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Abstract 

Detailed sedimentological and geochemical studies have been undertaken to 

establish the depositional history of the Lower Permian source rocks on the Cadda 

Terrace, northern Perth Basin, and assess the role of depositional and diagenetic 

processes in controlling reservoir quality of the major mudstone-dominated 

successions. These intervals include recognised source rocks of the Irwin River Coal 

Measures (IRCM) and overlying Carynginia Formation that are also under 

consideration by the energy industry as potential unconventional hydrocarbon 

reservoirs.  

 Facies analysis undertaken on diamond drill core from nine Cadda Terrace 

wells defined 16 facies and four facies associations. Limited core from the IRCM is 

composed of heterolithic mudstones and medium to coarse sandstones, interpreted as 

representing a tidally influenced coastal setting with local swamp/marsh development 

(FA4). For the Carynginia Formation, a shallow marine depositional setting is indicated 

by common and diverse trace fossils. Sandstone-dominated facies (FA1) represent a 

mid to lower shoreface setting, heterolithic sandstones and siltstones with prominent 

bioturbation (FA2) represent the offshore transition, and organic- and pyrite- rich 

claystones and siltstones (FA3) represent the inner shelf. Major diagenetic processes 

and textural relationships were used to develop a paragenetic sequence consisting of 

mechanical compaction, pyrite framboid development, precipitation of quartz 

overgrowths, local calcite cementation and rims, two stages of illitisation, and 

development of a second minor phase of quartz overgrowth cement.  

 Illite and mixed layer iliite/smectite are the dominant clay minerals in Carynginia 

mudstones that are classified geochemically as silica-rich argillaceous mudstones to 

clay-rich siliceous mudstones. Principal Component Analysis (PCA) was used to define 

six groups of significant element-mineral associations, most notably a clay minerals 

group and a heavy minerals group, and Si independent from these groups. Thirteen 

chemozones are defined from chemostratigraphic analysis of two important wells, and 

these display variations in elements associated with clay minerals (e.g. Al2O3, K2O and 

Rb). Elemental changes are recognised in claystones that are not visible in core. 

Chemozones and gamma-ray responses have been integrated to establish major 

flooding surfaces in uncored wells, including the maximum flooding surface (MFS) of an 

overall 2nd order transgressive system tract. Increased TOC is associated with this 

MFS in Woodada Deep 1. 
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K-Ar and Rb-Sr radiogenic dating of authigenic illite clay minerals identified 

several thermal events. The oldest ages (~272–245 Ma) coincide with Middle Permian 

to Middle Triassic Postrift I. Multiple thermal events are recognised within the Late 

Triassic to Early Jurassic Synrift II phase (~216, 203, 193, 185, and 169 Ma) and are 

interpreted as the onset of rifting and associated fault reactivation on the Darling Fault 

where renewed pore-water flow initiated authigenic illite crystallization. Early 

Cretaceous ages (~138–124 Ma) are consistent with dated igneous rocks in the Perth 

Basin that record magmatism associated with the final separation of Greater India from 

Australia. 

 Source rock evaluation places both formations in the immature–mid oil–dry gas 

window for hydrocarbon generation with Ro ranging from 0.82% to 3.82% for the IRCM, 

and 0.53% to 2.78% increasing to the east in the Carynginia Formation. Both 

formations contain Type III kerogens and TOC ranges on average 2.13–4.33%. They 

also attain considerable thickness on the Cadda Terrace (79–260 m) and comprise 

~50% brittle minerals ideal for fracture stimulation. The Carynginia Formation displays 

similar mineralogical composition and organic geochemistry to well known shale gas 

resources elsewhere including the Woodford/Barnett (USA) and Longmaxi (China) 

systems further supporting its potential as a shale gas resource. 
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Chapter One  

Introduction 

 

1.1 Project Significance 

With the steady decline in global conventional oil and gas resources, current 

exploration is focusing on discovering alternative petroleum plays (Bustin, 2005; 

Durham, 2007; Energy Information Adminstration (EIA), 2013; Department of Industry, 

Innovation and Science, 2016, EIA, 2020). Extraction of petroleum resources is 

strongly controlled by economic factors and thus low permeability systems containing 

oil or gas, that require additional effort to produce, have been historically considered 

uneconomic (Hefley and Wang, 2014; Mason et al., 2015). However, more favourable 

economic conditions and new or refined technological advances, e.g. in drilling, 

stimulation and completion mean that some of these resources are becoming 

increasingly viable (Cook et al., 2013).  

Unconventional reservoirs are those that require special stimulation and/or 

production techniques to produce at economic quantities, and include reservoirs such 

as tight-gas sands, gas and oil shales, coalbed methane, heavy oil tar sands and gas-

hydrate deposits (Hamblin, 2006; Ma, 2016; Wang et al., 2016). Unconventional gas 

may be contained in laterally continuous, organic-rich mudrocks (shales) and stored as 

methane adsorbed onto organic material and/or clays, or as free gas in pore spaces 

(Schmoker, 1994; Law and Curtis, 2002; Griffin, 2009). These shale-gas systems have 

been a major exploration focus following success in the Permian ‘shale basins’ of the 

United States (Pollastro, 2007; Ratner and Tiemann, 2014).  

Exploration and production operators in Australia, Argentina and China have 

contributed to the growth of unconventional gas resources outside of the United States 

(WEC, 2016; Fig. 1.1), and now unconventional gas contributes significantly to the 

global natural gas supply (Fig. 1.2). For example, Brazil reports high unconventional 

gas potential, being in the global top ten with estimated reserves of around 6.9 trillion 

m3 (EIA, 2011, EIA, 2013) and, since 2013, the Brazilian Government has increased 

bidding for exploration tenements in major shale-gas regions in the Paraná Basin 

(Lehnard et al., 2018). China has reported recoverable reserves of shale gas between 

10 to 32 trillion m3 (Ma et al., 2018) and China’s increase in exploration and 
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development of its shale resources has led to it attaining industrial production, the third 

country to achieve this status, after the United States and Canada (Liu et al., 2018). It 

is estimated that production in China will reach 30 billion m3 by 2020, and 80–100 

billion m3 by 2030 (Liu et al., 2018). These successes, alongside the unconventional 

resources identified in Australia, highlight the potential gas supply for the Australian 

region (Australian Energy Resources Assessment, 2019). 

	

	

Figure 1.1 Global shale gas basins, including major shale gas producing regions (Data sourced from 
World Energy Council 2016, BP Statistical Review of World Energy 2019, EIA 2012, FERC).  

	

	
Figure 1.2 Global recoverable reserves of natural gas, showing unconventional resources relative to 
conventional gas reserves (Data sourced from BP Statistical Review of World Energy 2019). 
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In shale-gas systems, reservoirs represent the source, reservoir and seal, often 

referred to as a source-rock reservoir (Fig. 1.3, Curiale and Curtis, 2016). Although 

some gas migrates from the source (that has typically already been recovered via 

conventional producing wells), gas mostly remains in the source rock, both trapped as 

free gas in the rock, and adsorbed onto the organic material or clay minerals. Although 

there is considerable diversity in definitions, traditionally ‘shale’ has been defined as a 

fissile mudrock formed from the compaction of clay or silt-sized grains, and which may 

contain organic material making it a potential source for hydrocarbon generation. In 

shale-gas nomenclature, the term shale does not refer to a specific type of rock and 

instead is used more generally for a range of fine-grained sedimentary rocks (Dong et 

al., 2016; Peters et al., 2016).  

 

 

Figure 1.3 Conventional vs unconventional petroleum reservoirs. In a conventional system, gas migrates 
out from the source rock to a porous reservoir where it is sealed and/or trapped; in an unconventional 
reservoir, permeability is low so gas migration is reduced and in many cases (e.g. coal-seam gas and 
shale gas) the source rock also acts as the reservoir rock. Modified after Griffin (2009). 

 

Gas in unconventional systems is predominantly composed of methane (CH4), 

which has biogenic, mixed or thermogenic components based on the burial and 

thermal history of the basin fill (Fig. 1.4). Biogenic gas is produced at low temperatures 

(close to Earth’s surface) by the decomposition of organic material by anaerobic 

microorganisms (Rice, 1993). Biogenic gas accumulations may be further divided into 

early generation systems and late generation systems that are defined by different 

geological, geochemical and reservoir attributes (Shurr and Ridgley, 2002). Early 
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generation biogenic gas is produced from low permeability rocks soon after deposition 

of the organic material (Rice, 1993), e.g. Qaidam Basin, China (Zhang et al., 2013). In 

contrast, late generation systems are characterised by fractured, organic-rich black 

shales acting as source and reservoir e.g. the Devonian Antrim Shale (Shurr and 

Ridgley, 2002). Gas generation occurs well after deposition of the source rock, allowing 

minimal opportunity for subsequent gas migration as a result of mudrock compaction 

(Griffin, 2009), although there are uncertainties re;ated to mudrock compaction. 

Thermogenic gas is produced at high temperatures deep within the basin (Griffin, 

2009). Thermogenic shale gas originates in a variety of systems, including deeply 

buried and heated shales (e.g. Barnett Shale), lesser buried shales (e.g. parts of the 

New Albany Shale), heterogeneous rock types, and reservoirs with mixed conventional 

and unconventional production (e.g. Woodford Shale). Thermogenic gas may also 

migrate to regions of lower pressure and be found in mixed gas reservoirs, e.g. the 

Karoo Basin, South Africa (Eymold et al., 2018).  

 

 

Figure 1.4 Schematic evolution of organic matter and volatile products with depth, and formation of 
biogenic gas, crude oil and thermogenic gas. Preservation of organic matter is favoured by anoxic 
conditions during diagenesis. Thermal maturity of potential source rock is reached during burial and results 
in effective source rock from which petroleum can migrate. Unconventional reservoirs are source rocks 
with remaining petroleum products, thus becoming the reservoir. Modified from Peters et al. (2005). 

 

Despite successful production in US fields (e.g. reservoired in the Barnett, New 

Albany, Lewis, Eagle Ford and Marcellus Shales), gas production has been 

problematic because of the geological complexity of the reservoirs (e.g. Romero and 

Philp, 2012; De Silva et al., 2015; Speight, 2017). Studies of important shale gas basin-
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fill parameters, such as abundance and type of organic material present, degree of 

burial and heating to form gas, lithology, and natural rock fractures, has shown 

considerable variation (McGlade et al., 2013; Ma, 2016). For example, the US Barnett 

Shale is an organic-rich siliceous shale with a natural fracture system yet these 

fractures are unrelated to productivity (Bowker, 2007; Gale et al., 2007; Speight, 2017). 

It is well established that a range of factors control or at least influence shale-

gas reservoir formation, thus emphasising the importance of holistic characterisation of 

each source/reservoir (Mitra et al., 2010). These factors include depositional controls 

e.g. depositional facies and stratal architecture, stratal thickness and mineralogical 

variations (e.g. Loucks and Ruppel, 2007; Lash and Engelder, 2011) together with 

diagenetic modification (Fig 1.5). Geochemical characteristics (e.g. thermal maturity, 

total organic carbon) and timing of thermal maturation are also critical parameters (e.g. 

Hill et al., 2007; Zhao et al., 2007; Dembicki, 2009; Ross and Bustin, 2008; Rodriguez 

and Philp, 2010; Strapoc et al., 2010).  

The success of shale-gas resources relies on storage and connectivity 

throughout the reservoir (Loucks et al., 2009; Ma, 2016). The typical low permeability of 

shale means that development of natural fractures is highly desirable because they 

may result in the creation or expansion of reservoir capacity and permeability during 

production. Two main processes control fracture development: external tectonic forces; 

and internal pressures associated with the thermal maturation of organic matter to 

bitumen, with the latter creating an interconnected micro-fracture network (Curtis, 2002; 

Griffin, 2009). Typical unfractured shale has very low permeability, < 0.01 mD, and 

needs to be artificially hydraulically fractured (i.e. fracked) to produce gas commercially 

(Curtis, 2002; Gale et al., 2007). Detrital grain alteration and authigenic clay mineral 

growth (e.g. as cement) are processes known to impact rock permeability and 

connectivity (Denney, 2008; Ma, 2011). Rocks rich in large areas of silica or 

carbonates, being more brittle, are more conducive to fracture development compared 

to clay-rich intervals (Fishman et al., 2012; Ma, 2016; Milliken et al., 2017; Milliken and 

Olson, 2017). Cementation in natural fractures may seal them creating barriers to fluid 

flow, and the presence of authigenic clays may be variously problematic depending on 

their composition. For example, water introduced into the system during fracking may 

cause swelling clays (e.g. smectite) to become more ductile impeding further fracture 

development (Wang and Gale, 2009).  
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Figure 1.5 Schematic representation of the complexities and parameters considered in assessing a shale-
gas reservoir. Modified after McGlade et al., (2013). 

 

1.2 Location of Study Area 

Australia remains essentially underdeveloped with respect to unconventional 

gas (Department of Industry, Innovation and Science, 2016), however, there has been 

recent exploration focussing on source rocks in productive petroleum basins, and 

subsequently, unconventional reservoirs are being appraised in Early Permian shales 

and tight sandstones throughout Australia (Cooper et al., 2015). Exploration throughout 

Western Australia has shown prospective unconventional targets in various basins, for 

example, the Goldwyer Formation in the Canning Basin (Alshakhs, 2017), and the 

Carynginia Formation in the northern Perth Basin (Ghori, 2013; Dargahi, 2014). Of 

note, recent conventional discoveries, such as the Waitsia gas field in 2015, 

recognised as the largest onshore discovery in the last 30 years (Tupper et al., 2016), 

show the potential for further major gas discoveries in Australia and more specifically 

the Perth Basin. This project focuses on the northern Perth Basin, a proven petroleum 

region, with production of gas, oil and condensate from conventional reservoirs since 

the 1960s (Hall and Kneale, 1992, Norvick, 2004).  

The Perth Basin is the southernmost of a series of basins along the western 

coast of Australia that formed during the progressive breakup of Gondwana 
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commencing in the late Paleozoic (Fig. 1.6). This rifting also led to the development of 

the basins of the North West Shelf from which the vast majority of Australia’s petroleum 

resources are produced (Symonds, 1993). 

 

 

Figure 1.6 Australia with sedimentary basins and onshore shale play extents outlined in orange and red. 
The extent of Perth Basin is shown in the inset map. Modified from Muir, 2011.  
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1.3 Objective and Aims 

Renewed interest in unconventional resources in the North Perth Basin (NPB)  

has provided an opportunity to undertake a detailed study of the characteristics of 

important potential Early Permian source/reservoir units. Drilling of new wells, and in 

particular core retrieval on the Cadda Terrace on the western side of the basin (Fig. 

1.7), provides an opportunity for focused work in this area.  The objective of this project 

is to establish the depositional history of the Early Permian succession on the Cadda 

Terrace, northern Perth Basin, and to assess the role of depositional processes and 

burial history in controlling reservoir quality of major shale intervals. The project 

compares two important Early Permian stratigraphic intervals, namely the Irwin River 

Coal Measures and the Carynginia Formation in the Woodada region (Fig. 1.8). 

Fulfilling the project objective requires that the following aims be addressed: 

 

1. Logging and sedimentological analysis of selected cored intervals in Woodada region 

wells (including old and new wells) to interpret depositional environments and overall 

depositional system, and its internal stratal heterogeneity. 

2. Inorganic geochemical and petrographic analysis of samples from selected cored 

intervals to characterise the reservoir intervals, including detrital grain and clay 

composition, and cement phases.  

3. Organic geochemical analysis of samples from the two stratigraphic successions (the 

Irwin River Coal Measures and Carynginia Formation) to characterise source rocks in 

terms of gas potential (organic type and content, thermal maturity) and establish any 

relationships between organic geochemistry and facies distribution. 

4. Reconstruct the diagenetic sequence for the investigated wells and apply 

geochronological dating methods (K-Ar and Rb-Sr) to constrain timing of diagenetic 

events. 

5. Synthesise sedimentological and geochemical results to examine controls on reservoir 

quality of NPB ‘shale’ formations including examination of factors intrinsic to these 

formations.  

 



	 9 

 

Figure 1.7 Location map of the northern Perth Basin, including structural divisions, and major producing 
gas fields in the region. The study centres on the Woodada gas field and Cadda Terrace, located 
immediately west of the town of Eneabba. Modified after Mory and Iasky (1996). 

 



	 10 

	

Figure 1.8 West-east cross-section across the northern Perth Basin, intersecting the Cadda Terrace and adjacent terranes. Modified from GSWA, Crostella, 1995 and Song and 
Cawood, 2000. 
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1.4 Methodology 

Current knowledge of the Early Permian stratigraphy in the western region of 

the northern Perth Basin and adjacent onshore areas is only known from subsurface 

exploration. This project ultilises an integrated approach, and data have been 

generated from available subsurface materials. 

 

1.4.1 Sedimentary logging and facies analysis 

Detailed sedimentary logging and sampling was undertaken to characterise 

Early Permian stratigraphic units. Cored intervals from wells located on the Cadda 

Terrace (Woodada Deep 1, Woodada 2, Woolmulla 1, Arrowsmith 1, Arrowsmith 2, 

Jurien 1, Drover 1 and Beharra 2) were logged at 1:50 or 1:100 scale for lithological 

description and facies analysis (Table 1.1, Fig. 1.9) at the the Department of Mines, 

Industry Regulation and Safety (DMIRS) Core Library, Carlisle, Perth.  Core integrity 

from some parts of the older wells were poor, with degraded or missing core, e.g. from 

sampling extensively in the past, or incorrect depths recorded. Poorer quality was 

noted during core logging. 

  Bed thickness, sedimentary structures, texture, composition, diagenetic 

features (notably cements) and biogenic features (body and trace fossil types and 

degree of bioturbation) were recorded on log sheets. Logged sections were divided into 

facies, defined by distinctive physical and biological features (following the 

conventional method of Walker, 1992; Dalrymple, 2010). Facies were grouped based 

on their common associations and used to interpret depositional environment 

(Dalrymple, 2010). Petrographic investigation of mudstones to identify silt vs clay 

proportions and microfossil content was critical for characterising the facies.  

 

1.4.2 Microscopy 

Petrographic analysis was undertaken on 35 samples in Woodada Deep 1 well, 

and 21 samples from Arrowsmith 2 well. Polished thin sections were prepared in the 

Petrology Laboratory at the University of Western Australia (UWA). Fissile mudstones 

were stabilised using epoxy resin prior to preparation. Petrographic work was 

undertaken using a Nikon® Polarizing CiPOL microscope. Photomicrographs of major 

diagnostic features (texture, composition, diagenetic features) were taken with a 

Nikon® camera mounted on the microscope and Nikon® digital image capture 

software. 



	 12 

Table 1.1 Location of wells and cored intervals logged to obtain sedimentological data from the Early Permian Carynginia Formation and Irwin River Coal Measures. Top of formation 
derived from well completion reports. 

 

WELL	
LATITUDE	

	(DD)	

LONGITUDE	

(DD)	
CORE	RUN	 CORE	INTERVALS	(m)	

WELL	TD	
(m)	

TOP	OF	
CARYNGINIA	

(m)	

TOP	OF	
IRCM	(m)	

Arrowsmith 1 -29.611 115.119 3-4 2828–2826; 2816–2811  3446.07 2688.03 2922.42 

Arrowsmith 2 -29.613 115.121 1-2 3050–3005; 2836–2780  3340 2700.1 2949.6 

Beharra 1 -29.485 115.014 1 1823–1815 2055.60 - 1751.08 

Beharra 2 -29.515 115.021 1-2 1712–1704; 1500–1494  1925.12 1446.28 1556.61 

Jurien 1 -30.144 115.048 14 939–935 1025.96 274.02 604.42 

Woodada 2 -29.794 115.154 1 2298–2281 2460 2250 2419 

Woodada 
Deep 1 

-29.834 115.144 1-5 
2542–2533; 2492–2465; 2393–2366; 2289–

2281; 2281–2272 
2552 2232 2519 

Woolmulla 1 -30.023 115.191 13-16 2460–2457; 2295–2294  2811.47 2292.1 2629.81 

Drover 1 -30.077 115.147 1-2 1720–1698 2356 1592 1852 
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The fine grain size of the samples were also examined using a Zeiss® Scanning 

Electron Microscope (SEM) and Energy Dispersive X-Ray Spectrometry (EDS) to 

identify and semi-quantify the types of clay present. 

SEM was used to obtain detailed photomicrographs at high magnification 

(micron to nano-metre scale), and with the use of EDS, to identify very fine grained 

components. Ten samples were prepared for SEM analysis as rock chips. Small rock 

chips with freshly broken faces, approximately 0.5−1 cm in size, were used to ensure 

natural breaks and fractures were as close to the original surface morphology as 

possible. The chips were mounted on metal stubs with carbon tape and coated in 20 

nm of carbon to inhibit particle charging. Two SEMs at the Centre for Microscopy, 

Characterisation and Analysis (CMCA) at UWA were used, namely the Zeiss 55 and 

the TESCAN VEGA3. The EDS utilises AZtec® software by Oxford Instruments for 

analysis and collection of spectra.  

 

1.4.3 Inorganic geochemical analysis 

Powder X-ray diffraction (XRD) data were provided by AWE Ltd from prior 

analysis of samples from cored intervals in Woodada Deep 1 (TerraTek), Arrowsmith 1 

and Woolmulla 1 (Queensland University of Technology). Random powder and clay 

fraction XRD analysis was carried out on eight additional samples from Woodada Deep 

1 in this project. Analysis was carried out in the UWA School of Agriculture and 

Environment on a Philips® PW3020 X-ray diffractometer using a Cu-X-ray tube. 

