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Abstract 

This study characterized two organic-rich source rock formations from three 

different sub-basins of the Georgina Basin, Central Australia, using the 187Re – 187Os 

isotope system and a suite of major, minor, and trace elements. The major organic-rich 

source rock in the Georgina Basin, the lower section of the middle to late Cambrian 

Arthur Creek Formation, overlies two minor source rocks, the middle Cambrian Hay 

River and Thorntonia Limestone Formations. Two major sub-basins, the Toko Syncline 

and the Dulcie Syncline in the southern Georgina Basin, controlled many aspects of 

sedimentation, organic matter accumulation and hydrocarbon generation. The Arthur 

Creek Formation was deposited in both sub-basins, but at different times, according to 

the trilobite record. The ages of the Arthur Creek and Thorntonia Limestone Formations 

are currently defined based on specific trilobite species from the Central Australian 

Trilobite Zonation. Biostratigraphy in the Georgina Basin tied to the Central Australian 

Trilobite Zonation identified specific species of trilobites that are similar to globally 

recognized trilobites with isotopically defined ages. In the Dulcie Syncline, the Arthur 

Creek Formation was deposited between ~509 and 501 Ma, whereas in the Toko Syncline 

the ages were from ~503 to 498 Ma based on ages from the biostratigraphic record. 

Farther to the north, in the Undilla sub-basin, the Thorntonia Limestone deposited 

synchronously with the Dulcie Syncline Arthur Creek Formation between ~508 and 505 

Ma.  

Based on the 187Re – 187Os isotopic ages determined in this study, the ages of the 

Arthur Creek Formation in both sub-basins are younger than the biostratigraphically 

determined ages. In the Dulcie Syncline, the Arthur Creek Formation Re-Os age is 481 ± 
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10 Ma. The Toko Syncline Arthur Creek Formation is 477.5 ± 9.5 Ma. The trace element 

suites were able to characterize specific paleoenvironments, controlled by basin 

geometry, during deposition of the Arthur Creek and Thorntonia Limestone Formation. 

In the Dulcie Syncline, the trace element profiles indicate deposition in a heavily 

restricted basin.  

Trace element abundances in the Arthur Creek Formation of the Toko Syncline 

show a progression from severe restriction towards a better-circulated sub-basin. 

Towards the top of the Arthur Creek Formation, marginal regions of the Toko Syncline 

experienced regular oxidation but deeper regions of the basin did not experience any 

oxidation. The Thorntonia Limestone Formation showed signs of regular oxidation, 

possibly seasonally related. Rock-eval data for both formations indicated that the Arthur 

Creek and Thorntonia Limestone Formations reached the oil window.  
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1. Introduction 

Petroleum systems are defined by the source of the generated hydrocarbons. 

Source rocks tend to be black shales that are organic-rich, of variable composition, 

laminated to massive, and fine-grained (Arthur and Sageman, 1994); however, the 

mineralogical composition is highly variable. Black shales are heated during burial, 

converting the organic matter to kerogen, then bitumen and eventually to hydrocarbons. 

Source rock depositional environments can be poorly constrained, and ages are defined 

by relationships with surrounding stratigraphy, limited biostratigraphy, and geochemical 

data. Whereas shales are common throughout the rock record, major hydrocarbon 

generating source rocks are less common and can be correlated to certain periods of time 

(Arthur and Sageman, 1994; Huc et al., 2005). Major source rock and hydrocarbon 

deposition occurred during the Silurian, Upper Devonian, Pennsylvanian to Lower 

Permian, Upper Jurassic, Cretaceous, and Oligocene to Miocene (Klemme and Ulmishek, 

1991). The petroleum reserves generated from Cambrian to Ordovician source rocks 

account for approximately one percent of global reserves (Klemme and Ulmishek, 1991).  

Definitive temporal extents of source rock deposition for petroleum system are 

important for building basin models and constraining hydrocarbon generation, 

particularly with the development of shale gas and shale oil resource plays. Basin models 

define a number of key characteristics for reservoir development. These models develop 

an understanding of the maturity of basin source rocks, the episodes of hydrocarbon 

generation and expulsion, and reduce risk when prospecting new conventional and 

unconventional hydrocarbon resources.   
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Sedimentary rocks are difficult to date by radioactive isotopic methods. Often, 

dating techniques are able to constrain source material ages or provenance, but 

determining the absolute age of sediment deposition is problematic. Sedimentary rocks 

do not experience the temperatures required for resetting of any of the radioactive isotope 

systems, which are critical to determining radiogenic ages. Current techniques for 

establishing ages of sediments are detrital zircon U – Pb, Rb – Sr, Re – Os, and limited 

in-situ zircon U – Pb methods. Detrital zircon U – Pb dating techniques are able to 

establish provenance of coarser grained sedimentary rocks and the maximum depositional 

age, but lack the ability to provide accurate ages for sedimentation (Bowring et al., 1993; 

Fedo, 2003; Dickin, 2005; Rasmussen, 2005). The Rb – Sr system has been used to date 

sedimentary rocks as well, but often is limited to an indirect comparison of the initial Sr 

ratios to reference curves (Dickin, 2005; Rasmussen, 2005). Ash beds that contain 

zircons and correlate with species of indicative fauna can also be used as 

chronostratigraphic markers and have been used as tie points for many stages of the 

Cambrian (Rasmussen, 2005; Peng et al., 2012; Schmitz, 2012). 

   The rhenium – osmium (187Re-187Os) isotope system has developed over the last 

30 years as a geochronometer for organic-rich black shales (Ravizza and Turekian, 1989; 

Creaser et al., 1991; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; 

Selby et al., 2005; Kendall et al., 2009). 187Rhenium decays to 187osmium by β-decay 

with a half-life of 41.6 Ga, and has a decay constant of 1.666 x 10-11 a-1 (Smoliar et al., 

1996). Rhenium and osmium are present in ocean water as a result of input from 

continental weathering processes, hydrothermal fluids, and cosmic debris (Peucker-

Ehrenbrink and Ravizza, 2000). Previous work has shown that oxic near-surface ocean 
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waters have variable Re concentrations, which are interpreted to be a result of biological 

processes, but otherwise Re almost exclusively behaves conservatively (Anbar et al., 

1992).  Reducing conditions, which remove Re from seawater, are also favourable 

conditions for the preservation of organic matter. Metal enrichments also occur in 

reducing conditions, which are associated with increasing redox potentials in the 

sediments (Krauskopf, 1956; Demaison and G. T. Moore, 1980; Crusius et al., 1996).  

The 187Re-187Os isotope system is the only system that has been shown to work in 

organic-rich sediments, regardless of the thermal maturity (Selby and Creaser, 2005a). To 

establish ages for organic-rich source rocks, there are a number of important attributes 

that must be considered.  

(1) Os is strongly compatible in the mantle and a chalcophile element, whereas Re 

is relatively incompatible and a siderophile element. This affects the crustal abundances 

of Re and Os, so that Re is highly enriched relative to Os.  

(2) Rhenium and osmium abundances in organic-rich sedimentary rocks are much 

higher than in average sedimentary rocks. Enrichments of more than 140% (Ravizza and 

Turekian, 1989; Crusius et al., 1996; Creaser, 2003) can occur in organic-rich 

sedimentary rocks compared to crustal Re and Os abundances (Os=50 ppt, Re=390 ppt; 

(Taylor and McLennan, 1985; Rudnick and Gao, 2003)).  

(3) Re has a long residence time in seawater (750 kyr) and behaves conservatively 

(Anbar et al., 1992; Colodner et al., 1993), whereas Os has a shorter, more poorly defined 

residence time of between 10 and 55 kyr (Peucker-Ehrenbrink and Ravizza, 2000). The 

short residence times allow fluctuations in the marine Re and Os records to be reflected 

in the strata, and wide variations in Re and Os can occur over very short periods. This 



  4 

variability is beneficial for producing an isochron by creating a larger spread of 

187Re/187Os ratios for a sample suite.  

(4) 187Rhenium makes up a significant portion of the natural rhenium (187Re = 

62.5%), so the decay of 187Re to 187Os produces a measureable radiogenic signal of 

187Os/188Os with time. These characteristics are important for understanding how Re and 

Os are incorporated into organic-rich mudstones and form the basis of a functional 

deposition-age geochronometer. 

Basin geometry is important to the formation of organic-rich source rocks that 

have the potential for hydrocarbon generation (Arthur and Sageman, 1994). Although 

basin geometry is only one of many factors in the deposition and preservation of source 

rocks, it is important to consider this factor when building sedimentary models. The 

shape of the sedimentary basin exerts controls on sedimentation, currents, oxidation, and 

diagenesis (Arthur and Sageman, 1994). Silled sedimentary basins, which are heavily 

restricted, can create the perfect environment for source rock deposition, whereas basins 

with slope and shelf geometries can create upwelling zones, which can also allow 

significant organic matter deposition (Arthur and Sageman, 1994). Different basin 

geometries produce different trace element signatures and can cause organic matter 

enrichment and preservation to occur in different regions of a basin (Pedersen and 

Calvert, 1990). To help distinguish between the different models for source rock 

formation, this study used trace element profiles in combination with total organic carbon 

(TOC) variations (Tribovillard et al., 2006). Organic matter can be enriched in areas with 

high paleoproductivity, upwelling, high sedimentation rates, and some degree of oxygen 

deprivation (Arthur and Sageman, 1994; Tyson, 2005), but most likely these major 
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factors all play a part in organic matter deposition and preservation (Stow et al., 2001). 

To help distinguish whether one of these factors controls preservation of organic matter 

more than the others, analysis of the trace metal enrichments in organic-rich strata is 

often used (Demaison and G. Moore, 1980; Pedersen and Calvert, 1990; Huerta-Diaz and 

Morse, 1992; Calvert and Pedersen, 1993; Morford and Emerson, 1999). Uranium, 

rhenium and molybdenum are best for determining paleoredox conditions, since the 

solubility of these elements is controlled by oxidation state rather than biologic processes 

(Crusius et al., 1996; Brumsack, 2006; Tribovillard et al., 2006). Recent re-evaluation of 

Re enrichment shows that Re becomes insoluble closer to the oxycline than the U in 

anoxic environments, but not by a significant distance (Morford et al., 2009), so an 

understanding of the oxidation state of the sediments can be inferred from variations in U 

and Re abundances. Because organic matter is also preserved in reducing environments, 

there is often a positive correlation between Re enrichment and total organic carbon 

enrichments (Ravizza and Turekian, 1989; Rooney et al., 2010). The relative enrichment 

of certain trace elements, such as molybdenum, uranium, nickel, copper and rhenium are 

geochemical proxies for redox conditions so the basin geometry can be inferred from 

these enrichments. 

There are a number of other trace elements (Ni, Cu, Zn, Cd, and Cr) that can offer 

insight into redox controlled depositional environments that are controlled biologically, 

or by a combination of redox potential and biologic processes (Tribovillard et al., 2006). 

However, trace metal abundances in restricted basins can be limited and are incorporated 

into anoxic sediments during the early stages of basin development. In heavily restricted 
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basins, the renewal rate of these elements is low, and the enrichment trends may be 

misleading (Algeo and Tribovillard, 2009).  

Australia contains a number of unusual petroleum systems, as a result of the 

stability of the majority of the Australian craton during break up of Rodinia in the 

Neoproterozoic and Paleozoic. The Georgina Basin in central Australia (Figure 1) is an 

unusual petroleum system, in that the major source rocks are all of Cambrian age (Figure 

2). The basin contains one major source rock, the Arthur Creek Formation, and a number 

of minor source rocks, including the Thorntonia Limestone Formation. These source 

rocks were previously tied to Age 4 to Drumian stages of the Cambrian using trilobite 

assemblages (Ambrose et al., 2001; Jones and Laurie, 2006). This study used Re – Os 

isotopic analysis from the middle Cambrian lower Arthur Creek, and Thorntonia 

Limestone Formations to determine deposition ages for the source rocks in the Georgina 

Basin. The Re – Os geochronometer was used to test the temporal continuity between the 

Arthur Creek Formation in the Dulcie and Toko Synclines, and to compare the Re – Os 

ages with the biostratigraphic age of these sedimentary rocks. Redox and productivity 

sensitive trace metals are used to establish paleoredox conditions during and immediately 

after deposition of these formations. This information will help to better understand the 

geometry of the Georgina Basin during this period, as well as constrain the marine 

187Os/188Os record for this time period. 

 

2. Background Geology 

The Georgina Basin is a large, relatively under-explored sedimentary basin in the 

Northern Territory and Queensland state, Australia (Figure 1). The basin covers almost 
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325,000km2 (Smith, 1972) and accumulated up to 4km of sediments between Neo-

Proterozoic and Devonian time. The major hydrocarbon generating source rocks in the 

basin were deposited in the mid-Cambrian (Figure 2). The basin was first described in the 

1950s as a result of the development of subsurface imaging techniques (Smith, 1972). In 

1956, a gas discovery was made while drilling for water in the Toko Syncline (Smith, 

1972). Since then, there have not been any major conventional discoveries, but 

technological developments have increased interest in unconventional prospects in the 

Georgina Basin.  

 

2.1. Formation of the Centralian Basin 

The Georgina Basin formed as part of the larger Centralian Superbasin (Figure 1) 

between 900 and 300 Ma (Shaw et al., 1991; Walter et al., 1995; Lindsay, 2002; Lindsay 

et al., 2005). The Centralian Superbasin was a topographic low, the origin of which is 

heavily disputed. One theory supports subsidence resulting from the break up of Rodinia 

in the Neoproterozoic (Walter et al., 1995; Maidment et al., 2007). Remnants of the 

Centralian Superbasin include the Amadeus, Georgina, Ngalia, Wiso, Daly, Officer and 

Savory Basins in Australia. Four major depositional sequences occurred in the Centralian 

Superbasin, defined by Walter (1995), which shaped the geometry of the Georgina Basin. 

Deposition of the first sequence, Centralian Sequence 1, was coincident with rifting of 

the Australian continent from Laurentia during the Tonian of the Neoproterozoic, which 

caused deposition of regionally extensive, thick clastic units (Zhao et al., 1994; Edgoose, 

2012). In the Georgina Basin, Centralian Sequence 1 is represented by deposition of the 

Plenty Group sandstone and conglomerate clastics (Walter et al., 1995; Kruse et al., 
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2011). Centralian Sequence 2 began with the Sturtian glaciation (~750 - 643 Ma, 

(Kendall et al., 2006)), and erosion of Centralian Sequence 1 sediments. The Aroota 

Group in the Georgina Basin is generally fine-grained clastic material deposited by 

glaciers that represents Centralian Sequence 2 (Walter et al., 1995; Kruse et al., 2011; 

Kelman, 2012). The Marinoan Glaciation, ~620 – 600 Ma (Evans, 2000; Kendall et al., 

2004), marked the onset of Centralian Sequence 3. In the Georgina Basin, the Keepera 

and Mopunga Groups are the associated sedimentary packages. The Keepera Group is 

composed of siltstones and sandstones, dolostones, and glacially derived sediments 

(Walter et al., 1995; Kruse et al., 2011). The Mopunga and Kiana Groups are composed 

of siltstones and sandstones (Kruse et al., 2011). The onset of the final sequence, 

Centralian Sequence 4, is characterized by continental flood basalts related to the onset of 

the Petermann Orogeny in southwestern Australia (Walter et al., 1995). This orogenic 

event is defined by northwest to southeast trending compression that uplifted the 

Musgrave Block in the latest Neoproterozoic to earliest Cambrian (Maboko et al., 1992). 

The uplift of the Musgrave Block broke up the southern Centralian Superbasin, and 

minor uplift of other structural blocks as far north as the Arunta Inlier, on the southern 

margin of the Georgina Basin, may have occurred. In the Georgina Basin, the onset of 

Centralian Sequence 4 is marked by the emplacement of the Kalkarindji Continental 

Flood Basalts, which erupted northwest of the basin (Glass and Phillips, 2006; Kruse et 

al., 2012; Jourdan et al., 2014). In the Georgina Basin, there was a hiatus at this time. The 

Narpa Group, which includes the Arthur Creek and Thorntonia Limestone Fms, was 

deposited after this hiatus (Ambrose et al., 2001; Kruse et al., 2011). Sedimentation in the 
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Georgina Basin continued intermittently until the end of the Alice Springs orogeny (~300 

Ma; Figure 3; Haines et al., 2001).  

 

2.2. The Georgina Basin 

The Georgina Basin is bound by a number of structural features (Figure 1). The 

western, eastern and northern extents of the basin are confined by onlap onto cratonic 

granites (Smith, 1972). The southern margin is confined by the Arunta Inlier, which was 

uplifted in the earliest Cambrian during the Petermann Orogeny, and again during the 

Alice Springs Orogeny in the late Ordovician to Devonian (Gibson and Duddy, 2007). In 

between uplift events, metamorphism indicated that the Arunta Inlier experienced 

weakening and subsidence of the crust due to temperature changes in the lower crust and 

mantle (Lindsay, 2002; Edgoose, 2012; Territory and Survey, 2013). Correlative marine 

sequences from the Georgina and Amadeus Basins also support increased 

accommodation space during this time (Haines et al., 2001).  

Apart from the Burke Structural Belt (Figure 4), a structurally deformed sub-basin 

to the east of the Toko Syncline, deformation in the Georgina Basin was minimal. A 

number of deep-seated basement faults, originally formed as a related event to the 

breakup of Rodinia, increased accommodation space and re-activation allowed the 

formation of depositional sub-basins in the Georgina Basin during the Cambrian 

(Ambrose et al., 2001; Gibson and Duddy, 2007). The Tasman Line, a Cambrian to 

Ordovician subduction zone on the eastern margin of Australia, increased 

accommodation space allowing deposition of the Thorntonia Limestone and Arthur Creek 

Fms behind the Delamerian Orogeny to the east (Kruse et al., 2011; Boult et al., 2012). 
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The major structural feature active during the Cambrian in the Georgina Basin was a 

large northwest - southeast trending crustal shear zone that separated the Dulcie Syncline 

from the Toko Syncline and is the proposed cause of the diachronous nature of both sub-

basins (Figure 4; (Smith et al., 2013)). 

 

2.3. Georgina Basin Source Rocks 

During the late Cambrian, Australia was located just north of the equator, along 

the eastern margin of Gondwana (Figure 5; (Maidment et al., 2007; Xu et al., 2009; 

Maidment et al., 2013; Blakley, 2015)). As a result of favourable climactic conditions, a 

number of source rocks were deposited in Australia at this time. These source rocks 

included the upper Hay River, the upper Thorntonia Limestone, the lower Arthur Creek, 

and the Hagen Fms in the Georgina Basin (Figure 2) (Smith, 1972; Ambrose et al., 2001; 

Boreham and Ambrose, 2007). The Georgina Basin source rocks deposited as part of a 

large intracontinental seaway in Australia that formed during the Cambrian (Dunster et 

al., 2007; Kruse et al., 2011).  

 

2.2.1. Arthur Creek Formation 

The Arthur Creek Fm was originally described as a thick, continuous package of 

clastics and carbonates deposited synchronously across the Georgina Basin during the 

middle Cambrian (Ambrose et al., 2001). The synchronicity of the Arthur Creek Fm was 

established by the presence of an organic-rich black shale identified in the Arthur Creek 

Fm from the Dulcie and Toko Synclines (Figure 5; Questa Australia Pty Ltd, 1994; 

Ambrose et al., 2001). However, recent re-evaluation of the lower Arthur Creek Fm 



  11 

trilobite record discovered contrasting faunal assemblages in the Dulcie and Toko 

Syncline, indicating that the Arthur Creek Fm was deposited diachronously (Laurie, 

2012; Smith et al., 2013; Smith et al., 2013). Similar conclusions were reached using 

carbon and sulphur isotope incursions in the Dulcie and Toko synclines (Willink and 

Allison, 2015). The resulting diachronous nature of the Arthur Creek Fm indicates that 

the crustal shear zone located between the Dulcie and Toko synclines was active during 

deposition, increasing accommodation space between the two basins during deposition of 

the Arthur Creek Fm (Kruse et al., 2011; Smith et al., 2013; Smith et al., 2013). In the 

Dulcie Syncline sub-basin, the biostratigraphically defined ages for the Arthur Creek Fm 

are ~508 – 500 Ma, but in the Toko Syncline sub-basin, the trilobite tied ages for the 

Arthur Creek Fm are ~505 – 498 Ma (Figure 2; Smith et al., 2013). These ages have been 

defined using the Central Australian Trilobite Zonation and are correlated to global 

trilobite records (Kruse et al., 2004; Laurie, 2006; Peng et al., 2012; Schmitz, 2012; 

Laurie, 2012b). The Arthur Creek Fm in the Dulcie Syncline is correlated to the Age 5 

Pentagnostus praecurrens trilobite species, whereas the Arthur Creek Fm in the Toko 

Syncline is correlated to the Drumian Ptychagnostus punctuosus trilobite species (Laurie, 

2012b; Smith et al., 2013).  

The lower Arthur Creek Fm contains an organic-rich source rock (Figure 6-8; 

Ambrose et al., 2001) with lithological similarities that can be correlated across the 

southern areas of the Georgina Basin (Ambrose et al., 2001). The Arthur Creek 

Formation ranges from 0 m along the northern edges of the Dulcie and Toko Synclines to 

more than 400 m in the southern Toko Syncline (Ambrose et al., 2001); however the 

organic-rich source rock comprises only a fraction of that thickness. The thickness of the 
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organic-rich section of the Arthur Creek Fm is up to 60 m, with additional thinly 

laminated organic-rich units found up to 100 m above the main unit (Figure 6; Ambrose 

et al., 2001). The formation is characterized as a middle to inner ramp facies assemblage 

(Questa Australia Pty Ltd, 1994; Ambrose et al., 2001). The lower Arthur Creek Fm 

consists of brachiopod shell hash lamina sets, laminated dolostones, and pyritic, 

carbonaceous black shales that contain up to 16% TOC (Ambrose et al., 2001; Laurie, 

2012a). 

 

2.2.2. Thorntonia Limestone Formation 

The Thorntonia Limestone Fm (510 – 505 Ma, Figure 2, (Smith et al., 2013)) is 

only present in the Undilla sub-basin. The Thorntonia Limestone Fm was deposited in a 

peritidal to marine carbonate environment based on sedimentology, stratigraphic 

correlations, and faunal assemblages (Ambrose et al., 2001; Kruse et al., 2011). The 

upper Thorntonia Limestone Fm contains an organic-rich marine source rock that is 

partially eroded at the unconformity between the Thorntonia Limestone and the upper 

Narpa Group (Figure 9; Ambrose et al., 2001). This unconformity caused the source rock 

to be discontinuous within the northern regions of the basin. Based on previous basin 

modelling, the Thorntonia Limestone Fm source rock is immature (Ambrose et al., 2001). 

