-integrated fluid flux into the Barney Creek Formation per km along strike. (B) Time-integrated fluid flux in 4 

high-flux areas. See Figures 13B (syngenetic) and 15B (diagenetic) for location of the numbered areas in (B) 

11.2 Convection with deformation 

We now explore the effect of (regional deformation (both extension and shortening) on thermal 

convection in the 3D model. All models were initialised with temperature and fluid pressure 

conditions derived from the thermal convection models at 0.95 Myr, with fault permeability 10-14 

m2 andheat flux 85 mW m-2. North-South extension or shortening were then applied at a range of 

strain rates. The amount of bulk shortening or extension that was achieved ranged from 0.12 to 

0.49%, with higher strain rates generally achieving a smaller amount of deformation due to 

difficulties with numerical convergence. This was in part due to problems with resolving tensile 

failure along the top of the model, and in part due to fluid pressure dropping to zero where there 

was large volume strain at shallow depths in the model. Both problems were more pronounced in 

the extension models than in the shortening models. Ideally the models would be run to larger 

amounts of bulk strain; nonetheless, the results are sufficient to identify the effect of small amounts 

of deformation on convective fluid flow. 
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Figure 17 shows the vertical displacement on the top surface of the model after 0.2% bulk 

shortening (Figure 17A) or extension (Figure 17B). In extension there is normal movement on the 

cross fault and a small amount of normal movement on the Emu Fault. In shortening the faults are 

less favourably oriented for slip, and the deformation manifests primarily as uplift on the east side 

of the model with some upward bulging of the sediments adjacent to the faults. 

 

Figure 17 Vertical displacement on top surface of model after 0.2% bulk shortening (A) or extension (B), with fault 

permeability 10-14 m2, heat flux 85 mW m-2. (C) and (D) show the vertical displacement on lines labelled in (A) and (B), 

respectively. 

The effect of deformation on the convective fluid flow is illustrated in Figures 18 (extension) and 19 

(shortening). Extensional deformation at a high strain rate (10-12 s-1; right column in Figure 18) 

results in downward flow that overrides the convective upwelling, whereas shortening at high strain 

rate (right column in Figure 19) drives upward flow that overrides the downwelling part of the 

convective flow in the faults. The effect of deformation is much less pronounced at an intermediate 

strain rate of 10-13 s-1 (middle column in Figures 18 and 19), with the overall pattern of convective 

flow being maintained but with slightly reduced downward? flow rates with extension, and slightly 

reduced upward? flow rates with shortening. When the strain rate is 10-14 s-1, there is almost no 

discernible effect on the convective fluid flow in the faults (left column in Figures 18 and 19). 
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The effect of extensional deformation is further illustrated in Figure 20, which shows the 

temperature and fluid flux in the faults and aquifer at the beginning and end of the simulation with 

a strain rate of 10-12 s-1. Deformation clearly overrides the convective flow in both the fault and 

aquifer, however there is very little impact on the temperature field other than a small amount of 

cooling at the top of the convective upwellings. This is because the timescale for establishing and 

destroying the thermal anomalies associated with convection is much longer than the timescale of 

deformation at high strain rates. 

 

Figure 18 Evolution of fluid flow vectors in the faults with North-South extensional deformation. Fault permeability 

10-14 m2, heat flux 85 mW m-2. Vectors coloured by vertical fluid flux (m s-1) and scaled by fluid flux magnitude. Strain 

rate: 10-14 s-1 (left), 10-13 s-1 (centre), 10-12 s-1 (right). (A) 0.01 % strain. (B) 0.05 % strain. (C) 0.1 % strain. (D) 0.2 % strain, 

except strain rate 10-12 s-1 which is shown at 0.12 % strain as the simulation did not reach 0.2 % strain. 
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Figure 19 Evolution of fluid flow vectors in the faults with North-South shortening deformation. Fault permeability 

10-14 m2, heat flux 85 mW m-2. Vectors coloured by vertical fluid flux (m s-1) and scaled by fluid flux magnitude. Strain 

rate: 10-14 s-1 (left), 10-13 s-1 (centre), 10-12 s-1 (right). (A) 0.01 % strain. (B) 0.05 % strain. (C) 0.1 % strain. (D) 0.2 % strain. 
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Figure 20 Effect of extensional deformation on temperature and fluid flow in the faults and aquifer. Fault permeability 

10-14 m2, heat flux 85 mW m-2, strain rate 10-12 s-1. Left: start of simulation. Right: end of simulation (0.12 % strain). 