Sample preparation for random powder analysis involved making pressed powdered 

pellets by crushing the sample, under a force of 1 tonne weight, then grinding into a 

fine powder. XRD analysis was used to determine peaks for clay and non-clay minerals 

by identifying basal spacings (d) and 2-theta for Cu K-alpha radiation. A clay fraction 

was then derived from the sample material, by first concentrating on the destruction of 

organic material in the samples using a solution of hydrogen peroxide and oxidising the 

organic fragments. After the successful removal of organic material, 50 ml of distilled 

water to 2.5 g of sample was combined and left in an ultrasonic bath, where the 

coarser material settled out of suspension. The clay fraction was pipetted onto 

individual clay plates, and saturated first with distilled water, then a MgCl2 saturate. 

After analysing with XRD, the sample was re-saturated with distilled water, and 

saturated with glycerol before reanalysing. Each saturate comprised five washes. For a 

few samples, after removing particularly high organic content, there was not enough 

prepared random powder material left to perform a clay fraction analysis. 
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Figure 1.9 Location of wells used for sedimentological logging and facies analysis, and organic 
geochemical analyses. Refer to Figure 1.7 for geological elements, note location of Jurien township. 
Dongarra is just to the north of the map. Map source: Landgate mapping and geospatial data. 
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A Thermo Fisher Niton® ED-XRF Model GOLDD XL3t portable XRF (pXRF) 

was used to analyse cored intervals to further characterise the geochemical and, 

therefore, mineralogical composition of the facies. Blanks of clean SiO2 and standard 

reference materials (NIST2709a) were analysed using the proprietary soil mode in both 

standard and light element protocol, using a Compton normalisation approach, 

integrated into the manufacturer’s software. When empirical calibration with the 

standard reference materials was completed, Test All Geo mode was used including 

the light filter for silicon detection. The pXRF utilises a miniature X-ray tube with an Ag 

node fitted with multiple filters. Samples are bombarded with X-rays which cause their 

atoms to fluoresce characteristic to their element. Elements with atomic weights lighter 

than Mg (i.e. H to Na) have low energy levels that cannot reach the detectors on the 

pXRF to be measured. 

The grain size of sedimentary rocks fundamentally controls the detrital 

composition and, therefore, the geochemical composition of the rock. This relationship 

indicates the need to compare data of similar grain size (Ratcliffe et al., 2007; Ratcliffe 

et al., 2010; Craigie et al., 2016). Principal Component Analysis was carried out on 

Early Permian datasets derived from pXRF analyses, using the statistical program R, 

and no factor loadings were assigned to any of the samples in the dataset. 

A set of major and trace element analyses were generated by Bureau Veritas, 

Perth, using X-Ray Fluorescence (XRF) and laser ablation inductively coupled plasma 

mass spectrometry (LA-ICPMS). Ten major elements are reported as oxide percent by 

weight (SiO2, Al2O3, Fe2O3, MnO, CaO, MgO, K2O, Na2O, P2O5 and TiO2), twenty-six 

trace elements are reported by ppm (Ba, Co, Cr, Cu, Ga, Hf, Mo, Nb, Ni, Pb, Rb, Sb, 

Sc, Se, Sn, Sr, Ta, Tb, Te, Th, U, V, W, Y, Zn and Zr), and eight rare earth elements 

are reported as ppm (La, Ce, Nb, Sm, Eu, Tb, Yb, and Lu). 

  

1.4.4 Organic geochemistry 

 Organic geochemical data were obtained from AWE Pty. Ltd and open file data 

from DMIRS’ WAPIMS online database  (Fig. 1.9, Table 1.2). Data were sorted by both 

well and formation, and plotted using Rock-Eval parameters as indicators for kerogen 

type, kerogen quality and thermal maturation, and vitrinite reflectance for maturation 

and maturity trends. 
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Table 1.2 Location of wells containing open file organic geochemical data (RockEval analyses, Total 
Organic Carbon, Tmax and Vitrinite reflectance) for the Early Permian succession on the Cadda Terrace. 

 

 

1.4.5 K-Ar and Rb-Sr illite geochronology 

Forty-three samples were collected from cored intervals in wells Arrowsmith 2 

and Woodada Deep 1 targeting the Early Permian succession. Sample preparation and 

geochronological work was undertaken at CSIRO’s laboratories in Kensington, Perth. 

The samples were prepared for clay separation by initially washing the whole rock 

before crushing and disaggregation in a sonic bath. Using Stoke’s Law, the beakers 

were then left for 3 hours and 50 minutes, so all spherical particles >2 μm could settle 

at the bottom. Beakers were marked with a position of 5 cm from the meniscus, and 

material (clay in suspension) was siphoned off up to this mark.  

Representative samples were chosen to undergo radiometric dating. Given the 

importance of identifying authigenic illite for K-Ar dating (e.g. Środoń et al., 2002; 

Clauer et al., 2012), further XRD analyses were needed to determine clay polytype. 

Clay XRD profiles were examined to select ten representative samples for K-Ar dating 

based on: a) clay profile (dominance of authigenic illite to mixed layer illite/smectite); b) 

stratigraphic position; c) overall rock type and facies; and d) location. 

Whole rock random powder XRD analysis was performed on the representative 

samples, followed by random powder clay XRD analysis on < 2 μm size fraction to 

WELL WELL	TD	(m) LATITUDE LONGITUDE ROCKEVAL TMAX TOC VR

Woolmulla 1 2811.48 -30.023 115.191 ✓ ✓ ✓

Point Louise 1 950 -30.04 115.069 ✓ ✓ ✓ ✓

Leaf Cutter 1 1330 -29.852 115.054 ✓ ✓ ✓ ✓

Jurien 1 1025.96 -30.144 115.048 ✓ ✓ ✓ ✓

Cadda 1 2794.71 -30.336 115.215 ✓ ✓ ✓ ✓

Arrowsmith 1 3446 -29.611 115.119 ✓ ✓ ✓ ✓

Gairdner 1 2172 -30.07 115.147 ✓ ✓ ✓

Indoon 1 2257 -29.882 115.153 ✓ ✓ ✓

Woodada 5 2808 -29.771 115.141 ✓ ✓ ✓

Woodada 6 2708 -29.811 115.142 ✓ ✓ ✓ ✓

Woodada Deep 1 2552 -29.834 115.144 ✓ ✓ ✓ ✓

Woodada 19 2844 -29.864 115.138 ✓

Mt Bridge 1 3416 -29.6 115.115 ✓

Peron 1 2601 -29.951 115.161 ✓
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determine illite polytype and the presence of detrital 2M illite in the clay. Samples were 

then further separated to obtain finer sized fractions (1–0.5 μm, 0.5–0.2 μm, 0.2–0.1 

μm, and <0.1 μm), using a centrifuge. Further XRD analysis was completed on these 

finer fractions as random powdered samples, to check illite polytype (i.e. the presence 

of only authigenic 1M illite). SEM was also used to help determine clay polytype and 

mineral composition of fine fractions (e.g. Na was detected ralted to salt in certain 

samples). 

 Samples were selected for Rb-Sr based on illite polytype and sample quantity. 

Rb-Sr analyses were performed at the University of Queensland’s Radiogenic Isotope 

Facility.  

 

1.5 Thesis Organisation 

This introduction is followed by a review of the tectonic evolution and stratigraphic 

framework of the Perth Basin in Chapter 2. Subsequent chapters (3-7) present the 

main results from this study. All references are compiled at the end of the thesis. The 

thesis layout is as follows: 

Chapter 3 presents sedimentological analysis of cored sections intersected in 

the Woodada gas field region (Cadda Terrace and Beagle Ridge; Fig. 1.7). Facies 

analysis is used to establish depositional settings, and the intervals are further 

characterised using compositional and geochemical data. 

Chapter 4 presents inorganic geochemical characterisation of the Early Permian 

strata, including mineral composition, chemostratigraphy of macroscopically 

homogenous cored intervals, and presents element–mineral relationships utlilising 

portable XRF datasets. 

Chapter 5 discusses diagenesis in wells Woodada Deep 1 and Arrowsmith 2, 

and controls on diagenetic processes and reservoir quality. 

Chapter 6 presents the results of K-Ar and Rb-Sr radiogenic dating of authigenic 

illite and discusses their interpretation and the timing constraints on the thermal events 

that have occurred in the northern Perth Basin.  

Chapter 7 presents a review of the bulk organic geochemistry of petroleum 

source rocks in the region, a synthesis of organic matter quantity and quality, thermal 

maturation data, and relationships to the depositional controls identified in Chapter 3. 
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Chapter 8 discusses chemostratigraphy within a facies framework, and how 

elemental proxies and gamma-ray logs can be used to interpret sequence stratigraphy 

in fine-grained mudstones. An evaluation of the Cadda Terrace for shale gas potential 

is given, including implications for the northern Perth Basin. Finally, the results of this 

study are compared to global shale-gas reservoirs including implications for shale 

basin development and petroleum exploration.  

Chapter 9 summarises the main conclusions of this study with recommendations 

for future research. 

Appendices are presented at the back of this thesis (A-H) and include data not 

presented in the thesis chapters, including raw data. These comprise logged 

sedimentological data, raw pXRF data, photomicrographs and descriptions from 

Woodada Deep 1 and Arrowsmith 2, SEM micrographs and accompanying EDS 

analyses, XRD profiles for Woodada Deep 1 and Arrowsmith 2, including random 

powder whole rock, oriented clay, and clay polytype analyses, and Hylogger® spectral 

data for Woodada Deep 1 and Arrowsmith 2. 
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Chapter 2  

Regional Geology 

 
2.1 Introduction 

This chapter presents an overview of the tectono-stratigraphic history of the 

Perth Basin with emphasis on the northern part of the basin. Structural elements of 

the basin are described followed by a summary of the depositional history of the 

northern Perth Basin. A brief discussion on the primary source rocks of the Cadda 

Terrace is also presented in this chapter. 

The Perth Basin is located on the Western Australian continental shelf to 

onshore, and comprises a deep, north-trending, elongate basin that extends from 

Geraldton southwards over a distance of ~1000 km (Fig. 2.1). The basin comprises 

both onshore and offshore components, occupying areas of 45 000 km2 and 98 000 

km2 respectively (Boreham et al., 2000).  The basin fill is up to 15 km thick and 

ranges in age from Carboniferous to Pleistocene (Baillie et al., 1994; Mory and 

Iasky, 1994; Mory and Iasky, 1996). The onshore section is bounded by the Darling 

Fault in the east, which divides the basin from the Archean Yilgarn Craton. The 

basin extends westward offshore where it is bounded by Early Cretaceous oceanic 

crust of the Perth Abyssal Plain (Fig. 2.1). In the southwest, a narrow belt of 

Neoproterozoic gneisses and granulites of the Leeuwin Complex (Collins, 2003) 

bounds the basin to the west. A shallow ridge of basement rock from the 

Northhampton Complex (Fig. 2.1) partially separates the northern Perth Basin from 

the Carnarvon Basin to the north (Norvick, 2004; McPherson and Jones, 2005). The 

basin is informally divided into the northern, central and southern portions. This 

study focuses on the onshore northern Perth Basin (NPB), which spans the latitudes 

29°S and 31°S (Fig. 2.1). 

The onshore northern Perth Basin is subdivided into 13 structural units (Fig. 

2.2) including the Dandaragan and Coomallo Troughs, Beagle Ridge, Allanooka 

High, Greenough Shelf, and the Barberton, Beharra Springs, Cadda, Dongara, 

Donley Creek, Irwin and Yarra Yarra Terraces (Mory and Iasky, 1996). This study 

focuses on the Cadda Terrace located on the eastern margin of the Beagle Ridge, 

south of the Abrolhos Transfer (Fig. 2.2). The eastern side of the terrace is defined 

by the Coomallo Fault adjacent to the Coomallo Trough. The southern extent of the 
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Cadda Terrace is poorly defined because it is overlain by post-rift Cretaceous rocks. 

A series of en echelon faults progressively step away from the Beagle Ridge with 

the depth to basement increasing in an easterly direction (Mory and Iasky, 1996). 

 

 

 

Figure 2.1 Geological maps showing the location of major sedimentary basins nationwide, with a focus 
on Western Australia and the Perth Basin. The Perth Basin is located in southwestern Australia and 
bounded to the east by the Darling Fault. Inset box shows the main structural components of the Perth 
Basin. Modified after Dillinger et al., 2018. 
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2.2 Tectono-stratigraphic evolution  

Basin architecture is controlled by three major north–northwesterly trending 

fault zones in the onshore section of the Perth Basin, namely the Darling Fault 

system, Eneabba Fault System, and Beagle Fault system (Fig. 2.2). Mory and Iasky 

(1996) interpreted these as the main growth fault systems involved in the formation 

of the basin. Normal faults intersect east striking transfer faults where, in the 

northern limits of the basin (north of 29°S), they terminate (Song and Cawood, 

1999). 

During the Late Paleozoic–Mesozoic, the breakup of the Gondwanan 

supercontinent commenced with the separation of Australia from Greater India. On 

the northwestern and western margins of Australia, most interpretations indicate 

rifting with extension in a NW to NNW direction, oblique to the later stage rifting of 

the Gascoyne, Cuvier and Perth Abyssal Plains (Stagg et al., 1999). This earlier 

tectonic phase caused crustal extension and subsidence associated with N–NNW-

trending normal faults to form the Perth Basin (Royer and Coffin, 1992; Stagg et al., 

1999). Interpretations from multiple tectonic episodes, progressive separation of 

fault blocks, and reactivation of dip-slip faults indicate that two separate stress 

regimes operated along this margin (e.g. Iasky et al., 1991; Quaife et al., 1994; Mory 

and Iasky, 1996; Song and Cawood, 1999).  

A sinistral transtensional regime developed in the Permian–Triassic, with 

extension oriented W/SW–E/NE, and established the main structural trends in the 

basin. The existing north-trending structural grain was reactivated, as a result of 

weakened Archean basement (Byrne and Harris, 1992; Harris, 1994). During the 

Jurassic–Early Cretaceous, a NW-SE extensional regime produced a transtensional 

setting. This rift phase culminated in the separation of Greater India from Australia, 

with the closure of the Neothethys Ocean and subsequent birth of the Indian Ocean 

(Thomas, 2014). Consequently, the Perth Basin comprises a series of ridges, 

terraces and troughs, bounded by N-trending normal faults and NW-trending 

transfer zones (Owad-Jones and Ellis, 2000). 

Rifting created accommodation for deposition of Carboniferous–Cretaceous 

sediments in non-marine to shallow marine settings in the onshore Perth Basin 

(Crostella and Backhouse, 2000). During rifting, basin subsidence varied with the 

Permian succession thickest in the south, the Triassic succession thickest in the 

central part of the Perth Basin and the Jurassic succession thickest in the northern 

Perth Basin (Crostella and Backhouse, 2000). This contrasts with the offshore 
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component of the Perth Basin where depocentres are progressively younger from 

east to west (Rollet et al., 2013).  

 

 

Figure 2.2 Detailed structural map of the northern Perth Basin, showing different Perth Basin terranes 
and structural components. Western Australia abbreviated to W.A. Modified after Mory and Iasky, 
1996. 
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Provenance studies using U/Pb dating from detrital zircons obtained from the 

Permian sandstones show that sediments were derived from multiple southerly 

sources including the Mesoproterozoic–Neoproterozoic Albany Fraser Orogen, the 

Leeuwin complex and Wilkes Land in East Antarctica (Cawood and Nemchin, 2000; 

Veevers et al., 2005). This suggests that the Perth Basin contained a variety of 

uplifted blocks with longitudinal supply of material from the south (Cawood and 

Nemchin, 2000), and distant Antarctic terranes possibly contributed sediment via the 

Conger Fault, an extension of the Darling Fault (Dillinger et al., 2018). U-Pb dating 

of detrital zircons from the eastern side of the basin (Irwin Terrace, Fig. 2.2) indicate 

additional sources in the Yilgarn Craton with south-directed transport along that 

basin margin (Dillinger et al. 2018) with strong control on accommodation and 

sediment supply related to active extension (Dillinger et al. 2018; Olierook et al., 

2019a). 

Rifting ceased in the Early Cretaceous with the onset of sea-floor spreading 

and associated extrusion of the Bunbury Basalt in the southern Perth Basin 

(Crostella and Backhouse, 2000; Thomas, 2014). There are difficulties in 

interpreting post-rift Cretaceous stratigraphy in the onshore Perth Basin as a result 

of limited onshore seismic data, and poor quality of existing data from the absorption 

of seismic energy by shallow limestone in the region (Crostella and Backhouse, 

2000). However, offshore data indicates that most faults are truncated by the Lower 

Cretaceous unconformity (Song and Cawood, 2000).  

 

2.3 Lithostratigraphy  

Biostratigraphic correlations used in the NPB are largely based on the 

Western Australian spore-pollen zonation (e.g. Playford et al., 1976; Monteil, 2006; 

Jorgensen et al., 2011). In the Carboniferous, initial rifting phases had established a 

north trending basin, into which the glaciogenic Nangetty Formation was deposited 

(G. maculosa to P. confluens zones: Fig. 2.3). A major sea-level rise during the 

Sakmarian (P. confluens to P. pseudoreticulata zones) led to deposition on a 

proglacial marine shelf in the northern part of the basin (Holmwood Shale; Haig et 

al., 2014). Overall relative sea-level fall and progradation led to deposition of 

sediments in a shallow marine setting, typically interpreted as fluvio-deltaic (High 

Cliff Sandstone, S fusus zone and Irwin River Coal Measures, M. trisina zone; Haig 

et al., 2014). The Irwin River Coal Measures comprise alternating sandstones, 

mudstones, rare conglomerate, and coal interpreted to record cool–temperate 
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coastal peat bogs in the area (Eyles et al., 2006). In the southern Perth Basin, a 

fluvial to coal swamp setting prevailed through the Sakmarian, as evidenced by 

deposition of the Sue Group (Cadman et al., 1994; Crostella and Backhouse, 2000). 

 

 

Figure 2.3 Carboniferous to Lower Cretaceous lithostratigraphic framework of the northern Perth 
Basin, including major source, reservoir and seal intervals, alongside tectonic history. Chart modified 
from Mory and Iasky, 1996, using GSWA lithostratigraphy and Australia biostratigraphy and Australian 
spore-pollen zonation from Eyles et al., 2002; Jorgensen et al., 2011 Haig et al., 2014; Playford, 2015; 
Mory et al., 2015. 
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A major sea-level rise in the late Artinskian led to deposition of the shallow 

marine Carynginia Formation (upper M. trisina to M. villosa zones, Mory & 

Backhouse 1997). The Carynginia Formation comprises dark jarositic, micaceous 

and carbonaceous mudstone, and fine to coarse quartz sandstones and minor 

conglomerate. Hummocky cross-stratification in heterolithic and sandstone facies 

indicate evidence of storm events (Mory and Iasky, 1996; Haig et al., 2017). 

Warming during the late Artinskian is suggested by the presence of large 

dropstones near the base of the Carynginia Formation (composed of shallow marine 

facies, e.g. Haig et al., 2017), however, no dropstones have been observed in the 

upper unit.  

Syn-rift deposition included an alluvial fan deltaic system that spread 

westward from the Darling Fault into the northern extent of the basin, and 

associated marine deposits, to form the Wagina Sandstone and Beekeeper 

Formation (previously referred to as the Carynginia Limestone)1. Regional uplift 

immediately after cessation of rifting in the Middle Permian marked the end of syn-

rift deposition and resulted in a major angular unconformity and partial erosion of the 

Beekeeper and Carynginia Formations (Norvick, 2004; Jones et al., 2011). 

Early Triassic rifting established a series of en echelon rifts and shallow 

basement highs in the northern region of the basin. Concurrent sea-level rise 

initiated a widespread marine transgression where basal Triassic transgressive 

sandstones were deposited in a number of environments, ranging from shallow 

marine, estuarine, and fluvial (Cadman et al., 1994; Haig et al., 2015), including 

deposition of a major oil source rock, the Kockatea Shale (Mory and Iasky, 1996; 

Thomas et al., 2004; Thomas and Barber, 2004; Haig et al., 2015). The Kockatea 

Shale contains an organic-rich basal mudstone that acts as both major source rock 

and seal in the northern Perth Basin (Summons et al., 1995; Boreham et al., 2001; 

Grice et al., 2005). The fluvial Lesueur Sandstone overlies the Kockatea Shale and 

thickens towards the southeast interpreted as accommodation controlled by 

movement on the Darling Fault at that time (Mory and Iasky, 1994). 