The biostratigraphic age of the Thorntonia Limestone Fm was determined based on 

trilobite assemblages, which included the Redlichia forresti, and Xystridura negrina 

assemblages (Öpik, 1979; Laurie, 2006; Laurie, 2012a), and is assigned to the Stage 3, 

Age 5 (Smith et al., 2013)  
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3. Methods   

3.1 Rock Sampling and Sample Preparation 

3.1.1. Rock Sampling 

The Georgina Basin has limited core data, since less than 30 wells penetrate the 

complete stratigraphy. Sample sets were chosen from four cores across the Georgina 

Basin, which represented three of the nine major sub-basins, the Dulcie Syncline, the 

Toko Syncline, and the Undilla sub-basin (Table 1; Figures 6 – 9; Appendix A). Sections 

from above the Arthur Creek Fm basal unconformity in the Owen-2 well were chosen, as 

these samples potentially represented the most anoxic section of the sequence in the Toko 

Syncline. The Arthur Creek Fm from NTGS 99/1 was chosen, as this is the type section 

for the Arthur Creek Fm in the Georgina Basin. The MacIntyre-1 well was chosen 

because the Arthur Creek Fm in this well represents the most organic-rich section with 

the highest unconventional resource potential in the Georgina Basin. The representative 

sections from each well were sampled in compact stratigraphic intervals based on the 

potential for good quality Re-Os geochronology data. The samples sets were chosen 

based on dark colour; visually estimated amount of organic matter; lack of metamorphic 

overprinting; veining or significant pyritization; and location within the Arthur Creek 

Formation. Samples with visible transitions from trangressive to regressive stratigraphy, 

or with considerable calcite veins were not sampled. The Arthur Creek Fm in both sub-

basins showed variability in the black shale sections, with sharp contacts between 

transgressive sequences of black shale lithologies, and progression from more siliclastic 

to carbonate lithologies (Smith and Huntington, 2014). In MacIntyre-1, the sample 

stratigraphic thickness ranged from 2 cm to 8 cm. In Owen-2, the average sampled 
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stratigraphic interval was 11 cm, but thicknesses ranged from 8 cm to 17 cm. The NTGS 

99/1 well had sampled stratigraphic thicknesses that ranged from 5 cm to 11 cm, with an 

average of 8 cm. In BMR Mount Isa 1, the sample stratigraphic thickness ranged from 3 

cm to 8 cm. The samples were collected by Geoscience Australia from the Alice Springs 

Core Facility, Alice Springs, Northern Territory, Australia. A number of thin sections 

were cut from each well bore. Thin section and sample descriptions are located in 

Appendix A.  

 

3.1.2. Sample Preparation 

The samples were documented, photographed and weighed at the University of 

Alberta (Appendix A), then cut perpendicular to bedding to preserve a hand sample and a 

bulk powder sample. The bulk rock samples were polished using Silicon Carbide polish 

paper to remove metal contamination from the rock saw and any surficial weathering or 

oxidation. Samples were broken into smaller pieces in a plastic bag using a plastic-

covered weighted mallet, then crushed using an agate shatter box until only powdered 

samples remained. Crushed sample masses ranged from 35 g to 70 g. Approximately 3 g 

of powder was retained for Re – Os analysis at the University of Alberta. The remaining 

powder was sent to the Basins Resources Group, Geoscience Australia for major, minor 

and trace element analysis. 

 

3.2. 187Rhenium-187Osmium Analysis 

3.2.1. Re-Os Geochronology 
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187Rhenium - 187Osmium (187Re - 187Os) analysis was completed on chosen 

samples from the four wells following methods described by Selby and Creaser (2003) 

using CrO3 – H2SO4 chemistry (Selby and Creaser, 2003). The samples were analyzed on 

a Thermo Scientific Triton Thermal Ionization Mass Spectrometer using Negative 

Thermal Ionization Mass Spectrometry (NTIMS) (Creaser et al., 1991). Sample data were 

regressed using the isochron regression method of IsoPlot v.3.75 (Ludwig, 2012), and Re 

– Os ages were determined for a suite of samples from each core, using a 187Re - 187Os 

decay constant of 1.666 x 10-11 a-1 (Smoliar et al., 1996). 

 

3.2.2. CrO3 – H2SO4 Dissolution 

Each core had a series of Re content estimations completed using aqua regia 

digestion to determine the best samples for analysis. Samples with Re contents greater 

than 2 ppb were chosen for complete Re – Os analysis using CrO3 – H2SO4 digestion. 

Once the Re content was estimated for each sample, the amount of sample and 

isotopically enriched spike was calculated. From the estimated Re content, an inferred 

187Re to 185Re ratio was calculated. A 187Re to 185Re ratio of approximately 3 was used to 

determine sample mass, which minimized error propagation. Between 200 mg and 600 

mg of powdered sample were added to large Carius tubes through an altered fine-tip 

pipette, then a known amount of mixed 185Re – 190Os #3 spike was added. Static and 

contamination was minimized with an aluminum foil casing of the pipette and neck of the 

Carius tube. The tubes were then placed in alcohol dry ice at ~ -70°C and 8 mL of CrO3 – 

H2SO4 was added. The tubes were sealed using an oxygen and propane flame. Once the 

Carius tubes thawed, the tubes were mixed for two minutes to help sample-spike 
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equilibration and placed in aluminum jackets. The samples were placed in a vented oven 

at 220°C for at least 48 hours. Once cooled, the samples were frozen again, to prevent 

OsO4(g) loss, and depressurized by melting a small hole in the neck of the Carius tube 

with a oxygen-propane flame. The tubes were opened and 3.5 mL of chloroform (CHCl3) 

was added to each sample before the samples thawed. The contents were poured into a 50 

mL polypropylene centrifuge tube, mixed for 1 minute then centrifuged. The OsO4 in 

solution strongly prefers to partition into the non-polar chloroform from the aqueous 

phase. The chloroform was transferred to a 22 mL glass vial with 3 mL of 9N 

hydrobromic acid (HBr). Chloroform was added to the CrO3 – H2SO4 two more times 

and transferred into the HBr. The remaining CrO3 – H2SO4 solution was stored for further 

Re extraction in a 15 mL polypropylene centrifuge tube. 

The glass vials containing HBr and CHCl3 were placed on a rotating plate 

overnight to ensure complete reduction of the Os from the CHCl3 into the HBr. The vials 

were removed from the rotating plate and left for approximately 10 minutes to allow the 

CHCl3 and HBr to separate. As much of the CHCl3 was removed from the vial as 

possible and the remaining HBr solution, containing OsBr6
2- was placed on a Teflon tape 

covered watch glass to dry down at 80°C. Once the samples were dried to a small enough 

droplet, the solution was moved to the Teflon covered cap and dried completely. Two 

micro-distillation procedures were completed on these samples. The first micro-

distillation added 20 µL 9N HBr to the Teflon Savillex conical vial ("tri-star") and 30 µL 

of CrO3 – H2SO4 to the cap with the dried Os spot. The tri-star vial was placed on the cap 

and into a temperature regulating heating block at 73°C for 3 hours. The samples were 

then removed from the heating block and the caps were washed three times to remove the 
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CrO3 – H2SO4 solution to waste. The caps were wiped with a Kimwipe and then the 

placed on a 73°C hot plate where the 20 µL 9N HBr – Os solution was added and left to 

dry. Once dry, a second micro-distillation was completed using 15 µL 9N HBr and 30 µL 

of CrO3 – H2SO4. The capped, inverted tri-star was left on the heating block for 2 hours 

and then the 15 µL 9N HBr – Os solution was dried in the tri-star vial. The Os was sent to 

the Radiogenic Isotope Facility at the University of Alberta for NTIMS analysis. 

To separate the Re, 2 mL of CrO3 – H2SO4 solution was mixed with 6 mL of 

milli-Q water in a 50 mL centrifuge tube. For Re repeats, 4 mL of CrO3-H2SO4 to H2O 

was mixed with 4 mL of milli-Q water. Chromium trioxide was reduced to CrO2
+ using 

SO2 gas bubbled through Dreschel Bottle with milli-Q water after1 minute. For Re 

repeats, the samples were reduced for 2 minutes. The sample was loaded into an Eichrom 

1x8 100 – 200 mesh anion resin bead column. The ReO4
- ion was sorbed onto the bead 

and the Cr3+ was washed through the column. A series of diluted acids were used to clean 

the resin of any remaining Cr3+. Finally, 4 mL 6N HNO3 removed the ReO4
- ion from the 

column, where it was collected in a cleaned PMP beaker and dried. Once dry, 0.2 mL of 

0.05N HNO3 was added to the dried sample and left to sit for 2 hours. The solution was 

then loaded into a 1.5 mL centrifuge tube with 1 Dowex 1x8 <20 mesh anion resin bead. 

Any remaining Cr3+ stayed in the weak solution and the ReO4
- adsorbed to the bead 

overnight. The Re was then stripped from the anion bead using concentrated nitric acid. 

The acid was removed and the sample was dried down in a PMP beaker prior to analysis 

using NTIMS. 

A new procedure for Re analysis, which followed (Li et al., 2009) was completed 

on 20 samples. A 2 mL aliquot of CrO3 – H2SO4 solution was dried down in a PMP 
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beaker overnight, then 15 mL of 5N NaOH was added. The CrO3 – H2SO4 solution was 

left to dissolve for 30 minutes then a 15 mL aliquot of acetone was added to the NaOH 

solution. The Re favoured partitioning into the acetone solution during two minutes of 

shaking. The acetone was transferred to a 22 mL glass vial and dried down at 50 °C. The 

sample was loaded into an Eichrom 1x8 100 – 200 mesh anion resin bead column, and 

collected after various acid washes cleaned the column of any remaining Cr in solution. 

The sample was dried and sent for analysis using NTIMS. 

 

3.2.3. Negative Thermal Ionization Mass Spectrometry of 187Rhenium and 187Osmium 

3.2.3.1. Osmium Analysis 

The tri-star vials containing the dried Os sample were prepared for analysis using 

NTIMS on a Thermo Scientific Triton Thermal Ionization Mass Spectrometer by placing 

0.33 µL of 9N HBr on the dried Os and allowing the HBr to absorb the Os for 1 hour. 

The HBr – Os solution was then collected and loaded on to a Pt filament using a 

micropipette. On top of the sample, Ba(OH)2  in a 0.1 N NaOH solution was added and 

dried on a 0.4 A filament in open air, until an Os salt formed on the filament. The 

filament was loaded onto the Triton Sample Wheel and heated to between 650-740°C 

using a 800-950 mA filament current (Creaser et al., 1991; Volkening et al., 1991; 

Walczyk, 1991; Birck et al., 2007). The main species of Os, OsO3
-, was ionized and 

measured using a secondary electron multiplier (SEM). For each sample, 96 

measurements of each of the 7 Os isotopes were measured, and then corrected for mass 

fractionation, spike contribution and the oxygen isobars. The internal house Os standard, 

AB2, was measured before each analysis to ensure that the instrument maintained long-
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term reproducibility (187Os/188Os = 0.1068 ± 1.4 x 10-4, n = 499). Blank analyses were 

completed regularly during analyses. Total procedural Os blanks were 0.51 pg Os with 

187Os/188Os ratio of 0.44. 

 

3.2.3.2. Rhenium Analysis 

The Re sample was covered with 1 µL of 16 N HNO3, of which, 0.8 µL was 

removed and placed on a Ni filament. The sample was dried using a 0.8 A current in open 

air and Ba(NO3)2 was added and dried at 0.5 A. The sample was loaded into the Thermo 

Scientific Triton Thermal Ionization Mass Spectrometer. The filament was heated using a 

current of 1000 – 1300 mA and reached temperatures of 800 – 850 °C. Two Re isotopes 

were measured at masses 251 and 249 (187Re16O4
- and 185Re16O4

-) using Faraday 

Collectors (FC) in static mode. Mass fractionation was corrected empirically using 

standard Re data, and the oxygen isobar was corrected. The internal reproducibility of Re 

analysis on the Triton was evaluated using the internal standard, ALB-1 (185Re/187Re = 

0.59839 ± 6.8 x 10-4, n=113). The total Re procedural blanks contained 11.9 pg Re for 

the original procedure, with Re yields of 50 – 75%. 

 

3.2.4. Micro-drilled Samples 

Once initial Re – Os analysis was completed on each sample set, a select number 

of hand samples were picked for additional sampling. A tungsten carbide drill was used 

to drill bedding-parallel samples from the selected hand samples at 5 cm to 10 cm 

intervals. Most samples showed variation in total organic carbon (TOC) that was 

represented by variations from light grey, low TOC, to black, high TOC, so micro-
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drilling was completed on a variety of different coloured lamina. The sample powders 

were prepared and analyzed using the same methods as outlined for bulk rock powder 

analyses. A similar approach to sampling was applied successfully in recent Re-Os dating 

studies in Late Permian black shale samples (Georgiev et al., 2011), however, these 

authors were able to break apart lamina to sample, rather than micro-drill the lamina. 

 

3.3. Major, Minor and Trace Element Analyses 

3.3.1. X-Ray Fluorescence Spectrometry (XRF) 

Sample powders were prepared at the University of Alberta Rock Crushing and 

Mineral Separation Facility. X-Ray Fluorescence (XRF) analysis of major elemental 

composition was completed at the Geoscience Australia Inorganic Materials Laboratory 

(OEMD), Canberra, Australia, on powdered samples from the MacIntyre-1, Owen-2, 

NTGS 99/1, and BMR Mount Isa wells. Analytical techniques follow the OEMD 

Laboratory methods (Mernagh et al., 2008). The major elements measured included SiO2, 

TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5, and SO3. Detection limits for 

each are outlined in Table 2. To analyze samples, 0.8 g of powdered sample was mixed 

with 4.8 g of 57:43 Flux (57% Lithium Tetraborate and 43% Lithium Metaborate) in a 

95% Pt, 5% Au crucible, where it was mixed with a 4:1 mixture of water and LiNO3. 

Sulphides were removed by sintering at 400°C for 10 minutes. After cooling, a pellet of 

NH4I and cellulose is added to the crucible and smelted in a Bradway rock furnace at 

1100°C for 10 minutes. Once removed, the liquid is poured into a preheated mould and 

cooled to room temperature (Mernagh et al., 2008). It is important to calculate the loss of 
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volatiles during smelting, particularly in organic-rich sediments. Loss of ignition during 

smelting was determined by using the following equation: 

𝐿𝑂𝐼=  
𝑀𝐶+𝑀𝑆−𝐼

𝑀𝐶+𝑀𝑆−𝑀𝐶
  ×  100 

where MC is the mass of the crucible, MS is the mass of the sample, I is the mass after 

ignition (Mernagh et al., 2008). Samples were then loaded into the Bruker S8 Tiger 

sequential spectrometer and compared to a Corundum powder standard.  The 57:43 

MAJORS program was used to analyze for major elements in each sample.  

Scandium (Sc) was also measured using XRF because it is a significant 

component of the ICPMS standard (Potts, 1992; Mernagh et al., 2008). The samples were 

prepared as powdered pellets that consisted of 1:3 ethanol:water solution with 140 g of 

PVA powder, Goshenol GL-08 PVA solution and sample. The 1.5 mL of PVA solution 

and 15 g of sample were mixed together in a clean 50 mL Pyrex beaker, then were 

transferred to a 35 mm die and compressed in a Spectro-press under 2 ton per square inch 

pressure. The sample was left to dry overnight then loaded on to the Bruker S8 Tiger 

sequential spectrometer for analyses of Sc. The TRACES program was used for 

determination of Sc (Mernagh et al., 2008).  

 

3.3.2. Inductively Coupled Plasma Mass Spectrometry 

Inductively Coupled Plasma Mass Spectrometry (ICPMS) was completed on the 

AGILENT 7500ce Inductively Coupled Plasma Mass Spectrometer at the Geoscience 

Australia Inorganic Materials Laboratory, Canberra, Australia. ICPMS was used to 

determine trace and rare earth element abundances of Be, V, Cr, Ni, Cu, Zn, Ga, Ge, As, 

Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, 
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Er, Yb, Lu, Hf, Ta, Pb, Bi, Th and U. The detection limits for each of these elements is 

included in Table 3. Machine calibration was completed on a number of United States 

Geological Survey (USGS) and South Africa Reference Material (SARM) standards prior 

to analyses (Table 4).  

The samples previously used for XRF analyses were used for the ICPMS 

analyses. XRF fusion discs were shattered using an agate pestle, then 200 mg of the 

material was placed in a Savillex Teflon vessel. 1 mL of HF and 5 mL of distilled HNO3 

were added to the shattered XRF discs, then the vessels were sealed and heated on a 

hotplate at 120°C for 12 hours. Samples were unsealed, and placed in a volumetric flask 

and polished water was added to increase the volume (Mernagh et al., 2008). Internal 

standards were prepared for each group of analyses and run periodically to ensure 

analytical precision. The internal standard used was a mixture of Ni-61, Sm-147, Tm-

169, Tl-205, and Bi-209 stock samples. 

 

3.3.3. Rock-Eval Measurements 

Total organic carbon (TOC) content was measured by the Geoscience Australia 

Inorganic Materials Laboratory using a LECO RC-612 Carbon/Hydrogen Determinator. 

All samples that underwent XRF and ICPMS analyses were also used for Rock-Eval 

measurements. Total organic carbon (TOC) was measured indirectly by the relative CO2 

and H2O measured from prepared samples of organic carbon. An IFP 160000 standard 

was run before theses analyses (TOC = 3.28 ± 0.14%, TMAX = 416 ± 2°C, and S2 = 

12.43 ±0.5 mg/g). The following equation outlines the calculation of CO2 from these 

measurements: 
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CO2  =  Total  CO2  –  𝑜𝑟𝑔𝑎𝑛𝑖𝑐  𝐶  ×  
44

12
 

To analyze the samples, 2 g of sample was added to a 20 mL glass bottle and dissolved in 

1:1 H2O:HCl solution overnight to remove carbonates from the measurement. The sample 

was washed with distilled water until the pH returned to 7, and then the sample was dried. 

Between 200 and 500 mg of sample were weighed in a silicate boat, and inserted into the 

quartz combustion tube, where the sample was heated to 1200°C for 2 minutes. Carbon 

dioxide and water were measured over the 2 minute period and TOC content was 

calculated. The loss of CO2 during organic C preparation was estimated by the following 

equation: 

𝑅𝐶=𝑅  ×  1−  
𝑀2−𝑀3

𝑀2−𝑀1
 

where RC is the result corrected of CO2, R is the uncorrected CO2, M2 is the mass of the 

sample and the glass bottle, M3 is the mass of the Bottle and Sample after the removal of 

carbonates using HCl, and subsequent dry down, and M1 is the mass of the glass bottle 

(Mernagh et al., 2008). 

 

3.3.4. X-Ray Diffraction (XRD) 

X-Ray diffraction was used to estimate modal mineralogy from each sample 

powder.  The sample was prepared for analysis by drying, then milling 1 g of sample to a 

particle size of less than 75 µm and packing it into the XRD powder holder. The sample 

was loaded into the sample tray of the Bruker D4 Endeavor, and continuously scanned 

for 56 minutes from 5 to 70 degree two theta angles (2θ) using a LinxEye Detector with a 

copper cube. The machine completed 3255 incremental measurements of 0.0199175 were 



  24 

incurred with 1 step per second. The X-ray source voltage was 40 KV and the generator 

current was 40 mA. A Bruker ASX corundum powder standard was run prior to the 

samples (Mernagh et al., 2008), to ensure repeatability and to calibrate the machine prior 

to sample analysis. For qualitative mineral analysis, a computer program called 

DIFFRAC.EVA (2012, version 3.1) was used to identify minerals. For quantitative 

mineralogical analyses, the software program TOPAS (2009, version 4.2) was used to 

calculate modal percentages. 

 

4. Results 

4.1. 187Re-187Os Geochronology 

The Re and Os isotopic ratios and concentrations were determined from the 

Arthur Creek, and Thorntonia Limestone Fms (Tables 5 – 8). Multiple samples were 

removed from vertical core intervals of 1.16 – 3.33 m in four cored wells located across 

the Georgina Basin (Figure 5, Table 1). The Re concentration measured in all of the wells 

ranged from 0.3 to 105 ppb using CrO3 – H2SO4 digestion, whereas micro-drilling of 

lamina sets from hand samples resulted in a Re concentration range of 10 and 100 ppb. 

The Os concentration measured in all samples ranged between 33 and 1498 ppt, with 

micro-drilled Os concentrations measuring between 175 and 1498 ppt. These were 

compared to typical ranges of Re and Os concentrations based on previous work of the 

average continental crust Re and Os values of 390 and 50 ppt (Esser and Turekian, 1993; 

Peucker-Ehrenbrink and Jahn, 2001) and relative enrichments of Re and Os in organic-

rich source rocks (Creaser et al., 2002; Kendall et al., 2004; Selby and Creaser, 2005b; 

Turgeon et al., 2007; Kendall, Creaser and Selby, 2009; Rooney et al., 2010).  
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The complete range in 187Re/188Os ratios measured fell between 30 and 542 (Table 

5-8). Ranges in 187Os/188Os ratios in all of the sample suites fell between 1.26 and 5.55, 

with 2σ uncertainties (Tables 5 – 8). This 187Os/188Os ratio was higher than the average 

upper crustal 187Os/188Os of 1.05 ± 0.23 (Peucker-Ehrenbrink and Jahn, 2001), because of 

enrichment of 187Re and subsequent radioactive decay of 187Re to 187Os in organic matter 

since deposition (Ravizza and Turekian, 1989; Esser and Turekian, 1993; Creaser et al., 

2002).  

Replicates of the Re anion chromatography were within uncertainty of the initial 

Re analyses completed in this study, and all samples had measured Re and Os 

abundances well above the limit of detection of the NTIMS technique (Creaser et al., 

1991). Duplicate analyses were completed on a number of samples from each well bore. 

The majority of duplicate analyses of the bulk rock powder yielded similar Re and Os 

isotopic ratios, but given the heterogeneity of the sample, the replicates were also used as 

secondary data points. Ages were determined using the isochron regression technique. 

Isotopic ratios were logged into Isoplot (Ludwig, 2012), and used an accepted 187Re – 

187Os decay constant of 1.666 x 10-11 a-1 (Smoliar et al., 1996) to produce a radiometric 

age for each of the sample sets. Not all of the four cores provided large enough spread in 

isotopic ratios to produce precise isochrons, and some of the sample suites also exhibited 

significant scatter, so for these sample sets precise isochrons ages could not be 

determined. 