(A) Temperature (°°°°C). (B) Vertical fluid flux (m s-1). (C) Horizontal fluid flux (m s-1). (D) Fluid flow vectors scaled by fluid 

flux magnitude and coloured by vertical fluid flux (m s-1). 
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Figure 21 shows the effect of strain rate on the fluid flux at the top of the Emu Fault (i.e. the flow 

rate onto the seafloor). Positive values indicate upward flow, negative values indicate downward 

flow. Only at the highest extensional strain rate does the maximum vertical fluid flux become 

negative (i.e. there is no flow through the top of the Emu Fault onto the seafloor). At geologically 

reasonable strain rates of 10-14 to 10-15 s-1 there is very little impact on the fluid flow rate.  

 
Figure 21 Effect of strain rate on the evolution of maximum vertical fluid flux at top of Emu Fault. 

 

Further investigation has shown that thermal convection resumes almost instantaneously after 

deformation has ceased, even when the convective flow has been significantly disrupted by 

deformation (i.e. at high strain rate). This is because the thermal highs and lows associated with 

convection persist even though the flow has been disrupted (Figure 20A), and these thermal 

anomalies cause convection to be re-established very rapidly when deformation stops. 
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12 Discussion 

12.1 Implications for mineralisation and exploration 

The results reported above suggest that thermal convection could have resulted in sufficient flow 

of hot, metal-charged fluid to the seafloor to account for a 20 Mt syngenetic Zn deposit in less than 

1 million years. Diagenetic mineralisation requires a longer period of fluid flow (several million 

years) and/or higher heat flux because the flow rates are lower when fluid travels through the 

Barney Creek Formation rather than exiting through the faults onto the seafloor. 

Thermal convection within the Emu Fault results in focusing of fluid flow into convective upwellings, 

which have a width of ~1 – 3 km and spacing ~10 – 20 km. Fluid focusing results in a much higher 

potential for mineralisation than would be predicted by a 2D model. This is illustrated in Figures 11D 

and 12D, which show that the time-integrated fluid flux in areas of fluid focusing was ~ 2.5 times 

greater than the average value along the Emu Fault. Finding evidence for “hot spots” (e.g  alteration 

mineral characteristics and fluid inclusion temperature data) along faults could therefore be a useful 

exploration strategy. 

The model results suggest that convection results in sufficient exchange of fluid between the metal 

source rocks and the faults to account for mineralisation, however this requires further investigation 

using chemical tracers in the models (see below). 

Fluid flux and the temperature of the ascending fluid increase with increasing fault permeability and 

heat flux into the base of the model. Thus, areas of anomalously high heat flow might be more 

prospective for mineralisation. Fault permeability is notoriously difficult to constrain, as it varies 

with many factors including lithology, depth, whether the fault is active or not etc (e.g. Caine et al., 

1996; Faulkner et al., 2010; Nicol et al., 2016). The results shown in this report indicate that a fault 

permeability of 10-14 m2 or higher is required for significant thermal convection in the system. 

However, it is difficult to translate this information into an exploration strategy given the difficulty 

in determining fault permeability at the time of mineralisation. One possible approach would be to 

look for areas where the faults were optimally oriented for reactivation under the inferred stress 

regime at the time of mineralisation, as such faults may have had higher permeability than in other 

orientations. 

In this study we observed a tendency for convection to start with upwelling at the fault intersection, 

although the subsequent evolution showed that the convective upwellings were mobile. We 

postulate that greater structural complexity might lead to “pinning” of convective upwellings to 

certain structural features (e.g. fault bends, jogs, intersections). This would be advantageous for 

mineralisation, as focusing of convective upwelling in one location would lead to a higher 

concentration of metals in that location. Anomalously high heat flux associated with a fault bend or 

intersection would be particularly favourable for mineralisation. 

A key component of this study relative to previous work was the exploration of the effect of 

deformation on thermal convection. The results suggest that deformation at typical geological strain 

rates (either shortening or extension) would not have had much effect on thermal convection. 