Widespread sedimentation during the Early Jurassic produced a thick 

succession of fluvial coal-bearing sandstones and mudstones (Cockleshell Gully 

Formation), with the exception of a minor marine incursion that produced the Cadda 

																																																								
1 Consequently, when reviewing historic data from the area, the ‘Carynginia Formation’ referred to in 
historic reports is actually a different stratigraphic interval to the Carynginia Formation focused on in 
this study. Lithostratigraphic revision of the northern Perth Basin now defines the Carynginia Formation 
as Lower Permian, whereas the Beekeeper Formation (the old Carynginia Limestone member) is 
Middle to Upper Permian (Fig. 2.3). 
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Formation in the northern and central parts of the Perth Basin (Fig. 2.3; Playford, 

1976; Mory and Iasky, 1996). A thick succession (3–4 km) of fluvially deposited 

sediments in the central Perth Basin records subsidence of the Australian passive 

margin in the Triassic to Jurassic (Olierook et al., 2014; Timms et al., 2015). During 

the Middle Jurassic, large quantities of coarse, poorly sorted sand, derived from the 

elevated Yilgarn Craton, accumulated in subsiding depocentres (Yarragadee 

Formation; Cadman et al., 1994). 

After further rifting in the Lower Cretaceous, a period of uplift and erosion 

produced the breakup unconformity (Falvey and Mutter, 1981), indicating cessation 

of rifting and final separation of Australia and Greater India (Hall and Kneale, 1992). 

Cenozoic sedimentation occurred under stable, open marine conditions with 

sandstones, calcareous mudstones and shelf carbonates deposited in the Vlaming 

and Abrolhos sub-basins (Cadman et al., 1994). 

 

2.4 Source Rocks of the northern Perth Basin 

Three major source rock intervals have been identified in the North Perth 

Basin (NPB) from geochemical analyses of TOC and RockEval parameters 

(Summons et al., 1995; Boreham et al., 2001; Thomas and Barber, 2004; Grice et 

al., 2005; Jones et al., 2011; Rollet et al., 2013; Cooper et al., 2015). These are the 

Lower Permian Irwin River Coal Measures, the overlying Carynginia Formation, and 

the Lower Triassic Kockatea Shale (Fig. 2.3). This study focuses on the Permian 

formations, however, the Kockatea Shale is also briefly reviewed in this chapter for 

comparison.  

 

2.4.1 Irwin River Coal Measures 

The Irwin River Coal Measures (IRCM) on the eastern side of the NPB 

formed in a series of fluvial–tide-dominated shallow marine depositional settings 

(Dillinger et al., 2018, Dillinger and George, 2019). Previous work proposed deltas 

prograding into cold–temperate marine embayments associated with the glacial 

retreat of the Gondwanan ice sheet (Le Blanc Smith, 1993; Mory and Iasky 1996). 

The flora associated with the Irwin River Coal Measures contains a high proportion 

of herbaceous plants supporting a lower delta plain to coastal setting (McLoughlin, 

1993). The Irwin River Coal Measures contain abundant, lenticular coal (ranging 

from anthracite to brown coal) and carbonaceous mudstone. The thickness of the 
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coal measures across the basin is hard to ascertain because of the excessive 

depth, but is up to 266 m offshore (Rollet et al., 2013). The net thickness of the 

prospective source intervals (i.e. coal and carbonaceous mudstones) ranges from 

20–150 m. Rock-Eval analyses gathered from well completion reports and 

geochemical public domain data have been compiled in the past by Thomas and 

Barber (2004), Jones et al., (2011), and Cooper et al., (2015). From these data, the 

IRCM varies widely in organic content, ranging from 1–70% TOC, averaging around 

6%, with more than 80% of samples showing TOC >2%. Hydrogen indices are 

typically ~100–200, indicating Type III kerogens and a terrigenous source (Thomas 

and Barber, 2004). The unit is mature for gas and overmature for oil across the 

much of the basin. An elevated geothermal gradient on the Cadda Terrace 

(40°C/km) has been identified and attributed to a thermal event related to rifting in 

the Early Cretaceous (Tupper, 1993; Ghori, 2008).  

 

2.4.2 Carynginia Formation 

Scott (1994) and Grice et al., (2005) proposed a stratified water-column 

model for the accumulation of organic-rich sediments in both the Carynginia 

Formation and Kockatea Shale (Fig. 2.4). Irregular topographic surfaces developed 

in many areas during Permian–Triassic rifting that, combined with high relative sea 

levels, led to anoxic conditions (Scott, 1994). An increase in the spinose acritarchs 

towards the top of the formation indicate that marine conditions became less 

restricted in the latter stages of deposition (Backhouse, 1993). A more recent study 

by Haig et al. (2017) found foraminifera in the upper Carynginia (Woodada Deep 1 

well) also supporting more open conditions. 

The majority of the Carynginia Formation consists of mudstone, with minor 

sandstone. The thickness across the basin averages 300 m, with the net source 

rock thickness varying between 50–300 m. Organic content is high, typically ~2–5% 

TOC (Thomas and Barber, 2004), and averaging 2.4% (Cooper et al., 2015). Up to 

11.4% TOC has been measured in parts of the basin (Cadman et al., 1994). 

Potential yield has been measured at 2.2%, suggesting the presence of high 

proportions of inert kerogens, and this is also reflected by low hydrogen indices, 

<100, which indicates gas-prone Type III organic matter (Tupper, 1993; Thomas and 

Barber, 2004; Cooper et al., 2015). The USGS has documented the presence of 

terrigenous inertinite and vitrinite in a Carynginia mudrock sample with TOC of 2.75 

wt.% and VRo of 1.25% (USGS Photo Atlas 26). Vitrinite reflectance has been 
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measured between 1.5 and 4.6% in the southern part of the Cadda Terrace 

(Thomas, 2014). Local variations are present, particularly in the southern Perth 

Basin, a result of increased marine influence (Cooper et al., 2015).  The sequence is 

mature over the southern extent of the Beagle Ridge and Dandaragan Trough, with 

the most mature section located on the Cadda Terrace, associated with the elevated 

geothermal gradient. To the north and west, where the formation approaches the 

surface, it becomes immature for gas, but enters the oil window (Tupper, 1993).  

 

 
Figure 2.4 Simplified existing stratified water column model for Perth Basin source rock accumulation. 
Conifers indicate terrigenous input. Modified after Scott (1994). 
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2.4.3 Kockatea Shale 

Scott (1994) recognised elevated quantities of land-derived higher plant 

material in the Hovea Member of the Kockatea Shale and Grice et al., (2005) 

identified aromatic biomarkers associated with a green sulphur bacterial source, 

indicating that anoxic conditions prevailed at the time of deposition. In modern 

settings, green sulphur bacteria has been associated with anaerobic zones in 

stratified lakes, or with restricted water circulation in shallow marine settings, and 

similar conditions have been inferred for local environments in the Early Triassic 

(Grice et al., 2005). While photic zone euxinia has been inferred from biomarker and 

isotopic analyses in parts of the Kockatea Shale (Thomas and Barber 2004; 

Thomas et al., 2004; Grice et al., 2005), similar analyses have not been undertaken 

on the Lower Permian Carynginia Formation. The Kockatea Shale is composed 

almost entirely of mudstone, with sandstone beds increasing in quantity and 

thickness up-section (Haig et al., 2015). It is thickest in the northern Perth Basin 

where it ranges from 300–1100 m, with the depocentre located in the central–

southern region of the Cadda Terrace. Variation in thickness of the Kockatea Shale 

was likely controlled by local sedimentation rates and movement along the Mountain 

Bridge and Beagle Faults (Mory and Iasky, 1996).  

The basal Kockatea Shale, known as the Hovea Member, is characterised 

by organic-rich shales (TOC 1–5%) and is oil prone with hydrogen indices up to 800 

(Thomas and Barber, 2004; Cooper et al., 2015). However, hydrogen indices 

average 300, and indicate Type II/III kerogens, with rare Type I organic material 

present (Thomas and Barber, 2004; Cooper et al., 2015). The USGS documented 

some vitrinite, inertinite and solid bitumen in a Kockatea Shale sample with BRo of 

1.85% and TOC of 3 wt% (USGS Photo Atlas 66). This contrasts with the middle 

and upper Kockatea Shale, which are organically lean (TOC <0.5%) and have no 

significant source potential (Thomas and Barber, 2004). Thus maturity and timing of 

hydrocarbon expulsion has been shown to vary widely across the basin (Tupper, 

1993; Thomas and Barber, 2004; Rollet et al., 2013). Thomas and Barber (2004) 

suggest that, in the onshore northern Perth Basin, oil expulsion from the Hovea 

Member of the Kockatea Shale was coincident with gas generation from the 

Permian Irwin River Coal Measures, and occurred in the Late Jurassic to Early 

Cretaceous. 
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Chapter Three 

Paleoenvironmental analysis 
 

3.1 Introduction 
This chapter presents new sedimentological and petrographic data from the 

Artinskian–Kungurian Irwin River Coal Measures and Carynginia Formation of the 

Cadda Terrace in cored intervals from several wells in the key fields (Table 1.1, Fig. 

1.8; Fig. 2.3). The emphasis in this chapter is on i) petrographic characterisation and ii) 

facies analysis to determine paleoenvironments especially for the Carynginia 

Formation. Detrital composition and degree of mm-scale layering have been shown to 

be significant parameters contributing to the geomechanical characteristics of 

mudstone (e.g. Loucks and Ruppel, 2007; Lazer et al., 2015; Guo et al., 2016; Hupp 

and Donovan, 2018; Zheng et al., 2018), which affect unconventional reservoir 

potential. Identification of organic-rich packages is important for both targeting areas of 

high gas potential and areas susceptible to fracturing (Mitra et al., 2010). Combined 

sedimentary facies analysis and mineralogical studies in the Perth basin have already 

been used to successfully aid in assessment and exploration for aquifers (Timms et al., 

2015) and CO2 sequestration (Olierook et al., 2014), demonstrating the potential of this 

approach. 

Numerous studies in prospective and producing US unconventional shale 

basins (e.g. Barnett Shale, Loucks and Ruppel, 2007; Pollastro et al., 2007; Marcellus 

Formation, Lash and Engelder, 2011; Wang and Carr, 2013; Kohl et al., 2014; Pearsall 

Formation, Hackley, 2012; Eagle Ford Shale, Fairbanks et al., 2016) have shown the 

importance of understanding the unique depositional history of individual basins, in 

order to understand the petroleum systems. Facies interpretations from a number of 

shale gas reservoirs have led to new advances in understanding the complexity of 

organic mudstone depositional processes. For example, although commonly 

interpreted as having been deposited in a low energy, anoxic environment (Didyk et al., 

1978; Tourtelot, 1979), mudstone intervals may have accumulated in environments 

influenced by periodic current activity and bioturbation, indicating at least dysoxic 

conditions (Schieber, 2009; Egenhoff and Fishman, 2013). Additionally, studies of 

Cenomanian–Turonian organic-rich mudstones of the Albertan-sector of the Western 

Interiors Seaway featuring abundant bioturbation and in situ bivalves have indicated 

that widespread bottom water anoxia was not persistent at the time of deposition and 
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that, instead, rapid burial exceeded organic carbon oxidation in surficial layers (Percey 

and Pederen, 2019).  

 

3.2 Methods 

3.2.1 Petrography and Scanning Electron Microscopy (SEM) 
Petrographic analysis was undertaken on 35 samples of the Carynginia 

Formation, from Woodada Deep 1, and 21 samples from Arrowsmith 2. Polished thin 

sections were prepared at the University of Western Australia (UWA) in the Petrology 

Laboratory by Frank Nemeth (Petrology Technician). Coloured impregnation (blue) was 

used for porosity ID in sandstones. Fissile mudstones were stabilised using epoxy resin 

prior to preparation. Conventional petrographic work was undertaken using a Nikon 

Eclipse Ci polarizing microscope. Photomicrographs of major diagnostic features 

(texture, composition, diagenesis) were taken using a Nikon camera mounted on the 

microscope using Nikon digital image capture software (NIS Elements®) in the 

Sedimentology Laboratory in the School of Earth Sciences.  

Scanning Electron Microscopy (SEM) was used to complement petrographic 

work by obtaining detailed photomicrographs at high magnification (micron to nano-

metre scale), and with the use of Energy Dispersive X-Ray Spectrometry (EDS), to 

identify and semi-quantify very fine-grained components, i.e. clays, by their spectra. 

Ten samples were prepared as mounts for SEM analysis. Small rock chips with freshly 

broken faces, approximately 0.5−1 cm in size, were used, to ensure natural breaks and 

fracturing remained as close to the original surface morphology as possible. The chips 

were mounted on metal stubs with carbon tape and coated in 20 nm of carbon to inhibit 

particle charging. Two SEMs at the Centre for Microscopy, Characterisation and 

Analysis (CMCA) at UWA were used, namely the Zeiss 55 and the TESCAN VEGA3. 

EDS utilises AZtec® software by Oxford Instruments for analysis and collection of 

spectra. 
 

3.2.2 Sedimentary logging and facies analysis 
Detailed sedimentary logging of petroleum core and sampling of representative 

material was undertaken to characterise sedimentological features of the Carynginia 

Formation and Irwin River Coal Measures (Fig. 1.5). All available core was utilised: 

Woodada Deep 1, Woodada 2, Woolmulla 1, Arrowsmith 1, Arrowsmith 2, Jurien 1, 

Drover 1 and Beharra 2, and were logged at a scale of 1:50 (Table 1.1, Appendix B).  

Arrowsmith 2 and Woodada Deep 1 intersected the bulk of the Carynginia 

Formation and IRCM. In Arrowsmith 2 the Carynginia Formation is 250 m thick (2701–
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2951 m) and the retrieved core is located in the upper to middle section (2780–2835 

m). It is underlain by a tight sandstone section (2838–2850 m) that is not cored. The 

IRCM (2951–3281.5 m) directly underlies this, and hence the cored interval intersects 

the upper part of the formation. Poor palynology recovery however makes precise 

correlation difficult. Although formation thicknesses in Woodada Deep 1 are similar 

(288 m, 2133–2521 m), the cored interval in the Carynginia Formation intersects the 

lower to middle section of the formation, with the IRCM cored directly below. This is 

supported by the likely palynology M trisina zone (Backhouse, 2015).  

Description of bed thickness, sedimentary structures, grain size, texture, 

composition, diagenetic features and biogenic features (body and trace fossil types and 

degree of bioturbation) was recorded on log sheets. Facies were identified based on 

distinctive physical and biological features (following the method of Walker, 1992; 

Dalrymple, 2010). Facies were grouped into their associations and these genetically 

related groups were used to interpret depositional environment (Dalrymple, 2010). 

Subsequent petrological investigation of mudstone facies to identify silt vs clay 

proportions and microfossil content was critical for full description. Sedimentological 

features are recorded on the core logs with additional petrographic features described 

in the following section.   

 

3.3 Sedimentary Petrography  
3.3.1 Carynginia Formation sandstone and granule conglomerate  

Grain size ranges from moderately to well sorted, subangular, fine to very fine 

sandstones. Visible porosity is low to absent (e.g. Fig 3.1C shows rare local porosity). 

Sandstones are composed predominantly of monocrystalline quartz, potassium 

feldspar, plagioclase with minor mica (1–2%, biotite and muscovite with rare detrital 

chlorite, Fig 3.1D), minor opaque minerals (up to 5%), and rare heavy minerals (<1%, 

Fig 3.1A). Percentages are based on visual estimates. Minor carbonaceous material is 

also present (Fig. 3.1B). Pyrite framboids are common (Fig. 3.1A). Mud clasts are 

associated with bioturbation. Contains thin beds (5–10 cm) of poorly sorted, very 

coarse sandstone to granule conglomerate (Gm), dispersed with shell fragments and 

minor bioturbation. Diagenetic observations include partial dissolution of feldspars 

present, and illite/smectite and illite constitutes the dominant cement with occasional 

later stage quartz overgrowths. Illite clays coat quartz and feldspar framework grains. 
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3.3.2 Carynginia Formation heterolithic facies and siltstones  

 Grain size ranges from very fine sandstone to claystone. In the sandstones, the 

major framework grains consist of angular to subangular monocrystalline quartz and 

feldspar. Minor biotite and muscovite (~5%), wispy organic material and rare detrital 

chlorite are also present, and matrix material is composed of clay minerals (Figs. 3.2A, 

3.2D). Rare sedimentary lithic fragments are present locally. Clay minerals dominate 

the siltstones. Carbonaceous material and pyrite framboids are common (Figs. 3.2B, 

3.2C, 3.2D). Intervals with pervasive bioturbation have higher proportions of mud 

clasts. Burrow fills contain higher amounts of brown clay relative to silt-sized quartz and 

feldspar, and the micas tend to show no preferred orientation. Feldspars show varying 

degrees of dissolution, including localised calcite replacement and illite precipitation 

along grain boundaries. Cement is dominated by illite and mixed layer illite/smectite. 

 

 

Figure 3.1 Plane-polarised light photomicrographs showing common fabrics and textures in Carynginia 
Formation sand-rich facies. A (2386.46 m, Gm facies) Planar and sutured grain contacts and compacted 
fabric with porosity occluded by brown clay ductile lithics that line and/or fill pores; B (2795.50 m, Zb 
facies) Partial dissolution of feldspar, showing alteration to local calcite grain replacement; C (2391.18 m, 
Sl facies) Only sample with visible porosity; D (2391.75 m, Sl facies) Long grain contacts, compaction and 
deformation of carbonaceous material between competent grains, minor amount of cement seen. Qm = 
monocrystalline quartz; Su = sutured grain contact; PyF = pyrite framboids; B = biotite; T = tourmaline; Po 
= porosity; Cl = clay; Mi = mica; il = illite; Ir=illite rim;  Cal = calcite; Carb = carbonaceous material. 
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3.3.3 Carynginia Formation claystones  

Macroscopically homogeneous claystone intervals are composed of a dark grey 

to black claystone comprising organic material, silt-sized quartz and feldspar grains in a 

clay matrix, with minor micas (~5%), rare lithic fragments, shell fragments, siliceous 

agglutinated and calcareous foraminifera, pyrite framboids and rare detrital chlorite 

(Figs. 3.3C, 3.4D). Polycrystalline quartz is observed locally. Pyrite framboids typically 

fill agglutinates and chert nodules, some which have a flattened disc-like appearance 

as a result of compaction (Fig. 3.4A). Larger pyrite nodules are also present (Figs. 

3.4B, 3.4C). Bioturbated intervals have burrows filled with poorly sorted silt- and very 

fine sandstone. Feldspar in the fills shows partial dissolution and grains show some 

degree of compaction with common planar contacts (e.g. Woodada Deep 1 at 2468.14 

m). Rare fossil debris is dispersed throughout clay-rich facies, including ostracods (Fig. 

3.3A) and broken, flattened bivalve shells (Figs. 3.3B, 3.3C). Rare agglutinated 

foraminifera are also present (Fig. 3.3D). Patchy calcite cement is present. 

 

 

Figure 3.2 Plane-polarised light photomicrographs showing common features in Carynginia Formation 
fine-grained facies, seen in Woodada Deep 1. A (2382.00m, H facies) Typical fabric in fine sandstone; B 
(2382.00 m, He facies) mud-rich sandstone with matrix between framework grains composed of micas, 
dark clay, organic material and pyrite framboids; C (2382.29 m, Zb facies) High silicate minerals to clay 
ration; compaction of organic material around more competent grains; D (2368.45 m, Zb facies) Common 
brown grey cement with framboids and organic material. Qm = monocrystalline quartz; Qg = quartz 
overgrowth; I = illite; Cl  = clay; PyF = pyrite framboids; Carb = carbonaceous material. 
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Figure 3.3 Photomicrographs showing carbonate components in a mudstone substrate, typically seen in 
the clay-rich facies of Carynginia Formation rocks from Woodada Deep 1. A (2469.50 m, Mb facies) shows 
a sparsely distributed, calcite filled ostracod; B (2473.33 m, Mb facies) shows a random cluster of 
disarticulated shell debris of prismatic molluscs; C and D (2478.19 m, Ml facies) are taken in cross-
polarised light (XPL) and show an interval containing both silicate and carbonate components (including 
silicified multi-chambered agglutinated foraminifera) dispersed in a generally homogenous clay rich matrix; 
E and F (2282.75 m and 2275.00 m, respectively; Mp facies) shows the abundance and blocky 
morphology of mixed layer illite + smectite, including growth around a framework grain. Qm = 
monocrystalline quartz; Cal = calcite; Calr = calcite rim; Cht = chert; Cl = clay; PyF = pyrite framboids; Carb 
= carbonaceous material. 
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Figure 3.4 Photomicrographs characterising the framboidal pyrite seen in the Carynginia Formation clay-
rich facies, seen in Woodada Deep 1. A (2285.70 m, Mp facies) general field of view, with a compressed 
agglutinated foraminfera and framboidal pyrite mineralised at the centre of the nodule; B (2283.90 m, Mp 
facies) Detailed view of a compacted nodule infilled with framboidal pyrite; C (2473.33 m, Mb facies) 
Framboidal pyrite replacement of polycrystalline quartz/chert nodule; D (2272.50 m, Mp facies) SEM view 
showing framboidal pyrite abundance and morphology. Qp = polycrystalline quartz; Cht = chert; Cl = clay; 
PyF = pyrite framboids. 