 

4.1.1. Arthur Creek Formation, MacIntyre-1 Well 
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In the MacIntyre-1 well, the Arthur Creek Fm Re ranged between 8 and 42 ppb, 

and Os ranged between 415 to 1296 ppt (Table 5). This formation produced an age of 481 

± 10 Ma (2σ, MSWD = 25, n = 14) (Figure 10), from samples collected from a cored 

interval of 3.33 m. The initial 187Os/188Os is 0.824 ± 0.023. Certain bulk powder samples 

significantly influenced the scatter in this isochron. By removing M1rpt2 from the data 

set, the MSWD was reduced by almost one half and the uncertainty of the age was 

reduced by 3 Myr from 472 ± 13 Ma (2σ, n = 15, MSWD = 47) to 481 ± 10 Ma (2σ, n = 

14, MSWD = 25) (Figure 11). This data point (M1rpt2) was removed because it plotted 

to the right of the previous three M1 repeated analyses, likely indicating that it did not 

equilibrate properly during digestion. 

Two samples were chosen based on the initial Re concentrations for further 

investigation using micro-drilled analyses, denoted by the addition of A through E after 

the sample name. Each hand sample had at least four micro-drilled powders removed 

from the sample parallel to laminations observed in the hand sample. Overall, the micro-

drilled samples exhibited a wide range of Re and Os contents within vertically 

compressed sampling micro-drilled intervals. The micro-drilled Re concentration in M1 

ranged between 30 and 41 ppb, which showed much more scatter than repeats of the bulk 

analysis (ReM1 ave = 36 ppb) (Table 5). Micro-drilled Os concentration in M1 ranged 

between 815 and 1296 ppt; also scattered around the average of M1 bulk powder Os 

concentration (OsM1 ave = 1076 ppt). In M2, the micro-drilled samples had a Re range of 

20 to 22 ppb, and an Os range of 889 to 1098 ppt. When compared to the bulk powder 

M2, the Re and Os concentrations for micro-drilled samples mean values were scattered 

around these around these values (ReM2, ave rpt = 20.2 ppb; OsM2, ave rpt = 932 ppt). When 
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the micro-drilled samples were plotted with the bulk rock powder data, the micro-drilled 

samples contributed a significant amount of scatter to the isochron (Figure 12) and 

created an age of 464 ± 14 Ma (2σ, n = 19, MSWD = 86). 

Replicates of Re anion chromatography of the samples were within uncertainty of 

the original data point for micro-drilled and bulk powder analyses. Rhenium replicates, 

completed using the new NaOH Re separation technique, denoted by “new”, were within 

uncertainty of previously analysed Re contents and isotopic ratios in all cases (Table 6).  

 

4.1.2. Arthur Creek Formation, NTGS 99/1 Well 

The Arthur Creek Fm in the NTGS 99/1 well produced an isochron age of 474 ± 

89 (2σ, MSWD = 249, n= 5) (Figure 13). The scatter is much higher on this isochron and 

the Re and Os ratios exhibited much less variation, relative to the previous Arthur Creek 

Fm sample. Rhenium ranged from 2 to 15 ppb, and Os ranged from 128 to 503 ppt (Table 

6). The 187Os/188Os ranged from 1.471 to 2.445 and 187Re/188Os ranged from 56.67 to 

185.68. This sample showed very large age uncertainty, so the imprecise age of this 

sample was not used for further analyses or interpretations. 

 

4.1.3. Arthur Creek Formation, Owen-2 Well 

The sample suite from the Owen-2 well Arthur Creek Fm produced a Re – Os age 

of 498 ± 40 Ma (2σ, n = 30, MSWD = 330) (Figure 14), which included micro-drilled 

samples. The Re ranged from 3.5 to 105 ppb, while Os ranged from 77 to 1558 ppt over 

the entire sampled interval of 2.85 m (Table 7). To reduce scatter, data points that had a 

weighted residual of more than ± 1.00, were removed (O52, O52rpt2, O53, O55, 
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O55rpt2). The weighted residual value of ± 1.00 was compared to the initial Os values 

calculated for each sample. Samples that had weighted residuals of more than ± 1.00 also 

had individually calculated initial 187Os/188Os ratios that deviated significantly from the 

isochron initial 187Os/188Os ratios, (Figure 15, Figure 16), and these samples were 

removed from the isochron. Once the data with significant scatter was removed, the 

Arthur Creek Fm in Owen-2 produced an isochron with an age of 477.5 ± 9.5 Ma (2σ, n 

= 25, MSWD = 10.4; Figure 17).  

Unlike the MacIntyre-1 well, micro-drilling completed on the Owen-2 drill core 

did not produce additional scatter. The micro-drilled samples fit well with the bulk 

powder isotopic ratios from the same sample and fit well with the sample suite on the 

isochron. To test the precision of the micro-drilled samples, these samples were isolated 

and plotted on an isochron (Figure 18), which produced an age of 481.5 ± 8.7 Ma (2σ, 

MSWD = 0.64, Osi = 1.090 ± 0.075, n=5). This age is within uncertainty of the 

conventional sample suite isochron.  

 

4.1.4. Thorntonia Limestone, BMR Mount Isa 1  

BMR Mount Isa 1 Thorntonia Limestone Fm produced an age of 371 ± 69 Ma 

(2σ, MSWD = 84, n = 10; Figure 19). The age uncertainty and scatter are large, and the 

age is also significantly younger than expected. Rhenium contents in this well are very 

low, whereas Os concentrations are relatively abundant. The Re concentrations, in ppb, 

range from 0.3 – 3, and Os ranged from 32 – 395 ppt (Table 8). Repeated Re samples 

showed no deviation from the initial measurement. This sample may have experienced 
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some oxidation due to present shallow depth, and as a result showed an imprecise age 

that is not used for further interpretation.   

 

4.2. Major, Minor and Trace Element Analyses 

Major elemental abundances, in association with thin sections, were compared to 

assess whether large-scale alteration took place. The program 57:43 MAJORS was used 

to help account for samples that had difficulty diffusing an atomic spectra in carbonate 

bearing samples, and that produced interferences caused by large amounts of NaCl 

(Mernagh et al., 2008). Major element data are presented in Table 9, and trace element 

data are presented in Tables 10, 11 and 12. 

All data was compared to the detection limit of each instrument, and elemental 

abundances below the detection limit were removed. Some elements almost exclusively 

had data points below the limit of detection within the ICPMS data set. These elements 

included silver and bismuth. All further discussion excluded these elements. The 

remaining elements analyzed were well above the limit of detection of the XRF and ICP-

MS instruments. In this study, trace elements were normalized to Al to reduce the 

interference of trace element detrital contributions in assessing paleoproductivity and 

paleoredox conditions (Table 13; Tribovillard et al., 2006).  

Aluminum is very stable during diagenesis, and is a measure of the alumnosilicate 

portion of a rock (Kryc et al., 2003). Before normalization, the relative abundances of Al 

must be considered to ensure that excessive Al is not entering the system via grain 

coatings or clay minerals (Weijden, 2002; Tribovillard et al., 2006). In order to establish 

whether Al is a suitable major element to normalize trace elements from this study 
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against, the weight percent of Al2O3 to TiO2 was compared. A positive correlation 

between Al2O3 and TiO2 (r
2 = 0.95, n = 53) indicated that Al was a good candidate for 

normalization (Figure 20, Table 14), because it did not show signs of disturbance or 

excess detrital input. The coefficient of variation of Al relative to each of the trace 

element sample suite was less than 70% (Table 14), and showed some deviation from 

well to well, however within each wells, the coefficient of variation was consistent. None 

of the coefficients of variation showed Al was excessive relative to the trace elements. 

Therefore, Al contributed to the system is assumed to be a good measure of detrital flux, 

and is not coating grains or in excess via clay components (Brumsack, 1986; Murray and 

Leinen, 1996). To create an enrichment factor (Tribovillard et al., 2008), the following 

equation was used:  

𝐸𝐹=  

𝑇𝑀
𝐴𝑙𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑀
𝐴𝑙𝑈𝐶𝐶

 

where TM is the trace metal, Al is individual sample Al2O3 measured using XRF in ppm, 

and average shale values are based on the Upper Continental Crust (UCC) values 

(McLennan, 2001). In order to directly compare the hydrogenous trace element 

compositions in the paleo-ocean environment, enrichment factors for each trace element 

were calculated (Table 13). This method compared individual trace elements to a known 

set of crustal values (Taylor and McLennan, 1985; McLennan, 2001), which allowed 

local enrichments to be compared regionally within the basin.  

 

4.2.1. Rock-Eval Measurements 
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The S2 maximum temperature (Tmax), oxygen index (OI), hydrogen index (HI) 

and individual carbon peaks (S1, S2, S3) were collected from each sample suite. These 

variables were used to establish the total organic carbon (TOC) measurements for all 

samples from each sample suite (Table 15).  

In the Arthur Creek Fm, average TOC measurements showed variability across 

the Georgina Basin. In the Toko Syncline, the Owen-2 Arthur Creek Fm had an average 

TOC of 0.84% (n = 19; TOC range = 0.26 – 1.71%), whereas the NTGS 99/1 Arthur 

Creek Fm, also in the Toko Syncline, had an average TOC of 1.31% (n = 10; TOC range 

= 1.11 – 1.80%). The average TOC of the Arthur Creek Fm in MacIntyre-1 from the 

Dulcie Syncline was 3.65% (n = 9; TOC range = 3.00 – 4.67%). The Thorntonia 

Limestone Fm in BMR Mount Isa-1 exhibited the largest spread of TOC, as well as the 

highest average TOC (average TOC = 4.81%, n= 9; TOC range = 0.46 – 12.51%). 

The Tmax calculated for each sample was calibrated using the S2 peak (Peters, 

1986). The lowest S2 peaks were sequentially analysed to determine whether these points 

increased the scatter of Tmax data points with depth (Figure 21 – 24). All S2 points from 

the entire Arthur Creek Fm data set fell well above previous S2 cut-offs defined by Peters 

(1986). In this formation, S2 ranged from 0.89 to 8.94 mg HC/g rock, which is well 

above the defined cut-off of 0.5-1.0 mg HC/g rock for source rocks with TOC between 

0.5 and 1.0 %. The Tmax for all of the samples within the Arthur Creek Fm ranged from 

424°C to 471°C across three different well bores in three separate locations within the 

Georgina Basin. In the Thorntonia Limestone Fm, the Tmax ranged from 429°C to 

437°C, and S2 values were well above the cut-off (S2 = 2.97 - 89.05 mg HC/g rock).  
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Tmax when compared to the hydrogen index is an indication of the thermal 

maturity of the sample suites. With the exception of two samples, M5 and M6, the Arthur 

Creek Fm from MacIntyre-1 plots within the gas window (Figure 25). The oxygen and 

hydrogen indices were also plotted on van Krevelen diagrams to determine the individual 

types of organic matter present (Figures 26 - 27). The Arthur Creek Fm (Figure 26) in the 

Toko syncline showed immature Type II kerogen in Owen-2, whereas NTGS 99/1 

showed Type II kerogen. In the Dulcie syncline, the Arthur Creek Fm in MacIntyre-1 

shows a mix of Type II and Type III/VI kerogen with low hydrogen indices, possibly 

indicating that hydrocarbons have been generated from the source rock. The Thorntonia 

Limestone Fm (Figure 27) shows kerogen with a very high hydrogen index and a low 

oxygen index, an indication of high source rock potential and of a heavily restricted 

depositional environment (Peters, 1986). 

 

5. Discussion 

  No absolute geochronologic data exists for the rocks of the Georgina Basin. The 

basin is not known to contain any formations or units for which other geochronometers, 

such as the U-Pb or Rb-Sr systems, are applicable (Kruse et al., 2011; Smith et al., 2013). 

However, the Narpa Group, of which the Arthur Creek and Thorntonia Limestone Fms 

are part, is proposed to be younger than the Kalkarindji Large Igneous Province (Kruse et 

al., 2011). The major basaltic outpouring of the Kalkarindji Continental Flood Basalts has 

been dated using the 40Ar/39Ar method in locations surrounding the Georgina Basin at 

511.9 ± 1.9 Ma (Evins et al., 2009). In the northern area of the Georgina Basin, the 

Colless Volcanics, the Georgina Basin equivalent of the Kalkarindji Continental Flood 
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Basalts, were conformable and gradational below the Thorntonia Limestone Fm (Kruse et 

al., 2011). However, recent re-evaluation of the stratigraphy in the Georgina Basin has 

omitted the Colless Volcanics from the stratigraphy of the Undilla Basin (Smith et al., 

2013). The most recent evaluation of the depositional ages of these formations in the 

Georgina Basin is based on biostratigraphy that is globally tied to datable geologic 

formations, and is discussed below (Jones and Laurie, 2006; Laurie, 2012a; Peng et al., 

2012; Smith et al., 2013). 

 

5.1. Re-Os Geochronology 

The results of 187Re – 187Os geochronology on the Georgina Basin strata from this 

study are the first from this basin, and are younger than expected, based on numerical 

ages assigned from biostratigraphic constraints (Kruse et al., 2004; Laurie, 2006; Laurie, 

2012a; Smith et al., 2013). 

The 187Re – 187Os geochronometer is a precise and accurate technique (Selby and 

Creaser, 2005b), although the system requires a number of fundamental assumptions to 

be met;  

(1) all Re and Os contributed to the sediment are hydrogenous, with no detrital 

component,  

(2) the initial Os isotopic ratio is the same in each sample set,  

(3) all samples used to construct an isochron must be the same age,  

(4) Re and Os from the samples must exhibit wide spreads in Re isotopic ratios in 

order to create a meaningful isochron, and 

(5) no Re or Os leaves the system after deposition.  
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Thus, it is clear that many mechanisms can disturb the 187Re – 187Os system and 

when not met fully, these fundamental assumptions increase the scatter in the Re – Os 

isochrons (Kendall, Creaser and Selby, 2009). Scatter in Re – Os isochrons used in this 

study indicate that some of the base assumptions for the isochron method were not met. 

Instances in which these fundamental assumptions have not been met cause scatter within 

an isochron. Younger ages caused by missing or unfulfilled fundamental assumptions 

have not been discussed further.  

 

5.1.1. Detrital Inputs of Re and Os 

  Selby and Creaser (2003) developed a novel technique of dissolving organic 

matter from source rocks using CrO3 – H2SO4 digestion. This digestion technique 

dissolves the authigenic component from Re – Os analyses, and removes the scatter 

associated with dissolution of detrital Re and Os held within the clastic and provenance 

material (Selby and Creaser, 2003). By removing Re and Os that was added detritally to 

the samples, the scatter in 187Re/188Os and 187Os/188Os in these isochrons is significantly 

reduced (Selby and Creaser, 2003). 

 

5.1.2. Cambrian Seawater Osmium Isotopic Ratio 

The 187Os/188Os ratio of the oceans through geologic time is affected by a number 

of sources, which include weathering of the continental crust, hydrothermal input, and 

cosmogenic dust (Levasseur et al., 1998). There is very little data on Cambrian seawater 

187Os/188Os ratios, as the amount of Cambrian Re – Os work completed to this point is 

limited. During the Cryogenian of the Neoproterozoic, 187Os/188Os ratios in seawater 
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were 1.00 ± 0.05 (Kendall, Creaser, Calver, et al., 2009), and early Cambrian 187Os/188Os 

ratios were 0.84 ± 0.12 (Zhu et al., 2013), showing a general trend towards lower 

187Os/188Os ratios in the Phanerozoic. The Cambrian – Ordovician Global Stratotype 

Section and Point (GSSP; Re – Os age = 484 ± 16 Ma) was recently evaluated using the 

Re – Os system (Tripathy and Hannah, 2014) and the initial 187Os/188Os ratio established 

by this study was 0.74 ± 0.05. However, the study by Tripathy et al. (2014) had much 

higher MSWD, larger age uncertainties than this study, and the sampling interval used 

was much larger. Also, the Ordovician samples showed much more scatter, and were the 

controlling values on the isochron as they contained higher measured 187Os/188Os and 

187Os/188Os compared to the Cambrian sample suite. To test their study, their samples 

were re-plotted, but divided into two groups based on the location of the GSSP in the 

sampled interval (Figure 28). The age uncertainty and initial Os ratios showed much 

more uncertainty when plotted in this manner. 

The Arthur Creek Fm has different initial 187Os/188Os values in the Toko and 

Dulcie Synclines. The Arthur Creek Fm in the Dulcie Syncline has an initial 187Os/188Os 

of 0.824 ± 0.023, whereas in the Toko Syncline the initial 187Os/188Os ratio is 1.120 ± 

0.067. Both isochrons give similar ages within uncertainty. The difference in initial 

187Os/188Os ratios in the two different sub-basins indicates that the amount of circulation 

was highly variable and controlled by the location. Also, the intrabasinal variation in 

initial Os was very high. 

 

5.1.3. Variations in Initial Osmium ratios 
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Previous authors have suggested that when initial Os ratios are spatially variable, 

the resulting isochron scatter causes ages with high uncertainties (Kendall et al., 2009). 

To test whether the initial Os was constant over the temporal extent of deposition, the 

individual initial 187Os/188Os ratios were calculated for each sample and compared to the 

initial 187Os/188Os isochron value from the isochron diagram (Figures 16, 29 – 31). Initial 

Os variation can be caused by fluctuations in the marine Os ratio when deposition of the 

source rock occurs at slower rates than the residence time of Os in seawater, which is 40 

kyr (Levasseur et al., 1998; Levasseur et al., 1999; Peucker-Ehrenbrink and Ravizza, 

2000). By comparing the calculated individual initial Os to the isochron initial Os, 

samples with divergent initial Os might be identified.  

 

5.1.3.1. Initial Os Variations in the Arthur Creek Formation, MacIntyre-1 Well 

The Arthur Creek Fm in the MacIntyre-1 well shows some variability in 

calculated initial Os values throughout the sample suite (Figure 29). The total variation in 

initial 187Os/188Os ratios, including uncertainty from the isochron is from 0.78 to 0.86. A 

potential cause in the variation in initial 187Os/188Os ratios from this sample suite could 

result from partial mixing of restricted basin water with surrounding well-circulated open 

marine waters. Incomplete mixing and uncompacted sedimentation rates of less than 83 

m per million years would effectively allow for sedimentation to occur at a slower rate 

than the residence time of Os in water. Shale deposition has been documented to occur at 

rates much slower than this (Lazar, 2007; Harris et al., 2013). However, the initial 

187Os/188Os ratios in this sample, when compared to global Cambrian to Ordovician initial 

Os records, shows very similar initial Os ratios (initial Os = 0.74 ± 0.05, (Tripathy and 
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Hannah, 2014)), with only minor variability in the 187Os/188Os ratios of all samples. 

Instead, fluctuations in initial 187Os/188Os ratios may reflect an increase in weathering, 

and a decrease in total basin mixing  

The micro-drilled samples from this sample suite also indicate some fluctuation in 

initial 187Os/188Os from one lamina to the next during deposition. Only half of the 

samples show corresponding calculated initial 187Os/188Os ratios to the bulk powder 

isochron initial 187Os/188Os ratios. Therefore, the Dulcie Syncline must have had regular 

contact with the open marine Os reservoir, but experienced periodic isolation or increased 

weathering that would have affected the initial Os ratios of samples. 

 

5.1.3.2. Initial Os Variations in the Owen-2 Well 

The Arthur Creek Fm in Owen-2 shows very little variability in 187Os/188Os ratios 

throughout the entire system (total variation of 0.134), with the exception of five samples 

that were omitted from the isochron (Figure 16). The Owen-2 well expressed higher 

187Os/188Os ratios in all the samples (initial 187Os/188Os Owen-2 = 1.120 ± 0.067) 

compared to the MacIntyre-1 well. The increased 187Os/188Os ratios may be a result of 

high weathering rates of older continental crust, which can elevate initial Os ratios 

(Peucker-Ehrenbrink and Ravizza, 2000). Increased weathering rates combined with 

severe restriction of the Toko Syncline bottom water from open marine conditions could 

elevate the 187Os/188Os ratio so that the initial Os in this well does not reflect the global 

marine 187Os/188Os ratios at this time.  

The initial Os ratio from the Arthur Creek Fm in the Owen-2 well is much higher 

than in the Arthur Creek Fm of the Mactinyre-1 well (initial 187Os/188Os MacIntyre-1 = 
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0.85, initial 187Os/188Os Owen-2 = 1.120). The increase in initial 187Os/188Os relative to 

marine 187Os/188Os during the formation of this sub-basin indicates that the provenance 

region was old, and restriction of the water column was pervasive. Compared to the 

MacIntyre-1 well, the increased initial Os values indicated that the Owen-2 well 

experienced more restriction, with very limited contact to and circulation from 

surrounding open marine waters.  

The Arthur Creek Fm micro-drilled samples from the Owen-2 well have distinct 

variations in initial Os when compared to the micro-drilled samples from the MacIntyre-1 

well (Figure 29). Initial Os ratios calculated for each sample were within the range of the 

initial Os value calculated by regression of all data using Isoplot (Ludwig, 2012). The 

Toko Syncline is more likely to have experienced consistently reducing and poorly 

circulated water, which would cause consistently increasing initial 187Os/188Os ratio. 

 

5.1.3.3. Initial Os Variations in NTGS 99/1 Well and BMR Mount Isa 1 

Since these two sample suites do not yield precise isochron ages, the variation in 

the initial 187Os/188Os ratio is large (Figure 30, 31), which may have resulted from slow 

sedimentation rates, and highly disconnected water masses from the open ocean. Another 

potential cause of the larger variability in initial Os in the NTGS 99/1 well (range = 0.75 

– 1.02) could be a result of discontinuous sedimentation. In thin sections from this well, 

the formation is coarser grained than in other wells, a quality that reflects a higher energy 

environment with more regular oxidation, causing reduced preservation of marine Re and 

Os isotopic ratios. In the BMR Mount Isa 1 well, the scatter is so large on the isochron 

age that assessing the initial Os of the Undilla sub-basin is not possible. 
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5.1.4. Depositional Rates of Organic-Rich Sediments 

  The depositional rates in organic-rich sediments can affect whether organic-rich 

sediments are all the same age or within uncertainty of being the same age (Rooney et al., 

2010). In organic-rich sediments, depositional rates of between 1 and 60 m per million 

years have been recorded (Maynard, 1980; Lazar, 2007; Harris et al., 2013). Because the 

Cambrian is an unusual period for source rock development, depositional rates are poorly 

characterized, however, global sea level curves and the degree of continental flooding 

have been estimated for the Cambrian (Miller et al., 2005; Haq and Schutter, 2008). 

These curves allow for a rudimentary comparison to more recent time periods with better 

control on sedimentation rates.  