Transiently higher strain rates may have disrupted convection temporarily, but this effect would 

have been short-lived, with convection resuming almost immediately after deformation had 
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stopped. However, a few caveats should be kept in mind. Firstly, the deformation simulations were 

only run to small amounts of bulk shortening or extension. Larger deformations could lead to more 

significant impacts on convective flow due to the development of topography or significant 

topological changes (e.g. large fault offsets or folding) that would change the spatial distribution of 

permeability and thermal conductivity. The current investigation focused on the effects of volume 

changes (dilation/compaction) on fluid flow, rather than large-scale changes in the geometry of the 

system. Secondly, the fault permeability was assumed to remain constant during and after 

deformation. In reality faults tend to be more permeable when they are active, as a result of dilation, 

fracture development, brecciation,  then the permeability decays due to various healing and sealing 

processes when they cease to be active. Estimates of the timescale of permeability reduction 

following tectonic activity vary widely; for example, Ingebritsen and Manning (Ingebritsen and 

Manning, 2010) suggested a range of 100 to 103 years based on various lines of evidence, whereas 

a model based on crack sealing by pressure solution indicates timescales on the order of 103 to 105 

years (varying with temperature and mineralogy) (Renard et al., 2000; Gratier et al., 2003). For 

comparison, the timescale to establish thermal convection in our models was ~105 years with a fault 

permeability of 10-14 m2, or ~104 years with a fault permeability of 10-13.5 m2. The geological 

significance of this timescale is unclear because the models start from a conductive steady-state 

which is unlikely to be representative of the complex, natural system at any point in time; in reality 

the complexities of the natural system might facilitate the onset of convection in shorter timescales. 

We conclude that the potential for thermal convection must depend critically on the degree of 

permeability enhancement during deformation, the duration and strain rate of deformation, and 

the timescale of permeability reduction following a tectonic event. 

The apparent coincidence of an inversion event with the timing of mineralisation ~1640 Ma (Blaikie 

and Kunzmann, 2019a) seems to suggest that deformation may have played a role in localising 

mineralisation in space and time. While our simulation results indicate that the switch from 

extension to shortening is not likely to have had much influence on convective fluid flow, it is 

possible that the inversion event was significant for other reasons; for example, it may have caused 

reactivation (or initiation) of some structures, thus enhancing their permeability and facilitating 

convection. 

12.2 Areas for further research 

There are a number of improvements or additions that could be made to the simulations presented 

in this report: 

• Adding salinity to the models. Yang et al. (2004a) showed that varying salinity distributions 

on the seafloor and with depth in the sediments may have had a significant impact on 

convective fluid flow in McArthur River mineral system. Manning and Emsbo (2018) showed 

that salinity variations caused by seawater evaporation on the basin margin could be the 

primary fluid flow driver in some sedimentary-exhalative mineral systems. Salinity was not 

included in the models presented in this report due to technical limitations of the MOOSE 

code. Improvements to the code are in progress which should enable the addition of salinity 

in future simulations. 
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• Adding chemical tracers. For example, adding a tracer representing Zn in the metal source 

region (i.e. the aquifer and underlying clastic/volcanic unit) would assist with showing 

whether sufficient metal is extracted from the source region by thermal convection. 

• Adding chemical reactions, e.g. precipitation of Zn within the Barney Creek Formation; 

however this would be challenging in this chemically complex system.  

• Running the models to higher bulk strain. The deformation experiments were run to a small 

amount of bulk shortening or extension due to technical limitations with the code and 

infrastructure (in particular, the models would have taken longer than 24 hours to run, which 

would require a restart when running on the Pawsey supercomputer as the maximum 

allowed run time is 24 hours. Restarting simulations is not currently possible with the 

modules of MOOSE that were used in this study, although work is in progress to resolve this). 

Running to several percent bulk strain could reveal further interesting effects of deformation 

on the convective fluid flow, especially if there was development of significant topography 

or changes in topology of the model. 

• Using a more complex and realistic geometry representing a specific part of the Batten Fault 

Zone. This is challenging due to the structural complexity of the Batten Fault Zone, however 

work conducted in other parts of the McArthur Basin project (Blaikie and Kunzmann, 

2019b,a) have provided good constraints on the geometry, which could be used in further 

numerical modelling studies.  

• More realistic treatment of fault permeability, e.g. temporal variations in permeability 

during and after deformation events; anisotropy; variation with depth and lithology; 

variation with the orientation of principal stresses. This latter point could lead to a change 

in behaviour associated with a switch in tectonic regime (e.g. extension followed by 

shortening, representing the inversion event ~1640 Ma).  

• Investigating the coupling between sedimentation and fluid flow. Compaction-driven fluid 

flow associated with gravitational compaction of sediments is generally assumed to be 

insignificant relative to thermal convection, however it could become important if rapid 

burial led to undercompaction and development of fluid overpressure in parts of the basin. 

Release of fluid from overpressured compartments may have played a role in mineralisation. 
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