 

3.3.4 Irwin River Coal Measures sandstones and mudstones 

Facies include fine to coarse sandstones, siltstones and claystones. Sandstone 

facies are typically fine grained and composed of subangular–subrounded grains, with 

local angular grains. The main grains are monocrystalline quartz and potassium 

feldspar, with minor biotite, muscovite, pyrite framboids, carbonaceous material, and 

rare chlorite, polycrystalline quartz, mudstone rock fragments and chert. Minor zircon, 

tourmaline and opaque heavy minerals are present locally (Fig. 3.5C). Extensive 

feldspar alteration is present, including partial to complete alteration to clays or 

localised calcite. Illite rims are also present around quartz and feldspar framework 

grains. 
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Figure 3.5 Photomicrographs characterising the Irwin River Coal Measures, from well Arrowsmith 2. A 
(3049.44 m, Ml facies) Feldspar degrading, with illite rim along grain boundary; B (3029.90 m, Sw facies) 
White mice +illite as interstitial clay between grains, illite rims around framework grains, and quartz 
overgrowths. Feldspar is associated with clay and fine quartz and may be lithic in nature; C (3027.90 m, 
Sw facies) Detrital zircon crystals and heavy opaque minerals seen in various intervals; D (3014.82 m, H 
facies) Replacement of carbonaceous material with pyrite framboid aggregates. Qm = monocrystalline 
quartz; Qg = quartz overgrowths; F = feldspar, Mi = white mica; Ir = illite rims; Zr = zircon; Op = opaque 
heavy minerals; Cl = clay; PyF = pyrite framboids; Carb = carbonaceous material; Cal C = calcite cement.	

 

3.4 Facies Analysis  

3.4.1 Facies 
The integration of core descriptions and petrological data obtained from thin sections 

and SEM was used to identify sixteen facies. The characteristics of the facies, including 

ichnogenera and sedimentary structures, and interpretations of depositional processes, 

are summarised in Table 3.1. Detailed descriptions of trace fossils are presented in 

Table 3.2 and Fig. 3.6. 
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Table 3.1 Diagnostic features of facies established in the Carynginia Formation and Irwin River Coal Measures, Cadda Terrace, northern Perth Basin. 

 

 

FACIES	NAME	 DESCRIPTION	 BED/FACIES	
THICKNESS	

BIOTURBATION	
INDEX	AND	

ICHNOGENERA	
INTERPRETATION	OF	DEPOSITIONAL	PROCESSES	AND/OR	CONDITIONS	

Granule 
conglomerate to 
poorly sorted very 
coarse sandstone 
(Gm) 

Thin bed of poorly sorted very coarse 
sandstone to granule conglomerate, 
including shell fragments. 

0.01 m to 0.05 m. 

2 
	
Ophiomorpha	
Thalassinoides 

-Coarse grain size, poor sorting and fossil fragments suggest rapid, high 
energy deposition and scouring of substrate.1  
-Viscous debris flows forming longitudinal gravelly beds4 
-Marine conditions indicated by trace fossils and shell fragments 

Coarse sandstone 
(Sc) 

Massive medium to coarse sandstone. 
Normal grading present, sometimes 
overlain by a distinct coarse-grained 
interval at the base of the bed. Rare 
carbonaceous material present.  

0.01 m to 0.05 m. 0 

-Coarse grain size and poor sorting suggest rapid, high energy deposition and 
scouring of substrate.1 
-Carbonaceous material suggests deposition in very shallow water conditions, 
with organic input into system.4 
 

Bioturbated, 
massive, fine to 
very fine sandstone 
(Sm)  

Bioturbated, very fine to fine massive 
sandstone. 

0.3 to 0.6 m.  

3 
	
Ophiomorpha	
Thalassinoides 

-Fine grain size indicative of low energy conditions.2 

-Bioturbation indicative of biogenic activity in a marine environment.3,7  

Laminated to cross 
laminated fine 
sandstone (Sl) 

Laminated very fine to fine sandstone. 
Planar, low-angle lamination with some 
ripple cross lamination or hummocky 
cross stratification (HCS) present. 
Scoured basses of beds. Sparse medium 
to pebble beds throughout.  

0.2 to 0.7 m.  0 

-Planar and low angle cross stratification indicates plane bed conditions in the 
upper flow regime.2 

- HCS suggests high-energy oscillatory and combined flows during waning 
storm events; subordinate hyperpycnal flows5 

- Scoured surfaces formed by current erosion.1 

Wavy, mottled 
(bioturbated) fine 
sandstone (Sw) 

Highly mottled very fine to fine 
sandstone with some ripple cross 
stratification present.  Mud drapes, 
wavy lamination or HCS. Sparse medium 
to pebble beds and vertical to sub-
horizontal burrows throughout. Rare 
carbonaceous material or shell debris. 
Soft sediment deformation structures 
e.g. load casts, escape traces and 
scoured bases. 

Beds about 0.5 m; 
Facies thickness 1 
m. 

1-3 
Palaeophycos	
Skolithos	
Planolites	
Teichichnus	
Chondrites	
Ophiomorpha	
Thalassinoides	
Rosselia	
Zoophycos	
Helminthopsis 

-Ripple cross-lamination indicates migration of ripples in the lower flow 
regime.3,7 
-Mud drapes signify low energy periods, with suspension settling2 
-Disarticulated and broken shell material suggests marine environment.1,2 
-HCS indicates high-energy oscillatory and combined flows during waning 
storm events; subordinate hyperpycnal flows 5 

-Alternating low energy density currents and suspension settling5 
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FACIES	NAME	 DESCRIPTION	 BED/FACIES	
THICKNESS	

BIOTURBATION	
INDEX	AND	

ICHNOGENERA	
INTERPRETATION	OF	DEPOSITIONAL	PROCESSES	AND/OR	CONDITIONS	

Wavy, fine 

sandstone – no 

bioturbation (Sv) 

Very fine to fine sandstone with ripple 

cross stratification, mud drapes or wavy 

lamination present. Wispy carbonaceous 

material may be present. 

n/a 0 

-Ripple cross-lamination indicates migration of ripples in the lower flow 

regime.
3,7

 

-Mud drapes signify low energy periods with suspension settling.
2
 

- Carbonaceous material suggests deposition in shallow water conditions, 

with organic input into system.
4
 

Red fine sandstone 

(Sr) 

Red to brown fine sandstone. Wavy 

bedding and horizontal burrowing 

present. Rare to sparse shell debris 

present. Small, white lapilli/clasts 

present. 

n/a  

Facies thickness 

0.1 – 0.3 m. 

0-4 

 

Skolithos	
Ophiomorpha	
Thalassinoides	
 

-Fine grain size indicative of low energy conditions.
2 

-Shell debris indicates marine environment.
1,2 

-Bioturbation suggests moderate energy levels in shallow water below fair-

weather wave base to low energy conditions in deeper waters.
5
 

-red colour suggests oxidation. 

 

Bioturbated, 

interbedded fine 

sandstones and 

mudstones (He) 

Bioturbated, interbedded very fine to 

fine sandstone and dark grey mudstone 

with planar lamination and wavy to 

lenticular bedding, ripple cross-

lamination and rare pyrite nodules. Soft 

sediment deformation structures 

present, e.g. load casts and fluid escape 

structures. Scoured surfaces and 

syneresis cracks present. 

Sets to 0.2 m. 

1-2 

 

Planolites	
Skolithos	
Ophiomorpha	
Thalassinoides	
 

-Grain size suggests deposition in moderate to low energy conditions with 

traction current in lower flow regime.
3,7 

-Interbedded sandstone and mudstones indicates fluctuating energy 

conditions.
1,2 

-Mud draped surfaces suggest suspension settling and lenticular bedding 

suggests alternating low energy traction currents and suspension settling.
6 

- Scoured surfaces formed from current erosion
1 

- Sub-aqueous sediment dewatering processes form syneresis cracks and 

water escape structures 
1, 2 

Bioturbated, 

mottled grey 

siltstone (Zb) 

Bioturbated silt sized grey to black 

siltstone, with minor shell material and   

pyrite framboids and nodules present. 

Sets to 0.2 m. 

2-5 

Chondrites	
Ophiomorpha	
Thalassinoides	
Helminthopsis 

- Bioturbation suggests moderate energy levels in shallow water below fair-

weather wave base to low energy conditions in deeper waters.
5
 

Laminated dark 

grey siltstone (Zl) 

Silt sized grey to black siltstone, with 

minor shell material and pyrite 

framboids and nodules. Planar 

laminated. No bioturbation present. 

Sets to 0.2 m 0 

- Grain size suggests overall low energy conditions.
1,2 

- Lamination suggests weak traction current activity in lower flow regime. 
 

Dark grey 

calcareous 

claystone (Lst) 

Massive weak to strongly calcareous 

claystone. 

n/a 

Core too broken  

 

0 

-Calcareous content indicates primary or secondary marine influence.
1,2,5
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1 Tucker (2011); 2 Collinson et al (2006); 3 Pemberton et al (2001); 4 Miall (1996); 5 Walker and Plint (1992); 6 Dalrymple (2010); 7 Buatois and Mangano (2011). 

 

 

FACIES	NAME DESCRIPTION BED/FACIES	
THICKNESS 

BIOTURBATION	
INDEX	AND	
ICHNOGENERA 

INTERPRETATION	OF	DEPOSITIONAL	PROCESSES	AND/OR	CONDITIONS 

Massive claystone 
(M) 

Very well indurated, featureless 
claystone. No bioturbation. 

0.1 – 0.3 m. 0	
- Grain size suggests overall low energy conditions.1,2 

-Dark claystone and lack of fossils suggests low oxygen (anoxic) 
environment. 1,2,5 

Laminated silty 
claystone (Ml) 

Clay to silt sized silty claystone with 
sparse lamination and pyrite present. No 
bioturbation. 

Sets to 0.2 m. 0	

- Grain size suggests overall low energy conditions.1,2 

- Lamination suggests weak traction current activity in lower flow regime. 
 Micro-benthic and well preserved pelagic fossil material suggest organic 
rich, well laminated environment.1 

-Lack of bioturbation suggests ecologically stressed environment.3,7 

-Dark claystone suggests low oxygen environment. 2,5 

Pyriferrous 
claystone (Mp) 

Fractured, dark grey to black claystone 
with pyrite nodules and framboids and 
wispy organic material throughout. 
Sparse shell material present. 

Sets to 0.2 m. 0	

- Grain size suggests overall low energy conditions.1,2 

-Dark clays suggests anoxic environment. 2,5 

-Lack of bioturbation suggests ecologically stressed environment.3,7  

Bioturbated 
claystone (Mb) 

Dark grey claystone with mottling, 
bioturbation  (vertical and horizontal 
burrowing) and wispy organic material. 
Minor fossil content, e.g. mollusk and 
forams. 

Sets to 0.2 m. 

1 
 
Thalassinoides	
Helminthopsis	
Rosselia	
Zoophycos	

- Grain size suggests overall low energy conditions.1,2 

-Bioturbation suggests moderate energy levels in shallow waters below 
fair-weather wave base to low energy conditions in deeper waters.3,7 

-Micro-benthic and well preserved pelagic fossil material suggest organic 
rich environment.1 

	

Coal/carbonaceous 
claystone (C) 

Coal, or dark organic rich, carbonaceous 
claystone. Cleats and vitrain typically 
present. 

n/a	 0 

- Coal indicates anaerobic decay in a swamp, marsh or peat bog, followed 
by burial. 1 
- Carbonaceous mudstone suggests influx of fine sediment into the 
environment. 
-Dark claystone suggests low oxygen (anoxic) environment. 2,5 
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Table 3.2 Description of trace fossils identified during core logging. 

 

GENERA	 IDEAL	MORPHOLOGICAL	
CHARACTERISTICS	

OBSERVED	
MORPHOLOGICAL	
CHARACTERISTICS	

CLASSIFICATION	 ICHNOFACIES	 ENVIRONMENT	 EXAMPLES	

Skolithos	 Cylindrical to sub-cylindrical, straight to 
curved, unbranched burrows. Burrows 
are vertical to sub-vertical and are either 
lined or unlined. Sediment infill is 
generally structureless. 

Vertical to slightly inclined, 
unlined burrows with fill typically 
sandy and structureless. 

Dwelling burrow of 
suspension feeding 
vermiform organism 

Skolithos	 Common to all environments. 
Lined specimens typically 
associated with marine or 
brackish environments.1,3 

	

Figs. 3.6, 3.8, 3.11. 

Chondrites	 Root-like burrow system of branching 
unlined feeding tunnels. Typically 
observed as an array of small elliptical 
discs or dots in core. 

Clusters of small (< 1 cm), 
elliptical to circular, sand filled 
burrows in a mud host lithology. 

Complex deposit feeding 
structures of vermiform 
animals 

Cruziana	
Zoophycos	

Marine	
Associated with fully marine 
conditions, especially lower 
shoreface to offshore 
environments.1,2 

 

 

Planolites	 Unlined, straight to tortuous, smooth to 
irregularly walked burrows which appear 
elliptical to circular in cross section. 
Sediment fill is generally structureless 
and contrasts to host rock lithology. 

 

Small (< 1 cm), unlined, circular 
to elliptical, sand filled burrows, 
often occurring in a silt to sand 
substrate. 

Feeding burrow of 
deposit feeder 

Skolithos	

Cruziana	

Zoophycos	

Common to all environments.1,3,4 Figs. 3.8, 3.9, 3.11 

Teichichnus	 A series of vertical, tightly packed, 
concave up, crescentric laminae, formed 
from the back and forth movement of 
organisms along the same vertical plane, 
probing sediment for food. 

Difficult to distinguish, but 
contains tightly packed, concave 
up, horizontal spreiten, within a 
vertical stack. In sandier 
substrates compared with 
Scolicia. 

Dwelling and/or feeding 
burrow of a deposit 
feeding crustacean 

Cruziana	 Marine/brackish	
Commonly associated with lower 
shoreface to offshore 
environments. May be associated 
with brackish lagoon–bay 
deposits.1,3,4 

Fig. 3.9 

Scolicia	 Concave-up series of vertical to sub-
horizontal laminae. Appears similar to 
Teichichnus	in split core, but is larger in 
size and has more singular appearances 
than the densely distributed Teichichnus. 

Similar in appearance to 
Teichichnus, but laminae are 
larger and not as tightly packed, 
and distribution of Scolicia is 
more sparse. 

Feeding burrow of a 
deposit-feeding 
organism. 

Cruziana		

Zoophycos	

Nereites	

Marine	

Associated with a wide range of 
environments, from lower 
shoreface through to offshore 
and deep-water slope settings.1 

Fig. 3.6 
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GENERA 
IDEAL	MORPHOLOGICAL	

CHARACTERISTICS 

OBSERVED	
MORPHOLOGICAL	
CHARACTERISTICS 

CLASSIFICATION ICHNOFACIES ENVIRONMENT EXAMPLES 

Ophiomorpha	 Simple to complex burrow systems lined 
with agglutinated pelletoidal sediment. 
Lining is smooth, contrasting to rugged 
exterior lining. May be filled with a 
meniscate laminae. 

Localised, vertical to subvertical 
simple burrows (0.5 – 1 cm in 
width; 3 – 5 cm in length), with 
thin, muddy pellet wall structure. 
Burrow fill similar to host rock. 

Dwelling burrow of 
suspension feeding 
shrimp. 

Skolithos	
Cruziana	

Marine	
Associated with high energy, 
shallow marine environments, 
e.g. shoreface. Also found in 
brackish water, sandy 
substrates.1,3 

	

Figs. 3.6, 3.9 

Thalassinoides	 Large burrow system s comprising 
unlined, smooth-walled, cylindrical Y- or 
T- shaped branches. Burrow dimensions 
vary, and cross-sectional views range 
from cylindrical to elliptical. Contains 
structureless to parallel laminated or 
graded burrow fill. 

Common, medium to large, 
smooth-walled, circular to 
cylindrical branching burrow 
system containing sandy, 
structureless fill. 

Dwelling and/or feeding 
burrow of a deposit 
feeding crustacean. 

Cruziana	 Marine/brackish	

Associated with lower shoreface 
to offshore environments. Also 
found in low diversity brackish 
water suites.1,2,3 

Figs. 3.6, 3.9 

Helminthopsis	 Irregular meandering, smooth-walled 
burrows which do not cross cut one 
another. Burrows appear elliptical to sub-
circular in cross-section and are generally 
horizontal and fill generally contrasts to 
host rock composition. 

Common, horizontal to sub-
horizontal elliptical, smooth 
walled, mudfilled discs (0.5 – 1 
cm in diameter). 

Trails of systematic 
worm-like grazers. 

Cruziana	

Zoophycos	

Marine	

Commonly found on a normal 
marine shallow shelf. 

Also associated with low energy, 
fine-grained bay environments.1 

Figs. 3.9, 3.10, 3.11 

Rosselia	 Vertical to inclined, cylindrical, straight to 
gently curved burrow with a singled 
entrance opening that expands to a 
funnel shape. Often fill is finer grained 
sediment. In section, bulbs appear 
circular to sub-circular and the shaft 
displays concentric layering and often 
gently curved. 

Sparse, funnel shaped, vertical 
with wide edge on top (3 – 5 cm), 
narrowing to a single entrance, 
often filled with sand). Main 
funnel mud filled. 

Dwelling and/ or feeding 
burrow of a deposit 
feeder. 

Cruziana	

	

Marine	

Associated with full marine 
settings and when found with 
Asterosoma, indicates top of the 
lower shoreface.1,3 

Figs. 3.6, 3.8, 3.9, 3.10, 
3.11 

Zoophycos	 Lobate sheet-like to circular spreite, 
either flat, curved, lined or wound a 
central vertical axis. Spreite are a 
horizontal to sub-horizontal web of 
closely juxtaposed parallel tunnels. 

Sparse, horizontal to slightly 
inclined, curved (0.5 cm) parallel, 
mudlined spreite, cutting across 
entire core diameter.   

Grazing trace of a 
deposit feeding 
organism. 

Cruziana	

Zoophycos	

Marine	

Found in fully marine, offshore 
shelfal environments.1,2 

Fig. 3.6 
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1Pemberton et al., (2001); 2 Gingras et al., (2008); 3 Buatois and Mangano, (2011); 4 Sedorko et al., (2018). 

GENERA 
IDEAL	MORPHOLOGICAL	

CHARACTERISTICS 

OBSERVED	
MORPHOLOGICAL	
CHARACTERISTICS 

CLASSIFICATION ICHNOFACIES ENVIRONMENT EXAMPLES 

Phycosiphon	 Mainly horizontal, sinuous to meandering 
burrows with lateral spreiten between 
meanders, and burrowfill darker than 
host rock. Diameters range 0.5 – 2 mm, 
and reach lengths of 15 mm. 

Common, small (0.5 -1 mm 
diameter; 0.5 cm in length) 
horizontal, dark burrow. Smooth 
and unadorned. 

Deposit feeder activity 
of nematode  

Cruziana	 Marine	
Associated with marine 
environments, e.g. Continental 
shelf.2,3,4 

	

Figs. 3.6, 3.10 

Macaronichnus	 Horizontal – sub horizontal, straight to 
meandering, cylindrical burrows with 
diameters ranging from 3 to 6 mm; and 
with mantle and core reflecting grain 
segregation by the trace maker.2 

Sparse, sand filled horizontal 
burrows, 0.5 cm in width, 1 – 2 
cm in length. 

Intrastratal deposit-
feeding activity of 
opheliiid polychaetes 

Skolithos	
Cruziana	

Marine	
Proximal marine environments, 
shoreface to foreshore 
settings.2,3,4 

Fig. 3.6 

Palaeophycus	 Infrequently branched, lined, cylindrical, 
horizontal to inclined burrows with fill 
the same lithology and texture as the 
host sediment. Lined walls. 

Circular to elliptical, lined 
burrow, multiple traces 
occurring adjacent to one 
another. Up to 1 cm in size.  

Dwelling burrow of a 
predaceous polychaete 

Skolithos	 Marine	

Commonly found on a normal 
marine shallow shelf. 

Also associated with low energy, 
fine-grained bay environments.1 

Figs. 3.6, 3.9, 3.11 

Cylinderichnus	 Vertical, cylindrical to subconal burrows 
with concentrically laminated fills. 
Specimens observed range from 6 to 15 
mm in diameter. 

Sparse sub-vertical burrows, 0.5 
cm in diameter, variable length.  

Permanent dwelling 
structure of a 
suspension feeder 

	

Skolithos	

Cruziana	
	

Marine	

Shoreface to offshore 
environments.4 

Fig. 3.6 

Asterosoma	 Star shaped burrow system comprising 
radial bulbous arms tapering inwards 
towards an elevated core. 

Bulbous mudlined, smooth 
walled burrow with siltstone 
centre. Arms of star shaped not 
well defined. 

Selective deposit feeding 
by a veriform organism 

Skolithos	

Cruziana	

	

Marine	

Found in fully marine, upper 
lower shoreface environments, 
associated with Rosselia1,3 

Fig. 3.6 

Shaub-
cyliderichnus	

Multiple curving tube, generally with 
upper ends being vertical curving to a 
near horizontal position. Well lined, with 
no tapering or interconnection between 
tubes. Number of tubes varies, but can be 
in excess of 20. Smooth, unornamented 
interiors. 

Multiple (six) stacked curved 
equisized tubes, circular in cross 
section, well lined. Interiors are 
smooth mudstone. 

Suspension feeders, or 
tubicolous deposit 
feeders. 

Skolithos	

	

Marine	

Most common in shoreface 
settings.3,4 

	

Fig. 3.6 
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Figure 3.6 Examples of ichnogenera interpreted in the Early Permian rocks of the Cadda Terrace. A. 
Macaronichnus (M) with associated Palaeophycus (Pa); B Asteroma (As), Rosselia (R), Thalassinoides 
(Th), Skolithos (S), and Palaeophycus (Pa); C Scolicia (Sc), Ophiomorpha (O), and Palaeophycus (Pa); D 
Two vertical examples of Cylinderichnus (Cy), with faint traces of Schaubcylinderichnus (Sh) and 
Phycosiphon (Ph); E Well-lined, discrete Schaubcylinderichnus (Sh), and Phycosiphon (Ph); F Zoophycos 
(Z). 