The Upper Devonian had similar sea level and continental flooding levels to the 

mid- to late Cambrian (Miller et al., 2005; Haq and Schutter, 2008). Using better defined 

sedimentary rates from the Upper Devonian Woodford Shale, and the Upper Devonian 

New Albany Shale Fms, the sedimentation rates is bracketed to between 1 and 5.5 m per 

million years (Lazar, 2007; Harris et al., 2013). The intervals of strata sampled in this 

study measured between 1.16 and 3.33 m. In the Arthur Creek Fm from the MacIntyre-1 

well, this sedimentation rate translates to a considerable amount of time represented by 

individual samples (interval of sedimentation = 0.6 – 3.3 Myr). In the Arthur Creek Fm 

of the NTGS 99/1 well, sedimentation rates of 1 to 5.5 m per million years translate to 

between 518 kyr and 2.85 Myr over which deposition of these sample suites occured. 

Meanwhile, the Owen-2 Arthur Creek Fm an upper duration of sedimentation of 2.85 

Myr. These longer periods of deposition (> 1Myr) introduce scatter into an isochron 
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because the sedimentation rates are significantly longer than the residence time of Os in 

seawater. This effect is likely reflected in the larger uncertainties in ages of the Arthur 

Creek Fm.  

Sequence stratigraphic analyses completed on younger shale formations has 

shown that hiatuses exist much more often in very fine grained rocks than previously 

thought (Macquaker et al., 2007). Transgressions and regressions are often represented by 

much shorter intervals in fine grain sediments than in coarser grained sediments, so 

identifying unconformities and hiatuses in these types of sediments is difficult. For this 

reason, a hiatus in a sampled interval can introduce large amounts of scatter into a Re – 

Os isochron. If even one sample deposited considerably later than the rest of the sampled 

interval, then the isochron ages would be skewed younger and scatter would increase.  

 

5.1.4. Rhenium Deposition 

During sediment deposition, Re is sequestered in sediments representing a range 

of geochemical environments from oxic to euxinic. When enrichment of Re is 

significantly higher than the crustal values of 0.5 ppb, Re can be used as a redox proxy. 

In Re-enriched samples, the depositional environment is anoxic, whereas strata that 

exhibit marginal to non-existent Re enrichments tend to be deposited in oxic 

environments (Crusius et al., 1996). The Re contents for all samples in this study were 

well above the average crustal value of 0.5 ppb (Taylor and McLennan, 1985; McLennan, 

2001; Rudnick and Gao, 2003), and the level of enrichment is consistent with sediments 

deposited in anoxic conditions (Selby and Creaser, 2005a; Kendall, Creaser, Gordon, et 

al., 2009).  
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Rhenium removal during later stages of diagenesis should have an associated 

organic matter signal (Georgiev et al., 2012). However, Re is not always linked to 

organic matter, so a direct correlation between oxidation of organic matter and removal 

of Re during diagenesis may not be present (Kendall, Creaser, Gordon, et al., 2009). 

Oxidation causes Re and Os to mobilize, particularly if the basin experienced periods of 

near-surface exposure or glaciations, where oxidizing fluids could penetrate the strata.  

 

5.1.5. Post Deposition Alteration 

Post-deposition stability of Re and Os is required for the success of this 

geochronometer. A comparison of the initial Os isotopic ratios in each sample suite does 

not establish whether mobilization during diagenesis or post-depositional disturbance 

removed Re or Os from the source rock. To assess the disturbance of the Re – Os system 

post-deposition requires examination of metamorphic overprinting, Rock-Eval 

parameters, and isochroneity (Georgiev et al., 2012). Disturbance to the Re-Os system 

occurs in a number of different ways and increases the scatter of an isochron. There are 

two major events that may have disrupted the post-deposition stability of Re and Os in 

this basin. The first event is identified from 40Ar/39Ar geochronology on the Kalkarindji 

Continental Flood Basalt Event at c. 510 Ma (Glass and Phillips, 2006; Jourdan et al., 

2014). Although the emplacement of the Kalkarindji Continental Flood Basalt in the 

Georgina Basin occurred before deposition of the formations studied here, there are a 

number of anomalous 40Ar/39Ar data points that indicate partial resetting of the system 

occurred at or around 475 Ma (Glass and Phillips, 2006; Evins et al., 2009; Jourdan et al., 

2014).  
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Metamorphism is an important consideration for the Re-Os system in organic-rich 

sediments, because metamorphic facies of at least greenschist facies have been shown to 

reset the Re – Os system (Kendall, 2002). Establishing whether metamorphism affected 

the Arthur Creek and Thorntonia Limestone Fms is particularly important in this basin as 

Re – Os ages from this study are broadly coincident with Larapinta rifting (Ambrose et 

al., 2001), which occurred around 480 - 440 Ma (Hand and Sandiford, 1999; Buick et al., 

2005), and caused an increase in accommodation in the Georgina Basin.  

The second factor that causes post-deposition mobility of Re and Os is 

hydrocarbon generation. This is an important consideration as the Arthur Creek Fm has 

theoretically produced 40 billion tonnes of hydrocarbons since initially reaching maturity 

(SIBGEO, 1991). Previous geochronology studies completed on the Exshaw Fm, 

Western Canadian Sedimentary Basin, Canada, (Selby et al., 2007) showed that the Re – 

Os system in organic-rich source rocks is not affected by hydrocarbon generation. The 

187Re – 187Os radiometric ages from the Exshaw Formation were tested against the U – Pb 

ages for the same formation (Selby and Creaser, 2005a; Kendall, Creaser, Gordon, et al., 

2009). These studies show that Re and Os are not mobilized during hydrocarbon 

generation. Although there are some differences between the Exshaw Fm and the source 

rocks in the Georgina Basin, this generalization should hold true here as well. 

Hydrocarbon generation in the Georgina Basin is proposed to have occurred in the 

Middle to Upper Ordovician, coincident with the onset of the Alice Springs Orogeny, and 

the increased subsidence proposed in basin models (Boreham and Ambrose, 2007; Carr et 

al., 2012). Basin modelling of the Burke River Structural Belt showed that during the 

Devonian, the south-eastern Georgina Basin experienced ~ 800 m of uplift, taking the 
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Arthur Creek Fm within 1000 m of the surface (Carr et al., 2012). Although there was 

less uplift in other areas of the Georgina basin, the Arthur Creek and Thorntonia 

Limestone Fms did not experience the same amount of burial (Kruse et al., 2011).  

The weighted residual points indicate the amount of variance of each point from 

the isochron and should indicate that Re, Os or both Re and Os have left the system, 

possibly by oxidation (Kendall et al., 2009). To compare the scatter observed in the 

isochron to the Type IV inert organic matter in sample suites, the weighted residual of 

each point on the isochron was plotted and compared to outliers in the van Krevlen 

thermal maturity plots. Assuming that samples show a correlation between scatter and 

oxidation, then oxidizing fluids have affected the system, either through near surface 

weathering during uplift, or early diagenetic processes. The weighted residuals from each 

isochron show no connection to the inert organic matter data points. In fact, the samples 

with inert organic matter have a negative weighted residuals, which is the opposite 

response as would be expected for Re loss from the system.  

Near surface ground water movement in the system could also potentially affect 

the Re-Os system. Although this particular mechanism tends to occur in very near surface 

sediments (Georgiev et al., 2011; Georgiev et al., 2012), Australia has remained 

tectonically stable for very long periods of time, and weathering profiles penetrate much 

further into the strata here than in other areas of the world (Thiry et al., 2006). 

Additionally, the Georgina Basin experienced a number of uplift and erosion events 

during the basins history (Dunster et al., 2007) that may have introduced oxidizing fluids 

into the system.  
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Small-scale fluid movement in the source rock, which is at least partly controlled 

by the sample size (Kendall et al., 2009) can cause disturbance to the Re – Os system. 

Over larger sampling intervals, any given sample suite is less homogeneous, so larger 

bulk powders can approximate an average for that particular interval. Large sample 

intervals can strongly bias Re – Os ages towards intervals in the mudstone where Re and 

Os have been significantly altered or mobilized (Selby and Creaser, 2003; Kendall, 

Creaser and Selby, 2009), particularly if Re has been mobilized and re-deposited 

elsewhere. Small samples taken from intervals where mobilization occurred can also 

introduce scatter in isochrons. The micro-drilled intervals of the MacIntyre-1 well 

indicate that small-scale mobilization has occurred because these samples show larger 

scatter on the isochron, and much more variability in the Re and Os content compared to 

the bulk powder. However, in the Arthur Creek Fm of the Owen-2 well, there did not 

appear to be mobilization as the micro-drilled samples were consistent with the rest of the 

data suite. 

Long distance fluid flow has been demonstrated in other sedimentary basins, 

particularly in heavily deformed basins where faults act as conduits for fluids (Bethke et 

al., 1991; Lacroix et al., 2014). The faults located south of and in the Georgina Basin 

have not been extensively studied to establish whether long-distance fluid flow could 

have occurred along these conduits. However, the crustal shear zone between the Toko 

and Dulcie synclines is poorly studied, so fluid disturbance cannot be ruled out. Fluid-

flow is potentially problematic in structurally deformed areas of the Georgina Basin, 

where the structures are the same orientation as the Larapinta rift and the crustal shear 

zone (Hand and Sandiford, 1999; Mawby et al., 1999). High temperature alteration is 
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unlikely in the Georgina Basin, as the Arthur Creek and Thorntonia Limestone Fms do 

not show the effects of either hydrothermal or metamorphic alteration. There is minimal 

calcite veining in the Arthur Creek Fm, but in the underlying Hay River Formation, zebra 

dolomite and hydrothermal alteration is observed in wells surrounding the crustal shear 

zone (Kruse et al., 2011; Smith and Huntington, 2014). Disturbance via resetting to the 

Re – Os system is unlikely without metamorphic overprinting in the samples or 

formation. 

In the Arthur Creek Fm, previous studies of porosity and permeability have found 

that in all cases, horizontal permeability is much larger than the vertical permeability 

(Boreham and Ambrose, 2007).  The preferential flow path would have allowed increased 

horizontal fluid flow within the basin. The rate of fluid transport depends on the 

permeability and pressure of the individual lamina (Lemiski et al., 2011), so increased 

fluid flow occurs in areas with higher porosity and permeability. Although it appears that 

hydrocarbon generation does not affect the Re-Os system (Selby and Creaser, 2005a), 

other fluids present during cracking of kerogens may cause small scale mobilization to 

occur in some instances (Lewan, 1997; Lewan and Roy, 2011). If fluid flow was 

occurring horizontally, even over small distances in the pore space, then Re and Os may 

have been disturbed (Kendall, 2008; Kendall, Creaser, Calver, et al., 2009).  

In the Arthur Creek Fm of Owen-2, increased scatter in the isochron could be a 

result of fluid flow during diagenesis or burial of the Arthur Creek Fm. The disturbance 

could also be an indication of variable restriction of the Toko Syncline from open marine 

environments, where Os isotopic ratios are more constant. 
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5.2. Biostratigraphic Constraints 

The biostratigraphic ages from the Georgina Basin are based on trilobite 

assemblages discovered in outcrops in the Undilla sub-basin and Mount Isa Outlier (Öpik 

and Pritchard, 1960; Öpik, 1979), and drill cores, primarily in the southern Georgina 

Basin (Kruse et al., 2004; Jones and Laurie, 2006; Laurie, 2006; Laurie, 2012a). Central 

Australian trilobite biostratigraphy has been plagued with problems, particularly because 

the earliest work on mid-Cambrian species (Öpik, 1979) has not been thoroughly re-

evaluated in light of advances in bio- and chronostratigraphy. Upon recent re-evaluation 

of outcrops, errors were discovered that included reversed assemblages, poor and poorly 

mapped outcrops, and limited fossils supporting species classification (Kruse et al., 2004; 

Laurie, 2006). In the remainder of this section, the biostratigraphic descriptions 

associated with the Re – Os ages for each formation are discussed in context of the 

international Cambrian timescale of Peng et al. (2012). 

 

5.2.1. Arthur Creek Formation, MacIntyre-1 Well 

Trilobite assemblages for the Arthur Creek Fm were recently re-assessed, and the 

formation was reinterpreted as diachronous (Smith et al., 2013a; Smith et al., 2013b). The 

biozones identified in the Arthur Creek Fm of the Dulcie Syncline are Pentagnostus 

anabarensis, Pentagnostus praecurrens, Pentagnostus shergoldi, Triplagnostus gibbus, 

and Euagnostus opimus (Laurie, 2012a), however, these biozones were not consistently 

found in all of the Dulcie Syncline well bores.  

In the lower Arthur Creek Fm from the MacIntyre-1 well, Pentagnostus 

praecurrens was identified (Laurie, 2012a) in multiple intervals starting 3 m above the 
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sampled interval that was used for Re – Os geochronology (Figure 32). There are no 

previous isotopic age constraints for the Pentagnostus praecurrens assemblage in 

Australia, however, Pentagnostus praecurrens is globally recognised in England, North 

America, and Australia (Encarnación et al., 1999; Peng et al., 2012; Schmitz, 2012). Of 

the chronostratigraphic tie-points identified by Schmitz (2012), the only tie-point 

defining the surrounding biozones is a low precision multigrain zircon fraction using a 

207Pb – 206Pb age of a volcanic ash bed within the Taylor Fm, Antarctica (Encarnación et 

al., 1999). The minimum 207Pb – 206Pb age of 501.7 ± 6.0 Ma was derived from the 

multigrain fraction of zircons from a plagioclase – phyritic tuff, located approximately 1 

km away from the fossil beds, using a less precise decay constant than current decay 

constants for the U – Pb system (Encarnación et al., 1999; Mattinson, 2010). A simple 

sketch of the stratigraphy based on photographs is the only basis for correlation of the 

two units, and no interpretation of potential structures is provided by Encarnación et al., 

(1999). Also, the particular trilobite species used in this study, Nelsonia schesis and 

Amphoton oatesi are not recognized as a global indicator fossils, and are endemic to 

eastern Antarctica (Encarnación et al., 1999; Peng et al., 2012; Schmitz, 2012). These 

species are weakly related to Undillan to late Florian trilobite species. Undillan and 

Florian terminology relates to previous time scales and is analogous to the Drumian Stage 

of the time scale from Gradstein et al., (2012).  

When the age of these analyses (501.7 ± 6.0 Ma, (Encarnación et al., 1999)) was 

recalculated with the more precise 235U decay constant of Mattinson (2010), the 207Pb – 

206Pb data produced a new, younger age of 502.1 ± 3.50 Ma (Schmitz, 2012). Because 

this 207Pb – 206Pb age is associated with younger trilobite species, this is the youngest 
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possible age of the Arthur Creek Formation based on trilobite data. However, the 

technique used to establish this age is out-dated, and in most circumstances gives 

inaccurate ages (Schoene, 2014).  

The maximum age of the Arthur Creek Fm is controlled by the slightly older 

chronostratigraphic tie-point in the timescale of Gradstein et al. (2012), the Xystridura 

templetonensis biozone in the Australian biostratigraphic scheme. The top of this biozone 

corresponds to the top of the Adacoparadoxides harlani biozone of Landing et al. (2013). 

A high precision zircon 206Pb/238U age of 509.10 ± 0.62 Ma (Harvey et al., 2010) 

constrains the base of the Adacoparadoxides harlani biozone. Using an upper age 

constraints of 502.1 ± 3.50 Ma and a lower age constraint of 509.10 ± 0.62 Ma, the 

depositional age of the Arthur Creek Fm in the Dulcie Syncline should be between 

508.48 and 498.6 Ma, which is inconsistent with the Re-Os age of 481 ± 10 Ma in this 

study. 

When comparing the previous 207Pb – 206Pb age to the Re – Os work completed in 

this study on the lower Arthur Creek Fm of the Dulcie Syncline, there is a discrepancy of 

7.6 Myr between the Re – Os age of 481 ± 10 Ma and the 207Pb – 206Pb age of 502.1 ± 

3.50 Ma (Mattinson, 2010). The use of the 207Pb – 206Pb system on a multigrain zircon 

fraction, however is an out of date geochronometer, and has been shown to bias zircon 

grains that are significantly older or younger than the actual sample age (Schoene, 2014). 

The technique groups together zircons found within the same unit to establish a 207Pb – 

206Pb age, so if one zircon is inherited, or has experienced lead loss, while the rest of the 

zircon grains have remained in equilibrium, the age is incorrect (Schoene, 2014). This 

method also does not account for old cores of zircon during sampling, so ages appear 
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older even though the event may actually be younger (Schoene, 2014). The study by 

Encarnación et al. (1999) is particularly concerning because the 207Pb – 206Pb data are 

discordant, indicating Pb-loss events have affected the zircon grains that were used. 

Additionally, the number of data points used was seven, a statistically small sample size 

for such a study. Therefore, the 207Pb – 206Pb age described by Encarnación et al. (1999) 

is unlikely to be the most accurate age of the Taylor Fm in Antarctica. 

The discrepancy between biostratigraphy and Re – Os ages could also come from 

scatter inherent in to the Re – Os isochron. The MacIntyre-1 well is located in the Dulcie 

Syncline, which was partially restricted from the rest of the Georgina Basin by the crustal 

shear zone. During deposition, if the basin experienced severe restriction, then the initial 

187Os/188Os would be much more variable within the sample suite (Peucker-Ehrenbrink 

and Ravizza, 2000; Jaffe et al., 2002), and scatter would increase in the isochron.  

 

5.2.2. The Arthur Creek Formation, Owen – 2, Toko Syncline 

In the Toko Syncline, the previously inferred age of the Arthur Creek Fm was tied 

to the appearance of the Ptychagnostus punctuosus, Doryagnostus deltoides, 

Goniagnostus nathorsi, and Lejopyge laevigata assemblages (Öpik and Pritchard, 1960; 

Laurie, 2012a). The base of the Arthur Creek Fm does not have any recognized trilobite 

species, so the oldest age of the Arthur Creek Fm is not defined (Figure 5). Of the 

trilobite species identified in the Toko Syncline above the Re – Os sample suite, only two 

of the species, Ptychagnostus punctuosus and Lejopyge laevigata have globally 

recognized extent (Peng et al., 2012). Of these two assemblages, the first appearance 

datum (FAD) of the Lejopyge laevigata species is used to define the base of the 
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Guzhangian (Peng et al., 2012), although there is not a recognized isotopic age associated 

with the FAD of this species. The Guzhangian also does not have any recognized 

isotopically defined ages, and the next age that is recognized in the Cambrian is from the 

much younger Age 10 Ogof-ddu, Criccieth, N. Wales, which defines the Cambrian – 

Ordovician Boundary (Peng et al., 2012; Schmitz, 2012). However, because the 

assemblage Ptychagnostus punctuosus is younger than Lejopyge laevigata, the 

assemblage falls into the Drumian stage, with the FAD occurring coincident with the 

Undillan - Florian boundary (Laurie, 2012a), which as discussed above, does have an 

associated 207Pb – 206Pb age from the Taylor Formation, Antarctica of 502.1 ± 3.50 Ma 

(Encarnación et al., 1999; Mattinson, 2010; Schmitz, 2012). This effectively constrains 

the organic-rich interval of the lower Arthur Creek Fm in the Toko Syncline, using 

biostratigraphy (Figure 5), to younger than 498.6 Ma, but older than the Ogof-ddu, 

Criccieth age of 486.71 ± 2.78 Ma (Schmitz, 2012). However, the Re – Os age of the 

organic-rich interval is 477.5 ± 9.5 Ma, and when uncertainties are included, the ages 

overlap.  

 

5.3. Paleoenvironmental Conditions 

The paleoredox conditions of deposition of organic-rich source rocks are difficult 

to characterize using major element suites because major elements often show similar 

enrichment trends (Taylor and McLennan, 1985). Examining trace element suites 

associated with redox fluctuations allows for proxies of paleoredox conditions and 

associated paleoproductivity models to be established.  
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Redox reactions enrich trace elements in depositional environments that exhibit 

some level of oxygen deprivation. Redox enrichments often depend on the position of the 

oxycline within the water column or sediments below the water column. If the oxycline is 

present within the water column, then anoxic conditions persist above the sediment-water 

interface. If the oxycline exists within the sediment, then overlying water may be oxic, 

suboxic or anoxic, depending on a number of factors that occur at or below the sediment-

water interface (Algeo and Tribovillard, 2009). In suboxic to anoxic environments, 

organic matter is preserved within the sediment by a number of redox reactions. These 

reactions also enrich certain redox-controlled trace elements. Redox-controlled trace 

elements include Mo, U, V, Ni, Cu, and Re (Crusius et al., 1996; Tribovillard et al., 2006; 

Algeo and Tribovillard, 2009; Rooney et al., 2010). In order to compare trace element 

abundances in this study, enrichment factors of each element have been calculated (Table 

14). This study has compared the trace elements to Upper Continental Crust (UCC) 

values (McLennan, 2001) to determine the relative enrichment of redox sensitive trace 

elements to infer the type of environment that existed during deposition of the source 

rocks in the Arthur Creek, and Thorntonia Limestone Fms. 

 

5.3.1. Paleoredox Conditions 

The correlation of various redox sensitive trace elements, Mo, U, V, Cu, Ni, Mn, 

Re, and other trace elements to TOC can give indications of the degree of anoxia in the 

sub-basins during deposition, and a first order estimate of the relative renewal rates of 

these trace elements and the TOC in the marine environment. Although the interval of 

samples collected is small relative to the thickness of these formations, the interpretations 



  52 

made here provide the first assessment of paleoredox conditions in the Georgina Basin 

during the late Cambrian. 

 

5.3.2. Molybdenum and Uranium 

Molybdenum (Mo) and uranium (U) are two trace elements that require suboxic to 

euxinic water conditions in order to precipitate in organic-rich sediments (Morford and 

Emerson, 1999). Both elements are reduced to less soluble ions under reducing 

conditions, although the depth below the oxic-anoxic boundary that these elements 

become enriched is variable (Francois, 1988; Crusius et al., 1996). Molybdenum 

enrichment in organic-rich sediments occurs in two different ways in euxinic conditions; 

(1) Mo deposits as a result of threshold euxinic bottom-water conditions (~0.1 µM HS-) 

within Mn- and Fe-oxyhydroxides (Zheng et al., 2000) and (2) Mo reacts to form 

thiomolybdates at higher HS- concentrations (Francois, 1988). Molybdenum exists in 

oxic environments as the conservative molybdate (MoO4
-) ion, and only behaves non-

conservatively once threshold euxinic conditions are sustained (Zheng and Anderson, 

2002; Algeo and Tribovillard, 2009). Manganese- and iron-oxyhydroxides bond with a 

number of different redox sensitive ions that include molybdates at the oxycline and sink 

to the sediment-water interface, where the Mn- and Fe-oxyhydroxides are broken down 

and Mo is retained in the sediments or water column (Crusius et al., 1996). Molybdenum 

enrichments that occur via this process are particularly sensitive to short term suboxic to 

anoxic variations that often are present in basins as a result of seasonal variations 

(Tribovillard et al., 2006). This particular type of Mo sequestration has been referred to 

as particulate shuttling (Algeo and Tribovillard, 2009). Below the oxic-anoxic boundary, 
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euxinia occasionally persists. Once the 100 µM HS- threshold is achieved, molybdate 

reacts to form thiomolybdate (MoOxS(4−x)), which bonds to organic matter at the 

sediment-water interface (Francois, 1988; Crusius et al., 1996).  