	
3.4.2 Facies associations 

In this study, four Facies Associations (FA1–FA4) have been identified based 

on spatial facies relationships, trace fossil content, coarsening-upward and fining-

upward trends. Key stratal surfaces associated with flooding have also been identified 

(Fig. 3.7).  

FA1: Mid to lower shoreface 

Description: FA1 is dominated by well- to very well sorted, massive to well 

laminated sandstones. These include bioturbated, massive fine- to very fine- sandstone 
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(Sm), laminated fine- to very fine sandstone (Sl), local red fine sand to very fine- 

sandstone (Sr), wavy, mottled, rippled fine sandstone (Sw, Fig 3.8), and massive, 

coarse sandstone facies with sharp bases which either show normal grading or are 

overlain by a unit with a distinct coarse-grained interval at the base of the bed (Sc). 

Additionally, coarse granule to pebble conglomerates form thin layers at the base of 

some beds (Gm). Beds form stacked sand units up to 9 m in thickness. Bioturbation 

Index (BI) ranges from 0–4 in the major facies, and includes Skolithos, Ophiomorpha, 

Rosselia, Planolites, and Teichichnus (Fig. 3.8), and bioturbation is most abundant in 

Sw facies.  

Interpretation: The dominance of fine sandstone facies and sharp-based coarse 

sandstone suggests deposition in overall moderate energy conditions with episodic 

higher energy influx of sand (e.g. Buatois and Mangano, 2003; Hassan et al., 2013). 

This is supported by sparse to moderate Skolithos traces that indicate a mobile sandy 

substrate (Pemberton et al., 2001; Zhao et al., 2016). Local hummocky cross 

stratification indicates the influence of rapid deposition by waning storm activity and 

records deposition above storm wave base (e.g. Dumas and Arnott, 2006; Srivastava 

and Singh, 2017). The lack of mudstones and dominance of facies with sedimentary 

structures associated with unidirectional flows (Sl, Sw, Sr) indicate deposition in the 

mid- to lower shoreface (Dumas et al., 2005; Dumas and Arnott, 2006; Vieira and dos 

Santos Scherer, 2017), and the lateral variation is consistent with the range in well 

locations (~100 km). Rare disarticulated shell debris of bivalves and foraminifera are 

present in sandstone facies indicating reworking from nearby locations and support 

marine deposition. 

 

 
Figure 3.7 Symbol and lithology key 
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Figure 3.7 Examples of logged sections for the Carynginia Formation and IRCM. Cored thicknesses in Woodada Deep 1 represent the lower to middle section of the Carynginia 
Formation, supported by likely palynology M. trisina zone. Poor palynology recovery from Arrowsmith 2 makes precise correlation difficult. All graphic logs are provided in Appendix B. 
Palynology sourced from Backhouse, 2015. Well locations shown in Table 1.1 and Fig 1.9. 
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FA1 is sparsely to moderately bioturbated with ichnofossils from a mixed 

Skolithos and Cruizana ichnofacies (Skolithos, Planolites, Teichichnus, Ophiomorpha, 

Thalassinoides, Rosselia, Zoophycos), consistent with a sandy, shifting surface (Table 

3.2). Pervasive burrowing in shoreface sandstones (FA1) by dwelling/suspension 

feeding organisms reflects high levels of wave activity, a mobile substrate and reduced 

sedimentation rates of a lower shoreface environment (MacEachern et al., 1999; 

Pemberton et al., 2001).  

	
Figure 3.8 Core photographs of facies in FA1. A. Pervasively burrowed fine sandstone (Sw) with 
overprinted primary structures. Trace fossils include Skolithos (S), Planolites (Pl) and Thalassinoides (Th). 
B. Extensively reworked fine sandstone containing Skolithos (S) and Rosselia (R) ichnotraces. C and D. 
Examples of planar, laminated sandstones (Sl) with low angle cross-lamination present. Dashed lines in D 
outline the top/base of a cross bedded set. Hummocky cross-stratification (HCS) in C overlain by 
mudstone drapes. E. Massive, well sorted, fine sandstone (Sm). F. Red mudstone (Sr). G. Poorly sorted 
coarse sandstone (Sc). H. Current ripple cross-laminated sandstone (Sv).) 
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FA2: Offshore 

Description: FA2 is characterised by bioturbated mudstones (Zb, Mb) and 

interbedded fine siltstone and sandstone (heterolithic, He), with wavy bedding 

dominant arranged in fining-upward trends (e.g. Fig. 3.7). Mudstone intervals are 

composed of siltstone and silty claystones, which contain minor shell material, larger 

quartz clasts (1-4 mm) and pyrite framboids, and show moderate to intense 

bioturbation (e.g. Fig 3.9D). Shell fragments consist of disarticulated bivalves and 

foraminifera, 1–2 mm in size, however, can be difficult to discern when shell fragments 

are <1 mm. Rare larger shell fragments are present (Zb), e.g. 5 cm thick articulated to 

disarticulated bivalve layer (Fig. 3.9E). Claystone facies also contain wispy organic 

material, typically disturbed by bioturbation. Facies He contains syneresis cracks and 

fluid escape traces. FA2 is intensely bioturbated with a mixed association of horizontal, 

inclined and vertical structures identified, in many instances containing protrusive 

spreiten. Main ichnotaxa include Scolicia, Rosselia, Chondrites, Planolites, 

Palaeophycus, Phycosiphon, Teichichnus, Thalassinoides and Asterosoma (Table 3.2; 

Fig. 3.9).  

Interpretation: Heterolithic facies represent a fluctuation in either sediment 

supply or tidal activity, where suspension settling of mud is interrupted by episodic 

sand input from a combination of wave and tidal currents (Tucker, 2011 p. 129; Vieira 

and dos Santos Scherer, 2017). Mud-draped surfaces also support fluctuating energy 

with the fine grain size indicating deposition in moderate to low energy conditions 

(Pemberton et al., 2001). The presence of fluid escape traces and syneresis cracks 

indicate a sub-aqueous setting (Franklin and Sarg, 2018). The fining-upwards trends 

observed in FA2 are interpreted as decreasing energy in deepening water. 

Fragmentation of shelly material may indicate action of high energy marine processes 

over time in fair-weather conditions or local storm events (e.g. Davies et al., 1989). 

Lenticular shell beds represent the infill of scours probably produced from storm 

generated currents, whereas shell lags may be produced from winnowing of previous 

storm deposits (e.g. Brenchley, 1989). 

The highest diversity and abundance of ichnotaxa have been identified in this 

FA and the assemblage is consistent with a typical Cruziana ichnofacies with feeding 

and grazing structures constructed by deposit feeders and mobile organisms present, 

and indicating an overall low energy environment (e.g. Pemberton et al., 2001; Buatois 

and Mangaro, 2011). The heterolithic and extensively bioturbated silt- and claystones 

of FA2 are interpreted as deposition at the transition between lower offshore and the 

deeper shelfal environment (e.g. Sedorko et al., 2018).  
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Figure 3.9 Core photographs of facies in FA2. A. Pervasively bioturbated siltstone (Zb), any primary 
structures have been reworked. Trace fossils include Teichichnus (Te), Thalassinoides (Th) and 
Palaeophycus (Pa). B. Teichichnus trace in bioturbated siltstone (Zb).  C. Heterolithic facies (H) containing 
interbedded very fine sandstones and mudstones, with mud draped ripples and cross-lamination. 
Numerous escape traces (et), syneresis cracks (sy), planolites (Pl) and Thalassinoides (Th). D. 
Bioturbated siltstone showing development of pyrite nodules. Trace fossils include Helminthopsis (H), and 
Palaeophycos (Pa). E. Bioturbated siltstone with a > 5cm shell interval, containing well articulated bivalves. 
F. Pervasively bioturbated heterolithic interval, containing Ophiomorpha (Op), Thalassinoides (Th) and 
Planolites (Pl). 
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FA 3: Inner shelf 

Description: FA3 is characterised by aggradational, apparently homogeneous 

mudstone forming cored intervals to 26 m thick, dominated by dark claystone. The 

majority of mudstone is laminated and fractured (Ml, Fig. 3.10C), with pyrite and wispy 

organic material common (Mp, Fig. 3.10A). Pyrite is visible in core as nodules or flecks, 

and as abundant framboids in thin section. Some intervals contain minor to common 

macrofossils (e.g. Mb, Ml; Fig. 3.10C), and siliceous agglutinated and calcareous 

foraminfera are observed in thin section. Distinct intervals show low levels of 

bioturbation (Mb), and ichnogenera include Phycosiphon, Rosselia, and Helminthopsis 

(Fig. 3.10B). Minor variations in the mudstone include small massive intervals 0.1 to 

0.3 m in thickness (M). Contacts are sharp. Rare facies are massive, calcareous 

mudstone (L), in Woodada 2 (well). A granule conglomerate with a mudstone matrix 

(Gm) is present locally e.g. Woodada Deep 1.  

Interpretation: The overall very fine grain size of FA 3 indicates low energy 

conditions. The general lack of fossils in the majority of facies indicates an anoxic, or at 

least oxygen-poor environment, and this has been identified in similar studies globally 

(Berner, 1984; Love et al., 1984; Wilkin et al., 1996; Xiao et al., 2018). This is further 

demonstrated by common pyritization, pyrite nodules and framboids, which develop in 

reducing burial environments (Berner, 1984). Micro-benthic and well preserved pelagic 

fossil material (although rare) throughout FA3 suggests that storm processes may 

increase improvements in oxygenation for a short time, before returning to more 

restricted conditions (e.g. Bressan and Palma, 2009).  

BI in FA3 ranges 0–2, however, a BI of up to 4 was also recorded, associated 

with mudstones of facies Mb. Lowered oxygen levels associated with organic material 

in a restricted setting typically record low diversity and abundance in their trace fossil 

assemblage (Angulo and Buatois, 2012; Sedorko et al., 2018). Zoophycos has been 

interpreted in the inner shelfal setting, its presence consistent with the adaptable nature 

of the Zoophycos fauna, which has shown widespread distribution in both shallow and 

deep water deposits (Frey et al., 1990; Uchmann and Demircan, 1999). Additionally, 

bioturbation suggests facies Mb was deposited in low energy conditions below the fair 

weather wave base, and the isolation of trace fossils, particularly Phycosiphon, 

indicates generally poor oxygenation, and possibly dysoxic bottom water in this facies 

(Bressan et al., 2013; Egenhoff and Fishman, 2013). Together, these combined 

characteristics suggest a shallow, open-marine shelfal setting with periodic anoxic 

conditions and represent the deepest water depositional facies.  
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Figure 3.10 Core photographs of mudstone-dominated FA3. A. Pyritic dark grey to black claystone (Mp), 
with organic material present. Arrows denote examples of pyritization. B. Bioturbated claystone (Mb), 
containing Rosselia (R), Planolites (Pl) and phycosiphon (Ph). White arrows delineate pyrite nodules. 
Primary structures still evident beneath secondary biological reworking. C. Laminated claystone (Ml), with 
organic material present, and rare ichnotraces e.g. Helminthopsis (H) and Phycosiphon (Ph). White arrows 
point to shell debris. 

 

FA 4: Tidal flats and channels – coastal plain 

Description: FA4 is characterised by heterolithic fine sandstone and mudstone 

facies (He), siltstones (Zb and Zl) and packages of medium to coarse grained 

sandstones (Sc, Sm, Sl, Sw and Sv), with minor carbonaceous mudstone and coal 

intervals (C) present in some wells. Coarsening upwards trends are common in the 

heterolithic intervals and some fining upward trends are developed in sandstone-

dominated intervals  (Fig. 3.7). 

The heterolithic facies (He) display wavy to lenticular bedding, ripple cross-

lamination, minor bioturbation, and minor flaser bedding (Fig. 3.11) and are commonly 

associated with siltstone-dominated facies (Zb, Zl). Escape traces, soft sediment 

deformation at bed bases, and scoured surfaces are common in both these facies (Fig. 

3.11A). Typically bioturbation in He and Zb is restricted to thin, silty intervals, and 

predominantly in the form of horizontal burrows (e.g. Planolites, Helminthopsis, 

Thalassinoides). Some vertical traces are also observed (Skolithos and Ophiomorpha). 
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Thickly bedded sandstones exhibit sharp erosional basal contacts with sharp to 

gradational tops. Locally bases feature scours, load casts and soft sediment 

deformation (Figs. 3.11B, 3.11C, 3.11D). Normally graded beds are locally developed 

in the sandstone facies (Fig. 3.11C). Bioturbation is present with the main ichnotaxa 

including Planolites, Skolithos, Palaeophycos, Helminthopsis, and Rosselia (Fig 3.11). 

Carbonaceous material typically presents as elongate stringers that are affected by soft 

sediment deformation. Pyrite framboids are ubiquitous in all facies. In situ coal is rare in 

cored sections and, where present, is dull with little vitrain present.  

Interpretation: Heterolithic and mudstone facies deposited under varying energy 

conditions suggest estuarine–bay environments, floodplains and/or crevasse splay 

deposition. The BI in these facies is no more than 3 with a trace fossil suite made by 

suspension-feeding and deposit-feeding fauna of marine–brackish affinity e.g. 

Skolithos, Ophiomorpha, Thalassinoides (Nagy et al., 2016; Sedorko et al., 2018). 

Variable bioturbation in this facies association reflects intermittent marine connections 

via tidal influence and likely salinity fluctuations (e.g. Li et al., 2011). Marine to brackish 

water influence is also supported by bioturbation restricted to silty intervals (e.g. Carelli 

et al., 2018; Murtaza et al., 2018). The lack of marine features, such as hummocky 

cross stratification and macrofossils suggest limited influence from wave activity. 

Overall a mixed tidal flat setting is proposed. Fining upward, sharp-based intervals of 

medium to coarse sandstones with common trace fossils suggest tidal channel fills 

(e.g. Lindqvist et al., 2016). These facies are similar to mixed flats–mud flats and tidal 

channels described by Dillinger & George (2019) for the IRCM on the Irwin Terrace.  

The minor presence of coal and carbonaceous mudstone indicates 

accumulation and subsequent anaerobic burial of organic material in marsh or swamp 

environments, such as a floodplain pond, swamp or estuarine environments with 

standing bodies of water (e.g. Davis and Gibling, 2003). The association with tidal flats 

and channels suggests the swampy margins of a coastal plain. Herbaceous plants 

have been described from the IRCM in previous studies (Mory and Iasky, 1996, 

McLoughlin, 1993) and interpreted as a lower delta plain setting.  
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Figure 3.11 Core photographs of facies in FA4: A. Heterolithic facies (He) showing wavy and lenticular 
bedding with Planolites (Pl). B Sand-rich facies (Sm and Sw), showing mottled appearance due to light 
bioturbation, escape traces, and Rosselia (R) and Skolithos (S) ichnotraces. C. Bioturbated, fine 
sandstones (Sw) containing Palaeophycos (Pa), Helminthopsis (H) and escape traces (et). Dashed line 
delineates a local scoured surface, and arrows show normal grading. D. Cross-laminated, fine sandstone 
(Sl) with arrow delineating erosional, mud-lined scour. E. Heterolithic facies showing fine scale 
discontinuous sandy laminae (He). 

 

3.4 Depositional Model 
 Two paleoenvironmental settings are recorded in the Early Permian succession 

on the Cadda Terrace. FA4 represents the Irwin River Coal Measures (IRCM) and 

indicates deposition in a low energy coastal setting with tidal flats and sand-filled 

channels. Coarsening upward trends in Arrowsmith 2 likely represent channel migration  

(Fig 3.7). The presence of marine to brackish trace fossils supports a marine-

5	
cm

	

2	
cm

	

2	
cm

	

2	
cm

	

10
	c
m
	

A	 B	 C	

D	 E	

Pl 

Pa 

S 
R 

H H 

et 

Pa 



	 54 

influenced depositional setting. Carbonaceous mudstone and coal seams indicate a 

coastal plain to tidal flat setting with standing bodies of water (Davis and Gibling, 2003; 

Lindqvist et al., 2016).  

 There are insufficient data for the IRCM on the Cadda Terrace in this study to 

propose a larger scale depositional system. Elsewhere in the northern Perth Basin, 

previous studies have proposed a deltaic system and a prograding delta plain setting 

for the IRCM (e.g. Playford et al., 1976; Le Blanc Smith and Mory, 1995; Mory and 

Iasky, 1996; Ferdinando and Longley, 2015). More recent work has proposed a linked 

fluvial to tide-dominated embayment system on the Irwin Terrace (Dillinger and 

George, 2019) and interpreting overall transgressive rather than regressive conditions 

generated by active rifting along the Darling Fault.   

 The overlying Carynginia Formation represents the establishment of an open, 

shallow-marine system with the mid–lower shoreface (FA1) and offshore transition 

(FA2) affected by fair-weather and storm waves, and dysoxic to anoxic conditions 

developing on the inner shelf (FA3) as summarised on Fig. 3.12. Common stacking 

patterns in the formation identified in Cadda Terrace wells are composed of FA1–FA2–

FA3 arranged in multiple fining upwards trends (Fig. 3.7).  

 FA1 is characterised by very fine sandstone and siltstones, bioturbated intervals 

with ichnotaxa from the Skolithos ichnofacies, and sedimentary structures indicating a 

mobile sandy substrate. A mid to lower shoreface setting is interpreted. FA1 is typically 

intercalated with FA2, which comprises heterolithic sandstones-siltstones and 

siltstones, and represents a transitional (close to fair weather wave base) to lower 

offshore setting and contains ichnogenera from the Cruziana Ichnofacies.  

 FA3 is composed of very fine-grained facies, namely dark claystones and 

siltstones, that contain dispersed pyrite framboids and nodules, and wispy organic 

material. FA3 has been interpreted as representing an organic-rich, inner shelf setting. 

Together, FA1–3 represent a shallow marine environment. The dominance of 

mudstones in the offshore and inner shelf with bioturbation, shells beds, and scattered 

carbonate debris (e.g. bivalves, ostracods and foraminifera) represent deposition on a 

well-oxygenated muddy substrate (e.g. Haig et al., 2017). However, oxygenation levels 

vary, shown by the dark grey to black mudstone facies lacking bioturbation and 

containing abundant pyrite (nodules and framboids). These represent low energy, 

periodically dysoxic to anoxic phases on the inner shelf (e.g. Bond and Wignall, 2010; 

Xiao et al., 2018; Sedorko et al., 2018). 

 During the Early Permian temperate conditions prevailed and many cold-water 

features are evident in strata throughout Australia (Veevers, 2006), especially age-

equivalent units in eastern Australia, e.g. the presence of glendolites (Gorter, 2001). 
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However, this study has not identified features related to cold-water conditions in the 

intervals studied, indicating that water temperatures may be a factor in determining 

source rock characteristics. 
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Figure 3.12 Depositional model for the Early Permian Carynginia Formation summarising environments interpreted from facies associations (FA1 to FA3). The Carynginia Formation 
conformably overlies the IRCM (FA4). 
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Chapter Four 

Geochemical characterisation for 
interpretation of mineral-element 

relationships and chemostratigraphy 
	
4.1 Introduction 

In mudrocks there are strong relationships between geochemical composition 

(e.g. major and trace elements) and depositional environment, organic richness and 

water chemistry, and it is well established that mineral phases control the geochemical 

composition of the bulk rock (e.g. Vine and Tourtelot, 1970; Muramoto et al., 1991; 

Fralick and Kronberg, 1997). Additionally, the grain size of sedimentary rocks exerts a 

fundamental control on detrital composition and, therefore, the whole rock geochemical 

composition of the rock (e.g. Korsch et al., 1993; Garzanti, 2016). This relationship 

means that it is important to compare data from samples of similar grain size when  

considering aspects such as geochemical compositon and provenance (Ratcliffe et al., 

2007; Ratcliffe et al., 2010; Craigie et al., 2016). 

 These relationships may be established using geochemical datasets obtained 

through various methods, including X-ray fluorescence (XRF), X-ray diffraction (XRD), 

and inductively coupled plasma (ICP) mass spectrometry. Major advances in the 

utilisation of XRF have occurred in recent years (e.g. Algeo and Maynard, 2008), with 

energy-dispersive X-ray fluorescence/portable x-ray fluorescence (pXRF) improving 

technology to reduce the detection limits and resolution, now making it a quick, 

inexpensive and reliable analysis (Rowe et al., 2012; Somayeh et al., 2013; Nyhuis et 

al., 2016; Lemière, 2018). 

Application of geochemical analyses is now commonly utilised in reservoir 

characterisation of unconventional resources (e.g. Dabney et al., 2015; Larson et al, 

2019; Liu et al., 2019). For example, lithology can be effectively calculated from XRD, 

enabling targeted sampling, and combined with pXRF to develop lithofacies 

interpretations, and/or identify paleoredox facies associated with hydrocarbon 

production. However, bulk analytical methods cannot discriminate the form of the 

mineral phases, e.g. quartz in monoquartz vs lithic fragments vs quartz cement. pXRF 

has opened up elemental studies as an important first-pass technique because of its 

ease of use, affordability and is non-destructive (Young et al., 2016; Lemière, 2018; Liu 



	 58 

et al., 2020). 

Chemostratigraphy uses geochemical datasets to establish zones or intervals 

defined by stratigraphic variations in geochemical composition that may not be visible 

macroscopically, and that may be used to distinguish or correlate packages of rocks 

from well to well (e.g. Rattcliffe et al., 2012; Nyhuis et al., 2016). This chapter aims to 

geochemically characterise the Early Permian source rock intervals in cored intervals in 

selected wells on the Cadda Terrace within their facies framework established in 

Chapter 3. Particular focus is placed on chemostratigraphic characterisation using 

Niton® pXRF and XRD data, and utilising pXRF data for principle component analysis 

to establish element–mineral trends.  

 

4.2 Methods 

4.2.1 X-Ray diffraction (XRD) 

Powder X-ray diffraction analysis was carried out by TerraTek and The 

University of Queensland (UQ) on mudstone samples from Arrowsmith 1 and 

Woolmulla 1, and these data were provided by AWE Ltd to this study. Additionally, 

random powder and clay fraction XRD analysis was carried out on eight additional 

samples from Woodada Deep 1 in the UWA School of Agriculture and Environment. 

Sample preparation involved crushing the sample, then grinding into a fine powder to 

make pressed powder pellets for random powder analysis. XRD analysis was used to 

determine peaks for clay and non-clay minerals by identifying basal spacings (d) and 2-

theta for Cu K-alpha radiation.  

A clay fraction was then derived from the sample material by first oxidising and 

removing organic material in the samples using a solution of hydrogen peroxide. After 

successful removal of organic material, 50 ml of distilled water was added to 2.5 g of 

sample and left in an ultrasonic bath so that the coarser material could settle out of 

suspension. The clay fraction was pipetted onto individual clay plates, and saturated 

first with distilled water then a MgCl2 saturate. After XRD analysis, the sample was re-

saturated with distilled water, and saturated with glycerol before reanalysing. Each 

saturate comprised five washes. After removing abundant organic content from a few 

samples, there was not enough prepared random powder material left to perform a clay 

fraction analysis. Where sample material was sparse or cracked during preparation, 

notably in the drying process, the clay plate may have shown through in places during 

XRD analysis and hence the clay plate was also analysed to determine its influence on 

the results (Table 4.1). 
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Table 4.1 Clay mineralogy of the clay plate used in XRD analysis carried out at UWA. 

	
	

 

4.2.2 Portable X-Ray fluorescence (pXRF)  

A Thermo Fisher Niton® pXRF Model XL3t GOLDD+ was used to analyse 

cored sections in the Cadda Terrace wells that were logged in this study. Blanks of 

pure SiO2 and standard reference materials (NIST2709a) were analysed using the 

proprietary soil mode in both standard and light element protocol, using a Compton 

normalisation approach, integrated into the manufacturer’s software. After empirical 

calibration with the standard reference materials was completed, Test All Geo mode 

was used, including the light filter for silicon detection, for sample analysis for 60 

seconds per spot (Young et al., 2016; Fisher et al., 2014). The analysis window is ~7 

mm and depth of analysis was <1 mm. The pXRF utilises a miniature X-ray tube with 

an Ag node fitted with multiple filters. Samples are bombarded with X-rays that cause 

their atoms to fluoresce in a manner that is characteristic of their element. Elements 

with atomic weights lighter than Mg (i.e. H to Na) have low energy levels that cannot 

reach the detectors on the pXRF and thus cannot be measured. Elemental data are 

presented as absolute values in parts per million (ppm). Errors are quoted at ±2 sigma. 

 

4.2.3 Whole rock elemental analysis 

Analysis of selected samples was carried out by Bureau Veritas, Perth, using X-

Ray Fluorescence Spectrometry (XRF) for major elements and laser ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) for trace and rare earth 

elements. Sample preparation was undertaken by Bureau Veritas. Samples were oven 

dried between 105°C and 1000˚C to determine loss on ignition and then cast using a 

66:34 flux with 4% lithium nitrate added, to form a glass bead. Ten major elements are 

reported as oxide percent by weight, namely SiO2, Al2O3, Fe2O3, MnO, CaO, MgO, 

K2O, Na2O, P2O5, and TiO2, were analysed by XRF. Twenty-six trace elements are 

reported in ppm, namely Ba, Co, Cr, Cu, Ga, Hf, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, 

DEGREES	2θ D-SPACING COUNTS RELATIVE	
INTENSITY

10.49 8.482 266 13

20.8 4.267 520 24

21.88 4.06 502 24

26.59 3.349 2125 100

27.92 3.193 279 13

28.54 3.125 262 12



	 60 

Sr, Ta, Tb, Te, Th, U, V, W, Y, Zn, and Zr; and eight rare earth elements reported as 

ppm: La, Ce, Nb, Sm, Eu, Tb, Yb and Lu. Precision error for major elements is typically 

3%, and approximately 5% for high abundance trace elements (Ba, Cr, Sr, An, and Zr). 

The remaining trace elements have a precision error typically up to 10%. 

 

4.2.4 Principal Component Analysis (PCA) 

PCA has been commonly used in ecological studies, however, robust statistical 

analysis may also be used to evaluate relationships between geochemical data (e.g. 

Zhang et al., 2002; Svendsen et al., 2007; Nhyuis et al., 2016). Multivariate analysis is 

used to examine relationships between geochemical parameters on a purely statistical 

basis, thereby eliminating preconceived bias and ideas about element behavior, 

allowing all element relationships to be examined (Craigie 2016; Craigie and Rees, 

2016; Craigie et al., 2016). PCA is used to simplify datasets with a large number of 

variables by calculating interrelated variables and reducing the dataset to significant 

components, while retaining as much information as possible (e.g. Jolliffe, 1972). In 

this study, PCA was carried out on the sample datasets derived from pXRF analyses, 

using statistical software. 

  

4.3 Results  

4.3.1 Mineral composition from XRD  

XRD results for Arrowsmith, Woolmulla 1 and Woodada Deep 1 are presented 

in Table 4.2. The majority of samples plot in the silica-rich argillaceous mudstone and 

clay-rich-siliceous mudstone fields on an organic mudstone ternary diagram (Gamero-

Diaz et al., 2012) reflecting dominance of clay and quartz in most samples (Fig. 4.1).  

Samples in Arrowsmith 1 show some variation in clay proportion ranging from 

~30–50% and quartz ranging from 27–44% in the 17 m cored interval (Table 4.2). 

Almost all samples contain major mixed layer illite/smectite, mica/illite and minor 

kaolinite and chlorite. Mixed layer illite/smectite is the major clay component (~22–

37%), with subordinate illite/mica that ranges from 7–21%. Minor amounts of chlorite 

are present (up to 7%), whereas kaolinite is invariably less than 2%.  

Non-clay components dominate core samples in Woolmulla 1 ranging from ~51-

71% through the ~330 m stratigraphic interval. In the clay component, almost all 

samples contain major mixed layer illite/smectite (22–32%), moderate mica/illite and 
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kaolinite, and minor chlorite (~2–5%).  

Samples from Woodada Deep 1 show a range of clay vs non-clay components. 

Non-clay components range from 34–65% in cores 1 and 2, 50– 86% in core 3, and 

36– 67% in core 4. Core 3 has the highest non-clay (quartz) content consistent with 

sandy facies observed in core (see Fig. 3.7). 

XRD analysis carried out at UWA identified the following common minerals in 

Woodada Deep 1: smectite, kaolinite, muscovite and illite (detrital illite) and authigenic 

illite. Additionally, minor amounts of chlorite were identified in two samples (22 and 16, 

Fig. 4.2) These results are similar to the clay mineralogy identified in the <2 μm sized 

fraction by TerraTek and UQ. Figure 4.2 shows the clay fraction profiles for the glycerol 

and MgCl2 saturates, for the UWA XRD analyses.  

 

 

Figure 4.1 Organic mudstone ternary diagram utilising XRD mineralogical composition data for Arrowsmith 
1, Woolmulla 1 and Woodada Deep 1. Facies codes are documented in Chapter 3. Modified from Gamero-
Diaz et al., 2012.  
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Table 4.2 XRD results from the Early Permian intervals of Arrowsmith 1, Woolmulla 1 and Woodada Deep 1. Non-cored data obtained from cuttings. Data sourced from AWE ltd. 

		

Arrowsmith 1; Depth (m) 2811.8 2812.4 2812.7 2813.0 2813.3 2813.6 2814.2 2824.9 2825.8 2826.7 2827.6

Quartz 27.4 31.9 35.6 36.8 30.4 43.8 36.2 33.6 36.2 40.6 31.1

Plagioclase (Albite) 3.3 13.0 12.8 13.1 11.1 12.3 13.0 10.2 10.7 11.4 9.6

Calcite 0.9 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.8 0.0

Siderite 2.2 0.6 0.4 0.3 0.7 0.5 2.1 0.4 0.0 2.3 0.1

Ankerite/Dolomite 31.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0

Pyrite 2.1 0.7 1.1 1.0 1.2 0.8 1.6 3.5 3.7 2.6 3.5

Marcasite 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Anatase 0.6 0.8 1.0 0.9 1.0 1.0 0.9 0.6 1.1 0.7 1.0

Mixed layer Illite/Smectite 22.4 36.6 31.3 31.6 34.9 26.9 27.9 25.4 26.1 23.0 28.3

Illite + Mica 7.1 11.3 11.2 11.5 12.3 10.3 10.8 17.8 16.6 11.2 20.6

Kaolinite 0.6 0.0 0.6 0.0 1.5 0.7 1.7 0.6 0.7 1.7 0.4

Chlorite 1.6 4.5 6.0 4.9 6.7 3.6 5.7 5.7 5.1 4.9 5.4

Total non-clay % 67.4 46.6 49.9 51.2 43.4 57.4 52.9 49.9 50.6 58.5 44.3

Total clay % 30.1 47.9 43.1 43.1 48.7 37.9 40.4 43.8 43.4 35.9 49.3

Cored vs not cored C C C C C C C NC C C C

Formation C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm

Facies Sr Ml Ml Ml Ml H H Sw Sw Mp

Woolmulla 1; Depth (m) 2294.7 2302.8 2324.1 2345.4 2366.8 2388.1 2409.4 2430.8 2449.1 2458.2 2458.8 2461.3 2473.5 2485.6 2500.9 2510.0 2522.2 2528.3 2540.5 2561.8 2580.1 2598.4 2616.7 2622.8

Quartz 41.0 31.2 24.7 24.8 25.1 26.0 28.4 25.0 27.6 52.6 53.0 26.6 30.3 26.9 26.5 28.8 26.2 26.9 27.1 29.2 26.9 26.1 31.4 27.3

Plagioclase (Albite) 6.7 8.5 7.1 7.1 6.7 7.9 7.2 7.7 7.9 7.8 7.8 7.4 7.6 7.8 7.5 7.7 7.7 7.7 7.6 6.8 7.2 7.1 7.3 7.2

Pyrite 1.2 3.3 4.4 4.1 4.0 3.9 3.1 3.6 3.6 1.1 1.1 4.3 3.6 3.8 4.2 3.7 3.7 3.9 3.7 3.6 3.9 3.6 3.3 3.1

Ankerite/Dolomite 1.5 2.1 1.6 1.2 1.4 1.4 1.6 1.5 1.8 0.0 0.0 1.1 5.2 1.4 1.5 1.9 2.0 2.2 1.7 1.6 1.0 1.2 1.4 0.9

Calcite 0.0 0.2 0.4 0.6 0.0 0.9 0.5 0.5 0.0 0.0 0.0 0.4 0.6 0.6 0.6 0.7 1.0 0.9 0.9 1.1 0.4 0.7 0.7 0.3

Siderite 0.0 0.7 0.4 1.1 0.9 1.0 0.7 0.7 0.5 0.2 0.2 0.5 0.0 0.9 0.9 0.7 0.0 0.9 0.5 0.6 0.5 0.6 1.2 1.2

Ilite + Mica 10.7 11.7 12.8 12.6 12.9 12.6 11.9 15.0 16.1 9.0 9.0 13.2 11.4 12.6 13.4 13.0 13.4 13.0 12.8 13.2 13.7 13.6 12.2 13.7

Chlorite 3.4 3.3 4.6 2.9 2.5 3.5 3.1 5.9 3.4 4.2 4.2 5.3 3.6 3.7 3.9 4.8 4.7 4.1 5.1 4.2 5.4 4.4 3.3 4.9

Mixed layer Illite/Smectite 29.7 25.6 29.7 30.0 30.8 29.3 30.5 29.6 27.1 22.4 22.4 32.0 26.4 31.9 31.2 29.3 30.4 29.0 31.6 31.2 31.1 31.0 29.4 29.8

Kaolinite 3.8 11.7 12.4 12.9 14.2 11.5 11.7 8.9 10.3 1.9 1.9 7.2 9.3 8.5 8.8 7.6 9.3 10.0 7.1 6.8 8.2 9.5 8.2 10.0

Anatase 1.1 1.7 1.8 1.7 1.7 1.8 1.6 1.8 1.6 0.9 0.9 1.8 1.7 1.9 1.7 1.8 1.8 1.7 2.0 1.9 1.7 1.9 1.7 1.7

Total non-clay % 61.1 57.7 51.4 51.5 51.0 53.7 53.4 54.0 57.5 70.7 71.1 53.5 58.7 54.0 54.6 56.5 54.0 55.5 54.3 56.1 53.6 52.9 57.5 53.7

Total clay % 47.6 52.3 59.5 58.4 60.4 56.9 57.2 59.4 56.9 37.5 37.5 57.7 50.7 56.7 57.3 54.7 57.8 56.1 56.6 55.4 58.4 58.5 53.1 58.4

Cored vs not cored C NC NC NC NC NC NC NC NC C C NC NC NC NC NC NC NC NC NC NC NC NC NC

Formation C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm 

Facies Ml Sm Sw

Woodada Deep 1; Depth (m) 2272.7 2273.8 2275.6 2279.0 2280.4 2282.0 2282.4 2283.9 2284.5 2285.6 2368.5 2372.6 2375.1 2377.7 2379.2 2382.4 2386.5 2389.2 2391.2 2392.7 2465.7 2468.1 2469.2 2470.3 2473.3 2478.2 2481.8 2485.4 2489.4 2536.5 2538.7

Quartz 19.3 13.6 15.8 15.3 11.4 13.4 11.2 14.6 9.2 11.8 38.1 42.1 35.9 33.1 27.1 49.4 52.2 74.6 66.7 57.0 34.7 46.3 44.3 43.5 29.5 22.1 21.3 20.4 21.8 37.3 20.5

K-Feldspar 12.0 9.8 6.7 8.8 16.5 4.2 0.0 13.5 12.4 0.7 4.7 6.2 7.2 8.8 8.4 4.0 0.6 0.0 2.4 1.4 6.2 4.3 5.6 0.0 7.9 6.3 12.1 7.2 8.5 4.9 7.6

Plagioclase 8.9 7.1 4.8 6.8 2.9 5.5 0.0 5.5 4.6 9.2 4.4 5.3 1.9 0.0 4.7 4.8 6.8 7.1 6.3 6.7 6.4 5.5 5.6 7.0 5.2 4.1 0.0 4.5 2.0 8.1 6.2

Calcite 0.9 2.7 0.2 0.5 0.0 1.3 9.3 0.4 1.6 1.3 1.3 1.1 0.5 2.2 0.3 2.7 1.2 0.2 0.9 1.8 0.4 0.7 0.6 2.1 0.3 0.2 0.3 1.4 1.9 1.8 0.8

Siderite 3.0 3.9 5.5 3.0 1.8 4.5 2.3 2.1 1.6 0.4 2.7 1.8 1.7 2.4 3.3 1.8 0.8 0.0 1.2 0.9 1.3 1.7 0.0 1.9 1.5 0.0 0.8 1.7 1.3 1.5 2.0

Ankerite/Dolomite 0.0 0.7 0.0 2.4 0.0 0.9 20.0 1.7 2.2 1.7 3.3 0.6 1.3 0.0 1.1 0.2 1.3 2.0 1.6 0.3 1.8 2.8 5.0 0.0 1.7 0.0 0.2 0.0 0.6 0.4 0.2

Dolomite 1.8 0.7 1.1 0.0 0.0 0.2 17.4 0.0 0.6 0.0 1.1 0.0 0.0 3.1 0.0 1.0 0.3 0.0 0.1 0.7 0.0 0.2 2.4 2.3 0.1 0.0 0.1 1.5 0.1 2.4 0.6

Pyrite 2.1 3.1 4.0 3.8 3.9 4.3 1.8 4.3 9.4 8.4 5.8 3.2 3.7 1.5 0.9 2.6 2.2 0.9 0.0 1.5 2.7 1.5 1.4 2.4 3.1 3.2 4.8 3.7 4.3 1.9 3.0

Magnetite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4

Fluroapatite 0.1 2.5 0.0 1.2 0.0 0.0 2.9 0.0 0.1 0.2 0.0 0.3 0.0 0.1 2.0 0.1 0.0 1.4 0.0 0.0 0.0 0.5 1.1 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0

Barite 0.9 0.2 4.5 0.1 0.9 1.4 0.0 0.1 0.4 0.1 0.1 0.3 1.2 0.1 2.1 0.0 0.0 0.0 0.7 0.3 0.5 1.0 0.3 0.1 1.0 0.2 1.0 0.5 1.1 0.1 1.6

Mixed layer Illite/Smectite 21.2 15.4 17.4 21.7 29.7 18.0 12.9 22.7 18.6 22.5 16.0 11.3 16.5 14.3 16.4 13.7 15.5 0.0 9.1 8.0 14.2 15.6 9.5 16.3 14.0 30.5 19.9 23.0 19.6 14.3 29.1

Illite + Mica 14.9 25.8 24.9 24.1 15.6 30.3 19.7 23.5 28.1 30.8 19.5 21.4 23.8 27.7 26.8 15.3 15.7 12.5 7.6 17.2 21.0 10.3 16.3 15.5 23.5 20.3 26.5 24.6 25.8 15.7 14.7

Kaolinite 2.9 2.3 3.6 2.4 5.6 4.3 0.0 3.0 4.3 5.8 0.0 1.5 0.5 1.6 2.6 1.0 1.1 0.0 0.0 2.6 2.2 2.1 2.3 2.4 1.8 3.9 3.1 3.6 4.2 2.5 2.7

Chlorite 11.9 12.2 11.4 10.1 11.6 11.7 2.6 8.6 6.7 7.0 3.1 5.0 5.7 5.0 4.3 3.3 2.4 1.4 2.7 1.7 8.7 7.5 5.5 6.3 10.2 9.0 9.8 8.1 8.9 9.1 10.6

Total non-clay % 49.0 44.3 42.6 41.9 37.4 35.7 64.9 42.2 42.3 33.8 61.5 60.9 53.4 51.3 49.9 66.6 65.4 86.2 80.4 70.6 54.0 64.5 66.6 59.4 50.5 36.1 40.6 40.9 41.6 58.5 42.9

Total clay % 50.9 55.7 57.3 58.3 62.5 64.3 35.2 57.8 57.7 66.1 38.6 39.2 46.5 48.6 50.1 33.3 34.7 13.9 19.4 29.5 46.1 35.5 33.6 40.5 49.5 63.7 59.3 59.3 58.5 41.6 57.1

Cored vs not cored C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C

Formation C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm C Fm IRCM IRCM

Facies Mp Mp Mp Mp Mp Mp M Mp Mp Mp Zb Zb M Zb Zb H Gm Sw Sl Sl Mb Mb Mb Mb Mb Ml Ml Ml Ml H H
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Figure 4.2 X-Ray diffraction profiles of selected mudstone samples from Woodada Deep 1, after clay 
separation (<2 μm) and treated with a) glycerol saturate and b) MgCl2 saturate, to aid with clay 
identification (Moore and Reynolds, 1989). Illite, kaolinite and chlorite were identified, and ethylene glycol 
saturation identified smectite by a shift in the peak around 14.4 Å. 
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4.3.2 Comparison of pXRF and laboratory-based whole-rock XRF data 

 pXRF data from core has been compared with laboratory-based whole-rock XRF 

data for Woodada Deep 1 to assess the accuracy of the pXRF data for characterising 

shale-dominated core (Fig. 4.3). Standard deviations were calculated on values 

reported for comparison of pXRF and laboratory XRF data. For major oxides for pXRF 

data ranges from 15.22 for SiO2, to 0.10 for MnO (Table 4.3). Laboratory XRF data 

show the same trends, with SiO2 having the largest standard deviation of 13.19, and 

MnO the smallest standard deviation at 0.10, with a high correlation coefficient of R2 = 

0.98 (Fig. 4.3).  

 Comparisons between the two datasets reveal coefficient of determination 

between 0.61% and 0.79% for the major oxides, which reflects the limitations of pXRF 

data (Rowe et al., 2012; Fisher et al., 2014; Hines et al., 2019; Zhang et al., 2019). 

Although correlations are significant, the deviations of some elemental data are most 

likely the result of differences in analysed samples and analytical methods employed 

(Fig. 4.4). For example, measurements obtained during pXRF analysis may be affected 

by slight irregularities on the core surfaces that cause the X-rays to hit surfaces at 

variable angles (Nyhuis et al., 2016; Lumière, 2018). In contrast, laboratory XRF 

samples were ground into powders and pressed into pellets to generate a 

homogeneous material for analysis (e.g. Zhang et al., 2019). Nevertheless, data quality 

is high, and all comparisons between laboratory and portable XRF show significant 

correlation. 