Uranium is enriched in sediments in suboxic to euxinic environments. In oxic and 

sub-oxic environments, U is soluble in uranyl carbonate complexes (UO2 (CO3)3
4-), but 

once the Fe (III) – Fe (II) reduction zone is reached, U(VI) reduces to U(IV), an insoluble 

ion (Lovley et al., 1991; Tribovillard et al., 2006). Uptake of the U(IV) ion occurs within 

ligands in organic matter, or precipitates (Zheng and Anderson, 2002). Uranium 

reduction requires less energy than Mo reduction, so can take place closer to the oxycline 

than Mo reduction (Morford et al., 2009). The result is that enrichment of U relative to 

Mo is common in suboxic to anoxic water columns and suboxic to anoxic sediment pore-

water conditions (Algeo and Lyons, 2006). Molybdenum and uranium can both be 

remobilized if oxic pore waters flush through the system causing a large flux of metals 

from the sediments into the pore-water and out of the system (Morford et al., 2009). 

Recent work by other authors has focused on the relationship between enrichment factors 

(EF) of Mo and U as a distinguishing factor for water column and pore water redox 

conditions (Algeo and Tribovillard, 2009). The organic-rich sediments in the Arthur 

Creek, and Thorntonia Limestone Fms have been evaluated in terms of MoEF and UEF to 

distinguish whether there was substantial particulate shuttling of Mo via Mn- and Fe- 

oxyhydroxides, and to predict the degree of basin restriction and the paleoredox 

conditions at deposition of these formations. Molybdenum enrichments relative to 

uranium enrichments in anoxic environments will plot linearly if the oxycline was at a 

constant depth within the sediment. Movement of the oxycline within the sediment 
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causes Mn- and Fe-oxyhydroxides to mobilize Mo, depleting MoEF relative to UEF (Algeo 

and Tribovillard, 2009), and causes non-linear relationships. 

 

5.3.2.1. Mo and U Enrichment, Arthur Creek Formation, Dulcie Syncline 

Molybdenum enrichment factors (MoEF) versus uranium enrichment factors (UEF) 

in the Arthur Creek Fm of the Dulcie Syncline indicate fluctuation in the oxic – anoxic 

boundary at or below the sediment-water interface (Figure 33). The evolving MoEF – UEF 

trend for the Dulcie Syncline Arthur Creek Fm does not show selective removal of Mo 

relative to U. Instead, the MoEF – UEF trend follows the one third modern seawater MoEF 

– UEF (0.3 x SW Mo:U) trend. This trend indicates that decreased Mo and U enrichments 

occurred as this section of the Arthur Creek Fm was deposited, which is likely a 

reflection of poor renewal rates of Mo and U in a moderately restricted basin during 

deposition of this sampled interval. The trend could also represent lower relative 

abundances of Mo in Cambrian seawater. The proposed partial restriction of the Dulcie 

Syncline sub-basin is supported by regional structural features in the Georgina Basin that 

include a major crustal shear zone separating the Dulcie Syncline and the Toko Synclines 

(Willink and Allison, 2015). Also, partial restriction is supported by the slightly elevated 

initial Os values relative to the Cambrian – Ordovician marine Os values (Tripathy et al., 

2014).  

The abundance of well-preserved, low biodiversity brachiopod shells towards the 

top of the sampled interval in the Arthur Creek Fm from the Dulcie Syncline supports the 

depositional environment interpretation of a protected and moderately restricted sub-

basin geometry (Figure 34, Appendix A).  
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5.3.2.2. Mo and U Enrichment, Arthur Creek Formation, Toko Syncline 

The MoEF – UEF enrichment trend of the Arthur Creek Formation from the NTGS 

99/1 and Owen-2 wells shows two distinct trends (Figure 35). In Owen-2 the UEF is 

increasing while MoEF is consistently enriched between 5 and 10. These types of trends 

indicate that the water mass was becoming more restricted and anoxic through time, 

which is supported by the initial Os data presented earlier. This trend is common in 

heavily restricted, euxinic basins, such as the present day Black Sea. In such 

environments, Mo is removed from the water column and the restricted nature of the 

basin inhibits Mo replenishment (Algeo and Lyons, 2006) so the MoEF will increase at a 

slower rate than UEF (Algeo and Tribovillard, 2009). Another potential cause of this MoEF 

– UEF trend is weathering of the surrounding craton. It is unlikely that the excess UEF is 

caused by enriched U in the craton, as sediment provenance was southwest of the 

Georgina Basin (Ambrose et al., 2001). Although there are major U deposits north and 

west of the Georgina Basin, there are no major U deposits in the area of provenance to 

the west, although some minor U enriched felsic rocks do exist (Mckay and Miezitis, 

2001). If this were truly the case, the trend would be reflected in the NTGS 99/1 well, 

which was located along the margin of the basin and was more heavily affected by 

riverine input of eroded material. 

In NTGS 99/1 the MoEF – UEF enrichment trend (Figure 35) shows an increase in Mo 

with constant U enrichment factors. The clustering of the NTGS 99/1 well data to modern 

day seawater MoEF – UEF trends indicates that this area experienced some circulation, and 

Mo and U replenishment, as modern day enrichment of Mo and U were attained. This 
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trend supports a model of varying redox conditions (Algeo and Tribovillard, 2009) as a 

result of fluctuations in the position of the benthic oxycline, which was no longer within 

the sediment. When the depositional environment at the sea floor fluctuates from suboxic 

to euxinic regularly, the relative MoEF to UEF will also fluctuate. Based on the MoEF – UEF 

data from the Arthur Creek Formation in NTGS 99/1, this area of the sub-basin 

experienced variable redox conditions. 

 

5.3.2.3. Thorntonia Limestone Formation, BMR Mount Isa – 1  

The MoEF-UEF enrichment trend of the Thorntonia Limestone Fm shows that Mo 

enrichment is correlated to U enrichment (Figure 36). This is common in environments 

where the oxic-anoxic boundary is fluctuating within the sediment and causes Mo and U 

to enrich simultaneously (Algeo and Tribovillard, 2009). In order to produce conditions 

where U is enriched, and Mo is also enriched the depositional environment must be at 

least anoxic, although euxinia is also possible (Algeo and Tribovillard, 2009). 

 

5.3.3. Rock-Eval Data 

Total organic carbon (TOC) is preserved in sub-oxic to euxinic environments and 

is often associated with trace metal enrichments as a result of the type of redox conditions 

required for TOC preservation (Demaison and G. Moore, 1980). Preservation of organic 

matter is very inefficient, as up to 10% of the near-surface productivity is typically 

preserved in organic-rich shales (Katz, 2005). Oxidation of organic matter reduces the 

amount of preserved TOC, so TOC is most efficiently preserved in low oxygen 

environments (Arthur and Sageman, 1994). Modern day analogs to these types of 
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environments are often restricted, poorly circulated environments or upwelling zones 

(Arthur and Sageman, 1994). As a result, high TOC is frequently positively correlated to 

redox sensitive trace elements (Demaison and Moore, 1980; Morford and Emerson, 1999; 

Algeo et al., 2004; Tribovillard et al., 2006; Algeo et al., 2007; Tribovillard et al., 2008; 

Tribovillard et al., 2012). This positive correlation allows for a number of paleoredox and 

paleo-environment inferences to be made. Total organic carbon is often compared to Mo 

in cratonic basin environments, where anoxia and basin restriction are proposed 

mechanisms of organic matter preservation. In modern cratonic basins, Mo uptake into 

sediments is controlled by the TOC of the sediments (Algeo and Lyons, 2006; Algeo et 

al., 2007), resulting in a positive correlation between Mo and TOC. The relative slope of 

the linear regression of Mo and TOC allows inferences to be made on the degree of 

restriction, amount of aqueous Mo present in the water column, and the renewal rate of 

Mo into the basin at the time of deposition (Algeo et al., 2007). These parameters can 

help to predict the basin geometries that caused paleoredox conditions. 

 

5.3.3.1. Arthur Creek Formation, Dulcie Syncline 

Previously reported TOC values for the Arthur Creek Fm in the Dulcie Syncline 

are up to 16 wt.% (Questa Australia Pty Ltd, 1994; Ambrose et al., 2001), but, within the 

MacIntyre-1 well sampled in this study, the TOC ranged from 3.0 - 4.7 wt.% (Table 16). 

These data sets compare well with previously acquired TOC data, even though the TOC 

data from this study were collected over a much smaller depth interval.  

During deposition of the Arthur Creek Fm, the Dulcie Syncline experienced 

subsidence that was accommodated by the vertical displacement along the crustal shear 
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zone (Ambrose et al., 2001; Dunster et al., 2007). The associated normal faulting affected 

the rate that accommodation space was created across the Georgina Basin, causing 

restriction within the Dulcie Syncline (Dunster et al., 2007; Kruse et al., 2011). The 

Arthur Creek Fm was deposited in a sub-basin that gradually filled causing the 

depositional environment to evolve from a deep marine, variably anoxic depositional 

environment to a subtidal environment (Smith, 1972; Questa Australia Pty Ltd, 1994; 

Ambrose et al., 2001; Dunster et al., 2007; Smith et al., 2013). The resulting trend in 

TOC enrichment in the Dulcie syncline shows that TOC decreases towards the top of the 

stratigraphic section in this well (Figure 37). Decreasing TOC concentrations towards the 

top of the organic-rich section sampled in this study are consistent with paleo-water 

depths in the Dulcie Syncline becoming shallower as more sediment filled the basin. 

Using present day boundary conditions defined by Algeo et al. (2007) in the 

Black Sea, Framvaren Ford, Cariaco Basin, and Saanich Inlet, the relationship of deep 

water aqueous Mo, and deep water Mo renewal time can be inferred using a known Mo – 

TOC slope. Steeper slopes of Mo – TOC indicate that indicates that Mo was being 

replenished from the source material (Algeo et al., 2007). In the Dulcie Syncline, the 

Arthur Creek Fm has a small positive Mo – TOC slope of 1.12 (Figure 38). Slow 

replacement of Mo in the water column implies poor circulation and most likely an 

anoxic environment (Algeo et al., 2007; Algeo and Tribovillard, 2009). Compared to 

modern anoxic, restricted basin environments, such as the Black Sea, the Mo – TOC 

slope is not as steep. This slight positive trend most likely indicates that the TOC 

threshold required for Mo enrichment in these samples was not met possibly in a suboxic 



  59 

to anoxic environment and suggests that potentially strong restriction was occurring at 

least some of the time in the Dulcie Syncline sub-basin. 

 

5.3.3.2. Arthur Creek Formation, Toko Syncline 

Previously reported TOC data reported the upper limit of TOC data in the Arthur 

Creek Fm from the Owen-2 well as 6.14 wt. % (Questa Australia Pty Ltd, 1994; Ambrose 

et al., 2001). Our data is lower than previous data, with TOC ranging from 0.48 – 1.71 

wt. % (Table 15). The NTGS 99/1 well has previously reported TOC data of 0.49 wt. % 

(Boreham and Ambrose, 2007), which is significantly lower than the range of TOC 

values observed from this study (TOC = 1.11 – 1.80 wt. %). This is most likely a 

reflection of the sampling interval, as the previous data was collected 25 m below the 

sample depths reported here (Boreham and Ambrose, 2007). In both the Owen-2 and 

NTGS 99/1 wells, there was no trend to TOC with depth within the sampled interval 

(Figure 38). Instead, there were sharp differences in TOC in individual samples, which 

may be representative of fluctuations in the preservation potential of the sediment due to 

periodic oxidation of the pore-waters that filtered through the sediments. However, the 

sampled interval is narrow relative to the thickness of the formation, so broad-reaching 

interpretations of the Arthur Creek Formation are not possible.  

The Arthur Creek in the Toko Syncline represents a ramp to marginal marine 

sequence that was regularly affected by sediment gravity flows. The sediment gravity 

flows may have caused periodic, short-term disturbance to the poorly circulated deeper 

water resulting in oxygenation of the water column and the near sediment-water interface 

sediments (Dunster et al., 2007; Kruse et al., 2011).  
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The Mo – TOC trends observed for the Arthur Creek Fm in the Toko Syncline are 

distinctly different from the Dulcie Syncline Mo – TOC trends (Figure 39). The NTGS 

99/1 well has a very steep, well-correlated Mo – TOC slope of 54.08 (r2 = 0.814), while 

the Owen-2 well has a much more shallow, poorly correlated slope of 2.55 (r2 = 0.0778). 

These types of trends are not unusual within a single formation as they reflect differences 

in the depositional environment within the sub-basin (Algeo et al., 2007). Poor Mo – 

TOC correlations have been related to threshold TOC requirements for Mo enrichment 

not being attained (Algeo et al., 2007), or uncommonly as a result of depletion of TOC 

during hydrocarbon generation and expulsion (Algeo et al., 2007). The steep slope of the 

regression line relating Mo to TOC in the NTGS 99/1 well indicates that the degree of 

restriction to this section of the Arthur Creek Fm was different than the Arthur Creek Fm 

in Owen-2.  

The slope of the regression line relating Mo to TOC shows the relative renewal 

rate of Mo across the basin (Algeo and Lyons, 2006). The high slope value of the data 

from the NTGS 99/1 well (Figure 38) indicates that deep water aqueous Mo and Mo 

renewal times were fast relative to the Owen-2 Arthur Creek Fm section (Figure 38). 

However, the extremely low slope from data from the Owen-2 well shows slower Mo 

renewal times, and low aqueous Mo in the deep water. When compared to the 

depositional environments found in each well, the NTGS 99/1 represents a more marginal 

basin setting rather than a deep marine setting. This interpretation makes more sense 

when placed in context with the depositional environment. In the NTGS 99/1 well, the 

Arthur Creek Fm is more proximal to riverine input and would mean faster renewal rates 

of Mo, which is often supplied via riverine input (Morford et al., 2009). Whereas, the 
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Owen-2 well is located in a deeper region of the Toko Syncline sub-basin and as a result 

could experience less circulation and slower renewal rates. The fluctuations observed 

between the NTGS 99/1 section and the Owen-2 section are most common with seasonal 

or regular fluxes in the redox condition in shallower water where NTGS 99/1 was 

located, whereas further into the basin a heavily stratified water column does not 

experience the same frequency of periodic redox fluctuations at Owen-2. 

 

5.3.3.3. Thorntonia Limestone Formation, BMR Mount Isa – 1, Undilla Sub-basin 

No previously reported TOC data exist for the BMR Mount Isa well. In this study, 

TOC values ranged from 0.45 to 12.51 wt. % (Table 16). Due to the sharp differences in 

TOC content from samples in this well, there is no correlation between depth and TOC 

(Figure 40). Also, the interval over which these measurements were taken was small. The 

abrupt fluctuations in TOC may indicate that the preservation potential during deposition 

and early diagenesis in the BMR Mount Isa-1 well was highly variable, with regular 

oxidation limiting the amount of organic matter preserved within certain intervals. 

Variable paleoproductivity could also cause this signal if upwelling from deeper regions 

of the basin occurred seasonally or irregularly. Because this region of the basin has little 

interest for petroleum exploration, the interpreted depositional environment has remained 

neglected, and very little information is available on the sub-basin conditions during 

sedimentation. 

The Mo to TOC correlation in the Undilla sub-basin exhibits a shallow slope (m = 

0.77) with a very strong correlation coefficient (r2 = 0.93) (Figure 41). This marginal Mo 

– TOC slope is an indication of severe basin restriction (Algeo et al., 2007). The wide 
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variation in TOC and enrichment of Mo indicates that the Undilla sub-basin experienced 

basin restriction that slowed Mo renewal, and decreased large-scale circulation. This 

interpretation is consistent with the basin geometry during the late Cambrian, as 

regressing epeiric seas would be disconnected from the open-marine environment, 

limiting basin circulation. The original sub-basin geometry was restricted with regular 

oxidation of sediments as a result of seasonal productivity fluxes that increased the 

proportion of organic material that was preserved. 

 

5.3.4. Nickel 

Nickel is a required micronutrient for marine organisms and is bound within 

organic matter in oxygenated surface waters (Tribovillard et al., 2006). Nickel becomes 

enriched in sediments when the organic matter sinks to the sediment-water interface. 

Breakdown of Ni in euxinic environments forms NiS, which is incorporated into pyrite 

(Calvert and Pedersen, 1993; Tribovillard et al., 2006). However, Ni is often mobilized 

and removed from the sediments back to the water column before incorporation into 

pyrite can occur especially when the overlying water column is not euxinic (Calvert and 

Pedersen, 1993; Tribovillard et al., 2006). In basins where preservation of organic matter 

is low, Ni may not be enriched at all, and Ni signatures will not be preserved in the 

sediments (Tribovillard et al., 2008). As a result of the relationship between sulphur 

reduction and Ni preservation, correlations of organic matter and Ni should indicate a 

fluctuating oxycline (Tribovillard et al., 2006). 

In the Arthur Creek Fm, Ni enrichment does not correlate with TOC in the Dulcie 

or Toko Synclines (Figure 42). The depth profile of Ni enrichment in MacIntyre-1, 
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NTGS 99/1 and Owen-2 wells show similar enrichments with TOC, but not in all cases of 

Ni enrichment (Figures 43 - 45). The lack of correlation between TOC and Ni in these 

formations indicates that Ni is unlikely bound in organic matter and underwent 

significant sulphur reduction early in the deposition process (Tribovillard et al., 2006). 

In the Thorntonia Limestone Fm, the TOC and Ni enrichments appear to show the 

strongest correlation (Figures 46). Nickel decreases with depth, while TOC increases 

with depth (Figure 47). These opposing trends possibly indicate that oxidation in the 

basin caused periodic removal of Ni back to the water column, which affected the 

preservation of organic matter in this well (Tribovillard et al., 2006). 

 

5.3.5. Copper 

Copper enrichment is heavily tied to organic matter enrichment (Demaison and 

Moore, 1980), and exhibits similar properties to Ni in that it is a micronutrient 

(Tribovillard et al., 2006). Nickel and copper within organic-rich sediments often exhibit 

similar enrichment trends, regardless of the redox conditions (Tribovillard et al., 2006). 

In the Georgina Basin, Cu – TOC trends (Figure 48) have slightly stronger correlations 

compared to Ni – TOC correlations. However, the decoupling of this trend, and the Ni – 

TOC trend in MacIntyre-1 may indicate Cu was not being supplied to the sediments as 

quickly as Ni and Cu were being removed back to the water column (Figure 49, 

(Tribovillard et al., 2006; Harris et al., 2013)). The Ni – Cu enrichment trends in the 

Arthur Creek Fm more likely reflect that Cu was used as micronutrients in the organic 

matter preserved in the Georgina Basin, rather than a redox controlled enrichment of Ni 

and Cu. 
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Copper is also scavenged in redox conditions and is precipitated during sulphate 

reduction as CuS, and has the ability to signal sulphate reduction in the sediments (White 

and Gadd, 2000; Tribovillard et al., 2006). When sulphate reduction occurs, Cu is 

unusually enriched in sediments, particularly compared to Ni. As a result of the sulphate 

reduction, there is a positive correlation between Cu enrichment and U enrichment in 

these situations as well (Figure 50). The positive correlation occurs because Cu and U are 

reduced in similar thermodynamically favoured regimes (White and Gadd, 2000; 

Tribovillard et al., 2006; Morford et al., 2009). The Arthur Creek Formation shows much 

higher Cu enrichment relative to U leading to the conclusion that the Cu enrichment is a 

result of incorporation into organic matter rather than as a result of redox conditions. 

 

5.3.6. Chromium 

Enrichment of chromium (Cr) in sediments can occur in two ways: (1) Cr 

enriched detrital material is added to the basin via increased sedimentation rates, or (2) Cr 

is added to sediments via sequestration of chromate ions from the water column in anoxic 

redox conditions (Brumsack, 2006; Tribovillard et al., 2008).  Chromium, however, is not 

a reliable paleoredox trace metal, as it is easily mobilized and is not preserved in sulphide 

minerals in the sediment (Huerta-Diaz and Morse, 1992). Mobilization of Cr occurs 

either as adsorption of Cr ions onto Mn- and Fe- oxyhydroxides, or is oxidized from 

organic matter (Huerta-Diaz and Morse, 1992).  Notwithstanding this issue, the 

enrichment factor of Cr in these samples suites closely follows other redox sensitive trace 

elements that are not affected as easily by dilution or mobilization, indicating that Cr did 

not mobilize from the sediments. The enrichment factors of Cr in the Georgina Basin are 
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positively correlated to increases in the enrichment factor of Ni (Figure 51) but 

negatively correlated with U, Mo, and Co (Figure 52). This indicates that Cr is entering 

the sediment via organic matter and detrital material, but may be mobilized during 

preservation of trace elements in the sediment.  

 

5.3.7. Rhenium 

Rhenium can be used as a measure of paleoredox conditions, as it is insoluble 

below the Fe and U reduction zones (Crusius et al., 1996). However, unlike Mo and U, 

there appears to be no relationship between increased Re and organic matter. Previous 

authors have shown that Re is decoupled from TOC (Rooney et al., 2010), however, 

some shales still show strongly correlated Re and TOC abundances (Georgiev et al., 

2012). Some authors argue that correlations between Re and TOC may reflect an 

unweathered source rock, but the claim is only supported in a single basin by a single 

study (Georgiev et al., 2012). Any correlations that do exist are more likely to be a 

reflection of similar redox-controlled preservation mechanisms during initial organic 

matter preservation. The Re data collected from the Georgina Basin is incomplete for the 

entire set of samples, as certain samples had extremely low Re content and were not 

analyzed. The data reflects a correlation of TOC and Re in some areas of the basin, while 

a complete decoupling of the Re enrichment with TOC in others (Figure 53).  

The reduction of trace elements in sediments follows the thermodynamically 

defined redox reduction ladder. Thermodynamically, each reaction occurs until 

equilibrium is reached before moving to the next redox reaction. In reality, the reduction 

reactions are a function of microbial activity combined with redox conditions (Bethke et 
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al., 2011). This may explain why Re is tied to TOC in some instances, but not in others. 

If Re is solely tied to reduction of Fe, but Fe reduction only occurs during favourable 

ecological conditions, then Re may decouple from TOC preservation (Bethke et al., 

2011). 