 
Figure 4.3 Correlation between standard deviations of pXRF and XRF for major oxide data for 18 samples 

from Woodada Deep 1. 
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Table 4.3 Table showing standard deviations (Stdev) for major oxides from laboratory XRF and pXRF 
datasets. 

 
 
 
4.3.3 Comparisons with mineralogical data 

Mineralogical and pXRF elemental data have been compared downhole in 

Woodada Deep 1 to examine element–mineral relationships. Figure 4.5 illustrates 

similarity between the quartz and Si profiles and calcite and Ca profiles. The profiles for 

K, Rb and V also show trends that are close to those plotted for illite and mica, and 

mixed layer illite/smectite, indicating that the majority of these elements are most likely 

concentrated in these clays. However, variation may be explained by some K and Rb 

residing in K-feldspar, and these profiles also show similarity in their appearance (Fig. 

4.5H, K and L). This has shown that pXRF data can be used to establish likely mineral 

composition. A second aspect is that these data can be considered in conjunction with 

other non-destructive methods such spectral analysis, e.g. Hylogger®, which by itself 

can be problematic when analyzing dark coloured rocks with low core reflectance 

(Ayling et al., 2016; Hill and Mauger, 2016). 

 

4.3.4 Elemental associations 

 Binary plots (Fig. 4.6) were used to characterise the data in terms of detrital 

geochemical composition and mineral relationships on the basis that variables with 

strong correlations likely share similar mineral affinities. 

SiO2 vs Al2O3 

 SiO2 vs Al2O3 shows a negative association with sandstones containing higher 

SiO2 and lower Al2O3 relative to finer grained facies and, in particular, claystones. This 

relationship is well known from elsewhere and is primarily controlled by Si concentrated 

in quartz, and Al in clay minerals (Craigie, 2016; Craigie and Rees, 2016; Craigie et al., 

2016; Yan et al., 2018). Siltstones and heterolithic facies with higher quartz contents 

than claystones plot between sand- and claystone end members. This relationship is 

also reflected in the downhole plots between quartz and Si in 4.3.3. 

Al2O3 and clay  

 Strong positive relationships with Al2O3 indicate elements that are primarily 

SiO2 Al2O3 Fe2O3 MnO CaO K2O P2O5 TiO2

XRF	Stdev 13.19 4.56 2.20 0.10 5.35 0.84 0.29 0.17

pXRF	Stdev 15.22 3.13 2.82 0.10 6.64 0.90 0.27 0.23
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controlled by clay content (Ratcliffe et al., 2010; Craigie, 2015). Distinct positive trends 

are observed in Al2O3 vs TiO2, Al2O3 vs K2O, Al2O3 vs Rb, K2O vs Rb plots (Fig. 4.6) 

indicating that these elements are concentrated in K-rich clay minerals (i.e. illite, mixed 

layer illite). Some K and Rb may be attributed to K-feldspar, and hence most likely 

have mixed mineral affinities (K-feldspar, fine grained white mica, illite, mixed layer 

illite-smectite) as established from XRD and petrological work. A similar interpretation 

was made by Pearce et al., (1999) where samples from floodplain mudstones of the 

Halesowen Formation with high concentrations of K, Rb, Cs and Zn were also 

dominated by detrital illite and white mica in the clay fraction. Again, the downhole 

relationships between the clays (illite+mica, mixed layer illite-smectite) and K and Rb in 

section 4.3.3 reiterate this relationship. 

TiO2 and clay content 

 TiO2 content is elevated in the claystones indicating the presence of Ti-rich 

minerals. Ti is most likely within microcrystaline Ti-oxide, a common mudstone detrital 

component. This is in contrast to Ti-bearing heavy minerals concentrated in the 

sandstones (e.g. ilmenite). Ti may also be associated with the mineral anatase that is 

found in both sandstone and mudstone facies identified through XRD analysis (Table 

4.2). Samples with TiO2 > 0.5% show a positive relationship with V indicating a 

mineralogical association. The trend is strongest in the claystones with other facies 

showing broader variation. Apart from one outlier, all samples with TiO2 > 1 % and V > 

600 ppm are mudstones suggesting that this relationship is related to high Ti- and V-

bearing clays.  

Al2O3 vs Fe2O3 

 Al2O3 vs Fe2O3 shows a positive trend with mudstones containing higher Fe2O3 

and Al2O3 content (Fig 4.6) suggesting that iron is more abundant in association with 

clay (e.g. Rickard, 2019). This is consistent with petrological observations that show 

abundant pyrite framboids in claystones, particularly where organic matter replacement 

may have occurred (e.g. Berner, 1984; Schieber, 2002). 
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Figure 4.4 Comparison between pXRF and laboratory XRF analyses, using a Thermo Fisher Niton® on 
core for pXRF, and XRF analysed by LA-ICPMS for major (wt%) and trace element Rb (ppm) on milled 
samples, respectively. Best-fit regression line and coefficient (R2) shown for each plot. 
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Figure 4.5 XRD and pXRF comparison plots, demonstrating the link between mineral composition (%) and element concentrations (ppm), in core sections of Woodada Deep 1. Mineral composition is represented by the green circles, and elemental data is 
represented by the blue diamonds. 
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Figure 4.6 Binary plots of key elements and oxides used to establish element–mineral relationships. Note 
major elements are presented as oxide % concentration whereas trace elements are presented as ppm. 
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FeS 

 Iron is also associated with sulphur, and in organic-rich mudrock sequences the 

Fe:S association is commonly dominated by the mineral pyrite (e.g. Berner, 1984; 

Muramoto et al., 1991; Schieber, 2002; Rowe et al., 2012). However, iron may also be 

attributed to the presence of dolomite, siderite, ankerite and clays, particulary chlorite, 

whereas sulfur may represent gypsum/anhydrite, barite or jarosite for example, or 

associated with organic matter, both biogenetically accumulated and from diagenetic 

sulfurisation of organic matter. Figure 4.7 shows the geochemical relationship between 

Fe and S. XRD and petrographic work has already shown that that pyrite is an 

important constituent of the Carynginia Formation, however, the majority of samples do 

not plot close to the pyrite line. Samples to the right of the line suggest a significant Fe-

excess that is associated with a non-sulphur mineral phase (e.g. Rowe et al., 2012). 

Petrographic work, SEM and XRD analyses have shown that pyrite framboids are 

abundant in samples from all facies and particularly concentrated in mudrocks. Rowe 

et al., (2012) have also shown that pXRF calibration for S is not as robust for elements 

such as Fe and, therefore, sulphur pXRF analyses do not typically establish the close 

relationship between S and Fe, which may explain the Fe-excess relative to sulphur.  

 
Figure 4.7 Geochemical Fe-S relationship in Early Permian source rocks of the Cadda Terrace, with pyrite 
line delineated. Samples plotting to the right of the pyrite line show Fe-excess, relative to S, suggesting 
additional non-sulphur phases. However, a significant proportion of samples plotting on the left of the pyrite 
line are associated with pyrite (FeS). The plot on the right is a magnification of the clustered zone of data 
from the left-hand plot. Data has been generated from pXRF. 

 
4.3.5 PCA and Eigenvectors  

 Multivariate statistics may be applied to identify links between element–to–

element relationships by removing any geological or user bias and may, therefore, help 

establish element–mineral relationships (e.g. Pearce et al., 1999, Svendsen et al., 
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the total number of variables in a dataset to a smaller number of meaningful variables 

termed ‘principal components’ (Jolliffe, 1972). Summary statistics allow users to identify 

the cumulative proportion of each variable with the majority of variation typically 

attributed to the first four PCs (PC1– PC4; Table 4.4). Although PCA can be used to 

identify element–mineral relationships, it is purely a statistical analysis and 

anomalously high or low values of a particular element may influence eigenvectors 

disproportionately (Svendsen et al., 2007; Craigie, 2015; Craigie, 2016; Craigie et al., 

2016). Hence elements that can be related to multiple minerals may not plot near their 

main group and other methods (e.g. petrology, XRD) are needed to confirm mineral 

and/or geochemical composition identified through PCA. 

 Analysis of the Cadda Terrace claystones shows that approximately half of the 

variance can be attibuted to the first four PCs: siltstones contain 56%; heterolithic 

facies (interbedded fine sandstones and mudstones, He) 55%; and sandstones 63%. 

Principal components were calculated from the eigenvectors (EV), and EV plots from 

PCA of the entire Cadda Terrace Early Permian geochemical dataset, and grouped by 

facies (Figures 4.8 and 4.9). Proportion of variance is annotated on the graph axes (i.e. 

EV1 on the y-axis and EV2 on the x-axis). These figures show that six broad elemental 

associations (Groups 1–6) can be recognized. Table 4.5 summarises probable 

element–mineral relationships in the Early Permian facies of the Cadda Terrace. 

 
Table 4.4 Importance of components from PCA from Cadda Terrace pXRF data collected in this study.  

	
 
 

 

 

FACIES STATISTIC PC1 PC2 PC3 PC4 PC5

Standard deviation 2.600 2.165 1.558 1.508 1.320

Proportion of variance 0.205 0.142 0.074 0.069 0.053

Cumulative proportion 0.205 0.347 0.420 0.489 0.542

Standard deviation 2.827 2.400 1.774 1.315 1.253

Proportion of variance 0.242 0.175 0.095 0.052 0.048

Cumulative proportion 0.242 0.417 0.512 0.564 0.612

Standard deviation 3.050 1.942 1.624 1.559 1.365

Proportion of variance 0.282 0.114 0.080 0.074 0.056

Cumulative proportion 0.282 0.396 0.476 0.550 0.606

Standard deviation 3.134 2.491 1.774 1.568 1.261

Proportion of variance 0.289 0.183 0.093 0.072 0.047

Cumulative proportion 0.289 0.472 0.564 0.636 0.683

Claystone

Siltstone

Sandstone

Heterolithic 
facies
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Figure 4.8 Eigenvector biplots of EV1 and EV2 for claystones and siltstones, used to aid in determination 
of element:mineral associations. In plot A, 34.1% of variance is contained in EV1 and EV2, with EV1 
containing 20.5 % and EV2 14.2% of variance, and in plot B 41.7% of variance is contained in EV1 and 
EV2 , with EV1 containing 24.2 % and EV2 17.5% of variance. 
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Figure 4.9 Eigenvector biplots of EV1 and EV2 for heterolithic rocks and sandstones, used to aid in 
determination of element:mineral associations. In plot A, 39.6% of variance is contained in EV1 and EV2 , 
with EV1 containing 28.2 % and EV2 11.4% of variance, and in plot B 47.1% of variance is contained in 
EV1 and EV2 , with EV1 containing 28.9 % and EV2 18.2% of variance. 
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 Group 1 is SiO2 and is recognized in all four facies, plotting as an independent 

group, with concentration directly related to the abundance of quartz as indicated by 

petrography and mineralogical studies. SiO2 may also indicate other silicate minerals 

such as feldspar, mica and clay minerals (Yan et al., 2018). In the siltstones and 

claystones, quartz is typically present as silt-grade grains, and in the claystones may 

be represented by agglutinates. Elements plotting closely to SiO2 may reflect the 

amount of silt grade material in silty claystones. Group 2 is well recognized in siltstone 

and heterolithic facies containing Ca, Mn, and Sr, and represents carbonate minerals 

such as calcite (Cragie et al., 2016).  

 Group 3 contains the clay minerals and is identified in all facies. Elements 

included in this group are Al, K, Th, Rb, Ti, V, Ni, and Cs. Al2O3 models the total clay 

content with elements that plot close to Al primarily controlled by clay minerals (Craigie, 

2015; Craigie et al., 2016; Nyhuis et al., 2016). Rb and Cs are closely associated with 

illite and smectite (Moore and Reynolds, 1989). These relationships were also 

observed in the XRD/XRF comparison graphs and binary plots (Figs. 4.4 and 4.6). 

Group 4 represents heavy minerals and overlaps, to varying degrees, the clay mineral 

group (Fig. 4.8, Fig. 4.9). This group contains Cu, Pb, Cr, Th (also in the clay group), 

Ni, Zn, Ti (also in the clay group), and Nb. Heavy minerals containing these elements 

tend to travel in the finer silt and clay fraction. Nb and Ti are associated with Ti oxide 

minerals.  

 Group 5 is composed of the heavy metal Zr that plots away from the clay group 

indicating a separate source for the mineral zircon. Zr tends to travel in the coarser silt 

to very fine sand fraction. Group 6 is the pyrite group in siltstones and claystones with 

Fe and S plotting close to one another. Sulphur can also be related to the organic 

content (e.g. Craigie, 2015; Nyhuis et al., 2016), whereas Fe may also be associated 

with iron-rich carbonate minerals such as siderite, which has been identified in small 

amounts by XRD analysis. 

 

4.3.6 Chemostratigraphy  

 Core from selected wells, i.e. Woodada Deep 1 and Arrowsmith 2, have been 

characterised geochemically by integrating sedimentological, petrographic and 

mineralogical data with geochemical data acquired by the pXRF. For this study, 

chemozones are defined by changes in elemental data, principally elemental 

enrichments or depletions (e.g. Pearce et al., 1999). Additionally, within a chemozone a 

‘subzone’ is created where an interval differs by only one or two variables. 

Chemozones represent similarities in the chemical composition, and have been 
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interpreted in other studies to reflect similar sedimentary depositional settings (Craigie, 

2015). Elemental signatures used to identify chemozones and chemostratigraphic 

boundaries, alongside their mineralogical significance, are described in Table 4.5.  

 The intervals of interest from Arrowsmith 2 were differentiated into 13 

chemozones with a mix of both sandstone and mudstone facies. Discriminating 

variables are illustrated in Fig. 4.10 and defined and summarised in Tables 4.6 and 4.7. 

The intervals of interest from Woodada Deep 1 were also differentiated into 13 

chemozones with a mix of both sandstone and mudstone rock types. Discriminating 

variables for Woodada Deep 1 are shown in Fig. 4.11 and defined and summarised in 

Tables 4.8 and 4.9.  

 In Arrowsmith 2, seven chemozones correspond to the Carynginia Formation, 

with the remaining three corresponding to the Irwin River Coal Measures. In Woodada 

Deep 1, ten chemozones are attributed to the Carynginia Formation, and three to the 

IRCM. Chemozones generally reflect facies, however, changes observed in the 

geochemical composition that are not visible macroscopically have also been identified, 

for example chemozones 2, 3, 4 and 5 in Arrowsmith 2 siltstone, and chemozones 1, 2 

and 3 in Woodada Deep 1 macroscopically homogenous claystone. Chemostratigraphy 

has thus provided a first-pass approach to identify intervals or ‘zones’ that are 

geochemically different from one another although they may appear visually similar. In 

evaluation of shale gas reservoirs, this represents an important step for identifying 

intervals that may be more productive e.g. brittle claystones, before utilising more 

costly and time-consuming methods.  

 
Table 4.5 Elements and ratios used to identify chemozones in this study and their mineralogical 
significance, as determined by core geochemical analysis (XRF, pXRF, XRD), petrography and SEM, 
utilising binary diagrams and principal component analysis. 

	

	GEOCHEMICAL	
ELEMENT/RATIO SIGNIFICANCE

Al2O3 Linked to clay content

Rb/Cs Linked to changing clay mineralogy in mudstones, e.g. illite to smectite ratio

K2O/Al2O3

Linked to illite/K-feldspar vs. kaolinite/plagioclase feldspar. High values indicate presence of 
K-feldspar in sandstones and illite in mudstones, whereas low values indicate an absence of 
these minerals or high plagioclase in sandstones and high kaolinite in mudstones.

TiO2/Al2O3 Linked to titanium-bearing heavy minerals e.g. ilmenite (FeTiO3)

Zr Closely linked to the heavy mineral zircon (ZrSiO2)

Cr Linked to chromium bearing heavy minerals

CaO Linked to carbonate minerals e.g. calcite, calcite cement, siderite

S Linked to pyrite framboids (FeS)

Fe2O3/Al2O3 Closely linked to iron-bearing minerals when normalised over clays, e.g. pyrite (FeS)

FeS Closely linked to the mineral pyrite

Zn
Linked to zinc-bearing heavy minerals, e.g. authigenic sphalerite, which is common in 
organic-rich mudstones.
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Table 4.6 Chemozones identified and description of defining characteristics in Arrowsmith 2, based off 
geochemical elements and ratios outlined in Table 4.5. 

	
	
 

CHEMOZONE DESCRIPTION

1

Dominated by fine-grained, black, bioturbated mudstone, this zone is dominated by decreasing Al2O3 as 
clay contents are replaced with siltier grains. There is a slight increase in K2O/Al2O3, which represents 
lower K-feldspar/illite and higher plagioclase/kaolinite content. There is also an increase in S and 
Fe2O3/Al2O3, both indicating presence of pyrite framboids in the sediment.

2

A decrease in Rb-bearing clay content and zircon material discriminate chemozone 2. Zircon material 
continues to decrease through the siltstone chemozones 3-6. There is a greater fluctuation of S content 
in this chemozone, however Fe2O3/Al2O3 decreases towards the base, indicating a reduction in framboids 
and a more oxidizing environment.

3
This zone is characterised by an increase in Al2O3, Rb bearing clay content and a decrease in K2O/Al2O3 
and TiO2/Al2O3 relative to the overlying chemozone 2. CaO content sharply declines in this zone, ~2800-
2810 m.

4
Al2O3 and Rb bearing clay content has decreased in this zone. Zr content fluctuates, but is generally less 
than chemozone 1 and 2. K2O/Al2O3 and TiO2/Al2O3 decrease then increase in small, steady increments. 
This zone is dominated by the same siltstone which represents chemozones 2 and 3.

5
This zone is identified by a sudden drop in S and Fe2O3, which then increases steadily, as opposed to the 
previous fluctuating pattern. Both K2O/Al2O3 and TiO2/Al2O3 contrast to chemozone 4, where they now 
fluctuate in nature.

6
Chemozone 6 is characterised by a rapid decrease in Al2O3 and Rb/Cs, to a low in that well. There is also 
an absence of Cr rich minerals (i.e. heavy minerals).

7
This zone is dominated by sandstones, interbedded with mudstones. Zr content decreases, and Rb- and 
Cs-bearing clay content contains more variance The basal section (2830 – 2835 m) is depleted in 
K2O/Al2O3 and TiO2/Al2O3. A small subzone (2830 – 2833 m) contains are sharp drop in S content.

8
The lithology is comprised predominately of black mudstone , and characterised by low Zr and CaO, high 
Cr and moderate Fe2O3. Al2O3 and Rb-bearing content increase steadily, and K2O/Al2O3 is high, indicating 
higher illite content.

9
An increase in Al2O3, Cs-bearing clay content, Zr, S and Fe2O3/Al2O3, and declining values in K2O/Al2O3 
define this zone. It correlates to a heterolithic and sandy interval in the core.

10
An increase in Rb-bearing content and a higher average of Fe2O3/Al2O3 across the zone differentiate the 
mudstone unit from the overlying heterolithics.

11
A reduction in Al2O3, Rb content, and Cr bearing minerals define this chemozone. Additionally both S and 
Fe2O3/Al2O3 are lower compared with the overlying interval. TiO2 content is more variable, and this may 
correspond with more detrital input . The zone is characterised by stratified sandstones.

12

This zone is characterised by a sandy interval, capped with heterolithics. This is differentiated from the 
overlying chemozone by higher Al2O3 and Rb-bearing clays, and higher TiO2/Al2O3 than steadily decreases 
towards the base of the zone. S content also steadily declines, whereas Fe2O3/Al2O3 increases in this 
zone.

13
A change in lithology to dark, carbonaceous mudstone with sandy lenses is associated with this interval. 
Correspondingly, low K2O/Al2O3 indicates higher illite content. TiO2/Al2O3 increases in this zone.
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Table 4.7 Summary of Arrowsmith 2 chemozone divisions and discriminating variables. 

CHEMO-
ZONE	

FM	
DOMINANT	
LITHOLOGY	

CLAY	
CONTENT	

K2O/AL2O3	 DEPTH	 SUBZONES/REMARKS	

1 C Fm Claystone High, Rb-rich Moderate; higher kaolinite 2780 – 2787  

2 C Fm Claystone and 

siltstone 

Cs-rich High; illite rich 2787 - 2800  

3 C Fm Siltstone Rb-rich Decreasing; higher 

plagioclase/kaolinite 

2800 -2809  

4 C Fm Siltstone Cs-rich Moderate and variable; 

plagioclase/kaolinite and K-

feldspar/illite fluctuates 

2809 - 2818  

5 C Fm Siltstone Rb-increasing High; K-feldspar/illite 

dominate 

2818 - 2825  

6 C Fm Sandstone Cs-rich Low; plagioclase  2825 – 2828  

       

7 C Fm Sandstone Variable Variable; Plagioclase 

dominate 

2828 - 2835 7.1 – drop in S content 

8 IRCM Claystone Rb-rich Moderate; illite dominates 3005 – 3010  

9 IRCM Heterolithic rocks Cs-rich Low; plagioclase/kaolinite 3010 – 3016  

10 IRCM Claystone Rb-rich High; illite  3016  -3025 10.1 – siltstone, with spike in Zr 

and TiO2 

11 IRCM Sandstone Variable; Cs-

dominating 

High; illite 3025-3035 11.1 – Drop in S content, rise in 

Fe2O3 

12 IRCM Sandstone Variable Low; plagioclase 3035-3041  

13 IRCM Claystone Variable; Cs-

dominating 

High; illite 3041 – 3050  
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Figure 4.10 Arrowsmith 2 discriminating variable profiles displayed with simplified lithology log. Lithology key: grey = claystone; tan = siltstone; peach = heterolithic interval; yellow = sandstone. Red lines delineate chemozone intervals. 
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Table 4.8 Chemozones identified and description of defining characteristics in Woodada Deep 1, based off 
geochemical elements and ratios outlined in Table 4.5. 