 

6. Conclusions 

The Re – Os isotope system indicates that the Dulcie and Toko Syncline Arthur 

Creek Fm are younger than previous biostratigraphically established ages and are 

inconsistent with the numerical age constraints tied to the biostratigraphy from the 

Central Australian Trilobite Zonation. The Re – Os isotope system was unable to 

establish an age for the Thorntonia Limestone Fm, possibly due to the later disturbance 

from the Alice Springs Orogeny. The source rocks from the Georgina Basin were thought 

to have deposited as a result of accommodation space created by the Petermann Orogeny 

however, the ages established here suggest that the early rifting that allowed 

transgression of the Larapinta Seaway (480 – 460 Ma; (Kruse et al., 2011)) is the more 

likely marine transgression event.  

Using current paleoredox models of trace metal enrichment that included 

evaluation of enrichment factors of Mo, U, Ni, Cu, Cr, and Re, the basin geometries of 

the Dulcie, Toko and Undilla sub-basins was evaluated. The trends in Mo, U and TOC 

support that the Dulcie Syncline Arthur Creek Fm experienced restriction due to 

structural isolation from open marine waters. The Arthur Creek Fm in the Toko Syncline 

experienced varying degrees of restriction in the sub-basin. The NTGS 99/1 well, located 

marginal in the sub-basin showed more variable degrees of oxidation from oxic to anoxic, 
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while the Owen-2 well, located distal in the sub-basin, showed a trend more characteristic 

to regular anoxia with a strongly restricted water mass. The Thorntonia Limestone Fm 

showed conflicting enrichment trends that point to seasonal or variable fluctuations in the 

oxidation of the basin, and removal of TOC during late Ordovician hydrocarbon 

generation. The Toko Syncline Hay River Fm shows evidence of being heavily restricted 

with very rare replenishment of trace elements.  

The thermal maturity of the Arthur Creek Fm of the Dulcie Syncline is within the 

gas window and is mature. The Arthur Creek in the Toko Syncline is within the oil 

window and is mature to immature. 

Based on the preservation and limited reworking of brachiopod shells, the Arthur 

Creek Fm within the Dulcie Syncline was deposited in a marginal reef setting. The 

abundance of brachiopods in particular lamina would indicate that debris flows or 

possibly minor intervals of sub-oxic to oxic environments existed in this sub-basin. 

Brachiopod shells do not provide enough information for identification of the species to 

identify timing of deposition, or direct information related to the depositional 

environment and paleoredox conditions. 

More work in the Georgina Basin is required to fully understand the paleoredox 

conditions, and the meaning of Re – Os ages produced from this study. Further testing of 

the Re – Os ages for this basin should focus on comparing the isotopically derived ages 

with more widely accepted global markers, such as the Steptoean positive carbon isotope 

excursion (SPICE) (Saltzman et al., 2000), which has been tied to biostratigraphy 

globally, but remains poorly correlated to a specific period of the time scale (Peng et al., 

2012; Schmitz, 2012). If the SPICE anomaly is identified in the basin, then the Re – Os 
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ages could potentially confirm the age of the basin, or provide more information on the 

validity of the Re – Os geochronometer in this basin. 
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Figure 1. The Georgina Basin relative to the Centralian Superbasin, which included the 
Officer, Amadeus, Ngalia, and Georgina Basins, and a number of major structural features, 
including the Musgrave Block, the Arunta Inlier, and the Tennant Block. 
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Figure 2. The stratigraphy as defined by Smith et al. (2013) for the Dulcie and Toko 
Synclines. The black dots indicate the formations used in this study. 
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Figure 3. The relative timing of events in the Georgina Basin using the 
Central Australian Trilobite Zonation to establish the ages of the source 
rocks in the Georgina Basin (Smith et al., 2013). 
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Figure 4. The three major sub-basins of the Georgina Basin: the Dulcie Syncline, the 
Toko Syncline and the Undilla sub-basin, with the cored well bores chosen for this study 
highlighted with black dots. 
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Figure 6. A lithologic description of the 
MacIntyre-1 well with the sampled interval 
marked by a black box and previously 
identified trilobite species above the Re – 
Os ages, adapted from Questa, (1994) and 
Ambrose et al., (2001). 
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Figure 7. A lithologic description of the 
Owen-2 well with the sampled interval 
and previously identified biostratigraphy. 
Modified from Ambrose et al., (2001). 
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Figure 8. A lithologic description of the NTGS 99/1 well with the sampled interval and 
previously identified biostratigraphy. Modified from Questa, (1994). 

86 



Figure 9. A lithologic description of the BMR Mount Isa 1 well with the sampled interval and 
previously identified biostratigraphy. Based on data from the Hylogger Data Suite, Geoscience 
Australia (2014). 
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Figure 10. Re – Os isochron diagram showing the MacIntyre-1 well Arthur Creek Fm without 
the micro-drilled samples, which yields an age of 481±10 Ma (n = 14, MSWD = 25). 
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Figure 11. Re – Os isochron diagram showing the MacIntyre-1 well Arthur Creek Fm including 
M1rpt2 in red, without the micro-drilled samples, which yield an age of 472 ± 13 Ma (n = 15, 
MSWD = 47). 
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Figure 12. Re – Os isochron diagram showing the complete data set of Arthur Creek 
MacIntyre-1 Re-Os data including micro-drilled samples. Red arrows and circles designate 
micro-drilled data points. 
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Figure 13. Re-Os isochron diagram showing the Re-Os isochron showing data from the Arthur 
Creek Fm of the well NTGS 99/1. 
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Figure 14. Re – Os isochron diagram from the Arthur Creek Fm of the well Owen-2 showing all 
data collected from the Owen-2 sample suite, including micro-drilled samples. 
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Figure 17. Re – Os isochron diagram from the Arthur Creek Fm of the well Owen-2, including 
micro-drilled samples. 
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Figure 18. Re – Os isochron diagram of the micro-drilled samples from the Arthur Creek Fm, 
Owen-2 well in the Toko Syncline. 

96 



Figure 19. Re – Os isochron showing the Thorntonia Limestone Fm from the Undilla Sub-basin, in 
well BMR Mount Isa 1. 
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98 

Figure 20. The weight percent of Aluminum oxide versus titanium oxide, showing that 
there is a positive correlation of all data. Detrital Al is not inhibiting the trace element 
signatures because Al and Ti are highly correlated (Murray & Leinen, 1996; Tribovillard, 
Algeo, Lyons, & Riboulleau, 2006; Weijden, 2002). 
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Figure 21. The variation in Tmax with depth from the Arthur Creek Fm in the 
MacIntyre-1 Well, Dulcie Syncline. 
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Figure 22. The variation in Tmax with depth from the Arthur Creek Fm in NTGS 99/1 
well, Toko Syncline. 
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Figure 23. The variation in Tmax with depth from the Arthur Creek Fm in the Owen-2 
Well, Toko Syncline. 
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Figure 24. The variation in maximum temperature with depth from the Thorntonia 
Limestone Fm, BMR Mount Isa 1, Undilla Sub-basin. 
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Figure 25. The pseudo van Krevelen thermal maturity of the Arthur 
Creek Fm in MacIntyre-1 well. The data should plot as Type II 
kerogen, but oxidation of the kerogen of some of the samples causes 
the kerogen to plot closer to Type IV kerogen. When compared to 
Figure 29, the oxidation of the organic matter and the scatter in the 
isochron are not related. 
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Figure 26. A pseudo-van Krevelen plot for the Arthur Creek Fm in the Dulcie 
and Toko Synclines of the Georgina Basin. Type IV indicates oxidized 
organic matter.  
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Figure 27. A pseudo-van Krevelen diagram for the Thorntonia 
Limestone of the BMR Mount Isa 1 well location in the Undilla sub-
basin. 
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Figure 28. Isochron diagrams of the Cambrian succession (A) and the Ordovician 
succession (B) from the Tripathy et al., (2014) study of the GSSP at the Cambrian-
Ordovician Boundary.  
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Figure 33. The enrichment factor of Mo to U in the Arthur Creek Fm from MacIntyre-1. 
The three lines represent modern seawater Mo:U enrichment factors of 1 x sea water 
(SW), 0.3 x SW and 0.1 x SW developed by Algeo and Tribovillard, (2009). 
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Figure 34. The abundance of well-preserved brachiopod shells towards the top of the Arthur Creek 
Fm in the Dulcie Syncline.  
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Figure 35. The enrichment factor of Mo to U in the Arthur Creek Fm from the well Owen-2 and 
the well NTGS 99/1. The three lines represent modern seawater Mo:U enrichment factors of 1 x 
sea water (SW), 0.3 x SW and 0.1 x SW developed by Algeo and Tribovillard, (2009). 
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Figure 36. The Mo to U enrichment factor of the Thorntonia Limestone Fm from BMR 
Mount Isa 1 well in the Undilla Sub-basin. 
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Figure 37. Depth versus total organic carbon in the Arthur 
Creek Fm within the MacIntyre-1 Well, Dulcie Syncline. 
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Figure 38. The Mo versus TOC for all wells from the Arthur Creek Fm. The equation to 
the line of best fit and the r2 value is displayed for each well. 

y = 54.075x - 46.117 
R� = 0.81402 

y = 1.115x + 3.043 
R� = 0.06568 

y = 2.5524x + 5.145 
R� = 0.0778 

0 

10 

20 

30 

40 

50 

60 

0 1 2 3 4 5 

Mo
 (
p
p
m)
 

TOC (wt. %) 

NTGS99/1 

MacIntyre 1 

Owen 2 

116 



Figure 39. The TOC versus depth for the Arthur Creek Fm in NTGS 99/1 
(left), and Owen-2 (right). 
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Figure 40. The TOC versus depth for the 
Thorntonia Limestone, BMR Mount Isa 1 
well. 
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Figure 41. The Mo to TOC correlation in the Thorntonia Limestone Fm from 
BMR Mount Isa 1 in the Undilla Sub-basin. 
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Figure 42. The correlation between Mo and TOC for the Arthur Creek Fm in the Dulcie Syncline 
(MacIntyre-1 well), and the Toko Syncline (NTGS 99/1 and Owen-2 wells). 
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Figure 43. The enrichment of Nickel with depth compared to the enrichment of TOC with depth 
in the MacIntyre-1 Arthur Creek Fm. 
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Figure 44. The enrichment of Nickel with depth compared to the enrichment of TOC with 
depth in the NTGS 99/1 Arthur Creek Fm. Enrichments in Ni do not seem to correlate 
with increased TOC in this well.  
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Figure 45. The enrichment of TOC and Ni with depth in the Arthur Creek Fm from the 
Owen-2 well, Toko Syncline. 
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Figure 46. The Ni versus TOC for the Thorntonia Limestone Fm in the Undilla sub-basin from 
the well BMR Mount Isa. 
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Figure 47. The enrichment of TOC and Ni with depth in the Thorntonia Limestone Fm 
from BMR Mount Isa 1 in the Undilla sub-basin. 
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Figure 48. The enrichment of TOC compared to Cu enrichment in the Arthur Creek Fm of 
the Dulcie (MacIntyre-1 well) and Toko (NTGS 99/1 and Owen-2 wells) synclines. 

0 

10 

20 

30 

40 

50 

60 

70 

0  2  4  6  8  10  12  14 

Co
p
pe
r 
(
p
p
m)
 

Total Organic Carbon (wt. %) 

MacIntyre-1 

NTGS 99/1 

Owen-2 

126 



Figure 49. The relationship of Cu and Ni enrichment factors in all wells used for this study. The 
majority of the wells are marginally enriched in Cu relative to Ni, except MacIntyre-1 (blue). 
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Figure 51. The enrichment of nickel and copper in the Arthur Creek Fm and the Thorntonia 
Limestone Fm. 
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Figure 52. The enrichment factor of chromium compared to the enrichment 
factors of uranium (A), molybdenum (B), and cobalt (C) for the Arthur Creek 
and Thorntonia Limestone Fms. 
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Figure 53. Re versus TOC for the Arthur Creek Fm, MacIntyre-1, NTGS 99/1 and 
Owen-2 wells, and the Thorntonia Fm, BMR Mount Isa 1 well. 
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Appendix A: Sample and thin section descriptions for the Arthur Creek and 

Thorntonia Fms 

 

A.1. Arthur Creek Formation, MacIntyre-1 Well, Dulcie Syncline 

20120151 (799.77 – 799.84 m) 

1. Lithology 

Silty mudstone interbedded with brachiopod wackestone. 

2. Texture 

The sample is well cemented, indurated, has marly intervals, with rare and small pyrite 

nodules throughout (<<5%) 

3. Sedimentary Structures 

There are laminas that completely dominated by brachiopod shells that are well 

preserved. The lamina are wavy discontinuous to parallel planar with surrounding lamina. 

4. Sediment Deformation 

The brachiopods are rarely heavily deformed. Primary shell structures are still observed 

within the sample. 

5. Fossils and Ichnology 

Brachiopods are present throughout the sample (>10%), but identification of the 

brachiopod species was not possible. 

6. Unit Thickness 

The laminas are 0.2 cm to 1 cm thick. 

7. Colour 

Dark grey with light grey bands of brachiopod shells. 

8. Ichnology 

 Cryptic bioturbation is apparent in thin sections. 

9. Organic Matter 
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Abundant. The sample created an oil slick on the water during cutting with a rock saw. 

10. Other 

Three thin sections were taken from this sample.  
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20120152 (800.24 - 800.32 m) 

1. Lithology 

This sample is predominantly a calcareous claystone, with marly intervals.  

2. Texture 

The sample is well cemented, displays no fissility, and has no apparent nodules of siderite 

or major pyritization. The grain size is smaller than is visible to the naked eye. In a hand 

lens, grains were barely visible with the largest grains of very fine sand contributing less 

than 10% of the modal distribution on cut surfaces. The largest grains possibly are a 

replacement euhedral to anhedral dolomite. Moderate sorted as the overall grain size is 

very small. The sample displays weak laminations. 

3. Sedimentary Structures 

No major sedimentary structures are visible in hand sample. In thin section, light grey 

laminations are a mix of mostly brachiopod shells with some trilobite pieces.  

4. Sediment Deformation 

No major sediment deformation was observed in this sample. 

5. Fossils and Ichnology 

Fossils are predominantly brachiopod clasts, with minor contributions of trilobite clasts. 

The brachiopod species has not been determined due to inadequate sample sizes. SEM 

data revealed that the brachiopods are predominantly fluorapatite, with some calcite 

replacement. The shells are well preserved in most cases. Brachiopod shells exhibit 

interlamination of organic matter, which may now be kerogen, and apatite or calcite. 

Some of the shells have been replaced with late stage pyrite and barite, as test boundaries 

are obscured by complete pyrite recrystallization. 

6. Unit Thickness 

This sample is 6.5 cm long with minor lamina presented as brachiopod hash. These 

lamina are less than 1mm thick. 

7. Colour 

The sample is dark grey to black with small white flecks throughout. 

8. Ichnology 
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There is potentially some cryptic bioturbation occurring within the sample, but no 

definitive bioturbation was identified.  

9. Organic Matter 

Based purely on colour, the samples appear to be enriched in organic matter. The 

majority of samples have at least small amounts of brachiopod test debris, which contains 

a significant amount of organic matter.  

10. Other 

Three thin sections were taken from this sample, TS 20120152-1, 20120152-2 and 

20120152-3.  
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20120153 (800.80 – 800.86 m) 

1. Lithology 

There are three distinct lithologies within this sample. The first and third lithologies are 

mudstones, while the second lithology, which separates 1 and 3, is a claystone. 

2. Texture 

The sample is well cemented, has no apparent cleavage, has marly intervals, and some 

pyrite nodules. The grain size ranges from fine silt to clay, with <20% fine silt particles. 

Silt particles are carbonates that have replaced previous textures. 

3. Sedimentary Structures 

Sharp wavy contact between the mudstone and claystone. The shell hash layers remain 

relatively unaltered. 

4. Sediment Deformation 

No fractures or faults observed in the sediments. 

5. Fossils and Ichnology 

Fossils consist of brachiopods. 2 mm thick brachiopod supported laminas exist irregularly 

in the sample. Trilobite fossils are rare. 

6. Unit Thickness 

The claystone unit is 0.75cm thick. The unit above and below the claystone is irregularly 

laminated with lamina thicknesses ranging from 0.2 to 1 cm. 

7. Colour 

Dark grey with some light grey laminations throughout. 

8. Ichnology 

 None observed in hand sample. 

9. Organic Matter 

Appears rich based on dark colour of sample. 

10. Other 

One thin section was taken from this hand sample, TS 20120153-1.   
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20120153 (800.80 – 800.86 m) thin section description: 

Mineralogy: Organic opaque material (60 %), calcite (30%), quartz (10%) 

There are three dominant units in this thin section. All three of them are the darkest, and 

most likely the most organic-rich, at the base, then grade and are capped by a layer of 

trilobite pieces. The contacts between layers are sharp. Rare peloids are present in the 

darker lamina. Rarely in the sample there are ovoid fossils (?) with punctate internal 

fabric, and a diagonal opaque fill. The clasts are quartz and show undulatory extinction – 

possibly radiolarians. Minor feldspar grains exist and have opaque pyrite rhomb in the 

middle. It is very common in this sample to see grains siliceous radiolarians (?).  There 

are laminas with upwards of 10% radiolarians particularly towards the bottom of the 

sample. 
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20120154 (800.95 – 801.00 m) 

1. Lithology 

Weakly laminated, marly siltstone 

2. Texture 

This sample is well cemented, shows no dominant cleavage or fissility, has a high 

percentage of carbonate (~35%), and shows some pyrite nodules.  

3. Sedimentary Structures 

The sample is weakly laminated in hand sample, with only a few dominant laminations 

visible. The laminations tend to be dark, <0.5 cm thick, and heavily pyritized. One of the 

laminations is most likely defined by brachiopod shells; however, no thin section was 

taken from this hand sample. 

4. Sediment Deformation 

No synsedimentary deformation is apparent. Later diagenetic pyrite appears to have 

formed after sediment deposition. The pyrite nodules, 1 – 2 mm in diameter, are 

irregularly shaped and cross cut the laminations. 

5. Fossils and Ichnology 

Brachiopod shells are present along a few lamina (3 of the 7 visible in hand sample). 

6. Unit Thickness 

Lamina range in thickness from 0.3 cm to 1 cm. 

7. Colour 

Dark Grey to black. 

8. Ichnology 

 There may be some bioturbation that has since been pyritized in one isolated lamina, 

however, no apparent oxygenation of the surrounding sediments appears to have occurred 

here. 

9. Organic Matter 

Abundant 

10. Other 
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No thin section was taken from this sample. 
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20120155 ((801.30-801.35 m) 

1. Lithology 

Dolomitic mudstone 

2. Texture 

This sample is well cemented, shows no distinct cleavage, and has more abundant pyrite 

than other samples in this sample suite. 

3. Sedimentary Structures 

The sample appears massive in hand sample. No thin sections were collected. 

4. Sediment Deformation 

Post-deposition pyrite formation occurred in these sediments. Pyrite does not follow 

apparently bedding orientation. It is primarily occurring vertically. 

5. Fossils and Ichnology 

There were no brachiopod shells observed in this sample. 

6. Unit Thickness 

Massive. 

7. Colour 

Medium to dark grey. 

8. Ichnology 

 No bioturbation observed. 

9. Organic Matter 

High. 

10. Other 

N/A. 
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20120156 (801.76 – 801.80 m) 

1. Lithology 

Dolomitic Mudstone 

2. Texture 

No cleavage, well cemented, marly, with small (<1mm), irregular, pyrite nodules.  

3. Sedimentary Structures 

Laminations are difficult to see, and seem to be defined by a thin layer of brachiopod 

shells.  

4. Sediment Deformation 

No apparent synsedimentation deformation. No veins, but a large amount of pyrite is 

present.  

5. Fossils and Ichnology 

Brachiopod shells (<1%). 

6. Unit Thickness 

The laminations range in thickness from <1mm to 5 mm with beds of more than 1 cm in 

between laminations. 

7. Colour 

Medium grey to dark grey. 

8. Ichnology 

 None observed. 

9. Organic Matter 

High 

10. Other 

No thin section taken from this sample. 
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20120157 (802.30 – 802.35 m) 

1. Lithology 

This sample is predominantly a calcareous claystone, with marly intervals. 

2. Texture 

This sample is well cemented, is not fissile, has marly lamina, and pyrite nodules 

(<10%). The grain size is silt to clay.  

3. Sedimentary Structures 

The laminas present with visible grains are way discontinuous to parallel planar. There is 

a small calcite vein in this sample. Compared to the previously described MacINtyre-1 

samples, this sample has much larger pyrite nodules, with much more irregular, 

penetrative contact with surrounding sediments, probably post-deposition replacement 

pyrite. 

4. Sediment Deformation 

No major sediment deformation features are visible in this sample. 

5. Fossils and Ichnology 

Very thin and limited brachiopod shell lamina present irregularly (2 lamina only) in hand 

sample. 

6. Unit Thickness 

Lamina thickness ranges from <1 cm to approximately 2 cm. Within the lamina, no 

apparent sedimentary structures exist. Contacts between lamina are sharp, and often are 

more abundant in pyrite than the rest of unit. 

7. Colour 

Dark grey. 

8. Ichnology 

 None observed 

9. Organic Matter 

Abundant 

10. Other 
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No thin sections taken from this hand sample.  
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20120158 (802.90 – 802.95 m) 

1. Lithology 

Calcareous Siltstone 

2. Texture 

This sample is well cemented, indurated, has marly intervals, rare pyrite nodules (<<5%) 

and rarely visible sedimentary structures. 

3. Sedimentary Structures 

One visible lamina composed of black clasts with brachiopod flecks of approximately 

2.5mm. 

4. Sediment Deformation 

None visible. 

5. Fossils and Ichnology 

Very small brachiopod shells. 

6. Unit Thickness 

2-3 mm lamina present. 

7. Colour 

Black 

8. Ichnology 

 None visible. 

9. Organic Matter 

Abundant 

10. Other 

No thin section created from this sample. 
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20120159 (803.08 – 803.10 m) 

1. Lithology 

Silty calcareous mudstone. 

2. Texture 

This sample is well cemented with no fissility, no large pyrite clasts and grain size 

defined by the individual lamina. 

3. Sedimentary Structures 

There are wavy contacts in between the different lamina.  

4. Sediment Deformation 

No sediment deformation observed. 

5. Fossils and Ichnology 

Possibly rare brachiopods, although they are small and difficult to identify with hand 

lens. 

6. Unit Thickness 

Laminas are <0.5 cm thick and irregularly distributed throughout the sample. 

7. Colour 

Dark grey to black. 

8. Ichnology 

 No bioturbation apparent. 

9. Organic Matter 

Abundant 

10. Other 

No thin section taken from this sample.  
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A.2. Owen-2 Well, Arthur Creek Fm, Toko Syncline 

20120247 (1045.67 – 1045.81 m) 

1. Lithology 

Mixed siliceous and carbonate mudstone. 

2. Texture 

The sample is well cemented, shows no apparent cleavage or fissility, has rare pyrite 

nodules (< 2 mm diameter) and is laminated. The grain size is not visible in hand lens or 

in the sample. 

3. Sedimentary Structures 

The laminas are wavy to lenticular. No other sedimentary features are observed. 

4. Sediment Deformation 

No sediment deformation was observed. 

5. Fossils and Ichnology 

Rare visible brachiopod fossils. 

6. Unit Thickness 

Lamina is less than 1mm in thickness. There are no visibly defined lamina sets. 

7. Colour 

Medium grey. 

8. Ichnology 

No visible trace fossils. 

9. Organic Matter 

Moderate to normal. 

10. Other 

No thin section taken from this sample. 
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20120248 (1045.92 – 1046.00 m) 

1. Lithology 

Fining upwards mixed siliceous and carbonate mudstone. 

2. Texture 

There are four distinct lamina sets within this unit. The bottom unit is cemented, with the 

occasional black clast (<<5%, <0.5mm diameter) along light coloured bedding planes. 

The second unit is thinly laminated with no apparent cleavage and rare black clasts 

(<5%). The third unit has thickening upwards lamina from <<1 mm to 1.5 mm. The final 

unit is a thickly laminated black mudstone. All the lamina sets are cemented show no 

cleavage and no distinct pyrite nodules. There are no nodules in this sample.  

3. Sedimentary Structures 

Parallel planar laminations. 

4. Sediment Deformation 

None observed. 

5. Fossils and Ichnology 

No fossils observed. 

6. Unit Thickness 

1-2mm at most thick. 

7. Colour 

Medium grey to dark grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Moderate. 

10. Other 

No thin sections were taken from this sample. 
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20120249 (1046.13 – 1046.24 m) 

1. Lithology 

Silica-rich carbonate mudstone. 

2. Texture 

The samples are laminated, well cemented, show no fissility, and have no visible nodules. 

Only some laminas have visible grains, which are very fine to silt grain size.  

3. Sedimentary Structures 

The samples are rarely wavy and mostly planar parallel. The majority of the lamina are 

discontinuous. 

4. Sediment Deformation 

No visible sediment deformation. 

5. Fossils and Ichnology 

Brachiopods (?) or fossiliferous debris is present through out. 

6. Unit Thickness 

Laminas are 1-2 mm with lamina sets are 0.75 to 1 cm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

No visible trace fossils. 

9. Organic Matter 

Low 

10. Other 

No thin sections taken from this sample. 
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20120249 (1046.13 – 1046.24 m) – thin section #2 description 

Mineralogy: Quartz (50-70%), Calcite/Dolomite (10-20%), fines (10-20%) 

The lamina in this sample below the purple line are quartz dominated with darker lamina 

containing more lithics and clays, relative to lighter layers which contain more quartz and 

carbonates. The bottom lamina unit does not contain abundant sponge spicules, while the 

upper lamina does contain up to 10%. The lower units are much more dominant in 

angular quartz grains with some carbonate cement. The majority of the cement is light 

brown and irregularly penetrative surrounding the quartz grains. There is very rare pyrite 

replacement in the light coloured lamina. Minor feldspars and micas (<10%) are present 

in lowermost section of the bottom unit (a). Towards the top of the section, the dark clays 

become more abundant in between the quartz grains and support the grains. In the lightest 

coloured lamina, the quartz grains support themselves. 

20120249 (1046.13 – 1046.24 m) – thin section #1 description 

Mineralogy: Quartz (30-40%), Calcite (40%), fine grains (15%), unidentified (5-10%). 

There are minerals that are clear with high relief in plain polarized light and opaque in 

cross polarized light – unidentified. These minerals do not seem to be replacing the other 

clasts in the sample. The sample is very similar to the light coloured sample described in 

the above description. Darker lamina are a result of more fine-grained material. Lighter 

lamina have more calcite cement, and calcite replacement occurring. The grain size is 

consistent through out the sample (5 µm). Sponge spicules are high bi, elongate and 

pointy on either side. Regularly occur in lighter coloured lamina, rare in darker coloured 

lamina, with no preferential orientation. 
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20120250 (1046.24 – 1046.33 m) 

1. Lithology 

Mixed carbonate mudstone. 

2. Texture 

The sample is laminated, well cemented, indurated, and does not contain visible pyrite 

nodules. The grain size is not visible.  

3. Sedimentary Structures 

There are some potential ripples that are cross cut by overlying parallel planar lamina 

sets. The majority of the lamina are wavy discontinuous. 

4. Sediment Deformation 

No visible sediment deformation. 

5. Fossils and Ichnology 

There is rare fossil debris that is too broken up to identify in hand sample. 

6. Unit Thickness 

Lamina are 2 mm with lamina sets of 1.3 cm. 

7. Colour 

Dark grey to light grey. 

8. Ichnology 

No visible trace fossils. 

9. Organic Matter 

Low to moderate organic matter. 

10. Other 

No thin sections were collected from this sample. 
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20120251 (1046.33 – 1046.50 m) 

1. Lithology 

Argillaceous carbonate mudstone 

2. Texture 

The sample is well cemented, shows no fissility, is marly, and has rare pyrite nodules. 

The grain size is not visible in hand sample.  

3. Sedimentary Structures 

The lamina are planar parallel. The contacts are wavy between lamina. 

4. Sediment Deformation 

There is no significant sediment deformation. One pyrite nodule formed post-deposition 

and has disrupted surrounding lamina. 

5. Fossils and Ichnology 

No visible fossils. 

6. Unit Thickness 

Lamina range in thickness from 1mm to 2.5 mm. 

7. Colour 

Light grey. 

8. Ichnology 

No visible traces. However, in some lamina, there are circular features with dark lining 

that are filled with lighter material than surrounding rocks. 

9. Organic Matter 

Low 

10. Other 

One thin section collected from this sample. 
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20120252 (1046.63 – 10.46.74 m) 

1. Lithology 

Silica-rich carbonate mudstone. 

2. Texture 

The sample is well cemented, marly, with no visible nodules pyrite or otherwise. 

3. Sedimentary Structures 

The lamina are planar parallel with rare light coloured units displaying wavy 

discontinuous nature. One lamina set is heavily pyritized with very small pyrite grains 

(<<0.5 mm) 

4. Sediment Deformation 

No apparent sediment deformation. 

5. Fossils and Ichnology 

No visible fossils. 

6. Unit Thickness 

Lamina range from 0.25 mm to 2 mm in size with no regularity. Thinnest lamina are 

often the darkest in colour. 

7. Colour 

Light grey to medium grey. 

8. Ichnology 

No visible traces. 

9. Organic Matter 

Low. 

10. Other 

Two thin sections were taken from this sample. 
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20120252 (1046.63 – 10.46.74 m) 

Mineralogy: Quartz (30%), Calcite (50%), fines (10-20%), unidentified (<5%). 

The sample is well laminated, as a result of wavy and discontinuous fines present in the 

sample. Rare to not present fossil debris. Very rare sponge spicules. There are dark 

rhombs of pyrite (?) irregularly distributed through out the sample that do not disturb the 

surrounding sediments (possibly part of the original sediment). Grain size and rounding 

increases towards the top of the thin section (i.e. <<0.5 mm, sub-rounded to angular at the 

bottom, 0.5 mm and sub-rounded at the top). Some of the lamina appear to have an 

inclined (possibly ripple) orientation. 
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20120253 (1046.75 – 1046.87 m) 

1. Lithology 

Silica-rich carbonate mudstone. 

2. Texture 

The sample is well cemented, marly, with no visible nodules pyrite or otherwise. 

3. Sedimentary Structures 

The lamina are planar parallel with rare light coloured units displaying wavy 

discontinuous nature. One lamina set is heavily pyritized with very small pyrite grains 

(<<0.5 mm) 

4. Sediment Deformation 

No apparent sediment deformation. 

5. Fossils and Ichnology 

No visible fossils. 

6. Unit Thickness 

Lamina range from 0.25 mm to 2 mm in size with no regularity. Thinnest lamina are 

often the darkest in colour. 

7. Colour 

Light grey to medium grey. 

8. Ichnology 

No visible traces. 

9. Organic Matter 

Low. 

10. Other 

No thin sections collected from this sample. 
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20120254 (1046.87 – 1047.03 m) 

1. Lithology 

Silica-rich carbonate mudstone. 

2. Texture 

The sample is well cemented, shows no distinct cleavage, the rare nodules are pyritic. 

There are no visible grains. 

3. Sedimentary Structures 

The lamina sets cross cut each other towards the bottom of the hand sample. The lamina 

are wavy discontinuous with thicker lamina as planar parallel. 

4. Sediment Deformation 

No observed sedimentary deformation.  

5. Fossils and Ichnology 

No fossils observed. 

6. Unit Thickness 

The lamina are <0.5 mm, with lamina sets smaller than 1 - 2 cm. 

7. Colour 

Light grey. 

8. Ichnology 

No trace fossils observed. 

9. Organic Matter 

Low 

10. Other 

No thin sections were taken from this sample. 
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20120254 (1046.87 – 1047.03 m) – thin section description 

Mineralogy: Calcite (70%), Organics and clays (25%), lithics and other (<5%) 

This sample has been almost entirely replaced by microcline. The lamina appear to have 

had larger clasts of quartz originally that were well rounded, in some cases, clast 

supported. Organic material has altered surrounding carbonates clasts. There are very rare 

pyrite clasts within the lowermost lamina. Calcite cement becomes more ‘clear’ and 

sparry towards top of sample, but the amount of organic matter increases towards the top 

of sample also, causing the lamina to become darker towards the top of the thin section.  
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20120255 (1047.05 – 1047.41 m) 

1. Lithology 

Mixed carbonate mudstone. 

2. Texture 

The sample is cemented, laminated, with no visible grains. There are no visible pyrite 

nodules. 

3. Sedimentary Structures 

There is only one major sedimentary feature that appears to be a symmetrical ripple at the 

base of the sample (4 mm high by 3 cm wide). 

4. Sediment Deformation 

There is a vein at the bottom of the sample that could possibly have caused the ripple by 

deforming the overlying sediments. It is very hard to tell because the underlying 

sediments were removed. 

5. Fossils and Ichnology 

No fossils were observed in the sample. 

6. Unit Thickness 

The lamina are all less than 1 mm thick with lamina sets of 0.5 cm to 1 cm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

No trace fossils were observed. 

9. Organic Matter 

Low organic matter. 

10. Other 

No thin sections were taken from this sample. 
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20120256 (1047.33 – 1047.41 m) 

1. Lithology 

Mixed carbonate mudstone. 

2. Texture 

The sample is cemented, laminated, with no visible grains. There are no visible pyrite 

nodules. 

3. Sedimentary Structures 

Some of the lamina sets are rippled. The ripple peaks are cross cut by overlying lamina 

sets. 

4. Sediment Deformation 

No sediment deformation is observed in this sample. 

5. Fossils and Ichnology 

No fossils were observed in the sample. 

6. Unit Thickness 

The lamina are all less than 1 mm thick with lamina sets of 0.5 cm to 1 cm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

No trace fossils were observed. 

9. Organic Matter 

Low organic matter. 

10. Other 

One thin section was taken from this sample. 
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20120256 (1047.33 – 1047.41 m) – thin section description 

Mineralogy: Quartz (30%), Calcite (40-50%), Organics and fine-grained sediments (up to 

20%). 

The sample has distinct lamina that are defined by increased amounts of organic matter 

that has compacted parallel to bedding surfaces. There are very small black euhedral 

clasts through out the sample that are opaque in plain polarized light and cross polarized 

light. The samples contain irregularly distributed pyrite replacement that is parallel to 

bedding surfaces. There are sponge spicules distributed through out the sample. The 

majority are aligned with bedding planes. 
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20120257 (1047.41 – 1047.50 m) 

1. Lithology 

Mixed siliceous mudstone 

2. Texture 

The sample is well cemented, but contains marly lamina that act as planes of weakness. 

There are pyrite nodules isolated within the middle lamina set. Grain size is not visible in 

hand sample. 

3. Sedimentary Structures 

There are small ripples on the top of the lamina (1mm by 7 mm). The lamina are inclined 

and cross cut in some cases. 

4. Sediment Deformation 

No sediment deformation. 

5. Fossils and Ichnology 

No fossils observed. 

6. Unit Thickness 

The lamina sets are 3 -5 mm with 1 mm thick lamina. 

7. Colour 

Light grey. 

8. Ichnology 

No trace fossils. 

9. Organic Matter 

Low organic matter. 

10. Other 

No thin sections were taken from this sample. 
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20120258 (1047.60 – 1047.70 m) 

1. Lithology 

Mixed mudstone. 

2. Texture 

The samples are cemented, show no cleavage, and show rare pyrite nodules. Grain size is 

not visible in hand sample. 

3. Sedimentary Structures 

The samples get darker towards the top of the lamina set. Lamina are wavy to rippled and 

continuous across the hand sample. The lamina are inclined, with the overlying lamina 

sets cross cutting the lower lamina.  

4. Sediment Deformation 

There is no sediment deformation. 

5. Fossils and Ichnology 

There are no visible fossils or trace fossils. 

6. Unit Thickness 

The lamina range in thickness from < 1mm to 3 mm. 

7. Colour 

Medium to dark grey. 

8. Ichnology 

No trace fossils. 

9. Organic Matter 

Low organic matter. 

10. Other 

No thin sections were collected from this sample. 
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20120259 (1047.70 – 1047.81 m) 

1. Lithology 

Silica-rich carbonate mudstone. 

2. Texture 

The sample is well cemented, and the sample has no distinct cleavage. There are no 

nodules. The sample has no visible grain size except with the brachiopod fossils through 

out. 

3. Sedimentary Structures 

The samples are wavy discontinuously laminated. 

4. Sediment Deformation 

No sediment deformation. 

5. Fossils and Ichnology 

There are brachiopods and the occasional burrow along horizontal bedding planes. The 

burrows are rounded, filled with material from elsewhere, and 2 – 4 mm across. The 

burrows have been compressed in the vertical direction. 

6. Unit Thickness 

Lamina are 1 mm with lamina sets up to 5 cm in thickness. 

7. Colour 

Light to medium grey. 

8. Ichnology 

See fossils. 

9. Organic Matter 

Low to moderate organic matter. 

10. Other 

No thin sections were taken from this sample. 
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20120260 (1047.81 – 1047.89 m) 

1. Lithology 

Carbonate-dominated lithotype. 

2. Texture 

The samples are cemented, and no distinct cleavage. The sample is marly with no 

nodules. The grains are not visible. 

3. Sedimentary Structures 

The lamina are draped over the basal black shale at the base of the hand sample.  

4. Sediment Deformation 

The sample is not deformed. 

5. Fossils and Ichnology 

There are no visible fossils or trace fossils. 

6. Unit Thickness 

The lamina range from less than 1 mm in thickness up to 2 mm. The lamina sets are 4 cm 

thick. 

7. Colour 

The sample is medium to dark grey. 

8. Ichnology 

See fossils. 

9. Organic Matter 

Low organic matter. 

10. Other 

No thin sections were taken from this sample. 
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20120261 (1047.89 – 1047.98 m) 

1. Lithology 

Mixed siliceous mudstone. 

2. Texture 

The sample is cemented, with no cleavage, and no visibly pyrite nodules. The grain size 

is not visible. The sample grade from light grey to dark grey in one large lamina set. 

3. Sedimentary Structures 

The lamina are wavy and parallel. Lamina sets are thicker than the sample. 

4. Sediment Deformation 

No sediment deformation was identified.  

5. Fossils and Ichnology 

No fossils are present. 

6. Unit Thickness 

The lamina are 1 mm thick. Lamina sets are larger than the sample. 

7. Colour 

The sample ranges from light grey at the base to dark grey at the top. 

8. Ichnology 

No trace fossils observed. 

9. Organic Matter 

Moderate. 

10. Other 

One thin section was taken from this sample. 
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20120261 (1047.89 – 1047.98 m) thin section description 

Mineralogy: Quartz (20-30%), Calcite (40%), Organics and Clays (20-30%) 

This sample shows a large variation in the amount of organic matter preserved from the 

base of the sample to the top of the sample. The bottom section of the thin section is 

dominated by clasts of 15µm, while dark, organic rich material and clays dominate the 

top of the thin section. The organic-rich material increases towards the top of the sample 

gradually. There are graded beds (largest grains at the bottom, smallest at the topthat are 

easily distinguishable towards the top of the thin section. Elongate ripped up mud clasts 

(?) are more common towards the top of the sample. Lamina are wavy and continuous 

across the thin section. There are calcite, hi bi sponge spicules (?) within the sample. 

Pyritization has occurred dominantly along a single lamina. 
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20120262 (1048.06 –1048.19 m) 

1. Lithology 

Mixed siliceous mudstone. 

2. Texture 

The sample is well cemented with marly intervals. There are no pyrite nodules, and there 

are no large grains that are visible in hand sample.  

3. Sedimentary Structures 

The sample is laminated and no ripples are present. 

4. Sediment Deformation 

There is no sediment deformation. 

5. Fossils and Ichnology 

There are no fossils visible in this sample or trace fossils. 

6. Unit Thickness 

Lamina are 1 - 2 mm thick, and the lamina sets are 2 mm. 

7. Colour 

Dark grey to light grey. 

8. Ichnology 

No trace fossils. 

9. Organic Matter 

Moderate organic matter. 

10. Other 

Two thin sections are present in the sample. 
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20120262 (1048.06 –1048.19 m) – thin section description 

Mineralogy: Quartz (<20%), Calcite (30 %), Matrix (clays, very fine grained material, 

40-50%). 

The type of matrix fill in the sample defines laminations. In the light coloured lamina, 

there are less of the elongated organic matter rich clasts. The matrix is carbonate clay, 

while in the darker layers siliceous clays dominate. The lighter coloured lamina are also 

thinner, and wavy discontinuous relative to the other lamina. There are thin elongate 

clear, high birefringence 1 – 1.5mm long clasts – possibly sponge spicules. Pyritization 

has occurred primarily within the lighter coloured carbonate-rich lamina, but there are a 

few laminas where the pyrite has completely replaced the original fabric, so identification 

of the original lamina is not possible. Pyritization has occurred mainly within the matrix 

but penetrated later into the calcite rhombs. The sample has smaller but more regular 

pyrite nodules towards he top of the sample. Lamina become thinner towards the top of 

the thin section. 
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20120263 (1048.19 – 1048.32 m) 

1. Lithology 

Carbonate rich mudstone. 

2. Texture 

The sample is cemented, with no cleavage. The sample is marly. Rare pyrite nodules 

exist. The lamina are appear to darken upwards. 

3. Sedimentary Structures 

There are small ripples on the lamina. Some of the lamina are cross cutting, and the 

ripples are present in the lamina sets. 

4. Sediment Deformation 

No sediment deformation visible in this sample. 

5. Fossils and Ichnology 

There are no visible fossils. The trace fossils are filled with non-host material, do not 

have lining, and are horizontal along bedding planes. 

6. Unit Thickness 

The lamina are 1 mm and the lamina sets are 1 cm to 5cm.  

7. Colour 

Medium grey. 

8. Ichnology 

No see fossils. 

9. Organic Matter 

Low to moderate organic matter. 

10. Other 

No thin sections were taken from the sample. 
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20120264 (1048.32 – 1048.41 m) 

1. Lithology 

Mixed mudstone. 

2. Texture 

The sample has three main units. The sample is light coloured at the base, with distinct 

lamina. The middle unit is confined by two light-coloured calcite (?) laminas. The there 

are no pyrite nodules. The final unit is darkest, with faint laminations that are thinner than 

in the other units. 

3. Sedimentary Structures 

The sample appears to have wavy lamina sets. 

4. Sediment Deformation 

No sediment deformation. 

5. Fossils and Ichnology 

None observed. 

6. Unit Thickness 

The units range from 0.6 cm to 3 cm in thickness. 

7. Colour 

Medium grey to dark grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Moderate. 

10. Other 

No thin sections collected from this sample. 
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20120265 (1047.41 – 1048.52 m) 

1. Lithology 

Mixed siliceous mudstone. 

2. Texture 

The sample is cemented, with no cleavage, and no visibly pyrite nodules. The grain size 

is not visible. The sample grade from light grey to dark grey in each lamina set. 

3. Sedimentary Structures 

The lamina are wavy and parallel. Lamina sets are thicker than the sample. 

4. Sediment Deformation 

No sediment deformation was identified.  

5. Fossils and Ichnology 

No fossils are present. 

6. Unit Thickness 

The lamina are 1 mm thick. Lamina sets range in thickness from 0.5 cm to 2 cm. 

7. Colour 

The sample ranges from light grey at the base to dark grey at the top. 

8. Ichnology 

No trace fossils observed. 

9. Organic Matter 

Moderate. 

10. Other 

One thin section was taken from this sample. 
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20120265 (1047.41 – 1048.52 m) – thin section description 

Mineralogy: Quartz (30%), calcite (50%), clays and very fine-grained material (<10%). 

There is almost no fossil debris in this sample. The lamina are defined by and increase in 

grain size, decrease in fine grained material, and increase in the proportion of quartz 

relative to calcite. The grains are 10µm in diameter under 2x. There is some differential 

compaction apparent above lamina with more fine-grained material, as the overlying 

units have shifted slightly. Elongated grains of calcite exist towards the top of the unit 

that may be spines from trilobites. The thin black stringy discontinuous lamina appear to 

be an opaque mineral, possibly pyrobitumen (?). The quartz grains are angular, while the 

calcite grains are angular to sub-rounded. The lamina are wavy but do not appear to be a 

reflection of sedimentary fabrics, possibly due to differential compaction (?). 
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3. NTGS 99/1 Well 

 

20120205 (551.85 – 551.95 m) 

1. Lithology 

Mixed mudstone. 

2. Texture 

No definitive cleavage, well cemented, very small nodules of pyrite (<1mm) throughout. 

Visibly laminated 

3. Sedimentary Structures 

Wavy to lenticular lamina through out 

4. Sediment Deformation 

None observed. 

5. Fossils and Ichnology 

Brachiopod lamina rarely through out. 

6. Unit Thickness 

Lamina are all less than 1mm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low abundance. 

10. Other 

No thin sections taken from this sample. 
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20120206 (552.59 – 552.70 m) 

1. Lithology 

Mixed mudstone 

2. Texture 

No cleavage, well-cemented, pyrite nodules increasing in size and abundance towards top 

of hand sample. 