	
	
 

 

CHEMOZONE 	DESCRIPTION

1
Low Al2O3 and Rb-bearing clay content define this chemozone. This zone is dispersed with calcite, and two 
definite peaks in CaO correspond to sharp declines in Al2O3, Rb content and Cr bearing minerals.

2
An increase in Al2O3, Rb/Cs levels and Cr content characterise this chemozone. Lithologically, both zones 
are comprised of black shale.

3

In the basal section there is an increase in K2O/Al2O3, indicating higher illite content. Correspondingly, 
Al2O3 and Rb content contains more variance. There is a subzone 3.1 at 2284 – 2286.25 m, where S 
content increases, which may indicate more redox conditions and be associated with heavier pyrite 
formation.

4

Bioturbated siltstones characterise this interval, and are represented by moderate Al2O3 and K2O/Al2O3 
content. Zircon levels are high at the top of the interval, but decrease steadily with depth. Cs-bearing clay 
content controls this interval, however in subzone 4.1 (2376.2 – 2379.75 m) the Rb content increases, as 
does the presence of Cr-bearing heavy minerals. Fe2O3/Al2O3 is slightly higher in subzone 4.1.

5

A decrease in Al2O3 and Rb-bearing clays differentiate this zone from the overlying zone 4. Lower 
K2O/Al2O3 indicates higher plagioclase/kaolinite content, and this may be related to the heterolithic 
nature of the rocks. There is a noticeable increase in zircon and corresponding decrease in Cr content. 
Additionally, there is a slight overall decrease in Fe2O3/Al2O3, while S increases, and a slight increase in 
CaO.

6
A lithological change to sandstone is marked by a decrease in clay minerals (Al2O3 and K2O/Al2O3 decrease 
while Cs content increases). TiO2/Al2O3 and Zr content increases, but shows greater variance, signifying 
the presence of zircon and Ti-bearing heavy mineral content.

7
High Al2O and Rb-bearing clays, a steady drop in Cr-bearing heavy minerals and rise in CaO characterise 
this clay rich chemozone.

8
This is distinguished from the overlying shale rich interval by an increase in Cr content. Although CaO 
decreases, a few zones of shell debris correspond to spikes in calcium content.

9

A sharp decrease in CaO, with no variance, and a steady increase in Cr, Al2O3 and Rb content delineate 
chemozone 9. It is associated with a non bioturbated, laminated black mudstone. A small subzone at 2485 
– 2487.25 m is defined by more variance in chromium content and a decrease in K2O/Al2O3, related to the 
illite content.

10
Elevated Al2O3 and Rb-bearing clay content and S discriminate this chemozone from the above laminated, 
organic mudstones.

11
Dominated by interbedded sandstones and mudstones this chemozone contains low to moderate Al2O3. 
K2O/Al2O3 steadily declines while zircon content increases. CaO peaks at the upper layer before 
decreasing.

12
This chemozone is identified by more heterolithic rocks, however these are defined by elevated levels of 
K2O/Al2O3, indicating increased K-feldspar/illite content, and significantly lower levels of CaO, related to a 
more terrestrial source.

13
A significant drop in Al2O3 and Rb content discriminates this chemozone from above. Zircon also
decreases. These changes are reflected in a change of lithology, where sandstone dominates the interval,
interbedded with thin mudstone intervals.
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Table 4.9 Summary of Woodada Deep 1 chemozone division discriminating variables. 

CHEMO-
ZONE	

FM	
DOMINANT	
LITHOLOGY	

CLAY	CONTENT	 K2O/AL2O3	 DEPTH	 SUBZONES/REMARKS	

1 C Fm Claystone Cs-rich Low; kaolinite 2272 – 2274  

2 C Fm Claystone Rb-rich Low; kaolinite 2274.25 – 2280.75  

3 C Fm Claystone Variable High; illite 2281 – 2286.75 3.1 –increase in S and Rb content 

4 C Fm Siltstone Cs-rich Moderate; K-

feldspar/illite 

2365 – 2380 4.1 – increase in Cr and Cs content 

5 C Fm Heterolithic  rocks Rb-rich Moderate; K-

feldspar/illite 

2380 – 2386  

6 C Fm Sandstone Cs-rich Low; 

plagioclase/kaoli

nite 

2386.25 -  2393.3  

7 C Fm Claystone Cs-rich Moderate 2465 – 2470  

8 C Fm Claystone Rb-rich Moderate 2470.25 - 2477.5  

9 C Fm Claystone Rb-rich High; illite 2477.75 – 2487.25 9.1 – Cr content fluctuates and K2O 

decreases 

10 C Fm Claystone Rb-rich Low; kaolinite 2487.50 – 2491.75  

11 IRCM Heterolithic rocks Cs-rich Variable 2533 – 2535.5  

12 IRCM Heterolithic rocks Rb-rich High; K-

feldspar/illite 

2536 - 2539.5  

13 IRCM Sandstone Cs-rich Low; Plagioclase 2539.5 – 2541  
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Figure 4.11 Woodada Deep 1 discriminating variable profiles displayed with simplified lithology logs. Lithology key: grey = claystone; tan = siltstone; peach = heterolithic interval; yellow = sandstone. Red lines delineate chemozone intervals. 

	

	
Figure	13	(continued)	Woodada	Deep	1	Carynginia	Formation	chemozones.	
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4.3.7 Paleoredox indicators 

Variations in elemental composition have implications for ocean water 

chemistry as well as depositional setting. Certain trace elements, e.g. U, V, Mn, Cr and 

Mo may be indicators of changes in oxygen conditions in ocean water because they 

are redox sensitive (thus recording environmental parameters closely linked to 

watermass restriction) and relatively immobile preserving the primary environmental 

signal (Tribovillard et al., 2006; Algeo and Rowe, 2012; Fairbanks et al., 2016; Yan et 

al., 2018; Zhang et al., 2019; Algeo and Liu, 2020).  

V/Cr ratios obtained from trace element analysis of Woodada Deep 1 range from 0.5–

24, with the biggest variability in cores 1 and 2. Cores 1+2 and 4 averaged values of 

6.4 and 5.9, respectively, confirming anoxic/dysoxic conditions prevailed during 

deposition (Fig. 4.12). 

 

4.4 Discussion 

4.4.1 PCA and facies associations 

PCA analysis (Fig. 4.12) shows that, in all facies, silica acts independently from 

clay and heavy mineral groups (K, Al, Th, Rb, Ti, Nb, V, Zn, Bi) and demonstrates the 

dominant partitioning of Si and Al into quartz and clays, respectively. For all facies, 

PCA shows that Zr is closely linked with Si, and plots independently from the clay 

minerals (i.e. in an opposite direction), suggesting that Zr is in zircon grains as 

observed in the sandstones (e.g. Fig. 3.5C). In both claystone and siltstone PCA 

results, Fe and S are closely linked with samples showing an excess of Fe (Rowe et 

al., 2017; Hines et al., 2019). Rowe et al., (2017) found that enrichment in S% was 

linked to pyrite being the dominant sulphur-bearing mineral phase, and S% was a good 

proxy for pyrite, in the Ordos Basin, China. Petrological and SEM identification of 

common pyrite framboids in all facies reinforce the hypothesis of Rowe et al., (2012) 

that a sample matrix effect can weaken sulfur pXRF detection. Rowe et al., (2008) also 

found significant Fe excess in Barnett Formation shales using a similar approach, and 

Ramírez-Peréz et al., (2017) also identified a high concentration of Fe, bound to S in 

the Ría de Vigo, Spain.  
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Figure 4.12 V/Cr ratios plotted downhole in Woodada Deep 1, showing oxic, dysoxic and anoxic intervals. V/Cr ratios of >2 indicate oxic conditions, 2–4.25 dysoxic conditions, and 
>4.25 indicate suboxic to anoxic conditions (Jones and Manning, 1994). 
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The high K, Rb, and Zn contents in the mudstone facies (in particular, the 

claystones) are most likely a result of increases in mixed layer illite/smectite, illite and 

authigenic white micas, or detrital mica. XRD analysis has confirmed that these are the 

dominant clay minerals in Arrowsmith 1 and Woodada Deep 1 (Table 4.2). High Zn has 

also been linked to authigenic spahlerite in fine-grained sediments, and there is the 

possibility of trace amounts of spaherlite in samples not picked up in XRD or thin 

section. 

Bivariate plots of PC1 vs PC2 show good discrimination between claystones 

and siltstones (Fig. 4.13). There is strong discrimination between the siltstone facies Zl 

and Zb indicating compositional differences and the potential for distinct source 

material. Claystones show more variability, however, facies data are generally distinct 

except massive mudstones (M) show a much broader spread overlapping other facies. 

Sandstone facies from this study do not appear to be sufficiently discriminated from 

one another to make any inferences, suggesting that the facies all share the same 

provenance (e.g. Svendsen et al., 2007), and this is in agreement with grain 

assemblages.  

Recently, there have been a number of studies utilising PCA for predicting shale 

gas reservoir characteristics (e.g. Chen, 2016; Krakowska et al., 2016; Gallmeier et al., 

2017; Khanal et al., 2017). These studies have differed in the sets of parameters used, 

showing the versatility of PCA in exploration and production. Chen (2016) 

demonstrated how modeling dual porosity (through kerogens and an inorganic matrix) 

and applying PCA can aid in characterising gas transport through different media. 

Khanal et al., (2017) used production data to forecast production for wells and identify 

unique production profiles, whereas Gallimer et al., (2017) reviewed the extractability of 

hydrocarbons from shales utilising mineralogical data alongside physical parameters 

(e.g. TOC, density, maturity, Langmuir volume and pressure). Krakowska et al., (2016) 

utilised PCA for a heterogeneity analysis of shale gas formations in Poland, using 

geochemical datasets similar to this study. They showed how PCA, alongside 

clustering, can be useful to determine significant parameters, and found two distinct 

components in their homogenous group, namely clay minerals and organic matter, and 

that the heterogeneity of multiple deposits could be inferred from the variance in their 

data, and also identied that pore space structure had the most influence on 

heterogeneity.  
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Figure 4.13 Principal component (PC) biplots for all four major lithological groups, used to aid in the 
establishment of element-mineral links. 

 

Figure 14 Principal component (PC) biplots for all four major lithological groups, used to 
aid the establishment of element-mineral links.  
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Figure 4.14 Bivariate plot of PC1 and PC2 for the different lithological groups, colour coded by the facies 
attributed to the PCs. 

 

Using geochemical data within a facies framework and with a multi-faceted 

approach, e.g. chemostratigraphy and PCA, has highlighted intervals of heterogeneity 

and which factors may control these variations (e.g. Dabney et al., 2015; Larson et al., 

2019). For example, chemozones 1 and 7 in Woodada Deep 1 potentially show 

intervals with higher brittle minerals, e.g. an increase in CaO, and thus further analysis 

may be useful to establish both the spatial distribution of these types of intervals in the 

gas fields, and the mineral phase (e.g. grain binding cement vs detrital grains) and thus 

establish prospective zones for hydraulic fracturing on the Cadda Terrace. Zhai et al., 

(2019) successfully applied chemostratigraphy to characterise microfacies in Cambrian 

black shales, western Hubei, China, and used chemofacies to quantitatively predict a 

	 	

	 	
	
Figure	15	Bivariate	plot	of	PC1	and	PC2	for	the	different	lithological	groups,	colour	coded	by	the	

facies	attributed	to	the	PCs.	
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number of gas ‘sweet spots’, indicating the role chemostratigraphy can play in fine-

grained mudrocks (e.g. Attar and Pranter, 2016; Ostera et al., 2016; Coleman and 

Jordan, 2017; Pietras and Spiegel, 2019). 

 

4.4.2 Depositional controls on mineral composition 
The clay-rich facies of FA3 showed higher percentages of clays from XRD 

analysis (Figs. 4.14 and 4.15). In particular, facies Ml and Mp ranged from 43.1 % (Ml, 

Arrowsmith 1) to 59.3 % (Ml, Woodada Deep 1); and 49.3 % (Mp, Woodada Deep 1) to 

64.3 % (Mp, Woodada-Deep 1). Samples from Woodada Deep 1 generally contained 

higher concentrations of clay, and this may be a result of drilling and coring 

purposefully targeting clay-rich intervals. Averages for Woodada Deep 1 (Table 4.10) 

show that Ml and Mp facies contain the highest amount of illite, ~23%, while the sand-

rich facies, Sl and Sw, contain over 60% of quartz. 

More transitional facies (e.g. Mb, Zb and/ or H), belonging to either FA2 or FA3, 

plotted between the mud-rich and sand-rich facies, as expected. (Figs. 4.14 and 4.15). 

Clay concentrations ranged from 33.6 % to 49.5 % (Mb, Woodada Deep 1); 38.6 % to 

50.1 % (Zb, Woodada Deep 1); and 33.3 % (H, Woodada Deep 1) to 40.4 % (H, 

Arrowsmith 1). Generally, fine sand intervals from FA1 had higher percentages of non-

clay components, with Sw, Sl and Sr facies being around and under 30 % clay, with Sw 

reaching 82.6 % non-clay constituents in Woodada Deep 1. 

XRD and image analysis data from optical microscopy (see section 3.3.1) show 

a clear correlation between facies and mineral composition (Table 4.10 and Fig. 4.14). 

Mudstone facies (Mp, Ml and M) are dominated by illite and mica. Gm facies contains a 

clay matrix, which contributes to its higher levels of mica and illite relative to the 

sandstone facies (Sl, Sw). Carbonate content is higher in the mud-rich facies and this 

is a direct result of higher amounts of detrital shell material present (e.g. bivalve shell 

beds and occasional foraminifera) as well as diagenetic calcite, whereas sand-rich 

facies only contain authigenic calcite cement observed from the breakdown of 

plagioclase in thin section. 
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Figure 4.15 Clay minerals control facies particularly in the mud-rich and sand-rich packages. The 
transitional facies (interbedded muds and sand, related to a transitional shoreface–offshore setting) show 
greater variance in clay vs non-clay components. 

	
Table 4.10 Quantitative whole rock XRD results showing the average abundance and standard deviation 
of the main mineral phases in Woodada Deep 1 facies.  

 
 

A strong link exists between mineralogy and depositional environment (Fig. 

4.15). Clay minerals and clay-size particles, in particular illite and mica, are the defining 

characteristic between different facies. For example, Mb, although macroscopically 

clay-rich, contains a higher percentage of quartz than any other clay-rich interval. This 

is consistent in all Mb intervals and reiterates clay as a controlling parameter between 

facies and facies associations, on a microscopic scale. High quartz content in Mb is 

most likely related to burrow fill being coarser grained than the surrounding matrix 

material (see section 3.3.2). 
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Figure 4.16 Average mineral composition from of each facies from Woodada Deep 1, derived from whole 
rock XRD analysis, and mineralogy by depth, with facies annotated for each depth interval. Mp facies from 
FA 3 contains highest clay and pyrite content, Mb facies from FA 3 is transitional in terms of clay to silica 
ratio, similar to Zb and H facies from FA 2. As expected, facies from FA 1 contain the highest 
concentrations of quartz. 

	
Similar work carried out in the central Perth Basin (Olierook et al., 2014; Timms 

et al., 2015) also identified a clear association between lithofacies and mineral 

composition. Olierook et al., (2014) incorporated hyperspectral logs, however, in this 

study hyperspectral data were problematic due to the dark colour of core and 

subsequent misidentification of mineral composition.  Results for hyperspectral logging 

are provided in Appendix H. 

Liu et al., (2020) showed that mineralogical data can also be applied to 
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sequence-stratigraphic interpretations and the identification of systems tracts. In the 

New Albany Shale, transgressive system tracts were found to be associated with an 

increase in hardness. A potential explanation was because of the limited supply of 

clastic detritus in the basin during deposition, exposed carbonate rocks were eroded 

and deposited instead, leading to carbonate recrystalisation and quartz overgrowths, 

which strengthened the rock. 

 

4.4.3 Paleoredox Indicators 

V and Cr are redox sensitive trace elements that have been used in various 

studies to evaluate paleoredox conditions (e.g. Ernst, 1970; Jones and Manning, 1994; 

Rimmer, 2004; Arsairai et al., 2016; Zhang et al., 2019; Algeo and Liu, 2020). Ernst 

(1970) proposed V/Cr values above 2 as representing anoxic depositional 

environments, with values <2 indicative of more oxidising conditions, and values 

around 1 inferring the O2–H2S interface is within the sediment. However, Jones and 

Manning (1994) suggested that factor analysis is required for more reliable 

geochemical parameters, and hence proposed V/Cr ratios of >2 to indicate oxic 

conditions, 2–4.25 dysoxic conditions, and >4.25 indicate suboxic to anoxic conditions, 

an indicator of the amount of H2S present in water overlying the sediment. Although 

Carynginia Formation rocks show mixed water chemistry, with variations between 

anoxic, dysoxic and oxic conditions, they were predominantly deposited in an anoxic 

environment. When comparing with interpretations from facies analysis and 

petrography, it shows that Carynginia Formation intervals containing fine-grained dark 

claystones, reduced trace fossils and higher concentrations of organic material 

correlated with deposition in an anoxic setting. 

Molybdenum forms authigenic precipitates under reducing conditions. In 

modern marine systems, Mo concentrations are nearly constant in the global ocean 

(~105 ± 5 nmol.kg -1; Wright and Colling, 1995 cited in Alego and Rowe, 2012). Mo is 

typically strongly enriched in organic marine facies deposited under oxygen-depleted, 

sulfide-rich conditions (Algeo and Lyons, 2006; Tribovillard et al., 2006; Fairbanks et 

al., 2016). However, there is considerable Mo variation in restricted anoxic marine 

systems in modern oceans. For example, the aqueous Mo concentration of the Cariaco 

Basin is 70–80%, 20–30 % in the Framvaren Fjord and just 3–5% in the Black Sea 

(Algeo and Rowe, 2012). The Carynginia Formation, comprising organic-rich rocks 

deposited in a sulfide-rich, oxygen-depleted environment, shows little enrichment in Mo 

in both the pXRF and XRF data (Appendix E) and, therefore, is more comparable with 

the modern Black Sea Mo-depleted system.  
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4.5 Conclusions 

 Mixed layer illite/smectite is the dominant clay in cored intervals through the 

Carynginia Formation in Arrowsmith 1, Woolmulla 1 and Woodada Deep 1 with illite 

and fine white mica also common. Chlorite is a minor component in all wells. Kaolinite 

is also present in all three wells although in varying proportions and is more common in 

Woolmulla 1 and least common in Arrowsmith 1 core indicating that its increased 

abundance is linked to the higher proportion of sandstone facies that contain feldspar. 

The samples are dominated by quartz and clay and are classified as silicia-rich 

argillaceous mudstone and clay-rich siliceous mudstone. This composition is also 

shown in the major element abundances generated by laboratory-based XRF and 

pXRF analysis. Comparison of these two data sets in this study shows a strong 

relationship for a range of common elements, particulary SiO2, Al2O3, CaO and Fe2O3, 

,showing strong correlation and calibration between the two techniques. The 

correlations between SiO2 and Al2O3, Al2O3 and clay minerals (K2O, Rb, and TiO2), 

Al2O3 and Fe2O3, and FeS, demonstrate the link between chemical composition and 

mineral relationships, and in particular how the presence of illite+mica and illite-

smectite controls bulk rock geochemical composition. The strong correlations also 

support the viability of pXRF as a method for generating elemental data from core 

without destructive sampling.  

 Six significant groups of element–mineral associations were identified in the 

selected Cadda Terrace wells using principle component analysis of the pXRF data by 

facies. The groups are SiO2 (quartz), Fe and S (pyrite), carbonate minerals and a 

zirconium (zircon) group, as well as two groups representing clay and heavy minerals, 

which are evident in all facies. This demonstrates how pXRF data can be used to 

establish element–mineral relationships to predict brittle-ductile behavior of the 

mudstones. In exploration, this approach would be useful to focus sampling programs 

and integrate with wireline logging. 

 Chemostratigraphic zones established for two of the wells (Arrowsmith 2 and 

Woodada Deep 1) correlate with facies and also highlight geochemical heterogeneity 

not visible macroscopically. Notably, mudstone intervals in Woodada Deep 1 were 

separated into three chemostratographic zones in the upper interval defined by 

differences in Rb, Cs and K content and associated with clay composition, and four  

chemostratigraphic zones in the lower mudstone interval again linked with Rb and Cs 

content as well as a calcite rich interval, that were not apparent as there were no 

obvious changes in lithology at a macroscopic scale.  
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Paleoredox indicators from V/Cr ratios show anoxic/dysoxic conditions 

prevailed during deposition. Low concentrations of Mo in Carynginia Formation rocks 

indicate a Mo-depleted system, similar to the modern day Black Sea. 

 

  