3. Sedimentary Structures 

Parallel planar, non-parallel planar, and wavy discontinuous are all observed within the 

hand sample. 

4. Sediment Deformation 

None observed 

5. Fossils and Ichnology 

None observed 

6. Unit Thickness 

Lamina are <1mm thick within larger beds of 1cm to 1.5 cm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

None observed 

9. Organic Matter 

Low 

10. Other 

No thin sections taken from this sample.  
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20120207 (553.31 – 553.38 m) 

1. Lithology 

Mixed dolomite and illite siliceous mudstone. 

2. Texture 

Well-cemented with no distinct cleavage. The sample has abundant pyrite that in some 

lamina has completely replaced the original lithologies. 

3. Sedimentary Structures 

Wavy to trough shaped lamina throughout the entire sample. 

4. Sediment Deformation 

No faulting or folding, or veins apparent in the sample. 

5. Fossils and Ichnology 

None observed. 

6. Unit Thickness 

Lamina are <1mm in thickness up to 2 mm in thickness. 

7. Colour 

Medium grey. 

8. Ichnology 

None observed 

9. Organic Matter 

Moderate to low 

10. Other 

No thin sections taken from this sample.  
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20120313 (553.38 – 553.43 m) 

1. Lithology 

Mixed dolomitic-siliceous mudstone. 

2. Texture 

Well-cemented, no distinct cleavage, and abundant pyrite nodules through out. Pyrite 

seems to be confined to thin lamina with light colouration. Larger nodules are 1-2 mm in 

diameter. 

3. Sedimentary Structures 

Wavy to rippled (?) lamina are common but the majority of lamina are planar parallel. 

4. Sediment Deformation 

None observed. 

5. Fossils and Ichnology 

None observed 

6. Unit Thickness 

Bottom 1 cm is darker with thicker lamina of 1-2mm, above the darker lamina, thin light 

coloured lamina are dominant. 

7. Colour 

Medium grey in bottom unit, medium to light grey in the rest of the hand sample. 

8. Ichnology 

None observed 

9. Organic Matter 

Moderate to low. 

10. Other 

Thin sections were not taken from this sample. 
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20120211 (554.21 – 554.28 m) 

1. Lithology 

Mixed mudstone 

2. Texture 

Well cemented, no apparent cleavage, and one almost completely pyritized lamina (1 

mm). Pyrite is common in small nodules (<0.5 mm) throughout the rest of the sample. 

3. Sedimentary Structures 

Wavy discontinuous lamina towards the top of the hand sample. The lower parts of the 

hand sample are planar parallel laminated. 

4. Sediment Deformation 

None observed. 

5. Fossils and Ichnology 

None observed. 

6. Unit Thickness 

The sample is completely lamina that are 0.5 mm.  

7. Colour 

Medium Grey 

8. Ichnology 

None observed. 

9. Organic Matter 

Moderate to low 

10. Other 

One thin section was taken from this sample (20120211-1).  
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20120314 (554.28 – 554.35m) 

1. Lithology 

Carbonate-rich siliceous mudstone 

2. Texture 

The sample is moderately cemented, fissile, and no large visible pyrite nodules. 

3. Sedimentary Structures 

At the bottom of the hand sample, there are three very light grey 0.5 mm lamina. The 

contact of these lamina with the overlying lamina is wavy discontinuous. There are two 

major laminas that separate darker coloured laminas from lighter coloured laminas. 

4. Sediment Deformation 

No visible veins, faulting or folding. 

5. Fossils and Ichnology 

Abundant brachiopod shells in the three light coloured layers at the bottom of the hand 

sample. 

6. Unit Thickness 

Lamina are 1 mm within larger lamina sets of 1 cm. 

7. Colour 

Light grey to medium grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Moderate to low organic matter. 

10. Other 

No thin section taken from this hand sample.  



 202 

20120212 (554.35 – 554.42 m) 

1. Lithology 

Mixed mudstone 

2. Texture 

The sample is well cemented, shows no cleavage, and has rare pyrite nodules (<0.5 mm 

diameter) 

3. Sedimentary Structures 

Wavy discontinuous lamina are associated with more abundant lamina of brachiopod 

shells. The rest of the lamina are planar parallel. 

4. Sediment Deformation 

No faulting or folding of the hand sample. 

5. Fossils and Ichnology 

Brachiopod shells are present throughout the sample. The abundance of brachiopods is 

consistent throughout the sample. 

6. Unit Thickness 

Lamina sets are 1 cm to 4 cm. The lamina are between 0.5 and 1 mm. 

7. Colour 

Medium grey with light grey samples. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low 

10. Other 

No thin sections were taken from this sample.  
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20120213 (554.42 – 554.48 m) 

1. Lithology 

Mixed mudstone 

2. Texture 

The sample is cemented, laminated; pyrite nodules are very abundant (10-15%) 

3. Sedimentary Structures 

The samples are laminated with pyrite replacement occurring preferentially along lamina 

throughout the sample.  

4. Sediment Deformation 

No faults or veins present. 

5. Fossils and Ichnology 

No visible brachiopod shells. 

6. Unit Thickness 

Lamina are less than 1 mm thick. Laminae sets are 1.5 - 3 cm. 

7. Colour 

Medium Grey 

8. Ichnology 

None observed. 

9. Organic Matter 

Low organic material 

10. Other 

No thin sections were taken from this hand sample.  
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20120315 (554.50 – 554.54 m) 

1. Lithology 

Mixed lithology 

2. Texture 

The sample is well cemented, there is no cleavage, and the only large nodules are pyrite.  

3. Sedimentary Structures 

The lamina are rarely wavy discontinuous with dominantly parallel planar lamina. 

4. Sediment Deformation 

No faults visible. 

5. Fossils and Ichnology 

Rare brachiopods throughout the hand sample. 

6. Unit Thickness 

The lamina are <0.5 mm. Pyrite has formed along certain bedding planes. There does not 

seem to be a preference towards specific lamina. 

7. Colour 

Medium to medium-dark grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low to moderate amounts of organic matter. 

10. Other 

No thin section collected from this hand sample.  
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20120214 (554.60 – 554.70 m) 

1. Lithology 

Mixed carbonate mudstone. 

2. Texture 

Well-cemented, no dominant cleavage, very small pyrite nodules (<0.5mm). 

3. Sedimentary Structures 

Lamina throughout the rock have been completely replaced by pyrite. The lamina that are 

visible are irregular to wavy. 

4. Sediment Deformation 

There are two small calcite veins sub-parallel to the lamina planes in the sample. 

5. Fossils and Ichnology 

No visible brachiopod shells. 

6. Unit Thickness 

Lamina are 0.5 mm with lamina sets as thick as 1 cm. 

7. Colour 

Dark grey 

8. Ichnology 

None visible. 

9. Organic Matter 

Moderate 

10. Other 

No thin sections collected from this sample. 
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BMR Mount Isa 1 

20120316 (215.22-215.29 m) 

1. Lithology 

Dolomitic packstone. 

2. Texture 

This sample is well cemented, has no apparent cleavage, and does not contain nodules of 

pyrite or siderite. The grain size varies from 0.5 mm to 0.5 cm. Previous pores have been 

filled with calcite (?) cement. 

3. Sedimentary Structures 

Lamina are wavy discontinuous throughout the sample but very difficult to identify. 

4. Sediment Deformation 

No sediment deformation observed. 

5. Fossils and Ichnology 

Fossils are abundant throughout the sample, but difficult to identify. The fossils appear to 

be broken up. Most likely trilobite pieces. 

6. Unit Thickness 

Sample is massive. 

7. Colour 

Light grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low. 

10. Other 

No thin sections taken from this sample. 
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20120317 (215.36 – 215.43 m) 

1. Lithology 

Dolomitic mudstone 

2. Texture 

The sample is well cemented, shows some fissility along silty to muddy lamina, and 

contains pyrite nodules along some lamina. Pyrite seems to be associated with lighter 

grey coloured lamina. 

3. Sedimentary Structures 

The sample is laminated with lamina ranging from 0.5 mm thick to 6 mm. There is 

possibly some normal grading occurring within lamina. Lamina are wavy discontinuous 

to linear pinch-swell in nature. 

4. Sediment Deformation 

No sediment deformation observed. 

5. Fossils and Ichnology 

Most likely brachiopods, with some trilobites. See thin section description. 

6. Unit Thickness 

Lamina thickness ranges from 0.5 mm thick to 6 mm. 

7. Colour 

Light to medium grey. 

8. Ichnology 

No traces were observed. 

9. Organic Matter 

Moderate. 

10. Other 

See thin section description. 

  



 208 

20120317 (215.36 – 215.43 m) thin section description 

Mineralogy: Calcite (50 – 60%), quartz (<10%), fine-grained clays (30- 40%). 

The sample has wavy discontinuous lamina through out. The sample is dominated by 

trilobite pieces, but there are rare brachiopod shells with the internal structure preserved 

that increase in abundance towards the top of the sample. Some of the pieces maintain the 

original trilobite internal calcite structure, but the majority have been replaced by sparry 

calcite. Almost complete replacement by sparry calcite has occurred in samples that are 

rounded or non-linear. The dark coloured lamina contain abundant brachiopod shells that 

are well preserved. There are few calcite crystals in these lamina. Towards the top of the 

thin section, brachiopod shells appear, and dominate an entire lamina.  

 

 

  



 209 

20120318 (215.49- 215.54 m) 

1. Lithology 

Brachiopod packstone. 

2. Texture 

The sample is laminated with planes of weakness occurring along organic-rich, thin, and 

muddy lamina in the sample. The rest of the sample is well-cemented. No significant 

pyrite or siderite nodules in the sample. 

3. Sedimentary Structures 

Lamina are trough to flaser in nature, wavy discontinuous, and there are possibly small 

wave dominated ripples present in the sample. Visible grains (~40%) are 1 mm in size. 

4. Sediment Deformation 

There does not appear to be sediment deformation. 

5. Fossils and Ichnology 

Brachiopods and trilobites are present in the sample, however the species or group was 

not able to be identified. 

6. Unit Thickness 

Lamina are <1 mm in thickness, with lamina sets of 0.5 to 1.5 cm. Lamina are difficult to 

identify. 

7. Colour 

Medium grey. 

8. Ichnology 

Cryptic bioturbation throughout the sample. 

9. Organic Matter 

Low to moderate. 

10. Other 

No thin sections collected for this sample. 
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20120318 (215.49- 215.54 m) 

Mineralogy: Calcite (50 – 70%), lithics (<5%), fine-grained clays (30- 40%). 

The sample has wavy discontinuous lamina through out. The sample is dominated by 

trilobite pieces. Some of the pieces maintain the original trilobite internal calcite 

structure, but the majority have been replaced by sparry calcite. Almost complete 

replacement by sparry calcite has occurred in samples that are rounded or non-linear. The 

dark coloured lamina at the base of the sample contains almost only clays and organics. 

There are few calcite crystals in these laminas. Towards the top of the thin section, 

brachiopod shells appear, and dominate an entire lamina. The upper rustiest brown 

lamina is brown in plain polarized light and cross polarized light. The grains within this 

lamina are elongate and aligned parallel to bedding. Cement is consistently calcite 

through out the thin section.   
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20120319 (215.54 – 215.62 m) 

1. Lithology 

Fossiliferous wackestone to packstone. 

2. Texture 

This sample is massive, well cemented, does not contain vugs or visible pores, but does 

contain one nodule, possibly phosphatic lithology (.3 cm diameter).  

3. Sedimentary Structures 

The sample is massive. 

4. Sediment Deformation 

None observed. 

5. Fossils and Ichnology 

Fossils present, but unable to identify. The fossils appear to be broken up, with no 

distinguishable shapes. Most likely trilobite pieces with more rare brachiopods. 

6. Unit Thickness 

Sample is massive. 

7. Colour 

Light grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low 

10. Other 

No thin sections taken from this sample.  
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20120320 (215.67 – 215.75 m) 

1. Lithology 

Brachiopod packstone. 

2. Texture 

This sample is well cemented, does not have marly, uncemented intervals, and does not 

contain nodules. The grain size varies based on the fossil present. 

3. Sedimentary Structures 

This sample is laminated, with lamina that are wavy discontinuous and irregular. The 

lamina are shaped primarily by the fossil debris within them. 

4. Sediment Deformation 

This sample does not show any deformation. 

5. Fossils and Ichnology 

Brachiopods and trilobites are very abundant. 

6. Unit Thickness 

Lamina are <1 cm thick. 

7. Colour 

Light grey to light brown. 

8. Ichnology 

None identified. 

9. Organic Matter 

Low. 

10. Other 

No thin sections collected from this sample. 
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20120321 (215.75 – 215.82 m) 

1. Lithology 

Phosphatic packstone. 

2. Texture 

The sample is well cemented, does not show cleavage, has muddy lamina rarely within 

sample, and shows one siderite nodule that has replaced a brachiopod clast. 

3. Sedimentary Structures 

There appears to be some fossil debris that has filled in previous topographic lows, with 

irregular to wedge shaped lamina. The remaining lamina are approximately 0.5 cm thick 

and are defined by mud drapes towards the top of the feature. 

4. Sediment Deformation 

No sediment deformation apart from compaction is observed. 

5. Fossils and Ichnology 

Brachiopods, trilobites, potentially other fauna, although sample is cut, so identification 

is not possible. 

6. Unit Thickness 

Lamina are 0.5 cm thick. 

7. Colour 

Light grey and light brown. 

8. Ichnology 

There is a large (0.5 cm diameter) vertical burrow that is only visible on the top of the 

hand sample. There does not appear to be a lining, the burrow is round to oval. 

9. Organic Matter 

Low 

10. Other 

One thin section was collected from this sample. 
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20120321 (215.75 – 215.82 m) thin section description 

Mineralogy: Calcite (70%), Organic Material (10%), Clays (20%) 

The sample contains a number of lamina that contain many of the same or similar 

features to 20120323. The sample is interbedded trilobite packstone and peloid 

wackestone. There are peloids in the lighter brown coloured lamina, with micritic 

cements. The trilobite hash has been replaced by sparry calcite, so internal structures are 

not apparent, however, the sample distinctly crosscuts a trilobite head. Organic-rich 

lamina cause darkening of some lamina, and are they layers that have been most heavily 

replaced by pyrite. Very rare large grains (0.5mm diameter) grains exist in the sediment 

but the majority of the grains are ~2 – 15 µm. There does not appear to be regular 

repetition of the lamina present in this sample. 
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20120322 (215.94 – 216.00 m) 

1. Lithology 

Wackestone 

2. Texture 

The texture is well-cemented, no apparent fissility or cleavage, there are no marly 

intervals, and the sample does not show any nodules. 

3. Sedimentary Structures 

The sample is massively bedded with one a layer of shells in the middle. There appears to 

be some fluid flow or disturbance that has occurred directly below the fossiliferous layer, 

as the calcite is discoloured to a light brown. 

4. Sediment Deformation 

There is slight discolouration of the unit below the fossiliferous layer in the samples. No 

sediment deformation otherwise. 

5. Fossils and Ichnology 

Brachiopods, and trilobites. There is a trilobite cephalon on a broken surface but it is 

incomplete so identification was not possible. 

6. Unit Thickness 

One unit that is abundant in trilobite exists in the middle of the sample. The unit is 

approximately 1 cm thick. The rest of the sample is massive. 

7. Colour 

Light grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

Low 

10. Other 

No thin sections are taken form this sample. When water was placed on the hand sample 

surface, the water beaded rather than dispersed. 
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20120323 (216.22 – 216.29 m) 

1. Lithology 

Interbedded packstone and mudstone. 

2. Texture 

Well cemented, distinctly bedded, potentially documenting sedimentation hiatuses. There 

are no marly intervals. Nodules are present at the base of the sample in between two 

different lithologically defined lamina sets. 

3. Sedimentary Structures 

The bedding surfaces are wavy discontinuous within the bed sets, with parallel planar to 

bedding plane contacts between bed sets. 

4. Sediment Deformation 

There are small fractures within the waxy mudstone at the base of the hand sample. In the 

third bed set, there appears to be a horizontal sub-parallel with bedding fracture that has 

been filled later with red coloured cement. 

5. Fossils and Ichnology 

Brachiopod and trilobites are present in the upper units. 

6. Unit Thickness 

All units are thicker than 1 cm. It is hard to tell the actual thickness of each layer, as the 

sample is only 10 cm long. 

7. Colour 

Light Brown and Dark Grey. 

8. Ichnology 

None observed. 

9. Organic Matter 

High in darker basal units. Low in other units. 

10. Other 

One thin section was taken form this sample. When water was placed on the hand sample 

surface, the water beaded rather than dispersed. 
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20120323 (216.22 – 216.29 m) – thin section – see annotated thin section photo 

Five distinct lithologic units exist in this sample.  

Lowermost lamina unit (A): 

Mineralogy: abundant clay material (~80%), with dolomite/calcite euhedral rhombs 

(15%) and minor pyrite primarily localised on lamina set boundary. Minerals are very 

“platy” with long dark material penetrating between heavy clay dominated regions. 

Sedimentary features: Lamina are defined by grain size with a large grained lamina that 

pinches towards one side of the thin section. The coarser grained lamina consist of 

rounded to oblique shaped grains, clast supported, pinching out features that have a wavy 

discontinuous fabric. Possibly some ripples at the top of the uppermost coarse-grained 

unit. The grain size of these “coarse” grains is 8 units. There is no fossil debris or fossils 

present in this lamina unit. The contact with the overlying unit is sharp, inclined, and 

pyritized. This unit is most likely the organic rich as it is the darkest brown in colour. The 

grains in this sample are preferentially aligned horizontally. 

Lamina B: 

Mineralogy: Small carbonate crystals (either calcite or dolomite) are between 10-15% in 

this sample. The grains are anhedral compared to the underlying unit. The sample has 

been heavily micritized, and there is more clay than the previous lamina. Also, the 

“stringy” long back material is not present in this lamina to the same extent. Below the 

dark stringy lamina, there are very rare occurrences of fossil debris. Above the lamina, 

the abundance of fossil debris increases and the sample shows a distinct lighter colour as 

a result. Below the stringy layer are possibly sponge spicules (they are short but 

elongated with no preferential orientation. They are also lighter in colour than the 

surrounding matrix material. The contact with the overlying lamina unit is sharp and 

pyritized with rare pyrite nodules that penetrate into the underlying fabrics. There is no 

preferential alignment in this lamina. 

Lamina C: 

This lamina unit is most similar to unit A. The lithology is very similar. The mineralogy 

is mostly dark orange to brown clasts (20-30%, possibly hematite or magenetite – opaque 

in CROSS POLARIZED LIGHT) that define lamina spaced by much finer grained clay 

lamina with dark black “stringers”. The carbonate minerals are rounded, suggesting that 

they are original to the sediment and not a secondary feature. Replacement calcite is 

formed around the clasts or within the clasts and less commonly in the clay material. 

Fossil debris is much more common in this lamina, with elongated shell debris gaining 

abundance towards the top of the unit. There is possibly some bioturbation. The 
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bioturbation is ovoid, with differential fill that consists of larger grains possibly lining the 

burrow. Burrow appears to be parallel to bedding surfaces. The contact with this unit is 

undulatory with corrosive cement that penetrates into the overlying lamina and has 

completely replaced peloids at the base of the unit with micrite. 

Lamina D: 

Grain supported peloids (90%) with sparry calcite that replaced the void spaces in this 

sample. The peloids have no internal structure, ovoid in structure and less than 5 units in 

diameter. There is some other fossil debris (5%) strewn through out the unit. An algal 

mat that is partially removed defines the contact between this lamina and the overlying 

lamina. The contact is sharp and undulatory. 

Lamina E: 

This lamina is contains the most abundant fossil debris (>30%), the majority of which is 

trilobite pieces. There appear to be some ovoid features that could be burrows backfilled 

with hematite or magnetite (?). The larger grains through out this lamina grains are very 

similar to the peloid lamina directly below and could represent more energetic 

environments where the peloids are being picked up and moved to lower energy 

environments where they are deposited. The trilobite pieces are oriented parallel to 

bedding planes. The matrix material is fine-grained clays and euhedral rhombs of calcite 

and dolomite through out. Peloids seem to be less well oriented with lamina in this unit. 
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20120324 (216.35 – 216.38 m) 

1. Lithology 

Mixed siliceous-carbonate mudstone. 

2. Texture 

The sample is well cemented throughout even though it exhibits 4 different textures in the 

sample. The bottom-most section is a black mudstone with no distinguishable features 

that is in sharp contact with the overlying unit. The next unit is a fine sand to silt unit 

with linear pinch and swell lamina. The middle unit is possibly a sediment gravity flow 

with black mudstone (?) rip up clasts and algal mats towards the top. The top contact is 

an irregular sharp contact at the top underlying a coarse grained lag. The final unit is 

brachiopod mudstone interbedded with brachiopod wackestone. 

3. Sedimentary Structures 

The uppermost unit contains bimodal ripples. The other units are inclined with 

hummocky (too small scale to tell for sure?) appearance. 

4. Sediment Deformation 

No sediment deformation was observed in this sample. 

5. Fossils and Ichnology 

Brachiopods are very abundant. 

6. Unit Thickness 

The units are 0.25 cm to 1.5 cm. 

7. Colour 

Black, light grey, light brown, grey and black and light grey. 

8. Ichnology 

No ichnology observed in this sample. 

9. Organic Matter 

Low. 

10. Other 
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No thin section. 



Appendix A.1: (from top left): MacIntyre-1 20120151, 20120152, 20120153, 20120154.
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Appendix A.2: (from top left): MacIntyre-1 20120155, 20120156, 20120157, 20120158.
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Appendix A.3: (from top left): MacIntyre-1 20120159, Owen-2 20120247, 20120248, 
20120249.
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Appendix A.4: (from top left): Owen-2 20120250, 20120251, 20120252, 20120253.
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Appendix A.5: (from top left): Owen-2 20120254, 20120255, 20120256, 20120257.
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Appendix A.6: (from top left): Owen-2 20120258, 20120259, 20120260, 20120261.
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Appendix A.7: (from top left): Owen-2 20120262, 20120263, 20120264, 20120265.
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Appendix A.7: (from top left): NTGS 99/1 20120205, 20120206, 20120207, 20120211.
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Appendix A.8: (from top left): NTGS 99/1 20120212, 20120213, 20120214, 20120313.
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Appendix A.9: (from top left): NTGS 99/1 20120314, 20120315, BMR Mount Isa 
20120316, 20120317.
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Appendix A.10: (from top left): BMR Mount Isa 20120318, 20120319, 20120320, 20120321.
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Appendix A.11: (from top left): BMR Mount Isa 20120322, 20120323, 20120324.
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